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Abstract

:

Prenatal adversity or stress can have long-term consequences on developmental trajectories and health outcomes. Although the biological mechanisms underlying these effects are poorly understood, epigenetic modifications, such as DNA methylation, have the potential to link early-life environments to alterations in physiological systems, with long-term functional implications. We investigated the consequences of two prenatal insults, prenatal alcohol exposure (PAE) and food-related stress, on DNA methylation profiles of the rat brain during early development. As these insults can have sex-specific effects on biological outcomes, we analyzed epigenome-wide DNA methylation patterns in prefrontal cortex, a key brain region involved in cognition, executive function, and behavior, of both males and females. We found sex-dependent and sex-concordant influences of these insults on epigenetic patterns. These alterations occurred in genes and pathways related to brain development and immune function, suggesting that PAE and food-related stress may reprogram neurobiological/physiological systems partly through central epigenetic changes, and may do so in a sex-dependent manner. Such epigenetic changes may reflect the sex-specific effects of prenatal insults on long-term functional and health outcomes and have important implications for understanding possible mechanisms underlying fetal alcohol spectrum disorder and other neurodevelopmental disorders.
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1. Introduction


Neurodevelopmental and psychiatric disorders may be partly rooted in early-life environments, which can have profound influences on cognitive, neurobiological, and physiological outcomes. For instance, autism spectrum disorder (ASD) is influenced by both genetic mechanisms and environmental factors, such as prenatal maternal stress [1,2], medication use [3], and maternal immune dysfunction [2], among others (reviewed in [4]). By contrast, fetal alcohol spectrum disorder (FASD) has more clearly defined roots, with prenatal alcohol exposure (PAE) being the key etiological factor, although, as in ASD, environmental factors such as maternal nutrition, health, and stress can significantly influence outcome. Although the mechanisms linking environmental exposures to neurodevelopmental outcomes are not fully understood, one prevailing hypothesis is that the effects of early-life challenges become biologically embedded through epigenetic mechanisms, such as histone modifications, non-coding RNA expression, and DNA methylation (DNAm) [5,6]. The latter is the most commonly studied epigenetic modification and involves the addition of a methyl residue to the cytosines. Importantly, DNAm is relatively stable over time and may capture the effects of environmental exposures to modulate long-term gene expression, functional outcomes, and health [7].



FASD describes the wide range of cognitive, behavioral, adaptive, and physiological alterations that occur following PAE [8]. In addition to its direct teratogenic effects, PAE can program or sensitize key neurobiological and physiological systems, thus increasing later life vulnerabilities to adverse functional and health outcomes. Systems involved in regulation of the stress response, particularly, the hypothalamic-pituitary-adrenal (HPA) and immune systems, are highly susceptible to programming and altered by PAE. Indeed, in both animal model and clinical studies, PAE resulted in HPA dysregulation, including hyperresponsiveness to stressors [9], alterations in diurnal HPA regulation [10], and increased physical and mental health problems, including metabolic disorders [11], depression, and anxiety [12], and deficits in immune system activity and regulation [13]. As early life stress or adversity can result in some adverse outcomes parallel to those of PAE in adulthood [14,15], it is in this context that PAE can be considered a type of prenatal stressor.



Of particular relevance to the current study is the issue of sex differences in the adverse effects of PAE. Until recently, most studies utilizing animal models often excluded or failed to analyze data from females. Nevertheless, of those studies that probed for sex-specific changes, differential effects of PAE on males and females were reported in both rodent and primate models, including differences in hippocampal microglia and cytokine expression [16], hypothalamic-pituitary-adrenal (HPA) activity and regulation [9], dopaminergic regulation [17], immune responses [18], social behavior [19,20,21], and depressive- and anxiety-like behaviors [12,22,23,24]. By contrast, clinical research in the FASD field has typically included children of both sexes, and sex differences in prevalence of FASD, brain maturation, cognitive function, and mental health, among other outcomes, have been reported [25,26,27,28,29]. Although the biological mechanism that mediate altered developmental outcomes following PAE are not fully understood, several studies have revealed broad impacts of PAE on epigenetic patterns in the brain [30]. While the majority of studies limit their analyses to either male or female subjects, recent evidence from candidate gene analyses suggests that PAE may have sexually dimorphic effects on epigenetic profiles [31,32,33]. Emerging evidence from human populations also suggests that biological sex influences autosomal DNAm patterns, further highlighting the importance of considering sex in epigenome-wide analyses [34]. However, no studies have investigated whether there is a genome-wide and sex-specific impact of PAE on the epigenome of cell types that contribute to the brain, limiting our ability to identify the molecular mechanisms that may drive sexual dimorphisms associated with PAE, as well as their overlaps with other neurodevelopmental disorders such as ASD.



Of note, our animal model of PAE and that of many others includes not only an ad libitum-fed control diet group but also a secondary control, the pair-fed (PF) group. Pair-feeding is a standard procedure to control for the reduced food intake of animals consuming alcohol; PF animals get a reduced ration, matched to that of a PAE partner, and thus less than what would be consumed in a diet without alcohol. This results in hunger, abnormal feeding patterns (consuming most of the ration within a few hours of feeding and remaining food deprived for the remainder of the 24-h period), and mild stress. A treatment in itself, pair-feeding can reprogram offspring behavior and physiological functions, such as alterations to stress system regulation [35,36], reproductive development and function [37,38], immune system development [39], as well as depressive- and anxiety-like behavior [24], among other outcomes. Studies on food scarcity or restriction in human populations have revealed parallel insights, showing that alterations to food access can have marked effects on the programming of physiological systems [40,41], particularly if deficiencies occur during critical or sensitive periods of brain or organ development. To this end, several studies have investigated the effects of severe food scarcity on the developing fetus, particularly in the context of the Dutch Famine or Hunger Winter, identifying sexually-dimorphic effects on both physiological outcomes, such as metabolic disorders and brain function [42], as well as DNAm patterns linked to growth and metabolism [43] that persist across the life course [44] and that are sex-specific [45]. The present study is one of the first to investigate the impact of food-related stress/food restriction at the epigenome-wide level in the brain, with the aim of increasing our understanding of the long-term effects of food-related stress on developmental processes.



