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A set of human tumor cell lines was characterized in terms of the GPx isoenzymes GPx1, -2, -3 and
-4. Semiquantitative PCR was used to investigate the GPx mRNA transcripts and the GPx activity was
determined photometrically. As a result of culturing under standard conditions, diverse distribution of GPx
mRNA and basic GPx activity was found in the investigated cell lines. PCR results showed nearly ubiquitous
existence of the isoenzymes GPx1 and GPx4. GPx2 mRNA transcript was only detected in the colonic
cell line CaCo-2. After detection of the GPx3 mRNA transcripts in most of the tested cell lines, an ELISA
was performed to investigate if the GPx3 protein is present as well. However, the GPx3 protein could
not be detected. Glutathione peroxidases contain the amino acid selenocysteine in their active centre.
Selenocysteine contains selenium instead of sulfur in cysteine. Therefore, the influence of selenium on
GPx activity and GPx isoenzyme distribution was investigated. Cell culturing with additional selenium
showed a clear elevation of GPx activity in Mono Mac 6 cells but no gain of mRNA transcripts or any
change in the isoenzyme’s distribution.

1. Introduction

Glutathione peroxidases (GPx) display an important selenoen-
zyme family which is involved in the detoxification of hydrogen
peroxides and lipid - hydroperoxides (Brigelius Flohe 1999;
Papp et al. 2007).
The GPx family comprises at least four distinct isoenzymes:
GPx1 (cGPx), the classical or cellular enzyme is almost ubiq-
uitous in mammalian cells. GPx2, the gastrointestinal GPx,
is expressed almost exclusively tissue-specific in the gastro-
intestinal tract (Akasaka et al. 1990; Brigelius-Flohe et al. 2001;
Chu et al. 1993) and possibly responsible for the detoxification
of ingested lipid hydroperoxides (Chu et al. 1993; Esworthy et al.
1995; Wingler et al. 2000). GPx3, the extracellular plasma GPx
(pGPx or eGPx), is present in extracellular fluids like plasma
(Takahashi et al. 1987) and breast milk (Avissar et al. 1991).
GPx3 is synthesized and secreted by kidney cells (Avissar et al.
1994; Maser et al. 1994; Yoshimura et al. 1991). GPx4, the
phospholipid hydroperoxide glutathione peroxidase (PhGPx) is
capable of metabolizing peroxidized phospholipids and choles-
terol and appears to be ubiquitous (Gladyshev and Hatfield 1999;
Himeno and Imura 2000; Mates and Sanchez-Jimenez 1999;
Zhao 2001). There is also a membrane-associated form of GPx4
(Gladyshev and Hatfield 1999), which protects biomembranes
from oxidative damage (Ursini et al. 1985; Zhao 2001). GPx1,
GPx2 and GPx3 are tetramers; GPx4 is a monomer (Maiorino
et al. 1991). In its active center, each monomer contains one
molecule of the amino acid selenocysteine which is indispens-
able for catalytic properties (Brown and Arthur 2001; Flohe et al.
1973). Thus, depletion of selenium leads to a drastic impairment

in enzyme activity (Chow and Tappel 1974) and cell culturing
with additional selenium results in the rise of GPx activity (Wilke
et al. 1992).
Since glutathione peroxidases play an important role in the
metabolism of reactive oxygen species (ROS), we are planning
to study the influence of GPx activity levels on the efficacy of
photodynamic therapy (PDT). We intend to lower GPx activity
levels by means of antisense oligonucleotides towards GPx to
enhance the efficiency of PDT (Paukert et al., submitted). The
antisense mechanism is a process in which an oligo nucleotide
hybridizes specifically to a target RNA; thereby inhibiting the
protein’s translation (Aboul-Fadl 2005; Mizuno et al. 1984).
Lowering of GPx activity through a decrease in GPx protein is
expected to enhance PDT efficacy. In contrast, higher GPx activ-
ity is expected to increase cell viability after PDT-treatment due
to a higher detoxification rate of ROS generated by PDT during
light exposure. In order to find an adequate cell line for the PDT
experiments, we investigated the GPx isoenzyme’s distribution
and GPx activity levels in different cell lines, preferentially
human cancer cell lines.

