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Abstract 

An analysis of the protective effects of Selenium on porcine jejunal epithelial cells 

following Cadmium-induced oxidative DNA damage. 

Sarah Lynch 

The increasing global demand for cheap, available protein has resulted in substandard animal 

feeds which generally lack essential minerals and often contain toxic levels of heavy metals. 

Cd is a bio-toxic heavy metal and exposure causes DNA strand breakage, mutations and 

inhibition of DNA synthesis. Selenium (Se) is an essential trace element that possesses 

antioxidant properties. In this study, the potential ameliorative effects of various Se sources on 

Cd induced damage were investigated. The impact of several forms of Se supplementation on 

cell viability and DNA damage in porcine primary jejeunal (IPEC-J2) cells following Cd 

exposure was analysed. It was observed that Se protective effects were both composition- and 

dose-dependent, with organic (Se-M) and Se yeast (Se-Y) affording the highest level of 

protection from Cd-induced oxidized DNA damage while inorganic Se exhibited cytotoxic 

effects. The potential mechanism(s) of action of Se-Y sources on Cd-induced damage were 

then compared. Thus, the antioxidant activity, the extent of apoptosis-associated DNA 

fragmentation, the DNA repair capacity and the transcriptome of IPEC-J2 cells were analysed 

following pre-incubation with each of three different commercial Se-Y preparations. The data 

obtained confirmed the ability of different Se-Y preparations to enhance a range of cellular 

mechanisms that protected IPEC-J2 cells and clearly illustrated the difference in bioefficiency 

of different Se-Y sources. Overall, the results presented are relevant to the Agri-Food industry, 

illustrating the negative impact of traditional inorganic Se supplementation and highlighting 

the significant benefits to using Se-Y in animal feed products for the protection of intestinal 

cells against Cd induced oxidative DNA damage.
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1) Introduction 

The value of global agricultural outputs contributed by livestock production totalled 40% in 

2016, with the livestock industry creating employment and ensuring food security for almost 

1.3 billion people. The USA is the leading meat producing country, followed by Brazil with 

the European Union being the third largest meat producer in 2019. Worldwide, approximately 

65 billion chickens, 1.5 billion pigs, and 330 million cattle and buffaloes are reared annually 

for meat production (1). The magnitude of global animal production is directly connected to 

human dietary requirements which have significantly increased in recent times. The global 

need for animal production has resulted from an increased consumption of animal products as 

expendable incomes escalate (2). The agri-food division is Ireland’s most important indigenous 

industry and plays a crucial role in the growth and stability of that country’s economy. The 

sector generated a turnover of €26 billion thereby providing 7.8% of gross national income 

(GNI) in 2017. The products of the Irish agri-food industry are exported to over 180 countries 

globally with exports equalling €13.6 billion in 2017 alone (3). Dairy, beef and pig meat are 

the top three Irish exports with the UK being the main destination for Irish agri-food exports 

accounting for 37% of exports followed by 32% to EU markets; and 31% to international 

markets (4). In 2017, an estimated 537 thousand tonnes of beef worth approximately €1.85 

billion was exported from Ireland and a further 189,000 cattle were exported live from Ireland 

worth an estimated €100 million (5). Pig production in Ireland ranks third in terms of revenue 

generation preceded by the beef and dairy sectors and in 2017 accounted for 8% of Gross 

Agricultural Output. In the same year, pig meat worth an estimated €792 million was exported 

from Ireland to EU and international markets. As part of the Food Wise 2025 initiative that 

aims to strengthen the Irish agricultural economy, the Irish pig meat sector is aiming for 

substantial growth (3). One of the main reasons for the sustainable increase in pig farming is 

the significant improvement in feeding and genetics. Animal feedstuffs are frequently 
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contaminated with environmental contaminants including pesticides, industrial pollutants, 

radionuclides and heavy metals. In 1999, high levels of dioxins were detected in meat products 

and eggs from several farms after dioxin-contaminated animal fat was added to animal feed. 

The pig meat industry took a significant hit in 2008 when pork products had to be recalled from 

the market after dangerous levels of dioxins were discovered and farmers suffered a loss of 

approximately €20 per pig (6). Such incidences of animal feed contamination therefore have a 

direct impact on the agri-food industry and the Irish agricultural economy.  

 

1.1) Selenium Biochemistry 

Selenium (Se) is a metalloid belonging to group 16 (VIA) of the periodic table, it is a member 

of the chalcogen family and can exist  in four oxidation states in nature: selenide (Se(-II)), 

elemental Se (Se(0), selenite (Se(IV)), and selenate (Se(VI)) (7). Se is an essential trace element 

in animal health, which plays a critical role in antioxidant defence system, immune response 

and thyroid function. Selenocysteine (SeCys) is the principal form of Se found in the body, it 

is the 21st proteinogenic amino acid which functions as the building block of selenoproteins. 

SeCys is found in the active centre of selenoproteins, however in selenomethionine (Se-M), 

SeCys is incorporated unspecifically into general proteins and methylated Se-compounds (8). 

The incorporation of SeCys  in the formation of a selenoprotein is controlled by the UGA codon 

in mRNA under specific conditions (9). Co-translational incorporation of SeCys into 

selenoproteins requires special trans-acting protein factors, Sec-tRNA[Ser]Sec and a cis-acting 

SeCys insertion sequence (SECIS) element (10) (see Fig.1.1)  
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The physiological functions of Se are thought to be mediated through selenoproteins and Se 

status is understood to regulate selenoprotein expression (11). Over 30 SeCys containing 

selenoproteins have been described (9), selenoproteins can be classified into two main 

categories based on the location of the SeCys in the selenoprotein polypeptide. The 

selenoenzyme Glutathione peroxidase (GPx) is a member of group one, where the SeCys is 

present on the N terminal of the function domain, whereas the selenocysteine in group two is 

located on the C-terminal as is the case with thioredoxin reductase (TRx) (12). Selenoproteins 

have a major effect on a wide range of biological functions such as reproduction, production 

of thyroid hormones and brain function as outlined in Table 1.1. 

Figure 1.1: Mechanism of SeCys incorporation in eukaryotes. When a ribosome encounters the UGA 

codon, SeCys machinery interacts with the canonical translation machinery and prevents premature 

termination. SECIS elements serve as the factors that dictate recoding of UGA as SeCys. Sec-tRNA 

translates UGA as SeCys. SECIS binding protein 2 (SBP2) interacts with Sec-specific translation 

elongation factor (eEFSec), which recruits SeCys-tRNA and facilitates incorporation of SeCys into 

the growing polypeptide. Ribosomal protein L30 has been predicted to constitute a part of the basal 

SeCys insertion machinery, while nucleolin and eukaryotic initiation factor (eIF4a3) serve as 

regulatory proteins that modulate synthesis of selenoproteins and may contribute to the hierarchy of 

selenoprotein expression (10). 
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Table 1.1: Function of various selenoproteins, adapted from (13). 

Selenoprotein Biological Function 

Glutathione Peroxidase GPx 

GPx1/GPx2/GPx3/GPx6 Glutathione dependent 

detoxification of hydrogen 

peroxide 

GPx4 Inhibition of lipid peroxidation 

Iodothyronine deiodinase DOI 

Type I Iodothyronine 

deiodinase (DOI1) 

Type II Iodothyronine 

deiodinase (DOI2) 

Type III Iodothyronine 

deiodinase (DOI3) 

Regulation of thyroid hormone 

activity by reductive deiodination 

Thioredoxin Reductase  

TRx1 

 

Reduction of the oxidized form of 

cytosolic thioredoxin 

TRx2 Formation/Isomerization of 

disulphide bonds during sperm 

maturation 

TRx3 Reduction of mitochondrial 

thioredoxin and glutaredoxin 2 

15 kDa selenoprotein (Sep 15) 

 

Quality of protein folding 

Selenoprotein H 

 

Regulation of GSH synthesis and 

phase II detoxification enzymes 

Selenoprotein K 

 

ER-associated degradation of 

misfolded proteins 

Selenoprotein M 

 

Rearrangement of disulfide bonds 

in the ER-localized proteins 

Selenoprotein N 

 

Regulation of intracellular 

calcium mobilization 

Selenoprotein P 

 

Se transport to peripheral tissues 

and antioxidant function Repair 

Selenoprotein R 

 

Repair of oxidized methionines in 

proteins ER-associated 

Selenoprotein S 

 

ER-associated degradation of 

misfolded proteins 

Selenophosphate synthetase 

 

Synthesis of selenophosphate 

Selenoprotein W 

 

Redox regulation of 14-3-3 

protein 
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1.1.1 Se deficiency and associated disorders: 

Many studies have confirmed that Se exhibits a U shaped dose response (14–16), meaning that 

either excessive or insufficient quantities of the trace element leads to an increased risk of 

mortality. According to EFSA regulations the optimal concentration of Se yeast (SeY) for 

supplementation of animal feed is between 0.2-0.4 ppm Se (17, 18). Concentrations lower or 

greater than this optimal range can lead to adverse effects in ruminants. Therefore, Se 

deficiency can have a severe effect on animal health and mortality. White muscle disease 

(WMD) is a common consequence of Se deficiency especially in young, rapidly developing 

animals. WMD causes degenerative alterations in skeletal muscles fibres resulting in abnormal 

movement and postural positions; it can also affect cardiac muscle fibres leading to sudden 

death. This degeneration of muscle fibres has been linked to insufficient functioning of the 

antioxidant system evident by low intramuscular GPx activity, which in turn leads  to oxidative 

damage to skeletal muscle (19). Evidence has shown that gene expression patterns of certain 

selenoprotein-coding genes in the endoplasmic reticulum correlated with increased apoptosis 

and elevated oxidative stress in muscles of Se deficient chicks. Results demonstrated a 

significant down regulation of sepn1, selt, selk and sels in Se deficient chicks along with an 

upregulation of proapoptosis-associated gene (bax, caspase3 and bcl2) (11).  

Transcription of pro-inflammatory enzymes iNOS and COX-2 and cytokines TNF-α and IL-6 

were shown to be upregulated in Se deficient chicken kidneys, proteins that are linked to kidney 

pathophysiology and abnormal renal function. Increased expression of inflammatory factors 

was accompanied by elevated serum levels of uric acid and creatine, indications of excretion 

dysfunction of the kidneys of such Se deficient chickens (20). Insufficient dietary Se levels 

were shown to downregulate dio1, sepn1, sepp1, selT, sep15 and txnrd3 mRNA levels in the 

rat liver and Gpx3 mRNA levels were reduced to 40% of Se-adequate levels in rat?the kidneys 

(20, 21). Elsewhere, acute effects on liver hydrogen peroxide metabolism were observed in Se 
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deficient chickens (22). In that study, alanine aminotransferase (ALT) and aspartate 

aminotransferase (AST) significantly increased in Se deficient groups indicating liver cell 

damage and reduced SOD (superoxide dismutase) and CAT (catalase) levels rendered chickens 

more susceptible to the damaging effects of oxidative stress (have I got that right??). 

Alterations in expression of Matrix Metalloproteinases (MMPs) have been linked to Se 

deficiency in the rat model (22). MMPs are the main enzymes responsible for extracellular 

matrix degradation, which is essential for normal tissue repair. Se deficiency caused decreased 

expression of TIMP1/3, which play a crucial role in apoptosis inhibition and liver homeostasis 

and a significant increase in MMP1/3 suggesting liver tissue damage and tumour initiation (22, 

23). Se deficiency resulting in decreased antioxidant capacity has been shown to increase the 

incidence of Mulberry Heart Disease (MHD) in pigs. Without the protective effects of Se 

against oxidative stress, free radical attack on cellular membranes and elevated calcium influx 

resulted in mitochondrial calcium overload and muscle fibre deterioration (24).  

Sufficient dietary Se intake is essential in the synthesis and metabolism of thyroid hormones 

and to prevent thyroid gland damage caused by excessive iodide exposure. Se deficiency 

altered the activity of thyroidal triiodothyronine (T3), thyroidal thyroxine (T4), free 

triiodothyronine (FT3), free thyroxine (FT4), thyroid-stimulating hormone (TSH) in the plasma 

and the deiodinase (DIO) family in tissues (25). Se deficiency in chickens inhibited the 

conversion of T4 to T3 and lead to accumulation of T4 and FT4. A significant reduction in 

deiodinase, glutathione and thioredoxin enzymes was observed in Se deficient chickens (25). 

Thyroid hormones are important regulators of the reproductive system and alterations of serum 

levels of thyroid hormones have profound effects on animal reproduction (26). Dietary Se 

deficiency negatively affected reproductive function in male chickens, indicated by a 

significant increase in thyroidal thyroxine (T4), free thyroxine (FT4) and thyroid-stimulating 

hormone (TSH). Fluctuations in thyroid hormones of Se deficient male chickens was 



7 
 

accompanied by an increase in apoptotic cells, and mRNA level of bax, caspase3 and p53 in 

the testes (27). 

Mastitis is an inflammatory reaction in the mammary gland caused by a bacterial infection and 

reduces milk yield and quality. Mastitis can reduce reproductive performance, increase the risk 

of premature culling, and heighten the chance of reoccurrence and herd outbreak, therefore this 

infection poses a substantial problem for the dairy industry with major economic losses due to 

production losses and control expenditures (28, 29). Many studies have associated increased 

incidence of mastitis with Se deficiency in dairy cows (30–32), research also confirmed a 

connection between exposure to oxidative stress (ROS) and increased incidence of mastitis 

(33). High energy and oxygen demand during lactation leads to escalated production of ROS, 

Se deficiency intensifies the imbalance between pro-oxidants and antioxidant defence 

availability (32). Se deficiency accelerates the production of proinflammatory factors and 

reduces IL-10 expression which intensifies the inflammatory reaction in mastitis (34). 

Histopathological changes observed in S. aureus induced mastitis, indicated that Se deficiency 

led to an increase in the number of inflammatory lesions but did not actively induce lesions in 

the mammary gland, similar results were observed in Lipopolysaccharide-induced mastitis (31, 

35).   

 

1.1.2 Se excess and associated disorders 

Se plays a crucial role in many biological functions including DNA synthesis, antioxidant 

defence and immune function. However, there is a narrow margin between Se deficiency and 

toxicity. Studies have shown that the effects of Se are both concentration and speciation 

dependent (36). In Europe the recommended daily Se intake for adults is 30µg with EFSA 

setting the tolerable upper intake at 300µg/day. In humans, Se toxicity results in selenosis 
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characterised by brittle hair and nails, vomiting and pulmonary oedema. It is difficult to 

determine the concentration at which Se becomes toxic, as Se toxicity is affected by many 

factors including the form of Se ingested, the individual’s genotype and other dietary 

components present. Excess Se intake has been associated with the development of chronic 

degenerative conditions including cardiovascular disease and neurological disorders such as 

amyotrophic lateral sclerosis (ALS), a fast progressing motor neurone disease. Inorganic Se is 

reportedly 40 times more neurotoxic than organic Se species and has been hypothesized as a 

risk factor for the development of ALS (37). Higher levels of inorganic selenite in cerebrospinal 

fluid and increased albumin bound Se in human serum has been linked with increased risk of 

development of ALS (38). Neurological disorders associated with excessive Se exposure have 

also been observed in animals. Progressive peracute forms of Se toxicosis have been widely 

reported in pig farming (39–41). Muscular tremors, paresis of the hind legs and front limbs, 

ataxia and anorexia have been observed in affected pigs. In a recent study investigating Se 

toxicosis caused by addition of commercially available selenite to pig feeds at a concentration 

of between 1.23 – 2.18 Se/Kg body weight, pig livers were found to be moderately atrophied, 

with evidence of lung edema in some pigs. Brainstem and mesencephalon changes were 

observed which resulted in lesions with extensive areas of liquefaction necrosis and it was 

concluded that the most probable mechanism leading to CNS lesion formation?? was astrocyte 

edema (40). Recent research has determined an association between high serum Se levels and 

increased prevalence of diabetes. A recent study revealed a direct relationship between high Se 

exposure and increased risk of diabetes, this positive correlation between excessive Se and 

diabetes was found to be independent of both obesity and insulin resistance (42). The link 

between Se and the development of diabetes has also been shown in animal models; exposure 

to supranutritional levels of Se in the mouse model led to overproduction of GPx1 which 

resulted in chronic hyperinsulinaemia by dysregulating islet insulin production and secretion 
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(43). Se toxicity is also influenced by concomitant presence of other compounds which can 

have antagonistic or synergistic effects on the target organism (7, 37). The presence of high 

concentrations of Se can increase arsenic (As) toxicity as the two have similar metabolic 

conversion pathways and both require GSH and S-Adenosyl methionine (SAM) (44). When 

present in high concentrations Se and As will compete for limited SAM, which will increase 

the toxic effects of As as SAM serves as a methyl donor for the detoxification of both 

compounds (44, 45). This effect has also been proven in vivo using a rat model, where Se IV 

compromised the monomethylation of As (46).  

 

1.2 Se and Cancer 

It has been reported that Se may exhibit anticarcinogenic activities, this has been supported by 

three types of evidence. Firstly, epidemiologic studies and large scale clinical trials have 

detected an inverse relationship between nutritional Se status and cancer risk, suggesting that 

inadequate Se status may increase cancer risk (9, 47) Supplementation with supranutritional 

levels of Se has been shown to reduce tumorigenesis in various cell and animal models (48–

51). Many epidemiological studies and clinical trials have focused on investigating the 

chemopreventive potential of Se compounds (see Table 1.2). 
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Table 1.2: Recent epidemiological and clinical trial studies focused on elucidating the 

relationship between Se and cancer incidence. 

 

Study name Population Type of cancer Outcomes 

The National Health 

and Nutrition 

Examination Survey 

(NHANES III) (52). 

13,887 adult 

participants 

served as a 

representative 

sample of the US 

population. 

Cancer (prostate, lung, 

and colorectal cancer) 

and cancer mortality. 

Increasing Se levels 

were associated with a 

decrease in cancer 

associated deaths up to 

130 ng/mL. 

Se is inversely 

associated with 

bladder cancer risk: 

a report from the 

Belgian case–control 

study on bladder 

cancer (53). 

178 cancer cases 

and 362 control 

participants. 

Bladder cancer. An inverse relationship 

between Se levels and 

bladder cancer 

incidence was observed. 

Patients with serum Se 

concentrations lower 

than 82 µg/L had a 

greater risk of bladder 

cancer. 

Levels of Se, zinc, 

copper, and 

antioxidant enzyme 

activity in patients 

with leukemia (54). 

 

49 participants 

with various types 

of leukemia. 

Leukemia. Low Se concentrations 

and both elevated GPx 

activity and copper 

levels were detected in 

leukemic patients. 

The 

Supplementation en 

Vitamines et 

Mineraux 

Antioxydants 

(SU.VI.MAX) (55). 

12,741 French 

adults. 7,713 

females aged 35–

60 years; 5,028 

males aged 45–60 

years). 

All cancers (basal cell 

carcinoma was 

excluded). 

A decrease in the risk of 

cancer in the Se sup- 

plemented group was 

seen only in men with 

serum values above the 

cut-off limit 

concentrations.  

 

The Nutritional Prevention of Cancer Trial (NPC) was the first double-blind, placebo-

controlled, randomized trial to investigate the chemopreventive effects of Se supplementation 

on cancer risk in the western world. The trial was designed to investigate the potential of Se-Y 

(200 µg/day) to prevent the reoccurrence of nonmelanoma skin cancer (56). The primary 

outcomes were the incidences of basal cell and squamous cell skin cancer, while the secondary 
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endpoints included all-cause mortality and total cancer mortality, total cancer incidence, and 

the incidences of lung, prostate, and colorectal cancers (47, 57). Throughout the blinded period 

of the trial it was continuously demonstrated that Se treatment did not protect against 

development of basal or squamous cell carcinomas, in fact there was a significantly increased 

risk of squamous cell carcinomas and a slightly increased risk of basal cell carcinomas 

following Se treatment (47, 58). In contrast, data gathered concerning the secondary endpoints 

of the trial revealed statistically significant decreases in the incidence of prostate cancer (52%), 

lung cancer (26%), colorectal cancer (54%), total cancer incidence (25%) and total cancer 

mortality (41%) (56, 58). Observation of the secondary outcomes of the NPC trial alongside 

the secondary results of the Alpha-Tocopherol, Beta-Carotene Cancer Prevention (ATBC) 

which demonstrated a 32% decrease in prostate cancer risk following vitamin E 

supplementation led to the design of The Se and Vitamin E Cancer Prevention Trial (SELECT) 

(15, 47). 

SELECT was a phase III, large scale, double blind, randomized clinical trial that investigated 

the chemopreventive effect of Se and vitamin E on prostate cancer in 35,335 American men 

(59). The results revealed that administration of 200µg Se/day in the form of Se-M did not 

reduce the risk of prostate cancer while dietary supplementation with vitamin E significantly 

increased the incidence of prostate cancer (59, 60). There were no significant differences in 

any predetermined secondary endpoints which included cardiac events and diabetes. The 

results from the SELECT trial were inconsistent with the results observed in the NPC trial, one 

possibility for the conflicting results between the two trials is the underlying difference in the 

chosen populations. The NPC trial recruited only patients with nonmelanoma skin cancer 

whereas the SELECT trial more accurately reflected the general population (47). Another 

confounding factor that may have influenced the contrasting results between the two studies 

was the difference in Se exposure levels of the trial subjects. The NPC trial included 
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participants with a broad Se exposure range (<106 µg/L - >123.2 µg/L), whereas the SELECT 

trial included almost no participants from the lower Se exposure range. The SELECT trial 

administered Se in the form of Se-M whereas the NPC trial supplemented participants diets 

with Se-Y (9). The results from the European Prospective Investigation into Cancer and 

Nutrition (EPIC) also found no association between Se levels and cancer risk. The EPIC study 

indicated that low plasma Se levels are not associated with increased prostate cancer risk. 

However,  the range of Se concentrations may have been too narrow to detect a significant 

association (61).  

Se can also act as a prooxidant, inducing apoptosis through the generation of oxidative stress 

and has attracted interest as a potential anticancer agent. Se has been shown to act as a redox 

modulator with a high tumour specificity (62). Various Se metabolites are produced after 

metabolism of dietary Se compounds by several distinct pathways which determine their 

biological activity. The Se metabolites that are critical in redox cycling and generate hydrogen 

peroxide and superoxides resulting in ROS production are the prooxidants hydrogen selenide 

(HSe-) and methyl selenol (CH3Se-). CH3Se- is also produced when redox inactive Se 

metabolites such as methylselenocysteine are cleaved by β lyase further increasing the 

oxidative environment and inducing apoptosis and DNA fragmentation in cancer cells (62, 63). 

Studies have shown that certain Se compounds and metabolites can inhibit angiogenesis and 

cut off blood supply to tumours. Methylseleninic acid (MSA) inhibited angiogenesis at 

nutritional concentrations by downregulating integrin β3 at mRNA and protein levels in human 

umbilical vein endothelial cells. Inhibition of phosphorylation of AKT, IκBα, and NFκB was 

observed suggesting that MSA exposure also disrupts the clustering pattern of integrin β3 (64). 

This angiogenic effect was also detected in diethylnitrosamine-induced hepatocarcinoma in 

rats that were exposed to Se enriched malt by the downregulation of vascular endothelial 
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growth factor (VEGF) in the tumor tissue. Rats treated with inorganic selenite did not show 

reduced VEGF expression (65). 

 

1.3 Se forms available for nutritional supplementation 

Se is primarily found in plant sources and is thereby transferred to the food chain upon 

consumption. Therefore, the Se content of the soil and its availability is a highly important 

factor for Se intake. However, Se content of soils and its availability to plants is highly variable 

across the world (66). Since the discovery of the connection between Se and animal health, 

there have been many studies carried out investigating the potential beneficial effects of Se 

supplementation. In European countries, animal feed is frequently supplemented with either 

inorganic Se (sodium selenite, sodium selenate) or organic Se sources (Se-M or Se yeast (Se-

Y)) due to the low availability of Se in some soils. Animal feedstuffs are most commonly 

supplemented with inorganic Se as it is less costly than organic Se sources. During digestion 

of inorganic Se, complexes may be formed with free mineral ions released during the process 

rendering the Se difficult to absorb (67, 68).  

The duodenum is the main site of absorption for the majority of ingested Se, followed by the 

jejunum and the ileum (67). Organic and inorganic forms of Se are not metabolized alike.  The 

inorganic Se forms sodium selenite and sodium selenate are passively absorbed in the small 

intestine by simple diffusion along the concentration gradient, while organic sources are 

actively absorbed by amino acid transport mechanisms (8, 67). Upon absorption of sodium 

selenite, selenite is immediately non-enzymatically reduced via formation of 

selenodiglutathione (GS-Se-SG) to selenide. Sodium selenate is not immediately reduced to 

selenide as it requires several passes through the liver to be metabolised to selenide and a 

considerable portion of absorbed selenate is excreted directly and unchanged in urine before 
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being reduced. However, Se-M is converted into SeCys and can be incorporated non-

specifically into proteins, as it freely substitutes for methionine in protein synthesis. Se-M can 

also be converted into selenide and can partake in the first metabolic pathway which is 

responsible for selenoprotein production which includes the co-translational biosynthesis of 

SeCys and its incorporation into specific selenoproteins (8, 67, 69). The second pathway is that 

Se in excess of these needs enters an excretory pathway, and methylation and sugar-derivation 

of selenides form the major excretory products (69).   

Unlike the organic forms of Se, in which Se is in the reduced state (selenide: Se2+), the 

inorganic salts contain Se in oxidized forms (selenite: Se4+; selenate: Se6+). Upon absorption, 

the higher-valence forms are reduced to the selenide state using reducing equivalents from 

reduced glutathione and reduced nicotinamide adenine dinucleotide phosphate (NADPH). In 

contrast, the organic forms (Se-M, SeCys) release Se in the selenide state as a result of 

catabolism. The Se from Se-M, consumed in the form of food proteins and/or dietary 

supplements, is thus transferred to form SeCys. Studies have shown that the absorption of Se 

is significantly lower in ruminants than in monogastric animals. Retention of sodium selenite 

was found to be 77% in swine and only 29% in sheep, research suggesting that inorganic Se is 

reduced to insoluble selenide or elemental Se by rumen microorganisms leading to excretion 

of Se thus decreasing absorption and retention levels (70). Se retention in lambs fed either a 

diet containing sodium selenite or Se yeast demonstrated that feed supplementation with Se 

from Se-yeast resulted in higher absorption of Se from the digestive tract and greater Se 

retention than when sodium selenite was used as supplement (8). Inorganic Se is greatly 

reduced in the rumen and becomes less available for absorption than organic Se. Permeability 

studies in Caco-2 cells illustrated Se-M and SeCys showed a larger absorptive flux than 

exsorptive flux, the organic Se sources demonstrated twice the absorptive flux of inorganic 

selenate (71). Research confirms that inorganic Se in the form of sodium selenite results in a 



15 
 

strong genotoxic effect in HepG2 liver cells after oxidative challenge by lead (Pb), while 

supplementation with Se-Y and subsequent exposure to Pb resulted in a significant 

genoprotective effect (72). Other literature agrees that Se-Ni is highly cytotoxic to cells and 

causes DNA strand breaks, cell membrane leakage and cell detachment (73). 

Differences in the reproductive performance of hens fed Se-Y or inorganic Se have been 

reported. Evidence shows that in female reproductive tissues Se-Y supplementation but not 

sodium selenite supplementation, enhances energy production and protein translation, while 

genes associated with energy production and protein translation were down regulated in hens 

receiving sodium selenite treatment. Genes encoding several subunits of the mitochondrial 

respiratory complexes, ubiquinone production and ribosomal subunits were upregulated during 

Se-Y supplementation whereas, a decrease in respiratory complex related gene transcripts were 

observed in sodium selenite treated hens (74). Another study conducted on beef heifers also 

illustrated the differences in gene expression in relation to Se source in feed. Upregulation of 

mitochondrial gene expression was noted in both organic Se and inorganic Se treated beef 

heifers, however, the expression of a protein with antiviral capacity was downregulated in 

inorganic Se treated animals. Decreased mRNA levels from genes encoding proteins 

upregulated during oxidative stress were observed in the organic Se supplemented group, 

indicating a protective effect of organic Se on oxidative stress (75). Organic Se treatment of 

mice in the form of Se-Y significantly reduced the expression of Gadd45b in tissues and also 

reduced GADD45B protein levels in liver, in comparison to inorganic Se. Se-M 

supplementation of weaning pigs has been shown to increase growth performance, plasma Se 

and antioxidant ability (76). Organic Se supplementation had an ameliorative effect on heavy 

metal induced cytotoxicity and oxidative DNA damage in a porcine gut intestinal model while 

inorganic Se in fact enhanced the negative effects of heavy metal induced damage (36). 
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1.3.1) Se Yeast: 

In recent years, due to the increasing evidence of the harmful effects and low bioavailability of 

inorganic Se there has been increased interest in the use of Se enriched yeast (Se-Y) 

preparations in animal feed products. Se-Y is an appealing Se source for nutritional 

supplementation due to its activity in selenoprotein synthesis and its low toxicity. In addition, 

there is evidence that Se-Y is highly bioavailable, bioactive and has the ability to increase 

selenoenzyme activity (77).  Recent studies have provided evidence that supplementation with 

organic Se affords protection against oxidative DNA damage, increases immune response and 

positively effects cell proliferation and viability (30, 72, 78–80). 

Se can be bio-transformed by yeast cells into Se-M by incorporation into proteins non-

specifically by replacing sulfur in methionine, thus producing Se-M  (81). However, the 

mechanism of accumulation of Se and its conversion into cellular structures is not fully 

understood. The ability of the yeast cells to absorb Se increases under conditions of sulfur 

deficiency. In the first stage of Se metabolism in yeast cells, sodium selenite is reduced to 

hydrogen selenide, this reaction is catalysed by sulphate reductase with NADPH acting as the 

reducing agent. Hydrogen selenide (H2Se) has the ability to penetrate into the cell via a passive 

way and is the major intermediate metabolite involved in the synthesis pathway of all forms of 

Se produced in microbial cells. The first step in the conversion of H2Se into organic Se 

compounds is the biosynthesis of selenohomocysteine. In the following steps, 

selenohomocysteine is subjected to a methylation process, resulting in the formation of Se-M 

(82). As well as amassing high Se concentrations, yeast cells utilize sugars and organic acids 

to produce biomass with high protein levels (83). Studies examining the Se binding efficiency 

of different yeast strains have focused mainly on the Se tolerant Saccharomyces cerevisiae and 

Candida utilis (also known as Torula yeast) (84, 85). To date, only Se tolerant strains of S. 

cerevisiae and C. utilis have been used by commercial manufacturers for Se-Y production as 
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they have been granted GRAS (Generally Recognized as Safe) status by the Food and Drug 

Administration (FDA) (83) and are approved for animal and human use by the European Food 

Safety Authority (EFSA; EFSA regulations specify that the total Se concentration in animal 

feed must not exceed 0.4 ppm and that supplementation with exogenous Se must not exceed 

0.2 ppm) (17, 86). Animal feed premixes, which include all the minerals and vitamins essential 

in the animal diet, are manufactured by premix companies who formulate these mixtures and 

they label their products a with recommended levels per ton of feed.  These premixes are then 

purchased by feed companies for blending into commercial rations which are then sold to 

farmers to feed as they wish or a farmer who uses their own grain can formulate their own 

rations and be assured their animals are getting the recommended levels of minerals and 

vitamins (17, 87). 

The manufacturing process for the production of Se-Y in order to yield a Se-Y product that is 

suitable for mammalian consumption generally follows the subsequent set of steps 1) 

cultivation of a food grade yeast under aerobic growth conditions, 2) incremental 

supplementation with a carbon nutrient source, 3) addition of a water soluble Se source, 4) 

recovery of the Se-Y once it has reached a predetermined level, 5) removal of extracellular 

nutrients and Se salts from the Se-Y product by a series of wash steps, 6) pasteurisation and 

drying of the yeast cells to recover a dried Se-Y product (see Fig. 1.2). 
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Fig. 1.2: Manufacturing processing steps for the production of a dried Se-Y preparation that is safe for 

mammalian consumption, adapted from (88). 

 

Although the main Se component of Se-Y is Se-M,  it has been observed that gene profiles 

differ in response to Se-Y and Se-M supplementation in a mouse model, suggesting that Se-Y 

comprises several different protein-bound Se compounds in addition to Se-M (89). 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 (90). A study in 

which the digestion and oxidation of different Se compounds was analysed, concluded that Se-

M concentrations decreased in the small intestine coupled with the appearance of the oxidation 

product Se-MetO (91). Se-rich yeast can be characterized by the Se-metabolic profile 

(selenometabolome), which is characteristic of yeast strain and fermentation parameters. Just 
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as each yeast strain has its own unique genetic characteristics so do the Se-Y products produced 

from different yeast strains (92). The selenometabolome is classified as the fraction of water 

soluble, low molecular weight Se-metabolites that occur in Se-Y. These Se-metabolites 

comprised 10-20% of available Se in Se-Y. To date, various speciation studies have identified 

over 60 low molecular weight selenized species from different Se-Y suppliers (93). Each Se-

Y product has its own unique selenometabolome therefore, the selenometabolome has become 

a precious fingerprint of the origin of the preparations available on the market and of the 

reproducibility of the production process (94). The distinctive nature of the selenometabolome 

of each individual Se-Y product may suggest that a particular therapeutic activity or toxicity 

may be linked to a specific species on the selenometabolome (95).  

Se-Y supplementation has been shown to improve some morphometric characteristics of villi 

in duodenum and jejunum in ruminants. Se supplementation was shown to increase cell 

proliferation in epithelial tissue of young goats and beef steers, increased villi size has been 

linked to increased GPx levels (96, 97). Swine fed high dietary Se levels as Se-Y accumulated 

greater Se in plasma and tissues compared to those fed the same levels of selenite. In the 

selenite supplemented group, toxicity ensued more rapidly and symptoms were more severe 

than the Se-Y supplemented group (98). Increased milk yield and milk Se levels were observed 

in dairy cows fed a Se-Y supplemented diet. Rumen fermentation was positively affected and 

improved digestibility of feed nutrients, suggesting that Se-Y stimulated digestive 

microorganisms or enzymes (99). This agrees with another experiment conducted on thirty 

commercial herds across the US, dairy cows were fed Se-Y supplemented diets which 

increased productivity and protein efficiency (100). Se-Y supplementation in lambs increased 

digestibility of dry matter, organic matter, crude protein, neutral detergent fiber, acid detergent 

fiber and nutrient digestibility increased (101). Improved birthrate and increased litter weight 

of piglets was observed following Se supplementation as well as significant improvement of 
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liver function (102).. In the mouse model Se-Y supplementation reduced expression of 

GADD45b and also decreased GADD45b protein levels in the liver, while sodium selenite and 

Se-M had no effect GADD45b expression levels, this suggests that only Se-Y supplementation 

was associated with DNA damage protection (89).  

