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Biogeochemical approach and selenium status during thyroid cancer in the western Algerian population

Abstract

The link between mineral elements and cancer has not yet been proven. Therefore, thanks to a biogeochemical
approach, we undertook to enrich, by data not yet recorded the impact of certain elements and their various isotopes
on thyroid cancer in Algerian population.

The first objective of this work is to study the profile of the selenium (Se) status in 47 patients of the west Algerian
region, affected by thyroid carcinoma and 55 healthy controls. This status includes plasma Se content, the activity of
glutathione peroxidases (GPx3 and GPx1) and the plasma content of selenoprotein P (SePP). The second objective is
the use of copper isotope fractionation (3%°Cu) as a new diagnostic tool for papillary thyroid carcinoma (PTC). Plasma
levels of copper (Cu), zinc (Zn), iron (Fe), and calcium (Ca) were also studied. The last objective is the study of the
impact of Se nanoparticles (SeNPs) and selenite ions on the development of spheroids thyroid carcinoma metastasis
(MDA-T120) models.

Plasma Cu concentrations were higher (1.35 + 0.33 vs. 1.06 £ 0.22 mg/L, p < 0.0001), and Zn concentrations were
lower (0.94 + 0.20 vs. 1.03 + 0.15 mg/L, p < 0.05) in patients compared with controls. Accordingly, the Cu/Zn ratio
was significantly higher in PTC compared with controls (p < 0.0001). Plasma 6%Cu levels in patients were significantly
lower in PTC patients. Thyroid tumor tissues had high 3%°Cu values. The predictive model showed a significant
association between low plasma Se level and the risk for PTC (OR =5.02; 95% CI: 1.51 - 16.73; P = 0.009). Regarding
plasma Fe and Ca concentrations, our results show significant differences in patients compared with controls. We
found a significant reduction in cell viability in the presence of selenite and SeNP-chitosan, compared to controls with
a decrease in reactive oxygen species production. The area under the ROC curve (AUC) obtained for Cu/Zn and §%Cu
was 0.81 and 0.78, respectively (p < 0.001), indicating exceptional discrimination in favor of using Cu/Zn and §%Cu
ratio as biomarkers of PTC.

The results of this thesis show that the homeostasis of minerals elements is altered in cancer PTC patients. This study
suggests novel biomarkers for thyroid carcinoma diagnostic and the use of Se nanoparticles in the treatment of PTC.

Keywords: Selenium, Copper, Zinc, Iron, Calcium, §%°Cu, Thyroid cancer, Selenium nanoparticles.

Résumé

Le lien entre les éléments minéraux et le cancer n'a pas encore été prouveé. Ainsi, grace a une approche biogéochimique,
nous avons entrepris d'enrichir, par des données non encore répertoriées, I'impact du statut de certains éléments et de
leurs différents isotopes sur le cancer de la thyroide dans la population algérienne.

Le premier objectif de ce travail est d'étudier le profil du statut en sélénium (Se) chez 47 patients de la région ouest
algérienne, atteints de carcinome thyroidien et 55 témoins sains. Ce statut comprend la teneur en Se du plasma, l'activité
des glutathion peroxydases (GPx3 et GPx1) et la teneur plasmatigque en sélénoprotéine P (SePP). Le deuxiéme objectif
est l'utilisation du fractionnement isotopique du cuivre (3%°Cu) comme nouvel outil de diagnostic du carcinome
papillaire de la thyroide (CPT). Les niveaux plasmatiques de cuivre (Cu), de zinc (Zn), de fer (Fe) et de calcium (Ca)
ont également été étudiés. Le dernier objectif est I'étude de I'impact des nanoparticules de Se (SeNPs) et des ions
sélénites sur le développement de modéles sphéroides de métastases de carcinome thyroidien (MDA-T120).

Les concentrations plasmatiques de Cu étaient plus élevées (1,35 + 0,33 vs. 1,06 + 0,22 mg/L, p < 0,0001), et les
concentrations de Zn étaient plus faibles (0,94 + 0,20 vs. 1,03 + 0,15 mg/L, p < 0,05) chez les patients par rapport aux
témoins. En conséquence, le rapport Cu/Zn était significativement plus élevé chez les CTP par rapport aux contrdles
(p < 0,0001). Les taux plasmatiques de 5*°*Cu étaient significativement plus faibles chez les CTP patients. Les tissus
tumoraux thyroidiens présentaient des valeurs élevées de 6%°Cu. Le modele prédictif a montré une association
significative entre un faible taux plasmatique de Se et le risque de CPT (OR =5,02 ; IC 95 % : 1,51 - 16,73 ; P =
0,009). En ce qui concerne les concentrations plasmatiques de Fe et de Ca, nos résultats montrent des différences
significatives chez les patients par rapport aux témoins. Nous avons constaté une réduction significative de la viabilité
cellulaire en présence de sélénite et de SeNP-chitosan, par rapport aux contrdles, avec une diminution de la production
d'espéces réactives de I'oxygene. L'aire sous la courbe ROC (AUC) obtenue pour Cu/Zn et §*°Cu était de 0,81 et 0,78,
respectivement (p < 0,001), indiquant une discrimination exceptionnelle en faveur de l'utilisation du rapport Cu/Zn et
8%°Cu comme biomarqueurs du CTP.

Les résultats de cette these montrent que I'homéostasie des éléments minéraux est altérée chez les patients atteints de
CTP, Cette étude propose de nouveaux biomarqueurs pour le diagnostic du carcinome thyroidien et I'utilisation de
nanoparticules de Se dans le traitement du CTP

Mots clés: Sélénium, Cuivre, Zinc, Fer, Calcium, 3%Cu, Cancer de la thyroide, Nanoparticules de sélénium.
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Thyroid cancer is an abnormal, uncontrolled, and permanent multiplication of initially normal
thyroid gland cells, which eventually result in the formation of a mass termed malignant tumor.
It affects follicular epithelial cells and calcitonin-producing para-follicular C cells. It is the most
common malignant endocrine tumor, responsible for approximately 90% of endocrine cancers
and accounting for ~2% of all diagnosed cancers [1]. There is no systematic screening for thyroid
cancer, it most often develops without causing any apparent symptoms and the diagnosis is made

accidentally in 25% of cases during the follow-up of another thyroid disease [2].

There are different typologies of thyroid cancer, we can distinguished: differentiated cancers
including papillary thyroid cancer (PTC), which affects the follicular cells of the thyroid that are
iodine-free (Figure 1), and vesicular cancer, which affects the vesicular cells ; medullary cancers

derived from the calcitonin-secreting C cell ; and undifferentiated anaplastic cancers [3].
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Figure 1. Histological aspect of (A): healthy thyroid cell. (B): papillary thyroid carcinoma [4].

In the last decades, the incidence of thyroid cancer has increased significantly with 567,000
new cases annually worldwide, placing it in the 9th place worldwide in cancer incidence [5].
This increase is mainly due to the rise in the incidence of PTC. This cancer accounts for 84%
of new cases, and it is the most common malignant thyroid tumor [6]. It is diagnosed three
times more in women (10.2/ 100,000) than in men (3.1/ 100,000) and it is rare in children and
teen agers [5].

In the United States, and based on Surveillance, Epidemiology, and End Results (SEER), the
thyroid cancer is the 5" most common cancer in women [7], as well as in Europe and Asia [8].
In Africa, thyroid cancer is not considered as one of the 10 most frequent cancers in women [8]
(Figure 2.A). However, in Algeria, African country, it occupies the third place after breast and
colorectal cancers (Figure 2.B), while it occupied only the 15" place in 1980 then the 5 place
in order of frequency in 2006 [9-11]. In 2012, a total of 27,000 cases of thyroid cancer deaths
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were observed in women and 13,000 in men, corresponding to mortality rates of approximately
0.6 /100,000 women and 0.3 /100,000 men [3].

A)
mulative risk
W =18
m 1016
W 084810
0.30-0.64 B Not applicable
<030 Mo data
Number of new cases in 2020, females, all ages
Other cancers
11 003 (35.4%) Breast
12 536 (40.3%)
Ovary
1042 (3.4%)
Cervix uteri
1663 (5.3%)
Thyroid Colorectum
1778 (5.7%) 3068 [9.9%)
Total: 31 090

Figure 2. Women thyroid cancer incidence: (A) Worldwide distribution (B) Numbers of new cancers
cases in Algerian population [8].

The thyroid is a vascularized and innervated endocrine gland that is composed of chambers
called follicles [12-14]. The follicle is the functional and anatomical unit in which thyroid
hormone biosynthesis takes place. It is also the only human site where iodine is chemically
activated and used for biosynthetic functions [14]. In addition to iodine, other elements (micro
and macronutrients e.g., Selenium, Iron, Zinc and Vitamins) are necessary for the proper

functioning of the thyroid gland (Figure 3) [15].
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Figure 3. Factors that affect thyroid function and thyroid hormones biosynthesis [15].

Other factors such as stress, trauma, and autoimmune diseases can also negatively influence
and inhibit the production of thyroid hormones as illustrated in Figure 3 above [15]. The risk
factors for thyroid cancer are not yet all understood. Furthermore, some of them have been
established, including exposure to ionizing radiation in childhood, iodine deficiency, hormonal
factors, obesity, pollutants and disruptors of thyroid function and socioeconomic factors [16].
Genetic alterations and different mutations observed for thyroid cancers are numerous and vary

according to the histological type [17].
The treatments for thyroid cancer vary according to cancer’s stage and type by [18] :

« Surgery including total or partial thyroidectomy. It represents the first line therapy and
has been proven to be the most effective one, with an increase in overall survival and to decrease

recurrence.
Radioactivity using iodine (**1).
»  Tyrosine kinase inhibitors (TKISs).

«  External beam radiation or chemotherapy with cisplatin. It remains the least used

treatment except when there is resistance of the tumors.
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Micro-nutrition is an interesting approach that is in line with the sciences of dietetics,
particularly nutrition and preventive medicine, and is based on the fact that the disorders or
pathologies which may occur are, at least in part, related to an imbalance or micronutrients
deficit. In addition to vitamins, trace elements and essential minerals are strongly implicated in
cellular dysfunctions that can be at the origin of many pathologies such as diabetes,
cardiovascular diseases, or cancer like thyroid cancer. Imbalance of trace elements in metabolism

and/or homeostasis (deficiency / excess) could play an important role in thyroid diseases [19].

Selenium (Se) is one of the trace elements essential for human health. It plays a fundamental
role in cellular metabolism such as maintaining homeostasis and protection against oxidative
stress [20]. Among all human tissues, the thyroid gland is unique because it contains the highest
amount of Se per tissue unit mass. Even under Se deficiency conditions, thyroid may express
essential selenoproteins like brain, testis and other several endocrine organs. Se is considered to

be the second most important component input to thyroid metabolism, after iodine [21-23].

Dietary intake is the main source of Se exposure and food items are characterized by a great
diversity in Se concentration. Food Se content depends on a specific geographical area ;
underlying rock ; soil type, presence of hydromorphic or not, as well as on the ability of plants
to accumulate this element. In addition, other factors such as climatic conditions, cultivation, and
food preparation methods also exert some effect [24]. Se in food products is most often linked
to protein. Products rich in Se include meat, fish, offal, and cereals, while in contrast fruits and

vegetables contain small amounts of Se [24].

Previous work had shown that the general population of Western Algeria had a rather low Se
status, as well as Se nutritional intakes well below the recommended intakes [25]. Furthermore,
a recent work published by Belhadj et al., [26] mentioned that in the same region, the Se status
increased at the normal level according to the international standards of Recommended Dietary
Allowance (RDA).

As known, the Se deficiency leads to dysfunction of the internal antioxidant system, which
lead to clinical morbidity [27]. However, high Se intake can also lead to intoxication, namely
“selenosis”. Randomized trials have shown that high Se body levels increase the risk of
cardiovascular disease, diabetes, and specific neoplasms such as skin and prostate cancer [28-
29]. The effects of Se follow a U-shaped curve, related to both deficiency and overexposure, with
a recommended daily intake in the order of 70 pg/day for men and 60 pg/day for women, at a

normal body weight [30].
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This (semi) metallic element is genetically integrated within more than 25 selenoproteins as
constitutive part of selenocysteine, the 21% amino acid [31]. Selenoproteins mediate most
biological roles of Se, and the two most common forms in blood are selenoprotein P (SePP) and
glutathione peroxidase 3 (Gpx3) [32]. Most of thyroid Se is contained in thyrocyte functional
selenoproteins that are implicated in the proper functioning of the thyroid gland, e.g.,
iodothyronine 5’-deiodinase (D10s), glutathione peroxidase (GPxs) and thioredoxin reductase
type 1 (TRx1) (Figure 4) [23,33].

Colloid
H O
H,O, 2
Thyrocyte
Synaptic
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Mitochondrion
GP1:3
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{
Selenoprotein S
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Selenoprotein N
‘n
“j'
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Figure 4. Selenoproteins in thyroid gland [34]. Thyrocytes express several selenoproteins, including
iodothyronine deiodinase (DIO1 and DI02); glutathione peroxidase family (GPx1, GPx3 and GPx4);
thioredoxin reductases (TRx1, TRx2 and TRx3); selenoprotein 15 (SELENOF), selenoprotein P (SePP),
selenoprotein M and selenoprotein S. SePP and GPx3 are actively secreted from the thyrocyte. DIO1 and
DIO2 can convert T4 into T3 by removal of the 5'-iodine. GPxs and TRxs acts as an antioxidant enzyme.

The transmembrane selenoproteins lodothyronine deiodinases (DIO1 to DIO3), involved in
the enzymatic biosynthesis, regulation and circulating of thyroid hormones, DIO1 and DIO2
converts prohormone thyroxine (T4) to active hormone triiodothyronine (T3) by 5'-deiodination
or inactive T4 to T3 reverse (rT3) and this contributes to iodine homeostasis and to the circulating
pool of T3 [35]. DIO3 inactivates thyroid hormones by removing iodine from the inner ring of

iodothyronines. DIOs catalyze specific but complementary reactions which protects sensitive
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tissues from excess thyroid hormone stimulation and also act collectively to control serum and

local concentrations and activity of thyroid hormones [36].

A single enzyme, thyroid peroxidase (TPO), catalyzes all steps of thyroid hormone
biosynthesis. TPO uses hydrogen peroxide (H202) produced in large quantities by thyroid double
oxidases 1 and 2. Thus, in the thyroid, reactive oxygen species (ROS) and free radicals are
constantly formed and participate in physiological and pathological processes of the gland as a
consequence of its normal physiological activity. The cells have developed a complex set of
antioxidant defense mechanisms to limit the action of ROS [37]. The GPx family acts as an
effective antioxidant enzyme and is one of the main lines of defense against the aggressions
produced by oxygen free radicals. GPx family inhibit the production of highly oxidizing free
radicals such as the hydroxyl radical derived from hydrogen peroxide and the alkoxyl radical
derived from organic hydroperoxides, eliminating H.O> and thus protecting thyroid cells from

oxidative damage [36,38].

Thioredoxin reductase (TRxs) is a recently discovered dimeric selenoprotein located in the
cytoplasm of human cells and catalyzes the NADPH-dependent reduction of thioredoxin. Three
isoforms (TRx1 to TRx3) play an essential role in antioxidant processes by reducing
intramolecular disulfide bridges in proteins and catalyzing the regeneration of the reduced form
of substances such as in vitamin C and vitamin E [36,39].

Selenoprotein S is located in the endoplasmic reticulum (ER), and is involved in the regulation
of the inflammatory response by retrotranslocation of misfolded proteins from the ER lumen to
the cytosol, for degradation by the proteasome [40]. Moreover, Selenoprotein S protects against
the transcription of numerous genes encoding pro-inflammatory cytokines that are implicated in
pathogenesis of chronic autoimmune thyroiditis [41]. In addition, several others selenoproteins
are involved to the adequate functioning of thyroid gland including Selenoprotein N and K that

provide the quality and control in endoplasmic reticulum [29].

Selenoprotein P represents the major plasma selenoprotein [42]. It is actively secreted from
the thyrocyte [29], and has an essential role to provides the right amount of Se for proper
functioning of thyroid gland [43].

The relationship between Se and thyroid cancer is complex. The hierarchy in the distribution
of Se protects the thyroid from small fluctuations in Se intake [44]. However, several studies
have reported a lower serum level of Se status and a significant association with thyroid cancer

patients [45-46]. In addition, Vinciti et al., [47] highlighted the role of Se in helping cells to resist
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oxidative damage which is a major cause of cellular damage and is implicated as a key factor in
early-stage cancer. The overproduction of free radicals and the consequent increase in oxidative
stress led to irreversible cellular damage, frequently associated with diseases such as
atherosclerosis, hypertension, diabetic nephropathy, pulmonary fibrosis, Alzheimer's disease and

particularly cancer [48].

lodine and selenium are dietary factors for which there is the most information to play a role
in the risk of differentiated thyroid cancer [34]. Although many studies have shown that Se
deficiency may be associated with an increased risk of several types of cancer [49-50]. In vitro
study showed that Se may cause inhibition of thyroid cancer cell growth accompanied by cell
cycle arrest in the S and G2/M phases [51]. In addition, thyroid hormones and selenoproteins are
substrates of enzymes encoded by genes whose polymorphisms are suspected to play a role in
thyroid cancer risk such as Thr92Ala (rs225014 T/C) polymorphism in the DIO2 gene and
Ala234Thr (rs3877899) polymorphism in SePP gene [52-53]. Desoxyribonucleic Acid (DNA)
structure chemical changes, usually induced by oxidative stress, have been demonstrated in
thyroid cancer [54-55]. Moreover, elevated levels of GPxs and malondialdehyde (a product of
lipid peroxidation) have been detected in blood of patients with thyroid cancer [56-57]. Several
studies have demonstrated an association between low Se status and thyroid cancer [58].
However, in the absence of direct proof, further studies are needed to confirm and explain this

hypothesis.

Selenium supplementation is an important issue. Different methods of Se supplementation
have been used including: oral administration of selenite sodium, long-acting injections, Se-
enriched yeast and supplementation of the fertilized soil with selenates [24]. Se supplementation

has been demonstrated to decrease the incidence of Keshan disease [15].

Certain results of trials on Se supplementation demonstrating positive health effects. It has
been reported that patients with Hashimoto’s thyroiditis, Graves’ disease, or Graves’ orbitopathy
respond positively to Se supplementation [44]. In addition, several studies have provided some
evidence for a beneficial effect of Se on the risk of lung, bladder, colorectal, liver, oesophageal,
gastric-cardia, thyroid, and prostate cancers [47]. The two large cancer prevention studies, the
Nutritional Prevention of Cancer (NPC) and the Selenium and Vitamin E Cancer Prevention Trial
(SELECT), showed positive effects on cancer prevention only in the lowest quintile subject, i.e.,
in the lowest percentile of all subjects enrolled in the two studies combined [59-60]. Other
epidemiological studies and randomized intervention trials have not found a positive effect of Se

supplementation on thyroid parameters [15].
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Selenium supplementation remains a complex approach and must be considered on a case-by-
case basis, despite its beneficial effect in some situations, if it is not controlled or adjusted, can
be toxic, harmful, and even cause new pathologies. Unless there is evidence to the contrary, it
can be hypothesized that the beneficial effects of Se on health are restricted to subjects and
patients who are insufficiently supplied with this essential micronutrient and may be considered
Se deficient, needing increased or supplemental Se intake [44]. It is still unclear whether Se
supplementation could decreases the risk of thyroid cancer and delays the process of thyroid

tumorigenesis, but this are prospects for future research [14].

As seen, the Se effects follow a U-shaped curve, related to both deficiency and overexposure,
recent studies have shown an increased risk of certain cancers such as prostate cancer with high
levels of Se [61] and the chemotherapeutic effect of Se has not been proven at safe and tolerated
doses (<90 ug/day) [30]. Other research has pointed out that the optimal concentration of Se in
the diet is narrow and lies between 100 and 200 pg/day [62-63] (Figure 5). High intake, such as
1500 pg/day, can lead to single and double strand DNA breaks that progressively aggravate with
rising dose, causing selenosis characterized in the acute phase by necrosis and hemorrhage and,
in case of chronic intoxication, by degenerative and fibrotic changes of the liver and skin [64-
67]. Se consumption between 200 and 400 pg/day may be protective against liver necrosis and
they also observed an increase in GPxs and TRxs levels. This may contribute to the protection
against ROS overexpression and leads to the study the supranutritional doses of selenium effect
(>200p9) in cancer, doses consumption above 400ug/day demonstrated to have strong inhibitor
effect on cancer cells proliferations as well as growth and have hindered cancer development [47,
68-70] (Figure 5).

To overcome the limitations of supplementation and systemic toxicity at high doses, the use
of nanomedicine technology has been introduced. The cancer nanomedicine corresponds to a
variety of nanomaterials and nanosized biological entities that have been designed and are being
to therapeutic nanomaterial applications for the diagnosis and treatment of cancers e.g., antibody
drugs [71].
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Figure 5. Dietary range of selenium in human diet [30].

Nanoparticles (NPs) have unique characteristics including small size, high surface/volume
ratio, surface charge, surface chemistry, solubility and multifunctionality that make them
remarkably distinctive [72]. NPs solve many biopharmaceuticals and pharmacokinetic problems
related to many drugs in a diverse disease. They boost the therapeutic effect of ionized drugs and
increase the absorption of water-soluble compounds, proteins, peptides, vaccines, SiRNAs,
miRNAs, DNA, and other biological therapeutics in cells [72]. The adaptation of the nanoparticle
surface with targeting ligands allows the drug administration system to be highly polyvalent and
to be able to selectively deliver the drugs to the target site [72].

Selenium in the form of nanoparticles (SeNPs) has been initiated, with numerous therapeutic
benefits including anticancer, antioxidant, anti-inflammatory and anti-diabetic action (Figure 6).
The anticancer effect is mainly due to its pro-oxidant properties in cancer cells, triggering the

synthesis of ROS, which leads to damage to the mitochondria (Mt) and ER, which in turn leads
to DNA damage [73].
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Figure 6. Therapeutic applications of selenium nanoparticles (SeNPs) [73].

