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1 Introduction

Biotransformation is a process by which lipid-soluble xenobiotic or endobiotic compound is en-

zymatically transformed into polar, water-soluble, and excretable metabolites [77]. Therefore,

biotransformation serves as an important protection against the potential harmful exposure to

xenobiotics from the environment as well as certain endobiotics. In order to minimize the po-

tential injury caused by these compounds, most of the tissues and organs are well equipped with

diverse and various xenobiotic metabolizing enzymes, which are present in abundance either at

the basal uninduced level, and/or inducible at elevated level after xenobiotics exposure [135].

However, biotransformation can also result in bioactivation, it means, the metabolites are more

toxic than the parent substance. Knowledge of biotransformation enzymes is crucial for un-

derstanding the potential health risks upon exposure to xenobiotics. Xenobiotic metabolism is

divided into two phases (phase I and phase II), which usually occur sequentially. Phase I reac-

tion is reaction which modifies xenobiotic by adding a functional structure or alteration existing

one. In phase II reaction, xenobiotics or their phase I metabolites undergo conjugation with

endogenous building blocks and can be readily excreted from the body [122].

The three main phase I reactions are oxidation, reduction, and hydrolysis. Redox reactions are

clearly the most important ones in xenobiotic metabolism, because the biotransformation of

a xenobiotic often begins with redox reactions and moreover, a large diversity of metabolites

may be produced from a single substrate [123]. The well studied enzyme system involved in

redox reactions of xenobiotics is the cytochrome P450 enzyme system that mediates particularly

oxidation reactions. Carbonyl-reducing enzymes initially received less attention [42]. Several

carbonyl reductases from the SDR superfamily are not well characterized and further studies

are necessary to elucidate their catalytic activity and roles in xenobiotic as well as endogenous

metabolism.

Two monomeric carbonyl reductases, namely carbonyl reductase 1 (CBR1) and carbonyl re-

ductase 3 (CBR3), have been found in humans [131]. Whereas substrates and gene regulation

of CBR1 have been described, CBR3 is poorly characterized. Until now, gene regulation of

CBR3 remains obscure. Elucidation of CBR3 regulation would help to better understand role

of this enzyme. Considering to known regulation of CBR1 and available information of CBR3
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inducibility from microarray analysis, it has been suggested to investigate effect of NF-κB,

AhR- and Nrf2-ligands on CBR3 regulation. Based on CBR3 catalytic function as a carbonyl

reductase, this enzyme could play role in xenobiotic metabolism. Respiratory and gastroin-

testinal tract are widely exposed to xenobiotic compounds. Especially many cells in lungs and

also epithelial cells in small intestine expressed biotransformation enzymes involved in xenobi-

otic metabolism. Therefore, in the present study, experiments were carried out with colon cell

lines (Caco-2, HCT-116, HT-29, SW-480, TC-7) or lung cell line (A-549). The colon cell lines

used are established lines developed from human colon adenocarcinoma. When cultured un-

der standard conditions, only Caco-2 cells undergo spontaneously an enterocytic differentiation

and display features of small intestinal epithelial cells [13, 48]. The lung cell line A-549 is an

established lines development from lung carcinoma.
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2 Review of the literature

2.1 Carbonyl reducing enzymes

Carbonyl reduction is a significant step in the phase I biotransformation of a great variety of

compounds. The chemical carbonyl function (aldehyde or ketone group) occurs frequently in

xenobiotics and can also be generated endogenously [42]. Therefore, substrates of carbonyl

reducing-enzymes are xenobiotics such as food ingredients, drugs, or environmental pollutants,

and, furthermore, endogenous compounds such as hormones, mediators, cofactors, neurotrans-

mitter precursors, and lipid aldehydes derived from oxidative stress and their metabolites [100].

In generally, carbonyl reduction means the formation of hydroxy group from a aldehyde or

ketone group. Because the resulting alcohol is easier to conjugate and to eliminate, carbonyl

reduction is regarded as an inactivation or detoxification step [42]. The carbonyl moiety is of-

ten a determining factor for the biological activity of a molecule, for example reduction of the

3-oxo group to 3α or 3β -hydroxyls in steroid hormones leads to reduced binding properties [98].

Consequently, carbonyl reducing enzymes can affect endogenous processes of both xenobiotic

and endogenous ligands [100].

Enzymes mediating carbonyl reduction are ubiquitous in nature. They have been described in

plants, bacteria, yeast, teleosts, and insects; however, the most investigated enzymes are the

human and rodent members [100]. Human carbonyl-reducing enzymes occur in many differ-

ent tissues. The differences in tissue and intracellular distribution suggest that the intracellular

multiplicity of enzymes may have some relation to their physiological function [42].

Enzymes involved in carbonyl reduction belong to two fundamentally distinct enzyme super-

families, namely the aldo-keto reductase (AKR) and the short-chain dehydrogenase/reductase

(SDR) superfamily. This classification was established on the basis of sequence comparison.

The AKRs comprise aldehyde reductases and aldose reductases while several forms of carbonyl

reductases are members of the SDR superfamily. Both the AKR and SDR superfamily involve

pluripotent hydroxysteriod dehydrogenases (HSDs) [42].
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HSDs are pyridine nucleotid-dependent oxidoreductases that mediate the interconversion of sec-

ondary alcohols and ketones. They play pivotal roles in the biosynthesis and inactivation of

steroides hormones [42]. An interesting feature of several hydroxysteroid dehydrogenases is

that they are capable of catalyzing the carbonyl reduction of great variety of non-steroidal car-

bonyl compounds, and, on the other hand, exhibit high specificity to their physiological steroid

substrates [70]. HSDs participate in drug metabolism and play a significant role in the defence

against the deleterious effects of endogenous and exogenous toxicants [42]. These pluripotent

HSDs belong to either AKR or SDR superfamily.

2.2 Aldo-keto reductases

Aldo-Keto Reductases (AKRs) are a superfamily of NAD(P)H linked oxidoreductases that play

fundamental roles in carbonyl metabolism and utilize both natural and exogenous substrates [103].

The AKR superfamily is divided into 15 families. The majority of AKRs are monomeric pro-

teins of 34-37 kDa. The cofactor and the substrate/inhibitor bind in two different regions of the

protein and converge at the active site. The cofactor binding site and the active site are highly

conserved across the superfamily. The active site contains a conserved catalytic tetrad (Tyr, Asp,

Lys, and His) [51]. AKRs catalyze an ordered bi sequential reaction mechanism in which the

binding of the obligatory cofactor NAD(P)H precedes the binding of the substrate carbonyl. The

reduction occurs in the central complex, followed by the release of the alcohol and NAD(P)+

products in that order [103]. Thirteen human AKRs belong to the five AKR subfamilies, namely

1A, 1B, 1C, 6A, and 7A.

Aldehyde reductase (AKR1A1) catalyzes the reduction of methylglyoxal, certain xenobiotics

such as the anthracycline daunorubicin (DRC), or bioactive aldehydes derived from phospho-

lipids or products from lipid peroxidation, e.g. 4-hydroxynon-2-enal and its 4-keto derivate

4-oxo-non-2-enal. Aldose reductase (AKR1B1) reduces many of the substrates identified for

AKR1A, however, with lower efficiency. Numerous physiological aldehydes, including glu-

cose, were identified as endogenous substrates for AKR1B1. AKR1B1 is the first enzyme of

the polyol/sorbitol pathway [100]. Human AKR1C-enzymes (AKR1C1-AKR1C4) have dual

roles in endogenous steroid or eicosanoid regulation and in xenobiotic metabolism. Members

of AKR1C subfamily along with AKR1A1 are implicated in the metabolic activation of poly-

cyclic aromatic hydrocarbons (PAHs). PAHs are suspected human carcinogens and implicated

in the causation of lung cancer. PAHs require metabolic activation to exert their deleterious

effects [51]. AKR1D1, the only human enzymes from the subfamily AKR1D, acts as steroid
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5 β -reductase. The AKR16 family does not contain enzymes, but β -subunits of the voltage-

dependent shaker potassium channels. Members of the AKR7A subfamily are involved in the

metabolic inactivation pathways of aflatoxin B1, a potent hepatocarcinogen [103].

Based on various physiological and xenobiotic functions of AKRs, the regulation of human AKR

genes could have a profound effect on the metabolism of endogenous mediators of nuclear re-

ceptor signaling and/or detoxication of chemical carcinogens. Several major cis-elements affect

gene transcription of AKRs; these are the osmotic response element, the phorbol ester response

element, and the antioxidant response element [103].

2.3 Short-chain dehydrogenases/reductases

The enzymatic reactions carried out by enzymes from the short-chain dehydrogenase/reductase

(SDR) superfamily can be grouped mainly as NAD(P)(H)-dependent oxidoreductions acting on

a highly diverse set of substrates, including alcohols, sugars, steroids, aromatic compounds and

xenobiotics [105]. The SDR superfamily has several members capable mediating carbonyl re-

duction. SDRs exist as soluble, or in some cases, membrane-bound proteins, mostly homodimers

or tetramers [42]. Pairwise sequence identities between members of the SDR superfamily are

typically as low as 15-30 %. However, several sequence motifs conserved across the majority

of the members have been identified [9]. The general primary structure of SDRs is composed

of a coenzyme-binding site at the N-terminal part, a catalic active site in the central part, a

substrate-binding region, and a C-terminal extension important for oligomerization.

The SDR superfamily consists of more than 3,000 members, from minimally 71 members in

the human, and becomes one of the largest protein families to date [9, 42, 104]. Initially, the

SDRs have been divided into two large families, “classical” with 250-odd residues and “ex-

tended” with 350-odd residues, which differ, among others, in glycine residue pattern in the

coenzyme-binding regions. Later, based on multiple sequence alignment with known SDRs as

seed sequences, the SDR superfamily were clustered into five families, namely “intermediate”,

“divergent” and “complex” families, in addition to the already established “classical” and “ex-

tended” families [105]. Carbonyl reductases belong to the group of “classical” SDRs.

Members of the SDR family are identified through the occurrence of typical sequence motifs that

are arranged in a specific manner, called the Rossmann fold [42]. Rossmann fold is characteristic

of many NADH- and NADPH-binding domains [22, 42]. The overall structure of SDRs is

built up of sequence of alternating α-helices and β -strand. These β -strands form a central
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four- or five-stranded β -sheet with flanking α-helices on each side [42]. This βαβ motif is

a characteristic of the Rossmann-fold necessary to bind the dinucleotide cofactor [42, 100].

The Rossmann fold in the SDR superfamily is very stable, tolerating, despite little sequence

conservations [42]. It is less readily understood how a protein conformation as consistent as the

Rossmann fold has no structurally conserved residues [22].

The three-dimensional structures and the comparison of sequences of several SDR enzymes re-

vealed the importance of common characteristics and provide the basis for understanding the

molecular organization of short-chain dehydrogenases in general and elucidating possible cat-

alytic roles of amino acids conserved in this family of enzymes. The most conserved sequence

motif of the SDRs is the Tyr-x-x-x-Lys segment (x for any amino acid) found in the active

site [55]. Nearly all “classical” SDR enzymes used Ser, Tyr, Lys motif as catalytic residues [54].

These amino acids constituting the catalytic triad are critically important for enzyme func-

tion [42]. They appear to maintain a fixed postition relative to the scaffolding of the βαβ folding

and the cofactor position [42].

All SDRs probably share a common reaction mechanism. After cofactor binding, a hydroxyl or

carbonyl substrate binds. Herewith, the so-called substrate binding loop becomes well ordered

and covers the substrate as well as the catalytic centre from the aqueous enviroment [42]. Ac-

cording to three-dimensional structure of 3α/20β -hydroxysteroid dehydrogenase, the model for

catalytic activity has been suggested. Tyr has been proposed to be the proton donor in a carbonyl

reduction and Lys facilitates the proton transfer [35]. The Ser also participates in catalysis by

stabilizing the reaction intermediates or as part of a proton-relay network [42]. The Tyr/Lys

mechanism would constitute an explanation of the strict conservation of this residues [54].

Most of the partially conserved residues are at the core of the Rossmann fold and are primarily

hydrophobic [22]. The only conserved residues in the substrate-binding cleft are those of the

catalytic triad: Ser, Tyr, and Lys. No conserved residues can be found in the substrate-binding

site [42]. This is consistent with the wide variety of structures used as substrates by different

members of the family [22]. SDR enzymes usually have a substrate binding loop of more than 20

residues, which covers the active site and becomes well ordered after the hydroxyl or carbonyl

substrate binding [42]. When the α-carbon backbone of the cofactor binding domains of known

SDR’s structures is superimposed, the conserved residues appear at the core of the structure and

in the cofactor-binding domain, but not in the substrate-binding pocket [22].

In the N-terminal region of the SDR proteins, pattern of three glycine residues important for

cofactor binding has been identified [105]. The glycine residues are located at comparable

points in their sequences and form a turn between a β -strand and α-helix that border on the
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cofactor-binding site [22]. Structural analysis has shown that the glycine residues interact with

the pyrophosphate moiety of the cofactor [42]. Glycine residues are spaced differently in indi-

vidual subfamilies of the SDR superfamily [105]. For example, the motif characteristic for the

subfamily of the “classical” SDRs is Gly-x-x-x-Gly-x-Gly [53]. Both NAD(H) and NADP(H)

bind to the classical βαβ motif of the Rossmann-fold. The specificity for NADP(H), rather

than NAD(H), is conferred by two highly conserved basic residues in the N-terminal end of the

peptid chain [42].

Most enzymes of the SDR superfamily appear as either homodimers or as homotetramers. Only

few members occur as monomers such as human CBR1 and CBR3. Two types of oligomeriza-

tion can be found, these are called the P-axis and Q-axis interface [42]. The P-axis interface

comprises interparalel association of two α-helices G and two β -strands G of each subunit [35].

This type of oligomerization is usually found in homotetrameric SDRs [42]. The Q-axis interface

consists of α-helices E and F of each of the two subunits forming a four-helix bundle [35]. The

monomeric enzyme CBR1 has additional extraloop domain between the Q-interfacial β -strand

E and α-helical F, which is believed to prevent oligomerization along the Q-axis interface [42].

