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Abstract
Diclofenac (DCF) exposure is of great concern due to the ecotoxicological risk linked with a decline of vulture populations 
in Southeast Asia, but also because it can affect the reproduction and neurotoxicity in mammals. Otherwise, selenium (Se) 
is an antioxidant essential element with key roles in health and with antagonistic action against pollutants, but in some cases 
with a synergistic effect. To investigate the potential intertwined mechanisms between DCF, Se, and gut microbiota, gut 
metabolomic and gut microbiota profiles were determined in mice after DCF exposure and Se supplementation. Speciation 
of selenoproteins in plasma was carried out by isotopic dilution analysis to quantify the levels of selenoproteins. Significant 
differences in the levels of 79% of the gut metabolites were determined after DCF exposure. The most significant altered 
pathway in DCF and DCF-Se groups is the primary bile biosynthesis, being the only pathway altered in mice exposed to 
DCF, while in DCF-Se, the metabolism of galactose and linoleic acid is also altered. Moreover, specific associations between 
specific gut microbiota and metabolites were determined in the studied mice groups suggesting intertwined mechanisms. 
Selenium supplementation modulated the gut metabolic and microbiota profiles affected by DCF.
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Introduction

The ecological risk related to the presence of pharmaceuti-
cally active compounds (PACs) in the environment is of 
growing interest due to their impact on ecosystems and 
the neurotoxic effects observed in mammals and aquatic 
organisms derived from exposure to PACs such as DCF 
and its metabolites (Aygün et al. 2012). DCF is a non-
steroidal anti-inflammatory drug (NSAID) used to treat 
injured cattle that caused near the extinction of vultures 
(decline of 99%) on the Asian subcontinent due to its pres-
ence in food (Oaks et al. 2004). In Europe, the veterinary 
use of DCF is greatly restricted, but currently allowed by 
both the European Union and the national governments 
of Spain and Italy. Moreover, the use of DCF in humans 
could pollute the surface water that finally reach and over-
load the treatment plants constituting a risk for drinking 
water consumption (Lonappan et al. 2016). Nowadays, 
the doses of NSAIDs consumed by humans for thera-
peutic purpose are considered safe and no visible effects 
on human health yet, but recently there is growing con-
cern about future problems related to chronic sources of 
exposure, as its presence in edible plants (Klampfl 2019). 
Among the future effects of NSAIDs, including DCF, on 
human health are hepatotoxicity, genotoxicity, DNA dam-
age, stomach ulcers, respiratory problems, chronic depres-
sion, or congenital problems (Rastogi et al. 2021).

Accumulated evidence suggests also a critical role of 
gut microbiota in the biotransformation and bioavailabil-
ity of xenobiotics such as PACs including DCF (Ahla-
wat et al. 2021). Interestingly, there are previous studies 
that demonstrated a protective effect of selenium (Se) on 
DCF-induced reproductive toxicity in mammals (Owumi 
et al. 2020). Selenium is an essential trace element well-
known for its antagonistic action against other pollutants 
(García-Barrera et al. 2012) that can also impact on the 
gut microbiota increasing some health-relevant taxa (e.g., 
Lactobacillus) (Callejón-Leblic et al. 2021), gut metabo-
lites (Callejón-Leblic et al. 2022), and brain metabolites.

The importance of the gut-brain crosstalk through the 
known gut-brain axis has been widely reported (Morais 
et al. 2021) as well as the neurotoxic damage of DCF 
(Sathishkumar et al. 2021) and the impact of DCF expo-
sure on gut microbiota (Zádori et al. 2023). However, the 
impact on the gut metabolome and the potential associa-
tion with gut microbes have not been deeply studied, espe-
cially in Se-supplemented mammals.

In this work, we described the impact of DCF exposure 
and Se supplementation in the plasma selenoproteome, gut 
microbiota, and gut metabolites as well as the association 
of metabolites with specific microbial traits in order to 
ascertain the host-microbe interactions.

Experimental section

Experimental design with animals and dosage 
information

A total of 30 Mus musculus male (inbred BALB/c) mice of 
8 weeks of age (23–25 g) were obtained from Charles River 
Laboratories and acclimated for 3 days with free access to 
food and water at room temperature and a cycle of 12 h light/
dark. After the acclimatation period, mice were randomly 
divided into three groups (ten mice per group): (a) control 
group (C), (b) diclofenac diet (DCF), with a dose of 20 mg/
kg of chow, and (c) diet that combines the doses of sodium 
selenite (with a dose of 0.65 mg/kg of chow) and diclofenac 
(at the same doses that group DCF). The sodium selenite 
dose was three times the usual selenium ratio in a diet for 
rodents, considered non-toxic under our experimental con-
ditions and accords to previous studies (Amato et al. 2020; 
Zarrinpar et al. 2018).

