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ABSTRACT

Objective: Recent studies have demonstrated that prenatal exposure to the psychoactive ingredient of cannabis that is tetrahydrocannabinol (THC)
disrupts fatty acid (FA) signaling pathways in the developing brain, potentially linking to psychopathologic consequences. Our research aims to
investigate whether changes in midbrain FA metabolism are linked to modifications in peripheral metabolism of FAs and shifts in microbiota
composition.

Methods: In order to model prenatal exposure to THC (PTE) in rats, Sprague Dawley dams were systemically administered with THC (2 mg/kg, s.c.)
or vehicle once daily from gestational day 5-20. To evaluate the metabolic impact of PTE in the offspring during preadolescence (postnatal day,
PND, 25-28), we analyzed FA profiles and their bioactive metabolites in liver and midbrain tissues, and microbiota alterations.

Results: Our findings indicate that PTE leads to sex-specific metabolic changes. In both sexes, PTE resulted in increased liver de novo lipogenesis
(DNL) and alterations in FA profiles, as well as changes in N-acylethanolamines (NAEs), ligands of peroxisome proliferator-activated receptor alpha
(PPAR-a). In females only, PTE influenced gene expression of PPAR-« and fibroblast growth factor 21 (Fgf21). In male offspring only, PTE was
associated with significantly reduced fasting glycaemia and with alterations in the levels of midbrain NAEs. Our analysis of the progeny gut
microbiota revealed sex-dependent effects of PTE, notably an increased abundance of Ileibacterium in PTE-exposed male offspring, a change pre-
viously associated with the long-term effects of a maternal unbalanced diet.

Conclusions: Our data suggest that in male PTE offspring a reduced fasting glycaemia, resulting from increased liver DNL and the absence of a
compensatory effect by Ppar-a and FGF21 on glycemic homeostasis, are associated to alterations in midbrain NAEs ligands of PPAR-a. These
metabolic changes within the midbrain, along with Ileibacterium abundance, may partly elucidate the heightened susceptibility to psychopathologic
conditions previously observed in male offspring following PTE.

1. Introduction

The use of cannabinoids during pregnancy for the relief of nausea, anxiety, and other pregnancy-related conditions is increasing [1]
and so is the growing perception and belief that cannabis derivatives could serve as a natural therapeutic remedy even during such a
sensitive window of development [2,3]. However, emerging evidence suggests that prenatal cannabis exposure, particularly to its main

* Corresponding author. Department of Biomedical Sciences, University of Cagliari, 09042 Monserrato, Cagliari, Italy.
E-mail address: banni@unica.it (S. Banni).

1 These Authors share co-seniorship.

2 These Authors have contributed equally to this work.

https://doi.org/10.1016/j.heliyon.2024.e35637

Received 8 January 2024; Received in revised form 31 July 2024; Accepted 1 August 2024

Available online 2 August 2024

2405-8440/© 2024 The Authors.  Published by Elsevier Ltd.  This is an open access article under the CC BY-NC-ND license
(http://creativecommons.org/licenses/by-nc-nd/4.0/).


mailto:banni@unica.it
www.sciencedirect.com/science/journal/24058440
https://www.cell.com/heliyon
https://doi.org/10.1016/j.heliyon.2024.e35637
https://doi.org/10.1016/j.heliyon.2024.e35637
https://doi.org/10.1016/j.heliyon.2024.e35637
http://creativecommons.org/licenses/by-nc-nd/4.0/

E. Murru et al. Heliyon 10 (2024) e35637

psychotropic component A9-tetrahydrocannabinol (THC), which crosses the placenta and impacts fetus development, increases the
risk of psychopathology, including psychotic-like events, depression, anxiety, and sleep disorders in children and later in life [4,5].
Prenatal THC exposure (PTE) leads to adverse morphological changes in placenta with reduced glucose transporter 1 (GLUT1) and
glucocorticoid receptor expression [6,7]. These effects implicate impaired maternal-to-fetal glucose transport that has been associated
to low birth weight and fetal growth restriction, including decreased head circumference [8,9].

In rats, PTE has been shown to interfere with fatty acid (FA) signaling pathways in the developing brain, directly in the mesolimbic
circuitry, which could potentially be associated with several pathophysiological outcomes [10]. Particularly, female offspring
exhibited more significant alterations in FA levels during prepubescence but appeared to recover from these deficits in early adulthood.
In contrast, PTE male offspring consistently displayed deficits in FA metabolic pathways into adulthood. Moreover, PTE progeny
displayed lasting abnormalities in glutamatergic/GABAergic function in brain (i.e., nucleus accumbens). These findings revealed
several new long-term risks of maternal cannabis use and, for the first time, demonstrated sex-related effects of maternal cannabinoid
exposure directly on the developing neural lipidome [10].

