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Abstract Selenium (Se) is found in inorganic and organic
forms, both of which are commonly used in animal feed sup-
plements. The aim of this study was to determine the impact of
the chemical form of Se on its associated ameliorative effects
on cadmium (Cd)-induced DNA damage in a porcine model.
At a cellular level, Cdmediates free oxygen radical production
leading in particular to DNA damage, with consequential mu-
tagenesis and inhibition of DNA replication. In this study,
porcine jejunal epithelial cells (IPEC-J2) were pre-incubated
for 48 h with one of Se-yeast (Sel-Plex), selenomethionine
(Se-M), sodium selenite (Se-Ni) or sodium selenate (Se-Na).
The effects of this supplementation on cell viability and DNA
damage following cadmium chloride (CdCl2) exposure were
subsequently evaluated. IPEC-J2 cells were cultivated
throughout in medium supplemented with porcine serum to
generate a superior model that recapitulated the porcine gut
epithelium. The results illustrated that Se antioxidant effects
were both composition- and dose-dependent as evident from
cell viability (Alamar Blue and 5-carboxyfluorescein diacetate
acetoxymethyl ester) and DNA damage assays (Comet and
TUNEL). Both the Se-yeast and Se-M organic species, when

used at the European Food Safety Authority guideline levels,
had a protective effect against Cd-induced DNA damage in
the IPEC-J2 model system whereas for inorganic Se-Ni and
Se-Na sources no protective effects were observed and in fact
these were shown to enhance the negative effects of Cd-
induced DNA damage. It can be concluded that nutritional
supplementation with organoselenium may protect porcine
gut integrity from damage induced by Cd.

Keywords Selenium . Cadmium . DNA damage . Comet
assay . Heavymetal contamination

Introduction

Cadmium (Cd) contamination of animal feed has become a
major problem worldwide and is of concern due to its toxic
effect and the potential bioaccumulation of Cd through the
food chain. Cd is a heavy metal which is naturally present in
the environment due to volcanic emissions and the weathering
of rocks. However, in recent decades, increased Cd levels
have become a concern, primarily due to anthropogenic and
industrial activities, the result of which includes contaminated
animal feed and feed supplements [1]. The spreading of ani-
mal manure has also been shown to contribute to increased
levels of Cd in soil, caused directly by contaminated animal
feed products [2]. The main route of Cd exposure is through
the consumption of contaminated food and water. The
European Food Safety Authority (EFSA) has set out regula-
tions regarding permissible levels of Cd in food for human
consumption; however, there are currently no regulations re-
lating to acceptable levels of Cd in animal feed. The human
body has limited defence mechanisms against Cd, resulting in
its bioaccumulation in the food chain. Cd has been shown to
induce oxidative stress at a cellular level, with a positive
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correlation noted between Cd dose and the extent of DNA
damage [3]. The generation of Cd-induced free radicals has
multiple effects on the cell including DNA strand breakage,
the generation of mutations and the inhibition of DNA syn-
thesis itself. Cd also affects cell proliferation, cell cycle pro-
gression, DNA repair mechanisms and cell differentiation and
has also been shown to modify apoptotic pathways (reviewed
by [4]). Cd exposure has been reported to lead to nephrotox-
icity, osteoporosis and neurotoxicity [5] and to adversely af-
fect gut health and integrity in rats. The gastrointestinal tract is
a primary target for Cd-induced damage [6], and a recent
study observed tissue injury and a compromised intestinal
barrier following Cd exposure [7].

