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Abstract:

Background: Sulforaphane (SFN) is a potent chemopreventive agent, which is widely consumed in diet or as a diet supplement.

It modulates the enzymes of II and III metabolism phase. In this paper, the influence of SFN and three commonly consumed drugs:

furosemide, verapamil and ketoprofen on II and III metabolisms phase enzymes was studied. We have also investigated if the inter-

actions between SFN and the drugs occur resulting in enzymatic system disturbances.

Methods: The Caco-2 cells were incubated with SFN and drugs separately or in a mixture simultaneously or subsequently. The im-

pact of the compounds on the cell viability and NADPH:quinine reductase (QR) activity was determined. The expression of

glutathione-S-transferase (GST) isoenzymes GSTA3, GSTM1, P-glycoprotein (PgP) and multidrug resistance protein 1 (MRP1)

genes was measured by qPCR method. Since these enzymes are regulated by Nrf2 pathway, the localization of Nrf2 (Nuclear

erythroid 2-related factor) after exposure to the mixtures of SFN and the drugs was evaluated by confocal microscopy.

Results: SFN was shown to interact antagonistically with the studied drugs. At most cases an increase in enzymatic activity and

expression was observed. The most significant changes were observed in case of enzymes regulated by Nrf2: QR, GSTA1 and

GSTA3 and also MRP1. PgP was shown to be not altered by the studied compounds.

Cocnclusion: The interaction between SFN and furosemide, verapamil and ketoprofen modify the activity of enzymatic system

involved in drug metabolism and transport . This may lead to drug effectiveness alteration and also to multidrug resistance (MDR)

development.
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Abbrevations: ABC – ATP-binding cassette, ARE – antioxi-

dant response element, GSH – glutathione, GST – glutathione-

S-transferase, ITC – isothiocyanate, Keap1 – Kelch-like ECH-

associated protein 1, MDR – multidrug resistance, MRP – mul-

tidrug resistance protein, Nrf2 – Nuclear erythroid 2-related

factor, PgP – P-glycoprotein, QR – NADPH:quinine reductase,

SFN – sulforaphane.

Introduction

In view of the growing interest in preventive medi-

cine, an increase in the consumption of dietary sup-

plements is observed. According to the National

Health Interview Survey, in 1999, 9.9% of the Ameri-
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can population used dietary supplements or herbal

products, while in 2005, this percentage amounted to

no less than 18.9% [17]. It is significant that about

20% of people who take dietary supplements use

these products concurrently with prescription medi-

cines. This increases the risk of interactions between

taken compounds [34]. There are known interactions

between aspirin and the preparations containing bil-

berry, garlic, ginseng or between the components of

grapefruit juice and drugs, for instance, verapamil [1,

3]. The interaction can also alter the bioavailability of

drugs [20]. Hence, an increase in the percentage of

drug poisonings is observed, e.g., they are one of the

most common causes of poisonings in Poland and in-

teractions between medicines are responsible for

2.8% of all hospitalizations [16].

Sulforaphane (SFN) belongs to the group of iso-

thiocyanates (ITCs), which occurs in plants of the

Cruciferae family and show chemopreventive proper-

ties. Numerous studies have shown that a diet rich in

vegetables containing ITCs reduces the risk of devel-

oping cancer in humans [14]. Chemopreventive action

of ITCs is based on the induction of phase II meta-

bolic enzymes such as NADPH:quinone reductase

(QR), UDP-glucuronyl transferase or glutathione-S-

transferase (GST). These enzymes are responsible for

the detoxification processes of cells in the body by fa-

cilitating the elimination of xenobiotics from the cell

[19]. The main role in the induction of phase II en-

zymes is played by the transcription factor Nrf2 (Nu-

clear erythroid 2-related factor) [15]. Under physio-

logical conditions, Nrf2 is bound in the cytoplasm to

the protein Kelch-like ECH-associated protein 1

(Keap1). This bond is broken by endogenous or ex-

ogenous factors and then Nrf2 is translocated into the

cell nucleus, where it binds to antioxidant response

element (ARE) located in the promoter regions of

genes responsible for encoding phase II and III meta-

bolic enzymes [25]. Phase III metabolic enzymes in-

clude, transport proteins: MRP (multidrug resistance-

associated protein) and PgP (P-glycoprotein). They

belong to the superfamily of ABC (ATP-binding cas-

sette) proteins and function as membrane transporters

that play a key role in the transport of drugs.

