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Abstract

Selenium is a well-known health-relevant element related with cancer chemopreven-
tion, neuroprotective roles, beneficial in diabetes, and in several infectious diseases,
among others. It is naturally present in some foods, but deficiency in people led to
the production of nutraceuticals, supplements, and functional food enriched in this
element. There is a U-shaped link between selenium levels and health and a narrow
range between toxic and essential levels, and thus, supplementation should be per-
formed carefully. Omics methodologies have become valuable approaches to delve
into the responses of dietary selenium in mammals that allowed a deeper knowledge
about the metabolism of this element as well as its biological role. In this review,
we discuss omics approaches from the workflows to their applications that has been
previously used to deep insight into the metabolism of dietary selenium. There is a spe-
cial focus on selenoproteins, metabolomics responses in blood and tissues (e.g., brain,
reproductive organs, etc.) as well as the impact on gut microbiota and its metabo-
lites profile. Thus, we mainly reviewed heteroatom-tagged proteomics, metallomics,
metabolomics, and metataxonomics, usually combined with transcriptomics, genomics,

and other molecular methods.

Abbreviations: AEC, anion exchange chromatography; AF, affinity chromatography column; ApoE, apolipoprotein E; ApoEr2, apolipoprotein E receptor-2; CE, capillary electrophoresis; CEC,
cation exchange chromatography; CSF, cerebrospinal fluid; GC, gas chromatography; GPx, glutathione peroxidase; GSH, reduced glutathione; GSSeSG, glutathione (GSH)-conjugated selenide;
HMDB, human metabolome database; HPLC, high performance liquid chromatography; HPLC-MS, high performance liquid chromatography with mass spectrometry; ICP-MS, inductively coupled
plasma mass spectrometry; IDA, isotopic dilution analysis; LA, laser ablation; MeSeCysSe, methylselenocysteine; mTOR, mammalian target of rapamycin; NMR, nuclear magnetic resonance
spectroscopy; NMD, nutritional muscular dystrophy; PCR, polymerase chain reaction; qRT-PCR, real-time quantitative reverse transcription polymerase chain reaction; RDA, recommended
dietary allowance; rDNA, ribosomal deoxyribonucleic acid; RNA, ribonucleic acid; RP, reverse phase chromatography column; SeAlb, selenoalbumin; SEC-AF, size exclusion-affinity
chromatography; SeCN, selenocyanate; SeCys, selenocysteine; SeCys2, selenocystine; SeCysta, selenocystamine; SeHLan, selenohomolanthionine; SELENOP, selenoprotein P; SeMet, amino acid
methionine; SeSug 3, methyl-2-amino-2-deoxy-1-seleno-3-D-galactopyranoside; SeSug1, 13-methylseleno-N-acetyl-D-galactosamine; SeSug2,
methyl-2-acetamido-2-deoxy-1-seleno-3-D-glucopyranoside; SPB, Se-binding proteins; SUID, species-unspecific isotope dilution; TMSe, trimethylselenonium ion; TRXR, thioredoxin reductase;

UL, tolerable upper limit.
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1 | INTRODUCTION

Selenium (Se), a non-metal with several allotropes displaying metalloid
properties, is a well-known health relevant nutrient. Se consumption
at adequate doses is undoubtedly a health requirement. However,
in humans, Se is required as a micronutrient with a recommended
dietary allowance (RDA) in the range of 55-70 pg/day [1]. Studies
of higher than normal Se intakes led to the establishment of 400 g
Se/day as the tolerable upper limit (UL) that is about eight-fold the
requirement. Therefore, Se containing supplements in both, organic
and inorganic forms, should be below three-fold the required amount,
without exceeding the total daily selenium intake of an adult consid-
ering the averaged consumption plus the supplementation (200 pg
Se/day) [2]. Nowadays, multi-omic approaches have turned into pow-
erful tools to understand the biological responses to dietary Se being
especially worthwhile when they are combined. Likewise, heteroatom-
tagged proteomics allows determining the absolute concentration of
selenoproteins and selenometabolites in biofluids and tissues using Se
as a ‘tag’ in an elemental sensitive detector like inductively coupled
plasma mass spectrometry (ICP-MS) [3]. To delve into the responses
of dietary Se, the application of this omic make possible the evalu-
ation of Se in vitro bioaccessibility, defined as the proportion of Se
soluble in the intestine. Besides, it is possible to evaluate the in vivo
bioavailability and bioactivity, that are the fraction of Se that reaches
the systemic circulation or that are transformed into bioactive Se-
containing molecules, respectively [4, 5]. In a broader context and very
close to this omic, metallomics has been defined as the study of ele-
ment distribution, equilibrium concentrations of free metal ions or
as a free element content in a cellular compartment, cell or organ-
ism. It can be extended to the whole amount of chemical species (i.e.,
molecules or complexes containing the element, different isotopes or
elements with different oxidation state [6]. Furthermore, metallomics
is the study of the metallome, the interactions and functional links
of metal ions and their species with metabolites, proteins, genes, and
other biomolecules [7]. Otherwise, metabolomics, the omic closer to
the phenotype, involve the measurement of hundreds of molecules
with molecular mass lower than 1500 Da in different biofluids, tissues
or gut contents that are the last mechanism of action related to the
impact of dietary Se in the body [8, 9]. Moreover, proteomics enables
the massive analysis of proteins, including selenoproteins, which could
be biomarkers related to the impact of dietary Se in different tissues
or biofluids. Transcriptomics and genomics make possible the efficient
sequencing of complete genomes, but the main drawback is that alter-
ations in gene expression is not directly connected to the final response
to dietary Se. Finally, a meta-omic methodology comprises metatax-