Selenium (Se) is an essential trace element that possesses
antioxidant properties and can protect the cell against the
harmful effects of reactive oxygen species (ROS), thereby
protecting DNA from oxidative damage and consequential
disease [8]. Se is a vital dietary component for both humans
and animals as it is necessary for the activity of selenoproteins
such as glutathione peroxidases (GSH-Px) and thioredoxin
reductases, both of which play important roles in detoxifica-
tion and the function of antioxidants [9]. GSH-Px is responsi-
ble for the regulation of hydrogen peroxide levels in the cell.
Its activity is significantly influenced by the Se status of the
body, suggesting that a decline in Se levels may induce a
decline in antioxidant capacity [10]. Se deficiency can lead
to poor immune function and increased susceptibility to the
damaging effects of ROS, thus promoting cognitive decline
and increased risk of mortality in humans. In the Agri-Food
industry, low Se status in animals is of great importance as it
can lead to white muscle disease, poor reproductive perfor-
mance and an inability to thrive [11, 12]. Se can exist in var-
ious chemical forms, including organic selenomethionine (Se-
M) or inorganic selenites and selenates, all of which are com-
monly utilised as feed additives. Organic and inorganic forms
of Se are not metabolised alike [13]. Inorganic selenate is
reduced to selenite, which is then non-enzymatically reduced
via production of selenodiglutathione (GS-Se-SG) to selenide.
Selenide is prone to forming complexes with other feed com-
ponents leading to the formation of insoluble, unabsorbable
complexes which are then excreted, thus significantly reduc-
ing Se absorption and bioavailability. The metabolism of or-
ganic Se differs to that of inorganic varieties; organic Se com-
pounds are metabolised by an enzymatic process whereby
dietary Se is incorporated into protein [9]. One investigation
concluded that 98 % of Se from organic sources is absorbed
compared to only 84 % for inorganic Se [14]. Several studies
have demonstrated that humans absorb and retain Se from
organic Se sources more effectively than from inorganic Se
compounds ([9] and references therein). Se supplementation
has been shown to decrease the risk of prostate, lung, colorec-
tal and bladder cancers due to its protective effect on oxidative
DNA damage [15].

Se has been demonstrated to protect against Cd-induced
damage in animal models, though results to date are ambigu-
ous. Selenite inhibited Cd-induced damage in chicken kidneys
when their feed was co-supplemented with both compounds
[16], and the same effect was observed for Cd-induced dam-
age in male rat livers with co-supplementation of selenite and
Cd [17]. In an in vitro study using rat hepatocytes, protective
effects of selenite were shown to be dependent on Cd concen-
tration and the selenite/Cd ratio, with no inhibition of DNA
damage being seen at lower Cd concentrations [18]. Another
study showed that a combination of antioxidants, which in-
cluded Se, had a protective effect against Cd toxicity in rat
small intestine [19]. Elsewhere, single supplementation with
either Cd or selenite was cytotoxic and genotoxic for rats
receiving high pharmacological doses [17] and this effect
was even more pronounced for female rats [20]. The potential
toxicity of selenite in these models may be problematic, as Se
is still widely employed as an animal feedstuff supplement
[21]. In pig nutrition in particular, the chemical form of Se
has been shown to impact on the animal’s growth and overall
health [22]. Additionally, organic Se was reported to be supe-
rior to selenite regarding the modulation of the DNA repair
pathways following lead-induced damage in human liver car-
cinoma cells [8]. In the case of Se in particular, limitations
have been demonstrated regarding the extrapolation of rat
models to other models, meaning that the results observed in
rat studies cannot automatically be applied to porcine models
[23]. It is clear that Se has a role in protecting against DNA
damage; however, further work is needed to elucidate this role
[24]. To date, the protective effect of Se against Cd-induced
damage has not been studied in a porcine model nor have the
effects of multiple Se forms been evaluated in that regard. The
objective of the present study was to evaluate the potential
effects of a range of Se sources on Cd-induced toxicity in a
porcine gut epithelial cell model. Here, IPEC-J2 cells were
pre-incubated with each of the Se forms Se-yeast (Sel-Plex),
selenomethionine (Se-M), sodium selenite (Se-Ni) or sodium
selenate (Se-Na) for 48 h, before exposure to CdCl2 for 24 h.
The potential cytotoxic effect of CdCl2 was evaluated firstly in
the absence of Se, with the nature and extent of the effect of
each type of Se form subsequently evaluated relative to this
control, using both cell toxicity and DNA damage assays.

Materials and Methods

Cell Culture

IPEC-J2 porcine jejunal epithial cells (IPEC-J2, DSMZ
Braunschweig, Germany) were grown in Dulbecco’s
Modified Eagle’s/Ham’s Nutrient Mixture F-12 medium
(DMEM/Nutrient Mixture F-12 Ham) supplemented with
10 % porcine serum and 1 % penicillin-streptomycin at
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37 °C in a humidified 5 % CO2 atmosphere (Galaxy S CO2
Incubator, Model No: 170–200, RS Biotech Laboratory
Equipment Ltd., Irvine, UK). Cells were passaged just prior
to confluence every 3 to 4 days following removal with
trypsin/EDTA (all cell culture products were from Sigma-
Aldrich). All manipulations were done in a class II biological
safety cabinet (BioAire Aura 2000 BS; Bioair Instruments,
Pavia, Italy). IPEC-J2 cells are an established non-
transformed in vitro gastrointestinal model from which results
can be extrapolated to the in vivo situation [25, 26]. Here,
IPEC-J2 cells were cultivated in the presence of porcine serum
(PS) as opposed to conventional foetal bovine serum FBS.
This species-specific growth medium supplementation has
been shown to promote the growth of IPEC-J2 which is much
more similar in terms of cell architecture, morphology, trans-
port functions and trans-epithelial resistance to primary pig
jejunocytes [27].