 

1.4.1) Selenium role in antioxidant defense system: 

 Aerobic organisms possess a complex antioxidant defense system to neutralize reactive 

oxygen species (ROS), however inadequate functioning of this antioxidant defense system 

results in inefficient removal of ROS and can lead to severe damage to biological 

macromolecules, tissue injury and metabolic malfunction (103). Increased levels of ROS can 

lead to oxidative damage to DNA, in the form of alkali-labile sites, formation of modified DNA 

bases and sugar moieties single and double strand breaks, and protein-DNA crosslinks (104). 

It has been reported that Se status directly effects the functioning of many antioxidant enzymes 

including GPx, TRx, iodothyronine deiodinases (DIO) and catalase (CAT).  Glutathione (GSH) 

is a ubiquitous cellular tripeptide with a sulfhydryl group which neutralises ROS and acts as a 

cofactor for many Se dependent antioxidant enzymes, such as GPx and glutathione-S-

transferase (GST) (105). 

The antioxidant properties of Se and its role in the antioxidant defense system have been 

investigated in animal nutrition for prevention and treatment of ROS-induced pathologies.  

There is evidence that several of these selenoproteins including GPxs, selenoproteins P, W, 

and R, and thioredoxins have antioxidant activities (106). Se compounds exhibit both 

prooxidant and antioxidant behavior, regulation of the redox state is essential for cell 

proliferation, DNA synthesis and repair, cell viability and organ function (107). GPx1–3 are 

involved in the reduction of hydrogen peroxide and organic hydroperoxides, while GPx4 
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directly reduces phospholipids and cholesterol hydroperoxides (108, 109). GPx4 suppresses 

lipid peroxidation and apoptosis during embryogenesis, it also plays a vital role in sperm 

maturation and is an important component in the sperm’s helical mitochondrial capsule which 

is essential for motility (108, 110). In ruminants Se-yeast supplemented diet significantly 

affected rumen fluid enzyme activity. Se level and GPx activity was shown to be significantly 

higher and malondialdehyde (MDA) concentration was significantly lower in bacterial and 

protozoal fractions of the rumen (68) . Severe Se deficiency caused almost total loss of GPx1 

activity and mRNA in the rat liver and heart, while GPx4 activity was reduced by 75 % in the 

liver and 60 % in the heart in the mouse model (111). 

Like GPx, TRx is a oxidoreductase belonging to the pyridine nucleotide disulfide 

oxidoreductase GSSG reductase (GR) protein superfamily of dimeric flavoenzymes (112). 

Three mammalian TRx selenoproteins have been identified, these include TRx1 which 

functions in the cytosol and nucleus and has a large number of functions in cellular redox 

control and antioxidant defense such as providing reducing power to RNR (ribonuclease 

reductase) which is crucial for DNA synthesis. Under conditions of inflammation and oxidative 

stress TRx1 is secreted from cells and can be detected in plasma (113). Thioredoxin interacting 

protein (TXNIP) is an endogenous molecule that negatively regulates TRx. In response to 

oxidative stress TXNIP moves from the nucleus into the cytosol or mitochondria, reduces the 

binding of Trx1/Trx2 with ASK1 and resulting in a ASK1-mediated signaling pathway plays 

a vital role in stress responses, including cell death, differentiation, and production of 

inflammatory cytokines (108, 114). 

TrxR2 functions in the mitochondria and is critical in controlling ROS in unison with the GSH 

system. Mice with cardiac specific deletion of Trx2 produced spontaneous dilated 

cardiomyopathy resulting in mortality due to heart failure at young age (115). Evidence has 

shown that TrxR2/Trx2/Trx3 system is crucial in the regulation of H2O2 flux from heart 
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mitochondria under the physiological mode of respiration. The functioning of the TRx system 

is essential for maintaining the redox environment and therefore overall cell viability and 

mitochondrial function (116). TrxR3 (also called Thioredoxin glutathione reductase, TGR) 

functions in testis and is a TRx isozyme that has only been detected in mouse testes (10, 117). 

The deiodinases (DIO) are peroxidase enzymes involved in synthesis, metabolism, activation 

or inactivation of thyroid hormones (118). DIO1 and DIO2 which catalyze the removal of an 

iodine residue from the pro-hormone thyroxine (T4) molecule, producing either the active form 

triiodothyronine (T3; activation) or inactive metabolites (reverse T3; inactivation) (119). Type 

3 iodothyronine selenodeiodinases localized in the plasma membrane are responsible for the 

inactivation of T4 and T3 which occurs via deiodination of the inner ring (118).  Se deficiency 

in animals can result in significant reduction in T3, an increase in T4 and a reduction in the 

activity of the liver 5’DI type I (120). Se supplementation in lambs resulted in an elevated 

blood GPx activity and serum T3 levels and a reduction in serum T4 amount compared to non-

supplemented control lambs (121).  

 

1.4.2) Immune Function 

Organic Se supplementation has been shown to induce immunostimulant effects including; an 

increase in proliferation of activated T cells, heightened cytotoxic lymphocyte-mediated 

tumour cytotoxicity and natural killer cell activity (9). One study employed Se-M treatment to 

evaluate the effect of organic Se supplementation on Porcine Circovirus type II (PCV2) 

replication in PK-15 porcine kidney cells. The findings of this study demonstrated that DL-Se-

M inhibited PCV2 replication in PK-15 cells in a concentration dependent manner within the 

range of 4-16µmol/L. A significant increase in GPx levels was observed in this study as a result 

of Se-M supplementation. This increase in GPx levels may suggest that the inhibitive effect of 
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Se-M on PCV2 replication is mediated through enhanced antioxidative activity of GPx (122). 

A study investigating the effect of organic Se supplementation on Taura Syndrome Virus 

(TSV) resistance found similar results to the above mentioned study, which further 

corroborated the role of GPx activity in Se mediated viral resistance (123). Se supplementation 

of footrot affected sheep did not prevent the disease but Se treatment did restore innate and 

humoral immune functions. Se-Y treatment has been previously shown to improve growth and 

ewe health and also resulted in the most significant increase in both humoral and innate immune 

function in comparison to other Se sources (124). Chickens fed a diet containing Aflatoxin B1 

developed aflatoxicosis and impaired humoral immunity, however Se supplemented chickens 

actively mitigated the immunotoxicity of aflatoxin B1 and this was concluded by studying the 

effects of AFB1 and Se in the primary lymphoid gland, Bursa of Fabricus. Authors stated that 

the ameliorative effect of Se on AFB1 induced immunotoxicity may be associated with reduced 

activation of mitochondria-mediated apoptotic pathway (125). Supranutritional Se-Y 

supplementation in ewes has been linked to an increase in immune response to parasitic 

infection (126). Studies have shown that antibody mediated immune response in lambs to 

Pasteurella haemolytica or Pasteurella multocida P52 antigen was significantly enhanced in 

Se treated groups (127, 128). Increased gene expression of L-selectin, IL-8R, and TLR-4 in 

neutrophils of sheep have also been associated with Se supplemented ewe diets, suggesting 

superior functioning of recognition and response to bacterial and parasitic threats (124). 

 

1.4.3) Reproduction 

Adequate Se intake is essential for the normal functioning of the reproductive system in both 

male and female animals. Se deficiency in males can lead to reproductive disorders and cause 

low fertility, poor sperm quality and abnormal sperm structure (111, 129, 130). Oxidative stress 
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can result in lipid peroxidation of spermatozoa and sperm plasma membrane which contains a 

high proportion of polyunsaturated fatty acids (PUFA). Se supplementation protected sperm 

plasma membrane from lipid peroxidation of PUFA, therefore improving sperm functional 

ability (131). Emerging evidence is showing that Se exerts an influence on the biosynthesis of 

testosterone, this is of great interest as sex hormones including testosterone are responsible for 

the process of spermatogenesis. In Leydig cells, Se supplementation resulted in enhanced 

expression of steroidogenic acute regulatory (StAR) and hydroxysteroid dehydrogenase 3β-

HSD, these are the two main proteins that catalyse testosterone biosynthesis (132). 

Accumulating evidence suggests a role for Se in safeguarding the balance between germ cell 

death and proliferation during apoptosis in spermatogenesis, and therefore protecting male 

fertility (111). Recently a study exhibited using sheep Leydig cells, that Se can heighten 

testosterone production by activating the ERK signaling pathway and Se effects proliferation 

and apoptosis in Leydig cells hence showing that Se plays a crucial role in regulating and 

maintaining testosterone levels and spermatogenesis (132). Dietary Se supplementation in 

roosters was shown to regulate mRNA expression of apoptosis and cell cycle genes in the testis 

during spermatogenesis (133).  GPx4 is inactive in mature spermatozoa however; it does exert 

its antioxidant activity against mitochondrial oxidative damage during spermatogenesis (134). 

Se supplementation increased gene expression levels of luteinizing 

hormone/choriogonadotropin receptor (LHCGR) in chicken testis, LHCGR regulates the action 

of lutenizing hormone on Leydig cell functions to support germ cell development and 

spermatogenesis (130). 

Recently studies have begun to show the importance of Se in female fertility, Se restriction or 

deficiency has been associated with miscarriage and pre-term labour and effects cellular 

proliferation in follicles and reproductive tissues (135–137). In vivo mouse studies have shown 

that the uterus of Se deficient subjects is more prone to inflammation, it is thought that a Se 
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restricted diet heightens the activation of Toll-like receptor-4 signaling pathway which enables 

inflammatory gene expression such as tumor necrosis factor-α, interleukin-1β and interleukin-

6 (138). To date, there has been relatively few studies investigating the effects of Se on female 

fertility, therefore the exact mechanism of Se on female fertility is not well understood. Only 

recently has there been an emergence of studies researching this topic. Granulosa cell 

proliferation and estradiol-17β has been proven to be modulated by Se supplementation (139, 

140). One such study used X-Ray fluorescence imaging to identify cell specific accumulation 

of Se in bovine ovaries and determined that GPx1 is consistently amassed in the granulosa cells 

of large healthy follicles. Similar dispersal of GPx1 was not observed in smaller follicles, 

indicating that selenoprotein GPx1 plays a crucial role in follicle dominance (139). It has been 

reported that organic and inorganic Se has differing effects on female reproduction. Gene 

expression analysis studies revealed that gene transcripts connected with energy production 

and protein translation were increased in the oviduct of hens fed an Se-Y (Sel-Plex) 

supplemented diet but was not observed in subjects fed an inorganic Se diet (141). Like the 

male reproductive system, oxidative stress can negatively impact female fertility. Pre-ovulatory 

follicle-generated ROS are required for the induction of ovulation, however, an imbalance 

between prooxidants and antioxidants has been shown to result in female fertility disorders 

such as polycystic ovary syndrome, endometriosis and unexplained infertility (135, 142, 143). 

Recent evidence illustrates that low serum Se and GPx in follicular fluid is linked with non-

fertilized oocytes, while diminished Se and GPx levels were significantly lower in subjects 

with endometriosis (135, 144). Maternal Se deficiency in pregnancy can lead to adverse 

pregnancy outcome and foetal development. High Se uptake by the developing foetal tissue 

occurs during pregnancy therefore increasing maternal Se requirements (145). Recent 

investigation indicates that Se supplementation during the pregestation and gestation periods 

results in the highest percent occurrence of good quality blastocysts. Se supplementation during 
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gestation is also believed to have an embryoprotective ability against the harmful effects of 

ROS activity (146). 

 

1.5) Heavy Metal Contamination: 

Animal feed contamination is a growing area of concern for the modern agricultural industry. 

The increasing world population has triggered a significant rise in the demand for food 

production and has placed immense pressure on agriculture and food production industries 

(147). This has led to an escalation in anthropogenic and industrial activities which in turn has 

resulted in higher emissions of environmental toxins (148). Animal exposure to environmental 

toxins can occur via soil, water, food or air and leads to poor animal health, increased food 

production costs and poses a potential risk to human health through bioaccumulation in the 

food chain (149). Commonly detected feed contaminants include heavy metals such as Arsenic 

(As), Lead (Pb) and Cd, dioxins and PCBs, pesticide residues and veterinary drugs (see Table 

1.3) (150). The use of animal feeds in intensive farming requires supplementation with various 

additives such as vitamins, trace elements, growth promoters and antioxidants. The inclusion 

of several different additives poses a challenge to the aim of ensuring that all components are 

contaminant free and  that possible residues do not pose a risk to human health (151). A recent 

study investigated the impact of the increased demand for intensive poultry farming and 

highlighted an increased risk to human health due to animal feed contamination. High levels 

of copper (Cu), zinc (Zn) and As were detected in chicken livers as a direct result of animal 

feed contamination, thus posing a potential risk to human health (152). Most feed contaminants 

cannot be metabolised and excreted by humans and animals, therefore these compounds 

accumulate in tissues. For example, PCBs are lipophilic compounds that when ingested, 

bioaccumulate in fat tissues, therefore rendered animal fats and oils routinely added to animal 
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feed represent a significant source of exposure to dioxins and PCBs, both for the animal directly 

and for humans on consumption (153).  
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Feed Contaminant Sources Clinical Effects 

1) Heavy Metals 

• Cadmium Manure, Sewage, Phosphate 

Fertilizers and Mineral Supplements 

such as phosphate and zinc sources. 

Nephrotoxicity, Neurotoxicity, 

Carcinogenicity, Osteoporosis, 

Genotoxicity, teratogenicity and 

endocrine and reproductive effects 

(149).  

• Arsenic Soil, Groundwater, Plants and 

Marine Organisms. 

Used as a feed additive in poultry 

and pig farming to increase body 

weight. 

Effects the cardiovascular, 

reproductive, respiratory, 

gastrointestinal, hematological, and 

immune system (149). 

• Mercury Mining, smelting and industrial 

activities. It is deposited into soil 

and water where it is transformed 

into methylmercury and 

bioaccumulates in aquatic mammal 

tissues. 

Affects the renal, nervous, 

gastrointestinal, reproductive, 

respiratory and musculoskeletal 

system. Mercury is embryocidal 

(149).  

2) Environmental 

Contaminants 

  

• PCB’s / Dioxins Produced from the combustion 

processes and from industrial 

processes such as bleaching of paper 

pulp using chlorine. 

Accumulation of PCB’s and dioxins 

in animal and human tissues can lead 

to cancer and reproductive and 

immune dysfunction (154). 

• Organophosphate

/Organochlorine 

 

 

Pesticide residues such as 

chlortetracycline, sulphonamides, 

penicillin and ionophores are the 

most commonly used 

Metabolites of pesticide residues are 

stored as metabolites in the tissues 

and fluids of the animal causing 

concern for human health. 

 

Exposure can lead to cancer, 

infertility and liver disease (150) 

• Nitrate/Nitrite 

 

 

Nitrates can occur in various crops 

via the use of highly soluble mineral 

fertilizer 

 

Nitrate is converted endogenously to 

nitrite in either the saliva of 

monogastric mammals or 

stomach/rumen of ruminants 

Results in cyanosis and death at high 

levels due to the formation of MetHb 

which impairs the ability of the blood 

to carry oxygen (150, 155).  

• Antibiotics 

 

 

Veterinary drugs including 

penicillin, tetracyclines,  

 

 

 

 

Antimicrobial drug resistance, 

allergic reaction, 

carcinogenicity, mutagenicity, 

teratogenicity, disruption of intestinal 

flora and human antibiotic resistance 

(156). 

Table 1.3: Common animal feed contaminants, sources and biological effects. 
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The World Health Organisation deems heavy metals as the most hazardous xenobiotic for 

human health and lists As, Cd, Pb and mercury (Hg) among the ten major chemicals of public 

concern (157–159). Heavy metals occur naturally within the earth crust and as a result of 

weathering and volcanic eruption. However, the issue of environmental contamination and 

human exposure has arisen mainly from anthropogenic activities (157). Heavy metals produce 

their toxic effects by forming complex structures with thiol groups and by competing with and 

displacing biogenic metals (Zn, Cu, iron (Fe), calcium (Ca) etc.) to form metal complexes. This 

leads to inactivation and malfunction of many biological proteins and enzymes (160). Heavy 

metal toxicity is also mediated by the metals ability to modify cellular redox states thereby 

stimulating oxidative stress and initiation of the formation free radicals (160, 161). Presently, 

As, Pb, Hg and Cd are the most commonly detected heavy metal contaminants in the 

environment and pose a significant threat to human health by bioaccumulation through the food 

chain (149, 162, 163). Metalloid contamination is of grave concern in food production of 

animal origin as metals are readily transferred through food chains (164). Studies have been 

conducted to determine the prevalence and concentration of heavy metals in livestock feeds 

and animal manure, with results highlighting non permissible levels of As, Zn Cd and Pb in 

poultry, cattle and pig feeds (165–168).  

The first possible mechanism of heavy metal induced oxidative stress is based on the 

production of free radicals. Heavy metals cannot directly generate reactive oxygen species; 

however, they indirectly cause oxidative stress by dislodging redox active metals from enzymes 

and proteins. The displaced ions can then partake in the generation of hydroxyl (OH) radical 

by the Fenton (Haber-Weiss) reaction (160). The second potential mechanism of heavy metal 

toxicity involves its ability inhibit cytosolic superoxide dismutase (SOD), GPx, and glutathione 

reductase (GR) by the displacement of Cu and Zn ions from the active centre of SOD. Heavy 

metal binding to reduced glutathione in the active site of GPx and GR efficiently inhibits these 
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antioxidant enzymes (169). Metalloid induced ROS cause numerous pro-mutagenic alterations 

to DNA bases, enhance lipid peroxidation and modify calcium and sulfhydryl homeostasis 

which support and expediate carcinogenesis (161). Heavy metals have carcinogenic potential 

that is principally reliant upon oxidation state, solubility, bioavailability and solubility of each 

individual metalloid (170). Metal induced carcinogenesis has also been associated with 

interference of zinc finger proteins and impairment of DNA repair systems (see Fig. 1.3) (160, 

170). 

 

Figure 1.3: Mechanisms of heavy metal induced carcinogenesis (Adapted from (170)) 

 

1.5.1) Cadmium 

Cd is a relatively abundant, highly toxic heavy metal which is regularly found in crops for food 

and feed production due to the highly soluble nature of Cd compounds. This ease of absorption 

of Cd from soil to crops makes the diet the primary source of human exposure to Cd (171). Cd 

absorption from the gastrointestinal tract is the main route of Cd exposure in humans. The 

International Agency for Research in Cancer (IARC) has classified Cd as a group 1 carcinogen 

while the European Protection Agency considers Cd as a probable human carcinogen 

(groupB1) (172). Cadmium contamination of animal feed is an increasing problem worldwide 

Action on Zinc 
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preventing correct 
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regulation
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with escalating levels of Rapid Alert System for Food and Feed (RASSF) alert notifications 

(see Table 1.4). Concerningly, none of these alert notices were classed as serious (173, 174).  

 

Table 1.4: Rapid Alert System for Food & Feed (RASFF) Cadmium Contamination Notifications (174).  

16/01/2014  2014.0062  Belgium  cadmium (160 

ppm) in 

poultry feed 

additive from 

Belgium  

feed 

premixtures  

15/01/2014  2014.0057  Italy  cadmium (2.81; 

3.90 ppm) in 

fish meal from 

Spain  

feed materials  

04/07/2014  2014.0924  Sweden  cadmium (1.08 

ppm) in feed 

from the United 

Kingdom  

compound feeds  

03/08/2015 2015.1008 Germany cadmium (6.66 

ppm) in 

complete feed 

for dogs from 

Poland 

compound feeds  

23/09/2013  2013.1293  Germany  cadmium (1.43 

ppm) in feed for 

cattle from 

Germany  

feed materials  

04/06/2013  2013.0777  Belgium  cadmium (52 

ppm) in zinc 

oxide from 

Turkey, via 

Denmark  

feed additives  

 

Cd has a reported biological half life of approximately 20 to 35 years and accumulates primarily 

in the liver, lungs, pancreas and kidneys, there is no biological excretion pathway for the 

element (161).  Cd officially belongs to the group of transition elements, however it almost 

always assumes only one oxidation state which is 2+, thus it behaves similar to main group 

metals (175). Like main group metals, Cd is unable to generate free radicals directly through 
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participation in the Fenton-like reaction, while the exact mechanism of Cd-induced oxidative 

stress is not yet known, indirect ROS generation has been reported in Cd exposed cell models 

(148, 160, 176). The factors underlying Cd toxicity include its ability to suppress mitochondrial 

functions, disrupt calcium homeostasis and modify cellular enzyme activity (177). Cd is 

capable of generating an environment of oxidative stress, triggering inflammation and 

endoplasmic reticulum stress, causes genomic instability and dyshomeostasis of essential 

metals (178).  

Cd is absorbed preferentially in the duodenum and proximal jejunum following ingestion, 

therefore the gastrointestinal tract is one of the main areas affected by acute or chronic Cd 

exposure. It has been reported that up to 20% of dietary Cd is absorbed in the gastrointestinal 

tract, this quantity may escalate depending on the presence or absence of certain essential 

elements (Zn, Fe) (179). The Fe transporters divalent metal transporter 1 (DMT1) and FPN1 

are responsible for Cd transport across the cell membrane (179). This suggests that Cd is 

transported across membranes by the same mechanism used to transport nonheme iron. 

Intestinal absorption of Cd in mammals increases in environments of Fe deficiency. Increased 

expression of the Cd transporter DMT1 was detected in duodenal mRNA (180) while enhanced 

levels of DMT1 and FPN1 were observed in Fe deficient mice which correlates with enhanced 

Cd absorption and accumulation (181). The mechanism of Cd transport and absorption across 

intestinal epithelia remains unclear. One study concluded that Cd transport occurs via 

transcellular transport exclusively, this mechanism involves passage across at least two 

membranes, is energy dependent and facilitated by membrane proteins (175, 182, 183). 

However, the requirement for tissue accumulation of Cd to obtain transfer of Cd across the 

intestine has also been illustrated (178, 184). Orally administered Cd resulted in haemorrhagic 

gastritis, epithelial cell necrosis and significant modifications in villi architecture in the mouse 

model (185).  Cd stimulates metallothionein (Mt) production and binds with these cysteine rich 
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proteins to form a Cd-Mt complex. Mt has a known protective role in Cd induced toxicity, Mt’s 

are metal binding proteins that detoxify and remove Cd from the cellular environment. 

However, they also scavenge Cd-induced free radicals which results in dissociation from Mt’s 

caused by decreased metal binding stability. Mt’s are also responsible for the retention of Cd 

in various tissues and the long biological half life of the metalloid in the body (171, 186). The 

protective role of Mt activity in Cd-induced oxidative stress has been illustrated in vivo using 

the mouse model. Mt null mice were hypersensitive to Cd toxicity, while Mt transgenic mice 

were mostly safeguarded from Cd induced damage (186). Unbound Cd and Cd-Mt accumulate 

in the kidneys due receptor mediated endocytosis uptake, the Cd-Mt complex is degraded in 

endosomes and lysosomes discharging free Cd into the cytosol which results in the production 

of Cd-induced ROS (163).  

As mentioned previously, Cd is a redox-inactive metal and is incapable of directly generating 

ROS, instead it produces free radicals by indirect mechanisms. One proposed mechanism of 

Cd-induced oxidative stress is the displacement of Fe and Cu ions by Cd at cellular binding 

sites which leads to ROS generation via the Fenton reaction (see Fig. 1.4). In this process, 

unstable semiquinones are present due to the formation of O2
.- during inhibition of complex III 

of the mitochondrial electron transport chain. This results in the generation of superoxide anion 

and superoxide anion derived ROS facilitated by the transfer of electrons to molecular oxygen 

by the unstable semiquinones (160). 
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Figure 1.4: Mechanism of action of Cd and the induction of DNA damage, apoptosis and carcinogenesis 

(160).  

 

 The other mechanisms of Cd toxicity are as mentioned in Fig. 1.2 and include 1) action on Zn 

finger proteins 2) inhibition of DNA repair systems and 3) interruption of growth pathways. 

Cd exposure in three different types of human cell lines showed a significant increase in lactate 

dehydrogenase leakage, DNA damage, malondialdeyde and antioxidant enzymes activities. A 

reduction in ATP production was observed in HepG2 and HEK 293 cell lines and a decrease 

in GSH/GSSG ratio was reported following Cd exposure (187). The mitochondria are one of 

the main cellular targets of Cd toxicity, exposure of porcine kidney cell line (LLC-PK1) to 

20µM Cd illustrated that apoptosis occurred through the production of ROS, the breakdown of 

mitochondrial membrane potential and activation and release of caspase-9, -3 (80). Cd is 

capable of inducing apoptosis in various human cell lines and in the in vivo animal model (177, 

187–189), the mitochondria is the primary cellular component involved in regulating apoptosis. 

The outer membrane of the mitochondrion is permeable to Ca2+ and regulates the flow of Ca2+ 

into the intermembrane space, Cd is believed to gain entry in the mitochondrion via Ca2+ 

uniporter. Inside the mitochondrion Cd attacks the thiol groups of adenine nucleotide 

translocator to form Cd-thiol complexes which disrupt many cellular functions (188). Cd has 
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been showed to cause opening of the mitochondrial permeability transition (MPT) pore which 

is linked to Cd induced formation of ROS at complex III (148). Opening of the MPT pore 

results in the leakage of harmful proteins that are essential for apoptosis, these include pro-

caspases cytochrome c and Smac/Diablo. Apoptosis inducing factor is also released from the 

MPT pore and activates a group of nucleases that  break up DNA into small fragments (188). 

Cd-induced oxidative stress was shown to trigger mitochondrial-caspase dependent apoptotic 

pathway in splenic and thymus cells in the mouse model (190) while in human embryonic 

kidney cells Cd-induced apoptosis was directly linked to structural and functional 

modifications to mitochondria caused by Cd exposure (188). 

Free Cd mainly targets cellular GSH, depletion of GSH reserves leads to inefficient radical 

scavenging and causes distortion of the cellular redox balance (171). When GSH is depleted 

by Cd, several enzymes in the antioxidant defence system act to protect the cell from oxidative 

damage, however most of these enzymes are inactivated by the binding of Cd to the active site 

of the enzyme (191). Chronic and acute Cd intoxication effects the activities of enzymes, 

cellular components and lipid peroxidation in different ways (192). Oral administration of Cd 

in the rat model increased lipid peroxidation in liver mitochondria as well as increasing hepatic 

and renal peroxidation, a significant increase in GSH levels was also observed fifteen days 

after administration. However, rats exposed to a higher dose of Cd showed symptoms of strong 

acute toxicity within 24 hours which presented as severe hepatic damage, renal injury and 

abnormal serum electrolytes (193). Similarly, Cd can also modify the action of SOD, CAT, GR 

and GPx in various ways depending on the period of exposure (171).  Upon short term exposure 

(4 hr) of liver cells to Cd all enzymes tested lost their enzymatic activities, however after longer 

exposure (8 hr) SOD and GPx activity levels increased while the action of CAT and GR 

decreased significantly (194). Analyses of the differential oxidation of nuclear and cytosolic 

TRx1 and mitochondrial TRx2 by Cd ions have highlighted a greater oxidation magnitude of 
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TRx2 compared to cytosolic TRx1 (114, 195). Oxidation of TRx by Cd resulted in the 

activation of  Apoptosis signal-regulating kinase 1 (ASK1) and cell death, however apoptosis 

was not induced by oxidation of GSH illustrating that Cd oxidation of TRx and not GSH 

activates cell death (114).  

 

1.6) DNA Damage and Repair 

The living cell is constantly exposed to a variety of endogenous and exogenous DNA damaging 

agents which can culminate in genomic instability. Of the free radical species, reactive oxygen 

species (ROS) are an important group of DNA damaging agents and include the highly reactive 

OH radical, superoxide radical (O2
.-), singlet oxygen (O2) and non-radical hydrogen peroxide 

(H2O2) (196). A major source of endogenous ROS production is mitochondrial based aerobic 

metabolism whereby, intracellular O2
.- is generated by either NAPH oxidase enzymes which 

oxidize NADPH or by electrons leaking from the electron transfer chain in mitochondrial 

respiration. The superoxide anion radical (O2
.-) is produced by the one-electron reduction of 

molecular oxygen, it is a byproduct of metabolism and an essential component of immune 

defense (197). Leakage of electrons from the electron transport chain during oxidative 

phosphorylation is the main cause of O2
.- generation with humans producing 5g of ROS per 

day through this mechanism (198). O2
.- is cytotoxic and causes DNA damage, under normal 

circumstances a group of metalloenzymes the superoxide dismutases (SODs) preserve the 

optimal level of O2
.- of the cell. SOD converts O2

.- into H2O2, which is then converted into 

oxygen and water by GPx. However, O2
.- that evades this defense mechanism can cause 

damage to proteins lipids and DNA. The H2O2 produced can initiate redox reactions by 

oxidizing protein cysteine residues, it has the ability to modify signaling pathways (P13/AKt) 

which stimulates cancer cell proliferation and has been associated with cardiovascular disease, 

diabetes and neurological disorders (199).  Another way in which O2
.- radical causes DNA 
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damage is by its participation in OH radical production. O2
.- is converted by compartment-

specific superoxide dismutases into H2O2 (200) which can be converted into highly reactive 

OH  in the presence of ferrous ion via Fenton chemistry (201).  

 

Figure 1.5: Iron catalysed Haber-Weiss reaction and Fenton reaction. O2
.- and H2O2 react to form highly 

reactive OH and is referred to as the Haber Weiss reaction.  in the presence of ferrous iron the reaction 

is accelerated by the presence of ferrous iron known as the Fenton reaction (202). 

 

Irreversible damage to cellular macromolecules occurs when H2O2 concentrations in the cell 

increase exponentially and hydroxy radicals react with metal cations (Fe2+) (200). The 

damaging oxidizing effects of O2
.- were observed in SOD1 deficient mice where a lack of 

SOD1 resulted in cognitive impairment and neuronal dysfunction facilitated by oxidative 

damage of brain cells (203). Deficiency of manganese superoxide (SOD2) was shown to reduce 

protection against O2
.- formation and damage, resulting in increased mitochondrial dysfunction 

and DNA fragmentation caused by the enhanced levels of mitochondrial oxidant stress (204). 

Fenton chemistry, namely iron-catalysed Haber-Weiss reaction is the mechanism by which the 

highly reactive OH radical is produced in biological systems (see Fig.1.5) (205) and its 

formation involves O2
.- and H2O2 as stated above. Hydroxyl radical is known to add to the 

double bond of the four main purine and pyrimidine bases at diffusion-controlled rates. 

Hydroxyl radical preferentially adds to the site with the highest electron density due to its 
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electrophilic nature, therefore, molecules with high electron density will be more susceptible 

to OH attack (196). Degradation of nucleobases is characteristic of OH radical damage along 

with oligonucleotide strand breaks, DNA-protein cross-links and abasic sites (206). Hydroxyl 

radical modification of DNA has been linked with metastatic breast cancer progression (207), 

OH activity was also implicated in the formation of DNA-protein crosslinks (DPCs) in 

hybridoma cells exposed to Fe(II) which may have detrimental biological effects (208).  

Oxidative stress occurs when levels of these ROS exceed the antioxidant defence capacity of 

the cell. Proteins lipids and DNA are the main cellular targets for ROS and can result in 

oxidised bases and DNA lesions, carbonylated proteins and lipid hydroperoxides (209). The 

DNA lesions that can occur as a result of ROS attack include; double strand breaks, abasic 

sites, modified bases, mismatched pairing and interstrand/intrastrand crosslinks. Double strand 

DNA breaks (DSBs) are highly cytotoxic lesions and are generated by extrinsic exposure to 

environmental toxicants or intrinsically by free radicals produced during cell metabolism. 

DSBs are lesions where the phosphate backbones of the two complimentary DNA strands are 

broken simultaneously (210). In the absence of repair, mutations and genomic instability can 

arise through the production of dicentric or acentric chromosomal fragments due to the 

presence of DSBs (211), genomic rearrangements can occur when multiple DSBs in the same 

cells are annealed erroneously. These lesions are highly toxic and may have tumorigenic 

potential (212). Efficient repair of DSBs is often limited due to their physical separation and 

damage endured at DNA termini that require processing. DSBs are repaired by either 

homologous recombination (HR) (see Fig. 1.6A) or non-homologous end-joining (NHEJ) (see 

Fig. 1.6B). Homologous recombination is essential for the maintenance of genome stability 

and avoidance of cancer development, it removes DSB lesions and preserves replication forks, 

telomere maintenance, and chromosome segregation in meiosis I. Homologous repair is an 

error free pathway which is mediated by eukaryotic recombinases Rad51 and Dmc1 (213). 
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Rad51 is one of the main proteins which catalyses homology search and DNA strand invasion, 

the two key reactions that categorize HR. The mechanism of HR is comprised of three core 

phases namely, presynapsis, synapsis and postsynapsis. During the first and second steps, DSB 

ends are identified and converted to a 3’-OH ending single stranded tail, the third step involves 

the generation of a D-loop by DNA strand invasion by the Rad51-ss DNA filament (214). DSBs 

have been associated with distinct ageing phenotypes in mouse liver characterised by fused 

mitochondria and alterations in gene expression profiles, it was shown that DSBs can expediate 

some features of the normal ageing process (212). Non-homologous end-join (NHEJ) is the 

second mechanism for DSB repair, it has no requirement for homology and directly ligates 

fragmented ends of DNA DSBs. The mechanism of repair can be divided into three steps; The 

first step in NHEJ repair is the DNA end identification and stabilization of the NHEJ complex 

at the DNA double strand break. The DNA ends are bridged, and the DNA ends are processed. 

Fragmented ends of the DNA DSB are ligated and the NHEJ complex is dissolved in the final 

phase of NHEJ repair (215). Evidence suggests that the NHEJ repair process is inherently error 

prone and frequently causes deletions, insertions and translocations (212, 216, 217).  
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Figure 1.6: Mechanism of homologous recombination repair (A) and non-homologous end joining 

repair pathway (B).  