onomics, metagenomics, metatranscriptomics, metaproteomics, and
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heteroatom-tagged proteomics, metabolomics, metallomics, meta-omics, microbiota, selenium

metabolomics. They cover the study of “meta”genomes, regions of the
ribosomal RNA genes, transcriptomes, proteomes or metabolomes,
which are mixtures of genes, regions of genes (16S rRNA region),
transcripts, proteins or metabolites from several organisms [10]. Meta-
omic methodologies pave the way to understand the impact of dietary
Se in the microbiota and thus, the potential influence on other human
niches and establishment of the specific axis: the “gut-brain axis” (GBA),
the “gut-gonad crosstalk” or the “gut(enteromammary gland)-brain
axis” [11].

2 | HETEROATOM-TAGGED PROTEOMICS AND
METALLOMICS

2.1 | The role of selenoproteins and
selenometabolites

The main biological functions of Se are related to selenoproteins, in
which the amino acid selenocysteine (SEC) is encoded by the stop
codon UGA, when the selenocysteine (SeCys) insertion sequence ele-
ment is located in the mRNA. This is the case of selenoprotein P
(SELENOP), the best biomarker of Se status in human serum [12].
This selenoprotein, produced in the liver and transported to the
periphery, has key roles in the transport and homeostasis of Se [13].
SELENOP also possess antioxidant functions since it bounds to hep-
arin and carbohydrates in the endothelium [14], reduces phospholipid
hydroperoxides, it shields human astrocytes and endothelial cells from
oxidative damage [15] as well as plasma proteins from nitration and
oxidation [16]. Besides, SELENOP has key roles in neurological activ-
ity because this protein with its receptor apolipoprotein E receptor 2
(ApoER?2) favors Se retention in brain compared to other organs and it
has the same receptor than apolipoprotein E (ApoE), whose polymor-
phisms represent a genetic risk of Alzheimer’s disease [17]. SELENOP
affects A and hyperphosphorylated tau aggregation, it has signaling
functions though neuronal ApoER2 [18] and increases neuronal pre-
cursor cells in mice brain after supplementation with Se [19]. Other
selenoproteins, like the major abundant selenoenzyme glutathione
peroxidase (GPx) or thioredoxin reductase (TRXR), present important
antioxidant functions [20]. Besides the 25 selenoproteins that have
been described in humans, there are also Se-containing proteins. This
is the case of the Se transporter selenoalbumin, (SeAlb), in which Se
replaces the sulfur in the amino acid methionine (SeMet) as well as Se-
binding proteins (SPB), like SBP1, in which Se is strongly bound to a Cys
residue.

Moreover, selenometabolites, which encompass inorganic selenium,

selenoamino acids, and other organic Se-containing compounds with
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a molecular mass below 1500 Da, have been recognized as significant
factors in nutrition and health [5, 21, 22]. Notably, among these com-
pounds, inorganic Se (such as selenite, 'VSe, and selenate, V'Se) exhibits
higher acute toxicity compared to SeMet or selenium yeast, and also
lower bioavailability when obtained from dietary sources [23]. Other-
wise, organic forms of Se are considered more toxic during long-term
exposure [21]. Thus, supplementation with Se is difficult because the
dose and the chemical form of Se should be selected carefully. Like-
wise, it has been reported that Se may have a beneficial effect at a low
dose and an inhibitory or toxic effect at a high dose [22]. Besides, Se is
also known to have narrow range of concentration separating chronic

conditions of deficiency and toxicity [23].

2.2 | Analytical approaches for selenoproteins and
selenometabolites determination in plasma/serum

Hyphenated ICP-MS, that is coupled to high performance liquid chro-
matography (HPLC) or capillary electrophoresis (CE), allows deter-
mining selenometabolites and selenoproteins. Instead of a molecular
detector, Se-containing molecules are indirectly determined measur-
ing the heteroatom Se (or any atom different to C, H, N, O or F) as
a “tag” in the atomic detector (ICP-MS) after the separation of the
Se-containing biomolecules. This intact protein analysis is more sen-
sitive and selective than the classical proteomic approaches based in
the use of molecular mass spectrometry due to the use of an atomic
mass spectrometric detector, especially with instruments equipped
with triple quadrupole or collision/reaction cells [20]. In addition, the
absolute quantification of proteins does not require protein standards
of difficult availability and selenoproteins can be quantified by isotopic
dilution analysis (IDA) by the addition of isotopically enriched Se and
using signal ratios instead of signal intensities [24].