Preparation of Organoselenium Extracts and Selenium
Compounds

Forty milligrammes of selenised yeast powder (Sel-Plex®,
obtained from Alltech Inc.) was placed in separate 1.5 mL
microcentrifuge tubes. Protease enzyme solution (2 mg
Protease XIV (Sigma-Aldrich) in 0.5 mL of 10 mM Tris-
HCl buffer, pH 7.5)) was added, and tubes were then vortexed
gently for 2 min. Samples were ultrasonicated on ice for 25 s
at 80 % amplitude (HTU SONI-130 MiniFIER; G.
Heinemann Ultraschall- und Labortechnik, Schwäbisch
Gmünd, Germany). Ice and MilliQ-H2O were placed into
the microwave carousel and the microcentrifuge tubes were
placed into the carousel holder. The extraction programme
was run for 15 min at a power output of 30 W and extracted
samples were then centrifuged in a microfuge at 14,000 rpm
for 3 min. Supernatants were transferred to 15 mL centrifuge
tubes. Pellets were washed with MilliQ-H2O and vortexed
until completely resuspended. Samples were re-centrifuged
and the supernatants obtained were pooled with the corre-
sponding first supernatants in the 15 mL centrifuge tube.
Pooled samples were made up to 15 mL with MilliQ-H2O
and mixed well. Aliquots (2 mL) were then removed for fil-
tration (0.25 μm) and total selenium concentrations were de-
termined by inductively coupled plasma mass spectrometry
(ICP/MS; Agilent 7700X; Agilent technologies, Maynooth,
Ireland), as described previously [8].

Stock solutions of selenomethionine (Se-M), sodium sele-
nite (Se-Ni) and sodium selenate (Se-Na) were prepared in
MilliQ-H2O, diluted to a final Se concentration of 0.4 ppm
in cell culture medium and sterilised by filtration through a
0.2-μm PVDF filter. The Se concentrations chosen for analy-
sis were determined following cell culture toxicity assays (de-
scribed below) and data is shown in the results section.

Cell Culture Toxicity Assays

Cell viability was evaluated using the fluorogenic indicator
dyes Alamar Blue® (AB) (Bio-Source, Invitrogen) and
CFDA-AM (5-carboxyfluorescein diacetate acetoxymethyl
ester; Molecular Probes, Invitrogen) and a multiwell scanning
spectrophotometer (Safire II; Tecan Group Ltd., Männedorf,
Switzerland), essentially as described elsewhere [28]. A linear
relationship between cell number/well and absorption was
first established and based on this IPEC-J2 cells were seeded
under test conditions at 2 × 104 cells/well of a black 96-well
flat bottom plate in the presence or absence of the relevant
selenocompounds (Se-yeast (Se-Y), Se-Na, Se-Ni or Se-M)
and were incubated at 37 °C for 48 h. The cells were then
insulted with 0.5, 0.7 or 1 ppm cadmium chloride (CdCl2)
and incubated for a further 24 h at 37 °C. Stock solutions
(5 mM) of CdCl2 were prepared in MilliQ-H2O and then di-
luted in serum-free growth medium to achieve the desired
final concentrations. In brief, after 24 h of incubation with
CdCl2, the mediumwas removed completely and 100 μL/well
of the Alamar Blue/CFDA-AM working solution was added.
Fluorescence was measured 30 min later at 530 nm excitation/
590 nm emission for AB and 485/535 nm for CFDA-AM,
respectively, using the multiwell scanning spectrophotometer.
Average values of triplicates were calculated and each sample
was normalised to its corresponding control.

Comet Assay, DNA Staining and Comet Evaluation

Following pre-incubation with Se compounds and subsequent
exposure to CdCl2, IPEC-J2 cells were embedded in agarose
comet slides (Trevigen, Gaithersburg, USA) at a concentration
of 5 × 105 cells/mL. Cells were then lysed and the DNAwas
denatured by treatment with 200 mM NaOH for 30 min. Gel
electrophoresis was carried out in an alkaline buffer (200 mM
NaOH, 1 mM EDTA, pH < 13) at 21 V for 30 min. Gels were
then rinsed in MilliQ-H2O and dehydrated in 70 % ethanol.

