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Abstract

Persistent organic pollutants (POPs) accumulate in the organisms due to their hydrophobicity and resistance to
xenobiotic metabolism. 2,3,7,8-tetrachlorodibenzo-p-dioxin (TCDD) is one of most representative POPs. Its patho-
physiological effects have been extensively studied on many types of tissues but not on muscles. In this study, female
C57BL/6J mouse model was used to analyze the long-term effects of maternal exposure to TCDD during gestation
and lactation on the skeletal muscles (soleus, plantaris, and gastrocnemius) of the progeny during adulthood. The
effects of re-exposure to TCDD in mice exposed during their development were also characterized. Female C57BL/6)
mice were maternally exposed to TCDD or its vehicle (n-nonane in corn oil) and then re-exposed to TCDD or its
vehicle at 9 weeks of age. The metabolites in the skeletal muscles were analyzed by gas chromatography—quadrupole
time of flight-mass spectrometry (GC—gTOF-MS). Univariate analysis showed significant effects in certain metabolites
in the skeletal muscle. It also showed that TCDD exerts a more significant impact on exposure to TCDD at 9 weeks

of age than during maternal exposure for the soleus. On the other hand, TCDD exerts a more significant impact

on mice maternally exposed to TCDD than at 9 weeks of age for the gastrocnemius. Multivariate analysis showed
clear discrimination between the TCDD-exposed mice and the control. This study demonstrates the effects of TCDD
observed following maternal exposure; some of them can be reinforced or attenuated by a re-exposure at the adult
age, suggesting that the POP which mainly acts through the activation of the AhR leads to metabolic adaptation in
the skeletal muscles. The period of exposure was a key factor in our study with TCDD playing a crucial role during the
maternal period, as compared to when they were exposed at 9 weeks of age. It was inferred that disruption in amino
acid metabolism might lead to a loss in muscle mass which may result in muscular atrophy. Our results also show
that the metabolite profiles after perinatal exposure are different in different types of muscles even though they are
all classified as skeletal muscles. Therefore, TCDD may affect the organism (specifically different skeletal muscles) in a
non-homogenous manner.
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Introduction

Persistent organic pollutants (POPs) are ‘forever’ com-
pounds that tend to persist in the environment. They
are of high concern since they are hydrophobic, resist-
ant to chemical degradation, and thus tend to persist
in ecosystems for a long period. Due to their lipophilic
properties, POPs can bio-accumulate for long dura-
tions in fatty tissues (adipose tissue, liver, brain, etc.),
in the bloodstream (perfluorinated compounds), and
the dermal layer of many organisms (invertebrates, ver-
tebrates); they can lead to various endocrine, immune
and reproductive-related diseases such as obesity, dia-
betes and metabolic syndrome [20]. Some of these
compounds include dioxins, polychlorinated biphe-
nyls (PCBs), organochlorine pesticides (OCs), as well
as contaminants such as flame-retardants. TCDD
(2,3,7,8-tetrachlorodibenzo-p-dioxin), the  Seveso
dioxin, is an environmental contaminant with no dis-
tinguishable odor at room temperature that exists
throughout the world. It is found mainly as a side-
product in herbicides (e.g., chlorophenoxy herbicides
and Agent Orange) or from the incomplete combus-
tion of organic materials [30]. It is also one of the most
toxic molecules [5]. Human exposure to TCDD results
in diverse harmful effects like chloracne (an acne-like
eruption) and has been associated with birth defects,
cancers [6], and metabolic disruption [10].

In May 2001, the Stockholm Convention, conducted
under the United Nations Environment Programme
(UNEP) was implemented to protect human health
and the environment from POPs including dioxins. In
2014, about 179 countries have adhered to this con-
vention [1]. Despite the worldwide regulations to ban
or reduce the levels of POPs for consumers, the impact
of environmental exposure on consumers’ health is still
of very high concern especially since the exposure is
often chronic. The question of how POPs might affect
human health remains poorly understood. One of
the most intriguing aspects of POP toxicities is their
impact on young individuals and the consequences of
this perinatal exposure in adults or subsequent gen-
erations (transgenerational effects). Young individuals
(including fetuses and embryos) are more vulnerable to
exposure to pollutants because of their immature meta-
bolic detoxicating systems [27]. Early exposure to POPs
could lead to metabolic adaptations, allowing better
protection of the organisms against potential re-expo-
sures at later stages of development. Besides the metab-
olism of xenobiotics, the endogenous metabolisms

(carbohydrates, lipids, amino acids, etc.) could also be
impacted by such early exposure to pollutants.