PTE has also been linked to peripheral metabolic imbalances potentially contributing to the development of metabolic syndrome.
An association between fetal exposure to cannabis and increased adiposity and fasting glucose levels in early childhood has been
suggested [11]. Fetal exposure to cannabis may disrupt molecular control of insulin and glucagon release [12]. Notably, these
metabolic changes might be ascribed to impaired FA metabolism and may lead to metabolic syndrome [13]. Indeed, FAs may play
distinct roles in regulating inflammatory signals and insulin resistance (IR) [14].

IR can impair glycogen synthesis in the liver, thereby triggering de novo lipogenesis (DNL), a process aimed at managing excessive
glucose accumulation by converting it into FAs, mainly palmitic acid (16:0, PA) and its metabolites, namely palmitoleic (16:1, POA)
and oleic (18:1, OA) acids [15]. These latter may be transported from the liver to the bloodstream via VLDL, resulting in higher tissue
deposition of PA. Over time, this could initiate an abnormal systemic inflammatory response and a metabolic dysregulation, poten-
tially resulting in dyslipidemia, IR, altered fat deposition, and other pathological conditions [16].

In addition, it has been well established that CB1 activation induces de novo lipogenesis (DNL) [17].

Notably, gut microbes and bioactive metabolites related to the endocannabinoidome (eCBome) have also been identified as
important factors modulating systemic inflammation, IR and fat accumulation [18].

Despite this compelling evidence, how PTE affects FA metabolism in peripheral tissues in the rat offspring, and how this impacts the
production of bioactive metabolites associated with the eCBome, and the gut microbiota is an understudied subject. This knowledge is
highly relevant because changes in tissue FA profile, especially those esterified to phospholipids acting as precursors, can significantly
influence the biosynthesis of bioactive metabolites belonging to the eCBome [19,20]. These metabolites have the potential to regulate
lipid and energy metabolism by affecting the peroxisome proliferator-activated receptor alpha (PPAR-a) and the endocannabinoid
(eCB) systems [21-23]. Equally important, augmented DNL may exert multifaceted effects on both PPAR-a and eCB systems, by
enhancing FA biosynthesis, which both directly and/or through intermediary metabolites act as ligands for both systems [16,24].
Lastly, changes in FA metabolism may alter gut microbiota composition as an additional adaptive homeostatic mechanism [25].

The objective of our study is to explore the interrelation between prenatal THC exposure and its subsequent effects on peripheral FA
metabolism and the variation of gut microbiota particularly considering the differences between sexes. Additionally, we aim to
elucidate how these variables collectively impact FA metabolism within the midbrain. By doing so, we intend to provide a deeper
understanding of the pathophysiological outcomes previously observed as a result of PTE.

2. Materials and methods
2.1. Experimental design

All experimental procedures were carried out according to the European legislation EU Directive 2010/63 and were approved by
the Animal Ethics Committees of the University of Cagliari and by Italian Ministry of Health (auth. No. 256,/2020). We made all efforts
to minimize pain and suffering and to reduce the number of animals used. Primiparous female Sprague Dawley rats (Envigo) were used
as mothers and single-housed during pregnancy. Offspring were weaned at postnatal day (PND) 21 and were housed in a climate-
controlled animal room (21 + 1 °C; 60 % humidity) under a normal 12 h light-dark cycle (lights on at 7:00 a.m.) with ab libitum
access to water and food.

All the experiments were conducted in both sexes during preadolescence (PND25-28). All animals included in this study did not
undergo any pharmacological manipulation during their postnatal life.

THC resin was purchased from THC PHARM GmbH (Frankfurt, Germany) and dissolved in ethanol at 20 % final concentration.
Then, THC was suspended in a vehicle (VEH) solution containing 1-2% Tween® 80 and diluted with sterile saline (0.9 % NacCl).

