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Abstract:

Biliverdin reductase (BVR) was known for a long time solely as an enzyme converting biliverdin to bilirubin, the major

physiological antioxidant. Recent years revealed unique features of this protein which are not related to its reductase activity. The

most intriguing and surprising finding is its dual-specificity kinase character. As such serine/threonine/tyrosine kinase BVR is

involved in regulation of glucose metabolism or in control of cell growth and apoptosis. In consequence, it may play a role in

pathogenesis of many diseases, such as diabetes or cancers. Moreover, in the nucleus BVR, being a leucine zipper-like DNA binding

protein, can act as a transcription factor for activator protein 1 (AP-1)-regulated genes. It has been shown that BVR modulates ATF-2

and HO-1 expression, what suggests its potential role in control of AP-1 and cAMP-regulated genes. In conclusion, BVR together

with its substrate, biliverdin, and product, bilirubin, are revealed to be important players in cellular signal transduction pathways,

gene expression and oxidative response. These features make BVR unusually interesting and unique among all enzymes

characterized to date.
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Abbreviations: AP-1 – activator protein-1, ATF-2 – activating

transcription factor 2, BVR – biliverdin reductase, cAMP – cy-

clic adenosine monophosphate, cGMP – cyclic guanosine

monophosphate, CRE – cAMP response element, ERK – extra-

cellular signal-regulated kinase, GSH – glutathione, HO-1 –

heme oxygenase-1, HO-2 – heme oxygenase-2, HO-3 – heme

oxygenase-3, IGF – insulin-like growth factor, IR/IGFR – in-

sulin/insulin-like growth factor receptor, IRK – insulin recep-

tor tyrosine kinase, IRS-1(2) – insulin receptor substrate 1(2),

JNK – c-Jun N-terminal kinase, LPS – lipopolysaccharide,

MAPK – mitogen activated protein kinase, NADH – nicotina-

mide adenine dinucleotide, NADP(H) – (reduced) nicotina-

mide adenine dinucleotide phosphate, NF-�B – nuclear fac -

tor-�B, PI3K – phosphatidylinositol 3-kinase, PKC – protein

kinase C, PTK – protein tyrosine kinase, ROS – reactive oxy-

gen species, SDF-1 – stromal cell-derived factor 1, sGC –

guanylyl cyclase, siRNA – small interference RNA, VEGF –

vascular endothelial growth factor

Introduction

Synthesis of biliverdin is a prominent dimension of

heme oxygenase (HO) system function in cellular de-

fense mechanisms. HO catalyzes the rate-limiting step

in heme (Fe-protoporphyrin IX) degradation resulting

in the release of equimolar quantities of ferrous ion

(Fe��), carbon monoxide (CO), and biliverdin. The

latter is reduced by biliverdin reductase (BVR) to bili-

rubin, the major physiological antioxidant [42, 62, 63]

(Fig. 1). BVR was known for a long time solely as an

enzyme converting biliverdin to bilirubin. However,

recent years revealed new important features of this

protein which are not related to its reductase activity.
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Amongst them dual-specificity kinase [40] and leu-

cine zipper-like DNA binding protein [3] activities

seem to be the most intriguing and significant. Owing

to this BVR may take part in cellular processes of ma-

jor importance: cell growth, apoptosis, oxidative re-

sponse or gene expression.

Heme oxygenase

Three isoforms of HO have been reported so far [42,

46]. Amongst them HO-1 is highly inducible by heme

itself and various other stimuli including nitric oxide

(NO) or oxidative stress [2, 4, 6, 20, 65]. On the con-

trary, HO-2 is constitutively expressed [42]. Moreo-

ver, they are differentially regulated and expressed in

tissues. HO-1 is ubiquitously induced in mammalian

tissues and is localized to the endoplasmic reticulum,

caveoli, and mitochondria, whereas HO-2 is ex-

pressed in the brain, endothelium, testes, distal neph-

ron segments, and liver with subcellular localization

in the mitochondria [1]. A third isoform HO-3 has

been also described [46], but it has been later uncov-

ered to be a pseudogene [25]. The most widely stud-

ied is HO-1, which has been reported as an important

cytoprotective enzyme modulating tissue response to

injury, while HO-2 regulates normal physiological

cell activities. The anti-oxidant, anti-inflammatory

and cytoprotective functions associated with HO-1

are attributable to removal of prooxidant heme and to

its degradation products, which will be discussed be-

low [15].

