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Abstract

Localization of GPx2, the gastrointestinal form of glutathione peroxidases (GPx), in the intestinal

crypt epithelium points to a specific but so far unknown function of this particular GPx. Therefore,

consequences of a GPx2 knockout were tested in mice fed a selenium-restricted, -adequate or -

supplemented diet. An unexpected increase in total GPx activity was found throughout the

intestine in selenium-fed GPx2 knockout animals. Immunohistochemistry revealed a strong

increase of GPx1 in colon and ileum especially in crypt bases where typically GPx2 is localized.

GPx1 mRNA was not enhanced in GPx2 KO, indicating that up-regulation most likely occurs at a

translational level. Loss of GPx2 was accompanied by an increase of apoptotic cells at colonic

crypt bases, an area essential for the self-renewal of the intestinal epithelium, particularly under

selenium-restriction. Additionally mitotic cells increased in the middle parts of the crypts,

indicating an extension of the proliferative area. The findings corroborate a role of GPx2 in

regulating mucosal homeostasis. In GPx2 KO mice, a rise of GPx1 can only partially compensate

GPx2 even under selenium-supplementation, indicating that GPx2 is the major anti-apoptotic GPx

in the colon. This data explains why spontaneous ileocolitis becomes only manifested if both,

gpx2 and gpx1 are deleted.
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Introduction

Glutathione peroxidase-2 (GPx2) is highly expressed in the mucosal epithelium of the

gastrointestinal tract with increased levels from proximal to distal sections of the mouse

small intestine [1]. Due to this specific localization it was first suggested to act as a barrier

against the absorption of hydroperoxides. Further analyses of ileum and colon revealed that

GPx2 levels are much higher at crypt bases than at the luminal sites [2,3]. Crypts harbour

the stem cell moiety of the proliferative zone. The coincidence of GPx2 expression and cell

growth has led to the suggestion that GPx2 might be involved in the maintenance of the self-

renewal of the intestinal mucosa [2,4]. This view is supported by the regulation of GPx2

expression (i) via the Wnt pathway [5,6], which is especially active in the proliferative zone

at the crypt bases, and (ii) via p63 signalling which keeps cells in the undifferentiated and,

thus, proliferative state [7]. An active Wnt pathway is required to let cells proliferate before

they start to differentiate and to migrate towards the villi, which is accompanied by a

decrease in the activity of the Wnt pathway. Three days after terminal differentiation, cells

reach the tops where they are either shed into the lumen or eliminated by spontaneous

apoptosis [8]. In parallel with the decreasing proliferating capacity of mucosal cells, GPx2

levels decrease in the zones of differentiation and migration and are nearly absent in the

apoptotic areas [2]. In accordance, GPx2 inhibited migration in HT29 [9] and apoptosis in

MCF7 cancer cells [7].

A role of GPx2 in the regulation of proliferation can also be inferred from its up-regulation

in cancer cells [4,10-12] and its ability to facilitate in vivo tumor growth of HT29 cells in

nude mice [9]. However, the physiological function of GPx2 as well as its role in tumor cells

is unknown. Data on GPx2 KO mice are scarce since the mice do not have an obvious

phenotype. Only when exposed to UV radiation they display an increased tumor incidence

[13]. In contrast, when both, GPx1 and GPx2 are deleted, the double knockout (DKO) mice

develop spontaneous ileocolitis and later intestinal cancer [14]. These phenomena were

reversed by a single allele of GPx2, but not of GPx1, pointing to a particular relevance of

GPx2 for preventing mucosal damage [15].

To learn more about the physiological function of GPx2 in the intestine and the

consequences of its deletion, we studied wild-type and GPx2 single KO mice adjusted to a

selenium-restricted, a selenium-adequate or a selenium-supplemented status. It was tested

whether deletion of GPx2 influenced the synthesis of other GPxs and whether major

processes in mucosal homeostasis, apoptosis and proliferation, were affected by the

knockout. Surprisingly, we found a drastic increase of GPx1 in the colon and ileum of GPx2

KO mice, especially in areas where typically GPx2 is expressed. Furthermore, the number of

apoptotic and mitotic cells in the colon significantly increased under limited selenium

supply, but less upon selenium supplementation, indicating that the impaired protection

against apoptosis in GPx2 KO mice can in part be compensated by overexpression of GPx1.
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Materials and Methods