Regarding the sample, serum/plasma is easy to obtain and analyze
because it can be directly injected, after filtration, into the HPLC [12,
25-28] and it can be very useful to delve into the responses to dietary
Se. The validation of the method with certified reference materials is
not yet possible because they are not available, but several authors
reported the concentration of selenoproteins with different method-
ologies in the BCR-637 human serum certified for total Se [12, 26,
28-31]. In human serum/plasma, up to 90% of total Se can be quanti-
fied by using this methodology (Figure 1A) and the detectable species
are GPx (~15%-20% of total Se), SELENOP (>50% of total Se), and
SeAlb (~15%-20%) (Figure 1B) [32, 33]. These three selenoproteins
are considered good markers for the assessment of Se status in human
plasma/serum [34]. Using a specific rearrangement of the chromato-
graphic columns, based in a column switching method combining SEC
and affinity chromatography column (AF) before the ICP-MS, a peak of
total selenometabolites (~0%-8% of total Se in human serum) can also
been separated and quantified (Figure 1A) [26, 28].

Other configurations of chromatographic columns for seleno-
proteins determination by heteroatom-tagged proteomics has been
previously described and compared [29, 33]. Besides, the accurate
quantification of SELENOP in plasma has been described by using

isotopically enriched selenopeptides and species-specific IDA before
HPLC-ICP-MS-MS [35].

The methodology for selenoproteins and total selenometabolites
based on size exclusion-affinity chromatography (SEC-AF)-ICP-MS has
also been optimized for human milk (Figure 1B). Due to the presence
of selenocystamine (SeCysta) in human milk and its affinity for heparin
contained in the AF chromatographic column used for the retention of
SELENOP, a specific rearrangement of the column switching method
for human serum was needed for human milk. The new method allows
separating GPx, SeCysta, other selenometabolites eluting in one peak,
SeAlb and SELENOP, being the last identified for the first time in human
milk [36].

The determination of selenometabolites in human serum/plasma
and urine can also be performed by HPLC coupled to ICP-MS using
reversed phase [27, 37] anion (AEC) [37-39] or cation exchange chro-
matography (CEC) [37, 40]. Interestingly, several selenometabolites
and selenoproteins have been determined in human serum [41] and
cerebrospinal fluid (CSF) [41, 42] by AEC-ICP-MS and the identifica-
tion of the Se-containing molecules was performed by 2D by SEC-AEC-
and AEC-CE-ICP-MS. Using this method, the authors determined in
only one chromatographic run 'VSe, V'Se, SeMet, SeCys, TRXR-bound
Se (Se-TrxR), GPx (EC 232-749-6)-bound Se (Se-GPx), and SeAlb. The
combination of HPLC-ICP-MS with high performance liquid chro-
matography with mass spectrometry (HPLC-MS) is very adequate for
the confirmation of selenometabolites [43] and selenoproteins [36].
Thus, selenometabolites have also been determined in urine after the
ingestion of Se supplements by HPLC-ICP-MS combined with HPLC
coupled to organic mass spectrometry [44].

A flow-chart (Figure 1A) shows a typical approach for the determi-
nation of selenoproteins and total selenometabolites in serum/plasma
by SEC-AF hyphenated to species-unspecific isotope dilution (SUID)
ICP-MS (2D-SEC-SEC-AFXAF-ICP-MS) [26]. This configuration of
chromatographic columns allows determining GPx, SELENOP, SeAlb,
and total selenometabolites. Figure 1B shows a typical chromatogram
obtained from human serum. Figure 1C shows a typical approach
for the determination of selenoproteins, total selenometabolites, and
SeCysta in human milk by a modification of the method above
described for human serum [45]. Figure 1D shows a typical chro-
matogram obtained from human milk. Figure 1E shows a typical
chromatogram of selenometabolites in human serum by reverse
phase chromatography column (RP)HPLC-ICP-MS using a methodol-
ogy previously described [46]. The main shortcoming of HPLC-MS
for selenoproteins is the application to biological tissues because,
unlike plasma/serum can be directly injected after filtration, tis-
sues require the quantitative extraction of selenoproteins. Likewise,
there is not yet a sample preparation method with enough recov-
ery for selenoproteins in tissues nor a chromatographic method to
separate the selenoproteins previously reported in that samples by
polymerase chain reaction (PCR), western blot o enzymatic assays.
In this case, an alternative could be selenotranscriptomics that is
very sensitive and can be easily applied to tissue extracts. This
method has been applied to mice brain tissue after Se-supplementation

