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Abstract

Sexual dimorphism, the condition in which males and females in a species differ beyond the
morphology of sex organs, delineates critical aspects of the biology of higher eukaryotes,
including selenium metabolism. While sex differences in selenium biology have been described by
several laboratories, delineation of the effects of sex in selenium function and regulation of
selenoprotein expression is still in its infancy. This review encompasses the available information
on sex-dependent parameters of selenium metabolism, as well as the effects of selenium on sex
hormones. Gaps in the current knowledge of selenium and sex are identified and discussed.
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Introduction

It is widely recognized that intrinsic sex differences account for variations observed in
eukaryotic biology. Thus, it is not surprising that selenium biology will also display
significant sexual dimorphism. The hierarchical nature of selenium physiology [1-6], the
unique mechanism for incorporation of this trace element into selenoproteins as the amino
acid, selenocysteine, and the different functions attributed to these selenoproteins [7, 8]
deem sex-specific effects as an additional regulatory role in our understanding of the
sophisticated biology of selenium.

The complexities of sexual dimorphism in selenium biology have been discussed in several
detailed review articles [3, 9-11], but recent discoveries warrant an updated examination of
the subject. This review will feature novel recent findings and unveil research areas that are
still unknown or poorly understood regarding the interaction between sex and selenium.
Moreover, it will highlight the need to consider sex differences in any analysis of selenium
biology. We will explore the subject from two approaches: the effects of sex on selenium-
dependent parameters and the effects of selenium on sex-dependent parameters. These two
considerations may be intertwined and difficult to discern, nonetheless are relevant to
construct a comprehensive perspective of selenium biology.

Significance

The importance of investigating sex and gender differences in the health sciences has come
to the forefront in recent years, after concerns were raised that “a lack of systemic and
consistent inclusion of women in NIH-supported clinical research could result in clinical
decisions being made about health care for women based solely on findings from studies of
men—without any evidence that they were applicable to women.” [12] The Office of
Research on Women’s Health Report expands upon this, stating “Over the past 20 years,
research has revealed that from single cells to multiple biological systems and mechanisms,
sex differences exist —and these differences are not just hormone based. Sex differences
research is needed not only in fields such as endocrinology and immunology, but also in
rapidly evolving scientific disciplines such as epigenetics, systems biology, and
neuroscience; and new technology-enabled fields such as genomics, proteomics, and
metabolomics.”

Sexual dimorphism in selenocysteine incorporation, selenium metabolism
and selenoproteins

Sex hormones

Androgens, estrogens, and progestogens comprise the three main classes of endogenous sex
hormones. Because they are responsible for male sex characteristics, androgens are referred
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to as the male sex hormones. Perhaps the most well-studied androgen is testosterone.
Likewise, estrogens and progestogens are aptly termed the female sex hormones. Sex
hormones are primarily synthesized in the gonads. Thus, gonadectomy is a useful tool in
determining the influence of endogenous sex steroids by allowing their near-complete
removal. GnRH (gonadotropin-releasing hormone) from the hypothalamus stimulates the
anterior pituitary to release LH (luteinizing hormone) and FSH (follicle-stimulating
hormone) which act on the testes and ovaries to secrete testosterone and estrogen,
respectively. Collectively, this regulatory system is known as the HPG (hypothalamic-
pituitary-gonadal) axis [13]. In this review, relevant aspects of selenium metabolism and
selenoproteins will be discussed in light of their sexual dimorphism and their regulation by
sex hormones.

