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Abstract. Previous studies suggested that increased 
activity of haem oxygenase 1 may ameliorate auto-
immune neuroinflammation in experimental models 
of multiple sclerosis. This increased activity is associ-
ated with an augmented number of GT repeats (≥ 25) 
within the HMOX1 gene promoter. Here we exam-
ined 338 patients with multiple sclerosis to determine 
the influence of their HMOX1 gene promoter (GT)n 
polymorphism and other individual characteristics 
on the course of the disease. The patients were di-
vided into those with “rapid” or “delayed” course, 
based on reaching expanded disability status scale 
step 4 within nine years of disease onset, and the cor-
relations between the disease course and the investi-
gated characteristics were sought using logistic re-
gression analysis. No statistically significant effect of 
HMOX1 gene promoter (GT)n polymorphism on the 
rate of disability progression was found (P = 0.9). 
This was confirmed by Cox regression analysis, 
which did not find any difference in the cumulative 
risk of reaching expanded disability status scale step 
4 between the patients with long and short HMOX1 
gene promoter (P = 0.7). In contrast, covariates sig-
nificantly associated with the faster disability pro-
gression were: progressive course of multiple sclero-
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sis, shorter duration of disease-modifying treatment 
and older age at disease onset (P ≤ 0.04). The ob-
served absence of effect of the HMOX1 promoter 
(GT)n polymorphism could be attributed to its known 
dualistic role in the pathogenesis of autoimmune dis-
orders. As a secondary outcome, we have seen that 
disease-modifying drugs have the potential to delay 
disability progression in patients with multiple scle-
rosis. 

Introduction
Haem oxygenase 1 (HO-1), also known as heat shock 

protein 32 (E.C. 1:14:99:3; haem – hydrogen donor: 
oxygen oxidoreductase), is an inducible, rate-limiting 
enzyme of haem catabolism transforming haem to bili-
verdin, free iron FeII and carbon monoxide CO. 
Biliverdin is further rapidly metabolized to bilirubin. 
Products of HO-1 are biologically active agents, which 
influence tissue redox homeostasis. HO-1 expression 
within the central nervous system (CNS) is confined to 
small populations of scattered neurons and glia. This ex-
pression is stimulated by various oxidative and noxious 
stimuli such as endotoxin, hydrogen peroxide, prosta-
glandins and cytokines (interleukin-1, tumour necrosis 
factor) (Abraham and Kappas, 2008; Schipper et al., 
2009). HO-1 is also known to be elevated in a number of 
degenerative and non-degenerative neurological disor-
ders, e.g. it has been identified in the glial cells within 
the multiple sclerosis (MS) plaques (Schipper et al., 
2009). The role of HO-1 in demyelinating disorders has 
been studied and both protective and detrimental effects 
have been demonstrated. In experimental allergic en-
cephalitis, the rodent model of MS, the inhibition of 
HO-1 activity suppressed production of free radicals 
and T-cell influx, increased the level of glutathione and 
attenuated disease activity (Chakrabarty et al., 2003; 
Chen et al., 2010). In contrast, Liu and co-workers re-
ported disease exacerbation after similar treatment of 
Lewis mice with demyelinating disorder (Liu et al., 
2001). Another study demonstrated enhancement of de-
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myelination, paralysis and higher mortality after induc-
tion of experimental allergic encephalitis in HO-1 gene 
knockout mice (Chora et al., 2007).

