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1. Abbreviations 

 

13-HPODE   13-hydroperoxyoctadecadienoic acid  

A549    carcinomic human alveolar basal epithelial cell 

Ad-GFP    control vectors harboring GFP cDNA 

Ad-HO1    adenoviral vectors containing rat HO-1 cDNA 

ANOVA     analysis of variance 

AP-1    activator protein-1 

AP-2    activator protein-2 

APR    hepatic acute phase response 

ARDS    acute respiratory distress syndrome 

ARE    antioxidant response element 

BAECs    bovine aortic endothelial cells 

BCA     bicinchoninic acid 

bFGF    basic fibroblast growth factor 

Bp     base pair 

BrdU      bromodeoxyuridine 

BRG1    Brahma-related gene-1 

BSA    bovine serum albumin 

BVR    biliverdin reductase 

b-ZIP     basic-leucine zipper 

CAD    coronary artery disease 

cDNA    complementary deoxyribonucleic acid 

CdRE    cadmium-responsive element 

cGMP    cyclic guanosine 3',5'–monophosophate 

CM     cerebral malaria 

CMV     cytomegalovirus 

CNC-bZIP       cap 'n' collar/basic leucine zipper 

COPD    chronic obstructive pulmonary disease 

CoPPIX    cobalt protoporphyrin IX 

CT     threshold cycle 
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DTT     dithiothreitol 

DMEM     Dulbecco's Modified Eagle Medium 

DMSO    dimethyl sulfoxide 

DNA    deoxyribonucleic acid 

dNTP    deoxyribonucleotide triphosphate 

EC     endothelial cells 

ECGS    endothelial cell growth supplement 

EF2    elongation factor 2 

EGF    epidermal growth factor 

Egr-1    early growth response-1 gene 

ELISA     enzyme-linked immunosorbent assay 

eNOS    endothelial nitric oxide synthase 

ET-1    endothelin-1 

FBS    fetal bovine serum 

FEV1    forced expiratory volume in 1 second 

FVC    forced ventilatory capacity 

GFP    green fluorescent protein 

GPx    glutathione peroxidase 

GSH    reduced glutathione 

GSHt    total glutathione 

GSSH    oxidized glutathione 

GTC    guanidine thiocyanate  

HAEC     human aortic endothelial cells 

HEK293    Human Embryonic Kidney 293 cells 

Hep3B    human hepatoma cell line  

HMEC-1     human microvascular endothelial cells 

HNF-1    hepatocyte nuclear factor-1 

HNF-4    hepatocyte nuclear factor-4 

HO-1    heme oxygenase-1 

HO-2    heme oxygenase-2 

HO-3    heme oxygenase-3 

HPLC     high-performance liquid chromatograghy 

HRP    horseradish peroxidase 
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HSE    heat-shock element 

HSP32    32KDa heat shock protein 

HUVEC     human umbilical vein endothelial cells 

ICAM-1     Inter-Cellular Adhesion Molecule 1 

IFNγ    interferon-γ 

IL-1 β    interleukin 1β 

IL-6     interleukin 6 

IL-8     interleukin 8 

IRM     idiopathic recurrent miscarriage 

kB     kilobase 

kDa    kilodalton 

Keap1    Kelch-like ECH-assiociated protein 1 

LDLs     low-density lipoproteins 

LPS    lipopolisaccharide 

MARE     Maf response element 

MBEC-1    murine brain microvascular endothelial cells 

MCP-1    monocyte chemoattractant protein-1 

MIP-1β    macrophage inflammatory protein-1β 

MMLV     Moloney murine leukemia virus 

MOI     multiplicity of infection 

MPA     metaphosphoric acid 

mRNA    messenger ribonucleic acid 

MTT     methylthiazolyldiphenyl-tetrazolium bromide 

NADPH reduced nicotinamide adenine dinucleotide 

phosphate 

NFκB    nuclear factor-κB 

NQO1    NADPH quinine oxidoreductase 1 

NREs    negative regulatory elements 

Nrf2     nuclear factor-erythroid 2-related factor 2 

OPA    ortho-phthalaldehyde 

OSCC    oral squamous cell carcinoma 

OSF    oral submucous fibrosis 

oxLDL     oxidized low density lipoproteins 

p38-MAPK    p38 mitogen-activated protein kinase 
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P450    cytochrome p450 

PAI-1    plasminogen activator inhibitor type-1 

PBMCs    peripheral blood mononuclear cells 

PBS    phosphate buffered saline 

PCR    polymerase chain reaction 

PGJ2    prostaglandin J2 

PI     propidium iodide 

PMSF    phenylmethylsulphonylfluoride 

PPARα    peroxisome proliferator-activated receptor-α 

PPARγ    peroxisome proliferator-activated receptor-γ 

PTA    percutaneous transluminal angioplasty 

PTX    pentoxifylline 

qRT-PCR    quantitative real time-polymerase chain reaction 

RNA    ribonucleic acid 

ROS    reactive oxygen species 

RT     reverse transcription 

SBE    SMAD-binding element 

SDF-1    stromal cell-derived factor-1 

sE–Selectin   soluble Endothelial Leukocyte Adhesion Molecule1 

sGC    soluble guanyl cyclase 

siRNA    small interfering RNA 

SNP    single nucleotide polymorphism 

SnPPIX    tin-protoporphyrin IX 

SSA    sulfosalicylic acid 

STAT    signal transducer and activator of transcription 

StRE    stress-responsive element 

TGFβ    transforming growth factor-β 

Tm    temperature of melting 

TMB     3, 3', 5, 5'-TetraMethylBenzidine 

TNFαααα    tumor necrosis factor-α 

Trx    thioredoxin 

TrxR     thioredoxin reductase 

UV     ultraviolet 



 

 10 

VASP    vasodilator-stimulated phosphoprotein 

VCAM-1     vascular cell adhesion molecule-1 

VEGF    vascular endothelial growth factor 

W/V     weight per volume 

WT     wild-type 

γ-GCS    γ-glutamylcysteine synthetase 
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2. Abstract 

2.1. English version 
 

Heme oxygenase-1 (HO-1) is an enzyme degrading heme to iron ions, carbon 

monoxide (CO) and biliverdin, the latter subsequently converted to bilirubin by biliverdin 

reductase (BVR). Products of HO-1 activity perform important physiological functions in 

the vascular system which, together with removal of toxic heme, are ultimately linked to 

the protection of endothelium. 5'-flanking region of HO-1 gene contains a (GT)n 

microsatellite DNA, and the number of GT repeats was reported to influence the 

occurrence of cardiovascular diseases. We elucidated the effect of this polymorphism on 

endothelial cells, namely on their angiogenic potential, inflammatory response, and 

sensitivity to oxidative stress. 

Experiments were performed in human umbilical vein endothelial cells (HUVEC) 

isolated from newborns of different genotypes. Quantitative RT-PCR demonstrated that 

the level of HO-1 mRNA expression is influenced by allele containing the shorter GT 

sequence. On the basis of HO-1 expression we classified the HO-1 promoter alleles into 

three groups: S (most active, GT≤23), M (moderately active, GT=24-28), and L (least 

active, GT≥29). 

Cells were cultured in complete medium and stimulated for 6 h with hemin (10 

µmol/L), cobalt protoporphyrin (CoPPIX, 10 µmol/L), H2O2 (100 µmol/L), prostaglandin-

J2 (15d-PGJ2, 10 µmol/L), interferon-γ (IFNγ, 200 U/mL), and lipopolysaccharide (LPS, 

100 ng/mL), or exposed to hypoxia (2% O2). All activators significantly increased the HO-

1 mRNA expression. The most powerful one was 15d-PGJ2, followed by CoPPIX and 

H2O2. Effects of LPS, INFγ, hemin, and hypoxia were statistically significant, but 

moderate. Interestingly, ferritin which can scavenge iron ions released by HO-1, was 

upregulated on treatment with CoPPIX, H2O2, and 15d-PGJ2, and slightly decreased in 

hypoxia. BVR was similarly expressed regardless of treatment, with exception of 

downregulation by hemin.  

Basal expressions of HO-1 in M and L carriers were lower by ~40% (P<0.05) and 

~60% (P<0.001) than in cells of S group. Measurements of HO-1 protein concentrations in 

cell lysates confirmed results of qRT-PCR. Also measurements of CO performed using 
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gas chromatography showed the statistically significant differences in enzymatic activity 

of HO-1 between carriers of S and L allelic variants.  

Exposure to H2O2, CoPPIX, or 15d-PGJ2 led to much stronger upregulation of HO-

1 in HUVEC of S than in those of M or L groups. Influence of HO-1 promoter 

polymorphism was also observed in cells incubated with LPS, but meaningful differences 

were noted only between S and L carriers. In contrast, the responses to IFNγ, hemin or 

hypoxia were not affected by the number of GT repeats. 

 Activity of HO-1 may influence the inflammatory reaction. Analysis of HUVEC of 

different HO-1 promoter variants demonstrated that release of IL-1β, IL-6, and soluble 

ICAM-1 was significantly lower in control HUVEC carrying short (GT)n fragments than 

in their counterparts with longer HO-1 alleles. The same tendency was observed in cells 

treated with LPS, but here only differences in IL-1β production reached statistical 

significance. On the other hand, the HO-1 promoter polymorphism did not show any effect 

on basal production of soluble E-selectin and TNFα, although there was some tendency for 

more pronounced response to LPS in cells of M and L group. Finally, it did not modulate 

expression of IL-8. 

 To assess the antioxidative efficacy of HO-1, we measured the concentration of 

total glutathione (GSHt), as well as GSH and GSSG in cells cultured under control 

conditions or exposed to H2O2. The levels of GSHt in control cells were similar in S, M 

and L, and were slightly increased in M and L carriers treated with H2O2. Concentrations 

of reduced GSH were also comparable in HUVEC of all genotypes. In contrast, we 

observed a strong effects of HO-1 promoter polymorphism on the level of GSSG, which 

was the highest in the L group. Accordingly, oxidative status measured as GSH:GSSG 

ratio was much more favorable in cells with S allele than in the carriers of M or L variants. 

Oxidative status of cells was reflected by survival of HUVEC exposed to H2O2 (100-800 

µmol/L, 3-24 h). Results of MTT reduction assay demonstrated that endothelial cells 

carrying the S allele are much more resistant to oxidative stress than those with less active 

HO-1 promoter. Staining for annexin-V performed after 3-24 h incubation with H2O2 (100 

µmol/L) confirmed the highest rate of apoptosis in endothelial cells with L HO-1 allele, 

thus with the lowest activity of HO-1 promoter. 

 Finally, we assessed the response of HUVEC to stimulation with VEGF-A, the 

crucial proangiogenic factor. BrdU incorporation assay showed that proliferation after 48 

h incubation with VEGF-A was much more pronounced in cells carrying the S allele than 

in those with M or L alleles. In contrast, migration of cells was not influenced, as 
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estimated using Boyden chamber assay. This observation was confirmed by measuring the 

sprouts growing out of endothelial spheroids embedded in the collagen gel, the process 

relying mostly on cell motility.   

In conclusion, the study demonstrates that (GT)n allelic variants of HO-1 promoter 

may significantly modulate a cytoprotective, proangiogenic and anti-inflammatory 

function of HO-1 in the vessel wall in humans, and indicates that efficacy of this 

enzymatic pathway can significantly vary in a human population. 
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2.2. Polish version (Streszczenie) 
 

Oksygenaza hemowa-1 (HO-1) jest enzymem rozkładającym hem do jonów Ŝelaza, 

tlenku węgla (CO) i biliwerdyny, przekształcanej następnie do bilirubiny przez reduktazę 

biliwerdyny (BVR). Produkty powstające na skutek aktywności HO-1 pełnią waŜne 

funkcje w fizjologii układu krąŜenia. Wraz z usuwaniem nadmiaru toksycznego hemu 

decydują o protekcyjnym działaniu HO-1 w śródbłonku. Region promotorowy genu HO-1 

zawiera mikrosarelitany DNA obejmujący dwunukleotydowe powtórzenia (GT)n. Wiele 

opublikowanych w ostatnich latach prac wskazuje, Ŝe liczba powtórzeń GT w promotorze 

HO-1 moŜe modulować przebieg chorób układu krąŜenia. Celem prezentowanych badań 

było wyjaśnienie na ile polimorfizm promotora HO-1 wpływa na komórki śródbłonka, a 

zwłaszcza na ich potencjał angiogenny, odpowiedź zapalną i wraŜliwość na stres 

oksydacyjny. 

Doświadczenia prowadzono na pierwotnych ludzkich komórkach śródbłonka Ŝyły 

pępowinowej (HUVEC), izolowanych od noworodków o róŜnych genotypach. Ilościowa 

analiza RT-PCR wykazała, Ŝe liczba powtórzeń GT w allelu o krótszym odcinku 

satelitarnego DNA wpływa znacząco na poziom mRNA HO-1 w śródbłonku. Na tej 

podstawie allele promotora HO-1 zostały podzielone na trzy grupy: S (najbardziej 

aktywne, GT≤23), M (umiarkowanie aktywne, GT=24-28) i L (najmniej aktywne, 

GT≥29).  

Komórki śródbłonka hodowano w pełnym medium i stymulowano przez 6 godzin 

heminą (10 µmol/L), protoporfiryną kobaltu (CoPPIX, 10 µmol/L), H2O2 (100 µmol/L), 

prostaglandyną-J2 (15d-PGJ2, 10 µmol/L), interferonem-γ (IFNγ, 200 U/mL) lub 

lipopolisacharydem (LPS, 100 ng/mL), albo inkubowano je w warunkach niedotlenienia 

(2% O2). Wszystkie aktywatory znacząco zwiększały ekspresję mRNA HO-1. 

Najsilniejszym z nich była 15d-PGJ2, a następnie CoPPIX i H2O2. Stymulujący wpływ 

LPS, IFNγ, heminy i hipoksji był równieŜ statystycznie istotny, ale umiarkowany. Co 

ciekawe, CoPPIX, H2O2 i 15d-PGJ2 nasilały ekspresję ferrytyny, która moŜe 

wychwytywać nadmiar jonów Ŝelaza uwalnianych przez HO-1. Jej poziom był natomiast 

nieco niŜszy w hipoksji. Ekspresja BVR była natomiast podobna we wszystkich grupach z 

wyjątkiem komórek stymulowanych heminą, w których była znacząco obniŜona. 

Podstawowa ekspresja HO-1 w warunkach kontrolnych była niŜsza o około 40% w 

komórkach z allelem M (P<0.05) i o około 60% w komórkach z allelem L (P<0.001) niŜ w 
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śródbłonkach z grupy S. Pomiar stęŜenia białka HO-1 w lizatach komórkowych 

potwierdził wyniki analizy qRT-PCR. TakŜe pomiary stęŜenia CO w mediach 

hodowlanych przeprowadzone z zastosowaniem chromatografii gazowej wykazały 

statystycznie istotne róŜnice w aktywności enzymatycznej HO-1 między komórkami z 

grupy S i L. 

Inkubacja HUVEC z H2O2, CoPPIX lub 15d-PGJ2 prowadziła do znacznie 

silniejszej indukcji HO-1 w śródbłonkach z allelem S niŜ z allelem M lub L. Wpływ 

polimorfizmu promotora HO-1 był takŜe widoczny w komórkach hodowanych w 

obecności LPS, choć róŜnice były statystycznie istotne jedynie między grupami S i L. 

Natomiast odpowiedź komórek na stymulację IFNγ, heminą lub inkubację w warunkach 

hipoksji nie zaleŜała od wariantów allelicznych promotora. 

Aktywność HO-1 moŜe wpływać na reakcje zapalną. Analiza komórek HUVEC o 

róŜnych allelach promotora HO-1 wykazała, Ŝe produkcja IL-1β, IL-6 i rozpuszczalnej 

formy ICAM-1 jest znacznie niŜsza w kontrolnych śródbłonkach z krótkimi fragmentami 

(GT)n niŜ w komórkach z grupy M i L. Taki sam trend zaobserwowano w komórkach 

stymulowanych LPS, ale w tym przypadku jedynie róŜnice w produkcji IL-1β osiągały 

istotność statystyczną. Z drugiej strony, polimorfizm promotora HO-1 nie wpływał na 

podstawową produkcję E-selektyny i TNFα, chociaŜ moŜna było zauwaŜyć tendencję do 

bardziej nasilonej odpowiedzi na LPS w komórkach z allelami M i L. Nie zanotowano 

natomiast Ŝadnego wpływu na poziom uwalnianej przez komórki HUVEC interleukiny-8.   

Aby ocenić antyoksydacyjne działanie HO-1 zmierzono stęŜenie całkowitego 

glutationu (GSHt) oraz formy zredukowanej (GSH) i utlenionej (GSSG) glutationu w 

śródbłonkach spoczynkowych oraz inkubowanych w obecności H2O2. Poziom GSHt w 

komórkach kontrolnych był podobny we wszystkich grupach, natomiast po stymulacji 

H2O2 zwiększał się nieco w śródbłonkach z allelami M i L. StęŜenie zredukowanego GSH 

było takŜe porównywalne we wszystkich liniach, bez względu na genotyp. DuŜe róŜnice 

zaobserwowano natomiast w stęŜeniu GSSG, które było najwyŜsze w komórkach z grupy 

L. W efekcie status oksydacyjny komórek wyraŜony stosunkiem GSH:GSSG był znacznie 

korzystniejszy w śródbłonkach z krótkimi allelami promotora HO-1 niŜ w komórkach z 

allelami M lub L. 

Wpływ polimorfizmu promotora HO-1 na status oksydacyjny komórek znajdował 

potwierdzenie w analizie przeŜywalności HUVEC w warunkach stresu oksydacyjnego 

wywołanego inkubacją w obecności H2O2 (100-800 µmol/L, 3-24 godziny). Wyniki testu 

redukcji MTT wykazały, Ŝe komórki śródbłonka z allelem S są znacznie bardziej oporne 
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na stres oksydacyjny niŜ śródbłonki z mniej aktywnymi wariantami promotora HO-1. 

Barwienie na anneksynę-V przeprowadzone po 3-24 godzinach inkubacji komórek z H2O2 

(100 µmol/L) potwierdziło, Ŝe najwięcej komórek apoptotycznych wykrywanych jest w 

hodowlach śródbłonków z grupy L, czyli tych z najmniej aktywnymi allelami promotora 

HO-1.  

Ostatni etap badań poświęcony był ocenie odpowiedzi komórek HUVEC na 

stymulację VEGF-A, najwaŜniejszym czynnikiem proangiogennym. Analiza wyników 

testu inkorporacji BrdU po 48 godzinach inkubacji z VEGF-A wykazała, Ŝe proliferacja 

była znacznie bardziej nasilona w śródbłonkach z grupy S niŜ w komórkach z allelami M 

lub L. W przeciwieństwie do tego, migracja komórek nie zaleŜała od polimorfizmu 

promotora HO-1, co oceniono na podstawie doświadczeń z wykorzystaniem 

zmodyfikowanych komór Boydena. Zostało to równieŜ potwierdzone poprzez pomiar 

kapilar wyrastających ze sferoidów śródbłonka zatopionych w Ŝelu kolagenowym. 

Tworzenie kapilar w tych warunkach zaleŜy równieŜ przed wszystkim od migracji 

komórek.  

Podsumowując, prezentowana praca wykazuje, Ŝe polimorfizm promotora HO-1 

moŜe  wpływać na cytoprotekcyjne, proangiogenne i przeciwzapalne właściwości HO-1 w 

komórkach śródbłonka i Ŝe efektywność szlaku HO-1 moŜe być znacząco zróŜnicowana w 

populacjach ludzi. 
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3. Introduction 

 

 The ubiquitous heme molecule serves as the functional part of a wide variety of 

crucial proteins which are involved in various cellular processes such as gene 

transcription/translation, cell differentiation, and proliferation [1-4]. Thus, heme is of 

fundamental importance for life and has been intensively investigated for decades. 

 Heme oxygenase, the heme-degrading enzyme, obtained only scarce attention after 

its discovery in 1968 [5], but during the last decade it has rapidly gained interest from a 

fast growing group of scientists. The potential properties of the heme oxygenase system, 

as well as the multiple and diverse functions of its downstream effecter molecules are 

mesmerizing [6]. Recently, more and more reports indicate that the heme-heme oxygenase 

pathway is involved in regulation of many physiological and pathophysiological 

processes, such as cytoprotection, apoptosis, and inflammation [7]. 

 Understanding the inherited factors that influence a patient’s susceptibility for 

developing the various diseases may lead to the establishment of better and more 

comprehensive therapies. Among the panel of potential candidate genes, heme oxygenase-

1 (HO-1) seems to be a novel protective factor with a potent anti-inflammatory and anti-

oxidant effects [8-12]. 

 

3.1. Heme oxygenase 
 

 Heme oxygenase is the rate-limiting enzyme in the catabolism of heme. It breaks 

down the porphyrin ring to yield equimolar amounts of biliverdin, free iron (Fe2+), and 

carbon monoxide (CO). The sources of heme for this reaction are hemoglobin and other 

heme-containing proteins such as myoglobin, cytochromes, peroxidases, and respiratory 

burst enzymes. Heme degradation is energy consuming, and NADPH donates electrons 

through the cytochrome P450 system. Three moles of molecular oxygen (O2) are 

consumed for the liberation of iron from the porphyrin ring of heme, the release of carbon 

monoxide (CO), and the formation of biliverdin [5, 13, 14].  

In mammals, biliverdin is immediately converted by biliverdin reductase (BVR) 

into bilirubin [1, 7, 15] (Fig. 1). Recent discoveries have clearly shown that BVR not only 

reduces biliverdin to bilirubin, but also have more functions, not related to its reductase 
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activity [16]. BVR turned to be a serine/threonine kinase, capable of autophosphorylation 

[17], that is activated by oxygen radicals and translocates to the nucleus in response to 

cyclic guanosine 3',5'–monophosophate (cGMP) and oxidative stress [18, 19]. More 

recently, it was recognized that BVR can also act as a tyrosine kinase [20]. This 

observation characterizes BVR as one of a rare group of dual-specificity kinases, which 

have the ability to autophosphorylate on all three hydroxyl amino acids. 

 

 
 Figure 1. Scheme of heme degradation [21]. 

 

 In 1968, Tenhunen and his colleagues showed the first evidence that HO is 

involved in the conversion heme to biliverdin/bilirubin [5]. They purified HO from the 

microsomal fraction of the liver and spleen and found that HO activity had absolute 

stoichiomeric requirement for NADPH and molecular O2 and generated equimolar 

amounts of bilirubin and CO [12]. 