The mechanism action of SeNPs in different cancers is not fully elucidated. However, several
hypotheses are described in Figure 7 below [73]. SeNPs integrate into cells by endocytosis and
mediated by receptors. Tumor cells present an acidic pH environment with a redox imbalance
this leads to pro-oxidative conversion of SeNPs and triggers the generation of free radicals which
cause disruption of the Mt membrane leading to leakage of Mt proteins and lead to ER stress
[74]. The induced damage to the Mt membrane causes leakage of various proteins and triggers
apoptosis through activation of caspases. This condition of cellular stress orders the activation of
numerous molecular pathways including the PI3K/Akt/mTOR, Wnt/p-catenin, MAPK/Erk, and
apoptotic pathways. The PI3K/Akt/mTOR, MAPK/Erk, VEGF, and Wnt/B-catenin pathways are
important in oncogenic signaling and their modulation by SeNPs causes alteration of cell
proliferation and impairs growth-promoting signaling adjacent to the tumor microenvironment
[73,75]. Furthermore, SeNPs could inhibit angiogenic signaling in cancer cells, causing a
cessation of cell cycle leading to cell death [73].
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Figure 7. Hypothetical mechanism of anticancer activity of SeNPs [73].

Previous research found a preferential uptake of SeNPs by cancer cells in comparison with
normal cells [76-77]. Like the aqueous Se studies, SeNPs provide antioxidant action in cancer
cell lines, reducing the incidence of cancer at a lower dose and revealing a cytotoxic effect at
higher doses [78]. Studies conducted on a mouse model have shown that SeNPs decreased the
toxicity of Se by up to fourfold in comparison with Se in solution and the impact on livers was
significantly diminished [79]. SeNPs were demonstrated to exhibit anti-proliferative activity in
MDA-MB-231 cells at dose range 10—40 pumol/L and arrested the S phase at 10 umol/L [80]. A
major inconvenience of SeNPs appears to be their poor cellular uptake, which was overcome by

conjugation to stabilizing and targeted ligands on the outer surface of the nanoparticles [73].

Another interesting element in this study is Copper (Cu). It is a metal, whose physicochemical
properties make it an essential element in low concentrations and toxic in high concentrations for
living organisms [81-82]. In humans, it is distributed to cells via the ceruloplasmin in blood [83].
Additionally, Cu is an important dietary micronutrient, even though only small quantities of the
metal are required for welfare [84]. Although Cu is the 3™ most abundant trace metal within the
body, after iron (Fe) and zinc (Zn), the dietary intake of Cu in human body is merely between 1
to 3 mg/day [85]. And it is present in every tissue of the body, but is stored primarily in the liver,

with less amounts found within the heart, brain, kidney, and muscles [86].

In the thyroid gland, Cu interacts with the metabolism of the amino acid tyrosine, which is
required for the genesis of thyroid hormones [87]. It regulates the excessive absorption of T4 by
controlling calcium (Ca) levels and can eliminate free radicals and reduce some of the damage
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caused in cells during the synthesis of thyroid hormones [88]. It is reported that thyroid hormones
affect the metabolism of various trace elements such as Cu [89-90]. A significant reduction in
Cu levels can lead to impairment of thyroid function [91]. Optimal concentrations of Cu are
necessary for normal metabolic functions, but elevated Cu levels can cause oxidative stress [92].
Some studies suggest higher blood levels of Cu in patients with altered thyroid disease compared
with the control subjects [58]. Cu is also vital in cell division in both normal and cancer tissues
[92]. Several studies found that higher levels of Cu could endorse DNA through toxic free
hydroxyl radicals to induce growth, proliferation, and cancer [93]. In different cancers it has been
shown that Cu is required for angiogenic processes, stimulating proliferation and migration of
endothelial cells. In the liver tissue of colon tumor bearing mice, gene expression the Cu
transporters ceruloplasmin; CTR1; and ATP7B was increased significantly, which can explain

elevated Cu serum levels and suggesting its potential use as a diagnostic marker of cancer [94].

It is due to the concept of biogeochemistry, which was introduced during the 19th century
by the researcher Eville Gorham, and which is in clear development until today, that the analysis
of the distribution of elements (major or trace) and their relationship with cancer has been
possible [95]. Thus, in recent years, scientists have used the knowledge gained and the various
advanced instruments including multi-collector inductively coupled plasma mass spectrometry
(MC-ICP-MS), thermal ionization mass spectrometry (TIMS) and isotope ratio mass
spectrometry (IRMS). These instruments measure small elemental isotopic variations of certain
alkaline earth metals such as Ca and Mg and the transition elements Fe, Cu, and Zn, because of
their functional role in biology and because their turnover rate in the body is relatively short [96-
98].

Copper is naturally present as two ions Cu (1) and Cu (I1) in cells and blood [82]. The transport
and absorption of these ions are responsible for the selective distribution (fractionation) of the
Cu isotopes 53Cu(1/11) and °Cu(l/I1) between cells and blood [99]. The conventional delta value
(8%°Cu) is used to report the Cu isotope abundances and corresponds to the relative deviation of

5Cu/%Cu ratios in the measured samples from its value. It is calculated by the formula:

(®>Cu/%3*Cu) sample

§55Cu =
S T cu/Bcn) Istd

1| x 10 000

Some studies conducted on patients with breast, prostate, and ovarian cancer observed
variations in 8%Cu. It could be linked to change in metabolic processes e.g., oxidative
phosphorylation and hypoxia or in angiogenesis, and thus to health and disease [100]. 5°°Cu were
found to be lower in serum (-0.28%o) and higher in erythrocytes (0.46 to 0.67%o) [101].
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Furthermore, §°°Cu is more concentrated in women (-0.24 + 0.36 %o) serum Vvs. men (-0.28 +
0.40 %o). The isotopic abundances may vary according to sex, menopause, and metabolic diseases
[102]. The potential of Cu isotope variability assay as a new diagnostic tool for cancer detection
was evaluated in the serum of ovarian and breast cancer patients [103-104]. They observed a
decrease in 6%°Cu concentration of cancer patients compared to healthy controls related and in
mirror image to increase in tumor §%°Cu concentration [102]. In addition, this change in Cu

isotope composition has also been observed in other mammals such as dogs and felines [101].

Like copper, zinc (Zn) is a catalytic cofactor in many enzymatic reactions, including Cu/Zn
dependent superoxide dismutase | enzyme (SOD1), with antioxidant defense system that requires
adequate Zn and Cu levels to support cellular defense against ROS [105]. The interaction
between Cu and Zn that allows the SOD1 to function properly [106]. The disruption of Cu/Zn
homeostasis and overproductions of ROS cause damage in DNA and possibly cancer
development such as hepatocellular carcinoma [106], and overexpression of SOD1 promotes
tumor growth in lung cancer cells and reduce apoptosis [107]. Maintenance of adequate Cu/Zn
ratio is important for supporting anti-oxidative functions of SOD1 and protection from DNA
damage. Imbalances of Cu/Zn ratio are clinically more sensitive indices of disease than the

concentration of any single trace metal alone [106-107].

In the thyroid gland, Zn is an essential micronutrient for normal thyroid homeostasis, it is
required for both synthesis and mode of action of thyroid hormones [108-109]. Thyroid
hormone binding transcription factors, involved in gene expression, contain Zn bound to
cysteine residues [108]. In addition, the transcription factor 2, which interacts with the
promoters for the thyroglobulin and thyroperoxidase genes, is a zinc-containing protein [110].
Zn also affects the activity of 5’-deiodinase for the conversion of T4 to T3, Zn is required for

the correct metabolism of thyroid hormone [108-109].

It was observed that Zn deficiency might have a negative effect on the activity of normal
thyroid, with decrease plasma T3 levels [111]. Zn deficiency appears to have no influence on
the effects of iodine deficiency in rats. However, in a more complex study with combined Se,
iodine and Zn deficiencies, there was an interaction between Se and Zn deficiencies on thyroid
follicle cell [112]. Low Zn level could alter cancer-specific tissue, associated with most tumors
and in particular with thyroid carcinoma. Few studies reported a lower level of Zn in thyroid
cancer patients [113].
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Iron (Fe) is also included in this study. It is an essential element in the body and Fe
homeostasis is critical for biological processes in normal cells [114]. In thyroid gland, TPO
catalyzes the oxidation of iodide, the organization and coupling of iodinated tyrosyl residues
generates iodothyronine, essential for the thyroid hormone synthesis and storage protein
thyroglobulin [115]. This enzyme requires an adequate intake of Fe and are Fe-depend. Several
studies have indicated that Fe is essential for the efficient utilization of iodine and contributes to
thyroid hormone biosynthesis. Iron deficiency is the most common nutritional disorder affecting
about 20-25% of the world’s population, predominantly children, and women [116]. Iron-
deficient women have lower levels of Thyroid Stimulating Hormone (TSH), free T4, and free T3
than the levels of controls, as well as higher risk for isolated hypothyroxinemia [116]. lron
deficiency will impair thyroid hormone synthesis, storage, and secretion even by reducing
activity of heme-dependent thyroid peroxidase if iodine intake is adequate [117]. The evidence
of the Fe and iodine interaction has led to several randomized clinical trials in populations with
elevated prevalence of goiter and iron deficiency anemia [118]. All studies showed greater
improvement in thyroid function indices and/or thyroid volume in groups with Fe and iodine

treatment compared to groups with iodine treatment alone [119].

Iron and selenium both contribute to necrotic cell death "ferroptosis”. Fe promotes ferroptosis
through the Fenton reaction and uncontrolled lipid autoxidation and Se through GPx4 which
induces phospholipid peroxidation and associated cell death. Ferroptosis is characterized by the
accumulation of ROS and Fe [120]. Ferroptosis has been implicated in the pathogenesis of
several cancers, but the mechanism of ferroptosis regulation in thyroid cancer remains not fully
elucidated [121].

The last element studied is Calcium (Ca) which corresponds to the most abundant minerals in
the human body. It is essential for the proper functioning of the organism, it has an effect on
systemic physiology, including the thyroid, in health and disease, it was suspected to be a
possible environmental goitrogen [122]. Thyroid gland contains also parafollicular
neuroendocrine cells called "C cells". These cells, like parathyroid cells, detect serum Ca levels
and secrete calcitonin, a peptide hormone, that decreases Ca serum by inhibiting bone resorption
[123]. Cais involved in thyroid hormones synthetizes by activating iodide efflux from the thyroid
cells into the follicular lumen [124]. In in vitro study, the uptake of iodide in thyroid tissue was
found to rise with Ca administration [122,125]. It has also been reported that Ca triggers the
secretion of TSH and thyrotropin-releasing hormone (TRH), and has a repressive effect on

transcription factors including TTF-1, TTF-2 and the gene expressions of TPO and

15



Introduction

Thyroglobulin (TG) [126-127]. Low serum Ca levels were found in patients with Riedel’s
thyroiditis, a rare chronic fibrosing disorder, characterized by an infiltrative lesion in the thyroid
gland [128]. It is also important to know that after thyroidectomy the levels of parathyroid

hormone, Ca and albumin should be measured for surveillance reasons [129].

Furthermore, Ca signaling is an essential regulator for proper cell functioning and variations
in cytosolic free Ca?" are involved in various processes such as cell proliferation, gene
transcription and cell death [130]. In addition, various studies have shown that low Ca intake

could represent a risk factor for certain cancers [131].

For the thyroid, micronutrients are important to thyroid hormone metabolism and
biosynthesis, interaction between micronutrients maintain homeostasis in cells. However,
alterations in the concentration of micronutrients in body fluids can affect the body's oxidative
and antioxidant balance. This may affect the endocrine system, causing various thyroid
dysfunctions such as hyperthyroidism, hypothyroidism, Graves' disease, goiter, Hashimoto's
disease and thyroid cancer [132-135].
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The relationship between macro and micro-elements and thyroid cancer has been debated for
a long time and has not yet been proven, as well as the epidemiological studies are contradictory,
but what is it with the Algerian population? Could a low nutritional status of micronutrients and
minerals be a risk factor for thyroid cancer in Western Algeria? It is with the intention of

answering this question that the present project was launched.

The first objective of this work is to study the profile of Se status of west Algerian population,
affected by thyroid carcinoma. This status includes the plasma Se, the activity of GPxs (GPx1
and GPx3) and the plasma content of SePP.

The second objective is to study the possibility of using Cu isotope fractionation (3%°Cu) as a
new tool in the diagnosis of PTC. The plasma levels of Cu, Zn, Fe and Ca were also analyzed.

The last objective is to study the impact of Se nanoparticles (SeNPs) and selenite on the

development of spheroids, models of thyroid carcinoma metastasis (MDA-T120).
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l. Presentation of the article

Selenium is a fascinating trace element for human health. It is essential for many cellular
and sub-cellular functions including redox homeostasis and antioxidant defense. Dietary intake
is the main source of Se exposure and is closely correlated with soil Se. In the human body, Se
is ingested from food, absorbed in the gastrointestinal tract, transported to the liver and kidney

for metabolism and distribution to all tissues.

It is genetically incorporated into selenoproteins via a UGA codon in the form of a 21 amino
acid “selenocysteine”. Thyroid glands contain several selenoproteins including glutathione
peroxidases, iodothyronine deiodinases and thioredoxine reductases. They play an important
role in the proper functioning of thyroid gland and in thyroid hormones synthetized. The thyroid
represents the richest organ in tissue weight of Se and it is the 2" most important element after

iodine.

Selenium remains a complex element and its involvement in human health and disease,
particularly cancer, has not been fully elucidated. Recent studies have shown that some
selenoproteins suppress tumor cell growth, while others promote it, underscoring the fact that

the mechanisms of carcinogenesis related to Se status are not fully understood.

Selenium deficiency leads to a dysfunction of the internal antioxidant system, which can be
the cause of clinical morbidity and DNA damage. However, a high intake of Se can lead to
intoxication. Se deficiency and overexpression have been correlated with many diseases and
have a U-shaped curve effect in human health. The Se/thyroid cancer relationship has been
debated for a long time, several studies have found Se deficiency in thyroid cancer patients
while others have found no or insignificant effect of this association, therefore the results

remain controversial and inconclusive.

In this section and in review article form, we have highlighted the link between Se forms
present in the soil, their transfer/absorption by plant and the outcome of the Se after ingestion
via vegetable diet. We have also focused on the importance of selenoproteins and their roles in
the thyroid gland with an emphasis on thyroid cancer in case of Se deficiency.

We reached to a conclusion that there are different approaches still needed to understand
better the link between Se status and thyroid cancer. More genetic association studies, large-
scale population-based studies, and other omics-based analysis will be necessary to complete
these approaches.

28



Chapter I: Selenium Deficiency—From Soil to Thyroid Cancer

Il1. Article

This paper is published in MDPI “applied sciences”

doi:10.3390/app10155368

Selenium Deficiency—From Soil to Thyroid Cancer

Latifa Sarra Kazi Tani 1?*, Nouria Dennouni-Medjati 2, Benoit Toubhans ! and Laurent

Charlet 1>

Affiliation

1 ISTerre, University of Grenoble-Alpes and CNRS, BP 53, 38041 Grenoble CEDEX 9,
France; benoit.toubhans@gmail.com

2 Analytical chemistry and electrochemistry laboratory, Abou Bekr BELKAID University of
Tlemcen, Tlemcen 13000, Algeria; dennouria@yahoo.fr

* Correspondence: sarra.kazitani@univ-tlemcen.dz (L.S.K.T.); Laurent.charlet@univ-

grenoble-alpes.fr (L.C.)

29


mailto:Laurent.charlet@univ-grenoble-alpes.fr
mailto:Laurent.charlet@univ-grenoble-alpes.fr

Chapter I: Selenium Deficiency—From Soil to Thyroid Cancer

Featured Application: The paper underlines the link between soil, food and human
health, with a particular emphasis on thyroid cancer in case of Se deficiency, in order to

provide a scientific basis to Public Health Recommendations.
Abstract:

Selenium (Se) is an essential micronutrient present in human diet, entering in the composition
of selenoproteins as selenocysteine (Se-Cys) amino acid. At the thyroid level, these proteins
play an important role as antioxidant and in hormone metabolism. Selenoproteins are essential
for the balance of redox homeostasis and antioxidant defense of mammalian organisms, while
the corresponding imbalance is now recognized as the cause of many diseases including
cancer. The food chain is the main source of Se in human body. Dietary intake is strongly
correlated with Se content in soil and varies according to several factors such as geology and
atmospheric input. Both Se deficiency and toxicity have been associated with adverse health
effects. This review synthesizes recent data on the transfer of Se from soil to humans, Se U-
shaped deficiency and toxicity uptake effects and particularly the impact of Se deficiency on

thyroid cancer.

Keywords: selenium; food; dietary intake; antioxidant; deficiency; cancer; selenoproteins
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1. Introduction

Selenium is one of the most intriguing trace elements of the periodic table. After its discovery
in 1818 by the Swedish Berzelius in a sulfuric acid plant, it was used for its electric and
photoelectric properties [1]. Its first medical application dates back to 1911, when an
unidentified Se compound had caused necrosis and the disappearance of Ehrlich’s carcinoma
and sarcoma in mice [1]. A year later, a publication by Delbet in 1912 reported the death of
patients who received high doses of sodium selenite [2]. However, all therapeutic applications
of Se ceased when, in 1943, Nelson et al., had declared the element itself carcinogenic [3]. It
was not until 1957 that scientists collected evidence for the other face of the moon (Selen in

Greek), that is, for the essentiality of the trace element Se for humans and animals [1,4].

Despite the importance of selenium in human health, the major impact of supply, speciation
and restricted uptake of this micronutrient, is currently not well understood [5]. Much research
is still needed to improve our understanding of optimized requirements, taking into account the

very narrow range between the beneficial and toxic effects of the mineral [5].

Selenium is essential for many cellular functions including redox homeostasis and
antioxidant defense [6]. In the body, Se is ingested from food, absorbed in the gastrointestinal
tract (GIT), transported to the liver and kidney for metabolism and distribution to the body

tissues [7].

In humans, Se is integrated into 25 selenoproteins in the form of the amino acid Se-Cys.
Some of them such as glutathione peroxidases (GPxs), iodothyronine deiodinases (DI10Os) and
thioredoxine reductases (TRxs) play an important role in the metabolism of the thyroid gland
[8]. Se is present at higher concentrations in the thyroid than in other organs and is an essential
element for the biosynthesis of thyroid hormones [9]. Another important role of selenoproteins
in the thyroid is the detoxification by GPx of hydrogen peroxide (H202) massively synthetized
in order to oxidize iodide (I") and introduce it into thyroglobulin, a precursor of L-3,5,3',5'-
tetraiodothyronine (thyroxine; T4) and L-3,5,3'-triiodothyronine (T3) [10]. Therefore, Se is

considered to be the second most important element in thyroid metabolism after iodine [11].

The results of initial epidemiological studies have suggested a significant association
between low Se status and cancer, suggesting that Se may have anticarcinogenic effect [12].
Surprisingly, recent studies have shown an increased risk of some cancers such as prostate
cancer with high Se levels [13] and the chemotherapeutic effect of Se have not been proven at
safe and tolerated doses (<90 pg/day) [14].
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However, in the case of thyroid cancer, serum Se deficiency may be considered a risk factor
but the results are inconclusive [15-16].

This review synthesizes the speciation-controlled transport of Se from soil to humans via
food and its absorption in human gastrointestinal tract. We then focus on the use of Se by
thyroid gland and on the relationship between Se and thyroid cancer, according to the latest
knowledge produced on this pathology.

2. Selenium from Soil to Food Bowl
2.1. Selenium in Soil and Surface Waters

Selenium is a common element found in nature, in the Earth’s atmosphere, lithosphere,
biosphere and hydrosphere [17]. Se is present in the soil in inorganic forms, such as selenide
(Se?), elemental selenium (Se©), selenate (SeO4>") and selenite (SeOs?") and in organic forms
(selenocysteine “Se-Cys” and selenomethionine “Se-Met”) [18]. The availability of selenium
for plant absorption is highly dependent on the chemical and physical conditions of the soil.
The concentration of Se in the soil is very different from one country to another and even from
one region to another within the same country [19]. Together with atmospheric input, bedrocks
are the main source of Se in soil, with varying levels depending on their nature, sedimentary
rocks (e.g., shale, limestone and sandstone) being the richest in Se [20]. Thus, the concentration

of Se in soils is strongly dependent on the concentrations of the bedrock [21].

In water, Se is present in trace amounts, mainly in the form of selenate and selenite, where
Se is present in +VI and +IV oxidation state, respectively [22]. Se is more abundant in
groundwater than in seawater, due to the elution of Se from source rocks and over-fertilization

of soils with mixtures rich in Se compounds [21,23].

Another source of Se in the soil is due to natural and anthropogenic input from the
atmosphere [24]. The combustion of coal, crude oil and the use of agro-technical processes
mainly in fertilization contribute enormously to the content of Se in the soil [25]. It has been
reported that Se levels are important in people living near processing plants, for example,
sulfuric acid production or coking [26-27]. Volcanic gases are also a major source of Se to the
atmosphere, together with Se methylation and volatilization by ocean algal bloom [24].
Biomethylation of Se by microorganisms and the decomposition of Se-rich organic matter are

additional factors that contribute to the enrichment of the atmosphere with Se [28]. In these
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cases, volatile selenium compounds such as dimethylselenium (DMeSe), hydrogen selenide
(H2Se) and selenium oxide (SeO.) are produced [29].

2.2. Transfer and Absorption of Se from Soil to Plant

Each plant variety has the ability to accumulate Se at the root and shoot level, depending on
the concentration of Se in the soil and the ability of the plant species to absorb, accumulate and
metabolize Se [30]. There are several types of plants, so-called hyper-accumulators that grow
only in soils very rich in Se “seleniferous” and accumulate between 1000 and 15,000 mg kg ™!,
including species of the genera Astragalus, Stanleya, Morinda, Neptunia, Oonopsis and
Xylorhiza. Secondary accumulators such as cereals, some plants of the cruciferous family (rape,
broccoli) and Allium species such as garlic and onion grow in soils with variable Se content
and can accumulate 30 to 1000 mg kg'. Non-accumulating plants generally grown on
“selenium-poor” soils and cannot accumulate high concentrations of Se in their tissues and
contain less than 30 mg kg™'. This is the case for most plants used for food and feed (forage,

vegetables, fruits, etc.) [30].

Absorption of organic selenium by plants is more efficient than of inorganic forms such as
Se (IV) or Se (V1) [31]. Less than 5% of the Se present in the soil is used by plants [32]. Other
forms of Se such as selenide and elemental Se are not absorbed by plants since they are insoluble
in water [31] (Figure 1).