Hence in this study, the effects of TCDD, a POP model
known to activate the AhR signaling pathway which
impacts general metabolism, were characterized in the
skeletal muscles [19]. Indeed, the metabolic effects of
TCDD have been extensively studied on the liver. Expo-
sure of the host to TCDD results in disruption of several
metabolic pathways including lipid metabolism and gly-
colysis [2, 17]. Subsequently, exposure to TCDD is also
described as a cause of type 2 diabetes [13, 33]. However,
few studies focused on the effects of TCDD in the skeletal
muscles, which display adaptative and active metabolic
functions [11, 12].

We used an original protocol of exposure to TCDD
using a mouse model which allows the characterization
of the metabolic consequences at the adulthood of low
dose maternal exposure of TCDD, and to gain insight
into the effects of perinatal exposure of TCDD on dif-
ferent skeletal muscles. As the mice exposed maternally
are exposed again at adulthood, the protocol of exposure
also allows the exploration of the mechanisms of adap-
tation to TCDD. GC-MS-qTOF coupled with univariate
and multivariate statistical analyses was specifically used
to study the metabolic disruptions in the skeletal muscles
of mice exposed to TCDD. This study aims to shed new
insights on the effects of TCDD on the skeletal muscles
of mice during the perinatal period.

Material and methods

Chemicals and reagents
2,3,7,8-Tetrachlorodibenzo-p-dioxin  (TCDD) (CAS#
1746-01-6) was purchased from LGC Standards; n-non-
ane (CAS# 111-84-2) and corn oil (CAS# 8001-30-7)
were purchased from Sigma Aldrich. Analytical grade
chemicals including methanol (CAS# 67-56-1), dichlo-
romethane (CAS# 75-09-2), hexane (CAS# 110-54-3),
chloroform (CAS# 67-66-3) and N,O-bis(trimethylsilyl)
trifluoroacetamide (BSTFA) (with 1% trimethylchlorosi-
lane, TMCS) (CAS# 25561-30-2) were purchased from
Sigma Aldrich.

Design of the study

The study conducted is the result of a larger study
designed to investigate the transgenerational epigenetic
effects of TCDD. To reduce the number of animals (3R)
and to exploit the maximum number of biological sam-
ples, we chose to study the effect of perinatal exposure
to TCDD on three types of skeletal muscles (soleus,
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plantaris, and gastrocnemius) focusing on metabolic
regulations. As stated previously, few studies focused
on the effects of TCDD in the skeletal muscles. The
analysis of metabolites was performed on the soleus,
plantaris, and gastrocnemius, collected from mice from
the 4 groups of exposure (Nonane/Nonane, Nonane/
TCDD, TCDD/Nonane, TCDD/TCDD) (Table 1). The
tabulated results of the metabolomic raw data and mul-
tivariate analysis are given in Additional file 1: Material
S1. The GC-MS-based metabolomic and correlation
analysis are given in Additional file 2: Material S2.

Animals and treatment

C57BL/6] mice were provided by the CDTA (Center
for Animal Distribution, Typing, and Archiving, CNRS,
Orléans, France). Experiments on animals were per-
formed in the animal facilities of CDTA (CNRS, Orlé-
ans, France) and subsequently at the animal facility of
the BioMed Tech (Campus Saint Germain des Prés,
INSERM US36, CNRS UMS2009, Université de Paris,
Paris, France) according to previously reported proce-
dures [15]. The European Communities Council direc-
tive 2010/63/EU on the protection of the animals were
followed for the experiments using animals. Animals
were treated humanely and with regard to the alle-
viation of suffering. All procedures were approved by
the ethical committees for animal research of CNRS
(Orléans) and Université de Paris (Paris) (n"CEEA34.
XC.049.12).