Both phase II metabolic enzymes and transport

proteins to a varying extent are modulated by isothio-

cyanates, which can affect the absorption, distribu-

tion, metabolism and elimination of drugs [11, 32]. It

was also shown that such change may occur only

when two substances interacted. The studies con-

ducted, for instance, for SFN and flavonoid – api-

genin revealed their synergistic effect [30]. Because

SFN starts to be used as a dietary supplement, an ex-

tract of broccoli and cruciferous vegetables is already

available on the market, it is important to check

whether SFN can interact with drugs that are com-

monly used by people, and causes changes of phase II

and III metabolic enzymes.

The aim of this study was to examine the modifica-

tions in phase II and III metabolic enzymes due to the

interactions between SFN and the most commonly

used drugs such as verapamil, ketoprofen and fu-

rosemide. The impact of interactions on metabolic ac-

tivity of the cells was analyzed in the human small in-

testinal undifferentiated Caco-2 cell model [30]. In

particular, the activity of the phase II metabolism

marker enzyme: QR and the gene expression of phase

II metabolic enzymes: GSTM1 and GSTA3, and

phase III metabolic enzymes: PgP and MRP1 were

evaluated. At the same time, it was determined

whether the observed changes in cellular metabolism

result from the influence of the compounds on the

transcription factor Nrf2. The findings indicate inter-

actions between SFN and the drugs, which may affect

the metabolism of the drugs.

Materials and Methods

Materials

Verapamil, ketoprofen and furosemide were pur-

chased from Sigma-Aldrich Co. (St. Louis, MO,

USA). Sulforaphane (1-isothiocyanato-4-methylsulfi-

nylbutane) was synthesized as described previously

by Schmidt and Karrer [28]. Its purity was 99.8%

(GC). The solution of verapamil was prepared in

methanol, furosemide in acetone and ketoprofen and

SFN in DMSO.

Primers were synthesized and purified using HPLC

in a Genomed company (Warszawa, Poland). The

RNA isolation kit, RNeasy Plus Micro Kit and RNA-

protect® Cell Reagent were purchased from a Qiagen

GmbH (Hilden, Germany), the kit for cDNA synthesis

RevertAid™ H Minus First Strand cDNA Synthesis

Kits and the kit for DNA digestion DNase I, Rnase-

free was purchased from Fermentas (St. Leon-Rot,

Germany), the kit for qPCR 5 x HOT FIREPol® Eva-

Green® qPCR Mix Plus (ROX) was purchased from
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Solis Biodyne (Riia, Estonia). The kit for testing RNA

integrity of FlashGel® Dock was purchased from

Lonza (Rockland, ME, USA). Other materials were

purchased from Sigma-Aldrich Co. (St. Louis, MO,

USA).

Caco-2 cell culture

The Caco-2 cancer cells coming from the American

Type Culture Collection (ATCC) were cultured in

Minimum Essential Medium Eagle (MEM) supple-

mented with 1% nonessential amino acids, 1% L-

glutamine, stabilized solution of antifungal antibiotics

(10,000 U/ml penicillin, 10 mg/ml streptomycin,

25 µg/ml amphotericin B) and were supplemented

with 20% heat inactivated fetal bovine serum. The

cells were incubated in an incubator at 37°C and an

atmosphere of 5% CO2. For all experiments, the cells

were seeded at a density of 6.5 × 104 cells/ml.

MTT test

The test measures the amount of formazan produced by

living cells, from a water-soluble 3-(4,5-dimeth-

ylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT).