 Tenhunen and his colleagues reported that the microsomal HO system was not only 

active in heme degradation but also in the biotransformation of xenobiotics [12]. Thus, it 

was assumed that the multiple-functioned microsomal HO system was a heme protein 

functioning both as a cytochrome P450 enzyme and terminal oxidase. However, they also 

demonstrated that known cytochrome P450 substrates, such as hexobarbital, aminopyrine, 

and cytochrome P450 inhibitors, failed to inhibit HO activity. 

 Maines and Kappas (1974, 1975) investigated this apparent discrepancy further, 

using the heavy metal cobalt, which is known to decrease both hepatic microsomal drug 

metabolism and the microsomal content of cytochrome P450 [22]. Rats that were fed with 
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cobalt chloride, in fact showed a major decrease in cytochrome P450 content in 

microsomes of the liver, whereas, in striking contrast, the HO system increased its activity 

up to 8-fold. In addition, drug oxidation in microsomes was eliminated after treatment 

with urea, whereas HO activity levels did not change despite the absence of spectrally 

detectable cytochrome P450. Here it was shown for the first time that the protein 

components of heme catabolism and drug metabolism were distinct and that cytochrome 

P450 was not required for heme oxidation. 

 Similarly, Yoshida and Kikuchi (1974) demonstrated that there was a high specific 

HO activity present in the spleen, in contrast to cytochrome P450 activity. Furthermore, 

they observed the absence of cytochrome P450 in their preparation of spleen microsomes 

but, in addition, reported the requirement of NADPH-cytochrome c (P450) reductase for 

HO enzymatic activity. Thus, the heme-degrading activity was solely attributable to HO. 

In addition, oxygen and hydrogen, donated by NADPH-cytochrome c (P450) reductase 

were needed for the reaction. 

 In the past decade, the interest in HO isozymes has shifted from their well-defined 

metabolic activity in heme catabolism and erythrocyte turnover to another critical 

physiological function, such as a cytoprotection in numerous models of cellular stress. 

Furthermore, the HO field has recently been extended toward understanding the biological 

roles of the catalytic end-products of HO-1. 

  

3.2. Heme oxygenase isoforms 
 

 To date, two isoforms of heme oxygenases have been characterized: an inducible 

form, HO-1, and a constitutive form, HO-2 [23]. Moreover, HO-3, a pseudogene derived 

from HO-2 transcript, was found only in rats [24]. 

 HO-1 and HO-2 are the products of distinct genes [11, 24], and in rat and human 

they share 45% and 43% homology in amino acid sequences, respectively [24, 25]. 

Although they require similar substrates and cofactors for heme oxidation, the kinetics of 

this reaction differs, as the KM for HO-1 is 0.24 µM, and for HO-2 is 0.67 µM [23]. 

3.2.1. HO-1 
 

 The inducible isoform of HO is about 32-kDa protein also known as the heat shock 

protein HSP32 [26]. It is considered as a protective, early stress-response gene. Under 
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normal physiological conditions, most cells express low or undetectable levels of HO-1, 

apart from the spleen, where it is the predominant form even under normal, unstressed 

circumstances [12]. The low basal expression of HO-1 gene is highly inducible by more 

diverse stimuli than any other enzyme described to date [7]. It can be strongly up-

regulated by factors causing oxidative stress, including heme and hydrogen peroxide 

(H2O2), as well as by cobalt protoporphyrin (CoPPIX), heavy metals, cytokines, 

lipopolysaccharide (LPS), growth factors, heat shock, nitric oxide (NO) and ultraviolet 

(UV) light. Furthermore, HO-1 is considered to be a key player in the development of 

tolerance in response to nitrates [27]. It is therefore possible that the induction of HO-1 

may be an essential event for some types of acute reactions and for cellular protection after 

injury [28]. 

 Recently, CO, a product of HO-1, has also been demonstrated to induce HO-1 

expression in endothelium [29]. Conversely, HO-1 seems to be constitutively expressed in 

renal inner medullary cells [30], Kupffer cells in the liver [31], Purkinje cells in the 

cerebellum [32], and CD4+/CD25+ regulatory T cells [33]. 

3.2.2. HO-2 
 

 The constitutive isoform of HO is about 36-kDa protein [25]. The highest 

expression of HO-2 occurs in the testes, but the protein is also found abundantly and 

ubiquitously in other tissues including, but not limited to, the brain and central nervous 

system, vasculature, liver, kidney, and gut [7, 23, 34, 35], with subcellular localization in 

mitochondria. HO-2 expression is generally constant and can be augmented only by a 

limited number of factors, such as dexamethasone in human primary epithelial cells [36] 

or corticosterone [37] in fetal rat brain. However, depending on the cell type and 

microenvironment, its expression can be both upregulated and downregulated by hypoxia 

[38]. 

 Recently, HO-2 was suggested to act as an O2 sensor. It is noteworthy that HO-2–

deficient (HO-2-/-) mice survive normally for at least 1 year [39]. However, they show 

mild hypoxemia and a blunted hypoxic ventilatory reaction with a normal hypercapnic 

ventilatory response [40]. HO-2 is also suggested to maintain placental blood flow and 

pregnancy [41]. Accordingly, the reduced HO-2 expression has been reported in abnormal 

pregnancies, such as preeclampsia and spontaneous abortion. However, as the HO-2-/- 

mice are apparently healthy, a compensatory mechanism has evolved, which is at least 
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partially dependent on induced HO-1 expression. Indeed, experiments with siRNA 

silencing of HO-2, demonstrated the induction of HO-1 and suggest that HO-2 may 

regulate the expression of HO-1 by modulating the cellular heme levels. HO-2 is also 

involved in calcium signaling [42] and neuro-protection [43]. 

The HO-3 gene was initially suggested to encode a 33-kDa protein in different 

organs [44]. However, on the basis of recent findings, HO-3 is regarded as a pseudogene 

derived from the HO-2 transcript, and it cannot be considered the functional enzyme [45]. 

So, the HO-2 probably functions normally as a first defense against 

oxidative/inflammatory insults, whereas upon stress HO-1 is swiftly up-regulated and 

strongly protects against further injurious signals [46]. 

 

3.3. Heme oxygenase-1 deficiency  
 

 The multiple protective properties of HO-1 in a various pathophysiological 

processes have been demonstrated after a chemical stimulation/inhibition or HO-1 gene 

transfer. However, chemical inhibitors of HO-1 (such as tin or zinc protoporphyrins) have 

many effects beyond altering HO enzymatic activity [47, 48]. Therefore, the biological 

importance of HO-1 was underscored till the development of the HO-1 knockout mice and 

the first description of a patient with HO-1 deficiency [49, 50]. 

 Poss and Tonegawa [49] first generated mice deficient in HO-1 by a targeted 

deletion of a 3.7-kb region including exons 3 and 4 and a portion of exon 5 of the mouse 

HO-1 gene. The authors characterized the HO-1-/- mice as an animal model of human iron 

overload disorders, because several symptoms were similar to those seen in 

hemochromatosis patients. These include splenomegaly, tissue iron deposition increasing 

with age, high CD4+/CD8+ T-cell ratios, augmented lipid peroxidation, fibrosis and 

hepatic injury, late-onset weight loss, decreased mobility, and premature mortality [49].  

Further studies demonstrated that HO-1 exerts many other biologic effects, e.g. it is 

necessary for the protection of cells from potential oxidative damage during stress [51]. 

Moreover, HO-1–deficient mice with endotoxemia displayed earlier resolution of 

hypotension, higher mortality rate and more frequent incidence of end-organ damage. 

Thus, they were extremely sensitive to LPS exposure, indicating that the HO-1 pathway is 

a crucial antiinflammatory system [51]. Noteworthy, the vascular endothelial and smooth 

muscle cells derived from HO-1 knockout mice are more sensitive to oxidized lipid-
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induced cell injury [52] and more susceptible to H2O2 cytotoxicity than those isolated from 

wild-type mice, suggesting that the absence of HO-1 may lead to oxidative injury of blood 

vessels [53]. 

Low oxygen level is known to upregulate the HO-1 expression in rodents, and this 

may play an important adaptive role in protection against cardiovascular system 

dysfunction [54]. Accordingly, HO-1-/- mice were shown to have a maladaptive response 

to hypoxia and subsequent pulmonary hypertension [55]. Exposure of HO-1 knockout 

mice to hypoxia (10% of oxygen) for 5–7 weeks led to greater ventricular weight than in 

case of wild-type mice, although the right ventricular systolic pressure was similar in both 

cases. Moreover, the right ventricles were more dilated in HO-1–deficient mice. After 7 

weeks of hypoxia, only HO-1-/- animals developed right ventricular infarcts with 

organized mural thrombi [55]. Arterial thrombosis was also accelerated in mice devoid of 

HO-1 after photochemical-induced vascular injury, an effect that could be rescued by 

inhaled carbon monoxide [56].  

Finally, it has been reported that HO-1 overexpression is cytoprotective in 

cisplatin-induced renal epithelial cell injury. Accordingly, it has been demonstrated that 

HO-1-/- mice treated with cisplatin develop more severe renal failure with increased 

apoptosis and necrosis, compared with cisplatin-treated wild-type or heterozygote mice 

[57]. 

In human, the first and hitherto the sole case of HO-1 deficiency was described in 

Japan in 1999 by Yachie and co-workers [50, 58]. In this HO-1–deficient six year old boy 

both intravascular hemolysis and endothelial cell injury were prominent. Importantly, 

oxidation of hemoglobin to methemoglobin occurred in the plasma, and iron was 

accumulating in the low-density lipoproteins (LDLs). Iron-induced oxidative modification 

of lipoproteins is cytotoxic and causes endothelial damage, leading to the development of 

fatty streaks and fibrous plaques in the aorta. The endothelial cells of this child were 

vulnerable to oxidative insults because of heme-mediated oxidation of LDL [59] and an 

associated lack of adaptive responses, confirming that HO-1 plays a crucial role in 

protecting vessels from oxidative injury [60]. 

Additionally, clinical and histopathologic investigations of the patient have shown 

an absence of the spleen and a significantly enlarged liver with advanced atrophy of 

hepatocytes. Marked amyloid deposition and many foam cells in the liver and 

reticuloendothelial tissue were also observed. Moreover, asplenia might have contributed 

to the robust endothelial cell damage induced by oxidative stress because of the absence of 
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the splenic filtering function [58]. An increased level of haptoglobin in the blood 

additionally indicated the enhanced inflammatory reaction in the tissues. Furthermore, in 

HO-1 knockout mice, iron deposition was detected within renal proximal tubular 

epithelium [49]. Kidney sections of the HO-1-deficient patient also contained multiple foci 

of iron deposition in the proximal tubular cells [50, 61]. Taken together, the human case of 

HO-1 deficiency was much more severely affected by oxidative stress than were HO-1 

knockout mice. No doubt, all these contributed to the early death of the patient. 

Fortunately, and irrespective to the only case of human HO-1 deficiency recognized so far, 

it seems that a much more common phenomenon in the human population is variation of 

HO-1 activity, depending on the length of the GT repeats in the HO-1 promoter. 

 

3.4. Molecular regulation of the HO-1 gene 
 

 Analyses of the HO-1 genes of various species, including mouse [62], rat [63], 

chicken [64], and human [65], revealed the discrete differences between their promoters, 

which can be at least partially translated to species-dependent HO-1 regulation at the 

transcriptional level. The human HO-1 gene consists of five exons and four introns, 

spanning a 14-kB region at human chromosome 22q12 [65]. The mechanisms underlying 

HO-1 induction by its multiple inducers are complex, cell and tissue specific, and tightly 

regulated at the transcriptional level. However, one common denominator for most of the 

stimuli that upregulate HO-1 is a significant shift in cellular redox state [66, 67].  

As in the rat HO-1 [63], no typical TATA or CAAT boxes are present in the 5'-

flanking region of the human gene. However, a TATA-like sequence, ATAAATG, is 

located 21 bp upstream of the transcription initiation site [65].  

Shibahara and co-workers [65] described the importance of the proximal promoter 

regions, located near the transcription start site. They found a potential heat-shock element 

(HSE) (CTGGAACCTTCTGG, nucleotide residues –401 to –368) [65] in the human HO-

1, similar to the rat HO-1 gene [63] (Fig. 2). It seems, however, that the human HSE is not 

functional, which is consistent with observations that human HO-1 is not induced by heat 

shock [68]. Apart from HSE, many other positive regulatory elements have been found in 

the HO-1 promoter, such as a stress-responsive element (StRE) [69], cadmium-responsive 

element (CdRE) [70], SMAD-binding element (SBE) [71], consensus binding sites for 

activating protein-1 (AP-1) [72], nuclear factor-κB (NFκB) and AP-2 [73], or STATx [74]. 
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Moreover, the region located between position –1976 and –1655 contains a potential 

binding site for c-Rel, hepatocyte nuclear factor-1 (HNF-1), HNF-4, and GATAx [75] 

(Fig. 2).  

In the regulation of HO-1 expression, especially under oxidative stress, the distal 

regions of the promoter are very important, what was first described in the mouse HO-1. 

Two such sequences have been discovered: the 268-bp E1 enhancer fragment and the 161-

bp fragment, located approximately –4 and –10 kB relative to the transcriptional start site, 

respectively [62, 72, 76]. These regions are crucial for heme, heavy metals, H2O2, and 

sodium arsenite-mediated regulation of transcription [76, 77].  

 
Figure 2. Human HO-1 gene promoter organization.  

 

Some distal sequences of the human HO-1 gene have also been identified, mostly 

close to the –4 and –10 kB regions [78, 79] (Fig. 2). Interestingly, an internal enhancer 

located in the human HO-1 gene at the –4 region, seems to be specific for heme and 

cadmium-mediated transcription, but does not function for other known HO-1 stimuli, 

such as transforming growth factor-β (TGFβ), H2O2, or 13-hydroperoxyoctadecadienoic 

acid (13-HPODE) [79] (Fig. 2). The regulatory sequences responsible for 13-HPODE- and 

TGFβ-mediated human HO-1 induction [71] have been found close to the -10 kB region 

(between 9.1 and 11.6 kb) [78].  
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Among the positive regulatory elements, a dominant role is played by StRE, a 10-

bp motif with the consensus sequence of (T/C)GCTGAGTCA [69] (Fig. 2). The StRE is 

structurally and functionally similar to the Maf response element (MARE) or antioxidant 

response element (ARE) [69]. This site appears to play a crucial role in nuclear factor-

erythroid 2-related factor 2 (Nrf2)-mediated induction of HO-1. Many different proteins 

(both hetero- and homodimers) can bind to the StRE, including Jun, Fos, CREB, ATF, 

Maf, and the cap 'n' collar/basic leucine zipper (CNC-bZIP) subclasses of the basic-leucine 

zipper (b-ZIP) family of transcription factors [69].  

In contrast to the various positive elements described earlier, only two negative 

regulatory elements (NREs) are present in the promoter of human HO-1 gene. One is 

located between position –981 and –412 bp [75] (Fig. 2). Another one corresponds to a 

polymorphic microsatellite DNA region consisting of 11–40 GT repeats, situated between 

–258 and –198 bp [75].  

 

3.5. Polymorphism of HO-1 promoter  
 

Humans differ in their ability for induction of HO-1 response. Three potentially 

functional polymorphisms in the promoter region of the human HO-1 gene have been 

reported to modulate the level of HO-1 activity in response to a given stimulus: a (GT)n 

dinucleotide length polymorphism [80, 81] and two single nucleotide polymorphisms 

(SNP), T(–413)A and G(–1135)A [82, 83]. The (GT)n repeat polymorphism and the T(–

413)A SNP have been suggested to exert functional importance.  

Importantly, regulation of human HO-1 differs in some features from that in 

rodents: as mentioned, whereas in rodents heme oxygenase-1 is a heat shock protein, the 

putative heat shock response element in the human HO-1 promoter is not functional. On 

the other hand, a (GT)n dinucleotide repeat sequence that functions as a negative 

regulatory region is located between –198 and –258 of the human HO-1 promoter and is 

absent in the mouse HO-1 gene. 

Genes containing tandem repeats often have alleles that are highly variable in 

length [84]. In the case of HO-1 promoter, the size of the GT repeat length varies from 11 

to 40 repeats [85]. In human populations it usually shows a bimodal distribution, with the 

median length of the short repeat being around 23 pairs and that of the long repeat being 

around 30 pairs in different populations studied [85-88].  
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Such a purine–pyrimidine alternating sequence, can negatively affect transcription, 

especially as it is located between the regulatory elements and the TATA box [79]. 

Furthermore, although the molecular basis for this phenomenon is not known, it is 

postulated that the longer stretches of nucleotide repeats, including (GT)n and (CA)n, are 

capable of forming an alternate DNA structure, known as Z-DNA, which can be detected 

in eukaryotic chromosomes by Z-DNA-specific antibodies [89]. Z-DNA conformation is a 

left-handed double-helix structure that is thermodynamically unfavorable compared to B-

DNA conformation [90]. It has been discovered in several eukaryotic genes, such as the 

rat prolactin [89] and immunoglobulins [91], where it has been shown to inhibit 

transcription. 

 It is interesting to note that a protective gene such as HO-1 has developed inherent 

genetic mechanisms to remain repressed in normal conditions. Kitamuro and coworkers 

[92] have suggested several possible explanations for the physiological implications of 

HO-1 repression. Thus, HO-1 attenuation reduces energy expenditure because the HO-1 

reaction consumes oxygen and NADPH during heme degradation. In addition, the 

excessive generation of end-products of the HO-1 reaction, namely biliverdin, CO and 

iron, can have potentially harmful effects. It is therefore possible that the Bach1 

transcription factor and the (GT)n repeat region function as repressors of HO-1 expression 

to prevent undesired excessive release of these products in normal physiological states. 

 

3.6. Biological relevance of HO-1 promoter polymorphism 
 

The putative effect of various GT repeat sizes on the transcriptional activity of HO-

1 promoter has been experimentally illustrated by transient transfection of luciferase 

constructs into different cell lines [80, 93]. For instance, delivery of the reporter plasmid 

into A549 or Hep3B cells has demonstrated that exposure to H2O2 increased the 

transcriptional activity of HO-1 promoter with (GT)16 or (GT)20 but did not do so with 

(GT)29 or (GT)38 [80], while both cell lines expressed an endogenous HO-1 mRNA, which 

was upregulated in response to H2O2. Moreover, induction of endogenous HO-1 by H2O2 

was concentration- and time-dependent. Similarly, Exposure of A549 cells and Hep3B 

cells to hemin, a standard inducer of HO-1 [94], increased HO-1 mRNA in a 

concentration- and time-dependent manner. However, in the transient-transfection assay, 

hemin did not increase relative luciferase activity in either A549 cells or Hep3B cells. 
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Similar analyses using the constructs containing 11, 24 and 29 GT revealed the 

influences of (GT)n polymorphism on HO-1 transcriptional activation in HEK293 cells 

treated with peroxisome proliferator-activated receptor-α (PPARα) or PPARγ ligands. 

Furthermore, PPAR-induced HO-1 promoter activity inversely correlated with the length 

of a polymorphic GT-repeat in the human HO-1 promoter [95]. 

Also, transient-transfection assay performed in rat aortic smooth muscle cells by 

using HO-1 promoter/luciferase plasmids carrying various numbers of (GT)n repeats 

(n=20, 26, or 30), has revealed a progressive decrease in relative promoter activity with 

increasing length of (GT)n fragments. Furthermore, reporter gene expressions driven by 

promoter carrying (GT)22 were about four-fold and eight-fold higher than those directed 

by promoters with (GT)26 and (GT)30, respectively [93]. These results indicated that longer 

(GT)n stretch in the HO-1 promoter reduces gene transcription in vascular cells. 

Moreover, similar experiments carried out in bovine aortic endothelial cells (BAECs) have 

demonstrated that the promoter activity of A(−413)-(GT)30 and A(−413)-(GT)23 alleles 

was significantly higher than that of the T(−413)-(GT)30 and T(−413)-(GT)23 alleles in 

vitro [82, 83]. However, a reporter gene assay in vitro does not necessarily represent the 

expression level of the gene in vivo [82, 83].  

It must be kept in mind that all those experiments were performed with only 

fragments of HO-1 promoter, whereas some regulatory sequences are present also in the 

introns of HO-1 gene [62, 96]. Therefore, it seems very important to demonstrate 

influence of HO-1 promoter polymorphism on HO-1 expression in human primary cells of 

different genotype. Hitherto, only a few papers describing such analysis has been 

published, in which an elegant study using lymphoblastoid cell lines established from 

subjects with known GT numbers has demonstrated the biological relevance of the in vitro 

assays. HO-1 mRNA expression and enzyme activity induced by oxidative stress was 

significantly higher in lymphoblastoid lines carrying short repeats compared to those with 

long repeats. Furthermore, the cells with short (GT)n fragments were more resistant to 

oxidant-induced apoptosis [97]. Of importance, in the sole human case of HO-1 

deficiency, lymphoblastoid cell lines showed severe vulnerability to apoptosis induced by 

oxidative stress [50]. Similarly, the peripheral blood mononuclear cells (PBMCs) of 

different genotypes (S/S, S/L and L/L) displayed significantly lower HO-1 expression at 

mRNA level in L/L genotype carriers compared with the values in S/S genotype carriers in 

response to hemin, suggesting that the L allele, in absence of the S allele, is associated 

with a lowered capacity for HO-1 gene upregulation in response to oxidative stress [86]. 
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These data suggest that analysis of the HO-1 gene promoter polymorphism could provide 

useful information for identification of patients with susceptibility to oxidative stress-

mediated diseases.  

In addition to the (GT)n variants, the single nucleotide polymorphism A(-413)T 

has been identified as a functionally relevant [82, 83]. A-allele of this SNP led to a higher 

promoter activity [82, 96], and presence of at least one A-allele was associated with the 

higher frequency of hypertension, the reduced incidence of ischemic heart disease, and the 

better outcomes of liver transplantation [82, 83, 96].  

 

3.7. Clinical relevance of HO-1 promoter polymorphism 
 

A potential role of the HO-1 promoter polymorphism has been evaluated in several 

diseases (Table 1), since the first clinical description of a (GT)n dinucleotide repeats by 

Kimpara et al. in 1997 [81]. To interpret the findings from different populations of patients 

with the same disease outcome, one has to be aware of the intrinsic complexity of genetic 

association studies. Many human diseases exhibit complicated clinical phenotypes which 

are influenced by the interactions of multiple genes, environmental factors, and treatments 

[98]. This may lead to the inconsistent conclusions from different studies. Nevertheless, 

despite some discrepancies in description of detailed effects, HO-1 promoter 

polymorphism seems to be a factor, which may influence progression of some 

cardiovascular diseases, especially those associated with oxidative stress or inflammatory 

response, and with endothelial dysfunctions. 

