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Abstract

The essential trace element selenium (Se) is constitutively incorporated as selenocysteine, in proteins, among others in antioxidative
selenoproteins, such as glutathione peroxidase(s) and thioredoxin reductase. Since chronic inflammation is thought to deplete Se stores in the
body, Se supplementation should be considered in prolonged inflammatory states, Se being the trace element the most affected in chronic or
low-grade inflammation. Se administration might also be beneficial in bacterial and viral diseases as well as metabolic and autoimmune diseases.
In order to maintain a Se steady state, or “selenostasis,” Se supplementation, via either diet or compounds, is required to preserve the activity
of selenoproteins in antioxidative and redox processes. Importantly, Se could play a pivotal role in the maintenance of homeostasis in infected
tissues by inhibiting the proinflammatory toll-like receptor nuclear factor kappa-light-chain-enhancer of activated B cells signaling pathway
and counteracting proinflammatory cytokine action. Finally, while Se status shows considerable promise as a valid marker of inflammatory and
autoimmune disease, new functional Se nanoparticles and highly bioavailable selenomethionine compounds will in all probability provide a more
efficacious and reliable intervention tool in both preventive and therapeutic disease management.
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The steadily increasing knowledge concerning selenium (Se) involvement
in chronic autoimmune and viral inflammatory disease along with the
growing prospect of preventive and/or therapeutic Se intervention, via
diet or compounds, are the focus of this brief review. Important data on
inflammation are provided, while the link between Se status and disease is
described through an overview of the involvement of Se in the molecular
mechanisms of inflammation.

Se is an essential element incorporated in the form of selenocysteine
(Secys) in the active site of selenoproteins, which are crucially involved in
regulating immune response, oxidative stress, and chronic inflammation.”
Thus, Se, being a constitutional component of deiodinases (DIO), plays
a pivotal role in thyroid hormone metabolism and protection of the
thyroid gland against oxidative stress-induced damage.? In the 1980s, the
observation of the development of myxoedematous cretinism and thyroid
destruction following Se repletion in iodine- and Se-deficient children
led to an increasing focus on Se research and thyroid pathophysiology.**
Though minor amounts appear to suffice for adequate activity of DIOs, the
maintenance of a Se steady state via Se intake, “selenostasis,” is required
to preserve the activity of glutathione peroxidase (GPX1) and thioredoxin 1
(TXRND1) in both thyroid and redox processes.*¢

TOUCH MEDICAL MEDIA

Regarding more specifically TXNRD1, experimental studies showed that
rats fed a Se-deficient diet exhibited decreased TXNRD1 levels in the
kidney, liver, and lungs, while in the spleen and prostate the levels were
unaltered compared with the rats fed a high Se diet.” However, no increase
was found in TXNRD1 protein synthesis, suggesting that the tissue-specific
TXNRD1 increase was probably due to elevated Secys incorporation.

Inflammation occurs in two types, namely acute and chronic inflammation,
which can be defined respectively as a regulated and a dysregulated form
of the disorder?® Pro-inflammation is a common biologic phenomenon
providing first-line defense against infection or invasion of pathogenic
biologic agents, such as viruses, bacteria, and parasites. On the other hand,
should the balance between pro- and anti-inflammatory mechanisms be
disrupted, pro-inflammation can lead to wide-ranging detrimental effects.
In this line of evidence, an increased differentiation and synthesis of
pro-inflammatory Th17 cytokines, as has been observed in autoimmune
thyroid disease (AITD) conditions and mainly in Hashimoto thyroiditis (HT),
suggests that this phenomenon may have a pathogenetic role.” In addition,
low-grade inflammation can contribute via pathogenic mechanisms to
developing insulin resistance, dyslipidemia, atherogenesis, type 2 diabetes
mellitus (T2DM), and hypertension in obese individuals.™
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There is good evidence that Se could have a positive impact on the course
and outcome of a number of etiologically inflammatory diseases.”
Although the data are based almost exclusively on in vitro studies, and
certainly caution is advised in interpreting the results, there are strong
indications that viral-, bacterial-, and/or stress-induced inflammation
could be variably influenced by Se availability.

The aim of this study is to discuss, through reference to the latest relevant
data, the impact of Se in health and disease, and especially in the context of
viral and metabolic diseases. Discussion of Se and cancer has been avoided
as it is a topic of a separate review; the same applies to Se and the thyroid
since various recent studies and reviews exist that have dealt with this topic.
Nevertheless, given that Se and chemoprevention and Se and the thyroid
are today subjects of considerable significance, a brief report follows on the
current state of knowledge of Se research in these two latter fields.