2.4 Carbonyl reductases of the SDR superfamily

Carbonyl reducing enzymes from the SDR superfamily differ, among others, in their oligome-

rization behavior and subcelullar localization. In human, the monomeric enzymes include cy-

tosolic CBR1 and CBR3, tetrameric enzymes are mitochondrial dicarbonyl/L-xylulose reductase

(DCXR) and peroxisomal dehydrogenase/reductase 4 (DHRS4). Pluripotent HSD belonging to

SDRs is dimeric microsomal 11β -hydroxysteroid dehydrogenase type 1 (11β -HSD1) [42, 101].

Hep27 (gene symbol DHRS2) is also SDR reducing carbonyl compounds [114]. Further, se-

quencing of the human genome revealed the existence of a third human isoform of carbonyl

reductase named carbonyl reductase 4 (CBR4).

2.4.1 CBR1

CBR1 was first described in 1973 [108]. This member of the SDR superfamily is a cytosolic

and monomeric NADPH-dependent carbonyl reductase. The gene is mapped to chromosome

21q22.12, contains three exons and encodes for a 277 amino acid protein with a molecular

weight of 30.375 [133].

18



CBR1 can be detected in all organs by immunohistochemical staining, but the amount of staining

varied widely [30]. The highest concentrations were found in liver, stomach, small intestine, epi-

dermis, kidney, neuronal, and glial cells of the central nervous system [30, 43]. In a recent study

based on PCR method, CBR1 mRNA was detected at highest levels in liver and kidney [82].

CBR1 catalyzes the NADPH-dependent reduction of various carbonyl compounds. The best sub-

strates are quinones (e.g. menadione, phenanthrenequinone), followed by ketoaldehydes, aro-

matic aldehydes, and the biogenic aldehydes [42]. Since CBR1 catalyze reduction of wide spec-

trum of xenobiotic carbonyls, this enzyme fulfills an important role in the phase I metabolism of

xenobiotics [100]. Moreover, this enzyme may protect against reactive oxygen species (ROS),

because it reduces a variety of reactive carbonyl compounds.

CBR1 is an important determinant in the metabolism of p- and o-quinones derived from poly-

cyclic aromatic hydrocarbons (PAH) [75]. In humam liver and placenta, CBR1 acts as a major

quinone reductase [49]. Enzymatic reduction of several o-quinones has been observed to result

in redox cycling of the quinones, leading to the generation of semiquinones and the superoxide

anion [68]. Thus, a possible protective role against quinone toxicity exerted by CBR1 depends

on expression and activity of superoxide dismutase and further metabolism, reactivity, and ex-

cretion of the hydroquinone formed [100].

Aldehydes and ketones derived from lipid peroxidation were found to be substrates for CBR1 [21].

Lipid peroxidation products comprise highly reactive lipid aldehydes, such as 4-oxonon-2-

enal (4ONE), 4-hydroxynon-2-enal, and acrolein, which are able to modify proteins and DNA.

Detoxification of these electrophilic aldehydes can occur through reaction with glutathione or,

as recently demonstrated, through reductive metabolism of the carbonyl moieties or reduction of

the double bond, leading to lipid products that are less reactive and can be further metabolized

or excreted [24]. CBR1 play a significant role in 4ONE metabolism and detoxification, since

CBR1 catalyzes hydride transfer to the ketone but also to the aldehyde and C=C of 4ONE [21].

4-(methylnitrosamino)-1-(3-pyridyl)-1-butanone (NNK) is other xenobiotic substrate of CBR1 [3].

NNK is a potent pulmonary carcinogen presented in tobacco [3]. CBR1 was identified as the

major contributor to NNK carbonyl reduction in human liver and lung cytosol [3].

CBR1 has been recognized as a metabolizing enzyme for several therapeutic agents such as

haloperidol, metyrapone, loxoprofen, and anthracyclines, namely doxorubicin (DOXO) and

daunorubicin (DRC) [75]. CBR1 reduced DOXO and DRC to doxorubicinol (DOXol), and

daunorubicinol (DRCol), respectively [30]. Since resulting metabolites are cardiotoxic and has

diminished tumor cell killing activity, CBR1 is though to contribute to the unpredictable pharma-
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cology of anthracycline drugs [80]. Moreover, CBR1 expression and activity may be modulated

by environmental factors acting via recently identified xenobiotic response elements in the CBR1

promoter. Therefore, the variability in the CBR1 expression may affect outcomes of therapies

with CBR1 substrates [56].

CBR1 was shown to accomplish the reduction of the 9-keto group of prostaglandin E2 (PGE2)

to form prostaglandin F2α (PGF2α ), and thus to inactivate PGE2. The enzyme was later re-

cognized to be identical to prostaglandin-9-reductase. In addition to 9-keto reduction, CBR1

was shown to catalyze the NADP-dependent oxidation of the hydroxyl group at position 15 of

prostaglandins. Therefore, CBR1 has also been named NADP-linked 15-hydroxy-prostaglandin

dehydrogenase. It should be noted that oxo-reduction at position 9 and hydroxy-dehydogenation

at position 15 are the inactivation steps of prostaglandines [42]. Since the Km values for

prostaglandins are rather high and the turnover numbers are low, doubts about a physiologi-

cal role of CBR1 in prostaglandin metabolism appeared [133]. However, several studies have

shown that CBR1 may play important role in prostaglandins metabolism. In detail, CBR1 was

revealed to have a function in modulating in the metastasis of cancer cells by decreasing PGE2

level [82]. Prostaglandins, especially PGE2, are known to play an important role in modulating

tumor growth and metastasis in a variety of human tumors [44]. Moreover, study on patients with

non-small-cell lung carcinoma reported that reduced CBR1 mRNA expression in non-small-cell

lung cancer was significantly correlated with active angiogenesis and tumor progression while

enhanced CBR1 mRNA expression was associated with a favorable prognosis [120]. Addition-

ally, interference with prostaglandin metabolism may also affect other physiological roles. The

ovarian carbonyl reductase in rats has been found to be regulated by gonadotropins and was

suggested to be important for the ovulation process [27]. Study in pigs has shown that porcine

CBR1 may be involved in the regulation of the PGE2/PGF2 α ratio and thereby in the implan-

tation and early placentation in the pig. Porcine CBR1 is considered to be identical with PG

9-ketoreductase in the pig [130].

Significant interindividual variability in carbonyl reductase activity has been documented in

liver, erythrocytes, and in breast and lung tumors. The molecular basis of such disparities

and its potential impact on CBR1-mediated drug metabolism remain to be elucidated. It has

been suggested that the interindividual differences in CBR activity may in part reflect variable

rates of CBR1 gene transcription [59]. Observed induction of CBR1 by xenobiotics such as

2,(3)-t-butyl-4-hydroxyanisole and β -naphtoflavone, has indicated the transcriptional regulation

via aryl hydrocarbon receptor (AhR) pathway [29]. Recently, the functional characterization of

the promoter of human CBR1 has confirmed this hypothesis by several lines of evidence. [59]

The powerful AhR ligand is the polycyclic aromatic hydrocarbon benzo[a]pyrene (B[a]P), one
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of the best-characterized carcinogens in cigarette smoke. B[a]P induces CBR1 expression sig-

nificantly in AhR-proficient mice but fails to induce CBR1 in AhR-deficient animals. Conse-

quently, B[a]P may modulate CBR1 expression in the lungs of smokers via the AhR pathway,

which in turn has an impact on the CBR1-mediated detoxification of other smoke carcinogens

relevant to the pathogenesis of lung cancer such as NNK [59].

An unusual property of CBR1 is that it exists in vivo in three forms with different charges and

slightly different molecular masses. These multiple isoforms of carbonyl reductase result from

covalent modification of a lysine residue at position 239 by an autocatalytic process involving

the formation of a Schiff base between the ε-amino group of lysine and 2-oxocarboxylic acids,

such as pyruvate and 2-oxoglutarate. This chemical modification is unique to human CBR1 and

rat carbonyl reductase and has not been found in any other SDR, nor in another oxidoreduc-

tase [112].

Human CBR1 orthologues with sequence identities of more than 80 % to CBR1 have been iden-

tified in several other species, such as pig, rabbit, hamster, rat and mouse. The enzyme from

pig testes was the first monomeric member within the SDR superfamily for which the three-

dimensional structure has been solved [42].

2.4.2 CBR3

CBR3 was first identified 62 kilobase apart from the CBR1 gene on chromosome 21 in year

1998 [131]. This enzyme consists of 277 amino acids and has molecular weight of 30.850 [127].

CBR3 as well as CBR1 is a cytosolic and monomeric NADPH-dependent carbonyl reductase

belonging to the SDR superfamily [42]. CBR1 and CBR3 have 72 % identity and 85 % similarity

at the amino acid level, which is remarkably high compared to the usually observed low identity

levels among other members of the SDR superfamily [23].

The Rossmann-fold consensus sequence (Gly-x-x-x-Gly-x-Gly) of CBR1s is completely con-

served with that of CBR3’s in the N-terminal part of the enzymes. A Ser/Tyr-x-x-x-Lys motif

of CBR1s, which is a catalytic triad conserved among classical SDR enzymes, is also identical

with that of CBR3’s. On the other hand, Lys-239 in CBR1, which is autocatalytically modified

with 2-oxocarboxylic acids, was substituted with Asp in CBR3 [82].

Recent study has detected the expression of CBR1 and CBR3 on mRNA level in all tested

tissues but the expression patterns of the genes for CBR1 and CBR3 were clearly different. The

highest expression of CBR3 mRNA was detected in ovary, pancreas, and intestine, lower in lung,
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liver, spleen, and colon, and other tissues. Notably, sex-specific CBR3 mRNA expression was

observed, that is, lower expression in prostate and testis than that in ovary. The level of CBR3

mRNA was shown be lower compared with that of CBR1 [82].

Several studies have described a wide range of interindividual variability in the metabolism of

drugs that are CBR substrates. The genetic polymorphisms in CBR1 and CBR3 was proposed

as the key for this variability. Initially, a single nucleotide polymorphism in CBR3 was charac-

terized that encodes for a V244 to M244 change in the protein. The CBR3 V244M genotype

distributions differed significantly among ethnic groups. CBR3 V244 and CBR3 M244 isoforms

have distinctive catalytic properties. The comparative three-dimensional analysis revealed that

the V244M substitution is positioned in a region critical for interactions with the NADP(H)

cofactor [60]. Up to now, six natural variants of CBR3 have been identified [127].

Furthermore, polymorphisms in CBR1 and CBR3 were assessed in 101 Southwest Asian breast

cancer patients receiving DOX containing therapy. Of the five CBR3 coding region variants

identified, three were nonsynonymous: C4Y, E124K, and V244M. The CBR3 C4Y variant was

associated with altered doxorubicin pharmacokinetics, in addition to significantly improved tu-

mor reduction. This suggests lower carbonyl reductase activity in patients with substitution of

tyrosine for cysteine at the fourth amino acid at the amino terminal [28]. No associations with

CBR1 polymorphisms were observed. This study takes into account that both carbonyl reduc-

tases, CBR1 and CBR3, are responsible for phase I metabolism of DOX [28]. In a later study,

CBR1 has been suggested as a major hepatic DOX reductase while CBR3 showed no or very

little DOX reduction. Moreover, the very low expression of CBR3 transcripts argues against any

major role of this isozyme in drug disposition [56].

CBR3 was shown to be induced in cell line oral squamosus cell carcinoma cells by 9-cis retinoic

acid (RA). Retinoids act as cytostatic agents in the prevention of epithelial carcinogenesis. The

results suggested that CBR3 is a mediator of cytostatic effects by RA. Moreover, the expres-

sion of CBR3 among oral squamosus cell carcinoma cells was downregulated in highly inva-

sive tumors compared with less invasive ones. A potential retinoid X receptor responsive ele-

ment, which could be target for the 9-cis-RA, was observed in the promoter of CBR3. Since

the maximal up-regulation of CBR3 mRNA by RA required longer than 6 days, there may be

indirect mechanism for this gene’s activation rather than direct transactivation via responsive

element [99].

Despite the high sequence similarity between CBR1 and CBR3, unexpected differences in sub-

strate specifity have appeared. CBR3 shows only low or no activity towards substrate that are

metabolized by CBR1 in humans [81]. CBR3 also exhibited considerably lower catalytic effi-
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ciency of carbonyl reductase activity than chinese hamster orthologues of CBR1 (Chinese ham-

ster CBR1, Chinese hamster CBR2) and CBR3 (Chinese hamster CBR3) [81]. 9,10-phenanthre-

nequinone and isatin are to date the only known substrates for CBR3. Although, they are

model substrates rather than physiological. Menadione was initially reported as a substrate for

CBR3 [60]. However, kinetic data from recently studies ruled out menadione as a substrate for

CBR3 [23, 81, 82].

In order to elucidate the enzymatic mechanism of CBR3, differences in sequence alignment and

catalytic activity of CBR3 and other orthologues was compared. Thryptophan 230, a highly con-

served amino acid in most CBR proteins, is located in the hinge region at the substrate-binding

loop. Human CBR3 possesses rigid amino acid, proline, at that position instead. Based on this

knowledge, the role of amino acid residue at position 230 has been investigated. Results shown

that the substitution of the amino acid at position 230 residue alone is not sufficient to affect

enzymatic properties [23, 81]. However, residue 230 have importance in ligand binding [23].

Looking at the crystal structures, the catalytic cleft of CBR3 has to be regarded as being more

hydrophilic in comparison to CBR1. Therefore, the spectrum of possible substrates for CBR3

might comprise polar substances like sugars or polyols [23].

The substrate spectrum and the physiological importance of this enzyme are poorly characterized

and partly controversial. Further studies on the catalytic activity and gene regulation of CBR3

are necessary to elucidate its roles in the metabolism of endogenous and exogenous compounds,

and in the pathogenesis of diseases [75].

2.4.3 CBR4

The gene Cbr4 is found on chromosome 4 (4q32.3) and its encoded 237-amino acid protein is

currently annotated as CBR4. CBR4 shows low sequence identity (<30 %) with the six known

CBRs and enzymes with CBR activity. A very recent study has characterized CBR4 as a novel

mitochondrial quinone reductase, since the recombinant tetrameric protein exhibits NADPH-

dependent reductase activity for o- and p-quinones, but not for other aldehydes and ketones [25].