To test cytotoxicity of the mixtures of the compounds,

the Caco-2 cells were incubated with SFN increasing

concentrations and verapamil, ketoprofen or furosemide

at concentrations of 0.25 mM. The cells were incu-

bated for 3 h with SFN and the drugs or for 48 h with

SFN and then for 3 h with the drugs. After washing

with PBS, the cells were incubated for 3 h with MTT

solution and the formed crystals were dissolved in

isopropyl alcohol. The absorbance of formazan was

measured in a PowerWavex microplate spectropho-

tometer (Biotek Instruments) at a wavelength of

570 nm and 690 nm [9]. Two independent experi-

ments were made, each in triplicate. IC50 values were

determined, that is concentrations causing death of

50% of the cells in culture, using Sigma Plot software.

Determination of QR

This method uses the ability of QR to reduce vitamin

K (menadione) to menadiol, which spontaneously re-

duces MTT to formazan. QR activity was compared

to the amount of protein in the cells determined by the

Bradford method [5]. During simultaneous incuba-

tion, the Caco-2 cells were incubated at the same time

with 5 µM SFN and with the drugs at concentrations

of 0.25 mM. During sequential incubation, the cells

were incubated for 32 h with 2.5 and 10 µM SFN and

then for 3 h with the drugs at a concentration of

0.25 mM. To determine QR, the cells were lysed and

incubated for 10 min with a reaction buffer. The ab-

sorbance of formazan was measured in a Power-

Wavex microplate spectrophotometer (Biotek Instru-

ments) at a wavelength of 610 nm [26]. The experi-

ment included three independent tests, each made in

triplicate.

Immunofluorescent determination of Nrf2

location

The Caco-2 cells were incubated for 1 h with the

drugs at a concentration of 0.25 mM and 2.5 and

10 µM SFN. Next, the cells were fixed with 4% parafor-

maldehyde/PBS and permeabilized with 0.1% TritonX-

100/PBS. The primary mouse anti-Nrf2 (1:50) and

an anti-mouse secondary antibody, FITC labeled

(1:100) were applied to stain the cells. The samples

were analyzed using a confocal microscope (Olympus

IX70 Fluoview500) equipped with 40× objective and

Ar- laser light source (488 nm). The entire surface

was examined and the most representative fragment

was chosen for analysis. The experiment was

performed twice.

Determination of GSTA3, GSTM1, PgP, MRP1

gene expression

To test gene expression, the Caco-2 cells were incu-

bated for 24 h with 2.5 and 10 µM SFN and for 3 h

with the drugs at a concentration of 0.25 mM. Next,

gene expression was determined by using the qPCR

method (Real-Time quantitative PCR). The experi-

ment included three independent tests, each made in

triplicate.

RNA isolation

To stabilize RNA, the cells were suspended in the

RNAprotect® Cell Reagent. The isolation of total

RNA was performed using the RNeasy Plus Micro Kit

in accordance with the manufacturer’s instructions.

The quality of RNA was examined by determining

an integrity coefficient using the FlashGel system and

the cassettes for RNA electrophoresis containing

1.2% agarose. RNA samples with the integrity of

(2:1) were qualified for further tests. The concentra-
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tion of RNA samples was measured using a BioPho-

tometr spectrophotometer (Eppendorf AG, Hamburg,

Germany) and included a simultaneous qualitative

measurement of the absorbance coefficients A260/

A280 and A260/A230. Only samples with the absor-

bance coefficients above 1.8 and 2.0, respectively,

were accepted. Before a reverse transcription reaction

started, RNA had been purified from the remaining

DNA using a set of DNase I, RNase-free in accor-

dance with the manufacturer’s instructions.

