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Abstract

:

Autism spectrum disorder (ASD) is a disruptive neurodevelopmental disorder manifested by abnormal social interactions, communication, emotional circuits, and repetitive behaviors and is more often diagnosed in boys than in girls. It is postulated that ASD is caused by a complex interaction between genetic and environmental factors. Epigenetics provides a mechanistic link between exposure to an unbalanced maternal diet and persistent modifications in gene expression levels that can lead to phenotype changes in the offspring. To better understand the impact of the early development environment on the risk of ASD in offspring, we assessed the effect of maternal high-fat (HFD), high-carbohydrate, and mixed diets on molecular changes in adolescent and young adult offspring frontal cortex and hippocampus. Our results showed that maternal HFD significantly altered the expression of 48 ASD-related genes in the frontal cortex of male offspring. Moreover, exposure to maternal HFD led to sex- and age-dependent changes in the protein levels of ANKRD11, EIF4E, NF1, SETD1B, SHANK1 and TAOK2, as well as differences in DNA methylation levels in the frontal cortex and hippocampus of the offspring. Taken together, it was concluded that a maternal HFD during pregnancy and lactation periods can lead to abnormal brain development within the transcription and translation of ASD-related genes mainly in male offspring.
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1. Introduction


Autism spectrum disorder (ASD) is a complex neurodevelopmental disorder whose prevalence has increased rapidly over the last few decades [1]. One of the most characteristic symptoms of this heterogeneous brain disease is a significant disturbance of social interaction, communication, emotional circuits, and restricted and repetitive behavior patterns [2]. ASD is diagnosed more often in boys than in girls; the ratio is three-to-one male to female [3]. It is now well known that the development of ASD is caused by a complex interaction between genetic (40–80%) and environmental factors (most likely the remaining part of the risk), which are mainly related to epigenetic mechanisms [4]. Nongenetic factors can act independently or by interaction with ASD-associated gene mutations [5]. Among numerous environmental factors, such as the older age of parents, maternal infections, medications (valproate, antidepressants), smoking and alcohol use, imbalanced macro- and micronutrients, exposure to air pollution, heavy metals, and pesticides [6], maternal overweight or obesity increases the risk of ASD development in offspring by as much as 36% [7]. Moreover, recent considerations of the pathogenesis of ASD mainly emphasized the intrauterine and early postpartum development periods, characterizing ASD as a multistage, progressive disorder of brain development [8,9].



Clinical and preclinical data indicate that the period of intrauterine development and early childhood is extremely sensitive to external factors, such as an improper diet consumed by mothers, which may contribute to the occurrence of structural and functional abnormalities in the brain, predisposing offspring to numerous neurodevelopmental and mental diseases later in life [10]. The continuous increase in the incidence of ASD in the last two decades has intensified research on the role of nongenetic etiological factors, such as epigenetics (mainly abnormal DNA methylation) and environmental interactions [11,12,13].



Epigenetic changes occur throughout the entire life of an individual, especially during the period of intrauterine development. DNA methylation is a dynamic process that occurs mainly within the CpG dinucleotides common in the promoter regions of genes. Most often, high levels of methylation in the promoter regions are associated with decreased gene expression [14,15]. DNA methylation is essential for cell-specific gene expression and plays an important role during embryonic development and the early postnatal period, which corresponds to the peak time of synaptogenesis [16]. Numerous studies indicate that a maternal HFD alters the methylation pattern in the offspring [10,17,18,19]. As with epigenome reprogramming during early embryonic development, dynamic epigenetic remodeling in the postnatal brain may be a key stage for epimutation accumulation and subsequent dysregulation of brain development and function. In addition, the epigenetic hypothesis may also take into account environmental factors in molecular pathogenesis, as it has been well documented that 5-methylcytosine (5-mC) can be modified by environmental factors both in the prenatal and postnatal periods [12].



To better understand the role of an improperly balanced maternal diet on the risk of ASD in offspring exposed during pregnancy and lactation, in this study, we assessed the effects of a maternal high-fat diet (HFD), a high-carbohydrate diet (HCD; rich in sucrose), and a mixed diet (MD; rich in carbohydrate and fat) on expression disturbances in genes and proteins, the functioning of which is associated with the development of ASD symptoms. Next, we assessed the level of global DNA methylation as well as the changes in CpG island methylation in two brain regions, the frontal cortex and hippocampus, which are the structures involved in the pathology of this disorder.




