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Abstract 
Folate, a cofactor for the supply of one-carbon groups, is required by epigenetic processes to regulate cell lineage determination during development. The intake of folic acid (FA), the synthetic form of folate, has increased significantly over the past decade, but the effects of high periconceptional FA intake on cell lineage determination in the early embryo remains unknown. Here, we investigated the effect of maternal high FA (HFA) intake on blastocyst development, and expression of key regulatory genes. C57BL/6 adult female mice were fed either Control diet (1 mg FA) for 4 weeks before conception and during the preimplantation period (Con-Con); Control diet for 4 weeks preconception, followed by HFA (5 mg FA) diet during preimplantation (Con-HFA); or HFA diet for 4 weeks preconception and during preimplantation (HFA-HFA). At E3.5, blastocyst cell number, protein and mRNA expression were measured. In HFA-HFA blastocysts, trophectoderm cell numbers and expression of CDX2, Oct-4 and Nanog were reduced compared with Con-Con blastocysts; Con-HFA blastocysts showed lower CDX2 and Oct-4 expression than Con-Con blastocysts. These findings suggest periconceptional HFA intake induces changes in key regulators of embryo morphogenesis with potential implications for subsequent development.
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Introduction

Folate (vitamin B9) is an essential cofactor which supplies one-carbon moieties for DNA synthesis and epigenetic mechanisms (L. B. Bailey et al., 2015; Ducker & Rabinowitz, 2017). Methyl groups are used in both histone and DNA methylation reactions, two epigenetic processes which regulate gene expression by controlling the accessibility of DNA to the transcriptional machinery. Methylation level thereby determines when and where genes are expressed and their level of expression. DNA and histone methylation play essential roles in development, working in concert to ensure the coordinated expression of gene networks that govern pluripotency and the subsequent differentiation of cells into specific lineages through the regulation of tissue-specific gene expression (Burdge & Lillycrop, 2012). As a result, DNA and histone methylation patterns are highly dynamic during development. For example, DNA methylation marks are largely erased upon fertilisation followed by a global increase in de novo DNA methylation as cells become committed to specific cell lineages. This transition coincides with concomitant changes in the location of the polycomb repressive complexes which mediate histone H3K27 trimethylation from differentiation-specific genes to pluripotency factors (Messerschmidt, Knowles, & Solter, 2014; Surani, Hayashi, & Hajkova, 2007). 

The intake of folic acid (FA), the synthetic form of folate, has increased significantly over the past decade due to recommendations worldwide for the use of periconceptional FA supplements of 400 μg/d to prevent neural tube defects (NTD) (Pitkin, 2007; Smithells et al., 1980; Wilson et al., 2007), the widespread use of vitamin supplements that contain FA together with FA fortification of staple foods in many countries (R. L. Bailey et al., 2010; Colapinto, O’Connor, & Tremblay, 2011; Pfeiffer et al., 2007). However, despite the beneficial effects of FA in preventing NTD (Blom, 2009; De Wals et al., 2007; Pitkin, 2007), there remains uncertainty whether high levels of FA intake during the periconceptional period, a period where there is extensive epigenetic remodelling, may have unforeseen effects on the development of the embryo. Indeed, provision of metabolites to coordinate one-carbon metabolism is viewed as a critical biochemical conduit between mother and embryo to protect epigenetic remodelling during development (Clare, Brassington, Kwong, & Sinclair, 2019). Consistent with this concept, Pickell et al., reported that high maternal FA intake was associated with embryonic delay and growth retardation at E10.5 (Pickell et al., 2011). Further studies have reported long-term phenotypic changes in offspring born to dams fed a high FA diet, including impaired insulin secretion (Y. Huang et al., 2014; Kintaka et al., 2020), reduced femoral area (Huot et al., 2013) and increased mammary tumour risk (Ly et al., 2011). However, moderate but not excess levels of mouse maternal FA intake may improve success in assisted reproduction treatment (Rahimi et al., 2019).

Despite these findings that high maternal FA intake may adversely affect embryo development and offspring phenotype, there have been none studies investigating how pre and/or periconceptional high FA intake may affect lineage determination or the expression of epigenetic regulators that modulate this process during blastocyst development. The purpose of this study was to investigate whether differences in maternal periconceptional FA intake may modify gene expression and early morphogenesis. We used a mouse model to examine the effect of high (five-fold recommended daily level) maternal FA intake 4 weeks prior to conception and/or during the preimplantation period on blastocyst number, lineage allocation and the expression of key epigenetic regulators. 