The highest catalytic efficiency (kcat/Km) has been showed for 9,10- phenanthrenequinone,

followed by 1,4-benzoquinone, and the lowest catalytic efficiency for menadione. Although the

endogenous substrate of CBR4 is unknown at present, this enzyme may play a role in protection

against cytotoxicity of exogenous quinones, because of its low Km values for the quinones and,

in particular, its localization in the mitochondria. Mitochondria participate in key steps of the

apoptotic signal cascade induced by oxidative stress [25].
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2.4.4 Tetrameric carbonyl reductase

Tetrameric forms of carbonyl reductase are expressed in mitochondria, as it is known for car-

bonyl reductases in the lungs of mouse, guinea pig, and pig, or in peroxisomes in pig. These

homotetrameric forms have occasionally been termed carbonyl reductase 2 (CBR2) [42]. How-

ever, a homologous enzyme is not found in the human genome. CBR2 enzymes reduce various

aliphatic, alicyclic, and aromatic carbonyl compounds, and it is suggested that CBR2 might

function in the detoxification of xenobiotic carbonyls and carbonyls derived from lipid peroxi-

dation [75].

2.4.5 Dimeric carbonyl reductase: 11β -HSD1

11β -HSD is a microsomal enzyme from SDR superfamily that catalyzes the reversible intercon-

version of receptor-active 11-hydroxy glucocorticoids (cortisol) to their receptor-inactive 11-oxo

metabolites (cortisone) [113]. Two different isoforms of 11β -hydroxysteroid dehydrogenase

have been described so far, 11β -HSD1 and 11β -HSD2, which differ in their biological prop-

erties and tissue distribution [69]. Although displaying dehydrogenase and reductase activities

in vitro, the dominant in vivo function of the type 1 enzyme is obviously glucocorticoid 11-

oxoreduction [42]. 11β -HSD2 seems to work exclusively as dehydrogenase by inactivating

11-hydroxyglucocorticoids and thereby effectively protects mineralocorticoid receptor from oc-

cupancy and transactivation by corticosterone, but not aldosterone. Thus, 11β -HSD2 is respon-

sible for ensuring mineralocorticoid specificity of aldosterone [113]. The biological functions of

11β -HSD1 are less well understood. 11β -HSD1 has been referred to as a enzyme with a micro-

molar affinity for glucocorticoids which is in contrast to low glucocorticoid plasma levels and

high binding affinities of glucocorticoids to the glucocorticoid receptor (both in low nanomolar

concentrations) [71]. This enzyme is active as dimer and oligomeric enzymes often display ki-

netics other than that described by the Michaelis-Menten equation. When applying sigmoidal

dose response calculation, cooperative kinetics of 11β -HSD1 action with cortisone and dehydro-

cortisone were observed. Accordingly, this enzyme dynamically adapts to low (nanomolar) as

well as to high (micromolar) substrate concentrations, thereby providing the fine-tuning required

as a consequence of great variations in circadian plasma glucocorticoid levels [71].

Increases in the activity and expression of 11β -HSD1 have been implicated in the pathogene-

sis of many common conditions including obesity, insulin resistance, type 2 diabetes, and the

metabolic syndrome [126]. 11β -HSD1 knockout mice opposes the pathogenic lipid and lipopro-

tein profile and exhibited the improved hepatic insulin sensitivity and glucose tolerance [85]. In
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contrast, transgenic mice overexpressing 11β -HSD1 selectively in adipose tissue had developed

visceral obesity that was exaggerated by a high-fat diet and also exhibited pronounced insulin-

resistant diabetes and hyperlipidemia [73]. Hence, a selective 11β -HSD1 inhibition has been

proposed as a novel therapeutic strategy in the metabolic syndrome [1].

Interestingly, evidence is emerging that 11β -HSD1 fulfills an additional role in the metabolism

of xenobiotic carbonyl compounds [72]. 11β -HSD1 was demonstrated to be capable of acting as

carbonyl reductase in the detoxification of aldehydes, ketones, and quinones [42]. As observed

with glucocorticoid reduction, xenobiotic carbonyl reduction showed cooperative kinetics indi-

cating that the enzyme may dynamically adapt to low as well as to high substrate concentra-

tions [72]. Most carbonyl compounds are lipid soluble and are expected to distribute themselves

in membranes rich in lipids. Therefore, microsomal 11β -HSD1 rather than cytoplasmic reduc-

tases may play a significant role in the reductive metabolism of these substances [70]. In addi-

tion, quinone toxicity may result in lipid peroxidation and deleterious effects on the phospholipid

bilayer. 11β -HSD1 may therefore be more important as a protective device against lipid peroxi-

dation and subsequent membrane damage than cytosolic NAD(P)H:quinone oxidoreductase and

CBR1. In addition, UDP-glucuronosyltransferase, a glucuronic-acid-conjugating enzyme im-

portant in quinone detoxification, is located in the endoplasmic reticulum. It is conceivable that

11β -HSD1 and glucuronosyltransferase cooperate in the detoxification of quinones [70]. Next,

11β -HSD1 has important role in the detoxification of NNK, a tobacco-derived carcinogen, since

it is able to reduce NNK even in the low nanomolar scale [69].

2.4.6 Other SDR-type carbonyl reducing enzymes

The SDR enzymes DCXR, (dehydrogenase/reductase 2) DHRS2, and DHRS4 constitute a clus-

ter of sequence-related SDR enzymes whose physiological roles are insufficiently understood at

present [100].

DCXR is a mitochondrial enzyme with a large range of activities towards dicarbonyl and sugar

compounds. These properties suggest that DCXR is involved in the uronate cycle of glucose

metabolism [89]. DHRS4 is a peroxisomal enzyme which reduces all-trans retinal with low

catalytic efficiency. It has been reported that DHRS4 reduces 3-keto-C19/C21-steroids into 3β -

hydroxysteroids. Therefore, this enzyme may be involved in the metabolism of 3-ketosteroids [74].

DHRS2 was originally isolated as a cell-cycle regulated protein and found to be member of

the SDR family [114]. All these carbonyl reducing enzymes show activity toward various

α -dicarbonyl compounds and are proposed as detoxification enzymes [74, 89, 114].
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2.5 Biological functions of carbonyl reductases

Carbonyl reductases are ubiquitous in nature and catalyze the NADPH reduction of a large num-

ber of biologically and pharmacologically active substrates [132]. The biological function of

carbonyl reducing enzymes from the SDR superfamily is not fully understood. The role of sev-

eral HSDs in steroid metabolism is known, however, some exhibit activity toward nonsteroid

substrates. The best substrates for carbonyl reductases are quinones, e.g. quinones derived from

polycyclic aromatic hydrocarbons (PAH), and several xenobiotic aldehyds and ketones. Many of

these compounds exert toxic effects in biological systems and hence, carbonyl reductases may

serve as a general catalyst in the detoxification of these compounds [43]. On the other hand,

physiological roles of carbonyl reductases in the endogenous metabolism of prostaglandins,

steroids, or tetrahydrobiopterin synthesis were proposed [42].

2.5.1 Roles in steroid and prostaglandin metabolism

HSD from the SDRs, namely 11β -HSD1, and several HSDs from the AKRs catalyze position-

specific and stereospecific reactions of steroids. Thus, they play pivotal roles in the biosyn-

thesis and inactivation of steroid hormones. Carbonyl reductases may also have role in steroid

metabolism, because their ability to metabolize steroids [46]. They are known to interconvert

PGE2 and PGF2α . This suggests a further regulatory role of this enzymes in prostaglandin

function [27]. Moreover, the activity of carbonyl reductases has been found to be regulated by

estrogens and gonadotropins, and was proposed to be important for the ovulation process [42].

2.5.2 Roles in oxidative stress

Carbonyl reduction plays important role in oxidative stress. Oxidative stress is defined by in-

crease in the levels of ROS. Major sources for ROS production include respiration, inflammatory

mechanisms, endogenous metabolism (e.g., through peroxisomal or flavin-containing enzymes),

metabolic activation of xenobiotics, or through direct prooxidative effects of environmental

agents (e.g., metals, radiation, chlorinated compounds) [100]. Oxidative stress results in the

oxidation of cellular components, and in many cases, reactive carbonyls are produced as a con-

sequence. Examples are the lipid peroxidation end products such as malondialdehyde, acrolein,

4-hydroxy-2-nonenal, and 4-oxo-2-nonenal. Since carbonyl compounds are highly reactive, they

are capable of forming adducts with proteins and nucleotides. Some carbonyl compounds cause

the mutation of genes through modification of DNA and, hence, are mutagenic [45]. Consider-
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able evidence is now emerging that it is the presence of these carbonyls rather than the initial

oxidative insult that leads to the cellular damage observed. Therefore, reactive carbonyl prod-

ucts could be involved in the progression of diseases, including neurodegenerative disorders, di-

abetes, atherosclerosis, diabetic complications, reperfusion after ischemic injury, hypertension,

and inflammation [24].

Mammals have evolved several mechanisms to suppress oxidative stress and minimize dam-

age by ROS. The one mechanism is an antioxidative system comprised of enzymes and low

molecular weight compounds such as vitamins (A, C, and E) and glutathione. This system scav-

enges harmful ROS before they have an opportunity to react with other important molecules

and terminates the subsequent chain reaction. The other is a reduction-oxidation system that

not only functions to detoxify harmful oxidants but reductively repairs oxidized molecules as

well [31]. Carbonyl compounds produced by oxidative stress can undergo spontaneous and en-

zyme catalyzed GSH conjugation and either oxidation by aldehyde dehydrogenases or carbonyl

reduction catalyzed by AKR or SDR enzymes [42].

2.5.3 Quinone detoxification

Reactions of quinone compounds are of special toxicological interest [102]. Quinones may be

toxic to cells by a number of mechanisms including redox cycling, arylation, intercalation, in-

duction of DNA strand breaks, generation of site-specific free radicals, and interference with mi-

tochondrial respiration. The role of oxidative stress and redox cycling is regarded to be of a big

significance in the quinone toxicity [84]. Human exposure to quinones can occur via drug ther-

apy, the diet, or airborne pollutants. In addition, mammals themselves synthesize quinones [42].

Quinones may undergo one-electron reduction by microsomal NADPH-cytochrome P450 re-

ductase, microsomal NADH-cytochrome b5 reductase, and mitochondrial NADH-ubiquinone

oxidoreductase. Resulting semiquinones may be toxic per se or react with molecular oxygen

forming superoxide anion radical and regenerating the parent quinone, which is then available

for rereduction and hence undergoes a redox cycling. The net result of this redox cycling is an

oxidative stress [84].

Two-electron reduction of quinones has generally been considered to be a detoxication path-

way since the resulting hydroquinone may be conjugated and excreted [84]. In principle, hy-

droquinones may undergo autooxidation and generate active oxygen species. However, in the

presence of conjugating enzymes, they are rapidly converted to the glucuronyl or sulfate conju-

gates, which prevent their reoxidation to quinones. Consequently, enzymes catalyzing the two-
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electron reduction of quinones to hydroquinones may protect the cell against oxidative stress

from quinone compounds by competition with single-electron reduction pathways [70]. Two-

electron reduction of quinones is catalyzed by cytosolic NAD(P)H: quinone reductase and two

enzymes from the SDR superfamily, these are cytosolic CBR1 and microsomal 11-βHSD1 [42].

2.5.4 Protection against tobacco smoke-derived lung cancer

The tobacco specific NNK is the most potent carcinogen presented in tobacco and suggested to

be an important factor in the etiology of lung cancer in smokers. [40] NNK requires metabolic

activation by cytochrome P-450 resulting to the formation of reactive electrophilic species that

alkylate DNA. Detoxification occurs mainly by carbonyl reduction to 4-(methylnitrosamino)-1-

(3-pyridyl)-1-butanol (NNAL), which can be further subjected to glucuronidation and excretion

in urine [117]. It has been characterized five different enzymes catalyzing NNK carbonyl re-

duction in humans, CBR1 and 11β -HSD1 from the SDR superfamily and three members of the

AKR superfamily (AKR1C1, AKR1C2 and AKR1C4) [42]. CBR1 was identified as the major

contributor to NNK carbonyl reduction in human liver and lung cytosol [3].

Any impact on NNK carbonyl reduction could have consequences with regard to NNK-induced

carcinogenesis [42]. For example, a variety of factors may influence the NNK detoxification

capacity of 11β -HSD1. These factors include differences in expression levels which may re-

sult from environmental or genetic factors, mutational aberrations in enzyme activity, or in-

teractions with endogenous or exogenous 11β -HSD1 substrates or inhibitors. Consequently,

this conditions may cause an impaired detoxification capacity of 11β -HSD1 that may shift the

NNK/NNAL equilibrium towards cytochrome P450 mediated NNK activation and lead to the

accumulation of deleterious NNK metabolites [69].

2.5.5 Carbonyl reduction in drug metabolism

Carbonyl reduction has a significant role in drug metabolism. Carbonyl reductases may reduce

carbonyl-containing drugs to less lipophilic alcohol metabolites. These reduced alcohol metabo-

lites can be than excreted, as well as rapidly conjugated by phase II metabolizing enzymes, which

facilitate their elimination [42]. Carbonyl reduction has been shown to be important in inactiva-

tion of drugs, such as warfarin, haloperidol, DRC and DOXO. On the other hand, the respective

carbinols formed may retain their therapeutic potency, thus prolonging the pharmacodynamic

effect, or, in some instances, a compounds gain activity through carbonyl reduction, as is the
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case for pentoxifylline, and propranolol [42].

2.5.6 Role in anthracycline therapy

Anthracyclines such as DRC and DOXO are the most valuable cytostatic agents in chemother-

apy, but their usefulness is limited by intrinsic or acquired resistance towards these drugs. An-

thracycline resistance is not merely the result of alterations in drug uptake and retention, but is

also mediated by enzymatic anthracycline detoxification [4]. DOXO and DRC undergo reduc-

tion mediated by NADPH-dependent cytoplasmic aldo/keto- or carbonyl-reductases resulting in

formation of C-13-alcohol metabolites, DOXol, and DRCol, respectively [80]. Human tissues

express at least two DOX-reducing enzymes, these are CBR1 and AKR1C3. CBR1 seems to be

a major DOX reductase [34, 56]. Three enzymes capable of catalyzing DRC carbonyl reduction

have been identified in human liver: AKR1A1 and AKR1C2 from the AKR superfamily and

CBR1 from the SDR superfamily.