2. Materials and Methods


2.1. Animals and Diets


All procedures were performed following EU Directive 2010/63/EU with the approval of the Ethical Committee at the Maj Institute of Pharmacology Polish Academy of Sciences (approval numbers 1270/2015 and 42/2017).



Wistar Han rats from Charles River (Germany) were housed in standard cages in an animal colony room maintained at 22 ± 2 °C and 55 ± 10% humidity under a 12 h light–dark cycle (lights on at 6:00 a.m.) with free access to water and food. Female virgin rats (200–240 g), after the acclimatization period and during the proestrus phase (smears from females were assessed to determine the estrous cycle phase), were mated with males.



The pregnancy was confirmed by examining vaginal smears for the presence of sperm. Then, pregnant females were individually housed and randomly assigned to one of the four groups: standard diet (SD; 65% carbohydrate, 13% fat, 22% protein, 3.4 kcal/g; VRF1; Special Diets Services, Essex, UK) or modified diets purchased from Altromin (Lage, Germany): high-fat diet (HFD; 24% carbohydrate, 60% fat, 16% protein, 5.31 kcal/g; C1057 mod.), high-carbohydrate diet (HCD; 70% carbohydrate: rich in sucrose—40%, 12% fat, 18% protein, 3.77 kcal/g; C1010) or mixed diet (MD; 56% carbohydrate, 28% fat, 16% protein, 3.90 kcal/g; C1011). Dams were fed these diets ad libitum during pregnancy (21 days) and lactation (21 days). The modified maternal diets used in these experiments did not affect the litter size or birth weight of offspring. Moreover, HFD-, HCD-, and MD-fed dams during pregnancy and lactation did not have significant differences in body weight compared to dams from the SD group (except during the last week of lactation, when the body weight of the MD dams was lower) [20]. Litter sizes were normalized to 10–12 pups with a sex ratio as close to 1:1 as possible. After weaning, offspring at postnatal day (PND) 22 were separated according to sex, housed 5 per cage, and switched to SD. Male and female offspring were used in this study.




2.2. Brain Tissue Collection


The subsets of offspring were sacrificed through rapid decapitation at PND 28 (adolescence) and PND 63 (early adulthood). The frontal cortex and hippocampus were dissected according to The Rat Brain Atlas [21]. The structures were immediately frozen on dry ice and stored at −80 °C until further molecular analysis. Animals were not fasting before decapitation. All samples were collected between 9:00 and 12:00 a.m.




2.3. RNA Sequencing


Frontal cortex RNA isolation (from offspring at PND 28), sequencing, data preprocessing, and Gene Ontology and KEGG pathway analysis results were described previously [22]. Raw data for this project are accessible from the Sequence Read Archive (SRA) under the PRJNA669556 BioProject. Briefly, gene-level transcript counts were quantified with the Cufflinks v 2.2.1 package. Two-way analysis of variance (ANOVA) was run on all genes with mean (log2(FPKM + 1)) > 1. The FDR (false discovery rate) was computed from two-way ANOVA p values. Next, genes with a mean (log2(FPKM + 1)) > 1 were filtered to include only transcripts from genes indexed in the SFARI database [23] as either human or animal model genes (n = 960 genes). Transcripts from 852 genes were detected. These were further filtered for FDR of the diet factor < 0.1 and FDR of the diet × sex interaction < 0.1. An additional filter of SD/mean < 0.3 in each group was applied to exclude genes with high within-group variability. This filtering yielded 48 genes. Pathway and Gene Ontology (GO) analysis was conducted with EnrichR [24,25]. Full results are available under this link: https://maayanlab.cloud/Enrichr/enrich?dataset=f4105d0ce5a9cec011c49a919df36efe (accessed on 9 September 2021).