Methods
Animals and diet
All experimental procedures were conducted using protocols approved by and in accordance with the United Kingdom Home Office Animals (Scientific Procedures) Act 1986 and local Ethics Committee at the University of Southampton under the United Kingdom Home Office Project License PPL30/2968 and PPL30/3001. Virgin female C57BL/6 mice were fed a maintenance diet (RM1; Special Diet Services, Ltd.) prior to the experimental period. On a postnatal day (PND) 74, mice were fed either a Control (Con) FA diet containing rodent recommended daily intake (1 mg of FA/kg of feed AIN 93M) (Test Diet, US.) (Reeves, Nielsen, & Fahey, 1993) or a higher FA (HFA) diet (5 mg/kg of feed AIN 93M) (test Diet, US) for 4 weeks (Table S1). On PND 102, eight animals from each group were culled by cervical dislocation, and a blood sample was collected by cardiac puncture for plasma analyses. The remaining animals were mated overnight with C57BL/6 male mice, and the presence of a positive plug defined as E0.5. The mice were then fed either the Control or HFA diet during the preimplantation period, before culling on E3.5 by cervical dislocation and isolation of embryos (Figure 1). Three dietary groups were studied: (1) A control group fed the Control diet 4 weeks prior to conception and during the preimplantation period (Con-Con group), (2) a group fed the HFA diet for 4 weeks prior to conception and during the preimplantation period (HFA-HFA group), and (3) a group fed the Control diet for 4 weeks preconception and then switched to the HFA diet during the preimplantation period (Con-HFA). Individual body weight (g) and total food intake per cage (g) over 24 hours were measured weekly throughout the 4 week preconception period. Energy intake (kJ per 10g of mouse) was estimated for individual mice based on total food consumption over 24 hours per cage. Average daily FA intake was estimated using whole cage intakes and the FA content of the diets.  
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Figure 1 | Experimental model describing the three diet groups: Con-Con fed with Control diet (1 mg/kg food) for 4 weeks prior to mating and during the preimplantation period; Con-HFA fed with Control diet for 4 weeks preconception, followed by high FA (HFA, 5 mg FA/kg food) diet during the preimplantation period; HFA-HFA fed with high FA diet for 4 weeks prior to mating and during the preimplantation period.

Measurement of Plasma 5-methyltetrahydrofolate and Folate Metabolites
The concentration of plasma FA and folate metabolites  (5-methyltetrahydrofolate (5-meTHF), 4-α-hydroxy 5-methyltetrahydrofolate (hmTHF), 5-formyltetrahydrofolate (5fTHF), and two folate degradation products, namely p-aminobenzoylglutamate (pABG) and p-acetamidobenzoylglutamate (apABG), were measured at the end of the 4 week preconception period using liquid chromatography-tandem mass spectrometry by Bevital Laboratories (Bergen, Norway). 
Embryo collection
Pregnant mice were culled at the same hour of the day on E3.5. Embryos were collected by flushing the uterus with H6 medium containing bovine serum albumin (BSA) (4 mg/ml, H6BSA; Sigma). Freshly harvested embryos were washed once in H6BSA, followed by three washes with H6 medium containing polyvinyl pyrrolidone (PVP) (6 mg/ml, H6PVP Sigma), and three washes in PBS. Embryos were classified as follows: early blastocyst, when the blastocoel cavity occupied less than half the blastocyst; mid blastocyst, when the blastocoel cavity filled half the blastocyst; late blastocyst, when the blastocoel cavity filled the majority of the blastocyst, and the zona pellucida was substantially reduced; and morula, when there was no sign of a cavity (Schrode et al., 2013). E-Mouse Atlas Project (http://www.emouseatlas.org) was used as a visual reference for embryo classification. Embryos and oocytes with signs of disintegration were classified as degenerated embryo or oocyte. The total number of embryos was also calculated. Single staged embryos to be used for qPCR were transferred to a siliconised tube with a minimal volume (1 - 2 µl) of PBS, snap-frozen in liquid nitrogen, and stored at -80 ºC. For blastocyst differential labelling of cell lineages and immuno-detection, embryos were washed and used immediately. 
Quantitative RT-PCR
RNA was isolated from a single blastocyst using the Dynabeads mRNA DIRECT kit (Invitrogen), as described by Kwong et al., 2006. In total one blastocyst per dam, with a total number of 10 dams per group were used for RNA expression studies. Complementary DNA was transcribed using Moloney-murine leukemia virus reverse transcriptase (M-MLV) (Promega) according to the manufacturer’s protocol and stored at -20 °C. Quantitative RT-PCR was then performed using SYBR Green (Qiagen) and samples analysed in duplicate using a Light Cycler 480 II (Roche). mRNA levels were determined by the standard curve method (Čikoš, Bukovská, & Koppel, 2007) and normalised to H2afz, Ppib, and Tuba as reference genes selected from geNorm analysis using Biogazelle qbase plus 3.0 (Biogazelle, Belgium) (Vandesompele et al., 2002). Six housekeeping genes were tested and the three housekeeping genes which showed the greatest stability (M value < 0.575) and the lowest variability among samples (V < 0.15) were used. Primer sequences and QuantiTect primers (Qiagen) are listed in Table 1. Mid blastocysts were the most abundant stage at E3.5 (> 50%). Total RNA was extracted from 80 mid blastocysts and their sex determined as described below (61% male, 9% female, 30% were undetermined due to insufficient DNA product). One male mid blastocyst was analysed for qPCR per dam (n = 10 dam per group); only male blastocysts were analysed as the number of female mid blastocysts was limited.