Animals

Animals were housed under specific pathogen free (SPF) conditions with a 12 h dark light

cycle and free access to food and water. Animal experiments and husbandry were carried out

in accordance with guidelines from Federation of European Laboratory Animal Science

Association (FELASA). The studies were approved by local authorities under the number

MLUV 32-2347/4+68. GPx2 KO mice were generated as C57BL/6J × 129SV/J hybrids and

3 times backcrossed to a C57BL/6J background [16] and a 4th time before the experiment

started. Mice were reproduced by in house breeding.

Animals investigated here were part of controls of an ongoing study on inflammation-

triggered (AOM/DSS) carcinogenesis.1 Thus, animals (10 per group) have been treated once

with 300 μl saline i.p. (for AOM control) and were given 100 μl of phosphate buffer by

gavage every second day for 4 weeks (for sulforaphane control). This treatment did not

affect any of the measured parameters as routinely spot-checked. Animals were sacrificed 3

weeks after saline injection at an age of 11-12 weeks for measuring GPx activity and protein

expression. Apoptosis and mitosis was analyzed at 20 weeks of age.

Diets

For adjusting the selenium-status, the selenium-adequate and -supplemented diet was

obtained by mixing selenomethionine (Acros, Geel, Belgium) into torula-yeast-based

selenium-poor diet (No C1045, with 50% carbohydrates, 17% protein, 5% fat, 4% fibre, and

a mixture of micronutrients; Altromin, Lage, Germany) containing 0.086 mg Se/kg [17] to

yield a selenium content of 0.15 mg/kg for the selenium-adequate diet corresponding to the

dietary reference intake for mice [18] and a selenium content of 0.66 mg/kg for the

selenium-supplemented diet. All diets were fed as pellets starting directly after weaning.

Tissue preparation

Animals were anesthetized with isoflurane, killed by cervical dislocation and the intestine

was removed. The proximal 4 cm of the ileum and the proximal 2 cm of the colon were

taken for measuring GPx activity and frozen at −80°C. The rest of the tissue was used for

histology and apoptosis/mitosis counting. It was fixed for 24 h in 4% neutral-buffered

formalin and washed under tap water for another 24 h. Then specimens were dehydrated and

embedded in paraffin wax. Serial tissue sections (2 μm) from the same area (1 cm proximal

to the ileocecal junction and 1.5 cm proximal to the anus) of all 10 animals per group were

prepared for histology (hematoxylin staining) and immunohistochemistry.

RNA isolation and quantitative PCR

Ileum and proximal colon were ground under liquid nitrogen. 20–30 mg powder were

suspended in 800 μL of cold Trizol (Invitrogen, Karlsruhe, Germany), homogenized with a

1To induce carcinogenesis, AOM in saline was injected i.p. to the experimental groups 5 weeks after adjusting the selenium status.
One week later, AOM was followed by DSS application for 7 days as 1% DSS solution in the drinking water. In addition, groups of
animals were fed sulforaphane in 0.1 M potassium phosphate buffer, pH 7.4, for 4 weeks, starting 1 week before AOM.
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tissue lyzer (Qiagen, Hilden, Germany), and RNA isolated using the Trizol protocol. RNA

from the distal colon was isolated from four 10 μm thick formalin-fixed, paraffin-embedded

tissue sections using Rneasy FFPE (Qiagen) according to the manufacturer's instructions.

RNA (3 μg or the whole sample in case of the distal colon) was reversely transcribed with

150 fmol oligo(dT)15 primers and 180 U moloney murine leukemia virus reverse

transcriptase (Promega, Mannheim, Germany) in a total volume of 45 μL. qPCRs

(Mx3005P™ qPCR System, Stratagene, Amsterdam, Netherlands) were performed in

triplicates with 1 μL cDNA in 25 μL reaction mixtures using SYBR Green I (Molecular

Probes, Eugene, OR, USA) as fluorescent reporter. Primers (Table 1) were designed to be

specific for cDNA with PerlPrimer v1.1.14. PCR products were quantified with a standard

curve [19]. Rpl13a was used as reference gene.