HO-1 is encoded by HMOX1 located on 22q12 chro-
mosome and consisting of four introns and five exons 
(Lavrovsky et al., 1996). Three polymorphisms within 
its promoter area have been described: a (GT)n dinucleo-
tide length polymorphism and two single nucleotide 
polymorphisms, T (- 413)A and G (- 1135)A (Exner et 
al., 2004b). All these polymorphisms have the potential 
to influence the HO-1 expression (Hirai et al., 2003). 
The microsatellite polymorphism is based on a variable 
number of GT repeats; in the majority of populations 
this may vary from 12 to 40, with the most common al-
leles with 23 and 30 repeats (Yamada et al., 2000; Chen 
et al., 2002; Baan et al., 2004; Exner et al., 2004a; 
Schillinger et al., 2004; D’Silva et al., 2011). The higher 
(GT)n dinucleotide repeat length assumes Z-DNA con-
formation, which is thermodynamically unfavourable 
compared to B-DNA conformation and attenuates tran-
scriptional activity (Rich et al., 1984; Naylor and Clark, 
1990; Delic et al., 1991). As a result, the alleles with 
more than 25 GT repeats show lower promoter activity 
in response to the oxidative stress compared to those 
with less than 25 GT repeats, as was demonstrated in 
vitro (Hirai et al., 2003). In this study, the cells with the 
higher number of GT repeats were less resistant to the 
oxidant-induced apoptosis. 

The aim of our retrospective study was to examine 
the influence of the number of (GT)n repeats within the 
HMOX1 gene on the accumulation of disability in pa-
tients with MS. We hypothesized that MS patients with 
the number of (GT)n dinucleotide repeats exceeding 25 
show more rapid progression of disability.

Material and Methods

Subjects

We have recruited 338 patients with definite diagno-
sis of MS (239 females and 99 males). The subjects 
were selected randomly from the patients visiting the 
MS Centre of the General University Hospital and the 
First Faculty of Medicine in Prague between 1999 and 
2003. All patients signed informed consent and the 
study was approved by the Ethical Committee of the 
First Faculty of Medicine, Charles University in Prague 
and of the General University Hospital in Prague. Only 
the patients with at least 9-year follow-up or with 
marked disability [expanded disability status scale 
(EDSS) step 4 or higher] qualified for the study. De
mographic characteristics are shown in Table 1. While 
173 patients were receiving disease-modifying drugs 
(DMDs), 165 patients were not treated with DMDs be-
fore they reached EDSS 4 within the nine years of the 
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Table 1. Demography of the studied sample

	 Overall	 Disability progression rate
	 rapid	 delayed†

Subjects, number (females:males)	 338 (239:99)	 253 (184:69)	 85 (55:30)

Age, years ± SD*	 44 ± 10	 43 ± 11	 46 ± 10

Age at MS onset, years ± SD*	 28 ± 9	 26 ± 8	 32 ± 9
MS type, number (%)*
 relapsing-remitting/secondary progressive	 324 (96 %)	 249 (98 %)	 75 (88 %)
 primary progressive	 14 (4 %)	 4 (2 %)	 10 (12 %)

Disease-modifying therapy, number (%) *	 173 (51 %)	 142 (56 %)	 31 (36 %)

Cytostatics, number (%)*	 15 (4 %)	 8 (3 %)	 7 (8 %)
† reached EDSS step 4 within nine years of the disease onset
* P ≤ 0.05, χ2 tests, t-tests

Table 2. Overview of the disease-modifying and immunosuppressive treatment

Treatment	 No. of patients treated	 Average time on treatment per treated patient, years (range)
IFN-β1a
 Avonex	 126	 4.1 (1-8)
 Rebif	 26	 2.5 (1-5)

IFN-β1b	 39	 3.7 (1-9)

glatiramer acetate	 6	 1.8 (1-5)

i.v. immunoglobulins	 9	 2.0 (1-4)

natalizumab	 1	 1.0

cyclophosphamide	 11	 2.4 (1-6)

mitoxantrone	 3	 2.3 (1-4)

firategrast	 1	 1.0
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disease onset. Table 2 gives an overview of the adminis-
tered DMDs and immunosuppressive drugs.