DOXol and DRCol are the major metabolites in patients [5]. Interestingly, they have signifi-

cantly lower antineoplastic potency compared to the parent drugs, in terms of inhibiting tumor

cell growth in vitro. Hence, elevated levels of carbonyl-reducing enzymes constitute a mech-

anism in the development of resistance [118]. Moreover, DOXol and DRCol are regarded to

be responsible for cardiotoxicity, which is a serious side effect observed upon anthracycline

chemotherapy [80]. Therefore, prevention of carbonyl reduction may represent a potential ap-

proach to enhancing the safety and efficiency of cytostatics in clinical chemotherapy [42].

2.6 Theories on CBR3 regulation

The expression of genes could be regulated in gene-specific way at any one of several stages.

The major control point for most genes is initiation of transcription. Regulatory transcription

factors provide common control of a large number of target genes. The transcription factor

binds to response element located in promoter or in enhancer regions of response genes, thereby

stimulates, or sometimes inhibits, transcription from those genes [63]. The activity of transcrip-

tion factor is itself regulated in response to intrinsic or extrinsic signals [63]. A diversity of

compounds can bind to transcriptional factors and act as agonists or antagonists. In the absence

of ligand, the ligand-binding domain of many transcriptional factors is bound to transcriptional

co-repressor complexes. Transcriptional factors exist either in the cytoplasm or nucleus. The

latter are termed as nuclear receptors and their ligands include steroid hormones. Transcrip-
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tional factors can form monomers, homodimers (e.g., estrogen receptor and mineralocorticoid

receptor), or heterodimers. Many nuclear receptors form obligate heterodimers with the retinoid

X receptor [18].

While the regulation of CBR3 gene expression is completely unknown, the regulation of CBR1

seems to be mediated by AhR, this mean by xenobiotic response element (XRE) [59]. Since

CBR1 and CBR3 are close related, the transcription regulation of both enzymes may be iden-

tical. Furthermore, the states in which is expression of CBR3 increased could indicate other

possible mechanisms involved in its regulation. This data may be obtained from the Gene

Expression Omnibus (GEO). GEO is a public repository that archives and freely distributes

microarray and other forms of high-throughput data submitted by the scientific community. Re-

sults published in GEO report about the increased CBR3 expression, among others, in human

microvascular endothelial cells (HMEC) and macrovascular human umbilical vein endothelial

cells (HUVEC) stimulated with tumor necrosis factor alpha (TNF-α), and in synovial tissues

from patients with rheumatoid arthritis [90–92, 129]. Since nuclear factor κB (NF-κB) is ac-

tivated with TNF-α and is overexpressed in inflamed synovium in rheumatoid arthritis, CBR3

could be regulated through NF-κB pathway [26]. Next, elevated CBR3 level was reported in

small and large airway epithelial cells from cigarette smokers [12, 39, 93, 94]. Cigarette smoke

is a complex mixture containing thousands of toxicants, many of which can be potent activators

of Nrf2, either directly as electrophiles or indirectly by causing redox imbalance and oxidative

stress [57]. Cigarette smoke also contains benzo(a)pyrene, a powerful AhR ligand [124]. There-

fore, CBR3 could be target gene of Nrf2 or AhR. In addition, oxidatively modified LDL, other

source of oxidative stress, induced expression of CBR3 in retinal pigment epithelial ARPE-19

cells [95, 136], indicating the possible involvement of Nrf2-pathway in CBR3 regulation.

2.6.1 NF-κB

Nuclear factor κB (NF-κB) plays a pivotal role in regulating genes involved in the control of the

immune system as well as in the response to injury and infection [111]. NF-κB is maintained in

an inactive form in the cytoplasm by association with its specific inhibitor, IκB [26]. The major

pathway leading to NF-κB activation is based on inducible IκB degradation. Upon stimulation

with many NF-κB inducers, IκB kinase (IKK) is rapidly phosphorylated, which targets the in-

hibitor for ubiquitination and subsequent degradation [111]. The liberated NF-κBs enter the

nucleus, where they form homo- or heterodimer and thereby regulate the transcription of diverse

genes encoding cytokines, growth factors, cell adhesion molecules, and pro- and anti-apoptotic

proteins [26]. Activated NF-κB can then be down-regulated through multiple mechanisms in-
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cluding the well characterized feedback pathway whereby newly synthesized IκB protein binds

to nuclear NF -κB and exports it out to the cytosol [2].

NF-κB is activated by a range of stimuli, including various pro-inflammatory cytokines (e.g.,

TNF-α and IL-1), growth factors, DNA-damaging agents and viral proteins [14]. By reason of

a large diversity of agents that might activate NF-κB, it has been proposed that agents activating

NF-κB do so by increasing oxidative stress within the cell. However, this model was not found to

be universal, since the dependence between NF-κB activation and intracellular ROS generation

was only detected in certain cell lines [111].

2.6.2 Guggulsterone

Guggulipid, an extract from the tree called Commiphora mukul, is used to treat a variety of

disorders in humans, including dyslipidemia, obesity, and inflammation [10, 11]. The active in-

gredient in guggulipid are the cis- and trans-stereoisomers of 4,17(20)-pregnadiene-3,16-dione,

referred to as Z-guggulsterone (Z-GS) and E-guggulsterone (E-GS), respectively.

GS has been shown to attenuate intestinal inflammation. The anti-inflammatory action appeared

to be mediated by inhibiting NF-κB signaling by way of IKK blockade [15]. The hypolipi-

demic activity of GS has been suggested to be mediated by antagonism of the receptor for bile

acids, the farnesoid X receptor (FXR) [11, 134]. Later studies have demonstrated that GS is a

promiscuous steroid receptor ligand [10, 11]. Both stereoisomers of GS act as antagonists of

mineralocorticoid receptor (MR), glucocorticoid receptor (GR), and androgen receptor (AR),

and agonists of progesterone receptor (PR), pregnane X receptor (PXR) and estrogen receptor α

(ERα) at concentrations well below those required to block FXR [11].
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2.6.3 AhR

Aryl hydrocarbon receptor (AhR) is a ligand-activated transcription factor known to mediate

most of the toxic and carcinogenic effects of a wide variety of environmental contaminants

such as dioxins and related aromatic hydrocarbons [6]. The AhR is present in the cytosol in

complex with the chaperone Hsp90 and co-chaperones. Ligand binding leads to nuclear translo-

cation, release of chaperones and heterodimerization with aryl hydrocarbon nuclear translocator

(ARNT) [8]. This heterodimer binds to a partially characterized set of co-activators and/or

co-repressors and the resulting complex interacts with XREs in the regulatory region of target

genes, including genes coding for Phase I and II biotransformation enzymes and genes involved

in regulation of cell development, proliferation and differentiation [8].

The aryl hydrocarbon receptor repressor (AhRR) is a negative regulator of AhR, competing with

it for formation of a heterodimer with the ARNT [79]. Since the AhRR itself is induced by AhR

ligands, the AhR and AhRR form a regulatory feedback loop in the AhR signal transduction

pathway [79]. Direct interaction of the AhR with the retinoblastoma protein and NF-κB has been

identified. AhR signaling also includes cross-talk with a number of protein kinases [8, 106].

Typical ligands are PAHs, halogenated aryl hydrocarbons (HAHs), and numerous dietary plant

constituents such as indole 3-carbinol and curcumin [50]. In addition, a variety of endogenous

chemicals have been identified that can bind to the AhR and/or activate AhR-dependent gene

expression. Although the majority of these chemicals are relatively weak when compared to

2,3,7,8-tetrachlorodibenzo-[p]-dioxin, the most potent HAH [8, 50].

2.6.4 Nrf2

Nuclear factor erythroid 2-related factor 2 (Nrf2) is the central protein that interacts with the an-

tioxidant response element (ARE) to activate gene transcription in response to an oxidative stress

signal [96]. Kelch ECH associating protein 1 (Keap1), a cytosolic repressor protein that binds

to Nrf2, retains it in the cytoplasm, and targets it for ubiquitination and proteasome degradation.

This mechanism promotes low basal gene expression of the cytoprotective enzymes and proteins

in cells under normal physiological conditions [57]. The modification of key cysteine residues on

Keap-1 during electrophilic or oxidative stress lead to a disruption of the low-affinity interaction

between Nrf2 and Keap-1 [20]. Furthermore, phosphorylation by protein kinases is required for

Nrf2 release. Three major signal transduction pathways have been proposed as being involved in

transducing oxidative stress signals to Nrf2: the protein kinase C, the mitogen-activated protein
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kinase cascades, and the phosphatidylinositol 3-kinase [37]. Released Nrf2 quickly translocates

to the nucleus and before the binding to ARE, Nrf2 heterodimerizes with members of the small

Maf family of transcription factors [57]. Proteins that are encoded by the ARE gene battery

include enzymes associated with glutathione biosynthesis, redox proteins with active sulfhydryl

moieties, and xenobiotic detoxification enzymes [96]. Nrf2 transcription itself is transactivated

by ARE [86].

Two classes of anticarcinogenic enzyme inducers were described, these are monofunctional and

bifunctional [121]. The inducers of ARE target genes are also distinguished as monofunctional

and bifunctional. The monofunctional inducers can only act through the ARE-mediated path-

way [96]. Monofunctional inducers induce phase II enzymes and antioxidant enzymes. They are

electrophilic compounds capable of reacting with sulfhydryl groups. The bifunctional inducer

can induce both phase I and phase II enzymes. The bifunctional inducers bind to and activate

the AhR, which then lead to activation of transcription through the XRE [37]. The bifunctional

inducers can also activate transcription through the ARE via a separate pathway, but at first,

they have to be metabolized by the monooxygenase system to compounds that are chemically

similar to the monofunctional inducers. This is facilitated by their ability to induce CYP 1A1,

thus increasing their own metabolism [96].

Figure 2.1: Mono and bifunctional inducers, according to Giudice et al., 2006. ANF, α-naphthoflavone;
ATF4, activating transcription factor; 4β -NF, β -naphthoflavone; bZip, basic re-
gion leucine zipper; GST, glutathione S-transferase; I3C, indole-3-carbinol; NQO1,
NAD(P)H:quinone oxidoreductase1; PMF-1, polyamine-modulated factor-1 protein; TCDD,
2,3,7,8-tetrachlorodibenzo-p-dioxin; UDP-GT, UDP-glucuronosyltransferase
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Results from several studies implies that AhR and Nrf2 have direct links. It was demonstrated

that the Nrf2 gene expression is at least partly regulated by AhR inducers by activating multiple

XRE elements in its promoter [78]. In contrast to XRE, ARE is capable to mediate a response

to monofunctional inducer tert-butylhydroquinone (TBHQ) in mutant cell lines lacking either

a functional AhR or CYP 1A1. Thus, the data strongly confirm the proposal that induction of

Phase II enzymes may also be mediated by an AhR-independent mechanism [96].
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3 Aims of the diploma thesis

The aims of this thesis were:

1. to reveal suitable cell line for investigation of CBR3 regulation

2. to study effect of TNF-α on CBR3 expression

3. to study effect of guggulsterone on CBR3 expression

4. to study effect of AhR-ligands on CBR3 expression

5. to study effect of Nrf2-ligands on CBR3 expression
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4 Material

4.1 Chemicals

Substance Producer
Acetic Acid Sigma, Steinheim (Germany)

Acrylamide/bis-Acrylamide 30 % Sigma, Steinheim (Germany)

Agarose NEEO Ultra Qualität Carl Roth, Karlsruhe (Germany)

Amonium Peroxide Sulfate Carl Roth, Karlsruhe (Germany)

Benzo[k]fluoranthene Sigma, Steinheim (Germany)

Bovine Serum Albumine Behringwerke, Marburg (Germany)

Bromophenolblue Fluka, Buchs (Switzerland)

Chloroform Carl Roth, Karlsruhe (Germany)

Curcumin Sigma, Steinheim (Germany)

Dexamethasone Sigma, Steinheim (Germany)

Dibenzoyl methane Sigma, Steinheim (Germany)

Diethyl maleate Sigma, Steinheim (Germany)

Disodium Phosohate Dihydrate Merck, Darmstadt (Germany)

D,L-Sulforaphane Sigma, Steinheim (Germany)

EDTA Sigma, Steinheim (Germany)

Estradiol Sigma, Steinheim (Germany)

Ethanol Carl Roth, Karlsruhe (Germany)

Glycerol Carl Roth, Karlsruhe (Germany)

Glycine Sigma, Steinheim (Germany)

Hydrogen Chloride Merck, Darmstadt (Germany)

Isopropanol Merck, Darmstadt (Germany)

Kalium Chloride Merck, Darmstadt (Germany)

Kalium Dihydrogenphosphate Sigma, Steinheim (Germany)

Kodak x-ray Developer LX 24 Kodak

Kodak x-ray Fixer AL 4 Kodak

Methanol Carl Roth, Karlsruhe (Germany)
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MG-132 Calbiochem, Darmstadt (Germany)

N,N,N´,N´-Tetramethylethylendiamin Carl Roth, Karlsruhe (Germany)

Pefablock sc Fluka, Buchs (Switzerland)

Powdered Milk Blotting grade Carl Roth, Karlsruhe (Germany)

Rifampicine Sigma, Steinheim (Germany)

Mifepristone Sigma, Steinheim (Germany)

Sodium Chloride Baker, Griesheim (Germany)

Sodium Dodecyl Sulfate (SDS) Sigma, Steinheim (Germany)

Sodium Hydroxide Merck, Darmstadt (Germany)

tert-butylhydroquinone Sigma, Steinheim (Germany)

TNF-α Cell System Biotechnologie,

St. Katharinen(Germany)

Tris Base Sigma, Steinheim (Germany)

Tween 20 Sigma, Steinheim (Germany)

Z-Guggulsterone Sigma, Steinheim (Germany)

4.2 Enzymes and related products

dNTP mix (PCR grade) Promega, Mannheim (Germany)

DTT (0,1 M) Promega, Mannheim (Germany)