Table 1 | Primer sequences for blastocyst Real-time RTPCR

	Gene
	Primer
	Primer Sequence

	Ppib†

	[image: page85image35660608]Forward

	TTCTTCATAACCACAGTCAAGACC

	
	Reverse
	ACCTTCCGTACCACATCCAT

	Tuba‡ [image: page85image63476992][image: page85image35661184][image: page85image35675264]

	[image: page85image35660608]Forward

	CTGGAACCCACGGTCATC

	
	Reverse
	GTGGCCACGAGCATAGTTATT

	Oct4A§[image: page85image63478448][image: page85image35670656][image: page85image35715136]

	[image: page85image35660608]Forward

	CACGAGTGGAAAGCAACTCA

	
	Reverse
	TTGGTTCCACCTTCTCCAAC

	Nanog¶
	[image: page85image35660608]Forward

	TGCTTACAAGGGTCTGCTACT

	
	Reverse
	GAGGCAGGTCTTCAGAGGAA

	Cdx2¶
	[image: page85image35660608]Forward

	CTGCCACACTTGGGCTCT

	
	Reverse
	CTGCTGCTGCTTCTTCTTGA

	Dnmt1†
	[image: page85image35660608]Forward

	GCTACCAGTGCACCTTTGGT

	
	Reverse
	ATGATGGCCCTCCTTCGT

	
	

	
	Quantitect Primer Assay

	H2afz
	QT00137319

	Ezh2
	QT01063671

	Gata6
	QT00171297

	Eed
	QT00172424


† Watkins et al., 2017, ‡ Lucas et al., 2011, § Kashani et al., 2014, and ¶ from J. Eckert, University of Southampton. 

