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Abstract:

Selenitetriglycerides are a group of compounds that contain selenium (Se) (IV). In this paper, we present the results of examinations

of three structurally-related selenitetriglicerydes that contain various Se concentrations: 2%, 5% and 7% Selol. The present study

concentrates on the effect of Selol on phase 1 and 2 enzyme activity and the implications of free radicals and the nuclear erythroid 2-

related factor 2 (Nrf2)-antioxidant response element (ARE) pathway in the activity of this compound. The cytotoxic and cytostatic

activities of the three kinds of Selol were evaluated; however, the cytotoxic effect was observed only for 7% Selol. Our results show

that 2% Selol acts as a monofunctional inducer of phase 2 enzyme activity, and the induction is mediated by the Nrf2 transcription

factor. Selol 7% acts in an opposite manner and induces phase 1 with simultaneous inhibition of phase 2 enzyme activity. The differ-

ential effect can be associated with the increase in Se content, leading to a change in the structure of the compound.
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Introduction

The role of selenium (Se) as an antioxidant and anti-

cancer agent has been very well documented in the lit-

erature [11, 12, 16, 30, 32]. Se compounds containing

Se at the +4 oxidation level have the highest activity

as free radical scavengers and anticancer agents [14].

The anticancer activity of Se compounds is connected

to their prooxidant activities [10].

Selenitetriglycerides are a new semi-synthetic group

of compounds that contain Se (IV). Selol is a mixture

of selenitetriglycerides from sunflower oil that was

obtained as previously described [22]. The putative

structure of Selol, determined based on the 1H and
13C NMR study, is presented in Figure 1. The chemi-

cal name of Selol is proposed to be octadeca-9,11-

dienoic acid 1-[7-(5-non-3-enyl-2-oxo-2�4-[1,3,2]-dioxa-

selenolan-4-yl)-heptanoxyloymethyl]-2-octadeca-9,13-

dienoyloxy-ethyl ester. Depending on the Se content,

as a result of dimerization, Selol possesses various

structures; at the 2% Se concentration, Selol has sin-

gle dioxaselenolane rings, while at the 5% concentra-
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tion, it can possess both single and double rings (Fig.

1).

The studies on Selol in rats and mice show that af-

ter oral, subcutaneous and intraperitoneal administra-

tion, Selol is distributed throughout the whole body

[18, 19]. It has also been shown that Selol is elimi-

nated within 24 h via the urine [35]. The results indi-

cate that the pharmacological action of Selol is more

complex than ‘classical’ Se compounds (Na2SeO3,

Na2SeO4, SeO2, selenocysteine and selenomethio-

nine), and further studies are required to classify its

biological function. In single dose toxicity studies

performed in rats, the LD50 was 100 mg Se/kg after

oral administration of Selol. The subcutaneous and

intraperitoneal administration of Selol demonstrated

extremely low toxicity [17] and did not show muta-

genicity in Salmonella strains. Hence, contrary to

other Se compounds, the administration of high doses

of Se is possible, and a stronger anticancer activity of

Se can be achieved using Selol.

Enzymatic biotransformation of xenobiotics can be

divided into two phases: phase 1 – the oxidation, re-

duction and hydrolysis of xenobiotics to more hydro-

philic metabolites, and phase 2 – the enzymatic conju-

gation of metabolites to conjugates that can be ex-

creted from the organism easily. The present study

concentrates on the effect of Selol on phase 1 and 2

enzyme activity and the implications of free radicals

in this compound’s activity.

It is known that oxidative stress can increase anti-

oxidant protein levels. This activation is coordinated

by the nuclear erythroid 2-related factor 2 (Nrf2)- (an-

tioxidant response element (ARE) pathway [21]. Nrf2

is sequestered in the cytoplasm by covalent binding to

the Keap1 protein (Kelch-like ECH-associated pro-

tein 1). As a consequence of oxidative stress, Nrf2 is

released from the complex and translocates to the nu-

cleus where it binds to the ARE in association with

other small proteins, inducing antioxidant protein pro-

duction.

In the present paper, the involvement of Nrf2 pro-

tein in Selol activity is presented. Most of the bio-

transformation of xenobiotics occurs in the liver.