The goals of the present study were to (1) identify sex-specific alterations to DNAm in response to prenatal adversity; (2) identify sex-concordant alterations to DNAm resulting from prenatal adversity; and (3) assess the shared etiology of genes influenced by PAE and food-related stress. We utilized a well-established rat model of PAE to examine the impact of two early-life exposures—PAE and food-related stress—on genome-wide DNAm patterns of the prefrontal cortex (PFC). The PFC plays key roles in many important higher order functions including cognition/executive function, working memory, decision making, planning and behavioral flexibility, regulation of affective behavior, and social reasoning [46,47]. Importantly, the PFC is also responsive to stressors and glucocorticoid levels, modulating the behavioral and physiological responses to stress through regulation of the paraventricular nucleus of the hypothalamus, which, in turn, controls both autonomic and neuroendocrine functions [48,49]. Furthermore, we investigated the potential relevance of this impact for understanding neurodevelopmental disorders beyond FASD, specifically, ASD. We focused on ASD due to its phenotypic overlaps with FASD despite differences in core phenotypic characteristics, as well as reported co-morbidity with FASD [50,51,52], which point to potential shared etiologies that may be further uncovered in these analyses. Importantly, our results provide insight into the biological pathways that influence the sexual dimorphic outcomes resulting from prenatal insults, such as alcohol exposure, stress, and food deprivation, while highlighting potential pathways driving the phenotypic overlaps between FASD and ASD.




2. Materials & Methods


2.1. Prenatal Treatments


All animal protocols were approved by the University of British Columbia Animal Care Committee and are consistent with the NIH Guide for the Care and Use of Laboratory Animals (National Research Council 2011). Details of the procedures for breeding, feeding, and handling have been published previously [35]. Briefly, nulliparous Sprague-Dawley females (n = 39) were pair-housed with a male, and vaginal lavage samples were collected daily for estrous cycle staging and to check for the presence of sperm, indicating gestation day 1 (GD1). Pregnant dams were then singly housed and assigned to one of three prenatal treatment groups: Prenatal alcohol exposure (PAE)—ad libitum access to liquid ethanol diet, 36% ethanol-derived calories, 6.37% v/v, n = 13; Pair-fed (PF)—liquid-control diet, maltose-dextrin isocalorically substituted for ethanol, in the amount consumed by a PAE partner, g/kg body weight/GD), n = 14—this represents a restricted feeding condition; or Control (CON)—pelleted version of the liquid control diet, ad libitum, n = 12. All animals had ad libitum access to water. Experimental diets (Weinberg/Kiever Liquid Ethanol Diet #710324, Weinberg/Kiever Liquid Control Diet #710109, and Pelleted Control Diet #102698, Dyets Inc., Bethlehem, PA, USA) were provided from gestation days 1–21, and then replaced with standard laboratory chow (19% protein). Litters were weighed and culled at birth to 6 males and 6 females, when possible. These litters are the same as those used as in our previous study of hypothalamic and white blood cell samples [53].




2.2. Sample Collection and DNA Extraction


On postnatal day 22, we selected female and male offspring from this large breeding as subjects for the current study (n = 5/group/sex, no more than 1 male and 1 female/litter to control for litter effects). Animals were decapitated, and brains were removed and weighed; the prefrontal cortex (PFC) was then quickly dissected and frozen on dry ice in RNA later (Qiagen, Hilden, Germany); Figure 1. All tissue collected was left at 4 °C for 1 day and then frozen at −80 °C until DNA extraction. Total DNA was extracted from the PFC using the RNA/DNA extraction kit (Qiagen, Hildren, Germany). Cells were mechanically lysed using the Omni Bead Ruptor Elite (Omni International, Kennesaw, GA, USA). DNA concentration was assessed using Qubit Fluorometric Quantitation (Life Technologies, Carlsbad, CA, USA).




2.3. Methylated DNA Immunoprecipitation and Next-Generation Sequencing


Methylated DNA immunoprecipitation followed by next-generation sequencing (meDIP-seq) procedures were performed as previously described [53,54]. To summarize briefly, we performed immunoprecipitation of 5-methylcytosine of adapted gDNA to obtain an enriched fraction of methylated DNA fragments. These fragments were then amplified by PCR, pooled, and sequenced using the Illumina HiSeq 2000 at Canada’s Michael Smith Genome Science Centre (Vancouver, BC, Canada) using paired-end sequencing. The resulting fastq files were split by index, assessed for quality, and paired for downstream analysis.




2.4. Bioinformatic Analyses


2.4.1. Next-Generation Sequencing Quality Control


Fastq files were aligned to the most current rat genome (Rn6, July 2014) using BWA to obtain .bam files [55]. Bam files were sorted and filtered using samtools to remove duplicate reads, unpaired reads, and reads with a minimum mapping quality score below 10.




2.4.2. Peakset Generation


Model-based analysis of ChIP-seq (MACS2; version 2.1.2) was used to identify enriched regions of DNAm across the genome [56] as previously described [53]. Briefly, the peak regions were identified using the ‘callpeaks’ function on paired end bam files with no control input and the following options: –f BAMPE –m 5 50 –bw 300 –g 2.9 × 109 –q 0.05. Each sample was modeled individually, generating 30 total peaksets. Peaksets were imported into R using the DiffBind package [57,58] and combined into common regions using the dba.count function in DiffBind. Specifically, this set removed peaks found in fewer than 3 samples and calculated the total number of reads within each peak/sample. Sex chromosomes were removed from the final dataset, which contained 358,773 meDIP-seq peaks.