Iron

Iron is liberated during the breakdown of heme. Free

iron is a prooxidant, mostly owing to its role in the

Fenton reaction [24]. However, it has been shown that

the induction of HO-1 is accompanied by upregula-

tion of ferritin. Accordingly, ferritin limits pro-oxida-

tive capacity of free iron and is hypothesized to be as

advantageous as HO-1 induction [7, 32, 49].
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Carbon monoxide (CO)

Carbon monoxide is a colorless, odorless gas that is

liberated through incomplete combustion of organic

compounds or by natural sources. The enzymatic ac-

tivity of heme oxygenase accounts for > 85% of en-

dogenous carbon monoxide, while the remaining

amount arises during cellular metabolism. For a long

time CO was solely considered to be a toxic air pollut-

ant. Its harmfulness lies in strong affinity to hemoglo-

bin and displacement of oxygen what results in tissue

hypoxia. Although it is the major cause of CO-

induced mortality, the cellular targets might be of im-

portance as well [32, 57]. Noteworthy, augmented

levels of exhaled CO are connected with several dis-

orders such as asthma and diabetes [55, 71]. One may

assume that increase in CO would be deleterious,

however, there are experimental evidences which sug-

gest cytoprotective effects of this gas in response to

cellular stress. Although the toxicity that occurs fol-

lowing prolonged exposure to high concentrations of

CO is undeniable, it is apparent that in physiological

doses it exerts vasodilatory, anti-apoptotic, and anti-

inflammatory effects [32]. Such functions of CO are

known to be partially mediated by several intracellu-

lar signal transduction pathways with guanylate cy-

clase and the mitogen activated protein kinases

(MAPK) signaling being most prominent [57]. Firstly,

it has been revealed that vasodilatory action of CO is

mediated by binding to the moiety of soluble guanylyl

cyclase (sGC), which in turn causes elevation of cy-

clic guanosine monophosphate (cGMP) and leads to

vascular relaxation [56]. Cytoprotective action of CO

has been reported to involve MAPK signaling path-

ways, namely p38, c-Jun N-terminal kinase (JNK),

and extracellular signal-regulated kinase (ERK) [37].

The important anti-inflammatory and anti-apoptotic

effects of CO appear to be mediated through p38-

dependent mechanisms [53, 73]. Thus, it is evident

that CO is not merely an injurious byproduct of heme

catabolism but that it serves a clear physiological

function in cellular defense.

Biliverdin and bilirubin

The third product formed from heme by heme oxyge-

nase is biliverdin-� (BV�), the linear tetrapyrrole

molecule, which is one of four possible BV isoforms

�, �, � and � [70]. Water-soluble and readily excreted

biliverdin is reduced by biliverdin reductase, in ener-

getically expensive process, to form bilirubin (BR).

The latter is known as a toxic and insoluble pigment,

which must be glucuronidated before being excreted

in the bile. In spite of this, bilirubin performs impor-

tant cellular functions being the major physiologic cy-

toprotectant [61]. Thus, BVR owing to production of

BR seems to be one of the essential enzymes involved

in response to oxidative stress.

Taken together, there are several processes, where the

role of HO-1 is crucial and indispensable. Reasonably,

most studies have considered it as a beneficial player in

cardiovascular diseases thanks to its anti-oxidative, anti-

inflammatory and pro-angiogenic activities [19, 69, 72].