However, biotransformation also takes place in the in-

testine, which can influence the bioavailability of

many substances, like drugs and xenobiotics. The ef-

fect of substances on biotransformation enzymes in

the intestine is commonly tested using Caco-2 cells,

a human cancer cell line that is similar to enterocytes

[1, 31]. We have employed these cells as an in vitro

model of human intestinal cells in the studies of en-

zyme activity. Because it is a cancer cell line, we were

also able to observe the anticancer activity of Selol.

Furthermore, we assessed the cytotoxic and cytostatic

activities of three kinds of Selol containing various Se

concentrations: 2, 5 and 7%.

Materials and Methods

Chemicals

Selol was synthesized in the Department of Drug

Analysis at Warsaw Medical University as described

previously [22]. Dihydrorhodamine 123 (DHR 123)

and 7-ethoxyresorufin (7-ER) were purchased from

Molecular Probes (Invitrogen, Carlsbad, CA). Fetal

bovine serum (FBS) was purchased from Gibco (Invi-

trogen, Carlsbad, CA). Se atomic absorption standard

solution in 1% HNO3, 1,020 µg/ml (Aldrich) was

used for the preparation of Se standards. Nickel(II) ni-

trate hexahydrate p.a. (Fluka) was used as a chemical

modifier for Se. The 65% nitric acid (VI) p.a. (Merck)

was used for the microwave mineralization method of

Selol samples. Doubly distilled deionized water, with
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Fig. 1. A putative structure of Selol – octadeca-9,11-dienoic acid
1-[7-(5-non-3-enyl-2-oxo-���-[1,3,2]dioxaselenolan-4-yl)-heptanox-
yloymethyl]-2-octadeca-9,13-dienoyloxy-ethyl ester. Depending on
the Se content, Selol possesses various structures, as indicated by
arrows



a resistivity of 18.3 M�·cm, was used for the prepara-

tion of solutions. Acetone was obtained from POCH

(Polskie Odczynniki Chemiczne, Wroc³aw, Poland).

MTT (3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyl te-

trazolium bromide), rabbit polyclonal anti-NFE2L2

(Nrf2) antibody, goat anti-rabbit tetramethyl rhodam-

ine isothiocyanate (TRITC) conjugated secondary an-

tibody and all media constituents and chemicals were

purchased from Sigma (St. Louis, MO).

Cells

Human colorectal adenocarcinoma Caco-2 cells were

obtained from the ATCC. Cells were routinely culti-

vated in RPMI 1640 medium (Sigma) supplemented

with 10% heat-inactivated FBS (Gibco), penicillin

(100 IU/ml), streptomycin (100 µg/ml), amphotericin

(250 ng/ml, L-glutamine (2 mM), 1% non-essential

amino acids, and 0.5% glucose. Cells were subculti-

vated weekly at a 1:5 ratio with fresh medium.

Determination of Selol concentrations for the

tests

Samples of 100 mg of 2%, 5% and 7% Selol were

placed in a Teflon crucible in a mineralizer. Three

milliliters of 65% HNO3 was added to the samples

and the samples were mineralized in a microwave

mineralizer. Mineralization was carried out under the

following conditions: 1st step – 30% maximum en-

ergy for 1 min; 2nd step – 50% maximum energy for

2 min; and 3rd step – 75% maximum energy for 2

min. Mineralizates were transferred into 100 ml volu-

metric flasks and complemented by 1% HNO3 solu-

tion. Test solutions were prepared by diluting 1 ml of

the solution 200 times, 500 times and 700 times for

2% Selol, 5% Selol and 7% Selol, respectively. Fifty

microliters of 0.1% Ni(NO3)2 in 1% HNO3 was added

to 1-ml sample solutions placed in a 1.5-ml polyethyl-

ene container. Determination of Se(IV) was con-

ducted using atomic electrothermal atomization with

Zeeman-effect background correction. The Se stan-

dard solution was prepared by adding 200 µl 0.1%

Ni(NO3)2 in 1% HNO3 to 4 ml standard solution con-

taining 200 ng Se/ml in 1% HNO3. The blank solution

was prepared by adding 200 µl 0.1% Ni(NO3)2 in 1%

HNO3 to 4 ml 1% HNO3. The automatically prepared

10-µl standard samples contained 40, 100 and 200 ng

Se/ml. Ten microliters of standards and sample solu-

tions were injected into a pyrolytic graphite furnace.