2.4.3. Data Preprocessing and Normalization


Reads within each peak were converted to reads per kilobase per million (RPKM). Variation associated with batch effects were corrected using the ComBat method from the sva package (version 3.32.1), protecting the effects of prenatal treatment group and sex.





2.5. Differentially Methylated Region (DMR) Identification


Linear modeling was performed using edgeR (version 3.26.8) to identify DMRs that were: (1) sex-concordant (~group + sex); (2) female-specific (~group; females only); or (3) male-specific (~group; males only). p-values were corrected for multiple-testing using the Benjamini-Hochberg method [59]. Significant DMRS at a false discovery rate (FDR) < 0.05 were obtained for the following contrasts: PAEvCON, PAEvPF, and PFvCON. The final PAE-specific DMRs were significant in both PAEvCON and PAEvPF but not the PFvCON contrasts. The final PF-specific DMRs were statistically significant in both PFvCON and PAEvPF but not the PAEvCON contrasts. The final shared DMRs between PAE and PF were statistically significant in both the PAEvCON and PFvCON contrasts.




2.6. Genomic Enrichment


A custom annotation was built for the peakset using the UCSC genome browser gene annotations. Briefly, genomic coordinates of all CpG islands, exons, introns, promoters (TSS-200 bp and TSS -1500 bp), 3′ untranslated regions (UTR), 5′ UTRs for the rn6 genome were obtained as bed files from the table browser. These were intersected with the meDIP-seq peaks uusing the intersectBed function from bedtools. The overlaps were concatenated into a single annotation set in R, where individuals peaks contained information for each potential genomic feature. Of note, regions spanning both introns and exons were deemed intron/exons boundaries and a given DMR could span multiple genomic features. p-values for genomic feature enrichment analyses were calculated by computing background levels of genomic features on 10,000 random subsets of DMRs, using the same number of PAE-specific, PF-specific, or shared DMRs.




2.7. Gene Ontology Analyses


The gene-score resampling (GSR) tool of ErmineR (version 1.0.1.9) was used to identify gene function enrichment in the differentially methylated genes including the Gene Ontology (GO) annotations molecular function, biological process, and cellular component [60,61]. The ErmineR gene score resampling (GSR) tool was set with the following parameters: max gene set size = 2000; min gene set size = 2; iterations = 10,000. Significant associations (FDR < 0.05 and corrected multifunctionality p-value < 0.05) were obtained for the following contrasts: PAEvCON, PAEvPF, and PFvCON. The final PAE-specific GO terms were statistically significant in both the PAEvCON and PAEvPF, but not the PFvCON contrasts. The final PF-specific GO terms were statistically significant in both the PFvCON and PAEvPF, but not the PAEvCON contrasts. The final shared GO terms between PAE and PF were significant in both the PAEvCON and PFvCON contrasts.




2.8. Chi-Squared Tests of the Direction of DMRs


We determined whether the proportion of down-methylated or up-methylated DMRs was significantly different from the expected proportion of 50% using the chisq.test function in R with simulated p-values.





3. Results


We performed three main sets of analyses, first focusing on identifying PAE-specific DMRs, followed by DMRs linked to food-related stress (PF group), and DMRs shared between PAE and PF. Within these main analyses, we further explored sex-concordant and sex-specific alterations to DNAm patterns within the PFC. We note that any DMRs that overlapped between sex-specific and sex-concordant analyses were assigned to the sex-specific analysis, as they were likely driven by that sex in the sex-concordant analysis. Finally, we performed a qualitative analysis of genes overlapping with autism spectrum disorder to determine if there are common pathways underlying FASD and ASD.



3.1. PAE Resulted in Sex-Concordant Alterations to DNAm Patterns


To assess sex-concordant alterations to DNAm patterns following PAE, we performed linear modeling with both sexes included, utilizing a model that accounted for sex. Contrast analyses to identify PAE-specific alterations successfully identified 307 PAE-specific DMRs at an FDR < 0.05 (Figure 2). However, 14 of these overlapped with the male-specific DMRs and 5 overlapped with the females-specific DMRs (Figure 3A). As such, we found 288 sex-concordant DMRs that were consistent across both sexes and showed consistently different DNAm levels in PAE compared to CON and PF animals (Figure 3B; Supplementary Table S1).



Of these, 46 were up-methylated and 242 were down-methylated in PAE versus both CON and PF groups (χ2 = 75.4; p = 0.0005), with sizes ranging from 271 to 1894 bp (median = 465 bp). Furthermore, 193 of the DMRs showed at least 1.5-fold change in DNAm levels in PAE versus both CON and PF animals (Supplementary Table S1), suggesting that PAE could induce robust sex-concordant alterations to DNAm patterns.



Overall, 119 DMRs were located in genes, several of which were involved in potassium channel activity (Kcnn1, Kcnn1, Kcnh5, Kcnip1, Kcnq1) and ion signaling (Grik1, Camk2d, Itpr2, Slc12a8). Of note, five genes, Camta1, Cpne4, Ephb1, Magi1, and Tmem178b, had multiple DMRs (Supplementary Table S1). The majority of DMRs were found in intergenic regions, but also showed lower enrichment in these regions than by random chance (p = 0.0018). By contrast, DMRs showed increased enrichment in exons (p = 0.026) and introns (p = 0.0018), which frequently spanned intron/exon boundaries.



Using gene-score enrichment, we identified 15 PAE-specific biological processes that were enriched in a sex-concordant manner. These included pathways involved in central nervous system development, metabolic processes, and the inflammatory response (Supplementary Table S2).