2. Investigations and results

2.1. Distribution of GPx isoenzymes under standard
conditions

Nine different human tumor cell lines were screened for the
distribution of mRNA transcripts of the four GPx isoenzymes.
Cells were cultured using standard culturing medium, harvested
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Fig. 1: GPx mRNA transcripts (standard culturing conditions) M: DNA ladder, N: negative control, P: positive control �-tin

and PCR was performed. The results show divers allocation and
intensity for mRNA transcripts for each cell line (see Table 1
and Fig. 1). GPx1 mRNA transcript was detected in all tested
cell lines except for MCF-7 and T47D. In our experiments GPx2
was found only in the cell line CaCo-2. Therefore, it is the only
cell line comprising all four GPx isoenzymes investigated in
this work. GPx3 mRNA transcripts are found in every cell type
except LNCaP und BT-20. GPx4 mRNA exists in all tested cell
lines.

2.2. Estimation of GPx activity

GPx activity was determined in the cell lines U-251-MG, MCF-
7, Mono Mac 6 and CaCo-2. The impact of the selenium
supplementation on Mono Mac 6 cells differs clearly from other
cell lines tested. As shown in Fig. 2, the cell lines MCF-7 and
CaCo-2 show no considerable gain in GPx-activity by selenium.

Table 1: Allocation of GPx mRNA transcripts determined by
PCR in nine cell lines − no transcription + light,
++ medium, +++ strong transcription

GPx1 GPx2 GPx3 GPx4

Mono Mac 6 +++ – + +++
U-251-MG ++ – + +++
MCF-7 – – +++ +++
CaCo-2 + ++ +++ +++
A431 ++ – + +++
LNCaP +++ – – +++
T47D – – +++ +++
OV2774 + – + ++
BT-20 + – – ++

The basic GPx-activities of these two cell lines, as well as their
activity after selenium supplementation, are too low to obtain
reliable results (MCF-7: 12 and 32 mU/mg protein; CaCo-2:
39 and 97 mU/mg protein). U-251-MG cells show a 5-to 7-fold
increase compared to the basic GPx-activity (50 mU/mg). Mono
Mac 6 cells show the most obvious enhancement of GPx-activity.
An about 10-fold increase compared to the basic GPx-activity
(99 mU/mg to 996 mU/mg) can be measured in Mono Mac 6
cells after the addition of selenium.

2.3. GPx3 protein

In PCR experiments, GPx3 mRNA transcripts were found in
every tested cell line except LNCaP und BT-20 (see above).
Thus, an ELISA assay was performed to test the cell lines Mono
Mac 6, U-251-MG, MCF-7 and CaCo-2 for the GPx3 protein.
The testing of the cell lysates and the cell supernatants showed
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Fig. 2: GPx activity under standard (Strd.) culturing conditions and after
supplementation with selenium dioxide (Se); a MCF-; b CaCo-2; c
U-251-MG; d Mono Mac 6
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Fig. 3: Supplementation of Mono Mac 6 with selenium dioxide over 4 days.
� standard culturing conditions; � culturing with SeO2

no GPx3 protein. Also, the culturing with additional selenium
dioxide or hydrogen peroxide did not result in detectable GPx3
protein.

2.4. Distribution of GPx isoenzymes after
supplementation with selenium

Mono Mac 6 cells show a considerable increase of GPx activity
when cultured with additional selenium dioxide (see Fig. 2);
therefore, it was further examined, whether the amount of
the GPx mRNA transcripts changes in correspondence to the
increased GPx activity. All samples were tested for GPx1, −2,
−3, and −4 mRNA transcripts. The determination of GPx activ-
ity in the corresponding samples showed the same results as
the previous experiments. Supplementation of selenium dioxide
over a period of four days leads to a clear activation of GPx
activity up to 996 mU/mg protein compared to standard cul-
ture conditions (87 mU/mg protein) (Fig. 3). Despite the fact
that there is an enormous increase of GPx activity measurable
in four days, there were no detectable changes in transcripts as
GPx activity increased over the time elapsed (Fig. 4).