Embryo sex determination
To identify the sex of the embryo, DNA was collected from the supernatant from the RNA extraction of a single embryo (Kwong et al., 2006) using glycogen and ethanol precipitation. The DNA was then used in a nested PCR reaction with specific primers for DXNd-3, SRY, and ZFY (Kunieda et al., 1992). The PCR product was separated by electrophoresis using a 1.5% (w/v) agarose gel to identify bands associated with female embryos (DXNd single band) or male (DXNd, SRY and ZFY, three bands).
Differential labelling of embryos
Differential labelling of the blastocyst inner cell mass (ICM) and trophectoderm (TE) was carried out as described by Hardy et al.  in 1989 (Hardy, Handyside, & Winston, 1989) with modifications by Velazquez et al. in 2011 (Velazquez, Hermann, Kues, & Niemann, 2011). After embryo collection, blastocysts were washed three times in H6BSA medium and zona pellucida removed using acidified Tyrodes solution (Sigma), pH 2.3 at 37 °C for 30-60 seconds followed by extensive washing in H6BSA. The outer cells of the blastocysts were labelled using 10% (w/v) trinitrobenzene sulfonic acid (Sigma) at room temperature for 10 minutes. Blastocysts were then washed three times in H6PVP and then incubated with anti-dinitrophenol (1 mg/ml in H6PVP, Sigma) and washed three times in H6PVP. Blastocysts were subsequently incubated with guinea pig complement (diluted 1:10 in H6BSA, Sigma) supplemented with 4 µl propidium iodide (1 mg/ml, Sigma) and incubated at 37 °C for 10 minutes. Blastocysts were then washed three times in H6BSA and then fixed using absolute ethanol with 1% Bisbenzimide (Hoechst 33258, 2.5 mg/ml in distilled water, Sigma) at 4 °C for 30 minutes or until the image was taken. A Z-series of images was taken using a Nikon Elipse Ti fluorescence microscope with NIS elements software (version 4.30). This method has been used previously in a number of published studies (Igosheva et al., 2010; M. A. Velazquez, Smith, Smyth, Osmond, & Fleming, 2016; P. J. Williams, Bulmer, Innes, & Broughton Pipkin, 2011).
Immunohistochemistry
Blastocysts collected from the uterus of the female at E3.5 after their zona pellucida was removed, were fixed with 4% paraformaldehyde in PBS at room temperature for 10 minutes and washed in PBS-PVP drops. Permeabilization of the embryos was achieved with 0.25% (v/v) Triton X-100 in PBS for 15 minutes, followed by neutralisation with ammonium chloride (2.6 mg/ml in PBS) solution for 10 minutes. The embryos were washed with PBS containing 0.1% (v/v) Tween 20 (PBST), incubated with blocking solution (PBST and 3% (w/v) BSA) for 30 minutes, then incubated with primary antibody (monoclonal CDX2 1:100 dilution; or product no. Ab157524, Abcam; monoclonal NANOG 1:100 dilution; product no. Ab80892, Abcam) overnight at 4 °C in the dark. The next day, embryos were washed and incubated with secondary antibody (Donkey Anti-mouse Alexa fluor 488 1:500 dilution, product no. Ab150105, Abcam; or Donkey Anti-rabbit Alexa fluor 568 1:500 dilution, product no. Ab175470, Abcam) in blocking solution for 1 hour at room temperature in the dark. Embryos were then washed and incubated with 4’,6-diamidino-2-phenylindole (DAPI, Sigma) for 20 minutes at room temperature in the dark. Citifluor anti-fading mounting solution (Agar Scientific) was added to the embryo and then mounted with a coverslip. Imaging was performed using a Leica SP8 Confocal microscope equipped with a 63x glycerol objective and LAS-X software (Leica). Images were acquired by an accumulation of Z-series 2 μm sections of each whole embryo. CDX2 and NANOG expression was defined as the number of cells expressing the protein of interest divided by the total of cells per blastocyst.
Statistical analysis
Statistical analysis of data was performed using STATA statistical software version 12 for Mac (StataCorp). The distribution of the data was tested using the Shapiro-Wilk test. In cases where the data did not approximate to a normal distribution, data was log-transformed and re-checked for normality prior to analysis by ANOVA test with Bonferroni correction for multiple comparisons. For FA plasma measurements, animal food intake and body weight Student’s unpaired T-test was used. All data analyses from the embryo studies were analysed in parallel by a multilevel random effect regression model (supplementary Table S2) which takes into account the hierarchical nature of the data considering between-dams and between-litter variations and the different parameters measured from individual embryos including number of cells, gene expression and immunofluorescence. This regression model accounting for embryo number has been widely used previously  (Kwong, Osmond, & Fleming, 2004; Miguel A. Velazquez et al., 2018; Watkins et al., 2010; Watkins, Lucas, Wilkins, Cagampang, & Fleming, 2011; Watkins et al., 2007; Watkins, Ursell, et al., 2008; Watkins, Wilkins, et al., 2008; C. L. Williams, Teeling, Perry, & Fleming, 2011). Both ANOVA (reported in tables and figures in main manuscript) and the multi-level regression model (Supplementary Table 2) gave  similar results.
Results
Analysis of plasma folate and folic acid concentrations
Plasma folate and FA concentrations were measured at the end of the 4 week experimental period prior to conception. FA (p = 0.01), mTHF (p < 0.0001) and pABG (p = 0.04) concentrations were all higher in plasma from animals fed the HFA diet compared to the Control group (Figure 2A,C,E). However, no significant change in the concentrations of fTHF (p = 0.59), hmTHF (p = 0.85) and apABG (p = 0.07) were found between groups (Figure 2B,D,F). 
[image: ]
Figure 2 Concentrations of FA and metabolites of folate cycle in plasma after 4 weeks feeding in non-pregnant mice. (A) FA (Folic acid); (B) hmTHF (4-alpha-hydroxy-5-methyl-tetrahydrofolate); (C) mTHF (5-methyl-tetrahydrofolate); (D) fTHF (5-formyl-tetrahydrofolate); (E) pABG (para-aminobenzoylglutamic acid) and (F) apABG (acetyl-para- aminobenzoylglutamic acid). Data expressed as mean ± SEM. n = 8 females per diet group. Statistical analysis was by Student’s unpaired T-test. 