The microwave mineralizer MDS-2100 was made by

CEM Corporation (USA). The GBC Avanta Ultra Z

automatic, a single beam atomic absorption spec-

trometer provided with an autosampler, a longitudinal

Zeeman-effect background correction system, and

a transversely heated graphite atomizer was used

throught the study. A CPI Int. Se hollow cathode lamp

1.5” – Coded operated at 10 mA was used for the de-

termination of Se at 196 nm with a 2.0 nm slit width.

Evaluation of Selol solutions

Three percentages of Selol were examined with dif-

ferent Se concentrations: 2%, 5% and 7%. Selol was

diluted in acetone to obtain concentrations ranging

between 0.5–10 mg Se/ml. Next, all three Selols were

added to the fresh RPMI 1640 medium at a 1:100 ra-

tio. The solutions were examined under a microscope

to choose those concentrations that formed a homoge-

nous suspension with the medium.

MTT assay

Cells were seeded at a density of 85 × 103 cells/ml in

96-well plates. To each well, 200 µl cell suspension

was added. Cells were preincubated for 72 h, and then

the plates were centrifuged and the medium was re-

moved. Next, 200 µl fresh medium containing 2 µl

Selol was added to each well. Cells were incubated

with 2, 5 and 7% Selol at increasing concentrations of

Se for 24, 48 and 72 h. Caco-2 cells were also treated

with the reference Se(IV) compound sodium selenite

(Na2SeO3) to compare the cytotoxic effects at equal

Se concentrations. After the incubation, the medium

was removed and 50 µl MTT solution was added to

each well. Plates were incubated for 3 h at 37°C and

5% CO2. Plates were centrifuged, and the untrans-

formed MTT solution was removed, and acidic iso-

propanol containing 0.04 M HCl was added to each

well [2, 13]. When the MTT reduction product, for-

mazan, was solubilized completely by isopropanol,

the absorption of each well was measured with

a Power XS Biotek Spectrophotometer plate reader at

570 nm test and 690 nm reference wavelengths, re-

spectively. The result for each concentration was the

mean of three independent experimental data.
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Free radical determination

The level of free radicals was measured by DHR 123,

which is oxidized directly to rhodamine 123. It enters

the cells as a freely permeable dye, which is con-

verted into rhodamine 123 and localizes to the mito-

chondria. The conversion is independent from en-

zymes and is directly correlated with the ROS (radical

oxidative species) level [24]. Cells were seeded at

a density of 85 × 103 cells/ml in 8-well coverglass

chamber slides (Nunc) and incubated with Selol for

24 and 48 h. Next, the medium was discarded, and the

cells were rinsed with phosphate-buffered saline

(PBS), pH 7.4, loaded with 1 µM DHR 123 dye and

incubated 15 min in the dark at 37°C. Cells were

examined under a confocal microscope (Olympus

FV500) with an Ar laser at � = 488 nm as a light source.

The fluorescence was collected through a 505–525

bandpass emission filter.

Protein level determination

The level of total protein was examined by the Brad-

ford assay, using bovine serum albumin (BSA) as

a standard [3].

CYP1A1 activity

As a substrate for CYP1A1 (cytochrome P450 isoen-

zyme 1A1), 7-ER was used. CYP1A1 activity was de-

termined as described by Burke [7], with slight modi-

fications [26]. Cells were seeded at a density of 85 × 103

cells/ml in 48-well plates. To each well, 500 µl cell

suspension was added. Cells were preincubated for

72 h. Next, the medium was discarded and fresh me-

dium containing 250 nM 1,2,5,6-dibenzoanthracene

(DB(a,h)A) in DMSO (dimethyl sulfoxide) was added.