2.5. Conclusion

Semiquantitative PCR of nine cell lines showed varying distribu-
tion of GPx isoenzymes. Culturing with additional selenium did
not result in detectable changes. After conducting a GPx enzyme
activity assay only Mono Mac 6 cells showed a notable basic
GPx activity which can be elevated considerably by culturing
the cells with additional selenium. Therefore the Mono Mac 6
cell line will be the best cell model for the intended investigation
of GPx activity’s influence on PDT efficacy.

3. Discussion

First of all, we investigated the distribution of mRNA transcripts
of the four GPx isoenzymes in nine different cell lines. As a result
of culturing under standard conditions, diverse distribution was
found (Fig. 2): According to published findings, GPx1 exists
almost ubiquitous and is mainly found in the cytosol (Chambers
et al. 1986; Flohe et al. 1973; Frampton et al. 1987; Mills 1957).
We detected GPx1 in every cell line except MCF-7 and T47D
(data not shown). GPx2, the gastrointestinal GPx, is solely tran-
scribed in CaCo-2 cells, which is a colon adenocarcinoma cell
line. These results align with publications that describe GPx2
as tissue-specific for the gastrointestinal tract (Akasaka et al.
1990; Brigelius-Flohe et al. 2001; Chu et al. 1993) for example

in CaCo-2 cells (Avissar et al. 1994). In addition, GPx2 is found
in human liver and large intestine as well (Chu et al. 1993). Like
GPx1, GPx4 is expressed ubiquitously (Gladyshev and Hatfield
1999; Himeno and Imura 2000; Maiorino et al. 1991; Mates
and Sanchez-Jimenez 1999; Roveri et al. 1994; Ursini et al.
1985). We were able to detect GPx4 transcript in each cell line.
GPx3 is found predominantly in plasma and also in other extra-
cellular fluids like milk (Avissar et al. 1991; Takahashi et al.
1987). It is synthesized mainly in the kidneys (Yoshimura et al.
1991) and secreted into the blood. We detected GPx3 mRNA in
every cell line except LNCaP and BT-20. Because of these find-
ings we performed an Enzyme-Linked ImmunoSorbent Assay
(ELISA) to test if there is any GPx3 protein detectable in Mono
Mac 6, CaCo-2, MCF-7 or U-251-MG. However, no protein
was detectable in the cell lysate. Therefore, we tested the super-
natant as well to examine if the GPx3 protein is secreted right
after translation into extracellular surroundings, but no protein
was provable. After supplementation with selenium dioxide to
exclude a depletion of selenocysteine or the addition of H2O2