Table 1 The different groups of female mice used in both
independent sets of experiments

Tissues Skeletal muscles
Mice group No/No No/TCDD TCDD/No  TCDD/TCDD
Number of mice 6 6 7 7
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Animals’ maintenance and exposure to TCDD

during the perinatal period and/or at 9 weeks of age
C57BL/6] mice were housed in a temperature-controlled
room (22+1 °C) with a relative humidity of 55+5% and
a 12 h light/dark cycle. Water and food (Safe® D30) were
provided ad libitum.

Pregnant CD57Bl/6] mice were randomly administered
either once-weekly oral dose of TCDD (1 ng TCDD/g
body weight) or n-nonane/corn oil vehicle (1/24 v/v) on
embryonic days E7.5, E14.5, and post-natal days PO.5,
P7.5, P14.5, P21) in the CDTA animal facility by using
a curved gavage probe fitted to the mouse mounted on
a 1-mL syringe. The oral route of exposure was used
to mimic the major route of exposure in humans. Each
administration corresponded to 1 ng/g body weight of
TCDD in n-nonane (corresponding to 0.2 pL/g body
weight) or n-nonane alone (0.2 uL/g body weight) in the
same total volume completed to 150 pL with corn oil. No
statistically significant differences in mass were observed
in the number of pups per litter among the different
groups. The female pups were weaned at 3 weeks of age
and allowed to acclimate to the BioMed Tech animal
facility from 5 to 9 weeks of age.

The pups born in these two groups were re-exposed
to either TCDD (1 ng/g body weight) or vehicle by a sin-
gle oral dose, 24 h before tissue collection. Four expo-
sure groups were thus designed: (i) maternal exposure
to vehicle and re-exposure to vehicle at 9 weeks of age
(Nonane/Nonane group or control); (ii) maternal expo-
sure to vehicle and exposure to TCDD at 9 weeks of age
(Nonane/TCDD group); (iii) maternal exposure to TCDD
and exposure to vehicle at 9 weeks of age (TCDD/Non-
ane group); and (iv) maternal exposure to TCDD and
re-exposure to TCDD at 9 weeks of age (TCDD/TCDD

group) (Fig. 1).

Skeletal muscle tissue collection

Mice were fasted overnight before killing. Mice were
weighed for body weight. Briefly, mice were anesthetized
under isoflurane flow, the blood was then collected by

=

Pups (female) born
were weaned at 3
weeks of age

Pregnant Mice were
exposed to nonane
(control) or TCDD

Fig. 1 Schematic of experimental design: exposure of control or TCDD to female mice maternally and at 9 weeks of age

Extraction of Metabolites
from Skeletal Muscle
(Soleus, Plantaris and

Gastrocnemius)

The pups (female) were
re-exposed to nonane
(control) or TCDD
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the intracardiac route and, finally, mice were decapitated
using a guillotine. Skeletal (soleus, plantaris, and gastroc-
nemius) muscles were rapidly dissected, weighed, and
snap-frozen in liquid nitrogen.

Metabolite extraction and quantification by GC-qTOF-MS
Tissue metabolome extraction and derivatization

To each weighed and frozen skeletal muscle sample
(average mass of soleus: 12 mg, plantaris: 25 mg, gastroc-
nemius: 190 mg), pre-cooled extraction solvents (1:1:1
v/v MeOH: CH,Cl,: Hexane; 15 pL/mg for muscles)
were added. Each mixture was homogenized using a Ber-
tin Minilys tissue homogenizer for 30-45 s with 30-45 s
intervals. The homogenate was then vortexed for 20 s and
then centrifuged at 12000g for 20 min at 4 °C. The super-
natant was then dried under N, and vacuum centrifuga-
tion. The dried extract was redissolved with CHCI; and
derivatized with 100 pL BSTFA +TCMS for at 60 °C for
30 min.