Selenocysteine incorporation

Intracellular

In higher eukaryotes, selenocompounds need to be metabolized and ultimately converted to
selenide, which is utilized in the production of selenocysteine, the amino acid present in the
active site of selenoenzymes. The selenocysteine incorporation mechanism has been
extensively studied [8, 14-16]. Selenide is phosphorylated by the actions of the
selenophosphate synthetase 2 (SEPHS2), a selenoenzyme, in order to be attached to a
specific serine-charged tRNA, the tRNASe'ISec]. The tRNA is first charged with a serine
residue and by the actions of the phosphoseryl-tRNASer[Sec] kinase (PSTK) and
selenocysteine synthase (SepSecS), it results in a tRNA charged with selenocysteine. The
tRNASeSec] js then utilized during selenoprotein translation to insert at in-frame UGA
sequences the amino acid selenocysteine. As UGA also specifies termination of translation,
other factors are required to ensure the insertion of selenocysteine in the nascent polypeptide
chain. These factors include, but are not restricted to, a specific cis structure in the 3’-UTR
of the selenoprotein mRNA (SECIS), a selenocysteine-specific elongation factor (EFSec), a
SECIS binding protein (SBP2), and a selenocysteine tRNA associated protein (secp43).
Once all these factors are properly assembled, selenoproteins can be synthesized.

Among factors involved in selenocysteine incorporation, current evidence does not indicate
their expression or activity being affected by sex. For example, expression of the genes for
Efsecand Sbp2 were not regulated by ovariectomization in mice, indicating that if sex
influences translational efficiency, it probably does so either through post-translational
effects or other members of the selenocysteine incorporation complex [17]. Another example
is the deletion of the 7rsp gene in murine liver, which leads to total ablation of hepatic
selenoproteins and equal early mortality rates between females and males [18], confirming
the ability to produce selenoproteins during development to be essential for both sexes. It is
reasonable to expect that a sex-independent requirement for selenoprotein production, even
partially, remains through adulthood. However, this neutral possibility is still untested.

selenium metabolism

Selenide can be produced by different pathways. Dietary selenium is consumed mostly as
the organic forms selenomethionine, selenocysteine, and selenocystathionine, or the
inorganic forms selenite and selenate. Inorganic selenite is metabolized either by the
selenoprotein thioredoxin reductase 1 (TXNDR1) into selenide or by reaction with
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glutathione. Interestingly, in zebrafish TXNDR1 was shown to have a sex-specific pattern of
expression, with females having diminished expression after selenite supplementation while
males increased their expression of TXNDR1 regardless of the selenium chemical form [19].

Organic form selenomethionine has been suggested to enter the methionine cycle, be
converted into selenohomocysteine, then metabolized by the same enzymes that lead to
cysteine formation via the transsulfuration pathway [20, 21]. “Trans-selenation” reactions
occur sequentially and involve the enzymes cystathionine beta-synthase (CBS) and
cystathionine gamma-lyase (CGL), and the end product is selenocysteine.
Selenocystathionine can also serve as a substrate for CGL, whose actions lead to the
formation of selenocysteine. Evidence in yeast demonstrates that selenomethionine toxicity
is mediated by the transsulfuration pathway [22] and that trans-selenation-derived
selenocysteine can be misincorporated in place of cysteine [23]. This possibility, if present
in mammals, would point towards mechanisms for dealing with selenomethionine
cytotoxicity.

Interestingly, both CBS and CGL are regulated by sex hormones. Renal CBS activity is
higher in male rodents than in female rodents, but lower in men than in women. Castration
of mice led to decreases in CBS expression to similar levels as female mice [24].
Paradoxically, treatment of an androgen-responsive human prostate cell line with
testosterone downregulated CBS and negatively impacted the transsulfuration pathway flux
[25]. These findings combined indicate that CBS is possibly regulated by testosterone acting
through transcriptional and post-transcriptional mechanisms. CGL, on the other hand, is
regulated by both androgens and estrogens. Ovariectomized rats treated with 17p-estradiol
showed an increase in CGL expression in the myocardium [26]. Conversely, treatment of
ovariectomized ewes with 17p-estradiol did not elicit any changes in expression of CGL in
arteries [27]. These findings suggest that estrogen regulation of CGL seems to be tissue-
specific in females. Interestingly, mice lacking CGL display profound sexual dimorphism,
with females, but not males, exhibiting drastically reduced plasma levels of methionine and
cysteine [28]. Perplexingly, the androgen receptor physically interacts with CGL [29], also
allowing for regulation of this enzyme by testosterone through a post-translational
mechanism [30].

