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Abstract 

Selenium (Se) is a trace element crucial for human health. Recently, the impact of Se supplementation on gut microbiota has been pointed out as well 

as its influence on the expression of certain selenoproteins and gut metabolites. This study aims to elucidate the link between Se supplementation, brain 

selenoproteins and brain metabolome as well as the possible connection with the gut-brain axis. To this end, an in vivo study with 40 BALB/c mice was car- 

ried out. The study included conventional ( n = 20) and mice model with microbiota depleted by antibiotics ( n = 20) under a regular or Se supplemented diet. 

Brain selenoproteome was determined by a transcriptomic/gene expression profile, while brain metabolome and gut microbiota profiles were accomplished 

by untargeted metabolomics and amplicon sequencing, respectively. The total content of Se in brain was also determined. The selenoproteins genes Dio and 

Gpx isoenzymes, SelenoH, SelenoI, SelenoT, SelenoV, and SelenoW and 31 metabolites were significantly altered in the brain after Se supplementation in con- 

ventional mice, while 11 selenoproteins and 26 metabolites were altered in microbiota depleted mice. The main altered brain metabolites were related to 

glyoxylate and dicarboxylate metabolism, amino acid metabolism, and gut microbiota that have been previously related with the gut-brain axis ( e.g., mem- 

bers of Lachnospiraceae and Ruminococcaceae families ). Moreover, specific associations were determined between brain selenoproteome and metabolome, 

which correlated with the same bacteria, suggesting an intertwined mechanism. Our results demonstrated the effect of Se on brain metabolome through 

specific selenoproteins gene expression and gut microbiota. 

© 2023 The Author(s). Published by Elsevier Inc. 

This is an open access article under the CC BY-NC-ND license ( http://creativecommons.org/licenses/by-nc-nd/4.0/ ) 
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1. Introduction 

Selenium (Se) is an essential trace element that has important

roles in health. Unlike other essential trace elements, such as zinc,

iron or copper, Se can be introduced as selenocysteinyl residues

(SeCys) into selenoproteins ( e.g., glutathione peroxidase [GPx],

selenoprotein P [SELENOP]) during polypeptide chain biosynthesis

or in form of selenomethionyl residues into Se-containing proteins

such as, selenoalbumin (SeAlb) [1] . Se supplementation has been
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demonstrated to restore levels of the antioxidant GPx and the

transporter SELENOP in brain [2] as well as the oxidative stress in

the central nervous system, ameliorating the effects of Alzheimer ́s

disease (AD) [3] . Se has also been related to brain signaling

pathways and selenoproteins seem to be of special importance to

the neuronal cells [4] . The dopamine pathway might be also Se

dependent [5] as well as acetylcholine neurotransmission [6] . The

mechanism underlying the role of Se in neurotransmission is not

fully understood, but it is related to its antioxidant character and,

its influence on protein phosphorylation, ion channels, calcium

homeostasis, and brain cholesterol metabolism. Regarding the role

of selenoproteins, a direct signaling function has been proposed

for SELENOP based on the interaction with postsynaptic apolipro-

tein E receptors 2 (ApoER2) [7] . Recently, Leiter et al. [ 7 ] reported

that SELENOP and the receptor LRP8 (low-density lipopro-

tein receptor-related protein 8) are essential for hippocampal
nder the CC BY-NC-ND license ( http://creativecommons.org/licenses/by-nc-nd/4.0/ ) 
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Fig. 1. Animal experimental design. Abx: antibiotics (ampicillin 1%, metronidazole 1%, neomycin 1%, vancomycin 0.5%; amphotericin B 10 mg/L). C group received standard 

diet and water; Abx and Se-Abx groups received a 7-days pretreatment with and antibiotic cocktail for microbiota depletion; C-Se and Abx + Se received a Se-enriched diet. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

neurogenesis demonstrating an increase of neural precursor cells

in the hippocampus after the direct injection of sodium selenite

into mice’s brain . 

Se supplementation also has an impact on gut microbiota

[8–10] . Recently, the connection between plasma selenoproteome

and gut microbiota, trace metal homeostasis and gut microbiota as

well as the link between plasma selenoproteins and gut metabo-

lites, has been shown [11] . Moreover, there is growing evidence

about the crosstalk between gut microbiota through the so-called

gut-brain axis [12] . However, the role of Se on shaping brain

metabolome, and gut-brain metabolites/selenoproteins after micro-

biota depletion have not been previously explained. 

Herein, we describe a holistic study combining selenoproteins

gene expression in brain, untargeted brain metabolomics, 16S rRNA

gene sequencing for gut microbiota profiling and total Se content

in brain. Mus musculus conventional mice and mice with micro-

biota depleted by antibiotics after Se supplementation were used

in the experimental design to decipher the role of microbiota and

Se on mice brain selenoproteome, brain metabolome and the pos-

sible crosstalk between gut microbiota and brain through seleno-

proteins and metabolites. 

2. Methods 

Detailed methods are enclosed in the supplementary informa-

tion. 

2.1. Animals 

A total of 40 male BALB/c mice (8 weeks old) were divided into

four groups ( n = 10) and housed for 3 days in cages with a 12 h

light/dark cycle at room temperature (22 ± 1 ºC) and air humid-

ity of 40–70%. Mice were given standard chow (standard mice diet

Altromin ROD 1410, Agrolab LUFA, Germany) and water ad libitum.

Figure 1 summarizes the experimental design. After the acclima-

tion period, two groups received a mixture of antibiotics (ampi-

cillin 1%, metronidazole 1%, neomycin 1%, vancomycin 0.5%) and

an antifungal (amphotericin B, 10 mg/L) dissolved in water for 7

days. The other two groups received standard chow (sodium se-

lenite at 0.21 mg/kg of chow) and water during the same pretreat-

ment time. After this pretreatment period, mice from one of the

groups that received antibiotics and others from the standard chow
group were fed for two additional weeks (treatment period) with a

Se-enriched diet (sodium selenite at 0.65 mg/kg of standard chow)

[13] . The four groups were as follows: (1) control group (C); (2)

mice fed with Se-enriched diet during treatment period (C + Se);

(3) mice pre-treated with antibiotics for 1-week (Abx); (4) mice

pretreated with antibiotics for 1 week and fed with Se-enriched

diet for 2 additional weeks (Abx + Se). At the end of the exper-

iment, mice were anesthetized with isoflurane and sacrificed by

cervical dislocation. Brains and the large intestine content from

caecum and colon were collected from each mouse, immediately

frozen in liquid nitrogen and stored at -80 ºC until analysis. The se-

lection of male mice for the exposure experiments is a decision

based solely on the need to compare the results obtained through-

out this project with our previous results and to reduce the costs

and time of this research. Further studies will be focus on females

reproducing the experiments that produced the most interesting

results in males. 