Cells were stained following electrophoresis with SYBR
Gold (Invitrogen, Bioscience Ltd.) for 30 min at the recom-
mended concentration (Trevigen, Gaithersburg, USA). Cells
were observed at ×10 magnification by fluorescent microsco-
py at excitation/emission wavelengths of 496/522 nm. Results
were obtained by collecting data from at least 50 cells per slide
for each control/treatment. Cells were analysed and evaluated
based on their comet tail appearance. Quantitative analysis of
the comet tails was carried out using OpenComet Image J
Software Plug-in [29]. Stained cells were also assessed based
on previously published grading systems (grades 0–4) with
grades 0 and 4 representing those cells with no evident DNA
damage and the most DNA damage, respectively [30, 31].
After comet analysis, the individual scores for each of the 50
comets were added and an average value for each treatment
was generated. Statistical analysis was performed using one-
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way ANOVA; statistical significance was set at P < 0.05. In
addition to quantitative analysis using the scoring system re-
ferred to above, the Comet Tail Moment, Olive Tail Moment,
% Tail DNA and Tail Length of each of the comets was also
determined using the OpenComet software.

TUNEL Assay

Apoptosis-induced DNA fragmentation was determined by
the terminal deoxynucleotidyl transferase dUTP nick end la-
belling (TUNEL) assay which was carried out essentially ac-
cording to the manufacturer’s instructions (Merck Millipore
Ireland B. V). Briefly, following Se treatment and incubation
with CdCl2, cells were trypsinised and fixed with 4 % (w/v)
paraformaldehyde in PBS at a concentration of 1 × 105 cells/
mL and stored in 70 % ethanol at −20 °C for 18 h prior to
staining. Cells were incubated with TDT enzyme and Brd-
UTP antibody for 60 min at 37 °C followed by rinsing.
Anti-BrdU-TRITC staining mixture was added to the cells
and incubated for 30 min in the dark. Cells were then centri-
fuged at 300×g for 7 min; cell pellets were resuspended in
150 μL of rinsing buffer and transferred to a 96-well plate
from which data was then acquired on a Guava benchtop flow
cytometer (Guava easyCyte 8HT; Merck Millipore, Cork,
Ireland). All assays were carried out in triplicate and analyses
were performed using the FlowJo software (FlowJo LLC,
Ashland, USA). Each Se treatment was analysed relative to
its corresponding control and statistical significance was de-
termined by one-way ANOVA.

Results

CdCl2 Is Toxic to IPEC-J2 Cells

The potential cytotoxic effect of CdCl2 on IPEC-J2 cells was
analysed over a range of concentrations using an established
dual cell viability assay consisting of the fluorogenic indicator
dyes Alamar Blue® (AB) and CFDA-AM. ABmeasures met-
abolic activity while CFDA-AM reports on membrane integ-
rity. IPEC-J2 cells showed a dose-dependent decrease in cell
viability, in both assays, in response to increasing levels of
CdCl2 (Fig. 1). Two concentrations of CdCl2 (0.7 and
1 ppm) were chosen for further analysis based on the toxicity
curves obtained using both assays.

Effect of Se Sources on IPEC-J2 Viability

The dual viability assay was then used to investigate any po-
tential cytotoxic effects of a range of Se sources on IPEC-J2.
The results from both assays showed (Fig. 2a, b) that supple-
mentation of growth medium with Se-Y did not lead to a
significant decrease in cell viability at all concentrations tested

(up to 1 ppm). Se-Ni had a significant toxic effect (P < 0.001),
however, at 0.8 ppm. Se-Na and Se-M had no cytotoxic effect
at concentrations between 0.2 and 0.8 ppm, but this was
followed by a significant loss in cell viability (P < 0.01) at
concentrations of 1 ppm. Both assays showed the same trend
with all Se compounds used. These results concurred with
EFSA recommendations for the optimum concentration for
Se supplementation, and therefore, 0.4 ppm was used in all
subsequent experiments designed to investigate the protective
effects of Se against Cd-induced DNA damage.