To model PTE, rat dams were administered subcutaneously (s.c.) with THC (2 mg/kg, 2 mL kg™!) or VEH once per day from GD5
until GD20. This dose of THC was chosen because it does not elicit substantial behavioral responses or tolerance after repeated
administration [26]. Moreover, it fails to affect maternal or non-maternal behavior, or offspring litter size [27]. Notably, this dose of
THC is equivalent to the current estimates of moderate cannabis consumption in humans since it is similar to the THC content in mild
joints (5 %) [28].

2.2. Fatty acid analysis

Total lipids were extracted from liver, plasma and midbrain samples according to the method of Folch [29]. Total lipid
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quantification was performed by the method of Chiang [30]. Aliquots of the lipid fraction were mildly saponified in order to obtain free
FAs (FFA) [31] for High Performance Liquid Chromatograph (HPLC) and Gas Chromatograph (GC) analysis. The separation and
identification of UFA was carried out using an Agilent 1100 HPLC System (Agilent, Palo Alto, CA, USA) equipped with a diode array
detector (DAD) as previously reported [29]. SFAs were measured as FA methyl esters (FAME) by a GC (Agilent, Model 6890, Palo Alto)
equipped with a flame ionization detector (FID) [32].

2.3. NAEs and 2-MG analysis

Deuterated N-acylethanolamine (NAEs) and congeners were added as internal standards to the samples before extraction for
quantification by isotope dilution, aliquots of the lipid fraction were used for their quantification. Internal deuterated standards N-
arachidonoylethanolamine [2H]gAEA, N-oleoylethanolamine [2H];OEA, N-palmitoylethanolamine [2H]4PEA, N-stearoylethanol-
amine [2H]3SEA, 2-arachidonoyl-glycerol-d5 [2H]52AG were purchased from Cayman Chemicals (MI, USA). NAEs quantification was
carried out by an Agilent 1260 UHPLC system (Agilent, Palo Alto) equipped with a mass spectrometry (MS) Agilent Technologies QQQ
triple quadrupole 6420 with electrospray ionization (ESI) source, using positive mode (ESI+) as described in Manca et al. [33].

2.4. Glycaemia

The glycaemia measurement in whole blood was carried out with medical devices GlucoMen areo meter and GlucoMen areo Sensor
(A. Menarini Diagnostics Srl, Italy). The test range of sensors is 20-600 mg/dL.

2.5. RNA isolation, reverse transcription and qgPCR-based TagMan open array

RNA was extracted from liver samples by TRI Reagent solution (Thermo Fisher Scientific, MA, USA) following the manufacturer’s
instruction and eluted in 100 pl of UltraPure Distilled Water (Invitrogen, CA, USA). The concentration and purity of RNA were
determined by measuring the absorbance of the RNA in a Biodrop at 260 nm and 280 nm, and RNA integrity was assessed using Agilent
Tapestation 4200 System (Agilent Technologies, CA, USA). 1 pg of total RNA was reverse transcribed using the High-Capacity cDNA
Reverse Transcription Kit (Thermo Fisher Scientific, MA, USA) in a reaction volume of 20 pl. 10 ng of starting RNA were used to
evaluate the expression of Ppar-a and fibroblast growth factor 21 (Fgf21) using specific forward and reverse primer pairs (Biorad, CA,
USA) on a Rotorgene Q System (Biorad, CA, USA) using PowerUp SYBR Green qPCR master mix (Thermo Fisher Scientific, CA, USA) in
duplicate reactions. TATA box binding protein (Thp) was used as reference gene. Gene expression levels were evaluated by the 2744
method and represented as fold increase with respect to baseline.

2.6. Statistical analysis

Statistical analysis was conducted using GraphPad Prism 8.0.1 software (La Jolla, CA, USA). The ROUT method and Shapiro-Wilk
normality test were employed to identify and remove any outliers and to assess the normal distribution of the data, respectively. As the
data did not follow normal distribution, for each sex, non-parametric Mann-Whitney tests were performed to evaluate differences
between PTE and CTRL group.

Results are presented as mean + standard deviation, and a significance level of p < 0.05 was used to determine statistical sig-
nificance among the groups.