2.4. Enzyme-Linked Immunosorbent Assay (ELISA)


The frontal cortex and hippocampus were homogenized (Bioprep-24 Homogenizer; Aosheng, Hangzhou, China) in ice-cold phosphate-buffered saline (PBS) buffer, pH 7.4 (Takara Bio, Göteborg, Sweden), with a protease inhibitor cocktail (Complete, Roche, Mannheim, Germany). The protein levels of Ankyrin Repeat Domain-Containing Protein 11 (ANKRD11; Cat# E2515Ra), Eukaryotic Translation Initiation Factor 4E (EIF4E; Cat# E2608Ra), Neurofibromin 1 (NF1; Cat# E2518Ra), Histone-Lysine N-methyltransferase SETD1B (SETD1B; Cat# E2517Ra), SH3 And Multiple Ankyrin Repeat Domains Protein 1 (SHANK1; Cat# E2516Ra) and Serine/Threonine-Protein Kinase TAOK2 (TAOK2; Cat# E2606Ra) were measured using ELISA kits (Bioassay Technology Laboratory, Shanghai, China) following the manufacturer’s protocol. Duplicates of each sample and series of standards were transferred to ELISA plates. Absorbance was measured at a wavelength of λ = 450 nm using a Multiskan Spectrum spectrophotometer (Thermo LabSystems, Philadelphia, PA, USA). The concentration of proteins was calculated from a standard curve and expressed as pg/mg of protein. For protein measurement, the Pierce BCA Protein Assay Kit (Thermo Scientific, Rockford, IL, USA) was used.




2.5. Quantifying Global DNA Methylation


DNA was isolated following the manufacturer’s protocol using the AllPrep DNA/RNA/Protein Mini Kit (Qiagen, Hilden, Germany). One hundred nanograms of DNA were used for the study. The level of global DNA methylation (5-mC%) was measured using a MethylFlash Global DNA Methylation (5-mC) ELISA Easy Kit (Cat# P-1030-96; Epigentek, Farmingdale, NY, USA) according to the manufacturer’s instructions. The absolute quantification of 5-mC% contents was performed using a standard curve according to the manufacturer’s manual. All samples were analyzed in duplicate.




2.6. EpiTect Methyl II PCR Assay


DNA was isolated following the manufacturer’s protocol using the AllPrep DNA/RNA/Protein Mini Kit (Qiagen, Germany). The purity and concentration of the extracted DNA were detected before further investigation using an ND-1000 spectrometer (NanoDrop Technologies Inc., Wilmington, DE, USA) and then stored at −20 °C until further restriction digestion. DNA methylation was detected using EpiTect Methyl II PCR Assays (Qiagen, Germantown, MD, USA). The technique is based on the detection of the remaining input genome after digestion with a methylation-sensitive restriction enzyme. First, digested samples of DNA were obtained following the manufacturer’s instructions for the EpiTect Methyl II DNA Restriction Kit (Qiagen, USA). Briefly, as follows: input genomic DNA was divided into four equal aliquots and tested with four tubes: no enzyme (Mo), methylation-sensitive enzyme (Ms), methylation-dependent enzyme (Md), and double enzymes (Msd). All 4 reactions were incubated at 37 °C overnight, followed by 65 °C for 20 min using a thermocycler (Applied Biosystems, Foster City, CA, USA). Next, the methylation status was determined using QuantStudio 3 (Applied Biosystems, USA), the enzymatic reactions were mixed directly with the qPCR master mix (RT2 SYBR Green ROX qPCR Mastermix (Qiagen, USA) and the plate containing the prealiquots was dispensed into the PCR primer mix (EpiTect Methyl II qPCR Primer Assay; Taok2 (Cat# EPRN100699–1A); Eif4e (Cat# EPRN104934–1A; Qiagen, USA)). Real-time PCR was performed under defined cycle conditions: 95 °C for 10 min (1 cycle), then 99 °C for 30 s and 72 °C for 1 min (3 cycles), and finally 97 °C for 15 s and 72 °C for 1 min (40 cycles). The results were obtained using a data analysis sheet (EpiTect Methyl II PCR Array data analysis template) that automatically calculates the relative amount of methylated and unmethylated DNA fractions.




2.7. Statistical Analysis


All data are expressed as the mean ± standard error of the mean (SEM). Data were analyzed with two-way ANOVA (diet × sex) followed by a Bonferroni post hoc test using GraphPad Prism 9.1.0 software (GraphPad Software, La Jolla, CA, USA). p < 0.05 was considered statistically significant.