The regulation of the trans-selenation pathway by sex hormones strongly implies that
selenomethionine metabolism and its consequent selenocysteine formation and availability
for selenoprotein synthesis are not the same in both sexes. Consequently, it also raises the
interesting possibility that intracellular mechanisms offsetting toxic levels of
selenomethionine and affecting the differential selenium distribution that we observe in
circulation are sexually dimorphic, and could explain some of the sexual dimorphism found
in clinical trials using selenomethionine (see section Sex differences after selenium
supplementation).

In addition to the effects discussed above, selenomethionine can also be misincorporated in
place of methionine. The methionyl-tRNA synthetase has long been known to not
differentiate between methionine and selenomethionine [31]. Hence, when selenomethionine
is in excess, it is assumed that a percentage of tRNAMet js charged with selenomethionine.
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Misincorporation of selenomethionine may alter physiological characteristics of enzymes,
affecting either chemical structure or enzymatic activity, and there is not yet evidence of
sexual dimorphism in misincorporation.

Selenium recycling

The unique pathway selenocysteine takes to be incorporated must be acknowledged. It is
speculated that selenocysteine coming either from dietary intake, selenoprotein degradation
or trans-selenation pathways should be first decomposed to selenide. Selenide can then be
utilized to synthesize selenocysteine-bound tRNA, the form that can be incorporated into
selenoproteins. The decomposition of selenocysteine is catalyzed by the action of
selenocysteine lyase (Scly), a pyridoxal-phosphate-dependent enzyme that converts it into
selenide and alanine, and this enzyme has been demonstrated to affect the synthesis of
selenoproteins in mammals [32]. Although not essential to life, as mice lacking Scly are
viable [33], this enzyme sits at an interesting metabolic intersection, between trans-
selenation, protein degradation, and selenoprotein synthesis.

Mammalian Scly was first isolated from pig liver and first cloned from the liver of male
mice [34, 35]. It is currently unknown if the expression of Scly varies according to sex.
Nevertheless, Scly disruption in mice leads to sexually dimorphic phenotypes. While male
Scly™~ mice develop obesity, glucose intolerance and hyperinsulinemia [36], females
present a milder phenotype, with weight gain but not changes in glucose sensitivity nor
hyperinsulinemia [37].

Selenoproteins

The best-studied connection between a selenoprotein and sex is the role of glutathione
peroxidase 4 (GPX4) in spermatozoa structure and viability [38], and male fertility [39], a
connection that has been reviewed elsewhere in extensive detail [40-43]. GPX4 plays
critical roles in spermatogenesis and in detoxifying hydroperoxides produced by the
mitochondria-rich sperm midpiece, which generates energy for flagellar motion through
oxidative phosphorylation. Additionally, the testes express a novel transcript of GPX4
utilizing an alternative promoter to encode a nuclear localization signal, and this form of the
protein is localized to the sperm head, where it protects the germline DNA from oxidative
damage.

A single nucleotide polymorphism (SNP) at the corresponding 3’ untranslated region of the
Gpx4 gene is found in Hardy-Weinberg equilibrium in the human population [44]. This SNP
accounts for sex differences observed in GPX4 expression and activity [45], possibly by
differentially interfering on transcriptional mechanisms.

Numerous other examples of sex-specific differences in selenoprotein expression and
function have been described. Female C57BL/6 mice have higher mRNA expression of
iodothyronine deiodinase 1 (DI10O1) in the liver than males. However, DIO1 activity in the
liver of females is drastically lower than in male mice. Under conditions of selenium
deficiency, Diol mRNA levels in females are two-fold greater than in males, while DIO1
activity is unchanged between the sexes [17]. Thus, selenium levels appear to exert a
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significant impact on the sex dependence of DIO1 activity in the liver, possibly by affecting
translational efficiency and/or protein stability.

Dietary selenite affects glutathione peroxidase 1 (GPX1) in the liver of rats in a sex-
dependent fashion, with females enhancing its activity twice as the levels of males, despite
similar increases in GpxZ transcripts [46]. In the murine lungs, expression of GPX1 also
shows lower GpxZ mRNA in male than females [47]. In humans, different SNPs in the GpxI
gene have been demonstrated to be sex-dependent [48, 49], most commonly leading to men
having lower enzyme activity than women. Testosterone has been shown to not affect GPX1
expression in the mouse testis [50], while its transcriptional and translational regulation by
other sex hormones has not been determined.