Hot Star Taq Plus DNA Polymerase (5U/ µl) Qiagen, Hilden (Germany)

Phire Hot Start DNA Polymerase Biozym, Oldendorf (Germany)

RevertAid H minus M-MuLV Reverse

Transcriptase (200U/ µl) Fermentas, St. Leon-Rot (Germany)

Ribolock RNAse inhibitor Fermentas, St. Leon-Rot (Germany)

RQ1 DNase Stop Solution Promega, Mannheim (Germany)

RQ1 RNAse-free DNAse (1U/ µl) Promega, Mannheim (Germany)

SuperScript II Reverse Transcriptase (200U/ µl) Invitrogen, Karlsruhe (Germany)

Taq DNA Polymerase (5U/ µl) PEQLAB, Erlangen (Germany)
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4.3 Antibodies

CBR3 antibody (goat) Abcam, Cambridge (UK)

Goat-secondary antibody HRP conjugated Abcam, Cambridge (UK)

4.4 Kits

BCA Protein Assay Kit Novagen, Darmstadt (Germany)

ECL advance Western Blotting detection kit Amersham Biosciences, Freiburg (Germany)

ECL Western Blotting detection kit Amersham Biosciences, Freiburg (Germany)

4.5 Markers and stains

6× Loading Dye Solution Fermentas, St. Leon-Rot (Germany)

GelGreen Nucleic Acid Stain Biotrend, Köln (Germany)

GelRed Nucleic Acid Stain Biotrend, Köln (Germany)

Gene Ruler 100 bp DNA Ladder Plus Fermentas, St. Leon-Rot (Germany)

Ponceau S (concentrate) Sigma, Steinheim (Germany)

Protein Molecular Weight Marker Fermentas, St. Leon-Rot (Germany)

Rainbow Marker Amersham Biosciences, Freiburg (Germany)

SYBR Safe DNA Gel Stain Invitrogen GmbH, Karlsruhe (Germany)

38



4.6 Apparatus

Blotter Pegasus Semi-Dry-Blotter Phase, Lübeck (Germany)

Gel documentation system Image Master VDS + FUJIFILM

Imaging System FTI-500 Pharmacia Biotech, Freiburg (Germany)

Gel IX Imager Intas,Göttingen (Germany)

PCR-Thermocycler T Gradient Biometra, Göttingen (Germany)

Power Supply Power Pack 35/60 Phase, Lübeck (Germany)

Power Pack 300 BioRad, München (Germany)

Sonicator Labsonic 1510 B. Braun, Melsungen (Germany)

Spectrophotometer GeneQuant II Pharmacia Biotech, Freiburg (Germany)

Ultracentrifuge TGA 65(Rotor: TFT 70.38) Kontron Analytik GmbH, (Switzerland)

Vacuum concentrator SPD121P Speed Vac Thermo, Engelsbach (Germany)

4.7 Expendable supplies

96-well microtest plates Sarstedt, Nürnbrecht (Germany)

Biosphere MicroTube 1,5 ml, RNAse-free Sarstedt, Nürnbrecht (Germany)

Eppendorfs Sarstedt, Nürnbrecht (Germany)

Hyperfilm ECL (18x24cm) Amersham Biosciences, Freiburg (Germany)

Multiply PCR cups 0,2 ml Sarstedt, Nürnbrecht (Germany)

Multiply-µStrip of 8 tubes 0,2 ml Sarstedt, Nürnbrecht (Germany)

Nitrocellulose Membran Hybond ECL Amersham Biosciences, Freiburg (Germany)

39



4.8 Cell lines

Cell line Cell type Origin Supplier Received
at passage
number

A-549 human lung
carcinoma

established from an explanted
lung tumor which was removed
from a 58-year-old Caucasian
man in 1972

DSMZ unknown

Caco-2 human colon
adenocarci-
noma

established from the primary
colon tumor(adenocarcinoma)
of a 72-year-old Caucasian man
in 1974

DSMZ unknown

HCT-116 human colon
carcinoma

established from the primary
colon carcinoma of an adult man

kindly provided by
Prof. Dr. J. Abel,
IUF, Düsseldorf

17

HT-29 human colon
adenocarci-
noma

established from the primary tu-
mor of a 44-year-old Caucasian
woman with colon adenocarci-
noma in 1964

DSMZ unknown

SW-480 human colon
adenocarci-
noma

established from the tumor of a
50-year-old Caucasian man with
colon adenocarcinoma (grade 4,
Duke class B)

DSMZ unknown

TC-7 human colon
adenocarci-
noma

a subclone of the caco-2 cell line kindly provided by
Prof. P. Münzel,
University of
Tübingen

26
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5 Methods

5.1 Cell culture

Cell culture experiments were kindly carried out by Dr. Bettina Ebert. Caco-2, HCT-116, SW-

480, HT-29 and A-549 cells were cultured in Dulbecco’s modified Eagle medium (DMEM, high

glucose (4.5g/l), containing sodium pyruvate), with 2 mM L-glutamine, 1 % (v/v) non-essential

amino acids and 10 %(v/v) heat-inactivated FCS, without antibiotics. Heat-inactivation of FCS

was performed at 56 °C for 30 min. TC-7 cells were grown in medium supplemented 20 % (v/v)

heat-inactivated FCS. The cells were incubated at 37 °C in an atmosphere of 5 % CO2. The

medium was changed every 2-3 days. After reaching confluence, the cells were subcultured via

standard method using Trypsin-EDTA-solution (0.2 % Trypsin).

For experiments, cells were seeded on petri dishes (9.6 cm2 or 78.5 cm2 growth area) or six-well

plates (9.3 cm2 growth area). After reaching 80-95 % confluence, or 4-15 days after differentia-

tion as was the case of Caco-2 cells, they were treated with test compounds freshly dissolved in

culture medium. Control treated with culture medium containing 0.1 % dimethylsulfoxid (v/v)

were included in each experiment. After incubation, the medium was removed, the cell mono-

layer was washed twice with icecold phosphate-buffered saline (PBS) and cells were harvested

for RNA or protein isolation.

Since FCS contains hormones and growth factors, experiments with estradiol (E2), TNFα , or

GS requiredincubation of cells in serum free DMEM (overnight) and the experiments with these

substances were performed under serum-free conditions as well. In addition, experiments with

E2 required not only serum free conditions, but also medium without phenol red, because phenol

red possess estrogenic activity.

Composition of PBS buffer: 137.0 nM NaCl
2.7 nM KCl
8.8 nM Na2HPO4·2 H2O
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5.2 Gene expression experiments based on semi-quantitative

RT-PCR

The gene expression level of CBR3 was investigated by polymerase chain reaction (PCR) using

complementary DNA (cDNA) as a template. Total RNA was isolated from cells after treatment

and then, cDNA was synthesized by reverse transcription with oligo (dT)primer. This cDNA

represents poly(A)+ mRNA and after PCR amplification, the intensity of a band reflects the

mRNA amount of the respective gene.

5.2.1 RNA isolation

The total RNA was isolated from cells using TRIzol Reagent. This is a phenol-based reagent

which maintains the integrity of the RNA, while disrupting cells and dissolving cell components.

Addition of chloroform separates the solution into an aqueous phase and an organic phase. The

RNA is recovered from aqueous phase by precipitation with isopropyl alcohol.

Total RNA was isolated using TRIzol reagent according to the manufacturer’s protocol. In

detail, after removing the culture medium, the cell monolayers were washed twice with PBS

and subsequently harvested by adding 1 ml of TRIzol reagent to each well. To reduce the

viscosity and and to shear genomic DNA, the cell lysate was passed several times through a blue

tip and subsequently stored at -80 °C until further analysis. RNA isolation was continued by

thawing the samples and adding 0.2 ml of chloroform per 1 ml of TRIzol reagent. Tubes were

shaken by hand for 15 seconds. The samples were centrifuged at 12,000 g for 15 minutes at

4 °C to separate phases. Then the aqueous phase was transferred to a fresh tube and RNA was

precipitated from the aqueous phase by adding 0.5 ml of isopropyl alcohol per 1 ml of TRIzol

reagent. The total RNA was collected by centrifugation at 12,000 g for 15 minutes at 4 °C.

The pellets were washed by dislocating the pellet by vortexing with 0.7 ml of 75 % ethanol per

1 ml of TRIzol reagent used for the initial homogenization and the solution was centrifuged at

12,000 g for 10 minutes at 4 °C. All leftover ethanol was removed and washing procedure was

repeated once. The RNA pellets were dried in vacuum dry for 4-8 min at room temperature and

subsequently dissolved in 50-170 µl DEPC-treated water by gentle pipetting and incubated for

10 minutes at 55 to 60 °C. The concentrations of the RNA samples were determined by the use

of UV spectrophotometry. The absorbance at 260 nm (OD 260) of diluted RNA (1:30 dilution)

was measured. The concentration of the RNA in sample was calculated as follows:

RNA concentration (ng/µl) = (OD 260) × (dilution factor) × 40
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Moreover, the ratio of the absorbance at 260 nm and 280 nm was measured to estimate the purity

of a RNA sample. The A260/A280 ratio should be ≥ 1.8 [115].

5.2.2 First strand cDNA synthesis

Isolated RNA was converted to cDNA with a reverse transcriptase, because DNA is much more

stable. At first, the DNA contamination was removed from sample using DNAse I. The DNase

I digestion reaction consisted of the appropriate amount of RNA sample containing 2 µg RNA,

2 µl DNase I, 2 µl 10 × Reaction Buffer and DEPC-water to a final volume of 20 µl (see ta-

ble 5.1). After incubation at 37 °C for 30 minutes, 2 µl of Stop Solution were added to terminate

the reaction. Subsequently incubation at 65 °C for 10 minutes inactivated the DNase I.

Table 5.1: DNase digestion reaction-mix

Component Amount

RNA 2.0 - 4.0 µg
RNase-Free DNase I 2.0 µl
10× Reaction Buffer 2.0 µl
DEPC-water ad 20.0 µl

Incubation 30 min at 37 °C

DNase Stop Solution 2.0 µl

Total volume 22.0 µl

Reverse transcription of RNA was performed with Superscript II reverse transcriptase or the

RevertAid H Minus M-MuLV Reverse Transcriptase. In both manners, the solution with 2 µg

RNA after DNAse treatment was used (see table 5.1). To this solution were added other com-

ponents (see table 5.2, 5.3). The mixture was incubated at 42 °C for 60 min. Then, the reaction

was inactivated by heating at 70 °C for 15 min by the use of Superscript II reverse transcriptase

or for 10 min. when RevertAid H Minus M-MuLV Reverse Transcriptase was used.

43



Table 5.2: SuperscriptII reverse transcriptase reaction-mix

Component Volume µl

DNase digestion reaction-mix 22.0
oligo (dT)15 (500 µg/ml) 2.0
dNTP mix (10 mM each) 2.0
0,1M DTT 2.0
5× First strand Buffer 7.0

Incubation 1 min. at 42 °C

Superscript II RT (200U / µl) 1.0

Total volume 36.0

Table 5.3: RevertAid H Minus M-MuLV reverse transcriptase reaction mix

Component Volume [ µl]

DNase digestion reaction-mix 22.0
oligo (dT)15 (500 µg/ml) 1.0
dNTP mix (10 mM each) 3.5
Ribolock RNAse inhibitor 0.5
5× Reaction Buffer 7.0

Incubation 1 min. at 42 °C

RevertAid H Minus M-MLV RT (200U/ µl) 1.0

Total volume 35.0
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5.2.3 PCR

PCR is a method used to amplify specific regions of a DNA strand. Hot-start PCR is a technique

that provides high PCR specificity and often increases the yield of the specific PCR product.

Other advantage is that all reaction components can be combined at room temperature [115].

Three different DNA Polymerases were used: Taq Polymerase (PEQLAB), HotStarTaq Plus

DNA Polymerase (Qiagen) and Phire Hot Start DNA Polymerase (Finnzymes). QIAGEN Taq

Polymerase is a recombinant 94 kDa DNA polymerase originally isolated from Thermus aquati-

cus, and expressed in E. coli. HotStarTaq Plus DNA Polymerase is in an inactive state with no

polymerase activity at ambient temperatures. Phire Hot Start DNA Polymerase is a PCR enzyme

with improved yields in shorter time. Cycling times for HotStarTaq Plus DNA Polymerase were

optimalized for thermal cycler used. In detail, the lengths of the denaturation, annealing, and

final extension were extended.

Master-Mix was prepared from appropriate amounts of double distilled water, Buffer (purchased

together with polymerase), dNTPs (10 mM of each deoxyribonucleotide triphosphate), Primer-

mix (forward and reverse primer, each 25 µM) and polymerase (see Table 5.10). When PEQLAB

Taq Polymerase or HotStar Taq Plus was used, 3 µl of cDNA was added to 22 µl of Master-Mix

(see Table 5.4, 5.6), and by using Phire Hotstart Polymerase 2 µl of cDNA to 18 µl of Master

Mix (see Table 5.8). A negative control without template DNA was included in every exper-

iment. Thermo cycler conditions for each DNA Polymerase are indicated in Table 5.5, 5.7,

and 5.9. The number of cycles varied according to primer and cell line used (see Table 5.11).

PCR products were examined on 1 % agarose gels.