Selenium and Chemoprevention

It has been suggested that high Se levels are capable of protecting against
several types of cancer. However, the Selenium and Vitamin E Cancer
Prevention Trial (SELECT), a randomized, double-blind, placebo-controlled
study that was conducted to assess the efficacy of Se and vitamin E,
both alone and in combination, in the management of prostate cancer
did not observe any reduction in the incidence of prostate cancer after
7 years.*s A systematic review including trials involving 3,418 prostate
cancer patients from 13 countries demonstrated that trials supplementing
pomegranate seed, green tea, broccoli, soy, lycopene, Se, and coenzyme
Q10, and comparing a low-fat diet versus a usual diet, displayed
beneficial effects of Se on prostate cancer progression.” In addition,
Se nanoparticles loaded with anisomycin, an anticancer molecule, has
recently been reported to improve antihepatocarcinoma efficacy.” It is
therefore advisable that in future studies of Se chemoprevention, the
specific formulation of Se compounds and the dosage, the nutritional
habits of the study cohort, the study design, and the age of participants
and the baseline Se levels should be carefully considered. Relevant to the
concept presented in this section is the fact that protein unfolding, which
is involved in cancer development, can be inhibited by diet modifications,
such as Mediterranean diet.”® Most particularly, it has recently been
observed that Se from sodium selenite, reacts with free sulfhydryl groups
of proteins, thus preventing reductive cleavage of disulfide bonds, this
followed by protein unfolding and abnormal refolding.

However, no convincing evidence exists either, which should be clearly
stated, of a causal relation between Se and cancer that Se supplements
can prevent cancer in humans.?'

Selenium, Obesity, and Diabetes

In the SELECT study, higher rates of obesity were clearly observed among
African American than non-Hispanic white men, possibly suggesting
that reducing obesity among African American men could decrease the
racial disparity in cancer incidence.?? In a study examining the association
between Se status and metabolic risk factors in men with visceral obesity,
Se was positively correlated with high-density lipoprotein (HDL) and
fatty acid binding protein-4, (FABP4), while GPX3 activity was negatively
correlated with FABP4.% In obese men who had at least one component of
the metabolic syndrome (MS), GPX3 activity was positively correlated with
HDL. These findings indicate that Se status is linked to metabolic risk factors
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only in particular groups of obese men with or without MS.22 This partially
accords with recent animal studies suggesting a risk that long-term high Se
intake could induce insulin resistance and T2DM.% It has meanwhile been
shown that high Se intake (0.5-3 mg/kg of diet) results in insulin resistance
and diabetes-like states in animals. Though the mechanism is as yet
unclear, upregulation, via high Se intake of selenoproteins such as GPX1,
selenoprotein S (SELS) and selenoprotein P (SEPP), B-cells, insulin synthesis,
and secretion, resulting in hyperinsulinemia as well as dysfunction of major
regulators of glycolysis, gluconeogenesis, and lipolysis.?

In humans, the results from observational cross-sectional studies have
raised concern that high Se exposure may be associated with T2DM or
insulin resistance, at least in well-nourished populations.>? Therefore,
the interactive role of Se, and especially the deleterious role of selenosis
(Se toxicity) in diabetogenesis, should be considered when long-term
studies with high Se intake are implemented.

Additionally, plasma Se and GPX levels were found to be low in T2DM
patients with macroalbuminuria and were related to the stage of diabetic
nephropathy.? Also, in patients with chronic kidney disease (CKD), both
Se and plasma glutathione peroxidase (GSH-PX), which is synthesized in
the kidney using Se as a cofactor, were reduced, especially in those who
were on hemodialysis.? However, while supplementation of Se in such
cases significantly increased Se levels, its impact on GSH-PX levels was
modest, the only means of adequately restoring them in these subjects
being via kidney transplantation.? In an experimental study, when Se was
supplemented in the form of sodium selenite to diabetic rats, glucose
uptake and its turnover, which is usually decreased in diabetic rats,
showed a statistically significant increase.”

Thus, there is some evidence suggesting that Se plays an insulin-like
mediating role in diabetes by tending to normalize the altered activities
of glucose metabolizing enzymes and improving glucose uptake and
metabolism by the liver.®

Recently, it was reported that selenocysteine-p-lyase (Scly), a protein
that mediates Secys degradation and relates selenoproteins to energy
metabolism, may have an effect on obesity and MS development triggered
by high-fat exposure® Scly knock-out mice developed MS and had
normal inflammatory cytokines and expression of selenoproteins, except
of SEPP1.%2 Thus, disruption of Scly favors obesity independent of the
expression of most selenoproteins.®

Selenium and the Thyroid

While the immune system acts to protect the host from infectious agents
and from other noxious insults that exist in the environment, an abnormal
immune response to autoantigens that express on the thyrocytes in
genetically susceptible persons can trigger AITD. The most frequent AITD
is HT,* which is more common in females and increases with age,** with
primary hypothyroidism being a frequent consequence of HT.