Study design
The follow-up of the subjects was done on at least 

six-monthly basis in our MS centre and included the 
evaluation of disability with EDSS (Kurtzke, 1983). 
Time to EDSS step 4 was registered for each patient 
with EDSS 4 or higher. Patients were stratified into 
those with “rapid” (EDSS 4 reached within nine years) 
and “delayed” disability progression (EDSS 4 not 
reached within nine years); nine years being the median 
among those who did reach EDSS 4. HMOX1 gene pro-
moter (GT)n polymorphism was determined in each pa-
tient and its potential influence on the rate of disease 
progression was evaluated by statistical analysis. To 
compensate for the variations in age, sex, clinical course 
of MS (relapsing-remitting or primary progressive 
course) and treatment, these were included in the analy-
sis as covariates.

Genetic analysis
Genomic DNA was isolated from peripheral blood 

leukocytes by standard procedures and genetic analysis 
was performed as previously described by Král et al. 
(2011). 

Statistical analysis
The software packages SPSS 17 (SPSS Inc., Chicago, 

IL) and Statistica 9.1 (StatSoft Inc., Tulsa, OK) were 
used for all statistical analyses. Effects were considered 
significant if P ≤ 0.05. Since only a small number of 
hypothesis-testing procedures were applied, no multiple 
testing adjustment was used. Unless indicated other-
wise, the results are given as mean ± standard deviation.

Normality of data distributions was assessed in all 
quantitative variables. To test the effect of the HMOX1 
polymorphism on the rate of disability progression with 
respect to the relevant covariates (sex, age at MS onset, 
clinical course of MS, duration of the DMD and immu-
nosuppressant treatment), we used forward stepwise lo-
gistic regression analysis. Goodness of model fit was 
evaluated with Hosmer-Lemeshow χ2 test. Time to 
EDSS step 4, adjusted for age, clinical course of MS and 
DMD treatment, was compared between patients with 
different HMOX1 genotypes with Cox proportional haz-
ard model. Comparisons of demographic data between 
the patients with rapid and delayed disability progres-
sion as well as post-hoc comparisons of covariates be-
tween the patients with different HMOX1 genotypes 
were carried out with t-tests and χ2 tests for the numeri-
cal and categorical values, respectively.

Results 
Analysis of the HMOX1 genotype demonstrated that 

the most frequent alleles in the studied population were 
those with 23 and 30 GT repeats (Fig. 1). Eighty-five 
patients (25 %) reached EDSS step 4 within nine years 

of the disease onset. Logistic regression analysis (model 
fit: P = 0.8, χ28 = 4.8, Hosmer-Lemeshow test; predictive 
value: 77 %) did not show any statistically significant 
effect of HMOX1 polymorphism on the rate of disability 
progression (P = 0.9, Wald1 = 0.01). This was confirmed 
by the analysis of the cumulative risk of reaching EDSS 
step 4, which did not differ between the patients with 
different HMOX1 genotypes (Fig. 2, P = 0.7, Wald = 
0.14, Cox model). The covariates significantly associ-
ated with the rate of disability progression were: clinical 
course of MS (b = 1.3; P = 0.04; Wald1 = 4.1), duration 
of the DMD treatment (b = -0.2; P < 0.001; Wald1 = 13.6) 
and age at MS onset (b = 0.06; P < 0.001; Wald1 = 12.9; 
logistic regression). It can be seen in Table 1 that among 
the patients with rapid disability progression there was a 
higher proportion of those with primary progressive 
course (P < 0.0001, χ21 = 16.6, χ

2 test), a lower propor-
tion of those who received DMDs (P < 0.001, χ21 = 9.8, 
χ2 test) and a later onset of the first symptoms of MS 

HMOX1 Promoter Polymorphism in Multiple Sclerosis

Fig. 2. Cumulative risk of reaching EDSS step 4 compared 
between patients with different HMOX1 genotypes. The al-
leles were categorized as long (≥ 25 GT repeats) and short 
(< 25 GT repeats). Marks (+) indicate censored subjects.

