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Abstract

The development of personalized medicine according to gender calls for the integration of
sexual dimorphism in pre-clinical models of diseases. Although sexual dimorphism in the
brain of the mouse has been the subject of several behavioral, neuroimaging and experimental
studies, very few have characterized the bases of sexual dimorphism in the brain on the omics
scale. In particular, physiological variations in metabolomic and lipidomic terms related to
gender have not been mapped in the brain. We carried out a metabolomic analysis, targeting
188 metabolites representative of various cellular structures and metabolisms, in three brain
regions: frontal cortex, brain stem and cerebellum, in 3-month-old C57BL-6J male (n=20) vs.
female (n=20) mice. Our results demonstrate the existence of sexual dimorphism in the whole
brain as well as in separate brain regions. Half of the 129 accurately measured metabolites
were involved in the sexual dimorphism of the murine brain, but only 8% of those
(hydroxyproline, creatinine, hexoses, tryptophan, threonine and lysoPC.a.C18.2) were
involved in common in the three cerebral regions, while 71%, including phosphatidylcholines,
lysophosphatidylcholines, sphingomyelins, acylcarnitines, amino acids, biogenic amines, and
polyamines, were specific to only one region of the brain, underscoring the highly regional

specificity of cerebral sexual dimorphism in mice.
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Introduction

Despite important differences between male and female physiology, animal studies on males
were still, until recently, largely dominant [1], generating considerable bias when the data
were transposed to females in view of medical applications [2]. In particular, a gender
imbalance may constitute a drawback for therapeutic studies, considering that responses to
drugs may vary greatly according to sex [3]. For instance, the withdrawal of 80% of the drugs
from the US market is due to the increased risk of therapeutic accidents in women [4]. Thus,
the US National Institutes of Health now recommends that an increasing proportion of pre-
clinical studies should be performed on cellular and animal models of both sexes [5,6].
Contrary to common belief, the sex-related variability could be paradoxically even greater in
males than in females, as recently shown by the comparison of the variance of 142 phenotypic

traits in male and female rats [7].

Metabolomics offers a global and integrated view of sexual dimorphism. Indeed, metabolomic
studies performed on samples of plasma, serum or urine, from the human, the pig, or the rat,
or on the whole organism, such as the drosophila, have already revealed the far-reaching
influence of sex on the metabolism [8—12]. For instance, the analysis of sera from more than
3000 individuals has revealed 102 metabolites that vary according to sex, thus providing the
first model of the metabolic architecture of human serum [13], highlighting several metabolic
pathways affected by sex, such as those of energetic substrates [14], the composition of

phospholipids [15], and oxidative stress [16].

However, most of the knowledge acquired on the metabolomics of sexual dimorphism was
obtained from studies of biological fluids, whereas organs have been poorly explored, thus
posing a serious challenge for deciphering the systemic cartography of sexual metabolomics
in normal and pathological organs of animal models. For instance, in a mouse model of
inherited optic neuropathy that we recently explored using targeted metabolomics, sexual
influence in the plasma and optic nerve metabolomes was at least as important as that related
to the mutation causing the disease, and the biochemical phenotype was notably influenced by

sex [17,18].

Brain imaging studies, especially those using magnetic resonance imaging (MRI), show
gender-based differences both at the structural and functional levels in animal models [19,20]

as well as in humans [21,22]. MRI analysis of some 1400 human brains revealed high



variability with an extensive overlap between females and males regarding the distribution of
gray matter, white matter and connections, showing that the human brain cannot be sorted
into two distinct classes, typical of males or females but viewed rather as a continuum [23].
Epigenetics [24] and gene expression [25] analyses also showed sharp gender-specific
differences [26]. For instance, among 4508 genes analyzed, 612 genes (13.6%) presented a
dimorphic expression in the mouse [27], but the metabolomic cartography of sexual

dimorphism in the brain under healthy physiological conditions has not been documented yet.

In this study we have investigated sex-related metabolic differences in three brain regions of
young wild-type adult mice, i.e. the frontal cortex, brain stem and cerebellum, using a highly

standardized targeted metabolomics approach.