Se is copiously present in the thyroid gland. Inflammatory thyroid follicular
cells produce a large number of cytokines, such as Th1, which play a
crucial role in the pathogenesis of AITD. Se supplementation in rats is
likely to regulate the expression of Th1/Th2 cytokines and alleviate AITD.*
The selenoprotein DIO comprises enzymes that convert the depot thyroid
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hormone thyroxine to the active triiodothyronine and inactive reverse-
triiodothyronine.® During the process of conversion, hydrogen peroxide,
a toxic byproduct, is generated, which is neutralized by GPX thus
preventing oxidative stress, thyroid cell damage, and disease. However,
interventional clinical trials have provided somewhat controversial results
regarding the efficacy of organic and inorganic Se compounds, in the form
of selenomethionine (SeMet) and selenite, respectively, in patients with
autoimmune thyroiditis.?’ Se-enriched yeast (Se-yeast) is another form of
Se supplementation.® With elucidation of the manner in which speciation
of Se-yeast is achieved, it was revealed that SeMet is the largest single
species, making up 54-74 % of total Se. Moreover, it has been determined
that Se-yeast is capable of elevating selenoenzymes activity and that
its bioavailability is higher than that of inorganic Se.* It consequently
translates as an effective, safe (no toxicity has been observed), and natural
source of dietary Se, though attention must be paid to the variability of Se
content of various diets in accordance with food items, their geographical
origin, and the corresponding soil Se content.” In future prospective
trials, the stage of disease, the iodine baseline state, and the form of the
Se compound should be given particular consideration.

While Se administration has proved efficacious in patients with mild
thyroid-associated opthalmopathy,*! it has also recently been shown that
low serum Se levels are associated with increased incidence of thyroid
disease and that increased Se intake lowers the risk for disease.”? It
therefore seems evident that Se status could well be a valuable marker
of thyroid disease risk.

Selenium and Chronic Inflammation

Persistent acute inflammation may suppress hypersensitivity, heighten
susceptibility to toxic agents, and increase bodily requirements of Se.
Such a condition will inevitably derange the body’s “selenostasis,”
creating a state of Se deficiency as well as causing chronic inflammatory
disorders and the so-called “immune tsunami” that characterizes several
various autoimmune diseases.®

Reactive oxygen species (ROS) formed during oxidative stress can
damage normal cellular function by initiating lipid peroxidation and also
cause DNA strand breaks. Routine clinical procedures, such as coronary
bypass surgery and thrombolysis, are typically followed by generation
of ROS, this being associated with poor cardiac recovery postischemia.
Furthermore, ROS have recently been reported to be strongly involved
in infarction, necrosis, apoptosis, arrhythmogenesis, and endothelial
dysfunction following ischemia-reperfusion.” Meanwhile, increased
production of ROS necessitates high requirements of nutrients involved
in antioxidant defenses, and notably Se and zinc. In this context, constant
dietary Se supplementation may provide a safe and convenient method
for increasing antioxidant protection in patients at risk for ischemic heart
disease or in those undergoing clinical procedures involving transient
periods of myocardial hypoxia.*s

In a study of 77 patients in whom, after cardiopulmonary resuscitation
(CPR), Se levels were found to be lowered and to be inversely correlated
with the clinical outcome, administration of Se exerted anti-inflammatory
effects and prevented microparticle-mediated endothelial dysfunction.*
Endothelial dysfunction is, moreover, a pivotal feature of postcardiac arrest
syndrome a life-threatening state with high mortality, which is also driven
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by microparticles in resuscitated patients. Interestingly, Se administration
diminished intercellular adhesion molecule-1- and vascular cell adhesion
molecule-1-mediated monocyte adhesion induced by microparticles of
CPR patients.* Of note, the fact that Se declines in plasma of patients
following CPR could possibly identify it as a novel predictive marker of
intensive care unit mortality.

Viral and bacterial infections are often associated with low Se, among
deficits of other macronutrients and micronutrients. For example, benign
Coxsackie and influenza virus strains can mutate to highly pathogenic
strains in the presence of Se deficiency.” On the other hand, multi-
micronutrient supplements containing Se have been shown to improve
a number of clinical and lifestyle variables in patients simultaneously
infected with HIV and mycobacterium tuberculosis. The hypothesis in the
latter case is that boosted Se status may upgrade the function of both
adaptive and innate immunity cells.”