3.7.1. HO-1 and pulmonary diseases 
 

 Oxidative stress is thought to play a major role in the onset and progression of 

smoking-induced chronic obstructive pulmonary disease (COPD). In particular, oxidative 

stress may contribute to airway remodeling, leading to impaired lung function and to its 

accelerated decline [120]. However, only 10 to 15% of smokers develop a COPD, and 

familial clustering of early onset COPD is a well-known notion [121]. This suggests that 

endogenous factors modulate the individual’s susceptibility for development of the 

disease.  
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Disease Polymorphism 
associated 
with the 
disease 

Polymorphism Sample 
size 

Ref. 

Pulmonary disease 
 
Presence of emphysema in smokers 
Rapid decline in lung function in smokers 
Acute respiratory distress syndrome 
Lung function decline  
Pneumonia 

 
 

Yes 
No 
Yes 
Yes 
Yes 

 
 

(GT)n 
(GT)n 

(GT)n &T (413)A 
(GT)n 
(GT)n 

 
 

201 
621 
2626 
1650 
400 

 
 

[80] 
[99] 
[100] 
[101] 
[102] 

Cardiovascular disease 
 
Hypertension in women 
CAD in patients with risk factors 
CAD in type II diabetic patients 
Abdominal aortic aneurysms 
Myocardial infarction and stable CAD 
CAD 
Kawasaki disease 
Inflammation after balloon angioplasty 
Restenosis after coronary stenting 
Restenosis after coronary stenting 
Restenosis after peripheral angioplasty 
Restenosis after peripheral angioplasty 

 
 

Yes 
Yes 
Yes 
Yes 
No 
Yes 
No 
Yes 
Yes 
No 
Yes 
Yes 

 
 

T(–413)A 
(GT)n 
(GT)n 
(GT)n 
(GT)n 

T(–413)A 
(GT)n 
(GT)n 
(GT)n 
(GT)n 
(GT)n 
(GT)n 

 
 

1998 
577 
796 
271 
649 
2569 
61 
317 
323 
1807 
96 
381 

 
 

[82] 
[103] 
[93] 
[104] 
[105] 
[83] 
[106] 
[107] 
[87] 
[108] 
[109] 
[88] 

Renal transplantation 
 
Kidney allograft function 
Kidney allograft function 

 
 

Yes 
Yes 

 
 

(GT)n 
(GT)n 

 
 

101 
384 

 
 

[110] 
[111] 

Obstetrics 
 
Idiopathic recurrent miscarriage 

 
 

Yes 

 
 

(GT)n 

 
 

291 

 
 

[112] 
Neurological disease 
 
Alzheimer and Parkinson disease 

 
 

No 

 
 

(GT)n 

 
 

429 

 
 

[81] 
Hematological/serological disorders 
 
Susceptibility to apoptosis 
Neonatal hyperbilirubinemia 

 
 

Yes 
No 

 
 

(GT)n 
(GT)n 

 
 
- 

211 

 
 

[97] 
[113] 

Cancer 
 
Oral squamous cell carcinoma (OSCC) 
 
Lung adenocarcinoma 
Gastric adenocarcinoma 
Malignant melanoma (MM) 

 
 

Yes 
 

Yes 
Yes 
Yes 

 
 

(GT)n 
 

(GT)n 
(GT)n 
(GT)n 

 
 

147 
&212 
151 
183 
550 

 
 

[114] 
[115] 
[116] 
[117] 
[118] 

Metabolic disorders 
 
Diabetes mellitus type 2  

 
 

Yes 

 
 

(GT)n 

 
 

1474 

 
 

[119] 
 
Table 1. Overview of studies investigating an association between a heme oxygenase-1 gene 

promoter polymorphism and various clinical disease entities.  
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HO-1 has been demonstrated to protect the lung against oxidative stress and a 

microsatellite polymorphism of (GT)n dinucleotide repeats in HO-1, can modulate gene 

transcription under oxidative conditions [80]. Therefore, HO-1 may be an essential 

component in keeping the balance between oxidants and antioxidants [122].  

The relationship between a (GT)n dinucleotide polymorphism and COPD has been 

addressed in several papers: Yamada et al. [80] showed in 101 smokers with COPD 

compared to 100 smokers without COPD that carriers of long (GT)n dinucleotide repeats 

(≥30) were more likely to exhibit the pulmonary disorder than carriers of short-length 

repeats (<25). These findings suggested that long (GT)n repeats reduced HO-1 induction 

in response to smoking, thereby resulting in an increased risk for the development of 

COPD. Similarly, Guenegou et al. [101] explored the relationships between the length of 

the HO-1 gene promoter microsatellite polymorphism, and decline in lung function, in a 

European population. They found that during 8 years, subjects with a long (GT)n promoter 

(≥33) had a significantly more rapid decline in forced expiratory volume in 1 second 

(FEV1) and FEV1/forced ventilatory capacity (FVC) ratio than subjects with a shorter 

promoter. Moreover, they observed a host-environment interaction: in heavy smokers (≥20 

cigarettes/day), the decline was steeper in subjects with than in subjects without the L 

allele for both FEV1 and FEV1/FVC. These results again suggest that a long HO-1 

promoter variant, which may lead to low protein expression and activity, is associated with 

low lung function and accelerated lung function decline, especially in heavy smokers. 

However, He and coworkers [99] found no association between the HO-1 promoter 

genotype and a rapid decline in lung function in 621 smokers. 

On the other hand, Yasuda et al. [102] screened allelic frequencies of the (GT)n 

repeats in the HO-1 gene promoter in elderly people with and without pneumonia, and 

examined the association between the risk of senile pneumonia and length of the (GT)n 

repeats. They found that the proportion of alleles in class L was significantly higher in 

elderly people with pneumonia than in control subjects. So, HO-1 genotype was a 

significant and independent risk factors for pneumonia. These findings suggest that the 

large size of a (GT)n repeat (≥33) in the HO-1 gene promoter may be associated with the 

development of pneumonia in older Japanese people with cerebral infarction. 

Likewise, Sheu and coworkers [100] revealed the association of HO-1 promoter 

polymorphisms with acute respiratory distress syndrome (ARDS) development; they also 

measured the plasma HO-1 levels in a subset of ARDS patients to assess the functional 

significance of HO-1 polymorphisms. They observed that longer (GT)n repeats (≥31), but 
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no individual SNP, were associated with reduced ARDS risk. Surprisingly, intermediate-

phenotype analysis showed longer (GT)n repeats (≥31) were associated with higher 

plasma HO-1 levels compared to the short counterpart (<24). Their results suggest that 

HO-1 variation may modulate plasma HO-1 levels and ARDS risk through the promoter 

microsatellite polymorphism, although the underlying mechanism is not clear.  

3.7.2. HO-1 and cardiovascular diseases 
 

 The association between the HO-1 promoter polymorphism and different 

cardiovascular diseases has been intensively investigated. Ono and co-workers [82] 

described a significant association between the AA genotype of a T(−413)A 

polymorphism and arterial hypertension in Japanese women, but not in men. The authors 

suppose that an interaction between estrogen-induced expression of nitric oxide (NO) 

synthase and HO-1-derived CO, which attenuates NO-induced vasodilatation, may have 

caused the sex-dependent differences. However, the inconsistency between genders raises 

some doubts on the reproducibility of these data. Later on, the same group published a 

paper demonstrating that the AA genotype of the T(−413)A polymorphism may reduce the 

incidence of ischemic heart disease (even potentially increasing the risk of hypertension) 

in a cohort of 597 patients compared to 1972 controls [83]. Paradoxically, arterial 

hypertension did not influence the presence of ischemic heart disease in this population, 

leaving some further uncertainties.  

Accordingly, very recently, Hoffmann and co-workers showed in a prospective 

case-control study of more than 3000 participants that neither the (GT)n dinucleotide 

repeat nor the -413A>T polymorphism in the HO-1 promoter were associated with 

coronary artery disease, myocardial infarction or survival rate in Caucasians undergoing 

coronary angiography [123]. On the other hand, it was reported that the short (GT)n 

repeats were associated with lower plasma levels of inflammatory markers [107, 124]. 

Restenosis after percutaneous transluminal angioplasty (PTA) of the coronary and 

peripheral vessels remains a major complication. Its development involves factors that are 

inhibited by HO-1: inflammation in the vessel wall, constrictive vascular remodeling, and 

hypertrophic neointima formation through smooth muscle cell proliferation [125]. HO-1 is 

upregulated during balloon angioplasty and can inhibit the proliferation of smooth muscle 

cells and myofibroblasts, thereby reducing negative vascular remodeling [8, 10, 11]. As 

demonstrated in several papers, absence of the short allele significantly augmented 
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inflammation in the vessel wall and increased the risk of restenosis in patients undergoing 

PTA [88, 107, 109] or coronary stenting [87, 108]. For example, Schillinger and 

coworkers [107] showed that patients with short (GT)n repeats (<25 GT) exhibited 

significantly reduced level of inflammation in response to balloon angioplasty compared 

with carriers of longer (GT)n variants [107]. Indeed, risk of restenosis in patients carrying 

the short HO-1 allele was reduced, as found in two independent cohorts of 96 and 381 

patients subjected to peripheral PTA [88, 109]. 

Coronary angiography performed 6 months after stent implantation in 323 patients 

of Chinese population confirmed the previous observations that polymorphism of (GT)n 

repeats in the HO-1 promoter can be an independent risk factor for angiographic restenosis 

as well as adverse cardiac events. Carriers of longer (GT)n fragments had a 3.74-fold 

increased risk of angiographic restenosis after coronary stenting [87]. These findings from 

different populations seem to provide strong evidence for the involvement of HO-1 

microsatellite polymorphisms in the pathogenesis of restenosis. However, Tiroch and co-

workers [108] were not able to support a clinically relevant association of this 

polymorphism with restenosis and ischemic events after coronary stenting from the cohort 

of 1,357 German subjects with a 6-month follow-up angiography. Thus, the effect of short 

HO-1 promoter on the risk of in-stent restenosis requires further investigation. 

Brydun et al. demonstrated that HO-1 mRNA expression in the hemin-stimulated 

PBMC isolated from patients with coronary atherosclerosis was significantly lower in 

subjects of L/L genotype than in those of the S/S group [86]. This confirmed the previous 

observations that long variants of GT repeats are associated with a weaker capacity for 

HO-1 upregulation in response to oxidative stress. Moreover, expression of HO-1 showed 

a strong negative correlation with coronary score in patients, suggesting that the reduced 

ability to induce HO-1 may actually be involved in pathogenesis of atherosclerosis [86].  

The (GT)n microsatellite polymorphism has been investigated in several studies in 

context of coronary artery disease (CAD). The rationale for such investigations was the 

experiments by Ishikawa et al. [10], who demonstrated that modulation of HO-1 

expression in LDL-receptor knockout mice substantially affected atherosclerotic lesion 

formation in the aorta. Comparing 474 patients with CAD to 322 controls, Chen et al. [93] 

found that the presence of long (GT)n repeats, defined as (≥32 GT), was associated with a 

4.7-fold increased risk for CAD in Chinese with type 2 diabetes. Accordingly, Kaneda et 

al. [103] reported a reduced risk for CAD in carriers of short (GT)n repeats (<27 GT) in 

577 patients undergoing coronary angiography in the high-risk subgroups with 
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hyperlipidemia, diabetes, or current smokers. In contrast to the findings in Asian 

population, Endler et al. [105] were unable to detect any such correlation in the group of 

Caucasians. Patients with myocardial infarction (n=258), stable CAD (n=180) and controls 

(n=211) had similar frequency distribution of (GT)n alleles.  

In summary, functional (GT)n repeat polymorphisms in the promoter region of 

human HO-1 gene may be an important endogenous factor influencing a progression of 

cardiovascular disorders. Nevertheless, in many cases, the data are contradictory, and 

further investigations are necessary to drive a final conclusion. 

3.7.3. HO-1 and renal transplantation 
 

Growing body of evidence shows that HO-1 may confer a protective effect in 

organ transplantation [126-131], in which increased level of HO-1 protein in experimental 

transplant models correlated with reduced graft injury [128, 130, 131]. Moreover, data 

demonstrate a meaningful improvement in a long-term allograft survival in patients who 

received a kidney from the donor pretreated with dopamine [132]. In vitro experiments 

suggest that this could result from an induction of HO-1 in endothelial cells by oxidative 

mechanism [132]. HO-1 was also indicated to protect a transplanted tissue against 

ischemia/reperfusion injury and immunologic graft damage [133-135]. In accordance, 

transplant arteriosclerosis was found to be prevented by the expression of HO-1 [130].  

The role of HO-1 promoter polymorphism has been studied in organ grafts, 

predominantly in renal transplantation [110, 111, 136]. Two separate groups demonstrated 

that kidneys with the short (GT)n repeat alleles are less vulnerable to tissue injury, 

resulting in weaker chronic allograft nephropathy and better graft survival [110, 111]. 

Results from these studies suggest that intrinsic HO-1 production depending on the HO-1 

promoter polymorphism is an adaptive response to inflammation and injury, thus offering 

effective cytoprotection in organ transplantation. 

However, a recent study by Courtney and coworkers [136] showed that graft 

survival was not significantly affected by presence of the short allele, either in the donor 

or in the recipient. Similarly, Turpeinen and co-workers [137], analyzing 680 renal 

transplant recipients, demonstrated that HO-1 gene polymorphisms (four single-nucleotide 

polymorphisms and one microsatellite marker) had no significant influence on the 

outcome of kidney transplantation. Therefore, there is no clear evidence for a protective 



 

 34 

effect of the short allele of HO-1 promoter on graft or recipient survival in clinical renal 

transplantation.  

3.7.4. HO-1 and obstetrics 
 

 Endothelial damage, impaired microvascularization, and immune maladaptation 

are suggested as etiological factors in recurrent miscarriages. HO-1 is known to modulate 

immune functions, such as T-helper cell activities, and reduce the risk of endothelial 

damage. Thus, Denschlag and colleagues has decided to analyze the relationship between 

idiopathic recurrent miscarriage (IRM) and a (GT)n repeat microsatellite polymorphism of 

the HO-1 promoter [112]. They investigated 162 women with recurrent miscarriages 

compared to 129 healthy post-menopausal women of Caucasian population. Surprisingly 

there was a significant association of HO-1 genotype with miscarriage, with short variants 

more frequent in patients with IRM. Thus, it seems that higher expression of HO-1 may 

increase the risk of miscarriage. On the other hand, one can hypothesize that increased 

inflammation and endothelial damage in families with IRM may cause a positive selection 

towards protective gene variants, such as short HO-1 (GT)n repeat, in the progeny. 

Subsequently, such alleles may be overrepresented among women in these families. 

Nevertheless, given the relatively small population analyzed, these data have to be 

regarded as preliminary. 

3.7.5. HO-1 and neurological disease 
 

Oxidative stress has been suggested to be involved in the pathogenesis of 

Alzheimer and Parkinson diseases, while impaired antioxidative systems have been shown 

to contribute to neurodegenerative disorders. In brain the expression of HO-1 is increased 

under conditions critical for cell survival, such as ischemia, suggesting that HO-1 may be 

related to the cytoprotection of neuronal tissues [138, 139]. The clinical analysis have 

shown, however, that HO-1 promoter polymorphism does not influence the frequency of 

Alzheimer or Parkinson diseases [81].  

Interesting observations were reported by Takeda and colleagues [140]. They 

investigated the correlation between (GT)n polymorphism and susceptibility to cerebral 

malaria (CM) in 150 Myanmarese patients. The obtained results suggest an association 

between the length of the (GT)n fragment in the HO-1 gene promoter and clinical 

symptoms of malaria, in which individuals with the short repeats were found to be more 



 

 35 

prone to develop CM, while those carrying the longer repeats were more likely to have 

uncomplicated malaria. Thus, short (GT)n alleles may represent a genetic risk factor for 

CM. Consequently, Kuesap and colleagues [141] investigated ethnic difference in HO-1 

polymorphism, suggesting that difference in the frequency distribution of HO-1 alleles in 

populations may be related to malaria endanger. 

3.7.7. HO-1 and cancer 
 

There are several reports indicating that lack of short (GT)n repeat allele of the 

HO-1 promoter can be associated with a higher incidence of cancers. Chang and 

colleagues [114] investigated allelotypic frequencies of (GT)n microsatellite repeat in 83 

healthy persons, 147 oral squamous cell carcinoma (OSCC) and 71 oral submucous 

fibrosis (OSF) patients in male areca chewers. It turned out that longer (GT)n repeat 

alleles were associated with the higher risk of areca-related OSCC, while the shorter 

(GT)n repeats may have a protective effect. Similarly, Lin and colleagues [115] reported 

that long (GT)n fragments in HO-1 promoter were associated with increased risks of 

areca-related OSCC. They also observed that subjects carrying both NFκB1 insertion (-

94ins/del ATTG in NFκB1 promoter) and long HO-1 allelotypes had significantly raised 

risks for various subsets of OSCC, including lymph node metastasis, and higher grade of 

malignancy. 

There are also data demonstrating the correlation between HO-1 promoter 

polymorphism and the development of lung adenocarcinoma. It was shown in studies on 

151 Japanese cancer patients and 153 control subjects that the frequency of long alleles 

was significantly higher in people suffering from lung adenocarcinoma than in control 

subjects [116]. Furthermore, the risk of lung adenocaricinoma for long allele carriers was 

much increased in the group of male smokers. Finally, Lo and co-workers [117] analyzed 

the relationship between the HO-1 gene promoter polymorphism and the risk of gastric 

cancer. Again, higher frequencies of long alleles were found in gastric cancer patients than 

in healthy controls.  

However, the role of HO-1 promoter polymorphism may depend on the type of 

tumor. Differently than for OSCC or gastric and lung cancers, the calculated risk for 

acquiring primary malignant melanoma in carriers of long alleles was 2-fold lower 

compared to those with short GT stretches [118]. Additionally, the presence of short 

alleles was associated with primary tumors with deeper Breslow thickness. These data 
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suggest that higher levels of HO-1 expression might facilitate the pathogenesis and growth 

of malignant melanoma, which confirms data obtained by our team in the murine 

melanoma model [142]. 

In summary, despite some discrepancies in description of detailed effects, HO-1 

promoter polymorphism seems to be a factor, which may influence progression of some 

diseases, especially those associated with oxidative stress, inflammatory response, 

endothelial dysfunctions, and angiogenesis. However there are no data showing the 

possible influence of (GT)n repeats in the HO-1 promoter region on expression and 

function of HO-1 in endothelial cells, which are crucial players in cardiovascular diseases, 

survival of transplanted organs, and in vascularization of tumors. Therefore the aim of the 

presented thesis was to investigate the role of (GT)n microsatellite variants of HO-1 

promoter in modulation of activities of human endothelial cells. 
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4. Aims of the study 

 
 The aim of the study was to demonstrate the role of HO-1 promoter polymorphism in 

human primary endothelium. All experiments were performed in human umbilical vein 

endothelial cells (HUVEC) isolated from a cohort of healthy newborns of different HO-1 

genotypes. The analyses were focused on measurements of: 

  

- Expression of heme oxygenase-1 both at the mRNA and protein levels; 

- Production of inflammatory mediators by endothelial cells; 

- Angiogenic potential of endothelial cells determined by ability for proliferation,   

migration and formation of capillaries; 

- Sensitivity to oxidative stress. 

 

The obtained results might shed light on the mechanisms by which HO-1 promoter 

polymorphism influences HO-1 expression and the associated clinical outcomes.  
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5. Materials and Methods 

5.1. Materials 
 

Method Reagent Source 

M199 medium PAA laboratories GmbH 
Pasching, Austria 

FBS Invitrogen  
Warsaw, Poland 

ECGS Upstate Biotechnology 
Charlottesville, VA 

Penicillin/Streptomycin  Invitrogen  
Warsaw, Poland 

PBS PAA laboratories GmbH 
Pasching, Austria 

CoPPIX Prophyrin products 
Logan, UT 

Cell culture and 
treatment 

15d-PGJ2  Biomol 
Warsaw, Poland 

Transfection SuperFect Transfection Reagent Qiagen 
Hilden, Germany 

Plasmid pHO GL3 luc  

GTC 
Phenol: chloroform: isoamyl alcohol 

Promega 
Madison, WI 

Ethanol POCH 
Gliwice, Poland 

RNA Isolation 

Sodium acetate Promega 
Madison, WI 

Oligo(dT) primer 
dNTP 
MMLV Reverse Transcriptase 200 U/µl 
5x MMLV-RT buffer 

RT 

Nuclase free water  

Promega 
Madison, WI 

DyNAmo SYBR Green master-MIX Finnzymes 
Espoo, Finland 

Real-time PCR 

Primers Oligo.pl 
Warsaw, Poland 

Triton X100 
PMSF 
Leupeptin 

Protein isolation 

Aprotinin 

Sigma-Aldrich 
Poznan, Poland 

Protein 
concentration 
assessment 

Bicinchoninic acid protein assay kit 
(BCA) 

Sigma-Aldrich 
Poznan, Poland 

HO-1 protein 
expression 

ELISA kit for human HO-1 Stressgen Biotechnologies 
Victoria, BC, Canada 

BrdU cell 
proliferation assay 

Cell Proliferation ELISA, BrdU 
(colorimetric) 

Roche 
Mannheim, Germany 
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MTT Sigma-Aldrich 
Poznan, Poland 

Annexin V-FITC apoptosis detection 
Kit 

R&D Systems 
Minneapolis, MN, USA  

HCl 

Cytotoxicity assay 

Isopropanol 

POCH 
Gliwice, Poland 

ELISA kit for human IL-1β 
ELISA kit for human IL-6 
ELISA kit for human IL-8 
ELISA kit for human TNFα 
ELISA kit for human ICAM-1 

R&D Systems 
Minneapolis, MN, USA 

ELISA - 
Cytokines 
 
 

ELISA kit for human sE–Selectin Bender Med systems 
Vienna, Austria 

luciferase activity 
assay 

Luciferase Assay System  Promega 
Madison, WI 

Boric acid 
GSH 
MPA 
NaOH 
Sodium tetraborate 

Sigma-Aldrich 
USA 

OPA 
Sodium dihydrogen phosphate 

Oxidative Status 
 
 
 
 
 

Acetonitrile (HPLC grade) 

Merck 
Germany 

Adeno-X adenoviral expression system Transduction 
 Adeno-X rapid titer ELISA kit 

Clontech, Mountain 
View, CA 

Other Reagents  Sigma-Aldrich 
Poznan, Poland 

 
Table 2. List of reagents used and their sources. 