GPx activity

For GPx activity, 20 mg of tissue powder (frozen tissue ground under liquid nitrogen) were

homogenized in a tissue lyzer (Qiagen, Hilden, Germany) for 2 × 2 min at 30 Hz in 500 μl

100 mM Tris/HCl, 300 mM KCl, 0.1% Triton X-100, pH 7.6, containing 4 μl of protease

inhibitor cocktail (Calbiochem, Bad Soden, Germany). Cellular debris was removed at

20,000 × g, for 15 min, at 4°C. Protein content was estimated according to Bradford [20]

and GPx activity was expressed as mU/mg protein. Absorbance was measured using a 96-

well microtitre plate absorbance reader (Synergy 2, Biotek Instruments GmbH, Bad

Friedrichshall, Germany). The absorbance reader corrects the different filling levels to a

light path length of 1 cm. This way, activity can be calculated according to Lambert-Beer's

law. GPx activity was measured in the glutathione reductase-coupled test optimized for

tissue samples with a final concentration of 50 μM of H2O2 as substrate [21]. One unit (U)

was defined as consumption of 1 μmol NADPH per minute. GPx4 activity was estimated

with 50 μM phosphatidylcholine hydroperoxide as substrate, which was prepared as

described [22].

Immunohistochemistry

Tissue sections were stained as described [2,23]. Primary antibodies, rabbit anti-human

GPx2 antiserum [24] in a 1:12000 dilution and rabbit anti-human-GPx1 (ab 22604, Abcam,

Cambridge, UK) in a 1:6000 dilution were applied overnight at 4°C. Dilution buffer was

from Dako (antibody diluent S3022). N-Histofine® Simple Stain Mouse Max PO (Rabbit)

(Nichirei Biosciences Inc., Tokyo, Japan) and diaminobenzidine (DakoCytomation,

Hamburg, Germany) were used for visualization. Specificity of the GPx1 antibody was

tested by blocking with the immunizing peptide (ab25301). A concentration of 50 ng/ml was

sufficient to block GPx1 staining in epithelial cells as well as in stromal cells.

Quantification of apoptosis

Apoptotic cells were characterized by morphological changes, including cell shrinkage,

nuclear condensation and perinuclear clearing according to the reference standard [25].

Apoptotic cells were counted in 200-300 longitudinally sectioned colonic crypts per animal

and numbers indicated per 100 crypts. Crypt sections were divided into quarters 1 to 4 with

quarter 4 at the crypt base. Samples were blinded for counting.
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Quantification of mitosis

Mitotic cells were characterized by morphological changes, including chromatin

condensation, chromosome formation and characteristic phases of mitosis (pro-, meta-, ana-

and telophase). Mitotic cells in all animals were counted in the same 200-300 longitudinally

sectioned colonic crypts where apoptotic cells were counted and numbers expressed per 100

crypts. As for apoptosis, crypt sections were divided into 4 quarters and samples blinded for

counting.

Statistics

Significance (GraphPad Prism® version 5.0, San Diego, CA, USA) was tested by two way

ANOVA with Bonferroni's post tests when comparing more than two groups or as indicated

in the figure legends. A p-value < 0.05 was considered significant.

Results

Total GPx activity is increased in GPx2 KO mice resulting from an up-regulation of GPx1

To check whether a GPx2 knockout is reflected by an altered total GPx activity it was tested

in homogenates of ileum and colon of wild-type and GPx2 KO mice. Surprisingly, total GPx

activity was not decreased in GPx2 KO mice as was expected, but compared to wild-type

significantly increased in the intestine. Results are shown for ileum and colon (Fig. 1A and

B). A slightly higher activity was even observed in the Se-deficient colon (Fig. 1B), yet

increased with increased selenium content in the diet. Activity of GPx4, the only GPx whose

activity can be measured with a specific substrate, was not influenced by GPx2 KO neither

in the ileum nor in the colon.

To identify the GPx which might be up-regulated by GPx2 deletion, tissues were analyzed

for GPx1 and GPx2 expression by immunohistochemistry. Results obtained in the colon are

shown in Fig. 2. As observed many times before, in wild-type mice GPx2 was preferentially

expressed in the crypt bases (Fig. 2A) and according to its high ranking in the hierarchy of

selenoproteins was not completely abolished in selenium-poor animals (Fig. 2C). Fig. 2B

confirms the complete absence of GPx2 in the GPx2 KO colon.