The DCF dose was selected based on environmentally 
relevant concentrations, considering DCF’s potential for bio-
accumulation and biomagnification along the trophic chain 
(Peters et al. 2022). Additionally, we took into account typi-
cal doses employed in murine experiments reported in the 
literature (e.g., Mayorek et al. (2010); Selvaraj et al. (2023); 
Thai et al. (2023)), as well as theLD50 for DCF established 
at 95–130 mg /kg per day (Gomaa 2018; He et al. 2019). We 
preferred a continuous exposure instead of an acute one to 
simulate conditions of accidental exposure to DCF present 
in the environment. In order to simulate the conditions of 
accidental and prolonged exposure to DCF present in the 
water, we opted for a continuous exposure rather than an 
acute one. After 14 days of continuous DCF exposure, the 
mice were exsanguinated by cardiac puncture and dissected 
using a ceramic scalpel. The large intestine contents from 
cecum and colon were collected from each mouse and stored 
at − 80 °C until the analysis.

Speciation of selenoproteins in mice plasma

Sample preparation

Plasma samples were filtered using PVDF (polyvi-
nylidene difluoride) filters of 20 mm diameter and 0.45 µm 
of pore size in order to avoid overloading the columns 
chromatographic.

SEC‑AF‑SUID‑ICP‑QQQ‑MS experimental conditions

Quantification of selenoproteins in plasma from mice Mus 
musculus was carried out by high perform liquid chroma-
tography (HPLC) coupled to an inductively coupled plasma 
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mass spectrometer (ICP-MS) following the previous meth-
odology described by other authors (Callejón-Leblic et al. 
2021). See supporting information for more details.

Untargeted gut metabolomic analysis combining 
GC–MS and UPLC‑QTOF‑MS

Sample treatment

Firstly, gut contents (cecum and colon) were lyophilized 
and after homogenization with a vortex. To this end, 10 mg 
of dried sample was taken and dissolved with 300 µL of a 
cold mixture containing 80:20 (v/v) methanol (MeOH) and 
methyl tert-butyl ether (MTBE) for metabolites extraction. 
The mixture was homogenized for 30 min with a cell disrup-
tion pellet mixer and then centrifuged at 12,825 g for 10 min 
at 4 °C. An aliquot of 50 µL of the supernatant was taken for 
GC–MS analysis and 200 µL for UPLC-QTOF-MS analysis 
in two ionization modes, positive and negative. Both extracts 
were dried using a SpeedVac system.

For GC–MS analysis, samples were derivatized in two 
steps with derivatizing reagents (Rey-Stolle et al. 2022). 
First, dried extracts were added 50 µL of 15 mg/mL meth-
oxyamine in piridine to methoximation process. The vials 
were then closed and vortexed for 15 min. Subsequently, the 
samples were covered with aluminum foil and incubated at 
room temperature and in darkness condition for 16 h. As 
a second step, a silylation process was carried out by add-
ing 50 µL of N-methyl-N-(trimethylsilyl)trifluoroacetamide 
(MSTFA). The resulting mixture was vortexed and incubated 
at 70 °C for 1 h. Finally, the supernatant was picked up for 
further analysis.

For UPLC-MS, the resulting dried extracts were redis-
solved in 50 µL of MeOH:MTBE 80:20 (v/v) and transferred 
to vials for the analysis.

In addition, to check the stability of the analytical sig-
nal, five quality control (QC) samples were analyzed during 
the whole process. QCs were prepared by adding the same 
amount of all the samples studied and were treated with the 
same procedure described above.

GC–MS experimental conditions

The experimental parameters for metabolomics using 
GC–MS are described in the Supporting information.

UPLC‑QTOF‑MS conditions

In order to increase the metabolite coverage, GC–MS was 
combined with UHPLC-QTOF-MS. The experimental 
parameters for metabolomics using UHPLC-QTOF-MS are 
described in the Supporting information.

Data processing

Data processing after GC–MS analysis was carried out 
with the free access XCMS software on the R platform. 
Firstly, the files were converted into CDF format and then, 
they were processed following the methodology described 
by Katajamaa and Oresic (2007) using XCMS-optimized 
parameters, to extract the maximum possible information, 
such as filtering, feature detection peak alignment, and data 
normalization.

After UPLC-QTOF-MS analysis, raw data processing 
was performed with the Mass Profinder® software version 
B.10.00 (Agilent Technologies, Waldbronn, Germany). This 
program consists of different Molecular Feature Extraction 
(MFE) algorithms, which are used to perform the neces-
sary processing steps, including peak selection, cleaning the 
background, and alignment of peak. Once all the informa-
tion is obtained, the data is transferred to Mass Profiler® 
Professional (MPP) B.8.00 to carry out an univariate and 
multivariate analysis.

Statistical analysis

Data obtained by both analysis techniques were subjected 
to univariate and multivariate analysis to determine if the 
studied groups are statistically different and to identify the 
gut metabolites altered after exposure to DCF and supple-
mentation with Se.