to create oxidative stress, no GPx3 protein was confirmable as
well. These findings match published results that GPx3 mRNA
is existent in most of the tested cell lines but the mature protein
is primarily secreted by renal cell types (Bierl et al. 2004).
Furthermore, GPx activity was determined. By using the sub-
strate cumene hydroperoxide, the total GPx activity of all GPx
isoenzymes was measured (Brigelius-Flohe et al. 2002). The
basic activities on the basis of standard culturing conditions and
after the supplementation with SeO2 are given in Fig. 2. CaCo-2
and MCF-7 cells exhibited a low basic GPx activity and only
a slight increase in GPx activity was found after SeO2 supple-
mentation. In the case of U-251-MG cells, GPx activity after
SeO2 supplementation was moderately enhanced as compared
to its basic activity. The GPx activity of Mono Mac 6 cells was
elevated about 10-times (Fig. 3) after addition of selenium diox-
ide to the culture medium. Thus, we primarily used Mono Mac
6 in our studies, owing to the very low levels of expression in
CaCo-2, MCF-7 and U-251-MG cells.
Due to the drastic elevation of GPx activity in Mono Mac 6
cells, we decided to investigate if the elevation is accompa-
nied by a change in mRNA level of the four GPx isoenzymes.
Transcripts of cells grown with standard culture medium were
compared to those cultured with supplemented selenium dioxide
over four days. For all GPx isoenzymes, no detectable changes
of the mRNA amounts in Mono Mac 6 cells were found (Fig. 4).
Quite comparable results were obtained for U-251-MG (data not
shown). Therefore, the increased GPx activity in Mono Mac 6
(and U-251-MG) cells mediated through selenium addition to
the culture medium does not appear to be caused by mRNA up-
regulation. Thus, it is possibly due to a higher quantity of protein.
A limitation of selenium implies a lack of selenocysteine, which
leads to a translational stop and no active enzyme is produced
(Berry et al. 1991, 2001; Birringer et al. 2002; Chambers et al.
1986).
The assay for the estimation of GPx activity is a useful tool to
investigate changes in GPx activity. The culturing of Mono Mac
6 cells with SeO2 elevates GPx activity considerably; thus, this
cell line seems to be an excellent model system for the intended
antisense experiments, which are supposed to result in a lowered
GPx activity.

4. Experimental

4.1. Cell culture

Mono Mac 6 (acute monocytic leukemia, DSMZ: ACC 124), MCF-7 (mam-
mary gland, ATCC: HTB-22), U-251-MG (glioma, ECACC: 09063001),
CaCo-2 (colon, ATCC: HTB-37), A431 (vulva, ATCC: CRL-1555), LNCaP
(prostate, DSMZ: ACC 256), BT-20 (mammary gland, ATCC: HTB-19),
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Fig. 4: GPx mRNA transcripts in Mono Mac 6 cells after supplementation with SeO2 over 4 days. M: DNA ladder, N: negative control, P: positive control CaCo-2 cells

OV2774 (ovary, D. G. Kieback, Maastricht, NL) and T47-D (mammary
gland, ATCC: HTB-133) cells were maintained in standard culture medium
(RPMI 1640 with 300 mg/l L-glutamine supplemented with 10% fetal calf
serum, 100 U/ml penicillin, 100 �g/ml streptomycin sulfate, 250 ng/ml
amphotericin B) at 37 ◦C in a humidified atmosphere (95% relative humid-
ity) containing 5% CO2. U-251-MG cells were supplemented additionally
with 1x non-essential amino acids (NEAA). Mono Mac 6 cells were addi-
tionally supplemented with 1x NEAA, 1 mM oxal acetic acid, 10 �g/ml
bovine insulin and 1 mM sodium pyruvate.

4.2. Semiquantitative PCR

RNA isolation from cells was performed with RNeasy® MinEluteTM
Cleanup Kit and QIAshredder® (Qiagen GmbH, Hilden, Germany)
according to the manufacturer’s protocol. RNA quantity was determined
photometrically at 260 nm. The purity of RNA was checked with an agarose
gel electrophoresis. For DNase digestion of the RNA, 5 �g RNA were used.
Thereafter, cDNA was synthesized through reverse transcription with the
OmniscriptTM Reverse Transkriptase Kit (Qiagen GmbH). PCR was used for
the determination of GPx mRNA levels. The method was performed accord-
ing to standard protocols. We used the Taq PCR Master Mix Kit (Qiagen
GmbH, Hilden, Germany), and peqGOLD 100 bp DNA ladder (PEQLAB
GmbH, Erlangen, Germany) as DNA standard. Primers (see Table 1) were
synthesized by Thermo Hybaid (Ulm, Germany). As a positive control,
�-actin was employed. Equal amounts of samples were used.