 

DNA mismatch (MM) is another type of DNA damage that occurs when two non-

complimentary bases are aligned in the same base pair step of double stranded DNA. MM is 

not well tolerated in DNA and can give rise to DNA lesions and genetic mutations if not 

accurately identified and repaired by MM repair proteins. Non complementary pairing of 

purine:pyrimidine are referred to as transduction, while noncomplimentary purine:purine and 

pyrimidine:pyrimidine pairing is defined as transversion (218). MMs that arise due to base 

modification require excision of the irregular base irrespective of the DNA strand it is located 

in. Currently researchers theorise that replication errors are caused by mismatch pairing of a 

non-tautomeric nature either by different chemical forms of bases (e.g., bases with an extra 

proton) or between bases that bond incorrectly due to a minor shift in position of the 

nucleotides. This type of mismatched pairing is known as wobble (219). Insertion/deletion 

A B 
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(IDL) mismatches are another type of MM and can be a result of polymerase-induced errors or 

exposure to carcinogens or irradiation. IDL mismatches are characterised by one or more extra 

base on one strand of the DNA than the other. Translesion synthesis may incorporate a 

nucleotide opposite the noniformational site, and this can introduce MMs and protuberances 

(220). DNA MMs induced by replication error, environmental toxins, spontaneous changes to 

DNA prior to replication and chemical reactions within the cell can be identified and corrected 

by DNA repair process. If the MM is not detected and amended, the extra base or incorrect 

base pair incorporated into the newly synthesised strand may become a permanent mutation 

(219). 

To preserve the stability and integrity of the genome, the cell has acquired several mechanisms 

to repair DNA damage reduce the risk of disease by removing deleterious lesions. The repair 

mechanism utilised by the cell to correct MM is the mismatch repair pathway (MMR) (221). 

The function of MMR is to mend replication errors in newly created DNA and serves to prevent 

homologous recombination between DNA sequences. Defects in the MMR system has been 

shown to increase the incidence of sporadic and hereditary cancers as the spontaneous mutation 

rate is amplified (222–224). Mis-incorporation of nucleotides cause genetic changes to DNA 

and do not generally generate changes in DNA structure and therefore are more difficult for 

the cell to detect. Hence, there is a group of specialised mismatch binding factors for MM 

recognition and coordination of nucleolytic excision which include; homologs of the bacterial 

MutS (e. g. human MSH2, MSH3, MSH6) and MutL proteins (e. g. human MLH1, PMS2). 

The mechanism of MMR is best understood in Escherichia coli, where MutS, MutL and MutH 

are required to initiate MMR and have crucial biological roles in MMR. Small IDL, base-base 

MMs are initially detected by MutS, the binding of MutS to the DNA mismatch as a homodimer 

is the first step in the MMR pathway (225). MM recognition is enhanced by the interaction of 

MutL with MutS, which triggers the recruitment and activation of MutH. The unmethylated 



42 
 

daughter strand of hemimethylated dGATC is incised by MutH and this strand-specific nick 

provides the initiation site for mismatch-provoked excision. Helicase II, in the presence of 

MutL unwinds the duplex from the nick towards the MM, producing a single strand of DNA 

(226). The nick is excised from the strand by ExoI or ExoX (3′→5′ exonuclease), or ExoVII or 

RecJ (5′→3′ exonuclease) slightly passed the MM location. Finally the single stranded gap is 

repaired by DNA resynthesis and ligation by DNA polymerase III holoenzyme, SSB (single-

stranded DNA binding protein), and DNA ligase(221). MMR pathway may face competition 

from other repair activities within the cell, mammalian DNA glycosylases such as Thymine-

DNA glycosylase may compete for G T and Adenine-DNA glycosylase MutY for G A or C A 

mismatch binding. To enable efficient and accurate DNA repair and to avoid generation of 

DNA mutations, coordination between the various repair mechanism is critical and can be 

accomplished by spatiotemporal regulation of MM recognition (227).  

DNA crosslinks are formed due to covalent bond formation between two nucleotide residues 

from the same DNA strand (intra strand) or from opposite strands (inter strand (ICL) (228). 

While intra strand crosslinks can be efficiently corrected by nucleotide excision repair (NER), 

an ICL obstructs DNA strand separation and blocks replication and transcription. The presence 

of ICLs can greatly distort the structure of DNA, therefore if left unrepaired ICLs are highly 

cytotoxic and lead to cell death (229). Crosslink formation requires two independently reactive 

groups in a single alkylating molecule, an ICL is formed when the two reactive groups react 

with two bases on opposing sides of a DNA strand (230). Crosslinking agents exist as synthetic 

compounds and occur naturally in the environment due to cellular metabolic processes. Direct 

evidence and understanding of endogenously generated ICLs is scarce since they are 

infrequently formed by living cells (231). However, studies have been conducted to simulate 

ICL production in the cell by treating oligonucleotides with relevant ICL inducing agents or 

by analysis of the mutations introduced into reporter cells (231, 232). It was observed that 
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malonic dialdehyde a by-product of lipid peroxidation induced the formation of ICLs. Similar 

DNA adducts were identified in cells exposed to unsaturated aldehydes of environmental origin 

including; acrolein, crotonaldehyde, while the condensation reactions of formaldehyde and 

acetaldehyde with DNA also produced adducts (233, 234). The main motivation for analysing 

ICLs has been there importance as adducts formed by anticancer agents as outlined in Table 

1.5.   

Table 1.5: ICL inducing anticancer agents. Adapted from (235). 

Drug Mode of Action Major side effects 

Cisplatin DNA crosslinker Nephrotoxicity, 

neurotoxicity, 

ototoxicity 

Carboplatin 

 

DNA crosslinker  Myelosuppression  

Oxaliplatin DNA crosslinker Neurotoxicity, pulmonary 

toxicity, hepatotoxicity 

. 

Cisplatin is one of the most commonly used anticancer therapeutics and treats a broad array of 

cancers including ovarian, breast, cervical, bladder and oesophageal cancers. The compound 

contains a platinum core with two chloride leaving groups and two amine non leaving groups. 

After the compound enters the cell the platinum binds to the guanine residues and adenine 

residues forming a DNA adduct. An intra strand crosslink is generated when two platinum 

adducts are formed on adjacent bases (235). Unrepaired or misrepaired ICLs cause genome 

instability and block DNA replication and transcription by preventing DNA strand separation. 

Repair of ICLs is performed by either replication dependent or replication independent repair. 

Bulky ICLs that distort DNA structure are repaired through both pathways, while non-

distorting DNA adducts are corrected primarily through replication dependent repair.  
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1.6.1) Base Excision Repair 

Base excision repair (BER) is responsible for the correction of small lesions which do not alter 

DNA structure but introduce genetic changes that lead to lethal mutations, BER repairs lesions 

generated by oxidation, deamination, alkylation and spontaneous DNA decay. BER aids in 

maintaining the chemical integrity of DNA under conditions of oxidative stress caused by 

endogenous or exogenous sources (236, 237). BER has a critical role in the detection and repair 

of highly mutagenic lesions such as 8-oxo-guanine (8-oxo-g), FapyG, Sp and GH (236), There 

are several variations in the BER theme, however, the foundations of each pathway are similar 

and generally incite the four steps illustrated in Fig. 1. 7 (238). 

 

 

Figure 1.7: Four phases of typical Base Excision Repair (238). 

 

The first step of the BER pathway is initiated by DNA glycosylases which detect the damaged 

base and cleave the N-glycosylic bond between deoxyribose and the target base freeing a base 

and leaving an apurinic/apyrimidinic site (239). Currently, 11 mammalian glycosylases are 

Recognition and removal of an incorrect or damaged 
substrate base by a DNA glycosylase to create an abasic
site intermediate

Abasic site incision by an apurinic/apyrimidinic (AP) 
endonuclease or AP lyase

Removal of the remaining sugar fragment by a lyase 
or phosphodiesterase

Gap filling by a DNA polymerase
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known (see Table 1.6), with most recognizing several different lesion with frequent 

overlapping of specificity (237). DNA glycosylases are described as either monofunctional or 

bifunctional according to their catalytic mechanism and the way in which they cleave the DNA 

strand. Monofunctional glycosylases produce an abasic site by using a water molecule as a 

nucleophile to attack the aromatic carbon of the damaged base thereby stimulating base release 

(238). All monofunctional glycosylases possess only glycosylase activity, all mammalian 

glycosylases that are selective for uracil are monofunctional, other examples include MPG and 

MUTYH which correct A that is mispaired to 8-oxo-G, G or C (240). The bifunctional 

glycosylases excise damaged bases by using an active site amine molecule as a nucleophile, 

and during the catalytic process create a covalent Schiff base protein-DNA intermediate (238). 

In addition to glycosylase activity, this class of DNA glycosylase exhibit a β-lyase activity that 

cleaves the phosphodiester backbone by β elimination (NTHL1) or by two consecutive 

elimination steps β,δ elimination (NEIL1)  leaving 3’ ends that require further processing 

before BER (237, 238). Many DNA glycosylases involved in oxidized base excision are 

bifunctional. 
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Table 1.6: Mammalian glycosylases and the effect of gene knockout/knockdown (237). 

 

Following initiation of BER by specific DNA glycosylation the BER pathway will follow one 

of two subpathways, either short-patch repair (single nucleotide BER) or long patch repair (two 

or more nucleotides) (see Fig. 1.8). Short patch (SP) repair is largely the dominant subpathway 

in BER with long patch (LP) repair only being employed in post replicative repair. The major 

core proteins recruited in the SP pathway include AP-endonuclease APE1, DNA polymerase β 

(Pol β), and DNA ligase I or III (237). Polβ is the repair synthesis polymerase of the SP pathway 

Name Type of Lesion Mono/Bi 

functional 

Mutant phenotypes – 

Mouse knockout 

(Ko)/knockdown (Kd)  

UNG 

 

 

 

 

 

SMUG1 

 

 

 

Uracilin 

ssDNA/ds DNA  

Monofunctional 

 

 

 

 

 

Monofunctional 

Ko: viable, B-cell 

lymphomas, disturbed 

antibody diversification 

 

kd: moderate increase in 

mutation frequency (C→T) 

MBD4 

 

 

 

 

 

TDG 

 

 

 

Pyrimidine 

derivates in 

mismatches 

 

 

Monofunctional 

 

 

 

 

 

Monofunctional 

ko: viable, elevated mutation 

frequency (C→T) 
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which typically introduces only one nucleotide, Polβ likely incorporates the first nucleotide in 

LP repair, however the elongation step in LP utilises replicative DNA polymerases (241). Polβ 

used in SP repair also contains dRPase activity that releases the 5’ dRP end and allows DNA 

ligation (242). SP is an efficient repair system that requires several specific proteins that are 

not involved in the replication process and is equivalently proficient in both proliferating and 

nonproliferating cells. The LP pathway mainly occurs in proliferating cells where DNA 

synthesis is performed by replicative polymerases δ or ε function to displace the strand 

containing the 5’-dRP terminus and create a ‘flap’ structure that is excised by the flap 

endonuclease FEN1 to generate a ligatable substrate (242, 243). During repair synthesis the LP 

pathway introduces multiple nucleotides (2 to 12) the polymerases work in conjunction with 

the accessory ‘clamp’ protein, proliferating cell nuclear antigen (PCNA) (244). Pathway 

selection is dependent on cell type, ATP levels, protein-protein interactions, type of lesion, 

availability of BER factors, cell stage and whether the cell is actively dividing or terminally 

differentiated (237, 238). Lesions such as C1’-oxidized abasic lesion 2-deoxyribonolactone are 

resistant to Polβ activity and must be processed by LP repair. Error prone translesion 

polymerases (Polι, Polη, and Polκ) occur infrequently in the BER pathway however, due to 

their low fidelity any participation in BER synthesis would be highly mutagenic. To prohibit 

the introduction of mutagenic lesion formed by these error prone polymerases, the 5 dRP 

covalently traps the polymerases and inhibits their activity during DNA synthesis, the 

polymerases form Schiff formations without releasing the 5 dRP thereby, preventing the 

involvement of theses error prone pols and avoiding the  high incidence of mutagenesis and 

carcinogenesis (245).  
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BER is the major pathway tasked with the repair of oxidatively induced DNA damage, all four 

nucleobases are susceptible to attack from ROS with guanine being the most vulnerable and 

leads to several oxidized guanine products. One of the most common and extensively studied 

guanine oxidation products is 7,8 dihydro-8-oxoguanine (8-oxoG) and occurs by the 

incorporation of an oxo group to the carbon at the C8 position and a hydrogen atom on the 

nitrogen position at 7 (246). 8-oxoG can simulate T functionality in the syn conformation, 

Figure 1.8: Long-patch and short-patch BER pathways. The first step in BER is the recognition and 

removal of base lesions (stippled circle). Monofunctional glycosylases create AP sites, which are 

cleaved at their 5′-side by an AP endonuclease leaving a 3′-hydroxyl (3′-OH) group and a 5′-

deoxyribose phosphate (5′-dRp) terminus. Bifunctional glycosylases display AP lyase activity, with 

a β- or β/δ elimination activity and involves the generation of a single nucleotide gap containing 5′- 

and 3′-phosphate (P) groups at the termini. In the long-patch pathway, the 5′-dRp and 2–10 

nucleotide patches are replaced during strand displacement by Pol I and subsequently ligated. 

However, in the short-patch pathway mediated by monofunctional glycosylases, the 5′-dRp terminus 

is removed by Fpg, Nei, RecJ or by the exonuclease activity of Pol I, generating a 5′-phosphate 

terminus. In the short-patch pathway involving bifunctional glycosylases, the 3′-

phosphatase/phosphodiesterase activity of AP endonucleases will remove the corresponding 

blocking phosphate. Gap-filling and ligation steps then take place (264). 



49 
 

resulting in a stable 8-oxoG(syn)A(anti) base pair thereby increasing the deleterious nature of 

the lesion. The harmful effects of this 8-oxoG(syn)A(Anti) were observed in a series of X ray 

crystal structures of DNA polymerase I fragment from Bacillus stearothermophilus (247). The 

presence of 8-oxoG(syn)A(Anti) was observed to induce template and polymerase distortions 

during replication which led to G-to-T transverse mutations, therefore 8-oxoG must be 

removed prior to replication (236). OGG1 is the main DNA glycosylase that removes 8-oxoG 

lesions, it is a bifunctional glycosylase that initiates BER and excises the damaged base(s) 

(248). Following base excision OGG1 cleaves the phosphodiester bond by utilizing its AP lyase 

activity, OGG1 initiated BER involves several steps including lesion recognition, flipping of 

the substrate from the DNA strand into the active site of OGG1 (249). The mammalian 

glycosylases OGG1, MTH1 and MUTYH play an important role in the removal of 8-oxoG 

lesions, MTH1 hydrolyses 8-oxodGTP eliminating it from the nucleotide pool to prevent its 

incorporation into DNA (250). Excision of 8-oxoG from the 8-oxoG-C base pair is performed 

by OGG1 allowing for further downstream processing by BER enzymes that can restore the G-

C base pair. However, if this does not occur an incorrect 8-oxoG-A base pair will be formed, 

MUTYH must then intercept and remove the incorrect A base. An 8-oxoG-C substrate for 

OGG1 may then be generated by further processing of the AP site and subsequent replication 

by a DNA repair polymerase (236).  

In contrast to the positive observations on the role of the OGG1-BER pathway, a recent study 

has observed that OGG1-initiated BER amplified oxidative stress induced cell death. The study 

illustrated that overactivation of PARP1 (the DNA damage sensor) is linked with apoptosis-

inducing factor (AIF) and caspase-independent cell death known as parthanatos. The 

production of repair intermediates (e.g. APE1) that increased cellular levels of ROS induced 

DNA damage was observed to be the cause of PARP1 overactivation. Variants or deficiency 

of the DNA glycosylase MUTYH has been shown to have detrimental effects on the cell. A 
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direct connection has been established between colorectal cancer and mutations in the gene 

encoding human MUTYH glycosylase known as MUHYT associated polyposis (MAP) (236). 

Germline mutations in the NTHL1 which is involved in BER of oxidized pyrimidines is also 

linked with a polyposis similar to MAP (251). Whole exome sequence analysis of the G:C>T:A 

revealed a specific mutational signature (signature 36) caused by unrepaired 8-oxoG lesions. 

Interestingly it was observed that signature 36 strongly resembled the mutational signature 

discovered in neuroblastoma known as signature 18, this signature has also been found at lower 

levels in breast, pancreas and gastric cancers. It can therefore be hypothesized that oxidative 

DNA damage influences cancer aetiology in these organs (252).  

While 8-oxoG has been the most extensively studied lesion to date, many other oxidized 

guanine products have been identified. G-to-T and G-to-C transversions are the most common 

cellular mutations the former can now be explained by the presence of 8-oxoG or FapyG while 

the latter is still unresolved. It is hypothesized that G-to-C transversions are mediated by other 

oxidized lesions, two hydantoin products have been highlighted as important lesions of interest; 

spiroiminodihydantoin (Sp) and 5-guanidinohydantoin (Gh) (236). These two lesions arise due 

to further oxidation of 8-oxoG (240) and have been proven to be highly mutagenic in both in 

vitro and in vivo (253). Singlet oxygen, high valent metals such as Cr(V) and Ir(IV) and 

ionizing radiation readily oxidize 8-oxoG to generate Sp, Gh and its isomer Ia (iminoallantoin) 

(254). Sp lesions occur primarily when the substrate is a nucleoside or single stranded DNA 

whereas Gh is mainly located in double stranded DNA (255). Unlike 8-oxoG which is mildly 

mutagenic (3%), the two hydantoin lesions are 100 percent mutagenic and mediate both G-to-

T and G-to-C transversions. Sp strongly blocked replication in E.coli based mutagenicity 

assays, whereas the Gh lesion was more readily bypassed in E.coli and human studies due to 

its structure flexibility (256, 257). Observations of the flexibility of Gh offered further support 

to the hypothesis that flexible DNA lesions that present less of a barrier to transcription and 
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replication, cause increased transcriptional mutagenesis and are less vulnerable to removal by 

transcription-coupled DNA repair (253). A strong connection between infection induced colitis 

and the presence of Sp and Gh lesions was reported in the mouse model and may eventually 

lead to initiation of colon cancer (258). Sp and Gh lesions are removed by BER, the Nei-like 

(NEIL) family of enzymes are responsible for repair of these lesions and consists of NEIL1, 

NEIL2 and NEIL3 (254).   

NEIL1 and NEIL2 are a bifunctional glycosylases that cleave the phosphodiester backbone by 

two consecutive elimination steps β,δ elimination leaving 3’ ends that require further 

processing by BER enzymes. Proper ends for the DNA polymerase to act on are provided by 

polynucleotide kinase (PNK) instead of the usual APE enzyme (259). NEIL1 has several 

substrates including 5-hydroxyuracil, Fapy nucleotides and thymine glycol and exhibits limited 

activity towards 8-oxoG whereas NEIL2 displays affinity for certain oxidized products of 

pyrimidines (236). Gh and Sp are the best substrates identified for NEIL1/2 glycosylases thus 

far. NEIL1/2 operate on single stranded DNA, bubble DNA (single stranded DNA flanked by 

duplex regions) and bulge DNA but at a much slower rate than canonical DNA. Evidence 

suggests that NEIL1 does not require a base opposite the lesion to identify and remove 

hydantoin lesions. Results have indicated that NEIL1 activity may impede replication or result 

in the incorrect removal of bases which may ultimately increase potential mutagenicity (259, 

260). Unlike NEIL1/2, the third Nei-like glycosylase NEIL3 is less well characterized. In 

contrast to NEIL1/2 that use proline as the nucleophile, NEIL3 possesses an N-terminal valine 

and forms a Schiff base intermediate (261). Murine NEIL3 has a preference for single stranded 

DNA and bubble DNA, whereas E.coli NEIL3 displayed a lower level of nicking activity at 

the AP site in comparison to NEIL1 (261, 262). Human NEIL3 acts as a monofunctional 

glycosylase and excises Sp and Gh in single stranded and double stranded DNA, it incises the 

DNA strand by β elimination only. It also exhibited efficient removal of 5-hydroxy-2’-
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deoxycytidine (5OHC) and 5- hydroxy-2’-deoxyuridine (5OHU) in single stranded DNA 

(263). 

The objective of the present study was to evaluate the potential effects of a range of organic 

and inorganic Se sources on Cd-induced toxicity in a porcine gut epithelial cell model. To 

elucidate a potential mechanism of action of Se on Cd-induced damage, antioxidant activity, 

apoptosis-associated DNA fragmentation, DNA repair capacity and transcriptome analysis of 

the three Se-Y compounds were performed. The study conducted in chapter two was the first 

study to directly compared the effects of inorganic and organic Se in a porcine gut epithelial 

model of Cd induced DNA damage. The results presented in chapter 3 highlighted important 

differences in the bio-efficiency of three different commercially available Se-Y preparations in 

terms of their ability to enhance a range of cellular mechanisms including DNA repair and 

antioxidant defense which protect porcine gut epithelial cells from damage due to Cd exposure. 

The transcriptomic analysis performed in chapter 4 details the RNA sequencing technology 

and transcriptomic analysis to detect differential gene expression in porcine jejunal cells 

following Se pre-treatment and Cd exposure. Overall the data showed that organic Se had a 

significant protective effect including an enhancement of cell viability and a reduction in the 

extent of DNA damage whereas inorganic Se potentiated the deleterious effect of Cd in this 

context. The results also highlighted the variation in the ability of different commercially 

available Se-Y preparations to protect porcine gut epithelial cells from Cd-induced damage. 

 

 

 

 

 



53 
 

References: 

1.  FAO (2019) FAO’s role in animal production. In: Anim. Prod. 

http://www.fao.org/animal-production/en/. Accessed 10 Mar 2019 

2.  Tullo E, Finzi A, Guarino M (2019) Science of the Total Environment Review : 

Environmental impact of livestock farming and Precision Livestock Farming as a 

mitigation strategy. Sci Total Environ 650:2751–2760 . doi: 

10.1016/j.scitotenv.2018.10.018 

3.  Department of Agriculture Food and the Marine (2018) Annual Review and Outlook 

for Agriculture, Food and the Marine 2018 

4.  Irish Farmers Monthly (2018) Review of the Irish agri-food industry 2017-2018 

5.  Teagasc (2017) Agriculture in Ireland. In: Agric. Irel. https://www.teagasc.ie/rural-

economy/rural-economy/agri-food-business/agriculture-in-ireland/. Accessed 11 Mar 

2019 

6.  D’Mello JPF (2002) Contaminants and toxins in animal feeds. In: Food Agric. Organ. 

http://www.fao.org/3/y5159e/y5159e07.htm. Accessed 11 Mar 2019 

7.  Sharma VK, McDonald TJ, Sohn M, Anquandah GAK, Pettine M, Zboril R (2017) 

Assessment of toxicity of selenium and cadmium selenium quantum dots: A review. 

Chemosphere 188:403–413 . doi: 10.1016/j.chemosphere.2017.08.130 

8.  Gresakova L, Cobanova K, Faix S (2013) Selenium retention in lambs fed diets 

supplemented with selenium from inorganic or organic sources. Small Rumin Res 

111:76–82 . doi: 10.1016/j.smallrumres.2012.10.009 

9.  Rayman MP (2012) Selenium and human health. Lancet 379:1256–68 . doi: 

10.1016/S0140-6736(11)61452-9 

10.  Labunskyy VM, Hatfield DL, Gladyshev VN (2014) Selenoproteins: Molecular 

Pathways and Physiological Roles. Physiol Rev 94:739–777 . doi: 

10.1152/physrev.00039.2013 

11.  Yao H-D, Wu Q, Zhang J-L, Li S, Huang J-Q, Ren F-Z, Xu S, Wang X, Lei XG 

(2013) Gene Expression of Endoplasmic Reticulum Resident Selenoproteins 

Correlates with Apoptosis in Various Muscles of Se deficient Chicks. J Nutr 143:613–



54 
 

619 . doi: 10.3945/jn.112.172395.4 

12.  Lopez Heras I, Palomo M, Madrid Y (2011) Selenoproteins: the key factor in selenium 

essentiality. State of the art analytical techniques for selenoprotein studies. Anal 

Bioanal Chem 400:1717–27 . doi: 10.1007/s00216-011-4916-4 

13.  Wrobel JK, Power R, Toborek M (2016) Biological activity of selenium: Revisited. 

IUBMB Biochem Mol Biol 68:97–105 . doi: 10.1002/iub.1466 

14.  Rayman MP, Stranges S (2013) Epidemiology of selenium and type 2 diabetes: Can 

we make sense of it? Free Radic Biol Med 65:1557–1564 . doi: 

10.1016/j.freeradbiomed.2013.04.003 

15.  Cai X, Wang C, Yu W, Fan W, Wang S, Shen N, Wu P, Li X, Wang F (2016) 

Selenium Exposure and Cancer Risk: An Updated Meta-analysis and Meta-regression. 

Sci Rep 6:1–18 . doi: 10.1038/srep19213 

16.  Chiang EC, Shen S, Kengeri SS, Xu H, Combs GF, Morris JS, Bostwick DG, Waters 

DJ (2010) Defining the optimal selenium dose for prostate cancer risk reduction: 

Insights from the u-shaped relationship between selenium status, DNA damage, and 

apoptosis. Dose-Response 8:285–300 . doi: 10.2203/dose-response.09-036. 

17.  Opinion S (2011) Scientific Opinion on Safety and efficacy of Sel-Plex ® ( organic 

form of selenium produced by Saccharomyces cerevisiae CNCM I-3060 ) for all. 9:1–

52 . doi: 10.2903/j.efsa.2011.2110. 

18.  Efsa (2012) Scientific Opinion on safety and efficacy of selenium in the form of 

organic compounds produced by the selenium-enriched yeast Saccharomyces 

cerevisiae NCYC R646 (Selemax 1000/2000) as feed additive for all species. EFSA J 

10:2778 . doi: 10.2903/j.efsa.2012.2778. 

19.  Humann-ziehank E (2016) Selenium , copper and iron in veterinary medicine — From 

clinical implications to scientific models. J Trace Elem Med Biol 37:96–103 . doi: 

10.1016/j.jtemb.2016.05.009 

20.  Zhang J, Xu B, Huang X, Gao Y, Chen Y (2016) Selenium Deficiency Affects the 

mRNA Expression of Inflammatory Factors and Selenoprotein Genes in the Kidneys 

of Broiler Chicks. Biol Trace Elem Res 171:201–207 . doi: 10.1007/s12011-015-0512-

3 



55 
 

21.  Barnes KM, Evenson JK, Raines AM, Sunde RA (2009) Transcript Analysis of the 

Selenoproteome Indicates That Dietary Selenium Requirements of Rats Based on 

Selenium-Regulated Selenoprotein mRNA Levels Are Uniformly Less Than Those 

Based on Glutathione Peroxidase. J Nutr 139:199–206 . doi: 10.3945/jn.108.098624. 

22.  Han J, Liang H, Yi J, Tan W, He S, Wang S (2017) Long-Term Selenium-Deficient 

Diet Induces Liver Damage by Altering Hepatocyte Ultrastructure and MMP1 / 3 and 

TIMP1 / 3 Expression in Growing Rats. Biol Trace Elem Res 175:396–404 . doi: 

10.1007/s12011-016-0781-5 

23.  Duarte S, Baber J, Fujii T, Coito AJ (2015) Matrix metalloproteinases in liver injury, 

repair and fibrosis. Matrix Biol 44–46:147–156 . doi: 10.1016/j.matbio.2015.01.004. 

24.  Oropeza-moe M, Wisløff H, Bernhoft A (2015) Journal of Trace Elements in Medicine 

and Biology Selenium deficiency associated porcine and human cardiomyopathies. J 

Trace Elem Med Biol 31:148–156 . doi: 10.1016/j.jtemb.2014.09.011 

25.  Lin S, Wang C, Tan S, Liang Y (2014) Selenium Deficiency Inhibits the Conversion 

of Thyroidal Thyroxine ( T 4 ) to Triiodothyronine ( T 3 ) in Chicken Thyroids. Biol 

Trace Elem Res 161:263–271 . doi: 10.1007/s12011-014-0083-8 

26.  Kumar A, Shekhar S, Dhole B (2014) Thyroid and male reproduction. Indian J 

Endocrinol Metab 18:23–31 . doi: 10.4103/2230-8210.126523 

27.  Huang Y, Li W, Xu D, Li B, Tian Y (2016) Effect of Dietary Selenium Deficiency on 

the Cell Apoptosis and the Level of Thyroid Hormones in Chicken. Biol Trace Elem 

Res 171:445–452 . doi: 10.1007/s12011-015-0534-x 

28.  Guimarães JLB, Brito MAVP, Lange CC, Silva MR, Ribeiro JB, Mendonça LC, 

Mendonça JFM, Souza GN (2017) Estimate of the economic impact of mastitis: A case 

study in a Holstein dairy herd under tropical conditions. Prev Vet Med 142:46–50 . doi: 

10.1016/j.prevetmed.2017.04.011 

29.  Gong J, Ni L, Wang D, Shi B, Yan S (2014) Effect of dietary organic selenium on 

milk selenium concentration and antioxidant and immune status in midlactation dairy 

cows. Livest Sci 170:84–90 . doi: 10.1016/j.livsci.2014.10.003 

30.  Miranda SG, Purdie NG, Osborne VR, Coomber BL, Cant JP (2011) 

Selenomethionine increases proliferation and reduces apoptosis in bovine mammary 



56 
 

epithelial cells under oxidative stress. J Dairy Sci 94:165–173 . doi: 10.3168/jds.2010-

3366 

31.  Wei Z, Yao M, Li Y, He X, Yang Z (2014) Dietary Selenium Deficiency Exacerbates 

Lipopolysaccharide-Induced Inflammatory Response in Mouse Mastitis Models. 

Inflammation 37:1925–1931 . doi: 10.1007/s10753-014-9925-y 

32.  Sordillo LM (2005) Factors affecting mammary gland immunity and mastitis 

susceptibility. Livest Prod Sci 98:89–99 . doi: 10.1016/j.livprodsci.2005.10.017 

33.  Karyak G, Froushani R (2011) Study of the relationship between oxidative stress and 

subclinical mastitis in dairy cattle. Iran J Vet Res 12:2–5 

34.  Gao X, Zhang Z, Li Y, Hu X, Shen P, Fu Y (2016) Selenium Deficiency Deteriorate 

the Inflammation of S . aureus Infection via Regulating NF- $κ$ B and PPAR- $γ$ in 

Mammary Gland of Mice. Biol Trace Elem Res 172:140–147 . doi: 10.1007/s12011-

015-0563-5 

35.  Gao X, Zhang Z, Li Y, Shen P, Hu X, Cao Y (2016) Selenium Deficiency Facilitates 

Inflammation Following S . aureus Infection by Regulating TLR2-Related Pathways in 

the Mouse Mammary Gland. Biol Trace Elem Res 172:449–457 . doi: 10.1007/s12011-

015-0614-y 

36.  Lynch SJ, Horgan KA, White B, Walls D (2017) Selenium Source Impacts Protection 

of Porcine Jejunal Epithelial Cells from Cadmium-Induced DNA Damage , with 

Maximum Protection Exhibited with Yeast-Derived Selenium Compounds. Biol Trace 

Elem Res 176:311–320 . doi: 10.1007/s12011-016-0828-7 

37.  He Y, Xiang Y, Zhou Y, Yang Y, Zhang J, Huang H, Shang C, Luo L, Gao J, Tang L 

(2018) Selenium contamination, consequences and remediation techniques in water 

and soils: A review. Environ Res 164:288–301 . doi: 10.1016/j.envres.2018.02.037 

38.  Vinceti M, Solovyev N, Mandrioli J, Crespi CM, Bonvicini F, Arcolin E, 

Georgoulopoulou E, Michalke B (2013) Cerebrospinal fluid of newly diagnosed 

amyotrophic lateral sclerosis patients exhibits abnormal levels of selenium species 

including elevated selenite. Neurotoxicology 38:25–32 . doi: 

10.1016/j.neuro.2013.05.016 

39.  Nathues H, Boehne I, Beilage TG, Gerhauser I, Hewicker-Trautwein M, Wolf P, 



57 
 

Kamphues J, Beilage EG (2010) Peracute selenium toxicosis followed by sudden death 

in growing and finishing pigs. Can Vet J 51:515–518 

40.  Peixoto P V., Oliveira KD, França TN, Driemeier D, Duarte MD, Bezerra PS, 

Cerqueira VD, Armién AG (2017) Experimental and iatrogenic poisoning by sodium 

selenite in pigs. Pesqui Vet Bras 37:561–569 . doi: 10.1590/S0100-

736X2017000600005 

41.  Casteignau A, Fontán A, Morillo A, Oliveros JA, Segalés J (2006) Clinical, 

pathological and toxicological findings of a iatrogenic selenium toxicosis case in 

feeder pigs. J Vet Med Ser A Physiol Pathol Clin Med 53:323–326 . doi: 

10.1111/j.1439-0442.2006.00830.x 

42.  Lu C-W, Chang H-H, Yang K-C, Kuo C-S, Lee L-T, Huang K-C (2016) High serum 

selenium levels are associated with increased risk for diabetes mellitus independent of 

central obesity and insulin resistance. BMJ Open Diabetes Res Care 4:e000253 . doi: 

10.1136/bmjdrc-2016-000253 

43.  Wang XD, Vatamaniuk MZ, Wang SK, Roneker CA, Simmons RA, Lei XG (2008) 

Molecular mechanisms for hyperinsulinaemia induced by overproduction of selenium-

dependent glutathione peroxidase-1 in mice. Diabetologia 51:1515–1524 . doi: 

10.1007/s00125-008-1055-3 

44.  Sun HJ, Rathinasabapathi B, Wu B, Luo J, Pu LP, Ma LQ (2014) Arsenic and 

selenium toxicity and their interactive effects in humans. Environ Int 69:148–158 . doi: 

10.1016/j.envint.2014.04.019 

45.  Styblo M, Thomas DJ (2001) Selenium modifies the metabolism and toxicity of 

arsenic in primary rat hepatocytes. Toxicol Appl Pharmacol 172:52–61 . doi: 

10.1006/taap.2001.9134 

46.  Csanaky I, Gregus Z (2003) Effect of selenite on the disposition of arsenate and 

arsenite in rats. Toxicology 186:33–50 . doi: 10.1016/S0300-483X(02)00604-2 

47.  Vinceti M, Crespi CM, Malagoli C, Del Giovane C, Krogh V (2013) Friend or foe? 

The current epidemiologic evidence on selenium and human cancer risk. J Environ Sci 

Heal - Part C Environ Carcinog Ecotoxicol Rev 31:305–341 . doi: 

10.1080/10590501.2013.844757 



58 
 

48.  Mauro MO, Sartori D, Oliveira RJ, Ishii PL, Mantovani MS, Ribeiro LR (2011) 

Activity of selenium on cell proliferation, cytotoxicity, and apoptosis and on the 

expression of CASP9, BCL-XL and APC in intestinal adenocarcinoma cells. Mutat 

Res - Fundam Mol Mech Mutagen 715:7–12 . doi: 10.1016/j.mrfmmm.2011.06.015 

49.  Bera S, Rosa V De, Rachidi W, Diamond AM (2013) Does a role for selenium in DNA 

damage repair explain apparent controversies in its use in chemoprevention ? 28:127–

134 . doi: 10.1093/mutage/ges064 

50.  Guo CH, Hsia S, Hsiung DY, Chen PC (2015) Supplementation with Selenium yeast 

on the prooxidant-antioxidant activities and anti-tumor effects in breast tumor 

xenograft-bearing mice. J Nutr Biochem 26:1568–1579 . doi: 

10.1016/j.jnutbio.2015.07.028 

51.  Zeng H, Cheng WH, Johnson LAK (2013) Methylselenol, a selenium metabolite, 

modulates p53 pathway and inhibits the growth of colon cancer xenografts in Balb/c 

mice. J Nutr Biochem 24:776–780 . doi: 10.1016/j.jnutbio.2012.04.008 

52.  Bleys J, Navas-Acien A, Guallar E (2008) Serum selenium levels and all-cause, 

cancer, and cardiovascular mortality among US adults. Arch Intern Med 168:404–410 . 

doi: 10.1001/archinternmed.2007.74 

53.  Kellen E, Zeegers M, Buntinx F (2006) Selenium is inversely associated with bladder 

cancer risk: a report from the Belgian case-control study on bladder cancer. Int J Urol 

13:1180–1184 . doi: 10.1111/j.1442-2042.2006.01526.x 

54.  Zuo XL, Chen JM, Zhou X, Li XZ, Mei GY (2006) Levels of selenium, zinc, copper, 

and antioxidant enzyme activity in patients with leukemia. Biol Trace Elem Res 114:41 

. doi: 10.1385/BTER:114:1:41 

55.  Galan P, Briançon S, Favier A, Bertrais S, Preziosi P, Faure H, Arnaud J, Arnault N, 

Czernichow S, Mennen L, Hercberg S (2005) Antioxidant status and risk of cancer in 

the SU.VI.MAX study: is the effect of supplementation dependent on baseline levels? 