3.2. PAE Resulted in Sex-Specific Alterations to DNAm Patterns


Moving beyond sex-concordant alterations, we performed a sex-stratified analyses using linear modeling to identify sex-specific alterations following PAE. Contrast analyses revealed PAE-specific alterations at 18 DMRs in females and 59 DMRs in males at an FDR < 0.05) (Figure 3A; Supplementary Table S1).



All 18 female-specific DMRs showed decreased DNAm in PAE compared to CON and PF animals (χ2 = 12; p = 0.002), which ranged from 279 to 607 bp in length (median = 377 bp). Of these, 7 DMRs were located in genes. Female-specific DMRs did not show any differences in genomic location enrichment compared to the background of the dataset. Five PAE-specific biological processes were identified, including those involved in acetylcholine and angiotensin receptor functions (Supplementary Table S2).



In males, 48 DMRs showed decreased DNAm and 11 showed increased DNAm in PAE compared to CON and PF animals (χ2 = 12.3; p = 0.001). These male-specific DMRs ranged from 291 to 3300 bp (median = 417 bp), and 15 DMRs were located in genes. Again, no significant enrichment for genomic features was detected. Six PAE-specific biological processes included those involved in the regulation of hormone metabolism and other metabolic processes (Supplementary Table S2).




3.3. Prenatal Food-Related Stress Had Both Sex-Concordant and Sex-Specific Effects


Next, we investigated the effects of pair-feeding, a restricted feeding paradigm that in itself induces prenatal stress related to hunger and disrupted feeding patterns. As noted, this treatment may capture some elements of food insecurity or scarcity on DNAm patterns of the PFC. Using parallel approaches to the PAE analyses, we identified 129 sex-concordant, 8 female-specific, and 11 male-specific DMRs that were driven by pair-feeding effects (Figure 4A; Supplementary Table S3).



Of the 129 sex-concordant DMRs, 100 showed decreased DNAm and 29 showed increased DNAm in PF compared to CON and PAE animals (χ2 = 20.6; p = 0.0005) (Figure 4B). 39 DMRs were located in genes, with most again being located in introns or intergenic regions. Of note, Adarb2, Dgki, and Gpc5 contained two DMRs each, and perhaps most interestingly, one of the sex-concordant DMRs was located in an intronic region of Nr3c1, the gene coding for the glucocorticoid receptor (GR). We also identified 22 PF-specific biological processes from the sex-concordant analysis, of which several were involved in metabolic processes (Supplementary Table S4).



Similar to previous analyses that found a general decrease in DNAm from prenatal treatments, every sex-specific DMR identified here showed decreased DNAm in PF animals, suggesting that pair-feeding or food-related stress may also have generally inhibitory effects on DNAm patterns. Although few DMRs were located in genes (3/8 for females and 2/11 for males), we identified several PF-specific biological pathways that displayed sex-specific effects (Supplementary Table S4). In females, we identified 33 pathways that were involved in endocrine, immune, and metabolic processes, while in males, we identified 25 pathways, which were mainly involved in metabolic processes. Overall, these results suggest that the stress induced by pair-feeding is a distinct physiological stressor, which has broad and sexually-dimorphic effects on the regulatory mechanisms of the brain.




3.4. PAE and PF Animals Shared Some Sex-Concordant and Sex-Specific Effects on DNAm Patterns


Given that prenatal alcohol exposure and pair-feeding may share some common pathways in the reprogramming of biological systems, we also investigated DMRs shared between these two prenatal exposures. Here, we found 733 sex-concordant, 197 female-specific, and 19 male-specific DMRs that were influenced by both PAE and PF (Figure 5A; Supplementary Table S5).



Of the 733 sex-concordant, shared DMRs, 479 showed decreased DNAm and 254 showed increased DNAm in PAE and PF compared to CON animals (χ2 = 270; p = 0.0005) (Figure 4B). Of these, 309 were located in genes, including the transcription start site of Drd4, the dopamine D4 receptor gene, which has previously been associated with PAE [62,63,64]. We also identified 33 PAE and PF-shared biological pathways from the sex-concordant analysis, of which several were involved in metabolic processes and hormone regulation (Supplementary Table S6).



In contrast to the PAE- and PF-specific DMRs, 58% of shared DMRs in females showed an increase in DNAm in PAE and PF animals compared to CON (114 of 197 DMRs; χ2 = 3.1; p = 0.08), whereas in males, marginally more DMRs showed lower DNAm in PAE and PF animals compared to CON (10 of 19 DMRs; χ2 = 0; p = 1). Here, we identified 26 biological pathways that were enriched in females, including those involved in cellular stress and metabolism, and 10 biological pathways enriched in males, which were mainly involved in metabolic processes. These findings suggest that PAE and restricted feeding, both of which act in many respects as prenatal stressors, may influence some common biological pathways, which may explain some of the occasional overlap between their resulting phenotypes.




3.5. PAE-Specific and Shared DMRs Overlapped with Genes Linked to Autism Spectrum Disorder


Finally, we qualitatively assessed whether there were any overlaps of DMRs with genes previously implicated in ASD from genome-wide association studies (GWAS) [65] and epigenome-wide association studies (EWAS) on peripheral [66,67,68] or central tissues [69,70,71] (Table 1).



Comparing results from the most recent GWAS of ASD [65], we found one overlap with PAE-specific DMRs (NEGR1) and one overlap with shared DMRs (MMS22L). By contrast, we did not find any overlaps for PAE, PF, or shared DMRs with DNAm signatures of ASD in blood from EWAS studies in human populations [66,67]. However, we found one overlap between female-specific shared DMRs and a study of buccal epithelial cells from ASD cases (NRG2) [68]. Moreover, when we compared our current findings to a recent study of DNAm patterns in the PFC of individuals with ASD [70], we found one overlap with PAE-specific DMRs (CDH13) and one overlap with shared DMRs (PRKAR1B). Importantly, CDH13 was one of the few genes with multiple DMRs; in this instance, it contained two distinct DMRs that were identified in the male-specific and sex-concordant analyses. Findings from a cross-cortex analysis of ASD in the same study [70] also showed some overlaps with PAE-specific (GRIK1) and shared (FRMD4A) DMRs. Finally, we found another overlap between shared DMRs (NEDD4L) and an independent study of DNAm in nuclei isolated from the frontal cortex of men with ASD [69].