 
 

5.2. Methods 

5.2.1. Cell culture and treatments 
 

Experiments were carried out using human umbilical vein endothelial cells 

(HUVEC) freshly isolated from healthy, anonymous newborns, by collagenase digestion, 

as described elsewhere [143]. Umbilical cords were collected in hospitals in Vienna, 

Austria (prepared by Ms. Anneliese Niegisch, Medical University in Vienna) and in Lodz, 

Poland (prepared by Dr. Aneta Bacerczyk, Medical University in Lodz). Cells were 

cultured to the first passage and then frozen. In total, HUVEC collected from 99 donors 

were used for experiments.  
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After collecting all HUVEC batches, cells were thawed and their culturing was 

continued to perform set of experiments always on cells at the same passages: 2nd passage 

– genotyping and measurements of glutathione concentration; 3rd passage – analyses of 

HO-1, BVR, eNOS and ferritin expressions, and measuring the cytokine productions; 4th 

passage – assays for cell viability, proliferation, migration, and formation of capillaries. 

Cells were cultured in M199 medium supplemented with 20% FBS, HEPES (20 mmol/L), 

L-glutamine (2 mmol/L), heparin/endothelial cell growth supplement (30 ng/mL), 

penicillin (100 U/mL), and streptomycin (100 µg/mL). The cells were grown at standard 

conditions (37°C, 5% CO2, 95% humidity).  

Determination of the number of (GT)n repeats in the HO-1 promoter was 

performed as described earlier [109]. In short: genomic DNA was isolated from HUVEC 

using commercially available kits (Gentra Systems, Minneapolis, MN, USA), according to 

vendor's protocols. The 5′-flanking region of the HO-1 gene containing a poly (GT)n 

repeat was amplified by the polymerase chain reaction (PCR) using a sense primer (5′-

AGA GCC TGC AGC TTC TCA GA-3′) and an antisense primer (5′-ACA AAG TCT 

GGC CAT AGG AC-3′). The sizes of PCR products were analyzed using laser-based ABI 

PRIZM 310 automated DNA sequencer (Perkin Elmer). Analysis was performed by Dr. 

Stefan Mustafa, Medical University of Vienna. 

In some experiments we used human aortic endothelial cells (HAEC) and human 

dermal microvascular endothelial cells (HMEC-1) purchased from ATCC (Manassas, VA, 

USA), or murine brain microvascular endothelial cells (MBEC-1) kindly gifted by prof. 

Joanna Bereta (Department of Cell Biochemistry, Faculty of Biochemistry, Biophysics 

and Biotechnology, Jagiellonian University). HAEC and HMEC-1 cells were cultured in 

MCDB 131 medium containing 10% FBS, L-glutamine (2 mmol/L), EGF (10 ng/mL), 

hydrocortisone (1 µg/mL), penicillin (100 U/mL) and streptomycin (100 µg/mL). MBEC-

1 cells were cultured in the DMEM-HG medium supplemented with 10% FBS, L-

glutamine (2 mmol/L), penicillin (100 U/mL), and streptomycin (100 µg/mL). 

5.2.1.1. Treatment with hemin 
 

Hemin was dissolved in sodium hydroxide (NaOH) prior to use to obtain 10 mM 

stock solution. Further dilutions were made in culture medium. Cells were grown in a 

complete medium and treated with 10 µM hemin for 6 h or 24 h. Subsequently culture 

media were collected and RNA/protein was isolated from the cells.  
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5.2.1.2. Treatment with cobalt protoporphyrin IX 
 

 CoPPIX was prepared in dimethyl sulfoxide (DMSO) to obtain 10 mM stock 

solution. Further dilutions were made in culture medium. Cells were grown in a complete 

medium and treated with 10 µM CoPPIX for 6 hours. Then culture media were collected 

and RNA/protein was isolated from the cells. 

5.2.1.3. Treatment with hydrogen peroxide 
 

 H2O2 was prepared in H2O to obtain 100 mM stock solution. Further dilutions were 

made in culture medium. Cells were grown in a complete medium and treated with 100-

800 µM H2O2 for 3-24 hours. Then culture media were collected and RNA/protein was 

isolated from the cells or HUVEC were subjected to viability assays and 

GSHt/GSH/GSSG measurement. 

5.2.1.4. Treatment with prostaglandin J2 
 

 15d-PGJ2 was dissolved in ethanol to gain 10 mM stock solution. Afterwards it 

was diluted in culture medium to working solution. Cells were grown in a complete 

medium and treated with 10 µM PGJ2 for 6 hours. Subsequently culture media were 

collected and RNA/protein was isolated from the cells. 

5.2.1.5. Treatment with interferon gamma 
 

 INFγ was dissolved in H2O to obtain 10 mM stock solution. Afterwards it was 

diluted in culture medium to working solution. Cells were grown in a complete medium 

and treated with 200 U/mL INFγ for 6 hours. Then culture media were collected and 

RNA/protein was isolated from the cells. 

5.2.1.6. Treatment with lipopolysaccharide 
 

 LPS was also dissolved in H2O to gain 100 µg/mL stock solution. Further dilutions 

were made in culture medium. Cells were grown in a complete medium and treated with 

100 ng/mL for 6 or 24 hours. Then culture media were collected and RNA/protein was 

isolated from the cells. 
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5.2.1.7. Hypoxic treatment 
 

 Hypoxia was created using a Modular Incubator Chamber (Billups-Rothenberg 

Inc., Del Mar, CA, USA). Cells were placed in hypoxia chamber. Immediately, a gas 

mixture (5% CO2 and 95% N2) was flushed through the chamber for 20 minutes. Then 

chamber was tightly sealed and placed at 37°C in a standard incubator for 6 hours. 

Subsequently culture media were collected and RNA/protein was isolated from the cells. 

On the basis of measurements of pO2 with a gas analyzer done during earlier experiments, 

it is considered that O2 concentration reaches a nadir of 2% and remains constant during 

experiment. 

 

5.2.2. Measurements of gene expression at mRNA level 
 

5.2.2.1. Total RNA isolation 
 

 Total RNA was extracted from cultured cells by using modified acid guanidinium 

thiocyanate-phenol-chloroform extraction method [144]. Each step of isolation was 

performed on ice. The water used for preparation of all the solutions was nuclease free. 

Cells grown in 6-well plates were washed twice with PBS and subsequently 500 µL of ice-

cold GTC solution (4 M guanidinium thiocyanate, 26 mM sodium citrate pH=4.0, 0.5% N-

lauryl sarcosine, 0.125 M β-mercaptoethanol) was added to each well. Afterward the 

lysates were transferred to the sterile eppendorf tubes on ice. Then to the GTC lysate, the 

same volume of phenol:chloroform:isoamyl alcohol (125:24:1) and 1/10 volume of 2 M 

sodium acetate solution were added. Tubes were mixed by vortexing for 30 seconds and 

incubated on ice for 20 minutes. Afterwards the samples were centrifuged (10 000 x g, 20 

min, 4°C) and the upper water phase was transferred to the new eppendorf tubes, where an 

equal volume of isopropanol was added. Samples were mixed thoroughly and incubated in 

-20°C for 1 hour or overnight to obtain RNA precipitation. Then tubes were centrifuged 

(10 000 x g, 30 min, 4°C). RNA pellet was washed with 70% ethanol in nuclease free 

water and centrifugation step was repeated. After RNA pellet was dried on air, it was 

dissolved in 15 µL of RNase free water. To get rid of the secondary RNA structures, 

incubation in 65°C for 10 minutes was performed. Subsequently RNA concentration was 
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determined by measurement of optical density of RNA solution using NanoDrop ND-1000 

Spectrophotometer. RNA was stored at -20°C. 

5.2.2.2. Reverse transcription 
 

cDNA was obtained from the isolated RNA using reverse transcription reaction. 

Each sample was prepared by mixing 2 µg of RNA, 0.5 µL of 500 µL/mL oligo (dT)15 

primer and nuclease free water to a final volume of 6 µL. Each mixture was prepared on 

ice in a sterile, thin-walled 0.2 mL reaction tube. To melt the secondary structures within 

the RNA template, such a mixture was heated at 72°C for 10 minutes what simultaneously 

allowed for annealing of oligo (dT) primers to poly (A) tail. In the meanwhile, the reaction 

mix was prepared by combining the indicated volumes of components (Table 3). After 

incubation, tubes were cooled immediately on ice to avoid secondary structures 

reformation and then spun to collect the solution at the bottom of the tube. 

4 µL of reaction mix was added to each tube and was mixed gently by pipetting. 

Tubes were placed in a PCR cycler equilibrated at 42°C and incubated for 1 hour. Reverse 

transcriptase was denatured by incubation at 95°C for another 10 minutes. The obtained 

cDNA was diluted in nuclease-free water and stored at -20°C. 

 

Component Volume 

M-MLV Reverse transcriptase 5 x Reaction Buffer 2 µL 

10 mM dNTP 0.5 µL 

M-MLV Reverse Transcriptase (200 U/ µl) 0.4 µL 

Nuclease-free water 1.1 µL 

 
Table 3. RT reaction mixture (per tube). 

 

5.2.2.3. Quantitative real-time polymerase chain reaction 
 

Expression of genes was measured at mRNA level by a quantitative real-time 

polymerase chain reaction using qRT-PCR Amo HS SYRB Green qPCR Kit. Each sample 

contained 50 ng of cDNA, 0.5 µL of both primers (Table 4), 7.5 µL of DyNAmo SYBR 
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Green master-MIX, and nuclease-free water added up to 15 µl of total volume. Reactions 

were ran according to protocols listed in Table 5. 

 

 

Primer Sequence Annealing 

temperature 

Product 

length 

EF2 forward 5’ GCG GTC AGC ACA ATG GCA TA3’ 

EF2 reverse 5’ GAC ATC ACC AAG GGT GTG CAG 3’ 

58°C 218 bp 

HO-1 forward 5’ GTG GAA MCG GTT YAC RTA GYG C 3’ 

HO-1 reverse 5’ CTT TCA GAA GGG YCA GGT GWC C 3’ 

58°C 250 bp 

FERRITIN forward 5’ CTT CGA CCC TGA GCC CTT TG 3’ 

FERRITIN reverse 5’ CAG GTT GAT GCG CTT GA 3’ 

58°C 157 bp 

BVR forward 5’ CAG AGC CCG AGA GGA AGT TT 3’ 

BVR reverse 5’ ACA TGC TCC TCG TGC AAG AC 3’ 

58°C 369 bp 

eNOS forward 5’ CGG TGA TGG CGA AGC GAG TG 3’ 

eNOS reverse 5’ CGA GCC CGA ACA CAC AGA ACC 3’ 

58°C 423 bp 

Catalase forward 5’  TGA CAT GGT CTG GGA CTT CTG G  3’ 

Catalase reverse 5’  TTG ATG CCC TGG TCG GTC TT  3’ 

58°C 192 bp 

Glutathione 
peroxidase forward 

5' TGG GGC ATT CTC TTC TCC CAC 3' 

Glutathione 
peroxidase reverse 

5' CAT GCC CTT TTC ATC CTT CTC 3' 

58°C 150 bp 

Thioredoxin forward 5' GAC AAG CCC TGC AAG ACT CTC G 3' 

Thioredoxin reverse 5' TTC TCC CGC AGA GCT ACT CG 3' 

58°C 139 bp 

Thioredoxin 
reductase forward 

5' TAG AGC ACA TGG CAT CTC ATG GC 3' 

Thioredoxin 
reductase reverse 

5' CAG ACT TCT GGT GTC TGG GAC TC 3' 

58°C 182 bp 

 
Table 4. Sequences of used primers with temperature of annealing. (W – A or T; Y – C or T; M 

– A or C; R – A or G). 

 

 

 

 Measurement was based on the relative expression of gene of interest to the 

reference gene – EF2 (Elongation Factor 2). After CT (threshold cycle) analysis, 

differences between gene of interest and reference gene were calculated (∆CT = CT gene of 

interest - CT reference gene). Then ∆CT value was calculated as a relative expression (Q = 2^ 

∆CT). Real time PCR has been performed using Rotor-Gene 3000 machine (Corbett Life 

Science, Sydney, Australia). 
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Step Temperature Time Number of cycles 

Initial denaturation 95°C 10 min - 

Denaturation 95°C 30 sec 

Annealing 60°C 60 sec 

Elongation 72°C 45 sec 

 

40 cycles 

Final elongation 72°C 5 min - 

Cooling 4°C - - 

 
Table 5. Conditions of real time PCR. 
 
 
 

5.2.3. Measurements of gene expression at the protein level 
 

5.2.3.1. Total protein isolation 
 

 Cells cultured in 6-well plates were rinsed twice with PBS, scrapped in ice-cold 

PBS with a rubber policeman, transferred to pre-chilled eppendorf tubes and centrifuged 

(8 000 x g, 4°C, 10 minutes). Pellets were resuspended in 100 µL 1 x HO-1 Extraction 

Reagent containing protease inhibitors (0.1 mM PMSF, 1 µg/mL of leupeptin and 1 µg/mL 

of aprotinin), incubated in ice for 30 minutes, vortexed and centrifuged again (21 000 x g, 

4°C, 10 minutes). Clear supernatants were transferred to a pre-chilled eppendorf tubes and 

stored at -80°C. 

5.2.3.2. Determination of total protein concentration 
 

 Protein concentrations were measured with Bicinchoninic Acid Protein Assay Kit. 

Lysates (5 µL) and BSA standards (serial dilutions of 1.5 mg/mL of BSA solution in Lysis 

Buffer) were transferred to a 96-well titration plate in triplicates and mixed with 100 µL of 

BCA Working Reagent (Bicinchoninic acid solution and 4% copper (II) sulfate 

pentahydrate in 50:1 volume proportion). Samples were incubated at 37°C for 10-30 

minutes in the darkness. After appearing of purple-blue colour in the wells, absorbance 

was measured at the wave length of 562 nm by using VersaMax microplate reader 

(Molecular Devices, Sunnyvale, CA). Protein concentration was calculated on the basis of 

standard curve. 
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5.2.3.3. Quantification of HO-1 protein 
 

HO-1 production was measured in cell lysates using Human HO-1 ELISA (The 

Enzyme-Linked Immunosorbent Assay) Kit (Stressgen) according to manufacturer's 

instructions. In brief, equal amount of protein was subsequently added to each well of 

immunoassay plate. There were also HO-1 standard dilutions added to the wells. After 30 

minutes of incubation at room temperature, the wells were washed 6 times with 300 µL of 

1 x Wash Buffer and 100 µL of the previously diluted Anti-Human HO-1 antibody was 

added to each well and incubated for 1 h at room temperature. The wells were washed in 

the same way as before and 100 µL of the previously diluted Anti-Rabbit IgG:HRP 

Conjugate was added to each well. After 30 min of incubation at room temperature, the 

wells were washed again and 100 µL of the TMB (3, 3', 5, 5'-TetraMethylBenzidine) 

Substrate was added. Finally, the reaction with the substrate was stopped when the 

Substrate Solution changed from colourless to gradations of blue (about 15 min) by 

addition of 100 µL of the Acid Stop Solution to each well. This was followed by 

measurement of optical density at 450 nm by using VersaMax microplate reader 

(Molecular Devices, Sunnyvale, CA). 

 

5.2.4. Measurements of carbon monoxide 
 

Carbon monoxide production by HUVEC cells was detected by measurement of 

CO concentrations in the culture media using gas chromatography. Briefly: Culture media 

harvested from HUVEC batches (260 µL) were added to CO-free, septum-sealed vials 

containing 40 µL of 30% w/v sulfosalicylic acid (SSA). CO released into the vial 

headspace was quantified using gas chromatography as described elsewhere [145]. 

 

5.2.5. Measurement of inflammatory mediators 
 

 Production of IL-1β (intrleukin-1β), IL-6 (interleukin-6), TNFα (tumor necrosis 

factor-α) and IL-8 (interleukin-8) by HUVEC cells were determined in the culture medium 

using Duo Set ELISA Development Kits (R&D Systems). HUVEC cells were seeded in 

24-well plate and stimulated with 10 µM hemin, 100 µM pentoxiphylline (PTX), and 100 

ng/mL of LPS for 24 hours, while non-stimulated cells were considered as a control.  
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All assays were performed according to manufacture’s instructions with slight 

modifications. In brief, wells of 96-well plate were coated with 50 µL of capture antibody 

diluted in PBS and incubated overnight in room temperature. Next day each well was 

washed three times with washing buffer (200 µL) (Table 6) and plate was blocked by 

adding 200 µL of reagent diluent (Table 6) for 2 hours. After this, wells were washed as 

mentioned before. In the next step, 50 µL of samples or cytokine standards were added to 

the wells in duplicates and incubated for 2 hours in room temperature. Then, wells were 

washed again and 50 µL of detection antibody were added. Two hours later another 

washing step was performed, then 50 µL of streptavidin-HRP working solution (in reagent 

diluent) were added to each well, what was followed by 20 minutes of incubation and 

another washing step. Finally, 50 µL of substrate solution (Table 6) were mixed with the 

samples and after 20 minutes of incubation in the darkness, the reaction was terminated 

with 25 µL of acidic stop solution (Table 6). The absorbance was measured at 450 nm 

using VersaMax microplate reader (Molecular Devices, Sunnyvale, CA).  

 

Buffer  Composition 

Washing Buffer 0.05% Tween 20 in PBS 
Blocking Buffer 1% BSA in PBS 
Reagent Diluent 1% BSA in PBS 
Substrate Solution 1:1 mix of Color Reagent A (H2O2 stabilized solution) 

to Color Reagent B (3, 3', 5, 5'-TetraMethylBenzidine) 
Stop Solution 1 M H2SO4 
 
Table 6. Composition of buffers used for ELISA. 
 

 

5.2.6. Measurement of adhesion molecules 
 

 Soluble forms of cell adhesion molecules such as sICAM-1 (soluble Inter-Cellular 

Adhesion Molecule-1) and sE-selectin (soluble Endothelial Leukocyte Adhesion 

Molecule-1) produced by HUVEC were detected in the culture media using either Duo Set 

ELISA Development Kit (R&D systems) in the case of sICAM-1 or Colorimetric ELISA 

Kit (Bender MedSystems) in the case of sE-Selectin. HUVEC cells were seeded in 24-well 

plate and stimulated as previously described with 10 µM hemin, 100 µM PTX, and 100 

ng/mL of LPS for 24 hours. Control cells were incubated with the medium only.  
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Concentration of sICAM-1 was measured as described in the paragraph 5.2.5. 

Concentration of sE-selectin was determined according to the vendor protocol. Briefly, 

pre-coated microwell strips were washed twice with 300 µL of washing buffer per well 

(Table 7). Then, 100 µL of samples diluted in sample diluent, and sE-selectin standards, 

were added to the wells in duplicates. Afterward, 50 µL of diluted HRP-Conjugate 

(horseradish peroxidase-conjugate) were added to all wells and incubated for 2 hours at 

room temperature on an orbital shaker set at 100 rpm. Next, microwell strips were washed 

three times with washing buffer (300 µL) and 100 µL of the TMB (3,3',5,5'-Tetra-Methyl-

Benzidine) substrate solution (Table 7) were added to all microwells and incubated in the 

darkness for about 10-15 minutes in room temperature on an orbital shaker set at 100 rpm. 

At the end, the enzymatic reaction was terminated by pipetting 100 µL of stop solution 

(Table 7) into each well and the absorbance was measured at 450 nm by using VersaMax 

microplate reader (Molecular Devices, Sunnyvale, CA). 

 

Buffer Composition 

Washing Buffer 0.05% Tween 20 in PBS 
Assay Buffer 0.5% BSA in 0.05% Tween 20 in PBS 
Substrate Solution 1:2 mixture of H2O2 and 3, 3', 5, 5' 

TetraMethylBenzidine (KPL Gaithersburg, Maryland) 
Stop Solution 1 M H3PO4 

 
Table 7. Composition of buffers used for sE-selectin ELISA. 

 

5.2.7. Measurement of glutathione 
 

Reverse-phase high performance liquid chromatography (HPLC) was used to 

quantify the reduced glutathione (GSH) in the cell lysates at the femtomol level, according 

to the procedure developed by Cereser and Co-workers [146], with a slight modification. 

For this purpose, HUVEC cells were grown to the full confluence in 25 cm2 flask and 

treated with 100 µM H2O2 for 16 hours. Control cells were left without stimulation. 

Subsequently cells were rinsed twice with ice-cold PBS, scrapped in PBS with a rubber 

policeman, transferred to pre-chilled eppendorf tubes and centrifuged (300 x g, 5 minutes, 

4°C). Then 500 µL of distilled water were added and the cells were disrupted by three 

freeze-thaw cycles in liquid nitrogen. Then, 100 µL of cell lysate were stored for protein 

determination by Bradford method, meanwhile another 100 µL of cell lysate were 
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deproteinated with 400 µL of 6% metaphosphoric acid (MPA), and after centrifugation the 

supernatant was neutralized with 0.2 M NaOH. 

Next, the GSH measurements were performed by adding the equal volumes of 

neutralized sample and 0.5% of ortho-phthalaldehyde (OPA) solution in 0.1 M sodium-

borate buffer (pH=9.4). Subsequently, the sample was neutralized once again by a 5-fold 

dilution with 0.5 M sodium phosphate (pH=7.0). Later, the GSH-OPA adducts were 

separated on a Supercosil LC-18 column (25 cm x 4.6 mm, 5 µm; Supelco, USA) with 

Shimadzu LC-10AD VP pump and SIL-10AD VP autoinjector (Japan) at 1 mL/minute 

rate flow. The fluorescence was monitored with a Shimadzu RF-535 fluorescence HPLC 

monitor at the excitation and emission wavelength of 340 nm and 425 nm, respectively. 

Then, the samples were eluted with a 30% gradient of acetonitrile in 0.05 M sodium 

acetate (pH=6.2). Shimadzu CLASS-VP software was used for peak integration and the 

reduced glutathione (GSH) quantification in samples was possible due to a standard curve 

of reduced glutathione (GSH) solution with linearity ranged from 0-50 pmole. Finally total 

glutathione (GSHt) was measured after oxidized glutathione (GSSG) reduction with 0.05 

M dithiothreitol (DDT) before deproteination. GSSG concentration was obtained by 

subtraction the reduced glutathione (GSH) from total glutathione (GSHt) concentration. 