2.1.2. Ethics statement 

All animal procedures in this study were carried out at the An-

imal Experimentation Service of the University of Cordoba (SAEX-

UCO). They were approved by the bioethics committee of the uni-

versity, and they comply with the regional government (Code Num.

02-01-2019-001) and ARRIVE guidelines. 

2.2. Untargeted metabolomic analysis 

Metabolites extraction from brain tissues was carried out ac-

cording to the method proposed by Fernández-García et al. [ 14 ]

with some slight modifications . To cover a wider range of metabo-

lites, two analytical platforms based on GC-MS and LC-MS were

used. The analysis by GC-MS was performed on a Trace GC Ul-

tra coupled to an ion trap mass spectrometer detector ITQ 900

(Thermo Fisher Scientific, Bremen, Germany). The detailed chro-

matographic conditions, compound identification and statistical

analysis of the metabolomic analysis are detailed in the supporting

information (Table S1). The hierarchical clustering heatmap and the

analysis and interpretation of metabolic pathway were performed

using the MetaboAnalyst 5.0 platform ( https://www.metaboanalyst.

ca/ ). 

https://www.metaboanalyst.ca/
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2.3. Transcriptomic/gene expression approach using targeted RT-PCR 

for brain selenoproteins 

Total RNA was isolated from 20 mg of frozen brain tissue

from each mouse in each experimental group by using the All-

Prep DNA/RNA/Protein Kit (QIAGEN), following the manufacturer’s

indications. The concentration and purity of the RNA samples were

determined spectrophotometrically (Beckman Coulter DU-800 UV

with a HellmaTraycell), and their integrity was analyzed by us-

ing an Agilent 2100 Bioanalyzer (Agilent Technologies). Only pure

(A260/A280 ratios ∼ 2.0), integral (RNA integrity numbers, RINs, ≥
8.5), and gDNA-free RNA samples were used in further transcrip-

tional analyses. cDNA was synthetized from 1 µg of total RNA by

using the iScript cDNA Synthesis Kit (Bio-Rad) and following the

manufacturer’s protocol. Real time qRT-PCR assays were performed

in quadruplicate by using 50 ng of cDNA in the 20 µL final reac-

tion volume, specific primer pairs (Table S2) [15] and the SsoAd-

vanced Universal SYBR Green Supermix (Bio-Rad). All targets were

amplified with similar efficiency (100%) and high linearity ( r > 0.99).

An absolute calibration curve was constructed to relate the PCR

signal to input mRNA copy number and the number of transcript

molecules was estimated from the linear regression of the standard

curve [16] . 

2.4. Total Se content in brain tissue 

For total elemental analysis, brain tissue from mice of each

group were weighted, and 0.10 0 0 g of sample were digested in a

microwave reaction system MARS 6 (CEM Corporation, Matthewa,

NC, USA) with a mixture of nitric acid and hydrogen peroxide (4:1,

v/v). The mineralization was carried out by ramping from room

temperature to 160 ºC in 15 min and then maintaining at 400 W

for 40 min. After that, the samples were 5-fold diluted in 5% HNO 3

containing 100 µg/L of rhodium and filtered using 0.45 µm PTFE

syringe filters before analysis by ICP-QqQ-MS. The operational con-

ditions for ICP-QqQ-MS are listed in Table S3. The validation of the

methodology was carried out with a fish protein certified reference

material for trace element DORM-4 (National Research Council of

Canada). 

2.5. Gut microbiota profile 

The gut microbiota profile obtained by 16S amplicon sequenc-

ing from our previous study was included [15] . Spearman cor-

relation tests were performed to identify the potential associa-

tions between gut microbiota relative abundance (at phylum and

genus levels) and metabolite abundance, and selenoprotein expres-

sion using R Software Package Hmisc (4.0.2 version) (R Core Team

(2020). R: A language and environment for statistical computing. R

Foundation for Statistical Computing, Vienna, Austria). 

2.6. Statistical analysis 

The resulting data from total Se content were submitted to

statistical analysis employing Minitab16 Statistical Software (State

College, PA, USA). Kruskal-Wallis (non-parametric statistics) and

one-way ANOVA (parametric statistics) were used to evaluate the

statistical differences at a significance level of P ≤.05. 

3. Results 

The aim of this study is to delve into the role of Se supplemen-

tation in shaping gut microbiota as well as mice brain metabolites

and selenoproteins throughout the gut-brain axis. Hence our re-

sults are mainly focused on the Abx + Se vs Abx comparison. 
3.1. Untargeted metabolomics of brain tissue 

Metabolites from brain tissues were extracted and analyzed fol-

lowing an untargeted metabolomic approach based on GC-MS and

UHPLC-QTOF-MS. To find the brain metabolites responsible for the

discrimination between mice groups, a pairwise comparison was

built (C + Se vs . C, Abx vs. C, Abx + Se vs . C, Abx + Se vs . Abx) show-

ing good group clustering and classification (Fig. S1 and Table S4).

After the statistical analysis and the identification of the significant

variables, a total of 45 metabolites were identified in at least one

comparison and they are summarized in Table S5. 