Of note, almost every overlapping gene was identified in the sex-concordant analyses, with the exception of NRG2 and CDH13, as noted above. These findings suggest that the shared pathways between autism spectrum disorder and early life stressors may be agnostic to the effects of sex. Furthermore, we found no overlaps between PF-associated DMRs and ASD genes identified at either the genetic or epigenetic level, suggesting potentially distinct pathways between neurodevelopmental disorders and physiological changes induced by food-related stress.





4. Discussion


This manuscript highlights the sex-specific impact of prenatal adversity/stressors such as alcohol and food-related stress on epigenetic patterns of the prefrontal cortex. We show that PAE can cause both sex-concordant and sex-specific changes to DNAm levels, which may explain some of the sexually dimorphic effects of PAE and phenotypic overlaps with neurodevelopmental disorders such as ASD. The pair-fed condition, which models food scarcity/insecurity, demonstrates that exposure to the maternal stress of hunger and disrupted feeding schedules can also alter DNAm patterns of the PFC, which may have long-term consequences on brain function and downstream neurobiological, physiological, and behavioral processes.



4.1. PAE-Specific Alterations


Utilizing this same rat model of prenatal alcohol exposure, we have previously shown that PAE can alter the DNAm profile of the hypothalamus and white blood cells in females [53]. Perhaps not surprisingly, none of the PAE-specific DMRs identified in our previous study overlapped with those identified in the present study on the PFC, despite using animals from the same set of litters at the same age. However, we found similar alterations to biological processes involved in immune function and cellular metabolism, suggesting that common pathways are indeed influenced across tissues and brain regions, even though tissue- and brain region-specific effects exist and specific regions of the epigenome may vary.



We further extended our previous work by examining the sex-concordant and sex-specific alterations to DNAm patterns induced by PAE. Similar to most epigenetic studies of PAE, we observed a general hypomethylation in response to PAE, likely as a result of the effects of alcohol on one-carbon metabolism during development [33]. We note that these effects were present across all analyses, suggesting that they are not sex-specific. These results are in line with a study of DNAm and choline supplementation in PAE animals, which showed no significant differences between sexes [72], suggesting that interventions to rescue PAE effects on one-carbon metabolism [73,74] may be effective in both males and females, without the need for sex-specific approaches. Similarly, the majority of DMRs in the PFC were linked to sex-concordant alterations, with a large proportion falling within potassium channel and ion signaling genes, which are closely linked to brain disorders [75]. Of note, potassium channels have recently been proposed as therapeutic targets for epilepsy and intellectual disability [76], which are common co-morbidities of FASD [51]. As such, it is tempting to speculate that the high proportion of these genes in sex-concordant DMRs may point to an underlying mechanism driving some of the phenotypic outcomes of PAE in human populations.



Beyond the broad and sex-concordant effects of PAE on DNAm, it is also possible that the sex-specific DMRs reflect some of the sexual dimorphisms observed for the cognitive and behavioral deficits linked to FASD. In particular, several genes that were linked to PAE in either males or females are involved in the regulation of cell adhesion and brain organization [77,78], such as Cdh13 and Itgbl1, as well as genes related to cortical development [79,80], such as Tead1 and Erbb4. These findings may reflect overall sex-dependent structural differences in the PFC of PAE animals; indeed, structural differences between male and female brains have been reported in several brain imaging studies of individuals with FASD. For example, boys with PAE display larger differences in cortical volume than girls compared to their control counterparts across development [81], and sex differences in cortical thickness and brain volume in childhood have also been reported [82]. Adolescents with FASD also show sex-specific differential activation of the frontal, medial, and temporal cortices compared to controls, further suggesting that PAE-induced epigenetic alterations may have important and sex-dependent downstream effects on behavior and cognition [27]. In addition to this potential relationship with structural alterations, one of the female-specific DMRs was located in Stk3, a gene previously associated with intellectual disability [83]. By contrast, male-specific DMRs showed alterations to hormonal regulation and metabolic processes, pointing to key differences in the reprogramming of broader physiological and cognitive functions of the PFC between sexes. Taken together, these findings highlight the potential role of epigenetic modifications in the PFC in driving the sex differences identified in individuals with FASD across multiple domains of cognitive, behavioral, physiological, metabolic, and executive function.