Table 5.4: Reaction mixture for 1 PCR assay with Taq DNA Polymerase reaction-mix

Component Volume[ µl]

ddH2O 17.6
10× Taq Reaction Buffer 2.5
dNTPs (10mM each) 0.5
Primer mix (12.5 µM each) 1.25
Taq DNA Polymerase (5U/ µl) 0.125

Master-mix 22.0
cDNA 3.0

Total volume 25.0
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Table 5.5: Thermal cycler conditions for Taq DNA Polymerase

Step Duration Temperature

Initial denaturation 3 min 94 °C
Denaturation 45 sec 94 °C
Annealing 45 sec 56 °C
Extension 45 sec 72 °C
Final extension 10 min 72 °C
Pause 4 °C

Table 5.6: Reaction mixture for 1 PCR assay with Hot Star Taq Plus DNA Polymerase

Component Volume[ µl]

ddH2O 17.9
10× CoralLoad PCR Buffer 2.5
dNTPs (10mM each) 0.5
Primer mix (12.5 µM each) 1.0
HotStarTaq Plus DNA Polymerase (5U/ µl) 0.125

Master-mix 22.0
cDNA 3.0

Total volume 25.0

Table 5.7: Thermal cycler conditions for Hot Star Taq Plus DNA Polymerase

Step Duration Temperature

Activation 5 min 95 °C
Denaturation 45 sec 94 °C
Annealing 45 sec 56 °C
Extension 45 sec 72 °C
Final extension 10 min 72 °C
Pause 4 °C
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Table 5.8: Reaction mixture for 1 PCR assay with Phire Hot Start DNA Polymerase

Component Volume[ µl]

ddH2O 12.4
5× Phire Reaction Buffer 4.0
dNTPs (10mM each) 0.4
Primer mix (12.5 µM each) 0.8
Phire Hot Start DNA Polymerase 0.4

Master-mix 18.0
cDNA 2.0

Total volume 20.0

Table 5.9: Thermal cycler conditions for Phire Hot Start DNA Polymerase

Step Duration Temperature

Activation 30 sec 98 °C
Denaturation 15 sec 98 °C
Annealing 15 sec 53-59 °C
Extension 20 sec 72 °C
Final extension 2 min 72 °C
Pause 4 °C
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Table 5.10: Primers-sequence

Gene Sequence (5’-3’) Tm [ °C]

β actin forward ACTCTTCCAGCCTTCCTTCCT 59.8
reverse AGGTTTTGTCAAGAAAGGGTGT 56.5

CBR1 forward GGACGTGCTGGTCAACAAC 58.8
reverse TCCTCTGCTCACTCAGTTTCCT 60.3

CBR3 fowrard GCTCAACGTACTGGTCAACAAC 57.9
reverse ATCCTCGATAAGACCGTGACC 60.3

COX-2 forward GAATGGGGTGATGAGCAGTT 57.3
reverse GGTCAATGGAAGCCTGTCAT 57.3

cyclophilin forward TTCCAGTCCCAGGAAGTGTC 59.4
reverse CTCACTGCAGACTGACCCAA 59.4

CYP1A1 forward TGATTGAGCACTGTCAGGAGA 57.9
reverse GGTTGATCTGCCACTGGTTTA 57.9

CYP3A4 forward CTAGCACATCATTTGGACTG 55.3
reverse ACAGAGCTTTGTGGGACT 53.7

GAPDH forward TGGAGGACTCATGACCACA 57.3
reverse TTCTAGACGGCAGGTCAGGT 59.4

Table 5.11: Primers-conditions for PCR

Gene Product length Polymerase Annealing T [ °C] Cycles

β actin 394 Taq Polymerase 56 21
HotStarTaq Plus Polymerase 56 18-19
Phire Hot Start Polymerase 59 18-19

CBR1 398 Taq Polymerase 56 34
Phire Hot Start Polymerase 59 30

CBR3 372 Taq Polymerase 56 34
HotStarTaq Plus Polymerase 56 29-37
Phire Hot Start Polymerase 59 28-34

COX-2 397 Taq Polymerase 56 34
Phire Hot Start Polymerase 59 32-33

cyclophilin 368 Phire Hot Start Polymerase 59 25-26

CYP1A1 393 Taq Polymerase 56 34
Phire Hot Start Polymerase 59 35

CYP3A4 325 Phire Hot Start Polymerase 53 39

GAPDH 238 Phire Hot Start Polymerase 59 23-26
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5.2.4 Agarose gel electrophoresis

Agarose gel electrophoresis is a method used to separate DNA, or RNA molecules by size.

1 % agarose gels were used. Agarose gels were prepared from Agarose NEEO Ultra Qualität,

TAE-buffer and a stain for visualisation double-stranded DNA. Different nucleic acid stains were

used, namely SYBR Safe DNA Gel Stain, GelRed Nucleic Acid Stain, or GelGreen according to

manufactor’s instructions. GeneRuler 100 bp Plus was used to check the size of the PCR prod-

ucts. Each sample was mixed before loading with 6 × Loading Dye Solution with the exception

of the products of PCR with Hot Star Taq Plus DNA Polymerase. In this case, 10x CoralLoad

PCR Buffer contains a red dye that eliminates the need for dye addition before loading DNA

onto an agarose gel.

Composition of TAE buffer, pH 8.0: 40.0 mM Tris
40.0 mM Acetic acid
1.0 mM 0,5 M Na2EDTA

5.3 Western blot analyses

Western blot is an analytical method allowed to detect specific proteins. It involves gel elec-

trophoresis to separate proteins, and the immobilization of proteins on membranes, where they

are detected using monoclonal or polyclonal antibodies.

5.3.1 Harvesting of cells and samples preparation

Samples were prepared from cell culture. For harvesting the cells, the cell monolayer was

washed twice with ice-cold PBS, and cells were scraped into 500 µl ice-cold PBS supplemented

with Pefabloc (500 µM). The whole cell lysate was stored at - 80 °C. The cells were homogenized

by passing through a 20- and 26-gauge hypodermic needle and occasionally with ultrasonication.

In some case, cell debris was removed by centrifugation (5 min/12000 g at 4 °C).

5.3.2 Determination of protein concentration

In order to load a known quantity of protein onto SDS gel, the protein concentration in sam-

ples were determined by the the bicinchoninic acid (BCA) method based on a biuret reaction.
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The BCA method was performed in 96-well plate. Two replicate wells were loaded with 100 µl

Elution-Buffer (PBS) (blank standard), standard bovine serum albumin solution or protein sam-

ple. To each well, 100 µl BCA working reagent was added and incubated for 15 min by 60 °C.

The plate was cooled to room temperature and the absorbance was measured at 595 nm on a

plate reader. The absorbance of the blank standard was subtracted from all others standard and

protein samples. Using the standard curve, the amount of protein present in the original sample

was calculated.

5.3.3 SDS polyacrylamide gel electrophoresis

Proteins were separated according to size with SDS polyacrylamide gel electrophoresis (SDS-

PAGE). Samples to be run on SDS-PAGE were first boiled in sample buffer containing Sodium

Dodecyl Sulfate (SDS). SDS is an anionic detergent and binds strongly to, and denatures, the

proteins [116]. The samples were applied onto a stacking gel which is located on top of a

separating gel.

Compounds for the separating gel (10 %) as described in Table 5.12 were brought together,

transferred to the gel cassette, overlayed with ddH20 and left to polymerize for 30-45 min. The

overlaying water was poured off and the stacking gel (4 %) was prepared according to Table 5.13.

After loading the stacking gel onto the separating gel by using a pasteur pipette, the well-forming

comb was placed into this solution. It was left to polymerize for 30-45 min.

Composition of Separating gel buffer, pH 8.8: 1.5 mM Tris
0.4 % (w/v) SDS

Composition of Stacking gel buffer, pH 6.8: 0.5 mM Tris
0.4 % (w/v) SDS

Table 5.12: Composition of separating gel 10 %

Component Volume

30 % Acrylamide solution 2.0 ml
Separating gel buffer 1.5 ml
ddH2O 2.5 ml
TEMED 7.0 µl
APS 30.0 µl
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Table 5.13: Composition of stacking gel 4 %

Component Volume

30 % Acrylamide solution 0.5 ml
Stacking gel buffer 938.0 µl
ddH2O 2.3 ml
TEMED 5.0 µl
APS 35.0 µl

Samples were diluted with Sample buffer to a final concentration 8 or 16 µg⁄µl and heated at

95 °C for 5 min. 80-320 µg of proteins were loaded into the wells. Recombinant CBR3 protein

prepared with Novagen’s pET-15b vector and provided by Y. El-Hawari was used as a positive

control. Recombinant protein was loaded in amount of 5-10 ng. The molecular weigth of re-

combinant CBR3 (rCBR3) was higher than that of CBR3 from cells, because rCBR3 possesses

a polyhystidine-tag. Gel was run on constant voltage, 60-80V in stacking gel and 100-120V in

separating gel.

Composition of Sample buffer: 100 mM TrisHCl
4 % (w/v) SDS
20 % (v/v) Glycerol
0.2 % (w/v) Bromophenolblue
2 mM DTT

Composition of SDS-Electrophoresis buffer: 25 mM Tris
192 mM Glycine
0.1 % (v/v) SDS
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5.3.4 Blotting

The proteins were transferred from the polyacrylamide gel onto a membrane with semi-dry

transfer method. Nine sheets of Whatman filter paper, polyacrylamide gel and nitrocellulose

membrane (Hybond ECL) were soaked in transfer buffer for several minutes. The sandwich of

3 sheets of wet whatman filter paper, polyacrylamide gel, membrane, and 6 sheets of whatman

filter paper was placed on the cathode of the semi-dry blotting apparatus (see Figure 5.1). The

transfer was run approximately at 0.8 mA ⁄cm2 for 45 min. The membrane was stained with

0.1% Ponceau red to assure equal loading and transfer. Then, the membrane was destained by

washing in PBS-T.

Composition of Western-Blot (Transfer) buffer: 48 mM Tris
39 mM Glycine
20 % (v/v) Methanol
0.0375 % (w/v) SDS

Composition of PBS-T buffer: 0.1 % (v/v) Tween 20
99.9 % (v/v) PBS

Figure 5.1: Blotting: semi-dry transfer method
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5.3.5 Detection of protein

The proteins immobilized on membrane were detected by immunological procedure. Non-

specific binding of antibodies was reduced by blocking the unoccupied membrane sites with

3 or 5 %(w/v) non-fat dry milk in PBS-T for 1 hour at room temperature on an orbital shaker.

After blocking, the blot was incubated with antibodies. The primary antibody is specific for the

protein of interest, and, at appropriate concentrations, should not bind any of the other proteins

on the membrane. The secondary antibody binds to the primary antibody. The western blotting

was performed with secondary antibody conjugated to horseradish peroxidase (HRP).

The primary antibody was anti-CBR3 anti-goat antibody diluted in a ratio 1:2,000 in 1-5 % (w/v)

non-fat dry milk in PBS-T. The incubation was performed overnight at 4 °C. After the incubation,

the membrane was washed three times briefly and four times for 15 min with PBS-T. Next, the

membrane was incubated in the diluted anti-goat-HRP-conjugated secondary antibody for 1 hour

at room temperature on an orbital shaker. The dilution was 1:4,000 in 1-5 % (w/v) non-fat dry

milk in PBS-T. After the incubation, the membrane was washed three times briefly and four

times for 15 min with PBS-T. The immune complexes were visualised using the ECL™ detection

kit (ECL™ plus and ECL™ advance) following the manufacturer’s instructions. The membrane

was incubated for several minutes with mixed detection solutions and exposed to Hyperfilm ECL

for 15 sec - 10 min.
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6 Results

6.1 Constitutive expression of CBR3

6.1.1 Constitutive level of CBR3 mRNA in five colon carcinoma cell lines and one

lung carcinoma cell line

In a recent study by Miura et al., CBR3 mRNA was detected in all tested tissues, such as lung,

intestine, and colon. The level of CBR3 mRNA was clearly different in particular tissues and

CBR3 was expressed at a lower level than that of CBR1 [82]. In order to select suitable cell

lines for future experiments, the constitutive level of CBR3 mRNA was investigated in five colon

carcinoma cell lines, namely Caco-2, HCT-116, HT-29, SW-480, and TC-7, and one lung carci-

noma cell line A-549. TC-7 cell line is subclone of Caco-2 cells isolated from late passage [110].

Caco-2 cells is an established model for the human small intestine, since the cells differentiate

spontaneously into polarized epithelial cell monolayers and show all functional (e.g., expres-

sion of brush border membrane enzymes) and morphological characteristics of human small

intestinal enterocytes (e.g., tight junctions, microvilli) [76, 110].

The cell lines were cultured under standard conditions. Cell lines A-549, Caco-2, HCT-116,

and HT-29 were harvested after reaching 90-100 % confluence. TC-7 cells were harvested

14 days after reaching confluent state. CBR3, CBR1, and β -actin (as a housekeeping gene)

mRNA levels were determined by RT-PCR. Because the level of β -actin differed between the

cell lines, a second commonly used housekeeping gene, glyceraldehyde-3-phosphate dehydro-

genase (GAPDH), was used to confirm equal loading and RNA integrity. The highest CBR3

mRNA levels were detected in A-549 cells and SW-480 cells, whereas HCT-116 and TC-7 cells

showed lower levels of CBR3 mRNA. The lowest amount of CBR3 mRNA was detected in

Caco-2 and HT-29 cells (see Figure 6.1).
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Figure 6.1: Constitutive level of CBR3 in different cell lines

By contrast, the amount of CBR1 mRNA was saturated in all cell lines, except HCT-116 with

no detected CBR1 mRNA, whereas CBR3 gene appeared to be saturated just in samples from

SW-480 and A-549 cells. The PCR was performed simultaneously with the same cycle number

for both CBR3 and CBR1 assay. Based on these identical conditions, CBR3 was expressed at a

lower level than that of CBR1 in Caco-2, HT-29 and TC-7 cells. The level of CBR3 and CBR1

mRNA was almost the same in A-549 cells and SW-480 cells (see Figure 6.2).

Figure 6.2: Constitutive level of CBR1 and CBR3 in different cell lines

6.1.2 CBR3 expression in Caco-2 cells cultured for various times

Caco-2 cell undergo in culture a process of spontaneous differentiation which starts as soon as

the cells achieve confluence [76]. Some properties of the Caco-2 cells have been reported to

change as the differentiation proceeds,e.g. up-regulation of genes involved in xenobiotic and

drug metabolism [110]. To determine if changes in mRNA expression of CBR3 may occur in

Caco-2 cells with progression in differentiation, the cells were cultured for different times and

CBR3 mRNA level were determined.
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The CBR3 mRNA level showed to be lower in subconfluent and confluent cells than in cells cul-

tured for 4, 8, 12, or 15 days after reaching confluence. The level of CBR3 mRNA was detected

lower in cells grown for 8 days after confluence but level of β -actin mRNA was also lower. After

normalization to level of housekeeping gene, the expression of CBR3 mRNA seems to be stable

in cells cultured for 4-15 days after reaching confluence (see Figure 6.3).