for the determination of the whole selenotranscriptome in brain
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FIGURE 1 (A) Analytical method for the absolute quantification of selenoproteins and total selenometabolites in human plasma/serum. Upper
part: the mobile phase pass through the two selenocysteine (SeCys) columns, then glutathione peroxidase (GPx) elutes and it is detected in the
inductively coupled plasma mass spectrometry (ICP-MS), because it does not have affinity for the affinity chromatography columns (AFs). After
that selenoprotein P (SELENOP) is retained in the first AF column and selenoalbumin (SeAlb) in the second and selenometabolites elutes from the
SEC columns being detected in the ICP-MS lower part: after that, the column switching valve changes the position to isolate the retained SeAlb,
the mobile phase change in composition, SELENOP elutes from the first AF column and it is detected in the ICP-MS. The column switching valve
changes again (upper part) and SeAlb elute. (B) Typical chromatogram obtained for selenometabolites and selenoproteins in human serum. The
sample has been fortified with Se (100 ng g~1) to show the retention time. (C) Analytical method for the absolute quantification of selenoproteins
and selenometabolites in human milk. Upper part: the mobile phase pass through the two SEC columns, then GPx elutes and it is detected in the
ICP-MS, because it does not have affinity for the AF column. After that SELENOP is retained in the AF column. Lower part: then, the column
switching valve change the position to avoid the retention of selenocystamine (SeCysta) in the AF column that is isolated with SELENOP retained.
After that, SeCysta and selenometabolites elute and they are detected in the ICP-MS. Upper part: the column switching valve change again for the
elution of SELENOP. (D) Typical chromatogram of selenoproteins, SeCysta and other selenometabolites in human milk after the extraction by
ultracentrifugation. (E) Typical chromatogram of selenometabolites in human serum by high performance liquid chromatography-reverse phase
chromatography column (HPLC-RP)-ICP-MS.

corresponding to the 24 selenoprotein genes [47]. Otherwise, the Previous studies related with the determination of selenometabo-
drawback of transcriptomics is that there is not a direct connection lites and/or selenoproteins in mammals after Se-supplementation
between the alterations in gene expression and the selenoproteins (Table 1). These studies reported very valuable knowledge about
levels. the metabolism and mode of action of selenocompounds. A

Another possibility for the determination of selenoproteins is the number of studies reported the metabolism of Se in urine and
hyphenation of laser ablation (LA) with ICP-MS. With this analytical serum after supplementation with Se-containing capsules containing
method, the selenoproteins are separated as a function of their iso- different chemical species of Se [5, 25,37, 38, 44, 47, 49-57]. In a
electric point using iso-electrofocusing electrophoretic strips and then, study comparing different commercial Se-containing capsules with
detected by LA-ICP MS. This method has been applied for the determi- different chemical species of Se, the authors concluded that seleno-
nation of Gpx1, Gpx4, TXNRD1, TXNRD2, and SELENOF in human cell sugar 1 (1p-methylseleno-N-acetyl-D-galactosamine [SeSugl]) was
lines [48]. present in human serum after all the treatments. Also, they concluded

Wolj pepeo|umoq ‘vz-£2 ‘€202 ‘TI86STIT

1nokbat

35UBD| 7 SUOWILLIOD dAIa1D) 3|ceal [dde ayy Aq pausenob afe sajone YO ‘asn Jo sanJ 10} AriqiTauluQ 8|1 UO (SUORIPUOD-PUR-SLLIBIW0D AS [ 1M Ae.d 1 BU I [UO//:SANY) SUONIPUOD puUe SWie | aU) 89S *[£202/2T/T2] U0 AriqiTaulluo AS[IM "eARNH 8@ PepsioAIUN -enqD Ag ZS000£202 21Wd/Z00T OT/I0p/ W00 A IM',



16159861, 2023, 23-24, Downloaded from https://anal ytical sciencejournals.onlinelibrary.wiley.com/doi/10.1002/pmic.202300052 by Cbua - Universidad De Huelva, Wiley Online Library on [21/12/2023]. See the Terms and Conditions (https://onlinelibrary.wiley.com/terms-and-conditions) on Wiley Online Library for rules of use; OA articles are governed by the applicable Creative Commons License

ICS

Proteomics and Systems Biology

50f 17 Proteom

(senunuo))

[5]
[£8]

[eg]
[£€]
[8¢]

[zq]

[s€l

[s2]

[29]

[£v]

[Tg]

[og]

(6]

vyl

ERIEYEIEN]

SIN-dDI-03S
J1dH-D3v-4v-35/a¢

SIN-dDI-D1dH (d¥)
SIN-dDI-D1dH (d¥)
SW-dDI-DTdH (03V)
SIN/SIN 1S3-D1dH
‘SIN-dDI-D71dH (D3V) Pue (d¥)
SIN-DTdH Pue SIN-dDI-D1dH
SIN/SIN-I1S3-DTdH
pue SN-dDI-D1dH