The abundances of metabolites in each of the mice groups

are presented as a hierarchical cluster heatmap ( Fig. 2A ). These

metabolites belonged to 14 different categories; glycerolipids,

amino acids, peptides, and analogues and fatty acyls were the

predominant classes ( Fig. 2B ). As can be observed in Figure 2A ,

there are metabolites that increased in abundance (marked in red)

and others decreased (marked in blue) in Se supplemented groups

(C + Se and Abx + Se, respectively). Se supplementation mostly de-

creased the abundance of sphingolipids and other metabolites

(urea, palmitic acid, or cholesterol). Moreover, 12 metabolites were

up-regulated in the Abx-Se group when compared with Abx (Ta-

ble S5). A total of 14 metabolites were in common among the four

groups of the study and, 18 metabolites in Se supplemented groups

(Fig. S2). 

Pathway analysis obtained when comparing Abx + Se vs Abx is

shown in Figure 2C . Table S6 summarizes the metabolome ar-

ranged by p -value (Y-axis) and pathway impact values (X-axis).

The pathways with greater impact are those that are involved

in alanine, aspartate, and glutamate metabolism (1), glyoxylate

and dicarboxylate metabolism (2), citrate cycle (3), glycine, serine,

and threonine metabolism (4), glutathione metabolism (5), inositol

phosphate metabolism (6), and the phosphatidylinositol signalling

system (7). 

3.2. Transc riptional analysis of selenoproteins encoding genes in 

mouse brain 

The results obtained from transcriptional analysis of genes cod-

ing for the 24 selenoproteins in brain tissue are summarized in

Figure 3 . As can be observed, the levels of major selenoproteins

were affected and presented significant differences com pared to

the control group. Specifically, for Abx + Se vs Abx comparison, the

expression of Dio1, Trxr2, Sephs2, SelenoI, SelenoR, and SelenoS , were

increased in the Abx + Se group, while the levels of Trxr3, Gpx2, Se-

lenoO, SelenoT, and SelenoW were diminished. That is probably the

reason why the increase of some isoforms is counterbalanced or

compensated by the decrease of others. 

3.3. Total Se content in brain tissue 

Table 1 shows the concentration of total Se in mice brain de-

termined in the four experimental groups. The statistical analysis

shows the most significant differences in the total concentration of

Se in brain when comparing the groups C + Se vs C ( P = .049) and

Abx + Se vs C ( P = .027). 

3.4. Gut microbiota profile 

The effect of Se supplementation on mice gut microbiota has

been previously studied [ 15,16 ]. Table S7 summarizes the relative

abundance of the 25 top genera. In brief, Se supplemented groups

showed an increase in the members of the Lachnospiraceae and Ru-

minococcaceae families as well as the Christensenellaceae family and

Lactobacillus genus. 
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Fig. 2. Untargeted metabolomic profiling of mice brain tissue: (A) Heatmap representing the abundance of the metabolites for each group; (B) Main classes of identified 

metabolites; (C) Overview of pathway analysis for Abx + Se vs. Abx comparison. The node colour is based on the P value calculated from pathway enrichment analysis and, 

the radius is determined based on their pathway impact values obtained from pathway topology analysis. Cer, ceremide; DG, diglyceride; GlcCer, glucosyl ceramide; LTB4, 

leukotriene B4; LysoPE, lysophosphatidylethanolamine; MG, monoglyceride, PE(P), phosphoethanolamine plamalogen; TG, triglyceride. 

Table 1 

Concentrations of total selenium content in brain tissue deter- 

mined by ICP-QqQ-MS after acid digestion ( n = 10). 

Group Total Se (ng Se per gram of brain tissue) 

Control 160 ± 10 
C + Se 127 ± 4 

Abx 133 ± 16 
Abx + Se 117 ± 17 

Comparison P -value 

C + Se vs. C .049 

Abx vs. C .177 

Abx + Se vs. C .027 

Abx + Se vs. Abx .331 

Statistical analysis for each comparison and P- values obtained. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

3.5. Associations of gut microbiota with brain metabolites and 

selenoproteins 

Although we analyzed all the groups and comparisons, we

focused on the Abx + Se group which combines the effect of

Se-supplementation with microbiota depletion. To evaluate the

specific associations between gut microbiota with brain metabo-

lites and selenoproteins, correlation analysis for each group was
performed (Table S8). Moreover, the correlation analysis between

brain metabolites and selenoproteins for C + Se and Abx + Se groups

were also included (Tables S9–S10). Figure 4 shows the asso-

ciations of gut microbiota composition with brain metabolites

(A), with brain selenoproteins transcripts (B) and, between brain

metabolites and selenoproteins transcripts (C) that were found in

Abx + Se group. 

Specific associations between gut microbiota and brain metabo-

lites were found ( Fig. 4A ). Significant positive associations be-

tween metabolites and members from the Lachnospiraceae fam-

ily were identified. Several MG and TG, GlcCer(d18:1/26:1) and

2-tetradecylcyclobutanone correlate positively with the Streptoc-

coccus genus. Several glycerolipids, correlated with genera En-

terorhabdus, Lactobacillus, Erysipelatoclostridium, Butirycicoccus, and

Anaerotruncus . Regarding metabolites that correlated with an im-

portant number of gut microbiota, MG (22:6) correlated signif-

icantly with 5 different genera, while acetylcarnitine, MG(14:0),

TG(18:1/18:0/18:1) 2-tetradecylcyclobutanone and MG (22:6) cor-

related with 4 different genera. 

According to the brain selenoproteome, there is a group of se-

lenoproteins, including SelenoK, Dio2, and SelenoS , which correlated

negatively with members of the Lachnospiraceae family and mem-

bers of the Ruminococcaceae family ( Fig. 4B ). SelenoN also corre-

lated positively with several genera including Erysipelactostridium,

Lactobacillus, and Enterorhabdus genus. Remarkably, 11 microbiota
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Fig. 3. Selenoprotein expression in brain tissue of mice included in the different experimental groups, analyzed by real-time qRT-PCR. Bars represent the mean ± SD values 

( n = 10 individuals and 4 technical replicates). Comparisons were made by a Student-Newman-Keuls Multiple Comparisons Test. Statistical significance ( P < .05) is expressed as: 
∗ , for differences caused by treatments (C vs. C + Se, C vs. Abx or C vs. Abx + Se); #, for differences caused by the Se in Abx treated mice (Abx vs. Abx + Se). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

genera of the 25 most abundant, presented associations with brain

metabolites and selenoproteins that are also associated between

each other ( Fig. 5 ). 