3. Results


3.1. Maternal HFD during Pregnancy and Lactation Changes the Expression of ASD-Related Genes in the Offspring Frontal Cortex


We investigated whether genes reported to be related to ASD were differentially regulated in response to maternal dietary patterns. To this end, we filtered gene expression analysis results to include only genes reported in the SFARI database [23]. Furthermore, we focused on genes that are differentially regulated by maternal diets (FDR < 10%) and have significant interaction between sex and diet (FDR < 10%). We identified 48 ASD-related genes whose expression was significantly altered in adolescent (at PND 28) offspring in the frontal cortex after exposure to maternal HFD (Figure 1). For the HFD group as compared with the control animals, 47 genes were upregulated in males (average log2 of fold change 0.4) and 47 genes were upregulated in females (average log2 of fold change 0.17). For offspring from MD groups, these numbers were 16 and 46, and for HCD groups, these numbers were two and 45. Detailed results can be found in Supplementary Table S1. Pathway analysis of selected 48 genes showed the overrepresentation of the histone modification pathway in this gene set (WikiPathways database, term: Histone Modifications WP2369, 5/48 genes, adjusted p value: 0.00004). Top GO Molecular Function term was histone-lysine N-methyltransferase activity (GO:0018024) (5/48 genes, adjusted p value 0.000008). Moreover, the top 75 genes selected from the analysis of all protein coding genes without filtering [22] included five genes related to ASD: Kif5c, Syn1, Sparcl1, Agap2, and Actb (reported in the SFARI database).




3.2. Maternal HFD during Pregnancy and Lactation Changes the Levels of ASD-Related Proteins in the Offspring Brain


We chose for further analysis five functionally different proteins (ANKRD11, NF1, SETD1B, SHANK1, and TAOK2) encoded by genes whose expression changed after exposure to maternal HFD in the offspring frontal cortex and which have been assessed in our previous studies in the prefrontal cortex [26]. Additionally, we analyzed the level of the EIF4E protein responsible for translation initiation, the activity of which may be indirectly regulated by NF1 [27]. We also assessed protein levels and epigenetic changes in another important brain structure in the pathogenesis of ASD, the hippocampus, to assess whether the changes caused by maternal HFD are brain region specific.



Two-way ANOVA showed a significant effect of maternal diet on the level of ANKRD11 (F(1,28) = 7.74, p < 0.01), NF1 (F(1,28) = 10.43, p < 0.01), SETD1B (F(1,28) = 18.61, p < 0.001) and SHANK1 (F(1,28) = 6.82, p < 0.05), as well as effect of diet × sex interaction on the level of EIF4E (F(1,28) = 5.93, p < 0.05) and TAOK2 (F(1,28) = 8.48, p < 0.01) in the offspring frontal cortex at PND 28. After exposure to a maternal HFD, there was a significant increase in the level of ANKRD11 (p < 0.05), EIF4E (p < 0.05), and SETD1B (p < 0.01) as well as an upward trend for the SHANK1 protein (p = 0.054) (Figure 2a) in male offspring compared to the control group. In adolescent females from the HFD group, an increase in the levels of NF1 protein (p < 0.05) and SETD1B (p < 0.05) was observed, with a simultaneous decrease in the level of TAOK2 protein (p < 0.05) compared to the SD group (Figure 2a). Within the hippocampus, two-way ANOVA showed a significant effect of maternal diet on the level of EIF4E (F(1,28) = 25.72, p < 0.001) and TAOK2 (F(1,28) = 13.81, p < 0.001) or effect of diet × sex interaction on the level of SHANK1 (F(1,28) = 5.71, p < 0.05). Post hoc analysis showed that exposure to maternal HFD increased the hippocampal level of SHANK1 (p < 0.05) in males and decreased TAOK2 level (p < 0.01) in female offspring compared to the control animals at PND 28. Additionally, regardless of the sex of the offspring, a decrease in EIF4E was noted in the HFD group (male p < 0.05; female p < 0.001) compared to the SD group at PND 28 (Figure 2b).



During early adulthood (PND 63), the levels of the tested proteins in the frontal cortex did not differ significantly between the offspring from the control group and the HFD group (Figure 3a). Two-way ANOVA showed a significant effect of diet × sex interaction on the hippocampal levels of EIF4E (F(1,24) = 9.32, p < 0.01) and TAOK2 (F(1,24) = 9.49, p < 0.01). In the hippocampus, a decrease in the levels of EIF4E (p < 0.05) and TAOK2 (p < 0.05) proteins was noted only in the case of male offspring exposed to maternal HFD (Figure 3b). A summary of the influence of maternal HFD on the level of tested proteins is presented in Table 1.




