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Abstract

Histiotrophic nutrition pathways (HNPs) are processes by which the organogenesis-stage 

conceptus obtains nutrients, amino acids, vitamins, and cofactors required for protein biosynthesis 

and metabolic activities. Nutrients are captured from the maternal milieu as whole proteins and 

cargoes via receptor-mediated endocytosis in the visceral yolk sac (VYS), degraded by lysosomal 

proteolysis, and delivered to the developing embryo (EMB). Several nutrients obtained by HNPs 

are required substrates for one-carbon (C1) metabolism and supply methyl groups required for 

epigenetic processes, including DNA and histone methylation. Increased availability of methyl 

donors has been associated with reduced risk for neural tube defects (NTDs). Here we show that 

mono-2-ethylhexyl phthalate (MEHP) treatment (100 or 250 µM) alters HNPs, C1 metabolism, 

and epigenetic programming in the organogenesis-stage conceptus. Specifically, 3 h MEHP 

treatment of mouse embryos in whole culture resulted in dose dependent reduction of HNP 

activity in the conceptus. To observe nutrient consequences of decreased HNP function, C1 

components and substrates and epigenetic outcomes were quantified at 24 h. Treatment with 100 

µM MEHP resulted in decreased dietary methyl donor concentrations, while treatment with 100 or 

250 µM MEHP resulted in dose-dependent elevated C1 products and substrates. In MEHP-treated 

EMBs with NTDs, H3K4 methylation was significantly increased, while no effects were seen in 

treated VYS. DNA methylation was reduced in MEHP-treated EMB with and without NTDs. This 

research suggests that environmental toxicants such as MEHP decrease embryonic nutrition in a 

time-dependent manner, and that epigenetic consequences of HNP disruption may be exacerbated 

in EMB with NTDs.
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1. Introduction

The processes by which mammalian embryos obtain nutrients and substrates for growth and 

development during embryogenesis and early organogenesis are known as histiotrophic 

nutrition pathways (HNPs). Because the placenta has not yet become fully functional at this 

stage, the active maternal-embryonic exchange of micronutrient substrates and metabolic 

cofactors from maternal circulation is not yet possible. HNPs facilitate the receptor-

mediated endocytosis (RME) of bulk and carrier proteins along with their bound nutrient 

and cofactor cargoes through the visceral yolk sac (VYS) brush border. Subsequent 

proteolysis of these proteins in secondary vesicles (lysosomes) releases nutrient cargoes 

required for various cellular processes and supplies nearly 100% of all amino acids required 

for protein biosynthesis and enzymatic function in the VYS and in the embryo (EMB) 

proper [1, 2].

HNPs are responsible for providing and transporting many substrates to the EMB, including 

methyl donors for one-carbon (C1) metabolism such as methionine, folate, choline, and 

betaine [3–11]. C1 metabolism is the process by which dietary methyl donors are utilized to 

synthesize S-adenosylmethionine (SAM), the primary molecular methyl donor for cells. 

Through C1 pathway activity, SAM is made available for numerous processes, including 

post-translational modifications and epigenetic regulation. Thus, the nutritional state of the 

conceptus likely influences epigenetic reprogramming and regulation of genetic processes 

[12].

During the first trimester of pregnancy, cells are rapidly dividing to facilitate overall growth 

and anatomical form in order to complete embryogenesis. During this time, DNA undergoes 

substantial epigenetic programming, from near-complete loss of methylation marks after 

fertilization to reprogramming of methylation marks during embryogenesis and early 

organogenesis [13, 14]. Histone methylation, on the other hand, is variable; methylation 

increases over developmental time at the histone 3 lysine 4 (H3K4) locus and decreases at 

the histone 3 lysine 27 (H3K27) locus [15]. Because these processes occur during the phase 

of HNP-supplied nutrition and provide the necessary methyl donors for epigenetic marks, it 

is possible that perturbation of HNPs may result in abnormal epigenetic programming. 

Previous work has demonstrated that inhibition of HNP lysosomal function with leupeptin 

resulted in decreased DNA methylation in the EMB and VYS during early organogenesis 

[16].