Many reports, including ours, have demonstrated that in-

creased HO-1 expression may upregulate synthesis of

vascular endothelial growth factor (VEGF), the major

angiogenic mediator [12, 18, 29]. Moreover, recent stud-

ies have shown that HO-1 is a mediator of the pro-angio-

genic and pro-vasculogenic effects of stromal derived

factor (SDF-1) [14]. The latter induced HO-1 in endothe-

lial cells through a protein kinase (PKC) zeta-dependent

mechanism. Involvement of HO-1 in SDF-1-induced pro-

cesses has been confirmed in wound healing and retinal

ischemia models in vivo [14]. These findings suggest new

therapeutic possibilities in vascular repair.

On the other hand, HO-1 activation may play a role

in carcinogenesis and influence the growth and metas-

tasis of tumors [66]. The expression of HO-1 is often

increased in tumors and can be further enhanced in re-

sponse to therapies [30]. Accordingly, HO-1, possess-

ing cytoprotective activities, has been reported to pro-

tect tumor cells against photodynamic, radio- and

chemo-therapy-mediated cytotoxicity [11, 22, 51].

Thus, HO-1 may be considered as an enzyme facili-

tating tumor progression and its inhibition could be

potential therapeutic approach sensitizing tumors to

chemotherapy or radiation [30]. However, although

the role of HO-1 seems to be pivotal for these pro-

cesses, the enzyme tightly connected to HO, namely

BVR, may be involved here as well.

Biliverdin reductase

BVR drives, in a powerful redox cycle, the conver-

sion of BV to BR [8]. Thereby, it enables continous
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protection of cells against oxidative stress. But this is

not a sole function of BVR. Recently the other fasci-

nating features of the protein have been discovered

and a wide spectrum of its diverse potential functions

in cell signaling pathways have been suggested.

Structure

Biliverdin reductase has two forms of different mo-

lecular weight: A and B (BVR IX� and BVR IX�),

each of them with two isoforms. BVRA reacts most

effectively with biliverdin IX�, whereas BVRB does

not reduce BV-IX� at all. BVRB has been reported to

be predominant during fetal development, while

BVRA dominates in adult life [70].

BVR is a monomeric protein, which consists of

two structural domains: an N-terminal dinucleotide-

binding domain (Rossmann-fold) and a C-terminal

domain which possesses a six-stranded beta-sheet that

is flanked on one face by alpha-helices (Fig. 2). Both

domains take part in the formation of the active site

cleft at their interface. To this sole substrate binding

site, an inhibitor may be bound as well as a substrate

[67].

Human BVRA is encoded by a single copy gene

consisting of five exons and four introns. The enzyme

is composed of 296 amino acids what gives a mass of

33.5 kDa, while smaller BVRB found in fetus and in

adult erytrocytes has 206 amino acids and a mass of

21 kDa [45]. Furthermore, BVRA is posttranslation-

ally modified, what is reflected by several variants of

BVR with different isoelectric points. They are het-

erogenous in molecular mass and appear to have two

pH optima [27]. BVR is evolutionary conserved and,

contrarywise to the common perception, not only

found across metazoa, but a homolog of mammalian

form is present in red algae and cyanobacteria as well

[9, 59]. Considering mammalian species, the average

sequence identity is greater than 80%. In such se-

quences several conserved key features are found.

Among those are the leucine zipper (bzip) motif, ade-

nine dinucleotide-binding motif, serine/threonine ki-

nase domain, Src homology (SH2) binding domains

(YMXM and YSLF), and Zn/metal-binding motif [21,

33, 41, 44]. These features are probably fundamental

in the activities of BVR connected with signal trans-

duction pathways.

Regulation of the activity

The reduction of biliverdin by the biliverdin reductase

is coupled to the oxidation of pyridine nucleotide

cofactors, NADH and NADPH, which are used at dif-

ferent pH optima: 6.7 and 8.7, respectively [35]. Thus,

the reductase activity is NADH-dependent at acidic

pH, whereas NADPH is used in the basic range [35].

