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Diabetes mellitus is a chronic metabolic disease caused by insulin deficiency (type I) or dysfunction (type II).
Diabetes is a threatening public health concern. It is considered as one of the priority non-communicable dis-
eases, due to its high and increasing incidence, the associated healthcare costs, and threatening medical com-
plications. Two trace elements selenium (Se) and iodine (I) were intensively discussed in the context of diabetic
pathology and, possibly, etiology. It seems there is a multilayer involvement of these essential nutrients in
glucose tolerance, energy metabolism, insulin signaling and resistance, which are mainly related to the anti-

oxidant selenoenzymes and the thyroid hormones. Other factors might be related to (auto)immunity, protection
against endoplasmic reticulum stress, and leptin signaling. The aim of the current review is to evaluate the
current understanding of the role of selenium and iodine in diabetes with a focus on the biochemical interplay
between the elements, their possible role as biomarkers, and their chemical speciation. Possible impacts from
novel analytical techniques related to trace element speciation and isotopic analysis are outlined.

1. Introduction

Diabetes mellitus is a chronic metabolic disease caused by insulin
deficiency (type I) or dysfunction (type II). Diabetes is a threatening
public health concern and is named as one of the four priority non-
communicable diseases [1]. Type I diabetes (T1DM) is characterized by
autoimmune-mediated selective destruction of insulin-producing f-cells
in the pancreatic islets [2,3]. Type II diabetes (T2DM) is a hetero-
geneous group of metabolic insulin resistance syndromes [4]. Over-
weight and obese patients often tend to T2DM [5]. Obesity promotes
inflammation and systemic insulin resistance, thus affecting in the [3-
cells of the pancreatic islets [6]. The World Health Organization re-
ported the age-standardized global prevalence of diabetes in the adult
population to have nearly doubled between 1980 and 2014, rising from
4.7% to 8.5%, which is a disturbing trend [7]. Additionally, the epi-
demiologic prognosis for T2DM is threatening, corresponding to an

increase of about 54% worldwide between 2010 and 2030 [8]. Ac-
cording to the triage theory, the misbalance of essential nutrients, vi-
tamins, and minerals, are causing insidious events, which in the long
term lead to elevated risks for age-related metabolic diseases, including
diabetes mellitus [9]. The role of trace elements selenium (Se) and io-
dine (I) in relation to diabetic etiology and pathogenesis has already
been discussed rather intensively.

Selenium is involved in the biosynthesis of essential selenoproteins,
contributing to antioxidant protection and redox-regulation [10],
whereas iodine is utilized as iodide by the body to produce thyroid
hormones. Thyroid hormones regulate energy metabolism, affecting the
insulin pathways both directly and intermediately. The metabolisms of
these two trace elements seem to be closely connected [11]. Seleno-
proteins are necessary for normal thyroid function and also seem to be
involved in the redox pathways related to insulin signaling. The iodine-
containing thyroid prohormone thyroxine (T,) and active thyroid
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hormone triiodothyronine (T3) regulate energy metabolism, including
glucose catabolism, via the thyroid hormone receptor.

Although iodine intake and status are not directly related to thyroid
hormones levels [12], both severe iodine deficiency, as well as severe
iodine excess may lead to hypothyroidism. Glucose intolerance is de-
veloped in case of both hypothyroidism and thyrotoxicosis [13,14] and,
vice versa, both type I and type II diabetes might bring about an elevated
risk of thyroid disease [15,16].

Epidemiologic and clinical intervention studies on selenium sup-
plementation provided quite controversial results [17] concerning
diabetes risk, with some studies showing beneficial outcomes and some
reporting elevated risks [18]. For recent reviews, mainly focusing on
epidemiological and intervention studies, the reader is referred to, e.g.,
refs. [18-21]. The current review is aiming to survey the possible role
of two trace elements, selenium and iodine, in the pathology of diabetes
with the focus on the element interplay, the chemical speciation of the
elements and biomarkers. The biochemical pathways of selenoproteins
and thyroid hormones in diabetic pathology are discussed in brief in the
first part of the paper to illustrate the role of the essential elements
selenium and iodine. For more details in this context, the reader is re-
ferred to refs. [11,22-24]. In-depth epidemiological analysis on dia-
betes incidence, clinical trials involving trace elements and observa-
tional studies are also outside the scope of the review; for more
information the reader is referred to specialized reviews
[17-20,25-27].

2. Selenium and diabetes mellitus

Biological functions of selenium are mainly attributed to the highly
specific selenoproteins [28], containing the 21st proteinogenic amino
acid selenocysteine (Sec) [29,30], a Se-analog of the sulfur-containing
amino acid cysteine. The production of glutathione peroxidases (GPX)
and other selenoproteins increases with increasing selenium intake
until the dose-response relationship reaches a plateau; for GPX, the
plateau values are reached at plasma Se levels of ca. 70-90 ug/L [31].
There is still debate concerning optimal selenium intake, providing the
most beneficial health outcomes with minimized side effects [32-35].
For more details, please consult the studies focusing on epidemiology
and clinical trials.

2.1. Short overview on some epidemiologic studies on Se action in DM

The initial in vivo studies in animals during the 1990s and early
2000s demonstrated that selenium (as inorganic species) showed an
antidiabetic and insulin-mimetic action [23]. However, the doses em-
ployed, 0.9-4.5mg/kg body weight [23,36-38], are toxic to humans
[39], putting doubts on the insulin-mimetic action of selenium found.

On the contrary, up to now, human-based studies on selenium in
diabetes mainly indicated a pro-diabetic effect of selenium. For in-
stance, a Nutritional Prevention of Cancer (NPC) trial [40] showed that
selenium supplementation for 4.5 years caused a significant higher risk
of T2DM. The follow-up underlined this finding with ca. 3-fold more
cases/1000 and a 1.55 (95 CI) hazard rate. The T2DM risk even reached
a hazard rate of 2.50 in individuals with plasma selenium > 113 pg/L.
The SELECT trial (Selenium and Vitamin E Cancer Prevention Trial),
aiming at evaluating prostate cancer prevention, showed a statistically
insignificant increase of T2DM risk [41]. Importantly, the study popu-
lation of the SELECT had optimal/super-optimal nutritional Se-intake
already before supplementation. [42-44]. So the pro-diabetic side effect
reported in a follow-up to the SELECT trial may be attributed to an
over-nutritional intake.

Pro-diabetic action was further reported in a recent case-control
study from Northern Taiwan, (847 adults age =40 years) [45] and
another cross-sectional study on Asians (5423 subjects, age =40) by
Wei et al. Those authors demonstrated significant positive correlation
between dietary selenium intake and the prevalence of diabetes [46].
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For more details on human-based studies concerning selenium intake
and relevant randomized controlled trials, the reader is referred to the
focused reviews and meta-analyses [18,20,47]

2.2. Studies on molecular mechanisms of Se-action

Further studies on selenium in diabetology can be categorized based
on whether they are focusing on oxidative stress, insulin signaling or
resistance, and influence on carbohydrate and fatty acid metabolism
[48].

2.2.1. Selenium, selenoproteins and oxidative stress in diabetes mellitus

T2DM is associated with increased oxidative stress [49,50]. Thus,
the antioxidant properties of selenoproteins led to the hypothesis that
selenium has a protective effect against T2DM, ameliorating potential
cell damage in the pancreas and normalizing insulin production and
release [18]. The original protective theory arose from the fact that,
generally, the (-cells of the pancreas islets have limited antioxidant
capacities due to the low intrinsic expression of antioxidant enzymes
[51]. Among selenoproteins, these are GPX type I (GPX1), other iso-
forms of GPX (predominantly, GPX type IV GPX4 [11,52,53]), and,
possibly, selenoprotein S (SELENOS), which was shown to be glucose-
regulated [54] and thus, implicated in diabetes [55,56]. The anti-
oxidant SELENOS [57] seems to be involved in ER stress response, acute
phase response, and inflammation [58-60]; it also serves as a receptor
for the acute phase protein serum amyloid A [61]. Insulin treatment
induced a significant upregulation of SELENOS in the adipocytes of
T2DM patients, but not in matched controls [62] and there seems to
also be no increased risk of TIDM with SELENOS single nucleotide
polymorphism [63].

Other selenoproteins may also contribute to the pancreatic protec-
tion; for instance, selenoprotein T, was found to be involved in the
proper insulin release in cultured murine (3-cells [64] and seems to be
important for proper metabolic regulation [65,66]. Regulation of the
cellular redox balance is crucial for pancreatic insulin secretion since f3-
cells are likely damaged by reactive oxygen species (ROS) [22]. Con-
trary however, excessive H>O, depletion interfered with insulin sig-
naling (see below).

2.2.2. Selenium and selenoproteins in insulin signaling and resistance

The effect of selenium and selenoproteins on carbohydrate meta-
bolism and insulin signaling is undoubtedly complicated and requires
further study [67]. Some model studies have shown that selenium may
positively contribute to insulin signaling via normalizing K*/Na™® AT-
Pase activity [68], decreasing the expression of pro-inflammatory cy-
tokines (interleukin-1f, tumor necrosis factor-a, and interferon-y), and
influencing the intracellular calcium and zinc homeostasis [69].

Binding of insulin to its receptor at the plasma membrane of adi-
pocytes initiates the insulin-signaling cascade (see also Section 4),
which is accompanied by a burst of hydrogen peroxide that acts as a
second messenger [70,71]. That is why the high antioxidant activity of
selenoproteins like cytosolic selenoprotein GPX1 may interfere with
insulin signaling by scavenging messenger hydrogen peroxide mole-
cules [23,72]. Excessive antioxidant protection, as was demonstrated
by McClung et al. [48], may suppress insulin-signaling cascades, in-
ducing excessive scavenging of redox-active messengers by upregu-
lating the H,O»-reducing selenoenzymes [48,67].

Consequently, selenoproteins received special attention in diabe-
tology. Selenoprotein P (SELENOP for humans or Selenop when the
corresponding gene in rodents is referred to [28]), a circulating protein
with Se-transport function [73-76] and antioxidant activity, was re-
ported to be implicated in insulin resistance [77,78]. Significantly in-
creased SELENOP levels correlated with glucose tolerance status in
individuals with normal glucose tolerance and pre-diabetes and T2DM
patients [79,80]. Serial analysis of gene expression and DNA chip
methods found higher hepatic SELENOP mRNA levels in diabetic
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patients (n = 5) than in oncological patients (n = 5) [77]. SELENOP
expression in the pancreas [22], was shown to be affected by glucose
and insulin [22,77]. Aside from the antioxidant action, SELENOP is
mainly considered as a potential effector of insulin signaling since it is
negatively correlated with circulating adiponectin, a strong in-
dependent predictor of T2DM [81]. However, human-based studies on
SELENOP were recently criticized for reporting non-physiologically
high levels of the protein [82], probably due to flaws of the analytical
methodology used [80], which puts the findings into question and re-
commends further studies and validation of analytical techniques (see
also Section 5). In line with that, the plasma proteome of T2DM patients
(compared to healthy individuals with normal blood glucose levels)
showed an elevated level for over 60 proteins, including SELENOP [83].
Thus, consequence or causation are hardly distinguished, as, in general,
a considerable amount of the upregulated proteins are insulin re-
sistance-associated hepatokines [84].

2.2.3. Influence of selenium on carbohydrate and fatty acid metabolism

Selenium may contribute to the metabolism of fatty acids and car-
bohydrates. Zhao et al. observed alteration of lipid and protein meta-
bolism in growing pigs, fed with a high-selenium diet [85]. The authors
found increased triglycerides, non-esterified fatty acids, and total cho-
lesterol in liver and/or adipose tissue. [85]. There were other indica-
tions that excess selenium intake may affect fatty acid metabolism [86].
Selenium-supplemented mice (as 20umol/L sodium selenate in
drinking water, 16 weeks) exhibited alteration in energy and fatty acid
metabolism in the liver with an increase of body weight [87]. Two
major gene-metabolite clusters were affected: (i) gene transcripts and
metabolites related to the bidirectional glucose transporter 2 (Glut2)
and (ii) these related to the carnitine-palmitoyl transferase 2 (Cpt2) and
acetyl-CoA acyltransferase (Acaal). Several fatty acid metabolism re-
lated compounds were enriched but no changes in enzyme activities of
selenoenzymes were established [87].

To conclude, human-based studies on selenium and diabetes are not
fully conclusive yet; at the same time, selenoproteins of other than GPX
and iodothyronine deiodinase (DIO) families and SELENOP were un-
fortunately nearly not studied with respect to their probable role in
endocrine regulation. So the hypotheses on their role in diabetic pa-
thology are more or less speculative at this point. We consider that
deeper insight into not yet explored selenoproteins may shed further
light on the role of Se in different aspects of human health and disease
(see also Section 5). Additionally, an attempt to implement the tran-
scriptome-metabolome-wide association approach (as in studies by Hu
et al. [87], see above) to evaluate the potential metabolome and tran-
scriptome shifts in selenium-supplemented humans (e.g., in participants
in one of the ongoing clinical trials on selenium) would benefit further
research on selenium in diabetology.