Common dietary methyl donors and cofactors for C1 metabolism, including folate, betaine, 

choline, and vitamin B12, are required for normal growth and development. Maternal 

deficiencies in folate and choline during pregnancy have been associated with increased risk 

for neural tube defects (NTDs) [17–19]. Likewise, folate supplementation of maternal diet, 

via the fortification of foods or prenatal vitamins, has been associated with nearly a 30% 
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decreased risk for NTDs [20–23]. However, the mechanism by which folate is beneficial is 

unknown [24, 25].

Mono-2-ethylhexyl phthalate (MEHP) is the primary metabolite of the ubiquitous 

plasticizing agent di-2-ethylhexyl phthalate (DEHP), a compound that has been found 

almost ubiquitously in consumer, industrial, and medical products including PVC products, 

medical tubing, and children’s toys. Numerous studies investigating exposures to DEHP 

have found detectable levels of its metabolites in a great majority of individuals sampled, 

including pregnant women [26–28]. Previous studies have demonstrated that MEHP 

exposure during early organogenesis increased the number of embryos with NTDs [29, 30]. 

Thus, the purpose of this exploratory work is to identify whether this increased number of 

NTDs due to MEHP exposure is concordant with decreased nutrient bioavailability to the 

EMB and whether this may have epigenetic consequences. It is hypothesized that MEHP 

exposure will reduce the activity of HNPs, decreasing the availability of methyl donors and 

C1 metabolism, and that these changes will result in decreased DNA and histone 

methylation.

2. Materials & Methods

2.1 Chemicals and Reagents

Bicinchoninic acid, dimethyl sulfoxide (HPLC grade), Tyrode’s balanced salt solution 

(TBSS), penicillin/streptomycin (10,000 units/ml penicillin, 10,000 µg/ml streptomycin 

sulfate), choline chloride, betaine, folic acid, D,L-homocysteine, D,L-methionine, L-

cysteine hydrochloride, N,N,N-Trimethyl-d9-Glycine HCl (Betaine-d9) and Homocysteine-

d8 were obtained from Sigma/Aldrich (St. Louis, MO). L-Methionine (methyl-d3) and D,L-

cysteine (3,3-d2) were purchased from Cambridge Isotope Laboratories (Andover, MA, 

USA), and S-Adenosyl-L-methionine-d3 (S-methyl-d3) tetra (p-toluenesulfonate) salt was 

from C/D/N Isotopes (Pointe-Claire, Quebec, Canada). Hanks balanced salt solution (HBSS) 

was purchased from GIBCO/Life Technologies (Grand Island, NY). Mono-2-ethylhexyl 

phthalate was obtained from AccuStandard (New Haven, CT).

2.2 Mouse Whole Embryo Culture

Mouse embryo culture (mWEC) was performed following the conditions outlined in [31], 

and described in [30]. Briefly, female CD-1 mice were time-mated and obtained from 

Charles River (Portage, MI). The morning of a positive vaginal smear was designated as 

gestational day (GD) 0. Animals were maintained on a 12 h light-12h dark cycle and were 

supplied food and water ad libitum. Pregnant mice were euthanized with CO2, supplied at 

10–30%, on GD 8 and the uterus was removed. Conceptuses were explanted from the uterus, 

randomized, and placed into 10 ml culture bottles. Each culture bottle contained 5 ml of 

75% heat-inactivated rat serum/25% Tyrode’s balanced salt solution (TBSS), and 21.5 µl 

penicillin/streptomycin (Invitrogen, Carlsbad, CA 10,000 U/ml penicillin; 10,000 µg/

streptomycin sulfate). Bottles were placed on a continuous-gassing carousel and initially 

supplied with 5% O2/5% CO2/90% N2. The gas mixture was changed after 6 hours to 20% 

O2/5% CO2/75% N2 to optimize conceptal growth. All experiments were performed in strict 
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concordance with protocols approved by the University Committee on Use and Care of 

Animals.

2.3 Exposures and Sample Collection

MEHP was suspended in DMSO to increase solubility and stored at a concentration of 1 

mg/ml. This MEHP mixture was diluted in DMSO and added to each treatment culture 

bottle to produce a final concentration of 100 or 250 µg/ml. These concentrations were 

optimized from previous experiments [30], based on viability and morphology, as well as 

reproducibility from other phthalate WEC experiments [29, 32]. Control bottles received an 

equivalent volume of DMSO only and the total volume added was no greater than 1 µl/ml 

culture medium. Conceptuses remained in culture for 24 h.