Modulation of Cd-Induced Cell Viability by Se Sources

The capacity of various Se sources to protect fromCd-induced
cell toxicity was next explored. The results from both assays
(Fig. 2a, b) showed that there was a significant protective
effect at all Cd concentrations used (P < 0.001 at 0.5 ppm,
P < 0.05 at 0.7 ppm and P < 0.01 at 0.5 ppm) when cells were
pre-incubated with Se-Y relative to Cd-insulted cells that had
not received Se supplementation. It was also evident (Fig. 3)
that at all concentrations of Cd, there was significantly greater
cell viability when Se-Y was used as supplement when com-
pared to Se-Ni and Se-M. Pre-incubation of IPEC-J2 with Se-
Na moderated the decrease in cell viability seen due to
0.7 ppm Cd whereas Se-M pre-incubation reduced the level
of cell injury induced by 1 ppm Cd. In contrast, significant
decreases in cell viability were observed when Cd-treated
cells were pre-incubated with Se-Ni (relative to the no-Se
control), demonstrating that enhanced Cd-induced cell dam-
age occurred when Se-Ni was used. At all Cd concentrations
tested, there were significant decreases in cell viability in the
Se-Ni treated cells when compared to Se-Y treated cells

Fig. 1 Effect on IPEC-J2 cells of exposure to CdCl2 for 24 h as
determined using the combined Alamar Blue/CFDA-AM viability
assay. Data are expressed as the mean ± SD of triplicate samples, and
the results for each assay are presented as relative to the corresponding
unchallenged control (0 ppm Cd) which was set as 1
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(P < 0.001 at 0.7 ppm Cd, P < 0.01 at 1 ppm Cd; data not
shown).

DNA Damage Analysis by Comet Assay

The Alkaline Comet assay was employed to assess the extent
of Cd-induced single- and double-stranded DNA damage in
IPEC-J2 cells which were cultured with or without Se supple-
mentation (Fig. 4). It can be seen that there was significantly
less Cd-induced DNA damage (0.7 and 1 ppm Cd) when
IPEC-J2 were pre-incubated with Se-Y, relative to no Se sup-
plementation, as evident by lower olive tail moments (Fig. 4b,
f), percentage tail DNA (Fig. 4c, g), tail moments (Fig. 4d, h)
and tail length values (Fig. 4e, i). In contrast, it can be seen
from the same figures that significant increases in Cd-induced
DNA damage occurred when Se-Ni was used as supplement,
as reflected in comet tail lengths and olive tail moments
(0.7 ppm Cd), and percent tail DNA and tail moments
(1 ppm Cd) when compared to their respective Cd-treated
no-Se controls. This indicated that Se-Ni-treated IPEC-J2
were more sensitive to the effects of Cd, as reflected in in-
creased levels of DNA damage. These experiments also
showed that although pre-incubation of cells with Se-M
followed by Cd insult (0.7 ppm) led to a decrease in tail mo-
ment, increases in tail length and olive tail moments were seen
when compared to the corresponding Cd-treated no-Se con-
trol. Significant increases were also noted in three of the four
Comet parameters, including tail moment, when the 1 ppm
Cd/Se-M combination was used implying that Se-M pre-treat-
ment enhanced Cd-induced DNA damage. Pre-incubation of
IPEC-J2 with Se-Na resulted in increases to all Comet param-
eters following exposure to 1 ppm Cd (Fig. 4f–i) relative to
Cd-insulted no-Se controls, implying that Se-Na was

potentiating the extent of Cd-induced DNA damage at the
concentration of Cd used. Overall, the evidence suggested that
pre-incubation of IPEC-J2 cells with Se-Y was more effective
at protecting cells from Cd-induced DNA damage, at both Cd
concentrations used, than supplementation of growth medium
with any of the other Se sources used.

DNA Damage Analysis by TUNEL Assay

The TUNEL (terminal deoxynucleotidyl transferase dUTP
nick end labelling) assay labels cells that contain nicked
DNA and is usually deployed to assess DNA fragmentation
that is associated with the onset of programmed cell death
(apoptosis). Here, TUNEL was used as a means to further
investigate the effect of Cd on Se-supplemented IPEC-J2 cells
with the degree of TUNEL-positivity directly reflecting the
extent of DNA damage in the cell population under analysis.
A significant increase in the TUNEL-positive (apoptotic) cell
population was seen following treatment with CdCl2 (0.7 and
1 ppm) indicating the induction of DNA damage and the onset
of DNA fragmentation (Fig. 5a, b). Pre-incubation of cells
with Se-Y was seen to significantly inhibit the extent of Cd-
induced TUNEL-labelling at both Cd concentrations used as
reflected in correspondingly increased TUNEL-negative pop-
ulations. Similarly, pre-incubation with Se-M followed by ex-
posure to Cd correlated with a significant increase in the non-
apoptotic population, although not to the same extent as Se-Y
when 0.7 ppm Cd was used as insult. In contrast, prior sup-
plementation of cells with either Se-Na or Se-Ni had no pro-
tective effect with either concentration of Cd. Overall, this
data showed that pre-incubation with either Se-Y or Se-M
protected IPEC-J2 cells from Cd-induced DNA fragmentation