qPCR

A synthesis of the first cDNA strand was carried out

on the matrix of total isolated RNA using a reverse

transcriptase (RT) enzyme. cDNA synthesis was per-

formed using RevertAid™ H Minus First Strand

cDNA Synthesis Kits in accordance with the manu-

facturer’s instructions. The obtained cDNA was used

to analyze an increase of the product in real time

(called real-time quatitative polymerase chain reac-

tion; qPCR) using 5 x HOT FIREPol® EvaGreen®

qPCR Mix Plus (ROX) in accordance with the manu-

facturer’s instructions and by using the oligonucleo-

tide primer pairs summarized in Table 1. Amplifica-

tion was performed in the following temperature-time

profile: 95°C – 15 min, then 40 cycles; 95°C – 15 s,

60°C – 20 s, and 72°C – 20 s. The measurement was

taken using the MxPro 3005X camera (qPCR System,

Stratagene, LaJolla, USA). As the value of “slope”

was determined in accordance with the formula E (ef-

ficiency) = 10(�1/slope) – 1, from a standard curve, reac-

tion efficiency was calculated for each qPCR gene.

Reaction efficiency for the tested genes ranged from

100.4 to 103%. The range of linear correlation coeffi-

cients (R2) describing the linearity of standard curves

for each gene ranged from 0.998 to 0.990. The level

of expression for the selected genes was calculated

using relative quantification (DDCt). The results were

normalized in relation to the level of expression of

two genes, BACT and GADPH that met the normali-

zation requirements. The fold change was calculated

in accordance with the formula FC = 2 �DDCt [7, 22].

All calculations were performed using MxPro QPCR

software.

Statistical analysis

To evaluate the statistical significance of the changes

in cytotoxicity, QR activity and expression of phase II

and III genes the analysis of variance (ANOVA) with

a Duncan post-hoc test was used with the significance

level p < 0.05. The calculations were performed using

Statistica software ver. 9.0 (StatSoft, Inc. USA).

Results

The impact of the drugs and ITC on cell viability

Simultaneous, 3 h incubation with SFN and verapamil

led to no statistically significant changes in cell vi-

ability except for 14% decrease observed for 40 µM

SFN (Fig. 1A). On the contrary, in case of ketoprofen

and furosemide, an over 20% increase in cell viability

in the whole range of SFN concentrations was ob-

served. Due to a short time of incubation, it is rather

a result of a modification in cellular enzymes activity

rather than cell number growth [4, 20].

In the case of sequential incubation (a 48 h pre-

incubation with SFN), an increase in SFN concentra-

tions was accompanied by a decrease in viability (Fig.

1B). Significant cytotoxic effects were observed for

20 and 40 µM SFN, (viability drop up to 30% again in

case of verapamil). However, the activity of the mix-

ture of the drug and SFN was stronger than the drug

alone and for 10, 20 and 40 µM a cell viability de-

crease was statistically significant. The calculated val-

ues of IC50 for SFN alone was higher than for the mix-

1246 Pharmacological Reports, 2012, 64, 1243�1252

Tab. 1. The sequence and concentrations of starters used in qPCR

Gene Concentration
(R. F) [nM]

Starter sequence (5’ ® 3’)

BACT,
NM_001101

100 F: AGTTGCGTTACACCCTTTC

R: ACCTTCACCGTTCCAGTT

GADPH,
NM_002046

300 F: AAAGGGTCATCATCTCTG

R: GCTGTTGTCATACTTCTC

MRP1,
NM_004996

250 F: ACCAAGTGCTTTCAGAAC

R: AGAGATAGAGGAAGTAGAAGG

PgP,
NM_001042371

80 F: GACAGCATAGCCGACCTT

R: CCACTTAGCCGAGCAGAT

GSTM1,
NM_000561

300 F: ACCTGTGTTCTCAAAGATGG

R: AGTATGGGCTCCTCACTC

GSTA3,
NM_000847

500 F: AGCCATTCTCAACTACATT

R: AATCTGCCATACCTTCTG



ture of SFN and the drugs. The greatest impact on the

value of IC50 was observed for the mixture of SFN

and verapamil, in this case the value of IC50 was

22.8 µM compared to 33.4 µM for SFN alone (Tab. 2).

The changes of QR activity caused by

the drugs and ITC

The 3 h incubation of cells with the drugs led to an in-

crease in the QR activity for verapamil by 20%, while

the incubation with furosemide raised by about 40%

compared to the cells subjected to no compound (Fig.

2A). Both these changes were statistically significant.