Following the culture period, conceptuses for DNA and histone analysis were thoroughly 

rinsed in HBSS and briefly inspected, at which time anatomical malformations and delayed 

closure of the embryonic neural tube were noted. EMBs with closed neural tubes were 

denoted as NTD (−) while those with open neural tubes were denoted as NTD (+) (Fig. 1). 

At the time of collection, no control samples were found to have abnormal neural tube 

closure. Conceptuses providing tissues for DNA isolation were dissected into EMB and 

VYS, snap frozen, and stored at −76°C until use. Conceptuses for histone isolation were also 

dissected into EMB and VYS, but histone proteins were immediately extracted using the 

EpiQuik™ Total Histone Extraction Kit (Epigentek). Following extraction, proteins were 

stored at −20°C overnight until completion of histone methylation experiments the 

following day.

Conceptuses used for HNP analysis were randomized and explanted into culture on GD 8. 

After 24 h in culture (GD 9), fluorescence tagged FITC-albumin was added to the culture 

media at a nontoxic total concentration of 100 µg/ml [33, 34]. At this time, 100 or 250 µg/ml 

MEHP was added. Treated conceptuses were returned to the culture apparatus and grown in 

complete darkness for 3 h. At the conclusion, conceptuses were removed from culture and 

thoroughly rinsed in HBSS. Ethanol (6 mg/ml) was added to concurrent cultures and HNP 

assays were performed as a positive control because it is a known inhibitor of endocytosis in 

the HNP [35, 36]. Following culture, conceptuses were pooled in duplicate and transferred 

into a 150 µl drop containing 50 mM sodium phosphate buffer (pH=6.0) for dissection. The 

VYS was first removed and collected into 0.1% Triton X-100, followed by the EMB. The 

remaining extra-embryonic fluids (EEF) were then released into the sodium phosphate 

buffer and also collected.

Whole conceptuses for analysis for C1 component quantification or quantification of methyl 

donors were treated with 100 or 250 µg/ml MEHP on GD 8 and grown for 24 h in culture. 

At the conclusion of the culture period, whole conceptuses were carefully rinsed and stored 

intact in polypropylene tubes at – 80 C for later analysis. Samples for analysis of C1 

components and for choline and betaine were quantitated as described below using two 

separate by LC-MS/MS techniques. Conceptuses for immunoassay quantification of folate 

and vitamin B12 were collected into 500 µl 6% trichloroacetic acid (TCA).

Sant et al. Page 4

J Nutr Biochem. Author manuscript; available in PMC 2017 January 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



2.4 Histiotrophic Nutrition Assay

Histiotrophic nutrition assays were conducted using a modified version of the protocol 

outlined in [33]. Even though its contribution to total fluorescence is usually minimal, 

fluorescence in the EMB fraction of the conceptus was also measured. After collection of 

tissues and fluids, samples were sonicated to mix. A 20 µl aliquot of each sample and of 

culture media were immediately collected and set aside for measurement of total 

fluorescence, following addition of 230 µl of Triton X-100 and 750 ml of 6% TCA with 1% 

SDS. 750 µl of 6% TCA was added to the remainder of each sample, after which they were 

vortexed and allowed to precipitate at 4°C overnight.

The next morning, samples were centrifuged at 9,500 × g for 10 min. The supernatant of 

each sample was transferred to a new tube for quantification of soluble fraction 

fluorescence. One ml of 500 mM and 150 µl of 1N sodium hydroxide were added to each 

tube before setting aside for fluorescence quantification. The insoluble fractions were 

precipitated in 150 µl of 1N NaOH at room temperature for 1 h, prior to addition of Tris 

buffer, sodium hydroxide, and 6% TCA in equivalent amounts to the soluble fractions.