Furthermore, the reduced glutathione/oxidized glutathione ratio (GSH/GSSG) was used to 

evaluate cellular oxidative status [147]. All analyses were performed with a great help of 

Dr. Ibeth Guevara-Lora, Department of Analytical Biochemistry, Faculty of Biochemistry, 

Biophysics and Biotechnology, Jagiellonian University. 

 

5.2.8. Measurement of angiogenic potential 
 

5.2.8.1. Migration assay 
 

Experiments were performed in HUVEC cells cultured in medium without FBS 

and ECGS, but supplemented with 5% BSA. Migration was tested using a modified 

Boyden chambers (diameter of pores 8 µm) coated with vitronectin. The assay was carried 

out 24 hours after stimulation with VEGF-A165 (30 ng/mL), according to the 

manufacturer’s protocol.  

Briefly, HUVEC cells were harvested by trypsinization, and then they were 

blocked with complete medium. Subsequently the cells were centrifuged at 1 000 rpm for 
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2 minutes and washed once with serum free media. Afterwards the bottom part of the 

chamber was filled with 350 µL of chemoattracting solution (medium supplemented with 

30 ng/mL of VEGF-A165). Cells (150 000 per well) were applied onto the inserts in a total 

volume of 500 µL and were left for 24 h migration in incubator in standard culture 

conditions. To assess the amount of migrating cells, inserts were removed from the 

chamber, and washed with PBS to remove unattached cells. Non-migrating cells (top side) 

were removed by scrapping this side with wet Q-tip/cotton swab. Then, cells were fixed 

and stained by soaking inserts in crystal violet solution for 15 minutes and washed 

intensively with PBS. Quantification of migration was performed by measurement of 

absorbance after methanol extraction of crystal violet at the wave length of 570 nm by 

using VersaMax microplate reader (Molecular Devices, Sunnyvale, CA). 

5.2.8.2. Proliferation assay 
 

 Proliferation of cells was measured by Cell Proliferation ELISA. This technique is 

based on incorporation of bromodeoxyuridine (BrdU), a pyrimidine analogue of 

thymidine, into DNA of proliferating cells. Amount of incorporated BrdU was assessed 

using a colorimetric ELISA.  

Experiments were performed in HUVEC cells cultured in media with 10% FBS but 

without growth factors. Cells were incubated with VEGF-A165 (30 ng/mL) for 48 hours. 

After incubation period, BrdU solution (10 µM as a final concentration) was added for 2 

hours. Subsequently the labeling medium was removed and cells were fixed with 200 µL 

of FixDenat (30 minutes, room temperature). Then, the Fix Denat solution was removed 

and cells were probed for 1.5 h with 100 µL of Anti-BrdU-HRP antibody (diluted 1:100 in 

Antibody Dilution Solution). The excess of antibodies was washed out with Washing 

Solution (Washing Buffer Concentrate diluted 10 times in H2O), three times, 200 µL/well. 

Finally, 100 µL of substrate solution were added to the each well. After colour 

development (10-30 minutes), reaction was stopped by 25 µL of 1 M H2SO4 and 

absorbance was measured at 450 nm by using VersaMax microplate reader (Molecular 

Devices, Sunnyvale, CA). 

5.2.8.3. Capillary sprouting assay 
 

 Spheroid assay was used to determine in vitro angiogenesis in a collagen gel. The 

experiments were performed according to protocol described by Korff and Augustin [148], 
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in M199 medium with 10% FBS, but without ECGS. In brief: in order to generate 

endothelial cell spheroids, HUVEC cells were suspended in culture medium containing 

0.25% (w/v) carboxymethylcellulose, and then seeded in non-adherent round-bottom 96-

well plates (750 cells/well). Within 24 hours of standard incubation (37°C, 5% CO2, 95% 

humidity) all suspended cells contributed to the formation of a single spheroid. These 

spheroids were harvested and embedded in collagen gels, prepared by mixing acidic 

collagen extract of rat tails with 10 x DMEM medium, neutralized with 0.1 N NaOH. 

Under these conditions spheroids formed capillary-like sprouts, which were inspected and 

measured after 24 hours, using digitalized imaging system connected to an inverted 

microscope Nikon Eclipse TS 100.  

 

5.2.9. Measurement of cell viability 
 

5.2.9.1. MTT reduction assay 
 

Viability of HUVEC in response to oxidative stress was assessed in cells incubated 

with different concentrations of H2O2 (100 µM, 200 µM, 400 µM and 800 µM) for 3, 6, 

12, and 24 hours, using tiazolyl blue tetrazolium bromide (MTT) reduction assay. This 

colorimetric test is based on reduction of yellow tetrazolium salt to navy blue formazan, 

catalyzed by mitochondrial dehydrogenases. Amounts of the reduced product reflect 

activity of mitochondria and are considered as a measure of cell viability. 

Cells were cultured in 96-well plates in 90 µL of medium/well. To each well, 10 

µL of MTT solution (5 mg/mL) was added and the cells were incubated for further 1-3 

hours, until formazan crystals were formed. Subsequently, medium was aspirated and 

crystals were dissolved in 100 µL/well of acidic isopropanol (0.2 M HCl in isopropanol). 

The absorbance of samples was measured at 562 nm using VersaMax microplate reader 

(Molecular Devices, Sunnyvale, CA). 

5.2.9.2. Propidium iodide exclusion assay 
 

 Viability of HUVEC cells was also determined using propidium iodide (PI) 

exclusion assay. This fluorescent stain intercalates into nucleic acids, but it cannot cross 

the membrane of living cells.  
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 Cells were cultured in 96-well plate in 100 µL of media. PI solution was added to 

each well to a final concentration of 200 µM. Subsequently, the stained cells were counted 

using fluorescent microscope (Nikon Eclipse TS 100) with wave length for excitation 530 

nm and emission 635 nm. 

5.2.9.3. Annexin V assay 
 

 Viability of HUVEC cells was also determined using Annexin V assay. In the early 

apoptotic process, the characteristic cell surface phospholipid asymmetry is disrupted, 

which leads to exposure of phosphatidylserine on the outer leaflet of the cell membrane. 

Annexin V is an anticoagulant protein that preferentially binds to phosphatidylserine and 

when conjugated to a reporter molecule, can be used as an indicator of apoptosis. 

 Cells were cultured in 96-well plates and exposed to H2O2 (100 µM) for 24 h. 

Annexin V staining was performed using TiterTACS 96-well apoptosis detection kit, 

according to instructions delivered by manufacturer. Positive cells were calculated using 

fluorescent microscope. 

  

5.2.10. Transient transfection with pHO-1GL3-luc plasmid 
 

HUVEC cells were transfected with a reporter plasmid carrying luciferase gene 

driven by human HO-1 gene promoter (pHO-1GL3-luc). The cells were transfected on 25-

cm2 flask, when the confluence was about 60%, using SuperFect Transfection Reagent 

(Qiagen) according to manufacturer's protocol: 2.5 µg of plasmid DNA, 66.5 µL of 

SuperFect Transfection Reagent and 798 µL of serum-free medium were mixed and 

incubated for 10 min at room temperature. Then, 350 µL of complete medium was added 

and the whole mixture was immediately transferred to the flask with cells previously 

rinsed with PBS. After 2 h the medium was replaced with a fresh one. On the following 

day, the cells were seeded onto 24-well plate. 24 h later the cells were stimulated as 

described in paragraph 5.2.1 and after following 24h of incubation in complete medium 

luciferase activity was measured.  
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5.2.11. Measurement of luciferase activity 
 

Luciferase activity was determined using Luciferase Assay System (Promega 

Corporation, USA). To obtain cell lysates, the cells were rinsed twice with PBS and frozen 

at -20°C in 100 µL of Reporter Lysis Buffer. After thawing, the lysed cells were scraped, 

transferred to microcentrifuge tubes, mixed by vortexing and centrifuged at 12 000 x g for 

2 minutes at 4°C. The supernatants were used in the final step of the assay. 

For chemiluminescence measurements 20 µL of each cell lysate were transferred to 

a luminometer on the white, non-transparent 96-well plate. Shortly before the 

measurement, 50 µL of Luciferase Assay Reagent was added to each well and the light 

signal was detected using AG Brethold luminometer. The results were normalised by 

measuring protein concentration in each sample (BCA method). 

 

5.2.12. Western blotting 
 

Cells were lysed in ice-cold lysis buffer (1% Triton X-100, 1 µg/mL of 

phenylmethyl sulfonyl fluoride, 1 µg/mL of leupeptin, and 1 µg/mL of aprotinin) and 

centrifuged for 20 minutes, 8 000 x g, at 4ºC. Clear supernatants were collected, and 

protein samples (15-20 µg/well) were subjected to electrophoresis in 12% sodium dodecyl 

sulfate-polyacrylamide electrophoresis gel, followed by transfer to nitrocellulose 

membrane HybondECL. Then, membranes were probed with polyclonal antibodies against 

HO-1, treated with secondary antibodies linked with horseradish peroxidase (diluted 

1:10,000 in Tris-buffered saline with 3% albumin), and visualized using BCIP/NBT blue 

liquid substrate. 

 

 5.2.13. Transduction with adenoviral vectors 
 

Adenoviral vectors containing rat HO-1 cDNA (Ad-HO1) were kindly gifted by 

Dr. Gisa Tiegs (Erlangen, Germany). Control vectors harboring GFP cDNA (Ad-GFP) 

were produced using the Adeno-X system (Clontech, Mountain View, CA). Both vectors 

were propagated in HEK 293 cells, and titrated with Adeno-X rapid titer ELISA kit 

(Clontech, Mountain View, CA) as described elsewhere [149]. Production and titration of 
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vectors were performed by Magdalena Kozakowska, MSc (Department of Medical 

Biotechnology, Faculty of Biochemistry, Biophysics and Biotechnology, Jagiellonian 

University). 

Endothelial cells were transduced with Ad-HO1 or Ad-GFP at the dose of 10 

multiplicity of infection (MOI). Vectors were poured into the cells in 30% volume of 

normal amount of media. The remaining medium was added after 2 h. After 24 hours, 

medium was changed and cells were stimulated with designed activators. 

  

5.2.14. Statistical analysis 
 

Cells isolated from 99 newborns were used for experiments. All data are shown as 

mean ± SEM. Analysis of variance (ANOVA) followed by Tukey posteriori test was 

applied to analyse the statistical differences. To compare the differences between 2 

samples, Student t test was used.  
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6. Results 

6.1. Expression of HO-1 in HUVEC 
 

All batches of human HUVEC were cultured in M199 medium supplemented with 

20% FBS, HEPES (20 mmol/L), L-glutamine (2 mol/L), heparin/endothelial cell growth 

supplement (30 ng/mL), penicillin (100 U/mL), and streptomycin (100 µg/mL). The cells 

were grown at standard conditions (37 °C, 5% CO2, 95% humidity), and stimulated for 6 

hours with several well-known HO-1 activators: hemin (10 µmol/L), CoPPIX (10 

µmol/L), H2O2 (100 µmol/L), 15d-PGJ2 (10 µmol/L), IFNγ (200 U/mL) or LPS (100 

ng/mL). Control cells were cultured in complete medium without any stimulation. Earlier 

experiments have shown that vehicles used for CoPPIX and hemin (0.1% DMSO and 0.1 

M NaOH) at the concentrations used did not influence HO-1 expression (data not shown). 

Additionally, each cell line was incubated for 6 hours under hypoxic conditions (37 °C, 

2% O2, 5% CO2, 95% humidity). 

All the applied stimulants significantly upregulated the expression of HO-1 mRNA 

in HUVEC, as measured by qRT-PCR (Fig. 3). Among them the most powerful was 15d-

PGJ2, which induced HO-1 more than 100-fold when compared to the control, non-

stimulated cells. Very potent activators were also CoPPIX and H2O2. In comparison to 

that, the effects of LPS, INFγ, and hemin on HO-1 induction were statistically significant, 

but moderate. Interestingly, incubation of HUVEC cells in hypoxic conditions for 6 hours 

has also led to increase in the expression of HO-1 at mRNA level. 

 
Fig. 3. Expression of HO-1 at mRNA level in HUVEC stimulated for 6 hours with hemin, CoPPIX, 

H2O2, 15d-PGJ2, IFNγ, LPS, and hypoxia. EF2 was used as a constitutive gene in ∆Ct analysis of 

qRT-PCR. Each bar indicates mean ± SEM. **P<0.01, ***P<0.001 in comparison with control, 

non-stimulated cells. 
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6.2. Expression of ferritin, BVR, and eNOS in HUVEC 
 

 Effects of HO-1 activation may depend very much on its cooperation with other 

genes. Therefore we decided to check the expression of biliverdin reductase, ferritin and 

eNOS in all batches of HUVEC.  

Both BVR and ferritin act downstream of HO-1. Ferritin is a globular protein 

complex consisting of 24 subunits, acting as a primary intracellular iron-storage molecule. 

It can scavenge the iron ions released by HO-1 activity, keeping iron in the non-toxic form 

[150, 151]. Interestingly, expression of heavy chain of ferritin was upregulated in HUVEC 

cells treated with 15d-PGJ2, CoPPIX, and H2O2, the most potent HO-1 inducers.  On the 

other hand, it was slightly but significantly decreased in cells cultured under hypoxic 

conditions (Fig. 4). 

 
Fig. 4. Expression of ferritin at mRNA level in HUVEC stimulated for 6 hours with hemin, 

CoPPIX, H2O2, 15d-PGJ2, IFNγ, LPS, and hypoxia. EF2 was used as a constitutive gene in ∆Ct 

analysis of qRT-PCR. Each bar indicates mean ± SEM. * P<0.05 in comparison with control, 

non-stimulated cells.  

 

BVR, an enzyme that converts biliverdin to bilirubin and enables continuous 

protection of cells against oxidative stress [152, 153], was expressed at similar level 

regardless of the treatment with different HO-1 inducers (Fig. 5). The only exception was 

stimulation of HUVEC cells with hemin, which reduced BVR expression. Noteworthy, in 

some samples biliverdin reductase was strongly induced by hypoxia, but this effect, 

although reproducible, was limited to several HUVEC batches solely. 
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Fig. 5. Expression of biliverdin reductase at mRNA level in HUVEC stimulated for 6 hours with 

hemin, CoPPIX, H2O2, 15d-PGJ2, IFNγ, LPS, and hypoxia. EF2 was used as a constitutive gene in 

∆Ct analysis of qRT-PCR. Each bar indicates mean ± SEM. * P<0.05 in comparison with control, 

non-stimulated cells. 

 

Finally, we checked the expression of endothelial nitric oxide syntase (eNOS, 

NOS3). This enzyme generates nitric oxide, but in some circumstances also superoxide 

anion in the blood vessels, and is crucial for regulation of vascular function, including 

survival, migration, proliferation, and morphogenesis of HUVEC [154]. We found that the 

level of eNOS mRNA was decreased in cells treated with H2O2 and 15d-PGJ2, but not 

influenced by any other stimuli (Fig. 6). 

 

 
Fig. 6. Expression of endothelial nitric oxide synthetase at mRNA level in HUVEC stimulated for 

6 hours with hemin, CoPPIX, H2O2, 15d-PGJ2, IFNγ, LPS, and hypoxia. EF2 was used as a 

constitutive gene in ∆Ct analysis of qRT-PCR. Each bar indicates mean ± SEM. * P<0.05 in 

comparison with control, non-stimulated cells. 
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6.3. Frequency distribution of (GT)n alleles 
 

Ninety-nine batches of HUVEC isolated from healthy newborns delivered in 

Vienna (Austria) and in Lodz (Poland) have been genotyped. The frequencies of HO-1 

promoter alleles were similar in samples obtained from both places, therefore all data were 

pooled. We found that the number of (GT)n repeats in the HO-1 gene promoter region in 

this population ranged from 22 to 37 (Fig. 7), and the frequency distribution was trimodal, 

with peaks at 23 (allele frequency 0.106), 30 (allele frequency 0.268) and 36 (allele 

frequency 0.04).  

 

 
Fig. 7. Frequency distribution of the numbers of (GT)n repeats in the population studied. S: 

≤23 repeats, M: 24-28 repeats, L: ≥29 GT repeats. 

 

First, we investigated the expression of the HO-1 mRNA in each batch of HUVEC, 

as measured by means of qRT-PCR. These analyses revealed that the level of HO-1 

expression under basal conditions is influenced by the number of (GT)n repeats in the 

shorter allele, but not in the longer one, nor by the sum of length of (GT)n repeats in both 

alleles (Fig. 8A). The same effects were observed in cells stimulated with CoPPIX (10 

µmol/L), H2O2 (100 µmol/L), and 15d-PGJ2 (10 µmol/L) (Fig. 8B-D). Then, taking into 

consideration the HO-1 expression in HUVEC cultured under control conditions or 

exposed to CoPPIX, H2O2, and 15d-PGJ2, we decided to divide the polymorphic alleles 

into three subclasses, and classify them as: class S (short, 22-23 (GT)n repeats, the most 

active), class M (median, 24-28 (GT)n repeats, of moderate activity), and class L (long, 

29-37 (GT)n repeats, the least active).   
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Fig. 8. Expression of HO-1 at mRNA level in HUVEC carrying different numbers of GT repeats in 

the shorter (Sh), longer (Lo), and both (Sh+Lo) HO-1 promoter alleles. Cells were cultured in 

control conditions (A) or were stimulated with CoPPIX (B), H2O2 (C) and 15d-PGJ2 (D). Each 

bar indicates mean ± SEM. 
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The frequencies of S, M, and L allele groups were respectively 0.192, 0.207, and 

0.601 (Fig. 7), whereas the frequencies of genotypes considering both alleles (Fig. 9) were 

0.050 (S/S), 0.098 (S/M), 0.204 (S/L), 0.031 (M/M), 0.245 (M/L), and 0.377 (L/L). 

 

 
Fig. 9. Frequency distribution of the HO-1 promoter genotypes in the population studied. S: 

≤23 repeats, M: 24-28 repeats, L: ≥29 GT repeats. 

 

6.4. Effect of HO-1 promoter polymorphism on HO-1 expression 
 

To investigate the effect of promoter polymorphism on HO-1 expression we 

analyzed both HO-1 mRNA levels (using qRT-PCR) and HO-1 protein concentrations in 

cell lysates (by means of ELISA) in HUVEC batches classified according to the number of 

(GT)n repeats in the shorter allele of promoter region.  

It turned out, that under control conditions the expression of HO-1 mRNA is the 

highest in cells carrying S allele (Fig. 10), whereas in cells with L allele it was more than 

50% lower (P<0.001). Even the carriers of M allelic variants demonstrated reduced 

expression of HO-1 in comparison to values obtained for S class (P<0.05). Measurements 

of protein concentration in cell lysates generally confirmed qRT-PCR analysis, although 

the differences between the groups were less pronounced, reaching statistical significance 

only when S and L allele groups were compared. This was possibly due to a weaker 

sensitivity of ELISA used for the measurements of HO-1 at protein level. 
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Fig. 10. Expression of HO-1 in the control, non-stimulated HUVEC carrying S, M, or L alleles of 

HO-1 promoter. A – mRNA expression measured by qRT-PCR. EF2 was used as a constitutive 

gene in ∆Ct analysis. B – protein concentration in cell lysates measured by ELISA. Each bar 

indicates mean ± SEM. * P<0.05, *** P<0.001 in comparison with cells carrying S allele. 

 

Importantly, similar relationship we observed after exposure the cells to HO-1 

stimulants. Thus, treatment of HUVEC with H2O2 led to much stronger upregulation of 

HO-1 expression in the carriers of S alleles than in those possessing M or L allelic variants 

(Fig. 11). Again, the effect was especially pronounced at mRNA level, whereas analysis of 

HO-1 protein concentrations showed the same tendency, but with statistically significant 

differences only between S and L allelic groups.  

 

 
Fig. 11. Expression of HO-1 in HUVEC carrying S, M, or L alleles of HO-1 promoter, incubated 

for 6 hours with H2O2 (100 µmol/L). A – mRNA expression measured by qRT-PCR. EF2 was 

used as a constitutive gene in ∆Ct analysis. B – protein concentration in cell lysates measured 

by ELISA. Each bar indicates mean ± SEM. * P<0.05, ** P<0.01, *** P<0.001 in comparison 

with cells carrying S allele. 

 

Analogous results were obtained, when the cells were stimulated with CoPPIX (10 

µmol/L). Much stronger induction of HO-1 was detected in HUVEC of S group than in 

those with M or L HO-1 promoter alleles (Fig. 12). Differences measured at the protein 

level were weaker, but statistically significant when group S and L were compared. 
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Fig. 12. Expression of HO-1 in HUVEC carrying S, M, or L alleles of HO-1 promoter, incubated 

for 6 hours with CoPPIX (10 µmol/L). A – mRNA expression measured by qRT-PCR. EF2 was 

used as a constitutive gene in ∆Ct analysis. B – protein concentration in cell lysates measured 

by ELISA. Each bar indicates mean ± SEM. * P<0.05, ** P<0.01, in comparison with cells 

carrying S allele. 

  

A very strong effect of HO-1 promoter polymorphism was found in HUVEC 

treated with 15d-PGJ2, the most potent HO-1 inducer (Fig. 13). The upregulation of 

mRNA in response to the stimulation was almost 10-fold higher in the cells of S group 

than in L carriers. Expression of HO-1 mRNA in M group was also twice lower than in 

cells possessing S HO-1 promoter variants. As in the case of the other stimulants, results 

of protein analysis showed much weaker differences, but still statistically significant 

between S and L carriers. 

 

 
Fig. 13. Expression of HO-1 in HUVEC carrying S, M, or L alleles of HO-1 promoter, incubated 

for 6 hours with 15d-PGJ2 (10 µmol/L). A – mRNA expression measured by qRT-PCR. EF2 was 

used as a constitutive gene in ∆Ct analysis. B – protein concentration in cell lysates measured 

by ELISA. Each bar indicates mean ± SEM. * P<0.05, ** P<0.01, in comparison with cells 

carrying S allele. 

 

 Influence of (GT)n polymorphism on the HO-1 expression was also observed in 

HUVEC incubated with LPS (100 ng/mL), where divergence between S and L groups was 
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more than tenfold. Because of variance in results obtained for S cell batches, the 

differences were statistically significant only between the carriers of S and L allelic 

variants. Analysis of HO-1 protein showed similar, but not statistically significant trend 

(Fig. 14). 