Volatilization
Shoot metabolism DiMethyl-Se
Food Incorporation Se-tMet /7t Methyl-Se
CIa | / /| /|
in pmteips \ ._J.._H \s‘e-c¥é ‘.'
\W/ 20 20N -\_\%1 =\15
SeQs/H.Se/

Root absorption

Bedrock Se® Oxidation ‘ Oxidation _
— G 2 ¢— Se0,2

Groundwater g2 Reduction Sail Reduction £ 4/

Figure 1. Selenium speciation from soil to plant metabolism (Adapted from Winkel et al., [29] and
Lazar et al., [33]). Se©® = elemental selenium, Se’ = selenide, SeO4> = selenate, SeO3> = selenite, H,Se=
hydrogen selenide, Se-Cys = selenocysteine, Se-Met = selenomethionine.
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The accumulation of Se from soil to plants requires several processes and depends on the
speciation of Se in the soil. Sulfate (S) and phosphate (P), present in the soil could affect the
absorption of Se by plants. As selenate is structurally and chemically similar to sulfate, both
ions_follow the same metabolic pathways during the translocation process in plants [34]. The
high-affinity H+/sulfate symporters, homologous to sulfate transporter, AtSULTR1;1 and
AtSULTR1;2, catalyze the influx of selenate into root cells from the rhizosphere [35-36]. The
preference for selenate uptake over sulfate varies from plant to plant and is influenced by
various factors for example, soil salinity and pH [37], the two parameters affecting Se(IV) and
Se(VI) adsorption on soil particles [31]. In other non-accumulating plants, other transporters
behave similarly. In hyperaccumulative plants, the genes of AtSULTR1;1 and AtSULTR1;2

have a high expression [36].

Selenite is absorbed by roots as HSeO3z™ by members of the phosphate transporter family
[38] or as H2SeOs by aquaporins [39]. After being absorbed, selenate moves from the root
symplast to the stele and is then transferred to the shoot, while selenite is converted into
organoselenated compounds [34,39-40]. In the xylem, selenate is the dominant form of Se,
however minor amounts of Se-Met and selenomethionine Se-oxide (SeOMet) have been
reported. After being delivered to the shoot by the xylem, selenate enters leaf cells by SULTR
transporters [35,40-41].

2.3. Metabolism and Se Speciation in Plants

Selenate reduction to selenite then to selenide is coupled to an oxidation of glutathione [35-
37]. The Selenide is converted to Se-Cys in a manner analogous to sulfur metabolism. Se-Cys
is converted by reverse trans-sulfuration to Se-Met and the two amino acids can be incorporated
nonspecifically into proteins in the place of methionine and cysteine [33].

Selenomethionine can be further metabolized to Adenosyl-Se-Met (SeAM), DMeSe and
then converted to MeSeCys and y—glutamine—Se—MethylselenoCysteine (y-glu-SeMeSeCys)
[34,42]. At high levels of Se, MeSeCys becomes the main Se compound, although other
compounds are present but at low content [43].

Figure 1 also shows the process of biogenic volatilization of Se from soil and plants, which
is in fact a detoxification process [33]. It is used to decontaminate soils rich in Se, such as oil
refinery effluent fields [33]. Since some plants can absorb large amounts of Se from the soil, it

is therefore very important that plants exhale various volatile Se compounds. The main product
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of plant volatilization is DMeSe [33]. Heat-treated food products can lose up to 10% of total Se
due to the formation of volatile Se compounds (DMeSe) [23].

Different factors can influence the ability of plants to volatilize Se. First, the concentration
of Se in the roots, the Se species as well as the concentration of sulfate compared to selenate

(they can compete for particular enzymes for the process of volatilization) [33].
2.4. Selenium in Food and Dietary Intake

Food is the principal source of Se. In many populations, plant foods are the main dietary
source of Se (mostly as Se-Met), followed by meat and seafood [44-45]. The concentration of
Se in food depends on the type of soil, the geographical area and the capacity of plants to
accumulate it [23]. In addition, other factors can influence the Se content in the diet, such as
consumption of local food or imported food products [19] for example, USA Se-rich cereals
[23,46].

The bioavailability of Se in the diet depends on factors such as proteins, fats and heavy
metals. Thus, food rich in protein and in the presence of vitamins A, C, E contain higher levels
of Se but heavy metals and sulfur reduce Se [47-48].

Cereals provide 50% of daily Se intake. While meat, poultry and fish group provide about
35%. Fresh water and beverages contribute to the daily intake with only 5%-25% [23]. Fresh
and non-heat-treated fruits and vegetables contain small amounts of Se about 11% in a balanced
diet; this is due to their low protein content and high water content [23].

Another selenium-rich source is found in sea salt, offal, yeast (selenium-containing yeast),
garlic, asparagus, kohlrabi (enriched with Se) [6,47-49]. High concentrations of Se have,
exceptionally, also been found in Brassica genus (broccoli, cabbage, cauliflower) and onions
[23]. Brazil nuts and mushrooms have extremely high concentrations of this element [6,50].

The reference values for dietary Se intake were estimated on the basis of the intake necessary
for saturation of the selenoproteins; GPx in plasma or erythrocyte or selenoprotein P (SePP) in
plasma [51-52]. The Recommended Dietary Allowances (RDA) of Se in the United States,
based on the activity maximization of GPx are around 55 pg/day in adults [53]. Based on the
dietary Se intake required for saturation of plasma SePP, the nutrition societies of Germany,
Austria and Switzerland (D-A-CH) have recommended a Se intake reference value of 70 pug/day
and 60 pg/day for men and women, respectively, for normal body weight, at a rate of

approximately 1 pg of Se per kg of body weight [54]. The World Health Organization
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recommends that the intake of Se should not exceed 70 pg/day [55]. A dietary intake above 700
pg/day can be toxic to adults [6]. Se intake in the European population varies from 30 ug/day
and 50 pg/day [55].

Furthermore, the biological activities of the several selenium species have not been fully
characterized in order to assess their specific toxicity in nutrition, hence defining dietary
windows for each of them [14,56-58].

3. Selenium Human Uptake and Distribution

3.1. Gastrointestinal Uptake

Selenium is present in diet in the forms of selenomethionine, selenocysteine, selenite and

selenate (Figure 2).
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Figure 2. Main selenium species in various human organs and in blood (adapted from Gammelgaard et
al., [59]). SeOs* = selenite, SeO4* = selenate, Se-Met = selenomethionine, Se-Cys = selenocysteine,
SePP = selenoprotein P, GPx = glutathione peroxydase, DIO = iodothyronine deiodinase, TRXx
thioredoxine reductase, SeAlb = serum albumin, TriMethylSe = trimethylselenonium, SeGalNac
selenosugar.

Selenomethionine represents the main chemical form of Se in the human diet. Once ingested,
Se-Met is absorbed in the same sodium transport system as methionine [60]. It is transported to
liver where it is metabolized following the same pathway as methionine and can be transformed

into Se-Cys following the trans-sulfuration pathway [60]. The concentration of Se-Cys is lower
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in plant proteins than Se-Met, while its abundant in diets containing products of animal origin
[59]. Se-Cys can also be absorbed in the same way and in completion with its analogue cysteine
[61].

The human genome codes for 25 selenoproteins in which the stop codon UGA specifically
insert the selenocysteine. This amino acid is not charged as such on its dedicated tRNA but is
instead synthesized onto a specific Se-Cys-tRNASETSECYs from the serine [62].

Selenocysteine is catalyzed by the enzyme Se-Cys B-lyase to elemental Se [63]. The latter
is further reduced to H>Se. The addition of phosphate to Selenide by the selenophosphate 2
synthetase produce a selenophosphate (H.SePO?") [64], which can be used as a precursor for
selenocysteine synthesis [62].

In the case of excess Se, H;Se is methylated to DMeSe and trimethylselenonium

(TriMethylSe) or converted to selenosugar (SeGalNac) and exhaled or excreted [59-60].

Inorganic selenium such as Selenate passes through the membrane at the edge of the
intestinal brush, where absorption is via the sodium-facilitated and energy-dependent system
utilized by sulfate, due to their structural analogies and reduced to selenite by the sulfate
reduction pathway [33]. Selenite is absorbed by non-mediated passive diffusion. Absorption of
selenite ranges from 50 to 90%, being affected by dietary constituents on which it is strongly
adsorbed, while selenate absorption is almost complete [65-66].

Despite the use of inorganic forms in Se supplementation their absorption is not as high as
that of Se-Met [66]. A supplementation of Se-Met at 37 pg/day increases the activity of GPx in
human plasma up to its saturation level of 150 U/L, whereas for sodium selenite, 66 pg/day are

necessary to reach the same level [67-68].
3.2. Blood Transfer and Distribution of Se to Tissues via Selenoproteins P

The supply of Se to tissues depends on the plasma Se transporter, SePP or serum albumin
(SeAlb) [59] (Figure 2). SePP is synthesized mainly in the liver, which is the key organ for the
homeostasis of Se in the body. SePP is a secreted glycoprotein with a C-terminal domain
composed of nine Se-Cys residues in mice and humans. It also has another Se-Cys residue in
the N-terminal region in a redox active motif [69-70]. In rats, studies have identified four types
of SePP isoforms. However, in humans plasma, only two isoforms were identified; a complete
60 kDa form and a smaller 50 kDa form [71]. The 60 kDa isoform serves as a transporter of Se

to body tissues and the 50 kDa isoform is involved in redox and signaling reactions [72]. The
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SePP knockout mice show a loss of motor coordination and reduced viability. Their survival
time is about 15 days after weaning [73].

In the body, there is a hierarchy of Se distribution in different tissues or organs for example,
Se level is highly conserved in the brain, thyroid and testes. This hierarchy give priority to the

synthesis of the most important selenoproteins for the organ [7,74-75].

In humans, a recent study has shown that SePP gene variations affect levels of selenium
biomarkers after intake of food with a high content of selenium. Indeed, in middle-aged Danes,
CC homozygotes of the SePP/rs3877899 polymorphism have higher levels of selenoprotein P
and whole blood Se compared to T-allele, after consumption of selenium-rich foods [76]. These
results emphasize the importance of a more personalized approach to Se requirements [76].

4. Selenium in Thyroid Gland

Selenium is required at all stages of embryological development of the thyroid gland [77-
78]. Deficiency of Se can aggravate the abnormalities induced by iodine deficiency [79]. Hence,

the influence of Se on thyroid function is closely related to the state of iodine.

During biosynthesis of thyroid hormones, high concentrations of H2O- are generated in order
to oxidize iodide (I"). The iodination of tyrosyl residues on thyroglobulin give rise to the iodine-
containing thyroid hormones; T4 and T3 [10]. The DIO selenoprotein family plays an important
role in activation or inactivation of thyroid hormones [80]. Excess hydrogen peroxide could be
a major source of free radicals and reactive oxygen species (ROS). These molecules can
significantly damage the cell and DNA. Indeed, a greater amount of DNA modified by
oxidation was observed in follicular cells of the thyroid compared to the spleen, lung and liver
[81]. Thus, Se via selenoproteins plays an important role in the detoxification of H.O> as well
as ROS and provides antioxidant protection to thyroid gland, against oxidative stress [81].

4.1. Role of Selenoproteins in Thyroid Gland

The DIO family consists of 3 types of DIO (DIO1, DIO2 and DIO3), that are integral
membrane dimeric selenoproteins, each having different catalytic properties in specific tissue
and developmental expressions [80] (Table 1). DIO convert pro-hormone T4 to active T3 and
reverse T3 (rT3) as well as to diiodothyronine (T2) [80]. They contain a thyroredoxin fold that

catalyzes the stereospecific and sequential elimination of iodine atoms from tyrosine residues.
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Their reactions are complementary and essential to the metabolism and activities of Thyroid
hormones [82]. Table 1 summarizes the main functions of selenoproteins in thyroid.

Table 1. Main selenoproteins in thyroid and their functions.

Selenoproteines Localization Functions References
Deiodinases (DIO) [80]
DIO1 Liver, kidney, thyroid gland, lung, Conversion of T4 into T3and
eyes, pituitary, CNS rT3and T3 into rT3 or T2
DIO2 Thyroid gland, pituitary gland, Conversion of T4 into T3 and

skeletal, heart muscles , brain, fat of rT3 into T2
tissue, spinal cord, placenta

DIO3 Gravid uterus, placenta, fetus liver, Conversion of T4 into T3 and
fetal and neonatal brain, skin of rT3into T2
Gluthatione peroxidases (GPx) [82,83]
GPx1 Cytoplasm, ubiquitous Cytosol Antioxidant
GPx3 Plasma and thyroid follicle Plasma and extracellular
antioxidant
GPx4 Mitochondrial membrane Membrane antioxidant
Thioredoxin reductase (TRX) [82,84]
TRx1 Principally cytosolic, ubiquitous Inhibition of apoptosis, redox
state of transcription factors
TRx2 Mitochondrial, ubiquitous Reduce basal oxidative stress,
TRx3 Principally mitochondrial, ubiquitous  Regulation of apoptosis and
signaling pathway
Selenoprotein P (SePP) Blood and thyroid Transportation of selenium and [85]
storage, endothelial
antioxidant

DIO = iodothyronine deiodinase, T2 = diiodothyronine, T3 = triiodothyronine, rT3 = reverse T3, T4 = thyroxine,
GPX = glutathione peroxydase, TRx = Thioredoxin reductase, SePP = selenoprotein P.

Both DIO1 and DIO2 are hosted in the thyrocytes and provide T3 obtained by deiodination
of T4. T3 is the main mediator of the effects of thyroid hormones. Extra-thyroid DIO1 is
involved in the conversion in the liver of T4 to T3. DIO2 controls the intracellular activation of
T4 into T3 in target tissues and into endocrine cells [86]. Sensitive cells are protected from
biologically active T3 thyrotoxic concentrations, so DIOs control the regulation of the thyroid
axis [87].

The thyroid physiological role of DIO1 and DIO2 expression is not fully understood. The
hierarchy that controls the expression of selenoproteins gives priority to the distribution of Se
to essential selenoenzymes and to the most physiologically important tissues preserving their
metabolism under Se deficiency conditions [80]. In cultured cells and rodent tissues, the
activities of DIO are protected against Se deficiency at the expense of other selenoproteins.

Similar compensation pathways also function in humans, as there is no report of an association
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between limited Se intake and general defects in the central nervous system and in vision or

hearing development under otherwise normal conditions [80].

Glutathione peroxidase is the best characterized selenoprotein family in human. Among the
selenoproteins, the GPx family constitutes the main components of human antioxidant defense
with five isozymes (GPx1-GPx4, GPx6) [83]. The role of the GPx is to reduce H2O. and
organic hydroperoxides to protect cells from the effects of reactive oxygen species (ROS) [82].

This group of selenoproteins is largely involved in thyroid gland function [87]. GPx3 is the
most actively expressed isoform in thyroid gland and kidneys [87]. Probably its role in thyroid
colloid is to degrade the large amount of H2O2 produced during the iodination of thyroid
hormones [88]. GPx4 isoform is present in mitochondria of thyrocyte, its role is the protection
of membrane lipids by reducing phospholipid hydroperoxides while, GPx1 is a cytosolic
enzyme [87]. Among the thyroid selenoproteins, GPx1 and GPx3 are the most sensitive to the
Se level [89].

The family of TRx play an important role in thyroid metabolism, mainly its members; TRx1
and TRx2 [84]. TRx1 is an intracellular enzyme while TRx2 is mitochondrial ensuring the

reduction of oxidative stress in mitochondria [82].

Others selenoproteins are involved in the function of thyroid gland including SePP,
Selenoprotein S and K provide quality control in endoplasmic reticulum [82].

The relationship between Se and thyroid diseases is complex. The hierarchy in the
distribution of Se protects the thyroid from small fluctuations in Se intake [90]. Two isoforms
of Se-Cys-tRNAIS:-CYs have been described. One of them is involved in the biosynthesis of
the most important selenoproteins (TRx1, TRx2 and GPx4). The second ensures the synthesis
of less essential proteins (GPx1, GPx3, selenoprotein S) [91]. Several studies have shown that
Se supplementation has given positive results in certain autoimmune thyroid diseases such as

Hashimoto’s thyroiditis and Graves’ disease [90].
4.2. Selenium and Thyroid Cancer

Thyroid cancer is the most common endocrine tumor, responsible for more than half a
million new cases per year, ranking 9" place in cancers prevalence worldwide [92-93]. It
remains rare in children and adolescent, the median age of diagnostic is 45 to 50 years old [94],
it is diagnosed three times more often in women than in men [95]. Thyroid cancer includes three

main types of tumors: medullary thyroid carcinoma, anaplastic thyroid carcinoma and
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differentiated thyroid carcinoma [96]. Differentiated carcinoma alone accounts for about 90%
of thyroid cancers. It is derived from the follicular cells of the thyroid, which are responsible

for the production of thyroid hormones [95].

The relationship between Se status and cancer has been debated for a long time.
Observational studies and randomized controlled trials have shown conflicting results. In a
meta-analysis and meta-regression conducted by Cai et al., [97], the results were in favor of a
significant association between Se and cancer. High Se exposure may reduce risk of cancer,
especially those of: lung, breast, esophagus, stomach and prostate [97]. On the other hand,
Vinceti et al., [57] and Jablonska and Vinceti [98] published a review that reports the results of
various trials suggesting dramatic effects of Se on cancer development.

The Selenium and Vitamin E Cancer Prevention Trial (SELECT) is one of the largest
intervention studies, launched in 2001 and involving more than 32,000 American males. The
trial investigated the effect of vitamin E and/or L-selenomethionine supplementations,
primarily against the development of prostate cancer and other type of cancers, that is,
colorectal cancer, lung cancer and bladder cancer [14]. The results of SELECT showed an
increase in prostate cancer risk for patients supplemented with the highest Se levels [13].
However, the results of this study should be interpreted taking into account certain limitations.
The possibility that the supplements given to men exceeded the adequate doses to prevent
prostate cancer and on the other hand, men selected were characterized by a relatively high
baseline selenium status, which suggests that selenium only reduces the risk of prostate cancer
in selenium-deficient men and not in the general population [14].This may explain why certain
clinical trials have not shown any side effects in cancer patients after intravenous administration

of sodium selenite [99].

In a review of Murdolo et al., different information was collected to explain the divergence
concerning the role of Se in the pathophysiology of cancer [100]. First: the effects of Se may
be more effective against the progression of cancer, at advanced stages of the disease rather
than at early stages. Its role could therefore be more important in preventing cancer progression
than in its development. Second: the effects of Se are observed at concentrations lower or higher
than the required concentrations to optimize selenoprotein activities especially GPx and SePP.
The effects of selenium status on cancer show a U-shape curve. Third: genetic variability could
also be of importance. Several single nucleotide polymorphisms (SNP) of certain selenoprotein

genes have been linked to different types of cancer.
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A change in the status of Se has been demonstrated in the pathogenesis of thyroid cancer

[101-102]. Significantly lower levels of Se in thyroid cancer patients were found compared to

the control group in several studies [10,101-104].

In contrast, other studies do not provide evidence of a significant association between Se

deficiency and thyroid cancer [105-106]. Table 2 presents some studies and results conducted

on Se and/or selenoproteins in serum, tissue, fingernail, and urine of thyroid cancer subjects.

Table 2. Recent clinical studies conducted on the link between Se and thyroid cancer.

Analysis Sample Outcome References
Serum Se and GPx3 concentration. 25 patients with PTC No significant differences in Se and [107]
13 patients with FTC GPx3 concentrations among groups.
20 Control
Pre-surgery evaluation of serum Se 35 patients with PTC No significant differences among [105]
and vit D3 at different stages of 12 patients with FTC groups.
disease. 17 patients with goiter
Fingernail Se level 215 patients diagnosed with No significant association between [106]
various thyroid cancer fingernail Se levels in patients vs
331 controls controls, at different thyroid cancer
stage
Serum concentrations of Se, Cu, Mn Meta-analysis on 1291 Significantly lower levels of Se and [108]
subjects performed in  Mn and higher level of Cu, in patients
Norwegian, Austrian, and Polish  with thyroid carcinoma
populations
Serum Zn and Se concentration 50 women and men with thyroid Lower serum Se and Zn [103]
before and after surgery or two cancer concentrations before and after
weeks later, as well as in thyroid surgery but higher concentrations in
tissues. thyroid tissue in the 2 groups
Pre-surgery Se, Cd, Zn serum 92 Korean women, of PTC Se, Cd, Zn concentrations were [109]
concentration and correlation to significantly higher in cancer stages
cancer stage Il and IV
Serum and urine concentration in 262 patients with PTC Se concentrations significantly lower [110]
eleven metals and in Se 262 controls in PTC.
Urinary Se concentration negatively
associated to PTC risk
GPx1 and TRx1 expression and 20 samples of thyroid tumor GPx1 and TRx1 in thyroid cancer [111]
analysis of free radicals tumor vs. 20 samples of healthy thyroid tissue are lower in patients vs.
healthy tissues tissue controls
Significant increase in production of
free radicals in all thyroid tumor
tissue samples vs. healthy tissue
Se, GPx3, SePP, Cu, Zn serum Patients with various thyroid Significantly lower serum Se and Zn [10]

concentration

pathologies including thyroid
cancer (n = 323)
200 Controls

levels in patients vs. controls
(particular the patients with thyroid
malignancy).

PTC: papillary thyroid carcinoma; FTC follicular thyroid carcinoma; GPx: glutathione peroxydase; Vit
= vitamin, TRx = thioredoxine reductase; SePP = selenoprotein P.

In Table 2, we highlight that most studies indicate low Se levels in the patients with thyroid

cancer. Se deficiency in various diseases, including cancer, could be related to a high level of
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free radicals caused by oxidative stress [95]. Significant increase in production of ROS is
observed in thyroid tumor tissue samples vs. healthy tissue [81,103]. Se is present in high
concentrations in the thyroid and plays an important role in the elimination of ROS. Therefore,
a fluctuation in its level could affect the expression of antioxidant selenoproteins, sensitive to
the intake of Se in the thyroid (GPx1 and GPx3). In the review by Olivera et al., studies
corroborate the reduction in the activity of selenoproteins in thyroid cancer, in case of Se
deficiency [95].