In the case of simultative incubation with SFN and the

drugs, 45% increase in the activity compared to the

control was observed only for furosemide. However,

the comparison of QR activities after the incubation

of the cells with the mixture of SFN and the drugs

with the activity observed after the incubation with

the drugs alone reveals no statistically significant dif-

ferences, although SFN induce an over 20% increase

in QR activity. This indicates rather antagonistic inter-

actions between compounds in case of catalytic QR

activity.
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Fig. 1. Effect of SFN and drugs on the viability of Caco-2 cells: (A) 3 h simultaneous incubation, (B) subsequent incubation with SFN for 48 h
and with 0.25 mM of drugs: verapamil, ketoprofen and furosemide for 3 h. The viability is presented as percentage of control cells (without treat-
ment). Data are presented as the mean ± SD, (n = 6), * p < 0.05
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Fig. 2. Effect of SFN and drugs on QR activity in Caco-2 cells: (A) 3 h simultaneous incubation, (B) subsequent incubation with SFN for 32 h and
with 0.25 mM of drugs: verapamil, ketoprofen and furosemide for 3 h. The QR activity is presented as percentage of control cells (without
treatment). Data are presented as the mean ± SD, (n = 9). A star indicates a statistically significant difference from untreated cells, a triangle –
a statistically significant difference from cells treated with drug only, p < 0.05

Tab. 2. IC50 values of Caco-2 cells after 48 h subsequent incubation
with 2.5 – 40 µM SFN and 3 h with 0.25 mM of drugs: verapamil, keto-
profen and furosemide

Compound IC
50

[µM]

SFN 33.4 ± 4.2

SFN + Verapamil 22.8 ± 1.3

SFN + Ketoprofen 28.9 ± 2.2

SFN + Furosemide 24.9 ± 1.7



A long-lasting, 32 h incubation with 10 µM SFN

led to almost 20% increase of QR activity, however, it

was not statistically significant. There were many

significant changes in QR activity when cells were

subsequently incubated with drugs compared to the

activity in the cells subjected to no compound or those

after the incubation with the drug alone (Fig. 2B).

Pre-incubation with 10 µM SFN and then for 3 h with

verapamil or ketoprofen led to a summing up of the

effects of SFN and these drugs. An increase in QR ac-

tivity by about 50 and 60%, respectively, compared to

the control cells and by about 20 and 35% compared

to the cells treated with these drugs was observed. On

the contrary, 2.5 µM SFN led to a distinct over 40%

decrease in QR activity compared to the activity ob-

served for drugs alone.

Translocation of Nrf2 protein

The translocation of Nrf2 into the nucleus occurred

just 1 h after the incubation of the cells with fu-

rosemide (strong) and verapamil (weak) (Fig. 3). In

the case of the strongest translocation induced by fu-

rosemide, pre-incubation with 2.5 and 10 µM SFN led

to a small decrease in the fluorescence intensity of the

Nrf2 protein that comes from the nucleus. However,

we could also observe fluorescence of the protein

coming from the cytoplasm. For verapamil, a weak

translocation observed for the drug alone disappeared

after preincubation with SFN. Ketoprofen had no

effect on Nrf2, also pre-incubation with SFN did not

change the location of this protein.

Changes in the expression of GSTM1, GSTA3,

MRP1 and PgP genes

GSTA3

GSTA3 expression was reduced by over half after the

incubation with all the drugs alone (Fig. 4A). Also,

the incubation with 10 µM SFN led to a significant

decrease in the expression of this gene, while 2.5 µM

SFN did not change the level of expression. However,

compared to the incubation with the drugs alone, the

sequential incubation of the cells with 2.5 µM SFN

led to an increase in GSTA3 expression by over 30%

in case of ketoprofen or furosemide. In case of 10 µM

SFN, despite over 40% GSTA3 expression reduction,

no change compared to the expression level observed

for drugs alone was observed.