Fig. 1. Distribution of HMOX1 alleles in the studied popu-
lation. The most prevalent alleles were those with 23 and 
30 GT repeats.
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(P < 0.0001, t336 = 5.2, t-test) compared to those with 
delayed disability progression. In contrast, sex and du-
ration of immunosuppressive treatment did not have any 
significant effects on the disability progression rate 
(P > 0.4; Wald1 ≤ 0.6). 
Finally, Table 3 compares the groups of patients with 

different HMOX1 genotypes. In agreement with the out-
comes of the other analyses, no statistically significant 
differences were found between the groups. Interestingly, 
we have observed a trend for the primary progressive 
MS to be more prevalent in the short allele homozygotes 
(i.e. < 25 GT repeats) compared to the patients with 
other genotypes; however, this was not statistically sig-
nificant (P = 0.6, χ22 = 9.8, χ

2 test).

Discussion
In this study we did not find any effect of the HMOX1 

(GT)n polymorphism on the rate of MS progression. The 
progression was only accelerated by the well-estab-
lished risk factors, such as late onset of MS or primary 
progressive MS course. Importantly, treatment with 
DMDs was associated with lower incidence of rapid dis-
ability progression.
This is the first study evaluating the effect of HMOX1 

(GT)n polymorphism on the rate of progression of MS. 
To date, several loci associated with increased suscepti-
bility to MS have been identified. Among them the 
HLA-DRB1 locus shows the strongest association with 
disease susceptibility and probably has an impact on the 
severity of disease course (Wu et al., 2010). Among 
other susceptibility loci discovered by genome-wide as-
sociation studies are genes encoding cytokines IL-7, 
IL-2 and IL-12A, adhesion molecules CD 6 and CD 58 
and other molecules such as MPHOSPH9/CDK2AP1 
and RGS1 (IMSGC, 2010; Oksenberg and Baranzini, 
2010). Studies of copy number variants and network- or 
pathway-based analyses are expected to reveal more 
MS susceptibility factors.

Distribution of the HMOX1 promoter (GT)n polymor-
phism in our study was similar to other works, with the 
most frequent alleles with 23 and 30 repeats (Yamada et 
al., 2000; Chen et al., 2002; Baan et al., 2004; Exner et 
al., 2004a; Schillinger et al., 2004). As our population 
did not show any other predominant number of repeats, 

unlike some other studied populations (showing 14 or 
37 repeats)* (Yamada et al., 2000; Mustafa et al., 2008; 
D’Silva et al., 2011), we adhered to the conventional 
dichotomic study design. According to our hypothesis, 
the alleles with less than 25 (GT)n repeats, and thus with 
presumably higher transcriptional activity resulting in 
increased activity of HO-1, should relate to decreased 
risk of rapid progression of disability in MS. Concerning 
immune-mediated disorders, a similar paradigm has 
previously been applied by Katana et al. (2010), who 
demonstrated improved function of kidney allografts 
coming from donors with short HMOX1 promoters. 
Furthermore, the protective effects of HO-1 were studied 
in vivo as well as in vitro in atherosclerosis, acute coro-
nary syndrome, emphysema, diabetes mellitus and other 
diseases with inflammatory pathogeneses, and are likely 
to be mediated by the increased resistance to the oxida-
tive stress (Abraham and Kappas, 2008). However, 
based on our results, we have rejected this hypothesis in 
MS. The lack of impact of the HMOX1 (GT)n polymor-
phism on the course of MS could be attributed to the 
dualistic role of the HO-1 products in autoimmune dis-
orders. In fact, both beneficial and detrimental effects of 
HO-1 were shown in human MS and in its animal mod-
els. In experimental allergic encephalitis, HO-1 and its 
product carbon monoxide suppress inflammation (Chora 
et al., 2007) and increase resistance to nitrogen reactive 
species in oligodendrocytes and motor neurons, thus 
prolonging their survival (Bishop et al., 2009). 