In wild-type mice, the localization of GPx1 is opposite to that of GPx2. In selenium-

adequate wild-type mice GPx1 is mainly seen at the luminal surface and only weakly at

crypt base (Fig. 2D and D1). In GPx2 KO mice, GPx1 increases dramatically throughout the

crypt, notably also at the base, when selenium supply is sufficient (Fig. 2E and E1). No

GPx1 is detectable in epithelial cells of selenium-restricted crypts; the minor staining is

located in stromal cells (Fig. 2F and F1).The increase of GPx1 at the crypt base in GPx2 KO

mice, however, remains under selenium-restriction, whereas it disappears at the luminal side

(Fig. 2G and G1). Thus, GPx1 is up-regulated in areas where usually GPx2 is located (Fig.

2A and C).

A similar situation was observed in the ileum (Fig. 3). Expression of GPx2 is more

pronounced in crypts than in villi in selenium-adequacy (Fig. 3A) and under selenium-

restriction (Fig. 3C). In the GPx2 KO ileum GPx2 is not expressed (Fig. 3B). GPx1 staining
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is weak even in Se-adequate wild-type mice (D), but visible throughout crypts and villi with

a slightly higher level towards the bottoms (Fig. 3D). More distinct signals are detectable in

the surrounding stroma cells which is maintained in the selenium-restricted tissue where

GPx1 is almost absent in the epithelial cells (Fig. 3F and F1). As in the colon, GPx1 is

dramatically increased throughout crypts and villi in selenium-adequate ileum of GPx2 KO

mice (compare Fig. 3E with D and E1 with D1). Interestingly, up-regulated GPx1 was also

localized in crypts, where preferentially GPx2 is expressed (Fig. 3A). As expected, GPx1

levels were much lower under selenium-restriction but compared to wild-type its increase in

GPx2 KO crypts GPx1 was still visible (compare Fig. 3G with F and G1 with F1).

Selenium-supplementation did not strikingly increase GPx1 staining, neither in the colon nor

in the ileum (not shown). Total GPx activity was also increased in the distal and proximal

jejunum, but not in the duodenum and liver of GPx2 KO mice (not shown), whereas the

activity of thioredoxin reductase, another selenoprotein, was not significantly affected by

GPx2 deletion (not shown).

Up-regulation of GPx1 is not based on an increase in mRNA synthesis

Up-regulation of GPx1 in GPx2 KO mice raised two questions. First, is the up-regulation

based on a transcriptional or a translational level, and second, are also other glutathione

peroxidases affected. To test this, RNA from ileum and proximal colon was isolated from

the same samples from which activity was tested, i.e. whole tissue homogenates, and

quantified for GPx1 and 3 (Fig. 4A, B). According to their hierarchical ranking, mRNA of

both GPxs was unstable under selenium-restriction and decreased to about 60%. RNA from

the distal colon was taken from the same sections in which the histological data were

obtained (Fig. 2 and 3). For this, RNA was isolated from the paraffin-embedded tissue. Also

here GPx1 RNA significantly decreased with decreasing selenium state, whereas levels of

GPx3 mRNA were more scattered and not significantly influenced by the selenium state

(Fig. 4C). This corresponds to the observations made in microarray studies with mice fed

identically [17]. The RNA level of neither GPx1 nor GPx3 was influenced by GPx2 deletion

which clearly indicated that up-regulation of GPx1 must have occurred at the translational

level. Since GPx4 activity was not changed (Fig. 1) a change in mRNA was not expected

and, therefore, not tested.