Materials and Methods

Analytical workflow (Fig. 1.A)

All the experiments were performed in accordance with the European Community Guiding
Principles for the care and use of animals (Directive 2010/63/UE; Décret n°2013-118).
Twenty wild-type female and twenty wild-type male Mus musculus C57BL-6] (B6) mice
were born and bred in identical conditions in the same animal housing facilities, until the age
of 3 months. Animals were housed at constant temperature (22 + 2°C) and humidity (55 +
20%) with a 12-hour light/dark cycle, with free access to food (SAFE A04, SAFE, Augy,
France) and water (public water supply). They were subjected to a 12-hour fast before
autopsies that were randomly conducted, to avoid batch-effect variations, between 9 and 12
am over 4 consecutive days, to avoid variability due to the circadian rthythm. After a short
exposition (45 sec) to isoflurane 3%, the mice were decapitated, their brain extracted and
separated into the three regions of interest: the frontal cortex, brain stem and cerebellum. In
order to limit the post-mortem alteration of the metabolome, we chose these three brain
regions with clear anatomical distinctions that allowed rapid dissection within a few minutes.
Decapitation after isoflurane anesthesia was chosen in order to minimize the metabolic impact
on the tissues [28]. The samples were immediately plunged into liquid nitrogen before their

conservation at -80°C until the extraction of metabolites.

Before extraction, the samples were weighed using an XA105DU analytical balance (Mettler
Toledo, Viroflay, France) with an accuracy of 0.01 mg. Tissue samples were collected in pre-

cooled (dry ice) 2.0 ml homogenization Precellys tubes prefilled with 1.4 mm diameter
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ceramic beads and 3 ul/mg cold methanol [29]. Tissues were homogenized by two grinding
cycles, each at 6600 rpm for 20 seconds, spaced 20 seconds apart, using a Precellys
homogenizer (Bertin Technologies, Montigny-le-Bretonneux, France) kept at +4°C. The
supernatant was recovered after centrifuging the homogenate and kept at -80°C until mass
spectrometric analysis. Technical issues encountered during extraction led to the loss of three
samples so that thus the final number of samples analyzed was 39, 40, and 38 for the brain

stem, cerebellum, and frontal cortex, respectively.

Targeted quantitative metabolomic analysis was carried out as described by Chao de la Barca
et al. [30], using the Biocrates® Absolute IDQ pl180 kit (Biocrates Life sciences AG,
Innsbruck, Austria). This kit uses mass spectrometry (QTRAP 5500, SCIEX, Villebon-sur-
Yvette, France) to quantify 188 different molecules. Flow injection analysis coupled with
tandem mass spectrometry (FIA-MS/MS) was used to analyze carnitine, acylcarnitines, lipids
and hexoses, whereas liquid chromatography was used to separate amino acids and biogenic
amines before quantitation using mass spectrometry (LC-MS/MS). To prevent batch-effect
variations, all samples of the same tissue were run using the same kit with a random
distribution of male and female samples over the plate. Peaks were integrated in order to
retrieve raw data as a matrix compiling the concentrations of the 188 metabolites for the 117
samples, in addition to the calibration samples and quality control values. Three quality
controls (QCs) composed of three concentrations of human plasma samples, i.e. low (QC1),
medium (QC2) and high (QC3), were used to evaluate the performance of the analytical
assay. A seven-point serial dilution of calibrators was used to generate calibration curves for

the quantification of amino acids and biogenic amines.

A cleaning step was performed to filter unusable data: metabolites with more than 30% of
values lying outside the guantification detection limits were removed from the datasets. For
all features withdrawn in this manner, a Chi-squared test was performed between the number
of values within bounds and out-of-bounds in males and females, to prevent removal of
discriminant features, i.e. features with a significant gender difference and those within or
out-of-range of the distribution. Three separate datasets were then independently processed:
row sum normalization, fold-change calculation for each compound, and matrix centering and
scaling, to ensure statistical comparability between metabolites and individuals. These

datasets were then independently processed through the statistical workflow. In parallel, these



three datasets were pooled into a global dataset, which was processed in the same way as any

of the three separated datasets.

Statistical workflow (Fig. 1.B)

Each dataset was analyzed using both the unsupervised and supervised approaches. Principal
Components Analysis (PCA), an unsupervised approach, was used to identify outliers and

spontaneous clusters.