DB(a,h)A was used as a CYP1A1 inducer, because

the enzyme activity in Caco-2 cells was under the

limit of detection. Cells were incubated with the

CYP1A1 inducer for 48 h. The medium was replaced

with fresh medium containing 2, 5 or 7% Selol. Cells

were incubated with Selol for 24 and 48 h. The me-

dium was then removed, and the cells were rinsed

with PBS. Intact cells in 48-well plates were incu-

bated with 5 µM 7-ER in the presence of 1.5 mM sali-

cylamide to inhibit conjugating enzymes. NADPH at

a final concentration of 0.1 mM was added to stimu-

late metabolism. All chemicals were dissolved in

PBS. Plates were incubated for 40 min at 37°C and

5% CO2. Next, 100-µl aliquots from each well were

transferred into a black 96-well plate (Grainer). The

fluorescence was determined by the fluorescence

plate reader Ascent FL (Labsystems Fluoroscan) at an

excitation wavelength of 530 nm and an emission

wavelength of 585 nm. A calibration curve was made

for resorufin to calculate the amount of resorufin in

each well. After the enzyme activity was measured,

cells were lysed with 1 M NaOH to determine the pro-

tein level.

NAD(P)H: quinone reductase activity

Cells were seeded in 12-well plates at a density of 85

× 103 cells/well. Treatment with Selol was preceded

by a 72-h preincubation with medium. Cells were in-

cubated with Selol for 24, 48 and 72 h. NAD(P)H:

quinone oxidoreductase (EC 1.6.99.2) (QR) activity

was measured via a direct assay, measuring the

NADPH-dependent menadiol-mediated reduction of

MTT. The reaction mixture was prepared for each set

of assays, as previously described by Prohaska and

Santamaria [23]. The QR activity is expressed in

mU/mg protein. The extinction coefficient of MTT

was set at the level of 11,300 M–1 cm–1 at � = 610 nm,

according to Prochaska and Santamaria. The protein

content was assessed by the Bradford assay, using hu-

man serum albumin as a standard.

Immunofluorescence and confocal microscopy

Cells were seeded in 8-well coverglass chamber slides

(Nunc) and incubated for the specified time with the

tested substances. Next, the medium was removed,

and the cells were washed three times with PBS. Cells

were fixed with ice-cold acetone for 5 min at 4°C,

with subsequent rehydration for 15 min in PBS at

room temperature followed by incubation in blocking

solution, 1% BSA/PBS (w/v), for 60 min. To detect

Nrf2 protein, the samples were incubated with pri-

mary antibody, rabbit polyclonal anti-Nrf2 (Anti-

NFE2L2; Sigma; HPA002990; 1:50 in 0.1%

BSA/PBS (w/v)), at 4°C overnight. Following the in-

cubation, the samples were washed three times and

subsequently incubated with anti-rabbit TRITC-

conjugated secondary antibody (Sigma, 1:200 in 0.1%

BSA/PBS (w/v)) for 30 min at room temperature.

Slides were mounted with glycerol and analyzed with

an Olympus IX70 Fluoview 500 confocal microscope

equipped with a 60× oil immersive objective. A He-
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Ne laser at � = 543 nm was used to excite the sam-

ples, and the fluorescence was collected through a BA

560 filter. On average, 10 fields were evaluated on

each slide, and one representative was photographed.

Statistical methods

The data, excluding microscopic results, are presented

as the means ± SE. Statistical analyses were carried

out using analysis of variance (ANOVA)s followed by

Scheffe’s least significant difference post-hoc tests.

A p-value < 0.05 was considered as significant. Statis-

tical tests were performed using Statistica 5.0 PL.

Results

Determination of Se content and Selol doses

for further experiments

First, we examined 2%, 5% and 7% (w/v) Selol for Se

content. For the precise evaluation of Se, we used

atomic absorption spectroscopy (AAS). The results

confirmed that 2% Selol contains 20 mg Se/ml, 5%

contains 50 mg/ml and 7% contains 70 mg/ml.

We made acetone solutions of 2, 5 and 7% Selol at

concentrations ranging from 0.5 – 10 mg Se/ml. Next,

the solutions were added to RPMI 1640 complete me-

dium at a concentration of 10 µl per 1 ml of medium,

leading to final concentrations of 5–100 µg Se/ml.