For GC–MS data, the SIMCA-P software (version 11.5, 
UMetrics, Umea, Sweden) was used, while data obtained by 
UPLC-QTOF-MS were statistically analyzed by the software 
Mass Profiler Professional (MPP) from Agilent Technolo-
gies. In both cases, multivariate analyses were developed to 
compare the gut metabolomic profiles and to determine the 
variables (metabolites), with VIP > 1 considered significant 
for each comparison. The quality of the models was evalu-
ated with the parameters shown in Table S1. Later, after 
annotation of metabolites, univariate analysis was carried 
out, including ANOVA followed by post hoc Tukey test and 
Benjamini–Hochberg correction at level α = 0.05.

Moreover, R Software Package was used to determine 
Spearman’s correlations at the level of statistical significance 
p < 0.05, between the abundance of microbiota at genus level 
and gut metabolites.

Annotation of metabolites

To identify the compounds after GC–MS analysis, only 
those metabolites that had a matching mass spectrum of 
more than 80% with the commercial library NIST Mass 
Spectral Library were selected and the Kovat retention index 
(RI) of these compounds, which were calculated using a 
C10-C40alkane mix (Sigma Aldrich, Germany). Moreover, 
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Table S2 shows the target ion and at least two identifier ions 
from each metabolite mass spectrum (Table S2).

After UPLC-QTOF-MS analysis, METLIN database pro-
vided by the software Agilent Qualitative Analysis Work-
flow MassHunter B.08.00 was used for the annotation of 
compounds considering a score higher than 90% and then, 
LC–MS/MS experiments with the same chromatographic 
conditions was used to confirm the annotation of some 
compounds.

In this study, the identified metabolites agreed as level 2 
according to MSI (Metabolomics Standards Initiative).

Microbiota profiling by targeted 16S 
rRNA gene amplicon–based sequencing

Total DNA was extracted using an automated assisted 
method based on magnetic beads (Maxwell® RSC Instru-
ment coupled with Maxwell RSC Pure Food GMO and 
authentication kit, Promega, Spain) following the manufac-
turer’s instructions and DNA purification (Macherey–Nagel, 
Duren, Germany) as described previously (Callejón-Leblic 
et al. 2021). Targeted V3-V4 amplicon library was sequenced 
on Illumina paired-end platform on a NovaSeq-PE250 Illu-
mina platform (Novogene Bioinformatics Technology Co., 
Ltd). Controls during DNA extraction and PCR amplifica-
tion were also included and sequenced.

Raw reads were processed (detailed in Expanded Supple-
mentary Material) using QIIME2 (v. 2018.11) standard 16S 
workflow (Bolyen et al. 2019). Sequences were denoised 
with DADA2 (Callahan et al. 2016) with default parameters 
(tutorial 1.8) and Amplicon Sequence Variants (ASVs) were 
annotated with RDP database (Martin and Rybicki 2000).

Results

In our research, an analytical platform based on the com-
plementary use of GC–MS and LC–MS ( ±) has been used 
to determine the metabolic changes induced in the gut 
metabolome of Mus musculus mice (inbred BALB/c) after 
DCF exposure and Se supplementation. The combination 
of both techniques allows to obtain a greater metabolic 
coverage. This is the first study about the single and joint 
effects of DCF exposure and Se supplementation on the gut 
metabolome.

Survival

A bar chart showing the percentage of survival was carried 
out to evaluate the survival data in the different exposure 
groups throughout the experience (Fig. 1). Exposure to DCF 
triggered the lethality of about 40% of mice at the end of 
the exposure experience and in Fig. 1 we can see how the 

percentage of survival decreases as the days progress (15% 
at 20 days and 30% at 22 days) versus control group. The 
t-Student analysis indicated that mice exposed to DCF had 
a “not quite significative” lethal data (p = 0.0773) versus the 
control group. In contrast, when mice are exposed to DCF 
and Se jointly, the lethality percentage was reduced to 30% 
approximately, not showing significant differences with the 
control group.

Speciation of selenoproteins in mice plasma

The selenoproteins quantified in this study were glutathione 
peroxidase (GPx), selenoproteins P (SELENOP), and 
selenoalbumin (SeAlb) as well as total selenometabolites 
(Table 1). A one-way ANOVA followed by the Tukey test 
was carried out to determine the statistical significance dif-
ferences between three studied groups. Figure S1 shows the 
response (increase or decrease) of only those significant 
comparisons (p < 0.05) of the concentration of selenopro-
teins and selenometabolites in the studied groups. In this 
figure, a comparison with an additional group (mice sup-
plemented with Se (C-Se)) with the results obtained in our 
previous study has been included (Callejón-Leblic et al. 
2021) (shaded area in Fig. S1).