Effect of increased FA intake on body weight and energy intake
Body weight and energy intake were assessed weekly over the 4 week preconception period. There was no difference in body weight or energy intake between the mice fed the HFA or Control diet (Figure S1). Based on whole cage intake, the estimated intake of FA was 3.4 ± 0.03 µg/day for mice fed the Control diet and 16.2 ± 0.21 µg/day for mice fed the HFA diet. Preconceptional HFA intake was associated with an increase in mating time, which was delayed by one day compared to the control group (p = 0.002, Table 2). 

	Table 2 | Influence of maternal dietary FA intake on early embryo development

	 
	 
	 
	 
	

	 
	Con-Con
	Con-HFA
	HFA-HFA
	p value

	
	
	
	
	

	Days mating
	2.0 ± 0.2
	2.4 ± 0.3
	2.9 ± 0.2†,‡
	0.002

	Embryos per mouse
	7.9 ﻿± 0.4
	7.3 ﻿± 0.5
	8.7 ﻿± 0.2‡
	0.02

	Blastocysts per mouse
	7.2 ﻿± 0.4
	6.3 ﻿± 0.6
	7.9 ﻿± 0.3‡
	0.03

	Late blastocyst (%)
	12.7 ± 3.5
	11.6 ± 3.2
	14.0 ± 3.4
	0.88

	Mid blastocyst (%)
	53.2 ± 4.1
	52.7 ± 5.0
	50.7 ± 4.5
	0.91

	Early blastocyst (%)
	21.9 ± 3.9
	16.4 ± 3.2
	22.0 ± 3.4
	0.44

	Morula (%)
	2.7 ± 1.6
	2.5 ± 2.1
	1.2 ± 0.7
	0.74

	Degenerated embryo (%)
	9.5 ± 2.2
	16.6 ± 4.8
	12.1 ± 3.1
	0.35

	
	
	
	
	

	† different to the Con-Con group, ‡ different to the Con-HFA group. One-way ANOVA, Bonferroni posthoc. Data expressed as mean ± SEM. Embryos were collected at E3.5 n =24-26 pregnant mice per group. 


	

	

	

	


Effect of high FA intake on the number of embryos and stage of embryo development per pregnancy.    
To determine whether a higher FA intake affected the stage of blastocyst development or the number of embryos per pregnancy, embryos were collected at E3.5 and divided into late, mid or early blastocyst morula, or degenerated oocytes/embryos from dams from the three dietary groups. There was no difference in the total number of embryos, blastocysts or stage of development between the HFA-HFA or Con-HFA groups compared to Con-Con group (Table 2), but a reduction in the total number of embryos and blastocysts occurred in the Con-HFA group compared to the HFA-HFA group (Table 2). 
Number of TE and ICM cells in the blastocyst
To determine whether increased maternal FA intake affected the number of cells in the blastocyst, differential cell staining was used to identify the total number of cells together with the number of TE and ICM cells per blastocyst. There was no significant difference in the total number of cells per blastocyst in either the HFA-HFA or Con-HFA groups compared to the  control  group, although there was a significant decrease in the total number of cells per blastocyst between the HFA-HFA group and Con-HFA group (p = 0.009) (Figure 3A). The number of TE cells was 1.1-fold lower in the HFA-HFA group compared to the Con-Con (p = 0.04) group and the ICM/TE ratio 1.4 fold higher (p = 0.002) in the HFA-HFA group compared to the Con-Con (Figure 3B). There was no significant difference in the number of TE cells or the ICM/TE ratio in the Con-HFA group compared to the Con-Con group. However, Con-HFA blastocysts showed a higher number of ICM cells compared to the Con-Con group (p = 0.02). A multilevel random effect regression model taking in consideration the potential maternal-embryo hierarchical association was also run parallel to the ANOVA and gave similar  results (Supplementary table 2).
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Figure 3 | Differential labelling of inner cell mass (ICM) and trophectoderm (TE) cells (A) in blastocysts. (B) ICM/TE ratio. (C) Representative image of blastocyst stained with Hoechst and propidium iodide. Data was analysed by ANOVA with Bonferroni correction for multiple comparisons, adjusted p values are showed in the graph. Data expressed as mean ± SEM. n = 7-8 pregnant mice per group (38-44 blastocyst per group). Scale bar = 20 µm