2.7. Microbiome

2.7.1. DNA isolation from rat caecal samples and sequencing

DNA was isolated from the caecal content of the offspring using the DNeasy PowerSoil Pro kit (Qiagen, Hilden, Germany) following
the manufacturers’ instructions. After the assessment of concentration by using DeNovix DS-11 nanospectrophotometer and DeNovix
QFX fluorometer technologies (DeNovix, DE, USA), DNA was used as template for the amplification of the V3-V4 region of the 16S
rRNA gene by using specific primers 5-CCTACGGGNGGCWGCAG-3' and 5-GGACTACHVGGGTATCTAATCC-3’ (Integrated DNA
Technologies IDT, IA, USA) and KAPA HiFi HotStart ReadyMix (Roche) in conjunction with the Nextera XT Index Kit v2 (Sets A and B)
kit (Illumina, CA, USA). The expected amplicon size was approximately 600 base pairs, confirmed using the Agilent Tapestation 4200
System (Agilent, CA, USA). Libraries were normalized, pooled to 4 nM, then denatured, and diluted to a final concentration of 10pM,
supplemented with 20 % PhiX control (Illumina, CA, USA). Sequencing (2 x 300 bp paired-end) was performed using the MiSeq
Reagent Kit V3 (600 cycles) on an Illumina MiSeq System.

QIIME2 was used to process the resulting data (q2cli 2021.4.0, [34]). Primers were removed with Cutadapt [35], using the
following parameters: overlap = 5, error rate = 0.15, discard untrimmed reads. To ensure the quality of the analysis, only the forward
reads were used. Reads were denoised with DADA2 [36], using the following parameters: maximum expected errors = 5, truncation
length = 252 nt, minimum fold parent over abundance = 4. The resulting amplicon sequence variant (ASV) table was decontaminated
by removing the ASVs that mapped to the rat genome mRatBN7.2 (GCF_015227675.2) using BLAST within QIIME2, putative non-16S
ASVs left as “Unassigned” after the taxonomy assignment, artefacts resulting from intra-16S mispriming or chimerism, or that were
assigned to a taxon that cannot grow in the gut microbiota and was likely a contaminant (order Thermomicrobiales). This resulted in
6072 ASVs in 51 samples in total. For taxonomic assignment, a classifier for the V3-V4 region was built using the SILVA 138.1 SSURef
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NR99 database [33], dereplicated and trimmed accordingly using RESCRIPt [37]. The 51 samples consisted of between 1 and 329910
sequence reads, with the median and mean number of sequence reads of 98398 and 101631, respectively. Removal of low-quality
samples for statistical analyses is described below. The collection of R packages “tidyverse” was used for taxonomic composition
visualisation. The sequencing data were submitted to the European Nucleotide Archive (ENA/EBI) and are available under the study
accession number PRJEB71402.

2.8. Microbiome statistical analysis

QIIME2 was used to calculate diversity metrics of the gut microbiota. Using the rarefaction curves, the minimum sample size of
64413 reads was selected. Therefore, 9 samples were excluded from the analysis, resulting in a set of 42 samples with a median and
mean of 108873 and 123112, respectively. Weighted and unweighted UniFrac distances [38] were used for the principal coordinate
analysis (PCoA) within QIIME2. The corresponding plots were created using the collection of R packages “tidyverse”. Differences in
alpha-diversity metrics (Pielou’s evenness, Faith’s phylogenetic diversity) between groups were assessed using the Kruskal-Wallis test
and Dunn’s test, followed by the Benjamini-Hochberg procedure for all within-sex comparisons and between-sex comparisons of
matched groups. Differences in beta-diversity metrics were assessed using Adonis, PERMANOVA, and PERMDISP with 9999 permu-
tations within QIIME2. The adjusted p-values were obtained using the Benjamini-Hochberg procedure where applicable and denoted
as q. ANCOM [39] was used as a compositional data analysis tool to find differentially abundant ASVs.

3. Results

To assess the systemic metabolic effects of PTE, we analyzed the profiles of FAs and their bioactive metabolites associated with the
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Fig. 1. A) Monounsaturated Fatty Acids (MUFA), B) Polyunsaturated Fatty Acids (PUFA), C) palmitoleic acid (POA), D) oleic acid (OA) expressed as
mol% of total FA, E) POA/OA ratio, F) PUFAn3, G) PUFAn6, as mol% of total FA, and C) n3 highly unsaturated fatty acids (HUFA) score (ratio of n3
HUFA to total n6 + n3 HUFA) in liver of male (blue) and female (red) rat offspring prenatally THC exposed (PTE) and controls (CTRL). Values are
mean + S.D. of n = 5. * = p < 0.05; ** = p < 0.01. (For interpretation of the references to colour in this figure legend, the reader is referred to the
Web version of this article.)
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eCBome in the liver, plasma, and midbrain, as well as changes in the microbiota.
3.1. Body weight and food intake