As can be seen in Table 1, the group exposed to DCF 
and supplemented with Se is the one that shows a higher 

Fig. 1   Bar chart showing the percentage of survival after DCF expo-
sure and Se supplementation

Table 1   Average concentration of selenium (ng of Se per g of 
plasma) in selenoproteins plasma mice. LOD: detection limit of sele-
nometabolites 0.5 ng Se g−1

Control DCF DCF-Se

GPx 12.34 ± 1.46 15.56 ± 1.01 16.36 ± 2.43
Selenometabolites 4.41 ± 0.52 0.62 ± 0.34 1.59 ± 0.21
SELENOP 142.58 ± 16.13 192.41 ± 14.22 208.02 ± 14.39
SeAlb 4.33 ± 0.42 2.86 ± 0.01 4.79 ± 0.87
Total Se 163.66 ± 18.51 211.45 ± 15.24 230.76 ± 17.83
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concentration of total Se. Moreover, in all groups, the dis-
tribution of Se follows the order: SELENOP > GPx > Sele-
nometabolites ~ SeAlb. Our previous study showed a signifi-
cant increase in the concentration of GPx, and SeAlb in the 
plasma of Se-supplemented mice in comparison with the 
control group. Exposure to DCF only showed significant 
changes in the concentration of selenometabolites and Se 
supplementation partially restored the change in selenom-
etabolites caused by DCF exposure to control levels.

Untargeted metabolomics

A total of 53 gut metabolites were significantly different in 
abundance by comparing both groups exposed to DCF, fed 
rodent diet and Se-supplemented diet, vs the control group, 
combining both analytical techniques, GC–MS (6 metabo-
lites) and UPLC-QTOF ( ±)-MS (48 metabolites). A heat-
map summarizing the significant up- and down-regulation 
of metabolites in gut samples is shown in Fig. 2 and they 
are listed in Table S3 along their p-values and fold changes. 
These metabolites belong to eighteen different families, 
where we found 42 altered metabolites in mice exposed to 
DCF vs control and 38 altered metabolites in mice exposed 
to DCF and supplemented with Se vs control. The highest 
number of metabolites belongs to the family of fatty acyls 
(11 metabolites in DCF group vs control and 10 metabolites 
in DCF-Se group vs control). In both exposure groups, with 
and without Se supplementation, the most altered classes 
of compounds are the fatty acyls, showing decreased levels 
when compared to the control group, including stearic acid 
(0.38-fold change in DCF group), dodecanedioic acid (0.40-
fold change in DCF group and 0.59-fold change in DCF-
Se group), trans-9, trans-11-octadecadienoic acid (0.05- 
fold change in DCF group), 16-Oxo-palmitate (0.38- fold 
change in DCF and DCF-Se groups), 3-oxo-tetradecanoic 
acid (0.62-fold change in DCF group), butyl butyryllac-
tate (0.59-fold change in DCF group and 0.36-fold change 
in DCF-Se group), and suberic acid (0.78-fold change in 
DCF group). When the mice are exposed only to DCF, a 
general tendency can be observed related with an incense-
ment of some metabolites belonging to the family of steroids 
and derived steroids, such as sitosterol (1.21-fold change), 
campesterol (1.54-fold change), cholic acid (4.98-fold 
change), (3beta,5alpha,24S)-Stigmata-7,25-dien-3-ol (2.01-
fold change), and 3-epi-6-deoxocathasterone (1.60-fold 
change). These metabolites show lower abundance (lower 
fold change) or even restored (non-significant change) when 
mice are exposed to DCF together with Se.

Previously, the multivariate statistical analysis (PCA) 
showed a good clustering of quality control samples 
(QCs), demonstrating a good analytical signal for all ana-
lytical platforms used in this study (Fig. S2). On the other 
hand, 3D-PLS-DA showed good group clustering and 

classification in GC–MS and UPLC-QTOF ( ±)-MS metabo-
lomic platform (Fig. S3), so Mus musculus mice suffer gut 
metabolic disturbances promoted by DCF exposure and Se 
supplementation. So, significant differences were found 
in pairwise comparisons between DCF or DCF-Se vs C 
(Fig. S4) and this separation between groups indicates that 
the variables used (m/z of the mass spectra obtained) are 
capable of discriminating the samples of intestinal content 
of the mice depending on the treatment received and the next 
step was to identify the metabolites.

After the analysis, there are gut metabolites that increase 
considerably their abundance after DCF exposure (Fig. 2), 
including monomenthyl succinate, topotecan, cholic acid, 
3-epi-6-deoxocathasterone, and sitosterol; but their abun-
dance decreases after Se supplementation, being partially 
restored to the levels of the control group. Otherwise, there 
is a band of metabolites that decreased in the gut content 
after DCF exposure that increased after Se supplementation 
to levels closer to those found in the control group, namely 
3-oxo-tetradecanoic acid, suberic acid, trans-9, trans-11-oc-
tadecanoic acid, and stearic acid.

The highest number of altered metabolites in the gut 
metabolome of Mus musculus mice was found after DCF 
exposure and Fig. S5 shows the number of common and 
different altered metabolites after DCF exposure and DCF 
plus Se vs control group. Table S4 summarizes the list of 
metabolites.

These metabolites belonged to sixteen different categories 
in both groups of exposure, although the proportions of each 
family are different in the exposure groups (Fig. S6). In both 
exposure groups, the largest number of metabolites belongs 
to the family of fatty acyls (26%), followed by steroids and 
derivatives, being 21% in mice exposed to DCF and 16% in 
mice exposed to DCF and supplemented with Se. In addi-
tion, in both groups we can observe other families such as 
prenol lipids, glycerophospholipids, glycerolipids, and orga-
nooxygen compounds among others.