¥Dd-1Y pue ‘saijiaioe
3WAZUS JUEPIXOUE ‘SIN-dD

¥Dd-L1yb

AJd3pwou3dads
uolydiosge ojwole/H3s

SN-dDI-4VX4V-23S-23S-d¢

SN-dDI-4VX4V-23S-23S-d¢

SIN-dDI-D1dH (d¥)

SIN-D1dH
poylaw [eannAjeuy

"9G YHm uoljejuawa|ddns Jajje swisiuesio [9poul JUSJ3441p Ul S931|0CeI2WOU|aS Jo/pue sula3oidous|as paulwllalap aAeY Jey3 salpnis pajioday

(4e8nsous|ss)
aulwesoxayoua|as-|A3ade-N-|jAylow-as

SiA
qlves
qIv3S dONIT3S XdD

SADISOIN ‘ZSADDS ‘19INDS
sumousun ‘g pue T 3ngas ‘95, ‘SAD3SIIN
9SINL‘E pUe T 8nSaS ‘95,

SAD3INBS ‘IIN3S

€ pue ‘z ‘1 3nS3s ‘1_INDS

g7V3S ‘SAD9S9IN ‘T-8NS9S 19INES

(xd9)
S911IAI308 SWAZUD JuUepIXOljue pue oS [e10]

(s3diaosuenjous)as
GZ) 9W01d1IoSUEIJOUI[SS S|OUAA

uoljeuolI1de.y 3G ‘AYAINIR XdD) ‘9G |e10]
sa3/jogelswous|as

[B303 Q39S dONI13S XdD
$93}1|0ge}aWwous|as

[8303 QIS dONI13S XdD
$9}1|0ge}aWous|as

[8303 ‘qV3S dONI13S XdD

19IN3S OSINL ‘I9|AI9S ‘S pue T Je3nsous|as
SAD9SIIN

‘911U3|3S ‘BSIA L 13IN3S ‘T Je3nsous|as

Apoq ay3 ui pauiw.ialap

sulajoadous|as 1o/pue sa}|ogelawous|as

JBAIT
auun
ewse|d

wnJas/ewse|d

U0|02 pue dU1}SAIUI
|lews ‘Yoewols

wnJag

auun
upjs pue ysajj 03e30d
auun
ewse|d

snajos pue ‘Jieay

‘Asupny ‘utelq
3AI| ‘saulIn ‘ewse|d

uleag

Jiey ‘s91Ad204yjAue

‘ewse|d Janl| ‘9)asnip
S921359]

wnJag

wnJss

auln

wnJsg

pazAjeue
anssi3 1o pinjjoig

ey

201wy /uewnH

uewnH
uewnH

uewnH

uewnH

uewnH

syey

N

AjUOIN SNsayy

ERII

ERIN

N

uewnH

wsiuesio |9pojn

uole3siujwpe
snousAe.U|

WINJ3S Palj13404-as

s39|qe} ‘any30A
paY21IuUa-3S ‘Jeusy
pue %23| paydlius-ag

39|qex/a|nsde)
19|qex/a|nsde)

$903e30d Payd1IU-35

J9}EM P31413104-95

juswa|ddns j3seah-ag

eulnuids paydliua-ag

MOYD payd1IUR-95

193eM PalY1104-35

MOUD PaYdIIUS-35

MOUD PaydIIUS-35

eS|eo.olw paydLIuR-95

13|qey/3|nsded
jJuswaddns jo adA|

91BUS3S- PUE 3}1U3|35-35 44

3S|A ®SiA

3SiA
3SiA

15894 PazZIU3|s ‘3G

149} 8uluiejuod-9g

auuojyeWoud[as-1a
J0 ‘3UIUOIYIDWOUS[9S-T ‘3S 5,

(T-INT3S) [el1a3ew
ERIVENETEY RN :EY N oEV4[VETEIS

3SAl

SSp

EETNEINCIN

SSp

Sp

3S|A

1594 pazIua|es

‘SADISIIN ‘19INDS ‘DS 5, ‘OS2

jJuswa|ddns ay3 ui as

T314avl



16159861, 2023, 23-24, Downloaded from https://anal ytical sciencejournals.onlinelibrary.wiley.com/doi/10.1002/pmic.202300052 by Cbua - Universidad De Huelva, Wiley Online Library on [21/12/2023]. See the Terms and Conditions (https://onlinelibrary.wiley.com/terms-and-conditions) on Wiley Online Library for rules of use; OA articles are governed by the applicable Creative Commons License