Se administration is thought to be beneficial to patients suffering from
viral diseases. In an experimental study, the effects of Se supplementation
on serum Se concentrations, mortality rate, lung virus, and cytokine titers
were measured in mice inoculated with suspensions of the influenza
virus.*® Basal Se levels were seen to be of major importance as mortality
amounted to 75 % in Se-deficient mice compared with a 25 % mortality rate
in the mice supplemented with 0.5 mg Se/kg in the form of sodium selenite.
These results suggest that Se may represent a valid intervention approach
for strengthening the immune response to lethal influenza virus infection.*

Other potential targets for intervention via Se supplementation are gut
epithelial barrier dysfunction, innate immune activation, inflammation, and
other factors that may independently predict mortality in individuals with
treated HIV infection with a history of AIDS.* It is important to note, however,
that although single and multiple micronutrient deficiencies are common
among HIV-infected adults pre-antiretroviral therapy (ART) initiation, their
levels are likely to vary between countries®. Thus, in PEARLES, a nine-
country trial, it was investigated whether the prevalence and multiple
micronutrient deficiencies among HIV-infected adults changed 48 weeks
post-ART initiation.® Importantly, despite increases in micronutrient
concentrations, prevalence of individual deficiencies remained largely
unchanged after 48 weeks on ART. Among all micronutrients, Se deficiency
(53 %) has the highest prevalence among these patients. The above
results suggest that ART alone is not sufficient to improve micronutrient
deficiency.®* Working on the basis of these findings, a randomized clinical
trial (RCT) demonstrated that 24-month Se supplementation significantly
increases the rate of CD4 cell count, which is known to decline among
ART-naive patients.”

Se may provide protection against viral diseases, as was first shown in
the successful treatment and prevention of Keshan disease, a form of
myocarditis mainly occurring in regions of China that are characterized
by very low Se levels.* It is well known that a cofactor in the etiology of
Keshan disease is Coxsackievirus B3 (CVB3), which is thought to become
more virulent in a low Se environment. 55

Furthermore, conditions of oxidative stress sustained by an Se-deficient

state are likely to genetically influence the virus, causing mutations
that further impair immunity, thus promoting and exacerbating chronic
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Figure 1: In a Variety of Diseases Selenium
Deficiency is Likely to Sustain Inflammation
and Promote Disease
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COPD = chronic obstructive pulmonary disorder; DM = diabetes mellitus; IBS = irritable
bowel syndrome.

Figure 2: Mechanisms of Inflammation
Induction by Selenium

Inflammation

Cytokines
= Q0 1R

IL-6

I'------- Selenium
Selenium L Ll
NF-KB?
Cytokines gise
CRP

Liver nucleus

Molecular mechanisms of inflammation induction mediated by activation of nuclear
factor kappa-B (NFxkB) that likely activate transcription of Wnt5a and increase expression
of pro-inflammatory cytokines, such as interleukin (IL)-1 and IL-6, which in synergy may
stimulate the synthesis of C-reactive protein (CRP) in the liver. Selenium intake may
inhibit the activation of NFxkB and mitigate the synthesis of CRP. TLR = toll-like receptor.

inflammation. Meanwhile, low Se levels might be associated with
underactivity of several selenoproteins and higher mortality.*

Se concentrations were reduced in critically ill patients, presumably
due to Se consuming oxidative stress, and particularly in patients with
sepsis.”” Thus, oxidative stress might be a result of suboptimal Se and
zinc concentrations.¥ Se supplementation may restore Se levels and
increases shedding of L-selectin from monocytes while decreasing soluble
L-selectin, which has been reported to be associated with high mortality
in patients with sepsis.®® However, there is currently some uncertainty
regarding its efficacy, as major questions remain unanswered concerning
dose, duration of supplementation, and species of Se administered.

Recently, serum Se levels were seen to be drastically decreased in
alcoholic liver disease patients, this accompanied by low GPX activity.”
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The serum Se/malondialdehyde (MDA) ratio, as a marker of oxidative
stress, has been proposed as an indicator of hepatic damage caused by
alcohol consumption and, notably, Se substitution emerged as a possible
antioxidant therapy in these patients.

In the course of inflammatory bowel diseases (IBDs), absorption disorders,
and consequent malnutrition results in trace element deficiencies,
and especially of Se, thus impairing the body’s antioxidant protection
system.® It thus seems intuitive to propose that a nutrition therapy for IBD
that would include Se, energy-protein nutrients, and other trace elements
could well prove beneficial .«

In acute pancreatitis, a disease with a high mortality rate, Se support
remains controversial due to several factors, such as lack of agreement
as concerns mode of administration and classification of the disease.*’
However, in chronic pancreatitis, as was shown in a recent meta-analysis,
combined antioxidant (Se, p-carotene, vitamin C, vitamin E, methionine)
therapy was seen to be associated with pain relief and thus could improve
the quality of life of these patients.s

Selenium and Mechanisms of Inflammation
Chronic inflammation leads to Se deficiency, which intensifies the
persistence of the inflammatory condition and, by creating a vicious
cycle, promotes the manifestation of disease. In a state of low Se, cells
create a selenoprotein hierarchy, since they utilize Se to synthesize the
selenoproteins most important to them.¢® The liver, the central organ for
Se regulation, produces excretory Se forms to regulate whole body Se. It
responds to Se deficiency by curtailing excretion and secreting SEPP into
the plasma at the expense of its intracellular selenoproteins availability.
Meanwhile, studies have indicated that supranutritional Se increases
proliferation as well as differentiation of naive CD4-positive T lymphocytes
toward T helper 1 cells, thereby enhancing acute cellular immune response
(see Figure 1).6465