Pathway analysis obtained by the metaboanalyst web tool 
(Fig. 3) was used to identify the altered metabolic pathways 
after DCF exposure and Se supplementation.

As can be seen, the most significant altered pathway in 
both groups is the primary bile biosynthesis, being the only 
pathway altered in mice exposed to DCF, while in mice 
exposed to DCF and supplemented with Se, the metabolism 
of galactose and linoleic acid is also altered. Table S5 sum-
marizes p-values and pathway impact scores for the most 
significant pathways.

Microbiota profiling and associations with specific 
metabolites

Our research shows alterations in the gut microbiota com-
position and diversity in mice exposed to DCF and mice 
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Fig. 2   Heatmap showing the 
mean abundance of each group 
of significantly identified 
metabolites after DCF exposure 
and both, DCF exposure and Se 
supplementation in mice
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exposed to DCF fed Se-supplemented diet vs the control 
group (Fig. 4). Differences in Firmicutes (p-value = 0.032, 
FDR p-value > 0.05), Bacteroidetes (p-value = 0.015, FDR 
p-value = 0.07), and Verrucomicrobiota (p-value = 0.018, 
FDR p-value = 0.08) were observed between groups. Sig-
nificant differences were also observed in microbial richness 
and diversity between DCF and DCF-Se fed mice groups 
(Fig. 4, panel A), being an increase on microbial diversity 
and richness in DFC diet compared to DFC + Se diet. How-
ever, we did not observe significant differences in beta-
diversity (PERMANOVA R2 = 0. 128 and p-value = 0.754) 
using Bray Curtis distance between groups (Fig. 4, panel B), 
although we observed a trend in the beta-diversity paired 
comparison between DCF and DFC-Se (PERMANOVA 
R2 = 0.111 and p-value = 0.063).

A redundancy discriminant analysis (RDA) showed that 
DFC-Se diet group was associated positively to E. coli/Shi-
gella, Faecalibaculum, and Prevotella genus and negatively 
with many microbial genus including Akkermansia and Aci-
netobacter among others.

To evaluate the specific associations between gut 
microbes with gut metabolites, a correlation analysis was 
carried out. Although we analyzed all of the groups, the 
analysis of correlations between metabolites and gut micro-
biota only showed significant associations in mice exposed 
to DCF (Fig. 5, Table S6).

Moreover, Fig. 6 combines metabolites and microbiota 
results to illustrate the microbiota-metabolome significant 
interactions found.

Discussion

In our previous study, supplementation with Se significantly 
increased the concentration of the selenoproteins GPx and 
SeAlb in plasma, without implying a significant change 
in the concentration of selenometabolites and SELENOP 
(Callejón-Leblic et al. 2021). These higher levels of the sele-
noproteins imply a greater availability of Se in Mus muscu-
lus mice. In the present work, exposure to DCF significantly 
decreased the concentration of selenometabolites compared 
to the control group. However, when the mice are exposed 
to DCF and supplemented with Se, there are no significant 
differences in the concentrations of selenoproteins versus 
mice exposed to DCF, although we can observe an increase 
in selenometabolites levels, which may suggest a potential 
protective role of Se. Although the level of selenometabo-
lites is closer to that in the control group, when the mice 
are simultaneously exposed to DCF and Se, a decrease in 
selenometabolites levels is still observed versus the control 
group, with no significant differences in the concentration 
of the selenoproteins.

In both DCF-exposed groups, with and without Se sup-
plementation, the most altered classes of compounds were 
the fatty acyls, showing decreased levels when compared to 
the control group. Likewise, the pathways analysis (Fig. 3) 
showed primary bile biosynthesis as the only altered meta-
bolic pathway in mice exposed to DCF and as one of the 
major metabolic pathways in mice exposed to DCF and 
supplemented with Se. Bile acids are products derived 

Fig. 3   Pathway analysis of altered gut metabolites after DCF and 
Se exposure. Metabolomic pathway analysis using the KEGG data-
base and generated by MetaboAnalyst 6.0. The color of each circle 

is based on p-values (darker colors indicate more significant changes 
of metabolites in the corresponding pathway), whereas the size of the 
circle corresponds to the pathway impact score



	 Environmental Science and Pollution Research

from cholesterol in lipid metabolism, which regulate glu-
cose homeostasis, lipid and lipoprotein metabolism, intes-
tinal motility, bacterial growth, inflammation, liver regen-
eration, and hepatocarcinogenesis (De Aguiar Vallim et al. 
2013). Bile acids are of key importance in the metabolism 
of ingested lipids, interacting with gut bacteria metabo-
lism, through molecular signals, that led to a modification 
in the abundance and the diversity of the gut microbiota. 
Other authors have described different impairments in the 
transformation of primary to secondary bile acids, and how 
these changes modify the composition of the gut microbiota, 
which generates processes of chronic inflammation (Collins 
et al. 2023). Our results show a decrease in the levels of 
two intermediates involved in the biosynthesis of primary 
bile acids after DCF exposure, such as 3-alpha,7-alpha-
dihydroxy-5-beta-cholestan-26-oic acid (0.38-fold change) 
and chenodeoxycholic acid (0.50-fold change).