The most likely NADH/NADPH binding site is the

N-terminal Rossmann fold [67]. Having dual pH/dual

cofactor requirement makes this oxidoreductase

unique among all enzymes characterized to date.

It has been identified that BVR is a phosphoprotein

and phosphorylation is essential to the reduction of

biliverdin to bilirubin [58]. Furthermore, it has been

reported that the enzyme needs to be autophosphory-

lated for its activity and that phosphorylation is re-

versible [58], what is another rare feature. This re-

versible phosphorylation is pH-dependent. The en-

zyme seems to be best adapted for both autokinase

and reductase activity in an alkaline pH range (7.4
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and 8.7). The phosphotransferase activity is nearly

undetectable at pH 6.7, which corresponds to the

strongest reductase activity in the acidic range. The

biological significance of this finding is not fully un-

derstood to date. However, the reason may be the fact

that in the acidic range the affinity of BVR for ade-

nine nucleotides is decreased [58].

Role in oxidative stress response

Oxidative stress is a condition in the cell, where the

balance between anti- and pro-oxidative compounds is

disordered with the overbalance of the latter. Amongst

pro-oxidative agents are mainly reactive oxygen spe-

cies (ROS), including free radicals. The excessive

production of reactive oxygen species may lead to cell

damage (e.g. lipid peroxidation, mutagenesis) and in

turn to cell death. Oxidative stress is responsible for

development of many disorders such as cardiovascular

diseases, diabetic complications, or cancers. There are

many mechanisms defending cells from oxidative in-

jury, e.g. antioxidants such as ascorbic acid and �-to-

copherol, chelators of heavy metal ions (ferritin, transfer-

rin), and enzymes such as superoxide dismutase, cata-

lase, glutathione peroxidase. One of important pathway

is also activity of BVR and production of BR [8].

BR is regarded as a major physiologic cytoprotec-

tant. Stocker and coworkers, in a landmark study, re-

vealed that BR possesses strong antioxidant potential

against peroxyl radicals [61]. In fact, at physiological

oxygen concentration, micromolar amounts of BR

were able to scavenge peroxyl radicals more effec-

tively than �-tocopherol, which had previously been

considered the most powerful serum antioxidant [61].

Importantly, recent studies revealed that cellular de-

pletion of BR by RNA interference against BVR

markedly augments tissue levels of ROS and causes

apoptotic cell death [8]. In spite of the low concentra-

tions of BR in tissues [< 0.1% the levels of antioxi-

dants such as glutathione (GSH)], it has been proven

that this pigment protects neuronal cells from oxida-

tive injury [16]. As little as 10 nM BR was shown to

protect cells against 10,000-fold higher concentra-

tions of hydrogen peroxide. Such enormous efficacy

is possible because BR, oxidized to BV, is then recy-

cled back to BR by BVR [8, 16]. Thus, BVR driving

a powerful redox cycle, enables continuous protection

of cells against oxidative stress [8], Furthermore, BR

could protect the nuclear components against oxida-

tive injury thanks to being an effective chain-breaking

antioxidant [60] and an inhibitor of superoxide-

producing NADPH oxidase [36].

BVR action is tightly connected to HO-1 and the

direct link between oxidative stress responses medi-

ated by these two enzymes have been convincingly

confirmed. In 293A cells treated with small interfer-

ence RNA (siRNA) for BVR or with antisense BVR,

HO-1 protection against superoxide anion and ar-

senite was attenuated [47]. It proves that BVR is a key

component in the HO-1 stress response pathway ad-

vancing the role of the latter in cytoprotection inde-

pendent of heme degradation. Here, the activities of

BVR as a kinase and transcription factor are probably

involved [47].