No changes in body weight and food intake were detected (data not shown).
3.2. Fatty acid metabolism in the liver

In examining liver FA metabolism, we found a significant increase in monounsaturated FA (MUFA) at the expense of poly-
unsaturated FA (PUFA) in PTE progeny (Fig. 1A and B), with no changes in saturated FA levels (data not shown). This shift in MUFA
and PUFA balance can be attributed to heightened biosynthesis of specific MUFA suggestive of DNL, especially of POA and OA (Fig. 1C
and D). Accordingly, the metabolic marker for DNL that is the ratio between POA, which is primarily endogenously produced through
DNL, and linoleic acid (18:2, LA), which solely derives from the diet, sharply increased (Fig. 1E). While such an increase is often
associated with a high deposition of fat in the liver [40], we found no differences when total liver lipids were evaluated (data not
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shown).

A detailed analysis of hepatic PUFA levels shows a reduction in PUFAn3 rather than PUFAn6 (Fig. 1F and G) and suggests the causes
for decreased PUFA. Accordingly, the n3 highly unsaturated FA (HUFA) score (ratio of n3 HUFA to total n6 + n3 HUFA), which in-
dicates the tissue n3 and n6 HUFA balance, is markedly reduced (Fig. 1H).

Changes in liver PUFA levels might be ascribed to an altered activity of the elongase 2/5, since PTE progeny exhibited decreased
ratios of 20:3n6,/18:3n6 and 22:4n6/20:4n6 for the PUFAnG6 (Fig. 2A and B) and the diminished ratio of 22:5n3/20:5n3 for the PUFAn3
in the liver (Fig. 2C).

The observed changes in the liver FA profile could influence the biosynthesis of eCB and related compounds, such as NAEs [41].
Accordingly, an increase in NAE levels derived from FAs produced by DNL, such as N-palmitoylethanolamine (PEA), N-palmito-
leoylethanolamine (POEA), and N-oleoylethanolamine (OEA), was observed in the PTE progeny (Fig. 3A-C). Of note, the elevated
levels of anandamide (AEA) (Fig. 3D) were associated to the decreased n3 HUFA score (Fig. 1H) as previously indicated [41,42].
Conversely, levels of 2-monoacylglycerols (2-MGs) remained unchanged (data not shown).

Considering that PEA, POEA, OEA are potent endogenous ligands for PPAR-«a, we further examined if PTE influenced Ppar-a gene
expression in the liver. Intriguingly, PTE females only displayed increased Ppar-a mRNA levels (Fig. 4A). Accordingly, a transcription
factor directly regulated by PPAR-a and involved in energy metabolism that is fibroblast growth factor 21 (Fgf21) was also enhanced in
a sex-dependent fashion (Fig. 4B)

3.3. Lipid and glucose metabolism in the plasma

We further assessed the impact of alterations in hepatic lipid metabolism on plasma glucose and lipid homeostasis. We found a sex-
specific reduced glycaemia as a function of PTE (Fig. 5A). Analysis of total plasma FAs (Total FAs) and non-esterified FAs (FFA)
revealed a PTE-dependent increase in the progeny (Fig. 5B and C), which was accompanied by a diminished n3 HUFA score (Fig. 5D)
and an elevated POA/LA ratio, supportive of the hypothesized increased liver DNL (Fig. 5E).

3.4. Lipid metabolism in the midbrain

We previously found that PTE induced marked alterations in physiological properties and plasticity of midbrain dopamine neurons
leading to an abnormally high dopamine cell firing activity [27]. Importantly, this effect was sex-specific and curtailed to the male
offspring, thus supporting the existence of sex-dependent mechanisms underlying PTE-induced vulnerability of developing male
brains. This prompted us to parse the lipidomic profile of the midbrain. Notably, PTE males only displayed a decreased POA/LA ratio
(Fig. 6) and increased levels of PEA and POEA (Fig. 7A-B). Noteworthy, OEA levels rose as a function of PTE irrespective of the sex
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Fig. 3. A) N-palmitoylethanolamine (PEA), B) N-palmitoleoylethanolamine (POEA), C) N-oleoylethanolamine (OEA), and D) anandamide (AEA) as
mol% of total FA, in liver of male (blue) and female (red) rat offspring prenatally THC exposed (PTE) and controls (CTRL). Values are mean + S.D. of
n = 5. ** = p < 0.01. (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.)
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(Fig. 7C). Lastly, PTE did not influence either Ppar-a or Fgf21 gene expression in the midbrain (data not shown).