Two endoplasmic reticulum (ER) transmembrane selenoproteins that
have been associated with inflammation and immunity, SELK and SELS,
have recently been proposed as playing a role in protecting cells during
conditions that lead to ER stress.¢ With regard to SELS, its role is likely to
be linked to its function in retrograde translocation of misfolded proteins
fromthe ER.¢ Besides playing a pathologic role in various diseases, chronic
inflammation can be caused by both genetic and environmental factors.¢
Genetic variation in SELS, which is strongly involved in stress response
in the ER, showed that one promoter variant, -105G-A, was associated
with the cytokines interleukin (IL)-1p, IL-6, and tumor necrosis factor
alpha (TNF-a) and that functional analysis of this polymorphism revealed
SELS impairment following exposure to ER stress agents.” Moreover,
suppression of SELS in macrophages led to increased release of IL-6 and
TNF-o, indicating that SELS is involved in mediating inflammation.¢’

The nuclear factor kappa-B (NFkB) signaling pathway has been
associated with enhanced inflammatory response, while its activation
has been significantly correlated with IL-6 and TNF-a. production.®® It is
hypothesized that Se may be capable of inhibiting the activation of NFkB
by modulating selenoprotein gene expression. In chronic inflammation,
Se supplementation has been shown to restore the depleted hepatic
and serum Se levels by increasing selenoprotein biosynthesis, this
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leading to suppressed C-reactive protein (CRP) production thereby
attenuating the inflammatory process.”” Moreover, Se downregulates the
expression of nuclear transcription NFxB, lipoxygenase, cyclooxygenase,
5-lipoxygenase-activating protein, and receptor for leukotriene B4.”" By
decreasing the production of ROS and suppressing the activation of NFkB-
mediated transcription of pro-inflammatory mediators, Se leads to the
downregulation of the leukotriene pathway and attenuates inflammation
such as in diabetic cardiac hypertrophy.”

At the epigenetic level, an investigation was made into the effect of Se
supplementation in the form of selenide on histone acetylation in models
of inflammation.” Se inhibits histone H4 acetylation in macrophages, thus
confirming a role of Se in downregulating inflammatory gene expression.”

These mechanisms may explain the modulatory effects of an increased
Se status on the inflammatory response (see Figure 2).

The ability of Se to act as a free radical scavenger could prove useful
in counteracting the generation of hydroxyl radicals and subsequent
formation of insoluble parafibrin from soluble plasma fibrinogen.”? The
formation of a large protease resistant polymer formed by the hydroxyl
radical interaction with fibrinogen in inflammation, which, if remaining
long in the circulation, promotes a state of chronic inflammation, is due
to the catalytic participation of trivalent iron (Fe3+), not of divalent (Fe2+),
and to the attraction of cytotoxic albeit ineffective T cells.’* It should at
this point be borne in mind that any pathologic condition involving the
damage of erythrocyte membranes, as for example in infections and
following exposure to environmental toxins, is likely to contribute to an
excess of the body’s storage of trivalent iron. Certainly, it remains to be

studied whether Se supplementation, as a free radical scavenger, with or
without iron-chelating agents, may prevent iron overload and persistence
of fibrin-like deposits, thus preventing cancer and cardiovascular and
degenerative disease.

Future Perspectives

There is a considerable amount of evidence to support Se administration,
alone or in combination with other antioxidants, in chronic inflammatory
diseases, such as chronic pancreatitis and AIDS. Though inflammation
decreases Se levels, it is necessary to emphasize that, whereas Se
supplementation may benefit patients with low Se status, it should not be
recommended to those with adequate-to-high status since administration
could affect them adversely, notably causing selenosis, which is
characterized by a variety of symptoms, including nausea, vomiting,
abdominal pain, diarrhea, hair loss, brittle nails, and peripheral neuropathy.

Existing data suggest that Se administration could be beneficial in an array
of metabolic and autoimmune diseases that are related to inflammation.
More specifically, there is potential for future use of Se in several
autoimmune diseases, applying it alone in a personalized model while
utilizing more sophisticated and targeted formulations, which will offer
the advantage of higher efficacy and a lower rate of side effects. However,
controversies as yet exist regarding choice of Se species, dosage, and
duration of administration.

Therefore, much work still needs to be carried out, with the performance
of large RCTs being required in order to establish whether Se
supplementation in chronic inflammatory states may have a positive
impact on disease progression and mortality.