3. Iodine and diabetes mellitus

The iodine-containing thyroid hormones triiodothyronine (T3, me-
tabolically active hormone) and thyroxine (T4, prohormone) are re-
sponsible for the regulation of numerous biochemical processes in the
body, which are essential for normal development, metabolism, and
neural activity [88]. Although the thyroid is highly adaptive to the
actual iodine intake, the production of thyroid hormones chemically
relies on the body’s iodine supply and its potential to convert other
iodine species into iodide. Iodine deficiency, especially in pregnant
women, still remains a common global problem [24,89-91]. Thyroid
hormones are involved, first of all, in growth and development and
regulation of the basal body metabolism. They have a potent metabolic
effect and their role in the metabolism of carbohydrates and fats may
affect systemic insulin sensitivity and glucose tolerance [14,92]. In
particular, the genetic expression of insulin-sensitive glucose trans-
porters GLUT4 is upregulated by T3 [13,93].

Diabetes is often associated with thyroid diseases [15,94], especially
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autoimmune thyroiditis [95]. Screening for hypothyroidism is sug-
gested for subjects with TIDM [15]. For T1DM, the ongoing auto-
immune process towards islet cells can also cause alterations in the
thyroid gland; for instance, increased volume (11.2 * 2.9 vs.
9.6 + 2.9 cm® p = 0.0001, 9.5 + 2.3 vs. 7.7 * 2.0 cm®, p = 0.002,
in males and females, respectively) of the thyroid was reported in
T1DM patients when compared to the controls with similar anthro-
pometry [96]. On the other hand, T1DM patients tend towards an in-
creased fat-free body mass [97], thus potentially having a larger size of
the thyroid. In this respect, the connection with iodine uptake probably
requires more research in clinical studies.

The association between thyroid function and diabetes mellitus was
primarily studied for T1DM, especially when concerning the develop-
ment of thyroid diseases in diabetic patients [15,95,96,98]. Im-
portantly, it should be mentioned that iodine deficiency may stimulate
pathologic processes in the thyroid via insulin-like growth factor-1 (IGF-
1), promoting autocrine growth of the thyrocytes ex vivo [99]. Fur-
thermore, it has also been shown that for IGF1-receptor knockout mice
(TIGF1RKO), the development of goiter under the exposure to such
goitrogens as methimazole or sodium perchlorate was completely ab-
rogated [100]. This demonstrates the importance of IGF-1 for the reg-
ulation of thyroid growth. Interestingly, in the recent proteomic study
of Li et al., major antigenic epitopes, promoting co-occurrence of au-
toimmune thyroiditis and T1DM, were identified in a transgenic mice
model [101]. This might indicate the interrelation between auto-
immune events in autoimmune thyroiditis and islet-specific T-cell re-
sponse in T1DM. Notably, the data should be considered with care,
since the transgenic model used may be not adequate for drawing
conclusions concerning humans.

In studies on the relationship between diabetes and thyroid dis-
orders, urinary iodine excretion levels were typically monitored (see
also Section 5) to evaluate the iodine status [15,94-96]. Also, the
thyroid hormones free T,, total T4, free Ts, total T3, as well as the
thyroid-stimulating hormone (TSH) were determined in some studies,
mainly by a chemiluminometric method [15,95]. Volzke et al. reported
elevated urinary iodine concentrations as well as higher urinary iodine/
creatinine and thiocyanate/creatinine ratios in adult T1IDM patients
compared to the reference population. According to Okten et al., there
was no significant difference in the prevalence of thyroid dysfunction
between diabetics and controls. Still, the authors reported a significant
difference in thyroid hormone levels (T3, T4, and free Ts).

Some associations were reported between diabetes and non-auto-
immune thyroid disorder. Rednina et al. reported an increased risk of
multinodular non-toxic goiter in patients with metabolic syndrome (a
cohort of 1422 Caucasian patients), when adjusted for age, sex, body
mass index, and lifestyle factors [102]. Additionally, there was evi-
dence for a higher thyroid cancer risk in T2DM patients and individuals
with metabolic syndrome and insulin resistance [103]. Hyper-
insulinemia and hyperglycemia may increase thyroid nodules vascu-
larization, promoting angiogenesis, especially in the larger nodules
[104]. In the recent study of Buscemi et al., the association between
obesity, diabetes and thyroid nodules was also confirmed in an Italian
cohort (455 males, 746 females; age 18-90); in this case, obesity was
found to positively correlate with the increased size of the nodules
[105].

Higher incidence of common thyroid disorders, such as autoimmune
thyroiditis, goiter, and thyroid cancer, was reported for diabetic pa-
tients. Vice versa, the thyroid disorders seem to be deleterious for car-
bohydrate metabolism. For instance, Dimitriadis et al. [16] have shown
insulin resistance in muscle and adipose tissue of hyperthyroid female
patients (12 hyperthyroid and 10 euthyroid subjects). Notably, the
authors pointed to the absence of impaired lipolysis in their cohort
[16].

For T2DM, the interconnection with thyroid diseases seems less
transparent and would appear to be sex-, ethnic origin-, and probably,
also age-dependent [106]. There was a hypothesis that for obese and
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diabetic patients, there may be a decreased expression of sodium/io-
dide symporters on the apical side of the enterocytes [103,107]. This
may promote iodine deficiency, due to the effect of pro-inflammatory
cytokines (tumor necrosis factor-o, tumor growth factor-a, tumor
growth factor-f3, interleukin-8, fibroblast growth factor-2, and VEGF-a)
[103,107]. Notably, to the best of our knowledge, there were no clinical
or even solid experimental data supporting this notion. Finally, when
considering severe untreated diabetes cases, it should be kept in mind
that altered thyroid status, e.g., increased excretion of iodine and ele-
vated degradation of thyroid hormones, may not represent the real
relation to diabetes per se. Such observations may be attributed to the
non-thyroidal illness syndrome [108,109], a condition characterized by
reduced T3 and T4 levels under increased reverse-Ts and normal or
slightly decreased TSH as an adaptation to excessive catabolism under
severe illness [108]. Finally, the emerging research direction in the field
of the interplay between iodine/thyroid and diabetes can be related to
the role of thyroid hormones in the gestational development of the
pancreas [110], which was recently reported. Harris et al. demon-
strated that hypothyroidism in sheep fetus led to an increased pan-
creatic B-cell mass and proliferation, and was associated with increased
circulating concentrations of insulin [111]. The authors suggested that
thyroid hormones, insulin, and leptin affect the developing pancreatic
B-cells in utero with possible consequences for the pancreatic function in
later life. This definitely requires further study [112].

4. Integrated role of iodine and selenium

The thyroid gland utilizes selenoproteins rather intensively and
ranks high in selenoprotein expression hierarchy [113]. Similar to -
cells of the pancreas, thyrocytes are prone to oxidative damage, due to
the high production of H,0, [114], required for the synthesis of thyroid
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hormones (Fig. 1). Selenoproteins are known to be expressed in the
thyroid at high quantities [115]. Two families of selenoproteins have
been implicated in the thyroid axis: the DIOs and GPXs [113]. Lower Se
status was reported for the autoimmune thyroid diseases, Hashimoto’s
and Graves’ diseases [116].

Selenium-dependent DIOs regulate intracellular thyroid hormone
levels independent of systemic levels [14]. For many tissues, the in-
trinsic level of active thyroid hormones is mainly dependent on the
activity of the DIOs (the rate of the conversion of T4 to T3 and the
deactivating rate of T3 to diiodothyronine, T,), rather than on circu-
lating T3 [120]. The T4-activating selenoprotein enzyme DIO type II
(DIO2) seems to be associated with T2DM risk [9]. There is epide-
miological evidence for the relation of gene polymorphism in DIO2
with glycemic control and insulin resistance in T2DM patients [121].
This enzyme was shown to be of primary importance in the regulation
of the local, tissue-specific intracellular concentration of T3 in the brain,
pituitary, and brown adipose tissue [122]. Thus, modulation of the
activity of the DIOs may be a possible therapeutic target for insulin
resistance and diabetes. Interestingly, Castillo et al. reported that, al-
though hypothyroidism is intuitively associated with obesity, the obese
phenotype in DIO2-knockout mice, kept on a high-fat diet, forms only
under an increased housing temperature of 30 °C [123].

Importantly, both normal insulin signal transduction [71] and T3/T4
biosynthesis require hydrogen peroxide [124,125]. However, extra-
cellular H,O, is toxic to B-cells. So, redox signaling may be another
common point between iodine and selenium in glucose metabolism.
Epidemiological studies show that autoimmune thyroid disease is much
more common in children with T1IDM [126]. However, this correlation
may also be attributed to general immunity malfunction in both
stances. Seroconversion to autoimmune thyroiditis occurs later than
that for T1DM, suggesting different environmental triggers [126]. The
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whole genome linkage analysis in human T-cells showed several genes
to be related to both TIDM and autoimmune thyroiditis risks, including
HLA class II genes, CTLA-4, PTPN22, and FOXP3, which seem to pro-
mote the development of the autoimmune polyglandular syndrome type
3 (autoimmune thyroiditis associated with other autoimmune diseases,
excluding Addison’s disease) [127].

To the best of the authors’ knowledge, there are no reports on
diabetes (especially T2DM) incidence in the populations with endemic
and myxedematous cretinism [128], the stances related to the extreme
iodine deficiency at fetal and postnatal development phases, accom-
panied with a low intake of other nutrients, including selenium
[11,115]. Kashin-Beck disease, a chronic osteoarthropathy, is another
endemic disorder related to the simultaneous effect of iodine and se-
lenium [129]. It is an example of a devastating effect of impaired an-
tioxidant defense, immunity and thyroid signaling, related to simulta-
neous iodine and selenium deficiency [130]. Another important issue is
a possible interplay [131-133] between gestational diabetes [134] and
“hypothyroxiemia” [91] in pregnant women, which also should be
addressed more closely in future studies. Since gestational diabetes is
outside the scope of the current review, the reader is referred to more
specialized publications, e.g., ref. [133,135-138].

The exact biochemical mechanisms underpinning mutual effects of
the trace elements selenium and iodine still remain to be elucidated.
The information available in the literature so far is summarized in
Fig. 2. The intuitive vision on the effect of selenium on the insulin
production and thyroid axis is related to the action of the antioxidant
selenoproteins (i.e. GPX1, GPX3, SELENOP, SELENOS, and probably
other) in both systems and the essential role of selenoproteins DIO1-3 in
T,4/T3 signaling. The possibility that selenium and selenoproteins affect
glucose metabolism through influencing the expression of DIOs and
affecting the activation and deactivation of thyroid hormones seems

Journal of Trace Elements in Medicine and Biology 56 (2019) 69-80

rather intriguing. Another important point of interplay may be related
to leptin signaling having an effect on feeding behavior and general
energy metabolism [139]. The involvement in the appetite regulation
seems to be quite obvious for iodine and thyroid hormones [140,141],
but it seems to be the case for selenium as well. The mechanisms are
associated with both DIO enzymes and are directly related to T4/T3
conversion, and leptin signaling [19,142]. Selenoprotein M (SE-
LENOM), an ER-associated selenoprotein, seems to be involved in the
leptin pathway [19], since the deletion of SELENOM causes obesity in
mice [143], possibly through increased ER-stress and leptin resistance
[142]. However, the knockout model may not at all reflect the actual
physiological situation, so this information should be considered with
caution and further studies are required to confirm or reject the hy-
pothesis on the interplay between SELENOM and leptin pathway.

5. Chemical speciation of the elements and biomarkers of
selenium and iodine status in diabetes research

Recent advancements in the field of analytical chemistry opened
new possibilities for studying trace element metabolism and their role
in human health and disease [144,145]. Investigation of the chemical
species of selenium and iodine relevant to diabetes mellitus is required,
which may decrease the degree of controversy in some cases, e.g., re-
lated, to the protective and diabetogenic effects reported. An issue to be
stressed is related to trace element status biomarkers and the control for
their metabolization (i.e. the conversion of the elemental species with
the formation of biochemically active molecules like selenoproteins or
other active metabolites) during model studies. Adequate and strict
control of the baseline level together with follow-up monitoring of trace
element status of the population in the intervention studies is some-
times a prerogative of the wider trials with considerable resources
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selenoprotein M; SELENOP - selenoprotein P; SELENOS - selenoprotein S; T — triiodothyronine; T4 — thyroxine; TSH — thyroid-stimulating hormone. To see this
illustration in color, the reader is referred to the web-version of this article.
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available. Smaller studies sometimes have to rely on preliminary data in
this respect. Additionally, not always the most adequate status/ex-
posure biomarkers are accessible, for instance, in short-term studies, the
use of nail or hair Se is sometimes reported. In model research, the
assessment of element metabolization (change of speciation after in-
troduction into the biological system) and/or activation of certain re-
levant systems (i.e. expressions of selenoproteins in the case of selenium
and thyroid hormone sensitive proteins for iodine) is not always re-
ported. Instead, only the “desired effect”, such as an increased or de-
creased glucose uptake in the case of diabetes is considered. However, if
proper involvement of the element into the biochemical processes is not
attested, the observation may produce false causation, related, for in-
stance, to the effects of general toxicity or other confounders. This
hinders data interpretation and often makes inter-study comparisons
hardly possible. Additionally, for model experiments in the T2DM do-
main, it is not always clear which sub-type of the syndrome the data
should be attributed to, so the translation to humans may be of limited
relevance.