1248 Pharmacological Reports, 2012, 64, 1243�1252

Fig. 3. A localization of Nrf-2 in Caco-2
cells treated with SFN and 0.25 mM of
drugs: verapamil, ketoprofen and fu-
rosemide for 1 h. The cells with FITC-
labeled Nrf2 are presented. When Nrf2
is localized in cytoplasm and no trans-
location occurs, then there is no fluo-
rescence signal originating from the
nuclei, while strong fluorescence is
visible in the cytoplasm. Conversely,
when the fluorescence is present in the
nuclei, it indicates that Nrf2 transloca-
tion has taken place. An arrow indi-
cates exemplary cell nuclei



GSTM1

From among studied compounds, only verapamil

changed gene expression – the expression dropped by

almost half compared to the control cells (Fig. 4B).

The sequential incubation with ITC and the drugs did

not influence gene expression compared to the cells

subjected to no compound, except for preincubation

with 2.5 µM SFN and then with verapamil. In relation

to the incubation with the drugs alone, GSTM1 ex-

pression decreased significantly after the preincuba-

tion with 10 µM SFN for furosemide and both SFN

concentrations for ketoprofen.

MRP1

There were no statistically significant changes in the ex-

pression of MRP1 gene after the incubation with SFN and

furosemide. The incubation of the cells with verapamil and

ketoprofen led to a decrease in the expression by about

50% compared to the control cells (Fig. 4C). Although

MRP1 level was not elevated by single compounds prein-

cubation with 10 µM, SFN led to a significant exceeding

60% increase in gene expression compared to incuba-

tion with drugs alone. Such elevation was observed

also in case of verapamil and ketoprofen for 2.5 µM

SFN.

PgP

Only incubation with ketoprofen led to a decrease in

PgP expression by about 30% compared to the control

cells. Sequential incubation also did not change the

level of PgP expression (Fig. 4D). However, com-

pared to the incubation with the drugs alone, pre-

incubation with SFN led to an increase in the expres-

sion by 35% for 10 µM SFN and furosemide only.

Discussion

Some adverse effects that occur after taking the medi-

cations result from the interactions with natural sub-

stances present in supplements or a diet. Literature
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describes more and more interactions between drugs

and the compounds of plant origin [8, 11, 14, 24, 35].

SFN is an important chemopreventive isothiocyanate

used as dietary supplements and consumed in large

quantities. The studies on the interactions of SFN in-

volve mainly its interactions with other chemopreven-

tive compounds i.e., indolo[3,2-b]carbazole [21] and

curcumin [33]. The reports on the drugs are scarce,

but they also demonstrate the interactions between

SFN and drugs [24, 35]. In this study, we have inves-

tigated if the interactions between SFN and com-

monly used drugs can modify the metabolizing en-

zymes functioning.

The drugs at concentration studied had no toxic ef-

fect on the cells, however, SFN due to its chemopre-

ventive properties after long exposure revealed cyto-

toxicity at the highest concentrations, hence in the

subsequent experiments, we have studied nontoxic

SFN concentrations up to 10 µM. The cell viability

decreased by SFN is reduced even more by verapa-

mil, what indicates that the interaction between these

substances causes the raise in cytotoxicity. The short

time coincubation with ketoprofen and furosemide

has induced the raise in cell viability. Due to not

enough time required for cell proliferation, it may in-

dicate that interactions between SFN and drugs occurs

leading to a rise in mitochondrial and non-

mitochondrial enzymes activity, i.e., to modifications

in cellular metabolism [4, 20].

The activity of II metabolism phase enzyme QR

was increased by verapamil and to the greatest extend

by furosemide. As the incubation lasted for a short

time, it seems that this activity is a direct result of the

changes in catalytic activity rather than changes in the

level of enzymatic proteins. When given together –

SFN and drug – they induce the same effect on cata-

lytic activity of QR enzyme as each substance given

separately, hence we can assume that no interactions

occurs in this field.