4.3. Detection of GPx3 protein

An ELISA kit (BIOXYTECH® pl·GPx Enzyme ImmunoassayTM, Oxis-
Research, Portland, USA) was used for the detection of the GPx3 protein
in Mono Mac 6, U-251-MG, MCF-7 and CaCo-2 cells. Performance was
according to the manufacturer’s protocol. Human plasma was used as a pos-
itive control sample. U-251-MG, MCF-7 and CaCo-2 cells were detached
with Accutase (PAA Laboratories, Cölbe, Germany). Cells were cultured in
standard culture medium or additionally supplemented with SeO2 (2.5 �M,

Sigma) or H2O2 (50 nM, Sigma). Supernatants of the cell cultures and cell
lysates (homogenized with ultrasound) were tested for GPx3 protein.

4.4. Estimation of GPx activity

To determine the activity of GPx, the decrease of NADPH was contin-
uously measured photometrically (340 nm) at 37 ◦C for 30 min with a
fluorescence plate reader (FluoStar Galaxy, BMG Labtechnologies Offen-
burg, Germany). This assay was first described by Paglia and Valentine
(1967). The basic reactions of this assay (Wendel 1981) are given in Fig. 5.
GSH (reduced glutathione) and NADPH were purchased from Serva Elec-
tro phoresis GmbH, Heidelberg, Germany); glutathione reductase from
Sigma, Taufkirchen, Germany. Because the GPx activity is rate limiting,
the decrease in absorbance of NADPH at 340 nm is directly proportional
to the GPx concentration (Paglia and Valentine 1967; Wendel 1981). Pub-
lished protocols (Günzler and Flohe 1985; Wendel 1981) were applied with
a few adaptations. Standard reaction mixture contained 0.5 mM NADPH,
1 mM GSH, and 15 mU GSH-Red. in 0.25 M potassium phosphate buffer
(pH 7.0) with 2.5 mM EDTA and 2.5 mM sodium azide. Total reaction mix-
ture volume was 200 �l. The substrate was cumene hydroperoxide (12 �M,
Sigma) and glutathione peroxidase from bovine erythrocytes (Sigma) was
used as positive control. One unit GPx activity is defined as the conversion
of 1 �mol NADPH to NADP+ per minute at 25 ◦C and 1 mM GSH. Protein
concentration of cells was determined with Bradford Reagent (Sigma). GPx
activity is expressed in milli-units (mU) per mg total protein. Adherent cells
were detached with EDTA 0.05%. All cells were washed with PBS 1x and
homogenized with ultrasound (Sonopuls GM 70/MS 73, Bandelin electronic
GmbH, Berlin, Germany). SeO2 (2.5 �M, Sigma) was added to the culture

Fig. 5: GPx activity assay reactions.
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Table 2: GPx primer sequences

Forward - Sense Reverse - Antisense

GPx1 (amplicon 483 bp)
5′-aaggtactacttatcgagaatgtg-3′ 5′-gtcaggctcgatgtcaatggtctg-3′

GPx2 (amplicon 337 bp)
5′-catcagcctggatggggagaa-3′ 5′-gtaggggagcttgtccttcag-3′

GPx3 (amplicon 270 bp)
5′-actacaggaagagcttgcacc-3′ 5′-gaaccttcatgggttcccaga-3′

GPx4 (amplicon 287 bp)
5′-tgtaaccagttcgggaagcag-3′ 5′-tagaaatagtggggcaggtcc-3′

medium daily 24 h after cell adhesion for experiments with supplementary
selenium. All cells were harvested 96 h later. Samples were prepared and
total GPx-activity was determined as per description .

4.5. Effect of selenium dioxide on mRNA transcripts and GPx
activity

Mono Mac 6 cells were cultured with standard culturing medium or with
additional selenium. Cells were harvested daily for four days. Each sample
was split into two aliquots. One sample was tested for the existence of
GPx1, -2, -3, and -4 mRNA transcripts. The other sample was used for the
determination of GPx activity. This procedure allows a direct correlation of
GPx activity with mRNA transcription.
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