On the other hand, other authors have demonstrated the 
effect of gut microbiota on long-chain fatty acids (LCFAs) 
metabolism (Machate et al. 2020). In our study, a decrease 
of 2-methoxy-hexadecanoic acid (0.60-fold change) was 
found in mice exposed to DCF vs control (Table S3), while 
an increase in the level of this metabolite is observed when 
mice are also supplemented with Se (2.95-fold change). This 

fact demonstrates the influence of Se supplementation in 
LCFA metabolism.

A decrease in the levels of deuteroporphyrin IX is found 
when mice are exposed to DCF and DCF with Se supple-
mentation. Deuteroporphyrin IX is a non-natural dicarbox-
ylic porphyrin described as a fecal porphyrin in patients with 
endemic chronic arsenic poisoning. Excessive accumulation 
of the biosynthetic intermediate protoporphyrin can lead to 
extensive tissue damage upon exposure to light since pro-
toporphyrin is a potent photosensitizing agent, giving rise 
to membrane-destroying oxygen radicals or singlet oxygen.

DCF impact of gut metabolome antagonized by Se 
supplementation

Figure 2 shows some metabolites that are partially restored 
to control levels after exposure to Se together with DCF. 
Topotecan increased after DCF exposure (1.11-fold change). 
Topotecan works by blocking the action of enzyme in cells 
called topoisomerases, which are necessary for cell replica-
tion and tumor growth (El Houari et al. 2022). Blocking this 
enzyme causes breaks in the DNA, which causes the destruc-
tion of cancer cells. In the same way, monomenthyl succinate 
belonging to the family of prenol lipids increased in DCF 

Fig. 4   Effect of DCF and Se supplementation on mice microbiota. A 
Alpha diversity of the gut microbial communities according to groups 
measured as richness (Chao1 and Simpson) and diversity (Shannon) 
indexes. B Principal coordinate analysis (PCoA) of microbial beta-
diversity based on the Bray Curtis distance. C Redundancy discrimi-

nant analysis (RDA) showing the clustering of the mice according to 
the differences in microbiota composition among groups. D Bar plots 
showing the microbiota composition at phylum level in relative abun-
dance according to groups
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group (2.52-fold change) while values were totally restored 
after exposure to DCF together with Se. Moreover, it can 
be observed an increase in the abundance of some steroids 
and steroid derivates such as sitosterol (1.21-fold change), 
cholic acid (4.98-fold change), and 3-pi-6-deoxocathasterone 

(1.60-fold change). However, when mice were exposed to Se 
together with DCF, the abundance of cholic acid decreased 
(0.48-fold change) versus the control group. In our pre-
vious study (Callejón-Leblic et al. 2022), we reported a 
significant increase of steroids in the gut metabolome of 

Fig. 5   Spearman’s correlation heatmap analysis between altered 
metabolites and gut microbiota at genus level in Mus musculus mice 
exposed to DCF. The asterisks indicate significant associations. Red 
color: negative correlation. Blue color: positive correlation. LPC, 

Lysophosphatidylcholine; LPE, lysophosphatidylethanolamine; PI, 
phosphatidylinositol; HETE, hydroxyeicosatetraenoic acids; PGB1, 
prostaglandin B1; MG, monoglyceride

Fig. 6   Metabolomics and microbiota results to illustrate the micro-
biota-metabolome interactions found. Red color: negative correla-
tion, Blue color: positive correlation. LPC, lysophosphatidylcholine; 

LPE, lysophosphatidylethanolamine; PI, phosphatidylinositol; HETE, 
hydroxyeicosatetraenoic acids; PGB1, prostaglandin B1; MG, mono-
glyceride
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Se-supplemented mice. Cholic acid is a fundamental pri-
mary bile acid; it is one of the two major bile acids produced 
by the liver, where it is synthesized from cholesterol. In the 
opposite way than cholesterol, cholic acid downregulates 
cholesterol-7-α-hydroxylase, which is a rate-limiting step 
in bile acid synthesis. Bile acids perform important physi-
ological detergents that facilitate excretion, absorption, and 
transport of fats and sterols in the intestine and liver (Collins 
et al. 2023). Several authors have shown that bile acids have 
toxic properties when they are present at high levels, could 
act as a hepatotoxin, damaging the liver or liver cells, or such 
as a metabotoxin, generating an endogenous metabolite with 
adverse health effects (Rodrigues et al. 2004).

On the other hand, it can be observed in Fig. 2 a band 
of metabolites belonging to the family of fatty acyls, as 
stearic acid, 3-oxo-tetradecanoic acid, and suberic acid, 
that decreases after exposure to DCF, while the abundance 
values of these metabolites are closer to the values of the 
control group when the mice are exposed to Se together with 
DCF. Fatty acyls are a group of lipids that have important 
roles as biological signaling, energy storage, cell membrane 
formation, and protein modification (Samovski et al. 2023). 
Fatty acids are the most prominent type of fatty acyl. In our 
previous study (Callejón-Leblic et al. 2022), we reported 
a significant decrease of fatty acids, their conjugates and 
monoglycerides in the gut metabolome of Se-supplemented 
mice.