In primary papillary thyroid carcinoma (PTC) samples, reduced or even absent expression
of GPx3 has been found in patients and it has been correlated with lymph node metastasis and
increased tumor size [112]. In thyroid cancer cell lines TPC-1 and FTC133, GPx3 could inhibit
Wnt/B-catenin signaling and thereby suppress metastasis of thyroid cancer [112]. The
anticarcinogenic effect of Se during the initiation phase of tumor development is the increased
expression of antioxidant selenoproteins. Numerous cohort studies have shown that individuals
with plasma selenium levels below 100-120 pg/L might benefit by increasing their selenium
intake. This concentration is the amount needed to reach a plateau in SePP level and beyond,
an increase of selenium concentrations no longer provides protective effects on the development

of cancer [92].

In cancer cells, abnormal redox regulation is observed at different stage of tumor progression
[99]. Tumor cells require antioxidant molecules such as selenoproteins to maintain the redox
balance [92]. The expression of antioxidant proteins increases in many types of cancer and
decreases in others [99]. Indeed, tumor cells present major differences in their selenoprotein
expression pattern such as the GPx gene [92]. In colorectal cancer, 15 selenoprotein genes were
analyzed in two cohorts. Both selenoproteins TRx3 and GPx2 were upregulated in adenoma
and carcinoma, while SePP and selenoprotein S were down regulated [113]. The increased gene
expression of GPx2 and TRx3 can be explained by the fact that both are target genes for Wnt
signaling. This signaling pathway is activated in most colorectal cancer tissues [114]. However,
there are not many studies regarding the overall changes in selenoprotein genes in thyroid
cancer. Selenoproteins GPx1 and TRx1 in thyroid cancer tissue are lower in patients versus
controls, while DIO3 mRNA levels and activity were increased in PTC [111,115]. This increase
in DIO3 mRNA levels was correlated with distant metastasis or lymph nodes. Thus, it appears
that some selenoproteins fight the growth of tumor cells, while others support it, which
underlines the fact that the carcinogenesis mechanisms linked to the Se status are far from being
elucidated [115].
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Experiments have suggested that selenoproteins can act to modulate the susceptibility of the
malignancy by acting on tumor suppressor gene pathways. It has been observed in breast and
prostate cancer that selenoproteins carry on, for example, control in the checkpoint kinase-2
(CHEK2) gene, a suppressor tumor gene which is involved in the signal transduction in cellular
response to DNA damage who is associated with thyroid malignancy [116]. Different mutations
in the tumor suppressor gene CHEK?2, such as 1100delC, IVS2 1 1G > A, del5395 and 1157T,
are associated with multi-organ cancers including breast and papillary thyroid cancer [117]. In
addition, Se could act as an anti-mutagenic agent with toxicity against cancer cells [118]. Se
acts by inducing cell death by production of superoxide radicals thus triggering the
mitochondrial pathway of apoptosis, while sparing healthy cells [118]. It is clear that Se has
anticarcinogenic properties, linked to its valence states. Selenite has the capacity to intervene
in redox reactions, while selenate is completely devoid of this ability [119]. It is reported in a
review by Kieliszek et al., that only selenite ions react with the —SH groups of proteins and
prevent the formation of protein polymers rich in disulfides [119]. Indeed, a barrier made up of
blood proteins with fibrin properties, protects the membranes of cancer cells from recognition
by the immune system. Sodium selenite inhibits the protein disulfide exchange on the surface
of cancer cell membranes and thus makes the tumor sensitive to the destructive activity of
phagocytic cells [119].

Selenium supplementation has positive results in autoimmune thyroid disease and may
improve thyroid cancer outcome, however the results are not conclusive in the majority of cases
[95]. The question that remains is whether a deficiency in this micronutrient is a consequence
of thyroid cancer or a risk factor. The example of hypoxia, which can influence selenoproteins
biosynthesis, the expression of SePP is reduced noting a decrease in the distribution of Se by

hepatocytes causing a general decline in selenoproteins expression [120-122].

To conclude, several studies have highlighted a Se deficiency in thyroid cancer patients.
However, in the lack of evidence to this relationship, many studies are needed to confirm and

to explain this hypothesis.
5. Conclusions

More than two centuries after the discovery of the trace element selenium, the roles of this
mineral in human health and disease have not been fully elucidated. The relationship between
Se status and cancer has been debated for a long time and the results of epidemiological studies

are contradictory. In thyroid cancer, most studies indicate a significant association between Se
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deficiency and the risk of this cancer. However, recent studies have shown that certain
selenoproteins fight the growth of tumor cells, while others support it, which underlines the fact
that the carcinogenesis mechanisms linked to Se status are not completely understood in thyroid
cancer. Different approaches are still needed to clarify the link between Se status and thyroid
cancer; genetic association studies, large-scale population-based studies and other omics-based
analysis.

6. Future Perspectives

At present, the mechanisms that influence the development of thyroid cancer and the
anticancer effects of Se have not been fully elucidated. Therefore, analytical and experimental
studies on the role of selenoproteins must be conducted using thyroid cancer stem cells. It is
also important to have a better knowledge of selenoproteins polymorphisms and their regulation

involved in thyroid cancer.

Further research should focus on studies using data on dietary behavior as well as
epidemiological data to better understand the effects of selenium deficiency on thyroid cancer.
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. Presentation of the article

During the last decades, the incidence of thyroid cancer has increased significantly, which
places it in the 9" position in worldwide cancer frequency. Unfortunately, Algeria is not an
exception as this cancer is in the 3™ position in women after breast and colorectal cancer. Thus,
to clarify the causes responsible for this increase, we must investigate and understand the factors
that influence thyroid function. Several studies have suggested a link between trace elements
and different diseases, such as type 2 diabetes, cardiovascular disease, and cancer. The

imbalance of trace elements in metabolism may play an important role in these diseases.

The present initiative is a contribution to a better understanding of the factors favoring the
incidence of thyroid cancer, including micronutrients and minerals. We conducted a cross
sectional study with 47 patients of the west Algerian region, and 55 healthy controls, we
measured and studied the relationships between trace elements: Se, Fe and Ca as well as the
functional markers of Se (SePP, GPx3 and GPx1) by assessing their levels in plasma or pellet

(erythrocyte) and their roles with PTC.

The detailed results are presented in the article bellow. We found significant lower plasma
Se as well as GPx3 in patients compared to healthy controls, conversely, GPx1 activity was
significantly higher in patients. We also found that Fe and Ca were significantly lower in

patients compared to controls.

The relationship between plasma Se, SePP, GPx3 and GPx1 activities and PTC was studied.
The results indicated an acceptable degree of accurate diagnosis and prediction for plasma Se

and for GPx3 to discriminate between controls and PTC patients.

We don't discuss enough on how micronutrients are important for human health. The roles
of trace elements and minerals in disease have not been fully elucidated. The assessment of Se,
Fe and Ca in plasma levels showed a significant difference between PTC patients and healthy
controls. The relationship between Se status and cancer has been debated for a long time and
the results of epidemiological studies are contradictory. In thyroid cancer, some studies indicate
a significant association between Se, Fe and Ca deficiency and the risk of this cancer. More

molecular research can give a new perspective to these links.
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Abstract:

Thyroid cancer is the most common endocrine cancer. There is no systematic screening for such
cancer, and the current challenge is to find potential biomarkers to facilitate an early diagnosis.
Selenium (Se), Iron (Fe), and Calcium (Ca) are essential trace elements involved in the proper
functioning of the thyroid gland, and changes in their plasma concentrations have been
correlated with the development of cancer. In the present cross-sectional study, including 47
Algerian patients with papillary thyroid carcinoma (PTC) and 55 healthy controls, we measured
Se, Fe and Ca by assessing their levels in plasma using total reflection X-ray fluorescence
(TXRF), as well as the functional markers of Se, selenoprotein P (SePP) and glutathione
peroxidase (GPx3 and GPx1 activities). Significant lower concentrations were observed in
patients than in controls, with values of plasma Se: 81.8 + 22.6 pug/L vs. 94.7 + 19.5 pg/L (P <
0.01) and GPx3: 200.6 + 42.7 U/L vs. 239.2 £ 36.7 U/L (P < 0.0001), respectively, and we
found significant correlation between Se, SePP and GPx3 (P < 0.05). Conversely, GPx1 activity
was significantly higher in patients (177.7 + 52 Ug/Hb) compared to controls (116.1 + 40.2
Ug/Hb). The predictive model showed a significant association between low plasma Se and the
risk of PTC (OR = 5.02, 95% CI: 1.51 - 16.73: P = 0.009). Fe and Ca plasma levels were
significantly lower in patients compared to controls. These results support the hypothesis that

there is a diagnostic link between trace elements plasma levels and thyroid cancer.

Keywords: Selenium, Iron, Calcium, Selenoprotein P, Glutathione Peroxidase, Papillary
Thyroid Carcinoma.
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1. Introduction

In last decades, the incidence of thyroid cancer has known a significant increase worldwide
with 567.000 new cases annually, rating the ninth place in cancer incidence worldwide. It is
mainly due to the increase in the papillary thyroid carcinoma (PTC) incidence [1]. PTC
represent 84% of new thyroid cancer cases, and it is the most frequent thyroid malignancy [2].
Women are 3 times more affected than men corresponding to ratio 10.2/100,000 vs. 3.1/100,000
[3-4]. In the USA, thyroid cancer is the 5! most frequent cancer in women [5-6], but in Algeria,
it occupies the third place after breast and colorectal cancer [7-8]. Thus, to clarify the causes
responsible for this increase, we must investigate and understand the factors that influence

thyroid function.

Several studies have suggested a link between trace elements and different diseases, such as
type 2 diabetes, cardiovascular disease, and cancer. The imbalance of trace elements in
metabolism and/or homeostasis, deficiency or excess, may play an important role in these
diseases [9]. Selenium (Se) in physiological amount is an essential trace element to which a
high number of health benefits have been attributed e.g., antioxidant defense and production of
thyroid hormones [10]. This non-metal element is required for selenocysteine synthesis and is
essential to produce selenoproteins [11]. Selenoproteins mediate most biological roles of Se,
and the two most common forms in blood are selenoprotein P (SePP) and Glutathione
peroxidase 3 (GPx3), with 60% and 20% plasma Se, respectively [12]. SePP reflects Se
nutritional status and is considered as Se indicator [13]. Both SePP and Gpx3 participate in
antioxidant defense protecting cells from oxidative damage. Moreover, the thyroid gland is the
organ with the highest Se content, as selenoproteins including iodothyronine 5’ deiodinase
(DIOs) essential in thyroid hormones synthesis and GPxs which is part of the antioxidant
defense mechanism [14]. Several studies reported a lower serum level of Se status significantly
associated with thyroid cancer patients. Furthermore, Vinciti et al., [15] evidenced the role of
Se for assisting cells to resist oxidative damage that is a major cause of cellular damage and is

implicated as a key factor in the early stage of cancer.

Like Se, Iron (Fe) is also implicated in the regulation of thyroid hormones [14]. Some studies
reported an interaction between Fe and iodine on thyroid function, however, the exact pathways
are still unclear [16-17]. Fe is required for efficient iodine utilization and thyroid hormone
production [17]. For instance the thyroid peroxidase (TPO), essential for the synthesis of
thyroid hormones, is Fe-dependent [17].
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Iron is required for cellular respiration via Fe-containing cytochrome proteins and for redox
reactions catalyzed by ribonucleotide reductases, Fe dependent enzymes that play a role in DNA
damage [18]. It is also implicated in catalase and peroxidase functions that protect cells from
free radical production [19]. Iron concentration should be closely regulated because any excess
of free Fe is toxic, and its deficiency induces hypoxia related to anemia [18]. Lamy et al., [20]
described a significant association between Fe body levels and different cancers.

During the synthesis of thyroid hormones other essential elements are involved in this
process such as calcium (Ca). This element plays role in activating the efflux of iodide from
the thyroid cells into the follicular lumen [21]. Also, several studies found that low Ca intake
could be a risk factor for some cancers [22].

Based on these considerations, the aims of this work are to determine and investigate within
case/controls study, from west Algerian population, the relationships between trace elements:
Se, Fe and Ca as well as the functional markers of Se (SePP, GPx3 and GPx1 activities) by
assessing their levels in plasma or pellet (erythrocyte) and their roles with PTC.

2. Materiel et methods
2.1 Human samples

We conducted a cross-sectional study with 47 PTC patients and 55 healthy controls. Patient
recruitment was carried in western Algeria at University Hospital Tlemcen and Oran Centers,
from June 2018 to May 2019. The blood sampling was done before the thyroidectomy and
collected using a venipuncture in heparinized tubes and was immediately centrifuged using a
Sigma 2-16P centrifuge and at relative centrifugal force of 1100x g for 10 min. The plasma and
pellet were recovered in 500 pl aliquots and then stored at —80 °C freezer, until manipulation.
We also conducted face-to-face interviews with each participant, and collected, using a detailed
questionnaire, the different anthropometric and socio-cultural parameters. We excluded any
participant with other malignancies or taking a chronic drug therapy.

2.2 Ethics approval and consent of the study

This research was approved by the Scientific Ethics Deontology Committee of Tlemcen
University for collection of blood samples of PTC patients and healthy controls, and conducted
according with Algerian law (25/2006, resolution Ne. 387). All participants were informed of
the objectives of the research study, and their formal written consent was requested and signed

previously. Individuals refusing to participate were excluded from this study. The thyroid
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cancer diagnosis was confirmed by an independent pathologist after post-surgical
pathohistological analysis of thyroid tissues.

2.3 Selenium, iron and calcium assessments

Total Se, Fe and Ca concentration in plasma was determined by total reflection X-ray
fluorescence (TXRF) analysis using a spiked gallium solution as standard and a benchtop TXRF
analyser (S2 Picofox, Bruker nano GmbH, Berlin, Germany), tested for accuracy by using a

Seronorm serum standard (Sero AS, Billingstad, Norway) as described by Combs et al., [23].
2.4 Selenoprotein P and glutathione peroxidase 3 assessments

Plasma SePP was quantified by a validated commercial SePP-specific ELISA
(selenOtestTM, selenOmed GmbH, Berlin, Germany) as described by Hybsier et al., [24].
Enzymatic activity of plasma GPx3 was determined by a coupled enzymatic test, monitoring
the consumption of NADPH at 340 nm [25].

2.5 Erythrocyte glutathione peroxidase 1 activity assessments

Glutathione Peroxidase 1 activity was analyzed in the pellet erythrocyte, according to a
protocol described by Gunzler et al., [25]. The amount of glutathione oxidized by tert-butyl
hydroperoxide (t-Bu-OOH), specific to selenodependent GPx is measured following the
enzymatic Kinetics absorption of NADPH at 340 nm under the conditions of 25°C and pH =7
on a double beam spectrophotometer SPECORD® 210 plus (Analytik Jena Germany) [25].

2.6 Statistical analysis

All statistical analyses were performed with IBM SPSS Statistic software (version 25, IBM
Corporation, NC, USA) and all figures designed using GraphPad Prism 9.1.2. Normal
distribution of the data was assessed by Kolmogorov—-Smirnov-Test. Results are presented as
median or mean + Standard Deviation (SD) for continuous variables or percentages (%) for
categorical variables. Comparison of quantitative variables was done using T test for normal
distribution or Mann Whitney test for non-normal distribution. The binary logistic regression
study was used for adjusted predictive model of Se and PTC disease. The Receiving Operating
Characteristics (ROC) curve was plotted and the area under curve (AUC) calculated to evaluate
the probability of novel biomarkers model for PTC. The correlations were performed using
Pearson correlation for normal distributed or Spearman's test for non-normal distribution.
Significant differences were designated when P < 0.05 (*), P <0.01 (**), P < 0.001 (***) or P

< 0.0001 (****) and no significant difference (ns) was designated when P > 0.05.
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3. Results

A total of 102 subjects were included in this study, 47 patients with PTC and 55 healthy

controls from western Algeria. The general characteristics are presented in Table 1. The

sampled population was predominantly female. The average age of cases and controls was 41

+ 14 years and 44 * 13 years, respectively. The patients presented an overweight profile (28.31
+ 5.85 kg/m?) compared to the controls (25.93 + 4.17 kg/m?) with a P < 0.05, however the

distribution between international classes remained no significant with P > 0.05. There was no

significant difference between cases and controls in all socioeconomic characteristics except in

the distribution of education levels, which was significantly different (P < 0.01).

Table 1. Demographics and anthropometric characteristics of study populations.

Characteristics Patients Controls P values

Number of participants 47 55
Gender (%) 0.20
Women 90% 84%
Men 10% 16%
Age (years) 0.20
mean £ SD 41+ 14 44 +13

0.25
<50 years (%) 2% 79%
>50 years (%) 28% 21%
BMI (kg/m?) 0.02
mean + SD 28.31+£5.85 25.93 +4.17

0.85
Underweight (BMI < 18.5) 2% 4%
Ideal weight (BM1 18.5-24.9) 33% 33%
Overweight (BMI 25.0-29.9) 31% 33%
Obese (BMI > 30.0) 33% 31%
Marital status (%0) 0.56
Married 83% 86%
Single 17% 14%
Education levels (%) 0.001
< High school 23% 16%
High school 62% 36%
> High school 15% 48%
Smoking (%) 0.27
Yes 10% 13%
No 90% 87%

SD: Standard Deviation; BMI: Body Mass Index

Table 2 includes the hematological profile and thyroid parameters of our patients. 25% and

30% of the patients have, respectively, a hemoglobin and hematocrit level below normal values

and 20% of the population has an anemic profile. Regarding thyroid parameters, we note that
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most of our patients have Thyroid-stimulating hormone (TSH) and Thyroglobulin (TG) levels

above references values.

Table 2. Hematological levels and thyroid parameters of PTC patients.

Parameters Patients References values

Hematological levels

Red blood cell (108/ul) 4.67 = 0.69 [4.5-5.5]
Hemoglobin (g/dl) 12.95 + 1.60 [12 — 16]
Hematocrit (%0) 39.47% [37 — 46]
Platelet (10%/pul) 266.41 + 9.56 [150 — 400]
White blood cell (10% pl) 6639 + 2277 [4000 — 10000]
Lymphocytes (10%/pl) 35.45 £ 9.36 [15—40]

Thyroid parameters

TSH (uIU/mL) 82.89 + 21.88 [0.3 - 5.0]
TPO-ab (Ul/mL) 18.67 + 9.84 <34
TG (ng/mL) 109.50 + 243 [3.0 - 40]

TSH: Thyroid Stimulating Hormone; TPO-ab: anti-Thyroid Peroxidase antibodies; TG: Thyroglobulin.

We then compared the plasma concentration of plasma Se and biomarkers SePP, GPx3 and
GPx1 activities between PTC patients and healthy controls (Figure 1). Our results showed that
plasma Se as well as GPx3 were significantly lower in patients compared to controls with values
of Se: 81.8 + 22.6 pg/L vs. 94.7 £ 19.5 pg/L (P < 0.01) and GPx3: 200.6 + 42.7 U/L vs. 239.2
+ 36.7 U/L (P < 0.0001), respectively. Conversely, GPx1 activity was significantly higher in
patients (177.7 £ 52 Ug/Hb) compared to controls (116.1 + 40.2 Ug/Hb). Even though the SePP
values were higher in the cases (median = 5.66 mg/L) than in the controls (median = 4.90 mg/L),

the difference was not significant (P > 0.05).
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Figurel. Comparison of Se, SePP, GPx3 and GPx1 activities in PTC patients versus healthy controls.
Significant lower concentration was observed between patients and controls in (A) Se plasmatic and (C)
GPx3 and significant higher concentration for (D) GPx1 Activity. No significant difference was
observed for (B) SePP. T test was used for variables with normal distribution and Mann Whitney test
for non-normal distribution; ns: non-significant; p < 0.001 (***) and p < 0.0001 (****).

Correlation between Se status and two additional selenoproteins biomarkers, SePP and GPx3
were analyzed (Figure 2). All these analyses yielded positive and linear correlations, indicating
that neither SePP nor GPx3 have reached saturating expression levels. Since there are no
significant correlations between GPx1 and the other settings (plasma Se, SePP, GPx3) we did

not illustrate it in the Figure 2 above.
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Figure 2. Interrelation of different Se status biomarkers, i.e., plasma Se, plasma SePP concentrations
and GPx3 activity. Comparison of (A) plasma Se vs. SePP concentrations (B) Plasma Se vs. GPx3
activity and comparison of (C) plasma SePP concentration vs. GPx3 activity indicates linear correlations
over the full range of concentration.

Table 3 represents the distribution of plasma Se as well as the minimum requirements of
SePP, GPx3 and GPx1 for optimal activity. We observed that 30% of the patients had Se levels
below normal value (70 /L) compared to the healthy control which had only 7% below normal
value. In addition, the distribution of plasma Se for saturation of SePP, GPx3 and GPx1

activities remained significantly lower in the patient cases compared to controls (P = 0.0001)
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and thus patients had insufficient plasma Se concentration for optimal SePP, GPx3 and GPx1

activities to occur.

Table 3. Prevalence and distribution of plasma Se in PTC patients and healthy controls.

References Values Patients Controls P- Values References
Plasma Se 0.0001 [26]
<70 pg/L 30 % 7%

=70 pg/L 70 % 93 %

Plasma Se required for SePP 0.0001 [27]
saturation

<100 pg/L 97% 64%

>100 pg/L 3% 36%

Plasma Se required for optimal GPx 0.0001 [28]
(1 and 3) activities (ug/L)

=90 pg/LL 76% 42%

<90 pg/L 24% 58%

We also used the ROC curve to analyze and test the relationship between Se, SePP, GPx3,
GPx1 activities and PTC risk. The results indicated an acceptable degree of accurate diagnosis
and prediction for plasma Se concentration with an AUC = 68.8% (P < 0.001) and AUC =
0.78% for GPx3 (P < 0.01), to discriminate between controls and PTC patients, respectively
(Figure 3). SePP and GPx1 activity did not show significant results (P > 0.05). Plasma Se as

well as GPx3 may constitute possible biomarkers of PTC.
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Figure 3. Receiver Operating Characteristics (ROC) curve for Se plasma, SePP, GPx3 and GPx1
activities. We place the True Positive decision on the ordinate axis and False Positive rate on the abscissa
to form the ROC diagram. The area under the ROC curve (AUC) obtained for the present data was
significant for Se and GPx3 with 68.8% and 75.4%, respectively (p < 0.001). This supports the
hypothesis that Se and GPx3 are potential PTC biomarker.