Deletion of GPx2 elevates apoptotic cells in the colon

Silencing of GPx2 has been shown to increase apoptosis in MCF7 cells [7] and in the

intestine of GPx1/GPx2 double knockout (DKO) mice [14]. It was, therefore, tested whether

apoptosis was also increased in the single GPx2 knockout. A characteristic overview of the

colon with apoptotic and mitotic cells marked is shown in Fig. 5. For quantification,

apoptotic cells were counted in 200-300 longitudinally sectioned colonic crypts of wild-type

and GPx2 KO mice (10 animals each) adjusted to the different selenium states at the age of

20 weeks. Numbers of apoptotic cells in the 4th colonic crypt quarter (crypt base) were

generally higher in GPx2 KO mice than in wild-type and increased even more under Se-

restriction where also the 3rd crypt quarter was affected (Fig. 6A). Selenium-containing diet

was only partially able to prevent the increase in apoptosis. The number of apoptotic cells in

the 4th crypt quarter was still enhanced under the selenium-supplemented diet.
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Deletion of GPx2 shifts mitosis of colonic epithelial cells to luminal regions when selenium
supply is limited

It has been suggested several times that GPx2 might support cell proliferation [4,9,12].

Therefore, also mitotic cells were counted in the same 200-300 longitudinally sectioned

crypts of wild-type and GPx2 KO mice used for counting of apoptotic cells. The number of

mitotic cells was not changed by GPx2 deletion in Se-adequacy or Se-supplementation

neither in the 3rd nor the 4th crypt quarter, where usually GPx2 expression is highest (Fig.

6B). As expected, there were no mitotic cells detectable in the 1st and 2nd crypt quarter. In

contrast, under Se-restriction mitotic cells significantly increased in GPx2 KO mice in the

3rd crypt quarter to a level usually present at the very bottom (4th quarter) and showed up

also in the 2nd quarter. In contrast to apoptosis, selenium supply was able to prevent the

increase in mitosis already when applied in the adequate amount.

Discussion

Up-regulation of GPx1 in GPx2-deficiency

The most surprising result during the present study was the distinct up-regulation of GPx1 in

the intestine in GPx2 KO mice especially in areas where otherwise GPx2 is expressed.

Reports on the localization of GPx1 and GPx2 are controversal. Based on an activity

approach a rather homogeneous expression of GPx1 and GPx2 throughout the mouse

intestine and along the crypt-to-villus axis was suggested [1], GPx1 protein was not

observed in the colonic epithelium when compared to epithelium environment like lamina

propria or sub-mucosa [26]. When epithelial fractions were separated from the rest of

intestinal tissues, mRNA of GPx1 was only found in the remnants, GPx2 in the epithelial

fractions [1,27] with preference at the crypt base [26]. We also observed a low GPx1

expression in ileal epithelial cells (Fig. 3D). Substantial expression of GPx1 in epithelial

cells was only detected at the apical surface of colon crypts (Fig. 2D). Regarding GPx2, we

consistently find an increasing gradient of GPx2 protein from the top to the base of the crypt

in selenium adequate and even selenium-poor colon of wild-type mice ([2]; Fig. 2A and C).

What is common to all observations is a preference for GPx2 in the intestinal epithelium and

an apparent mutual exclusion of GPx1 and GPx2, indicating that the expression of GPx2

might be regulated differently from GPx1 but in an interrelated manner. Regulation of both

GPxs can occur at the transcriptional or the translational level.

Regulation at the transcriptional level—GPx1 was induced by Nrf1 activation in

endothelial cells [28], by the haematopoietic-specific Ets family transcription factor PU.1 in

neutrophils [29], and its promoter is activated by p53 [30]. Nrf1 was translocated into the

nucleus by genistein accompanied by an up-regulation of GPx activity and protection of

endothelial cells from oxidative stress. PU.1 is activated by cytokines, growth factors,

antigen and cellular stress, the latter pointing to a role of GPx1 in the protection of

neutrophils from O2
•−/H2O2 produced by NADPH oxidase. The tumor suppressor p53 acts

primarily via regulation of cell cycle arrest, survival and DNA repair and by induction of

apoptosis. Depending on its concentration, p53 is able to regulate the cellular oxidation state

[31]. Under unstressed or physiologically stressed conditions, levels of p53 remain moderate

and induce antioxidant genes including GPx1 in a series of cancer and normal cells, thus
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decreasing the probability of DNA damage [31]. Under severe stress, e.g., increased H2O2

production, p53 becomes stabilized and induces pro-oxidant and, thus, pro-apoptotic genes

thereby eliminating irreparably damaged cells [32].