Br J Nutr 94:125 . doi: 10.1079/BJN20051462 

56.  Duffield-Lillico AJ, Reid ME, Turnbull BW, Combs, Gerald F. J, Slate EH, Fischbach 

LA, Marshall JR, Clark LC (2002) Baseline Characteristics and the Effect of Selenium 

Supplementation on Cancer Incidence in a Randomized Clinical Trial: A Summary 



59 
 

Report of the Nutritional Prevention of Cancer Trial. Cancer Epidemiol Biomarkers 

Prev 11:630–639 

57.  Clark LC, Combs GJ, Turnbull B, Slate E, Chalker D, Chow J, Davis L, Glover R, 

Graham G, Gross E, Krongrad A, Lesher JJ, Park H, Sanders BJ, Smith C, Taylor J 

(1996) Effects of selenium supplementation for cancer prevention in patients with 

carcinoma of the skin. A randomized controlled trial. Nutritional Prevention of Cancer 

Study Group. JAMA 24:1957–63 . doi: doi:10.1001/jama.1996.03540240035027 

58.  Duffield-Lillico AJ, Slate EH, Reid ME, Turnbull BW, Wilkins PA, Combs GFJ, ParK 

KH, Gross EG, Graham GF, Stratton SM, Marshall JR, Clark LC (2003) Selenium 

Supplementation and Secondary Prevention of Nonmelanoma Skin Cancer in a 

Randomized Trial. J Natl Cancer Inst 95:1477–1481 . doi: 10.1093/jnci/djg061 

59.  Klein E a, Jr IMT, Tangen CM, John J, Lucia MS, Goodman PJ, Minasian L, Ford G, 

Parnes HL, Gaziano JM, Karp DD, Lieber MM, Walther PJ, Klotz L (2011) Vitamin E 

and the Risk of Prostate Cancer: Updated Results of The Selenium and Vitamin E 

Cancer Prevention Trial (SELECT). J Am Med Assoc 306:1549–1556 . doi: 

10.1001/jama.2011.1437. 

60.  Klein E a, Goodman PJ, Lucia MS, Thompson IM, Ford LG, Parnes HL, Minasian 

LM, Gaziano JM, Hartline JA, Parsons JK, Iii JDB, Crawford ED, Goodman GE, 

Claudio J, Cook ED, Karp DD, Walther P, Lieber MM, Kristal AR, Darke AK, Arnold 

KB, Ganz P a, Santella RM, Albanes D, Taylor PR, Probstfield JL, Baker LH, Jr C a C 

(2009) Effect of Selenium and Vitamin E on Risk of Prostate Cancer and Other 

Cancers. The Selenium and Vitamin E Cancer Prevention Trial (SELECT). JAMA 

301:1 39-51. doi: 10.1001/jama.2008.864 

61.  Allen NE, Appleby PN, Roddam AW, Tjønneland A, Johnsen NF, Overvad K, Boeing 

H, Weikert S, Kaaks R, Linseisen J, Trichopoulou A, Misirli G, Trichopoulos D, 

Sacerdote C, Grioni S, Palli D, Tumino R, Bas Bueno-De-Mesquita H, Kiemeney LA, 

Barricarte A, Larrañaga N, Sánchez M-J, Agudo A, Tormo M-J, Rodriguez L, Stattin 

P, Hallmans G, Bingham S, Khaw K-T, Slimani N, Rinaldi S, Boffetta P, Riboli E, 

Key TJ (2008) Plasma selenium concentration and prostate cancer risk: results from 

the European Prospective Investigation into Cancer and Nutrition (EPIC). Am J Clin 

Nutr 88:1567–75 . doi: 10.3945/ajcn.2008.26205. 



60 
 

62.  Gandin V, Khalkar P, Braude J, Fernandes AP (2018) Organic selenium compounds as 

potential chemotherapeutic agents for improved cancer treatment. Free Radic Biol 

Med 0–1 . doi: 10.1016/j.freeradbiomed.2018.05.001 

63.  Jung U, Zheng X, Yoon S-O, Chung A-S (2001) Se-Methylselenocysteine induces 

apoptosis mediated by reactive oxygen species in HL-60 cells. Free Radic Biol Med 

31:479–489 . doi: https://doi.org/10.1016/S0891-5849(01)00604-9 

64.  Cai Z, Dong L, Song C, Zhang Y, Zhu C, Zhang Y, Ling Q, Hoffmann PR, Li J, 

Huang Z, Li W (2017) Methylseleninic Acid Provided at Nutritional Selenium Levels 

Inhibits Angiogenesis by Down-regulating Integrin β3 Signaling. Nat Sci Reports 7:1–

13 . doi: 10.1038/s41598-017-09568-5 

65.  Liu JG, Zhao HJ, Liu YJ, Liu Y wang, Wang XL (2012) Effect of two selenium 

sources on hepatocarcinogenesis and several angiogenic cytokines in 

diethylnitrosamine-induced hepatocarcinoma rats. J Trace Elem Med Biol 26:255–261 

. doi: 10.1016/j.jtemb.2012.02.001 

66.  Ward P, Connolly C, Murphy R (2013) Accelerated determination of selenomethionine 

in selenized yeast: validation of analytical method. Biol Trace Elem Res 151:446–50 . 

doi: 10.1007/s12011-012-9571-x 

67.  Mahima, Verma AK, Kumar A, Rahal A, Kumar V, Roy D (2012) Inorganic versus 

organic selenium supplementation: a review. Pakistan J Biol Sci 15:418–25 . doi: 

10.3923/pjbs.2012.418.425 

68.  Faixova Z, Piesova E, Makova Z, Cobanova K, Faix S (2016) Effect of dietary 

supplementation with selenium-enriched yeast or sodium selenite on ruminal enzyme 

activities and blood chemistry in sheep. Acta Vet Brno 85:185–194 . doi: 

10.2754/avb201685020185 

69.  Zeng H (2009) Selenium as an Essential Micronutrient: Roles in Cell Cycle and 

Apoptosis. Molecules 14:1263–1278 . doi: 10.3390/molecules14031263 

70.  Krzyżewski J, Bagnicka E, Horbańczuk JO (2014) The effect of selenium 

supplementation to the diet of dairy cows and goats on production traits and animal 

health – a review. Anim Sci Pap Reports 32:283–299 

71.  Gammelgaard B, Rasmussen LH (2012) Estimating Intestinal Absorption of Inorganic 



61 
 

and Organic Selenium Compounds by in Vitro Flux and Biotransformation Studies in 

Caco-2 Cells and ICP-MS Detection. Biol Trace Elem Res 145:248–256 . doi: 

10.1007/s12011-011-9174-y 

72.  McKelvey SM, Horgan K a, Murphy R a (2014) Chemical form of selenium 

differentially influences DNA repair pathways following exposure to lead nitrate. J 

Trace Elem Med Biol. doi: 10.1016/j.jtemb.2014.06.005 

73.  Zeng H, Combs GF (2008) Selenium as an anticancer nutrient: roles in cell 

proliferation and tumor cell invasion. J Nutr Biochem 19:1–7 . doi: 

10.1016/j.jnutbio.2007.02.005 

74.  Brennan KM, Crowdus C a., Cantor  a. H, Pescatore  a. J, Barger JL, Horgan K, Xiao 

R, Power RF, Dawson K a. (2011) Effects of organic and inorganic dietary selenium 

supplementation on gene expression profiles in oviduct tissue from broiler-breeder 

hens. Anim Reprod Sci 125:180–188 . doi: 10.1016/j.anireprosci.2011.02.027 

75.  Liao SF, Brown KR, Boling JA, Matthews JC (2011) Dietary Supplementation of 

Selenium in Inorganic and Organic Forms Differentially and Commonly Alters Blood 

and Liver Selenium Concentrations and Liver Gene Expression Profiles of Growing 

Beef Heifers. Biol Trace Elem Res 140:151–169 . doi: 10.1007/s12011-010-8685-2 

76.  Cao J, Guo F, Zhang L, Dong B, Gong L (2014) Effects of dietary Selenomethionine 

supplementation on growth performance , antioxidant status , plasma selenium 

concentration , and immune function in weaning pigs. J Anim Sci Biotechnol 5:1–7 . 

doi: 10.1186/2049-1891-5-46 

77.  Rayman MP (2004) The use of high-selenium yeast to raise selenium status: how does 

it measure up? Br J Nutr 92:557–573 . doi: 10.1079/BJN20041251 

78.  de Rosa V, Erkekoğlu P, Forestier A, Favier A, Hincal F, Diamond AM, Douki T RW 

(2012) NIH Public Access. Free Radic Res 46:105–116 . doi: 

10.3109/10715762.2011.647009 

79.  Liu L, Yang B, Cheng Y, Lin H (2015) Ameliorative Effects of Selenium on 

Cadmium-Induced Oxidative Stress and Endoplasmic Reticulum Stress in the Chicken 

Kidney. Biol Trace Elem Res 167:308–319 . doi: 10.1007/s12011-015-0314-7 

80.  Zhou Y-J, Zhang S-P, Liu C-W, Cai Y-Q (2009) The protection of selenium on ROS 



62 
 

mediated-apoptosis by mitochondria dysfunction in cadmium-induced LLC-PK(1) 

cells. Toxicol Vitr 23:288–94 . doi: 10.1016/j.tiv.2008.12.009 

81.  Kieliszek M, Błazejak S, Kurek E (2017) Binding and conversion of selenium in 

Candida utilis ATCC 9950 yeasts in bioreactor culture. Molecules 22:1–11 . doi: 

10.3390/molecules22030352 

82.  Kieliszek M, Gientka I (2015) Accumulation and metabolism of selenium by yeast 

cells. Appl Microbiol Biotechnol 99:5373–5382 . doi: 10.1007/s00253-015-6650-x 

83.  Esmaeili S, Khosravi-Darani K, Pourahmad R, Komeili R (2012) An experimental 

design for production of selenium-enriched yeast. World Appl Sci J 19:31–37 . doi: 

10.5829/idosi.wasj.2012.19.01.2634 

84.  Oraby MM, Allababidy T, Ramadan EM (2015) The bioavailability of selenium in 

Saccharomyces cerevisiae. Ann Agric Sci 60:307–315 . doi: 

10.1016/j.aoas.2015.10.006 

85.  Kieliszek M, Błażejak S, Płaczek M (2016) Spectrophotometric evaluation of selenium 

binding by Saccharomyces cerevisiae ATCC MYA-2200 and Candida utilis ATCC 

9950 yeast. J Trace Elem Med Biol 35:90–96 . doi: 10.1016/j.jtemb.2016.01.014 

86.  EFSA (2013) Scientific Opinion on the safety and efficacy of L -selenomethionine as 

feed additive for all animal species 1. EFSA J 11:1–18 . doi: 10.2903/j.efsa.2013.3219 

87.  Thepoultrysite (2006) Manufacturing a quality premix. 

http://www.thepoultrysite.com/articles/518/manufacturing-a-quality-premix/. Accessed 

25 Mar 2019 

88.  Alltech (2004) Sel-Plex manufacturing process 

89.  Barger JL, Kayo T, Pugh TD, Vann J a., Power R, Dawson K, Weindruch R, Prolla T 

a. (2012) Gene expression profiling reveals differential effects of sodium selenite, 

selenomethionine, and yeast-derived selenium in the mouse. Genes Nutr 7:155–165 . 

doi: 10.1007/s12263-011-0243-9 

90.  Devos C, Sandra K, Sandra P (2002) Capillary gas chromatography inductively 

coupled plasma mass spectrometry (CGC-ICPMS) for the enantiomeric analysis of 

D,L-selenomethionine in food supplements and urine. J Pharm Biomed Anal 27:507–

514 . doi: 10.1016/S0731-7085(01)00576-3 



63 
 

91.  Srikanth R V, Wiele T Van De, Pratti VL, Tack F, Du G (2016) Selenium 

bioaccessibility in stomach , small intestine and colon : Comparison between pure Se 

compounds , Se-enriched food crops and food supplements. Food Chem 197:382–387 . 

doi: 10.1016/j.foodchem.2015.08.001 

92.  Murphy R (2013) Understanding different types of organic selenium. Feedstuffs 

85:31–33 

93.  Gilbert-lópez B, Dernovics M, Moreno-gonzález D, Molina-díaz A, García-reyes JF 

(2017) Detection of over 100 selenium metabolites in selenized yeast by liquid 

chromatography electrospray time-of- fl ight mass spectrometry. J Chromatogr B 

1060:84–90 . doi: 10.1016/j.jchromb.2017.06.001 

94.  Casal SG, Far J, Bierla K, Ouerdane L (2010) Study of the Se-containing metabolomes 

in Se-rich yeast by size-exclusion — cation-exchange HPLC with the parallel ICP MS 

and electrospray orbital ion trap detection. Metallomics 2:535–548 . doi: 

10.1039/c0mt00002g 

95.  Bierla K, Szpunar J, Yiannikouris A, Lobinski R (2012) Comprehensive speciation of 

selenium in selenium-rich yeast. Trends Anal Chem 41:122–132 . doi: 

10.1016/j.trac.2012.08.006 

96.  Ahmed Z, Malhi M, Soomro SA, Gandahi JA, Arijo A, Bhutto B, Qureshi TA (2016) 

Dietary selenium yeast supplementation improved some villi morphological 

characteristics in duodenum and jejunum of young goats. J Anim Plant Sci 26:382–387 

97.  Lawler TL, Taylor JB, Reynolds LP, Reed JJ, Finley JW, Caton JS (2004) Effect of 

high-selenium wheat on visceral organ mass , and intestinal cellularity and vascularity 

in finishing beef steers 1. J Anim Sci 82:1788–1793 

98.  Kim Y, Mahon D C. (2001) Comparative effects of high dietary levels of organic and 

inorganic selenium on selenium toxicity of growing-finishing pigs. J Anim Sci 79:942–

948 . doi: DOI: 10.2527/2001.794942x 

99.  Wang C (2009) Effects of selenium yeast on rumen fermentation , lactation 

performance and feed digestibilities in lactating dairy cows. Livest Sci 126:239–244 . 

doi: 10.1016/j.livsci.2009.07.005 

100.  Lyons MP, Papazyan TT, Surai PF (2007) Selenium in food chain and animal 



64 
 

nutrition: Lessons from nature - Review. Asian-Australasian J Anim Sci 20:1135–1155 

. doi: 10.5713/ajas.2007.1135 

101.  Alimohamady R, Aliarabi H, Bahari A (2013) Influence of Different Amounts and 

Sources of Selenium Supplementation on Performance , Some Blood Parameters , and 

Nutrient Digestibility in Lambs. Biol Trace Elem Res 154:45–54 . doi: 

10.1007/s12011-013-9698-4 

102.  Zavodnik LB, Shimkus A, Belyavsky VN, Voronov D V (2011) Effects of organic 

selenium yeast administration on perinatal performance , growth efficiency and health 

status in pigs. Arch Zootech 14:5–20 

103.  Ozougwu JC (2016) The Role of Reactive Oxygen Species and Antioxidants in 

Oxidative Stress. Int J Res Pharm Biosci 3:1–8 

104.  Dizdaroglu M (2012) Oxidatively induced DNA damage: Mechanisms, repair and 

disease. Cancer Lett 327:26–47 . doi: 10.1016/j.canlet.2012.01.016 

105.  Lu SC (2008) Regulation of glutathione synthesis. Mol Aspects Med 39:42–59 . doi: 

10.1016/j.mam.2008.05.005. 

106.  Rayman MP (2012) Selenium and human health. Lancet 379:1256–1268 . doi: 

10.1016/S0140-6736(11)61452-9 

107.  Hart WE, Marczak SP, Kneller AR, French RA, Morris DL (2013) The abilities of 

selenium dioxide and selenite ion to coordinate DNA-bound metal ions and decrease 

oxidative DNA damage. J Inorg Biochem 125:1–8 . doi: 

10.1016/j.jinorgbio.2013.03.016 

108.  Pillai R, Uyehara-Lock JH, Bellinger FP (2014) Selenium and selenoprotein function 

in brain disorders. IUBMB Life 66:229–239 . doi: 10.1002/iub.1262 

109.  Lu J, Holmgren A (2009) Selenoproteins. J Biol Chem 284:723–727 . doi: 

10.1074/jbc.R800045200 

110.  Carlson BA, Tobe R, Yefremova E, Tsuji PA, Hoffmann VJ, Schweizer U, Gladyshev 

VN, Hatfield DL, Conrad M (2016) Glutathione peroxidase 4 and vitamin E 

cooperatively prevent hepatocellular degeneration. Redox Biol 9:22–31 . doi: 

10.1016/j.redox.2016.05.003 



65 
 

111.  Shi L, Zhao H, Ren Y, Yao X, Song R (2014) Effects of different levels of dietary 

selenium on the proliferation of spermatogonial stem cells and antioxidant status in 

testis of roosters. Anim Reprod Sci 149:266–272 . doi: 

10.1016/j.anireprosci.2014.07.011 

112.  Prast-nielsen S, Huang H, Williams DL (2011) Thioredoxin glutathione reductase : Its 

role in redox biology and potential as a target for drugs against neglected diseases. 

BBA - Gen Subj 1810:1262–1271 . doi: 10.1016/j.bbagen.2011.06.024 

113.  Lee S, Kim SM, Lee RT (2013) Thioredoxin and Thioredoxin Target Proteins: From 

Molecular Mechanisms to Functional Significance. Antioxid Redox Signal 18:1165–

1207 . doi: 10.1089/ars.2011.4322 

114.  Hansen JM, Zhang H, Jones DP (2006) Differential oxidation of thioredoxin-1, 

thioredoxin-2, and glutathione by metal ions. Free Radic Biol Med 40:138–145 . doi: 

10.1016/j.freeradbiomed.2005.09.023 

115.  Conrad M, Jakupoglu C, Moreno SG, Lippl S, Banjac A, Schneider M, Beck H, 

Hatzopoulos AK, Just U, Sinowatz F, Schmahl W, Chien KR, Wurst W, Bornkamm 

GW, Brielmeier M (2004) Essential Role for Mitochondrial Thioredoxin Reductase in 

Hematopoiesis, Heart Development, and Heart Function. Mol Cell Biol 24:9414–9423 

. doi: 10.1128/MCB.24.21.9414-9423.2004 

116.  Stanley BA, Sivakumaran V, Shi S, Mcdonald I, Lloyd D, Watson WH, Aon MA, 

Paolocci N (2011) Thioredoxin Reductase-2 Is Essential for Keeping Low Levels of H 

2 O 2 Emission from Isolated Heart Mitochondria. J Biol Chem 286:33669–33677 . 

doi: 10.1074/jbc.M111.284612 

117.  Su D, Novoselov S V., Sun QA, Moustafa ME, Zhou Y, Oko R, Hatfield DL, 

Gladyshev VN (2005) Mammalian selenoprotein thioredoxin-glutathione reductase: 

Roles in bisulfide bond formation and sperm maturation. J Biol Chem 280:26491–

26498 . doi: 10.1074/jbc.M503638200 

118.  Dentice M, Marsili A, Zavacki A, Larsen PR, Salvatore D (2013) The deiodinases and 

the control of intracellular thyroid hormone signaling during cellular differentiation. 

BBA - Gen Subj 1830:3937–3945 . doi: 10.1016/j.bbagen.2012.05.007 

119.  Maia AL, Goemann IM, Meyer ELS, Wajner SM (2011) Deiodinases: the balance of 



66 
 

thyroid hormone. Type 1 iodothyronine deiodinase in human physiology and disease. J 

Endocrinol 209:283–297 . doi: 10.1530/JOE-10-0481 

120.  Medrano RF, Hua HJ (2016) Advances in Thyroid Hormones Function Relate to 

Animal Nutrition. Ann Thyroid Res 2:45–52 

121.  Hefnawy A, Tortora-Perez J (2010) The importance of selenium and the effects of its 

deficiency in animal health. Small Rumin Res 89:185–192 . doi: 

https://doi.org/10.1016/j.smallrumres.2009.12.042 

122.  Chen X, Ren F, Hesketh J, Shi X, Li J, Gan F, Huang K (2012) Selenium blocks 

porcine circovirus type 2 replication promotion induced by oxidative stress by 

improving GPx1 expression. Free Radic Biol Med 53:395–405 . doi: 

10.1016/j.freeradbiomed.2012.04.035 

123.  Sritunyalucksana K, Intaraprasong A, Sa-nguanrut P, Filer K (2011) Organic selenium 

supplementation promotes shrimp growth and disease resistance to Taura syndrome 

virus. ScienceAsia 37:24–30 . doi: 10.2306/scienceasia1513-1874.2011.37.024 

124.  Hall JA, Vorachek WR, Stewart WC, Gorman ME, Mosher WD, Pirelli GJ, Bobe G 

(2013) Selenium Supplementation Restores Innate and Humoral Immune Responses in 

Footrot-Affected Sheep. PLoS One 8:1–19 . doi: 10.1371/journal.pone.0082572 

125.  Chen K, Fang J, Peng X, Cui H, Chen J, Wang F, Chen Z, Zuo Z, Deng J, Lai W, Zhou 

Y (2014) Effect of selenium supplementation on aflatoxin B 1 -induced 

histopathological lesions and apoptosis in bursa of Fabricius in broilers Primer 

sequence. Food Chem Toxicol 74:91–97 . doi: 10.1016/j.fct.2014.09.003 

126.  Hooper KJ, Bobe G, Vorachek WR, Pirelli GJ, Kent ML, Hall JA (2014) Effect of 

Selenium Yeast Supplementation on Naturally Acquired Parasitic Infection in Ewes. 

Biol Trace Elem Res 161:308–317 . doi: 10.1007/s12011-014-0134-1 

127.  Sethy K, Swain P, Dass R, Ray S, Swain D (2017) Effect of Selenium Yeast and 

Vitamin E Supplementation on Growth, Nutrient Utilization and Immunity in Male 

Kids (Capra hircus). Int J Livest Res 1 . doi: 10.5455/ijlr.20170613044844 

128.  Kumar N, Garg AK, Dass RS, Chaturvedi VK (2009) Selenium supplementation 

influences growth performance, antioxidant status and immune response in lambs. 

Anim Feed Sci Technol 153:77–87 . doi: 10.1016/j.anifeedsci.2009.06.007 



67 
 

129.  Edens FW, Sefton AE (2009) Sel-Plex improves spermatozoa morphology in Broiler 

Breeder males. Int J Poult Sci 8:853–861 . doi: 10.3923/ijps.2009.853.861 

130.  Khalid A, Khudhair N, He H, Peng Z, Yaguang T (2016) Effects of Dietary Selenium 

Supplementation on Seminiferous Tubules and SelW , GPx4 , LHCGR , and ACE 

Expression in Chicken Testis. Biol Trace Elem Res 173:202–209 . doi: 

10.1007/s12011-016-0646-y 

131.  Surai PF, Fisinin VI (2015) Selenium in Pig Nutrition and Reproduction : Boars and 

Semen Quality — A Review. Asian-Australasian J Anim Sci 28:730–746 . doi: 

doi:10.5713/ajas.14.0593. 

132.  Shi L, Song R, Yao X, Ren Y (2017) Effects of selenium on the proliferation , 

apoptosis and testosterone production of sheep Leydig cells in vitro. Theriogenology 

93:24–32 . doi: 10.1016/j.theriogenology.2017.01.022 

133.  Song R, Yao X, Shi L, Ren Y, Zhao H (2015) Effects of dietary selenium on apoptosis 

of germ cells in the testis during spermatogenesis in roosters. Theriogenology 84:583–

588 . doi: 10.1016/j.theriogenology.2015.04.013 

134.  O′Flaherty C (2015) Redox regulation of mammalian sperm capacitation. Asian J 

Androl 17:583 . doi: 10.4103/1008-682X.153303 

135.  Singh AK, Chattopadhyay R, Chakravarty B, Chaudhury K (2013) Markers of 

oxidative stress in follicular fluid of women with endometriosis and tubal infertility 

undergoing IVF. Reprod Toxicol 42:116–124 . doi: 10.1016/j.reprotox.2013.08.005 

136.  Agarwal A, Aponte-Mellado A, Premkumar BJ, Shaman A, Gupta S (2012) The 

effects of oxidative stress on female reproduction: A review. Reprod Biol Endocrinol 

10:1 . doi: 10.1186/1477-7827-10-49 

137.  Rayman MP, Wijnen H, Vader H, Kooistra L, Pop V (2011) Maternal selenium status 

during early gestation and risk for preterm birth. Cmaj 183:549–555 . doi: 

10.1503/cmaj.101095 

138.  Zhang Z, Gao X, Cao Y, Jiang H, Wang T, Song X, Guo M, Zhang N (2015) Selenium 

Deficiency Facilitates Inflammation Through the Regulation of TLR4 and TLR4-

Related Signaling Pathways in the Mice Uterus. Inflammation 38:1347–1356 . doi: 

10.1007/s10753-014-0106-9 



68 
 

139.  Ceko MJ, Hummitzsch K, Hatzirodos N, Bonner WM, Aitken JB, Russell DL, Lane 

M, Rodgers RJ, HH H (2015) X-ray fluorescence imaging and other analyses identify 

selenium and GPX1 as important in female reproductive function. Metallomics 7:71–

82 . doi: 10.1039/C4MT00228H 

140.  Basini G, Tamanini C (2000) Selenium stimulates estradiol production in bovine 

granulosa cells: Possible involvement of nitric oxide. Domest Anim Endocrinol 18:1–

17 . doi: 10.1016/S0739-7240(99)00059-4 

141.  Brennan KM, Crowdus C a., Cantor  a. H, Pescatore  a. J, Barger JL, Horgan K, Xiao 

R, Power RF, Dawson K a. (2011) Effects of organic and inorganic dietary selenium 

supplementation on gene expression profiles in oviduct tissue from broiler-breeder 

hens. Anim Reprod Sci 125:180–188 . doi: 10.1016/j.anireprosci.2011.02.027 

142.  Isidori AM, Mirone M, Giannetta E (2013) Selenium and reproductive function. A 

systematic review. J Endocrinol Invest 36:28–36 

143.  Karuputhula NB, Chattopadhyay R, Chakravarty B, Chaudhury K (2013) Oxidative 

status in granulosa cells of infertile women undergoing IVF. Syst Biol Reprod Med 

59:91–98 . doi: 10.3109/19396368.2012.743197 

144.  Said RS, Nada AS, El-demerdash E (2012) Sodium Selenite Improves Folliculogenesis 

in Radiation- Induced Ovarian Failure : A Mechanistic Approach. PLoS One 7:1–12 . 

doi: 10.1371/journal.pone.0050928 

145.  Burk RF, Olson GE, Hill KE, Winfrey VP, Motley AK, Kurokawa S (2013) Maternal-

fetal transfer of selenium in the mouse. FASEB J 27:3249–3256 . doi: [10.1096/fj.13-

231852] 

146.  Mamon MAC, Ramos GB (2017) Maternal selenium-supplementation at various 

stages of periconception period: influence on murine blastocyst morphology and 

implantation status. J Anim Sci Technol 59:7 . doi: 10.1186/s40781-017-0132-x 

147.  Billen G, Lassaletta L, Garnier J (2015) A vast range of opportunities for feeding the 

world in 2050: Trade-off between diet, N contamination and international trade. 

Environ Res Lett 10: . doi: 10.1088/1748-9326/10/2/025001 

148.  Cuypers A, Plusquin M, Remans T, Jozefczak M, Keunen E, Gielen H, Opdenakker K, 

Nair AR, Munters E, Artois TJ, Nawrot T, Vangronsveld J, Smeets K (2010) Cadmium 



69 
 

stress: an oxidative challenge. Biometals 23:927–40 . doi: 10.1007/s10534-010-9329-x 

149.  Bampidis VA, Nistor E, Nitas D (2013) Arsenic , Cadmium , Lead and Mercury as 

Undesirable Substances in Animal Feeds. Sci Pap Anim Sci Biotechnol 46:17–22 

150.  Prasad RJ, Souri S, Sharma AK, Sharma G, Ergae CM (2016) Contaminants and 

Toxins in Food and Feeds. Int J Environ Sci Technol 2:82–89 . doi: 

10.1080/00207233.2011.652821 

151.  Mantovani A, Maranghi F, Purificato I, Macrì A (2006) Assessment of feed additives 

and contaminants: An essential component of food safety. Ann Ist Super Sanita 

42:427–432 

152.  Hu Y, Zhang W, Chen G, Cheng H, Tao S (2018) Public health risk of trace metals in 

fresh chicken meat products on the food markets of a major production region in 

southern China. Environ Pollut 234:667–676 . doi: 10.1016/j.envpol.2017.12.006 

153.  Sapkota AR, Lefferts LY, McKenzie S, Walker P (2007) What do we feed to food-

production animals? A review of animal feed ingredients and their potential impacts on 

human health. Environ Health Perspect 115:663–670 . doi: 10.1289/ehp.9760 

154.  FSAI (2009) Dioxins and PCBs in Food. Toxicol Factsheet Ser , FSAI 1–10 

155.  Cockburn A, Brambilla G, Fernández ML, Arcella D, Bordajandi LR, Cottrill B, van 

Peteghem C, Dorne J Lou (2013) Nitrite in feed: From animal health to human health. 