Metabolite separation and data acquisition

Gas chromatography—quadrupole time of flight-mass
spectrometry (GC-qTOF-MS) (Agilent 7200, Santa
Clara, CA) analysis was conducted. 1 pL of the sample
extract was injected (split mode 20:1) with a PAL autosa-
mpler of the GC—qTOF-MS with helium as the carrier
gas at a constant flow of 1.3 ml/min. The temperature
program for the DB-5MS column began at 60 °C for
0.25 min and then ramped up at 12 °C/min to a final tem-
perature of 280 °C. Mass scanning in EI (electron impact)
mode was carried out for the range of 50-500 m/z at a
scan time of 0.5 s. The detector voltage was set to 500 V
and the setting of the electrospray ionization (EI) source
was 70 eV. All data were collected consecutively in one
analysis series to minimize chromatography difference
and the injection sequence was randomized.

Statistical analysis and data processing

For qualitative analysis, Agilent Mass Hunter B.05.00 was
used to deconvolute and evaluate the spectra. Metabo-
lites were identified by matching their mass spectra to
the NIST library. For quantitative analysis, the changes
in metabolite concentrations were determined and nor-
malized by calculating the percentages of the component
peak areas in the total ion chromatograms. This is done
by dividing each peak by the sum of all peaks, causing
each peak value to become a fraction of the total. This is
necessary for direct comparison of peak value between
samples. This is because GC-MS data normalization
usually works upon the principle that profiles contains
relative information rather than absolute information.
Hence, it should therefore be expressed in terms of ratios
[26]. MetaboAnalyst 5.0 was used for correlation studies,
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univariate and multivariate analysis. Kruskal-Wallis test
and Wilcoxon rank-sum test were the statistical methods
chosen for statistical analysis. Statistical significance was
determined based on p-value<0.01, p-value<0.05 and
p-value<0.1 to determine significantly altered metabo-
lites. Pearson r correlation was performed for correlation
studies. Diagrams were created with BioRender (available
at Biorender.com).

Results

Univariate analysis

Three mice skeletal muscles representing the diversity of
these tissues (i.e., soleus, plantaris, and gastrocnemius)
were studied. As mentioned, the mice were maternally
exposed to n-nonane/corn oil vehicle or TCDD and
then exposed to n-nonane/corn oil vehicle or TCDD at
9 weeks of age (Table 1). This design allows the study
of the consequences of perinatal exposure to TCDD (in
terms of metabolic adaptations) and the subsequent con-
sequences of a new exposure at the adult age. We iden-
tified several differentially expressed metabolites (DEM)
in the 3 types of skeletal muscle samples, i.e., selected
amino acids in soleus and plantaris and creatinine in gas-
trocnemius: the statistical data of significant compounds
as the differentiating metabolites are summarized in
Table 2 while the statistical data of the other metabolites
for soleus, plantaris and gastrocnemius are summarized
in Additional file 1: Tables S1-S5 in the Additional file 1:
Material S1.

After tabulating the results in Table 2 and running sta-
tistical analysis, the Univariate Analysis was performed
on the differential metabolites to compare the difference
in metabolite changes in the skeletal muscles (Fig. 2).

Based on the p-value obtained (Table 2), TCDD was
found to exert a significant effect on the metabolites in the
soleus of the female mice. Pairwise comparison was per-
formed on the differential metabolites (Additional file 1:
Table S5). For phosphate, with reference to the control
group Nonane/Nonane, there is more significant effect
on the Nonane/TCDD group (p-value=0.02597) as com-
pared to TCDD/No (p-value =0.8357). For 2E-Butaned-
ioc acid, TCDD has a more significant effect for Nonane/
TCDD Group (p-value=0.0001166) than TCDD/Nonane
group (p-value of 0.04480). Similarly, for myo-inositol,
with reference to the control group, there is more signifi-
cant effect of Nonane/TCDD group (p-value =0.004337)
as compared to TCDD/No (p-value =0.8398). Indeed, a
double exposure (TCDD/TCDD group) leads to a sig-
nificant effect on Phosphate (p-value=0.0001166),
L5-Oxoproline (p-value=0.02215) and L-glutamic acid
(p-value=0.008159) with reference to the control group.