The selenium transporter selenoprotein P (SELENOP) is produced mainly in the liver and
secreted into the bloodstream, where it supplies selenium for other organs. Because selenium
concentration correlates with circulating SELENOP levels, these are used as a biomarker of
selenium status. SelenoP mRNA levels are higher in the liver of female rodents than in
males, regardless of age [9, 17]. Males seem to prioritize selenium distribution to the testis at
the expense of selenium for the brain to maintain neurological function. Male SefenoP”~
mice were infertile, attesting for the importance of this selenoprotein to sexual reproduction
either as a selenium-delivery or as local storage of selenium for the selenium-dependent
testis [33, 51, 52]. Recently, the development of a calibrated ELISA for human SELENOP
detection revealed striking results, with selenium and SELENOP concentrations not
differing between men and women. Nevertheless, the correlation between selenium and
SELENOP was altered between sexes, with young women presenting a lower correlation
between total selenium and SELENOP concentrations than elderly men or women, or young
men [53]. This standardized development will allow for an additional understanding of the
sex-dependent dynamics of SELENOP in different populations with various health
conditions in the future.

The expression of selenoprotein S (SELENOS) in the mouse liver also presents sexual
dimorphism. Upon selenite supplementation, male mice increased SELENQOS levels while
females only reached maximal SELENOS expression after challenge with
lipopolysaccharides to induce an acute-phase response, i.e., when their immune system was
challenged [54].

A recent comprehensive analysis of the selenotranscriptome revealed compelling insights
towards the sexual dimorphism of selenoprotein expression [55]. Using a mouse model with
a shortened telomere that mimics the effects of aging on human chromosomes, a differential
pattern of downregulation of selenoproteins between males and females emerged, according
to levels of dietary selenium and age. While dietary selenium levels affected most
selenoproteins in the female kidneys and liver, only the male liver had a comparable
extensive downregulation of selenoproteins upon selenium deficiency. Interestingly, older
males presented a decrease in Sephs2 mRNA levels, while older females did not, a finding
that suggests either an aging fragility of the selenocysteine incorporation machinery
according to sex or a consequence of lower demands of the aging testis for selenium.
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Sexual dimorphism in selenium absorption and excretion

Selenium absorption

Most selenocompounds are absorbed by the intestinal epithelial mucosa [52]. Organic forms
are primarily absorbed in the intestinal epithelial utilizing methionine or dibasic and neutral
amino acid transporters [52, 56, 57]. However, the molecular mechanisms of this absorption
are still unclear. Inorganic forms most likely utilize passive transport to enter the intestinal
cell.

Intestinal absorption of selenomethionine was shown to be ~96% in healthy women [58] and
~76% in healthy men [59], and ~96% in female rats [60] and 88% in male rats [61].
However, the molecular mechanisms of this sexual dimorphism are still not understood.
Experimental models used in previously published molecular studies of selenium intestinal
transport were either male animals or cell lines derived from men, such as intestinal Caco-2
cells. When female-derived cells were considered, as in studies of selenomethionine and
selenocystine cellular absorption using the female opossum-derived kidney cells (OK cells)
[56], these mechanisms were compared to studies in male Caco-2 cells, confounding
whether the mechanisms of selenium transport into the cell were different because of their
tissue origin or their inherent sexual dimorphism. Hence, a full picture of the possible
molecular mechanisms of the sexual dimorphism of absorption of selenocompounds in the
intestines and other seleno-dependent tissues has yet to emerge.

Afar from the intestines, other cell types in the body also take up selenium in its various
forms, utilizing membrane transporters or mechanisms also found in the intestines.
Interestingly, cystathionine was recently unveiled to use the cystine/glutamate transporter in
brain and immune cells, a transporter involved in the maintenance of intracellular
glutathione levels and extracellular redox balance [62]. If selenocystathionine can utilize the
same transporter, this possibility as an alternate avenue in some tissues becomes in itself an
interesting research point to be tested.