60of 17

‘uol wnjuoua|as|jAyjawii} ‘OS|A L ‘opisouesAdoloe|ed
-Q-g-oua|as-T-Axoap-z-oulwe-z-|Ayiaw ‘€3ngag apisoueldAdoon|S-q-g-oua|as-T-Axoap-zZ-opiwelade-g-|Ayjaw ‘Z8nsas auiwesoloe|esd-q-|A1ade-N-0ua|as|Aylaw-gT ‘TSNGaS :DUIUOIYIDdWOU|IS I3IARS duluoly)
-UB|OWOYOUS|3S ‘UBTHIS :2UIISAI0UI|SS ‘ZSADSS (9)euRADOUSISS ‘NDIS :DUISISAI0UI|SS|AYISW-9S ‘SADSSSIA ‘aplus[as pa1esnfuod-HSH ‘HSasSH :auolyiein|s ‘HsSO :saljiAlde asepixodad suolyiein|3 Xdo

=
Proteomics
Proteomics and Systems Biology

uoljesjsiuiwpe
(PD) snoaueinogns

EEMTele[AETSIETEN
[94] SIN-dDI-4V¥X4V¥-235-23S-A¢ [B303 ‘qIV3S dONI13S XdD ewseld IN pue (as) [edO CIDpD pue S,
(91€350.4d) dEDNT
pue ‘(upjs) 1eDJeH
‘(4oA1]) zDdaH
[99] S dDI-V1 ¥XdD ‘TXdD ‘ST ‘(Asuppi) e621°H saul| |92 uewnH Umoas 9D Sy
uoljeujsiuiwupe
Moo [AETIIIEIEH (8H) snoauenogns
[59] SIN-dDI-4VX4Vv-235-235-d¢ [B303 ‘qIV3S dONI13S XdD WiNJ3s ‘sAaupiy “4aAI JIN pue (3S) [e4O ID8H pueas,,
(f03s%eN-£ONH)
[¥9] A3IA10E SWAZUT uol31sodwod e301qoJdiw NS pue Xdo Apoq pue seaudued AIIN uoljeJjsiuiwpe [eaQ UBUIIUS|-0uUd|aS
7 8ngas
pue ‘UeTHaS 3SINL ‘NDS ‘TSAD9S 95, pue
[65] SIN-dDI-D3S PUB SIN-dDI-D1 ‘SAD9S9IN 19INS dONITIS ‘EXdD wnJas ey uofyejsiujwpe |eJ0 ‘9SINL ‘ZSAD9S ‘ND3S “1BIN3S
winJas ‘autn
‘s]|92 poojq paJ
‘seaJoued ‘pas|ds
9G d1uedJou] ‘s1e3nsoud|as ‘HGISSH ‘s13s93 ‘uteuq 9}1U3|9s-9G ;¢ PUB
[09] S21WO0|0ge}aWOUd|as ‘SAD9SIIN 19INDS OSINL dONITIS XdD  ‘Meay ‘sAsupiy UaAl] ey uonesjsiuiwpe [eJO ‘13IN3S-3S ,, ‘SADISAIN-3S g,
g1v3S dONI13S ‘€XdD wnJss
9GIALL 10 ‘T8ngas
110|q UJ91SaM pue 9SIAIL 40 ‘T8NSaS ‘ZSADDS ‘UeTHLS uoljeuisiuiwupe ZSAD3S ‘UBTHaS ‘SADRSIIN
[€9] ‘AYIAIOR SWAZUS ‘SIN-dDI-D3S ‘SAD9SOIN 19INBS ‘ND3S ‘351 S p aulin ey |e40 pue snousAetju| ‘IBINBS ‘ND3S 35 @Sy
[sq] SIN-D1dH PUe SIN-dD1-03S TXd9 ‘Td4S ‘1ddS 12AI ey 191p 3sedh ejnioL ASAl
ERIIEYETEN] poylaw |eanjAjeuy Apoq ay3 u1 pauiw.alap pazAjeue wsiuesio |9pojn juswaddns jo adA) jJuswa|ddns ay3 ui as
su19304dous|as Jo/pue s931|0qe1awous|as anssi3 1o pinjjolg
(penuiuod) T 374dVL



70017 | Proteomics

Proteomics and Systems Biology

G[ Study Design } (2[ Sample Collection ] (3[ Sample preparation J (4[ Analysis ]

Choice of: Collection tubes

*+  Factors mmm wwn B+ Samplingdevice
*  Responses “' L « Samplingtime
*  Adequatetypeof * Samplingsize

experimental Conservation
design

* Homogenization Separation == Analyzer
o ~ * Metabolite extraction e LC m * QTOF
iT 1 * Protein precipitation * GC L
‘\‘ @@ ° Filtration/centrifugation Detector * 'T
v Eﬁ} * Additives « Ms * Orbitrap
* Temperature « NMR
* Storage

(5[ ooemocesns | (o[ _serstcasoars | (7 semcorn | (3

Baseline correction i * Multivariate analysis
Peak alignment -‘| ’[ (PLS-DA, PCA)
Normalization | i

Deconvolution

Univariate Analysis

Correlation Analysis

(ANOVA, Krustall-wallis)