3.3. Maternal HFD during Pregnancy and Lactation Changes Global DNA metHylation in the Offspring Brain


During adolescence, in offspring, two-way ANOVA showed a significant effect of maternal diet on global DNA methylation (F(1,28) = 4.52, p < 0.05) in the frontal cortex. However, post hoc analysis indicated that only the male offspring of the HFD group showed a trend toward lower global DNA methylation (p = 0.08) compared to the control group. At the same time, exposure to maternal HFD did not affect hippocampal global DNA methylation at PND 28 (Figure 4a).



At PND 63 statistical analysis showed a significant effect of maternal diet on global DNA methylation within the hippocampus (F(1,24) = 5.48, p < 0.05) and effect of diet × sex interaction in the frontal cortex (F(1,24) = 22.67, p < 0.001) and hippocampus (F(1,24) = 7.06, p < 0.05). In adult male offspring from the HFD group, the methylation level was increased in the frontal cortex and hippocampus (p < 0.01). On the other hand, decreased levels of global DNA methylation were observed in the frontal cortex of female offspring exposed to maternal HFD (p < 0.01) (Figure 4b).




3.4. Maternal HFD during Pregnancy and Lactation Alters CpG Island DNA Methylation in the Offspring Brain


For more detailed information on the effects of maternal diet during pregnancy and lactation on epigenetic changes related to DNA methylation, we assessed the CpG island methylation of Eif4e and Taok2 within the frontal cortex and hippocampus in juvenile offspring. Two-way ANOVA showed a significant effect of maternal diet on the DNA methylation of CpG island of Taok2 in the frontal cortex (F(1,28) = 17.49, p < 0.001) and hippocampus (F(1,28) = 7.67, p < 0.01) as well as Eif4e within the hippocampus (F(1,28) = 5.15, p < 0.05). We observed the hypermethylation of CpG islands of Taok2 in the frontal cortex of male (p = 0.051) and female (p < 0.01) offspring exposed to maternal HFD compared to control animals (Figure 5a). In addition, in the hippocampus, an increase in methylation of CpG islands of Eif4e was observed in male offspring from the HFD group (p < 0.05), and an upward trend was observed in female offspring in Taok2 (p = 0.078) (Figure 5b).





4. Discussion


Growing epidemiological and preclinical evidence highlights the crucial role of the maternal diet during pregnancy and lactation in the normal development of the brain and the risk of nervous system diseases in offspring [10,20,26,28,29]. Our recent studies have indicated that maternal HFD during pregnancy and the suckling period leads to the disturbance of social interactions and an increase in repetitive behavior (assessed in the marble-burying and self-grooming test) in male offspring during the adolescent period compared to control animals [26]. Behavioral changes observed in the offspring suggest that exposure to maternal HFD early in life may increase the risk of developing an autistic phenotype. A reduction in social interactions and an increase in repetitive behavior are characteristic of numerous preclinical ASD models (e.g., mice lacking ASD-related genes, BTBR mice, offspring exposure prenatally to VPA) [30]. Therefore, we decided to look for molecular changes that could account for the behavioral problems of the offspring in two brain structures, the frontal cortex and the hippocampus, which are responsible for the control of numerous functions that are disturbed in ASD patients [31,32,33]. The frontal cortex is responsible for controlling important executive functions of the brain, such as social behavior, communication, emotions, and planning and decision-making [31]. In turn, the hippocampus is involved in cognitive processes related to learning and memory, spatial navigation, and emotional behaviors [34]. Clinical studies confirm that disturbances in the cortical growth pattern, changes in the morphology and thickness of the cortex, or disorganization of cortical neurons are observed in ASD patients [31] as well as changes in the size and density of neurons within the hippocampus [32].