Circulating selenium

Once absorbed by the intestines, selenocompounds are metabolized, entering the
bloodstream, where they become part of the pool of selenium molecules. Many of these are
considered as biomarkers of selenium status, such as total selenium content, levels of the
selenoproteins glutathione peroxidase 3 (GPX3) and SELENOP, and selenium bound to
albumin.

The impact of sex on circulating selenium biomarkers in animals has been observed since
the late 60’s [63, 64]. In humans, women have been recognized to have higher GPX activity
in their circulation than men, but not increased selenium levels [65, 66], with the same
sexually dimorphic pattern also reported in rodents [9, 17]. More recently, it was
demonstrated that people with the same total selenium levels might differ in their selenium
distribution in the plasma as selenium either bound to albumin or as part of the primary
structure of SELENOP or GPX3. Nevertheless, using a subcohort from the cross-sectional
ATTICA study in Greece [67], researchers determined that, in people with the same intake
of selenium and methionine, a competitor for the amino acid transporter, women presented a
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significant increase in selenium-bound albumin, while men presented an increased ratio of
total selenium to GPX3 in relation to total selenium to either SELENOP or selenium-bound
albumin [68]. The extent to which these results can also be expanded into other human
populations with different genetic backgrounds and dietary habits is uncertain.

Another factor possibly contributing and/or confounding selenium biomarkers in the
bloodstream is the chemical form of selenium ingested. In experiments comparing mice fed
diets containing either adequate or high levels of selenite, selenate or selenomethionine,
these animals developed differential increases in total selenium content and plasma GPX
activity, with selenomethionine being the form that most efficiently increased both of these
parameters [69]. Nevertheless, these experiments were performed in male mice, remaining
to be clarified whether these changes in the allocation of selenium depending on the
chemical form would occur in female mice as well.

Sex differences after selenium supplementation

Under a state of selenium deficiency, female rats were shown to take up selenium more
efficiently than males [70] and, upon supplementation, to increase plasmatic levels of GPX
activity and selenium levels [71]. Furthermore, female rats have a lower selenium
requirement than males [64]. Selenium has also been shown to exhibit differential uptake by
the reproductive organs. While the retention rate for selenium is highly efficient in the testes
[70], the female reproductive system does not appear to take up or retain significant levels of
selenium [10, 11].

Selenium supplementation has been demonstrated to enhance the pool of total selenium and
alter its distribution in the plasma of selenium-deficient rats, with females being able to
maintain circulating selenium in a more efficient manner than males. Interestingly, a
supplementation study conducted decades ago with Norwegian women had already
demonstrated that both selenite and selenium-rich pea flour (containing selenomethionine)
increased serum selenium levels at the same rate without raising GPX values [72].

In humans, the failure of the Selenium and Vitamin E Cancer Prevention Trial (SELECT) to
prevent prostate cancer in selenium-replete US men receiving a high dose (200 pg/day) of
selenomethionine supplementation still unveiled an interesting side of the sexual
dimorphism of selenium physiology that deems further exploration [73]. The SELECT was
prematurely terminated due to a statistically non-significant increase in the risk of type 2
diabetes in men [74]. This unexpected outcome raised two different sex perspectives that we
will further explore: 1) Could selenium supplementation still help in preventing prostate
cancer in selenium-deficient men? 2) Could a high dose of selenomethionine in a selenium-
replete population of women also increase the risk of type 2 diabetes?

Effects of selenium supplementation on selenium deficient males

The first question had been previously answered by the Nutritional Prevention of Cancer
(NPC) clinical trial. The NPC provided male participants with 200 pg/day of selenium as
selenized yeast, which contains approximately 16% selenomethionine [73]. This dose was
enough to significantly reduce the incidence of prostate cancer, as the baseline selenium
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levels of patients were lower than in the SELECT [75]. Nevertheless, it should be noted that
none of these trials assessed the men’s serum selenium distribution into selenoproteins,
selenium-bound albumin and their ratios in relation to total selenium levels, all information
that could enrich the sex-dependent profile of selenium in men.