Rayman MP, The importance of selenium to human health,

selenium and vitamin E cancer prevention trial, Urol Oncol,

2015;16:52.

Lancet, 2000;356:233-41. 2003;21:59-65. 29. Sedighi O, Makhlough A, Shokrzadeh M, et al., Association

2. Kohrle J, The deiodinase family: selenoenzymes regulating 15.  Nicastro HL, Dunn BK, Selenium and prostate cancer between plasma selenium and glutathione peroxidase levels
thyroid hormone availability and action, Cell Mol Life Sci, prevention: insights from the selenium and vitamin E cancer and severity of diabetic nephropathy in patients with type two
2000;57:1853-63. prevention trial (SELECT), Nutrients, 2013;5:1122—-48. diabetes mellitus, Nephrourol Mon, 2014;5:21355.

3. Vanderpas JB, Contempré B, Duale NL, et al., Selenium 16. Hackshaw-McGeagh LE, Perry RE, Leach VA, et al., A systematic 30. Chen H, Qiu Q, Zou C, et al., Regulation of hepatic carbohydrate
deficiency mitigates hypothyroxinemia in iodine-deficient review of dietary, nutritional, and physical activity interventions metabolism by selenium during diabetes. Chem Biol Interact,
subjects, Am J Clin Nutr, 1993;7(Suppl. 2):2715-275S. for the prevention of prostate cancer progression and mortality, 2015;5:1-6.

4. Contempré B, de Escobar GM, Denef JF, et al., Thiocyanate Cancer Causes Control, 2015 [Epub ahead of print]. 31. Brigelius-Flohé R, The evolving versatility of selenium in biology,
induces cell necrosis and fibrosis in selenium- and iodine- 17. XiaY,You P, Xu F, et al., Novel functionalized selenium Antioxid Redox Signal, 2015;1:757-60.
deficient rat thyroids: a potential experimental model nanoparticles for enhanced anti-hepatocarcinoma activity in 32. Seale LA, Gilman CL, Hashimoto AC, et al., Diet-induced obesity
for myxedematous endemic cretinism in central Africa, vitro, Nanoscale Res Lett, 2015;1:1051. in the selenocysteine lyase knockout mouse, Antioxid Redox
Endocrinology, 2004;145:994-1002. 18.  Schwingshacki L, Hoffmann G, Adherence to Mediterranean diet Signal, 2015;23:761-74.

5. Arthur JR, The glutathione peroxidases, Cell Mol Life Sci, and risk of cancer: a systematic review and meta-analysis of 33. Caturegli P, De Remigis A, Rose NR, Hashimoto thyroiditis:
2000;57:1825-35. observational studies, Int J Cancer, 2014,35:1884-97. clinical and diagnostic criteria, Autoimmun Rev, 2014;13:391-7.

6. Duntas LH, Selenium and the thyroid: a close-knit connection, 19. Spallholtz JE, On the nature of selenium toxicity and 34. Hollowell JG, Staehling NW, Flanders WD, et al., Serum TSH, T(4),
J Clin Endocrinol Metab, 2010,95:5180-8. carcinostatic activity, Free Radic Biol Med, 1994;17:45-64. and thyroid antibodies in the United States population (1988

7. Berggren MM, Mangin JF, Gasdaka JR, Powis G, Effect of 20. Lipinski B, Cancer wars: significance of protein unfolding in to 1994): National Health and Nutrition Examination Survey
selenium on rat thioredoxin reductase activity: increase by cancer and its inhibition with natural amphiphilic substances, (NHANES 1ll), J Clin Endocrinol Metab, 2002;87:489-99.
supranutritional selenium and decrease by selenium deficiency, Front Oncol, 2014,4:183. 35. Tanl, Sang ZN, Shen J, et al., Selenium supplementation
Biochem Pharmacol, 1999,57:187-93. 21. Vinceti M, Dennert G, Crespi CM, et al., Selenium for preventing alleviates autoimmune thyroiditis by regulating expression of

8. Murakami M, Hirano T, The molecular mechanisms of chronic cancer, Cochrane Database Syst Rev, 2014,3:CD005195. TH1/TH2 cytokines, Biomed Environ Sci, 2013;26:920-5.
inflammation development, Front Immunol, 2012;3:323. 22. Barrington WE, Schenk JM, Etzioni R, et al., Difference in 36. Kohrle J, Jakob F, Contempre” B, Dumont JE, Selenium, the

9.  Figueroa-Vega N, Alfonso-Pérez M, Benedicto |, et al., association of obesity with prostate cancer risk between US thyroid and the endocrine system, Endocr Rev, 2005;26:944-84.
Increased circulating pro-inflammatory cytokines and Th17 African American and Non-Hispanic white men in the Selenium 37. Duntas LH, Benvenga S, Selenium: an element of life, Endocrine,
lymphocytes in Hashimoto's thyroiditis, J Clin Endocrinol Metab, and Vitamin E Cancer Prevention Trial (SELECT), JAMA Oncol, 2015;48:756-75.
2010;95:953-62. 2015;1:342-9. 38. van Zuuren EJ, Albusta AY, Fedorowicz Z, et al., Selenium