Supervised modeling was then used to discriminate between the samples by either gender or
type of tissue from the global dataset. The dataset was partitioned into a training set and a test
set, with a ratio ranging from 80/20% (global dataset) to 66/33% (separate datasets), retaining
at least 12 samples in each test set. This partition was performed randomly, with respect to the
original distribution of gender and type of tissue. Models were challenged with the training
set, while the test sets were used to assess the prediction quality of the models to prevent
over-fitting. Orthogonal Projection to Latent Structures-Discriminant Analysis (OPLS-DA)
was used for gender prediction. Since OPLS-DA is not suited for multi-class predictions,
Projection to Latent Structures-Discriminant Analysis (PLS-DA) modeling was used for
tissue prediction [31]. The robustness of both the PLS-DA and OPLS-DA models was
assessed with the cumulated Q-squared value (Q2c), and by determinations of specificity (Sp)
and sensitivity (Se). The value of Q2¢ varies from O to 1, with a higher Q2c¢ reflecting a
higher quality model. The minimal threshold for Q2¢ was set at > 0.4 to ensure models with
reasonably good quality [31]. Due to the small number of samples in the test set, the
sensitivity and specificity thresholds for the predictions with the test sets were set at 1.0 (i.e.
perfect predictions). The importance of each feature regarding gender or tissue discrimination
was then assessed by retrieving the Variable Importance in Projection (VIP) of each
compound for each model. Compounds with a VIP higher than 1 were considered highly
important for gender or tissue prediction [32]. Metabolites were then compared using either
VIP or fold-change for gender prediction, or VIP and mean concentration per tissue for tissue
prediction. All the data processing, statistical analysis, and graphical work were carried out
using the R software (version 3.4.1, 64-bit) [33]. PCA values were computed using the
FactoMineR R package (version 1.39) [34]. The PLS-DA and OPLS-DA models were
computed using the Bioconductor ropls R package (version 1.10.0) [35]. Image manipulation
and formatting were performed using GNU Image Manipulation Program (GIMP) software

(version 2.10).



Results
Global dataset

Supplementary Table 1 shows the raw data collected. Of the 188 metabolites analyzed, 102
were accurately measured in each of the 117 samples taken from the three brain tissues
studied, i.e. the frontal cortex, brain stem and cerebellum. Data were first analyzed from a
global point of view with Principal Components Analysis (PCA) to identify the differences
between the three tissues, and between sexes in the sum of the three tissues. The first four
principal components of this global PCA model showed the spontaneous clustering of each
tissue and sex (Fig. 2). Samples were well separated according to tissue on the first plan (Fig.
2.A) with the first two principal components comprising 41.6% and 21.9% of the variance
between the samples, respectively, and partially by the third dimension (Fig. 2.B) comprising
14.4% of the total variance. Only the fourth principal component showed samples clustering
by gender (Fig. 2.D), involving only 3.8% of the variance. Thus, this PCA showed that

regional differences were largely predominant, compared to sexual dimorphism.

Differences between tissues and sexes among the 117 samples were assessed using the
metabolites with a high positive or negative correlation (Absolute value of Pearson’s
correlation coefficient |r| > 0.80) with the first four principal components. These differences
were mainly due to phosphatidylcholines and sphingomyelins (high positive correlation with
the 1°* and 2" principal components) and spermidine (high negative correlation with the 2™
principal component). Cerebellums were separated from the other two tissues by the 3™
principal component, with lower values of asparagine and alanine, and higher values of
acylcarnitines C2, C3 and free carnitine C0. The full list of compounds and their correlation
factors with the 1% to the 4™ principal components is shown in Supplementary Table 2.
Although the 4™ principal component clustered samples by gender, no compounds had a high
positive or negative correlation (|r| > 0.8) with this principal component. This indicates that,
even though there may be a genuine sexual dimorphism, its complexity throughout the brain

is such that it is difficult to grasp from a global point of view.

Both Projection to Latent Structures-Discriminant Analysis (PLS-DA) (tissue prediction) and
Orthogonal Projection to Latent Structures-Discriminant Analysis (OPLS-DA) (gender
prediction) supervised models attained high accuracy on the whole dataset, with Q2¢ (Q-
squared value) values of 0.965 and 0.816, respectively, and perfect prediction on the test set.