Another product of HO-1, bilirubin, is an intracellular 
antioxidant and has the ability to inhibit immune effec-
tor function by suppressing IL-1 and IL-2 production, 
decreasing natural killer activity and antibody-depend-
ent cellular toxicity, lymphokine-activated killing activ-
ity and DNA synthesis, and therefore is a likely protec-
tive factor in inflammatory disease (Maines and Gibbs, 
2005; Abraham and Kappas, 2008). The protective ef-
fects of bilirubin were observed in allogeneic transplan-
tations both in rats (Shen et al., 2011) and humans (Baan 
et al., 2004). On the other hand, high bilirubin levels can 
be neurotoxic, as it was demonstrated in kernicterus – a 
potentially deadly disease of infants (D’Silva et al., 
2011). Finally, iron, which is also produced by HO-1, 
catalyses the formation of free radicals in oligodendro-
cytes in experimental allergic encephalitis and its accu-

Table 3. Comparison of subjects with different HMOX1 promoter polymorphisms

	 HMOX1 promoter (GT)n polymorphism
	 long/long†	 long/short†	 short/short†

Subjects, number (females:males)	 145 (104:41)	 146 (102:44)	 47 (33:14)

Age, years ± SD	 45 ± 11	 43 ± 9	 45 ± 12
Age at MS onset, years ± SD	 29 ± 9	 26 ± 8	 28 ± 8
MS type, number (%)
 relapsing-remitting/secondary progressive	 138 (95%)	 143 (99%)	 43 (91%)
 primary progressive	 8 (5%)	 2 (1%)	 4 (9%)

EDSS ≥ 4 before year 9 of MS, number (%)	 74 (51%)	 69 (47%)	 27 (57%)
† alleles were labelled as long (≥ 25 GT repeats) and short (< 25 GT repeats)

* This could be attributed to the geographic differences in the 
distribution of the examined polymorphisms.

P. Zborníková et al.
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mulation in mitochondria leads to neurodegeneration 
(Levine et al., 2004). Iron deposits are also observed in 
aging brain and in degenerative disorders such as 
Alzheimer’s and Parkinson’s disease (Maines and 
Gibbs, 2005; Schipper et al., 2009).** It is therefore 
possible that the iron deposits might take part in the neu-
rodegenerative component of the MS pathogenesis.

Our conclusions are supported by the outcomes of 
studies done in other autoimmune disorders. For exam-
ple, in ulcerative colitis, Crohn’s disease and other auto-
immune disorders of gastrointestinal system, no effects 
of the HMOX1 promoter (GT)n polymorphism on the 
course and severity of the diseases were observed 
(Hausmann et al., 2008; Andersen et al., 2010).
As a secondary outcome, we have confirmed the re-

sults of other studies, which have shown that DMDs are 
efficient in reducing progression of disability in patients 
with multiple sclerosis (Patty and Li, 1993; Jacobs et al., 
1996; PRISMS Study Group, 1998). Even though we 
did not directly compare the time courses of changes in 
EDSS in patients with and without DMDs, using our 
dichotomized design we have observed that the propor-
tion of patients with no DMDs was significantly larger 
among the subjects with rapid than those with delayed 
accumulation of disability (64 % vs. 44 %), evaluated as 
EDSS 4 reached within nine years of MS onset. Even if 
the mechanisms of action of DMDs are not entirely un-
derstood, it is known that these drugs suppress pro-in-
flammatory cytokines, such as TNF-α, IL-1 and others, 
many of which induce HO-1 expression (Brod et al., 
1996; Rep et al., 1996; Chabot et al., 1997). Yet, since 
the different level of HO-1 expression determined by 
the (GT)n polymorphism does not show any measurable 
impact on the disability progression rate, it is unlikely 
that this therapeutic effect is mediated through HO-1.

In conclusion, our present study does not support the 
role of the HMOX1 promoter (GT)n polymorphism in 
the prognosis of patients with multiple sclerosis. A num-
ber of potential genetic prognostic markers are likely to 
emerge from the large multicentric genome-wide studies 
that are currently underway (IMSGC, 2010; Oksenberg 
and Baranzini, 2010). 

References
Abraham, N. G., Kappas, A. (2008) Pharmacological and clin-

ical aspects of heme oxygenase. Pharmacol. Rev. 60, 79-
127.