DCF impact of gut microbiota affected by Se 
supplementation

We observed an increase in the abundance of Firmicutes 
and a decrease in Bacteroidetes phylum in mice exposed 
to DCF and Se compared to the control group, as previ-
ously reported in mice exposed to other NSAIDs such as 
indomethacin (Xiao et al. 2017). On the other hand, the Pro-
teobacteria phylum increased significantly when mice were 
simultaneously exposed to DCF and Se compared to the con-
trol group. An increased abundance of Proteobacteria in rats 
after exposure to DCF has been reported by other authors 
(Colucci et al. 2018), who associate it with DCF-induced 
enteropathy. Similarly, a recent study has shown that expo-
sure to DCF increases the number of gram-negative bacteria 
in the ileum of rats and increases intestinal permeability 
and ulceration (Reuter et al. 1997). In our previous study 
(Callejón-Leblic et al. 2021), Proteobacteria were higher in 
the Se-supplemented mice compared to the control, showing 
an increase in this pro-inflammatory phylum (Rizzatti et al. 
2017). In the same study, no differences were found between 
groups in the main phyla such as Firmicutes, Bacteroides, 
and Verrucomicrobia. However, other studies have reported 
significant differences in Firmicutes levels in mice fed Se-
supplemented diet (Yu et al. 2020).

Associations between gut microbes and gut 
metabolites

In recent years, the study of the microbiota has acquired 
great importance given its implication in health outcomes. 
Our research only found associations between gut microbiota 
and metabolites in mice exposed to DCF fed rodent diet, 
whereas no associations were found when mice are exposed 
to DCF and supplemented with Se. Candidatus-Sacchari-
monas were negatively correlated cholic acid (p-value = 175, 
FDR p-value = 0.752). Other authors have demonstrated 
the association of Candidatus-Saccharimonas with renal 
function parameters, and are thus promising biomarkers of 
renal dysfunction after antibiotic cocktails exposure (Xu 
et al. 2021). In our study, Lactobacillus was positively cor-
related with the gut metabolite 2-methyl-4,5-benzoxazole 
(p-value = 0.136, FDR p-value = 0.569) and negatively 
correlated with 11,13-hexacosanedione (p-value = 175, 
FDR p-value = 0.569), while Roseburia was positively 
correlated with tetradecanedioic acid (p-value = 0.497, 
FDR p-value = 0.765), ubiquinone (Q2) (p-value = 0.136, 
FDR p-value = 0.765), and 3-oxo-tetradecanoic acid 
(p-value = 0.497, FDR p-value = 0.765); and negatively cor-
related with L-menthyl acetoacetate (p-value = 0.241, FDR 
p-value = 0.765) and methyl 2-furoate (p-value = 0.297, FDR 
p-value = 0.765). The genus Lactobacillus has been linked 
with effects potentially beneficial on the host, and most of 
the Lactobacillus species have been employed as probiotic 
(Reid 1999). Interestingly, recent studies carried out by other 
authors have used Lactobacillus Rhamnosus UBLR-58 and 
DCF simultaneously with curcumin to upgrade the effect 
of the last in the treatment of Alzheimer's disease (Pandel 
et al. 2021).

In our study, pseudomonas show a negative correla-
tion with xi-2,3-dihydro-2-oxo-1H-indole-3-acetic acid 
(p-value = 0.803, FDR p-value = 0.967) and cholic acid 
(p-value = 0.419, FDR p-value = 0.941) and positive cor-
relation with dodecanedioic acid (p-value = 0.803, FDR 
p-value = 0.967). Abbas (2015) demonstrated the inhibitory 
activity of DCF on the production of virulence factors by 
Pseudomonas aeruginosa.

Acinetobacter has a high number of significant cor-
relations with metabolites, being positively associated 
with 12-hydroxydodecanoic acid (p-value = 175, FDR 
p-value = 0.941) and dodecanedioic acid (p-value = 0.803, 
FDR p-value = 0.967) and negatively with cuminalde-
hyde (p-value = 0.919, FDR p-value = 0.968), cholic acid 
(p-value = 0.419, FDR p-value = 0.941), and MG(14:1) 
(p-value = 0.564, FDR p-value = 0.941). Previous studies 
carried out on the crayfish Procambarus clarki exposed to 
DCF have concluded that DCF exposure could affect the 
intestinal functions including digestion, absorption, and 
immunity of Procambarus clarki by altering the relative 
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abundances of genera including Acinetobacter among others, 
destabilizing the intestinal microbial communities (Zhang 
et al. 2021). In this regard, these authors also showed an 
increased abundance of Bacteroides after DCF exposure. 
Bacteroides species are rich in carbohydrate acting enzymes 
and contain vitamin and glycan (Krinos et al. 2001). Wexler 
reported that Bacteroides could generate distinct capsular 
polysaccharides to change its surface antigenicity in human 
colon. Through the interaction with the immune system of 
host, it can also regulate the atmosphere to affect the growth 
of some bacteria (Wexler 2007). In our analysis, Bacte-
roides show a positive correlation with tetradecanedioic 
acid (p-value = 0.497, FDR p-value = 0.752) and negative 
correlation with 11,13-hexacosanedione (p-value = 0.297, 
FDR p-value = 0.752).