In adjusted binary logistic regression, model 1 for Se, we divided the sampled population
into two groups, group 1 with plasma Se less than 70 pg/L and group 2 with more than 70 pg/L
(group 2 was used as reference). Then we adjusted model 2 according to SePP and model 3
according to gender, age and BMI, these results are presented in Table 4. No significant results
were obtained for GPx3 and GPx1.

The results obtained by binary logistic regression showed a significant association between
plasma Se and PTC occurrence. In addition, model 1 of the regression showed an increased risk
of PTC associated with low Se level (OR = 5.02; P = 0.009). For model 2 and model 3, we
found a significant influence of SePP concentration level (OR =6.24 and p = 0.004) and gender;
age and BMI (OR =8.75, p = 0.001). These results support the hypothesis that plasma Se level
could be a novel biomarker of PTC.
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Table 4. Odds ratios and 95% CLs of the different models of binary logistic regression.

Models Coefficients  Wald Group 2 Group 1 P-value
Model 1 (unadjusted OR (CI 95%)
OR) 1.00 (reference) 5.02 (1.51 - 16.73) 0.009
1.61 2.63
Model 2 (OR adjusted to 1.83 2.85 1.00 (reference) 6.24 (1.77 — 21.94) 0.004
SePP)
Model 3 (OR adjusted to 2.16 3.19 1.00 (reference) 8.75 (2.31-33.15) 0.001

gender, age, and BMI)

BMI: Body Mass Index
Group 1: subject with Se value bellow 70 ug/L; Groupe 2: subject with Se above 70 pg/L

Using Mann Whitney test, we compared the micronutrients Fe and Ca between patients and
healthy controls, the results are presented in Figure 4. Our results showed significant low
differences in patients vs. healthy controls with respective values of Fe: 1207.4 ug/L (873,
1778) vs. 1474.6 4 ug/L (1036, 2400) and for Ca: 108.3 mg/L (100.7, 117.2) vs. 117.7 mg/L
(105.4, 127.3).

Controls - Controls -

* * %
Patients - Patients -
1 1 1 1 1 1 1 1
0 1000 2000 3000 4000 0 50 100 150 200
Fe [ug/L] Ca [mg/L]

Figure 4. Mann Whitney comparison of Fe and Ca in PTC patients versus healthy controls. Significant
lower concentration was observed between patients and controls in (A) Fe and (B) Ca. P < 0.05 (*) and
P <0.01 (**).

We also examined the correlation of trace elements: Se, Fe and Ca as well as the functional
markers of Se (SePP, GPx3 and GPx1 activities) and thyroid parameters (Figure 5). We found
an interesting positive and significant correlation between Se, SePP and GPx3 and a negative
correlation between GPx1 activity and anti-Thyroid Peroxidase antibodies (TPO-ab).
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Figure 5. Coefficients correlation between Se levels (Se, SePP, GPx3 and GPx1 Activities), Fe, Ca, and
thyroid parameters in all population. P < 0.05 (*) and P < 0.001 (***).

Figure 6 represent the relationship between Fe and hemoglobin as well as the hematocrit,
responsible for anemia in a few patients. We found a positive correlation between Fe and the
anemic biomarkers of our patients (P < 0.05).
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Figure 6. Linear regression between Fe and A) hemoglobin and B) hematocrit.

Finally, we studied the relationship between Fe and Se, as these two micronutrients interact

in the thyroid gland and in different processes such as ferroptosis [29].

67



Chapter I1: Selenium, Iron and Calcium Status as Biomarkers for Papillary Thyroid Carcinoma

The distribution of Fe/Se ratios in patients and controls are represented in Table 5. We found
a significant difference between the two groups with a P < 0.05. Then, we separated the ratio

according to the quartiles and we did not find significant differences in the ratio repartition.

Table 5. Ratios between Fe and Se in PTC patients and healthy controls.

Fe/Se ratio Patients Controls P - value
Median (IQR) 15.08 (5.13 - 40.19) 15.04 (3.08 — 37.86) 0.016
Q1:3.08 -11.09 22.73% 26.42% 0.28
Q2:11.09 - 15.04 27.27% 24.53%
Q3:15.04 - 23.77 20.45% 28.30%
Q4:23.77- 40.19 29.55% 20.75%

The correlation between Fe and Fe/Se ratio in the PTC patients and in the healthy controls
are presented in Figure 7. We found a significant and positive correlation between Fe and Fe/Se
in the two groups, we observed a clear correlation reflecting regulation and association between
Fe and Se levels in the body (x/y = Se) with P < 0.0001.
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Figure 7. Correlation analysis between Fe and Fe/Se ratio in plasma of PTC patients and healthy
controls. The two group expressed a significant and a positive correlation (P < 0.0001).

4. Discussions

In the present cross-sectional study, the population is predominantly female (ratio 9:1),
representing the typical gender in the prevalence of thyroid cancer [30]. We observed that most
of our patients had an overweight or obese BMI. A clinical study by Han et al., [31] found a

significant association between obesity and thyroid cancer. Obesity is considered as a risk factor
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for PTC [32]. We also found that the bulk of our patients were illiterate or had an intermediate

level of education, these results are similar to the findings established in other studies [33-34].

We noticed that 20% of our patients had anemic disease. Anemia impacts a quarter of the
world's population and is centered in children and women, making it a global public health
problem [35]. It is defined by a hemoglobin and hematocrit level below normal values, it can
be caused by Fe deficiency, called Iron Deficiency Anemia (IDA), or not, and seems to be
associated with thyroid dysfunction e.g., hypothyroidism [35]. Anemia is frequent in patients
with cancer, about > 40% of cases, and it negatively influences the life quality of cancer
patients, as it may contribute to cancer induced fatigue [36]. Moreover, we noted that the thyroid
parameters, TSH and TG, of PTC patients were unstable, it is important to know that TSH, TG
and TPO-Ab were done before ablation unfortunately we do not have these parameters after
ablation to follow-up. Patients with thyroid cancer have a prolonged increase in TSH levels
resulting in altered thyroid activity [37], and increased levels of TG in the blood represent one
of the most indicative biological tests for thyroid cancer and can be associated with recurrence
of thyroid cancer following thyroid removal [38]. TPO-Ab, could predict the incidence of

thyroid cancer [39], however, in our population TPO-Ab means were in the normal range.

Considering that proper functioning of the thyroid gland depends on various trace elements
e.g., Se and Fe, an imbalance of these elements may have carcinogenic, mutagenic and/or
deregulatory effects [40]. The relationship between Se, Fe and Ca trace elements and PTC risk

has been carefully examined in this study.

Selenium represent one of essential trace element required in maintenance of various
functions of the body e.g., synthetizes and functions of thyroid hormones, protective effect
against oxidative lipid damage and regulation of immunity functions [41]. In our study, we
found significant lowest plasma Se concentration in PTC patients compared to healthy controls
(P < 0.001). This may reflect the increased risk of PTC in patients with low plasma Se levels
and confirm the results of other studies. The result obtained in a random-effects meta-analysis
and search indicated low Se levels in serum [30, 42-43] , urine [44] and tissues [45] for thyroid
cancer patients compared to controls. In contrast, other studies found no significant differences
on serum [46] and fingernail [47] between thyroid cancer patients and controls, it displays
contradictory results for the link between low Se status and thyroid cancer risk. However, the
pathways relating Se deficiency to thyroid disease seem to involve the GPxs family implicated

in antioxidants defense, the DIOs family responsible for the activation and inactivation of
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thyroid hormones, and the immune selenoproteins monitoring the inflammatory response
[14,48].

Many studies have shown that there is an association between Se diet and cancer risk [49-
50]. Se nutritional supplements may reduce incidence of cancer [33]. Jonklaas et al., [50] have
shown that serum Se concentrations were inversely correlated with thyroid cancer stage.
Although the specific Se anticarcinogenic mechanisms are not yet fully known, multiple
mechanisms have been proposed to explain these Se characteristics. Actually, antioxidant
properties of selenoenzymes are relevant in carcinogenesis and tumor progression [34].
Selenium is present in GPxs, which protects the DNA and main cellular components from the
damage of the free radicals by decreasing ROS generation; in this way, levels of dietary
antioxidant vitamins and carotenoids that affect antioxidant selenoproteins modify the effect of
Se on cancer risk [33]. In addition, Se enhances tumor-suppressor protein p53 activates that

inhibits proliferation, increases DNA repair, and promotes apoptosis [38-39].

Regarding plasma SePP, we have noticed high levels in patients than in the controls.
However, this difference remains non-significant. SePP was present at high concentrations in
plasma, and the majority of subjects were within the reference range 5-6 mg/L [51]. Also
Persson-Moschos et al., [52] found similar results for patients with different cancers. Recent
study has underlined the genetic effect of variation in SePP gene. This leads to different
responses in the expression of selenoproteins as well as the whole blood Se following the
consumption of selenium-rich foods e.g., rs3877899 is functional polymorphism of SePP.

These results confirmed the importance of individuals genotypes [49].

Glutathione peroxidases family are present in almost all cells and react very quickly to an
alteration of Se status [53]. In the thyroid, GPx3 is produced by the thyroid follicular cells and
discharged into the colloid space to protect the thyrocytes from oxidative damage and excess
H20> [54]. Low Se levels could diminished GPx3 expression in cancer patients and increase
the probability of cancer developing [55]. Loss or diminution of GPx3 increases proliferation
and decreases apoptosis in tumor tissues [56]. It is suggested that Se and glutathione usage by
tumor tissue depletes systemic levels and impacts GPx3 protein translations and activity in
plasma [57]. In several studies low expression of GPx3 was associated in cancer patients types
e.g., lung [58], uterine [59], and colorectal [60] cancer compared to healthy controls, this
corroborates with the results obtained in our study for PTC. In another study, conducted on
patients with hepatocellular carcinoma, they found an association between low plasma GPx3

and increase tumor recurrence [61]. The anti-tumor properties of GPx3 have been widely
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correlated with a loss of oxidant scavenging, increases in oxidative stress and pro-tumorigenic

changes involving genomic instability, as well as redox dependent signaling [62]

Zhao et al’s, study [63], on thyroid cancer patients, demonstrated that in most cases GPx3
methylation was significantly associated with tumor size and regional lymph node metastasis.
The absent or reduced expression of GPx3 was frequently found in primary PTC samples and
was associated with hypermethylation of the promoter region [63]. Furthermore, GPx3
polymorphisms rs3805435 heterozygote G allele and rs3828599 heterozygote T allele could
have a protective effect for differentiated thyroid cancer, conversely, the rs8177412

heterozygote C allele is related with increased risk for this cancer [64].

Plasma Se is significantly correlated with plasma SePP and GPx3, full expression of GPx3
and SePP are usually observed at whole blood Se concentrations of around 90 pg/L and 100
ug/L, respectively [27-28]. It is indicating that neither SePP nor GPx3 have reached saturating
expression levels in the PTC groups and rather deficient in this essential trace element, these
results corroborate with other studies [30,65]. In literature, two isoforms of Se-Cys-tRNASeSe-
©¥s have been reported. The first one is involved in the biosynthesis of the most important
selenoproteins like TRxs or GPx4. The second one ensures the synthesis of less essential
proteins (GPx1, GPx3, selenoprotein R or selenoprotein T) [53]. This may explain our results

and the unsaturation of some selenoproteins.

We found an increased levels of GPx1 activity in PTC patients compared to healthy controls.
It was reported that the overexpression of GPx1 may promote invasion, migration and
proliferation in colon, breast, lung and oral adenoid cystic carcinomas [64-65]. However, others
trials carried out on prostate [66] and thyroid [44] cancer have found results opposite to ours,
i.e. low level of GPx1 was inversely associated with cancer risk. The effect of Se on GPx1
enzyme dependent on genotype [67]. The influence of dietary Se intake on GPx1 activity will
change differently in individuals with different GPx1 genotype, i.e., the relative increase in
enzyme activity should be higher in individuals with at least one GPx1 198Pro allele than in
those with both GPx1 198Leu alleles [67]. Other studies on breast cancer found that GPx1
activity was significantly low for the Leu allele compared to the Pro allele [68-69]. In addition,
several studies indicate an association between GPx1 Prol98Leu polymorphism and an

increased risk of cancer [68-70].

Our results showed significant Fe concentration decrease in PTC patients vs. healthy

controls. Reddy et al., [71] and Maeda et al., [72] found lower Fe concentrations in carcinoma
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thyroid tissues compared to the normal thyroid. Hu et al., [73] observed a significant correlation
between high urinary levels of Fe and decreased risk of large tumor size (>1 cm), capsular
invasion, and advanced T stage (T3/4a/4b), and they conclude that Fe deficiency could be
correlated as risk factor for PTC aggressiveness. On the contrary, Bibi et Shah [74] analyzed
16 metals, including Fe, in thyroid cancer patients and healthy controls, found that Fe
concentration in plasma was higher in cases (26,661 pg/dL) than in controls (23,850 pg/dL).
Rezaei et al., [75] evaluate the plasma levels of Fe and others trace metals in healthy individuals
and patients with thyroid disease (hyperthyroidism, hypothyroidism, and cancerous), they
found highest concentration of Fe in cancerous groups. However, in the two studies the
differences remained non-significant (P > 0.05). This fluctuation can be explained by the fact
that trace element levels are dependent on many factors, including the region of the thyroid

from which the sample was taken, age, gender, ethnicity, gland mass and stage of cancer [76].

The exact mechanisms by which Fe and iodine mutually impact thyroid function are not well
understood. Fe is necessary for effective iodine utilization and Fe deficiency alters thyroid
hormone synthesis, storage, and secretion, despite by reducing TPO activity even with adequate
iodine intake [77-78]. In addition, we found a positive and significant correlation between Fe
and hematocrit or hemoglobin (P < 0.05), this suggests that anemia of our patients may be a
consequence of Fe deficiency. Anemia may alter thyroid metabolism through reduced oxygen
transport [77]. In vivo experimental studies have proposed various mechanisms by which Fe
influences thyroid function and iodine utilization [77-80]. In animals’ studies, Fe deficiency
alters the systemic control of thyroid metabolism, decreases the affinity of T3 for hepatocyte
receptors, reduces oxygen transport, and reduces TPO activity [81-83]. Due to the crucial role
of Fe in TPO activity, Fe deficiency could decrease TPO function and thus interfere with iodine

utilization and thyroid metabolism [77].

Human studies showed that Fe deficiency also impairs thyroid metabolism. Patients with
IDA or Fe deficiency without anemia have lower T3 levels than healthy controls [84]. Another
study compared women with mild IDA to women with severe Fe deficiency, found that serum
T3 and T4 were significantly decreased and TSH significantly increased in the Fe deficient
groups, these studies suggest that Fe deficiency decreases thyroid hormone utilization [85]. Fe
deficiency could reduce TPO activity and interfere with thyroid hormone synthesis [86].
Research has shown that TPO activity is significantly reduced in IDA individuals, suggesting

that Fe status is strongly related to thyroid metabolism [83].

72



Chapter I1: Selenium, Iron and Calcium Status as Biomarkers for Papillary Thyroid Carcinoma

Iron has an impact on epigenetics, whereas Fe homeostasis is affected by epigenetic
regulation, which may occur in various forms, such as DNA methylation, histone modification,
post-transcriptional control, and some transcription factors that work cooperatively [87]. The
HAMP gene, which encodes hepcidin, is regulated by the E4BP4/G9a/SOSTDC1/hepcidin
pathway, which causes cellular Fe dysfunction and is a key element in hepcidin regulation and

there is a critical link with thyroid cancer growth [88].

Selenium and Iron deficiency may act in tandem with iodine deficiency to affect thyroid
metabolism and change the response of iodine [79,83,89]. We found a significant differences
in Fe/Se ratio between PTC patients and controls, its suggested that imbalance of these two

elements may lead disturbance in thyroid gland functioning.

In addition, Se and Fe represents key trace elements in the ferroptosis mechanism.
Ferroptosis is new form of cells death recently demonstrated, characterized by unique
morphologies, reduced cell size, and increased mitochondrial membrane density. It is a new
form of regulated iron-dependent cell death, the glutathione depletion or inactivation of GPx4
can lead to metabolic imbalance, thus inducing ferroptosis of cancer cells and has shown great
potential in cancer therapy [29]. However, ferroptosis can be reversed indirectly by Fe
chelation, thus corroborating that an excess of Fe is involve in the initiation of this type of cell
death [90].

We also investigated the relation between Ca and PTC risk. We found a significant decrease
in Ca levels of PTC patients compared to healthy controls. Similarly, other studies on breast
cancer [91] and prostate cancer [92], found lowest Ca concentrations in cancerous tissues
patients. As known cellular functions are dependent on maintaining the extracellular Ca
concentration within a narrow range and perturbations in this narrowly regulated homeostatic
system resulting to a disturbances of Ca metabolism that have predictable effects on cellular
functions [93]. The thyroid and parathyroids regulate blood Ca, while abnormal thyroid
function profoundly alters Ca metabolism e.g., hypercalcemia can result in hyperthyroidism
and create a thyroid disorder [94]. Thyroid hormones are suspected to influence Ca metabolism
and have a direct impact on tubular Ca reabsorption in addition to its many influences on blood
flow, glomerular filtration rate, and tubular sodium transport [93-94]. Ca is also involved in
thyroid hormone synthesis, a recent studies has associated the Ca-activated anion channel
anoctamine 1 with apical iodine efflux, and are supposed to allow the transport of iodide across

the apical plasma membrane [95-96].
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The relationship between Ca and thyroid remains ambiguous and poorly studied, however it
is recommended after thyroidectomy to measure parathyroid hormone, Ca and albumin for

surveillance purposes [97].

The importance of micronutrients has been demonstrated on several occasions. For this
purpose, the World Health Organization (WHO) has published recommendations to reduce the
risk of developing cancer, notably to reduce alcohol consumption and smoking, exposure to
sunlight and radiation and to have a healthy and balanced diet. Diet plays an important role in

preventing the development of cancer, which is known to have a multifactorial origin.
5. Conclusion

The various roles of Se in human health and cancer disease have not been fully elucidated,
and the relationship between Se status and cancer has been debated for a long time with
contradictory results of epidemiological studies. The assessment of Se, Fe and Ca in plasma
levels showed a significant difference between PTC patients and healthy controls. In addition,
we found strong and positive correlation between Se, SePP and GPx3 in PTC patients. Our
study supports the hypothesis that trace elements concentrations have a high link with papillary
thyroid carcinoma. Further molecular studies are needed for a better comprehension of the

mechanisms involved in these processes.
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l. Presentation of the article

Thyroid cancer is the most frequent malignancy of the endocrine system. There is no
systematic detection for this cancer, and the diagnosis is made incidentally in 25% of cases
during the follow-up of another thyroid disease. Therefore, a current challenge lies in

identifying suitable biomarkers for supporting a fast diagnosis of thyroid cancer.

In recent years, several studies have focused on the importance and use of metals, especially
Cu and Zn, present in blood and their isotopic fractionation as novel diagnostic tools for certain
diseases and particularly in cancerology. It also appears that imbalances between the two metals

(Cu/zn) are more clinically sensitive indices of disease than the concentration of a single metal.

Combining biology and geochemistry has allowed to expand the existing knowledge and to
develop new analytical techniques with high sensitivity that can measure very small isotopic
variations of non-traditional isotopes (e.g., Cu) such as the Multi-Collector Inductively Coupled
Plasma Mass Spectrometer (MC-ICP-MS). Cu isotopes are present as two ions Cu(l) and Cu(ll)
in cells tissues, and blood. The uptake and selective distribution of these two ions is the basis
for the isotopic fractionation of ®°Cu/%®Cu ratio (8°°Cu). Cu isotopes are related to various
biological functions so the ratio between these isotopes are determined by MC-ICP-MS and the
delta 3%°Cu value obtained is used to measure the ratio of Cu isotopic abundances defined by

the formula bellow:

65Cu/%3Cu) sample
soscu = | cu/”tw sample 1660
(°>Cu/®>Cu) IStd

Several studies conducted on patients with breast, colorectal and ovarian cancer have shown
for serum a significant decrease of ®*Cu/%*Cu ratio (8°°Cu) compared to healthy controls and in
amirror image result, a higher value of this ratio in tumor tissue relative to healthy tissue. These
results support the hypothesis that Cu isotopes have the strong potential to be markers of cancer.

In this chapter we measured the plasma levels of Cu and Zn for the whole population and
then we compared between cases and controls, we found very significantly high results for Cu
and significantly low for Zn, we also found that the Cu/Zn ratio was disturbed in patients
compared to the healthy control. We tested the sensitivity of the Cu isotope fractionation in
plasma and biopsy. We found very conclusive results which are structured in the article below.
The plasma of the controls was enriched in ®Cu, however that of patients was enriched in ®Cu,

conversely and in mirror image biopsies of patients were enriched in 8Cu. These changes can
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be explained by different biological processes such as angiogenesis, cell proliferation and cell

mass formation.

In the article presented below, we support the hypothesis that trace element concentrations
(Cu and Zn) and the isotopic composition of Cu have a high potential to be used as additional

biomarkers in the detection of thyroid cancer.

It is preliminary work proving the efficacy of isotopic measurements which can be use as
complementary to cancer investigation. However, a large cellular and subcellular studies will

be required to define 5°°Cu thresholds that would be indicative of the presence of the disease.
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Abstract

Thyroid cancer is the most common endocrine cancer. There is no systematic screening for such
cancer, and the current challenge is to find potential biomarkers to facilitate an early diagnosis.
Copper (Cu) and zinc (Zn) are essential micronutrients involved in the proper functioning of
the thyroid gland, and changes in their concentrations have been observed in the development
of cancer. Previous studies have highlighted the potential of ®Cu/®*Cu ratio (5°°Cu) to be a
cancer biomarker, and this study tests its sensitivity on plasma samples (n=46) of Algerian
patients with papillary thyroid carcinoma and a set of corresponding biopsies (n=11). The §%°Cu
ratio in blood and tumor samples was determined using multi collector inductively coupled
plasma-mass spectrometry (MC-ICP-MS), and their corresponding Cu and Zn plasma total
concentrations using total reflection X-ray fluorescence (TXRF). Plasma concentrations of Cu
were significantly higher (1346.1 + 328.3 vs. 1060.5 £ 216.1 pg/L, p < 0.0001), and Zn
significantly lower (942.1 + 205.2 vs. 1027.9 = 151.4 pg/L, p < 0.05) in thyroid cancer patients
as compared to healthy controls (n=50). Accordingly, the Cu/Zn ratio was significantly
different between patients and controls (1.5 + 0.4 vs. 1.0 £ 0.3, p < 0.0001). Furthermore, the
3%Cu plasma levels of patients were significantly lower than healthy controls (p < 0.0001),
whereas thyroid tumor tissues presented high §°°Cu values. These results support the hypothesis
that Cu isotopes and plasma trace elements may serve as suitable biomarkers of thyroid cancer

diagnosis.