Furthermore, a high number of significant associations were ob-

served between brain metabolites and selenoproteins at the tran-

script level ( Fig. 4C ). SelenoK, SelenoS, and Dio2 presented negative

correlations with numerous metabolites. In the case of the seleno-

proteins, Dio1, and SelenoI , showed positive and negative associ-

ations respectively with isocitric acid, threonine, Cer(d18:1/18:1),

glutamine and proline. 

4. Discussion 

Our results obtained from the untargeted metabolomic anal-

ysis showed that lipids and amino acids were the predominant

metabolite categories in mice brain, with biochemical profiles

similar to those reported by other authors [ 17,18 ]. Amino acids are

crucial for adequate brain function since they are the main biosyn-

thetic precursor of neurotransmitters and neuromodulators [ 19 ].

In our study, we found that Abx treatment reduced the abundance

in the mice brain of several amino acids ( i.e. , glutamine -Gln-,

glycine -Gly- or N-acetyl aspartate -NAA-), but Se supplementation

reduced the negative effect of Abx treatment. Disturbances on

these amino acid metabolisms contributes to numerous patho-

logical disorders of the brain, including AD [ 20 ] or schizophrenia

[ 21 ], among others. Glutamine and N-acetyl aspartate (NAA) are

present at a high concentration in the central nervous system
(CNS) acting as a neurotransmitters precursor [ 22 ] or linked to AD

and Parkinson disease (PD) [ 23 ], respectively. In the spinal cord,

the amino acid glycine is involved in inhibitory synapses [ 24 ] and,

proline is presented in neurotransmitter transporters [ 25 ]. 

The results of the present study indicate that gut microbiota

composition and abundance is largely associated with amino acid

abundance in the brain, in agreement with previous reports. In

example, the results of Zhou et al. [ 26 ] demonstrated strong cor-

relations of NAA with firmicutes and glycine with bacteroidetes.

The data suggest that firmicutes could be involved in the release

of neurotransmitter, cerebral inflammation and maintaining neu-

ron integrity, while bacteroidetes is related with aerobic respira-

tion and the glucose cycle in the brain. New studies have shown

that glutamine is essential for sustaining gut health and func-

tion, avoiding an imbalance of neurotransmitters [ 27 ] and demon-

strating the associations between the microbiome in depression

through the proline degradation pathway converging into gluta-

mate/GABA metabolism [ 28 ]. 

Our results showed a reduction in the majority of the glyc-

erolipids [DG(20:4/20:2), DG(20:5:24:1), MG(14:0), TG(18:0/14:0/

18:0), and TG(18:1/18:1/18:1)], in sphingolipids (GlcCer(d18:1/

26:1) and in cholesterol when comparing Abx + Se vs. Abx. Lipids

have two main functions in the CNS. They are structural com-

ponents of the cell membrane and signaling molecules [ 29 ].

An impairment in the lipid content implies a deregulated lipid

metabolism, and this may result in numerous neurological disor-

ders [ 30 ]. Our results suggest that consumption of a Se-enriched
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Fig. 4. Spearman correlation heatmap between gut microbiota (including 25 most abundant genus) with (A) metabolites and (B) selenoproteins, and (C) between brain metabo- 

lites and selenoproteins for Abx + Se group. ( ∗) indicates a P value < .05. 

 

 

 

 

 

 

 

 

 

 

 

 

 

diet may protect against lipid accumulation in the brain caused

by Abx treatment. Cholesterol accounts for 10% of the lipids in

the brain, an imbalance in cholesterol metabolism is related to

neurological disorders [ 31 ]. On the other hand, the levels of the

fatty acids, palmitic acid, and stearic acid, were up-regulated,

and some studies suggests that a high content of these fatty

acids could be linked to AD [ 32 ] due to an induction of cognitive
decline [ 33 ] and neuronal cell apoptosis [ 34 ] that can accelerate

the disease. GlcCer are glycosphingolipids components of cell

plasma membrane, and intermediates in the synthesis of more

complex glycosphingolipids. The accumulation of GlcCer has been

observed in both patients and mice with neuropathic Gaucher

disease, which is caused by mutations in glucocerebrosidase

gene [ 35 ]. 
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Fig. 5. Associations of bacteria with brain metabolites and selenoproteins that also correlated with each other. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Regarding to lipids abundance in brain and behavior disor-

ders, it has been reported that disturbed glycerophospholipid

metabolism detected in depressive-like monkeys is associated with

increased relative abundance of bacteria from the Veillonellaceae

and Lachnospiraceae families, and decreased levels of Ruminococ-

caceae [ 36 ]. Similar results were found in mice model of depres-

sion where a higher relative abundance of bacteria belonging to

Prevotellaceae family was observed, as well as an upregulation in

the levels of glycerophospholipids and sphingolipids and a down-

regulation of glycerolipids [ 37 ]. 

The specific mechanism of how gut bacteria modulates the

brain biomolecules abundance cannot be inferred neither from our

study nor from actual literature. Also, the specific link between gut

microbiota composition, Se status and neurological diseases is diffi-

cult to establish due to the multiple mechanisms that are involved.

Concerning total Se in the brain, we found only small changes

among the studied groups. Our previous study [ 38 ] suggest that

after Se supplementation, Se is accumulated in the mouse body in
the following order: liver (34%) > kidney (24%) > testis (20%) > serum

(13%) > lung (5%) > brain (4%). Thus, when considering total body

mass, the brain is not the organ with the highest concentration of

Se. Some studies displayed that the brain and the testes compete

for Se utilization under Se-compromised conditions [ 39,40 ]. How-

ever, Se is essential for the brain because when Se is deficient in

the diet, the brain shows a high priority to conserve this element

indicating the importance of Se in the maintenance of physiologi-

cal function in the CNS [ 41 ]. 

Mice have 24 selenoprotein genes (the human Gpx6 is lacking

in the mouse). SELENOW, GPx4, SELENOP, SELENOF, and SELENOK

are most expressed [ 42 ]. Our results show that selenoprotein

mRNA levels were regulated poorly (in quantitative terms) by

Se availability and that the brain is highly reactive to alter its

selenotranscriptome under the different experimental conditions

used in this work. 