GPx2 is regulated by retinoic acid in some (MCF-7) but not all (HT29) tumor cells [33], by

Nrf2 [34], β-catenin/TCF [17] and an isoform of the p63 transcription factor [7]. The control

of GPx2 by the Nrf2/Keap1 system complies with its presumed protective role in

inflammation and cancer development. The β-catenin/TCF system triggers proliferation via

the Wnt pathway [5,8]. The decrease in GPx2 expression by an impaired Wnt pathway [5]

supports the assumption of a role of GPx2 in the maintenance of the mucosal homeostasis.

The latter point is further supported by the induction of GPx2 by ΔNp63, a transcription

factor required for proliferation [7]. Furthermore, GPx2 expression is down-regulated by a

mutated Nkx3.1, a homeobox gene responsible for the appropriate prostate epithelial

differentiation [35], indicating that GPx2 might also be involved in the suppression of

differentiation in the proliferative area.

A link between the regulation of both enzymes, GPx1 and GPx2, might be p53. P53 is

stabilized by H2O2 which is prevented by overexpression of GPx2 leading to p53

degradation [7]. Deletion of GPx2 may allow p53 stabilisation and might, thus, increase

GPx1 expression. The hypothesis sounds attractive; however, the present RNA data do not

support an induction of GPx1 at the transcriptional level. GPx1 RNA is increased with

increasing selenium content in the diet reflecting its low ranking in the hierarchy of

selenoproteins, which is characterized by a decreased mRNA stability under selenium

restriction (see below). GPx3 obviously ranks a bit higher in the hierarchy. Consequently its

mRNA is more stable and not significantly affected by the moderate selenium deficiency

(Fig. 4), which was also observed in a previous study [17]. In contrast, GPx1 RNA is not

increased by the loss of GPx2. Thus, up-regulation must have its reason at a translational

level.

Regulation at the translational level—Selenoprotein expression, so far, is best studied

at the translational level which depends on selenium availability. Selenoproteins do not

respond identically to the selenium status of cells, but are synthesized at limited selenium

supply according to a strict hierarchy, a phenomenon that depends on (i) their mRNA

stability in selenium-deficiency [36-38], (ii) interactions of their 3′UTRs harbouring the

selenocysteine inserting sequence (SECIS) with so far unidentified sequences within the

coding sequence deduced from the failure of the 3′UTR of a stable selenoprotein to transfer

stability to an otherwise unstable selenoprotein [39], and (iii) the affinity of the

selenoprotein-specific translation factor SBP2 (SECIS binding protein-2) to the different

3′UTRs of individual selenoproteins [40]. In this hierarchy, GPx1 and 2 occupy extreme

positions, GPx2 ranking by far higher than GPx1 [38]. If GPx2 is deleted more selenium

might be available for GPx1 synthesis. This idea is supported by the only moderate decrease

of GPx2 staining in selenium-restricted colon (Fig. 2C) and ileum (Fig. 3C) of wild-type

mice, whereas GPx1 is almost absent (Figs. 2F and 3F, respectively). In selenium-restricted

GPx2 KO mice, however, the low amount of selenium otherwise used for GPx2 synthesis at

the crypt base could be shifted into GPx1 synthesis (Figs. 2G and 3G). When selenium

supply is adequate or supernutritive, additional available selenium can easily be used for
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GPx1 biosynthesis. Additional selenium is preferentially shifted to GPx1 since activity of

GPx4 was not affected and GPx3 protein was hard to detect in the ileum or colon under all

three selenium states.

Finally one should keep in mind that selenium availability in the colon is also influenced by

the presence of bacteria [21]. Spontaneous development of colitis and cancer in GPx1/2

DKO mice was only observed in mice colonized with microbiota [14]. Selenoprotein

expression was lower in colonized than in germ-free mice [21] suggesting a competition for

selenium between bacteria and host. Thus, a compensatory up-regulation of GPx1 would be

more efficient in germ-free GPx2 KO animals.

Taken together, the dramatic change of GPx1 protein in the ileum and colon in GPx2 KO

mice obviously is not caused by an increased mRNA production or stability but rather by an

increase in GPx1 biosynthesis due to the higher availability of selenium by a knock out of

GPx2.