 
Fig. 14. Expression of HO-1 in HUVEC carrying S, M, or L alleles of HO-1 promoter, incubated 

for 6 hours with LPS (100 ng/mL). A – mRNA expression measured by qRT-PCR. EF2 was used 

as a constitutive gene in ∆Ct analysis. B – protein concentration in cell lysates measured by 

ELISA. Each bar indicates mean ± SEM. * P<0.05 in comparison with cells carrying S allele. 

 

 

 In the case of HUVEC incubated in the presence of IFNγ (200 U/mL) the 

differences between the S, M and L groups were much weaker, and although some 

tendency to stronger upregulation of HO-1 mRNA in S carriers was visible, it was not 

statistically significant. Accordingly, there was only a weak, non-significant trend, when 

protein concentrations in cell lysates were measured (Fig. 15). 

 

 
Fig. 15. Expression of HO-1 in HUVEC carrying S, M, or L alleles of HO-1 promoter, incubated 

for 6 hours with IFNγ (200 U/mL). A – mRNA expression measured by qRT-PCR. EF2 was used 

as a constitutive gene in ∆Ct analysis. B – protein concentration in cell lysates measured by 

ELISA. Each bar indicates mean ± SEM. 
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 Similarly, when HUVEC were stimulated with hemin (10 µmol/L), the substrate 

and classical activator of HO-1 expression, the influence of (GT)n repeat polymorphism in 

the HO-1 promoter was very weak and non-significant, either at mRNA or protein levels 

(Fig. 16). 

 
Fig. 16. Expression of HO-1 in HUVEC carrying S, M, or L alleles of HO-1 promoter, incubated 

for 6 hours with hemin (10 µmol/L). A – mRNA expression measured by qRT-PCR. EF2 was 

used as a constitutive gene in ∆Ct analysis. B – protein concentration in cell lysates measured 

by ELISA. Each bar indicates mean ± SEM.  

 

  

Finally there was no effect of HO-1 promoter polymorphism on response of HO-1 

to hypoxia (2% O2). Expression of mRNA was almost the same in all groups (Fig. 17A). 

Some weak tendency for lower induction in the L batches may be visible at the protein 

level, but it was not statistically significant (Fig. 17B).  

 
Fig. 17. Expression of HO-1 in HUVEC carrying S, M, or L alleles of HO-1 promoter, incubated 

for 6 hours in hypoxia (2% O2). A – mRNA expression measured by qRT-PCR. EF2 was used as 

a constitutive gene in ∆Ct analysis. B – protein concentration in cell lysates measured by 

ELISA. Each bar indicates mean ± SEM.  

 

To summarize, the pattern of HO-1 induction in response to different stimuli is 

significantly dependent on the HO-1 promoter polymorphism in human endothelium. 
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Generally, cells carrying the S allelic variant of (GT)n repeats respond to stimulation 

much stronger than those with the longer fragments (Fig. 18). This indicates that efficacy 

of HO-1 dependent pathways may significantly vary in human population, and may 

underlie the clinical observations of influence of HO-1 promoter polymorphism on 

cardiovascular diseases frequency and progression.  

 

 
Fig. 18. Expression of HO-1 at mRNA level in HUVEC stimulated for 6 hours with hemin, 

CoPPIX, H2O2, 15d-PGJ2, IFNγ, LPS, and hypoxia. EF2 was used as a constitutive gene in ∆Ct 

analysis of qRT-PCR. Each bar indicates mean ± SEM. * P<0.05, **P<0.01, ***P<0.001 in 

comparison with control, non-stimulated cells. 

 

6.5. Effect of HO-1 promoter polymorphism on HO-1 enzymatic activity 
 

 The important question was whether the increased expression of HO-1 was 

reflected by HO-1 enzymatic activity. To answer it we harvested the culture media from 

HUVEC of S and L groups incubated in control conditions or stimulated with 15d-PGJ2. 

Then we measured the concentration of carbon monoxide using the gas chromatography.  

All analyses were performed with a great help of Dr. Lucie Muchova and Prof. Libor 

Vitek (Charles University, Prague). 

 The obtained data show that stimulation of HO-1 expression resulted in augmented 

enzymatic activity, as illustrated by increased concentration of CO. Moreover, production 

of CO was significantly higher in cells of the group S, carrying the most active HO-1 
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promoter variant. These differences were visible both in control and 15d-PGJ2 stimulated 

cells (Fig. 19A,B). 

 

 
 

Fig. 19. Production of carbon monoxide in HUVEC cells carrying S or L alleles of HO-1 

promoter, cultured in control conditions (A) and cultured for 6 hours with 15d-PGJ2 (B). 

Concentration of CO in cultured media was measured with gas chromatography. Each bar 

indicates mean ± SEM. * P<0.05, ***P<0.001 in comparison with cells carrying S allele. 
 

6.6. Effect of HO-1 promoter polymorphism on ferritin, BVR, and eNOS 
expressions 
  

Additionally, we checked whether the diverse levels of HO-1 in cells carrying 

different HO-1 promoter allelic variants, may influence the expression of ferritin, BVR, 

and eNOS.  The obtained results revealed that the differences in HO-1 expression between 

HUVEC carrying S, M and L alleles affect also the production of ferritin. Namely, in cells 

cultured in control conditions or stimulated with H2O2, CoPPIX, 15d-PGJ2, and LPS, the 

lowest levels of ferritin mRNA was detected in L group (Fig. 20A-E). One can suppose 

that it is associated with lower release of iron ions, the well-known inducers of ferritin 

expression [155, 156], in HUVEC with a lower activity of HO-1.   
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Fig. 20. Expression of ferritin at mRNA level measured using qRT-PCR in HUVEC carrying S, M, 

or L alleles of HO-1 promoter, cultured in control conditions (A) and cultured for 6 hours with 

H2O2 (B); CoPPIX (C); 15d-PGJ2 (D) and LPS (E). EF2 was used as a constitutive gene in ∆Ct 

analysis of qRT-PCR. Each bar indicates mean ± SEM. * P<0.05 in comparison with cells 

carrying S allele. 
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 In contrast, no differences in ferritin expression were found in HUVEC of S, M 

and L groups treated with IFNγ, hemin, or incubated in hypoxia, which is in accordance to 

the similar lack of significant influence on HO-1 generation (Fig. 21A-C).  

 

 
 

Fig. 21. Expression of ferritin at mRNA level measured using qRT-PCR in HUVEC carrying S, M, 

or L alleles of HO-1 promoter, cultured in cells cultured for 6 hours with IFNγ (A); hemin (B); 

or exposed to hypoxia (C). EF2 was used as a constitutive gene in ∆Ct analysis of qRT-PCR. 

Each bar indicates mean ± SEM. 

 

 

Analogical analysis of BVR or eNOS mRNA expressions did not demonstrate any 

association with HO-1 promoter polymorphism (Fig. 22 and Fig. 23).  
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Fig. 22. Expression of BVR at mRNA level measured using qRT-PCR in HUVEC carrying S, M, or 

L alleles of HO-1 promoter, cultured in control conditions (A) and cultured for 6 hours with 

hemin (B); CoPPIX (C); H2O2 (D); 15d-PGJ2 (E); IFNγ (F); LPS (G); or exposed to hypoxia 

(H). EF2 was used as a constitutive gene in ∆Ct analysis of qRT-PCR. Each bar indicates mean 

± SEM. 
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Fig. 23. Expression of eNOS at mRNA level measured using qRT-PCR in HUVEC carrying S, M, 

or L alleles of HO-1 promoter, cultured in control conditions (A) and cultured for 6 hours with 

hemin (B); CoPPIX (C); H2O2 (D); 15d-PGJ2 (E); IFNγ (F); LPS (G); or exposed to hypoxia 

(H). EF2 was used as a constitutive gene in ∆Ct analysis of qRT-PCR. Each bar indicates mean 

± SEM. 
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6.7. Effect of HO-1 promoter polymorphism on inflammatory response 
 

 HO-1 is regarded as an antiinflammatory enzyme, which may influence the 

expression of proinflammatory cytokines [157-159]. Therefore we investigated the 

potential association between (GT)n microsatellite polymorphism in the HO-1 promoter 

and inflammatory response of endothelial cells. To this aim we measured the 

concentration of cytokines released to the culture media from HUVEC incubated under 

control conditions or stimulated for 24 h with LPS (100 ng/mL). The obtained results 

demonstrated that the assessment of impact of HO-1 promoter polymorphism on 

inflammatory reaction depend on the cytokine analyzed.  

First, we measured the expression of IL-1β. In this case, the influence of HO-1 

allelic variants was clear both in control and LPS-stimulated cells. Generally, the 

concentrations of IL-1β detected in culture media were low (mean for all control HUVEC 

batches was 41.21 ± 3.08 pg/mL and raised to 74.31 ± 7.84 pg/mL after LPS treatment). 

Importantly, HUVEC carrying the most active HO-1 promoter variant released the 

smallest amount of IL-1β, and the differences were statistically significant both for control 

and activated cells (Fig. 24).  

 

 

 
Fig. 24. Production of IL-1β in HUVEC cells carrying S, M, or L alleles of HO-1 promoter, 

cultured for 24 hours with or without LPS. Concentration of protein in cultured media was 

measured with ELISA. Each bar indicates mean ± SEM. * P<0.05 in comparison with cells 

carrying S allele; # P<0.05 in comparison with control, non-stimulated cells. 
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 Very similar pattern we found for IL-6, which was released at relatively high 

concentrations of 853.4 ± 78.92 pg/mL and 1363.54 ± 106.52 pg/mL, respectively in 

control and LPS-activated cells. Both under basal conditions and after LPS stimulation the 

production of IL-6 was lowest in HUVEC of the S group, with the highest level of HO-1 

expression (Fig. 25). The differences were statistically significant in non-stimulated cells, 

whereas after LPS treatment it was only a non-significant tendency.  

 

 
 

Fig. 25. Production of IL-6 in HUVEC cells carrying S, M, or L alleles of HO-1 promoter, cultured 

for 24 hours with or without LPS. Concentration of protein in cultured media was measured with 

ELISA. Each bar indicates mean ± SEM. * P<0.05 in comparison with cells carrying S allele; # 

P<0.05 and ## P<0.01 in comparison with control, non-stimulated cells. 

 

 

Finally, the same relationship was demonstrated for soluble intracellular adhesion 

molecule-1 (sICAM-1). Its concentration also reached the high values (648.72 ± 80.59 

pg/mL in control cells and 1553.59 ± 167.17 pg/mL after LPS treatment). Again, control 

or LPS-activated HUVEC carrying the short, most active HO-1 promoter variant released 

less sICAM, and the trend was statistically significant for non-stimulated samples (Fig. 

26). 
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Fig. 26. Production of sICAM-1 in HUVEC cells carrying S, M, or L alleles of HO-1 promoter, 

cultured for 24 hours with or without LPS. Concentration of protein in cultured media was 

measured with ELISA. Each bar indicates mean ± SEM. * P<0.05 in comparison with cells 

carrying S allele; # P<0.05, ## P<0.01, and ### P<0.001 in comparison with control, non-

stimulated cells. 

 

 

Taking into consideration the measurements of IL-1β, IL-6 or sICAM-1 

generations, one can conclude that HO-1 promoter polymorphism influences the 

inflammatory response of HUVEC, and higher expression of HO-1 leads to lower 

synthesis of proinflammatory cytokines. Similar relationship could be seen, when E-

selectin or TNFα were analyzed. In these cases, however, we observed only a tendency, 

which was not statistically significant.  

Concentrations of E-selectin equaled 167.39 ± 18.11 pg/mL in media from resting 

cells and 394.69 ± 44.56 pg/mL from LPS-stimulated HUVEC. Production was very 

similar in all non-stimulated endothelial batches, regardless of HO-1 promoter allelic 

variant. In response to LPS, HUVEC of M and L groups showed a trend to release more E-

selectin than those with S promoter (Fig. 27). 
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Fig. 27. Production of E-selectin in HUVEC cells carrying S, M, or L alleles of HO-1 promoter, 

cultured for 24 hours with or without LPS. Concentration of protein in cultured media was 

measured with ELISA. Each bar indicates mean ± SEM. # P<0.05 in comparison with control, 

non-stimulated cells. 

 

Production of TNFα in control HUVEC was very low (mean concentration in 

culture media was 23.22 ± 2.76 pg/mL) and increased after LPS treatment (to 36.84 ± 4.14 

pg/mL). In resting cells generation of TNFα was not affected by HO-1 promoter 

polymorphism. However, HUVEC of M and L groups tended to generate more TNFα (Fig. 

28). 

 

 
Fig. 28. Production of TNFα in HUVEC cells carrying S, M, or L alleles of HO-1 promoter, 

cultured for 24 hours with or without LPS. Concentration of protein in cultured media was 

measured with ELISA. Each bar indicates mean ± SEM. # P<0.05 and ## P<0.01 in comparison 

with control, non-stimulated cells. 
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The last inflammatory mediator studied was IL-8, highly produced in HUVEC 

(mean concentration was 1355.76 ± 96.90 pg/mL and 1706.03 ± 71.78 pg/mL in media 

from control and LPS-stimulated cells, respectively). We did not find any influence of 

HO-1 promoter polymorphism on the production of IL-8 (Fig. 29). 

 

 

 

Fig. 29. Production of IL-8 in HUVEC cells carrying S, M, or L alleles of HO-1 promoter, cultured 

for 24 hours with or without LPS. Concentration of protein in cultured media was measured with 

ELISA. Each bar indicates mean ± SEM. 

 

 To summarize, treatment of HUVEC with LPS led to induction of HO-1 expression 

in the manner dependent on the HO-1 promoter polymorphism (Fig. 14). As demonstrated, 

the grade of LPS-exerted upregulation of IL-1β (Fig. 24) was significantly different in the 

carriers of S and L allelic variants. Similar tendency could be noticed in the case of IL-6 

(Fig. 25), sICAM-1 (Fig. 26), E-selectin (Fig. 27), and TNFα (Fig. 28). To confirm that 

these effects are not an accidental association we measured production of cytokines in 

cells stimulated with hemin (10 µmol/L), the relatively weak inducer of HO-1 in our 

experimental setting, which acts independently of HO-1 promoter polymorphism, or in 

cells stimulated with pentoxifylline (PTX, 100 µmol/L), which does not influence the HO-

1 expression [160]. Measurements of cytokines production 24 h after the stimulation 

demonstrated that hemin at the concentration used did not modulate inflammatory 

response (Fig. 30A). It only showed a tendency to increase the release of IL-1β, the effect 

obviously independent of HO-1. On the other hand, PTX significantly reduced TNFα 

expression (Fig. 30B), which was possibly mediated by NFκB inhibition [160]. As 
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expected, neither the effect of hemin, nor the influence of PTX was modulated by HO-1 

promoter polymorphism (Fig. 30). 

 

 
Fig. 30. Production of cytokines in HUVEC cells carrying S, M, or L alleles of HO-1 promoter 

cultured for 24 hours with hemin (A), and PTX (B). Concentration of protein in cultured media 

was measured using ELISA. Each bar indicates mean ± SEM, and is presented as a percentage 

of control values (controls: concentrations of cytokines measured in cells cultured without 

hemin or PTX). * P<0.05 in comparison with control. 

 

6.8. Effect of HO-1 promoter polymorphism on oxidative status of 
endothelial cells 
 

 Cytoprotective and antioxidative effects of HO-1 in endothelium are very well 

documented [16, 161, 162]. We wanted to check whether their efficacy can depend on the 

relatively small differences in the level of HO-1 expression resulting from HO-1 promoter 

polymorphism. To this aim, using the HPLC method, we measured the concentration of 

total glutathione (tGSH), as well as reduced (GSH) and oxidized (GSSG) glutathione in all 
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HUVEC batches carrying different allelic variants of HO-1 promoter. All analyses were 

conducted with a great help of Dr. Ibeth Guevara-Lora and Prof. Andrzej Kozik 

(Department of Analytical Chemistry, Faculty of Biochemistry, Biophysics, and 

Biotechnology, Jagiellonian University).  

Cells were cultured in control conditions or stimulated for 16 h with H2O2 (100 

µmol/L). The level of total glutathione in non-stimulated resting cells was respectively 

1.20 ± 0.25 nmol/mg, 1.50 ± 0.53 nmol/mg, and 1.83 ± 0.44 nmol/mg of total protein in 

lysates prepared from HUVEC of S, M and L allele groups (Fig. 31). These differences 

were not statistically significant (P>0.30). However, the concentrations of tGSH were 

slightly up-regulated in H2O2-treated HUVEC carrying M allele (up to 2.03 ± 0.65 

nmol/mg), and L allele (up to 2.48 ± 0.39 nmol/mg of total protein), but not in that with S 

allelic variant. In consequence, in HUVEC exposed to with H2O2, the level of total 

glutathione was significantly higher in the cells of L than in those of S class (Fig. 31). 

 

 
Fig. 31. Concentration of total glutathione measured using HPLC in HUVEC cells carrying S, M, 

or L alleles of HO-1 promoter, cultured for 16 hours with or without H2O2 (100 µmol/L). Each 

bar indicates mean ± SEM.** P<0.01 in comparison with cells carrying S allele. 

 

 

When we analyzed the concentrations of reduced form of GSH, we did not find 

any differences between the cells of distinct HO-1 promoter variants either in control 

(P>0.5) or in H2O2-stimulated cells (P>0.4) (Fig. 32). 
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Fig. 32. Concentration of reduced glutathione (GSH) measured with HPLC in HUVEC cells 

carrying S, M, or L alleles of HO-1 promoter, cultured for 16 hours with or without H2O2 (100 

µmol/L). Each bar indicates mean ± SEM. 

 

 In contrast, measurements of oxidized glutathione revealed a strong effect of (GT)n 

microsatellite polymorphism in the HO-1 promoter on oxidative status of HUVEC. 

Namely, carriers of S alleles displayed much lower concentration of GSSG than their 

counterparts with longer HO-1 promoter variants. This tendency was well visible, 

although did not reach the statistical significance. Exposure of HUVEC to H2O2 for 16 h 

did not change the concentration of GSSG in cells of S and M group, but slightly increased 

it in the L allele carriers. The differences between the S and L groups were statistically 

significant (P>0.01) (Fig. 33). 

 

 
Fig. 33. Concentration of oxidized glutathione (GSSG) measured with HPLC in HUVEC cells 

carrying S, M, or L alleles of HO-1 promoter, cultured for 16 hours with or without H2O2 (100 

µmol/L). Each bar indicates mean ± SEM.** P<0.01 in comparison with cells carrying S allele. 
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 Accordingly, the oxidative status evaluated as the GSH:GSSG ratio was much 

more favorable in HUVEC batches carrying S allele than in those with M or L alleles 

(12.62 ± 3.63 versus 4.11 ± 1.19 or 3.55 ± 0.82 in control cells, P<0.05) (Fig. 34). Similar 

relationships we observed after H2O2 stimulation. Unexpectedly, we did not find 

significant differences between untreated and H2O2-treated cell. Possibly, to observe the 

effects we should perform analyses at the earlier time points, not after 16 hours. 

 

 
Fig. 34. Oxidative status assessed as GSH : GSSG ratio, measured with HPLC in HUVEC cells 

carrying S, M, or L alleles of HO-1 promoter, cultured for 16 hours with or without H2O2 (100 

µmol/L). Each bar indicates mean ± SEM. * P<0.05 in comparison with cells carrying S allele. 

 

  

Exposure of HUVEC to H2O2 results in significant induction of HO-1 (Fig. 3). It 

seems that the differences in oxidative status of endothelial cells may reflect the distinct 

inducibility of HO-1 promoter (Fig. 11). However it must be kept in mind that treatment of 

cells with H2O2 induces many other genes, some of them directly involved in H2O2 

inactivation. Therefore, in some endothelial cell batches (N=3, all of the S group) we 

measured the expression of catalase, glutathione peroxidase (GPx), thioredoxin (Trx), and 

thioredoxin reductase (TrxR), both in resting conditions and after a 6 h incubation with 

H2O2 (100 µmol/L). Real-time RT-PCR analysis demonstrated that H2O2 significantly 

increases the catalase expression, and show a tendency to upregulate the thioredoxin and 

thioredoxin reductase, while the level of glutathione peroxidase remained relatively stable 

(Fig. 35). Thus the protective effects of HO-1 could be also supported by activity of the 

antioxidative pathways. 
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Fig. 35. Expression of catalase (A), thioredoxin (B), thioredoxin reductase (C), and 

glutathione peroxidase (D) at mRNA level measured using qRT-PCR in HUVEC, cultured for 6 

hours with or without H2O2 (100 µmol/L). EF2 was used as a constitutive gene in ∆Ct analysis 

of qRT-PCR. Each bar indicates mean ± SEM. * P<0.05 in comparison with control, non-

stimulated cells. 

 

6.9. Effect of HO-1 promoter polymorphism on viability of endothelial 
cells 
 

 The next set of experiments was designed to check whether HO-1 promoter 

polymorphism, which influences the oxidative status of HUVEC, may also modulate the 

survival of cells subjected to oxidative stress. Therefore, cells were incubated with 

different concentrations of H2O2 (100 µmol/L, 200 µmol/L, 400 µmol/L and 800 µmol/L) 

for 3 h, 6 h, 12 h and 24 h, and their viability was measured using tiazolyl blue tetrazolium 

bromide (MTT) reduction assay. Actually, the obtained result confirmed that cells carrying 

the more active HO-1 allelic variants survive better and are more resistant to oxidative 

stress. 

The differences were clear for all H2O2 concentrations tested, already after a 3 h 

incubation period (Fig. 36). For example, when HUVEC cells were exposed to 800 

µmol/L of H2O2, their viability was reduced to 58.7 ± 3.07%, 43.66 ±11.06%, and 24.46 ± 

7.31% of control values in S, M and L carriers, respectively. 

 



 

 81 

 
Fig. 36. Viability of HUVEC cells carrying S, M, or L alleles of HO-1 promoter cultured with or 

without H2O2 for 3 hours, measured using MTT reduction assay. Each point indicates mean ± 

SEM, presented as a percentage of control value. * P<0.05, ** P<0.01 in comparison with cells 

carrying S allele. 

 

 Similarly, incubation of HUVEC with different concentrations of H2O2 for 6 hours 

revealed that H2O2 declined the viability of cells in dose-dependent manner (Fig. 37), and 

HUVEC cells carrying long (L) and median (M) alleles were more susceptible to oxidative 

stress than those carrying the more active HO-1 promoter. Results were statistically 

significant for all H2O2 concentrations. 