On the other hand, our results show associations in 
several species of clostridia with metabolites. Clostridia 
consists of major BSH-producing bacteria, such as 
Clostridium and Eubacterium, which are vital in the entero-
hepatic circulation of bile acids (Song et al. 2019). Thus, 
[Eubacterium]_xylanophilum_group positively correlates 
with 12-hydroxydodecanoic acid (p-value = 0.297, FDR 
p-value = 1) and negatively with MG(14:1) (p-value = 0.297, 
FDR p-value = 1); [Eubacterium]_coprostanoligenes_group 
positively correlates tetradecanedioic acid (p-value = 0.419, 
FDR p-value = 0.799) and negatively with 11,13-hexacosan-
edione (p-value = 0.242, FDR p-value = 0.743); [Eubacte-
rium]_siraeum_group positively correlated with PGB1 
(p-value = 0.919, FDR p-value = 0.943) and negatively with 
cholesterol sulfate (p-value = 0.564, FDR p-value = 0.892); 
Clostridia_vadinBB60_group positively correlates with 
tetradecanedioic acid (p-value = 1, FDR p-value = 1) and 
negatively with chenodeoxycholic acid (p-value = 0.564, 
FDR p-value = 1) and 16-Oxo-palmitate (p-value = 0.564, 
FDR p-value = 0.892) and finally Clostridia_UCG-014 posi-
tively correlates with PI(18:0/16:0) (p-value = 0.242, FDR 
p-value = 0.865).

Specific correlations between gut metabolites and 
members from the Lachnospiraceae, Prevotellaceae, 
and Ruminococcaceae families were identified. Like-
wise, Lachnospiraceae_UCG-008 was positively cor-
related with 2-methyl-4,5-benzoxazole (p-value = 0.919, 
FDR p-value = 0.968); Lachnospiraceae_UCG-006 posi-
tively correlated with cholic acid (p-value = 0.497, FDR 
p-value = 0.806); Lachnospiraceae_UCG-001 was positively 
correlated with tetrahydrocorticosterone (p-value = 0.714, 
FDR p-value = 1) and 3-Pentadecylphenol (p-value = 0.103, 
FDR p-value = 1) and negatively correlated with non-
ate (p-value = 0.803, FDR p-value = 1) and finally Lach-
nospiraceae_NK4A136_group positively correlated 
with n1,n8-diacetylspermidine (p-value = 0.919, FDR 
p-value = 1) and negatively correlated with 12-hydroxy-
dodecanoic acid (p-value = 0.297, FDR p-value = 1). 

Moreover, Prevotellaceae_UCG-001 was negatively cor-
related with 2-methyl-4,5-benzoxazole (p-value = 0.564, 
FDR p-value = 0.805). Rikenellaceae_RC9_gut_group 
shows negative correlations with tetradecanedioic acid 
(p-value = 0.103, FDR p-value = 0.411), tetrahydro-
corticosterone (p-value = 0.103, FDR p-value = 0.411), 
and 3-oxo-tetradecanoic acid (p-value = 0.103, FDR 
p-value = 0.411), and positive correlation with 15-keto-
PGE2 (p-value = 0.658, FDR p-value = 0.798).

Finally, Ruminococcus was only positively correlated 
with a steroid compound (3-epi-6-Deoxocathasterone) 
(p-value = 0.564, FDR p-value = 1). This genus and other 
members of the Ruminococcaceae are very important for 
the protection of gut barrier and maintain intestinal immune 
homeostasis, by producing SCFAs (Darnaud et al. 2018).

Conclusions

Our results highlight the impact of DCF on gut metabolome 
and micorbiota. Se supplementation changed the metabolic 
and microbiota profiles of the gut content restoring almost 
partially the composition and abundance of some metabo-
lites. Although Se supplementation modulated gut micro-
biota increasing some heath-relevant taxa and could antago-
nize the impact of several pollutants in the gut microbiota, 
the joined Se and DCF effects led to a decreased diversity 
indicating a synergistic effect with DCF and limited capacity 
to counteract the deleterious effects at microbiota level. The 
most significant altered pathway in DCF and Se-DCF groups 
is the primary bile biosynthesis, being the only pathway 
altered in mice exposed to DCF, while in DCF-Se group, 
the metabolism of galactose and linoleic acid is also altered. 
Interestingly, we found numerous associations between gut 
microbes and gut metabolites in all the groups, except in the 
mice exposed to DCF and fed Se supplementation. Thus, 
there is a potential key interaction between Se intake–gut 
microbiota–gut metabolites with potential effects on the host 
health. However, the precise link needs to be ascertained 
and further studies targeted to the specific mechanisms are 
claimed.
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