Based on the p-value obtained (Table 2), TCDD was
found to exert a significant effect on the metabolites in
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Table 2 Differential metabolites detected in the skeletal muscle tissues of the 4 groups of female mice by metabolomic analysis
based on GC-MS

No. Metabolite Mean component content (%)? p-valueb
Nonane/Nonane Nonane/TCDD TCDD/Nonane TCDD/TCDD
Soleus
Phosphate 11.63 1543 11.94 16.82 0.03692**

2 2-E-Butenedioic acid 0.00 0.1556 0.1916 0.01698 0.02833**
3 L5-Oxoproline 0.3559 0.5469 2277 0.2484 0.06245%
4 [-Glutamic acid 4475 4.588 1.624 3.572 0.03382**
5 a-D-Glucose 0.5780 0.7943 04351 0.3977 0.05407%
6 Myo-inositol 0.6384 0.9833 02719 03126 0.03856**

Plantaris
1 L5-oxoproline 2314 2299 0.9395 2.1667 0.01982**
2 Pyrophosphate 0.2876 0.5334 0.07675 0.4502 0.003732%**

Gastrocnemius
1 Lactic acid 11.51 10.07 3325 1340 0.01405**
2 Phosphate 17.87 22.02 19.62 21.77 0.03678**
3 Creatinine 10.79 1146 5.808 9.119 0.03627**
4 L-Phenylalanine 0.5059 0.4995 0.7667 0.5889 0.02154**
5 Hypoxanthine 0.2993 0.1961 04304 0.3362 0.002964***
6 a-D-Glucose 1.571 1.495 3.127 1319 0.07139*
7 L-Tyrosine 0.2038 0.09722 0.5351 0.279 0.01280**
8 Arachidonic acid 1.869 2.099 1.495 1.595 0.03868**
9 Squalene 1.958 2.180 1.103 0.7884 0.01573**

2The percentage of the ratios of the areas of the intended signals to the total signal of the chromatogram

b The p-value of p < 0.1%, p < 0.05** and p < 0.01*** indicates that the result is significant

the plantaris of the female mice. Pairwise comparison
was performed on the differential metabolites (Addi-
tional file 1: Table S5). For L5-Oxoproline, with refer-
ence to the control group, there is a more significant
effect on the TCDD/Nonane group (p-value=0.007872)
than on the Nonane/TCDD group (p-value=0.6991).
However, for pyrophosphate content, TCDD has a
more significant impact on the Nonane/TCDD group
(p-value=0.01515) than TCDD/Nonane group (p-val-
ues=0.07410). A double exposure (TCDD/TCDD group)
leads to an even more significant effect on this metabolite
(p-value=0.01399).

Based on the p-value obtained (Table 2), TCDD
was found to exert a significant effect on the metab-
olites in the gastrocnemius of the female mice.
Pairwise comparison was performed on the differ-
ential metabolites (Additional file 1: Table S5). For

Phosphate (p-value =0.04113) and Arachidonic Acid
(p-value=0.001166), TCDD has a more significant
effect on the Nonane/TCDD group than the TCDD/
Nonane group. However, for Lactic Acid, with ref-
erence to the control, TCDD has a more significant
effect on the TCDD/Nonane group (p-value=0.01012)
than the Nonane/TCDD group (p-value=0.1320)
Similarly for the TCDD/Nonane group of the
metabolites Creatinine (p-value=0.05128), L-Phe-
nylalanine (p-value=0.05128), Hypoxanthine
(p-value =0.0002861), L-Tyrosine (p-value=0.09854)
and Squalene (p-value=0.0738). However, for Phos-
phate (p-value=0.04113) and Arachidonic Acid
(p-value=0.001166), TCDD has a more significant
effect on the TCDD/group than the TCDD/Nonane
group. A double exposure (TCDD/TCDD group) leads

(See figure on next page.)