 

 
Fig. 37. Viability of HUVEC cells carrying S, M, or L alleles of HO-1 promoter cultured with or 

without H2O2 for 6 hours, measured using MTT reduction assay. Each point indicates mean ± 

SEM, presented as a percentage of control value. * P<0.05, ** P<0.01, *** P<0.001 in 

comparison with cells carrying S allele. 
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 Results obtained at the 12th hour after H2O2 stimulation showed the same effect: 

cells with the most active HO-1 promoter were the most resistant to oxidative stress. Thus, 

in cells exposed to 800 µmol/mL of H2O2, the MTT reduction was decreased to 56.44 ± 

3.97%, 34.40 ± 13.03%, and 10.97 ± 4.41% of control values in HUVEC of S, M and L 

groups (Fig. 38). 

 

 
 

Fig. 38. Viability of HUVEC cells carrying S, M, or L alleles of HO-1 promoter cultured with or 

without H2O2 for 12 hours, measured using MTT reduction assay. Each point indicates mean ± 

SEM, presented as a percentage of control value. * P<0.05, *** P<0.001 in comparison with 

cells carrying S allele. 

 

 

 

 Finally similar relationship was demonstrated after 24 h incubation, where survival 

of cells carrying L alleles of HO-1 promoter was worse than those with more active forms 

(Fig. 39). Differently than at the earlier time points, we did not find the differences 

between cells of group S and M.  
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Fig. 39. Viability of HUVEC cells carrying S, M, or L alleles of HO-1 promoter cultured with or 

without H2O2 for 12 hours, measured using MTT reduction assay. Each point indicates mean ± 

SEM, presented as a percentage of control value. * P<0.05, ** - P<0.01, *** P<0.001 in 

comparison with cells carrying S allele. 

 

 

Generally, analysis of MTT reduction in HUVEC exposed to H2O2 indicates that 

the efficacy of HO-1 as a cytoprotective enzyme is meaningfully dependent on the allelic 

variants of HO-1 promoter. To confirm this conclusion we decided to analyze the viability 

of cells using an additional test, namely propidium iodide (PI) exclusion assay. In these 

experiments cells were incubated with H2O2 (100 µmol/L) for 3 h, 6 h, 12 h, and 24 h. The 

obtained results fully confirmed the previous observations and showed the reduced 

viability of HUVEC of L group, with the least active HO-1 promoter (Fig. 40). 
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Fig. 40. PI staining of HUVEC cells carrying S, M, or L alleles of HO-1 promoter cultured with or 

without H2O2 (100 µmol/L) for 3, 6, 12 and 24 hours. A - Representative images. B – 

Quantitative data. Each point indicates mean ± SEM, presented as a percentage of control 

value.* P<0.05 in comparison with cells carrying S allele. 

 

 

 Finally, viabilities of HUVEC incubated with H2O2 (100 µmol/L) were determined 

at different time-points using Annexin-V binding assay, to detect apoptotic cells. 

Conclusions from these analyses were the same as for PI staining – HO-1 protected 

HUVEC from oxidative stress more effectively if cells were the carriers of more active 

HO-1 promoter variants, classified as a group S (Fig. 41). 
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Fig. 41. Annexin V staining of HUVEC cells carrying S, M, or L alleles of HO-1 promoter cultured 

with or without H2O2 (100 µmol/L) for 3, 6, 12 and 24 hours. A - Representative images. B – 

Quantitative data. Each point indicates mean ± SEM, presented as a percentage of control 

value.* P<0.05 in comparison with cells carrying S allele. 

 

6.10. Effect of HO-1 promoter polymorphism on angiogenic potential of 
endothelial cells 
 

 HO-1 may act as a proangiogenic enzyme, which is known to augment 

proliferation and migration of endothelial cells, as well as formation of capillaries in in 

vitro and in vivo models [163]. Therefore, the last part of the study was devoted to 

investigation if HO-1 promoter polymorphism may influence angiogenic potential of 

endothelial cells. To this aim we assessed proliferation, migration, and capillary formation 

by HUVEC stimulated with VEGF-A165.  

The first activity measured was proliferation. Cells were stimulated with VEGF-

A165 (30 ng/mL) for 48 h and then analyzed using BrdU incorporation assay. The obtained 
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results revealed that proliferation of all endothelial cell batches was significantly increased 

in response to VEGF-A165. This effect was, however, much more pronounced in the 

HUVEC cells carrying short (GT)n repeats in the promoter region of HO-1 than in those 

with less active HO-1 promoter variants (M and L allele carriers) (Fig. 42). The fold of 

induction was, respectively, 3.38 ± 0.34, 1.98 ± 0.41, and 1.53 ± 0.23 in S, M and L 

groups. The differences were statistically significant (P<0.001). 

 

 
Fig. 42. Proliferation of HUVEC cells carrying S, M, or L alleles of HO-1 promoter, cultured with 

or without VEGF-A165 (30 ng/mL, 48 h), measured with BrdU incorporation assay. Each bar 

represents mean ± SEM, and is presented as a percentage of control value.  ** P<0.01, *** 

P<0.001 in comparison with cells carrying S allele; # P<0.05, ## P<0.01, ### P<0.001 in 

comparison with control, non-stimulated cells. 

 

 

 Next we examined the influence HO-1 promoter polymorphism on the migration of 

endothelial cells. For this purpose, all HUVEC batches were stimulated by VEGF-A165 (30 

ng/mL) for 24 hours. Then their migration was analyzed in modified Boyden chambers 

and quantified spectrophotometrically, after staining the cells with crystal violet. 

Treatment with VEGF-A165 significantly increased cell migration in HUVEC cells 

carrying short, median and long allele groups in comparison with control, non-stimulated 

cells (P<0.001, P<0.01 and P<0.05 respectively for S, M and L group). In contrast to 

proliferation, we did not observe any statistically significant influence of HO-1 promoter 

polymorphism on the extent of migratory response in HUVEC (Fig. 43) 
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Fig. 43. Migration of HUVEC cells carrying S, M, or L alleles of HO-1 promoter, cultured with or 

without VEGF-A165 (30 ng/mL) for 24 hours, measured by using Boyden chambers. Each bar 

represents mean ± SEM, and is presented as a percentage of control value # P<0.05, ## 

P<0.01, ### P<0.001 in comparison with control, non-stimulated cells. 

 
  

 

To confirm this observation and to check the influence of HO-1 promoter 

polymorphism on a more complex angiogenic activity, we investigated the outgrowth of 

capillaries from endothelial spheroids formed of HUVEC carrying different HO-1 allelic 

variants, embedded in the collagen gel. This assay relies mostly on migration of cells, 

which invade the gel and form a complex network of capillary-like structures (Fig. 44A) 

[164]. 

 At the basal level we did not observe any differences in capillary sprouting in 

HUVEC cells carrying S, M or L alleles of HO-1 promoter. Addition of VEGF-A165 

protein (30 ng/mL, 24 h) significantly increased capillary sprouting both in HUVEC cells 

carrying the more active (S) and less active (M or L) HO-1 promoter variants. The level of 

response was the same in all groups of HUVEC (Fig. 44B).  
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Fig. 44. A. Representative pictures of control and VEGF-stimulated endothelial spheroids 

embedded in the collagen gel. B. Sprouting of capillaries from endothelial spheroids of HUVEC 

cells carrying S, M, or L alleles of HO-1 promoter, cultured with or without VEGF-A165 (30 

ng/mL) for 24 hours.  ## P<0.01, ### P<0.001 in comparison with non-stimulated cells. 

 

 

This result supported the earlier observation that relatively small differences in 

HO-1 expression resulting from the promoter polymorphism do not modulate endothelial 

cell migration. Thus, the variation in HO-1 efficacy typical for human population can 

influence only some but not all angiogenic activities. 
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6.11. Transcriptional activity of HO-1 promoter in endothelial cells 
 

The most frequent method for assessment of HO-1 promoter activity is an 

employment of reporter constructs. We decided to use the same approach to compare the 

results obtained from this indirect assay and from the direct measurements of HO-1 

mRNA expression in the endothelial cells. 

Plasmid containing the luciferase reporter cDNA driven by 9.1 kb of 5' flanking 

region of the human HO-1 gene of S class was kindly gifted by prof. Anupam Agarwal 

(University of Alabama, Birmingham) and used for transfection of HUVEC cells. All cell 

batches tested (N=4) were the carriers of S alleles. Transfection efficacy was low, and not 

exceeded 10%, as demonstrated by simultaneous transfection of additional control cells 

with a plasmid containing the green fluorescent protein (GFP) cDNA (data not shown). 

After a 24 h incubation period the transfected cells were stimulated for the next 24 h with 

hemin (10 µmol/L), CoPPIX (10 µmol/L), H2O2 (100 µmol/L), 15d-PGJ2 (10 µmol/L), 

IFNγ (200 U/mL), LPS (100 ng/mL) or exposed to hypoxia.  

Measurements of luciferase activity confirmed that the most potent activator of 

HO-1 promoter is 15d-PGJ2 (Fig. 45A). Significant induction was also observed after 

treatment with CoPPIX (Fig. 45A), accordingly to the results of mRNA expression 

analyses (Fig. 3). The other stimulants did not increase activity of the luciferase. One of 

the reasons may be too weak sensitivity of the method, resulting from the low transfection 

efficacy of the primary cells. The second reason, which cannot be excluded, is the 

existence of regulatory sequences out of the 9.1 kb fragment of HO-1 promoter, as it has 

been reported for the activation by hemin or oxidized low density lipoproteins (oxLDL) by 

the other researchers [78]. Nevertheless, the obtained results indicate that direct 

measurements of mRNA expression may provide more exact information. 

Similar data were found in experiments performed using the primary human aortic 

endothelial cells (HAEC) (Fig. 45B), or immortalized human dermal microvascular 

endothelial cell line (HMEC-1) (Fig. 45C). Also here the induction of HO-1 promoter by 

15d-PGJ2 or CoPPIX was statistically significant, whereas activation by the other 

stimulants, except hemin in HAEC, was undetectable. In both cases the transfection 

efficacy was low, comparable to that reached in HUVEC (data not shown). Finally, we 

repeated the measurements using immortalized murine brain microvascular endothelial 
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cells (MBEC-1), which are easier for transfection (gene transfer efficacy reached ~20%, 

data not shown). In this case only 15d-PGJ2 was able to induce the expression of luciferase 

(Fig. 45D). Interestingly, in MBEC-1 cells the transcriptional activity of human HO-1 

promoter construct was significantly inhibited by hypoxia and by hemin, which can reflect 

the existence of distinct regulation sequences in murine and human HO-1 promoters [16]. 

 
Fig. 45. Luciferase activity measured in HUVEC (A), HAEC (B), HMEC-1 (C), and MBEC-1 (D) 

transfected with reporter plasmid (pHO-1GL3-luc), stimulated for 24 hours with hemin, CoPPIX, 

H2O2, 15d-PGJ2, IFNγ, LPS, and hypoxia. Each bar represents mean ± SEM, and is presented as 

a percentage of control value. * P<0.05 in comparison with control, non-stimulated cells. 
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6.12. Effect of rapid HO-1 overexpression on endothelial cells 
 

The aim of the last set of experiments was to check whether the protective effects 

of HO-1 observed in the cells possessing the more active HO-1 promoter can be mimicked 

by overexpression of HO-1 using adenoviral gene transfer. Therefore we transduced the 

HUVEC cell batches (N=3) which did not carry the S allele (genotypes of 25/25 and 

29/30) with adenoviral vectors (10 MOI) containing rat HO-1 cDNA under control of 

CMV promoter (Ad-HO1). Control cells were transduced with the same amount of 

adenovectors harboring GFP cDNA (Ad-GFP).  

Expression of HO-1 was measured 24 h after transduction. Quantitative RT-PCR 

evidenced the very strong expression of transgene, ~200-fold higher that in unstimulated 

or Ad-GFP treated cells (Fig. 46A). This was confirmed by western-blot analysis of HO-1 

protein (Fig. 46B). However, no changes in BVR or ferritin mRNA expressions were 

observed (Fig. 46C, D). 

 

 
Fig. 46. Expression of HO-1 mRNA (A) HO-1 protein (B), BVR (C), and ferritin (D) 24 h after 

transduction of HUVEC with 10 MOI of Ad-HO1 or Ad-GFP vectors. (A); (C) and (D) results of 

real-time PCR. EF2 was used as a constitutive gene in ∆Ct analysis of qRT-PCR. Each bar 

indicates mean ± SEM. *** P<0.001 in comparison with control. (B) Western blot showing the 

production of HO-1 protein, α-tubulin was used as a reference. 
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Surprisingly, the analysis of HUVEC viability after treatment with H2O2 (100 

µmol/L, 24 h) using MTT reduction assay showed only a weak cytoprotective effect of 

HO-1 transgene (Fig. 47A). Moreover, assessment of spontaneous proliferation of 

HUVEC cultured for 24 h in complete medium and checked by BrdU incorporation test 

(Fig. 47B), as well as measurements of basal IL-6 release quantified using ELISA (Fig. 

47C) demonstrated that the rapid and very strong overexpression of HO-1 did not provide 

analogous effects as relatively moderate augmenting in HO-1 inducibility driven by the 

most active allelic variants of HO-1 promoter. Thus, we did not observe the increased 

proliferation, or reduced IL-6 synthesis.  

One can suppose that such exceedingly high expression of HO-1 is not necessary 

followed by increased HO-1 enzymatic activity, because of insufficient delivery of 

substrate. Our last observation can support such a supposition. Namely, when HUVEC 

cells were transduced with Ad-HO1 and then additionally supplemented with hemin (10 

µmol/L, 24 h), the HO-1 substrate, they proliferated more effectively in the complete 

medium than cells exposed to hemin but without HO-1 overexpression (Fig. 47D). 

 

 
 

Fig. 47. A - Effect of H2O2 on cell viability (MTT reduction assay); B - spontaneous cell 

proliferation (BrdU incorporation assay); C - production of IL-6 (ELISA); D - spontaneous cell 

proliferation after treatment with hemin (10 µmol/L, 24 h, BrdU incorporation assay).  

Experiments were performed in HUVEC of non-transduced and Ad-GFP or and Ad-HO1 

transduced HUVEC.  Each bar indicates mean ± SEM; * P<0.05, ** P<0.01 in comparison with 

control.  
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7. Discussion 

 

Heme oxygenase-1 is a stress-responsive enzyme that can be generated from HO-1 

gene under a variety of stimuli, such as oxidants, proinflammatory cytokines, LPS, heavy 

metals, chemotherapeutics, nitric oxide, or prostaglandins [7, 165]. Upon activation, HO-1 

produces CO, bilirubin, and iron ions. Carbon monoxide at low concentrations may act 

similarly to nitric oxide and is known to modulate vasomotor tone, prevent platelet 

activation and aggregation, inhibit vascular smooth muscle cell growth [166], reduce 

production of some proinflammatory cytokines, and protect endothelial cells from 

apoptosis [16, 167]. Biliverdin and bilirubin, are potent antioxidants, which may diminish 

LPS-induced P-selectin and E-selectin expressions in the vascular system leading to 

inhibition of leukocyte rolling and adhesion and to reduction the monocyte endothelial 

transmigration [168]. Finally, ferrous iron, which can be potentially toxic, giving rise to 

hydroxyl free radicals, is known to upregulate the expression of ferritin, which protects 

endothelial cells from oxidative stress. 

Thus, activity of HO-1 is very important for proper functioning of the vessels, 

especially in pathological conditions caused by increased oxidative stress, hyperlipidemia, 

and inflammation. Such circumstances lead to endothelial dysfunction characterized by 

reduced availability of vasodilatory and anti-adhesion substances, such as NO and 

prostacyclin, and concomitant increase in vasoconstrictors and pro-adhesion factors 

including endothelin-1 (ET-1), angiotensin II, and thromboxanes [169]. Importantly, the 

same stimuli upregulate the activity of HO-1. 

Our experiments revealed that the efficacy of this system may vary significantly in 

a human population, because of genetic polymorphism within the HO-1 promoter region. 

Microsatellite (GT)n repeat, which was investigated in the present research, is the most 

frequent type of a simple repeat in human genome and often exhibit length polymorphism, 

which may affect the transcriptional activity of the genes [89]. Human HO-1 gene was 

mapped to chromosome 22q12 [170], and a (GT)n dinucleotide repeat was identified in 

the proximal promoter region, near the transcription start site [171]. It has been constantly 

suggested that the length of (GT)n repeat in the HO-1 gene could modulate the 

transcriptional activity. By using the HO-1 promoter/luciferase reporter construct, carrying 

different lengths of (GT)n repeats, it has been previously demonstrated that in rat aortic 

smooth muscle cells the longer fragments of (GT)n repeats in the promoter region are 
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associated with the less effective transcription of the reporter gene [93]. The similar result 

was also shown earlier in studies conducted in Hep3B cells [80]. Importantly, those 

experiments employed only a fragment of HO-1 promoter, not longer than 4.5 kb, 

therefore lacking some important regulatory sequences localized more upstream of the 

open reading frame, as well as the more poorly characterized sites within the first HO-1 

intron [79]. We analyzed the real HO-1 gene expression governed by a full length 

promoter and all, even hitherto unrecognized HO-1 regulatory sequences.   

It must be also kept in mind that not all conclusions driven from the mouse models 

can be extrapolated to human HO-1 gene transcription. Although there are a lot of 

similarities between HO-1 regulation in different species, a growing body of evidence 

clearly indicates that human and mouse HO-1 genes are regulated in opposite way under 

particular circumstances. Main differences between human and animal HO-1 regulation 

include the variations in the hypoxic modulation of HO-1 gene, differences between heme, 

and cadmium-mediated HO-1 expression, and the existence of HO-1 promoter 

polymorphism in humans [16]. 

 

7.1. The role of HO-1 promoter polymorphism in regulation of gene 
expression 
 

In the current study we demonstrated that the microsatellite polymorphism of 

(GT)n repeats in the human HO-1 promoter region can modulate the level of gene 

transcription in HUVEC, the primary endothelial cells, cultured in basal conditions or 

exposed to CoPPIX, 15d-PGJ2, H2O2, and LPS. In contrast, it does not influence 

significantly the induction of HO-1 expression in response to IFNγ, hemin, and hypoxic 

conditions. 

Mechanism underlying the observed effect is not clear. However, one can notice 

that the NF-E2-related factor 2 (Nrf2) transcription factor is the common mediator 

involved in HO-1 induction on treatment with CoPPIX [172, 173], 15d-PGJ2 [174], H2O2 

[175], and LPS [173], whereas it does not play such important role in upregulation of HO-

1 by hemin [176], and is not involved in stimulation of HO-1 expression by IFNγ [177] or 

hypoxia [178]. 

Nrf2 is a master regulator of antioxidant response [179, 180], particularly 

important for the amelioration of oxidative stress. When living organisms are exposed to 
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chemical electrophiles, such as some xenobiotics, drugs, toxins, or carcinogens, a battery 

of genes is induced via antioxidant-responsive elements (AREs) or electrophile-responsive 

elements to coordinate cellular defenses [181, 182]. Nrf2, which belongs to the "cap-n'-

collar"  (CNC) family of transcription factors, regulates gene expressions just via ARE 

binding [183, 184]. Its activation upregulates expression of numerous cytoprotective 

enzymes [185], including NADPH:quinine oxidoreductase-1 (NQO1), the subunits of γ-

glutamylcysteine synthetase (γ-GCS), glutathione peroxidase, thioredoxin, thioredoxin 

reducatase, catalase, and HO-1.  

In the resting, non-stimulated cells, Keap1 (Kelch-like ECH-assiociated protein-1) 

facilitates degradation of Nrf2 by proteasomes and inhibits its nuclear translocation [186, 

187]. Upon stimulation, electrophiles and oxidants liberate Nrf2 from Keap1-dependent 

degradation, leading to Nrf2 accumulation in the nucleus and to induction of target genes. 

Interestingly, when Nrf2 is overexpressed in cells after transfection with an expression 

construct, Nrf2 accumulates in the nucleus and activates transcription even in the absence 

of external stimuli [185, 188]. 

Intracellular heme and iron concentrations must be tightly regulated, as free heme 

or iron ions are potent oxidants, generating the reactive oxygen species [189]. Therefore, 

under homeostatic conditions the HO-1 gene is repressed. However, upon Nrf2 

stimulation, the subsequent derepression and potent transactivation of HO-1 transcription 

is observed [190-192].  

Our results suggest that the Nrf2-mediated induction of HO-1 gene transcription 

may be influenced by the length of dinucleotide microsatellite DNA fragment. This 

supposition can be surprising, as the HO-1 promoter utilizes two distal enhancers 

containing ARE (E1 and E2), that are located approximately -4 and -10 kb of the 

transcriptional initiation site [21, 193], thus far upstream of the (GT)n repeats. However, it 

has been demonstrated that after accumulating in the nucleus in response to oxidative 

stress, Nrf2 interacts with BRG1 (Brahma-related gene-1) in a stress-independent manner 

and recruits the BRG1 protein to the proximal sequence in HO-1 promoter. This sequence, 

located near to the microsatellite (GT)n region does not possess any ARE, but may interact 

with the distal E1 and E2 enhancer motifs, and thereby aids in the recruitment of BRG1 to 

the proximal promoter region via a looping mechanism [194].  

BRG1-mediated chromatin remodeling is essential for RNA polymerase II 

recruitment to HO-1 promoter and for effective transcription [194]. On the other hand, the 

(GT)n repeats are supposed to favor the left-handed Z-DNA formation, especially in the 
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presence of BRG1 [195]. Intriguingly, Z-DNA structure in the promoter regions have been 

shown to modulate transcription [196-198]. Moreover, the recently published report 

suggested – although not evidenced – that the left-handed Z-DNA created by a stretch of 

GT repeats positively regulates Nrf2-mediated HO-1 transcription [194]. Therefore, the 

length of (GT)n repeat sequence in the HO-1 promoter, hypothetically forming the Z-

structure which is not found in the regulatory regions of other Nrf2 target genes, might be 

an important factor in the differential regulation of HO-1 expression in response to Nrf2 

activation.  

Interestingly, the reporter gene assay using constructs containing 4.5 kb fragment 

of the 5' flanking sequence of HO-1 showed that 18 and 30 (GT)n repeats provided similar 

BRG1-dependent activation of HO-1 gene transcription [194]. Our data might suggest, 

however, that the long microsatellite fragments reduce the efficacy of Nrf2-mediated 

transactivation, maybe in the way dependent on the BRG1 function. We suppose that this 

discrepancy in conclusions may result from the different method used, because luciferase 

reporter assay is not always sensitive enough to detect subtle differences in the level of 

expression. Of importance, the expression of HO-1 is regulated mostly at the transcription 

level, whereas influence on mRNA stability or posttranscriptional regulatory mechanisms 

seem to play much less important role [16]. Moreover, the regulatory sequences are 

located not only in the proximal part of the HO-1 promoter but also far upstream and 

within the introns [79]. In such case the direct measurement of HO-1 mRNA expression in 

the endothelial cells responding to different stimulus can be a reliable method to measure 

the level of transcription.   