Increased apoptosis in GPx2 deficiency

All GPxs investigated so far inhibited apoptosis. Thus, it was not surprising to find an

increase in apoptotic cells also in the colon of GPx2 KO animals. Inhibition of apoptosis is

in line with the postulated role of GPx2 in the maintenance of the self-renewal of the

mucosal epithelium. The observation made here in GPx2 KO animals verifies this

hypothesis. Also the gradually decline of GPx2 from the crypt base towards the luminal

surface is in accordance with the continuous occurrence of physiological apoptosis at the

luminal side. Anti-apoptotic effects of GPx2 have so far only been demonstrated in GPx2-

overexpressing MCF7 cells [7] and in the ileum of 10-weeks-old GPx1/GPx2 DKO mice

[14]. In the latter model also signs of increased mitotic cells have been observed. However,

the number of ileal crypts was lowered indicating a severe intestinal damage. The higher

mitosis index could not compensate for the crypt loss due to apoptosis. While we did not

find increased mitotic cells in our 20-weeks-old Se-adequate or -supplemented GPx2 KO

mice, the number was significantly increased in the middle of the crypts under selenium-

restriction (Fig. 6B). The increase in mitosis in GPx2-KO mice does not support a specific

function of GPx2 in the maintenance of cell proliferation. Like the support of tumor cell

growth concluded from the development of larger tumors from wild-type cells compared to

GPx2-knocked down cells [9], also the ‘proliferative’ action of GPx2 in the crypt grounds

can be attributed to the capacity of GPx2 to inhibit apoptosis. Apparently the enhanced

GPx1 expression is partially able to compensate for the loss of GPx2 when sufficient

selenium is available, and might at least delay severe destruction of the intestinal mucosa.

The major anti-apoptotic function of selenoproteins in colon crypts, however, can be

attributed to GPx2. In the selenium-poor state, not only GPx1 but also other selenoproteins

are decreased [17] and might not yet work at an optimum in the selenium-adequate state. In

selenium-supplemented animals, only tiny effects on apoptosis (Fig. 6A) and GPx activity

(Fig. 1) could be observed; all selenoproteins should work optimally. In this state, the only

difference between wild-type and GPx2 KO mice is lack of GPx2 and the increase in

apoptosis remains.
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In summary, our data show that even a single knockout of GPx2 can impair intestinal

mucosa integrity. GPx2, thus, is required to prevent undue apoptosis in the proliferative

zone of colonic crypts which can contribute to the maintenance of the mucosal homeostasis.

The up-regulation of GPx1 in GPx2-deficient mucosal epithelium especially in areas where

otherwise GPx2 is located can be considered as attempt to counteract increased apoptosis

although not completely successful in Se-adequacy or even -supplementation. The data also

provide an explanation why both enzymes, GPx1 and GPx2, have to be deleted before

inflammation and cancer can develop spontaneously.
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Fig.1.
Total GPx and GPx4 activity in the intestine of wild-type and GPx2 KO mice at different

selenium status.

Total GPx and GPx4 activity in Se-restricted (-Se), Se-adequate (+Se) and Se-supplemented

(++Se) wild-type (WT) and GPx2-KO mice (KO) was measured in homogenates of the

ileum (A) and colon (B). Values are means ± SD (n = 4). Significance was estimated by two

way ANOVA with Bonferroni's post tests. *p<0.05, **p<0.01, ***p<0.001 vs. respective

WT; #p< 0.05, ##p< 0.01, ###p< 0.001 vs. respective groups of Se-restricted mice; (*)p<0.05

vs. the respective WT when Se-restricted groups were analyzed separately by Student's t-

test. Further details see ‘Methods’.
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Fig. 2.
GPx1 and GPx2 in the colon of wild-type and GPx2 KO mice.

Glutathione peroxidases were immunohistochemically stained in slices of the colon of wild-

type (WT) and GPx2 KO mice. (A-C) shows GPx2 staining, where (A) and (C) indicate WT

and (B) the KO animal, both under the selenium states indicated. (D-G) shows staining for

GPx1. (D) and (E) represent the Se-adequate and (F) and (G) the selenium-poor status of the

indicated genotypes. (D1, E1, F1, G1) indicate the higher magnification of the area marked

in the respective overview. The figure confirms the gradual increase of GPx2 expression

from the top of the crypt towards the crypt base (A), the absence of GPx2 in the KO mice

(B), and the only weak decline in selenium-restriction (C). Under both, selenium-adequate

(D,E) and -poor (F,G) conditions, GPx1 is increased in GPx2 KO mice (E,G), especially at

the crypt base. Shown are representative slices of each group stained simultaneously.