The present research confirms that a maternal HFD during pregnancy and lactation generates significant molecular changes in the examined structures in the offspring throughout their lives. Our transcriptome profiling results in the frontal cortex indicated that males exposed to maternal HFD at PND 28 showed significant changes in the expression of ASD-related genes. Therefore, these results are consistent with previous observations in which exposure to maternal HFD generated autistic-like behaviors in male, but not female, offspring during adolescence [26]. The observed sex differences in gene expression were confirmed by previous studies in which HFD-induced maternal obesity resulted in a significantly greater change in the gene expression profile in male versus female mouse fetal brains. The factors that may influence the sex-related influence of maternal HFD on offspring brain development include differences in exposure to androgens, the increased susceptibility of the male fetus to inflammation in utero, and the different activities of astrocytes and microglia [35]. Interestingly, the presence of a greater number of compensatory mechanisms and molecular, structural, and hormonal differences compared to males, called female protective effects, can protect against ASD development in females [36,37,38]. Similar changes were not observed in subjects exposed to maternal HCD and MD, which indicates the specificity of the observed changes depending on the type of modification in the maternal diet and a high-fat intrauterine development environment as a predisposing factor to an ASD-like phenotype. Gene set enrichment analysis revealed that the selected genes were likely to be involved in histone modifications and thus regulate chromatin organization and gene expression. Among the 48 genes with disturbed expression by maternal HFD expression, there are genes encoding proteins involved in three pathways crucial for the development of ASD (synaptic function, chromatin remodeling, transcription regulation) [39,40,41]. At PND 28 in the frontal cortex of male offspring from the HFD group, an increase in the expression of, inter alia, genes was observed, including Cttnbp2, Gabbr2, Nf1, Shank1, Syn1, Taok2 (involved in synaptic function [42,43,44,45,46,47]), Ankrd11, Ash1l, Baz2b, Crebbp, Setd1b, Kmt2e (involved in chromatin regulation [48,49,50,51,52,53]), Ankrd11, Btaf1, Med13l, Nf1, Spen, and Taok2 (involved in transcription regulation [49,54,55,56,57,58]). A majority of high-confidence ASD genes, including genes whose proper expression was disturbed in the frontal cortex of male offspring exposed to maternal HFD, are characterized by functional pleiotropy and play a key role in proper brain development and function [8]. The direction and lifetime point when pathways related to genes with pleiotropic functions are dysregulated will lead to different, even opposing, effects, resulting in neural and symptomatic heterogeneity reported in individuals with ASD [8]. Moreover, the simultaneous decreased or increased expression of numerous genes is noted in different brain regions from ASD transcriptomic study patients, and for a set of genes, the opposite direction of changes was observed, depending on the study (see review [59]). The expression profile of ASD-related genes is also subject to changes at different stages of life [60].



In the frontal cortex and hippocampus of adolescent and adult offspring from the HFD group, we also assessed the levels of several proteins with various functions encoded by genes altered by maternal diet. At PND 28, male offspring exposed to maternal HFD showed an increased level of ANKRD11, SETD1B, SHANK1, and EIF4E proteins in the frontal cortex and SHANK1 and EIF4E in the hippocampus compared to control animals. On the other hand, in females, increased cortical concentrations of NF1 and SETD1B and decreased levels of EIF4E in the hippocampus and TAOK2 in the frontal cortex and hippocampus were noted. ANKRD11 is responsible for regulating transcription by interacting with chromatin-modifying enzymes (histone deacetylases and histone acetyltransferases) and is involved in the proper development of the brain, neuronal differentiation through the BDNF/TrkB signaling pathway, and synaptic plasticity [49,61]. Similar to ANKRD11, SETD1B also participates in the epigenetic regulation of gene expression by modifying the chromatin structure related to histone methylation [51,62]. TAOK2 is involved in mitogen-activated protein (MAP) kinase pathways that can modulate gene transcription [63] and play a part in dendrite and dendritic spine development [55,64]. In turn, NF1 is a negative regulator of RAS signaling, through which it can regulate mTOR or MEK/MAPK cascades, which are key regulators of synaptogenesis and protein synthesis (among others, with the participation of the translational factor EIF4E) [65,66,67]. Disorders within the mTOR and MAPK pathways are characteristic of patients with ASD (e.g., an increase in protein p-EIF4E, rpS6, ERK1–2 in blood) and are an important target in the search for a treatment for this brain disease [68,69]. Moreover, in preclinical studies, the overexpression of EIF4E in microglia results in autistic-like behavior in male (but not female) mice as well as an increased spine density and excitation-to-inhibition ratio within cortical neurons [70]. The observations of Xu et al. [70] may be relevant to a better understanding of the autistic-like phenotype in male offspring exposed to maternal HFD during pregnancy and lactation. An increased amount of cortical protein EIF4E was found in the frontal cortex of juvenile male offspring from the HFD group, who also had an increased concentration of SHANK1 (scaffolding proteins of excitatory synapses, associated with the structural and functional organization of the dendritic spine), which may suggest increased spine density in these animals [71,72]. Increased cortical spine density has also been reported in some ASD patients [73,74]. Additionally, in our previous work, we showed a reduction in social interactions [26] and disturbances in the expression of neuronal markers specific to excitatory and inhibitory cortical neurons (upregulated markers of excitatory neurons, while at the same time downregulated markers of inhibitory neurons) [22] in adolescent offspring exposed to maternal HFD. To confirm these assumptions, specific studies are needed because in the present study, the level of the EIF4E protein was determined in the homogenate of the frontal cortex, which does not allow for the comparison of its amount within the microglia. Changing the diet to fully balanced after weaning contributed to the reduction of the differences in the level of examined proteins in the frontal cortex assessed in adult animals. In animals from the HFD group at PND 63, only a reduction in hippocampal concentration was observed for TAOK2 and EIF4E. Molecular results appear to be consistent with behavioral observations in which disturbances in social interactions and an increase in repetitive behavior are seen in juvenile, but not adult, offspring exposed to maternal HFD [26].