Fig. 2 Effect on IPEC-J2 cells of pre-incubation with a range of
concentrations of Se compounds (Se-Y, Se-Ni, Se-Na and Se-M) for
48 h as determined using a AB and b CFDA-AM assays. Data are

expressed as the mean ± SD of triplicate samples, and the results for
each assay are presented as relative to the corresponding unchallenged
control (0 ppm Se) which was set as 1
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and apoptosis whereas the inorganic Se compounds used did
not.

Discussion

IPEC-J2 is increasingly being used as a superior alternative to
transformed cell lines, such as Caco-2, for gastrointestinal
studies including probiotic screening, feed additive screening
and immune and inflammatory studies. It was reasoned that
the use of PS (as opposed to FBS) as a growth medium

supplement would further enhance the quality of this model
system [27] and that the AB/CFDA-AM dual assay, which
measures both mitochondrial enzyme activity and membrane
integrity, would be a robust assay combination for assessing
cytotoxicity effects. The study presented here represents the
first report involving CdCl2 and IPEC-J2. The Cd toxicity data
generated here (Fig. 1) concurs with that derived elsewhere
with a range of cells lines including HepG2, 1321N1 and
HEK 293 using MTT and LDH assays. Measurable decreases
in cell viability were observed after 24 h with 0.25 ppm CdCl2
and a significant decrease was seen in all cell lines with
2.5 ppm CdCl2 [32, 33]. Another report investigating Cd-
induced damage on LLC-PK1 cells showed that 1 ppm
CdCl2 induced apoptosis after 18 h and therefore selected
CdCl2 concentrations of 0.5 and 1 ppm for their study [32].
It would appear therefore that Cd-induced cell damage in the
porcine model developed here is comparable in terms of cell
viability to that observed for multiple human cell lines.

Although Se has been reported to have cytotoxic properties
and to prevent oxidative stress in vitro, at higher concentra-
tions, Se can become pro-oxidant and lead to free oxygen
radical production and the generation of oxidative stress. It
was important therefore to determine the concentration range
in which Se supplementation resulted in cytotoxicity. The tox-
ic effects of Se are known to be concentration and composi-
tion dependent [34], and both inorganic and organic forms of
Se can exhibit pro-oxidant effects leading to the induction of
cell apoptosis at high concentrations [35]. The EFSA Food
and Feed regulations require that total Se in animal feed prod-
ucts does not exceed 0.2 to 0.4 ppm [36]. In the present study,
Se compounds were assayed over a concentration range of 0.2
to 1 ppm (Fig. 2). Se-Y retained an ameliorative effect at all
concentrations tested whereas cytotoxicity was detectable for
both Se-M and Se-Na at higher concentrations. Se-Ni was
seen to promote a modest decrease in cell viability starting
as low as 0.4 ppm. Indeed, Se-Ni has been reported elsewhere
to promote damage to HepG2 cells after 24 h over a concen-
tration range of 0.25 to 1.25 ppm [37], and to induce cytotox-
icity when administered at a concentration of 1 mg/kg in ro-
dent [17] and chicken studies [16]. Importantly, the choice of
0.4 ppm in the present study concurred with the EFSA guide-
lines for the optimum concentration for Se supplementation.
The results obtained here clearly demonstrated that Se-Y did
not exhibit any cytotoxic effects at any of the concentrations
analysed, and that this was the only form of Se for which this
effect was observed. In the porcine model, therefore, it is clear
that Se-Y is the safest form of supplementation, up to the
maximum concentration analysed, namely 1 ppm.