Keywords: Copper, Isotopes, Zinc, Biomarkers, Thyroid Cancer.
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Introduction

Thyroid cancer is the most frequent malignancy of the endocrine system, responsible for
almost 90% of endocrine cancers (1-2), and accounting for the Surveillance, Epidemiology, and
End Results (SEER) Stat Fact 4% of all new cancer cases in the US (3). Its incidence is
increasing with 567.000 new cases annually, ranking it the 9™ place worldwide. It is diagnosed
three times more in woman (10.2 per 100,000) than in men (3.1 per 100,000) (4). In Algeria,
thyroid cancer incidence is increasing, taking now the 3rd place in women after breast and
colorectal cancer, while in 2006 it occupied the 5th position in frequency (5-6). Four types of
thyroid cancer are histologically distinguished. The most common is papillary thyroid
carcinoma (PTC) representing 80 to 90% of new thyroid cancer cases (7). There is no systematic
detection of thyroid cancer, and the diagnosis is made incidentally in 25% of cases during the
follow-up of another thyroid disease (2,8). Therefore, a current challenge lies in identifying

suitable biomarkers for supporting a fast diagnosis of thyroid cancer.

The link between metal trace elements and cancer has not been yet proofed nor much studied,
especially in Algeria. Copper (Cu) is an essential metallic trace element for living organisms
(9). Changes in Cu metabolism have been observed concomitantly with the development of
cancer (10). However, Cu is not a carcinogen, but an increased Cu bioavailability may lead to
an increased production of ATP, which is used by cancer cells during proliferation (10). Thus,
Cu contributes to the proliferation of transformed cells by providing the energy required for cell
cycle progression (11). As Cu has a short residence time in the bulk human body (< 6weeks),
it is a potential indicator for rapidly evolving diseases such as cancers (12). Like Zinc (Zn), Cu
is a catalytic cofactor in Cu/Zn superoxide dismutase | enzyme (SOD1), and it is the interaction
between Cu and Zn that allows the enzyme to function properly (13). This enzyme has a very
important role in antioxidant defense system of cells, as it converts superoxide into oxygen and
hydrogen peroxide. A disturbance of its expression is associated with various cancers such as
hepatocellular carcinoma (14), and overexpression of SOD1 promotes tumor growth in lung
cancer cells and reduce apoptosis (15). Although significantly elevated concentrations of Cu
and Cu/Zn ratio have been observed in the plasma of patients with breast cancer (16-17), it
seems that trace metal imbalances (Cu/Zn) are clinically more sensitive indices of disease than

the concentration of any single trace metal alone (13).

Copper naturally has two stable isotopes: ®3Cu (69.2%) and %°Cu (30.8%) (18). The isotopic

abundances of copper in human serum can vary according to sex, menopause, and metabolic
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diseases (19-20). The conventional delta value (5 ®Cu) is used to report the Cu isotope
abundances and corresponds to the relative deviation of %°Cu/%3Cu ratios in the measured
samples from its value in reference material NIST SRM 976. Some studies observed variations
in %°Cu and indicated an altered metabolism of cancer cells compared to normal cells (12,21).
The differences (corresponding to the isotopic fractionation) are still poorly understood. Several
steps such as Cu reduction, Cu transport across the membrane or Cu binding to organic ligands
have the potential to generate fractionation and different metabolic processes such as hypoxia
and angiogenesis (22). The ab initio calculations can predict quantitively the variation of Cu
isotope abundance, and can provide an overview into a biological process in biological
reactions: in tumor, high 8%Cu values represent a reserve of the circulating %*Cu isotope, due
to absorption by tumor cells, conversely low values indicating an enrichment of the lighter 3Cu
isotope in the serum (12,21). Recent studies on patients with different types of cancer
demonstrate that Cu present in the blood is enriched in light isotopes relative to healthy controls
(12,21,23). Consequently, Cu isotopes have strong potential to constitute meaningful markers
of cancer detection. For the moment, this type of studies was only applied for breast, ovarian,
and colorectal cancer (12,21,23). In this study, its suitability for thyroid cancer is tested by
comparing the abundance of ®3Cu and ®Cu in plasma and tissue biopsies of thyroid cancer
patients, along with an assessment of total plasma Cu and Zn concentrations. Our results support
the notion that Cu isotopes and total trace elements may support early thyroid cancer detection

and diagnosis.

Materials and Methods

Blood and Tissues Samples

The recruitment of patients was done at University Hospital Centers of TLEMCEN and
ORAN (Western Algeria) from June 2018 to May 2019. Forty-six patients with PTC and fifty
control subjects were randomly and consecutively selected for the study without applying
specific exclusion criteria. All participants had been informed of the purpose of this study, their
informed consent had been requested and signed in advance, and people refusing to participate

were excluded from the study.

The blood samples, before ablation, of the participants were collected using a venipuncture
into 4 mL heparinized tubes and centrifuged at 1100x g (relative centrifugal force) for 10 min

using a Sigma 2-16P centrifuge, the plasma was recovered in aliquots of 500 pl. A total number
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of 11 investigated tissues with thyroid cancer were collected after surgery (thyroidectomy). A
diagnosis of thyroid cancer disease was confirmed by an independent pathologist after
postoperative pathohistological analysis of thyroid tissues. Plasma of the participants

and thyroid tissues samples were stored and kept on —80 °C freezer until further manipulation.

A questionnaire was filled, via a face-to-face interview, with every participant considering
the anthropometric and socio-cultural parameters. Patients presenting other types of
malignancies, chronic diseases, or taking a chronic drug therapy were excluded. This study was
conducted in accordance with Algerian law (25/2006, resolution Ne. 387) and approved by the
Scientific Ethics Deontology Committee of Tlemcen University.

Copper and Zinc Status Assessment

Total plasma Cu and Zn concentrations were determined by total reflection X-ray
fluorescence (TXRF) using a benchtop analyzer (S2 Picofox, Bruker nano GmbH, Berlin,
Germany), essentially as described (24-25). All samples were supplemented with a gallium
standard for calibration. Aliquots were applied to cleaned and polished quartz glass slides and
dried, before being analyzed by X-ray fluorescence. A seronorm serum standard (Sero AS,
Billingstad, Norway) served as control and was included in all assay runs. The concentrations
determined for total Cu and Zn were within the specified range of the standard, and the inter-
assay coefficient of variation (CV) was below 15% during the analysis.

Copper Isotope Assessment

Plasma (200 ul) and thyroid tumor biopsies (200 pg) were mineralized on a hot plate in a
mixture of nitric acid and hydrogen peroxide. Cu was isolated from the other elements using
quartz columns following the protocol described in Albarede et al., (2011) (26-27). The &%°Cu
were determined using a Nu Plasma MC-ICP-MS (Nu Instruments, Wrexham, UK) of ENS-
Lyon. As MC-ICP-MS suffers from a stable bias, a correction was systematically applied for
each isotopic ratio using a constant and known standard of Zn which was added for each sample
and standard. Typical external reproducibility on & ®Cu determined from multiple replicates of
samples is ~ 0.05%o for each session. The conventional delta values, 5 ®*Cu, measured for each

sample is defined by the formula below:

65Cu/%3Cu) sample
gescu = | o/ Cwsample |6 600
(°>Cu/®>Cu) IStd
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Procedural blanks were below 0.06 ng on average and can be neglected regarding the
quantities of Cu isolated.

Statistical Analysis

Normality of the data was tested using Kolmogorov—Smirnov test. All analysis (Chi-square
test, two-samples t-test, Mann-Whitney U, Kruskal-Wallis, Spearman correlation, linear
regression, and Receiver Operating Characteristics “ROC”) were performed using IBM SPSS
Statistic software version 23 (IBM Corporation, USA). The results of continuous variables are
provided in mean (95% K & Sr peaks CI) and median (IQR) and of categorical variables in
percentages (%). When the P-value was < 0.05 the result was considered as statistically
significant, and the degree of the differences are marked as: p < 0.05 (*), p < 0.01 (**), p <
0.001 (***) and p < 0.0001 (****). All figures were created with GraphPad Prism 9.0.1.

Results

The study population included 96 individuals, 46 cases with PTC and 50 healthy controls
from western Algeria. This population was predominantly female with a ratio of 9:1, which
reflects the difference between the sexes in the prevalence of thyroid cancer (28). The average
age of the group was 42 + 13 years. The characteristics of the study population are described in
Table 1. No significant differences have been observed between cases and controls in the
anthropometric parameters. The thyroid parameters were compared with international
standards. A value was considered as abnormal when it was outside the standard range: Thyroid
Stimulating Hormone (TSH) 0.3 < TSH < 5.0 pIU/mL, anti-thyroid peroxidase antibodies
(TPO-ab) < 34 Ul/mL and thyroglobulin (TG) levels 3.0 < TG < 40 ng/mL. We observed that
thyroid biomarkers are highly perturbed in the individuals with thyroid cancer compared to the

international standard.
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Table 1. Characteristics of the study population.

Variables PTC patients Healthy Controls P-value
Number of participants 46 50
Number of biopsy tissues 11 0
Sex (%) 0.19
Women 91% 85%
Men 09% 15%
Age (years) 0.27
median (IQR) 39 (29, 50) 42 (36, 48)
mean (95% Cl) 40 (36, 49) 43 (39, 46)
0.19
>50 years (%) 28 % 20 %
<50 years (%) 72 % 80 %
BMI (kg/m?) 0.09
median (IQR) 27.8(23.3,32.2) 25.9 (23.2,30.5)
mean (95% CI) 28.3 (26.6, 30.0) 26.4 (25.2, 21.7)
Smoking (%) 0,27
Yes 09% 14%
No 91% 86%
TSH (ulu/mL) /
median (IQR) 92.4 (70.9, 101.0)
mean (95% CI) 82.9 (75.6, 90.0)
TPO-ab (Ul/mL) /
median (IQR) 16.4 (14.7, 21.0)
mean (95% CI) 38.7 (15.5, 21.9)
TG (ng/mL) /
median (IQR) 11.9 (4.7, 87.9)

mean (95% CI)

109.5 (32.8, 186.24)

BMI: Body Mass Index; TSH: Thyroid Stimulating Hormone; TPO-ab/ anti-Thyroid Peroxidase antibodies; TG: Thyroglobulin.
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The trace element status of Cu and Zn as well as the Cu/Zn ratio were compared between
PTC patients and healthy controls (Figure 1). Significant higher differences were observed in
plasma of Cu levels and Cu/Zn ratio between cases and controls (P < 0.0001). The average Cu
levels was 1346.1 + 328.3 pg/L in PTC patients and 1060.5 £ 216.1 pg/L in controls.
Conversely, significant lower Zn plasma levels were observed (P < 0.05) between the two
groups, with average 942.1 +205.2 ng/L and 1027.9 + 151.4 pg/L in PTC and healthy subjects,

respectively.
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Figure 1. Comparison of Cu, Zn and Cu/Zn ratio in PTC patients versus healthy controls. Significant
differences were observed in plasma Cu concentration (A), Zn concentration (B) and in the Cu/Zn ratio
(C). Mann Whitney test for non-normal distribution or T test for variables normally distributed; p < 0.05
(*), and p < 0.0001 (****).

We also evaluated, using Spearman’s correlation test, the association between trace metals
(Cu, Zn) and thyroid parameters (TSH, TPO-ab, TG). However, no significant associations

were observed in PTC patients (P > 0.05).

Copper and Zn concentrations were classified into 3 classes according to international
reference values (Table 2). The Cu value (median 1060 pg/L) of our control group was close to
the corresponding reference ranges from other countries, such as Germany (1020 pg/L, with a
range of 804—1620 pg/L) (29). In comparison to the healthy controls, more than 16% of patients
with PTC had elevated Cu concentrations. Cu levels in the majority of the studied population
was within the reference range. In our patients, Zn concentrations were lower than in our
controls, but most of the values were still within the reference range [785-1046] pg/L (28,30).
However, the distribution of Cu and Zn concentrations in the classes of the two groups remained

significantly different (P < 0.0001).
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Table 2. Prevalence of elevated Cu and deficient Zn concentrations in PTC patients and healthy
controls in comparison to international reference ranges.

Reference values PTC patients Halthy Controls P value Reference
Cu [pg/L] 0.0001 (29)

n % (Cu < 804 pg/L) 0% 14%

N % (804 < Cu < 1620 pg/L) 84%16% 86%

n % (Cu>1620 pg/L) 0%

Zn [pg/L] 0.0001 (30)

n % (Zn <785 pg/L) 26% 0%

N % (785 < Zn < 1046 pg/L) 46% 68%

n % (Zn > 1046 pg/L) 28% 32%

SD: standard deviation

The correlation between Cu and Cu/Zn ratio in the PTC patients (in red, in Figure 2) and in
the healthy controls (in green, in Figure 2) was studied. They were widely used as an indicator
in breast cancer (12). In the control group, we observed a clear correlation reflecting a strict
regulation of Zn levels in the body (x/y = Zn) compared to the cases (p = 0.001). The plasma
of PTC showed a high degree of deregulation in Cu and Zn.

34 .
e Patients

= Controls

Cu/Zn ratio

0 1000 2000 3000
Cu [pg/L]

Figure 2. Correlation analysis between Cu and Cu/Zn ratio in plasma of PTC patients and healthy
controls. The control group expressed a strong correlation (R? = 0.85), which reflect Zn regulation in
the body (x/y = Zn). Zn concentration in PTC plasma seems to be less regulated and variable compared

to controls (R? = 0.39).

We treated each §°°Cu plasma measurement for each patient, tissue, and control as an
independent measurement (Figure 3). PTC plasma samples had a Cu isotope ratio ranking from

-1.38 to -0.56%0 (median -0.86%o, mean -0.90 + 0.24%o) and remained significantly lower (p <
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0.0001) compared to the healthy controls (between -0.2 to -0.9 %o, median -0.60%o, mean -0.61
+ 0.21%o).
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Figure 3. Comparison of 3**Cu values between healthy controls plasma and thyroid cancer patients’
plasma and biopsy. **** =p <0.0001.

Nevertheless, there was no significant difference between the §°°Cu measured in
controls and the §**Cu measured in the thyroid tissue biopsies (p = 0.163). We then compared
the mean §%°Cu of patients and thyroid biopsies and found that there was a significant difference
as a mirror effect (p < 0.05). We also compared plasma §%°Cu values with age, sex and thyroid
parameters but no association was found in PTC patients (p > 0.05).

Finally, we analyzed Cu/Zn ratio and §%°Cu data with Receiver Operating Characteristics
(ROC) curve analysis (Figure 4). The ROC curve allows us to evaluate the probability that a
result obtained is a true positive or a false positive, and the area under the curve (AUC) indicates
the probability to get a positive value in front of a negative one. AUC vary between 0.5 (pure
chance) and 1.0 (totally reliable). In our case, we evaluated the use of Cu/Zn ratio and 6*Cu as
novel biomarkers in diagnostic tool for thyroid cancer. The results indicate an acceptable degree
of accurate diagnosis and prediction, with an AUC = 0.81 for Cu/Zn axis (p < 0.0001) and an
AUC=0.78 for §**Cu of axis (P < 0.0001), respectively, to discriminate between controls and

cancer patients (Figure 4).
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Figure 4. Receiver Operating Characteristics (ROC) curve for: A) Cu/Zn Ratio and B) §%°Cu in the
plasma of papillary thyroid carcinoma. We place the True Positive decision on the ordinate axis and
False Positive rate on the abscissa to form the ROC diagram. The area under the ROC curve (AUC)
obtained for the present data were 0.81 and 0.78, respectively (p < 0.001) supports the hypothesis that
Cu/Zn ration and §%°Cu have a strong potential to be a novels biomarker in diagnosis for thyroid cancer.

Discussion

In this study, we present a comparison of trace elements in Algerian healthy subjects and
patients with a diagnosis of PTC. Our results indicate that both total plasma Cu and Zn
concentrations with the Cu/Zn ratio as well as the §%°Cu marker yield fast, low-cost and
meaningful insights and may support a thyroid cancer diagnosis. However, the nature of our
study is explorative, and a single sample per patient only was available for analysis. For these
reasons, the data need to be interpreted with the due caution until the results have been verified
in larger study cohorts. Nevertheless, the measurements were conducted by scientists blinded
to the clinical phenotypes, and the study groups were of sufficient size to support further

research on these novel biomarkers of thyroid cancer.
4.1 Metals Concentrations and Ratios

We observed that blood Cu concentrations were significantly higher and Zn concentrations
significantly lower in thyroid cancer patients compared to healthy controls. Cu and Zn are
important for thyroid gland function, in metabolism and in synthesis of thyroid hormones (31).
Such changes in concentration of trace metal can affect the balance between oxidant and
antioxidant in the body and thus the endocrine system and can result in different thyroid

diseases such as hyperthyroidism, hypothyroidism, Hashimoto’s disease, and cancer (31-32).
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First, Copper interact with tyrosine amino acid metabolism which is necessary for production
of thyroid hormones (33). Cu regulates the excessive absorption of thyroxine (T4) by
monitoring the calcium levels and can eliminate free radicals and reduce some damage caused
in the cells during the synthesis of thyroid hormones (34). It is reported in some studies, that
high levels of Cu may cause an oxidative stress that can alter normal thyroid function
(31,33,35,36). Some studies reported high Cu blood levels in cancer, and they correlated with
grade and therapies response (10,37). Ishida et al., (2011) (11) using a mouse model genetically
modified of human cervical carcinoma reported a high expression of Cu transporter Ctrl in the
cancer cells, and thus tumors might have a higher dependence for Cu. Cu has the particularity
to act as antioxidant and pro-oxidant (34,38). Cu is considered as switch activating the
angiogenesis process of tumoral cells. Abnormally high concentration of Cu can facilitate the
proliferation of tumors by damaging DNA with toxic free hydroxyl radicals. In addition, high
serum Cu concentrations are correlated with patients having different types of cancer and in
most cancers, it is considered as hallmark of cancer cells (39). But for the moment, the effect
of Cu mechanism in angiogenesis is still unclear (10). Cu is actively involved in the process of
tumor progression, particularly during angiogenesis and metastasis (40). Clinical studies in
rodent models show that Cu supplementation significantly increases tumor growth in breast,
pancreatic and lung cancer (41). Cu regulates the expression and the secretion of certain
angiogenic factors, such as vascular endothelial growth factor (VEGF), fibroblast growth
factors (FGF) and interleukin-lalpha (IL-l1a). Therefore, Cu indirectly participates in
angiogenesis and tumor nutrition (42).

In addition, during the inflammatory response, Cu is mobilized and accumulates in inflamed
tissues, contributing to the defense against various infections. However, chronic inflammation
is a risk factor in the development of cancer. Certain inflammatory cytokines, such as IL-6 and
IL-17, are diagnostic markers for early phase of inflammation and they interact in the promotion
of tumors and cancer progression and they act in the regulation of Cu uptake mechanisms, thus
contributing to the accumulation of Cu in cancer cells (24,43).

Secondly, Zinc is a micronutrient required for the biosynthesis of thyroid hormones, and Zn
affects the activity of 5’-deiodinase for the conversion of T4 to triiodothyronine (T3) (44-45).
In addition, Zn is necessary for the synthesis of TSH from pituitary and TRH from
hypothalamus (46-47). Kralik et al., (1996) (48) showed Zn to be required for the correct
metabolism of thyroid hormone, and Zn deficiency might have a negative effect on the activity

of normal thyroid. Meta-analysis conducted by Gumulec et al., (2014) (49) provided evidence
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for Zn level to alter cancer-specific tissue, with low Zn concentration associated with most

tumors and in particular with thyroid carcinoma.

Few studies reported a lower levels of Zn and relatively higher levels of Cu in thyroid cancer
patients (46). The study of Lin et al., (2006) (50) found significantly lower concentration of Zn
(0.73 vs. 1.01 mg/L) with significantly higher levels of Cu (1.16 mg/L vs. 0.92 mg/L) in patients
with hepatocellular carcinoma compared to controls. Baltaci et al., (2017) (46) found a negative
correlation between lower levels of Zn and higher levels of Cu in the same patients. There is an
antagonistic relationship between Cu and Zn; a diet rich in zinc (overdose) may lead to
disruption of Cu absorption, and conversely a high dose of Cu may decrease Zn absorption (51-
52). This could explain the results obtained in our patients showing a perturbation in their Cu/Zn
ratio. Alternatively, the altered Cu/Zn ratio may reflect the ongoing inflammation during
thyroid cancer, which may set in early. In general, Cu is upregulated as positive acute phase
reactant, whereas Zn tends to decline in response to inflammation. This inverse response to
cytokines may contribute and synergize with the antagonistic changes of trace element

absorption mentioned above.

Furthermore, during the synthesis of thyroid hormones, free radicals (ROS) are produced
(53). It has been reported that SOD enzymes are involved in the thyroid gland functioning (54).
Through cellular protection mechanisms, SOD enzymes eliminate excess ROS and prevent
tumor progression through cellular protection mechanisms. On the other hand, the disturbance
of the Cu-Zn homeostasis and an overproduction of ROS can lead to DNA damage, protein
modification and eventually to the development of cancer (10). This may also explain the Cu/Zn
imbalance observed in our thyroid cancer patient cohorts.

We found higher Cu/Zn ratio in PTC patients compared to healthy controls, this result was
similar to previous studies conducted on breast, prostate, colorectal, and uterine cervical cancer
(55-56). The Cu/Zn ratio is considered as a potential biomarker for cancer detection (24). Our
results support its potential value for PTC detection, thereby expanding its potential use as
screening and diagnosis tool to the thyroid gland.