Soluble, insoluble, and total fluorescence were quantified by fitting sample fluorescence to a 

standard curve, ranging from 1–250 µg/ml FITC-albumin. Samples were plated onto opaque, 

black 96-well plates in triplicate replicates of 200 µl for each sample. Plates were read by 

spectrofluorometer, with excitation and emission wavelengths set at 495 and 520 nm, 

respectively. Normalization of results to sample protein concentrations was performed 

following bicinchoninic acid (BCA) assay. Clearance, defined as the volume of culture 

media cleared of FITC-albumin per min per mg of conceptal protein, was calculated for each 

fraction and tissue, and the cumulative total clearance was also determined by adding the 

clearance values from all measured compartments.

2.5 C1 Metabolism Component Quantification

Quantification of C1 components was performed as previously described in [16]. Liquid 

chromatography-tandem mass spectrometry was performed using a TSQ Quantum Ultra AM 

triple quadrupole mass spectrometer (Thermo Scientific, Rockford, IL) coupled to a Waters 

2695 Separations Module (Waters, Milford, MA). These were fitted with a Luna C18(2) 5-

µM 250 × 4.6-mm column and 4 mm C18 guard column (Phenomenex, Torrence, CA). All 

data was recorded using Xcalibur software (Thermo Scientific).

Briefly, isotopically labeled internal standards (ISTD) for SAM, methionine, cysteine, and 

homocysteine were added to each sample in known quantities following the incubation in 

reducing agent. To precipitate protein in the samples, 0.1% formic acid and 0.05% 

trifluoroacetic acid in acetonitrile was added to the samples before centrifugation and 

transfer of the supernatant to high-performance liquid chromatographic (HPLC) vials and 10 

uL was injected in the positive ion electrospray LC-MS/MS analysis. The pellet was 

resolubilized in 0.25M sodium hydroxide and total protein was quantified using BCA assay. 

The gradient method was programmed to flow 1 mL/min of water 0.1% formic acid 

changing linearly to 10 % acetonitrile 0.1% formic at 10 minutes, then back to initial 

conditions and held until 30 minutes. All ion source and precursor/fragment ion transitions 
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were optimized by direct infusion experiments. Concentrations of each analyte were 

calculated by ratio of the measured analyte to the known quantity of the isotopic standard in 

each sample. All data was normalized to the total protein concentration of the conceptus to 

account for the differences in size and morphology due to MEHP treatment [16, 30].

2.6 Quantification of Choline and Betaine

Quantification of choline and betaine was performed using a modified version of the 

protocol outlined in [37]. Briefly, 100 ul water was added to tubes containing each 

conceptus, and the contents were tip sonicated for suspension. The conceptus volume varies 

from about 30–50 ul, and volumes are typically smaller for those exposed to DEHP and 

MEHP. To compensate for volume differences, 50 ul of the suspension was removed for 

protein quantitation by the BCA assay, and all values were normalized to total protein 

concentrations. To 50 ul of the remaining suspension, 150 ul of acetonitrile was added and 

vortexed to precipitate proteins. After 10 min at room temperature, the sample was 

centrifuged at 14000 rpm. Fifty ul of the supernatant was removed and added to 100 ul of 4 

uM of internal standards (d9-choline and d9-betaine) in 75:25 acetonitrile:water and 850 uL 

of 75:25 acetonitrile:water. The final concentration of ISTD was 0.4 uM and 2 ul was 

injected onto the LC-MS/MS system. The concentration of choline and betaine was 

calculated as the ratio of the analyte to the known quantity of isotopic standard. To generate 

measured “response factors” a solvent standard containing choline and betaine and their 

ISTD’s each at 0.4 uM in 75:25 acetonitrile:water was injected. These measured response 

factors were applied to calculate the concentrations of choline and betaine in conceptus 

samples.

The same instrumentation used to measure C1 components was utilized (Waters 2695 

HPLC, Thermo Scientific TSQ Quantum Ultra AM), but outfitted with an Atlantis HILIC 