3.5 Expression of developmental control genes  
The expression of the TE lineage marker Cdx2 was lower in both the HFA-Con and HFA-HFA groups (p = 0.019 and p = 0.0008, respectively) compared to the Con-Con group (Figure 4A). The expression of pluripotency genes, Oct4 and Nanog, were also down-regulated in blastocysts from the HFA-HFA group compared to the Con-Con group (p = 0.04 and p = 0.008, respectively, Figure 4B and 4C). Oct4 was downregulated in the Con-HFA group compared to the Con-Con group (p = 0.009, Figure 4B). The primitive endoderm marker Gata6 did not show differences at the mRNA level among the groups (p = 0.20).

Immunohistochemistry was used to assess the proportion of cells per blastocyst expressing CDX2 and NANOG. The number of cells expressing CDX2 was lower in both Con-HFA (p < 0.0001) and HFA-HFA (p = 0.003) groups compared to the Con-Con group (Figure 5A). In contrast, the number of cells expressing NANOG was higher in the Con-HFA and HFA-HFA than in the Con-Con group (p < 0.001 and p = 0.004, respectively, Figure 5B). 
[image: ]
Figure 4 | mRNA expression of lineage markers (A) Cdx2, (B) Oct4, (C) Nanog and (D) Gata6 in male mid-expanded blastocysts. Data was analysed by ANOVA with Bonferroni correction for multiple comparisons, adjusted p values are showed in the graph. Data expressed as mean ± SEM. n = 10 blastocyst per group, one male blastocyst per mouse. 



[image: ]
[bookmark: _Hlk55573179]Figure 5 | Immunohistochemistry CDX2 and NANOG in blastocyst at E3.5. (A) CDX2 and (B) NANOG positive cells in relation to the total cells. (C) Representative image of blastocyst stained with CDX2 (green) and NANOG (red) and DAPI (grey). Data was analysed by ANOVA with Bonferroni correction for multiple comparisons, adjusted p values are showed in the graph. Data expressed as mean ± SEM. n = 4-8 pregnant mice per group (21-38 blastocysts per group). Scale bar = 20 µm

3.6  Expression of epigenetic regulatory genes 
As epigenetic processes play a central role in lineage determination and are reliant on the supply of methyl groups from one-carbon metabolism, the expression of components of the Polycomb repressive complex (Ezh2 and Eed) which maintains pluripotency by repressing lineage-specific genes through H3K27 trimethylation, together with DNA methyltransferase 1 (DNMT1), responsible for maintaining DNA methylation patterns (Bird, 2002), were also analysed in the blastocysts from the Con-Con, HFA-HFA, and Con-HFA groups. The expression of Ezh2 (p = 0.04) and Eed (p = 0.01) decreased by 1.4-fold in the blastocysts from the Con-HFA group compared to the Con-Con group (Figure 6A). Eed expression decreased by 1.7-fold in the HFA-HFA group compared to the Con-Con group (p < 0.0001, Figure 6B), but there was no significant difference in Dnmt1 expression between groups (p = 0.17, Figure 6C).
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Figure 6 | mRNA expression of (A) Ezh2, (B) Eed, and (C) Dnmt1 in male mid-expanded blastocysts. Data was analysed by ANOVA with Bonferroni correction for multiple comparisons, adjusted p values are showed in the graph. Data expressed as mean ± SEM. n =10 blastocyst per group, one male blastocyst per dam. 

Discussion

Here we have shown that increased maternal FA intake during mouse preconception and preimplantation period alters early embryo development by reducing the number and proportion of TE cells within the blastocyst and reducing the expression level of regulatory genes coordinating lineage diversification and epigenetic reorganisation of the genome.  