We found only small, though general changes in the expression

levels of most genes after Se supplementation, with the different
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ter an antibiotic treatment in mice causes alterations in bacterial 
selenogenes responding in different ways, as it has been demon-

strated [ 43,44 ]. One of the genes affected by Se was Sephs2 , which

codes for selenophosphate synthetase 2, an essential enzyme for

the synthesis of Sec-tRNA 

[Ser]Sec . The observed increase in Gpx

mRNA molecules correlates with the increased abundance of these

enzymes. The levels were also altered for thioredoxin-glutathione

reductase ( Trxr3 ), coding an antioxidase that contributes also to

cell proliferation and apoptosis [ 45 ] and SelenoR , which is mainly

responsible for repairing methionine-oxidized proteins [ 45 ]. Glob-

ally, these data confirm the antioxidant and protective role of Se

against oxidative stress in the brain, an organ especially prone to

being oxidized because of its unsaturated lipid enrichment, modest

antioxidant defense, or neurotransmitter auto-oxidation [ 46 ]. The

transcripts of other selenoproteins-coding genes were not directly

related to antioxidative functions, such as SelenoI (ethanolamine

phosphotransferase 1, EPT1), with an indispensable role in myeli-

nation and in the maintenance of phospholipid homeostasis in

humans [ 47 ] and SelenoT , regulates tyrosine hydrolase activity to

increase dopamine levels, thus maintaining the functionality of

dopaminergic neurons [ 48 ]. In addition, the levels of the transcript

encoding for deiodinases DIO2 and DIO3, which support thyroid

hormone metabolism, increased after Se-diet enrichment [ 49 ]. The

reduced abundance of SELENOW would deprive the brain of an

important antioxidant mechanism and possibly of a tau protein

aggregation inhibitor, which may affect tau pathology associated

with AD [ 45 ]. The response of the brain selenoproteome to dietary

Se has been previously studied in several animal models. Focus-

ing on rodents, recent studies revealed the effect of a SeMet diet

on selenoprotein expression in the different organs of mice, but

only SELENOS was altered in the brain [ 50 ]. Other authors reported

that the intravenous administration of Se in the form of Se (IV) or

SeMet, produces an increase of endogenous GPx in the brains of

mice [ 51 ]. A low-Se diet provokes a decrease in the expression lev-

els of Sbp1 and SelP [ 52 ] but not in the levels of MsrB1 and Txnrd2

of mice brain [ 53 ]. 

Gut microbiota plays an important role in human health [ 54 ],

and gut microbiota-derived metabolites, such as, short chain fatty

acids (SCFA), amino acids and vitamins, are crucial for maintaining

of the integrity of the blood-brain barrier (BBB) and brain func-

tions [ 55 ]. The interaction between gut microbiota and the CNS

is called “gut-brain-axis,” and, the effect and functions of the mi-

crobes, or the absence thereof, on the CNS and the underlying bi-

ological mechanisms have begun to be elucidated [ 56 ]. Numerous

studies show the impact of gut microbiota and its contribution to

the development or evolution of neurodegenerative diseases [ 55 ]. 

Our results showed the relevance of gut microbiota on brain

metabolites and on selenoprotein expression . We identified specific

microbial positive and negative associations with brain metabo-

lites and selenoproteins in the Abx + Se group. Most of the corre-

lated genera belong to the Lachnospiraceae and Ruminococcaceae

families. Alterations in these taxa have been previously associ-

ated with neurological impairments and/or disorders. Concerning

Ruminococcaceae members, the relative abundance of Ruminococ-

caceae_UCG014, which in our study are correlated with acetylcarni-

tine, proline, Selk, Dio2, and SelS among others, and experienced

an increase after Se-supplementation (Abx + Se group), were as-

sociated with stress parameters and ASD in children/adolescents

[ 57 ]. Similarly, in anhedonia susceptible rats, the composition of

Lachnospiraceae_UCG006 decreased and the abundance of Lach-

nospiraceae_UCG001, was influenced by the expression of circu-

lar RNA (circRNAs) in the brain from AD-like mice [ 58 ] and in

mice with traumatic brain injury [ 59 ]. Our results showed that

these genera are correlated with some glycerolipids, palmitic acid

and the selenoproteins SelK, Dio2, and SelS . A lower relative abun-

dance of Lachnoclostridium has also been observed in patients with
schizophrenia [ 60 ] and an increase in patients with autism spec-

trum disorder (ASD) [ 61 ]. Other members from Lachnospiraceae

family ( Lachnospiraceae_GCA90 0 066225, Lachnospiraceae_A2, Lach-

nospiraceae_GCA90 0 066575 and Lachnospiraceae_UCG0 04) revealed

changes in the abundance after Se supplementation [15] and as-

sociations with metabolites belonging to the class of glycerolipids,

glycerophospholipids, fatty acyls, and selenoproteins ( SelK, Dio2,

and SelS ). 

On the other side, a higher incidence of Erysipelatoclostrid-

ium has been reported in children with neurodevelopmental dis-

orders (NDD) [ 62 ], while the abundance of Lactobacillus was de-

creased or absent [ 62 ]. These genera correlated with the same

brain metabolites such as cholesterol, triglycerides, and the SelN.

Furthermore, the Lactobacillus genus is a potentially beneficial mi-

crobial group. Our results showed that Se supplementation could

restore the abundance levels of Lactobacillus after an antibiotic

treatment. However, the abundance of Erysipelatoclostridium was

not affected [15] . These mentioned taxa are known to have the ca-

pacity to produce SCFA which has been linked to neurological dis-

orders and playing a role in BBB integrity, modulating neurotrans-

mission, and controlling the levels of neurotrophic factors [ 63 ]. In-

deed, we previously reported [ 18 ] the mentioned SCFA-producers’

taxa being altered in the gut after Se supplementation with an im-

plication for plasma metabolome [ 64 ]. Thus, our results open the

door to a potential tool to impact the evolution of these disorders

through dietary consulting and Se supplementation management. 