After long-lasting preincubation with SFN, the ob-

served changes were greater, however, strongly de-

pended on SFN concentration. When cells were prein-

cuabted with high SFN concentration, QR activity

was elevated compared to cells incubated with drugs

alone. In this case, the interactions between SFN and

verapamil and ketoprofen seems to be additive since

10 µM SFN tends to induce QR activity. On the con-

trary, low SFN concentration abolished the QR activ-

ity induced by the drugs alone. The activity was de-

creased by 40%, which indicates a particularly strong

antagonistic interaction, especially that low SFN

alone does not affect the QR level. SFN, however,

binds strongly and rapidly to glutathione (GSH), emp-

ties its pool, which after a long time increases GSH

level, since the mechanism of the production begins

[6]. A higher level of GSH may be responsible for

lowering drug-induced QR activity through binding

the drugs and reducing their effective concentration in

the cell. In this case, an increase in the GST activity,

which catalyzes a coupling reaction between electro-

philes and glutathione, might also lead to faster elimi-

nation of the drugs from the cell and in consequence

lead to e.g., MDR.

In case of GSTM1, mediating a GSH conjugation

with electrophiles including therapeutic drugs, the in-

teractions with SFN are observed. In case of ketopro-

fen and furosemide, SFN reduces the expression of

GSTM1 level although alone induces no effect. Ac-

cording to the earlier reports, the changes in GSTM1

expression influence the resistance of the cells to some

cytostatics. A growth in the expression increased the

resistance, and therefore, the fact that SFN blocks the

effects of ketoprofen and furosemide is desirable [10].

On the contrary, SFN was able to increase the GSTA3

expression strongly reduced by these two drugs.

Hence, the results obtained indicated that SFN acts an-

tagonistically towards the drugs in case of GST.

The observed interactions may modify the adminis-

trated drugs effectiveness by changing the rate of its

metabolism. Such interpretation was already proposed

in case of rifampicin which induces CYP3A4 – a key

drug-metabolizing enzyme activity. It was shown that

SFN reduces the CYP3A4 activity induced by ri-

fampicin and thus eliminates the known adverse effect

of this antibiotic on the other drugs effectiveness [35].

The phase II enzymes are regulated by the tran-

scription factor Nrf2. The strongest translocation of

Nrf2 into the nucleus was caused by furosemide. Lit-

erature data also indicate that furosemide stimulates

xenobiotics elimination process by increasing the

amount of Nrf2 in the nucleus, and an elevated QR

expression level [27, 31]. Also, verapamil demon-

strated the ability to induce Nrf2 translocation. How-

ever, SFN, which is a potent inducer of the Nrf2-ARE

pathway [23], reduced the intensity of this transloca-

tion for both drugs, what indicates that the antagonis-

tic interactions occurs at the initial level of enzyme

regulation.

It was also shown that MRP transport proteins are

regulated by Nrf2 [18]. Moreover, human and mouse
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gene that encodes MRP1 protein contains the ARE se-

quence in promoter region, which enables the interac-

tion with Nrf2 [13, 29]. In case of the other drug

transporter – PgP there is no ARE sequence in its pro-

moter region [12].

The results show that studied drugs, SFN, and their

interactions affected the Nrf2-regulated gene MRP1

but not the PgP. As far as MRP1 is concerned, the ob-

tained results indicate the existence of antagonistic,

unfavorable interactions between SFN and the drugs.

SFN alone does not affect the level of MRP1, which

has already been shown, in the Caco-2 cells [12].

However, the interaction increases the MRP1 expres-

sion level, particularly in the case of the drugs that

lowered the level of expression such as verapamil and

ketoprofen. Blocking the functioning of MRP has

been described for verapamil [2] and is used to break

MDR [10]. The obtained result shows that taking SFN

with this drug increases the efficiency of membrane

transporters and abolishes the verapamil effect, what

could be highly unwanted adverse effect of coadmin-

istration of these two substances.

The results demonstrate for the first time the exis-

tence of interactions between SFN and the three com-

monly used drugs. At most cases we have observed

the antagonistic interactions, which led to an increase

in enzymatic activity and expression. The observed

modifications in cellular metabolizing enzymes func-

tioning could alter the studied drug metabolism and

may also lead to MDR development and alter other

drug effectiveness.
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