Another limitation of the studies can be of methodical nature: cross-
sectional and case-control studies may come to biased conclusions
compared to longitudinal, follow-up studies, as has been shown re-
cently for the total selenium level and even for the Se-speciation in
cerebrospinal fluid samples from patients with Alzheimer’s disease (AD)
vs. mild cognitive impairement patients [146,147]. In this comparative
study, the selenium status in the central nervous system and the AD risk
in the participants with established AD and controls with mild cognitive
impairment were evaluated. It was found that a case-control approach
showed an inverse association between overall selenium exposure and
the disease, even when exposure assessment was limited to inorganic
Se, while the risk positively correlated with some Se species, most of
which were selenoproteins. These results were markedly different and
even opposite to those generated by a longitudinal study carried out in
a fraction of the same study population (42 months follow-up, 21 of 56
mild cognitive impairment patients developed AD). There, a positive
correlation between baseline levels of inorganic hexavalent Se and
subsequent dementia occurrence was established, while no relation was
found for the other Se species [146]. This biasing effect was supposed to
affect cross-sectional studies on total selenium, as well as Se-speciation
in general. This also can be the case for other acute and chronic diseases
[148,149], which may alter trace element intake and metabolism as a
consequence of disease progression, and therefore induce a reverse
causation bias.

Though Se-speciation analysis would be invaluable for diabetes re-
search, some problems still exist. There are several biomarkers for se-
lenium status available, such as: blood serum or plasma total Se con-
centration, hair or nail Se concentration (most suited for the
retrospective evaluation) and concentration/activity of certain seleno-
proteins, first of all, plasma GPX3 and SELENOP [32,150,151]. Mainly
in the model studies, the activity of the red blood cell GPX1 is also used
sometimes. It should be noted though that the most frequently used
biomarkers of Se status (i.e. plasma/serum or nail Se) are sometimes
criticized for not reflecting the activity of the selenoprotein machinery
of the body and Se speciation in general [152]. According to Combs,
selenoproteins from all major groups, i.e. GPXs, TXNRDs, DIOs or SE-
LENOP, can in principle be used as biomarkers of the “Se function”
[32]. The interest in SELENOP as a Se biomarker seems to increase over
time [32,151]. Since for SELENOP determination in biological fluids,
modern metallomics and ELISA protocols were recently designed, it is
considered here in more detail. The methods for SELENOP quantifica-
tion include immunochemistry-based approaches [80,153-155] and
mass spectrometry methods [149,156,157]. Importantly, recently, the
quality of some commercial kits for SELENOP determination was cri-
ticized for the lack of reliability, so the users should be aware of pos-
sible shortcomings of the methodology applied [80]. Noteworthy,
Deitrich et al. proposed a species-specific isotope dilution high-perfor-
mance liquid chromatography (HPLC) - inductively coupled plasma-
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mass spectrometry (ICP-MS) method [157], which is fully SI-traceable
(SL; System International d’Unites), which can be a valuable validation
tool for the ELISA methods used in clinical and model research. No-
tably, the HPLC-ICP-MS technique was shown to be capable of de-
termining the concentration of other circulating selenoproteins, such as
GPX3 and TXNRD type I [148,156], which thus also can be considered
as potential biomarkers [32]. The use of concentration rather than
enzymatic activity could be beneficial since activity assays are often
prone to interferences and sample handling bias. Finally, some re-
searchers criticize the general approach of considering the maximal
activity/concentration of SELENOP or GPX3 [32] as unquestionable
optimum [158], applicable in all health conditions and for all popula-
tions [75,152].

Se-speciation work related to native human samples often suffers
from the low concentration of Se species. This is a challenge even for
ICP-MS based hyphenated systems. This also precludes Se speciation
studies with electrospray ionization-mass spectrometry (ESI-MS(/MS))
systems. The latter could provide clear identification of relevant Se-
compounds for which no standards are available for comparison in li-
quid chromatography-(LC)-ICP-MS approaches. LC-ICP-MS monitoring
with missing matching standards leaves those compounds as not iden-
tified “unknowns”. Here, more joint research initiatives from molecular
biologists and analytical chemists could underpin and set forward new
relevant insights into Se-metabolism in diabetes.

A comparative literature screening for iodine speciation has been
published several years ago by Moreda et al. [159] and this review
paper still reflects the current situation. A considerable fraction of these
papers investigates iodide vs. iodate in water samples, some research
groups also addressed partly unidentified I-containing molecules in sea-
weed. However, only very few papers report iodine speciation analysis
of human samples covering I-species from human metabolism. An ap-
plication of size exclusion chromatography (SEC)-ICP-MS to assess io-
dine-binding biomolecules was described by Makarov & Szpunar [160]
and targeted iodine bound to serum proteins which were separated
from one another in a Progel TSK under isocratic elution. Three iodine-
organic-ligand fractions were monitored, but not identified. This is due
to the limited separation power of SEC. An orthogonal — two-dimen-
sional speciation approach would have been necessary to obtain more
specific information on the identity of the species, but was not per-
formed in this work. Takatera & Watanabe [161] developed a two-stage
method based on reversed phase chromatography-ICP-MS for iodine
speciation, covering relevant small iodine species (iodide, iodothyr-
osines, and iodothyronines) in the first step and thyroid hormones (T3,
reversed-Ts, and T,4) in the second stage, both runs lasting ca. 20 min
each. Michalke et al. first improved this approach by optimizing chro-
matographic gradient elution and temperature settings, permitting
successful separation within a single run of 25 min, and subsequently
applied this method to the serum of thyroid disease patients and
healthy controls [162]. Also, the feasibility of capillary electrophoresis
hyphenated to ICP-MS has been demonstrated by Michalke & Schramel
for iodine speciation [163]. Aside from other applications, the paper
reports the separation of iodide, iodate, T4, and T3 in human serum and
urine. This shows that methods for iodine and selenium speciation in
the human body fluids are available.

Similar to selenium, the biomarkers for iodine status were also
under intensive study. The most widely accepted ones are: urinary io-
dine concentration/urinary iodine excretion (for children, adolescent
and low-to-moderate iodine intake populations), thyroglobulin level
(except for pregnant or lactating women), serum T, (except for preg-
nant or lactating women), and serum TSH (for pregnant and lactating
women) [25,164-166]; for the meta-analysis the reader is referred to
see Ristic-Medic et al. [167]. Notably, T3 is not considered as a relevant
biomarker. The breast milk iodine concentration is also actively studied
as a possible iodine status and intake biomarker in lactating women or
infants, respectively [168]. Under adequate iodine status, elevated
fractional secretion of iodine into breast milk, when compared to the
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urinary excretion, was observed in healthy lactating women. However,
in chronically iodine-deficient mothers, the urinary excretion showed
the presence of renal losses of iodine. That may be related to the in-
creased cardiac output during pregnancy causing increased iodine ex-
cretion via the kidneys. So, there is probably competition for the cir-
culating iodine between the maternal thyroid and mammary glands,
which may compromise the euthyroid status of chronically iodine-de-
ficient lactating women [168]. Thus, in lactating women, breast milk
can be considered as a more relevant iodine status biomarker compared
to urinary excretion [168]. Importantly, the most widely used iodine
biomarker, urinary iodine excretion, which is effective for character-
izing populations [167,169], is sometimes criticized as an individual
marker of the iodine status, providing limited precision [165] and
short-term information on the recent iodine intake only [166]. In turn,
the functional biomarkers T4 and TSH are quite variable within a po-
pulation, due to the high inter-individual variability of the thyroid to
adapt to the iodine intake [169]. Speciation studies might assist bio-
marker research for iodine, since speciation techniques are capable of
providing a wider range of information, for instance, to simultaneously
assess the concentrations of inorganic iodine (iodide and iodate),
thyroid hormones (T, and T3), and their metabolites [170] (reverse-Ts,
3,3’-diiodothyronine, 3’,5-diiodothyronine, thyronamines, such as 3-
iodothyronamine etc.) in an accurate and traceable manner, improving
the reliability of the data. The effectivity of such an approach should
still be further evaluated in clinical research.

Concerning iodine speciation, it should also be noted that certain
minor metabolites occurring upon synthesis and degradation of thyroid
hormones and other iododerivatives, such as iodothyramines and io-
dolactones, received only scarce attention, possibly due to their pre-
sence in biological systems in very low quantities. For instance, 3-io-
dothyronamine, a possible product of T3 and T, degradation may
contribute to lipid catabolism, inducing anti-insulin response [171].
Galli et al. quantified 3-iodothyronamine together with total T3 and
total T4 in human serum using HPLC-tandem MS [172]. The limit of
detection of 3-iodothyronamine was ca. 35fmol/mL; the authors re-
ported a slightly increased level of 3-iodothyronamine in T2DM pa-
tients [172]. Other potentially iodine-containing metabolites that can
be relevant to endocrinological regulation are iodinated derivatives of
fatty acids (arachidonic acid, first of all). These compounds may form as
byproducts of iodine organification, during the synthesis of thyroid
hormones [173]. For instance, 6-iodo-8, 11, 14-eicosatrienoic-5-lactone
was shown to inhibit the thyroid cell growth in vitro [174]. The effect
was dose-dependent and exceeded that of potassium iodide 50-fold (the
so-called, Wolff-Chaikoff effect, the transient reduction of thyroid
hormone production under high iodine loads [12]). Unlike potassium
iodide, iodolactone maintained its effect under simultaneous incubation
of isolated porcine thyroid follicles with the epidermal growth factor
(EGF) and in the presence of thyroid peroxidase inhibitors [174]. Fi-
nally, cAMP formation was found not to be affected by iodolactone
[174]. Importantly, iodinated lipids were also observed in the human
thyroid. Dugrillon et al. demonstrated the in vivo formation of 5-hy-
droxy-6-iodo-8, 11, 14-eicosatrienoic §-lactone in the thyroid of a
Graves’ disease patient, treated with high doses of iodide [175]. Thus, it
seems that iodinated lipids and iodolactones may be involved in the
Wolff-Chaikoff effect. Finally, iodine metabolites such as molecular
iodine (I5) and iodolactones may have potent antiproliferative or cy-
totoxic activity [176,177], which also makes them relevant in specia-
tion studies. Iodine-containing metabolites may contribute to the de-
velopment of tissues, expressing sodium/iodide symporters, such as
oral and stomach mucosa and salivary glands [173,178]; however, this
aspect is beyond the scope of the current review.

Another possible future direction for research concerning the role of
trace elements in diabetes pathology on the edge of medicine, biology,
biochemistry, and analytical chemistry may focus on natural isotope
ratio variation caused by isotope fractionation. High-precision isotopic
analysis using multi-collector ICP-MS (MC-ICP-MS) is an emerging
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approach to obtain additional information on biochemical processes
involving trace elements. A number of metabolic pathways are ac-
companied by isotope fractionation. For the lighter of any two isotopes,
physicochemical processes proceed slightly faster (kinetic mass-de-
pendent fractionation), while in chemical reactions, the heavier of any
two isotopes has a slight preference for the strongest, hardest bonds
(thermodynamic mass-dependent fractionation) [179]. MC-ICP-MS of-
fers the precision required to reveal such isotope fractionation [180].
High-precision isotopic analysis is therefore currently explored as
means of diagnosis of diseases that can otherwise only be established at
a later stage and/or via more invasive techniques, or for obtaining a
more profound insight into biochemical processes involving the ele-
ment of interest [144,181]. So far, the isotopic analysis of calcium has,
e.g., proven useful for signaling bone loss in osteoporosis and multiple
myeloma [182,183], that of copper in the context of liver disease [184]
and cancer [185], and that of iron as a robust marker for establishing an
individual’s iron status, also in cases in which the currently used mar-
kers are no longer reliable [186,187]. Very recently, the serum Mg
isotopic composition was demonstrated to be systematically lighter in a
T1D patient cohort than in an age- and sex-matched reference popu-
lation [188]. Via animal experiments, not only body fluids, but also
tissues can be analyzed for the isotopic composition of the mineral
element of interest, while genetically identical individuals can be ad-
dressed, which can contribute to a further insight into the factors
governing the differences in isotopic composition observed [189]. Se-
lected features, such as the isotope fractionation accompanying in-
testinal uptake of iron [190], or the effect of oxidative stress on the
isotope fractionation accompanying transfer of copper between hepa-
toblastoma cells and the culture medium [191] or different copper
isotopic signature in differentiated and non-differentiated neuro-
blastoma cells [192], were studied in vitro using cell lines. Additionally,
in vivo models using genetically modified organisms are currently
exploited to provide an enhanced insight [193-195].

Also for Se, high-precision isotopic analysis could provide additional
and potentially useful information, helping to unravel its role in specific
processes, including diabetes mellitus and other metabolic disorders.
However, accurate and sufficiently precise isotopic analysis of Se with
MC-ICP-MS is seriously hampered by spectral interferences. For most Se
isotopes, the mass resolution required to free the analyte’s signal from
spectral overlap is beyond the capabilities of present-day MC-ICP-MS
instrumentation [196,197]. Recently, an MC-ICP-MS instrument
equipped with a collision/reaction cell has been introduced onto the
market [198], potentially offering a solution relying on chemical re-
solution (i.e. relying on selective chemical reactions between either the
interfering or the analyte ions and the gas molecules, thus creating
interference-free measurement conditions) [197,199]. In any case, to
the best of the authors’ knowledge, no such efforts have been done yet.
For iodine, on the other hand, such an approach is void as this element
has only one naturally occurring stable isotope. Dold et al. [168],
however, applied isotope dilution for iodine quantification with MC-
ICP-MS using long-lived '?°I as a spike and tellurium as an internal
standard relied on for mass bias correction [179,200]. This approach
enabled very precise, accurate, and traceable iodine quantification in
breast milk. The matrix of the milk is very challenging for the con-
ventional photometric-based assays, such as Sandell-Kolthoff method
[167,201], routinely used for the urinary iodine excretion assessments.
Importantly, the method was implemented in a wide cohort (n = 866)
of lactating mothers, so its applicability was properly demonstrated.