Fig. 2 Boxplot scoring (total area covered) of differential metabolites for the skeletal muscle (soleus, plantaris and gastrocnemius) of female mice
maternally exposed to nonane or TCDD and then exposed to the nonane or TCDD at 9 weeks of age. Exposure to nonane at birth and at 9 weeks of
age serves as the control. Plots were categorized as Nonane/Nonane, Nonane/TCDD, TCDD/Nonane and TCDD/TCDD. 25th, 50th (median labeled
with a yellow dot) and 75th percentiles constitute the boxes. Whiskers extend to 1.5 interquartile range and outliers are displayed as black dots. The
p-value of p<0.1*, p<0.05** and p < 0.01*** indicates that the result is significant
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to an even more significant effect for the metabolite
Phosphate (p-value =0.0004662).

Multivariate analysis

The same metabolites found in the soleus, plantaris, and
gastrocnemius were also pooled together for multivariate
analysis (Fig. 3). Principal component analysis with com-
ponent 1 accounting for 28.5% of the variation and com-
ponent 2 accounting for 15.9% of the variation showed
that the 3 types of skeletal muscles are well discrimi-
nated. This shows that the metabolite profile is different
in each muscle even though they are classified as skeletal
muscles. Therefore, TCDD seems to affect the organism
(specifically different skeletal muscles) in a non-homog-
enous manner.

The pooled comparison of all the 4 conditions in the
soleus was considered. Principal component analysis
with component 1 accounting for 30.3% of the variation
and component 2 accounting for 12.9% of the variation
(Additional file 1: Fig. S1) showed that there is a sig-
nificant difference in metabolites between the maternal
exposed group TCDD/Nonane and TCDD/TCDD on the
TCDD-exposed group from the control group. As PCA
is an unsupervised method, partial least-squares-discri-
minant analysis (PLS-DA), a supervised method is car-
ried out to supply information about each sample group.
PLS-DA with component 1 accounting for 14.7% of the
variation and component 2 accounting for 22.8% of the
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Fig. 3 Scores plots from principal component analysis (PCA):
gastrocnemius (red), plantaris (Green), soleus (Blue) for pooled
comparison of metabolite change in skeletal muscle
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variation helps further distinguished the sample groups.
Pairwise comparison in the soleus was also carried out to
compare 1 sample group with another sample group. The
different combination of the groups was compared with
each other (Additional file 1: Fig. S2) using ortho-partial
least squares-discriminant analyses (o-PLSDA). Regard-
less of the combination, the plots show clear discrimina-
tion between the groups.

The pooled comparison of all the 4 conditions in
the plantaris was considered. PCA with component 1
accounting for 20.9% of the variation and component 2
accounting for 15.5% of the variation showed some dif-
ference between the groups (Additional file 1: Fig. S3).
PLS-DA with component 1 accounting for 9.0% of the
variation and component 2 accounting for 12.9% of the
variation helps further distinguished the sample groups.
There is an overlap of the TCDD/TCDD group with both
Nonane/TCDD and TCDD/Nonane groups. However,
they are distinguished from the control group. For pair-
wise comparison, the different combination of the groups
was compared with each other (Additional file 1: Fig. S4).
When Nonane/Nonane-treated mice were compared
with TCDD/TCDD-treated mice and when Nonane/
TCDD-treated mice are compared to TCDD/TCDD-
treated mice, there was slight overlap due to 1 data point
serving as an outlier. Nonetheless, there is still clear dis-
crimination between the 2 groups. As for the other com-
binations, the plots show clear discrimination.

The pooled comparison of all the 4 conditions in the
gastrocnemius was considered. PCA with component 1
accounting for 28.3% of the variation and component 2
accounting for 15.1% of the variation (Additional file 1:
Fig. S5), showed some difference between groups TCDD/
Nonane and other groups. From PCA, the data points of
the other group seem to overlaps with the one from the
control group (Nonane/Nonane). As PCA is an unsuper-
vised method, PLS-DA with component 1 accounting
for 21.1% of the variation and component 2 accounting
for 15.0% of the variation helps further distinguished the
sample groups (Additional file 1: Fig. S5). From PLS-DA,
the other groups are well distinguished from the control
group. This might be an indication that in the gastroc-
nemius, TCDD has a higher metabolic impact when the
mice were maternally exposed than at 9 weeks of age.
However, such a result is not conclusive. Hence, pair-
wise analysis was performed. For pairwise comparison in
the gastrocnemius (Additional file 1: Fig. S6), regardless
of the combination, the plots show clear discrimination
between groups.