Role of BVR in cell signaling:

serine/threonine/tyrosine kinase activity

Several protein kinases are known as dual-specificity

kinases and owing to that they are able to autophos-

phorylate on, or transfer phosphate to serine/threonine

and tyrosine residues. They are called protein tyrosine

kinases (PTKs) and are a multigenic family [28]. In-

terestingly, it has been uncovered that BVR has such

a capacity [40] and it is unrelated to its reductase ac-

tivity. The majority of tyrosine kinases are membrane

bound, but there are also a few, including BVR, which

are known to be soluble. Interestingly, it has been re-

cently shown that BVR localized in part to plasma

membrane caveolae in endothelial cells [31].

BVR in insulin/IGF signaling

One of the pathways modulated by BVR is cellular re-

sponse to insulin or IFG-1 [41]. The function of insu-

lin as a metabolic regulator and a growth factor is

known to be PTK-dependent. Insulin/insulin like

growth factor (IGF) actions are mediated through the

activation of the insulin receptor (IR/IGFR). Activation

of IR/IGFR is involved in many metabolic processes

such as glucose uptake, and regulation of lipid or pro-

tein metabolism. It is also an important factor influenc-

ing proliferation and differentiation of cells [41].
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Many insulin responses are mediated through the

induction of insulin receptor substrates, IRS-1 and

IRS-2 complexes. Such activation is achieved after

insulin binding to the extracellular domain of the re-

ceptor and subsequent autophosphorylation on tyro-

sine residues of the intracellular kinase domain (insu-

lin receptor tyrosine kinase-IRK). The coupling of re-

ceptor to its substrate is crucial for the initiation of the

signaling cascade [48, 68]. It has been reported that

IRS-1/2 undergoes multisite tyrosine phosphorylation

and mediates downstream signals by docking various

effector proteins that contain Src homology 2 (SH2)

domains [48]. BVR possesses the same Y���MKM

sequence as reported in IRS-1, which functions as

a binding site for SH2 domain and this motif is pre-

dicted to be binding site for the phosphatidylinositol

3-kinase (PI3K) [48]. The latter most prominently acts

in cell signaling, where it mediates the responses of

Toll-like membrane glycoproteins and cytoplasmic 3-

phosphoinositide-dependent kinases [41]. Furthermore,

BVR has been shown to be a substrate for insulin re-

ceptor tyrosine kinase. The tyrosine phosphorylation

sites for IRK are Y���MKM and Y���LSF motifs and

tyrosine at position 291, while BVR autophosphory-

lates tyrosine residues at positions 72 and 83 [40].

In spite of being a substrate for IRK phosphoryla-

tion, BVR can also phosphorylates serine residues in

IRS-1. Whereas tyrosine phosphorylation activates in-

sulin signaling, serine phosphorylation blocks it. Ser-

ine phosphorylation of the IRS proteins diminishes

the ability to interact with the receptor and to influ-

ence effector proteins. Thus, it has been considered as

a mechanism for insulin resistance. Importantly, when

expression of BVR is knocked down by siRNA, an in-

crease in glucose uptake occurs in response to insulin

[40]. Thus, cascade inhibition allows us to consider

BVR as a negative regulator of glucose uptake.

In conclusion, BVR has been clearly defined as one

of the dual-specificity (serine/threonine/tyrosine) ki-

nases. As such it may play a role in the insulin-

signaling pathway.

BVR in MAPK signaling

Two pathways of IR signaling are considered to be the

most important: the mitogen activated protein kinases

(MAPK) pathway and phosphatidylinositol 3-kinase

(PI3K) pathway. MAPK family consists of three im-

portant groups: extracellular signal-regulated kinases

(ERK), JNK and p38. The first subfamily is known to

be activated by phorbol esters and extracellular growth

factors and play important role in cell differentiation

and proliferation. The other two groups of kinases are

predominantly affected by extracellular stress and cy-

tokines. Thus, if MAPK signaling is influenced by

BVR, it apparently plays a regulatory role in the stress

conditions occurring in the cell [34, 37, 41, 47].