3.5. Microbiome

3.5.1. Prenatal THC exposure affected the offspring gut microbial composition in a sex-dependent manner

Changes in FA metabolism may alter gut microbiota composition as an additional adaptive homeostatic mechanism [25]. We
therefore analyzed the composition of the offspring gut microbiota (Fig. 8A). PTE increased the Shannon index of the gut microbiota of
male offspring (q = 0.0324; Fig. 8B), representing a combined increase in richness and evenness. However, more specific metrics of gut
microbiota evenness, richness, and phylogenetic diversity (Fig. 8C) in males only unveiled a trend towards significance in increased
evenness (q = 0.0526). This suggests that PTE impacted the relative frequencies of the gut bacteria in males, but not the number of
different species or how distinct the species were. Principal component analysis (PCA) shows that PTE also significantly affected
microbial community composition, as represented in the PCA plots representing beta-diversity (p = 0.0001 and p = 0.0028; Fig. 8D
and E). The effect of sex was clear when relative frequencies were not considered (p = 0.0093 and p = 0.0467). This implied
sex-dependent differences in low abundant amplicon sequence variants (ASVs) and PTE-dependent differences in more abundant
amplicon sequence variant ASVs. Indeed, the ASV-level ANCOM found an increase in two ASVs belonging to Ileibacterium and unknown
Actinobacteriota (likely family Atopobiaceae) in PTE male when compared to female progeny. The increased levels of Ileibacterium in
PTE males were further confirmed at genus level analysis (Fig. 8A). This latter revealed a decrease in [Clostridium] innocuum group in
the PTE progeny and affected ASVs with a higher relative frequency with a significant decrease in a Blautia ASV in PTE females while
increasing two Bifidobacterium ASVs in PTE males (Fig. 8A). PTE also increased Gordonibacter in males (Fig. 8A).

3.6. Discussion

Our results demonstrate that PTE significantly affects lipid metabolism in the liver, which might subsequently influence lipid
metabolism in the midbrain. This effect might be driven by the elevated DNL in the liver. This latter might compete for essential acetyl
groups with elongases Elovl2 and Elovl5, potentially decreasing PUFA synthesis, particularly n3 PUFA, which could in turn further
stimulate DNL [43].

In the liver, DNL typically results from IR, which promotes the accumulation of the newly formed fat from DNL [15]. Conversely,
we did not observe increased fat deposition in the liver, possibly because of a prompt fat clearance in the bloodstream through the
release of VLDL, as indirectly suggested by the elevated DNL plasmatic biomarker POA/LA. Notably, hepatic DNL correlated with an
increase of NAE biosynthesis from the newly synthesized FAs. Concurrently, the heightened n6 to n3 (HUFA) ratio alongside increased
NAE biosynthesis can elevate AEA levels, activating type 1-cannabinoid receptors (CB1Rs) that might further stimulate DNL [44].

NAESs such as PEA, POEA, and OEA are potent endogenous ligands of PPAR«a [45]. Our data identified in the liver a sex-specific
augmented gene expression of Ppar-a and Fgf21, which play a crucial role in energy substrate metabolism [46]. This might suggest
that PTE females only might display a heightened sensitivity to endogenous PPAR« ligand-induced modulation. Given that PPAR-a and
FGF21 have been identified as modulators of glucose homeostasis [46], one might plausibly speculate that their induction in females
could counteract the effects of PTE-induced liver FA metabolism disruption on glycaemia homeostasis. Hence, PTE male rats only
exhibit a reduced glycaemia at fasting. Of note, PTE male rats also display a decreased DNL and a sustained NAE biosynthesis in the
midbrain. One possible explanation could be that the observed reduced glycemia, which may result in decreased glucose availability in
the midbrain, might stimulate the production of NAE endogenous PPAR-a ligands. This could promote FA p-oxidation and ketone body
formation through PPAR-«a activation, thereby addressing the glucose deficit in PTE male rats. Yet, similarly to the liver, the pro-
nounced increase in endogenous PPAR-a ligands did not elevate midbrain Ppar-a gene expression in male rats. One might, therefore,
speculate that PPAR-a activation can potentially enhance astrocyte metabolism, promoting ketone body production, thus serving as an
alternate energy source [47] and conserving glucose essential for the pentose phosphate pathway. This pathway facilitates nucleotide,
FA through DNL, and amino acid synthesis, which are critical for synaptogenesis and brain development [48]. Irrespectively, our
findings suggest that while PTE male rats might upregulate endogenous PPAR-« ligands in response to decreased glucose availability
and DNL, Ppar-a gene expression is impaired, thereby impacting their ability to manage glucose deficits within the midbrain. This is
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relevant because i) neural differentiation occurs throughout life and is strongly associated with upregulation of DNL in neural stem and
progenitor cells [49] and ii) DNL is central for the proper morphological formation and function of neurons and for myelination [50].