It seems, that the observed effects can be of clinical relevance. Many papers have 

reported significant effects of (GT)n polymorphism in HO-1 promoter on cerebrovascular 

and cardiac disorders, such as coronary artery disease, myocardial infarction, aortic and 

intracranial aneurysm or postdilatation restenosis [9, 39-49]. Moreover, the absence of 

short allele of HO-1 promoter significantly augments inflammatory reaction in the vessel 

wall and increases the risk for restenosis in patients undergoing balloon angioplasty [107, 

109]. It also appears to influence the outcomes of transplantations [110, 111, 199] and 

progression of some cancers [114, 116, 118, 200]. Finally, shorter HO-1 promoter alleles 

may play a protective role in chronic pulmonary emphysema [80] and rheumatoid arthritis 

[201, 202], or may represent a genetic risk factor for cerebral malaria [140], and greater 

susceptibility to diabetes [119, 203]. Results of some of those analyses have not been, 

however, supported by larger-scale studies [96, 108, 123, 136, 204]. No effect of HO-1 
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promoter polymorphism was also found in patients suffering from cardiac allograft 

vasculopathy [205], cirrhosis [206], Kawasaki disease [106], inflammatory bowel disease 

[207], Alzheimer disease or Parkinson disease [81]. 

Strikingly, in all earlier papers, criteria for classification of HO-1 promoter alleles 

as the "short" or "long" have been chosen arbitrary. Thus, the maximal, threshold number 

of (GT)n repeats in alleles regarded as "short" varied from 24 (GT)n repeats [43, 45, 46, 

48, 59, 62-65, 68, 73, 74], through 25 [87, 201], 26 [103, 208], 27 [111, 123, 140], 29 

[199], 30 [209, 210], 32 [93], up to 36 (GT)n repeats [93, 211]. In some analyses the 

alleles were divided into three groups: short, median and long. In these cases the cut-offs 

were also different, being located at 24 and 30 [80, 114], 25 and 31 [117], 26 and 33 [97, 

116], or at 29 and 38 (GT)n repeats [124, 212]. Moreover, in numerous papers the 

presence or absence of only one short (S) or long (L) allele was taken into consideration 

[10, 43, 44, 46-49, 54, 55, 60, 65, 68, 71, 73, 74, 77, 78], whereas in the other studies 

diploid genotypes were analyzed [9, 10, 39-41, 45, 52, 58, 59, 61, 62, 64, 66, 75-77]. 

 We demonstrated for the first time the real effect of different numbers of (GT)n 

dinucleotide-repeats in the promoter region of heme oxygenase-1 gene on the basal and 

induced HO-1 expression at both mRNA and protein level. The obtained results indicate 

that the reasonable threshold values for allele classification are 23 (GT)n repeats (for 

"short" the most active alleles) and 28 (GT)n repeats (for the moderately active alleles). 

"Long" alleles with microsatellite DNA fragments carrying 29 or more (GT)n repeats are 

the least active. These numbers are similar to the most often used cut-offs of 24 (GT)n 

repeats chosen in earlier papers for the "short" variants. Because the allele with 24 GTs is 

relatively rare, therefore, our study generally confirms that this arbitrary classification 

used in most papers reflects the actual effect of (GT)n repeats on HO-1 expression. 

Furthermore, we showed that the most important is the number of (GT)n repeats in the 

shorter allele. The length of (GT)n fragment in the second allele of HO-1 promoter is 

negligible. 

 Additionally, we demonstrated that the upregulation of HO-1 after treatment with 

15d-PGJ2, CoPPIX or H2O2 is accompanied by augmented expression of ferritin. This 

intracellular protein is a very effective chelator of iron under iron-loading conditions, 

playing an important role in controlling the labile iron pool. Thereby it suppresses the 

oxidant damage and ultimately confers cytoprotection to the endothelial cells [213-215]. 

Several lines of evidence have shown an association between the HO-1 activity 

and the synthesis of ferritin, where up-regulation of HO-1 increases the ferritin generation, 
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leading to sequestration of iron released from the HO-1 pathway [155, 156, 216]. 

Furthermore, several in vivo models indicate that both HO-1 and HO-2 play critical roles 

in the physiological trafficking of intra- and extracellular iron, in which the aberrant 

accumulation of tissue iron and serum iron anemia have been described in HO-1-/- and 

HO-2-/- mice. Thus, the HO-1-/- mice are anemic, accumulate non-heme iron in the kidney 

and liver, but display reduced total iron content in the lung without compensatory increase 

in ferritin levels [49, 217, 218]. It suggests that iron recycling directed by HO-1 maintains 

blood iron levels and determines relative levels of tissue iron [49, 51].  

Our study demonstrated that the rate of ferritin upregulation in human endothelial 

cells correlates with the level of HO-1 inducibility, and is significantly higher in cells 

carrying the short (GT)n fragments in the HO-1 promoter region. Therefore, it is apparent 

that endothelial cells with highly active HO-1 gene are better protected from a possible 

increase in free iron pool. Interestingly, it was suggested that type 2 diabetes patients 

carrying short (GT)n repeats may have higher ferritin values than those with long alleles 

[203]. In contrast, serum ferritin levels were higher in diabetic patients of the L/L 

genotype than those carrying S/S HO-1 promoter allelic variants [208]. 

 Differently than in the case of ferritin, there was no association between (GT)n 

microsatellite polymorphism in the promoter of HO-1 and biliverdin reductase generation. 

Instead, the expression of BVR at mRNA level remained rather constant in response to 

different stimuli, and only treatment with hemin resulted in its statistically significant 

reduction. Relatively high level of BVR mRNA in HUVEC cells may suggest that this 

enzyme is not a limiting factor in HO-1-dependent pathways.  

Finally, we did not observe correlation between polymorphism in length of (GT)n 

dinucleotide repeats in HO-1 promoter and expression of endothelial nitric oxide syntase 

(eNOS). Again, the expression of eNOS at mRNA level was relatively stable in 

endothelial cells treated with various HO-1 activators, being downregulated only in 

response to H2O2 and 15d-PGJ2. Such inhibition have been already observed in earlier 

studies, suggesting that these stimuli decrease AP-1 binding at the eNOS promoter, 

resulting in decreased transcriptional activity [219, 220]. Taken together, neither BVR nor 

eNOS expressions at mRNA levels were influenced by the (GT)n microsatellite 

polymorphism in the promoter region of HO-1. However we did not analyze the BVR or 

eNOS enzymatic activities, so such influence cannot be excluded. 
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7.2. The role of HO-1 promoter polymorphism in inflammatory response 
of endothelial cells 
 

 Heme oxygenase-1 can represent a general molecular marker of proinflammatory 

status. Thus the role of HO-1 as a general cytoprotectant is not limited to the stressful 

conditions induced by subjecting the cells to exogenous chemicals or physical injury but 

may also be important during systemic stress caused by wounding or infection.  

For example, HO-1 induction occurs as a component of hepatic acute phase 

response (APR), a systemic reaction to injury or infection in the liver, characterized by 

physiological changes including global alterations in hepatic protein synthesis [221]. The 

hepatic APR is strongly induced by bacterial endotoxins (LPS), which stimulate cytokine 

productions from monocytes and macrophages [222]. Among the cytokines upregulated 

during APR are IL-6, IL-1β, and TNFα. All of them are potent activators of the HO-1 

expression [223-227].  

HO-1 is commonly regarded as an antiinflammatory enzyme, which inhibits 

expression of many proinflammatory cytokines. The importance of HO-1 is elegantly 

illustrated by studies in HO-1 knockout mice, in which HO-1 deficiency leads to increased 

production of IL-1β, IL-6, TNFα, E-selectin, and ICAM-1 [160, 228, 229]. Compared with 

the wild-type counterparts, the HO-1-/- mice develop a chronic inflammation, augmented 

with ageing, characterized by enlarged spleens (in part due to follicular hyperplasia) and 

lymph nodes, hepatic inflammatory infiltrates, and high peripheral white blood cell counts 

[49]. The HO-1-/- mice also show the hallmarks of vascular injury, indicated by monocytes 

adhering to the vessel walls [49], and increased expression of VCAM-1 on aortal 

endothelium [160]. Importantly, in the only patient diagnosed to date with HO-1 

deficiency, the vascular injury was even more pronounced, with very strong inflammatory 

reaction and highly increased vulnerability of endothelial cells to the oxidative stress–

induced injury [50]. These reports demonstrate that HO-1 is necessary for keeping a 

physiological homeostasis and that its absence results in too excessive inflammatory 

reaction and endothelial dysfunction. Our result indicate that in patients carrying only the 

long alleles of HO-1 promoter, the HO-1 dependent pathways are less effective, what 

might increase the risk of occurrence of cardiovascular complications, demonstrated in 

several clinical analyses. 

The mechanism responsible for antiinflammatory potential of HO-1 may rely on 

the properties of carbon monoxide, acting probably via the p38 mitogen-activated protein 



 

 100 

kinase (p38-MAPK) [230, 231]. For instance, both overexpression of HO-1 or 

administration of CO suppress proinflammatory cytokines and chemokines such as TNFα, 

IL-1β, IL-6, monocyte chemoattractant protein-1 (MCP-1), and macrophage inflammatory 

protein-1β (MIP-1β) [230-233], whereas increase the expression of the antiinflammatory 

mediator interleukin-10 (IL-10) [234]. Some of the antiinflammatory effect of CO may 

occur via augmented activation of peroxisome proliferator–activated receptor-γ (PPARγ) 

and reduced expression of Egr-1 [235]. Other beneficial properties of CO, including the 

ability to prevent platelet activation [236] and subsequent thrombosis [237], as well as an 

inhibition of plasminogen activator inhibitor type-1 (PAI-1) expression, are dependent on 

soluble guanyl cyclase (sGC) activation and cGMP elevation  [238]. HO-1 derived CO 

protects also endothelial cells from apoptosis, acting through modulation of different 

signaling pathways, including p38 MAPK, JNK and ERK kinases, cGMP and NFκB 

[239].  

In vitro, overexpression of HO-1 has been reported to decrease the expression of 

the adhesion molecules, namely E-selectin and VCAM-1 [240]. Concomitantly, some 

analyses suggested that patients with more active HO-1 alleles had lower concentrations of 

IL-6 after coronary artery bypass surgery [212]. Our results fully confirm these 

observations and demonstrate that even relatively small differences in HO-1 expression in 

cells carrying distinct HO-1 promoter alleles are enough to interfere with a cytokine 

generation. Thus, endothelial cells carrying the short (S) allele displayed a clear tendency 

to decreased synthesis of IL-1β, IL-6, TNFα, E-selectin and sICAM-1, especially in cells 

treated with LPS. 

 Interrelation between HO-1 and IL-8 raises more controversy. Some data suggest 

that activation of HO-1 by CoPPIX, and CoCl2 leads to decrease in production of IL-8 

[241, 242]. On the other hand our research team has demonstrated that upregulation of 

HO-1 in response to 15d-PGJ2, CoPPIX, and CoCl2 was HO-1-independent [178, 243, 

244]. Measurements of concentrations of IL-8 released from HUVEC cells of different 

(GT)n repeats of HO-1 promoter evidenced clearly that the level of HO-1 both in control 

condition and after stimulation with LPS did not influence the generation of IL-8. 
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7.3. The role of HO-1 promoter polymorphism in response of endothelial 
cells to oxidative stress 
 

Induction of HO-1 is commonly considered to enhance the antioxidant resistance 

of cells and to provide effective protection against oxidative insults. Therefore, one of the 

most often studied functions of HO-1 is cytoprotection, resulting both from the removal of 

prooxidant heme and from the generation of biologically active products, especially 

biliverdin. Description of the cycle in which biliverdin (a water-soluble product of heme 

catabolism) is reduced to bilirubin (a toxic and insoluble pigment) through enzymatic 

reduction by biliverdin reductase, and then the bilirubin is converted back to biliverdin on 

oxidation by peroxyl radicals suggests a mechanism that amplifies the antioxidant effects 

of this pathway [152]. 

 In accordance, cellular depletion of bilirubin by RNA interference against BVR 

markedly augments tissue levels of reactive oxygen species and causes apoptotic cell 

death. On the other hand, experiments performed on a broad spectrum of endothelial cell 

lines showed the importance of CO as an anti-inflammatory and anti-apoptotic molecule 

acting among others through induction of p38 kinase or NFκB transcription factor [167]. 

Consistently, chronic CO inhalation reversed the prothrombotic phenotype in HO-1-/- mice 

but had no effect on HO-1+/+ mice, suggesting that the endogenous generation of CO by 

HO-1 is a potent mechanism by which HO-1 protects the vasculature from thrombosis 

under conditions of oxidative stress [56].  

In contrast, some reports indicated that even low doses of CO (100 ppm) may 

induce endothelial apoptosis [245]. Similarly, it was postulated that too high activity of 

HO-1, especially when not associated with sufficient expression of ferritin, may be 

detrimental to the cells probably because of increase in free iron pool [246]. However, 

several studies have shown that ferritin induced by iron released from the heme moiety has 

a protective effect on endothelial cells, and for example, can inhibit TNFα induced 

apoptosis of endothelial cells [247]. Our experiments demonstrating the higher expression 

of ferritin in HUVEC with more active HO-1 promoter variants fully confirms these 

observations. 

To investigate the HO-1-mediated cytoprotection, researchers employed various 

models, including cells exposed to pharmacological or genetic activators and inhibitors, 

cells with enforced HO-1 overexpression, as well as HO-1 knockout or transgenic mice 

[16]. For instance, it has been demonstrated that cells derived from HO-1 deficient mice 
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are less capable to withstand an oxidative challenge than the corresponding cells obtained 

from the wild type individuals [51, 53]. Namely, cultured HO-1-/- embryonic fibroblasts 

generated more reactive oxygen species when exposed to pro-oxidants such as H2O2 and 

paraquat, and they were hypersensitive to cytotoxicity caused by oxidants, especially by 

hemin [51]. Conversely, cells overexpressing HO-1 have been reported to be more 

resistant to oxidant-induced toxicity than the corresponding control cells [248]. Also in 

vivo analyses confirm an antioxidative potential of HO-1 pathway. It was shown that the 

young adult HO-1-/- mice were more vulnerable to mortality and hepatic necrosis when 

challenged with endotoxin, a condition associated with increased oxidative stress, than 

their wild type counterparts [51]. 

Importantly, a very strong overexpression of HO-1 may not provide any beneficial 

effect, as demonstrated in our experiments where adenoviral vector-mediated gene transfer 

was applied. One of the reasons may be an imbalance between HO-1 overexpression and 

efficacy of the other components of the HO-1 mediated pathway, or not sufficient amount 

of the substrate for HO-1 enzymatic activity. In addition, it should be remembered that the 

heme breakdown catalyzed by HO-1 is an energy-consuming reaction, in which at least 3 

moles of oxygen and 4 moles of NADPH are required to cleave 1 mole of heme [249]. 

Also local accumulation of CO, iron, and bilirubin, which under certain circumstances can 

reveal detrimental properties can prevent the protective effect or even cause the injury to 

the cells [16]. 

Thus, the very important and still unresolved question is if relatively subtle 

changes in HO-1 expression resulting from the promoter polymorphism can exert 

biologically significant impact. Our data clearly show that the variation in HO-1 

inducibility observed in human population, strongly influences sensitivity of primary 

endothelial cells to oxidative stress, and that more effective induction of HO-1, but still 

within the physiological range, does play the protective and anti-apoptotic role. 

Furthermore, cells carrying S allele of HO-1 promoter had significantly lower 

concentration of oxidized glutathione (GSSH) and displayed much more suitable ratio of 

reduced glutathione (GSH) to oxidized glutathione (GSSH), which can be considered as a 

primary marker of cellular oxidative status. This may be an illustration of the antioxidative 

potential of HO-1/BVR pathway in HUVEC. Similar relationship was observed in 

transgenic mice after cardiovascular damage induced by angiotensin-II, where enforced 

cardiac overexpression of HO-1 protected cells from decrease in GSH:GSSG ratio [250]. 
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7.4. The effect of HO-1 promoter polymorphism on angiogenic potential 
of endothelial cells 
 

 Earlier experiments from our group, confirmed by many other research teams, 

demonstrated the role of HO-1 in modulation of neovascularization [251]. Angiogenesis, a 

formation of new capillaries from the preexisting vessels, is characterized by a complex 

morphogenic cascade of events during which the quiescent, resting endothelial cells 

become activated to degrade proteolytically the underlying extracellular matrix, 

directionally migrate toward the angiogenic stimulus, proliferate and align into new three-

dimensional capillary networks [164]. Thus, angiogenesis involves proliferation, 

migration, and differentiation of endothelial cells, followed by formation of capillaries. All 

these activities can be induced in vitro by supplementation of endothelial cell cultures with 

VEGF, a major mediator of neovascularization [164]. 

Treatment of cells by numerous activators of HO-1, such as heme, CoPPIX, 15d-

PGJ2, hydrogen peroxide, prolactin, IL-6, NO or hypoxia, induces VEGF expression in a 

HO-1-dependent manner [162]. Accordingly, genetic overexpression of HO-1 leads to the 

stimulation of VEGF synthesis [252-254]. The angiogenic effect of heme, the "classical" 

activator of HO-1 expression, can be considered in relation to conditions associated with 

release of large amounts of heme from damaged erythrocytes e.g. after tissue injury and in 

hemorrhagic tumors [162], although the effect may depend on the time of exposure. 

Importantly, HO-1 may act also downstream of VEGF, facilitating the angiogenic 

response [251]. 

The first link of HO-1 and angiogenesis was indicated by observation that 

overexpression of HO-1 in endothelial cells enhanced their proliferation [163]. Subsequent 

experiments confirmed these results, and suggested that the proangiogenic properties of 

HO-1 are attributable to CO [255, 256]. Accordingly, the absence of HO-1 or application 

of HO-1 inhibitors disrupted the response of endothelial cells to angiogenic stimuli, such 

as VEGF, basic fibroblast growth factor (bFGF) or stromal cell-derived factor-1 (SDF-1) 

[257, 258]. The proliferation murine endothelial cells stimulated with VEGF or bFGF was 

almost completely blunted by HO-1 inactivation [257]. This defect was also seen in vivo 

because the formation of blood vessels during wound healing was impaired in HO-1 

knockout mice [258, 259]. Our present results obtained from primary endothelial cells of 

different HO-1 promoter variants have confirmed and extended these observations, 

demonstrating the importance of small changes in HO-1 expression for VEGF-induced 
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mitogenic response. Namely, although all HUVEC lines were able to increase significantly 

the proliferation on treatment with VEGF, cells carrying the S allele in the promoter 

region of HO-1 responded much stronger that those with M or, especially, L alleles. This 

may reflect the weaker angiogenic potential of endothelial cells in patients with less active 

variants of HO-1 promoter.  

 In contrast, we did not observe any significant influence of HO-1 promoter 

polymorphism on VEGF-induced migration of HUVEC, as measured using Boyden 

chambers, and confirmed by capillary-sprouting assay employing endothelial spheroids 

embedded in the collagen gel. This result was unexpected as tin-protoporphyrin IX 

(SnPPIX), an HO-1 inhibitor, potently decreased endothelial cell migration [255]. 

Moreover, recent experiments showed an essential role of HO-1 in SDF-1-induced 

migration of endothelial progenitors both in vitro and in vivo [258]. Namely, in retinal 

ischemia model the homing of HO-1 deficient cells into cellular capillaries was 

completely blocked. A mechanistic role of CO in promoting the SDF-1-mediated 

migration was also explored, providing direct evidence for CO-dependent phosphorylation 

and redistribution of VASP (a vasodilator-stimulated phosphoprotein), a cytoskeletal-

associated protein implicated in cell motility [258]. Thus, it seems that some level of HO-1 

activity is necessary for cell migration. However after crossing a threshold value, the 

further upregulation of HO-1 is not so important. Therefore even the cells carrying the 

long, the least active alleles were able to migrate efficiently in response to VEGF 

stimulation. Thus, possibly the impairment of migration is not the significant factor 

inhibiting angiogenic potential of endothelial cells in patients with less active HO-1 

promoter. 

Generally, the variation in the HO-1 pathway efficacy may be of importance in 

clinical practice. It has been demonstrated that several drugs relevant in cardiovascular 

diseases (e.g. statins, rapamycin, probucol, and erythropoietin) are also potent HO-1 

inducers [260-264]. There were also suggestions that therapeutic effects of pentoxifylline 

may be mediated by HO-1 [265]. Our previous study did not confirm this supposition 

[160], and the current research also showed the lack of effect of HO-1 promoter 

polymorphism on pentoxifylline-exerted modulation of inflammatory reaction. However, 

such influence in response to the other pharmacological agents activating HO-1 or to 

surgical injuries cannot be excluded. Thus, people of different HO-1 promoter variants 

could respond distinctly, as already indicated by some clinical analyses. 
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8. Conclusions 

 

 We performed experiments on primary human endothelial cells of different allelic 

variants of HO-1 promoter. The obtained results demonstrate that: 

 

 - HO-1 promoter is highly polymorphic in the population studied, with a trimodal 

frequency distribution of alleles, very similar to that described in the other groups of 

patients. 

 

 - Different numbers of (GT)n dinucleotide-repeats in the promoter region of heme 

oxygenase-1 gene directly modulates the HO-1 expression both at mRNA and protein 

levels in human primary endothelial cells, which is reflected by differences in HO-1 

enzymatic activity. The alleles with a short sequence of (GT)n repeats (n: 22-23) are more 

active than those with moderate (n: 24-28) or long (n: 30-38) stretch of microsatellite 

DNA. The expression of HO-1 is modulated by the length of GTn fragment in the shorter 

HO-1 promoter allele, whereas the effect of the second allele is negligible.  

 

 - HUVEC batches carrying the shorter, more active HO-1 alleles display more 

favorable oxidative status, better survival under oxidative stress, more effective mitogenic 

response to VEGF, and reduced production of proinflammatory mediators.  

 

 Thus, the lesson from HO-1 promoter polymorphism confirms a cytoprotective, 

proangiogenic and anti-inflammatory role of HO-1 in endothelium, and indicates that 

efficacy of this enzyme can significantly vary in human population.  
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