Supplementary Fig. 1 shows the score plots for the models.



PLS-DA and OPLS-DA variable importance in projection (VIP) scores for each metabolite
were used to assess the importance of each compound in predicting either the tissue or gender
of each sample. For tissue prediction, compounds with a VIP higher than 1 were represented
on a Kiviat diagram (Fig. 3). These results confirmed those previously obtained with the
PCA. Indeed, most phosphatidylcholines showed higher levels in the brain stem and
cerebellum compared to the frontal cortex. In addition, most amino acids, including alanine,
asparagine and glutamine, were at higher concentrations in the frontal cortex compared to the
other two tissues. Glycine had a higher concentration in the brain stem, while acylcarnitines
C0, C2 and C3 had higher levels in the cerebellum compared to the frontal cortex and the

brain stem.

For gender prediction, compounds with a VIP higher than 1 were represented on a volcano
plot (Fig. 4.A) and a word cloud, allowing a more convenient visualization of the same
information (Fig. 4.B). On the volcano plot, compounds were positioned according to their

male

VIP (y-axis) and loadings (i.e. logarithm to the base 2 of fold-change) (x-axis). On

emaite

the word cloud, compounds were placed with a label size set according to their VIP, and
colored according to their loadings. Compounds in deep blue have higher values in females,
while compounds in deep red have higher values in males. The most discriminant metabolites
were trans-4-hydroxyproline, sum of hexoses, tyrosine and lysophosphatidylcholine C18:2
with higher concentrations in males, and threonine and tryptophan with higher concentrations

in females.
Separate datasets

PCA results are not presented since, regardless of the tissue, PCA first plans were not
sufficient to separate males from females. Furthermore, no notable outliers were detected on

PCA. OPLS-DA score plots for the models are presented in Supplementary Fig. 2.

However, the supervised OPLS-DA models showed Q2c¢ of 0.837, 0.657 and 0.467 for the
brain stem, frontal cortex and cerebellum, respectively. All models showed 100% sex

prediction accuracy on the test sets (sensitivity: Se = 1, specificity: Sp = 1).

For each tissue, the OPLS-DA results are presented in the form of both a volcano plot and a
word cloud on Fig. 5. Only compounds with a VIP greater than 1 are represented on these
plots. Compared to the global analysis discussed above, these results confirmed the higher

levels, in males vs. females, of trans-4-hydroxyproline in all three brain regions explored. The
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sum of hexoses, lysophosphatidylcholine C18:2 and creatinine also showed higher values in
males compared to females in the three brain regions. Threonine and tryptophan showed
higher values in females than in males in the three tissues. The full list of compounds with
their VIPs for gender discrimination in the brain stem, frontal cortex and cerebellum is shown
in Supplementary Table 3. Besides the differences already highlighted by the global
analysis, most compounds showed sexual dimorphism specific to either one or two brain

regions.

For the OPLS-DA prediction of gender, a Venn diagram was constructed to assess sex-
specific differences common to the three brain regions studied or specific to only one or two
of these regions (Fig. 6). Features were placed in each brain region circle if their VIP for
gender prediction for this tissue was higher than 1. Among the compounds dosed in this study,
the brain stem showed the highest sexual dimorphism with 51 metabolites having a VIP
higher than 1. The frontal cortex and the cerebellum showed 24 and 25 compounds with a VIP
higher than 1, respectively.

Discussion

To explore the cerebral sexual dimorphism of the most frequently used research animal
species to mimic human diseases, e.g. the mouse, we used a highly standardized, quantitative
metabolomics and lipidomics approach to explore a whole subset of 129 molecules
representative of various structures and metabolic pathways. The global unsupervised PCA
approach showed that the metabolic heterogeneity between the three brain regions explored
was largely predominant compared to the variability caused by gender, the sexual dimorphism
being clearly demonstrated by the supervised approach. As shown in Fig. 6, among the 73
metabolites showing the sexual dimorphism, only six (8%) were common to the three brain
regions, while three to eight were common to two brain regions, and 52 (71%) were specific
of only one brain region, thus revealing a large regional variation of the cerebral metabolic

sexual dimorphism.