Besides these well-known families, a decrease in the relative

abundance of Streptococcus , which is associated with the levels of

some glycerolipids and SelN , has been found in children with ASD

[ 65 ], NDD [ 62 ] and, also in post stroke disorders (PSD) in a rat

model [ 66 ]. Roseburia, is correlated with depressive symptoms in

patients with major depressive disorder [ 67 ] and with the body

mass index in patients with anorexia nervosa (AN) [ 68 ]. Our re-

sults showed associations of this genera with the brain metabo-

lites inosine, glutamine, and isocitric acid and, the selenoproteins

SelW, SelI , and Dio1 . In this sense, others have also demonstrated

the long-lasting effect of a high fat diet on gut microbiota and neu-

roinflammation or neurotransmission genes [ 50 ]. Also, shifts in mi-

crobial communities in the gut have been correlated to changes in

myelination-related gene expression [ 69 ]. 

Selenoprotein genes determined by gene expression analysis

also showed associations with gut microbiota composition ( Fig 4B )

and metabolites ( Fig 4C ). Interestingly, several metabolites, which

are associated with several selenoproteins are also associated

with the same bacteria with those selenoproteins, suggesting an

intertwined mechanism ( Fig 5 ). Most of them belong to the glyc-

erolipids class, such as, MG(14:0), MG(22:6), DG(20:4/20:2),

DG(20:5/24:1); TG(18:1/18:1/18:1), TG(18:0/14:0/18:0) and

TG(16:0/18:0/18:1), which presents associations mainly with Trxr3,

Dio3, SelenoK, SelenoS, and SelenoR among others. They showed

associations with the same genera including Anaerotruncus, En-

terohabdus, Erysipelatoclostridium, Lachnospiraceae_GCA90 0 066575,

Lachnospiraceae_NK4A136_group, Lachnospiraceae_UCG001, Lach-

nospiraceae_UCG006, Lactobacillus, Roseburia, and Streptococcus

( Fig. 5 ) . 

Although an understanding of the interactions of gut microbiota

and brain metabolites and selenoprotein expression is gaining in-

terest in recent years, further studies in humans are needed to

confirm the present results and to evaluate the effect of Se sup-

plementation in the context of a neurological disorders. 

5. Conclusions 

In conclusion, our results show that Se supplementation af-
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composition, brain metabolites and in the expression of seleno-

proteins relevant to cerebral function. The alterations in the brain

metabolomic profile occurs in amino acids and lipids, which are

essential for cell membrane and brain signaling. The selenoprotein

expression of Dios and Gpx isoenzymes, among others, were al-

tered after Se supplementation, and these are crucial for their work

against oxidative stress in the brain. The changes in gut microbiota

composition and their associations with brain metabolites and se-

lenoproteins contributes to an understanding of the gut-brain axis

and the potential of Se supplementation in this interaction. Fi-

nally, our results suggest there are changes in the expression pro-

files as well as in the associations with gut microbiota and brain

metabolites. 
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[31] Varma VR, Büş ra Lüleci H, Oommen AM, Varma S, Blackshear CT, Griswold ME,

et al. Abnormal brain cholesterol homeostasis in Alzheimer’s disease—a tar-

geted metabolomic and transcriptomic study. NPJ Aging Mechanisms Dis
2021;7:11. doi: 10.1038/s41514- 021- 0 0 064-9 . 

[32] Patil S, Chan C. Palmitic and stearic fatty acids induce Alzheimer-like hy-
perphosphorylation of tau in primary rat cortical neurons. Neurosci Lett

2005;384:288–93. doi: 10.1016/j.neulet.2005.05.003 . 
[33] Morrison CD, Pistell PJ, Ingram DK, Johnson WD, Liu Y, Fernandez-Kim SO,

et al. High fat diet increases hippocampal oxidative stress and cognitive im-

pairment in aged mice: implications for decreased Nrf2 signaling. J Neurochem
2010;114:1581–9. doi: 10.1111/j.1471-4159.2010.06865.x . 

[34] Mayer CM, Belsham DD. Palmitate attenuates insulin signaling and in-
duces endoplasmic reticulum stress and apoptosis in hypothalamic neurons:

Rescue of resistance and apoptosis through adenosine 5 ′ monophosphate-
activated protein kinase activation. Endocrinology 2010;151:576–85. doi: 10.

1210/en.2009-1122 . 

[35] Farfel-Becker T, Vitner EB, Kelly SL, Bame JR, Duan J, Shinder V, et al. Neuronal
accumulation of glucosylceramide in a mouse model of neuronopathic gaucher

disease leads to neurodegeneration. Human Mol Genetics 2014;23:843–54.
doi: 10.1093/hmg/ddt468 . 

[36] Zheng P, Wu J, Zhang H, Perry SW, Yin B, Tan X, et al. The gut micro-
biome modulates gut–brain axis glycerophospholipid metabolism in a region-

specific manner in a nonhuman primate model of depression. Mol Psychiatry

2021;26:2380–92. doi: 10.1038/s41380- 020- 0744- 2 . 
[37] Gong X, Huang C, Yang X, Chen J, Pu J, He Y, et al. Altered fecal metabo-

lites and colonic glycerophospholipids were associated with abnormal compo-
sition of gut microbiota in a depression model of mice. Front Neurosci 2021;15.

doi: 10.3389/fnins.2021.701355 . 
[38] Rodríguez-Moro G, Roldán FN, Baya-Arenas R, Arias-Borrego A, Callejón-

Leblic B, Gómez-Ariza JL, et al. Metabolic impairments, metal traffic, and

dyshomeostasis caused by the antagonistic interaction of cadmium and sele-
nium using organic and inorganic mass spectrometry. Environ Sci Pollut Res

Int 2020;27:1762–75. doi: 10.1007/s11356- 019- 06573- 1 . 
[39] Lv D, Xiong X, Yang H, Wang M, Liu Y, Yin Y. Effect of dietary different

energy sources on the growth performance, amino acid profile, blood pro-
file, intestinal morphology and digestive enzyme in weaned piglets. FASEB J

2018;32:812.4. doi: 10.1096/fasebj.2018.32.1 _ supplement.812.4 . 
[40] Pitts MW, Kremer PM, Hashimoto AC, Torres DJ, Byrns CN, Williams CS, et al.