10. Lebn-Pedroza JI, Gonzalez-Tapia LA, Del OImo-Gil E, et al., Low- 23. Mutakin, Meiliana A, Wijaya A, et al., Association between supplementation for Hashimoto's thyroiditis, Cochrane
grade systemic inflammation and the development of metabolic selenium nutritional status and metabolic risk factors in men Database Syst Rev, 2013;6:CD01:0223.
diseases: from the molecular evidence to the clinical practice, with visceral obesity, J Trace Elem Med Biol, 2013;27:112-6. 39. Rayman MP, The use of high-selenium yeast to raise selenium
Cir Cir, 2015 [Epub ahead of print]. 24. Zhou J, Huang K, Lei XG, Selenium and diabetes—evidence from status: how does it measure up?, Br J Nutr, 2004,92:557-73.

11. Tsuji PA, Carlson BA, Anderson CB, et al., Dietary selenium animal studies, Free Radic Biol Med, 2013,65:1548-56. 40. Kieliszek M, Btazejak S, Selenium: Significance, and outlook for
levels affect selenoprotein expression and support the 25. Stranges S, Marshall JR, Natarajan R, et al., Effects of long-term supplementation, Nutrition, 2013;29:713-8.

Interferon-y and IL-6 immune response pathways in mice, selenium supplementation on the incidence of type 2 diabetes: 41. Marcocci C, Kahaly GJ, Krassas GE, et al.; European Group on
Nutrients, 2015,7:6529-49. a randomized trial, Ann Intern Med, 2007,147:217-23. Graves' Orbitopathy, Selenium and the course of mild Graves’

12. Solovyev ND, Importance of selenium and selenoprotein 26. Rayman MP, Stranges S, Epidemiology of selenium and type orbitopathy, N Engl J Med, 2011;364:1920-31.
for brain function: From antioxidant protection to neuronal 2 diabetes: can we make sense of it?, Free Radic Biol Med, 42. Wu Q, Rayman MP, Lv H, et al., Low population selenium status
signalling, J Inorg Biochem, 2015;153:1-12. 2013,65:1557-64. is associated with increased prevalence of thyroid disease,

13. Kalishwaralal K, Jeyabharathi S, Sundar K, Muthukumaran 27. Zachara BA, Selenium and selenium-dependent antioxidants in J Clin Endocrinol Metab, 2015 [Epub ahead of print].

A, Sodium selenite/selenium nanoparticles (SeNPs) protect chronic kidney disease, Adv Clin Chem, 2015;68:131-51. 43. Khatami M, Unresolved inflammation: ‘immune tsunami’
cardiomyoblasts and zebrafish embryos against ethanol induced 28. Tonelli M, Wiebe N, Thompson S, et al., Alberta Kidney Disease or erosion of integrity in immune-privileged and immune-
oxidative stress, J Trace Elem Med Biol, 2015,32:135-44. Network. Trace element supplementation in hemodialysis responsive tissues and acute and chronic inflammatory

14. Klein EA, Thompson IM, Lippman SM, et al., SELECT: the patients: a randomized controlled trial, BMC Nephrol, diseases or cancer, Expert Opin Biol Ther, 2011;11:1419-32.

US ENDOCRINOLOGY

101



Selenium and Inflammation

44.
45,
46.
47.

48.

49.

50.
51.

52.

53.

102

Venardos KM, Perkins A, Headrick J, et al., Myocardial ischemia-
reperfusion injury, antioxidant enzyme systems, and selenium: a
review, Curr Med Chem, 2007;14:1539-49.

Benstoem C, Goetzenich A, Kraemer S, et al., Selenium and

its supplementation in cardiovascular disease—what do we
know?, Nutrients, 2015;7:3094-118.

Fink K, Moebes M, Vetter C, et al., Selenium prevents
microparticle-induced endothelial inflammation in patients after
cardiopulmonary resuscitation, Crit Care, 2015;19:58.
Steinbrenner H, Al-Quraishy S, Dkhil MA, et al., Dietary selenium
in adjuvant therapy of viral and bacterial infections, Adv Nutr,
2015;6:73-82.

YuL, SunL, NanY, et al., Protection from HIN1 influenza

virus infections in mice by supplementation with selenium: a
comparison with selenium-deficient mice, Biol Trace Elem Res,
2011;14:254-261.

Hunt PW, Sinclair E, Rodriguez B, et al., Gut epithelial barrier
dysfunction and innate immune activation predict mortality in
treated HIV infection, J Infect Dis, 2014;15:1228-38.