Regional metabolomic variations independent of gender

The brain stem and cerebellum were mostly characterized by higher levels of
phosphatidylcholines; the frontal cortex by increased amino acid levels, mostly alanine,
asparagine and glutamine; the cerebellum by lower concentrations of asparagine and alanine,

and higher values of free carnitine, and C2 and C3 acylcarnitines; finally, the brain stem by



higher glycine levels. An earlier metabolomic study performed on six brain regions from six
FVB/N mice (three males and three females) also evidenced specific profiles for each brain
region using another set of 85 polar metabolites [36]. The most discriminant metabolites for
brain regional specificity in this study were glycine, as in our study, and 5-oxoproline,
pyrophosphoric acid, taurine, 2-hydroxypyridine, phosphoethanolamine, hydrogen sulfide,

dopamine and glycerol.

Most sex-discriminant metabolites in the brain are hormonally influenced

Bovo et al. used a similar targeted metabolomics approach to characterize the metabolome in
the plasma of the pig by comparing castrated males to gilts (young females) [9]. They
identified 85 metabolites contributing to the differences between the two groups of pigs.
These metabolites include free carnitine and acylcarnitines (n=10), phosphatidylcholines
(n=40), lysophosphatidylcholines (n=5), sphingomyelins (n=8), hexoses (sum of), amino
acids (n=12), and biogenic amines (n= 9), indicating that most of the sex-discriminant

metabolites that we found in the brain are influenced by sexual hormones.

Functional projection of metabolic variations

Fig. 7 summarizes the key metabolites found to be dimorphic in the mouse brain, as well as
the biological functions that may be impacted by these variations. The link between

metabolites and biological functions is detailed below.

The phospholipidic signature of brain sexual dimorphism

Phosphatidylcholines are composed of a choline head group, a glycerophosphoric acid and
two fatty acids of different sizes. These are the commonest lipids in tissues, mostly in cell
membranes, accounting for 40-65% of the dry brain weight [37]. Among the 76
phosphatidylcholines measured, 32 (42%) were involved in the sexual dimorphism of the
brain with major regional variations. This dimorphism was highly predominant in the brain
stem, suggesting sexual differences in the composition of cellular membranes. By providing
the choline moiety, phosphatidylcholines are also precursors of acetylcholine [38], a
neurotransmitter and a neuromodulator involved in the processes of arousal, attention,
memory and motivation. Interestingly, a global increase of the phosphatidylcholine
concentration in the plasma of women has already been reported [13,39], and these

phospholipids are known to be regulated by sexual hormones [9].
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Lysophosphatidylcholines are hydrolytic products of phosphatidylcholines mediated by
phospholipases A2 or Al. Among the 14 lysophosphatidylcholines measured, five (35%)
were affected by gender with regional differences. Interestingly, lysoPC.a.C18:2, the only
lysophosphatidylcholine found dimorphic in all three brain regions, was also one of the most
significantly increased lysophosphatidylcholines found in the serum from men compared to
that from women [13]. In the brain, lysophosphatidylcholines are powerful inducers of myelin

sheath phagocytosis through the recruitment of macrophages and microglia [40].

Sphingomyelins are composed of a phosphocholine head group, a sphingosine, and a fatty
acid of variable size. They are found in the plasma membranes and are abundant in the myelin
sheath, where they contribute to the insulation of axons. Among the 15 sphingomyelins
measured, eight (53%) were involved in sexual dimorphism with regional differences.
Interestingly, in the brain stem, the sharp increase of phosphatidylcholines in females was
accompanied by an increase of the seven dimorphic sphingomyelins. Increased concentration

of sphingomyelins has also been found in sera from women [13].

The cerebral sexual dimorphism of energetic metabolism

Taken together, the concentrations of hexoses, acylcarnitines and creatinine showed an high
sexual dimorphism of the energetic metabolism with a regional specificity for acylcarnitines.
The increased level of hexoses in the three brain regions of males was one of the strongest
contributors to the sexual signature. The expression of glucose transporters in mice, including
GLUT class I and SGLT, is known to be gender-specific [41]. Furthermore, the glucose-
dependent energy production in the rat is higher in females than in males because of greater
pyruvate dehydrogenase activity [42], and positron emission tomography in humans has also
revealed higher overall cerebral glucose metabolism in females than in males [43]. Thus, the
lower consumption of glucose in males compared to that in females could explain its relative

accumulation.