Observation of these solutions led to the exclusion of

concentrations greater than 30 µg/ml because they

formed heterogeneous suspensions or, at higher con-

centrations, oil drops at the surface of the medium

(data not shown).

Evaluation of cell viability

The analysis of cytostatic and cytotoxic effects of 2%,

5% and 7% Selol revealed that a significant change in

cell viability occurred after 72 h of treatment (Fig. 2).

The reference substance, Na2SeO3, was highly cyto-

toxic after 24 h of treatment at the same Se concentra-

tions as Selol. 7% Selol caused a significant decrease

in viability of around 50% after 72 h, in contrast to the

2% and 5% Selols, which demonstrated no cytotoxic-

ity (p < 0.05).

Determination of QR enzyme activity

QR activity was elevated using all types of Selol;

however, the strongest inducer was 2% Selol, which

increased QR activity at 10 µg Se/ml after a 24-h in-

cubation, and the induction was stable until 48 h (Fig.

3). 5% Selol caused an increase in QR activity at

20 µg Se/ml after 24 h; however, this induction was

not durable. Prolonged exposure of cells to 5% Selol

resulted in QR inhibition. 7% Selol did not induce QR

activity after 24 h of treatment, and the prolonged ex-

posure of cells to this compound resulted in QR inhi-

bition.

Determination of CYP1A1 enzyme activity

The activity of the CYP1A1 enzyme in Caco-2 cells

was under the limit of detection of the EROD assay.

Thus, we induced CYP1A1 activity with an agonist,

DB(a,h)A, which was used at a concentration of
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Fig. 2. Effect of 2, 5 and 7% Selol and Na�SeO� on Caco-2 cell viability after 24, 48 and 72 h treatment. Viability was measured by the MTT assay
and is expressed as a percentage of the control. The viability of the control is 100%



250 nM based on our previous studies [27]. Cells

were preincubated with DB(a,h)A for 48 h and then

incubated with Selol.

After a 24-h incubation with Selol, the activity of

CYP1A1 was inhibited by 5 µg Se/ml, and this inhibi-

tion was stable for all tested concentrations of 2%

Selol (Fig. 4). A 48-h incubation of cells with 2%

Selol resulted in sustained inhibition of CYP1A1,

which was weaker than that after 24 h but still signifi-

cant (p < 0.05).

Both 5% and 7% Selol inhibited CYP1A1 activity

at 20 µg Se/ml after 24 h. Lower concentrations of

Selol (5–10 µg Se/ml) did not affect the enzyme activ-

ity. After the treatment of cells with 2% Selol and 5%

Selol at 5–20 µg Se/ml concentrations for 48 h, no ef-

fect on CYP1A1 activity was observed. The induction

after 48 h of treatment was significant for the 7%

Selol concentration of 5 µg Se/ml. The same Selol at

higher concentrations inhibited CYP1A1 enzyme activity.

ROS level

After 24 h of treatment with Selol, the level of ROS

increased for 2% and 5% Selol. Only a minor increase

was observed for 7% Selol (Fig. 5). After 48 h of ex-

posure, there was a large increase in the ROS level for
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Fig. 3. Effect of 2, 5 and 7% Selol on CYP1A1 enzyme activity in Caco-2 cells. Cells were incubated with DB[a,h]A for 48 h, and the medium was
replaced with fresh media containing various concentrations of Selol and incubated for the specified time. CYP1A1 activity was assessed by
the EROD assay

Fig. 4. Effect of 2, 5 and 7% Selol on the activity of the quinone oxidoreductase (QR) enzyme in Caco-2 cells. The activity of QR was determined
by biochemical assay as described in Materials and Methods and expressed relative to the control
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Fig. 5. Effect of 2, 5 and 7% Selol on the level of reactive oxygen species in Caco-2 cells. Cells were incubated with the tested substances for
the specified time in 8-well coverglass chamber slides (Nunc).They were then loaded with 1 µM DHR 123 dye and incubated in the dark for 15
min at 37�C. Cells were examined under a confocal microscope (Olympus FV500)

Selol 2% Selol 5% Selol 7%

0
µg Se/ml

5
µg Se/ml

10
µg Se/ml

20
µg Se/ml

Fig. 6. The translocation of Nrf2 protein in Caco-2 cells induced by Selol treatment. Cells were fixed and stained with primary anti-Nrf2 antibody
and then stained with secondary TRITC-conjugated antibody. Stained cells were visualized with an Olympus FV 500 confocal microscope
equipped with a 60� oil-immersion objective



all three Selol percentages. 7% Selol at the 10 µg

Se/ml concentration caused a weaker ROS increase

than the two other Selol concentrations.