Role in gene expression:

BVR as a transcription factor

Localization of BVR in the cell

Amongst the whole tyrosine kinase family, the major-

ity of the members is connected with receptors in cell

membranes. BVR is known to be one of the others,

which are soluble and not receptor-associated. How-

ever, it has been recently found in the caveoli [31] and

in the mitochondrial membrane as well [13]. Moreo-

ver, under some circumstances (activation/hyperphos-

phorylation) it can be translocated to the nucleus [43].

Such a relocalization enables BVR to influence gene

expression, especially that it has been reported to be

a member of the leucine zipper family of transcription

factors [3].

Nuclear transport of cytosolic proteins across the

nuclear membranes is a process which requires an in-

tact nuclear localization signal, with basic residues

(Gly-Leu-Lys-Arg-Asn-Arg) contained within the

transported protein [23]. Importantly, such character-

istic clusters are present in BVR within the carboxy

terminal end of the reductase domain [43].

Moreover, it has been shown that BVR is induced

and localizes into the nucleus in rat kidney cells in

response to renal toxins: bacterial lipopolisaccharide

(LPS) and bromobenzene, known as heme oxyge-

nase-1 inducers [43]. However, the increase in nuclear

fraction of BVR protein and activity was not accom-

panied by increased mRNA expression. That finding

suggests post-transcriptional regulation of BVR by

LPS and bromobenzene. That study has also revealed

that nuclear localization of BVR is not exclusive to

the rat kidney cells, but extends also to human cell

lines such as HeLa [43].
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Interestingly, it has been recently demonstrated in

hepatic cells that biliverdin reductase is present in the

inner mitochondrial membrane [13], where it might

colocalize with HO-1. The targeting of HO-1 to the

inner mitochondrial membrane is increased after

hemin or LPS stimulation, suggesting that tightly con-

trolled HO-1 import may be limited by the intrinsic

translocon activity [50]. Owing to HO-1 localization

in mitochondria, it may influence the expression of

mitochondrial heme proteins such as cytochrome oxi-

dase (COX) subunit I and nitric oxide synthase (NOS)

resulting in a limitation of NO-dependent mitochon-

drial oxidants production. Thus HO-1 operates here

on redox components by regulating heme availability,

and in turn modulates mitochondrial O� uptake and

ROS production [13].

Biliverdin reductase DNA binding

BVR is a transcription factor of leucine zipper protein

family, with typical dimerization domain in its pri-

mary structure. It contains the repeat of five leucines

(L1-L5), which are separated by six other amino acids

[38]. In some proteins the leucines may be substituted

at different positions with other residues. For exam-

ple, in BVR leucine L3 is replaced with lysine. The

second element of dimerization domain is an invariant

basic domain, which starts seven residues N-terminal-

ly to L1 and is flanked by alanine residues. The basic

region is actually considered as the DNA binding

domain [3, 38, 64]. Dimerization domain forms

helix-turn-helix in its secondary structure [52, 64].

The presence of leucine zipper motif (bZip), makes

proteins able to form functional homo- or hetero-

dimers, and availability of the dimeric partners deter-

mines their preference for DNA binding sites.

BVR has been reported to form homodimer that

binds to DNA with the involvement of the leucine re-

peat motif [3]. It appears that in the nucleus BVR, be-

ing a leucine zipper-like DNA-binding protein, can

act as a transcription factor and may influence expres-

sion of several genes.

Role in HO-1 expression

DNA binding sites in BVR have been identified as

two activator protein 1 (AP-1) recognition sequences

[3]. Thus, BVR may play a role in the AP-1 pathway

of cellular signaling. It is known that in stress condi-

tions, AP-1 binds to multiple copies of consensus se-

quence (TGACTCA) in the HO-1 promoter [5]. In-

deed, it has been reported that mutations in AP-1

binding sites inhibit HO-1 gene activation by oxida-

tive stimuli [5, 39].