Silica 3-µm 4.6 × 30-mm column (Waters) and 4-mm guard column. A linear gradient 

method flowing at 2.0 ml/min was programmed for mobile phases. Mobile phase A was 

comprised of water, 10 mM ammonium acetate, and 0.15% formic acid. Mobile phase B 

was 100% acetonitrile. The gradient began at 20% A:80% B for 1 min, ramped to 60% A 

from 1 to 2 min, and then held until 2.3 min until returning to initial conditions at 2.4 min, 

and total run time was 5.5 minutes (Suppl. Fig. 1). The needle wash used was 9:1 

methanol:water, and carryover was very minimal. Flow was split 4:1, sending 500 ul/min to 

the mass spectrometer set to ESI positive ion mode. The following mass spectrometer 

settings were applied: 3500 spray voltage, 55 units sheath gas, 30 units auxiliary gas, 

capillary 300 C and 35 V, and 1.5 mtorr argon collision pressure. The m/z precursor to 

product ion transitions were optimized for detection of analytes and isotopic standards as 

follows: choline 104>60+, choline-d9 113>69+ (collision energy 16V, tubelens 62 V), 

betaine 118>59+ and betaine-d9 127>68 (collision energy 21V, tubelens 75 V). Dwell times 

were 100 msec. To account for potential differences in the amount of analytes supplied in 

the culture media, paired culture medium was also sampled from each culture bottle before 

and after the culture period. No differences in the amounts of choline and betaine were 

discovered between culture bottles.
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2.7 Quantification of Folate and Vitamin B12

Samples collected in 6% TCA were briefly sonicated then centrifuged at 9,500 × g for 5 

minutes. The supernatant was transferred to a new tube, snap frozen, and shipped to the 

Gastrointestinal Laboratory at the Texas A&M University Department of Veterinary Small 

Animal Clinical Sciences. Immunoassays for folate and vitamin B12 were conducted using 

the IMMULITE 2000 system (Siemens Healthcare). The pellet was re-suspended in 0.25M 

sodium hydroxide and total protein was determined using BCA assay. Folate and vitamin 

B12 measures concentrations were reported after normalization to total conceptal protein. No 

differences were seen in the amounts of folate and vitamin B12 that were detected in the 

culture medium between culture bottles sampled before or after the culture period.

2.8 Global Histone Methylation

Total histone protein was quantified using the BCA assay and equivalent amounts of histone 

protein were used for methylation analysis. Histone methylation at the H3K4 and H3K27 

loci was probed using EpiQuik™ Global Pan-Methyl Histone Quantification Kits 

(Epigentek). Fluorescence associated with methyl markers at the loci was detected and used 

to quantify percent methylation. H3K4 histone methylation is typically associated with 

activation of genes, making chromatin more accessible, and H3K27 methylation is typically 

considered a repressive marker, encouraging the tight packaging of chromatin [15]. These 

pan-methyl kits were selected to probe the effects of altered nutrition on histone methylation 

instead of specifically investigating the effects on tri-methylation at these loci.

2.9 DNA Isolation

Genomic DNA from EMB and VYS samples exposed for 24 h to MEHP (100 or 250 µg/ml) 

or controls (DMSO) was isolated using phenol-chloroform extraction. Briefly, thawed 

samples were sonicated in Buffer ATL (Qiagen) and digested overnight at 50µC after 

addition of Proteinase K (Qiagen). The following morning, RNase A was added before 

repeated phenol-chloroform isoamyl alcohol extractions in phase-lock gel tubes (5 PRIME). 

A choloroform-only wash was performed, followed by repeated ethanol precipitations. The 

DNA pellet was then dried before storage in Tris buffer (pH 8.0) until use.

2.10 LUmiometric Methylation Assay (LUMA)

LUMA was utilized as explained in [38, 39] and previously performed in [16]. This is an 

extension assay which relies on differential cleavage of the DNA by enzymes that are 

sensitive or insensitive to methylation. Briefly, genomic DNA isolated from EMB and VYS 

samples was subjected to restriction enzyme digestion for 4 hours at 37µC. Samples were 

separately digested with either methylation-sensitive HpaII or methylation–insensitive MspI 

restriction enzymes (Invitrogen), which both cleave genomic DNA at CCGG sites. This 

provides differential numbers of cleavage sites for extension based upon methylation, and 

the ratio can be used to quantify the relative percent global methylation. EcoRI (Invitrogen) 

was also added to each digest to function as an internal control. Following digestion, 

Annealing buffer (Qiagen) was added to the products and these were analyzed using the 

PyroMark™ Q96 MD system (Qiagen). Samples were run in triplicate to account for 

variation. Ratios for MspI and HpaII relative to their internal EcoRI controls were used to 
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quantify overall percent methylation, using the following equation: 1-[(HpaII/EcoRI)/(MspI/

EcoRI)]x100.