Our working hypothesis is that during periods of high glucose demand, such as brain development, compensatory homeostatic
mechanisms addressing PTE-dependent glucose shortfalls might be insufficient in male rats. These metabolic alterations could be
associated with the shifts in the gut microbiome composition. For instance, chronic THC treatment has been suggested to induce
hypophagia and to inhibit weight gain in diet-induced obese mice by altering the gut microbiota [51]. Accordingly, we observed a sex
dichotomy in PTE effects on the offspring gut microbiota. In particular, Ileibacterium abundance is higher in PTE males than females.
Ileibacterium proliferates in the gut microbiota in high-fat diet or high-fructose and salt diet conditions [52,53]. Notably, offspring
exposed in utero to high-fat diet displays an increased risk of neurodevelopmental disorders [54] similar to PTE [4]. Gordonibacter
increased in PTE males only. Gordonibacter abundance has also been observed in gut microbiota of women affected by major depressive
disorder [55] and social anxiety disorder [56]. Conversely, in men, Gordonibacter is a known producer of anti-inflammatory and
neuroprotective urolithins [57,58]. Therefore, the link between the increase in Gordonibacter with PTE in males and associated
neurologic disorders is less clear. Finally, we observed a reduction in Blautia in PTE females relative to their controls that could be
associated to IR and DNL. Remarkably, Blautia inversely correlated with type 2 diabetes [59]. Collectively, the primary sequence of
events suggests that metabolic changes induced by PTE precede and potentially drive alterations in the gut microbiota. These
microbiota changes may represent a compensatory mechanism that mitigates the metabolic disturbances initiated by PTE. Specifically,
we observed that the increase in certain bacterial species could be interpreted as an adaptive response that restores metabolic balance
and counteracts the metabolic dysfunction triggered by PTE.

Furthermore, these microbiota alterations, while secondary to metabolic changes, might contribute to the psychopathological
consequences observed in PTE exposure.

Our data suggest that PTE drives significant changes in liver FA metabolism, especially in the induction of DNL. Hepatic metabolic
shifts may underlie the alterations observed in other tissues. However, the precise mechanism for such marked impacts on liver
metabolism due to PTE remains elusive and warrants further investigations. Previous research has shown that PTE can markedly
hinder fetal growth [8,9]. The GLUT1 has been proposed as a potential target for THC, providing an avenue through which the fetal
growth limitation might occur [7]. Moreover, in adults, increased DNL has been identified as an adaptive hepatic response to unlimited
nutrient availability subsequent to prenatal caloric restrictions, a phenomenon associated to a rise in hepatic GLUT1 expression [60],
which could potentially disrupt the regulation of glucose homeostasis. Hence, PTE-dependent metabolic alterations in the liver might
relate to these mechanisms. Nevertheless, future research is warranted to assess which possible scenario(s) occurs. The character-
ization of PTE-induced metabolic changes is pivotal for future research aiming to design nutritional approaches that can regulate liver
DNL, to maintain steady blood glucose levels, and to restore brain glucose metabolism. Such understanding will aid in deciphering
whether PTE-induced changes in liver metabolism contribute to, or depend on, the onset of psychiatric disorders.

We acknowledge that while our study provides insights into the metabolic changes induced by PTE, the direct application of these
findings to clinical settings requires a rigorous validation in human studies. Should future research confirm that the metabolic and
microbiota alterations observed in our study are indeed associated with psychiatric disorders in humans, this would underscore the
potential of targeted nutritional strategies as a novel intervention for PTE-dependent deleterious effects. Such strategies could be
designed to ameliorate metabolic and microbiota imbalances, with the ultimate goal of evaluating their impact on the psychiatric
disorders associated with PTE. This approach not only promises to advance our understanding of the metabolic underpinnings of
psychiatric conditions but also opens avenues for developing preventive and therapeutic strategies that address the metabolic
component of these disorders.
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