Toxicol Appl Pharmacol 270:209–217 . doi: 10.1016/j.taap.2010.11.008 

156.  Beyene T (2016) Veterinary Drug Residues in Food-animal Products: Its Risk Factors 

and Potential Effects on Public Health. J Vet Sci Technol 07:1–7 . doi: 10.4172/2157-

7579.1000285 

157.  Tchounwou PB, Yedjou CG, Patlolla AK, Sutton DJ (2012) Molecular, Clinical and 

Environmental Toxicology. EXS 101:1–30 . doi: 10.1007/978-3-7643-8340-4 

158.  Nair AR, Degheselle O, Smeets K, Van Kerkhove E, Cuypers A (2013) Cadmium-

Induced Pathologies: Where Is the Oxidative Balance Lost (or Not)? Int J Mol Sci 

14:6116–43 . doi: 10.3390/ijms14036116 

159.  Sarkar A, Ravindran G, Krishnamurthy V (2013) A brief review on the effect of 

cadmium toxicity: from cellular to organ level. Int J Bio-Technology 3:17–36 



70 
 

160.  Rusetskaya NY, Borodulin VB (2015) Biological Activity of Organoselenium 

Compounds in Heavy Metal Intoxication. Biochem Suppl Ser B Biomed Chem 9:45–57 

. doi: 10.1134/S1990750815010072 

161.  Lee JC, Son YO, Pratheeshkumar P, Shi X (2012) Oxidative stress and metal 

carcinogenesis. Free Radic Biol Med 53:742–757 . doi: 

10.1016/j.freeradbiomed.2012.06.002 

162.  Rebelo FM, Caldas ED (2016) Arsenic, lead, mercury and cadmium: Toxicity, levels 

in breast milk and the risks for breastfed infants. Environ Res 151:671–688 . doi: 

10.1016/j.envres.2016.08.027 

163.  Johri N, Jacquillet G, Unwin R (2010) Heavy metal poisoning: The effects of cadmium 

on the kidney. BioMetals 23:783–792 . doi: 10.1007/s10534-010-9328-y 

164.  Makridis C, Svarna C, Rigas N, Gougoulias N, Roka L, Leontopoulos S (2012) 

Transfer of Heavy Metal Contaminants from Animal Feed to Animal Products. J Agric 

Sci Technol A 2:149–154 

165.  Nicholson F., Chambers B., Williams J., Unwin R. (1999) Heavy metal contents of 

livestock feeds and animal manures in England and Wales. Bioresour Technol 70:23–

31 . doi: 10.1016/S0960-8524(99)00017-6 

166.  Zhang F, Li Y, Yang M, Li W (2012) Content of heavy metals in animal feeds and 

manures from farms of different scales in northeast China. Int J Environ Res Public 

Health 9:2658–68 . doi: 10.3390/ijerph9082658 

167.  Schweizer SA, Seitz B, van der Heijden MGA, Schulin R, Tandy S (2018) Impact of 

organic and conventional farming systems on wheat grain uptake and soil 

bioavailability of zinc and cadmium. Sci Total Environ 23:288–294 . doi: 

10.1016/j.scitotenv.2018.05.187 

168.  Jensen J, Kyvsgaard NC, Battisti A, Baptiste KE (2018) Environmental and public 

health related risk of veterinary zinc in pig production - Using Denmark as an 

example. Environ Int 114:181–190 . doi: 10.1016/j.envint.2018.02.007 

169.  Sears ME (2013) Chelation: Harnessing and enhancing heavy metal detoxification - A 

review. Sci World J 2013:1–13 . doi: 10.1155/2013/219840 

170.  Koedrith P, Seo YR (2011) Advances in carcinogenic metal toxicity and potential 



71 
 

molecular markers. Int J Mol Sci 12:9576–9595 . doi: 10.3390/ijms12129576 

171.  Nair AR, DeGheselle O, Smeets K, Van Kerkhove E, Cuypers A (2013) Cadmium-

induced pathologies: Where is the oxidative balance lost (or not)? Int J Mol Sci 

14:6116–6143 . doi: 10.3390/ijms14036116 

172.  Aziz R, Rafiq MT, Yang J, Liu D, Lu L, He Z, Daud MK, Li T, Yang X (2014) Impact 

assessment of cadmium toxicity and its bioavailability in human cell lines (Caco-2 and 

HL-7702). Biomed Res Int 2014:839538 . doi: 10.1155/2014/839538 

173.  EFSA European Commission RASFF Portal. In: Eur. Comm. RASFF. 

https://webgate.ec.europa.eu/rasff-window/portal/?event=searchResultList. Accessed 

17 Jan 2016 

174.  European Commission (2015) The Rapid Alert System for Food and Feed 

175.  Wang Y, Fang J, Leonard SS, Rao KMK (2004) Cadmium inhibits the electron 

transfer chain and induces reactive oxygen species. Free Radic Biol Med 36:1434–

1443 . doi: 10.1016/j.freeradbiomed.2004.03.010 

176.  Waisberg M, Joseph P, Hale B, Beyersmann D (2003) Molecular and cellular 

mechanisms of cadmium carcinogenesis. Toxicology 192:95–117 . doi: 

10.1016/S0300-483X(03)00305-6 

177.  Rusanov AL, Smirnova A V, Poromov A a, Fomicheva KA, Luzgina NG, Majouga 

AG (2015) Effects of cadmium chloride on the functional state of human intestinal 

cells. Toxicol In Vitro 29:1006–11 . doi: 10.1016/j.tiv.2015.03.018 

178.  Tinkov AA, Gritsenko VA, Skalnaya MG, Cherkasov S V., Aaseth J, Skalny A V. 

(2018) Gut as a target for cadmium toxicity. Environ Pollut 235:429–434 . doi: 

10.1016/j.envpol.2017.12.114 

179.  Vesey DA (2010) Transport pathways for cadmium in the intestine and kidney 

proximal tubule: Focus on the interaction with essential metals. Toxicol Lett 198:13–19 

. doi: 10.1016/j.toxlet.2010.05.004 

180.  Park JD, Cherrington NJ, Klaassen CD (2002) Intestinal absorption of cadmium is 

associated with divalent metal transporter 1 in rats. Toxicol Sci 68:288–294 . doi: 

10.1093/toxsci/68.2.288 



72 
 

181.  Kim DW, Kim KY, Choi BS, Youn P, Ryu DY, Klaassen CD, Park JD (2007) 

Regulation of metal transporters by dietary iron, and the relationship between body 

iron levels and cadmium uptake. Arch Toxicol 81:327–334 . doi: 10.1007/s00204-006-

0160-7 

182.  Jumarie C, Campbell PJ, Houde M, Denizeau F (1999) Evidence for an intracellular 

barrier to cadmium transport through Caco-2 cell monolayers. J Cell Physiol 180:285–

297 . doi: https://doi.org/10.1002/ 

183.  Bolduc JS, Denizeau F, Jumarie C (2004) Cadmium-induced mitochondrial 

membrane-potential dissipation does not necessarily require cytosolic oxidative stress: 

Studies using rhodamine-123 fluorescence unquenching. Toxicol Sci 77:299–306 . doi: 

10.1093/toxsci/kfh015 

184.  Yang H, Shu Y (2015) Cadmium transporters in the kidney and cadmium-induced 

nephrotoxicity. Int J Mol Sci 16:1484–1494 . doi: 10.3390/ijms16011484 

185.  Ninkov M, Popov A, Demenesku J, Mirkov I, Mileusnic D, Petrovic A, Grigorov I, 

Zolotarevski L, Tolinacki M, Kataranovski D, Brceski I, Kataranovski M (2015) 

Toxicity of oral cadmium intake : Impact on gut immunity. Toxicol Lett 237:89–99 . 

doi: 10.1016/j.toxlet.2015.06.002 

186.  Klaassen CD, Liu J, Diwan BA (2009) Metallothionein protection of cadmium 

toxicity. Toxicol Appl Pharmacol 238:215–220 . doi: 10.1016/j.taap.2009.03.026 

187.  Lawal AO, Ellis E (2010) Differential sensitivity and responsiveness of three human 

cell lines HepG2 , 1321N1 and HEK 293 to cadmium. J Toxicol Sci 35:465–478 . doi: 

10.2131/jts.35.465 

188.  Mao WP, Zhang NN, Zhou FY, Li WX, Liu HY, Feng J, Zhou L, Wei CJ, Pan YB, He 

ZJ (2011) Cadmium directly induced mitochondrial dysfunction of human embryonic 

kidney cells. Hum Exp Toxicol 30:920–929 . doi: 10.1177/0960327110384286 

189.  Zhao Z, Hyun JS, Satsu H, Kakuta S, Shimizu M (2006) Oral exposure to cadmium 

chloride triggers an acute inflammatory response in the intestines of mice, initiated by 

the over-expression of tissue macrophage inflammatory protein-2 mRNA. Toxicol Lett 

164:144–154 . doi: 10.1016/j.toxlet.2005.12.004 

190.  Pathak N, Khandelwal S (2009) Immunomodulatory role of piperine in cadmium 



73 
 

induced thymic atrophy and splenomegaly in mice. Environ Toxicol Pharmacol 28:52–

60 . doi: 10.1016/j.etap.2009.02.003 

191.  Nuran Ercal BSP, Hande Gurer-Orhan BSP, Nukhet Aykin-Burns BSP (2001) Toxic 

Metals and Oxidative Stress Part I: Mechanisms Involved in Metal induced Oxidative 

Damage. Curr Top Med Chem 1:529–539 . doi: 10.2174/1568026013394831 

192.  Liu J, Qu W, Kadiiska MB (2009) Role of oxidative stress in cadmium toxicity and 

carcinogenesis. Toxicol Appl Pharmacol 238:209–14 . doi: 10.1016/j.taap.2009.01.029 

193.  Adachi K, Dote T, Dote E, Mitsui G, Kono K (2007) Strong acute toxicity, severe 

hepatic damage, renal injury and abnormal serum electrolytes after intravenous 

administration of cadmium fluoride in rats. J Occup Health 49:235–241 . doi: 

10.1539/joh.49.235 

194.  Ikediobi CO, Badisa VL, Ayuk-Takem LT, Latinwo LM, West J (2004) No Title. Int J 

Mol Med 14:87–92 . doi: https://doi.org/10.3892/ijmm.14.1.87 

195.  Halvey PJ, Watson WH, Hansen JM, Go Y-M, Samali A, Jones DP (2005) 

Compartmental oxidation of thiol-disulphide redox couples during epidermal growth 

factor signalling. Biochem J 386:215–9 . doi: 10.1042/BJ20041829 

196.  Evans MD, Dizdaroglu M, Cooke MS (2004) Oxidative DNA damage and disease: 

Induction, repair and significance. Mutation Research - Reviews in Mutation Research 

567:1-61 doi: 10.1016/j.mrrev.2003.11.001 

197.  Yu Y, Cui Y, Niedernhofer L, Wang Y (2015) Occurence, biological consequences, 

and human health relevance of oxidative stress-induced DNA damage. Chem Res 

Toxicol 2:147–185 . doi: 10.1515/jci-2013-0007. 

198.  Hayyan M, Hashim MA, Alnashef IM (2016) Superoxide Ion: Generation and 

Chemical Implications. Chem Rev 116:3029–3085 . doi: 

10.1021/acs.chemrev.5b00407 

199.  Kalyanaraman B, Cheng G, Hardy M, Ouari O, Bennett B, Zielonka J (2018) Teaching 

the basics of reactive oxygen species and their relevance to cancer biology: 

Mitochondrial reactive oxygen species detection, redox signaling, and targeted 

therapies. Redox Biol 15:347–362 . doi: 10.1016/j.redox.2017.12.012 

200.  Schieber M, Chandel NS (2014) ROS function in redox signaling and oxidative stress. 



74 
 

Curr Biol 24:R453–R462 . doi: 10.1016/j.cub.2014.03.034 

201.  Brand MD, Affourtit C, Esteves TC, Green K, Lambert AJ, Miwa S, Pakay JL, Parker 

N (2004) Mitochondrial superoxide: Production, biological effects, and activation of 

uncoupling proteins. Free Radic Biol Med 37:755–767 . doi: 

10.1016/j.freeradbiomed.2004.05.034 

202.  Hopkins R (2016) Superoxide in Biology and Medicine: An Overview. React Oxyg 

Species 1:99–109 . doi: 10.20455/ros.2016.825 

203.  Murakami K, Murata N, Noda Y, Tahara S, Kaneko T, Kinoshita N, Hatsuta H, 

Murayama S, Barnham KJ, Irie K, Shirasawa T, Shimizu T (2011) SOD1 (copper/zinc 

superoxide dismutase) deficiency drives amyloid β protein oligomerization and 

memory loss in mouse model of Alzheimer disease. J Biol Chem 286:44557–44568 . 

doi: 10.1074/jbc.M111.279208 

204.  Ramachandran A, Lebofsky M, Weinman SA, Jaeschke H (2011) The impact of partial 

manganese superoxide dismutase (SOD2)-deficiency on mitochondrial oxidant stress, 

DNA fragmentation and liver injury during acetaminophen hepatotoxicity. Toxicol 

Appl Pharmacol 251:226–233 . doi: 10.1016/j.taap.2011.01.004 

205.  Kehrer JP (2000) The Haber-Weiss reaction and mechanisms of toxicity. Toxicology 

149:43–50 . doi: 10.1016/S0300-483X(00)00231-6 

206.  Cadet J, Wagner JR (2014) Oxidatively generated base damage to cellular DNA by 

hydroxyl radical and one-electron oxidants: Similarities and differences. Arch Biochem 

Biophys 557:47–54 . doi: 10.1016/j.abb.2014.05.001 

207.  Malins DC, Polissar NL, Gunselman SJ (1996) Progression of human breast cancers to 

the metastatic state is linked to hydroxyl radical-induced DNA damage. Proc Natl 

Acad Sci U S A 93:2557–2563 

208.  Altman S, Zastawny T, Randers-Eichhorn L, Cacciuttolo M, Akman S, Dizdaroglu M, 

Rao G (1995) Formation of DNA-protein cross-links in cultured mammalian cells 

upon treatment with iron ions. Free Radic Biol Med 19:897–902 . doi: 

10.1017/S0033291796004436 

209.  Covarrubias L, Hernández-García D, Schnabel D, Salas-Vidal E, Castro-Obregón S 

(2008) Function of reactive oxygen species during animal development: Passive or 



75 
 

active? Dev Biol 320:1–11 . doi: 10.1016/j.ydbio.2008.04.041 

210.  Mehta A, Haber JE (2014) Sources of DNA Double-Strand Breaks and Models of 

Recombinational DNA Repair. Cold Spring Harb Perspect Biol 6:1–19 . doi: 

10.1101/cshperspect.a016428 

211.  Jackson SP (2002) Sensing and repairing DNA double-strand breaks. Carcinogenesis 

23:687–696 . doi: 10.1093/carcin/23.5.687 

212.  White RR, Milholland B, De Bruin A, Curran S, Laberge RM, Van Steeg H, Campisi 

J, Maslov AY, Vijg J (2015) Controlled induction of DNA double-strand breaks in the 

mouse liver induces features of tissue ageing. Nat Commun 6:1–11 . doi: 

10.1038/ncomms7790 

213.  San Filippo J, Sung P, Klein H (2008) Mechanism of Eukaryotic Homologous 

Recombination. Annu Rev Biochem 77:229–257 . doi: 

10.1146/annurev.biochem.77.061306.125255 

214.  Li X, Heyer WD (2008) Homologous recombination in DNA repair and DNA damage 

tolerance. Cell Res 18:99–113 . doi: 10.1038/cr.2008.1. 

215.  Davis A, Chen D (2013) DNA double strand break repair via non-homologous end-

joining. Transl Cancer Res 2:130–43 . doi: 10.3978/j.issn.2218-676X.2013.04.02. 

216.  Rodgers K, Mcvey M (2016) Error-prone repair of DNA double-strand breaks. J Cell 

Physiol 231:15–24 . doi: 10.1002/jcp.25053. 

217.  Mladenov E, Iliakis G (2011) Induction and repair of DNA double strand breaks: The 

increasing spectrum of non-homologous end joining pathways. Mutat Res - Fundam 

Mol Mech Mutagen 711:61–72 . doi: 10.1016/j.mrfmmm.2011.02.005 

218.  Rossetti G, Dans PD, Gomez-Pinto I, Ivani I, Gonzalez C, Orozco M (2015) The 

structural impact of DNA mismatches. Nucleic Acids Res 43:4309–4321 . doi: 

10.1093/nar/gkv254 

219.  Pray L (2008) DNA Replication and Causes of Mutation. Nat Educ 1:214 

220.  Lee S, Elenbaas B, Levine A, Griffith J (1995) p53 and its 14 kDa C-terminal domain 

recognize primary DNA damage in the form of insertion/deletion mismatches. Cell 

81:1013–1020 . doi: 10.1016/S0092-8674(05)80006-6 



76 
 

221.  Li GM (2008) Mechanisms and functions of DNA mismatch repair. Cell Res 18:85–98 

. doi: 10.1038/cr.2007.115 

222.  Pogue-Geile K, Yothers G, Taniyama Y, Tanaka N, Gavin P, Colangelo L, Blackmon 

N, Lipchik C, Kim SR, Sharif S, Allegra C, Petrelli N, O’Connell MJ, Wolmark N, 

Paik S (2013) Defective mismatch repair and benefit from bevacizumab for colon 

cancer: Findings from NSABP C-08. J Natl Cancer Inst 105:989–992 . doi: 

10.1093/jnci/djt140 

223.  Begum R, Martin SA (2016) Targeting Mismatch Repair defects: A novel strategy for 

personalized cancer treatment. DNA Repair (Amst) 38:135–139 . doi: 

10.1016/j.dnarep.2015.11.026 

224.  Peña-Diaz J, Rasmussen LJ (2016) Approaches to diagnose DNA mismatch repair 

gene defects in cancer. DNA Repair (Amst) 38:147–154 . doi: 

10.1016/j.dnarep.2015.11.022 

225.  Modrich P (2016) Mechanisms in E.coli and human mismatch repair. Angew Chem Int 

Ed Engl 18:386–392 . doi: 10.1038/nn.3945.Dopaminergic 

226.  Marinus MG (2016) DNA Mismatch Repair. EcoSal Plus 51:87–100 . doi: 

10.1037/a0038432. 

227.  Kunz C, Saito Y, Schär P (2009) Mismatched repair: Variations on a theme. Cell Mol 

Life Sci 66:1021–1038 . doi: 10.1007/s00018-009-8739-9 

228.  Jena NR (2012) DNA damage by reactive species: Mechanisms, mutation and repair. J 

Biosci 37:503–507 . doi: 10.1007/s12038-012-9218-2 

229.  Deans AJ, West SC (2011) DNA interstrand crosslink repair and cancer. Nat Rev 

Cancer 11:467–480 . doi: 10.1038/nrc3088 

230.  Huang Y, Li L (2009) DNA crosslinking damage and cancer - a tale of friend and foe. 

Transl Cancer Res 6:247–253 . doi: 10.1111/j.1743-6109.2008.01122.x.Endothelial 

231.  Zhiyu Y, Price NE, Johnson KM, Yinsheng W, Gates KS (2017) Interstrand cross-

links arising from strand breaks at true abasic sites in duplex DNA. Nucleic Acids Res 

45:6275–6283 . doi: 10.1093/nar/gkx394 

232.  Muniandy P, Liu J, Majumdar A, Liu S, Seidman MM (2011) DNA Interstrand 



77 
 

Crossling Repair in Mammalian Cells: Step by Step. Crit Rev Biochem Mol Biol. 

45(1): 23–49. doi:10.3109/10409230903501819 

233.  Schärer OD (2005) DNA interstrand crosslinks: Natural and drug-induced DNA 

adducts that induce unique cellular responses. ChemBioChem 6:27–32 . doi: 

10.1002/cbic.200400287 

234.  Brooks PJ, Theruvathu JA (2005) DNA adducts from acetaldehyde: Implications for 

alcohol-related carcinogenesis. Alcohol 35:187–193 . doi: 

10.1016/j.alcohol.2005.03.009 

235.  Cheung-Ong K, Giaever G, Nislow C (2013) DNA-damaging agents in cancer 

chemotherapy: Serendipity and chemical biology. Chem Biol 20:648–659 . doi: 

10.1016/j.chembiol.2013.04.007 

236.  David SS, O’Shea VL, Kundu S (2007) Base-excision repair of oxidative DNA 

damage. Nature 447:941–950 . doi: 10.1038/nature05978 

237.  Krokan HE, Bjoras M (2013) Base Excision Repair. Adv Protein Chem 69:1–41 . doi: 

10.1016/S0065-3233(04)69001-2 

238.  Kim Y-J, Wilson III DM (2012) Overview of Base Excision Repair Biochemistry. 

Curr Mol Pharmacol 5:3–13 . doi: 10.2174/1874467211205010003 

239.  Krokan HE, Standal R, Slupphaug G (1997) DNA glycosylases in the base excision 

repair of DNA. Biochem J 325:1–16 . doi: 10.1042/bj3250001 

240.  Whitaker AM, Schaich MA, Smith MR, Flynn TS, Freudenthal BD (2017) Base 

excision repair of oxidative DNA damage: from mechanism to disease. Front Biosci 

(Landmark Ed 22:1493–1522 

241.  Fortini P, Dogliotti E (2007) Base damage and single-strand break repair: Mechanisms 

and functional significance of short- and long-patch repair subpathways. DNA Repair 

(Amst) 6:398–409 . doi: 10.1016/j.dnarep.2006.10.008 

242.  Córdoba-Cañero D, Morales-Ruiz T, Roldán-Arjona T, Ariza RR (2009) Single-

nucleotide and long-patch base excision repair of DNA damage in plants. Plant J 

60:716–728 . doi: 10.1111/j.1365-313X.2009.03994.x 

243.  Bauer NC, Corbett AH, Doetsch PW (2015) The current state of eukaryotic DNA base 



78 
 

damage and repair. Nucleic Acids Res 43:10083–10101 . doi: 10.1093/nar/gkv1136 

244.  Strzalka W, Ziemienowicz A (2011) Proliferating cell nuclear antigen (PCNA): A key 

factor in DNA replication and cell cycle regulation. Ann Bot 107:1127–1140 . doi: 

10.1093/aob/mcq243 

245.  Haracska L, Prakash L, Prakash S (2003) A mechanism for the exclusion of low-

fidelity human Y-family DNA polymerases from base excision repair. Genes Dev 

17:2777–2785 . doi: 10.1101/gad.1146103 

246.  Nakabeppu Y (2014) Cellular levels of 8-oxoguanine in either DNA or the nucleotide 

pool play pivotal roles in carcinogenesis and survival of cancer cells. Int J Mol Sci 

15:12543–12557 . doi: 10.3390/ijms150712543 

247.  Hsu GW, Ober M, Carell T, Beese LS (2004) Error-prone replication of oxidatively 

damaged DNA by a high-fidelity DNA polymerase. Nature 431:217–221 . doi: 

10.1038/nature02908 

248.  Seifermann M, Ulges A, Bopp T, Melcea S, Schäfer A, Oka S, Nakabeppu Y, 

Klungland A, Niehrs C, Epe B (2017) Role of the DNA repair glycosylase OGG1 in 

the activation of murine splenocytes. DNA Repair (Amst) 58:13–20 . doi: 

10.1016/j.dnarep.2017.08.005 

249.  Ba X, Boldogh  lstvan (2018) 8-Oxoguanine DNA glycosylase 1: Beyond repair of the 

oxidatively modified base lesions. Redox Biol 14:669–678 . doi: 

10.1016/j.redox.2017.11.008 

250.  Sheng Z, Oka S, Tsuchimoto D, Abolhassani N, Nomaru H, Sakumi K, Yamada H, 

Nakabeppu Y (2012) 8-Oxoguanine causes neurodegeneration during MUTYH-

mediated DNA base excision repair. J Clin Invest 122:4344–4361 . doi: 

10.1172/JCI65053 

251.  Weren RDA, Ligtenberg MJL, Kets CM, De Voer RM, Verwiel ETP, Spruijt L, Van 

Zelst-Stams WAG, Jongmans MC, Gilissen C, Hehir-Kwa JY, Hoischen A, Shendure 

J, Boyle EA, Kamping EJ, Nagtegaal ID, Tops BBJ, Nagengast FM, Geurts Van 

Kessel A, Van Krieken JHJM, Kuiper RP, Hoogerbrugge N (2015) A germline 

homozygous mutation in the base-excision repair gene NTHL1 causes adenomatous 

polyposis and colorectal cancer. Nat Genet 47:668–671 . doi: 10.1038/ng.3287 



79 
 

252.  Viel A, Bruselles A, Meccia E, Fornasarig M, Quaia M, Canzonieri V, Policicchio E, 

Urso ED, Agostini M, Genuardi M, Lucci-Cordisco E, Venesio T, Martayan A, 

Diodoro MG, Sanchez-Mete L, Stigliano V, Mazzei F, Grasso F, Giuliani A, Baiocchi 

M, Maestro R, Giannini G, Tartaglia M, Alexandrov LB, Bignami M (2017) A 

Specific Mutational Signature Associated with DNA 8-Oxoguanine Persistence in 

MUTYH-defective Colorectal Cancer. EBioMedicine 20:39–49 . doi: 

10.1016/j.ebiom.2017.04.022 

253.  Kolbanovskiy M, Chowdhury MA, Nadkarni A, Broyde S, Geacintov NE, Scicchitano 

DA, Shafirovich V (2017) The non-bulky DNA lesions spirominodihydantoin and 5-

guanidinohydantoin significantly block human RNA polymerase II elongation in vitro. 

Biochemistry 56:3008–3018 . doi: 10.7205/MILMED-D-14-00168.Long-chain 

254.  Hailer MK, Slade PG, Martin BD, Rosenquist TA, Sugden KD (2005) Recognition of 

the oxidized lesions spiroiminodihydantoin and guanidinohydantoin in DNA by the 

mammalian base excision repair glycosylases NEIL1 and NEIL2. DNA Repair (Amst) 

4:41–50 . doi: 10.1016/j.dnarep.2004.07.006 

255.  Burrows CJ, Muller JG, Kornyushyna O, Luo W, Duarte V, Leipold MD, David SS 

(2002) Structure and potential mutagenicity of new hydantoin products from guanosine 

and 8-oxo-7,8-dihydroguanine oxidation by transition metals. Environ Health Perspect 

110:713–717 . doi: 10.1289/ehp.02110s5713 

256.  Delaney S, Neeley WL, Delaney JC, Essigmann JM (2007) The substrate specificity of 

MutY for hyperoxidized guanine lesions in vivo. Biochemistry 46:1448–1455 . doi: 

10.1021/bi061174h 

257.  Dimitri A, Jia L, Shafirovich V, Geacintov NE, Broyde S, Scicchitano DA (2008) 

Transcription of DNA containing the 5-guanidino-4-nitroimidazole lesion by human 

RNA polymerase II and bacteriophage T7 RNA polymerase. DNA Repair (Amst) 

7:1276–1288 . doi: 10.1016/j.dnarep.2008.04.007 

258.  Mangerich A, Knutson CG, Parry NM, Muthupalani S, Ye W, Prestwich E, Cui L, 

McFaline JL, Mobley M, Ge Z, Taghizadeh K, Wishnok JS, Wogan GN, Fox JG, 

Tannenbaum SR, Dedon PC (2012) Infection-induced colitis in mice causes dynamic 

and tissue-specific changes in stress response and DNA damage leading to colon 

cancer. Proc Natl Acad Sci 109:1820–1829 . doi: 10.1073/pnas.1207829109 



80 
 

259.  Zhao X, Krishnamurthy N, Burrows CJ, David SS (2010) Mutation versus repair: 

NEIL1 removal of hydantoin lesions in single stranded, bulge, bubble and duplex 

DNA contexts. Biochemistry 6:247–253 . doi: 10.1111/j.1743-

6109.2008.01122.x.Endothelial 

260.  Krishnamurthy N, Zhao X, Burrows BJ, David SS (2008) Superior removal of 

hydantoin lesions relative to other oxidized bases by the human glycosylase hNEIL1. 

Biochemistry 6:247–253 . doi: 10.1111/j.1743-6109.2008.01122.x.Endothelial 

261.  Liu M, Bandaru V, Bond JP, Jaruga P, Zhao X, Christov PP, Burrows CJ, Rizzo CJ, 

Dizdaroglu M, Wallace SS (2010) The mouse ortholog of NEIL3 is a functional DNA 

glycosylase in vitro and in vivo. Proc Natl Acad Sci 107:4925–4930 . doi: 

10.1073/pnas.0908307107 

262.  Takao M, Oohata Y, Kitadokoro K, Kobayashi K, Iwai S, Yasui A, Yonei S, Zhang 

QM (2009) Human Nei-like protein NEIL3 has AP lyase activity specific for single-

stranded DNA and confers oxidative stress resistance in Escherichia coli mutant. 

Genes to Cells 14:261–270 . doi: 10.1111/j.1365-2443.2008.01271.x 

263.  Krokeide SZ, Laerdahl JK, Salah M, Luna L, Cederkvist FH, Fleming AM, Burrows 

CJ, Dalhus B, Bjørås M (2013) Human NEIL3 is mainly a monofunctional DNA 

glycosylase removing spiroimindiohydantoin and guanidinohydantoin. DNA Repair 

(Amst) 12:1159–1164 . doi: 10.1016/j.dnarep.2013.04.026 

264.  Oliveira PH, Prazeres DMF, Monteiro GA, Pedro H. Oliveira GAM (2015) DNA 

instability in bacterial genomes: causes and consequences. Genome Anal Curr Proced 

Appl 263 doi.org/10.1016/B978-0-12-803309-8.00005-7 

 

 

 

 

 

 

 

 



81 
 

Chapter Two: Selenium source impacts protection of porcine jejunal epithelial cells from 

cadmium-induced DNA damage, with maximum protection exhibited with yeast-derived 

selenium compounds. 

 

Abstract 

Selenium (Se) is found in inorganic and organic forms, both of which are commonly used in 

animal feed supplements. 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 Cd mediates free oxygen radical production leading in 

particular to DNA damage, with consequential mutagenesis 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 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. 
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The contents of this chapter have been published elsewhere as: Lynch SJ, Horgan KA, White 

B, Walls D (2017) Selenium Source Impacts Protection of Porcine Jejunal Epithelial Cells from 

Cadmium-Induced DNA Damage, with Maximum Protection Exhibited with Yeast-Derived 

Selenium Compounds. Biological Trace Element Research 176:311–320. doi: 

10.1007/s12011-016-0828-7. 

 

2.1) 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 animal 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 regulations regarding permissible levels of Cd in food for human consumption, 

however there are currently no regulations relating 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 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 synthesis itself. Cd also affects cell 

proliferation, cell cycle progression, DNA repair mechanisms, cell differentiation and has also 
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been shown to modify apoptotic pathways (reviewed by (4)). Cd exposure has been reported 

to lead to nephrotoxicity, osteoporosis and neurotoxicity (5) and to adversely affect 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 

detoxification and the function of antioxidants (9). GSH-Px is responsible 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 performance and an inability to thrive (11, 12). 

Se can exist in various chemical forms, including organic selenomethionine (Se-M) or 

inorganic selenites and selenates, all of which are commonly utilised as feed additives. Organic 

and inorganic forms of Se are not metabolized 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 components 

leading to the formation of insoluble, unabsorbable complexes which are then excreted, thus 

significantly reducing Se absorption and bioavailability. The metabolism of organic Se differs 

to that of inorganic varieties; organic Se compounds are metabolised by an enzymatic process 
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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, colorectal 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 ambiguous. 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 damage 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 concentration 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 included 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 superior to selenite regarding 

the modulation of DNA repair pathways following lead-induced damage in human liver 

carcinoma 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). 
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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. 

 

2.2) Materials and Methods 

2.2.1) 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 

370C in a humidified 5% CO2 atmosphere (Galaxy S CO2 Incubator, Model No:170-200, RS 

Biotech Laboratory Equipment Ltd.,  Irvine, United Kingdom). 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 are much 
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more similar in terms of cell architecture, morphology, transport functions and trans-epithelial 

resistance to primary pig jejunocytes (27).  

 

2.2.2) Preparation of organoselenium extracts and selenium compounds 

Forty milligrams 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 program 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 corresponding 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 filtration (0.25 μm) and total 

organoselenium concentrations were determined 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 selenite (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 
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for analysis were determined following cell culture toxicity assays (described below) and data 

is shown in the results section. 

 

2.2.3) 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 x 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 370C for 48 h. The cells were then insulted with 0.5 

ppm, 0.7 ppm or 1 ppm cadmium chloride (CdCl2) and incubated for a further 24 h at 37oC. 

Stock solutions (5 mM) of CdCl2 were prepared in MilliQ-H2O and then diluted in serum free 

growth medium to achieve the desired final concentrations.  In brief, after 24 h of incubation 

with CdCl2, the medium was 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 nm/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.  
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2.2.4) 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 

x 105 cells/mL. Cells were then lysed and the DNA was denatured by treatment with 200 mM 

NaOH for 30 min. Gel electrophoresis was carried out in an alkaline buffer (200 mM NaOH, 

1mM EDTA, pH<13) at 21 volts 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 recommended concentration (Trevigen, Gaithersburg, USA). Cells were 

observed at 10X magnification by fluorescent microscopy at excitation/emission wavelengths 

of 496 nm/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-way ANOVA and post hoc Tukey’s honest 

significance test (HSD), statistical significance was set at P <0.05. In addition to quantitative 

analysis using the scoring system referred 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.  
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2.2.5) TUNEL assay 

Apoptosis induced DNA fragmentation was determined by the terminal deoxynucleotidyl 

transferase dUTP nick end labeling (TUNEL) assay which was carried out essentially 

according 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 x 105 cells/mL and stored in 70% ethanol at 

-20oC for 18 h prior to staining. Cells were incubated with TDT enzyme and Brd-UTP antibody 

for 60 min at 37oC followed by rinsing. Anti-BrdU-TRITC staining mixture was added to the 

cells and incubated for 30 min in the dark. Cells were then centrifuged at 300 x g for 7 min, 

cell pellets were resuspended in 150µL 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 FlowJo software (FlowJo LLC, Ashland, USA). Each Se treatment was 

analysed relative to its corresponding control and statistical significance was determined by 

one-way ANOVA and post hoc Tukey’s HSD. 

 

2.3) Results 

2.3.1) 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. AB measures metabolic activity while 

CFDA-AM reports on membrane integrity. IPEC-J2 cells showed a dose-dependent decrease 

in cell viability, in both assays, in response to increasing levels of CdCl2 (Fig. 2.1). Two 
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concentrations of CdCl2 (0.7 ppm and 1 ppm) were chosen for further analysis based on the 

toxicity curves obtained using both assays. 

 

Figure 2.1: 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. 

 

2.3.2) Effect of Se sources on IPEC-J2 viability 

The dual viability assay was then used to investigate any potential cytotoxic effects of a range 

of Se sources on IPEC-J2. The results from both assays showed (Fig. 2.2 a and b) that 

supplementation 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 ppm – 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 
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supplementation and therefore 0.4 ppm were used in all subsequent experiments designed to 

investigate the protective effects of Se against Cd-induced DNA damage.  

 

Figure 2.2: 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. 

 

2.3.3) Modulation of Cd-induced cell viability by Se sources 

The capacity of various Se sources to protect from Cd-induced cell toxicity was next explored. 

The results from both assays (Fig. 2.3 a and 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 preincubated with Se-Y relative to Cd-insulted cells that had not received 

Se supplementation. It was also evident (Fig. 2.3) that at all concentrations of Cd, there was 

significantly greater cell viability when Se-Y was used as supplement when compared 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 
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by 1 ppm Cd. In contrast significant decreases in cell viability were observed when Cd treated 

cells were preincubated with Se-Ni (relative to the no Se control), demonstrating that enhanced 

Cd-induced cell damage 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 (P<0.001 at 0.7 ppm Cd, P<0.01 at 1 ppm Cd; data not shown).  

 

Figure 2.3: 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 

* 
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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 and post hoc Tukey’s HSD 

(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. 

 

2.3.4) 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 

supplementation (Fig. 2.4). It can be seen that there was significantly less Cd-induced DNA 

damage (0.7 ppm and 1 ppm Cd) when IPEC-J2 were pre-incubated with Se-Y, relative to no 

Se supplementation, as evident by lower Olive tail moments (Fig. 2.4b and 2.4f), percentage 

tail DNA (Fig. 2.4c and 2.4g), tail moments (Fig. 2.4d and 2.4h) and tail length values (Fig 

2.4e and 2.4i). 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 increased 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 in a decrease in tail moment, increases in tail length and 

olive tail moments were seen when compared to the corresponding Cd treated no-Se control. 