This information was later carefully gathered in a clinical trial assessing exactly those
parameters [76]. In this trial, selenomethionine in four different doses was provided to
healthy men and women of a high selenium baseline status. After a year of supplementation,
total serum selenium was elevated in all groups receiving treatment, but selenoproteins were
at the same levels, suggesting that selenoproteins were already maximized. Supporting that
even selenoprotein deiodinases were not affected by selenomethionine supplementation,
additional analysis of an ancillary group of a larger trial with this same selenocompound
revealed that neither serum thyroid hormones T4, T3 nor thyroid-stimulating hormone
(TSH) levels have changed according to sex [76]. Interestingly, the year-long
supplementation trial also revealed that women increased their urinary selenium excretion
compared to men receiving the same doses [77], pointing towards a sexual dimorphism in
selenium metabolism in other tissues of the body. Kidneys have been already demonstrated
in mice to differ their expression of SELENOP according to sex [9], and it is known in male
mice that competition between brain and testes exists for available selenium under a
compromised selenium metabolism circumstance [78].

Sex differences in the relationship between selenium and energy metabolism

The second perspective derived from SELECT was whether selenium supplementation
would also raise the incidence of type 2 diabetes in women, a possibility that requires careful
examination. Type 2 diabetes is a worldwide epidemic triggered in most cases by
carbohydrate-rich dietary habits and sedentary behavior, which leads to excess circulating
glucose and disturbances in energy metabolism. Glucose metabolism is coordinated by the
actions of insulin, a peptide hormone produced by the endocrine pancreas that triggers a
phosphorylation signaling cascade in target tissues that ultimately allows for circulating
glucose to enter the cell and provide energy for basic functions. Insulin release is triggered
by glycemic state and centrally controlled by hypothalamic neurons that regulate energy
metabolism. Insulin action is affected by sex, with females tending to be more insulin
sensitive than males [79] while paradoxically also presenting more commonly impaired
glucose tolerance [80]. The molecular mechanism of sexual dimorphism in glucose
metabolism is starting to be unveiled, and recent results point to androgens as a key effector
in the central [81, 82] and peripheral [83] regulation of glucose metabolism.

The effect of selenium on glucose metabolism and type 2 diabetes incidence has been a very
controversial issue, with human and animal studies either pointing towards a positive, a
negative or even a neutral correlation between serum selenium and glucose [84]. A recent
systematic review of the association between serum selenium and type 2 diabetes incidence
comparing five studies concluded that there is a positive association between these two
factors in populations whose selenium levels are either low (<97.5 pg/l) or high (>132.5
ug/l) [85], once again leaning towards the recognized U-shape nature of selenium effects.
Most of these studies did not consider sex effects on glucose metabolism.
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Enzymes involved in selenium metabolism have been shown to act on glucose pathways. As
mentioned earlier in this review, male Sc/y”~ mice develop characteristics of a metabolic
syndrome phenotype, such as obesity, glucose intolerance, hyperinsulinemia and
hypercholesterolemia [36], while females gained weight but did not exhibit other symptoms
[37]. Interestingly, male and female Sc/y™~ mice were equally prone to high-fat diet-
induced obesity [86]. Despite these metabolic disturbances, Sc/y™~ mice had normal
selenoprotein levels in their livers except when selenium was limiting.

Selenoproteins have also been shown to act on glucose metabolism. However, a sex
difference has yet to be resolved for each case. For example, SELENOP was suggested as a
cause of insulin resistance and low adiponectin levels in humans [87, 88]. However, the
identification of this selenoprotein as a marker for type 2 diabetes in humans was performed
with a mixed sample including patients of both sexes, and results were not reported in light
of possible sex differences. Interestingly, when testing for the response of SELENOP to
exercise, a common booster of glucose handling and tolerance, female mice were not
included in experiments due to an inconsistent phenotype [88]. It is reasonable to speculate
that the effects of SELENOP on glucose metabolism and insulin sensitivity are sex-specific,
with molecular mechanisms possibly being affected directly or indirectly by sex hormones.