It should be stressed that problems are not necessarily connected
with the analytical methods per se, but are a consequence of a non-
optimal experimental design. For human studies, strict inclusion cri-
teria should be followed, which is not always the case especially for
small, “chemical analysis-oriented” studies. Currently, published data
concerning the role of selenium or iodine species in diabetes are really
scarce, especially for iodine. The iodine speciation studies focus pri-
marily on environmental and nutritional contexts [44,202-205], rather
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than on human health. Right now, studies on human samples are
mainly related to method development [162,206,207]. Finally, in fu-
ture studies, special attention, related to chemical speciation in diabe-
tology and human health in general, should be focused on trace element
interplay in the context of transition metal redox balance shift
[145,208-211] and ferroptosis [30,60,212]. From the point of view of
the authors of the current review, future speciation studies related to
biochemical activity of essential trace elements such as selenium and
iodine should focus more on potential minor metabolites, such as minor
selenoproteins, minor selenometabolites (e.g., selenosugars, exotic se-
lenoamino acids like selenohomosysteine [213,214] or even not yet
identified Se-compounds) and “side-products” of thyroid hormones
production, e.g., iodolactones and iodinated lipids. Certainly, the
quantification of such compounds is much more challenging than fo-
cusing on that of “traditional” species, such as inorganic ions (selenite,
selenate, iodide, and iodate) or widely acknowledged status and/or
function biomarkers (SELENOP, GPX3, T, etc.). Although minor iodine-
and selenium-containing metabolites are considered as potentially re-
levant in metabolic and endocrine disorders, the studies on their bio-
logical activity are scarce. Often, a qualitative approach is used in such
research, which may put the findings into question. Reliable determi-
nation of minor selenoproteins, which mostly have intracellular loca-
lization, and minor selenium and iodine metabolites, both present in
extremely low concentration and often highly redox-sensitive, will re-
quire considerable efforts into designing novel sample preparation
protocols, including isolation and pre-concentration, and potentially
advancement in the analytical techniques to provide even lower limits
of detection. Additionally, integrated studies on selenium and iodine
speciation with a focus on proteomic and metabolomic profiles could
provide new insight into the role of these elements in diabetes. The
authors recommend common research initiatives from molecular biol-
ogists and analytical chemists, which will provide new relevant insights
into Se-metabolism in diabetes.

6. Conclusion

Although both iodine and selenium were addressed in a number of
epidemiological and model studies concerning diabetes, the exact
chemical form of the elements — elemental speciation — was to a certain
extent disregarded and needs to be investigated further. Moreover, the
biochemical pathways of selenium and iodine species in diabetes mel-
litus pathology (both type I and II) require further study employing
adequate in vitro and animal models. The focus on speciation is espe-
cially relevant for selenium, whereas for iodine the most important
issue, concerning deficiency and supplementation, is related to ade-
quate study groups, dosages, and terms of trace element intake, due to
the paramount importance of sufficient iodine supply during gestation
and the first year of life [91]. Notably, for selenium, studying the
possible isotope fractionation accompanying metabolic processes under
different health stances, including diabetes and other metabolic dis-
orders, seems to be an attractive approach that potentially can supply
additional information. The knowledge on the interplay of selenium
and iodine in diabetic pathology is nowadays mainly limited to the role
of selenoproteins in insulin signaling and thyroid hormones metabo-
lism. However, there are other possible factors, such as the role of
thyroid hormones in the in utero development of the pancreas or pu-
tative involvement of selenoproteins in leptin signaling, which require
further study. Upcoming human-based studies should be justified based
on “predecessor” model research to ensure optimal speciation and do-
sage of the elements and adequate population inclusion criteria. This
should be especially strictly followed for randomized controlled trials.

Declaration of Competing Interest

The authors declare that there is no conflict of interest.

76

Journal of Trace Elements in Medicine and Biology 56 (2019) 69-80

Acknowledgement

The study was partially supported by the Russian Science
Foundation (Russian Federation), grant No. 18-73-00055.

References

[1] U. Schweizer, L. Schomburg, J. Kohrle, Selenoprotein P and selenium distribution
in mammals, Selenium: Its Molecular Biology and Role in Human Health, 4th ed.,
(2016), pp. 261-274.

B.O. Roep, T.I. Tree, Immune modulation in humans: implications for type 1
diabetes mellitus, Nat. Rev. Endocrinol. 10 (4) (2014) 229-242.

M.A.M. Rogers, C. Kim, T. Banerjee, J.M. Lee, Fluctuations in the incidence of type
1 diabetes in the United States from 2001 to 2015: a longitudinal study, BMC Med.
15 (1) (2017) 199 199.

E. Ahlqvist, P. Storm, A. Kérdjamaki, M. Martinell, M. Dorkhan, A. Carlsson,

P. Vikman, R.B. Prasad, D.M. Aly, P. Almgren, Y. Wessman, N. Shaat, P. Spégel,
H. Mulder, E. Lindholm, O. Melander, O. Hansson, U. Malmqvist, A. Lernmark,
K. Lahti, T. Forsén, T. Tuomi, A.H. Rosengren, L. Groop, Novel subgroups of adult-
onset diabetes and their association with outcomes: a data-driven cluster analysis
of six variables, Lancet Diabetes Endo. 6 (5) (2018) 361-369.

R. Sinha, G. Fisch, B. Teague, W.V. Tamborlane, B. Banyas, K. Allen, M. Savoye,
V. Rieger, S. Taksali, G. Barbetta, R.S. Sherwin, S. Caprio, Prevalence of impaired
glucose tolerance among children and adolescents with marked obesity, N. Engl. J.
Med. 346 (11) (2002) 802-810.

R.H. Eckel, S.E. Kahn, E. Ferrannini, A.B. Goldfine, D.M. Nathan, M.W. Schwartz,
R.J. Smith, S.R. Smith, Obesity and type 2 diabetes: what can be unified and what
needs to be individualized? J. Clin. Endocrinol. Metab. 96 (6) (2011) 1654-1663.
NCD-RisC, Worldwide trends in diabetes since 1980: a pooled analysis of 751
population-based studies with 4-4 million participants, Lancet 387 (10027) (2016)
1513-1530.

L. Chen, D.J. Magliano, P.Z. Zimmet, The worldwide epidemiology of type 2
diabetes mellitus—present and future perspectives, Nat. Rev. Endocrinol. 8 (4)
(2011) 228-236.

J.C. McCann, B.N. Ames, Adaptive dysfunction of selenoproteins from the per-
spective of the triage theory: why modest selenium deficiency may increase risk of
diseases of aging, FASEB J. 25 (6) (2011) 1793-1814.

N.D. Solovyev, Importance of selenium and selenoprotein for brain function: from
antioxidant protection to neuronal signalling, J. Inorg. Biochem. 153 (2015) 1-12.
J. Kohrle, F. Jakob, B. Contempre, J.E. Dumont, Selenium, the thyroid, and the
endocrine system, Endocr. Rev. 26 (7) (2005) 944-984.

A.M. Leung, L.E. Braverman, Consequences of excess iodine, Nat. Rev. Endocrinol.
10 (2014) 136-142.

A. Chidakel, D. Mentuccia, F.S. Celi, Peripheral metabolism of thyroid hormone
and glucose homeostasis, Thyroid 15 (8) (2005) 899-903.

S. Crunkhorn, M.E. Patti, Links between thyroid hormone action, oxidative me-
tabolism, and diabetes risk? Thyroid 18 (2) (2008) 227-237.

A. Okten, S. Akcay, M. Cakir, I. Girisken, P. Kosucu, O. Deger, Iodine status,
thyroid function, thyroid volume and thyroid autoimmunity in patients with type
1 diabetes mellitus in an iodine-replete area, Diabetes Metab. 32 (4) (2006)
323-329.

G. Dimitriadis, P. Mitrou, V. Lambadiari, E. Boutati, E. Maratou, E. Koukkou,

M. Tzanela, N. Thalassinos, S.A. Raptis, Glucose and lipid fluxes in the adipose
tissue after meal ingestion in hyperthyroidism, J. Clin. Endocrinol. Metab. 91 (3)
(2006) 1112-1118.

M.P. Rayman, Selenium and human health, Lancet 379 (9822) (2012) 1256-1268.
M.P. Rayman, S. Stranges, Epidemiology of selenium and type 2 diabetes: can we
make sense of it? Free Radical Bio. Med. 65 (2013) 1557-1564.

A.N. Ogawa-Wong, M.J. Berry, L.A. Seale, Selenium and metabolic disorders: an
emphasis on type 2 diabetes risk, Nutrients 8 (2) (2016) 80.

M. Vinceti, T. Filippini, K.J. Rothman, Selenium exposure and the risk of type 2
diabetes: a systematic review and meta-analysis, Eur. J. Epideminol. 33 (9) (2018)
789-810.

M.P. Rayman, K.H. Winther, R. Pastor-Barriuso, F. Cold, M. Thvilum, S. Stranges,
E. Guallar, S. Cold, Effect of long-term selenium supplementation on mortality:
results from a multiple-dose, randomised controlled trial, Free Radical Bio. Med.
127 (2018) 46-54.

H. Steinbrenner, A.L. Hotze, B. Speckmann, A. Pinto, H. Sies, M. Schott, M. Ehlers,
W.A. Scherbaum, S. Schinner, Localization and regulation of pancreatic seleno-
protein P, J. Mol. Endocrinol. 50 (1) (2013) 31-42.

J. Zhou, K. Huang, X.G. Lei, Selenium and diabetes—evidence from animal studies,
Free Radical Bio. Med. 65 (2013) 1548-1556.

M.P. Rayman, S.C. Bath, The new emergence of iodine deficiency in the UK:
consequences for child neurodevelopment, Ann. Clin. Biochem. 52 (Pt 6) (2015)
705-708.

K.L. Caldwell, A. Makhmudov, E. Ely, R.L. Jones, R.Y. Wang, Iodine status of the
U.S. population, National Health and Nutrition Examination Survey, 2005-2006
and 2007-2008, Thyroid 21 (4) (2011) 419-427.

H.R. Chung, Iodine and thyroid function, Ann. Pediatr. Endocrinol. Metab. 19 (1)
(2014) 8-12.

D. Levie, T.I.M. Korevaar, S.C. Bath, M. Murcia, M. Dineva, S. Llop, M. Espada,
A.E. van Herwaarden, Y.B. de Rijke, J.M. Ibarluzea, J. Sunyer, H. Tiemeier,

M.P. Rayman, M. Guxens, R.P. Peeters, Association of maternal iodine status with
child IQ: a meta-analysis of individual-participant data, J. Clin. Endocrinol. Metab.

[2]

[3]

[4]

[5

[6

[7

[8

[91

[10]
[11]
[12]
[13]
[14]

[15]

[16]

[17]
[18]

[19]

[20]

[21]

[22]

[23]

[24]

[25]

[26]

[27]



N. Solovyey, et al.

[28]

[29]

[30]

[31]

[32]

[33]

[34]

[35]

[36]

371

[38]

[39]

[40]

[41]

[42]

[43]

[44]

[45]

[46]

[47]

[48]

[49]

[50]

[51]
[52]

[53]

(2019), https://doi.org/10.1210/jc.2018-02559.

V.N. Gladyshev, E.S. Arnér, M.J. Berry, R. Brigelius-Flohée, E.A. Bruford,

R.F. Burk, B.A. Carlson, S. Castellano, L. Chavatte, M. Conrad, P.R. Copeland,
A.M. Diamond, D.M. Driscoll, A. Ferreiro, L. Flohé, F.R. Green, R. Guigé,

D.E. Handy, D.L. Hatfield, J. Hesketh, P.R. Hoffmann, A. Holmgren, R.J. Hondal,
M.T. Howard, K. Huang, H.Y. Kim, L.Y. Kim, J. Kohrle, A. Krol, G.V. Kryukov,
B.J. Lee, B.C. Lee, X.G. Lei, Q. Liu, A. Lescure, A.V. Lobanov, J. Loscalzo,

M. Maiorino, M. Mariotti, K.S. Prabhu, M.P. Rayman, S. Rozovsky, G. Salinas,
E.E. Schmidt, L. Schomburg, U. Schweizer, M. Simonovié, R.A. Sunde, P.A. Tsuji,
S. Tweedie, F.F. Ursini, P.D. Whanger, Y. Zhang, Selenoprotein gene nomen-
clature, J. Biol. Chem. 291 (46) (2016) 24036-24040.

G.V. Kryukov, S. Castellano, S.V. Novoselov, A.V. Lobanov, O. Zehtab, R. Guigo,
V.N. Gladyshev, Characterization of mammalian selenoproteomes, Science 300
(5624) (2003) 1439-1443.

I. Ingold, C. Berndt, S. Schmitt, S. Doll, G. Poschmann, K. Buday, A. Roveri,

X. Peng, F. Porto Freitas, T. Seibt, L. Mehr, M. Aichler, A. Walch, D. Lamp,

M. Jastroch, S. Miyamoto, W. Wurst, F. Ursini, E.S.J. Arner, N. Fradejas-Villar,
U. Schweizer, H. Zischka, J.P. Friedmann Angeli, M. Conrad, Selenium utilization
by GPX4 is required to prevent hydroperoxide-induced ferroptosis, Cell 172 (3)
(2018) 409-422 e21.

J. Bleys, A. Navas-Acien, E. Guallar, Selenium and diabetes: more bad news for
supplements, Ann. Intern. Med. 147 (4) (2007) 271-272.