One of the major epigenetic mechanisms by which the prenatal development environment (including maternal HFD) may significantly influence the phenotype later in life is DNA methylation [13,17,75]. In our study, we observed a downward trend in the level of global DNA methylation in the frontal cortex in male offspring from the HFD group at PND 28. Male offspring-specific decreased levels of cortical DNA methylation potentially explain the increased expression of ASD-related genes noted in the present study, as DNA methylation in promoters or gene regulatory regions inhibit transcription [18]. Interestingly, in adult males exposed to maternal HFD, an increase in global DNA methylation was noted in both structures studied. At the same time, a significant decrease in the level of DNA methylation was observed in adult females in the frontal cortex. Together, these results indicate that maternal HFD during pregnancy and lactation significantly influences DNA methylation patterns in the offspring’s brain, which may be manifested by disturbances in the expression of numerous genes. It is worth noting that in the cortical structures of individuals with ASD, significant differences in the level of DNA methylation were observed compared to the control groups [76].



Herein, to confirm the impact of epigenetic changes on the expression of specific genes, we investigated the DNA methylation of CpG islands of two selected genes (Eif4e and Taok2), whose transcription and translation were impaired upon exposure to maternal HFD. In the frontal cortex, in adolescent females exposed to maternal HFD, an upward trend of DNA methylation of Taok2 was observed in males. Interestingly, despite the increase in DNA methylation, Taok2 expression was increased in males and did not differ in females exposed to maternal HFD compared to control animals. In turn, females from the HFD group showed a tendency to increase the DNA methylation of Taok2 within the hippocampus while simultaneously reducing the level of TAOK2 protein. Additionally, the increasing DNA methylation of Eif4e in the hippocampus in males at PND 28 translates into a reduction in the level of the protein encoded by this gene (although a decrease in concentration was also observed in females, despite the lack of differences in the level of DNA methylation). The above results indicate that maternal HFD can significantly change the level of CpG island methylation in offspring, which can only be explained by some of the noted changes in the brain. It is worth emphasizing that there are other epigenetic mechanisms, such as histone modifications and noncoding RNAs, that can also mediate gene regulation [77] and were not assessed in this study.