4.2. Prenatal Food-Related Stress-Induced Alterations


We also identified a unique epigenetic signature of pair-feeding effects in the PFC. As noted, the pair-fed group in the PAE model is the standard control for the effects of alcohol in reducing food intake [84]. However, compared to the PAE group that, albeit eating less, eats ad libitum, pair-feeding is a treatment in itself, with the PF dams receiving a restricted ration, which results in both hunger and a disrupted feeding schedule. These stress-related effects could potentially parallel or model food scarcity or food insecurity in human populations. As such, the altered epigenetic patterns we observed in the PFC may provide insight into possible alterations that could result from such stressors during development in children. Similar to previous studies of famine in humans and food deprivation in animal models, we observed more DMRs that showed decreased DNAm rather than increased DNAm in PF animals, suggesting that food-related stress may also interfere with one-carbon metabolism and the pathways that deposit methylation on DNA. We also identified a sex-concordant DMR that showed decreased DNAm in PF animals in the glucocorticoid receptor Nr3c1, which plays a key role in stress responsivity and may reflect a reprogramming of the stress response. This finding is in contrast to previous work from our group that found no differences in the expression of Nr3c1 in the hippocampus of PF or PAE animals, suggesting that the effects we observed may be brain region specific [33]. However, a previous study of offspring from dams fed an isocaloric protein-deficient diet before pregnancy found a similar decrease in DNAm in Nr3c1, suggesting that these effects may be due to the stress of reduced food intake, which results following any nutrient deficiency in the diet, rather than the nutritional deficits previously described [85]. This result is in line with previous studies that have shown that pair-feeding is a considerable stressor on dams, with lasting consequences on the development, behavior, and physiology of their offspring. As such, altered DNAm of this key HPA axis gene may reflect broader alterations to stress response systems, which may in turn, influence the programming of numerous physiological systems linked to the stress response, including immune function, metabolic processes, and circadian rhythms. Indeed, we observed an association between pair feeding and altered DNAm in biological processes related to these same pathways, further suggesting that exposure to chronic food-related stress during development can have widespread effects on physiological processes.



We also found that the effects of prenatal restricted feeding differed between males and females, with potentially long-term consequences on the functioning of biological systems and disease risk. Previous studies of the offspring of women pregnant during the Dutch Hunger Winter also identified sex-specific effects of food insufficiency on DNAm patterns [45], alongside sex-specific alterations to brain size [42], increased risk of affective disorders in males [86], and altered lipid profiles in females [40]. The latter is of particular note, as female-specific DMRs in the present study showed an enrichment for metabolic processes related to lipid biosynthesis. Although the PFC is not primarily involved in lipid metabolism, alterations to epigenetic patterns of the brain may point to a broader physiological response to prenatal food-related stress that influences tissues throughout the body. In contrast to females, males showed an enrichment of processes related to carbohydrate processing, suggesting fundamental differences in the pathways influenced by food-related stress or disordered eating patterns between sexes. As brain activity and cognitive performance are closely tied to metabolism [87], these metabolic alterations may reflect profound changes in PFC function, which may ultimately influence the neurobiological and behavioral effects of prenatal food scarcity and stress.




4.3. Common Impacts of Prenatal Stressors


Beyond the specific impacts of PAE and food-related stress, our results point to common effects of prenatal stressors on the epigenomic state of the cells within the brain, which may highlight pathways underlying more general responses to stressors. It is noteworthy that prenatal alcohol exposure and pair-feeding can have overlapping effects on aspects of development. Similar to pair-feeding, PAE results in reduced food intake, which can alter aspects of HPA activity and regulation [88], reproductive development and function [37], development and activity of the immune system [39,89], as well as depressive- and anxiety-like behavior [12,24]. Thus, while the PAE and PF conditions differ in the type of early life challenge they represent, these early life stressors or adversities may target similar aspects of brain and organ development and thus result in parallel outcomes that, in many instances, may be sex-dependent or sexually dimorphic. Importantly, both PAE and pair-feeding can result in HPA dysregulation, albeit possibly through different mechanisms [36], which can have widespread programming effects on both epigenetic and physiological processes during development. As our analyses parsed out the specific effects of PAE and food-related stress, our results likely reflect broader alterations caused by alterations in endocrine and immune pathways during prenatal development.



Previous studies have shown that maternal stress during development can have profound effects on offspring physical and mental health [90], as well as epigenetic processes [91]. Similarly, we found sex-concordant DNAm alterations in several risk genes involved in mental health disorders. For instance, CACNA1C is a gene involved in synaptic plasticity that has been linked to bipolar disorder, schizophrenia, major depressive disorder, and ASD [92]. There is also evidence that CACNA1C interacts with stress to cause depressive symptoms [93], which, combined with evidence of increased depressive-like symptoms in PAE and PF animals, suggests that the DNAm alterations observed following prenatal stress may prime or sensitize the organism, increasing vulnerability to adverse mental health outcomes. In addition to CACNA1C, we found several DMRs in Pcdh9, another susceptibility gene for depression [94], further highlighting that the shared pathways between prenatal stressors may reprogram key biological systems involved in mental health. Finally, we identified a DMR in two genes involved in the dopaminergic system, Nrg2 and Drd4, suggestive of stress-induced alterations to dopamine regulation, with downstream effects on attention and reward pathways. Importantly, Drd4 was previously linked to PAE in a study of DNAm in the rat hypothalamus [53], as well as three prior studies of FASD in humans [62,63,64]. This finding suggests that the shared effects of prenatal stressors may vary based on the brain region or tissue examined. These results also emphasize the inexorable link between PAE and early (both pre- and postnatal) life adversity, experienced disproportionately by individuals with FASD, and that cannot be fully disentangled [10]. However, these findings also point to potential genes that can be targeted for therapeutic interventions to reduce the overall impact of prenatal stressors on well-being and risk for disease.




4.4. Overlaps between Prenatal Stressors and Autism Spectrum Disorder


Despite differences in the core phenotypic characteristics of FASD and ASD, these neurodevelopmental disorders share several phenotypic characteristics [50], which include deficits in social and communicative functioning [95], socially inappropriate behaviors and difficulty with peers [50], as well as hyperactivity, impulsivity, emotional lability, and difficulty changing strategies or inflexibility [96]. Moreover, co-morbidity between PAE/FASD and ASD or autism-like symptoms has been reported by several groups [51,52]. Case reports on children from the toddler years up to 15 years of age [96,97] were among the first publications to provide data on comorbidity, identifying behavioral alterations characteristic of ASD in children diagnosed with FASD, such as: impaired social behavior, peer relationships and social reciprocity; delays or deficits in verbal and nonverbal communication; lack of make believe and social imitative play; restricted repertories of activities and interests; resistance to change; tactile defensiveness/abnormal sensory responses; and stereotyped motor behaviors. Studies on larger cohorts of individuals with FASD, ASD, and other neurodevelopmental disorders also support an association between heavy PAE and ASD. For example, exploratory data from a diagnostic clinic found that of 21 individuals with FASD, 16 (72%) met ICD-10 criteria for childhood autism [98]. Together, these findings underscore the fact that ASD can be comorbid with FASD and suggest that some common pathways may underlie ASD and FASD. The fact that these comorbidities are not widely recognized may suggest that for some individuals, a diagnosis of FASD precludes secondary diagnoses, such as autism, and conversely, children diagnosed with ASD may not be investigated for possible FASD [97]. This points to the need for more comprehensive approaches to diagnosis for both FASD and ASD.