It was shown that Se-Y was significantly more effective at
preventing a decrease in cell viability due to Cd exposure than
inorganic Se sources (Fig. 3). That an organic Se source af-
fords more protection correlates with general observations that
inorganic Se is generally not as effective at protecting cells

Fig. 3 Effect on IPEC-J2 cells of pre-incubation with Se compounds
(0.4 ppm) for 48 h prior to challenge with CdCl2. a AB and b CFDA-
AM assays. The CdCl2 concentrations used are shown beneath each
graph. Data are expressed as the mean ± SD of triplicate samples, and
the results for each assay are presented as relative to the corresponding
Se-treated unchallenged controls (not shown) which were set as 1.
Significant differences were determined by one-way ANOVA (denoted
as *P < 0.05, **P < 0.01 and ***P < 0.001) and highlight comparisons
between the data points indicated and the corresponding CdCl2-treated
no-Se sample
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from oxidative stress. This is likely due to the difference in
metabolism, absorption and retainment of organic versus in-
organic Se compounds [9]. In human cell lines, it was ob-
served that Se-Na was more effective than Se-Ni at promoting
resistance to Cd insult. This difference between these inorgan-
ic Se sources has been noted elsewhere using the melanoma
cell line (HTB 140), human melanocytes and keratinocytes
[38]. In one study, a range of cell lines was shown to be more
sensitive to treatment with Se-Ni as opposed to Se-Na, as
evidenced by decreased cell growth [38]. Another study in-
vestigating the effects of Se-M on LNCaP prostate cancer cells
reported that Se-M had a significant protective effect in re-
sponse to oxidative stress [15]. While these studies looked at
differences either between inorganic Se sources or explored
the effect of organic Se sources, the effects of Se-Y, Se-M, Se-
Ni and Se-Na on Cd-induced damage have not been directly

compared in a single study to date. Animal studies have, how-
ever, illustrated that organoselenium is more bioavailable and
more readily incorporated into biomass than are inorganic Se
sources [13]. In the present study, it was clearly demonstrated
that organic Se sources inhibited Cd-mediated reductions in
cell viability, while inorganic sources promoted these reduc-
tions, with Se-Y demonstrating the greatest ameliorative effect
in that regard and also being the only Se source that did not
lead to decreased cell viability when used alone (in the ab-
sence of Cd) as supplement.

The Alkaline Comet assay detects and quantifies both
single-stranded and double-stranded DNA breakage. Using
this technique, cells are lysed in situ in agarose, electropho-
resed and stained with a DNA-binding dye. Following elec-
trophoresis, fragmented DNA migrates out of the nucleoid
towards the anode forming a comet shape while undamaged

Fig. 4 Determination of DNA
damage in IPEC-J2 cells by
Comet assay following challenge
with CdCl2. Cells were first pre-
incubated for 48 h with various Se
sources (0.4 ppm) as indicated
underneath each graph, then
treated with Cd (0.7 ppm) for a
further 24 h prior to analysis by
fluorescent microscopy. a
Representative images of cells
that were scored as group 0–IV;
the corresponding treatments are
given underneath. b–i Comet data
from various parameters
(indicated on the y-axis of each
graph) as determined using the
OpenComet software. The
concentration of CdCl2 used in
each case is given underneath
each graph. Data expressed as the
mean ± SD of triplicate samples.
Significant differences were
determined by one-way ANOVA
(*P < 0.05, **P < 0.01 and
***P < 0.001) and highlight
comparisons between the data
points indicated and the
corresponding CdCl2-treated no-
Se sample

Impact of Selenium Form on Protective Effect against Cadmium 317



DNAmigrates more slowly under the influence of the electric
field [39]. The data derived in the present study using the
Comet assay shows that pre-incubation of IPEC-J2 cells with
Se-Yafforded significant protection against Cd-induced DNA
damage (Fig. 4). The Comet assay results therefore correlate
directly with the cell viability results obtained. Se-Yexhibited
the greatest ameliorative effect against Cd-induced DNA dam-
age, followed by Se-M, with the inorganic Se sources in fact
enhancing the extent of damage due to Cd. Elsewhere, the
Comet assay was used to show a comparable effect on lead-
induced DNA damage to HepG2 cells following Se pre-treat-
ment, where Se-Y lead to a decrease in lead-induced DNA
damage [8]. The same study also showed that Se-Ni
pre-treatment resulted in a strong genotoxic effect and
a significant increase in DNA strand breakage. The dif-
fering effects of Se-Ni and Se-Na supplementation
(Fig. 4) is also in agreement with other studies in which
the Comet assay was also used to demonstrate enhanced
DNA damage promoted by Se-Ni relative to Se-Na in
HepG2 and melanoma cells [38, 37].