Biological
Interpretation

Mass Databases o -
Isotope pattern -
RetentionTime
MS/MS analysis

Pathway Analysis
Biomarker Analysis
Omicsintegration
Network correlation

« s e e
“ e e e

FIGURE 2 Typical metabolomics workflow showing the different steps of the analysis.

that it was the major selenometabolite in human urine except for
capsules with selenate (V'Se). Other selenometabolites like 'VSe,
methyl-2-amino-2-deoxy-1-seleno-p-D-galactopyranoside (SeSug 3),
and trimethilselenonium ion (TMSe) have been determined in human
urine and selenomethylselenocysteine, SeSug3, and several unknowns
in human serum after Se-supplementation with capsules [58]. Using
other Se-supplements (e.g., selenized yest, Se-fortified water with
VSe or DL-SeMet) other authors reported the presence of SeMet and
methyl-2-acetamido-2-deoxy-1-seleno-S-D-glucopyranoside (SeSug2)
among the above commented selenometabolites [25, 38]. Interest-
ingly, using LC-ICP-MS and SEC-ICP-MS the authors reported the
presence of GPx, SELENOP, SeMet, MeSeCys, selenocystine (SeCys2),
selenocyanate (SeCN), TMSe, selenohomolanthionine (SeHLan), and
SeSug 1 in rat serum after oral administration with SeMet, SeCN,
SeCys2, TMSe, and IVSe [59]. Thus, the metabolism of Se is very
dependent on the chemical form in the supplement. Likewise, using
different chemical forms of Se with Se-enriched isotopes in rats, the
authors concluded that the incorporation of Se into SELENOP follows
the order: VSe > MeSeCys > SeMet [60]. Moreover, 'VSe was taken
up quickly by red blood cells where glutathione reduced it to selenide,
being later transported to the plasma, where it bounds to albumin to
be finally transported to the liver. Otherwise, ¥'Se was either excreted
into the urine or taken up directly by the liver [61].

Regarding the determination of selenoproteins using HPLC-ICP-MS
several works reported the presence of GPx, SELENOP, and SeAlb in
mice [5, 49], human [57], and rat serum [63] after Se-supplementation.
Selenoproteins have been determined in biological tissues using ICP-
MS[67-69].

In addition, Se is a well-known antagonist against several pollu-
tants [70] and previous studies have also been developed to determine
selenoproteins and selenometabolites after the exposure to Hg [71,
72], Cd [71], As [71] without Se-supplementation. Also, the distri-
bution of elements among the different mice organs and plasma
after the exposure to Cd and Se-supplementation has been reported
[73]. SeCN, Se-methylselenocysteine (MeSeCys), selenomethionine
(SeMet), SeHLan, SeCys2, SeSugi, SeSug2, methyl-2-amino-2-deoxy-

1-seleno-B-D-galactopyranoside (SeSug3), and trimethylselenonium
ion (TMSe), glutathione (GSH)-conjugated selenide (GSSeSG), Se-
methylselenocysteine (MeSeCys), SeCys2, and GPx activities.

3 | METABOLOMIC APPROACHES TO DELVE
INTO THE RESPONSES TO DIETARY SELENIUM

3.1 | Metabolomic workflow

Metabolomics is a powerful tool providing valuable information about
the response to dietary Se by measuring hundreds of molecules
that are altered in biofluids, tissues or gut contents after Se-
supplementation or under Se deficiency. A typical metabolomic work-
flow is shown in Figure 2. The first step is the selection of the
model organism and after that, metabolites are extracted using a non-
selective sample preparation method to recover as much metabolites
as possible from the sample under study. The sample preparation
should ensure the extraction of polar and non-polar metabolites using
a single step [74] or a classical two-step approach using aqueous and
organic phases separately [75]. The main objective is to achieve a rich
and broad coverage of a wide range of endogenous and exogenous
metabolites in a single profile that represents the impact of dietary Se.
After the extraction, several analytical techniques have been shown to
provide good results for global analysis such as gas chromatography
(GC), HPLC-MS or CE coupled to mass spectrometry as well as nuclear
magnetic resonance spectroscopy (NMR) [76-81]. It has been reported
that NMR is reproducible, fast, the sample preparation is easy and
there are comprehensive databases available for metabolite annota-
tion [82]. These advantages besides its non-destructive character and
small sample consumption have become NMR as a valuable tool for
the analysis of a great number of samples in which the sample amount
is limited. Otherwise, MS is highly sensitive and specific and provides
good metabolite coverage for low concentrated compounds. More-
over, MS allows quantifying the compounds of interest by targeted

metabolomics [83].
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After the analysis, a good classification of the groups of samples
under study is expected and then, metabolites responsible of that
classification can be identified/annotated by tandem mass spectrom-
etry or databases (e.g., METLIN [http://metlin.scripps.edu] and human
metabolome database [HMDB, http://hmdb.ca]). After that, a relative
quantification of the metabolites can be performed (i.e., fold changes
values) as well as the pathway impacts [84].