Acylcarnitines are the activated form of fatty acids, allowing their mitochondrial oxidation.
Among the 40 acylcarnitines measured, only four (10%) contributed to the sexual
dimorphism. Energy production in the brain is predominantly glucose-dependent, explaining

the fact that acylcarnitines are not massively involved in cerebral sexual dimorphism.
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Nevertheless, the fact that hexoses are globally increased in males and acylcarnitines in
females reflects subtle differences in the consumption of energetic substrates in the brain.
Sexual dimorphism of acylcarnitines has already been reported in rat plasma [44], liver, heart

and skeletal muscle [45], and in human plasma [39] and urine [35].

Creatinine is the degradation product of creatine, not measured here, which is involved in the
phosphocreatine system mediating ATP storage and ADP/ATP exchanges. Creatinine was
increased in all three regions of the male brain. It is also possible that the higher whole-body
skeletal muscle mass in males may raise creatinine levels, as discussed below for

hydroxyproline.

The amino-acid signature of cerebral sexual dimorphism

Trans-4-hydroxyproline (t4.0H.Pro) shows the highest sexual dimorphism all through the
brain, with higher values in males than in females in the three regions of the brain studied.
Hydroxyproline is generated by the hydrolysis of collagen, the mass of which is consistently
higher in males [46,47], particularly in the bones and muscles [48]. Higher hydroxyproline
levels in the male brain may either reflect this higher muscle and bone mass, or preferentially
the faster collagen turnover due to increased bone resorption. At present, hydroxyproline
represents the most distinctive feature of the sexual dimorphism in mouse brain, with positive
and negative predictive values > 0.9. Proline also showed higher levels in males but only in
the brain stem and frontal cortex. In addition to its peculiar richness in collagens, this amino
acid also plays physiologic roles in neuromodulation [49] and in the biosynthesis of

glutamate, an excitatory neurotransmitter [S50].

Serine, glycine, threonine, and lysine show similar sexual profiles. Glycine showed both
regional and sexual variations. As already known, its concentration was higher in the brain
stem than in the other regions of the brain [51]. It was higher in the male brain stem but lower
in the cerebellum. Together with glutamate, glycine is known to be one of the major
inhibitory neurotransmitters in the brain [51]. Serine, a direct precursor of glycine, was also at
higher levels in the cerebellum of female mice. Interestingly, targeted metabolomic analysis
of the sera from 3,300 individuals, showed that glycine and serine levels were significantly
lower in males (-14%) than in females whereas the concentrations of most of the other amino

acids were higher in males [13]. Threonine, also a precursor of glycine, was at higher levels in
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all three cerebral regions in females. Fhe-concentrations—ofthreonine—were—correlated—with

Lysine, also at a greater concentration in the cerebellum of female mice, is mainly degraded
by the L-pipecolate pathway in the brain [53,54] and higher levels of L-pipecolate have
already been evidenced in the cerebellum [54]. One of the intermediate products in this
pathway is A!-piperideine-2-carboxylate (P2C), which plays a key role in brain development,

metabolism, electrophysiology, and regulation of neurotransmitters [55].

Tryptophan, found at higher concentrations in female mice in the three regions of the brain, is
the precursor of 5-hydroxytryptophan (5-HTP) and serotonin (5-hydroxytryptamine, 5-HT),
which are neurotransmitters regulating social behavior, aggressiveness and sexual arousal in
male as well as female mice [56-59]. While 5-HT is consistently biosynthesized throughout
the rat brain, males produce 52% more 5-HT than females, which may explain the higher

concentration of tryptophan in female brains [60].

The oxidized form of methionine, sulfoxide methionine, is a biomarker of oxidative stress,
which is physiologically reduced by methionine sulfoxide reductase. Methionine sulfoxide
was detectable only in frontal cortices, with higher values in males compared to females,
suggesting differences between male and female susceptibility to oxidative stress in the

frontal cortex.