Importantly, our current and prior findings suggest a link between the epigenomic mechanisms that may underlie these disorders. In our recent epigenome-wide study of individuals with FASD, we found an enrichment of ASD-related genes in these individuals [63], highlighting a potential link between FASD and ASD phenotypes and underlying biological pathways. Similarly, we observed some overlapping genes between FASD and ASD in the present study. Of note, one of the PAE DMRs overlapped with one of the strongest genetic signals of ASD in human populations, NEGR1, which was one of four replicated genes in the largest genome-wide association study to date (N = 18,381 ASD cases) [65]. This gene is an adhesion protein that modulates synapse formation and plasticity in the hippocampus and cortex [99]. Importantly, NEGR1 has also been linked to other psychiatric disorders, such as schizophrenia, depression, and Alzheimer’s disease, as well as human intelligence and dyslexia. Collectively, these findings point to a potential role for NEGR1 in neural function and mental health disorders and highlight some of the overlapping phenotypes and deficits present in individuals with ASD and FASD. However, these results should be somewhat tempered by the fact that genetic and epigenetic variation are distinct and further investigation is required to determine whether they have similar effects on gene expression and downstream phenotypes.



Additional overlaps of DNAm profiles in PAE with those in the brains of individuals with ASD were also observed, in particular, several genes linked to DMRs shared between the PAE and PF groups, further emphasizing potential common pathways between ASD, FASD, and developmental outcomes linked to prenatal stressors. For instance, we identified common alterations to Nrg2, a gene involved in the dopaminergic system, which is dysregulated in FASD [17], and may highlight common etiologies between prenatal stressors and ASD. By contrast, we found no overlaps with DMRs associated with pair-feeding or food-related stress alone. Although there were fewer genes in this subset, this result may point to a more general role for stress in the common pathways to neurodevelopmental outcomes, with fewer effects observed when narrowing in on specific subtypes of stress, such as in the case of food-related stress. Perhaps most surprisingly, almost every gene overlapping with those in studies of ASD was linked to sex-concordant alterations in the PFC, despite ASD primarily affecting males. This finding suggests that the pathways underlying the overlapping phenotypes between ASD and those resulting from prenatal stressors may be agnostic to the effects of sex, though they may manifest through varying phenotypes between males and females.




4.5. Limitations


Our study had some limitations. First, due to the nature of meDIP-seq, we could not quantitatively assess the change in DNAm between exposure groups. Instead, we observed changes in enrichment patterns of DMRs; nonetheless these findings provide insight into larger-scale alterations to the DNA methylome as a result of prenatal exposures. A related point is that we did not assess changes to 5-hydroxymethylcytosine (5hmC), as the antibody used in the meDIP-seq procedure was specific to 5-methylcytosine. However, 5hmC is prevalent in neural tissues and represents an important area of future investigation for epigenome-wide studies [100]. Second, we cannot rule out that some of the observed differences were due to changes in cell type composition resulting from prenatal adversity/stress or inherent to each sex. Although we narrowed our focus to a specific brain region, as opposed to the entire brain, to limit such effects, future studies could aim to measure epigenetic modifications in specific cell types or move toward single-cell analyses to fully uncover the neurobiological mechanisms influenced by PAE and other stressors. Third, although our pair-feeding paradigm models food-related stress and disordered eating in humans, it remains an imperfect measure, which limits these comparisons. Nevertheless, we observed findings similar to those observed in human populations that experience food scarcity, suggesting that we tapped into common biological pathways related to food scarcity or insecurity. More targeted and refined studies are needed to uncover more specifically the biological impacts of food-related stress on the brain. Finally, our sample size was relatively small, limiting our ability to detect sex-specific effects, as exemplified by the lower number of DMRs in the sex-specific analyses. However, a contributing factor may be the age of testing; we examined animals at weaning, which is 22 days of age, well before the onset of puberty, when sex differences begin to fully emerge. As such, subsequent studies should examine epigenetic changes before and after pubertal onset to gain a deeper understanding of PAE-induced sexual dimorphisms. Finally, the functional role of these DNAm alterations remain unknown and should be further investigated. Although DNAm levels are linked to gene expression and downstream cellular functions, the effects of DNAm vary based on its location. For instance, increased DNAm in promoters is linked to reduced gene expression, while the converse is true in gene bodies [101]. DNAm levels at specific CpGs are also associated with changes in transcription factor binding affinities, which, in turn, can influence the expression levels of certain genes [102]. Given these limitations, future studies should assess which specific sites underlie the observed differences in DNAm enrichment and determine whether these DNAm differences lead to changes in gene expression and/or downstream protein levels. Together, these insights would provide a deeper understanding of the cellular and physiological consequences of prenatal stressors on the PFC.