Some studies reported the influence of thyroid hormones in Cu and Zn metabolism (36,57).
It was observed that thyroid hormones can influence the expression of Cu transport proteins
(ATP7A, ATP7B) and regulate serum Cu levels by controlling the production of the Cu-

transport protein ceruloplasmin (58). In addition, it was found a significant correlation between
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TSH and Zn levels in hyperthyroidism (59). However, in our study we found no significant
association between trace metals and thyroid parameters.

4.2 Copper Isotopic Composition

With the development of new sensitive techniques such as MC-ICP-MS a search for non-
invasive low-cost biomarkers has emerged, aiming at the development of early disease
diagnosis. In this study, the $°°*Cu marker is used and based on the determination of two stable
Cu isotopes concentration ratio (®®Cu/ ®*Cu). We evaluated the Cu fractionation in blood and in
tissues samples of patients with PTC and found significantly lower plasma value of §%°Cu in
patients with PTC compared to healthy controls, and in a mirror image, significant higher values
of 8%Cu in thyroid tumor tissue. Studies conducted in breast, colorectal and ovarian cancer
found similar results, and have shown lighter enrichment in ®3Cu isotope in serum and heavier
enrichment in the ®°Cu isotope in tissue, due to a preferential uptake of the heavy isotope by
tumor cells (12,21).

We used ROC curve analysis (Figure 4.B) to evaluate the use of Cu isotope as diagnostic
biomarker for thyroid cancer. The ROC curve is a widely used tool in diagnostic medicine. It
represents the ability of a test to discriminate between the patient and non-patient population
(60). The ROC curve represents on the ordinate the proportion of positive tests among the
patient’s population (the sensitivity), in our case the 8%°Cu values of the thyroid cancer patients,
versus the proportion of positive tests among the non-diseased population. The reliability of the
results is assessed by the AUC which ranges from 0.5 (pure chance) to 1.0 (totally reliable test).
The ROC curve represents all the points calculated for each §%°Cu sample value. In the present
case of thyroid cancer diagnosis, the AUC is equal to 0.78 and were similar to that observed in
breast cancer (12). The use of §%°Cu as a potential diagnostic tool for thyroid cancer seems very

promising.

The isotopic variability can be influenced by different mechanisms such menopause (61-62)
or biological sex (20). 8%°Cu values seem also to vary according to diet. In fact, Jaouen et al.,
(2013) (20) demonstrated that Cu isotope composition of healthy Yakut’s serum are
significantly different (lighter) than observed in reference panel of Japanese and European
population and supposed to be related to the isotope composition of the diet. The isotopic
fractionation in diet can be generated during the intestinal absorption or excretion of food
inducing differences in the isotopic composition of the human body or reflect different

biogeochemical origins of the food items. Furthermore, it has been observed that metabolic
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reactions can also cause isotopic fractionation. In several diseases, such as cancer, this

metabolic change can be measured (63).

As previously highlighted, the cause of isotopic fractionation in the case of cancer is not well
understood but it has been suggested by Telouk et al., (2015) (12), that the hypoxic environment
in tumor cells would be at the origin of the decrease of §®*Cu in the serum and the enrichment
of 6%°Cu in the tissues. It has been reported that in solid tumors there is a preferential chelation
of the heavy %°Cu isotope in the tumor tissues and the release of the light 83Cu isotope into the
blood (12,19). However some studies on hematological cancer found different 5%°Cu values in
tumor patients versus controls, but at the same time similar isotopic fractionation in plasma and
solid tumors, suggesting that the mechanism responsible for this distribution was not related to
preferential absorption and release from the tumor but was caused by the proliferation of tumor
cells (23). The mechanism of isotopic fractionation is thus not yet fully understood, and further

studies in cellular and subcellular range are needed to elucidate this variation.
Conclusion

The assessment of Cu and Zn plasma levels showed higher Cu and lower Zn concentrations
in PTC patients compared to healthy controls, yielding a highly significant difference in the
plasma Cu/Zn ratio. In addition, the Cu isotopic composition was strongly different in the
thyroid cancer, patients as compared to healthy controls. Notably, the §%°Cu values differed in
opposite directions in plasma versus the thyroid tumor tissue samples. Our study supports the
hypothesis that trace element concentrations and isotopic composition have a high potential to
be used as additional biomarkers in the detection of thyroid cancer. Further molecular studies

are needed for a better comprehension of the mechanisms involved in these processes.
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Chapter 1V: Relationship between minerals elements and papillary thyroid carcinoma

In this chapter we presented the combined results obtained in the previous chapters Il and
I11, with a deeper statistical study. We investigated the relationship between the different
micronutrients and macronutrients: Se, Cu, Zn, Fe and Ca and their direct or indirect

implications in thyroid cancer.

In this project, we conducted a cross sectional study, with 102 participants, including 47
patients with PTC and 55 healthy controls from western Algeria. Characteristics of the
participants are presented in chapter Il and Ill. The general population was predominantly
female, with average age of patients 41 + 14 years and controls 44 + 13 years. The patients
presented an overweight profile (28.31 + 5.85 kg/m?) compared to the controls (25.93 + 4.17
kg/m?) with a P < 0.05. There was no significant difference between cases and controls in
marital status and smoking habit, however the distribution of education levels was significantly
different (P < 0.01).

First, we investigated the association between anthropometric and socioeconomic status with
the different micro and macronutrients. We studied the distribution of Se, Cu, Zn, Fe and Ca
concentrations among the four international Body Mass Index (BMI) classes [Underweight
(BMI < 18.5) ; Ideal weight (BMI 18.5-24.9) ; Overweight (BMI 25.0-29.9) and Obese (BMI
> 30.0)]. The results are grouped in Figure 1. Regarding Cu, we found a significant difference
between PTC patients and controls in its distribution in all the 4 classes. For Se and Ca, the
differences observed are in the classes: underweight, ideal weight and overweight (P < 0.05).
Fe showed significant differences only in the first two classes and finally for Zn only the
underweight class showed a significant difference between the two groups.
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Figure 1. Plasma trace elements distribution in the four international BMI classes. Underweight (BMI
< 18.5) ; Ideal weight (BMI 18.5-24.9) ; Overweight (BMI 25.0-29.9) and Obese (BMI > 30.0). T test
was used for variables with normal distribution and Mann Whitney test for non-normal distribution P <
0.05 (*), P <0.01 (**) and P < 0.001 (***).

Figure 2 illustrates the results of trace element in age distribution. No significant difference
was observed between patients and controls. We then separated the patients and controls
according to age (< 55 and > 55 years), which represents the average age of menopause, we

found significant differences for Se, Cu, Zn and Ca between cases and controls in the < 55 years
groups (Figure 2).
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Figure 2. Plasma trace element concentrations in general age and in two age groups (< 55 and > 55 years old) of PTC patients and controls. llustrations represent
the distribution of plasma Se (A), Cu (B), Zn (C), Fe (D) and Ca (E) concentrations. T test was used for variables with normal distribution and Mann Whitney
test for non-normal distribution P < 0.05 (*), P <0.01 (**) and P < 0.001 (***).
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We also examined the correlation between trace elements: Se, Cu, Zn, Fe and Ca in general

population, including patients and controls, (Figure 3). We found an interesting positive and

significant correlation between Se-Cu, Se-Zn, Se-Ca, Zn-Fe, Zn-Ca and Fe-Ca.
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Figure 3. Coefficients correlation between trace elements (Se, Cu, Zn, Fe and Ca) in general population.

P <0.05 (*), P < 0.01 (**) and P < 0.001 (***).

We explored ratios of any two trace element levels (Figure 4). Compared with controls,

significantly increased Cu/Se, Cu/Ca, Cu/Zn, Cu/Fe and Ca/Se ratios were detected in patients,

conversely, Fe/Se and Fe/Ca were decreased.
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Figure 4. Comparison of trace elements ratios in PTC patients versus healthy controls. Significant lower
concentration was observed between patients and controls in Cu/Se, Cu/Ca, Cu/Zn, Cu/Fe and Ca/Se
ratios and significant higher for Fe/Se and Fe/Ca. T test was used for variables with normal distribution
and Mann Whitney test for non-normal distribution; p < 0.05 (*), p < 0.001 (***) and p < 0.0001 (****).
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Finally, we studied the relation between §%°Cu variation and socioeconomics parameters in
PTC patients and controls. Figure 5 represent the distribution of plasma §%°Cu in the BMI
international classes. We observed significant differences in the classes: underweight,

overweight and obesity.
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Figure 5. §%Cu distribution in the four international BMI classes. Underweight (BMI < 18.5) ; Ideal
weight (BMI 18.5-24.9) ; Overweight (BMI 25.0-29.9) and Obese (BMI > 30.0). T test was used for
variables with normal distribution. P < 0.05 (*) and P < 0.01 (**).

Concerning age, no correlation between 6°°Cu and age was observed. We then separated the
patients and controls according to age (55 years), which represents the average age of

menopause, we found significant differences only in patients’ groups (Figure 6).
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Figure 6. 3%Cu concentrations in general age and in two age groups (< 55 and > 55 years old) of PTC
patients and controls. T test was used for variables with normal distribution and Mann Whitney test for
non-normal distribution. P < 0.05 (*).
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Discussion

In the last decades, the incidence of thyroid cancer has increased significantly around the
world and varies greatly from country to country [1]. The highest incidence rates are found in
USA, Europe and Asia countries, while the lowest rates are found in Africa [2]. Despite the low
incidence rate in Africa, the Maghreb region has a high incidence rate similar to that observed
in Europe [2]. In Morocco and Tunisia, thyroid cancer is the 4™ most common cancer in women,
while in Algeria, this cancer is the 3 most frequent cancer in women after breast and colorectal

cancer [2]. The rising incidence of thyroid cancers affects all races and ethnic groups [3].

Our patients present PTC form. PTC represent the most common subtype, corresponding to
80%-90% of all thyroid cancers cases [4]. The gender distribution obtained in our results
corroborates the studies reporting a female predominance [5]. A similar study on 1376 cases
carried out in 2017 at the C.H.U (University Hospital Center) of Tlemcen, Algeria, showed a
female predominance (94.75%) [6]. Another study conducted on Moroccan neighbors cases
states that the predominance is still female (76%) [7], and it is reported that women are 3 times

more affected than men [8].

It is appears from different studies that the average age of discovery of the disease is 30 to
50 years with a peak around 40 years [9-11]. For 73% of our patients, the average age of
discovery is around 30 to 50 years old. We also found some significant differences in plasma
minerals content by age. Several studies have also described significant differences in the
distribution of micronutrients according to age including in Parkinson’s Disease [12], and
cancer [13]. Isotope fractionation also presented a significant difference in PTC patients
between the < 55 and > 55 age groups. These isotopic differences could be due to a metabolic

response to menstrual discharge [14].

Regarding the impact of anthropometrics factors, only few studies have been interested in
finding a possible link with PTC. Nevertheless we noticed that the average BMI of our patients
is approximately equal to 28.31 + 5.85 Kg/m? corresponding to overweight classes, and it is
similar to the results obtained in another Algerian study [15]. In addition, others search reported
a positive relation between obesity and thyroid cancer risk in women [16-17]. Overweight and

obesity constitute a risk factors for thyroid cancer [17].

We found a significant differences in the distribution of Se, Cu, Zn, Fe and Ca concentrations

among the four international BMI classes between patients and controls. Dietary micronutrient
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intake is associated with blood micronutrient concentrations, and the micronutrient deficiencies
of individuals could be contributing to the increase in obesity rates [18-19]. Additionally, diet
may influence the isotopic variability of individual [20]. Van Hedge et al., [21] found
significant differences between vegetarian and omnivorous individuals. Jouen et al., [22] also
found significant differences in the distribution of the Cu isotope between the Yakut population
and the European and Japanese populations. In our case, the change in isotope values with BMI

can be explained by different diets or metabolic variation of individuals.

In our results we did not find a significant association between smoking habit and the risk
of PTC. It should be noted that our population is predominantly female, as previously reported,
and no women were reported to be smokers. However, in the pooled study conducted by
Kitahara et al., [23] suggest that both smoking and alcohol consumption are associated with a

reduced risk of thyroid cancer.

Our results reveals that a relatively poor education level was associated with a high risk of
PTC. In an epidemiological study, using National Cancer Database from 2000-2013, points out
that low education, low income, no insurance and a far distance from one's treatment facility
presented a smallest increased in incidence of thyroid cancer [24]. Regarding marital status,
previous studies have demonstrated that it influences the prognosis of patients with different
types of cancer [25-26] including in thyroid cancer cases [27]. However, in this research we did

not find any significant association between marital status and PTC risk.

In thyroid cancer, the simultaneous coexistence of multiple homeostatic disturbances of
minerals elements has rarely been studied. VVarious minerals elements are involved in thyroid
hormone synthetizes and are required for the proper functioning of the thyroid gland, some of
them are directly implicated e.g., iodine, Se, Cu, Zn and Fe and other are indirectly implicated
e.g., Ca[28]. The link between trace elements and thyroid cancer is not yet well defined. In this

study we focused on the link between minerals elements: Se, Cu, Zn, Fe and Ca in PTC.

In the present study, we reported a significant diminution in plasma levels of the elements
Se, Zn, Fe and Ca, conversely, Cu plasma was found to be elevated in the PTC patients
compared to the healthy controls. Interestingly, various studies have reported high levels of Cu

with low levels of Zn, Fe and Se in serum cancer patients [29-32].

We found a disturbance in minerals elements ratios with increased for Cu/Se, Cu/Ca, Cu/Zn,
Cu/Fe and Ca/Se ratios and decreased Fe/Se and Fe/Ca ratios in PTC patients. It seems to be

relative with high levels of Cu and low levels of Se, Zn, Fe and Ca in PTC patient’s vs. healthy
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controls. In literature, only few studies described changes in ratios of minerals elements. In
prostate adenocarcinoma studies, Sapota et al., [33] found lower Zn/Cu, Zn/Se, Ca/Zn and
Cu/Se ratios in cancerous patients compared to benign forms and Singh et al., [34] also found
higher Fe/Se and Ca/Se ratios with lower Zn/Fe ratio in prostate cancerous patients. In
Hashimoto Thyroiditis study, Cu/Zn and Cu/Se ratios were significantly increased in patients
vs. healthy controls [35]. The Cu/Zn ratio was found to be informative for oxidative stress in
autoimmune diseases [36] and cancer [37-38] while the Cu/Se ratio was proved to be valuable
for thyroid hormone signaling [39]. Indeed, Cu/Zn, Cu/Fe, and Cu/Se ratios seems to be much

better indicators of cancer development than Cu, Zn, Fe, or Se levels alone [29].

Selenium and zinc are critical micronutrients which play an important part in the reduction
of oxidative stress and the protection of DNA from ROS attack. Se and Zn have been shown to
contribute into DNA repair system efficiency [40]. Se generated deficiency in Zn homeostasis,
most probably, has a significant impact on DNA stability of cells and could be the causes in
cancer development [40]. Furthermore, Se can interfere with Zn and inhibit the DNA repair
process by oxidizing Zn fingers of DNA repair genes as well as transcriptional regulators of
DNA repair genes. Depending on the concentration of Se and Zn the homeostasis can be

disrupted resulting in oxidative DNA damage and cancer [40].

In addition, several studies revealed the association between iodine, Zn, and Se in thyroid
cancer risk, but the findings are still controversial [41-43]. However, Zn could interact with or
alter the function of Se in thyroid physiology [44]. Therefore, it is extremely important to
control the balance between these two trace elements for optimal thyroid gland functioning.

Copper is a catalytic and structural cofactor of many important enzymes. It is also involved
in the formation of hemoglobin in the blood, facilitating the absorption and utilization of Fe for
red blood cells to deliver oxygen into the tissues [45-46]. Mladenka et al., [47] speculated that
the reducing effects of Fe and Cu may be appropriate for a chelator designed for cancer
treatment. In addition, Cu interacts with proteins containing Fe-sulfur complexes and can

displace other metals such as Zn from metalloproteins, inhibiting their activity [29].

Copper/zinc (Cu/Zn) in superoxide dismutase | enzyme (SODL1), are critical components of
antioxidant enzymes [44]. It was reported that Cu deficiency directly affects the function of
proteins with antioxidant functions, such as SOD1, ceruloplasmin, metallohtionein process, and
indirectly affects glutathione (GSH ) peroxidase activity [48]. GSH and metallothioneins bind

to intracellular Cu to decrease the discharge of excess Cu [49-50]. In several studies on rodents,
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Cu deficiency leads to decrease in GPxs activities [51-52]. Furthermore, in chicks [53] and in
human colonic carcinoma (HT-29) cells line studies, Cu is capable to reverse selenite-induced
cytotoxicity [54]. Schwarz et al., [55] in their study, exposed hepatocarcinoma cells (HepG2)
to different concentrations of Cu and Se. They found that Cu downregulated GPxs and TRxs
activities, removed selenoproteins mMRNA of GPx1 and selenoprotein W, and reduced the
efficiency of UGA recoding in the cells. They demonstrated an interrelation between Cu and
Se status, and Cu impacts negatively the expression and activity of selenoproteins. This link
may also interfere in the Cu/Se ratio. Increased Cu concentration downregulated selenoproteins
expression and affect negatively cellular redox homeostasis contributing to disease processes
[55].

It has been demonstrated on rats studies, that Fe deficiency reduce GPxs activity in various
rat tissues [56], T4 and T3 were also decreased [57]. In addition, Iron Deficiency Anemia (IDA)
caused a decrease in the activity of hepatic DIOs, responsible for the conversion of T4 to T3
[58-59]. This decrease was higher in several anemic and iron-deficient rats form (72%) than in
those with a less several form (25%). The mechanisms that control hepatic DIOs activity
(enzyme synthesis and regulation of enzyme activity) are directly affected by iron deficiency,
independently of thyroid hormone status [58-59]. In human study, It has been reported an
altered efficiency of thyroid hormone synthesis in children and adults presented goiter disease
and have Fe deficiency, suggesting an adequate Fe intake is necessary for efficient thyroid

hormone synthesis with adequate iodine concentration [60-59].

Calcium has been shown to affect Fe absorption [61]. The addition of 150 mg of Ca to bread
reduced Fe absorption by 50%. It is suggested that the interaction takes place in the mucosal
cells, as both heme and non-heme Fe are affected [62]. Ca does not appear to have a direct
effect on Zn absorption [63], nutritional studies suggest that Ca enhances Zn absorption from
phytate-containing foods [63-64].

In our statistical study we found significant correlations between different mineral elements
(Se, Cu, Zn, Fe and Ca). The limitation of our work is the number of participants. In fact, a
study with a larger sample size can provide more solid statements, however we consider our
project as a pilot study with very interesting results, which demonstrated that the homeostasis
of the mineral elements is disturbed in PTC patients. Moreover, these elements can be directly
or indirectly related to each other. Our results suggest that mineral elements can be considered
as risk factors and may constitute a novels biomarker for early detection of papillary thyroid

cancer.
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I. Presentation of the article

Selenium is receiving increasing interest as a potential cancer prevention agent, especially
in populations with low Se intakes. While Se is toxic at doses slightly in excess to dietary
requirements, clinical trials of selenite as an anti-cancer therapy have demonstrated its
protective effect against liver cancer. SeNPs have increased potential compared to aqueous Se,
as it allows to deliver high Se concentrations without toxic effects to the general body, and they

could be used specifically against cancer cells.

Indeed, SeNPs were found to induce cell death mechanisms in ovarian and breast cancers.
Additionally, Se has been demonstrated to influence the epigenome and influencing
selenoprotein expression. High doses of Se treatment have been shown to inhibit DNA
methyltransferase activity and expression; however, low doses of Se, may also reduction DNA

methylation.

In the present study, we have tested the cytotoxicity, using different concentrations, of
SeNPs and selenite on the spheroid developments, a model of human woman papillary thyroid
carcinoma metastases (MDA-T120).

We observed a significant reduction in cell viability treated with SeNPs and selenite
compared to controls. However, MDA-T120 cell spheroids were more sensitive to selenite than

SeNPs. We also found a decrease in ROS production.

We support the idea that SeNPs should be further investigated for using as a non-invasive
and therapeutic option in papillary thyroid cancer treatments, but before that, one should better

understand action mechanisms involved.
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Abstract:

Cancer treatments are accompanied by undesirable side effects for patients, and thyroid
cancer treatment is not an exception. Currently, scientists are working on developing less
invasive and effective therapies against tumor proliferation. Selenium (Se) is an essential
micronutrient for human health, a daily consumption above 400ug were found to have an
inhibitor impact on cancer cells growth, however Se in selenite form is toxic for human health.
The development of new Se forms, nanoparticles of Se (SeNPs), could be the key to increase
the doses administered to obtain the desired therapeutic effect. Our objective is to study, for the
first time, the cytotoxicity and impact of SeNPs and selenite on the spheroid’s development,
models of thyroid carcinoma metastasis (MDA-T120). We found a significant reduction in cell
viability with SeNP-chitosan and selenite compared to controls with a decrease in reactive

oxygen species production.

Keywords: Selenium, SeNPs, Thyroid Cancer, MDA-T120.
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1. Introduction

Papillary thyroid carcinoma (PTC) is the most common type of thyroid cancer, accounting
for 85-90% of all cases [1]. Current clinical treatments for PTC are primarily surgical resection
and radiation therapy. However, these common cancer treatments are usually accompanied by
unavoidable side effects, e.g., when tumor tissues are removed, surgical resection may remove
some normal tissue [2]. The current challenge for scientists is to develop new therapies that are
less invasive and consequential for the well-being of patients with more efficient against the

propagation and growth of tumors.

Selenium (Se) is an essential micronutrient compound, it participates in the upkeep and
integrity of cellular systems by impacting cellular redox statuses and the ability to detoxify
compounds, free radicals, and reactive oxygen species (ROS) [3]. Several in vitro studies have
shown a beneficial effect of high Se doses against cancer cells [4-5]. The healthy intake range
for Se is particularly narrow, and it is between 25 and 70 pg/day for adults, and while it has
been considered as a potential cytotoxic/chemotherapeutic agent due to its higher-level toxicity,
it cannot be administered systemically in a free form (selenite) [6]. In contrast, selenium
nanoparticles (SeNPs) are well tolerated when administered in vivo models systemically and

show cytotoxic effects on ovarian cancer cells [7-8].

The aim of this pilot study is to test, for the first time, the cytotoxicity of SeNPs on the
spheroid developments, models of thyroid carcinoma metastases (MDA-T120).