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 pretreatment 

enhanced Cd-induced DNA damage. Pre-incubation of IPEC-J2 with Se-Na resulted in 

increases to all Comet parameters following exposure to 1 ppm Cd (Fig. 2.4f to 2.4i) 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-
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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.  
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Figure 2.4: 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 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 and post hoc Tukey’s HSD (*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. 

 

2.3.5) DNA damage analysis by TUNEL assay 

The TUNEL (Terminal Deoxynucleotidyl Transferase dUTP Nick End Labeling) 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 
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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 ppm and 1 ppm) indicating the induction of DNA damage 

and the onset of DNA fragmentaton (Fig. 2.5a and 2.5b). Pre-incubation of cells with Se-Y was 

seen to significantly inhibit the extent of Cd-induced TUNEL-labeling at both Cd 

concentrations used as reflected in correspondingly increased TUNEL-negative populations. 

Similarly, pre-incubation with Se-M followed by exposure 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 supplementation of cells with either Se-Na or Se-

Ni had no protective 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 and apoptosis whereas the inorganic Se compounds used did not. 
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Figure 2.5: 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 and 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 and post hoc Tukey’s HSD (***P<0.001) and highlight comparisons made with the 

corresponding Cd-treated no-Se sample. 

 

2.4) 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 
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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. 2.1) 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 1ppm CdCl2 induced apoptosis after 18 h 

and therefore selected CdCl2 concentrations of 0.5ppm and 1ppm 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 concentrations 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 toxic effects of 

Se are known to be concentration and composition 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). EFSA Food and Feed regulations requires that total Se in animal feed 

products does not exceed 0.2 ppm to 0.4 ppm (36). In the present study, Se compounds were 

assayed over a concentration range of 0.2 ppm to 1 ppm (Fig. 2.2). 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 concentration range of 0.25 to 1.25 ppm (37), and to 
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induce cytotoxicity when administered at a concentration of 1 mg/kg in rodent (17) and chicken 

studies (16). Importantly the choice of 0.4 ppm in the present study concurred with EFSA 

guidelines 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. 2.3). That an organic Se source 

affords more protection correlates with general observations that inorganic Se is generally not 

as effective at protecting cells from oxidative stress. This is likely due to the difference in 

metabolism, absorption and retainment of organic versus inorganic Se compounds (9). In 

human cell lines, it was observed that Se-Na was more effective than Se-Ni at promoting 

resistance to Cd insult. This difference between these inorganic 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 investigating 

the effects of Se-M on LNCaP prostate cancer cells reported that Se-M had a significant 

protective effect in response 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, however, 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 reductions, with Se-Y 
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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 absence 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, electrophoresed and 

stained with a DNA-binding dye. Following electrophoresis, fragmented DNA migrates out of 

the nucleoid towards the anode forming a comet shape while undamaged DNA migrates 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-Y afforded significant 

protection against Cd-induced DNA damage (Fig. 2.4). The Comet assay results therefore 

correlate directly with the cell viability results obtained. Se-Y exhibited the greatest 

ameliorative effect against Cd-induced DNA damage, 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-treatment, 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 differing effects of Se-Ni and Se-Na supplementation 

(Fig. 2.4) 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, relative 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 
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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 comprises several different protein-

bound Se compounds in addition to selenomethionine (42). This indicates that not only is the 

chemical form of Se important for determining its ameliorative effect, but also the nature of 

protein-bound Se 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. 2.5). 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 decrease in Cd-induced TUNEL-positive cell numbers relative to no-Se 

controls, although the effect was not as significant as that observed following Se-Y 

pretreatment 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 apoptosis (44), offers a potential explanation for 

observed higher levels of DNA damage and lower rates of apoptosis as determined by Comet 

and TUNEL assays, respectively. 
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In summary, the effects of multiple forms of Se supplementation 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 concentrations 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 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 protect gut integrity from 

damage caused by the environmental contaminant Cd. 
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Chapter Three: Selenised yeast sources differ in their capacity to protect porcine jejunal 

epithelial cells from cadmium-induced toxicity and oxidised DNA damage. 

 

Abstract 

In recent years there has been increasing interest in the use of selenised yeast (Se-Y) as an 

antioxidant feed supplement. Here, three selenised yeast products are differentiated in terms of 

bioefficiency and the ameliorative effect on Cadmium (Cd) toxicity in porcine epithelial cells. 

A porcine digestion in vitro model was chosen to more accurately simulate the bioavailability 

of different Se-Y preparations, allowing a comprehensive understanding of the bio efficiency 

of each Se-Y compound in the porcine model. To elucidate a possible mechanism of action of 

selenium a number of bioassays were applied. Levels of Se dependent antioxidant enzymes 

(glutathione peroxidase and thioredoxin reductase) were evaluated to analyze the ROS 

neutralizing capacity of each Se-Y compound. The effects of Se-Y sources on Cd-induced 

DNA damage and apoptosis-associated DNA fragmentation was assessed using comet and 

terminal deoxynucleotidyl transferase dUTP nick end labeling (TUNEL) assays, respectively. 

Lesion-specific DNA damage analysis and in vitro DNA repair assay determined the DNA 

repair capacity of each Se-Y source. The results presented in this study confirm that the ability 

of different commercially available Se-Y preparations to enhance a range of cellular 

mechanisms that protect porcine gut epithelial cells from Cd-induced damage is concentration-

dependent and illustrates the difference in bioefficiency of different Se-Y compounds.  

The contents of this chapter have been published elsewhere as: Lynch S, Horgan K, Walls D, 

White B (2018) Selenised yeast sources differ in their capacity to protect porcine jejunal 

epithelial cells from cadmium-induced toxicity and oxidised DNA damage. BioMetals 31:845–

858. doi: 10.1007/s10534-018-0129-z 
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3.1) Introduction 

Selenium (Se) is an essential trace element which is crucial for human and animal health. Se 

has been shown to play important roles in many physiological functions including antioxidant 

function, reproduction, immune responses, DNA synthesis and thyroid hormone production 

(1). Se is commonly consumed as a nutritional supplement and is frequently utilised as an 

additive in animal feed products. Se can occur as either inorganic Se including selenites (Se-

Ni) and selenates (Se-Na) or organic Se including selenomethionine (Se-M) or selenized yeast 

(Se-Y) (2). Inorganic Se is the form most commonly used for Se supplementation in animal 

feed products. It has been reported however that microorganisms present in rumen of animals 

such as sheep and pigs may have a negative effect on Se bioavailability by reducing inorganic 

Se into inorganic selenide which cannot be absorbed leading to negative economic and 

environmental consequences due to unabsorbed Se being excreted by the faecal route (3). 

 

In recent years, there has been increased interest in the use of Se enriched yeast (Se-Y) 

preparations in animal feed products, due to the demonstrated superior absorption of organic 

Se forms relative to inorganic Se (4) and the increasing evidence illustrating that organic Se 

forms offer an enhanced amelioration of oxidised damage (5,6). Live yeast cells can absorb Se-

Ni in the surrounding culture medium and convert inorganic Se into Se-M resulting in a 

selenized yeast preparation. Studies examining the Se binding efficiency of different yeast 

strains have focused mainly on the Se tolerant Saccharomyces cerevisiae and Candida utilis 

(also known as Torula yeast) (7, 8). To date, only Se tolerant strains of S. cerevisiae and C. 

utilis have been used by commercial manufacturers for Se-Y production as they have been 

granted GRAS (Generally Recognized as Safe) status by the Food and Drug Administration 

(FDA) (9) and are approved for animal and human use by the European Food Safety Authority 

(EFSA; EFSA regulations specify that the total Se concentration in animal feed must not 
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exceed 0.4 ppm and that supplementation with exogenous Se must not exceed 0.2 ppm) (EFSA 

2011; EFSA 2013). The level of Se bound in the organic form in Se-Y preparations can reach 

3000 ppm and is influenced by the yeast strain, growth conditions and initial inorganic Se 

concentration (12). Nutritional Se-Y preparations contain varying amounts of free Se-M, 

peptide bound Se-M and total Se-M along with different protein and peptide compositions (13). 

Although the main Se component of Se-Y is Se-M,  it has been observed that gene profiles 

differ in response to Se-Y and Se-M supplementation in a mouse model, suggesting that Se-Y 

comprises several different protein-bound Se compounds in addition to Se-M (14). 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 (15). A recent study 

in which the digestion and oxidation of different Se compounds was analysed, concluded that 

Se-M concentrations decreased in the small intestine coupled with the appearance of the 

oxidation product selenomethionine selenoxide (SeMetO) (16). Se-Y is an appealing Se source 

for nutritional supplementation due to its activity as a selenoprotein precursor and its low 

toxicity. In addition, there is evidence that Se-Y is highly bioavailable, bioactive and has the 

ability to increase selenoenzyme activity (5, 17). Se-Y has also been reported to be more 

bioavailable than inorganic Se sources and considerably less toxic at supranutritional levels 

than Se-Ni and Se-Na (2, 3). Recent studies have provided evidence that supplementation with 

organic Se affords protection against oxidised DNA damage (6, 18–20).  

 

It is widely recognised that the concentration of Se impacts its biological activity, and 

increasingly acknowledged that the chemical form of Se plays a key role, with organic forms 

of Se demonstrating a positive impact and inorganic forms resulting in toxic effects (13, 20). 

Regarding organic forms of Se, it is increasingly apparent that not all selenised yeasts (Se-Y) 
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are comparable, but more appropriately may be viewed as discrete products/complexes (22). 

To date, over 60 Se-containing species have been detected in Se-Y (23), with significant 

differences detected between Se-Y products in terms of Se-M content, Se containing protein 

abundance and associated metabolic pathways (13). The uniqueness of these organic Se 

compounds are attributed to the differential deposition of selenium into the numerous peptides 

and proteins that are present within individual yeast fractions. To date, the differences between 

these yeasts have been explored primarily in terms of differences in Se bioavailability (22, 24). 

Given the wide array of Se species which can exist within these yeasts, the possibility exists 

that not only overall Se bioavailability but also the mode of action of bioavailable Se could be 

impacted by the particular traits of the individual yeast strains. 

 

In this study, the biological impact of different Se-Y preparations was assessed. Specifically, 

the effects of different Se-Y formulations on cadmium-induced toxicity in a porcine gut 

epithelial cell model were evaluated. Cadmium (Cd) is a bio-toxic heavy metal of 

environmental concern. Following cellular uptake, Cd displaces Fe2+ and Cu+ ions which in 

turn induce the production of Reactive Oxygen Species (ROS), of which the gastrointestinal 

tract is a primary target (25, 26). Using Cd-insulted porcine jejunal epithelial cells (IPEC-J2) 

cultivated in vitro, the data showed that Se-Y preparations from three different sources varied 

considerably in their capacity to maintain cell viability, to prevent oxidised DNA damage, to 

promote anti-oxidant enzyme activity and to modulate the cellular capacity for DNA repair. It 

is concluded that the antioxidant effects of Se-Y preparations, when used at European Food 

Safety Authority (EFSA) guideline levels, are both source/composition and dose-dependent.  
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3.2) Materials and Methods 

3.2.1) Organoselenium extract preparation and selenium compounds 

Organoselenium extracts were prepared from three different commercially available sources of 

selenised yeast (Se-YA, Se-YB and Se-YC). The yeast products were sourced from different 

manufacturers who generate dried and inactivated preparations from different strains of 

Saccharomyces cerevisiae (13). Extracts were prepared using a porcine digestion model (27) 

and experimental volumes outlined elsewhere (28) as follows: 500 mg of each yeast powder 

was placed in separate 50 mL polystyrene tubes. Five millilitres of sodium phosphate buffer 

(0.1 M, pH 6) was added to each along with 2 mL of 0.2 M HCl and the pH was adjusted to 

2.0. Pepsin (Sigma Aldrich) and chloramphenicol (Sigma Aldrich) were then added to final 

concentrations of 6 Units/mL and 0.3 mg/mL, respectively. Digestions were incubated for 2 h 

with gentle shaking at 390C. Two mL of sodium phosphate buffer (0.2 M, pH 6.8) and 1 mL 

of 0.6 M NaOH were then added to each tube and the pH was adjusted to 6.8. Pancreatin 

solution (Sigma Aldrich) was added to a final concentration of 3mg/mL and the tubes were 

then incubated for 4 h with gentle shaking at 390C.  Tubes were then centrifuged at 16,000 x g 

for 15 min at 40C. The supernatants obtained were transferred to ultrafiltration tubes with a 

molecular weight cut-off of 10,000 Daltons (Sartorius, Gottingen, Germany) and these were 

centrifuged at 8,000 x g for 3 h at 40C. Following centrifugation, the filtrates obtained were 

aliquoted into microfuge tubes and stored at -700C until use. Total organoselenium 

concentrations were determined by inductively coupled plasma optical emission spectrometry 

(ICP-OES; Agilent Technologies, Maynooth, Ireland).  All Se-Y preparations were aseptically 

filtered (0.25 μm) and diluted in DMEM/Nutrient Mixture F-12 Ham to final Se concentrations 

of either 0.2 ppm or 0.4 ppm immediately prior to use in cell culture. Solutions of Se-M and 

Se-Ni were prepared in MilliQ-H2O and processed using the porcine digestion model as 

described above. 
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3.2.2) Cell culture and cell toxicity assays 

IPEC-J2 Porcine jejunal epithelial 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 370C in a humidified 5% CO2 atmosphere (Galaxy S CO2 Incubator, 

Model No:170-200, RS Biotech Laboratory Equipment Ltd., Irvine, United Kingdom). 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 (29, 30). 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 are much more similar in terms of cell architecture, morphology, transport 

functions and trans-epithelial resistance to primary pig jejunocytes (31). Cells were incubated 

in the presence or absence of the individual Se sources and incubated at 370C for 48 h. They 

were then insulted with 0.5 ppm, 0.7 ppm and 1 ppm cadmium chloride (CdCl2) and incubated 

for a further 24 h at 37oC. Stock solutions (5 mM) of CdCl2 were prepared in MilliQ-H2O and 

then diluted in serum free growth medium to achieve these desired final concentrations. 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), as described previously (20). 
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3.2.3) Comet and TUNEL assays 

The Alkaline comet assay was employed to assess the extent of DNA damage in IPEC-J2 cells 

following pre-incubation with Se sources and subsequent exposure to CdCl2 (32). Cells thus 

treated were embedded in 0.7% agarose on comet slides (Trevigen, Gaithersburg, USA) at a 

concentration of 5 x 105 cells/mL and processed as described previously (20). In summary, 

cells were lysed for 18 h, immersed in alkaline unwinding solution and electrophoresed at 

1V/cm for 30 min. At least 50 cells were evaluated per slide for each control/treatment. 

Quantitative analysis of comet tails was carried out using OpenComet Image J Software Plug-

in (31-33). The individual scores for each of the 50 comets were added and a mean value for 

each treatment was generated. In addition to quantitative analysis, % Tail DNA of each of the 

comets was also determined using the OpenComet software. 

Apoptosis induced DNA fragmentation was determined by the terminal deoxynucleotidyl 

transferase dUTP nick end labeling (TUNEL) assay (Merck Millipore Ireland B.V) according 

to the manufacturer’s instructions. Data was acquired on a Guava benchtop flow cytometer 

(Guava easyCyte 8HT; Merck Millipore, Cork, Ireland). In all cases triplicate samples from 

individual experiments were prepared and analyses were performed using FlowJo software 

(FlowJo LLC, Ashland, USA). 

 

3.2.4) Lesion-specific DNA damage analysis 

Cells were analysed for lesion-specific DNA damage following Se/CdCl2 treatment regimens 

using a modified comet assay which included individual DNA repair enzymes (32, 34). Thus, 

the enzymes (i) E. coli Endouclease III (Endo III or also known as Thymine Glycol-DNA 

Glycosylase; Trevigen, 4045-01K-FM) and (ii) FPG (formamidopyrimidine-DNA 

glycosylase; also known as 8-oxoguanine DNA glycosylase; Trevigen 4040-100-FM) were 
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used according to the manufacturer’s instructions, with particular attention paid to minimising 

endogenous DNA damage and repair occurring during sample preparation. The optimal 

concentrations of Endo III and FPG to use (4.5 U/mL and 3.75 U/mL respectively) were first 

established following titration experiments using IPEC-J2 cells that had been treated with Cd 

at 0.7 ppm for 24 h. Buffer-only control samples were also run in parallel whereby net enzyme 

sensitive sites could then be determined. Results were expressed as % DNA in tail. 

3.2.5) Glutathione peroxidase and thioredoxin reductase assays 

Glutathione peroxidase (GPx) and thioredoxin reductase (TRx) activities were determined 

using a GPx Assay kit (Cayman Chemicals, Item No. 703102) and a TRx Assay kit (Sigma 

Aldrich, CS0170), respectively, as per manufacturer’s instructions. IPEC-J2 cells were lysed 

in the appropriate buffers, harvested using a cell scraper and lysates were stored at -80oC until 

use. The protein concentrations of all cell lysates were determined by Bradford assay (Sigma 

Aldrich, B6916). 

3.2.6) Modified Comet in vitro DNA repair assay 

There were three stages to the modified comet in vitro DNA repair assay, namely; substrate 

cell preparation, DNA repair extract preparation and the modified comet-DNA in vitro repair 

assay itself. (i) Substrate cells were prepared essentially as described elsewhere (32, 35, 36) 

with the following modifications: IPEC-J2 were cultivated in DMEM medium, treated 

with/without 0.7 ppm CdCl2 for 24 h by which time they were nearing confluence. Cells were 

then collected by trypsinisation, placed on ice and a sample was counted. They were then 

washed with phosphate buffered saline (PBS) and centrifuged at 700 x g at 4oC for 5 min. Cells 

were resuspended at ~1-2 x 106 /mL and frozen in 0.5 mL aliquots at -80oC using a Nalgene 

freezing container and stored at -800C until required. (ii) Cellular ‘DNA repair extracts’ were 

prepared as follows: IPEC-J2 cells were cultivated in the presence and absence of Se sources 
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for 48 h, harvested and collected by centrifugation as described above. Cell pellets were 

resuspended in ice-cold freezing medium at ~5 x 106/mL, frozen and stored at -80oC until 

processed further. Cells were thawed and centrifuged at 700 x g for 5 min at 4oC, washed with 

PBS and re-centrifuged. Cell pellets were then resuspended in 3x extraction buffer (10x buffer: 

45 mM HEPES; 0.4 M KCl; 1 mM EDTA; 0.1 mM dithiothreitol; 10% (v/v) glycerol; adjusted 

to pH 7.8 with KOH) at 5 x 106/mL and centrifuged at 2000 x g for 5 min at 4oC. Supernatants 

were discarded and pellets were resuspended in 50 µL extraction buffer and 15 µL of 1% Triton 

X-100, vortexed briefly and incubated on ice for 10 min. Tubes were then centrifuged at 15,000 

x g for 5 min at 4oC and supernatants were collected into new microfuge tubes. The protein 

concentration of each extract preparation was determined using the Bradford Assay (Sigma 

Aldrich) as per manufacturer’s instructions. (iii) The modified comet-DNA repair assay was 

carried out as follows: CdCl2-exposed and non-exposed substrate cells were thawed, washed 

with cold PBS and centrifuged at 700 x g for 5 min. Supernatants were removed and a volume 

of low melting agarose was added to reach a final concentration of 2 x 105/mL, after which 70 

µL of each suspension was spread evenly onto a CometSlideTM (Trevigen, 4250-004-03). Slides 

were incubated at 4oC for 30 min and then submerged in Comet Lysis Buffer (Trevigen, 4250-

010-01) for 18 h. Slides were washed three times for 5 min each in BER buffer (40 mM HEPES, 

0.5 mM EDTA, 0.2 mg/mL BSA, 0.1 M KCl, adjusted to pH 8 with KOH). Slides were then 

placed on a metal plate on ice and 4 volumes of BER buffer was added to each extract 

preparation. Control solutions were prepared using buffer A containing 0.25% Triton X-100 

and buffer B in a 1:4 ratio. Fifty microliters of diluted DNA repair extract or control solution 

was then added to each gel prior to incubation of gels at 37oC in a humidity chamber for 30 to 

60 min. Slides were then removed, placed briefly on ice followed by immersion in 

electrophoresis buffer for 30 min prior to electrophoresis (1V/cm for 30 min). After 

electrophoresis, gels were neutralized in cold PBS for 10 min and left to dry overnight. Slides 
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were then stained using SYBR Gold (Invitrogen; 1:10,000 dilution) for 30 min, washed twice 

with dH20 for 5 min each, allowed to dry completely and then analysed by fluorescent 

microscopy. IPEC-J2 cells were incubated with reaction buffers containing FPG and Endo III 

enzymes in the absence of Cd as a negative control, and Cd damaged IPEC-J2 cells were 

incubated with reaction buffers containing FPG and Endo III enzymes as positive control. A 

background control where IPEC-J2 cells were incubated with reaction buffers in the absence 

of enzymes and Cd, a treatment control where Cd damaged IPEC-J2 cells were incubated with 

reaction buffers in the absence of enzymes, and a specificity control where IPEC-J2 cells were 

incubated with Se-IPEC-J2 cell extract in the absence of Cd were also carried out. Repair-

related DNA incisions were calculated using the formula:  

Net DNA repair activity = (Cd-induced DNA incisions Se exposed cell extract/buffer incubation)  

- (undamaged cell DNA incisions Se exposed cell extract/buffer incubation)  

- (Cd-induced DNA incisions no Se exposure cell extract/buffer incubation). 

3.2.7) Statistical Analysis 

The results of this study were analysed by one-way analysis of variance (ANOVA) and using 

post hoc Tukey’s honest significance test (HSD). P<0.05, P<0.01 and P<0.001 were considered 

statistically significant. Data presented in this study are shown as mean values of triplicate 

samples and the standard deviation (SD) within triplicate samples is represented on the graphs. 

Each Se treatment was analysed relative to its corresponding control. 
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3.3) Results 

3.3.1) Se-Y sources differ in their capacity to protect IPEC-J2 cells from Cd-induced cell 

toxicity 

The potential of different Se-Y sources to protect IPEC-J2 cells from Cd-induced cell toxicity 

was investigated using a dual cell viability assay consisting of the fluorogenic indicator dyes 

Alamar Blue® (AB) and CFDA-AM. AB measures metabolic activity while CFDA-AM 

reports on membrane integrity. In general data from both assays agreed, showing that 

supplementation of growth medium with individual Se-Y compounds prior to insult with Cd at 

0.5 ppm resulted in a preservation or modest increase in IPEC-J2 viability relative to Cd-

insulted non-Se supplemented control cells (Fig. 3.1 A – D). The ameliorative effects of Se-Y 

were more pronounced at the higher concentration of Se used (0.4 ppm). Significant differences 

between Se-Y sources were evident at higher Cd concentrations (0.7 and 1 ppm) whereby 

supplementation with Se-YB and Se-YC at 0.4 ppm either failed to improve or in fact enhanced 

the negative effects of 0.7 ppm and 1 ppm Cd exposure. In contrast supplementation with Se-

YA correlated with increased cell viability, relative to unsupplemented controls, at all 

concentrations of Cd tested, showing that Se-YA supplementation was more effective at 

preventing Cd-induced cell injury than Se-YB or Se-YC. At 0.2 ppm, Se-YA maintained cell 

viability levels during Cd challenge at 0.7 ppm whereas the other Se sources either did not 

protect (Se-YC and Se-Ni) or else enhanced the negative effects of Cd (Se-YB and Se-M). In 

the absence of CdCl2, supplementation with Se-Y sources did not lead to a significant decrease 

in cell viability at all concentrations tested (up to 1 ppm; data not shown).  
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Figure 3.1: Effect on IPEC-J2 cells of pre-incubation with Se sources (0.2 ppm, A and B; 0.4 ppm C 

and D) compounds for 48 h prior to challenge with CdCl2. Shown are Alamar Blue (graphs A and C) 

and CFDA-AM assays (graphs B and D). The CdCl2 concentrations used (ppm) are given as numbers 

below each graph.  The bar colour codes in A apply to all four charts. 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<0.01 and ***P<0.001) and highlight comparisons 

between the data points indicated. Asterisk represents significant difference between Se sources. 
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3.3.2) Se-Y sources differ in their capacity to protect IPEC-J2 cells from Cd-induced DNA 

damage 

The potential of different Se-Y sources to protect IPEC-J2 cells from Cd-induced single- and 

double-stranded DNA damage was investigated using the alkaline comet assay. When used at 

0.2 ppm Se, none of the Se-Y sources impacted on the extent of Cd-induced DNA damage in 

the absence of Se, as determined using the percent DNA criterion, though an increase in 

damage was observed in the presence of Se-Ni (Fig. 3.2 A). At 0.4 ppm Se, a clear difference 

in the relative protective performances of the Se-Y sources emerged, in the order Se-YA>Se-

YB>Se-YC (Fig. 3.2 B) with Se-YA affording a significant protective effect when cells were 

exposed to 0.7 ppm Cd. Supplementation with Se-YB, Se-YC or Se-Ni at 0.4 ppm did not 

impact on the DNA damaging effects seen under these conditions. 
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Figure 3.2: Determination of DNA damage in IPEC-J2 cells by Alkaline comet assay following 

challenge with CdCl2. Cells were first pre-incubated for 48 h with various Se sources (X axis labels) 

then treated with Cd (0.7 ppm) for a further 24 h. Comet data from the parameters indicated on the Y 

axis of each graph were determined using OpenComet software. Data are expressed as the mean ± SD 

of triplicate samples.  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. 

Asterisk represents significant difference between Se sources. 
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In the TUNEL assay, the extent of TUNEL staining reflects the level of nicked DNA usually 

associated with DNA fragmentation and the initiation of programmed cell death (apoptosis). 

Here, it can be seen that supplementation with Se-Y sources at 0.2 ppm prior to challenge with 

Cd correlated with significantly less apoptosis when compared to the corresponding no-Se 

control cells (Fig. 3.3, labelled as “Cd”). At 0.4 ppm Se, this protective effect was only visible 

in the case of Se-YA. In contrast, no significant changes to non-apoptotic IPEC-J2 populations 

were evident when Se-YB or Se-YC were used in the same experiment. Se-Ni and Se-M 

pretreatment resulted in significantly higher apoptotic populations at both Se concentrations 

tested. Overall, the comet and TUNEL data showed that the extent of protection from Cd-

induced DNA damage and apoptotic fragmentation varied considerably with different Se-Y 

sources, with Se-YA affording greater protection than Se-YB and Se-YC when EFSA-

recommended supplementation/total Se levels were used, and Se-Ni and Se-M enhancing the 

Cd-induced DNA apoptosis. 
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Figure 3.3:  TUNEL analysis of IPEC-J2 cells following 48 h pre-incubation with Se sources and 

subsequent exposure to CdCl2 (0.7 ppm) for 24 h. DNA damage was induced in IPEC-J2 using CdCl2 

at 0.7 ppm 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 (denoted as ***P<0.001) and highlight 

comparisons between the data points indicated. Asterisk represents significant difference between Se 

sources. 
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3.3.3) Organo-selenium sources moderate Cd-induced oxidised damage to DNA bases 

The IPEC-J2 model was also used to assess oxidised damage to DNA bases following CdCl2 

insult and to compare the potential contributions of Se supplementation sources in this regard. 

The concentration of Se used for this analysis was 0.4 ppm as it was under these conditions 

that differences between Se sources, in terms of their capacity to prevent DNA damage, were 

most pronounced. In the modified comet assay, the types of oxidised bases present may be 

inferred from the substrate specificity of the DNA repair enzymes used, in this case Endo III 

and FPG. These lesion-specific DNA glycosylases remove oxidised damaged purines and 

pyrimidines, respectively, from double-stranded DNA leaving a one base gap which is then 

converted to a break by the high pH used during subsequent steps. IPEC-J2 were grown for 48 

h with/without Se supplementation (0.4 ppm) and treated with 0.7 ppm Cd for 24 h. Agarose-

embedded nucleoids were then prepared as per comet assay and incubated with either FPG or 

Endo III prior to the electrophoresis step. Increased levels of oxidized damaged bases (net 

enzyme-sensitive sites) were evident in all cases following Cd treatment, as indicated by 

increased comet percent tail DNA values after treatment with each enzyme (Fig. 3.4 A, B). In 

the case of supplementation with Se-YA, both the basal levels of oxidised damaged sites and 

the extent of net enzyme-sensitive sites were seen to decrease when either enzyme was used. 

This was not the case when other Se sources were used; indeed when Se-Ni was used as 

supplement the preponderance of both basal and net enzyme sensitive sites was seen to rise 

significantly following Cd insult. This data highlighted variations in the capacity of different 

Se-Y sources to mitigate against Cd-induced oxidized damage to DNA bases. 
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Fig. 3.4 Se sources moderate oxidized damage to DNA bases. The enzymes FPG (a) and Endo III (b) 

were used to assess DNA base damage in IPEC-J2 cells that had been pre-incubated for 48 h with Se 

sources (0.4 ppm), as indicated on the Y axes, and subsequently exposed to 0.7 ppm CdCl2 for 24 h. 

Data are expressed as the mean ± SD of triplicate samples. Significant differences were determined by 

one-way ANOVA (denoted as ***P\0.001) and highlight comparisons between the data points 

indicated. Asterisk represents significant difference between Se sources. 
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3.3.4) DNA repair activity in Se-supplemented IPEC-J2 following insult with Cd 

The effect of Se supplementation on DNA base excision repair (BER) activity in IPEC-J2, 

following Cd insult, was next investigated. BER of oxidised base damage is effected through 

a series of enzymatic reactions, whereby as a first step endogenous cellular glycosylases excise 

the oxidised damaged base prior to nucleoside removal and substitution with an intact 

nucleotide. Here, substrate nucleoids were prepared from Cd treated IPEC-J2 cells and 

incubated with cell-free extracts (containing endogenous DNA-repair enzymes) made from 

IPEC-J2 that had been grown for 48 h in Se-supplemented medium. Following electrophoresis, 

the percent comet tail DNA observed is proportional to the DNA repair incision activity of the 

corresponding extract. Preliminary experiments were carried out using different concentrations 

of each cell-free extract in order to establish the optimum concentrations to use (data not 

shown). This challenge study allowed comparison of the relative effects of each Se source used 

on DNA repair activity. It can be seen that supplementation of IPEC-J2 with Se-YA correlated 

with significantly enhanced DNA repair activity relative to all other Se sources, DNA repair 

activity demonstrated by Se-YA supplementation was significantly increased in comparison to 

Se-YB and Se-YC. Repair activity of Se-M was seen to be comparable to Se-YB. To accurately 

determine repair-related DNA incisions a number of experimental controls were implemented: 

1) non-exposed substrate cells incubated with buffer were included as a background control to 

signify damage caused during cell preparation and handling. 2) Cd-induced DNA damage was 

determined using exposed cells incubated with buffer, and 3) non-specific endonuclease 

activity of the extract was indicated by non-exposed cells treated with extract. Repair-related 

DNA incisions were calculated using the formula:  
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Net DNA repair activity = (Cd-induced DNA incisions Se exposed cell extract/buffer incubation)  

- (undamaged cell DNA incisions Se exposed cell extract/buffer incubation)  

- (Cd-induced DNA incisions no Se exposure cell extract/buffer incubation). 

 

 

Fig. 3.5: DNA repair activity in Se-Y treated IPEC-J2. The figure shows data obtained following an in 

vitro assay for Base Excision Repair (BER). IPEC-J2 cell extracts were prepared 48 h following 

supplementation with Se sources and assessed for BER using Cd-insulted (0.7 ppm) IPEC-J2 as 

substrate cells. ‘No Se’ refers to cells with Cd but without Se. Data are expressed as the mean ± SD of 

triplicate samples. Significant differences were determined by one-way ANOVA (**P\0.01 and 

***P\0.001) and highlight comparisons between the data points indicated. Asterisks represents 

significant difference between Se sources. 
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3.3.5) Anti-oxidant enzyme activity following Se supplementation and challenge with Cd 

Thioredoxin reductase (TrxR) and glutathione peroxidase (GPx) are key antioxidant seleno-

enzymes that modulate of the intracellular redox environment and protect cells from oxidative 

stress, including damage to DNA bases, initiated by excess ROS. Here, TrxR and GPx activity 

levels in IPEC-J2 were assessed following supplementation with Se sources and in each case 

also following challenge with Cd. Elevated basal levels of TrxR activity were observed 

following supplementation with all three Se-Y sources at 0.4 ppm Se (Se-YA, Se-YB and Se-

YC) and 2/3 (Se-YA and Se-YB) at 0.2 ppm Se (Fig. 3.6 E, G). In contrast, TrxR levels were 

significantly lower when either Se-Ni or Se-M were used at both Se concentrations. In the 

absence of Se supplementation, increased TrxR levels were also observed in response to 

treatment with Cd (Fig. 3.6 F,H). Importantly however, only in the case of supplementation 

with Se-YA were TrxR levels maintained, and in fact increased, relative to the corresponding 

+Cd/-Se control. In all instances, TrxR activity levels decreased in response to Cd treatment, 

an effect that was most pronounced following supplementation with inorganic Se at 0.4 ppm. 

In the case of GPx, basal activity levels rose following Cd treatment and also in the absence of 

Cd during supplementation with all Se sources used at both 0.2 and 0.4 ppm (Fig. 3.6 A-D).  