Figure 6.3: Level of CBR3 in Caco-2 cells, various age
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6.2 Effect of TNF-α on expression of CBR3 mRNA in human colon

carcinoma cell lines

Data from microarray analysis provided to the public on Gene Expression Omnibus (GEO)

clearly indicate that CBR3 mRNA expression may be regulated by inflammatory processes in

vitro (HUVEC and HMEC) and in vivo (synovial tissues from patients with rheumatoid arthritis)

[90–92, 129]. The treatment of HUVEC and HMEC with TNF-α (2 ng/ml, 5 h) led to substantial

increase in CBR3 mRNA expression [129]. TNF-α , an important pro-inflammatory cytokine, is

a rapid and potent activator of NF-κB [16]. In order to investigate effect of TNF-α on CBR3

in colon carcinoma cell lines, the level of CBR3 mRNA was determined in cells after treatment

with TNF-α .

6.2.1 Effect of TNF-α on CBR3 mRNA expression in Caco-2 cells

Caco-2 cells are known to be responsive to TNF-α mediated activation of NF-κB, and therefore,

they are a suitable model for this experiment [52, 61, 128]. COX-2 mRNA level was used as a

control gene to confirm the activation of NF-κB by TNF-α .

Caco-2 cells were incubated at age 3 or 7 days after reaching confluence with TNF-α (50 ng/ml)

for 8 hours. TNF-α did not obviously affect level of CBR3 mRNA, although the level of COX-2

mRNA was slightly increased, indicating the activation of NF-κB-signaling by TNF-α under

the applied experimental conditions (see Figure 6.4).

Figure 6.4: Caco-2 cells, incubation for 8h
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6.2.2 Effect of TNF-α on CBR3 mRNA expression in HT-29 cells

HT-29 cells are also known to be responsive to TNF-α-mediated activation of NF-κB [52, 61,

128].

After reaching 90-100 % confluence, HT-29 cells were incubated with TNF-α (50 ng/ml) for 8

hours. In contrast to Caco-2 cells, the incubation of HT-29 cells with TNF-α led to a substantial

increase in CBR3 mRNA level (see Figure 6.5).

Figure 6.5: HT-29 cells, incubation for 8h
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6.3 Effect of Z-guggulsterone on expression of CBR3 mRNA in

Caco-2 cells

As mentioned above, the pro-inflammatory cytokine TNF-α induced CBR3 expression in HMEC

and HUVEC [129]. While TNF-α-treatment was able to elevate the CBR3 mRNA level in HT-29

cells, no effect on CBR3 transcription could be observed in Caco-2 cells. In order to elucidate

the relationship of CBR3 level and inflammatory state, the effect of Z-guggulsterone (Z-GS) on

CBR3 mRNA level was tested. GS is a plant sterol used to treat a variety of disorders in human,

including inflammatory diseases [10, 11]. The anti-inflammatory action of GS in intestinal ep-

ithelial cells was shown to be mediated by inhibiting NF-κB signaling [15]. In addition, GS acts

as antagonist of GR, AR and MR and activates PR, PXR and ERα [10, 11].

It has been described that GS inhibits NF-κB by blocking IKK activity in Caco-2 cells [15].

Therefore, Caco-2 cells are a suitable model to study the effect of GS mediated via NF-κB on

transcription CBR3.

Caco-2 cells at age 7 days after reaching confluence were treated for 8 hours with Z-GS (25 µM)

and/or TNF-α (50 ng/ml). The induction of CBR3 transcription was detected in cells treated

with Z-GS. CBR3 mRNA level was also induced in cells treated simultaneously with Z-GS and

TNF-α . TNF-α alone did not affect CBR3 mRNA level (see Figure 6.6).

Figure 6.6: Caco-2 cells, incubation for 8h
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6.4 Effect of substances affecting the same transcriptional

pathways as GS

In the present study, increase in CBR3 mRNA level was observed in Caco-2 cells treated with

Z-GS. From experiments using reporter gene assays it is known that GS is able to interact with

several nuclear receptors, acting as agonist in some cases (PR, PXR and ERα) and as antagonist

in others (GR, AR and MR) [10, 11]. In order to elucidate which nuclear factor may be involved

in the detected induction of CBR3 mRNA, the effect of various substances on CBR3 transcrip-

tion was tested. Tested substances were prototypical ligands of several nuclear factors, which

GS could affect.

6.4.1 Effect of PR- and GR-antagonist mifepristone on CBR3 mRNA expression in

Caco-2 cells

Mifepristone (RU 486) is known to be able to block PR-activity of guggulsterone [11]. In Caco-2

cells, expression of PR was detected [64].

Caco-2 cells were incubated for 8 hours with RU 486 (10 µM) or/and Z-GS (25 µM). No change

in CBR3 transcription was observed in cells treated with RU 486. Co-treatment with RU 486

did not reverse the increased CBR3 mRNA level mediated by Z-GS (see Figure 6.7).

Figure 6.7: Caco-2 cells, incubation for 8h
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6.4.2 Effect of GR- and PXR-agonist dexamethasone on CBR3 mRNA expression

in Caco-2 cells

Caco-2 cells are known to express GR and to be sensitive to dexamethasone (DEX) mediated

activation of GR-target gene [119]. Based on this, Caco-2 cells were used to investigate the

effect of GR-activation on CBR3 mRNA level.

The incubation of Caco-2 cells on day 4 after reaching confluence with DEX (20 µM) was

performed for 8 hours. DEX did not alter CBR3 transcription (see Figure 6.8).

6.4.3 Effect of PXR-agonist rifampicine on CBR3 mRNA expression in Caco-2

cells

PXR expression and response to rifampicine (RIF) in Caco-2 cells is well established [32].

Moreover, CYP3A4 level was used in present study as a positive control, since CYP3A4 is a

PXR-target gene [38].

Caco-2 cells were incubated 4 days after reaching confluence with RIF (20 µM) for 8 hours. No

change in CBR3 transcription was detected (see Figure 6.8).

Figure 6.8: Caco-2 cells, incubation for 8h
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6.4.4 Effect of ER-agonist estradiol on CBR3 mRNA expression in Caco-2 cells

Estradiol (E2) binds to the estrogen receptor (ER) to activate gene expression or repression of

target genes [109]. Caco-2 cells are known to express ERα and ERβ [36, 64].

Cells were cultured with 10 nM E2 for 8 hours three days after reaching confluence. A moder-

ately lower level of CBR3 mRNA was detected than in untreated cells (see Figure 6.9). GAPDH,

or cyclophilin mRNA level was used as a reference gene, because E2 may affect expression of

β -actin.

Figure 6.9: Caco-2 cells, incubation for 8h

6.4.5 Effect of ER-agonist estradiol on CBR3 mRNA expression in HT-29 cells

Colon cell line HT-29 express ERα and ERβ [36]. In contrast to Caco-2 cells, HT-29 cells

represent cell line established from colon adenocarcinoma of a woman.

HT-29 cells were treated with E2 (10 nM) for 8 hours. A slight increase of CBR3 mRNA could

be observed (see Figure 6.10). GAPDH or cyclophilin mRNA level was used as a reference gene.

Figure 6.10: HT-29 cells, incubation for 8h
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6.5 Regulation of CBR3 via AhR

A recent study by Lakhman et al. has shown that AhR pathway contributes to the transcriptional

regulation of CBR1 [59]. Since CBR1 and CBR3 share 72 % identity in amino acid level, the

regulation of CBR3 via AhR was investigated.

6.5.1 Effect of benzo[k ]fluoranthene on CBR3 mRNA expression in Caco-2 cells

AhR agonists have been previously reported to induce the expression of AhR target genes in

Caco-2 cells [83]. CYP1A1 was used as a positive control, since it is an established AhR target

gene [124].

Caco-2 cells after reaching 70% confluence were incubated for 48 hours with AhR agonist

benzo[k]fluoranthene (B[k]F) (5 µM). The results showed a distinct elevation of CBR3 mRNA

expression. As expected, CYP1A1 mRNA levels were increased as well (see Figure 6.11).

Figure 6.11: Caco-2 cells, incubation for 48h

6.5.2 Effect of B[k ]F on CBR3 mRNA expression in HT-29 cells

HT-29 cells are known to be responsive to both AhR-activators [58].

Cells were incubated for 48 hours with B[k]F (5 µM). A pronounced increase in CBR3 mRNA

level was detected. CYP1A1, control gene for AhR activation, was also induced in treated cells

(see Figure 6.12).
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Figure 6.12: HT-29 cells, incubation for 48h

6.5.3 Effect of B[k ]F and tert-butylhydroquinone (TBHQ) on CBR3 mRNA

expression in HCT-116 cells

B[k]F can affect not only AhR- but also Nrf2-pathway, especially after longer exposure [37].

Hence, the incubation was performed for shorter time. Moreover, the effect of the monofunc-

tional inducer of Nrf2-pathway, namely TBHQ, was tested in this experiment. HCT-116 cells

were detected to be sensitive to both AhR- and Nrf2-mediated signal transduction [7, 65].

Cells were treated with B[k]F (5 µM or 10 µM) for 8 and 24 hours, or TBHQ (50 µM) for 8 hours.

The level of CYP1A1 mRNA was determined as a positive control for AhR-driven transcription.

Whereas B[k]F induced CBR3 mRNA level only after 24-hour treatment, the CYP1A1 level was

considerably increased after both 8 and 24 hours. B[k]F induced CBR3 as well as CYP1A1 after

24 hours in a concentration-dependent manner. TBHQ induced CBR3 transcription after 8 hour

but did not affect the level of CYP1A1 mRNA (see Figure 6.13).

Figure 6.13: HCT-116 cells, incubation for 8 or 24h
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6.6 Regulation of CBR3 via Nrf2

Experiments with B[k]F and TBHQ in colon carcinoma cell lines suggest that induction of CBR3

mRNA was mediated via Nrf2 pathway rather than AhR. To confirm this hypothesis, the effect

of specific Nrf2-ligands, namely TBHQ, D,L-sulforaphane (SUL) and diethyl maleate (DEM),

or AhR ligand, namely dibenzoyl methane (DBM), on CBR3 transcription was investigated (see

Figure 6.14).

Figure 6.14: AhR- and Nrf2 activators as described in the literature [17, 37],*=curcumin has been de-
scribed as AhR ligand with both agonistic and antagonistic activity [97, 107] and also Nrf2-
activator [33]

6.6.1 Effect of AhR- and/or Nrf2-activators on CBR3 mRNA expression in HT-29

cells

HT-29 cells are known to be responsive to both AhR- and Nrf2-activators [58, 66].

HT-29 cells were incubated for 4 and 8 hours with either TBHQ (50 µM), SUL (20 µM),

DEM (100 µM), or DBM (50 µM). The level of β -actin was inconsistent. Other reference

genes, namely cyclophilin and GAPDH, were used but the signal of bands was also obviously

distinct. However, after normalization to any of reference gene tested, the considerable induction

in CBR3 mRNA was detected. mRNA was induced dramatically in both times upon exposure
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to Nrf2 activators; these were DEM, SUL, and TBHQ. In contrast, specific AhR activator DBM

did not affect its expression (see Figure 6.15).

Figure 6.15: HT-29 cells, incubation for 4 or 8h

6.6.2 Effect of AhR- and/or Nrf2-activators on CBR3 mRNA expression in HCT-116

cells

HCT-116 cells were treated for 8 hours with TBHQ (50 or 100 µM), SUL (10 or 20 µM),

DEM (100 or 200 µM), DBM (50 µM) and curcumin (50 µM). Curcumin has been described

as AhR ligand with both agonistic and antagonistic activity [97, 107] and Nrf2-activator [33].

While TBHQ, DEM and SUL induced substantially CBR3 mRNA level, DBM and curcumin

did not affect CBR3 transcription (see Figure 6.16).

Figure 6.16: HCT-116 cells, incubation for 8h

6.6.3 Effect of Nrf2-activator on CBR3 mRNA expression in SW-480 cells

SW-480 cells are known to be responsive to induction of Nrf2-target genes after exposure to

Nrf2-activators [137].

In this experiment, the proteasome inhibitor carbobenzoxy-L-leucyl-L-leucyl-leucinal (MG-132)

was used with purpose to block degradation of Nrf2, thus to cause higher induction via Nrf2
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pathway [62]. Cells were incubated with DEM (50, 100, or 200 µM), or simultaneously with

DEM (100 µM) and MG-132 (20 µM). The incubation was performed for 6 hours. The house-

keeping gene β -actin did not show consistent transcription. When the values were normalized

relative to the expression of β -actin, the CBR3 mRNA level was slightly induced upon exposure

to DEM at concentration 100 µM(see Figure 6.17).

Figure 6.17: SW-480 cells, incubation for 6h

6.6.4 Effect of AhR- and/or Nrf2-activators on CBR3 mRNA expression in A-549

cells

Lung adenocarcinoma cell line A-549 is known to be sensitive to induction of both AhR- and

Nrf2-target genes [19, 125].

The incubation of A-549 cells was performed with TBHQ (50 µM) alone or in combination with

MG-132 (20 µM), SUL (10 µM) alone or with MG-132 (20 µM), and DEM (100 µM) for 6 hours.

A slight induction of CBR3 mRNA was detected in cells treated with combination TBHQ and

MG-132. In cells treated with a combination of SUL and MG-132, the level of CBR3 mRNA

was slightly decreased compared to untreated cells. The CBR3 mRNA level in cells incubated

with DEM was lower than in control cells without treatment. However, the level of reference

gene, namely β -actin was also lower in this sample (see Figure 6.18).

Figure 6.18: A-549 cells, incubation for 6h
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6.7 Detection of CBR3 protein in colon cell lines and lung cell line

In order to investigate the induction of CBR3 on protein level, the western blot analysis was

carried out. Samples from Caco-2, HCT-116, HT-29, TC-7, and A-549 cells, either untreated

or treated with compounds previously observed to induce CBR3 mRNA level, were used. Two

bands that may correspond to CBR3 were detected in untreated A-549 cells (see Figure 6.19).

In samples from other cells, numerous, or in contrast no bands was observed on exposed film

(see Figure 6.20). Different conditions for blotting, blocking, and incubation was tested. Either

whole cell lysate or cytosol was used and 80 to 320 µg of proteins were loaded. Recombinant

CBR3 protein used as a positive could be detect in an amountas low as 5 ng, confirming that

both antibodies were working properly. Moreover, a detection of other protein performed simul-

taneously was successful.