Cellular localization of Nrf2 protein

Caco-2 control cells exhibited cytoplasmic localiza-

tion of Nrf2 protein (Fig. 6). After treatment with 2%

Selol, the translocation of Nrf2 protein to the nucleus

was observed. The effect was most significant at the

5 Se µg/ml concentration, and with an increase of Se

content, the level of Nrf2 protein inside the nucleus

decreased. 5% and 7% Selol induced translocation of

Nrf2 protein at 5 µg/ml. At a higher dose of Selol,

20 µg/ml, 5% and 7% Selol caused a decrease in the

protein level both in the nucleus and in the cytoplasm.

Discussion

Selol is a compound that contains Se(IV) in its struc-

ture. We have previously shown that Selol can induce

cell death in human leukemia HL-60 cells and can

overcome multidrug resistance [29]. We showed that

the HL-60/DOX cell line that overexpresses MRP1

protein is the most vulnerable to Selol activity. It is

known that proteins that are involved in multidrug re-

sistance are also present in jejunal cells [33].

Se is an element that has been shown to possess

chemopreventive and anticancer activity in humans. It

acts via many pathways, and its exact mechanism is

still not well understood [16]. The most chemopre-

ventive and anticancer Se compounds possess Se(IV)

in their structure, like Na2SeO3. Although they have

high anticancer potency, they are highly cytotoxic,

which is the main problem associated with the use of

Se compounds in therapy [28, 34].

At the Warsaw Medical University, selenitetrigli-

cerydes were synthesized, and the analysis of their

structure proved that they posses Se(IV). Further ex-

periments led to the formation of a series of Selols

that posses various Se content. Different Se concen-

trations in Selol change the structure of the com-

pound. In the present paper, we present results of ex-

periments using three types of Selol: 2%, 5% and 7%.

Based on the results of viability evaluations, we

can state that the three Selols at the same Se doses do

not function similarly. 2% and 5% Selol caused

a similar profile of viability decrease, whereas 7%

Selol was more cytotoxic. The impact on cell viability

increased with Se percentage, although Se content in

the medium was equal for all three Selols. The results

obtained in the present study showed that Caco-2 cells

were more resistant to Selol than HL-60 leukemia

cells. We also observed that sodium selenite was

highly cytotoxic to Caco-2 cells. Because Selol and

sodium selenite contain Se(IV), the differences in

their cytotoxicities are probably due to different bioa-

vailabilities of Se. Due to the high cytotoxicity of so-

dium selenite, we could not use it in further studies,

within the concentration range comparable to that of

Selol.

Selol inhibited the activity of the phase 1 enzyme

CYP1A1. Phase 1 enzymes metabolize xenobiotics

and make them more electrophilic, which results in

detoxification. However, they can also activate pro-

carcinogens; CYP1A1 and CYP1A2 enzymes can ac-

tivate polycyclic aromatic hydrocarbons (PAHs) that

can form adducts with DNA and cause mutations, po-

tentially resulting in the development of cancer [20].

The inhibition of phase 1 enzymes is recognized as

a chemoprevention strategy.