Further details see text and ‘Methods’.
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Fig. 3.
GPx1 and GPx2 in the ileum of wild-type and GPx2 KO mice.

Immunohistochemical GPx2 staining in the ileum of Se-adequate wild-type (A) and GPx2

KO (B) mice shows a similar distribution of GPx2 in the ileum as in the colon: increasing

levels from villi towards crypts (A), confirmation of the absence of GPx2 in GPx2 KO mice

(B), and a still visible expression under selenium-restriction (C). Staining for GPx1 reveals a

drastic increase in GPx2 KO (E, E1) compared to wild-type (D, D1) selenium-adequate

mice. GPx1 is almost completely decreased in selenium-poor wild-type (F, F1), but remains

slightly up-regulated in selenium-poor GPx2 KO (G, G1) mice, especially in the crypts. The

higher magnification of the area marked in the respective overview is labelled by 1. Shown

are representative slices of each group stained simultaneously.
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Fig. 4.
mRNA levels of Gpx1 and Gpx3 in the ileum (A), proximal (B) and distal (C) colon of wild-

type and GPx2 KO mice at different selenium status.

RNA was isolated and GPx1 and 3 mRNA quantified in triplicate by PCR and normalized to

the reference gene Rpl13a (see Methods). Selenium state and genotype is indicated in the

figure. Levels are expressed relative to the level of selenium-restricted wild-type mice,

which was set to 1. Values are means ± SD (n = 4). Significance was estimated by two way

ANOVA with Bonferroni's post tests. #p<0.05, ##p<0.01, ###p<0.001 vs. respective groups

of Se-restricted (-Se) mice. For further details see ‘Methods’.
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Fig. 5.
Apoptotic and mitotic cells in the colon of Se-adequate GPx2 KO mice. Slices of colon

tissues from 20 weeks old animals were stained with hematoxylin to identify apoptotic and

mitotic cells. A representative photograph is shown with apoptotic cells marked by arrows

and mitotic cells by arrowheads.
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Fig. 6.
Increase of apoptotic (A) and mitotic (B) cells in the colon of GPx2 KO mice. Colon

sections of 20 weeks old animals grown on the different selenium diets from weaning were

stained with hematoxylin and apoptotic and mitotic cells (see Fig. 5) were counted in

quarters 1 to 4 (where 4 is the base) of 200-300 intact crypts in each animal. Numbers of

respective cells are indicated per 100 crypts. Values are means ± SD (n = 10). There were no

mitotic cells in the first and 2nd quarters under selenium-adequacy. Significance was

estimated by two way ANOVA with Bonferroni's post tests. **p<0.01, ***p<0.001 vs.

respective samples of WT mice in the same crypt quarter (GPx2 KO
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effect). #p<0.05, ##p<0.01; ###p<0.001 vs. Se-restricted KO mice in the same crypt quarter

(selenium effect).

Florian et al. Page 19

Free Radic Biol Med. Author manuscript; available in PMC 2014 August 14.

N
IH

-P
A

 A
uthor M

anuscript
N

IH
-P

A
 A

uthor M
anuscript

N
IH

-P
A

 A
uthor M

anuscript



N
IH

-P
A

 A
uthor M

anuscript
N

IH
-P

A
 A

uthor M
anuscript

N
IH

-P
A

 A
uthor M

anuscript

Florian et al. Page 20

Table 1
Primer sequences (5′ → 3′)

Gene Acc. number Primer sequence Product

Ribosomal protein L13a NM_009438 fwd GTTCGGCTGAAGCCTACCAG
rev TTCCGTAACCTCAAGATCTGCT 157 bp

Gpx1 NM_008160 fwd TACACCGAGATGAACGATCTG
rev ATTCTTGCCATTCTCCTGGT 101 bp

Gpx3 NM_001083929 fwd CCATTTGGCTTGGTCATTCTGGG
rev CACCTGGTCGAACATACTTGAGAC 105 bp
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