In the porcine model investigated here, greater levels of
DNA damage were noted in Se-M-treated IPEC-J2 cells, rel-
ative to those treated with Se-Y. Interestingly, a study in which
the digestion and oxidation of different Se compounds was
analysed concluded that Se-M concentrations decreased in
the small intestine concomitant with the appearance of the
oxidation product SeMetO, suggesting that Se-M was prone
to targeting by ROS [40]. It has also been reported that the
form of Se-M which is used as an additive in animal feed is a
synthetic form of L-Se-M. The latter contains D-Se-M as an
impurity which is not metabolised efficiently and can build up
in organs and tissues leading to toxic effects in the body [41].
In contrast, the Se in Se-Y is highly bioavailable, bioactive and
easily absorbed into the bloodstream [42]. Another study
which investigated differing gene profiles in response to Se-
Y and Se-M using a mouse model suggests that Se-Y com-
prises several different protein-bound Se compounds in addi-
tion to selenomethionine [42]. This indicates that not only is
the chemical form of Se important for determining its amelio-
rative effect, but also the nature of protein-bound Se

Fig. 5 TUNEL analysis of IPEC-J2 cells following 48 h pre-incubation
with Se sources (0.4 ppm) and subsequent exposure to CdCl2 for 24 h. a
Representative histogram plots of IPEC-J2 cells treated as described
underneath each image. TUNEL-negative and TUNEL-positive
populations are highlighted in each panel by bars (left and right hand
sides, respectively). b, c DNA damage was induced in IPEC-J2 using

CdCl2 at 0.7 ppm (b) and 1 ppm (c) and TUNEL-negative populations
are presented as a fraction of the same group in the corresponding CdCl2-
treated/no-Se sample. Data are expressed as the mean ± SD of triplicate
samples. Significant differences were determined by one-way ANOVA
(***P < 0.001) and highlight comparisons made with the corresponding
Cd-treated no-Se sample
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complexes. It may therefore be the case that protein-bound
forms of Se which lead to increased bioavailability of Se result
in a greater protective effect. However, further studies are
necessary to explore this possibility.

Here, the TUNEL assay was also used to show that
pre-incubation of IPEC-J2 cells inhibited Cd-induced
apoptosis-associated DNA fragmentation (Fig. 5).
Furthermore, it was evident from the same data that
neither Se-Na nor Se-Ni provided any protective effect.
These results corroborated the Comet assay data shown
above. Elsewhere studies using HepG2 and leukemic
HL60 cells showed substantial increases in TUNEL-
positive populations following treatment with Se-Ni
[37, 43]. It was also observed that pre-incubation of
IPEC-J2 with Se-M coincided with a significant de-
crease in Cd-induced TUNEL-positive cell numbers rel-
ative to no-Se controls, although the effect was not as
significant as that observed following Se-Y pre-treat-
ment when 0.7 ppm Cd was used. The latter point
was not supported from the corresponding Comet assay
data however. The fact that Cd-induced apoptosis begins
with DNA strand breakage and eventually leads to ap-
optosis [44] offers a potential explanation for observed
higher levels of DNA damage and lower rates of apo-
ptosis as determined by Comet and TUNEL assays,
respectively.

In summary, the effects of multiple forms of Se sup-
plementation on cell viability and DNA damage in
IPEC-J2 cells following Cd exposure were evaluated.
Overall, the data showed that Se protective effects are
both composition- and dose-dependent as evident from a
range of cell viability and DNA damage assays. It was
demonstrated that organic forms of Se exhibited lower
levels of cytotoxicity and genotoxicity than inorganic Se
forms in this porcine gut epithelial model. At all con-
centrations analysed, Se-Y did not exhibit any cytotoxic
effects and it is postulated that this may be as a result
of the nature of the protein-bound Se complexes. It was
also demonstrated that organic Se species, when used at
the EFSA guideline levels as a growth supplement prior
to Cd exposure, have an ameliorative effect against Cd-
induced DNA damage in the IPEC-J2 model system
whereas inorganic Se sources do not, and can in fact
enhance the negative effects of Cd-induced damage.
These results are relevant to the agri-food industry and
highlight the negative implications of supplementation
with inorganic Se forms, as well as the potential for
nutritional supplementation in the form of Se-Y to pro-
tect gut integrity from damage caused by the environ-
mental contaminant Cd.
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