Tyrosine was found at higher concentrations in the frontal cortices and cerebellums of males,
while both phenylalanine and dopamine were increased in female frontal cortices. Tyrosine,
derived from phenylalanine, and its own derivatives, the catecholamine neurotransmitters L-
DOPA, dopamine, norepinephrine and epinephrine play key roles in acute stress and arousal,
focus and mood behaviors. Furthermore, higher tyrosine levels allow an increased turnover of
catecholamines under stressful conditions, which may reflect a different response to stress

[61].

Histamine is a nitrogenous compound that was found at a higher concentration in the frontal

cortices and cerebellums of males than in females. It is involved in the inflammatory response
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and acts as a neurotransmitter in the brain, modulating awareness and addictive behavior.
Histamine also plays a role in motivation and addiction, particularly for food and alcohol,
increasing satiety and decreasing food intake via H3 receptors. Histidine, the precursor of
histamine, was also increased in the cerebellum of male mice, but not in the frontal cortex as
in the case of histamine. Carnosine, a dipeptide composed of alanine and histidine, is a
precursor of histidine [62]. Carnosine was increased in the cerebellum of males while
histamine and histidine were increased in the brain stem. Pefafiel et al have already
highlighted the up-regulation of carnosine by testosterone [63]. Carnosine is also known for
its antioxidant effect in the brain in physiological concentrations in humans, at which its

levels are higher than in the rest of the body [64].

The polyamine signature of sexual dimorphism

Polyamines (putrescine, spermine and spermidine) are organic compounds found in high
concentrations in the brain. Males have higher levels of spermine and spermidine in the brain
stem. Polyamines play pleiotropic roles in DNA maintenance, cell proliferation,
differentiation, and longevity [65]. In the brain, they are stored in astrocytes [66], and have a
neuromodulatory effect on almost all known receptors and channels, both at the intra- and
extra-cellular levels [67]. Polyamines are especially prone to oxidative stress, and their

oxidation can lead to the accumulation of toxic components such as aldehydes.

Integrating network and potential translational applications

A metabolomic signature artificially juxtaposes many structural and functional metabolite
variations of different origins. Fig. 7 aims at providing an integrative view of the main
sexually induced variations that we globally observed in the brain. This network shows that
some metabolites are at the crossroads of different metabolic pathways, connecting them to
the others. Phospholipids, glycine, polyamines, proline, serotonin and dopamine illustrate
these metabolic nodes creating the network. An unexpectedly sharp indirect impact of the
systemic muscle and bone mass in the brain metabolome is also highlighted. At a higher level
of integration, we have tried to connect this metabolic network to biological and physiological
functions, highlighting the main consequences of the sexual variations of the metabolome.
Interestingly, the influence of gender has already been noted in the brain for most of these
biological functions, such as those observed in energetic metabolism [41,43], oxidative stress

defenses [68], and neurotransmission and neuromodulation by the dopamine, serotonin and
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GABAergic systems [69]. With regard to biological structures, the network shows that myelin

and cell membrane composition are also highly impacted by sex.

The final level of integration concerns potential translational consequences that could be
inferred from such a network. Most neurodevelopmental, neurodegenerative and
neuropsychiatric disorders are influenced by sex in terms of prevalence, severity of clinical
expression and response to treatments. For example, in female mice we found an increase of
sphingomyelins, known to compose the myelin sheath, whereas in male mice we found an
increase of lysophosphatidylcholines, known to induce myelin sheath degradation. This is
consistent with studies showing an increased turnover of oligodendrocytes and myelin sheath
in male rodents due to long-term effects of androgen [70]. We may speculate that such sex
differences in the composition of the myelin sheath may explain, in cases of multiple
sclerosis, either the higher prevalence in women or the less severe prognostic in women
despite their stronger immune response than in men [71]. Concerning Parkinson’s disease, a
number of gender differences have been documented in clinical expression such as a lesser
severity and a later onset in women compared to men [72]. The increased dopamine levels
that we observed in frontal cortices may contribute to these variations of clinical expression.
Prefrontal cortex dopamine levels are also known to strongly influence depression [73], a
disorder known to be highly influenced by sex [74]. The therapeutic, sex-based disparity in
response to diverse treatments has also been observed in neurons in culture, in the mouse
brain and in human neurological disease [75]. It is likely that the metabolic dimorphism
observed here plays a role in the variation of response to treatment, particularly affecting the
processes of neurotransmission and neuromodulation. These examples show that the
metabolic mapping of cerebral regions could be particularly useful for understanding how sex
contributes to differences in phenotypic expression, and to better stratify the treatments

according to the sex differences.