G.F. Combs Jr., Biomarkers of selenium status, Nutrients 7 (4) (2015) 2209-2236.
M. Vinceti, T. Filippini, S. Cilloni, A. Bargellini, A.V. Vergoni, A. Tsatsakis,

M. Ferrante, Health risk assessment of environmental selenium: emerging evi-
dence and challenges (Review), Mol. Med. Rep. 15 (5) (2017) 3323-3335.

N. Solovyev, N.T. Prakash, P. Bhatia, R. Prakash, E. Drobyshev, B. Michalke,
Selenium-rich mushrooms cultivation on a wheat straw substrate from seleni-
ferous area in Punjab, India, J. Trace Elem. Med. Biol. 50 (2018) 362-366.

M. Vinceti, T. Filippini, L.A. Wise, Environmental selenium and human health: an
update, Curr. Environ. Health Rep. 5 (4) (2018) 464-485.

D.J. Becker, B. Reul, A.T. Ozcelikay, J.P. Buchet, J.C. Henquin, S.M. Brichard, Oral
selenate improves glucose homeostasis and partly reverses abnormal expression of
liver glycolytic and gluconeogenic enzymes in diabetic rats, Diabetologia 39 (1)
(1996) 3-11.

M.L. Battell, H.L.M. Delgatty, J.H. McNeill, Sodium selenate corrects glucose tol-
erance and heart function in STZ diabetic rats, Mol. Cell. Biochem. 179 (1) (1998)
27-34.

A.S. Mueller, J. Pallauf, J. Rafael, The chemical form of selenium affects in-
sulinomimetic properties of the trace element: investigations in type II diabetic
dbdb mice, J. Nutr. Biochem. 14 (11) (2003) 637-647.

J.S. Morris, S.B. Crane, Selenium toxicity from a misformulated dietary supple-
ment, adverse health effects, and the temporal response in the nail biologic
monitor, Nutrients 5 (4) (2013) 1024-1057.

S. Stranges, J.R. Marshall, R. Natarajan, R.P. Donahue, M. Trevisan, G.F. Combs,
F.P. Cappuccio, A. Ceriello, M.E. Reid, Effects of long-term selenium supple-
mentation on the incidence of type 2 diabetes: a randomized trial, Ann. Intern.
Med. 147 (4) (2007) 217-223.

S.M. Lippman, E.A. Klein, P.J. Goodman, M.S. Lucia, I.M. Thompson, L.G. Ford,
et al., Effect of selenium and vitamin E on risk of prostate cancer and other can-
cers: the Selenium and Vitamin E Cancer prevention Trial (SELECT), JAMA 301 (1)
(2009) 39-51.

D.L. Hatfield, V.N. Gladyshev, The outcome of selenium and vitamin E cancer
prevention trial (SELECT) reveals the need for better understanding of selenium
biology, Mol. Interv. 9 (1) (2009) 18-21.

H. Steinbrenner, B. Speckmann, H. Sies, Toward understanding success and fail-
ures in the use of selenium for cancer prevention, Antioxid. Redox Signal. 19 (2)
(2013) 181-191.

M. Soderlund, J. Virkanen, H. Aromaa, N. Gracheva, J. Lehto, Sorption and spe-
ciation of iodine in boreal forest soil, J. Radioanal. Nucl. Chem. (1) (2016)
549-564 Ch 311.

C.W. Lu, H.H. Chang, K.C. Yang, C.S. Kuo, L.T. Lee, K.C. Huang, High serum se-
lenium levels are associated with increased risk for diabetes mellitus independent
of central obesity and insulin resistance, BMJ Open Diabetes Res. Care 4 (1) (2016)
€000253.

J. Wei, C. Zeng, Q.-y. Gong, H.-b. Yang, X.-x. Li, G.-h. Lei, T.-b. Yang, The asso-
ciation between dietary selenium intake and diabetes: a cross-sectional study
among middle-aged and older adults, Nutr. J. 14 (1) (2015) 18.

X.-L. Wang, T.-B. Yang, J. Wei, G.-H. Lei, C. Zeng, Association between serum
selenium level and type 2 diabetes mellitus: a non-linear dose-response meta-
analysis of observational studies, Nutr. J. 15 (1) (2016) 48 48.

J.P. McClung, C.A. Roneker, W. Mu, D.J. Lisk, P. Langlais, F. Liu, X.G. Lei,
Development of insulin resistance and obesity in mice overexpressing cellular
glutathione peroxidase, Proc. Natl. Acad. Sci. U. S. A. 101 (24) (2004) 8852-8857.
F. Giacco, M. Brownlee, Oxidative stress and diabetic complications, Circ. Res. 107
(9) (2010) 1058-1070.

D. Pitocco, M. Tesauro, R. Alessandro, G. Ghirlanda, C. Cardillo, Oxidative stress
in diabetes: implications for vascular and other complications, Int. J. Mol. Sci. 14
(11) (2013) 21525-21550.

R.P. Robertson, J.S. Harmon, Pancreatic islet beta-cell and oxidative stress: the
importance of glutathioneperoxidase, FEBS Lett. 581 (2007) 3743-3748.

R. Brigelius-Flohe, M. Maiorino, Glutathione peroxidases, Biochim. Biophys. Acta
1830 (5) (2013) 3289-3303.

L.A. Katunga, P. Gudimella, J.T. Efird, S. Abernathy, T.A. Mattox, C. Beatty,
T.M. Darden, K.A. Thayne, H. Alwair, A.P. Kypson, J.A. Virag, E.J. Anderson,
Obesity in a model of gpx4 haploinsufficiency uncovers a causal role for lipid-

77

[54]

[55]

[56]

[57]

[58]

[59]

[60]

[61]

[62]

[63]

[64]

[65]

[66]

[67]

[68]

[69]

[70]

[71]

[72]
[73]
[74]

[75]

[76]

[77]

Journal of Trace Elements in Medicine and Biology 56 (2019) 69-80

derived aldehydes in human metabolic disease and cardiomyopathy, Mol. Metab.
4 (6) (2015) 493-506.

Y. Gao, H.C. Feng, K. Walder, K. Bolton, T. Sunderland, N. Bishara, M. Quick,

L. Kantham, G.R. Collier, Regulation of the selenoprotein SelS by glucose depri-
vation and endoplasmic reticulum stress - SelS is a novel glucose-regulated pro-
tein, FEBS Lett. 563 (1-3) (2004) 185-190.

K. Walder, L. Kantham, J.S. McMillan, J. Trevaskis, L. Kerr, A. de Silva,

T. Sunderland, N. Godde, Y. Gao, N. Bishara, K. Windmill, J. Tenne-Brown,

G. Augert, P.Z. Zimmet, G.R. Collier, Tanis: a link between type 2 diabetes and
inflammation? Diabetes 51 (6) (2002) 1859.

S.S. Yu, J.L. Du, Selenoprotein S: a therapeutic target for diabetes and macro-
angiopathy? Cardiovasc. Diabetol. 16 (1) (2017) 101.

L.C. Christensen, N.W. Jensen, A. Vala, J. Kamarauskaite, L. Johansson,

J.R. Winther, K. Hofmann, K. Teilum, L. Ellgaard, The human selenoprotein VCP-
interacting membrane protein (VIMP) is non-globular and harbors a reductase
function in an intrinsically disordered region, J. Biol. Chem. 287 (31) (2012)
26388-26399.

E. Kelly, C.M. Greene, T.P. Carroll, N.G. McElvaney, S.J. O’Neill, Selenoprotein S/
SEPS1 modifies endoplasmic reticulum stress in Z variant alphal-antitrypsin de-
ficiency, J. Biol. Chem. 284 (25) (2009) 16891-16897.

L.X. Liu, X.Y. Zhou, C.S. Li, L.Q. Liu, S.Y. Huang, S.N. Zhou, Selenoprotein S ex-
pression in the rat brain following focal cerebral ischemia, Neurol. Sci. 34 (9)
(2013) 1671-1678.

R.H. Rueli, D.J. Torres, A.S. Dewing, A.C. Kiyohara, S.M. Barayuga, M.T. Bellinger,
J.H. Uyehara-Lock, L.R. White, P.I. Moreira, M.J. Berry, G. Perry, F.P. Bellinger,
Selenoprotein S reduces endoplasmic reticulum stress-induced phosphorylation of
tau: potential role in selenate mitigation of tau pathology, J. Alzheimers Dis. 55
(2) (2017) 749-762.

J. Zeng, S. Du, J. Zhou, K. Huang, Role of SelS in lipopolysaccharide-induced in-
flammatory response in hepatoma HepG2 cells, Arch. Biochem. Biophys. 478 (1)
(2008) 1-6.

H.K.R. Karlsson, H. Tsuchida, S. Lake, H.A. Koistinen, A. Krook, Relationship be-
tween serum amyloid A level and Tanis/SelS mRNA expression in skeletal muscle
and adipose tissue from healthy and type 2 diabetic subjects, Diabetes 53 (6)
(2004) 1424-1428.

A. Martinez, J.L. Santiago, J. Varade, A. Marquez, J.R. Lamas, J.L. Mendoza, H. de
la Calle, M. Diaz-Rubio, E.G. de la Concha, B. Fernandez-Gutierrez, E. Urcelay,
Polymorphisms in the selenoprotein S gene: lack of association with autoimmune
inflammatory diseases, BMC Genomics 9 (1) (2008) 329.

Y. Tanguy, A. Falluel-Morel, S. Arthaud, L. Boukhzar, D.L. Manecka, A. Chagraoui,
G. Prevost, S. Elias, I. Dorval-Coiffec, J. Lesage, D. Vieau, I. Lihrmann, B. Jegou,
Y. Anouar, The PACAP-regulated gene selenoprotein T is highly induced in ner-
vous, endocrine, and metabolic tissues during ontogenetic and regenerative pro-
cesses, Endocrinology 152 (11) (2011) 4322-4335.

G. Prevost, A. Arabo, L. Jian, E. Quelennec, D. Cartier, S. Hassan, A. Falluel-Morel,
Y. Tanguy, S. Gargani, I. Lihrmann, J. Kerr-Conte, H. Lefebvre, F. Pattou,

Y. Anouar, The PACAP-regulated gene selenoprotein T is abundantly expressed in
mouse and human beta-cells and its targeted inactivation impairs glucose toler-
ance, Endocrinology 154 (10) (2013) 3796-3806.

A.B. Addinsall, C.R. Wright, S. Andrikopoulos, C. van der Poel, N. Stupka,
Emerging roles of endoplasmic reticulum-resident selenoproteins in the regulation
of cellular stress responses and the implications for metabolic disease, Biochem. J.
475 (6) (2018) 1037-1057.

H. Steinbrenner, Interference of selenium and selenoproteins with the insulin-
regulated carbohydrate and lipid metabolism, Free Radical Bio. Med. 65 (2013)
1538-1547.

A. Aydemir-Koksoy, B. Turan, Selenium inhibits proliferation signaling and re-
stores sodium/potassium pump function of diabetic rat aorta, Biol. Trace Elem.
Res. 126 (1-3) (2008) 237-245.

M. Ayaz, B. Turan, Selenium prevents diabetes-induced alterations in [Zn2+]i and
metallothionein level of rat heart via restoration of cell redox cycle, Am. J.
Physiol. Heart Circ. Physiol. 290 (3) (2006) H1071-80.

K. Mahadev, H. Motoshima, X. Wu, J.M. Ruddy, R.S. Arnold, G. Cheng,

J.D. Lambeth, B.J. Goldstein, The NAD(P)H oxidase homolog Nox4 modulates
insulin-stimulated generation of H202 and plays an integral role in insulin signal
transduction, Mol. Cell. Biol. 24 (5) (2004) 1844-1854.

H. Steinbrenner, B. Speckmann, A. Pinto, H. Sies, High selenium intake and in-
creased diabetes risk: experimental evidence for interplay between selenium and
carbohydrate metabolism, J. Clin. Biochem. Nutr. 48 (1) (2011) 40-45.

H. Sies, Role of metabolic H202 generation: redox signaling and oxidative stress,
J. Biol. Chem. 289 (13) (2014) 8735-8741.

R.F. Burk, K.E. Hill, Selenoprotein P-expression, functions, and roles in mammals,
Biochim. Biophys. Acta 1790 (11) (2009) 1441-1447.

R.F. Burk, K.E. Hill, Regulation of selenium metabolism and transport, Annu. Rev.
Nutr. 35 (1) (2015) 109-134.

N. Solovyev, E. Drobyshev, G. Bjorklund, Y. Dubrovskii, R. Lysiuk, M.P. Rayman,
Selenium, selenoprotein P, and Alzheimer’s disease: is there a link? Free Radical
Bio. Med. 127 (2018) 124-133.

N. Solovyev, Selenoprotein P and its potential role in Alzheimer’s disease,
Hormones (2019), https://doi.org/10.1007/s42000-019-00112-w.

H. Misu, T. Takamura, H. Takayama, H. Hayashi, N. Matsuzawa-Nagata, S. Kurita,
K. Ishikura, H. Ando, Y. Takeshita, T. Ota, M. Sakurai, T. Yamashita, E. Mizukoshi,
T. Yamashita, M. Honda, K. Miyamoto, T. Kubota, N. Kubota, T. Kadowaki,

H.J. Kim, LK. Lee, Y. Minokoshi, Y. Saito, K. Takahashi, Y. Yamada, N. Takakura,
S. Kaneko, A liver-derived secretory protein, selenoprotein P, causes insulin re-
sistance, Cell Metab. 12 (5) (2010) 483-495.