Shivakoti R, Christian P, Yang WT, Prevalence and risk factors of
micronutrient deficiencies pre- and post-antiretroviral therapy
(ART) among a diverse multicountry cohort of HIV-infected
adults, Clin Nutr, 2015 [Epub ahead of print].

Kamwesiga J, Mutabazi V, Kayumba J, Effect of selenium
supplementation on CD4+ T-cell recovery, viral suppression and
morbidity of HIV-infected patients in Rwanda: a randomized
controlled trial, AIDS, 2015;29:1045-52.

Loscalzo J, Keshan disease, selenium deficiency, and the
selenoproteome, N Engl J Med, 2014;370:1756-60.

Chen J, An original discovery: selenium deficiency and Keshan
disease (an endemic heart disease), Asia Pac J Clin Nutr,
2012;21:320-6.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

Jun EJ, Ye JS, Hwang IS, et al., Selenium deficiency contributes to
the chronic myocarditis in coxsackievirus- infected mice, Acta
Virol, 2011;55:23-9.

Hou J, Wang T, Liu M, et al. Suboptimal selenium supply—a
continuing problem in Keshan disease areas in Heilongjiang
province, Biol Trace Elem Res, 2011;143:1255-63.

Narayan V, Ravindra KC, Liao C, Epigenetic regulation of
inflammatory gene expression in macrophages by selenium,
J Nutr Biochem, 2015;26:138-45.

Schomburg L, Selenium in sepsis-substitution, supplementation
or pro-oxidative bolus?, Crit Care, 2014;18:444.
Ahrens |, Ellwanger C, Smith BK, et al., Selenium
supplementation induces metalloproteinase-dependent
L-selectin shedding from monocytes, J Leukoc Biol,
2008;83:1388-95.

Rua RM, Ojeda ML, Nogales F, et al., Serum selenium levels and
oxidative balance as differential markers in hepatic damage
caused by alcohol, Life Sci, 2014,94:158-638.

Nagy DT, Fllesdi B, Hallay J, The relationship between

selenium and gastrointestinal inflammatory diseases, Orv Hetil,
2013;154:1636-40.

Petrov MS, Therapeutic implications of oxidative stress in acute
and chronic pancreatitis, Curr Opin Clin Nutr Metab Care,
2010;13:562-8.

Cai GH, Huang J, Zhao Y, et al., Antioxidant therapy for pain relief
in patients with chronic pancreatitis: systematic review and
meta-analysis, Pain Physician, 2013;16:521-32.

Burk RF, Hill KE, Regulation of selenium metabolism and
transport Annu Rev Nutr, 2015;35:109-34.

Xue H, Wang W, Li Y, et al., Selenium upregulates CD4(+)CD25(+)
regulatory T cells in iodine-induced autoimmune thyroiditis
model of NOD.H-2(h4) mice, Endocr J, 2010;57:595-601.

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

Duntas LH, The role of iodine and selenium in autoimmune
thyroiditis, Horm Metab Res, 2015,47:721-6.

Gao Y, Feng HC, Walder K, et al., Regulation of the selenoprotein
SelS by glucose deprivation and endoplasmic reticulum
stress—SelS is a novel glucose regulated protein, FEBS Lett,
2004,563:185-90.

Curran JE, Jowett JB, Elliott KS, et al., Genetic variation in
selenoprotein S influences inflammatory response, Nat Genet,
2005;37:1234-41.

Duntas LH, Selenium and Inflammation, Horm Metab Res,
2009;41:443-7.

Gasparian AV, Yao YJ, LU J, et al., Selenium compounds inhibit |
kappa B kinase (IKK) and nuclear factor-kappa B (NF-kappa B) in
prostate cancer cells, Mol Cancer Ther, 2002;1:1079-87.

Huang Z, Rose AH, Hoffmann PR, The role of selenium in
inflammation and immunity: from molecular mechanisms

to therapeutic opportunities, Antioxid Redox Signal,
2012;1:705-7.

Dhanya BL, Swathy RP, Indira M, Selenium downregulates
oxidative stress-induced activation of leukotriene pathway in
experimental rats with diabetic cardiac hypertrophy, Biol Trace
Elem Res, 2014;161:107-15.

Mertens K, Lowes DA, Webster NR, et al., Low zinc and
selenium concentrations in sepsis are associated with oxidative
damage and inflammation, Br J Anaesth, 2015;114:990-9.
Lipinski B, Pretorius E, Iron-induced fibrin in cardiovascular
disease, Curr Neurovasc Res, 2013;10:269-74.

Pretorius E, Bester J, Vermeulen N, et al., Profound
morphological changes in the erythrocytes and fibrin networks
of patients with hemochromatosis or with hyperferritinemia,
and their normalization by iron chelators and other agents,
PLOS One, 2014,9:€85271.

US ENDOCRINOLOGY