Another selenoprotein closely linked to glucose metabolism is glutathione peroxidase 1
(GPX1). This selenium-dependent enzyme regulates the levels of reactive oxygen species
(ROS) and reactive nitrogen species (RNS) intracellularly. Mice overexpressing GPX1 have
been developed and are obese, hyperinsulinemic and hyperglycaemic [89, 90], but only male
mice were reported in these studies. Thus it is currently unclear whether overexpression of
GPX1 in females would lead to similar metabolic disturbances.

The endoplasmic reticulum-resident SELENOM appears to affect animal energy metabolism
differently according to sexes. Sefenom™'~ mice of both sexes presented increased adiposity.
However, only male mice were hyperinsulinemic and hyperleptinemic [91]. As this enzyme
is highly expressed in the brain [92], it is possible that SELENOM is involved in sex-
dependent energy regulation at the central level. If the sexual dimorphism presented by the
Selenom™~ mice is directly mediated at the molecular level by sex hormones is unknown.

Selenium and sex hormones

The effects of selenium on sex hormones

Selenium has been known to directly influence testosterone production from early on.
Selenium deficient rats exhibited defective testosterone secretion in response to GhRH and
LH injection, demonstrating that selenium directly affects testosterone production, rather
than indirectly through the HPG axis [93]. Despite the reduced testosterone secretion,
circulating testosterone demonstrated only a slight, non-significant decrease, which is quite
possibly explained by the reported increase in the number of testosterone-producing Leydig
cells [93]. A non-significant downward trend of serum testosterone was also described in
mice with double knockout of the Sclyand SelenoP (Scly™~/SelenoP™") genes when
compared to SefenoP~~ only and WT mice, an unsurprising finding, given that testes
selenium concentration was also reportedly lower [78]. The importance of Scly in

Free Radic Biol Med. Author manuscript; available in PMC 2019 November 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Seale et al.

Page 11

testosterone is further corroborated by the finding that it is highly expressed in Leydig cells,
the primary site for male androgen production and secretion [32].

While it is apparent that selenium supports testosterone production, the mechanistic
relationship remains to be resolved. SelenoP mRNA expression increased in response to
cAMP-mediated testosterone production in cultured Leydig cells, leading to the hypothesis
that selenium may protect against free radicals generated during testosterone synthesis [94].
Presumably, excess reactive oxygen species would lead to apoptosis, resulting in an overall
loss of testosterone-producing cells. Selenium has indeed been shown to protect the testes
against toxic agents [95]. Yet, selenium deficiency /n vivo was demonstrated to result in a
seemingly compensatory increase in Leydig cells [93]. It is, therefore, more probable that
selenium plays a direct role in testosterone synthesis. Strikingly, endoplasmic reticulum-
resident selenoproteins, SELENOT [96] and SELENOS [97] were found to be highly
expressed in the Leydig cells. Of particular relevance is the finding that SelenoT mediates
PACAP (pituitary adenylate cyclase activating polypeptide)-induced neuroendocrine
secretion from PC12 cells [98]. PACAP has also been implicated in steroidogenesis in the
Leydig cells [99], albeit the contribution of SELENOT in this process remains to be
established. Recently, selenium was found to increase testosterone production through the
ERK pathway [100]. Nevertheless, identification of the specific selenoproteins expressed
within the Leydig cells will elucidate more explicit pathways in which selenium acts on
testosterone production.

Selenium undoubtedly plays a direct role in spermatogenesis, demonstrated by the
dependence on normal GPX4 expression to maintain the structural integrity of spermatozoa
[101]. Interestingly, it appears that selenium also indirectly enhances spermatogenesis
through its regulation of testosterone production. Thus, the negative impact of selenium
deficiency on male fertility is two-fold.

The effects of selenium on estrogen are less clear. One study in rainbow trout involving
long-term selenomethionine exposure showed elevated plasma testosterone and estrogen
levels in females as well as increases in expression of key steroidogenic enzymes in the
gonads [102]. Conversely, a study in cows demonstrated progesterone levels may be
regulated by selenium, but not estrogen [103]. Additional studies are necessary to clarify the
relationship between selenium and female sex hormones.