N. Solovyev, et al.

[78]

[79]

[80]

[81]

[82]

[83]

[84]

[85]

[86]

[87]

[88]

[89]

[90]

[91]

[92]

[93]

[94]

[95]

[96]

[97]

[98]

[99]

[100]

[101]

[102]

[103]

Y. Mita, K. Nakayama, S. Inari, Y. Nishito, Y. Yoshioka, N. Sakai, K. Sotani,

T. Nagamura, Y. Kuzuhara, K. Inagaki, M. Iwasaki, H. Misu, M. Ikegawa,

T. Takamura, N. Noguchi, Y. Saito, Selenoprotein P-neutralizing antibodies im-
prove insulin secretion and glucose sensitivity in type 2 diabetes mouse models,
Nat. Commun. 8 (1) (2017) 1658.

S.J. Yang, S.Y. Hwang, H.Y. Choi, H.J. Yoo, J.A. Seo, S.G. Kim, N.H. Kim,

S.H. Baik, D.S. Choi, K.M. Choi, Serum selenoprotein P levels in patients with type
2 diabetes and prediabetes: implications for insulin resistance, inflammation, and
atherosclerosis, J. Clin. Endocrinol. Metab. 96 (8) (2011) E1325-9.

S.M. Oo, H. Misu, Y. Saito, M. Tanaka, S. Kato, Y. Kita, H. Takayama, Y. Takeshita,
T. Kanamori, T. Nagano, M. Nakagen, T. Urabe, N. Matsuyama, S. Kaneko,

T. Takamura, Serum selenoprotein P, but not selenium, predicts future hypergly-
cemia in a general Japanese population, Sci. Rep. 8 (1) (2018) 16727 16727.

H. Misu, K. Ishikura, S. Kurita, Y. Takeshita, T. Ota, Y. Saito, K. Takahashi,

S. Kaneko, T. Takamura, Inverse correlation between serum levels of selenoprotein
P and adiponectin in patients with type 2 diabetes, PLoS One 7 (4) (2012) e34952.
L. Schomburg, O. Melander, Letter by Schomburg and Melander regarding article,
"Selenoprotein P promotes the development of pulmonary arterial hypertension: a
possible novel therapeutic target", Circulation 139 (5) (2019) 722-723.

P. Kaur, N.M. Rizk, S. Ibrahim, N. Younes, A. Uppal, K. Dennis, T. Karve,

K. Blakeslee, J. Kwagyan, M. Zirie, H.W. Ressom, A.K. Cheema, iTRAQ-based
quantitative protein expression profiling and MRM verification of markers in type
2 diabetes, J. Proteome Res. 11 (11) (2012) 5527-5539.

R.C.R. Meex, M.J. Watt, Hepatokines: linking nonalcoholic fatty liver disease and
insulin resistance, Nat. Rev. Endocrinol. 13 (9) (2017) 509-520.

Z. Zhao, M. Barcus, J. Kim, K.L. Lum, C. Mills, X.G. Lei, High dietary selenium
intake alters lipid metabolism and protein synthesis in liver and muscle of pigs, J.
Nutr. 146 (9) (2016) 1625-1633.

J. Fernandes, X. Hu, M. Ryan Smith, Y.-M. Go, D.P. Jones, Selenium at the redox
interface of the genome, metabolome and exposome, Free Radical Bio. Med. 127
(2018) 215-227.

X. Hu, J.D. Chandler, M.L. Orr, L. Hao, K. Liu, K. Uppal, Y.-M. Go, D.P. Jones,
Selenium supplementation alters hepatic energy and fatty acid metabolism in
mice, J. Nutr. 148 (5) (2018) 675-684.

M.L. Hartoft-Nielsen, A.K. Rasmussen, T. Bock, U. Feldt-Rasmussen, A. Kaas,

K. Buschard, Iodine and tri-iodo-thyronine reduce the incidence of type 1 diabetes
mellitus in the autoimmune prone BB rats, Autoimmunity 42 (2) (2009) 131-138.
S.J. Zhou, A.J. Anderson, R.A. Gibson, M. Makrides, Effect of iodine supple-
mentation in pregnancy on child development and other clinical outcomes: a
systematic review of randomized controlled trials, Am. J. Clin. Nutr. 98 (5) (2013)
1241-1254.

S. Rautiainen, J.E. Manson, A.H. Lichtenstein, H.D. Sesso, Dietary supplements
and disease prevention - a global overview, Nat. Rev. Endocrinol. 12 (7) (2016)
407-420.

I. Velasco, S.C. Bath, M.P. Rayman, Iodine as essential nutrient during the first
1000 days of life, Nutrients 10 (3) (2018) 290.

R. Grozovsky, S. Ribich, M.L. Rosene, M.A. Mulcahey, S.A. Huang, M.E. Patti,
A.C. Bianco, B.W. Kim, Type 2 deiodinase expression is induced by peroxisomal
proliferator-activated receptor-gamma agonists in skeletal myocytes,
Endocrinology 150 (4) (2009) 1976-1983.

C.J. Torrance, J.E. Devente, J.P. Jones, G.L. Dohm, Effects of thyroid hormone on
GLUT4 glucose transporter gene expression and NIDDM in rats, Endocrinology
138 (3) (1997) 1204-1214.

S. Vladeva, P. Gatseva, M. Argirova, lodine status in patients with diabetes mel-
litus type 1 and type 2, J. Trace Elem. Electrolytes Health Dis. 24 (3) (2007)
143-145.

H. Volzke, U. Krohn, H. Wallaschofski, J. Liidemann, U. John, W. Kerner, The
spectrum of thyroid disorders in adult type 1 diabetes mellitus, Diabetes Metab.
Res. Rev. 23 (2007) 227-233.

J.M. Gomez, F.J. Maravall, A. Guma, R. Abos, J. Soler, M. Fernandez-Castaner,
Thyroid volume as measured by ultrasonography in patients with type 1 diabetes
mellitus without thyroid dysfunction, Horm. Metab. Res. 35 (8) (2003) 486-491.
A. Szadkowska, A. Madej, K. Ziétkowska, M. Szymaniska, K. Jeziorny,

B. Mianowska, I. Pietrzak, Gender and age — dependent effect of type 1 diabetes on
obesity and altered body composition in young adults, Ann. Agric. Environ. Med.
22 (1) (2015) 124-128.

J.K. Amory, 1.B. Hirsch, Hyperthyroidism from autoimmune thyroiditis in a man
with type 1 diabetes mellitus: a case report, J. Med. Case Rep. 5 (277) (2011) 277.
L.C. Hofbauer, M. Rafferzeder, O.E. Janssen, R. Gértner, Insulin-like growth factor
I messenger ribonucleic acid expression in porcine thyroid follicles is regulated by
thyrotropin and iodine, Eur. J. Endocrinol. 132 (5) (1995) 605.

S. Ock, J. Ahn, S.H. Lee, H. Kang, S. Offermanns, H.Y. Ahn, Y.S. Jo, M. Shong,
B.Y. Cho, D. Jo, E.D. Abel, T.J. Lee, W.J. Park, L.-K. Lee, J. Kim, IGF-1 receptor
deficiency in thyrocytes impairs thyroid hormone secretion and completely in-
hibits TSH-stimulated goiter, FASEB J. 27 (12) (2013) 4899-4908.

C.W. Li, R. Osman, F. Menconi, E.S. Concepcion, Y. Tomer, Flexible peptide re-
cognition by HLA-DR triggers specific autoimmune T-cell responses in auto-
immune thyroiditis and diabetes, J. Autoimmun. 76 (2017) 1-9.

D. Rendina, G. De Filippo, G. Mossetti, G. Zampa, R. Muscariello, G. Benvenuto,
C.L. Vivona, S. Ippolito, F. Galante, G. Lombardi, B. Biondi, P. Strazzullo,
Relationship between metabolic syndrome and multinodular non-toxic goiter in an
inpatient population from a geographic area with moderate iodine deficiency, J.
Endocrinol. Invest. 35 (4) (2012) 407-412.

R. Malaguarnera, V. Vella, M.L. Nicolosi, A. Belfiore, Insulin resistance: any role in
the changing epidemiology of thyroid cancer? Front. Endocrinol. (Lausanne) 8
(314) (2017) 314.

78

[104]

[105]

[106]

[107]

[108]

[109]

[110]

[111]

[112]

[113]

[114]

[115]

[116]

[117]

[118]

[119]

[120]

[121]

[122]

[123]

[124]

[125]

[126]

[127]

[128]
[129]

[130]

[131]

[132]

[133]

Journal of Trace Elements in Medicine and Biology 56 (2019) 69-80

K. Wang, Y. Yang, Y. Wu, J. Chen, D. Zhang, X. Mao, X. Wu, X. Long, C. Liu, The
association between insulin resistance and vascularization of thyroid nodules, J.
Clin. Endocrinol. Metab. 100 (1) (2015) 184-192.

S. Buscemi, F.M. Massenti, S. Vasto, F. Galvano, C. Buscemi, D. Corleo,

A.M. Barile, G. Rosafio, N. Rini, C. Giordano, Association of obesity and diabetes
with thyroid nodules, Endocrine 60 (2) (2018) 339-347.

L.A. Distiller, E.S. Polakow, B.I. Joffe, Type 2 diabetes mellitus and hypothyr-
oidism: the possible influence of metformin therapy, Diabet. Med. 31 (2) (2014)
172-175.

A. Lecube, C. Zafon, A. Gromaz, J.M. Fort, E. Caubet, J.A. Baena, F. Tortosa, Iodine
deficiency is higher in morbid obesity in comparison with late after bariatric
surgery and non-obese women, Obes. Surg. 25 (1) (2015) 85-89.

A. Boelen, J. Kwakkel, E. Fliers, Beyond low plasma T3: local thyroid hormone
metabolism during inflammation and infection, Endocr. Rev. 32 (5) (2011)
670-693.

E. Fliers, A.C. Bianco, L. Langouche, A. Boelen, Thyroid function in critically ill
patients, Lancet Diabetes Endo 3 (10) (2015) 816-825.

T.L. Mastracci, C. Evans-Molina, Pancreatic and islet development and function:
the role of thyroid hormone, Journal of Endocrinology, Diabetes & Obesity 2 (3)
(2014) 1044.

S.E. Harris, M.J. De Blasio, M.A. Davis, A.C. Kelly, H.M. Davenport,

F.B.P. Wooding, D. Blache, D. Meredith, M. Anderson, A.L. Fowden,

S.W. Limesand, A.J. Forhead, Hypothyroidism in utero stimulates pancreatic beta
cell proliferation and hyperinsulinaemia in the ovine fetus during late gestation, J.
Physiol. (Lond.) 595 (11) (2017) 3331-3343.

K.L. Thornburg, N.N. Chattergoon, Thyroid hormone and pancreas development:
diabetes culprit or innocent bystander? J. Physiol. (Lond.) 595 (11) (2017) 3261
3261.

L. Schomburg, Selenium, selenoproteins and the thyroid gland: interactions in
health and disease, Nat. Rev. Endocrinol. 8 (3) (2011) 160-171.

Y. Song, N. Driessens, M. Costa, X. De Deken, V. Detours, B. Corvilain,

C. Maenhaut, F. Miot, J. Van Sande, M.C. Many, J.E. Dumont, Roles of hydrogen
peroxide in thyroid physiology and disease, J. Clin. Endocrinol. Metab. 92 (10)
(2007) 3764-3773.

A. Drutel, F. Archambeaud, P. Caron, Selenium and the thyroid gland: more good
news for clinicians, Clin. Endocrinol. (Oxf) 78 (2) (2013) 155-164.

G.E. Krassas, N. Pontikides, K. Tziomalos, T. Tzotzas, 1. Zosin, M. Vlad, A. Luger,
A. Gessl, R. Marculescu, V. Toscano, S. Morgante, E. Papini, V. Pirags, 1. Konrade,
S. Hybsier, P.J. Hofmann, L. Schomburg, J. Kohrle, Selenium status in patients
with autoimmune and non-autoimmune thyroid diseases from four European
countries, Expert Rev. Endocrinol. Metab. 9 (6) (2014) 685-692.

H. Ohye, M. Sugawara, Dual oxidase, hydrogen peroxide and thyroid diseases,
Exp. Biol. Med. (Maywood) 235 (4) (2010) 424-433.

A. Leung, E.N. Pearce, L.E. Braverman, Role of iodine in thyroid physiology,
Expert Rev. Endocrinol. Metab. 5 (4) (2014) 593-602.

J. Boucher, A. Kleinridders, C.R. Kahn, Insulin receptor signaling in normal and
insulin-resistant states, Cold Spring Harb. Perspect. Biol. 6 (1) (2014) a009191.
C.M. Dayan, V. Panicker, Novel insights into thyroid hormones from the study of
common genetic variation, Nat. Rev. Endocrinol. 5 (4) (2009) 211-218.

X. Zhang, J. Sun, W. Han, Y. Jiang, S. Peng, Z. Shan, W. Teng, The type 2 deio-
dinase Thr92Ala polymorphism is associated with worse glycemic control in pa-
tients with type 2 diabetes mellitus: a systematic review and meta-analysis, J.
Diabetes Res. (2016) (2016) 5928726.

A.C. Bianco, D. Salvatore, B. Gereben, M.J. Berry, P.R. Larsen, Biochemistry,
cellular and molecular biology, and physiological roles of the iodothyronine se-
lenodeiodinases, Endocr. Rev. 23 (1) (2002) 38-89.