Andersen, V., Ernst, A., Christensen, J., Ostergaard, M., 
Jacobsen, B. A., Tjonneland, A., Krarup, H. B.,Vogel, U. 
(2010) The polymorphism rs3024505 proximal to IL-10 is 
associated with risk of ulcerative colitis and Crohns disease 
in a Danish case-control study. BMC Med. Genet. 11, 82.

Baan, C., Peeters, A., Lemos, F., Uitterlinden, A., Doxiadis, I., 
Claas, F., Ijzermans, J., Roodnat, J., Weimar, W. (2004) 
Fundamental role for HO-1 in the self-protection of renal 
allografts. Am. J. Transplant. 4, 811-818.

Bishop, A., Hobbs, K. G., Eguchi, A., Jeffrey, S., Smallwood, 
L., Pennie, C., Anderson, J., Estevez, A. G. (2009) Diffe

rential sensitivity of oligodendrocytes and motor neurons 
to reactive nitrogen species: implications for multiple scle-
rosis. J. Neurochem. 109, 93-104.

Brod, S. A., Marshall, G. D., Jr., Henninger, E. M., Sriram, S., 
Khan, M., Wolinsky, J. S. (1996) Interferon β-1b treatment 
decreases tumor necrosis factor-α and increases interleu-
kin-6 production in multiple sclerosis. Neurology 46, 1633-
1638.

Chabot, S., Williams, G., Yong, V. W. (1997) Microglial pro-
duction of TNF-α is induced by activated T lymphocytes. 
Involvement of VLA-4 and inhibition by interferon β-1b. 
J. Clin. Invest. 100, 604-612.

Chakrabarty, A., Emerson, M. R., LeVine, S. M. (2003) Heme 
oxygenase-1 in SJL mice with experimental allergic en-
cephalomyelitis. Mult. Scler. 9, 372-381.

Chen, Y. H., Lin, S. J., Lin, M. W., Tsai, H. L., Kuo, S. S., 
Chen, J. W., Charng, M. J., Wu, T. C., Chen, L. C., Ding, Y. 
A., Pan, W. H., Jou, Y. S., Chau, L. Y. (2002) Microsatellite 
polymorphism in promoter of heme oxygenase-1 gene is 
associated with susceptibility to coronary artery disease in 
type 2 diabetic patients. Hum. Genet. 111, 1-8.

Chen, S. J., Wang, Y. L., Lo, W. T., Wu, C. C., Hsieh, C. W., 
Huang, C. F., Lan, Y. H., Wang, C. C., Chang, D. M., 
Sytwu, H. K. (2010) Erythropoietin enhances endogenous 
haem oxygenase-1 and represses immune responses to 
ameliorate experimental autoimmune encephalomyelitis. 
Clin. Exp. Immunol. 162, 210-223. 

Chora, A. A., Fontoura, P., Cunha, A., Pais, T. F., Cardoso, S., 
Ho, P. P., Lee, L. Y., Sobel, R. A., Steinman, L., Soares, M. 
P. (2007) Heme oxygenase-1 and carbon monoxide sup-
press autoimmune neuroinflammation. J. Clin. Invest. 117, 
438-447.

D’Silva, S., Borse, V., Colah, R. B., Ghosh, K., Mukherjee, M. 
B. (2011) Association of (GT)n repeats promoter polymor-
phism of heme oxygenase-1 gene with serum bilirubin lev-
els in healthy Indian adults. Genet. Test. Mol. Biomarkers 
15, 215-218.

Delic, J., Onclercq, R., Moisan-Coppey, M. (1991) Inhibition 
and enhancement of eukaryotic gene expression by poten-
tial non-B DNA sequences. Biochem. Biophys. Res. 
Commun. 180, 1273-1283.

Exner, M., Bohmig, G. A., Schillinger, M., Regele, H., 
Watschinger, B., Horl, W. H., Raith, M., Mannhalter, C., 
Wagner, O. F. (2004a) Donor heme oxygenase-1 genotype 
is associated with renal allograft function. Transplantation 
77, 538-542. 