5. Conclusions


This study highlights the complex network of neurobiological pathways that respond to prenatal adversity/stressors and that modulate the differential effects of early life insults on functional and health outcomes. Our results also point to some key genes that may drive the phenotypic and biological overlaps between FASD and ASD, pinpointing genes that may influence the manifestation of symptoms or phenotypes present in both disorders. Identifying common neurobiological pathways may provide insight into the biological underpinnings common to FASD and ASD, as well as the downstream consequences of prenatal adversity or stress. Finally, the study of these exposures provides a unique opportunity to investigate the sex-specific effects of prenatal adversity on epigenetic patterns, as the possible biological mechanisms underlying sex-specific responses to prenatal insults are understudied and remain largely unknown. Taken together, the insights provided by our data may ultimately help to identify novel therapeutic targets for the prevention of the adverse consequences of prenatal adversity and the treatment of neurodevelopmental disorders.
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Figure 1. Study design. The prefrontal cortex (PFC) was collected from 5 female and 5 male animals for each of the three prenatal treatment groups (control [CON], pair-fed [PF], prenatal alcohol exposed [PAE]) on postnatal day 22 (P22). 
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Figure 2. Differentially methylated regions were identified for sex-concordant and sex-specific analyses at a false-discovery rate < 0.05. (A) Analysis of sex concordant effects (DNAm~group + sex) revealed 307 PAE-specific DMRs (red), 132 PF-specific DMRs (green), and 799 DMRs shared between PAE and PF (purple). (B) Analysis of female-specific DMRs (DNA~group; females only) revealed 18 PAE-specific, 8 PF-specific DMRs, and 197 DMRs shared between PAE and PF (purple). (C) Analysis of male-specific DMRs (DNA~group; males only) revealed 59 PAE-specific, 11 PF-specific DMRs, and 19 DMRs shared between PAE and PF (blue). Diagram circles represent the three contrasts performed for each analysis. 
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Figure 3. PAE induced sex-concordant and sex-specific alterations to DNA methylation patterns. (A) Venn diagram showing the overlap among the three sets of PAE-specific differentially methylated regions (DMRs) at a false-discovery rate < 0.05. 307 DMRs were identified in the analysis of both sexes together, with 5 driven primarily by females and 14 driven primarily by males. As such, 18 DMRs were categorized as female-specific and 59 were categorized as male-specific. (B) Heatmap of the DMRs, where each row is a DMRs, scaled to Z-score of DNAm, and each column is a different animal. Most DMRs showed a decrease in the PAE (red) compared to the CON (blue) and PF (green) animals. 
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Figure 4. Food-related stress caused sex-concordant and sex-specific alterations to DNA methylation. (A) Venn diagram showing the overlap among the three sets of PF-specific differentially methylated regions (DMRs). 132 DMRs were identified in the analysis of both sexes together, with 1 driven primarily by females and 2 driven primarily by males. As such, 8 DMRs were categorized as female-specific and 11 were categorized as male-specific. (B) Heatmap of the DMRs, where each row is a DMRs, scaled to Z-score of DNAm, and each column is a different animal. Most DMRs showed a decrease in the PF (green) compared to the CON (blue) and PAE (red) animals. 
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Figure 5. PAE and food-related stress shared sex-concordant and sex-specific DNA methylation changes. (A) Venn diagram showing the overlap among the three sets of differentially methylated regions (DMRs) shared between PAE and PF animals. 799 DMRs were identified in the analysis of both sexes together, with 57 driven primarily by females and 9 driven primarily by males. As such, 197 DMRs were categorized as female-specific and 19 were categorized as male-specific. (B) Heatmap of the DMRs, where each row is a DMRs, scaled to Z-score of DNAm, and each column is a different animal. Most DMRs showed a decrease in the PF (green) and PAE (red) compared to the CON (blue) animals. 
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Table 1. Overlap of genes linked to autism spectrum disorder with differentially methylated regions.
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Study

	
Sample

	
Age at Collection

	
Tissue

	
Overlapping Genes




	
PAE

	
PF

	
Shared






	
Genome-wide association study (GWAS)




	
Grove 2019 [65]

	
18,381 ASD cases

27,969 controls

	

	

	
NEGR1*

	

	
MMS22L




	
Epigenome-wide association studies (EWAS)




	
Andrews 2018 [67]

	
796 ASD cases

858 controls

	
4–18 years

	
Blood

	

	

	




	
Berko 2014 [68]

	
47 ASD cases

48 controls

	
2–17 years

	
Buccal epithelial cells

	

	

	
NRG2+




	
Hannon 2018 [66]

	
629 ASD cases

634 controls

	
Birth

	
Neonatal blood spots

	




	
Ladd Acosta 2014 [71]

	
19 ASD cases

21 controls

	
2–51 years

	
Prefrontal cortex; Temporal cortex; Cerebellum

	

	

	




	
Nardone 2017 [69]

	
16 male ASD cases

15 male controls

	
17–68 years

	
Frontal cortex

	

	

	
NEDD4L




	
Wong 2019 [70]

	
36 ASD cases

33 controls

	
29.3 years (±28.2)

	
Prefrontal cortex

	
CDH13+

	

	
PRKAR1B




	

	
33 ASD cases

38 controls

	
29.1 years (±18.6)

	
Temporal cortex

	

	

	




	

	
34 ASD cases

29 controls

	
30.6 years (±21.2)

	
Cerebellum

	

	

	




	

	
30 ASD cases

29 controls

	
29.0 years (±18.9)

	
Prefrontal and temporal cortex, analyzed together

	
GRIK1

	

	
FRMD4A








ASD = autism spectrum disorder; PAE = prenatal alcohol exposed; PF = pair-fed (exposed to food-related stress); shared = DMRs shared between PAE and PF compared to controls. *NEGR1 was one of four genes replicated in an independent sample by Grove et al. (2019) [65] and is one of the strongest loci for ASD. +All overlapping genes were linked to sex-concordant differentially methylated regions (DMRs), with the exception of CDH13, which had both sex-concordant and male-specific DMRs in response to PAE, and NRG2, which had a female-specific DMR.
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