M. Castillo, J.A. Hall, M. Correa-Medina, C. Ueta, H.W. Kang, D.E. Cohen,

A.C. Bianco, Disruption of thyroid hormone activation in type 2 deiodinase
knockout mice causes obesity with glucose intolerance and liver steatosis only at
thermoneutrality, Diabetes 60 (4) (2011) 1082-1089.

U. Bjorkman, R. Ekholm, Generation of H202 in isolated porcine thyroid follicles,
Endocrinology 115 (1) (1984) 392-398.

B. Corvilain, J. van Sande, E. Laurent, J.E. Dumont, The H202-generating system
modulates protein iodination and the activity of the pentose phosphate pathway in
dog thyroid, Endocrinology 128 (2) (1991) 779-785.

P. Pasala, G.L. Francis, Autoimmune thyroid diseases in children, Expert Rev.
Endocrinol. Metab. 12 (2) (2017) 129-142.

C.W. Li, E. Concepcion, Y. Tomer, Dissecting the role of the FOXP3 gene in the
joint genetic susceptibility to autoimmune thyroiditis and diabetes: a genetic and
functional analysis, Gene 556 (2) (2015) 142-148.

J. Lindholm, P. Laurberg, Hypothyroidism and thyroid substitution: historical
aspects, J. Thyroid Res. (2011) (2011) 809341.

Y. Yao, F. Pei, P. Kang, Selenium, iodine, and the relation with Kashin-Beck dis-
ease, Nutrition 27 (11) (2011) 1095-1100.

R. Moreno-Reyes, Chapter 71 - iodine, selenium deficiency and Kashin-Beck dis-
ease, in: V.R. Preedy, G.N. Burrow, R. Watson (Eds.), Comprehensive Handbook of
Iodine, Academic Press, San Diego, 2009, pp. 685-700.

H. Shahbazian, N. Shahbazian, M. Rahimi Baniani, L. Yazdanpanah, S.M. Latifi,
Evaluation of thyroid dysfunction in pregnant women with gestational and pre-
gestational diabetes, Pak. J. Med. Sci. 29 (2) (2013) 638-641.

L.L. Gong, H. Liu, L.H. Liu, Relationship between hypothyroidism and the in-
cidence of gestational diabetes: a meta-analysis, Taiwan. J. Obstet. Gynecol. 55 (2)
(2016) 171-175.

S. Yang, F.T. Shi, P.C. Leung, H.F. Huang, J. Fan, Low thyroid hormone in early
pregnancy is associated with an increased risk of gestational diabetes mellitus, J.
Clin. Endocrinol. Metab. 101 (11) (2016) 4237-4243.



N. Solovyey, et al.

[134]

[135]

[136]

[137]

[138]
[139]
[140]
[141]

[142]

[143]

[144]

[145]

[146]

[147]

[148]

[149]

[150]

[151]

[152]

[153]

[154]

[155]

[156]

[157]

[158]

[159]

[160]

R. Agha-Jaffar, N. Oliver, D. Johnston, S. Robinson, Gestational diabetes mellitus:
does an effective prevention strategy exist? Nat. Rev. Endocrinol. 12 (9) (2016)
533-546.

J. Cleary-Goldman, F.D. Malone, G. Lambert-Messerlian, L. Sullivan, J. Canick,
T.F. Porter, D. Luthy, S. Gross, D.W. Bianchi, M.E. D’Alton, Maternal thyroid hy-
pofunction and pregnancy outcome, Obstet. Gynecol. 112 (1) (2008) 85-92.

P. Karakosta, D. Alegakis, V. Georgiou, T. Roumeliotaki, E. Fthenou, M. Vassilaki,
D. Boumpas, E. Castanas, M. Kogevinas, L. Chatzi, Thyroid dysfunction and au-
toantibodies in early pregnancy are associated with increased risk of gestational
diabetes and adverse birth outcomes, J. Clin. Endocrinol. Metab. 97 (12) (2012)
4464-4472.

Z. Asemi, M. Jamilian, E. Mesdaghinia, A. Esmaillzadeh, Effects of selenium sup-
plementation on glucose homeostasis, inflammation, and oxidative stress in ge-
stational diabetes: randomized, double-blind, placebo-controlled trial, Nutrition
31 (10) (2015) 1235-1242.

G. Askari, B. Iraj, A. Salehi-Abargouei, A.A. Fallah, T. Jafari, The association be-
tween serum selenium and gestational diabetes mellitus: a systematic review and
meta-analysis, J. Trace Elem. Med. Biol. 29 (2015) 195-201.

U. Feldt-Rasmussen, Thyroid and leptin, Thyroid 17 (5) (2007) 413-419.

A. Amin, W.S. Dhillo, K.G. Murphy, The central effects of thyroid hormones on
appetite, J. Thyroid Res. (2011) (2011) 306510.

S. McMenamin, C. Carter, W.J. Cooper, Thyroid hormone stimulates the onset of
adult feeding kinematics in zebrafish, Zebrafish 14 (6) (2017) 517-525.

T. Gong, D.J. Torres, M.J. Berry, M.W. Pitts, Hypothalamic redox balance and
leptin signaling - emerging role of selenoproteins, Free Radical Bio. Med. 127
(2018) 172-181.

M.W. Pitts, M.A. Reeves, A.C. Hashimoto, A. Ogawa, P. Kremer, L.A. Seale,

M.J. Berry, Deletion of selenoprotein M leads to obesity without cognitive deficits,
J. Biol. Chem. 288 (36) (2013) 26121-26134.

M. Costas-Rodriguez, J. Delanghe, F. Vanhaecke, High-precision isotopic analysis
of essential mineral elements in biomedicine: natural isotope ratio variations as
potential diagnostic and/or prognostic markers, TrAC-Trend Anal Chem 76 (2016)
182-193.

B. Michalke, D. Willkommen, E. Drobyshev, N. Solovyev, The importance of
speciation analysis in neurodegeneration research, TrAC-Trend Anal Chem 104
(2018) 160-170.

M. Vinceti, A. Chiari, M. Eichmuller, K.J. Rothman, T. Filippini, C. Malagoli,

J. Weuve, M. Tondelli, G. Zamboni, P.F. Nichelli, B. Michalke, A selenium species
in cerebrospinal fluid predicts conversion to Alzheimer’s dementia in persons with
mild cognitive impairment, Alzheimers Res. Ther. 9 (1) (2017) 100.

M. Vinceti, B. Michalke, C. Malagoli, M. Eichmiiller, T. Filippini, M. Tondelli,

A. Bargellini, G. Vinceti, G. Zamboni, A. Chiari, Selenium and selenium species in
the etiology of Alzheimer’s dementia: the potential for bias of the case-control
study design, J. Trace Elem. Med. Biol. 53 (2019) 98-108.

M. Vinceti, N. Solovyev, J. Mandrioli, C.M. Crespi, F. Bonvicini, E. Arcolin,

E. Georgoulopoulou, B. Michalke, Cerebrospinal fluid of newly diagnosed amyo-
trophic lateral sclerosis patients exhibits abnormal levels of selenium species in-
cluding elevated selenite, Neurotoxicology 38 (2013) 25-32.

J. Mandrioli, B. Michalke, N. Solovyev, P. Grill, F. Violi, C. Lunetta, A. Conte,
V.A. Sansone, M. Sabatelli, M. Vinceti, Elevated levels of selenium species in
cerebrospinal fluid of amyotrophic lateral sclerosis patients with disease-asso-
ciated gene mutations, Neurodegener. Dis. 17 (4-5) (2017) 171-180.

T. Filippini, A. Ferrari, B. Michalke, P. Grill, L. Vescovi, C. Salvia, C. Malagoli,
M. Malavolti, S. Sieri, V. Krogh, A. Bargellini, A. Martino, M. Ferrante, M. Vinceti,
Toenail selenium as an indicator of environmental exposure: a cross-sectional
study, Mol. Med. Rep. 15 (5) (2017) 3405-3412.

K. Renko, Biomarkers of Se Status, in: B. Michalke (Ed.), Selenium, Springer
International Publishing, Cham, 2018, pp. 451-465.

M. Vinceti, B. Burlingame, T. Filippini, A. Naska, A. Bargellini, P. Borella, The
epidemiology of selenium and human health, in: D.L. Hatfield, U. Schweizer,
P.A. Tsuji, V.N. Gladyshev (Eds.), Selenium: Its Molecular Biology and Role in
Human Health, Springer International Publishing, Cham, 2016, pp. 365-376.

B. Hollenbach, N.G. Morgenthaler, J. Struck, C. Alonso, A. Bergmann, J. Kohrle,
L. Schomburg, New assay for the measurement of selenoprotein P as a sepsis
biomarker from serum, J. Trace Elem. Med. Biol. 22 (1) (2008) 24-32.

L.B. Rasmussen, B. Hollenbach, P. Laurberg, A. Carlé, A. Hog, T. Jorgensen,

P. Vejbjerg, L. Ovesen, L. Schomburg, Serum selenium and selenoprotein P status
in adult Danes - 8-year followup, J. Trace Elem. Med. Biol. 23 (4) (2009) 265-271.
S. Hybsier, T. Schulz, Z. Wu, I. Demuth, W.B. Minich, K. Renko, E. Rijntjes,

J. Kohrle, C.J. Strasburger, E. Steinhagen-Thiessen, L. Schomburg, Sex-specific and
inter-individual differences in biomarkers of selenium status identified by a cali-
brated ELISA for selenoprotein P, Redox Biol. 11 (2016) 403-414.

N. Solovyev, A. Berthele, B. Michalke, Selenium speciation in paired serum and
cerebrospinal fluid samples, Anal. Bioanal. Chem. 405 (6) (2013) 1875-1884.
C.L. Deitrich, S. Cuello-Nuiiez, D. Kmiotek, F.A. Torma, M.E. del Castillo Busto,
P. Fisicaro, H. Goenaga-Infante, Accurate quantification of selenoprotein P
(SEPP1) in plasma using isotopically enriched seleno-peptides and species-specific
isotope dilution with HPLC coupled to ICP-MS/MS, Anal. Chem. 88 (12) (2016)
6357-6365.

E. Jablonska, M. Vinceti, Selenium and human health: witnessing a copernican
revolution? J. Environ. Sci. Heal. C 33 (3) (2015) 328-368.

A. Moreda-Pineiro, V. Romaris-Hortas, P. Bermejo-Barrera, A review on iodine
speciation for environmental, biological and nutrition fields, J. Anal. Atom.
Spectrom. 26 (11) (2011) 2107-2152.

A. Makarov, J. Szpunar, The coupling of size-exclusion HPLC with ICP-MS in
bioinorganic analysis, Analusis 26 (6) (1998) M44-M48.

79

[161]

[162]

[163]

[164]

[165]

[166]

[167]

[168]

[169]

[170]

[171]

[172]

[173]

[174]

[175]

[176]

[177]

[178]
[179]

[180]

[181]

[182]

[183]

[184]

[185]

[186]

[187]

[188]

Journal of Trace Elements in Medicine and Biology 56 (2019) 69-80

K. Takatera, T. Watanabe, Speciation of iodo amino-acids by high-performance
liquid-chromatography with inductively coupled plasma mass-spectrometric de-
tection, Anal. Chem. 65 (6) (1993) 759-762.

B. Michalke, P. Schramel, H. Witte, Iodine speciation in human serum by reversed-
phase liquid chromatography-ICP-mass spectrometry, Biol. Trace Elem. Res. 78
(1-3) (2000) 81-91.

B. Michalke, P. Schramel, Iodine speciation in biological samples by capillary
electrophoresis-inductively coupled plasma mass spectrometry, Electrophoresis 20
(12) (1999) 2547-2553.

K.E. Charlton, L. Gemming, H. Yeatman, G. Ma, Suboptimal iodine status of
Australian pregnant women reflects poor knowledge and practices related to io-
dine nutrition, Nutrition 26 (10) (2010) 963-968.

F. Konig, K. Hotz, 1. Aeberli, M. Andersson, M.B. Zimmermann, Ten repeat col-
lections for urinary iodine from spot samples or 24-hour samples are needed to
reliably estimate individual iodine status in women, J. Nutr. 141 (11) (2011)
2049-2054.

S.C. Bath, V.J.M. Pop, V.L. Furmidge-Owen, M.A.C. Broeren, M.P. Rayman,
Thyroglobulin as a functional biomarker of iodine status in a cohort study of
pregnant women in the United Kingdom, Thyroid 27 (3) (2017) 426-433.

D. Ristic-Medic, Z. Piskackova, L. Hooper, J. Ruprich, A. Casgrain, K. Ashton,
M. Pavlovic, M. Glibetic, Methods of assessment of iodine status in humans: a
systematic review, Am. J. Clin. Nutr. 89 (6) (2009) 20525-2069S.

S. Dold, M.B. Zimmermann, A. Aboussad, M. Cherkaoui, Q. Jia, T. Jukic, Z. Kusic,
A. Quirino, Z. Sang, T.O.L. Luis, E. Vandea, M. Andersson, Breast milk iodine
concentration is a more accurate biomarker of iodine status than urinary iodine
concentration in exclusively breastfeeding women, J. Nutr. 147 (4) (2017)
528-537.

E.N. Pearce, K.L. Caldwell, Urinary iodine, thyroid function, and thyroglobulin as
biomarkers of iodine status, Am J Clin Nutr 104 (Suppl. 3) (2016) 8985-901S
Suppl 3.

R.A. Louzada, D.P. Carvalho, Similarities and differences in the peripheral actions
of thyroid hormones and their metabolites, Front. Endocrinol. (Lausanne) 9 (394)
(2018).