3.2 | Metabolomic studies related to the impact of
dietary selenium: Multi-omics data integration

Untargeted metabolomic analysis after Se supplementation have been
performed using mice models [47, 73, 85-98], pigs [99-102], broil-
ers [103], cells [104], rats [105-107], gazelle [108], zebra fish [109],
humans [110], donkeys [111], salmon [112], and catfish [113]. These
studies reported a wide range of altered metabolites after Se supple-
mentation focused on liver [73, 91, 94-96, 100-102, 105, 112] and
plasma/serum metabolism [73, 92, 96, 101, 105, 108, 110], but also in
muscle [99, 103], kidneys [73, 93], testes [73], lungs [73, 90], spleen
[96], blood [97, 102, 106, 113], urine [107], feces or fecal/gut content
[47, 96, 106], semen [106], follicular fluid [111], brain [47, 73, 93, 97,
109], and brain sections [98]. A summary of the metabolomics studies
reported after Se supplementation using different analytical platforms
is shown in Table 2. As can be seen, metabolomics is usually combined
with transcriptomics [47, 90, 94, 99, 101, 103, 109, 111], histopathol-
ogy [98, 103, 106, 109], metallomics [73, 90, 91, 98, 99, 105, 107],
proteomics [96, 101], enzymatic activities [91, 97, 98], or targeted
metabolomics [100, 109]. Several studies focused on metataxonomics
and gut metabolomics [95, 96, 101, 106, 113]. Metataxonomics by
means of targeted amplicon sequencing, mainly targeted to a spe-
cific region of the hypervariable 16S rRNA gene [114], is considered
nowadays the current standard for microbial communities profiling.
Otherwise, gut metabolomics allows identifying the metabolites pro-
duced by the gut microbiota [89] that could be involved indirectly in
the gut-brain crosstalk through the neural pathway (e.g., neuroactive
metabolites such as short chain fatty acids or butyrate, neurotrans-
mitters) [115]. Therefore, it is believed that neuroactive dietary and
microbial-produced metabolites could modulate the GBA to affect
hormone secretion by enteroendocrine cells (EECs), the gut-barrier
function, neurotransmitter production by gut microbiota and epithe-
lium, as well as enteric glial signaling, which are of key importance to
neurodegenerative diseases [115].

Likewise, it has been reported that Se-supplementation increases
the diversity and richness of gut microbiota and changes the com-
position of the gut microbiota increasing some health-relevant taxa
[49, 116, 117]. Also, Se impacts on plasma selenoproteome [49, 118],
brain metabolome [47], and selenotranscriptome [47]. Numerous sig-
nificant associations have been described between gut microbiota and
gut metabolites [89], brain metabolites [47], or plasma selenoproteins
[49] suggesting intertwined mechanisms. In antibiotic-depleted mice

models, selenoproteins increased in plasma suggesting a competition

Proteomics and Systems Biology

between the host and the microbiota for Se intake [49]. In fact, around
1/4 of all bacteria have selenoproteins and thus, they require Se for
their growth and metabolism [116]. Interestingly, Ogra and cowork-
ers [59] reported that rat gut microbiota metabolized MetSeCys and
SeCN to SeMet. They also studied evaluated in vivo the nutritional
availability of nine naturally occurring selenometabolites concluding
that gut microbiota might contribute to the Se nutritional availability
[119]. Thus, there is a potential link between Se-supplementation-gut-
microbiota-host metabolism and host-selenoproteome.

4 | CONCLUSION AND OUTLOOK

Selenium is an essential element for mammals, including humans,
as it is a component of numerous enzymes. Its quantification in
biological samples can be clinically important in situations of exces-
sive or deficient intake. Otherwise, chemical speciation analysis of
Se in different biofluids and tissues by combining a separation
unit (e.g., GC, EC, and HPLC) to a sensitive and selective atomic
detector like ICP-MS has been essential along time to understand
the metabolism of Se in mammals. The combination of inorganic
mass spectrometry for Se speciation with organic mass spectrome-
try using high-resolution mass spectrometers is also important for
the unequivocal identification of selenometabolites as well as for
the structural elucidation of new selenocompounds in food and
biological samples. However, massive information about selenopro-
teins, metabolites, and gut microbiota are of key importance to
fully understand the responses to dietary Se. Thus, heteroatom-
tagged proteomics allows the absolute quantification of the plasma
or serum selenoproteome. Otherwise, the sensitivity of transcriptomic
techniques makes possible to evaluate the whole selenotranscrip-
tome in tissues, which is of great interest in several organs like
brain in connection with the neuroprotective effect of Se. Undoubt-
edly, the importance of human microbiota in nutrition requires
the introduction of meta-omic methodologies to study the impact
of dietary elements as Se. The potential interactions between Se,
microbiota, and their associated metabolites, including metabolomics
profile of other tissues and biofluids, would influence the human
health.
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