All Se sources maintained GPx activity at or above +Cd/-Se basal levels following Cd 

challenge. Of the three Se-Y sources used, Se-YA was the most effective at maintaining GPx 

activity levels (at both 0.2 and 0.4 ppm Se) following Cd insult and results here once more 

followed the trend of Se-YA>Se-YB>Se-YC. 
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Figure 3.6 (i): Glutathione peroxidase (GPx) enzyme activity following Se supplementation (a, c) and 

Se supplementation and challenge with Cd (b, d). GPx (a–d) activities were determined in extracts 

prepared from IPEC-J2 cells that had been pre- incubated for 48 h with Se sources (X axis labels) and 

assayed or subsequently exposed to 0.7 ppm CdCl2 for 24 h prior to analysis. Data are expressed as 

the mean ± SD of triplicate samples. Significant differences were determined by one-way ANOVA 

(*P\0.05 and ***P\0.001) and highlight comparisons made with the corresponding No Cd/No-Se 

(blue) or No Se sample (red). Asterisk represents significant difference between Se sources. 
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Figure 3.6 (ii): Thioredoxin reductase (TrxR) enzyme activity following Se supplementation (e, g) and 

Se supplementation and challenge with Cd (f, h). TrxR (E–H) activities were determined in extracts 

prepared from IPEC-J2 cells that had been pre- incubated for 48 h with Se sources (X axis labels) and 

assayed or subsequently exposed to 0.7 ppm CdCl2 for 24 h prior to analysis. Data are expressed as the 

mean ± SD of triplicate samples. Significant differences were determined by one-way ANOVA 

(**P\0.01 and ***P\0.001) and highlight comparisons made with the corresponding No Cd/No-Se 

(blue) or No Se sample (red). Asterisk represents significant difference between Se sources. 
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3.4) Discussion 

The biological efficacy of Se-Y is crucially dependent on the digestibility and accessibility of 

Se-containing proteins and peptides and not just on the level of Se-M (13, 37). When focusing 

on the physiological effects of Se-Y preparations in vitro, a digestion model that simulates 

gastric and intestinal digestion would be likely to best reflect the bioavailability of organic Se 

in vivo. Although there are differences amongst published models, enzymes are of major 

importance and both pepsin and pancreatin are used sequentially to replicate the gastric and 

small intestine environment, respectively (27), hence the protocol used in the present study. 

Significant differences between Se-Y sources emerged under supplementation conditions of 

0.4 ppm total Se and 0.7 or 1 ppm Cd challenge. Analysis of the effects of Se on Cd induced 

cell injury, DNA damage and apoptosis, revealed either no protective effect or even worsening 

effects of the Se-Y sources assayed. An appreciable disparity in the relative performances of 

the Se-Y sources was observed, in the order Se-YA>Se-YB>Se-YC. At 0.4 ppm Se in all assays 

conducted Se-YB and Se-YC afforded no protection against Cd challenge. At both Se 

concentrations and in all assays implemented, Se-YC either failed to protect against Cd 

challenge or enhanced the negative effects of Cd-induced damage. Se-M afforded a greater 

ameliorative effect compared to Se-YB/C against Cd-induced DNA damage and apoptosis, 

However, the effect of Se-M was not as significant as the protection afforded by Se-YA.  

 

FPG and Endo III are known to play prominent roles in global DNA base excision repair in 

vivo, and although their substrate specificities partially overlap in vitro, their activities here 

nonetheless reflect the extensive damage to purines and pyrimidines due to Cd insult. The data 

shown revealed significant variations in the capacities of different Se-Y sources to mitigate 

against Cd-induced 133xidized damage to DNA bases as outlined above in Fig. 3.4. These 
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differences potentially reflected either a reduction in the extent of damage occurring due to Cd, 

or the enhanced repair of oxidised DNA bases, or both mechanisms.  

The potential of different Se sources to modulate cellular DNA repair activity in IPEC-J2 was 

investigated. Regarding Se-Y sources, the data showed a significant enhancement of BER 

capability only in the case of Se-YA, again highlighting important variations in the 

performance of different supplementation sources. The in vitro repair assay used to assess the 

potential BER capacity of Se cell extracts on Cd exposed IPEC-J2 cells in this study is a novel 

biochemical approach to DNA repair analysis (38). To date, the in vitro repair assay has seldom 

been used in DNA repair studies and has not been implemented in previous literature exploring 

the DNA repair capacity of Se-Y sources thus adding to the innovative aspect of this paper. 

Previous studies have indicated that Se plays a significant role in DNA repair (18, 21, 39, 40). 

One such study demonstrated activation of BER in response to the organic selenium (Se-M) 

and involved p53-dependent interaction of Gadd45a with repair proteins(41) while 

proliferating cell nuclear antigen (PCNA) binding assays have also suggested an upregulation 

of BER following SeM treatment (42). 

Se is an essential component of GPx, TrxR and other antioxidant enzymes. Increased activity 

levels of these enzymes is known to correlate with an enhanced cellular capacity to scavenge 

ROS species and to prevent 134xidized damage to biomacromolecules (43). As the total Se 

concentrations used were the same, irrespective of the Se source, it can be concluded that the 

variations in anti-ROS enzyme activities seen in response to the different Se-Y formulations 

reflect the differential bioavailability of organic Se in each case as shown in Fig. 3.6.  

This study has provided evidence of important differences between Se-Y sources in terms of 

their capacity to protect cells from Cd-induced damage. The differences observed between Se-

Y preparations may be the result of one or a combination of factors: (i) the use of different 

strains of S. cerevisiae, (ii) the profiles, digestibility and accessibility (i.e. bioavailability) of 
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seleno-amino acids and peptides in each Se-Y preparation, and (iii) the potential loss of some 

Se species due to leaching that can occur during post-production and prior to drying. Se-Y 

production methods in which propagation conditions are carefully controlled can generate yeast 

with levels of Se exceeding 2000 ppm with little or no adverse effects on protein synthesis or 

yeast growth characteristics (44). The biosynthesis of yeast organo-selenium compounds is 

thought to be achieved through well-characterised biochemical pathways leading to organo-

sulphur biosynthesis, to include principally compounds such as Se-M, seleno-cysteine and 

seleno-cystine, with smaller amounts of seleno-homocystenine, seleno-cystathione, methyl-

selenocysteine, S-adenosyl-seleno-methionine, seleno-trisulphide compounds, seleno-

gluthatione and various seleno-thiols (13, 44). Such seleno-amino acids can then be 

incorporated into protein molecules. It is likely that inherent differences between yeast strains 

are a major contributory factor to the differential synthesis and deposition of such Se 

compounds within yeast fractions. Variations in Se-Y production methods may also play a role 

in this regard. 

 

In conclusion, Se-Y has economic and environmental advantages over traditional inorganic Se. 

Increased bioavailability means lower quantities of Se are required to supplement Se-deficient 

animal feeds. This translates directly into cost savings and a reduction in the level of 

unabsorbed Se excreted by the faecal route, a significant advantage where intensive farming 

techniques are employed. The results presented in this study have highlighted important 

differences in the bio-efficiency of different commercially available Se-Y preparations in terms 

of their ability to enhance a range of cellular mechanisms that protect porcine gut epithelial 

cells from damage due to Cd exposure. 
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Chapter Four: Selenium sources differentially modulate gene expression in porcine 

jejunal epithelial cells following Cd exposure. 

Abstract: 

Cadmium (Cd) is a relatively abundant bio-toxic metal that indirectly produces reactive oxygen 

species (ROS) by the displacement of Fe2+  and Cu+  ions (1). Selenium (Se) possesses 

antioxidant properties and has exhibited a protective effect against DNA damage. However, 

further work is needed to elucidate the role of Se in Cd-induced cytotoxicity and the varying 

effects of different Se compounds. In this present study RNA-sequencing (RNA-seq) 

technology and transcriptome analysis were implemented to detect potential differential gene 

expression between a range of Se sources to determine their effect on Cd-induced toxicity. 

Having previously observed phenotypic changes in DNA damage between cells treated with 

different Se sources and exposed to Cd (2, 3), gene expression analysis was performed in an 

attempt to elucidate the genetic mechanisms of Se in response to Cd exposure. The first aim of 

this study was to identify differentially expressed genes in IPEC-J2 cells between Cd exposed 

cells and non-exposed cells. The second objective was to assess the differences in gene 

expressions between the Se treated samples following exposure to Cd. In this study, three Se-

yeast (Se-Y) compounds were analysed, Se-YA, Se-YB and Se-YC, and one inorganic and one 

organic Se compound, sodium selenite (Se-Ni) and selenomethionine (Se-M), respectively. 

Porcine jejunal epithelial cells (IPEC-J2) were pre-incubated for 48 h with one of the four Se 

compounds and subsequently exposed to Cd.  The differential gene expression results presented 

in this study confirm that Cd exposure alone significantly increases stress response pathways. 

There were no differences in gene expression detected between Cd/No Se and pre-treatments 

with either Cd + Se-Ni or Cd + Se-M. The gene expression analysis also highlighted differences 

in gene expression profiles between the organic Se-Y compounds. Se-YA and Se-YC provided 

the highest level of protection against Cd-induced cellular stress among the organic Se-Y 



144 
 

compounds. The differentiation in gene expression pattern among the three Se-Y compounds 

provides further support for previous studies that indicated a difference in bio efficiency 

between various Se-Y preparations.  

 

4.1) Introduction: 

The Human Genome Project transformed biology by providing a complete genetic blueprint 

for human life as well as delivering whole genome sequences for several organisms that play a 

major role in scientific research such as the mouse and the fruit fly (4). It utilised high 

throughput DNA sequencing instruments based on capillary electrophoresis (5). Automated 

capillary electrophoresis-based sequencers (Sanger method) became the main technology used 

in the National Institutes of Health (NIH) and Celera led Human Genome Projects, and this 

method of DNA sequencing has become known as “first generation sequencing” (6). The 

sequencing of the human genome encouraged the advancement of sequencing technologies. 

The introduction of a variety of massively paralleled sequencing instruments began in 2005. 

These sequencers were vastly different from the capillary electrophoresis sequencing methods 

used previously and marked the commencement of “Next Generation Sequencing” (NGS) in 

genomic science (7). While each NGS instrument has its own individual characteristics, all 

sequencing technologies share a number of common features including 1) template preparation, 

2) amplification of library fragments, 3) automatic sequencing reactions and detection, 4) data 

analysis. The distinctive protocols denoted for each unique sequencing instrument determines 

the type of data generated from each sequencing technology and differentiates one sequencing 

platform from another (4, 7). The past decade has seen the emergence of several different NGS 

platforms each with their own advantages and disadvantages. The work in this chapter was 

carried out using the NGS platform Illumina sequencing by synthesis (SBS) technology as this 
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is the predominantly used sequencing technology in both clinical and research applications and 

currently generates ninety per cent of sequencing data produced worldwide (8). Although NGS 

technology is comprised of several different sequencing platforms as, here the term NGS will 

refer to solely to Illumina SBS technology. Although NGS technology is largely superseding 

Sanger CE based sequencing in molecular diagnostics, the basic concept behind the two 

platforms is comparable. Fluorescently labelled deoxyribonucleotide triphosphates (dNTPs) 

are incorporated into the template DNA strand by a polymerase during consecutive cycles of 

DNA synthesis. At the point of incorporation of the fluorescently labelled dNTPs, the 

nucleotides are identified by fluorophore excitation (9). An NGS experiment can yield more 

than 250 million unique reads, while a Sanger reaction returns a single DNA sequence (10). 

The NGS workflow consists of four stages (see Fig. 4.1): 
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Figure 4.1: The four phases of the NGS workflow (A-D). Library preparation (A), cluster 

amplification (B), sequencing (C), alignment and data analysis, adapted from (8). 

 

Fundamental to the NGS workflow is the conversion of nucleic acid material into a sequencing 

library. A comprehensive suite of library preparation protocols exists; however, the different 

procedures largely follow the same set of steps: 1) fragmentation of DNA or RNA molecules, 

2) generation of double stranded DNA, 3) oligonucleotide adapter ligation and PCR 

amplification, 4) quantitation of the final library product (11, 12). The adapter-modified, single 

stranded DNA is added to the flow cell where the fragments are captured on a lawn of surface-

bound oligos that are complementary to the library adapters. The DNA templates in this SBS 

platform are amplified by “bridge” amplification, wherein the immobilised DNA strands arch 

A 
B 

C D 
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over and attach to the adjacent oligonucleotide by hybridization. Following multiple sequential 

cycles, each fragment has been clonally amplified resulting in cluster formations with each 

clonal cluster containing approximately 1000 molecules (13). The clusters are optically 

analysed and the fluorescent intensity is recorded (8, 13, 14). Following sequencing, the reads 

can be aligned to the reference genome allowing identification of the newly sequenced reads. 

The power of an RNA-seq differential expression experiment to detect significant differences 

relies on its ability to distinguish true biological differences between conditions from the 

variability that occurs in repeated measurements of the same condition (15). For this reason, 

experimental design in RNA-seq studies is of vital importance in order to obtain accurate data 

that is representative of true differential gene expression. There are several experimental design 

factors that need to be considered before the commencement of an RNA-seq study. These 

include selection of an appropriate sequencing platform (16), library preparation (17), 

biological replication (18), sequencing depth (19).  

Transcriptomic analysis has been implemented to study the effects of Se supplementation on 

Cd-induced damage. One such study analysed the mRNA levels of selenoprotein genes and 

inflammatory factors by RT-qPCR in chicken kidney tissue following Se supplementation and 

Cd exposure. It was observed that Se ameliorated the Cd-induced increase in the levels of 

inflammatory factors (prostaglandin E synthase, nuclear factor-kappa B, tumor necrosis factor-

α) and alleviated the Cd-induced downregulation in the levels of 25 selenoprotein genes (20). 

The effect of Se and Cd exposure on the transcription of heat shock protein (HSP) 27, HSP40, 

HSP60, HSP70 and HSP90 from chicken splenic lymphocyte mRNA was analysed. Treatment 

of the lymphocytes with Se alongside Cd increased the mRNA expression of HSPs which were 

reduced by Cd treatment. The results suggest that one of the ways in which Se may have 

provided protection against Cd-induced toxicity was through the stimulation of the levels of 

HSPs (21). Transcriptomic analysis of the effect of Cd exposure in freshwater crab revealed an 
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upregulation following Cd exposure in the oxidative phosphorylation pathways, detoxification 

pathways and the anti-oxidant defense system. A downregulation of immunity related genes 

was observed following Cd insult and the alteration in gene expression profiles was 

concentration dependent (22). The potential protective effect of Se on Cd-induced autophagy 

was assessed using RT-qPCR to analyse mRNA gene expression levels. The autophagy related 

genes (Beclin1, LC3-I, LC3-II, Atg5) were upregulated in response to Cd exposure in chicken 

pancreatic cells, whereas a downregulation of these genes were observed in cells that were 

subjected to both Se and Cd treatments (23). Transcriptomic data from a recent study 

demonstrated that Se supplementation and subsequent Cd exposure resulted in a significant 

reduction in the toxic effects of Cd in the mouse model. Se supplementation inhibited the Cd-

induced dysregulation of inflammatory, metabolic and amino acid metabolism pathways (24).  

Another study utilised transcriptomic and proteomic technologies to analyse the potential role 

of dietary Se in colorectal cancer prevention. The results of the RNA sequencing analysis 

performed on patient biopsy samples showed a downregulation of inflammatory and immune 

response pathways in the suboptimal Se status group, which may increase cancer risk. Overall 

there was differential expression of 254 cancer associated genes between the optimal and 

suboptimal Se status groups. Furthermore, 40% of inflammatory associated genes and 50% of 

cell death related gens were differentially expressed between the two treatment groups (25). 

In this present study the potential effects of a range of Se sources on Cd-induced toxicity were 

evaluated by utilising RNA-seq technology and transcriptome analysis to detect differential 

gene expression. Gene expression analysis was carried out to attempt to identify genetic 

mechanisms at play having seen phenotypic changes in DNA damage between cells treated 

with different selenium sources and exposed to cadmium (2, 3). The main objectives therefore 

were firstly to identify differentially expressed genes in IPEC-J2 cells between Cd exposed 
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cells and non-exposed cells and secondly, to evaluate the differences of gene expressions 

between the Se treated samples following exposure to Cd.                 

 

4.2) Materials and Methods: 

4.2.1) Cell Culture and treatment conditions: 

IPEC-J2 Porcine jejunal epithelial 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 370C in a humidified 5% CO2 atmosphere (Galaxy S CO2 Incubator, 

Model No:170-200, RS Biotech Laboratory Equipment Ltd., Irvine, United Kingdom). 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 carried out 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. 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 are much more similar in terms of cell architecture, morphology, transport 

functions and trans-epithelial resistance to primary pig jejunocytes (26). Cells were incubated 

in the presence or absence of the individual Se sources at a Se concentration of 0.4 ppm and 

incubated at 37oC for 48 h. They were then insulted with 0.7 ppm cadmium chloride (CdCl2) 

and incubated for a further 24 h at 37o C. Stock solutions (5 mM) of CdCl2 were prepared in 

MilliQ-H2O and then diluted in serum free growth medium to achieve these desired final 
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concentrations. Three replicates were produced for each sample, each replicate was prepared 

on separate days (n=3). 

 

4.2.2) Selenium compound preparation 

Selenium extracts were prepared from three different commercially available sources of 

selenised yeast (Se-YA, Se-YB and Se-YC), sodium selenite (Se-Ni) and selenomethionine 

(Se-M). The yeast products were sourced from different manufacturers who generate dried and 

inactivated preparations from different strains of Saccharomyces cerevisiae (27). Extracts were 

prepared using a porcine digestion model (28) and experimental volumes outlined elsewhere 

(29) as follows: 500 mg of each yeast powder was placed in separate 50 mL polystyrene tubes. 

5 mL of sodium phosphate buffer (0.1 M, pH 6) was added to each along with 2 mL of 0.2 M 

HCl and the pH was adjusted to 2.0. Pepsin (Sigma Aldrich) and chloramphenicol (Sigma 

Aldrich) were then added to final concentrations of 6 Units/mL and 0.3 mg/mL, respectively. 

Digestions were incubated for 2 h with gentle shaking at 390C. Two mL of sodium phosphate 

buffer (0.2 M, pH 6.8) and 1 mL of 0.6 M NaOH were then added to each tube and the pH was 

adjusted to 6.8. Pancreatin solution (Sigma Aldrich) was added to a final concentration of 

3mg/mL and the tubes were then incubated for 4 h with gentle shaking at 390C.  Tubes were 

then centrifuged at 16,000 x g for 15 min at 40C. The supernatants obtained were transferred 

to ultrafiltration tubes with a molecular weight cut-off of 10,000 Daltons (Sartorius, Gottingen, 

Germany) and these were centrifuged at 8,000 x g for 3 h at 40C. Following centrifugation, the 

filtrates obtained were aliquoted into microfuge tubes and stored at -700C until use. Total Se 

concentrations were determined by inductively coupled plasma optical emission spectrometry 

(ICP-OES; Agilent Technologies, Maynooth, Ireland).  All Se-Y preparations were aseptically 

filtered (0.25 μm) and diluted in DMEM/Nutrient Mixture F-12 Ham to final Se concentrations 
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of either 0.2 ppm or 0.4 ppm immediately prior to use in cell culture. Solutions of Se-M and 

Se-Ni were prepared in MilliQ-H2O and processed using the porcine digestion model as 

described above. 

 

4.2.3) RNA extraction and Bioanalyzer analysis: 

Following pre-incubation with Se sources and subsequent exposure to CdCl2, cell culture media 

was aspirated from each of the flasks and carefully washed with 5mL PBS. Cells were then 

incubated with 5mL of trypsin for 10 minutes, following cell detachment the cell suspension 

was centrifuged at 1000rpm for 15 minutes. The supernatant was aspirated, and the cell pellet 

was resuspended in 5mL of media, a 10µL aliquot of the cell solution was added to 100µL of 

Trypan blue (Sigma Aldrich, Co. Wicklow, Ireland) and the cell count was calculated using a 

hemocyotometer (Brightline). The cell solution was aliquoted into separate tubes each 

containing approximately 4 x 106 cells per tube, the cells were centrifuged, the media was 

removed, and the cell pellets were used immediately in the RNA extraction procedure. RNA 

was extracted from IPEC-J2 cells using the RNeasy Mini Kit (Qiagen, Hilden, Germany) 

according to manufacturer’s instructions including an on-column DNase digestion with no 

modifications and the subsequent RNA was stored at -80oC until further use. Preliminary purity 

and concentration readings for each RNA sample was determined using the Nanodrop 2000 

(Fisher Scientific, Ballycoolin, Dublin). Final RNA quality and concentration was then 

assessed using the RNA 6000 Nano Kit (Agilent, Maynooth, Ireland) and Agilent 2100 

bioanalyzer conducted as per manufacturer’s instructions with no deviations. All samples had 

an RNA integrity number (RIN) of 10. 
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4.2.4) Library Preparation and Sequencing: 

A total RNA concentration of 1µg of each sample was used as the starting material in the library 

preparation procedure. The RNA library was prepared using the NEBNext Ultra II Directional 

RNA Library Prep Kit for Illumina (NEB, Hitchin, UK) and was used in conjunction with the 

NEBNext Poly(a) mRNA Magnetic Isolation Module (NEB, Hitchin, UK) according to 

manufacturer’s instructions to isolate mRNA from total RNA (Fig. 4.2). The quality of the 

resulting cDNA libraries was assessed using the High Sensitivity DNA Kit and Agilent 2100 

bioanalyzer. 

 

Figure 4.2: NEBNext Ultra II Directional RNA Library Prep Kit procedure (30). 
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The MiSeq Reagent Kit v2 was used to denature the libraries prior to sequencing as per 

manufacturer’s instructions. Briefly, each library was diluted to a final concentration of 2nM 

prior to denaturation with 0.2N NaOH and HT1 (hybridization buffer) was added resulting in 

a 10pM denatured library. The 10pM library was subsequently spiked with a 1% PhiX control 

and the libraries were loaded onto the Miseq reagent cartridge and the 76-cycle single read 

sequencing run was set up.  

 

4.2.5) Gene Expression Profile Analysis: 

All data analysis was carried out using BaseSpace Labs software (BaseSpace Sequence Hub- 

version 5.6.0, Illumina) (31). Following sequencing, read quality was assessed using FASTQC 

software (version 1.0.0, Illumina). Raw reads were trimmed by removing adaptor sequences, 

subtracting bases on both the 5’ and 3’ ends of the reads and filtering read length, this was 

performed using the FASTQ Toolkit (version 2.2.0, Illumina). The subsequent sequences were 

then exported to the RNA-Seq alignment application (version 1.1.1, Illumina) for genome 

mapping to the Sus scrofa reference genome (Pig) as provided by UCSC (susScr3, Aug. 2011). 

Differential gene expression analysis was conducted using Cufflinks assembly and differential 

expression (version 2.1.0, Illumina). See Table 4.2 below for parameter details and description 

of the relevant application functions.  
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Analysis 

Application 

Function Parameters Utilised 

FASTQC Provides simple quality controls 

checks on raw sequence data and 

gives a quick insight into any biases 

or issues with the sequence reads. 

 

• Kmer Size: 5 Kmer 

FASTQ Toolkit Enables FASTQ file manipulations 

including adapter trimming, quality 

trimming, length filtering, format 

conversions and down-sampling. 

 

• Minimum read 

length: 32 

• Adapter trimming 

• Base trimming-5’ 

end trimmed by 10 

positions & 3’ end 

trimmed by 4 

positions 

RNA-seq 

Alignment 

Maps RNA-seq reads to a reference 

genome. Spliced Transcripts 

Alignment to a Reference (STAR) 

alignment software specifically 

address the common challenges of 

RNA-seq alignment including 

detection of mismatches, insertions 

and deletions 

• Genome-

UCSC (susScr3) 

• STAR aligner 

• Trim TruSeq 

adapters  

Cufflinks 

Assembly & 

Differential 

Expression. 

Estimates expression values and 

calculates differential expression. 

 

 

• Genome- 

UCSC (susScr3) 

• Strandedness-First 

strand 

 

 

 

 

 

 

 

Table 4.2: Description of the different BaseSpace applications used in data analysis pipeline 

and the specific parameters used for each software application.  
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4.3) Results: 

4.3.1) Experimental Design Background: 

Transcriptome sequencing was applied to identify differentially expressed genes in IPEC-J2 

cells between Cd exposed cells and non-exposed cells and to enable the evaluation of the 

differences in gene expressions between the Se pre-treated samples exposed to Cd. IPEC-J2 

cells were subjected to seven different treatment conditions (see Table 4.3). Each treatment 

condition was carried out in triplicate resulting in a final sample number of twenty-one samples.        

  

Treatment Condition Average Number of Raw 

Reads per Triplicate 

No Se + No Cd 1,059,325 

No Se + Cd 718,927 

Se-YA + Cd 1,028,576 

Se-YB + Cd 1,023,531 

Se-YC + Cd 851,684 

Se-Ni + Cd 682,797 

Se-M + Cd 1,069,694 

     

IPEC-J2 cells were exposed to each of the seven treatment conditions leaving one week in 

between the cultivation and treatment of the next batch of cells. This process was repeated three 

times to produce biological replicates. The overall experimental design is illustrated in Fig. 4.3, 

where numbers indicate experimental day each component was carried out, the first three lines 

indicate sequential replicates to generate RNA extracts and the last line details the quality 

testing and sequencing of the extracted RNA.    

Table 4.3: Treatment conditions applied to IPEC-J2 cells.  
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4.3.2) RNA Integrity Analysis: 

The integrity of all the twenty-one total RNA samples was assessed using the RNA 6000 Nano 

Kit and the Agilent 2100 bioanalyzer (Fig. 6.1 – 6.2, appendix). Total RNA is comprised 

mainly of ribosomal RNA (>80%), with the rRNA species 28S and 18S comprising the 

majority of the rRNA. The quality of mRNA is assessed by determining the 28S:18S ratio as 

the method assumes that rRNA quality and quantity reflect that of the mRNA population. 

Mammalian 28S and 18S are 5kb and 2kb in size respectively, therefore a ratio of 2.1 is 

regarded as the benchmark of high quality RNA (32). The RNA integrity number (RIN) is an 

algorithm that defines RNA integrity by analysing important characteristics over several 

Figure 4.3: Timeline diagram illustrating the experimental design strategy utilised to produce 

biological replicates and the overall workflow of the RNA-sequencing experiment. 
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regions of the recorded electropherogram. The RIN provides a more robust method of RNA 

quality than using the 28S:18S ratio alone (33). All twenty-one samples analysed returned a 

RIN number of 10 indicating high quality RNA. 

 

4.3.3) RNA Sequence Alignment: 

FASTQC quality assessment of RNA-seq reads was performed prior to sequence alignment 

(Fig. 6.3 – 6.11, Appendix). The RNA-seq data was aligned and compared to the Sus scrofa 

reference genome (Pig) as provided by UCSC (susScr3, Aug. 2011). RNA alignment was 

performed using Cufflinks Assembly & DE v2.0.0 using the STAR aligner. Normalisation of 

hits was carried out using Cuffnorm with compatible normalisation used to generate the number 

of mapped hits. The false discovery rate was set at 0.05. After quality control, approximately 

between 80.8% to 86.9% of reads were mapped to the reference genome (see Table 4.4). 
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Table 4.4: Summary of RNA alignment results illustrating the percentage of reads passing the filter that 

aligned to the reference genome, the percentage of reads that did not align to the genome and the 

percentage of reads that aligned to abundant transcripts such as mitochondrial and ribosomal sequences. 
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4.3.4) Visualisation of Differential expression (Volcano Plots): 

The differential gene expression data generated by Cufflinks Assembly & DE v2.0.0 was used to plot 

significantly dysregulated genes versus non-significant genes in volcano graph format. As mentioned 

above, Cd/No Se versus No Cd/No Se group showed dysregulation of 167 genes (Fig. 4.4A), Cd/No Se 

versus Cd + Se-YA resulted in dysregulation of  9 genes (Fig. 4.4B), 15 genes were differentially 

expressed between the Cd/No Se versus Cd + Se-YB treatment (Fig. 4.4C) and 6 genes were 

dysregulated between the Cd/No Se versus Cd + Se-YC treatment (Fig. 4.4D). There was a significant 

difference in the gene dysregulation pattern observed between the Cd/No Se plot (Fig. 4.4A) and the 

Cd and Se-Y treated groups (Fig. 4.4B-D). 
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Fig. 4.4: Volcano plots displaying the differentially expressed genes based on RNA-seq data. Blue dots 

represent non-differentially expressed genes, while orange dots represent significantly differentially 

expressed genes. The x-axis values correspond to the log2 fold change value and the y-axis corresponds to 

the q-value. A) Differentially expressed genes between Cd/No Se and No Cd/No Se treatment, B) 

Differentially expressed genes between Cd/No Se and Cd + Se-YA supplementation, C) Differentially 

expressed genes between Cd/No Se and Cd + Se-YB treatment, D) Differentially expressed genes between 

Cd/No Se and Cd + Se-YC. 

D 
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4.3.5) Differential Gene Expression Analysis: 

Differential gene expression analysis was performed using Cufflinks Assembly & DE v2.0.0. In total 

between all the groups analysed there were 200 genes dysregulated (See Tables 4.5 – 4.8). There were 

no differentially expressed genes detected between Cd only treated group and the Se-Ni + Cd/Se-M + 

Cd treated groups, therefore results from these groups are not represented in this section. Cd exposure 

was observed to have an extensive effect on gene expression in comparison to No Cd/No Se treated 

cells (Table 4.5). In total between these two group 167 genes were dysregulated with observations of 

both upregulation and downregulation with varying effects on fold change. Gene expression profiles of 

the three different Se-Y compounds are shown in Table 4.6 – 4.8. Firstly, it was observed in all cases 

that co-exposure with the Se-Y compound altered the profiles of the genes regulated. Secondly, each of 

the Se-Y compounds had a slightly different profile of gene expression, indicating that each of the Se-

Y preparations had a different impact on the cells. All the genes upregulated and downregulated in Cd 

+ Se-YC were also upregulated and downregulated in Cd + Se-YA and Cd + Se-YB, therefore Se-YC 

gene expression can be viewed as a subset of the gene expression profiles of Se-YA and Se-YB. In 

addition to the six genes differentially expressed in Se-YC, three more genes were differentially 

expressed on Se-YA exposure, and 9 additional genes were differentially expressed on Se-YB exposure. 
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Gene Log2 No Cd/ No 
Se FPKM) 

Log2 (Cd FPKM) Log2 Fold Change 

BNP -10 6.07 -16.07 

MT1A 5.93 11.41 -5.48 

IL8 3.19 6.7 -3.51 

HSPH1 4.72 6.99 -2.27 

CLU 3.08 5.3 -2.22 

TXNRD1 4.92 6.85 -1.92 

DNAJB1 5.71 7.55 -1.84 

HSPA8 8.08 9.83 -1.74 

ASNS 7.93 6.78 1.14 

CD70 8.03 6.87 1.16 

HADHA 7.11 5.87 1.24 

PCK2 5.57 4.28 1.3 

PLIN2 5.92 4.57 1.35 

FOS 7.97 6.32 1.65 

RENBP 5.3 3.58 1.72 

 

 

 

Gene Log2 (Cd 
FPKM) 

Log2 (Se-
YA FPKM) 

Log2 Fold 
Change 

q Value 

DNAJB1 9.39 8.51 -0.89 1.46E-02 

HSPH1 8.83 8.2 -0.63 1.46E-02 

IL8 8.54 7.25 -1.29 1.46E-02 

PHLDA2 12.24 11.35 -0.89 1.46E-02 

RN18S 10.4 11.08 0.68 1.46E-02 

GADD45G 9.08 8.42 -0.66 4.57E-02 

HSP90AA1 12.67 12.07 -0.61 4.57E-02 

SEPHS2 8.28 7.67 -0.61 4.57E-02 

AD014 9.49 10.33 0.85 4.87E-02 
 

 

 

 

Table 4.5: The top 15 genes differentially expressed between the Cd only group and the No Se/No 

Cd treated group (according to q value and fold change). A total of 167 genes were dysregulated 

between these two sample groups (See appendix Table 6.1 page 15). 

Table 4.6: 9 genes differentially expressed between the Cd only group and the Cd + YA 

group. Of these 9 genes, 2 genes were upregulated, and 7 genes were downregulated. 
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Gene Log2 (Cd 
FPKM) 

Log2 (Se-
YB FPKM) 

Log2 Fold 
Change 

q Value 

DNAJB1 7.57 6.12 -1.44 8.04E-03 

GADD45G 7.25 5.62 -1.63 8.04E-03 

HSP90AA1 10.85 10.13 -0.72 8.04E-03 

HSPA8 9.84 9.04 -0.8 8.04E-03 

HSPH1 7 5.92 -1.08 8.04E-03 

IL8 6.71 5.04 -1.68 8.04E-03 

MLLT11 5.47 4.4 -1.07 8.04E-03 

PHLDA2 10.41 9.74 -0.68 8.04E-03 

RN18S 8.58 9.29 0.71 8.04E-03 

SLC2A2 6.44 7.05 0.61 2.17E-02 

ATP6V1A 5.16 5.87 0.71 2.41E-02 

NOP56 7.33 6.7 -0.62 2.41E-02 

KDELR3 4.53 5.42 0.9 2.78E-02 

RANBP1 7.9 7.31 -0.59 3.62E-02 

ASNS 6.8 7.37 0.57 4.83E-02 

 

 

 

 

 

 

Gene Log2 (Cd 
FPKM) 

Log2 (Se-
YC FPKM) 

Log2 Fold 
Change 

q Value 

DNAJB1 7.58 6.66 -0.92 1.40E-02 

GADD45G 7.26 6.06 -1.2 1.40E-02 

IL8 6.72 5.73 -1 1.40E-02 

PHLDA2 10.42 9.61 -0.82 1.40E-02 

RN18S 8.59 9.63 1.04 1.40E-02 

RANBP1 7.91 7.3 -0.61 3.51E-02 

 

 

 

 

 

Table 4.7: Tabular representation of the differential expression of genes between the Cd 

only treated group and the Se-YB treated group. A total of 15 genes were dysregulated, 

with upregulation of 5 genes and downregulation of 10 genes. 

Table 4.8: Tabular representation of the dysregulation of genes between the Cd only treated 

group and the Se-YC treated group. The results demonstrated the dysregulation of 6 genes, 

with 5 genes displaying downregulation and 1 gene being upregulated  
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4.3.6) Gene Ontology Enrichment: 

Gene Ontology (GO) functional enrichment analysis (http://geneontology.org/) was performed 

on the statistically significant differentially expressed genes shown in Figures 4.5, A-D, to 

identify the pathways that may have been influenced by the seven different treatments analysed 

by RNA seq technology. Fisher’s exact test was implemented in the Panther Pathways software 

(http://pantherdb.org/) to determine whether the proportion of the variables tested in this 

present study differed with the gene ontology data available. The false discovery rate (FDR) 

was set at <0.05.  

The GO functional enrichment analysis of the Cd/No Se exposed cells showed that within the 

biological process, the maximum enriched categories as a result of Cd exposure included 

cellular process (40.8%), metabolic process (35.6%) and organic substance metabolic process 

(30.4%), shown in Figure 4.5A. Within the cellular component, the maximum enriched gene 

categories included the cytoplasm (34%) and extracellular region (13.7%). Within molecular 

function, the maximum enriched gene categories included protein binding (42.5%), organic 

cyclic compound binding (34.4%) and ion binding (33.9%).  