BVR could specifically bind to DNA of HO-1 pro-

moter being a mediator of HO-1 upregulation in re-

sponse to oxidative stress [3]. Furthermore, it has

been shown that BVR binds not only to AP-1 but also

to cyclic adenosine monophosphate (cAMP) response

element (CRE) sites. Owing to such activity it in-
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creases the level of activating transcription factor

(ATF)-2 and HO-1 expression, what suggests its po-

tential role in regulation of AP-1 as well as cAMP-

regulated genes [34].

AP-1 is the family of proteins which form homo-

or heterodimers. Besides HO-1, AP-1 sites are found

in the promoters of genes coding for many growth

factors, cytokines or chemokines. Among known

dimers of AP-1 proteins are: ATF-2 homodimer,

which binds to CRE (TGACNTCA, N=any nucleo-

tide); c-Jun/ATF-2 heterodimer, which binds to AP-1

site rather than the usual site of ATF-2 [10]; or

c-Jun/c-Fos heterodimer, which affinity for AP-1 is

lower and complex with the DNA is less stable com-

paring to c-Jun/ATF-2 [26]. c-Jun/c-Fos DNA binding

is a key mechanism of HO-1 induction and occurs in

turn of the activation of MAPK pathway. Also cAMP

can be an inducer of HO-1 gene [20]. Accordingly, an

increase in ATF-2 activity is suspected to have a di-

rect effect on HO-1 expression. When ATF-2 level is

increased it competes with c-Fos, the dimer partner of

c-Jun and binds more effectively to AP-1 sites in

HO-1 promoter [34]. ATF-2 also forms a dimer with

nuclear factor �B (NF�B) transcription factor, which

is involved in the activation of many proinflammatory

mediators like growth factors, cytokines, and adhe-

sion molecules [17]. Thus NF�B functions may be

modulated by BVR activation of ATF-2 and this could

be a therapeutic approach to the regulation of inflam-

matory processes [34].

Conclusions

Although biliverdin reductase was considered for

a long time solely as an enzyme converting biliverdin

to BR, recent studies revealed different features of

this enzyme, which are not related to its reductase ac-

tivity (Fig. 3). Looking merely in its structure one

could notice BVR uniqueness. Different, and highly

conserved key sequences having more than 80% iden-

tity across mammalian species are probably funda-

mental for intensively investigated but still unclear

role of BVR in signal transduction pathways. Possess-

ing the leucine zipper (bzip) motif, adenine

dinucleotide-binding motif, serine/threonine kinase

domain, Src homology (SH2) binding domains, and

Zn/metal-binding motif [21, 33, 41, 44] BVR is able

to link heme metabolism, gene expression and cell

signaling. Being a member of dual-specifity kinase

family BVR could control glucose metabolism, cell

growth and apoptosis, but also development of some

diseases such as cancer and diabetes [41]. Moreover,

in the nucleus BVR, being a leucine zipper-like DNA

binding protein, can act as a transcription factor for

activator protein 1 (AP-1) and cAMP-regulated genes

modulating, among others, ATF-2 and HO-1 expres-

sion [3, 34]. Furthermore, BVR together with its

product, BR, play an important role in response to

oxidative stress [8] and their cytoprotective potential

is tightly connected to HO-1 [47].

BVR is a constitutive enzyme and so far the data

concerning its expression in tumor cells was limited.

There is, however, a report that BVR is upregulated in

kidney cancer cells [47]. If it would be a general

mechanism in various tumors then the inhibition of

BVR expression might be considered as an additional

anti-cancer therapy. On the other hand overexpression

of BVR in normal cells, obtained by gene transfer,

may provide protection against the undesirable effects

of anti-cancer drugs. For example, since chemothera-

peutics like doxorubicin are known to induce cardio-

toxicity [54], BVR overexpression may be considered

as preventive strategy against heart injuries.

In conclusion, BVR together with its substrate

biliverdin and product bilirubin, are important players

in cellular signal transduction pathways, gene expres-

sion and oxidative response, which makes this protein

not only attractive for basic research but also indicates

for BVR as a potential therapeutic target.
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