Limits

This pilot study focused only on limited subsets of the brain metabolome and regions, and

needs to be extended to provide a complete overview of the sexual dimorphism of the brain.
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Conclusion

In total, the metabolites involved in the sexual dimorphism play key roles in a wide range of
both systemic and local brain functions: richness in collagen (hydroxyproline, proline,
creatinine) of the whole body, energetic metabolism (hexoses, acylcarnitines, and creatinine),
neurotransmission and neuromodulation (phosphatidylcholines, proline, glycine, serine,
threonine, lysine, tryptophan, tyrosine, histamine, histidine, carnosine, and polyamines),
membrane structure and cell composition (phosphatidylcholines, lysophosphatidylcholines,
and sphingomyelins), myelin metabolism (lysophosphatidylcholines and sphingomyelins),
oxidative stress (methionine, sulfoxide methionine, carnosine, and polyamines), folate

metabolism (serine, and methionine), and finally, the cell signaling system (polyamines).

In conclusion, the metabolic sexual dimorphism is major in the brain, affecting half the
sampling of the metabolites measured here, with wide regional variations and involving a
large number of structures and functions. The fine mapping of this metabolic dimorphism will
be useful in the coming years, both to better integrate the physiological differences between
the sexes, but also to better understand how and why the clinical expression of the

neurological diseases is influenced by gender.
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Figure legends

Fig. 1. Overall study design divided into two workflows. (A), the analytical pipeline, which
describes the collection and pre-processing of data; and (B), the statistical pipeline, which

describes the analytical steps applied to each dataset obtained.

Fig. 2. Unsupervised analysis of the whole dataset. The first plan (A, C) and the second
plan (B, D) of the PCA are shown. Colors according to tissue (A, B) or gender (C, D).

Fig. 3. Relative distribution of metabolites in the brain regions studied. The positions of
the compounds are determined according to mean concentrations in the brain stem, the frontal
cortex and the cerebellum. Label sizes are set according to the VIP, the compounds with
larger labels having a higher VIP.

Fig. 4. Sex dimorphic metabolites for the whole dataset. (A): Volcano plot of OPLS-DA
results. Compounds at the top of the plot are the most important for gender discrimination.
Left-most compounds have higher values in females, while right-most compounds have
higher values in males. (B): Word cloud computed using metabolite VIPs to determine the
size of the labels, and loadings to determine the color scale, from deep blue for high negative

loadings (increased in females) to deep red for high positive loadings (increased in males).

Fig. 5. Sex dimorphic metabolites in individual tissues. Volcano plots and their
corresponding word clouds for brain stem (A, B), frontal cortex (C, D) and cerebellum (E, F).
Metabolites on the volcano plots are positioned according to their VIP (y-axis) and loadings
(x-axis). Word clouds were computed using metabolite VIPs to determine the size of the
labels, and loadings to determine the color scale, from deep blue for high negative loadings

(increased in females) to deep red for high positive loadings (increased in males).

Fig. 6. Metabolome tissue-specific and non-tissue-specific sex dimorphism. Venn diagram
showing metabolites with a sexual dimorphism in either brain stem, frontal cortex or
cerebellum separately, or shared between two or three of these three tissues. Colored
backgrounds under the metabolites indicate whether they are increased in females (blue) or
males (red). Metabolites marked with an asterisk (*) have a different direction of variation in

each tissue.

Fig. 7. Functional projection of the metabolomic sex dimorphism observed in the mouse
brain. Metabolites are pictured as yellow nodes, while biological pathways linked to these

metabolites are pictured as green nodes. Red-labeled metabolites showed sexual dimorphism
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in at least one of the three brain regions studied, while black-labeled metabolites did not show
any quantitative sexual dimorphism. Gray-labeled metabolites were not analyzed in this study.

Node sizes were determined according to the number of other nodes linked.
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