Exner, M., Minar, E., Wagner, O., Schillinger, M. (2004b) The 
role of heme oxygenase-1 promoter polymorphisms in hu-
man disease. Free Radic. Biol. Med. 37, 1097-1104.

Hausmann, M., Paul, G., Kellermeier, S., Frey, I., Scholmerich, 
J., Falk, W., Menzel, K., Fried, M., Herfarth, H., Rogler, G. 
(2008) (GT)N dinucleotide repeat polymorphism of haem 
oxygenase-1 promotor region is not associated with in-
flammatory bowel disease risk or disease course. Clin. Exp. 
Immunol. 153, 81-85.

Hirai, H., Kubo, H., Yamaya, M., Nakayama, K., Numasaki, 
M., Kobayashi, S., Suzuki, S., Shibahara, S., Sasaki, H. 
(2003) Microsatellite polymorphism in heme oxygenase-1 
gene promoter is associated with susceptibility to oxidant-

** On the other hand, also a neuroprotective effect of HO-1 has 
been described in Parkinson’s disease (Quesada et al., 2011).

HMOX1 Promoter Polymorphism in Multiple Sclerosis



74	 Vol. 58

induced apoptosis in lymphoblastoid cell lines. Blood 102, 
1619-1621.

IMSGC (2010) IL12A, MPHOSPH9/CDK2AP1 and RGS1 
are novel multiple sclerosis susceptibility loci. Genes 
Immun. 11, 397-405.

Jacobs, L. D., Cookfair, D. L., Rudick, R. A., Herndon, R. M., 
Richert, J. R., Salazar, A. M., Fischer, J. S., Goodkin, D. E., 
Granger, C. V., Simon, J. H., Alam, J. J., Bartoszak, D. M., 
Bourdette, D. N., Braiman, J., Brownscheidle, C. M., 
Coats, M. E., Cohan, S. L., Dougherty, D. S., Kinkel, R. P., 
Mass, M. K., Munschauer, F. E., 3rd, Priore, R. L., 
Pullicino, P. M., Scherokman, B. J., Whitham, R. H., The 
Multiple Sclerosis Collaborative Research Group 
(MSCRG) (1996) Intramuscular interferon β-1a for disease 
progression in relapsing multiple sclerosis. Ann. Neurol. 
39, 285-294.

Katana, E., Skoura, L., Giakoustidis, D., Takoudas, D., 
Malisiovas, N., Daniilidis, M. (2010) Association between 
the heme oxygenase-1 promoter polymorphism and renal 
transplantation outcome in Greece. Transplant. Proc. 42, 
2479-2485.

Král, A., Kovárník, T., Králík, L., Skalická, H., Horák, J., 
Mintz, G. S., Uhrová, J., Sonka, M., Wahle, A., Downe, R., 
Aschermann, M., Martásek, P., Linhart., A. (2011) Genetic 
variants in haem oxygenase-1 and endothelial nitric oxide 
synthase influence the extent and evolution of coronary ar-
tery atherosclerosis. Folia Biol. (Praha) 57, 182-190.

Kurtzke, J. F. (1983) Rating neurologic impairment in multi-
ple sclerosis: an expanded disability status scale (EDSS). 
Neurology 33, 1444-1452.

Lavrovsky, Y., Drummond, G. S., Abraham, N. G. (1996) 
Downregulation of the human heme oxygenase gene by 
glucocorticoids and identification of 56b regulatory ele-
ments. Biochem. Biophys. Res. Commun. 218, 759-765.

Levine, S. M., Chakrabarty, A. (2004) The role of iron in the 
pathogenesis of experimental allergic encephalomyelitis 
and multiple sclerosis. Ann. N. Y. Acad. Sci. 1012, 252-266.

Liu, Y., Zhu, B., Luo, L., Li, P., Paty, D. W., Cynader, M. S. 
(2001) Heme oxygenase-1 plays an important protective 
role in experimental autoimmune encephalomyelitis. 
Neuroreport 12, 1841-1845.