Figure 6.19: Western blotting:1. Caco-2 day 12 after confluence, 2. Caco-2 day 16 after confluence, 3.
TC-7 day 7 after confluence, 4. TC-7 day 10 after confluence, 5. HT-29 control, 6. HT-29
SUL 20 µMfor 4 hours, 7. HT-29 DEM 100 µM for 4 hours, 8. recombinant CBR3. It was
loaded 80 µg protein into well (samples 1.-4.), 160 µg(samples 5.-7.), or 6 ng (sample 8).

Figure 6.20: Western blotting:1. HT-29 control, 2. HT-29 DEM 100 µM for 24 hours, 3. A-549 confluent,
4. recombinant CBR3. It was loaded 200 µg protein into well (sample 1.-3.), or 5 ng
(sample 4.)
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7 Discussion

Carbonyl reductases play an important role in xenobiotic metabolism. Human monomeric car-

bonyl reductase CBR3 is poorly characterized since its discovery in 1998. Substrates and bio-

logical function of CBR3 are unknown as well as regulation of its expression. Despite the high

similarity of CBR3 with CBR1 in amino acid level, both isoforms seem to play distinct roles.

CBR3 has no or very low catalytic activity towards substrates of CBR1. Moreover, the expres-

sion patterns of the genes for CBR1 and CBR3 are different and CBR3 mRNA levels in tissues

were found to be lower than CBR1 mRNA [82].

In the present study, the constitutive level of CBR3 mRNA was determined in five colon carci-

noma cell lines and one lung carcinoma cell line. The level of the reference gene β -actin was

very inconsistent although the same amount of cDNA from each cell line was used for PCR

and the experiment has been repeated. The reason for this inconsistent level could be unequal

transcription of β -actin in particular cell lines. Hence, β -actin was not suitable as housekeeping

gene for comparison of CBR3 mRNA level between various cell lines. GAPDH was used as a

normalizer instead. HCT-116 and TC-7 cells seem to express slightly higher level of GAPDH.

This is in line with higher cell metabolism reflected by higher glucose consumption and the need

for more frequent medium changes in comparison to all other cell lines. However, the level of

CBR3 mRNA was clearly distinct in all cell lines tested. A particularly high level was detected

in the lung cell line A-549. This is in agreement with the reported higher expression of CBR3 in

lung than colon tissue [82]. Interestingly, the approximately same high level was also detected

in colon carcinoma cell line SW-480. HCT-116 and TC-7 cells express lower levels of CBR3

mRNA, whereas Caco-2 and HT-29 cells have the lowest constitutive level of CBR3 from all

cell lines tested. For the reason, Caco-2 and HT-29 cells were chosen as suitable model cell

lines for the investigation of the regulation of CBR3. Especially HT-29 cells turned out to be the

best model for this purpose because a low constitutive expression of CBR3 implicates a higher

inducible expression in this cell line.

Caco-2 cells undergo in culture a process of spontaneous differentiation which starts as soon as

the cells achieve confluence [76]. Differentiation of cells is a dynamic process that is accompa-

nied by a series of changes in gene expression [88]. To investigate, whether a change in CBR3
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mRNA may occur throughout differentiation, the level of CBR3 in Caco-2 cells grown for vari-

ous times was determined. Transcription of CBR3 was higher in cells after reaching confluence

than in cells in subconfluent and 100 % confluent state. The mRNA level of CBR3 was stable

in Caco-2 cells in age between 4 and 15 day after confluence. This finding indicates that CBR3

may be of some importance in mature Caco-2 cells.

The induction of CBR3 expression in HMEC and HUVEC stimulated with TNF-α and in syn-

ovial tissues from patients with rheumatoid arthritis has been previously reported [90–92, 129].

Hence, the effect of TNF-α was investigated in colon cell lines. The induction of CBR3 mRNA

was detected in HT-29 cells upon exposure to TNF-α but not in Caco-2 cells. Obviously, HT-

29 cells are more responsive to effects mediated by TNF-α , or NFκB respectively. This effect

could be based on differences in the expression of TNF-α receptors and/or components of the

NFκB signaling cascade. In addition, a prototypical NFκB-target gene, COX-2 was induced in

HT-29 cells, whereas not as high in Caco-2 cells.

GS, a plant sterol with anti-inflammatory properties, was tested in order to investigate the effect

of substance with contradictory activity on NFκB than TNF-α . Z-GS induced CBR3 mRNA

level in Caco-2 cells and this induction was not affected upon co-treatment with TNF-α . These

findings suggest that effect of Z-GS was not mediated via NFκB pathway. Since GS was de-

scribed as antagonist of MR, GR, and AR, and agonist of PR, PXR and ER-α [11], the proto-

typical ligands of some of these transcriptional factors were tested.

PR-antagonist RU 486 alone did not have an effect on CBR3 transcription. Moreover, RU 486

could not reverse the inducing effect of Z-GS. Considering that GS also act as GR-antagonist,

the GR-antagonistic activity of RU 486 could counteract its possible PR-mediated effect on

CBR3. PXR agonists RIF and DEX did not affect CBR3 mRNA level. DEX also acts as activa-

tor of GR-target genes. The findings suggest that neither PR- nor PXR- nor GR-ligands affect

CBR3 transcription. Next, E2 also failed to affect CBR3 transcription. However, not all possible

transcriptional pathways were examined. Moreover, the CBR3 induction in Caco-2 cells upon

exposure to Z-GS may be due to alteration activity of various transcription factors simultane-

ously. In summary, the mechanism by which Z-GS induces CBR3 mRNA transcription could

not be elucidated with the methods used in the present study.

The regulation of CBR1 is mediated by AhR-pathway [59]. Since the high similarity between

CBR1 and CBR3, the effect of AhR activator B[k]F on CBR3 transcription was tested. The

CBR3 mRNA level was increased after treatment with 5 µM B[k]F for 48 hours. B[k]F was

described as bifunctional inducer [37]. Thus, B[k]F can be metabolized by AhR-target gene

CYP1A1 and its metabolites activate Nrf2-pathway. In addition, its metabolization leads to the
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generation of ROS, which also activates Nrf2-target genes. Since the incubation with B[k]F for

48 hours caused induction of CYP1A1 in tested cell lines, the possible involvement of the Nrf2-

pathway was supposed. Next, HCT-116 cells were incubated with B[k]F (5 µM and 10 µM)

for 8 and 24 h. The CBR3 mRNA level was induced only after 24 hour-treatment with B[k]F.

This indicates that the effect of B[k]F on CBR3 expression is mediated by its metabolites and/or

ROS generated by the action of CYP1A1 and obviously not by the unaltered compound it-

self. Moreover, Nrf2-activator TBHQ induced CBR3 transcription, and, in agreement with its

monofunctional activity, did not affect mRNA level of AhR-target gene CYP1A1. Other tested

Nrf2-activators, namely DEM and SUL, induced also CBR3 transcription, whereas AhR-agonist

DBM did not change the level of CBR3 mRNA in HCT-116 cells. No effect could be observed

with AhR-ligand and Nrf2-activator curcumin, probably due to its ability to affect various sig-

naling pathways [47].

The induction of CBR3 by Nrf2-activators was not observed on the same level in all tested cell

lines. HT-29 cells was the most responsive to induction by Nrf2-activators, such as TBHQ, DEM

and SUL. A clear but lower induction of CBR3 mRNA by these compounds was also observed

in HCT-116 cells. In the other cell lines tested, SW-480, the level of CBR3 was induced after

incubation with DEM with the lower concentration (50 µM) turned out to be the most effective.

Observed induction of CBR3 level in lungs of cigarette smokers [12, 39, 93, 94] indicate that

CBR3 can be induced in lungs due to oxidative stress. Therefore, Nrf2-ARE pathway could be

involved in the mechanism of induction. However, the Nrf2-activator tested did not alter level of

CBR3 mRNA in lung cell line A-549. Together, cell lines A-549, HCT-116 and SW-480 seem

not to be able to increase the expression of CBR3 as HT-29 cells do. This difference can be due

to their high constitutive level of CBR3 mRNA in comparison with low detected level in HT-29

cells. Further, the CBR3 induction could depend upon the cellular context. Therefore, HT-29

cells could be used as suitable model for future investigations of CBR3 regulation.

To determine whether the observed induction of CBR3 mRNA expression were translated into

increased levels of protein, the western blotting was performed. However, no results were ob-

tained, because CBR3 protein was not specifically detected and optimisation of the method was

not successful. Only in A-549 cells, two strong bands were detected, that may correspond to

CBR3 protein. Based on the position of rCBR3, the band of CBR3 is probably the higher one.

The appearance of two bands could be due to the degradation of protein, but a protease inhibitor

always was used and samples were kept on ice. Since the positive control had a signal also in

small amount loaded, CBR3 seems to be expressed on very low level in cell lines tested. In

the short time available for experiments, the optimisation of conditions was not successful. It

can be suggested that loading of a higher amount of proteins could led to better result. Another
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possibility would be to increase the concentration of CBR3 protein in the samples by using

immunoprecipitation.

In conclusion, the present study demonstrates that the mRNA level of CBR3 is obviously in-

creased in HT-29 and HCT-116 cells after exposure to Nrf2 activators, whereas AhR-ligands

have no effect after short incubation times (8h). Moreover, TNF-α induced CBR3 mRNA level

in HT-29 cells. TNF-α is known to stimulate ROS production [67, 87] and in addition, the

up-regulation of NF-κB-target genes led to increase in ROS level [41]. Since ROS are able to

activate Nrf2 [57], the induction of CBR3 mRNA observed in cells after exposure to TNF-α

could be mediated via Nrf2 pathway. Further, GS was shown to induce CBR3 mRNA level in

Caco-2 cells, but the underlying mechanism could not be elucidated. The induction of CBR3

via Nrf2-pathway observed in this study is in agreement with the detected increased level of

CBR3 mRNA in lungs from cigarette smokers [12, 39], in synovial tissues from patients with

rheumatoid arthritis [92], and in retinal pigment epithelial cells exposed to oxidatively modified

LDL [136]. In all these states, the Nrf2-target genes can be induced [57, 87]. Together, several

lines of evidence suggest the regulation of CBR3 expression via Nrf2-ARE pathway. To confirm

this hypothesis, future studies are necessary. They may be performed with HT-29 cells, since in

the present study, it was identified to be the most responsive cell line from all cell lines tested.

In order to confirm that Nrf2 is involved in the transcriptional regulation of CBR3, the promotor

analysis and reporter gene assay could be used. In addition, the induction of CBR3 on protein

level needs to be investigated.
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Abstract
The enzymatic reactions carried out by enzymes from the short-chain dehydrogenase/reductase

(SDR) superfamily can be grouped mainly as NAD(P)(H)-dependent oxidoreductions acting on

a highly diverse set of substrates. The SDR superfamily has several members capable mediating

carbonyl reduction and therefore affecting endogenous processes of both xenobiotic and endoge-

nous ligands. Two monomeric carbonyl reductases, namely carbonyl reductase 1 (CBR1) and

carbonyl reductase 3 (CBR3), have been found in humans. Whereas substrates and gene regula-

tion of CBR1 have been described, CBR3 is poorly characterized. Despite the high similarity of

CBR3 with CBR1 in amino acid level, both isoforms seem to play distinct roles. In the present

study, the five colon carcinoma cell lines (Caco-2, HCT-116, SW-480, HT-29 and TC-7) and

one lung carcinoma cell line (A-549) were used to investigated the regulation of CBR3. The

constitutive level of CBR3 mRNA was clearly distinct in all cell lines tested. HT-29 cells turned

out to be the best model for investigations of CBR3 regulation from all cell lines used. Sev-

eral lines of evidence suggest the regulation of CBR3 expression via Nrf2-antioxidant response

element (ARE) pathway. Next, TNF-α induced the CBR3 mRNA level in HT-29 cells. Fur-

ther, natural product guggulsterone was shown to induce CBR3 mRNA level in Caco-2 cells,

but the underlying mechanism of effct of this promiscuous steroid receptor ligand could not be

elucidated.



Abstrakt
Reakce katalyzované enzymy z nadrodiny short-chain dehydrogenasy/reduktasy (SDR) zahrnujı́

převážně NAD(P)(H) dependentnı́ oxidoredukčnı́ reakce probı́hajı́cı́ se strukturně rozmanitými

substráty. SDR nadrodina obsahuje několik členů, kteřı́ zprostředkovávajı́ redukci karbonylových

sloučenin a tı́m ovlivňujı́ endogennı́ procesy ligandů ze skupiny jak xenobiotik, tak endogennı́ch

látek. U člověka byly nalezeny dvě monomernı́ karbonyl reduktasy, konkrétně karbonyl reduk-

tasa 1 (CBR1) a karbonyl reduktasa 3 (CBR3). Zatı́mco substráty i genetická regulace enzymu

CBR1 byly popsány, CBR3 je jen velmi málo charakterizována. Navzdory velké podobnosti

enzymů CBR1 a CBR3 na úrovni aminokyselin se zdá, že obě isoformy majı́ rozdı́lné funkce.

V této práci byla zkoumána regulace CBR3 s použitı́m pěti buněčných liniı́ odvozených z kar-

cinomu kolonu (Caco-2, HCT-116, SW-480, HT-29 a TC-7) a jedna buněčná linie z karcinomu

plic (A-549). Konstitutivnı́ hladina CBR3 mRNA se v jednotlivých testovaných buněčných

liniı́ch výrazně lišila. Ze všech testovaných buněčných liniı́ se jako nejvhodnějšı́ pro studium

regulace CBR3 ukázaly buňky HT-29. Výsledky naznačujı́, že exprese CBR3 je regulována

prostřednictvı́m dráhy Nrf2-antioxidant response element (ARE). Dále bylo zjištěno, že TNF-α

indukuje CBR3 mRNA v buňkách HT-29. Navı́c, guggulsteron zvyšoval v Caco-2 buňkách hlad-

inu CBR3 mRNA, ale mechanismus působenı́ teto přı́rodnı́ látky ovlivňujı́cı́ vı́cero steroidnı́ch

transkripčnı́ch receptorů se nepodařilo odhalit.
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