Increasing FA intake for 4 weeks preconception increased the concentrations of unmetabolised FA, mTHF, and the level of a major catabolite; pABG. In humans, FA supplementation has been associated with the presence of unmetabolised FA in plasma (Pfeiffer et al., 2015; Tam, O’Connor, & Koren, 2012), which has been suggested to occur as a result of saturating the capacity for reduction of FA to mTHF in the gut (Patanwala et al., 2014) and liver (S. W. Bailey & Ayling, 2009). The presence of unmetabolised FA in this study suggests that the intake of 5 mg FA/kg diet may be sufficient to saturate capacity for the reduction of FA to THF in mice. There was also  an increase in pABG in mice fed the high FA diet; an increase in pABG levels has been suggested to be a mechanism to limit the increase in intracellular folate (Suh, Herbig, & Stover, 2001).  Although there was also an increase in apABG levels in mice fed the high FA diet, a metabolite of pAGB, and the major excreted  form in urine (Geoghegan, McPartlin, Weir, & Scott, 1995), this did not reach significance. The mechanism underlying differential effect of higher FA on apABG and pABG is not known. One possible explanation is that at high FA intakes, capacity for acetylation of pABG by arylamine N-acetyltransferase activity (Stanley et al., 1998) is limited compared to synthesis of the pABG substrate. Increased FA intake did not affect levels of fTHF or hmTHF. However fTHF is regulated and contributes to multiple metabolic pathways which will also influence fTHF levels (Ducker & Rabinowitz, 2017), while hmTHF  is generally observed after long term storage of samples and here levels of hmTHF were low  consistent with little or no oxidation of the samples. 

 Mice fed the high FA diet for 4 weeks showed a delay in mating time. In humans, higher intake of FA has been associated with changes in the hormonal control of the menstrual cycle; with higher intake of synthetic folate significantly associated with higher luteal progesterone levels (Gaskins et al., 2012), while women taking FA supplementation have a shorter menstrual cycle length (Cueto et al., 2015). The delay in mating time observed in this study may result from higher FA intake disrupting the estrus cycle, but further analysis of the effect of FA intake on the estrus cycle and hormonal regulation is required to determine the mechanism by which FA intake influence time to conception. 

There was no significant difference in the total number of blastocysts or stage of blastocyst development between the HFA-HFA or Con-HFA groups compared to the Con-Con group. However, feeding a HFA diet before mating and during the preimplantation period, did reduce the number of TE cells and consequently led to an increased ICM/TE ratio. Altered proportions of TE and ICM cells have been described after maternal protein restriction during the preimplantation period (Eckert et al., 2012; Kwong, Wild, Roberts, Willis, & Fleming, 2000; Mitchell, Schulz, Armstrong, & Lane, 2009), with the changes in the number of TE and ICM cells in the blastocyst being accompanied by the development of hypertension in the adult offspring. As the protein-restricted diet results in a reduced intake of essential amino acids such as glycine, which plays a key role in one-carbon metabolism (Bagley & Stipanuk, 1995), it has been suggested that the effects of maternal protein restriction on the embryo and offspring may result from the impaired supply of methyl groups and changes to the epigenetic processes that govern lineage determination, consistent with findings from this study. Indeed, direct changes in epigenetic regulation during development have been identified in response to periconception maternal protein restriction (Denisenko et al., 2016; Sun et al., 2015). 

The mRNA and protein expression of the TE lineage marker CDX2 was also lower in the HFA-HFA group compared to the Con-Con group, consistent with the reduction in the number of TE cells. CDX2 is a transcription factor that is required for TE cell fate specification in the early mouse embryo (Strumpf et al., 2005). At the blastocyst stage, CDX2 is expressed specifically in TE cells (Ralston & Rossant, 2008). Activation of CDX2 in the outer cells, leads to the repression of OCT4/NANOG expression and the differentiation of the totipotent cells into TE cells (D. Huang et al., 2017; Nishioka et al., 2008). The decrease in CDX2 expression observed in this study may reflect the lower number of TE cells but it is also possible that lower CDX2 expression may result in a reduction in the number of TE cells. Loss of CDX2 in mouse embryos has been reported to lead to a failure to repress OCT4 and NANOG expression in the TE lineage, and impaired implantation (Strumpf et al., 2005; Wu et al., 2010). In this study however, we found while  the expression of both Oct4 and Nanog mRNA was reduced in whole blastocysts from the HFA-HFA group, the number of cells expressing Nanog protein was increased. Further studies will be required to assess how a high FA intake affects the transcription and translation of Oct4/Nanog within each cell compartment within the blastocyst to delineate the long terms effects on embryo development.  