Selol treatment increased ROS generation inside

cells. Selol blocked CYP1A1 enzyme activity, be-

cause it disrupted the reaction catalyzed by this cyto-

chrome. As a result, the molecular oxygen that par-

ticipates in reactions catalyzed by CYP1A1 was re-

duced to the superoxide radical anion (O2
–•) instead

of being incorporated into the substrate molecule. Un-

der the influence of electrons that exist in the cell, su-

peroxide can transform into other toxic metabolites of

oxygen, hydrogen peroxide (H2O2) or hydroxyl radi-

cal (•OH). The accumulation of reactive oxygen spe-

cies led to oxidative stress that spread throughout the

entire cell, as observed by confocal microscopy. The

oxidative stress could induce phase 2 activity, as this

is the known mechanism of induction of ARE-

regulated genes [9, 25]. The coordinate mechanism by

which phase 2 enzymes are transcriptionally activated

employs the nuclear erythroid 2-related factor 2

(Nrf2)-ARE signaling pathway. In that pathway, Nrf2

is a key transcription factor that is normally seques-

tered in the cytoplasm by Kelch-like ECH-associated

protein 1 (Keap1). After induction, Nrf2 dissociates

from Keap 1 and translocates to the nucleus where it

associates with other nuclear factors and binds to

AREs. The protection induced by the Nrf2-ARE path-

way involves protein synthesis; therefore, the protec-
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tion can be achieved after many hours of exposure to

the inducer. The enzymatic proteins possess a rela-

tively low degradation rate, and therefore protection

may be sustained for many days, even after inducers

are eliminated from the cells and the culture medium

[36]. After incubation of Caco-2 cells with Selol, we

observed an increase in QR activity that was Selol

percentage-dependent. A greater percentage of Selol

caused a weaker QR induction. This result indicates

that Selol is a phase 2 inducer. QR activity is used as

a marker to study phase 2 induction by the Nrf2-ARE

pathway after oxidative stress [4, 8]. To evaluate if in-

duction of phase 2 enzymes by Selol is mediated by

the Nrf2-ARE pathway, we examined the ability of

Selol to induce the translocation of Nrf2 protein to the

nucleus. At low doses, each Selol induced the Nrf2-

ARE pathway, in agreement with the result obtained

for QR activation.

All of the observed effects depended on the per-

centage of Se present in the Selol. The strongest in-

ducer of Nrf2 translocation and QR activity and in-

hibitor of CYP1A1 activity was 2% Selol. These re-

sults correlate with the high level of ROS formed in

Caco-2 cells after treatment with this Selol.

The activity of Selol changed with an increased

percentage of Se and could be associated with

changes in Selol structure. With the increase in Se

content, the amount of dioxaselenolane rings in-

creased, resulting in the stabilization of the molecule.

It became less reactive, explaining the higher amount

of ROS formed, the higher induction of QR and the

stronger inhibition of CYP1A1 caused by 2% Selol

than by the two other Selols. The cause of the higher

cytotoxicity of Selol 7% remains to be elucidated.

However, it is possible that the ROS generation can

also influence the decreased cell viability. Because

ROS are generated in high amounts after prolonged

exposure to Selol and without a simultaneous effect

on phase 2 activation, it is highly probable that ROS

can lead to cell death over a longer period of time.

The highest tested amounts of 5% and 7% Selol

caused a decrease in the level of Nrf2 protein. It has

been previously described that in the process of cell

death, the Nrf2-ARE pathway can be inhibited [15]. It

is also worth emphasizing that 2% Selol has been pre-

viously shown to be non-toxic in vivo [17]. Two other

Selols are currently undergoing in vivo investigations.

Selol changes the activity of both phase 1 and phase 2

enzymes, which indicates its potential influence on

the pharmacology of co-administered drugs in the in-

testinal tract.

Recent reports suggest that Selol can influence

opioid activity in the induced hyperalgesia that ac-

companies diabetes [5, 6]. In addition, this activity of

Selol can be a result of this interaction with the modu-

lation of the antioxidant response of cells, such as

neuronal cells in the case of hyperalgesia.

It is clear that additional work is required to assess

the pathway of Selol activity; however, it is apparent

that 2% Selol acts as a potent chemopreventive agent,

whereas 5% and 7% act as anticancer agents. The ac-

tivity of Selol depends on the amount of ROS induced

by its administration.

Further studies, especially those utilizing healthy

human cells in comparison to cancer cells, are neces-

sary to determine if the chemopreventive and antican-

cer activities of Selol are selective toward cancer

cells. Many additional questions concerning this com-

pound remain to be elucidated, such as anticancer ac-

tivity in vivo using animal models.
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