The effects of sex hormones on selenium distribution and selenoprotein expression

None of the genes encoding for selenoproteins or selenocysteine incorporation factors are
present in the sex chromosomes of humans or mice. Thus, sex differences in selenoprotein
expression or selenocysteine incorporation factors are under the regulation of other factors,
such as sex hormones.

For reasons that are yet unknown, sex hormones appear to play a direct role in selenium
distribution and metabolism. Sexual dimorphism in selenium distribution and selenoprotein
expression has been well-documented [3] and discussed previously in this review. It is,
therefore, reasonable to consider that sex hormones may at least partially account for
apparent sexual dimorphism in selenoprotein regulation.
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Early studies described a positive correlation between plasma selenium levels and GPX
activity with estrogen fluctuation in pre-menopausal women, suggesting a direct effect of
estrogen on selenium status [104]. This is corroborated by the finding that ovariectomized
and estrogen replaced (OVX+E2) rats have higher selenium concentration and GPX activity
after 7°Se administration compared to OVX rats in the plasma, liver, and brain [105]. In the
same study, it was demonstrated that OV X+E2 resulted in an upregulation of hepatic
SELENOP mRNA, suggesting that estrogen promotes increased selenium transport through
SELENOP. Perplexingly, plasma SELENOP was not significantly different between the two
groups [105]. Moreover, OV X did not affect hepatic mMRNA expression of selenoprotein
synthesis factors SBP2 and EFSec [17]. However, post-translational effects of estrogen
should not be overlooked. Currently, the mechanistic relationship governing estrogen-
mediated increase in selenium remains elusive.

Considering the significant selenium demands of the testes, it is necessary to highlight that
castration results in two possible outcomes which confound the interpretation of
gonadectomy with regards to selenium distribution. While castration results in reduced
testosterone levels, it also liberates selenium supply which would otherwise be routed to the
testes. Thus, while castration of male mice abolished some of the sex differences observed in
selenoprotein tissue expression and activity [17], it does not necessarily presuppose an effect
of testosterone on selenoprotein expression. One study found that administration of
testosterone or anti-androgenic compounds in rats resulted in opposite effects on testes
GPX4 expression, which does indeed suggest an effect of testosterone [106], but it is unclear
whether these effects are a direct result of testosterone signaling in the testes, or due to
negative regulation through the HPG axis. Interestingly, women with polycystic ovarian
syndrome, a condition in which plasmatic androgens are elevated, present normal GPX3 as
well as plasma selenium levels [107]. A molecular regulatory function for androgens on the
maintenance of circulating GPX3 levels is therefore plausible. Additional studies employing
testosterone treatment are required to clarify the role of testosterone in the sexual
dimorphism observed in plasma and tissue selenoprotein expression.

Concluding Remarks

It is concerning that a significant number of studies have so far neglected to acknowledge the
critical physiological differences between males and females in their analysis of results and
conclusions. This review highlights the fundamental importance of considering sex
differences when analyzing for selenium metabolism, selenoprotein expression and action,
and selenium-dependent parameters, and not assuming that a result can be extended to both
sexes without proper verification. Furthermore, the impact of sex hormones in the regulation
of selenium metabolism and selenoproteins has been explored in this review and is
summarized in figure 1. In a moment when women are finally becoming more empowered in
many areas of our society, it would be refreshing to broaden scientific outcomes in selenium-
related studies towards a more balanced perspective by including more female samples and
considering sexual dimorphism as a crucial variable to be taken into consideration during
analysis. Such approach of a comprehensive and inclusive understanding of selenium
biology can only benefit our scientific knowledge.
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HIGHLIGHTS
. Sexual dimorphism affects selenium biology and its effects on health.
. Sex differences have been mostly neglected in past studies of selenium
biology.
. Sex differences should be considered in the future when analyzing selenium
parameters.
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Figure 1.

Schematic illustration representing the several points of selenium biology, including
selenium partitioning, selenium metabolism, and selenoprotein function, where sexual
dimorphism has been reported. Except for the regulation of members of the selenocysteine
incorporation and the absence of selenoprotein genes in sex chromosomes, most current
evidence points towards sexual dimorphism as a broad characteristic of selenium biology.
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