The exposure of Se-yeasts in addition to Cd also resulted in differences in expressed differential 

gene regulation, shown in Figures 4.5B-D. The GO enrichment analysis illustrated that within 

the biological process for the Cd + Se-YC analysis the maximum enriched genes included 

regulation of growth hormone function (66%), biological regulation (83%) and regulation of 

signal transduction (50%). Within the molecular function class, the maximum enriched gene 

categories included interleukin-8 receptor binding (16%), CXCR chemokine receptor binding 

(16%) and chemokine receptor binding (16%). The GO enrichment analysis illustrated that 

within the biological process for the Cd + Se-YA analysis the maximum enriched genes were 

response to unfolded protein (44%), response to topologically incorrect protein (44%), 

regulation of cellular response to heat (33%). Within the molecular function class, the 

maximum enriched gene categories included protein binding (33%), unfolded protein binding 

(22%) and chaperone binding (10%). Within the biological process for the Cd + Se-YB analysis 

the maximum enriched genes included biological regulation of protein insertion (75%), 

establishment of protein localization (56%) and regulation of signal transduction (31%). Within 

the molecular function class, the maximum enriched gene categories included purine nucleotide 

binding (43%), nucleotide binding (43%) and nucleoside phosphate binding (40%).  

http://pantherdb.org/
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Fig. 4.5: Gene ontology (GO) enrichment analysis A) No Cd/No Se versus Cd/No se treatment, B) 

Cd/No Se versus Cd + Se-YA supplementation, C) Cd/No Se versus Cd + Se-YB supplementation, 

D) Cd/No Se versus Cd + Se-YC. The x-axis displays GO terms from the biological process, cellular 

component and molecular function. While the y-axis shows the number and percentage of gene 

enrichment. 
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Discussion: 

 

A significant alteration in gene expression was observed in response to Cd exposure compared 

to non-exposed cells. Following Cd exposure 167 genes were significantly dysregulated, within 

this group 28 genes were downregulated and 139 genes were upregulated. The GO functional 

enrichment analysis was implemented to determine the maximum enriched categories 

following Cd/No Se exposure. Similar to previous studies that focused on the effects of Cd 

exposure on gene expression (34–36), organic substance metabolic and biosynthetic process 

was one of the most enriched categories following Cd/No Se treatment in this present study 

(Fig. 4.5A). Cd has been shown to induce changes in carbohydrate metabolism and 

gluconeogenesis. Exposure to Cd resulted in elevated metabolic biomarkers, including 

increased alanine, glutamate, succinate and glycogen and decreased leucine, β-alanine, 

hypotaurine and proline (34). Cd has been shown to form several organic amines, sulphur 

complexes, chloro complexes and chelates, while Cd ions form the soluble salts of arsenates, 

carbonates and ferrocyanide compounds (35). An enrichment in terms associated with organic 

substance metabolic and biosynthetic processes which is indicative of the toxicological effects 

and apoptosis induced by Cd exposure were observed (Fig 4.5) (36). The GO analysis also 

revealed enrichment of the protein binding and ion binding pathways in response to Cd 

exposure. Cd exposure resulted in a downregulation of metallothionein (Mt) binding, and 

reduction in cellular Mt levels has been associated with tumorigenesis (37). Dysregulation of 

metallothionein can result in defects in protection against heavy metals, oxidative stress, 

immune reactions and carcinogens in the mouse model (38). A significant enrichment (34 

genes) was observed in the response to stress pathway following Cd exposure (Fig. 4.5A), the 

genes involved in this pathway are involved in stress-activated protein kinase signalling 

cascade, inflammatory response, intrinsic apoptotic signalling pathway in response to DNA 

damage and heat shock protein 90. The results indicated that the cells are under substantial 
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stress following exposure to Cd and upregulation of these pathways may lead to further cellular 

damage and tumorigenesis. The cellular component enrichment analysis showed signs of 

cytoplasmic rearrangement and injury. These alterations in cytoplasmic structure has been 

observed in Cd exposed endothelial cells and has been associated with numerous pathological 

signs in cell differentiation, heterogeneous chromatin distribution, irregular nuclear envelope 

and acrosomal dislocation (39, 40). 

The addition of Se-Y compounds prior to Cd exposure influenced gene expression patterns in 

comparison to Cd treatment alone. Differences in GO pathway enrichment analysis between 

the four treatment groups were observed. GO enrichment analysis determined the maximum 

enriched gene categories following Cd + Se-YA included response to unfolded proteins, 

regulation of cellular response to heat and activation of MAPKK activity (Fig. 4.5B). 

Differential gene expression analysis revealed significant downregulation of the genes in these 

categories (Fig. 6.13, appendix), indicating that the cells did not experience significant cellular 

stress when pre-treated with Se-YA and subsequently exposed to Cd. This result is logical as 

organic Se-Y supplementation has been shown to protect mammalian cells from the damaging 

effects of oxidative stress (41–43) and has previously been observed by a decrease in cellular 

stress responses in comparison to Se deficient cells (44). One particular gene that was 

downregulated following Cd + Se-YA treatment was SEPHS2 (encoding selenophosphate 

synthetase 2), evidence shows that this gene is upregulated during Se deficiency and cellular 

stress (45). The downregulation of SEPHS2 may suggest a reduction in cellular stress and 

sufficient Se status following Cd + Se-YA supplementation compared to Cd exposure alone. 

Se has been shown to dampen the inflammatory response in a murine osteoblast cells model 

by decreasing the levels of inflammatory molecules and inflammatory related pathways (46). 

Enrichment of humoral immune response pathways was observed following Cd + Se-YA 

treatment (Fig. 4.5B), differential gene expression analysis revealed that the genes associated 
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with these pathways were downregulated (Fig. 6.13, appendix). This may suggest that Se 

potentially alleviated the inflammatory response to some extent.   

The GO functional enrichment analysis of the Cd + Se-YB showed that within the biological 

process category, the maximum enriched pathway was the regulation of RNA polymerase II in 

response to stress (Fig. 4.5C). Activation of the RNA polymerase II pathway is an indicator of 

an organism that is under substantial cellular stress. Oxidative stress induced damage can 

severely impede RNA polymerase II regulation during transcription and can lead to deleterious 

lesion and DNA breakage. Non-productive transcription was detected during stress responses 

in yeast cells by RNA polymerase mapping and significant changes in RNA polymerase II 

levels was observed during stress response which led to changes in mRNA (47). However, 

expression of heat shock proteins was downregulated following Cd + Se-YB (Fig. 6.14, 

appendix) which would suggest a reduction in cellular stress response. Similar to Cd/No Se 

treatment a downregulation in Mt was observed following Cd + Se-YB (Fig. 6.14) 

supplementation which may indicate that cellular defence against heavy metals and oxidative 

stress was decreased.  

Similar to Cd + Se-YB and Cd + Se-YB treatment, the GO functional enrichment analysis of 

the Cd + Se-YC also showed pathway enrichment of the regulation of RNA polymerase II in 

response to stress suggesting the cells may have been responding to stress (Fig. 4.5D). Within 

the molecular function category, the cystine-X-cystine chemokine receptors (CXCR) 

chemokine binding pathway which is associated with inflammatory response was modulated. 

The various biological effects of IL-8 expression are mediated through CXCRs, it serves as a 

defence mechanism against cell injury (48). The genes associated with this pathway were 

downregulated when compared to Cd/No Se treatment suggesting that following Cd +Se-YC 

treatment the cells were not exposed to significant cellular stress and therefore did not require 

activation of this pathway. Another pathway that displayed enrichment following GO analysis 
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in the Cd + Se-YC group was the regulation of response to stimulus (Fig. 4.5D). This result is 

logical as it indicates that the cells are responding to stimuli or stresses associated with Cd 

exposure. The genes correlated with this pathway exhibited upregulation following Cd/No Se 

exposure and displayed downregulation after treatment with Cd + Se-YC suggesting that the 

cells are less stressed when subjected to pre-treatment with Se-Y prior to Cd exposure.  

 

Conclusion: 

Gene expression analysis was utilised to detect potential differential gene expression between 

a range of Se sources to determine their effect on Cd-induced toxicity and to elucidate the 

possible genetic mechanisms of Se in response to Cd-induced damage. The RNA seq data 

revealed a significant modification in gene expression profiles between IPEC-J2 cells exposed 

to Cd-only treatment and non-exposed cells. The immediate subsequent step in this present 

study would be RT qPCR analysis for both quality control and authentication of the RNA seq 

data. In summary, a significant enrichment was observed in the stress response pathways 

following Cd exposure, indicating that the cells are under substantial stress following exposure 

to Cd and upregulation of these pathways may lead to further cellular damage. The results 

highlighted the differences in gene expression between Cd/No Se treated cells and Cd + Se-Y 

treated samples. A downregulation in stress response and inflammatory response genes was 

observed following Cd + Se-YA and Cd + Se-YC pre-treatments, suggesting that Se-YA and 

Se-YC provided the highest level of protection against Cd-induced cellular stress. 

Supplementation of IPEC-J2 with Cd + Se-YB resulted in upregulation of biomarkers 

associated with cellular stress and downregulation of the Cd binding Mt protein was observed. 

The results demonstrated that Se-YB supplementation displayed the lowest capability for the 

protection against Cd-induced cell injury. This work highlighted that Cd exposure alone 
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significantly increases cellular stress response pathways in comparison to non-exposed cells. 

It was demonstrated that organic Se (SeM) and Se-Y compounds differ in their ability to protect 

the cell from the harmful effects of Cd induced damage. Lastly, variation in the ability of 

different commercially available Se-Y preparations to protect porcine gut epithelial cells from 

Cd-induced damage was illustrated. Further research is required to advance the understanding 

of the role of the yeast component of Se-Y compounds in ameliorating or enhancing heavy 

metal induced damage.  
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Chapter Five: Conclusions and Future Work 

Cd contamination of animal feed has become a major problem worldwide and is of concern 

due to its cytotoxic effect and the potential bioaccumulation of Cd through the food chain (1). 

Selenium (Se) is an essential trace element that possesses antioxidant properties and can protect 

the cell against the harmful effects of ROS (2). This thesis investigated the impact of the 

chemical form of Se on its associated ameliorative effects on Cd induced DNA damage in a 

porcine model. Se antioxidant effects were shown to be both composition- and dose-dependent. 

The organic compounds Se-Y and Se-M afforded protection against Cd-induced DNA damage 

in the IPEC-J2 model system, whereas no protective effects were observed with inorganic Se-

Ni and Se-Na supplementation and moreover displayed the ability to enhance the negative 

effects of Cd-induced DNA damage. The results presented in this study have also highlighted 

that different commercially available Se-Y preparations vary in their ability to enhance a range 

of cellular mechanisms that protect porcine intestinal epithelial cells from Cd induced cell 

injury. Increased bioavailability of Se-Y means a reduction in the quantities of Se required to 

supplement animal feeds and a decrease in the level of unabsorbed Se excreted into the 

environment. Therefore, Se-Y supplementation has economic and environmental advantages 

over traditional inorganic Se sources. Future work is required to further elucidate the role and 

mechanism of Se-Y in response to heavy metal induced damage. 

The transcriptome is the complete set of transcripts in a cell, and relative quantitation of their 

level under different conditions, as is the case in the present study. RNA-seq gene expression 

measurements cover a broad dynamic range and can analyse gene expression of a large number 

of genes (3). Following RNA-seq analysis and the identification of relevant genes of interest, 

RT qPCR analysis is advisable for both quality and control confirmatory purposes (4). For 

these reasons, RT qPCR should be performed on selected genes of interest determined by GO 

functional enrichment analysis in the subsequent stage of this project. The following pathways 
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that exhibited significant differential expression; stress response, response to unfolded proteins, 

selenoprotein biosynthesis and RNA polymerase II pathway are of greatest interest.  

The results presented in this study (Chapter 3) confirmed the ability of different Se-Y 

preparations to enhance a range of cellular mechanisms that protected IPEC-J2 cells from Cd-

induced damage. The protective effects were concentration-dependent and highlighted the 

difference in bioefficiency of different Se-Y compounds. Likewise, the RNA-seq differential 

gene expression analysis also emphasized the difference in bio-efficacy of the three Se-Y 

compounds. Evidence suggests that different protein-bound Se compounds present in each 

distinctive Se-Y preparation may induce varying biological effects (5). Therefore, future 

analyses should include speciation studies using ICP-MS to identify and quantify organic Se 

species and Se peptides present in the different Se-Y compounds. This future research may 

shed light on the observed disparity in the biological activities of the different yeast 

compounds. 

The RNA-seq data revealed significant changes in gene expression in response to Cd treatment 

alone and Se + Cd exposure. The levels of expression of specific proteins of interest including 

SEPHS2, HSP90, GADD45G, DNAJB1) should also be determined by Western blotting, 

subject to the availability of suitable antibody reagents.  Proteomic studies could also be used 

to generate broader protein expression profiles from those genes highlighted from the RNA-

seq data to be most impacted by Se sources. This approach would also highlight 

posttranslational changes including ubiquitylation and SUMOylation not revealed by RNAseq 

as mRNA protein levels from the same gene do not always correlate (6). Two-dimensional 

differential gel electrophoresis (2-DE) coupled with mass spectrometry analysis can be used to 

determine the expression levels of selected proteins. whose levels are modulated following 

various Cd/Se treatments A bespoke protein microarray could also be utilised to generate a 

protein profile, an approach that has previously been implemented to study the effects of 



180 
 

environmental stresses. However, protein microarrays are costly and controls must be chosen 

carefully (6, 7). 

To further investigate the increased BER activity observed in the in vitro DNA repair assay 

following Se-YA + Cd treatment (8) additional DNA repair assays could be performed. Base 

excision repair can proceed by two alternative pathways: a DNA polymerase beta-dependent 

pathway and a proliferating cell nuclear antigen (PCNA)-dependent pathway. These two 

pathways should be investigated to determine if Se-Y exploits either of these pathways in 

response to Cd insult. Evidence has shown the occurrence of upregulation of BER utilizing the 

PCNA binding assay following organic Se treatment (9). Detection of DNA repair factors using 

immunoblotting could be undertaken in future studies on the effect of Se-Y on Cd-induced 

DNA damage. Western blotting can be implemented to detect changes in DNA repair factors 

due to Cd exposure by using the primary antibodies; Rad51, BRCA1 and caspase-7 among 

others to visualize the proteins (10). Monoclonal antibodies specific to cleaved-PARP1 a DNA 

repair enzyme that is cleaved by activated caspases or H2AX which is recruited to sites of 

double-strand DNA breaks could also be used in the elucidation of the DNA repair mechanism 

by Se-Y compounds. It would also be of benefit to investigate the activity of the Ku protein in 

response to Cd exposure and Se treatment prior to Cd insult. It has been reported that “The DSB 

repair pathway is reliant on the Ku protein and is the primary DNA DSB repair mechanism in 

mammalian cells” (11). The Ku protein has also been associated with cell survival and given 

the RNA-seq results which showed a resistance to cellular stress in Se-YA treated cells this 

provides support for performing the assay.  

Currently, there is a limited number of techniques to determine the DNA repair capacity of cell 

extracts. The methods presently available include the flow-cytometric host cell reactivation 

assay (FM-HCR) and two novel assays; the DNA repair molecular beacon (DRMB) assay and 

the BER oligonucleotide retrieval assay (BER ORA). The FM-HCR assay is a multicolor 
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fluorescence assay which introduces a defined DNA reporter plasmid containing a specific 

DNA lesion into a target cell population (12). However, the assay is limited as any alteration 

in protein production levels unconnected to BER may modify the results (13). The DRMB 

assay is a fluorogenic plate-based DNA repair assay and allows for the identification and 

quantification of DNA repair enzymes, DNA repair inhibitors and DNA damage lesions (14). 

The molecular beacon (a single stranded oligonucleotide probe) contains a 5’ fluorophore and 

a 3’ quencher moiety, in the absence of DNA lesions the fluorescence of the fluorophore is 

quenched while binding of the substrate to the target results in increased fluorescence (15). The 

BER ORA assay allows for the determination of DNA repair capacity through the transfection 

of the cell with a DNA lesion, extraction of the DNA following incubation and detection of 

repair capability using qPCR. The principle of this method relies on the assumption that PCR 

polymerase is inhibited by the DNA lesion, therefore if the lesion has not been repaired PCR 

amplification is less efficient across this site. PCR amplification of the test samples relative to 

the control samples (no DNA damage) will determine DNA repair capacity (13). 

The important issue of Cd contamination of animal feed and feed supplements has been 

emphasised throughout this work. Cadmium (Cd) contamination of animal feed is a major 

problem worldwide and the bioaccumulation of Cd through the food chain is of grave concern. 

Contamination of animal feed, feed supplements and water sources with this heavy metal has 

negative consequences for animal health and also that of the human consumer, being linked 

with pathologies including neurodegenerative disorders and cancer. Overall this study 

exhibited the significant potential for the use of Se-Y in animal feed products for protection of 

gut integrity and protection against Cd induced oxidative DNA damage. The negative 

implications of supplementation of animal feed with inorganic Se sources have been strongly 

highlighted through this research. The results of this study are of relevance to the Agri-Food 
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sector and emphasise the potential economic and environmental advantages of Se-Y over the 

ubiquitously used inorganic forms. 
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6.1) RNA Integrity Analysis 

The electropherograms displayed below (Fig. 6.1 &6.2) shows two well defined peaks at 18S 

and 28S and does not contain evidence of any degradation or contamination peaks. All twenty-

one samples exhibited a 28S:18S ratio of 2.0 and a RIN of 10 which is indicative of high-

quality RNA. The bioanalyzer gel image (Fig. 6.2) contains two prominent bands representing 

18S and 28S rRNA. The lower marker bands can also be seen at 25 nucleotides (nt), the lower 

marker is used for alignment. The sharpness of the bands and the absence of low molecular 

weight smearing signifies high quality, intact total RNA which was observed in all twenty-one 

samples. 

 

 Figure 6.1: Electropherograms displaying intact, high quality RNA samples (RIN 10) and 

a 28S:18S ratio of 2.0 for all samples. 
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6.2) FASTQC quality assessment of RNA-seq Reads: 

The results displayed in Fig. 6.3 to 6.11 is one example of the quality read results out of the 

twenty-one samples. The sample result shown below was Se-YC (batch 3) and was chosen at 

random as a representative example. The quality scores are represented on the Y axis for the 

Per Base Sequence Quality graph result. The higher the score the better the base call. The 

background of the plot divides the Y axis into high quality calls (green), intermediate quality 

calls (orange) and poor-quality calls (red). The results shown in Fig. 6.3 indicate high quality 

data. The Per Sequence quality Scores plot analyses a subset of the sequences and allows for 

the detection of universally low-quality values. A warning is raised by the software if the most 

frequently observed quality score (Phred Score) is below 27. The result illustrated in Fig. 6.4 

is indicative of high quality data with a Phred score of >30. Per Base Sequence Content (Fig. 

6.5) analysis detects biases between the different bases in a sequence run. A warning is issued 

if the difference between A and T, C and G is greater than 10%. The lines in this plot are 

Figure 6.2: Electrophoretic gel image showing a 2:1 ratio between the ribosomal RNAs 

28S and 18S. 
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running in parallel with one another signifying no bias between the bases and a high-quality 

random library. Fig. 6.6 is a graphical representation of the GC content of each base position 

in a sequence run. The straight line represented in the graph, illustrates no bias or 

overrepresented sequences and signifies high quality data. Per sequence GC content (Fig 6.7) 

analyses GC content across the whole length of each sequence in a run (red) and compares it 

to a modelled normal distribution of GC content (blue). The central peak of the curve should 

correspond to the overall GC content of the underlying genome in a normal random library. 

The result shown in Fig. 6.7 follows the normal shaped distribution of the reference genome 

and suggests the data is free from bias and/or contamination. N base calls arise when the 

sequencer cannot make a definitive base call with adequate certainty and substitutes with an N 

base call instead of a regular base. Fig. 6.8 represents 0% per base N content indicating high 

quality data. Sequence fragments of uniform length are produced by some high throughput 

sequencers however, most sequencing instruments generated fragments of varying lengths. The 

sequence lengths displayed in Fig. 6.9 vary in length from 61-65 bp. It is common to see high 

duplicate sequence levels in RNA-sequence data because the inherent nature of RNA-

sequencing is to count the depth of coverage of each gene. A high increase in the final category 

(10+) may suggest some type of enrichment bias. The result shown in Fig. 6.10 demonstrates 

that the values for duplicate levels above 1 quickly decay to zero and there is no significant 

increase in the final category of the graph. The Kmer content module (Fig. 6.11) determines 

the enrichment of every 5-mer within the sequence. It works on the assumption that any small 

fragment of sequence should not have a positional bias in its appearance within a diverse 

library. In the result displayed below enrichment is observed at the beginning and towards the 

end of the sequence reads. This is due to the presence of TruSeq adaptors and use of random 

primers during preparation, however these are later filtered out using the RNA-seq alignment 

tool. Kmer enrichment can also arise for biological reasons for example the upregulation of 
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certain sequences. Polyg tails frequently arise in the human genome (with the pig genome being 

98% similar to the human genome) and also may arise as a consequence of DNA damage, this 

may explain the enrichment of polyg tails observed in this graph. In conclusion, all twenty-one 

data files were determined to be of high quality and suitable for further analysis. 

 

 

 
Figure 6.3: FASTQC graph displaying a summary of the range of quality values across all 

bases.  
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Figure 6.4: Graphical result showing a Phred score of > 30, indicating high quality 

sequence data. 

Figure 6.5: Graphical representation of the proportion of each base position in a sequence 

for which each of the four normal DNA bases has been called. Y axis indicates percentage. 
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Figure 6.6: FASTQC output portraying the GC content of each base position in a 

sequence run. Y axis indicates percentage.   

Figure 6.7: Graphical representation of GC content across the whole length of each 

sequence in a run (red) and compares it to a modelled normal distribution of GC content 

(blue).  
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Figure 6.8: Graphical depiction of the number of N base calls that arose during 

sequencing. Y axis indicates percentage. 

Figure 6.9: FASTQC depiction the distribution of fragment lengths over all sequences.  
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Figure 6.10: FASTQC software output displaying sequence duplication levels. 

Figure 6.11: FASTQC plot displaying relative Kmer enrichment over read length. 
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 6.3) Differential Gene Expression Heatmaps 

The RNA seq data was aligned and compared to the Sus scrofa reference genome (Pig) as 

provided by UCSC (susScr3, Aug. 2011). Fold change values were obtained using Cuffdiff2 

differential gene expression software, the two-way hierarchical clustered heat maps displaying 

the differential gene expression profiles for each treatment were generated using Cufflinks 

software.  
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Fig. 6.12: Paired analysis of hierarchical clustering of all statistically significant 

differentially expressed genes between Cd only treated replicates and No Cd/No Se (shown 

as H in Fig. 6.12) treated replicates (n=3). 
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Fig. 6.13: Paired analysis of hierarchical clustering of all statistically significant differentially 

expressed genes between Cd only treated replicates and Cd + Se-YA treated replicates (n=3). 
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Fig. 6.14: Paired analysis of hierarchical clustering of all statistically significant 

differentially expressed genes between Cd only treated replicates and Cd + Se-YB treated 

replicates (n=3). 
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Fig. 6.15: Paired analysis of hierarchical clustering of all statistically significant 

differentially expressed genes between Cd only treated replicates and Cd + Se-YC treated 

replicates (n=3). 
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Table 6.1: Complete list of differentially expressed genes detected between Cd/No Se 

treatment and No Cd/No Se treatment (compiled according to q value significance). 

Gene log2(No 

Cd/No 

Se) 

log2(Cd/No 

Se) 

log2(Ratio) q Value 

ACLY 4.46 5.86 -1.4 1.39E-03 

AIMP1 6.82 5.68 1.14 1.39E-03 

ARL6IP5 6.97 5.88 1.09 1.39E-03 

ASNS 7.93 6.78 1.14 1.39E-03 

BNP -10 6.07 -16.07 1.39E-03 

C-JUN 8.01 7.1 0.91 1.39E-03 

CCNG1 8.02 7.32 0.7 1.39E-03 

CD70 8.03 6.87 1.16 1.39E-03 

CLDN4 10.58 9.86 0.72 1.39E-03 

CLU 3.08 5.3 -2.22 1.39E-03 

DNAJA1 6.79 7.6 -0.81 1.39E-03 

DNAJB1 5.71 7.55 -1.84 1.39E-03 

FASN 5.93 7.14 -1.21 1.39E-03 

FKBP4 6.62 7.84 -1.22 1.39E-03 

FOS 7.97 6.32 1.65 1.39E-03 

GLRX 8.04 9.12 -1.08 1.39E-03 

HADHA 7.11 5.87 1.24 1.39E-03 

HMGCS1 4.86 5.87 -1 1.39E-03 

HNRNPAB 7.61 8.46 -0.85 1.39E-03 

HO2 4.99 6.06 -1.07 1.39E-03 

HSP90AA1 9.3 10.84 -1.54 1.39E-03 

HSP90B1 8.91 9.85 -0.93 1.39E-03 

HSPA8 8.08 9.83 -1.74 1.39E-03 

HSPH1 4.72 6.99 -2.27 1.39E-03 

IL8 3.19 6.7 -3.51 1.39E-03 

INSIG1 3.19 4.85 -1.66 1.39E-03 

KLF2 7.78 6.73 1.05 1.39E-03 

MANF 6.96 7.85 -0.88 1.39E-03 

MKI67 5.92 6.75 -0.83 1.39E-03 

MT1A 5.93 11.41 -5.48 1.39E-03 

MYBL2 5.7 6.56 -0.86 1.39E-03 

NAMPT 4.75 5.89 -1.14 1.39E-03 

NOP56 6.32 7.32 -0.99 1.39E-03 

NPC1 2.65 4.07 -1.42 1.39E-03 

NQO1 4.83 5.86 -1.03 1.39E-03 

PCK2 5.57 4.28 1.3 1.39E-03 

PCNA 6.9 7.75 -0.86 1.39E-03 

PDIA4 6.78 7.6 -0.82 1.39E-03 

PLIN2 5.92 4.57 1.35 1.39E-03 
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PTBP1 6.5 7.3 -0.8 1.39E-03 

RANBP1 6.67 7.89 -1.22 1.39E-03 

RENBP 5.3 3.58 1.72 1.39E-03 

RN18S 9.52 8.57 0.96 1.39E-03 

S100A14 8.6 7.66 0.95 1.39E-03 

SCD 6.72 7.55 -0.83 1.39E-03 

SEC23B 5.8 6.64 -0.84 1.39E-03 

SLC2A2 7.25 6.43 0.82 1.39E-03 

SMTN 4.26 5.26 -1.01 1.39E-03 

SRSF2 6.29 7.52 -1.22 1.39E-03 

TFRC 6.1 6.87 -0.78 1.39E-03 

TUBB2A 8.1 8.82 -0.72 1.39E-03 

TXNRD1 4.92 6.85 -1.92 1.39E-03 

ACSL1 5.12 4.15 0.97 2.48E-03 

AREG 5.89 6.78 -0.89 2.48E-03 

BHLHE40 7.7 7.03 0.67 2.48E-03 

MLLT11 3.58 5.46 -1.88 2.48E-03 

SH3GLB1 6.84 5.84 0.99 2.48E-03 

SSR1 5.13 5.89 -0.77 2.48E-03 

C1H14orf166 8.07 7.35 0.72 3.33E-03 

ECI2 4.06 5.33 -1.27 3.33E-03 

FTH1 10.6 11.3 -0.7 3.33E-03 

LOC100512700 7.01 6.12 0.89 3.33E-03 

RGS2 5.32 6.36 -1.04 3.33E-03 

RSF1 4.41 3.48 0.92 3.33E-03 

SFN 8.21 8.95 -0.75 3.33E-03 

ACTN1 8.99 9.65 -0.66 4.06E-03 

AK3L1 5.04 5.84 -0.79 4.06E-03 

EIF4G1 6.57 7.19 -0.62 4.06E-03 

NR2F2 4.98 3.96 1.02 4.06E-03 

OGT 4.74 4 0.73 4.06E-03 

PN-1 7.13 7.8 -0.67 4.06E-03 

CARKD 6.19 5.36 0.83 4.80E-03 

EDN1 8.3 7.66 0.64 4.80E-03 

HK2 1.44 4.07 -2.63 4.80E-03 

OCLN 7.22 6.52 0.7 4.80E-03 

CSE1L 6.94 7.53 -0.6 5.61E-03 

DNTTIP2 4.82 5.64 -0.82 5.61E-03 

PFKM 2.92 4.28 -1.36 6.47E-03 

CCT3 7.15 7.77 -0.61 7.20E-03 

TCP1 6.85 7.52 -0.67 7.20E-03 

DKK3 7.96 7.3 0.65 7.72E-03 

HES1 7.84 7.14 0.71 7.72E-03 

MAL2 8.48 7.86 0.62 7.72E-03 



201 
 

OPTN 6.74 6.07 0.67 7.72E-03 

E4 9.66 8.48 1.19 8.38E-03 

IGFBP7 9.03 8.44 0.6 8.38E-03 

MMP7 5.71 6.56 -0.85 9.11E-03 

LOC100517160 8.27 7.65 0.62 1.21E-02 

SOD2 4.13 5.18 -1.05 1.21E-02 

HSPE1 8.08 8.76 -0.68 1.27E-02 

SMAD7 4.21 3.09 1.11 1.27E-02 

PSMG1 4.97 6.02 -1.05 1.32E-02 

ZNF217 4.23 3.47 0.75 1.32E-02 

EIF4A1 8.35 8.93 -0.58 1.38E-02 

TIMP1 7.94 7.25 0.69 1.67E-02 

ACSL3 6.68 6.04 0.63 1.73E-02 

ARF5 6.17 4.92 1.25 1.73E-02 

CLDN6 8.7 8.1 0.6 1.73E-02 

EMG1 6.62 7.32 -0.7 1.73E-02 

F3 10.08 10.65 -0.57 1.73E-02 

FASTK 4.53 3.25 1.28 1.73E-02 

GPI 7.6 8.15 -0.55 1.73E-02 

HNF1B 4.81 3.96 0.85 1.73E-02 

LRRC59 6.07 6.66 -0.59 1.73E-02 

MCL1 7.32 6.74 0.59 1.73E-02 

PLCD1 5.95 5.29 0.66 1.73E-02 

SLN 4.69 6.15 -1.46 1.73E-02 

SNRPA 4.63 5.88 -1.24 1.73E-02 

EAF1 4.53 5.21 -0.69 1.75E-02 

PEMT 5.53 9.01 -3.48 1.75E-02 

SEC24A 4.22 4.9 -0.68 1.75E-02 

MDH2 6.97 7.54 -0.57 1.87E-02 

GSS 5.95 5.25 0.7 1.90E-02 

SBDS 5.8 6.45 -0.65 1.90E-02 

NOP2 3.98 4.81 -0.83 1.93E-02 

VRK1 3.13 4.59 -1.45 1.93E-02 

EIF4A2 8.03 7.49 0.54 2.03E-02 

DNMT1 3.44 4.17 -0.73 2.10E-02 

NSFL1C 6.08 6.74 -0.66 2.10E-02 

PPID 3.88 5 -1.12 2.10E-02 

LAT2 4.52 3.29 1.23 2.14E-02 

RPL15 6.89 6.28 0.6 2.19E-02 

CRAT 5.98 6.56 -0.59 2.23E-02 

CYCS 6.23 6.88 -0.66 2.25E-02 

FADS3 3.18 4.38 -1.21 2.25E-02 

DHX15 5.11 5.74 -0.63 2.29E-02 

STARD10 6.41 5.79 0.63 2.33E-02 
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TKT 6.86 7.41 -0.55 2.36E-02 

BZW1 6.89 7.46 -0.57 2.40E-02 

BTG2 4.77 3.97 0.8 2.44E-02 

CCND3 6.17 5.13 1.05 2.57E-02 

PPP1R10 4.21 4.94 -0.72 2.57E-02 

SEPHS2 5.82 6.45 -0.63 2.76E-02 

PRDX3 6.03 6.66 -0.63 2.80E-02 

NDUFS5 7.51 6.66 0.85 2.88E-02 

GRB10 6.92 4.49 2.42 3.34E-02 

SRRM2 4.9 5.42 -0.52 3.47E-02 

SMARCD2 4.32 3.42 0.9 3.50E-02 

BRIX1 4.78 5.62 -0.84 3.63E-02 

LPAR1 4.4 3.36 1.04 3.63E-02 

SQLE 5.55 6.13 -0.58 3.63E-02 

AURKA 4.54 5.45 -0.91 3.70E-02 

EFNA1 6.69 5.76 0.93 3.73E-02 

FAS 4.41 3.54 0.87 3.85E-02 

CHCHD3 4.7 5.47 -0.77 3.98E-02 

SNRPC 6.06 6.81 -0.75 4.24E-02 

CDKN2B 6.92 5.25 1.67 4.28E-02 

DNAJB11 5.83 6.42 -0.59 4.28E-02 

PTMA 9.6 10.14 -0.54 4.35E-02 

BMP3 5.33 4.61 0.72 4.46E-02 

LOC414417 7.04 6.19 0.85 4.46E-02 

TGFB1 6.18 5.62 0.56 4.46E-02 

PCBP2 8.35 7.87 0.48 4.47E-02 

ELAC2 4.47 5.39 -0.93 4.49E-02 

AKAP2 4.28 4.83 -0.54 4.57E-02 

CD9 8.78 8.29 0.49 4.57E-02 

PPAN 3.58 4.58 -1 4.59E-02 

PIK3AP1 4.26 3.63 0.63 4.61E-02 

PSME3 5.59 6.4 -0.8 4.74E-02 

SDCBP2 7.81 7.3 0.51 4.74E-02 

SGK1 5.27 5.84 -0.57 4.74E-02 

GGTA1 6.51 5.88 0.63 4.80E-02 

AP3M1 4.36 4.97 -0.61 4.82E-02 

NDUFS3 6.31 6.93 -0.62 4.82E-02 

RPL30 10.76 10.28 0.48 4.82E-02 

VDAC1 7.44 7.97 -0.53 4.82E-02 

TGIF1 6.84 6.29 0.55 4.83E-02 

 

 

 