2. Materials and methods
a. Characteristics and cell culture

We used models MDA-T120 (ATCC, Maryland, US), which represent a papillary thyroid
carcinoma cell line of female gender with 72 years old. Cells were cultured in RPMI-1640
medium (Sigma - Aldrich, UK) supplemented by 20% bovine serum albumin (BSA, Sigma-
Aldrich), 5 pg/mL and 1% penicillin-streptomycin solution (v/v) (Sigma-Aldrich, UK). Cells
were kept at 37°C and 5% CO> and regularly passaged using 0.25% trypsin and 0.1% EDTA

(v/v). We checked the cell viability and their fluctuations using an optic microscope.
b. Spheroid’s growth, treatment, and viability assay

Cell viability was assessed by using the CellTiterGlo assay (BMGLabtech, Fluostar Omega,
UK). 5,000 cells/well were loaded into 96-well plates with a round bottom and Ultra Low
Attachment coating (Corning, UK). After 24 h, the spheroid was formed, then we added 100
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pL of fresh medium containing a 2X concentration of sodium selenite or selenium
nanoparticles-chitosan (SeNP-chitpsan). For the viability assay, a range of rising doses (0.01
pg/mL to 20 pg/mL) was applied by simple dilution in the appropriate medium for 24, 48 or
72h. After treatment, we removed the 100 pL of medium from the wells and we added 100 pL
of CellTiterGlo. Plates were shaken for 10 min and equilibrated at room temperature for 25 min

before luminescence measurements.
c. ROS assay

MDA-T120 cells were plated in monolayers at 20 000 cells per well in dark 96-well plates
and grown overnight. After media removal, cells were washed once by PBS and incubated for
1h with cellular ROS detection reagent (Red Fluorescence, Abcam186027). A 6x IC50
concentration of selenite or SeNPs was then added, and the plate was incubated at 37°C for the
duration of the assay. Fluorescence was analyzed at different time points from 30 min to 10h
(520 nm excitation filter, 605 nm emission filter, BMGLabtech Fluostar Omega, UK).

3. Results

Before the formation of the spheroids, we checked the fluctuation of cells viability, as shown
in figure 1. We had a very important fluctuation about 80% of the flask surface.

Figure 1. Microscopic aspect of cell culture.

The morphological aspect of the two spheroids is presented in Figure 2, the first one is a
control spheroid without any added agent and the second one is a spheroid after treatment with
SeNP-chitosan, we noticed a decrease size of the treated spheroid.
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Figure 2. Microscopic aspect of spheroid in A) normal condition, B) treatment with SeNP-chitosan.

Figure 3 illustrated the treatment of MDA-T120 cell spheroids, we found a significant
reduction in cell viability with selenite and SeNP-chitosan compared to controls (without any
treatment). MDA-T120 cell spheroids were more sensitive to selenite than SeNP-chitosan. We
observed a significant decrease in cell viability with both. SeNPs and selenite have similar
cytotoxic effects. SeNPs are significantly lower toxic than selenite in in vivo models, whilst

having a cytotoxic effect.
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Figure 3. MDA-T120 cytotoxicity in the presence of SeNP-chitosane and selenite. MDA-T120 were
grown as 5 x 10° cell spheroids for 24 h then treated with an raising range of concentration (0 to 20
pg/mL) of selenite and SeNP-chitosane over 24h and cellular cytotoxicity monitored. Cytotoxicity was
evaluated by CellTiterGlo endpoint experiment.

Reactif Species Oxygen production over times shown that SeNPs induced cytotoxicity in
MDA-T120 cell lines, with cell-type specific responses, and could therefore offer significant
benefits and deliver at cytotoxic doses in vivo studies [9-10] (Figure 4).
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Figure 4. ROS production in MDA-T120. Cells were grown as a 2D at 50 x 102 cells per well, incubated
with ROS probes, and treated with selenite and, SeNP-chitosan. ROS red fluorescent assay SeNPs
showed that selenite, and SeNPs treatments at 1C50 decreased the production of ROS.

4. Discussion

Selenium is an essential micronutrient for human health. In recent years, several research
studies have focused on Se as a potential cancer preventive agent, particularly in populations
with markedly Se low intakes [11]. At doses above the nutritional requirement, Se is a toxic
element, but clinical trials using selenite as an anti-cancer therapy have demonstrated a

protective effect against liver and breast cancer [12-13].

In literature no in vivo study has described the effect of SeNPs cytotoxicity on spheroid with
thyroid carcinoma models. In this pilot study we found a promising results for the potential
therapeutic uses of SeNPs compared to aqueous selenium, mainly due to their increased
accumulation and specificity against cancer cells [14]. In addition, SeNPs have been found to
trigger cell death mechanisms in hepatocarcinoma and breast cancer [15-16].

In animal study, Sadeghian et al., [17] showed that SeNPs were less toxic and more bioactive
with antioxidant activity than sodium selenium. In another animal study with mouse model

demonstrated that SeNPs has promising anticancer activity against Ehrlich’s ascites carcinoma
[18].

In human studies, Kong et al., [19] found that SeNPs decreased the growth of prostate cancer
cells by degradation of androgen receptors which are essentiel for the normal functioning of
prostate cells. SeNPs activated the Akt/Mdm2 pathway, reducing the transcriptional activity of
androgen receptors by regulating its mRNA and protein expression [19]. Ali et al., [20]
demonstrated that pretreatment of lung cancer cells with SeNPs decreased the lipid

peroxidation, inflammation (TNF-a) and C reactive protein level. Vekariya et al., [21] reported
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that SeNPs modulate estrogen receptor-alpha signaling in breast cancer cells and led to rise the
expression of cytochrome C, Bax, and P-p38. Furthermore, SeNPs could induce apoptosis and
necrosis in breast cancer cells with reduced CD44 expression, caused disorganization and
dysregulation of intracellular cytoskeleton F-actin in MCF-7 cells [22]. In in vivo study, on
fibro-sarcoma cell lines (HT-1080), demonstrated that SeNPs inhibit the matrix metalloprotein
2 expression which is principally involved in tumor invasion [23]. Several studies proved that
SeNPs has promising anti-proliferation activity with no toxic effect and inhibit lung cells line
during S phase [24-25]. Even though the effects of SeNPs seem attractive in these cells’ lines;
however, to make a concrete conclusion, in vivo studies are mandatory which are hither to not

much explored.
5. Conclusion

We found a significant reduction in cell viability with selenite and SeNP-chitosan compared
to controls with a decrease in ROS production. We provided valuable preliminary evidence
representing the potentiality of SeNPs as a candidate for thyroid cancer treatment. This work
supports the concept that SeNPs can be investigated in further as therapeutic option not only
for thyroid cancer, but before that we should investigate more the pathway of the cellular

mechanism.
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Conclusion et perspectives

This research is in line with the objectives of promoting health and consequently, sustainable
development in Algeria. The present initiative is a contribution to a better understanding of the

factors favoring the incidence of cancer, including a diet deficient in Se and other elements.

In fact, the incidence of papillary thyroid cancer (PTC) has grown significantly in recent
years, and Algeria is not excluded. The relationship between nutritional status and thyroid
cancer has been debated for a long time and the results of studies are inconclusive.

In this investigation, we observed a significant variation of Se status in patients with PTC:
low concentrations of plasma Se and GPx3 activity are observed in patients compared to healthy
controls, while in contrast, GPx1 activity is increased. This fluctuation could be a consequence
of lack of Se in soil due to poor atmospheric import from the ocean (and consequent draught)
in the last 10 years and change of cereal import from Se naturally rich US wheat to European
wheat, and this could be the cause of various pathologies including cancer. It can also be
explained by divers’ polymorphisms changing the protein structure of selenoproteins, or

oxidative stress present in the thyroid cell and not eliminated.

Our predictive model showed a significant association between low plasma Se level.
However, the relationship between Se deficiency and thyroid cancer remains ambiguous and

further studies are needed to clarify the exact metabolism.

Regarding Fe and Ca, their concentrations seem to be disturbed in thyroid cancer patients

compared to healthy controls.

The assessment of Cu and Zn plasma levels showed higher Cu and lower Zn concentrations
in PTC patients compared to healthy controls, yielding a highly significant difference in plasma
Cu/Zn ratio. In addition, Cu isotopic composition was strongly different in thyroid cancer
patients as compared to healthy controls. Notably, the §%°Cu values differed in opposite
direction for plasma vs. the thyroid tumor tissue samples. Our study supports the hypothesis
that Cu/Zn and isotopic composition have a high potential to be used as additional biomarkers

in the detection of thyroid cancer.

We have also tested different concentrations of selenite and SeNPs on PTC spheroids, a
model of human papillary carcinoma (MDA-T120). We observed a significant reduction in cell
viability compared to controls with a decrease in ROS production. We support the concept that
SeNPs can be further investigated as a non-invasive and therapeutic option for the treatments

in thyroid cancer, but before that we should understand its action mechanism.
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The results of this thesis are conclusive and innovative. They show that the homeostasis of
micro and macro elements is disturbed in cancer patients compared to controls. It is necessary
to recognize the role of trace elements in the protection of the human being against the diseases
of this century and to give an overview on the impact of a deficit, or an excess, of these elements
on public health. This research will enrich epidemiological studies aiming at establishing meta-
analyses which alone have the statistical power to provide recommendations.

Among future lines of research, we would recommend the following ones

1. Soil mapping

The most abundant source of micro and macro nutrients is generally obtained in part from
local plant sources. It is important to map soil types according to Food and Agriculture
Organization (FAO) classification and their trace element content, especially the Algerian soils
for which few data are available, and to standardize this type of test in the future (like in the
FOREG maps in Northern Europe) in order to evaluate the nutritional constitution of the soils

and to be able to follow international recommendation.

2. Wheat import

The most important Se intake is from cereals. Algeria is importing wheat to cover a large
part of dietary needs. Depending on where they grow, Se content in wheat differs. In the US
Great plains, wheat is naturally rich in Se due to black shale it grows on. However, Algeria is
now importing EU and Ukraina or Russia wheat. It would be important to quantify the Se
provided by these different sources (and the volume imported in each case). Wheat import is
already recognized as a “Virtual Water Flow” and such a study could allow to deverlop the
“Virtual Selenium Flow” concept.

3. Dietary intake

It is necessary to determine the nutritional habits of patients, possibly with a follow-up and
questionnaire of recall 24h, 72h or weekly. This allows to know not only the nutritional habits
of the patients and in general population at risk, but also to evaluate if a sufficient intake of
micronutrient according to Recommended Dietary Allowances "RDA" is observed. We can
also compare with healthy people. Indeed, several studies had shown a significant association

between obesity, BMI, and thyroid cancer.

4. Mapped the trace elements present in the thyroid gland
For decades, thyroid pathologies, such as cancer, have been linked to iodine. However,

iodine is not the only micronutrient present in the gland, other elements are present and have a
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crucial role in the proper functioning of the gland. With the new technologies and instruments
such as Laser Induce Breakdown Spectroscopy (LIBS) one can detect even low concentrations
of the order to 1 ppm. Therefore, one can consider mapping the different micronutrients in the
gland and follow the concentration distributions. This new tool can, after further studies,
provide an early clinical diagnosis and new sources of information for clinicians to understand

the origin and development of pathologies.

5. Genetic study

A linkage study between polymorphisms of selenoproteins involved in the gland e.g.,
Thr92Ala (rs225014 T/C) and ORFa-Gly3Asp (rs12885300 C/T) polymorphisms in the DIO2
gene and proto-oncogenes (BRAF) by using sophisticate methods like Next Generation
Sequencing (NGS), would be a major contribution to this field, as it could explain the

relationship between Se and thyroid cancer.

Moreover, Se also can influence histone methylation, as already studied in ovarian cancer,
and this can also be exploited in thyroid cancer.

6. Se-NPs Se-Fe NPs and treatments

We have found that Se-NPs reduced the viability of spheroid model of human papillary
carcinoma and decreased the concentration of ROS, however other studies have suggested that
the combined use of selenium and Iron Oxide Nanocomposites gave better effect on spheroid
cells. We need to further investigate these effects at the molecular level in order to better

understand the antitumor functions of SeNPs.

7. Fe and ferroptosis in cancer development/treatment

Activation of regulated cell death is a potential cancer treatment strategy. Ferroptosis
induced by ROS contributes to tumor growth suppression. With ferroptosis activation, widely
recognized as a novel target for drug discovery, an increasing number of small molecules can
be identified to induce ferroptosis directly - or indirectly - by targeting Fe metabolism and lipid
peroxidation. A better understanding of the mechanism of ferroptosis and the role of ferroptosis

in cancer will create new opportunities for diagnosis and therapeutic intervention.

8. Use of Isotope as early diagnosis tool
In our work, we have demonstrated that there is a disturbance of copper isotope in patients,
the concept is to follow the evolution of cancer and measure to the isotope at different times in
the same patients (a cheap and non-invasive tool, to be used before radiotherapy, during and

after). Since the isotopes have a small concentration in the human body, they reflect the cell

135



Conclusion et perspectives

state and can be used as a biomarker for thyroid cancer and could be useful in the present type
of treatment. We also need to increase the number of cases and biopsies in order to obtain strong
correlations between the Se status and thyroid cancer. We also need to investigate new isotopes

such as Se isotopes.
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Annex 1. Questionnaire

Code :

e Nom:

e Prénom:

e Date et lieu de naissance :
o Age:

e Adresse, ville :

e Numéro de téléphone :

e Etatcivil :

e Nombre de fréres et soeurs :

D Célibataire |:| Marié |:| Veuf |:| Divorcé

e Nombre d’enfants :
1. Profession :
2. Salarié: Assuré :

3. Niveau d’instruction :

|:| P |:| M |:| S |:| U DFormation :

4. Habitation :

|:| Maison individuelle D Collective |:| Appartement

|:| Haouch : D autre :

5. Consanguinité : D 1 degreé D 2degré |:| 3degré  autre
6. Groupe sanguin :

7. Motif d’admission :

ATCD familiaux : de Pathologie

1. Peére:
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5.

Annexes

2. Mere:
3.
4

. Grands parents :

Fréres / sceurs :

Oncles /tantes :

ATCD Personnels de maladie :

|

©Co~No O

pe de pathologie associée :

HTA |:| Diabéte |:| autres

L’ age de début :
Traitements entrepris :
Posologie :
Chirurgicaux :
Toxique :

Alcool |:| Drogue D Cigarette

Histoire de la maladie :

1.

2.
3.

Type d’affection de la thyroide diagnostiqué :
L] Hypothyroidie
|:| Hyperthyroidie
|:| Thyroide de Hashimoto
|:| Goitre, hypertrophie de la glande thyroide, nodule thyroidien
|:| Maladie de Basedow
|:| Cancer de la glande thyroide

I:' Autre

|:| Je ne sais pas
Date du diagnostic :

Traitements ou examens réalisés :
|:| lode radioactif
|:|Ablation
|:| Biopsie par aspiration
|:| Chirurgie de la thyroide
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|:| Thyroidectomie

I:' Autre

4. Date de chaque traitement ou examen :
5. Symptomes :

6.
y
8

Médicaments pour traiter cette affection :

. Information pertinente ou commentaire supplémentaire :

. Complément alimentaire :

. Examen :

1.

A W

© © N o O

Poids :

Taille :

Tour de taille : Tour de hanche:

Bilan lipidique : Cholestérol Total : c-HDL : c-
LDL : Triglycerides :

Bilan glucidique : glycémie : hémoglobine glyquee :
Bilan Hématologique (FNS) :

Bilan ionique :

Bilan hépatique :

Fonction rénale : urée : créatinine :
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AnNnex 2. Consent Request Form
République Algérienne Démocratique et Populaire
MINISTERE DE L'ENSEIGNEMENT SUPERIEUR ET DE LA RECHERCHE SCIENTIFIQUE

Université Abou-Bekr-Belkaid Faculté des sciences Département de biologie

Madame, Monsieur,

Vous participez a un projet de recherche portant sur le statut nutritionnel des patients atteints de
cancer de la thyroide. Dans le cadre de ce projet, un prélévement d’échantillons de sang est proposé. Le
volume de ce prélévement est de 5 ml de sang.

La conservation de vos échantillons de sang s'effectuera dans des conditions strictes de
confidentialit¢ des données médicales sans que votre nom, votre prénom ou d'autres données
directement nominatives ne soient transmises avec le prélévement.

Conformément a la loi du 6juillet 1992 portant code de la déontologie médicale. Le protocole
est lu est approuvé par le conseil régionale de déontologie médicale.

Apres avoir lu cette information et pu poser toutes les questions que je jugeais utiles au médecin
qui me suit.

J’accepte qu'un prélévement de sang soit effectué conformément aux objectifs et aux méthodes
décrits ci-dessus.
Prénom et nom du patient ....................... tDate e,

Signature :

Un exemplaire original signé de ce formulaire de consentement doit étre conservé par le patient.
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Abstract

The link between mineral elements and cancer has not yet been proven. Therefore, thanks to a biogeochemical approach, we undertook to
enrich, by data not yet recorded the impact of certain elements and their various isotopes on thyroid cancer in Algerian population.

The first objective of this work is to study the profile of the selenium (Se) status in 47 patients of the west Algerian region, affected by thyroid
carcinoma and 55 healthy controls. This status includes plasma Se content, the activity of glutathione peroxidases (GPx3 and GPx1) and the
plasma content of selenoprotein P (SePP). The second objective is the use of copper isotope fractionation (§%°Cu) as a new diagnostic tool for
papillary thyroid carcinoma (PTC). Plasma levels of copper (Cu), zinc (Zn), iron (Fe), and calcium (Ca) were also studied. The last objective
is the study of the impact of Se nanoparticles (Se-NPs) and selenite ions on the development of spheroids thyroid carcinoma metastasis (MDA-
T120) models.

Plasma Cu concentrations were higher (1.35 £ 0.33 vs. 1.06 + 0.22 mg/L, p < 0.0001), and Zn concentrations were lower (0.94 + 0.20 vs. 1.03
+ 0.15 mg/L, p < 0.05) in patients compared with controls. Accordingly, the Cu/Zn ratio was significantly higher in PTC compared with
controls (p < 0.0001). Plasma 3%Cu levels in patients were significantly lower in PTC patients. Thyroid tumor tissues had high §%5Cu
values.The predictive model showed a significant association between low plasma Se level and the risk for PTC (OR =5.02; 95% CI: 1.51 -
16.73; P = 0.009). Regarding plasma Fe and Ca concentrations, our results show significant differences in patients compared with controls.
We found a significant reduction in cell viability in the presence of selenite and SeNP-chitosan, compared to controls with a decrease in reactive
oxygen species production. The area under the ROC curve (AUC) obtained for Cu/Zn and 3%Cu was 0.81 and 0.78, respectively (p < 0.001),
indicating exceptional discrimination in favor of using Cu/Zn and §%°Cu ratio as biomarkers of PTC.

The results of this thesis show that the homeostasis of minerals elements is altered in cancer PTC patients. This study suggests novel biomarkers
for thyroid carcinoma diagnostic and the use of Se nanoparticles in the treatment of PTC.

Keywords: Selenium, Copper, Zinc, Iron, Calcium, §%°Cu, Thyroid cancer, Selenium nanoparticles.

Résumé

Le lien entre les éléments minéraux et le cancer n'a pas encore été prouvé. Ainsi, grace a une approche biogéochimique, nous avons entrepris
d'enrichir, par des données non encore répertoriées, I'impact du statut de certains éléments et de leurs différents isotopes sur le cancer de la
thyroide dans la population algérienne.

Le premier objectif de ce travail est d'étudier le profil du statut en sélénium (Se) chez 47 patients de la région ouest algérienne, atteints de
carcinome thyroidien et 55 témoins sains. Ce statut comprend la teneur en Se du plasma, I'activité des glutathion peroxydases (GPx3 et GPx1)
et la teneur plasmatique en sélénoprotéine P (SePP). Le deuxiéme objectif est l'utilisation du fractionnement isotopique du cuivre (§%°Cu)
comme nouvel outil de diagnostic du carcinome papillaire de la thyroide (CPT). Les niveaux plasmatiques de cuivre (Cu), de zinc (Zn), de fer
(Fe) et de calcium (Ca) ont également été étudiés. Le dernier objectif est I'étude de I'impact des nanoparticules de Se (SeNPs) et des ions
sélénites sur le développement de modéles sphéroides de métastases de carcinome thyroidien (MDA-T120).

Les concentrations plasmatiques de Cu étaient plus élevées (1,35 + 0,33 vs. 1,06 £ 0,22 mg/L, p < 0,0001), et les concentrations de Zn étaient
plus faibles (0,94 £ 0,20 vs. 1,03 + 0,15 mg/L, p < 0,05) chez les patients par rapport aux témoins. En conséquence, le rapport Cu/Zn était
significativement plus élevé chez les CTP par rapport aux contrdles (p < 0,0001). Les taux plasmatiques de 85°Cu étaient significativement
plus faibles chez les CTP patients. Les tissus tumoraux thyroidiens présentaient des valeurs élevées de §%°Cu. Le modele prédictif a montré
une association significative entre un faible taux plasmatique de Se et le risque de CPT (OR =5,02; 1IC95% : 1,51 - 16,73 ; P = 0,009). En ce
qui concerne les concentrations plasmatiques de Fe et de Ca, nos résultats montrent des différences significatives chez les patients par rapport
aux témoins. Nous avons constaté une réduction significative de la viabilité cellulaire en présence de sélénite et de SeNP-chitosan, par rapport
aux contrdles, avec une diminution de la production d'espéces réactives de I'oxygeéne. L'aire sous la courbe ROC (AUC) obtenue pour Cu/Zn
et 8%Cu était de 0,81 et 0,78, respectivement (p < 0,001), indiquant une discrimination exceptionnelle en faveur de I'utilisation du rapport
Cu/Zn et §%°Cu comme biomarqueurs du CTP.

Les résultats de cette thése montrent que I'homéostasie des éléments minéraux est altérée chez les patients atteints de CTP, Cette étude propose
de nouveaux biomarqueurs pour le diagnostic du carcinome thyroidien et l'utilisation de nanoparticules de Se dans le traitement du CTP
Mots clés: Sélénium, Cuivre, Zinc, Fer, Calcium, §%°Cu, Cancer de la thyroide, Nanoparticules de sélénium.
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