Competition between the brain and testes under selenium-compromised con-

ditions: insight into sex differences in selenium metabolism and risk of neu-
rodevelopmental disease. J Neurosci 2015;35:15326. doi: 10.1523/JNEUROSCI.

2724-15.2015 . 
[41] Steinbrenner H, Sies H. Selenium homeostasis and antioxidant selenopro-

teins in brain: implications for disorders in the central nervous system. Arch
Biochem Biophysics 2013;536:152–7. doi: 10.1016/j.abb.2013.02.021 . 

[42] KG V, Sergi C, NS V, LA V, Omid Z, Roderic G, et al. Characterization of mam-

malian selenoproteomes. Science 20 03;30 0:1439–43 1979. doi: 10.1126/science.
1083516 . 

[43] Touat-Hamici Z, Legrain Y, Bulteau A-L, Chavatte L. Selective up-regulation
of human selenoproteins in response to oxidative stress ∗ . J Biol Chem

2014;289:14750–61. doi: 10.1074/jbc.M114.551994 . 
[44] Lammi MJ, Qu C. Selenium-related transcriptional regulation of gene expres-

sion. Int J Mol Sci 2018;19:2665. doi: 10.3390/ijms19092665 . 

[45] Zhang ZH, Song GL. Roles of selenoproteins in brain function and the
potential mechanism of selenium in Alzheimer’s disease. Front Neurosci

2021;15:646518. doi: 10.3389/fnins.2021.646518 . 
[46] Cobley JN, Fiorello ML, Bailey DM. 13 reasons why the brain is susceptible to

oxidative stress. Redox Biol 2018;15:490–503. doi: 10.1016/j.redox.2018.01.008 . 
[47] Horibata Y, Elpeleg O, Eran A, Hirabayashi Y, Savitzki D, Tal G, et al. EPT1 (se-

lenoprotein I) is critical for the neural development and maintenance of plas-

malogen in humans [S]. J Lipid Res 2018;59:1015–26. doi: 10.1194/jlr.P081620 . 
[48] Boukhzar L, Hamieh A, Cartier D, Tanguy Y, Alsharif I, Castex M, et al. Seleno-

protein T exerts an essential oxidoreductase activity that protects dopamin-
ergic neurons in mouse models of Parkinson’s disease. Antioxid Redox Signal

2016;24:557–74. doi: 10.1089/ars.2015.6478 . 
[49] Ma P, Hu Z, Li L, Li D, Tang R. Dietary selenium promotes the growth perfor-
mance through growth hormone–insulin-like growth factor and hypothalamic–

pituitary–thyroid axes in grass carp (Ctenopharyngodon idella). Fish Physiol
Biochem 2021;47:1313–27. doi: 10.1007/s10695- 021- 00974- 1 . 

[50] Akahoshi N, Anan Y, Hashimoto Y, Tokoro N, Mizuno R, Hayashi S, et al. Di-
etary selenium deficiency or selenomethionine excess drastically alters organ

selenium contents without altering the expression of most selenoproteins in

mice. J Nutr Biochem 2019;69:120–9. doi: 10.1016/j.jnutbio.2019.03.020 . 
[51] Abiko T, Kobayashi K, Matsukawa T, Shinohara A, Furuta N. Effects of selenium

deficiency on proteins containing essential trace elements (Fe, Cu, Zn, Mn, Se)
in mouse brain. Bunseki Kagaku 2016;65:371–8. doi: 10.2116/bunsekikagaku.65.

371 . 
[52] Sun M-N, Zhao H-D, Zhang Y-T, Li H. Influence of low-selenium diet on expres-

sion of selenium-binding protein 1 and selenoprotein P in mouse liver, kidney

and brain tissues. Chinese J Endemiol 2013;32:636–8. doi: 10.3760/cma.j.issn.
2095-4255.2013.06.015 . 

[53] Yim SH, Clish CB, Gladyshev VN. Selenium deficiency is associated with pro-
longevity mechanisms. Cell Rep 2019;27:2785–2797.e3. doi: 10.1016/j.celrep.

2019.05.001 . 
[54] Fan Y, Pedersen O. Gut microbiota in human metabolic health and disease.

Nature Rev Microbiol 2021;19:55–71. doi: 10.1038/s41579- 020- 0433- 9 . 

[55] Parker A, Fonseca S, Carding SR. Gut microbes and metabolites as modulators
of blood-brain barrier integrity and brain health. Gut Microbes 2020;11:135–

57. doi: 10.1080/19490976.2019.1638722 . 
[56] Carabotti M, Scirocco A, Antonietta Maselli M, Severi C. The gut-brain axis:

interactions between enteric microbiota, central and enteric nervous systems.
Ann Gastroenterol 2015;28:203–9 . 

[57] Michels N, van de Wiele T, Fouhy F, O’Mahony S, Clarke G, Keane J. Gut mi-

crobiome patterns depending on children’s psychosocial stress: reports versus
biomarkers. Brain, Behav Immunity 2019;80:751–62. doi: 10.1016/j.bbi.2019.05.

024 . 
[58] Diling C, Longkai Q, Yinrui G, Yadi L, Xiaocui T, Xiangxiang Z, et al. CircNF1-419

improves the gut microbiome structure and function in AD-like mice. Aging
2020;12:260–87. doi: 10.18632/aging.102614 . 

[59] Wang S, Zhu K, Hou X, Hou L. The association of traumatic brain in-

jury, gut microbiota and the corresponding metabolites in mice. Brain Res
2021;1762:147450. doi: 10.1016/j.brainres.2021.147450 . 