In summary, the presented results indicate a key role of maternal HFD during pregnancy and lactation in the disturbance of normal brain development, which may predispose offspring to the development of ASD symptoms. Exposure to a maternal HFD alters the transcription and translation of ASD-related genes mainly in male offspring, and these changes may result from epigenetic modifications (including the degree of CpG island methylation). It is worth emphasizing the heterogeneity of the observed molecular changes depending on the brain region, timeline, and sex of the offspring, which is also observed in the pathomechanisms and symptomatology of ASD in humans. Thus, further research on the role of the maternal diet in the risk of developing ASD is needed.
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Figure 1. Maternal diet influences the differential expression of genes related to ASD in the offspring frontal cortex at PND 28. Heatmap of the gene expression of 48 selected DEGs. Gene expression values obtained by using RNA-seq were normalized (z-score). 
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Figure 2. A maternal high-fat diet (HFD) during pregnancy and lactation changes the level of proteins associated with autism spectrum disorder (ASD) in the frontal cortex and hippocampus of adolescent offspring. (a) Effects of maternal HFD on ANKRD11, EIF4E, NF1, SETD1B, SHANK1, and TAOK2 protein levels in the frontal cortex of male and female offspring at PND 28. (b) Effects of maternal HFD on ANKRD11, EIF4E, NF1, SETD1B, SHANK1, and TAOK2 protein levels in the hippocampus of male and female offspring at PND 28. The results are expressed as the mean (±SEM). n = 8 rats/group. Data were analyzed by two-way ANOVA followed by Bonferroni post hoc test. * p < 0.05, ** p < 0.01, *** p < 0.001 versus the standard diet (SD) group. 
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Figure 3. A maternal high-fat diet (HFD) during pregnancy and lactation changes the level of proteins associated with autism spectrum disorder (ASD) in the hippocampus of young adult offspring. (a) Effects of maternal HFD on ANKRD11, EIF4E, NF1, SETD1B, SHANK1, and TAOK2 protein levels in the frontal cortex of male and female offspring at PND 63. (b) Effects of maternal HFD on ANKRD11, EIF4E, NF1, SETD1B, SHANK1, and TAOK2 protein levels in the hippocampus of male and female offspring at PND 63. The results are expressed as the mean (±SEM). n = 7 rats/group. Data were analyzed by two-way ANOVA followed by Bonferroni post hoc test. * p < 0.05 versus the standard diet (SD) group. 
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Figure 4. A maternal high-fat diet (HFD) during pregnancy and lactation changes global DNA methylation in the frontal cortex and hippocampus of adolescent and young adult offspring. (a) Effects of maternal HFD on global DNA methylation in the frontal cortex and hippocampus of male and female offspring at PND 28. (b) Effects of maternal HFD on global DNA methylation in the frontal cortex and hippocampus of male and female offspring at PND 63. The results are expressed as the mean (±SEM). n = 8 rats/group (PND 28); n = 7 rats/group (PND 63). Data were analyzed by two-way ANOVA followed by Bonferroni post hoc test. # p = 0.08, ** p < 0.01 versus the standard diet (SD) group. 
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Figure 5. A maternal high-fat diet (HFD) during pregnancy and lactation changes the DNA methylation of CpG island of Eif4e and Taok2 in the frontal cortex and hippocampus of adolescent offspring. (a) Effects of maternal HFD on DNA methylation of CpG island of Eif4e and Taok2 in the frontal cortex of male and female offspring at PND 28. (b) Effects of maternal HFD on DNA methylation of CpG island of Eif4e and Taok2 in the hippocampus of male and female offspring at PND 28. The results are expressed as the mean (±SEM). n = 8 rats/group. Data were analyzed by two-way ANOVA followed by Bonferroni post hoc test. * p < 0.05, ** p < 0.01 versus the standard diet (SD) group. 
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Table 1. Summary of the effects of a maternal HFD during pregnancy and lactation on ASD-related protein levels in the offspring brain.
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Frontal Cortex

	
Hippocampus




	

	
Males

	
Females

	
Males

	
Females




	

	
PND 28

	
PND 63

	
PND 28

	
PND 63

	
PND 28

	
PND 63

	
PND 28

	
PND 63






	
ANKRD11

	
↑

	
−

	
−

	
−

	
−

	
−

	
−

	
−




	
EIF4E

	
↑

	
−

	
−

	
−

	
↓

	
↓

	
↓

	
−




	
NF1

	
−

	
−

	
↑

	
−

	
−

	
−

	
−

	
−




	
SETD1B

	
↑

	
−

	
↑

	
−

	
−

	
−

	
−

	
−




	
SHANK1

	
↑ #

	
−

	
−

	
−

	
↑

	
−

	
−

	
−




	
TAOK2

	
−

	
−

	
↓

	
−

	
−

	
↓

	
↓

	
−








Symbols: ↑: increased; ↓: decreased; −: unchanged; #: tendency.
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