Correlation studies
Correlation studies of the similar metabolites found in
the skeletal muscles: soleus, plantaris, and gastrocnemius
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were conducted. Such associations between metabolite
levels can provide a promising additional source of infor-
mation about the overall metabolic state in the skeletal
muscles. The metabolites detected in each type of skeletal
muscle were pooled together and subjected to Pearson
r correlation (Fig. 4). The values of each metabolite are
listed in Additional file 2: Material S2.

The differential metabolites common to all 3 types
of skeletal muscle were considered. Lactic Acid has
a relatively strong negative correlation with L-valine
(— 0.4910). L5-oxoproline has a relatively strong nega-
tive correlation with 9-octadecanoic acid (— 0.4733),
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9,12-octadecanoic acid (— 0.5048), L-proline (— 0.5745)
and Pyrophosphate (— 0.4591). L-glutamic acid has a
strong positive correlation with Aspartic Acid (0.538)
and negative correlation with o-D-glucose (— 0.4513).
Creatinine has a strong negative correlation with stearic
acid (— 0.4836) and strong positive correlation with
myo-inositol (0.4517) and a-D-glucose (0.4895) Myo-
inositol has a strong positive correlation with a-D-
glucose (0.6268) and B-D-glucose (0.5689). have a strong
negative correlation with a-D-glucose has strong nega-
tive correlation with stearic acid (— 0.5059) and L-glu-
tamic acid (— 0.4513) and strong positive correlation
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with pyrophosphate (0.5892), L-phenylalanine (0.4807),
L-Tyrosine (0.5872), Creatinine (0.4895), Myo-inositol
(0.6268) and B-D-glucose (0.7285).

Discussion

An overview of metabolism in skeletal muscles and its
relationship with the intermediate metabolism of amino
acids is shown (Fig. 5).

Amino acids that are naturally produced in the body
are essential for muscle growth. Glutamine is one of the
most important amino acids of the intermediate metabo-
lism during the process, especially in muscle cells [31].
Other essential amino acids include L5-oxoproline, a
precursor to glutamate [18], and glutamic acid, which
exists as glutamate at physiological pH. As seen from
the correlation studies, the metabolism of glutamine is
linked with Fatty Acid metabolism whereby cells syn-
thesized fatty acid via acetyl-CoA [32]. This is to ensure
proper cell functioning. Other amino acids like proline
and L5-oxoproline are produced through the catalytic
activity of 5-oxoprolinase. This enzyme is ATP-depend-
ent enzyme, thus reinforcing the correlation between
L5-oxoproline and pyrophosphate. Other studies have
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also pointed out correlation between plasma L-phenyla-
lanine and L-glutamine, in the occurrence of hepatocellu-
lar carcinoma [21]. In our study, while we did not observe
an alteration of glutamine levels, it is intriguing to quan-
tify modifications in the content of amino acids which
are metabolically linked to this important amino acid. It
is possible to pinpoint various mechanisms that give rise
to observed correlations between metabolite levels. From
the univariate analysis, TCDD down-regulates the level
of L-glutamic acid and L-phenylalanine in the soleus and
L5-oxoproline in the plantaris. Hence, this observation
(still, observed in different muscles) is coherent with the
influence of TCDD on the occurrence of muscle wasting
syndrome, characterized by loss of weight and muscu-
lar atrophy [23]. Moreover, L-glutamic acid is linked to
aspartic acid which is then linked to metabolic pathways
(e.g., conversion into oxaloacetate) involving carbohy-
drates [3, 29]. Thus, it is also coherent with L-glutamic
acid linked to a-D-glucose.

Creatinine is a breakdown product of creatine phos-
phate from muscle and protein metabolism. It is released
at a constant rate by the body (depending on muscle
mass). Creatinine excretion is also influenced by muscle

LIVER BLOOD
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\
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Fatty Acid

Cycle

Synthesis

a-keto
glutarate

Fig.5 Summary of the glutamine metabolism of TCDD-exposed skeletal muscles, and its relationship with fatty acid metabolism and glycolysis
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mass because creatinine formation occurs almost exclu-
sively in the muscle [4]. From the results, it can be noted
that TCDD exposure maternally results in a decrease in
creatinine in the gastrocnemius part of the muscle, sug-
gesting that in this part of the body, the catabolism of
creatine phosphate is altered.