[60] Zhu F, Ju Y, Wang W, Wang Q, Guo R, Ma Q, et al. Metagenome-wide
association of gut microbiome features for schizophrenia. Nature Commun

2020;11:1612. doi: 10.1038/s41467- 020- 15457- 9 . 
[61] Ding X, Xu Y, Zhang X, Zhang L, Duan G, Song C, et al. Gut microbiota changes

in patients with autism spectrum disorders. J Psychiatric Res 2020;129:149–59.

doi: 10.1016/j.jpsychires.2020.06.032 . 
[62] Bojovi ́c K, ica Ignjatovi ́c Ð, Sokovi ́c Baji ́c S, Vojnovi ́c Milutinovi ́c D, Tomi ́c M,

Goli ́c N, et al. Gut microbiota dysbiosis associated with altered production of
short chain fatty acids in children with neurodevelopmental disorders. Front

Cell Infect Microbiol 2020;10:223 . 
[63] Silva YP, Bernardi A, Frozza RL. The role of short-chain fatty acids from gut

microbiota in gut-brain communication. Front Endocrinol 2020;11:25 . 
[64] Müller B, Rasmusson AJ, Just D, Jayarathna S, Moazzami A, Novicic ZK, et al.

Fecal short-chain fatty acid ratios as related to gastrointestinal and depressive

symptoms in young adults. Psychosom Med 2021;83:693–9. doi: 10.1097/PSY.
0 0 0 0 0 0 0 0 0 0 0 0 0965 . 

[65] Ye F, Gao X, Wang Z, Cao S, Liang G, He D, et al. Comparison of gut micro-
biota in autism spectrum disorders and neurotypical boys in China: a case-

control study. Synth Systems Biotechnol 2021;6:120–6. doi: 10.1016/j.synbio.
2021.03.003 . 

[66] Jiang W, Gong L, Liu F, Ren Y, Mu J. Alteration of gut microbiome and cor-

related lipid metabolism in post-stroke depression. Front Cell Infect Microbiol
2021;11. doi: 10.3389/fcimb.2021.663967 . 

[67] Ye X, Wang D, Zhu H, Wang D, Li J, Tang Y, et al. Gut microbiota changes in
patients with major depressive disorder treated with vortioxetine. Front Psy-

chiatry 2021;12:664 . 
[68] di Lodovico L, Mondot S, Doré J, Mack I, Hanachi M, Gorwood P. Anorexia

nervosa and gut microbiota: A systematic review and quantitative synthesis

of pooled microbiological data. Prog Neuro-Psychopharmacol Biol Psychiatry
2021;106:110114. doi: 10.1016/j.pnpbp.2020.110114 . 

[69] Fülling C, Lach G, Bastiaanssen TFS, Fouhy F, O’Donovan AN, Ventura-Silva A-
P, et al. Adolescent dietary manipulations differentially affect gut microbiota

composition and amygdala neuroimmune gene expression in male mice in
adulthood. Brain, Behav Immunity 2020;87:666–78. doi: 10.1016/j.bbi.2020.02.

013 . 

https://doi.org/10.1016/j.fshw.2021.02.003
https://doi.org/10.1186/s12944-019-0965-z
https://doi.org/10.1016/j.yclnex.2018.05.001
https://doi.org/10.1038/s41514-021-00064-9
https://doi.org/10.1016/j.neulet.2005.05.003
https://doi.org/10.1111/j.1471-4159.2010.06865.x
https://doi.org/10.1210/en.2009-1122
https://doi.org/10.1093/hmg/ddt468
https://doi.org/10.1038/s41380-020-0744-2
https://doi.org/10.3389/fnins.2021.701355
https://doi.org/10.1007/s11356-019-06573-1
https://doi.org/10.1096/fasebj.2018.32.1_supplement.812.4
https://doi.org/10.1523/JNEUROSCI.2724-15.2015
https://doi.org/10.1016/j.abb.2013.02.021
https://doi.org/10.1126/science.1083516
https://doi.org/10.1074/jbc.M114.551994
https://doi.org/10.3390/ijms19092665
https://doi.org/10.3389/fnins.2021.646518
https://doi.org/10.1016/j.redox.2018.01.008
https://doi.org/10.1194/jlr.P081620
https://doi.org/10.1089/ars.2015.6478
https://doi.org/10.1007/s10695-021-00974-1
https://doi.org/10.1016/j.jnutbio.2019.03.020
https://doi.org/10.2116/bunsekikagaku.65.371
https://doi.org/10.3760/cma.j.issn.2095-4255.2013.06.015
https://doi.org/10.1016/j.celrep.2019.05.001
https://doi.org/10.1038/s41579-020-0433-9
https://doi.org/10.1080/19490976.2019.1638722
http://refhub.elsevier.com/S0955-2863(23)00056-6/sbref0057
https://doi.org/10.1016/j.bbi.2019.05.024
https://doi.org/10.18632/aging.102614
https://doi.org/10.1016/j.brainres.2021.147450
https://doi.org/10.1038/s41467-020-15457-9
https://doi.org/10.1016/j.jpsychires.2020.06.032
http://refhub.elsevier.com/S0955-2863(23)00056-6/sbref0063
http://refhub.elsevier.com/S0955-2863(23)00056-6/sbref0064
https://doi.org/10.1097/PSY.0000000000000965
https://doi.org/10.1016/j.synbio.2021.03.003
https://doi.org/10.3389/fcimb.2021.663967
http://refhub.elsevier.com/S0955-2863(23)00056-6/sbref0068
https://doi.org/10.1016/j.pnpbp.2020.110114
https://doi.org/10.1016/j.bbi.2020.02.013

	The role of selenium in shaping mice brain metabolome and selenoproteome through the gut-brain axis by combining metabolomics, metallomics, gene expression, and amplicon sequencing
	1 Introduction
	2 Methods
	2.1 Animals
	2.1.2 Ethics statement

	2.2 Untargeted metabolomic analysis
	2.3 Transcriptomic/gene expression approach using targeted RT-PCR for brain selenoproteins
	2.4 Total Se content in brain tissue
	2.5 Gut microbiota profile
	2.6 Statistical analysis

	3 Results
	3.1 Untargeted metabolomics of brain tissue
	3.2 Transcriptional analysis of selenoproteins encoding genes in mouse brain
	3.3 Total Se content in brain tissue
	3.4 Gut microbiota profile
	3.5 Associations of gut microbiota with brain metabolites and selenoproteins

	4 Discussion
	5 Conclusions
	Declaration of competing interests
	Funding
	Supplementary materials
	CRediT authorship contribution statement
	References