R. Zucchi, A. Accorroni, G. Chiellini, Update on 3-iodothyronamine and its neu-
rological and metabolic actions, Front. Physiol. 5 (2014) 402.

E. Galli, M. Marchini, A. Saba, S. Berti, M. Tonacchera, P. Vitti, T.S. Scanlan,

G. lervasi, R. Zucchi, Detection of 3-Iodothyronamine in human patients: a pre-
liminary study, J. Clin. Endocrinol. Metab. 97 (1) (2012) E69-E74.

S. Venturi, M. Venturi, Iodine, PUFAs and iodolipids in health and diseases: an
evolutionary perspective, Hum. Evol. 29 (1-3) (2014) 185-205.

A. Dugrillon, G. Bechtner, W.M. Uedelhoven, P.C. Weber, R. Girtner, Evidence
that an iodolactone mediates the inhibitory effect of iodide on thyroid cell pro-
liferation but not on adenosine 3’,5’-monophosphate formation, Endocrinology
127 (1) (1990) 337-343.

A. Dugrillon, W.M. Uedelhoven, M.A. Pisarev, G. Bechtner, R. Gértner,
Identification of §-iodolactone in iodide treated human goiter and its inhibitory
effect on proliferation of human thyroid follicles, Horm. Metab. Res. 26 (10)
(1994) 465-469.

B.A. Eskin, Iodine and breast Cancer: a 1982 update, Biol. Trace Elem. Res. 5
(1983) 399-412.

H. Rosner, P. Torremante, W. Moller, R. Gartner, Antiproliferative / cytotoxic
activity of molecular iodine and iodolactones in various human carcinoma cell
lines. No interfering with EGF-signaling, but evidence for apoptosis, Exp. Clin.
Endocrinol. Diabetes 118 (2010) 410-419.

S. Venturi, M. Venturi, Iodine in evolution of salivary glands and in oral health,
Nutr. Health 20 (2009) 119-134.

F. Vanhaecke, P. Degryse, Isotopic Analysis — Fundamentals and Applications
Using ICP-MS, Wiley-VCH, Weinheim, 2012.

F. Vanhaecke, L. Balcaen, D. Malinovsky, Use of single-collector and multi-col-
lector ICP-mass spectrometry for isotopic analysis, J. Anal. Atom. Spectrom. 24 (7)
(2009) 863-886.

F. Albarede, P. Telouk, V. Balter, V.P. Bondanese, E. Albalat, P. Oger,

P. Bonaventura, P. Miossec, T. Fujii, Medical applications of Cu, Zn, and S isotope
effects, Metallomics 8 (10) (2016) 1056-1070.

G.W. Gordon, J. Monge, M.B. Channon, Q. Wu, J.L. Skulan, A.D. Anbar,

R. Fonseca, Predicting multiple myeloma disease activity by analyzing natural
calcium isotopic composition, Leukemia 28 (10) (2014) 2112.

M.B. Channon, G.W. Gordon, J.L. Morgan, J.L. Skulan, S.M. Smith, A.D. Anbar,
Using natural, stable calcium isotopes of human blood to detect and monitor
changes in bone mineral balance, Bone 77 (2015) 69-74.

M. Costas-Rodriguez, Y. Anoshkina, S. Lauwens, H. Van Vlierberghe, J. Delanghe,
F. Vanhaecke, Isotopic analysis of Cu in blood serum by multi-collector ICP-mass
spectrometry: a new approach for the diagnosis and prognosis of liver cirrhosis?
Metallomics 7 (3) (2015) 491-498.

V. Balter, A. Nogueira da Costa, V.P. Bondanese, K. Jaouen, A. Lamboux,

S. Sangrajrang, N. Vincent, et al., Natural variations of copper and sulfur stable
isotopes in blood of hepatocellular carcinoma patients, Proc. Natl. Acad. Sci. U. S.
A. 112 (4) (2015) 982-985.

K. Hotz, H. Augsburger, T. Walczyk, Isotopic signatures of iron in body tissues as a
potential biomarker for iron metabolism, J. Anal. Atom. Spectrom. 26 (7) (2011)
1347-1353.

Y. Anoshkina, M. Costas-Rodriguez, M. Speeckaert, W. Van Biesen, J. Delanghe,
F. Vanhaecke, Iron isotopic composition of blood serum in anemia of chronic
kidney disease, Metallomics 9 (5) (2017) 517-524.

R. Grigoryan, M. Costas-Rodriguez, S. Van Laecke, M. Speeckaert, B. Lapauw,

F. Vanhaecke, Multi-collector ICP-mass spectrometry reveals changes in the serum



N. Solovyey, et al.

[189]

[190]

[191]

[192]

[193]

[194]

[195]

[196]

[197]

[198]

[199]

[200]

[201]

[202]

[203]

[204]

[205]

Mg isotopic composition in diabetes type I patients, J. Anal. Atom. Spectrom. 34
(7) (2019) 1514-1521.

V. Balter, A. Lamboux, A. Zazzo, P. Telouk, Y. Leverrier, J. Marvel, A.P. Moloney,
F.J. Monahan, O. Schmidt, F. Albarede, Contrasting Cu, Fe, and Zn isotopic pat-
terns in organs and body fluids of mice and sheep, with emphasis on cellular
fractionation, Metallomics 5 (11) (2013) 1470-1482.

M.R. Florez, Y. Anoshkina, M. Costas-Rodriguez, C. Grootaert, J. Van Camp,

J. Delanghe, F. Vanhaecke, Natural Fe isotope fractionation in an intestinal Caco-2
cell line model, J. Anal. Atom. Spectrom. 32 (9) (2017) 1713-1720.

M.R. Florez, M. Costas-Rodriguez, C. Grootaert, J. Van Camp, F. Vanhaecke, Cu
isotope fractionation response to oxidative stress in a hepatic cell line studied
using multi-collector ICP-mass spectrometry, Anal. Bioanal. Chem. 410 (9) (2018)
2385-2394.

M. Costas-Rodriguez, L. Colina-Vegas, N. Solovyev, O. De Wever, F. Vanhaecke,
Cellular and sub-cellular Cu isotope fractionation in the human neuroblastoma SH-
SY5Y cell line: proliferating versus neuron-like cells, Anal. Bioanal. Chem. 411
(19) (2019) 4963-4971, https://doi.org/10.1007/500216-019-01871-6.

J.L. Cadiou, S. Pichat, V.P. Bondanese, A. Soulard, T. Fujii, F. Albarede, P. Oger,
Copper transporters are responsible for copper isotopic fractionation in eukaryotic
cells, Sci. Rep. 7 (2017) 44533.

K.A. Miller, C.M. Keenan, G.R. Martin, F.R. Jirik, K.A. Sharkey, M.E. Wieser, The
expression levels of cellular prion protein affect copper isotopic shifts in the organs
of mice, J. Anal. Atom. Spectrom. 31 (10) (2016) 2015-2022.

M. Costas-Rodriguez, S. Van Campenhout, A.A.M.B. Hastuti, L. Devisscher, H. Van
Vlierberghe, F. Vanhaecke, Body distribution of stable copper isotopes during the
progression of cholestatic liver disease induced by common bile duct ligation in
mice, Metallomics 11 (6) (2019) 1093-1103.

A.M. Featherstone, A.T. Townsend, G.A. Jacobson, G.M. Peterson, Comparison of
methods for the determination of total selenium in plasma by magnetic sector
inductively coupled plasma mass spectrometry, Anal. Chim. Acta 512 (2) (2004)
319-327.

N. Elwaer, H. Hintelmann, Comparing the precision of selenium isotope ratio
measurements using collision cell and sector field inductively coupled plasma
mass spectrometry, Talanta 75 (1) (2008) 205-214.
http://www.cameca.com/products/icp-ms/sapphire, (last accessed 11.10.2018).
E. Bolea-Fernandez, L. Balcaen, M. Resano, F. Vanhaecke, Interference-free de-
termination of ultra-trace concentrations of arsenic and selenium using methyl
fluoride as a reaction gas in ICP-MS/MS, Anal. Bioanal. Chem. 407 (3) (2015)
919-929.

L. Yang, Accurate and precise determination of isotopic ratios by MC-ICP-MS: a
review, Mass Spectrom. Rev. 28 (6) (2009) 990-1011.

E.B. Sandell, I.M. Kolthoff, Chronometric catalytic method for the determination
of micro quantities of iodine, J. Am. Chem. Soc. 56 (6) (1934) 1426 1426.

V. Romaris-Hortas, J. Bianga, A. Moreda-Pineiro, P. Bermejo-Barrera, J. Szpunar,
Speciation of iodine-containing proteins in Nori seaweed by gel electrophoresis
laser ablation ICP-MS, Talanta 127 (2014) 175-180.

E.S. Rodriguez, A.N. Setiawan, S. Pope, P.R. Haddad, P.N. Nesterenko, B. Paull, A
simple and sensitive method for the determination of iodide and iodate in raw,
ultraviolet- and ozone-treated aquacultural seawater samples using ion chroma-
tography coupled to an ultraviolet detector, Anal. Methods 8 (28) (2016)
5587-5595.

A. Takeda, H. Tsukada, Y. Takaku, N. Satta, M. Baba, T. Shibata, H. Hasegawa,
Y. Unno, S. Hisamatsu, Determination of iodide, iodate and total iodine in natural
water samples by HPLC with amperometric and spectrophotometric detection, and
off-line UV irradiation, Anal. Sci. 32 (8) (2016) 839-845.

H.S. Doh, H.J. Park, Speciation of bio-available iodine in Abalone (Haliotis discus

80

[206]

[207]

[208]

[209]

[210]

[211]

[212]

[213]

[214]

Journal of Trace Elements in Medicine and Biology 56 (2019) 69-80

hannai) by high-performance liquid chromatography hyphenated with inductively
coupled plasma-mass spectrometry using an in vitro method, J. Food Sci. 83 (6)
(2018) 1579-1587.

C.P. Shelor, P.K. Dasgupta, Review of analytical methods for the quantification of
iodine in complex matrices, Anal. Chim. Acta 702 (1) (2011) 16-36.

C. Han, J.N. Sun, H.Y. Cheng, J.H. Liu, Z.G. Xu, Speciation analysis of urine iodine
by ion-pair reversed-phase liquid chromatography and inductively coupled plasma
mass spectrometry, Anal. Methods 6 (14) (2014) 5369-5375.

N. Solovyev, M. Vinceti, P. Grill, J. Mandrioli, B. Michalke, Redox speciation of
iron, manganese, and copper in cerebrospinal fluid by strong cation exchange
chromatography - sector field inductively coupled plasma mass spectrometry,
Anal. Chim. Acta 973 (2017) 25-33.

D. Willkommen, M. Lucio, P. Schmitt-Kopplin, M. Gazzaz, M. Schroeter,

A. Sigaroudi, B. Michalke, Species fractionation in a case-control study concerning
Parkinson’s disease: Cu-amino acids discriminate CSF of PD from controls, J. Trace
Elem. Med. Biol. 49 (2018) 164-170.

J. Arnaud, P. van Dael, Selenium interactions with other trace elements, with
nutrients (and drugs) in humans, in: B. Michalke (Ed.), Selenium, Springer
International Publishing Basel, 2018, pp. 413-447.

1. Ingold, M. Conrad, Oxidative stress, selenium redox systems including GPX/
TXNRD families, in: B. Michalke (Ed.), Selenium, Springer International
Publishing Basel, 2018, pp. 111-135.

H. Imai, M. Matsuoka, T. Kumagai, T. Sakamoto, T. Koumura, Lipid peroxidation-
dependent cell death regulated by GPx4 and ferroptosis, in: S. Nagata, H. Nakano
(Eds.), Apoptotic and Non-Apoptotic Cell Death, Springer International
Publishing, Cham, 2017, pp. 143-170.

Y. Ogra, Y. Anan, Selenometabolomics: identification of selenometabolites and
specification of their biological significance by complementary use of elemental
and molecular mass spectrometry, J. Anal. Atom. Spectrom. 24 (11) (2009)
1477-1488.

C.M. Weekley, H.H. Harris, Which form is that? The importance of selenium
speciation and metabolism in the prevention and treatment of disease, Chem. Soc.
Rev. 42 (23) (2013) 8870-8894.

Nikolay Solovyev was born in 1986. In 2009 he graduated
from St. Petersburg State University (Russia), obtaining a
diploma in Chemistry. In 2012, he acquired his PhD in
Analytical Chemistry from the same university. The PhD
work was focused on atomic spectrometry implications in
clinical chemistry. In 2008, he started his career as a re-
search engineer at the Institute of Toxicology (St.
Petersburg), performing trace element and speciation ana-
lytical method development and measurements for aca-
demic and industrial customers. In 2014, he joined the
Department of Analytical Chemistry (St. Petersburg State
University) as a non-tenure lecturer. The position combined
teaching (Analytical Chemistry, Analytical Spectrometry

etc.) and research concerning elemental analysis, speciation and trace element metabo-
lism and role in neurodegenerative diseases. In September 2018, he joined a research
group Atomic & Mass spectrometry (Department of Chemistry, Ghent University, Ghent,
Belgium) as a PostDoc to work on a EuraMet-funded project, devoted to the role of trace
elements, trace element species and stable isotope fractionation in Alzheimer’s disease.
Nikolay is a member of the Royal Society of Chemistry and German Society of Minerals
and Trace Elements, Heinz-Zumkley-Prize awardee 2017. He has a wide collaboration
network across Germany, Belgium, Italy, UK, India etc.