Dietary intakes of non-essential amino acids such as
glutamate can have an impact on the growth of organ-
isms [35]. Glutamate falls into this category; supplemen-
tation or a diet rich in this amino acid increases growth
in vertebrates or protects against severe pathologies
such as stroke in pigs and humans [24, 28] This effect of
glutamate could be related to the stimulation of signal-
ing pathways leading to the production of proteins like
mTOR [34]. In rodents, TCDD administration is associ-
ated with cachexia, i.e., loss of muscle mass, and death
[8]. The effect of TCDD is therefore consistent with the
decrease in intramuscular glutamate concentrations
(here in the soleus), but also with the decrease in creati-
nine observed in the gastrocnemius.

Several studies have reported an effect of TCDD in
favor of a Warburg effect [25] leading to a favored glyco-
lytic metabolism at the expense of mitochondrial meta-
bolic processes. The reduction of the latter could lead to a
depletion of the anaplerotic functions of the Krebs cycle,
in particular for the use of alpha-ketoglutarate to main-
tain intracellular glutamate levels. This effect of TCDD
(observed upon chronic and acute exposures) is to be
compared with those of other toxins such as lipopolysac-
charide (LPS) which can also cause a decrease in protein
synthesis and increase their degradation in muscle [14]
and induce a loss of muscle protein or muscle atrophy.
This decrease in glutamate concentrations could also
impact glutathione levels [9]. Glutamate supplementa-
tion in pathophysiological situations may promote AKT/
FOXO and mTOR signaling pathways and counteract this
muscle loss [16]. However, this effect remains contro-
versial but potentially related to compartmentalization
effects of glutamate depending on the route of admin-
istration [7]. The effects of phenylalanine on muscle are
less well known individually, but as an essential amino
acid, a decrease in phenylalanine concentration may also
affect muscle growth.

In fact, studies conducted in humans on the loss of
muscle tissue are quite rare; one of the most frequently
reported effects is the wasting syndrome associated with
cachexia. For example, US veterans of the Vietnam War
contaminated with Agent Orange, itself contaminated
with TCDD, show cachexia for those with the higher
levels of contamination; however, this is mainly related
to a significant loss of fatty tissues [22]. The weight loss
is classically described as being related to inflammatory
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processes. In animals, one of the consequences of TCDD
exposure is also an inflammation [22].

Finally, it must be noticed that most effects of TCDD
are observed following maternal exposure; some of
them can be reinforced (e.g., L5-Oxoproline in the
soleus) or attenuated (e.g., L-Glutamic Acid in the
soleus) by a re-exposure at the adult age suggesting that
the POP which mainly acts through the activation of
the AhR leads to metabolic adaptation in the muscles.
The metabolic, genomic and epigenomic consequences
of TCDD exposures should be further explored in sub-
sequent studies.

Conclusion and future work

TCDD disrupts various metabolites, particularly the
levels of certain amino acids, carbohydrates, fatty acid
and creatinine in the skeletal muscles. The period of
exposure was a key factor in our study with TCDD
playing a crucial role during the maternal period, as
compared to when they were exposed at 9 weeks of age.
It was inferred that disruption in amino acid metabo-
lism might lead to a loss in muscle mass which may
result in muscular atrophy. Our results also show that
the metabolite profiles after perinatal exposure are dif-
ferent in different types of muscles even though they
are all classified as skeletal muscles. Therefore, TCDD
may affect the organism (specifically different skeletal
muscles) in a non-homogenous manner.

As this is the first TCDD-muscle metabolic study, the
future work may include the expansion of this model to
study the effects of mixtures of POPs at different dos-
ages on the skeletal muscles of mice and other organs
like hearts, lungs, and kidneys to provide a more pre-
cise cartography of POPs distribution.
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