Maines, M. D., Gibbs, P. E. (2005) 30 some years of heme 
oxygenase: from a “molecular wrecking ball” to a “mes-
merizing” trigger of cellular events. Biochem. Biophys. 
Res. Commun. 338, 568-577.

Mustafa, S., Weltermann, A., Fritsche, R., Marsik, C., Wagner, 
O., Kyrle, P. A., Eichinger, S. (2008) Genetic variation in 
heme oxygenase 1 (HMOX1) and the risk of recurrent ve-
nous thromboembolism. J. Vasc. Surg. 47, 566-570.

Naylor, L. H., Clark, E. M. (1990) d(TG)n.d(CA)n sequences 
upstream of the rat prolactin gene form Z-DNA and inhibit 
gene transcription. Nucleic Acids Res. 18, 1595-1601.

Oksenberg, J. R., Baranzini, S. E. (2010) Multiple sclerosis 
genetics – is the glass half full, or half empty? Nat. Rev. 
Neurol. 6, 429-437.

Quesada, A., Ogi, J., Schultz, J., Handforth, A. (2011) 
C-terminal mechano-growth factor induces heme oxyge-
nase-1-mediated neuroprotection of SH-SY5Y cells via the 
protein kinase Cε/Nrf2 pathway. J Neurosci Res.

Patty, D. W., Li, D. K. B., the UBC MS/MRI Study Group, 
and the IFNB Multiple Sclerosis Study Group (1993) 
Interferon β-1b is effective in relapsing-remitting multiple 
sclerosis. II. MRI analysis. Neurology 43, 662-667.

PRISMS Study Group (1998) Randomised double-blind pla-
cebo-controlled study of interferon β-1a in relapsing/remit-
ting multiple sclerosis. Lancet 352, 1498-1504.

Rep, M. H., Hintzen, R. Q., Polman, C. H., van Lier, R. A. 
(1996) Recombinant interferon-β blocks proliferation but 
enhances interleukin-10 secretion by activated human 
T-cells. J. Neuroimmunol. 67, 111-118.

Rich, A., Nordheim, A., Wang, A. H. (1984) The chemistry 
and biology of left-handed Z-DNA. Annu. Rev. Biochem. 
53, 791-846.

Shen, X. D., Ke, B., Uchida, Y., Ji, H., Gao, F., Zhai, Y., 
Busuttil, R. W., Kupiec-Weglinski, J. W. (2011) Native 
macrophages genetically modified to express heme oxyge-
nase 1 protect rat liver transplants from ischemia/reperfu-
sion injury. Liver Transpl. 17, 201-210.

Schillinger, M., Exner, M., Minar, E., Mlekusch, W., Mullner, 
M., Mannhalter, C., Bach, F. H., Wagner, O. (2004) Heme 
oxygenase-1 genotype and restenosis after balloon angio-
plasty: a novel vascular protective factor. J. Am. Coll. 
Cardiol. 43, 950-957.

Schipper, H. M., Song, W., Zukor, H., Hascalovici, J. R., 
Zeligman, D. (2009) Heme oxygenase-1 and neurodegen-
eration: expanding frontiers of engagement. J. Neurochem, 
110, 469-485.

Wu, J. S., James, I., Qiu, W., Castley, A., Christiansen, F. T., 
Carroll, W. M., Mastaglia, F. L., Kermode, A. G. (2010) 
HLA-DRB1 allele heterogeneity influences multiple scle-
rosis severity as well as risk in Western Australia. 
J. Neuroimmunol. 219, 109-113.

Yamada, N., Yamaya, M., Okinaga, S., Nakayama, K., Seki
zawa, K., Shibahara, S., Sasaki, H. (2000) Microsatellite 
polymorphism in the heme oxygenase-1 gene promoter is 
associated with susceptibility to emphysema. Am. J. Hum. 
Genet. 66, 187-195.

P. Zborníková et al.