There was no significant change in TE cell number in the Con-HFA group compared to the Con-Con group, despite lower CDX2 mRNA and protein expression. This may reflect the shorter duration of the HFA diet in the Con-HFA group compared to the HFA-HFA group. The Con-HFA blastocysts did exhibit reduced levels of Oct-4 and nanog mRNA  but an increase in the number of cells expressing Nanog protein, as observed in  HFA-HFA blastocysts, suggesting a common effect of an increased FA intake fed during the preimplantation period.  There were however differences between the HFA-HFA and Con-HFA groups, with the Con-HFA group having have a higher number of total cells and ICM cells per blastocysts then the HFA-HFA group.  Such differences between the groups fed the HFA diet pre-conception and throughout the preimplantation period compared to those fed the HFA diet only during the preimplantation period, suggests that shorter exposure and/or switch in diet is responsible for these differential effects. Understanding how increased FA intake over these different time periods impact on folate metabolism in the embryo will be crucial to elucidate   the differential effects on cell specification. 

During development, the interplay between pluripotency and lineage commitment is coordinated by specific transcription factors that regulate gene expression programs by the recruitment of a series of epigenetic writers that alter chromatin structure. This epigenetic regulation of gene expression is essential for the initiation and maintenance of lineage cell fate; EZH2/EED are subunits of the polycomb repressive complex 2 (PRC2), which play a central role in mediating lineage commitment in the embryo (Aloia, Di Stefano, & Di Croce, 2013; Illingworth, Hölzenspies, Roske, Bickmore, & Brickman, 2016). In this study, HFA intake during the preimplantation period only led to a decrease in Ezh2 and Eed expression, while periconceptional HFA intake resulted in decreased Eed expression. Loss of Ezh2 in mouse embryos is associated with arrested development at the blastocyst stage, increased apoptosis, together with a decrease of Oct4, Nanog, and Sox2 expression (X. J. Huang et al., 2014), consistent with the PRC2 playing a role in regulating the expression of Oct4, Nanog and Sox2 (Walker et al., 2010). Here, a decrease in Eed expression in the HFA-HFA and a decrease in Eed and Ezh2 in the Con-HFA blastocysts was accompanied by changes in the expression of  both Oct4 and Nanog, suggesting that a higher FA intake may disrupt the balance between pluripotency and differentiation in the embryo through altered expression of components of the PRC, and interestingly this was observed with both exposure to an increased FA intake pre pregnancy and during the implantation period as well as when fed just during the implantation period. 

There are, however, some limitations to this study. Measurements of blood folate and metabolites were performed after 4 weeks of FA supplementation prior to conception in the Con-Con and HFA-HFA mice rather than at E3.5, so whether blood folate levels were also increased in the Con-HFA mice is not known. In addition, it will be important to assess how altered levels of folate metabolites in the maternal circulation may affect 1-C metabolism in the embryo, and how this contributes to the altered expression of epigenetic regulators observed in this study.  Secondly, although we observed no difference in embryo development between the different dietary groups, subtle differences in development may not have been detected through visual classification of the embryo stages. Thirdly, we only examined gene expression in male blastocysts due to the low number of female blastocysts obtained. Given a number of studies have reported sexual dimorphism in the phenotypic response to variations in the maternal diet (Tarrade et al., 2013), it will be important to investigate whether similar changes occur in female embryos. Finally, although we found differences in the number of TE cells and altered expression of a number of lineage determination markers, the consequences for embryo implantation or development were not tested. Elucidation of the long-term consequences of high maternal FA intake will be important to guide FA intake recommendations. 

This study does show, however, that increased FA intake during the preconception and preimplantation period can potentially affect cell number within the blastocyst, the ratio of ICM/TE, and the expression of key lineage markers such as CDX2. High intake of FA during both preconception and preimplantation had the most pronounced effects on these parameters. Nevertheless, HFA intake during the preimplantation period alone also affected the expression of the key lineage markers. A change in lineage allocation and reduction in cell number in early development has been reported to result in compensatory accelerated cell proliferation in the embryo (Kojima, Tam, & Tam, 2014; Power & Tam, 1993) and although the long-term implications of such changes are unknown, there may be potential consequences for long-term health (Fleming et al., 2018). Consistent with this, high FA diets have previously been implicated in the dysregulation of the embryo and placenta development (Bahous et al., 2017; Penailillo, Guajardo, Llanos, Hirsch, & Ronco, 2015; Pickell et al., 2011), thus, the consequences of increased maternal FA intake during the preimplantation period needs to be addressed more rigorously in human and animal reproduction. 
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