2.11 Statistical Analysis

Results are presented as mean ± SEM. Unpaired t-tests and ANOVA with Tukey’s post-hoc 

test were used to probe statistical significance. Due to the exploratory nature of this study, 

many of these experiments were performed on a small or unbalanced sample size. An F-test 

was performed to assess the variance of each sample group prior to hypothesis testing. When 

appropriate, a Welch’s t-test was utilized to assess differences between groups with unequal 

variance. A confidence level of 95% was used throughout the study, and all tests were 

performed using SPSS. Statistical outliers were removed if data points fell into a range that 

was at least 1.5 times the interquartile range and outside of the first and third quartile values.

3. Results

3.1 Histiotrophic Nutrition Assay

Total clearance, defined as the sum of VYS, EEF, and EMB values, was quantified to 

determine the extent to which MEHP reduced the histiotrophic uptake of proteins in the 

whole conceptus (Fig. 2). Ethanol was selected as a positive control because it is a known 

selective inhibitor of RME [35, 36]. Ethanol-exposed conceptuses had significant reductions 

(p<0.01) in soluble (34.5 ± 3.9; n=9) and total (35.5 ± 3.3; n=9) clearance fractions when 

compared to their respective soluble (54.6 ± 4.3 ml media/mg protein/h; n=9) and total 

(soluble + insoluble) (59.8 ± 5.2; n=9) FITC clearance values. No significant changes were 

observed due to any MEHP or ethanol treatment for the insoluble fractions (p>0.05). 

Exposure to MEHP at the 100 µg/ml dose significantly decreased clearance as measured by 

the soluble fraction (38.9 ± 2.7; n=8; p=0.02), though there was no statistically significant 

decrease of FITC-albumin clearance of the total fraction (48.8 ± 2.7; n=8; p=0.28). 

Exposure to MEHP at the 250 µg/ml dose significantly reduced both soluble (31.3 ± 2.5; 

n=9) and total (33.1 ± 4.7; n=9) fraction clearance (p<0.01). These decreases in clearance 

for the high MEHP exposure group were even greater than those of the ethanol positive 

control. The acid soluble fraction of total cleared FITC was small (10%) relative to the 

corresponding acid insoluble fraction. This indicates that lysosomal proteolytic activity was 

not inhibited by MEHP, and suggests that MEHP inhibition of RME is likely to be solely 

responsible for observed decreases in nutrient uptake. Overall, MEHP significantly reduced 

histiotrophic nutrient uptake of the conceptus.

3.2 Quantification of Methyl Donors and C1 Metabolism Components

C1 metabolism components and dietary methyl group donors were quantified to determine 

whether the observed decreases in HNP result in a loss of methyl donor availability in the 

form of SAM (Table 1). MEHP concentration had no significant effect on SAM 

concentrations, though there was an increasing trend overall (ANOVA p=0.11). These same 

increasing trends were evident for cysteine and methionine (ANOVA p=0.05 and 0.04, 

respectively). Methionine concentrations were significantly elevated in the 250 µg/ml group 

(1427.0 ± 235.6; n=5) compared to controls (635.1 ± 44.0 ng/mg protein; n=4; p=0.04). 

Homocysteine was statistically elevated in the 250 µg/ml group (97.4 ± 8.5 ng/mg protein; 
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n=4) compared to controls (70.1 ± 5.1; n=5; p=0.02) and the 100 µg/ml (63.8 ± 3.4; n=4; 

p<0.01).

Folate concentrations fluctuated at low and high MEHP concentrations, but were not 

significantly changed. Choline concentrations were unchanged by 100 µg/ml treatment (1.35 

± 0.54; n=5) compared to controls, but were significantly elevated in the 250 ug/ml 

compared to the 100 µg/ml group (3.04 ± 0.87; n=4; p<0.01). Betaine concentrations (4.23 ± 

0.39 ng/mg protein; n=4) are significantly decreased in conceptuses exposed to 100 µg/ml 

MEHP (2.13 ± 0.95; n=5; p<0.01). Though betaine in the 250 µg/ml conceptuses is still 

slightly reduced compared to controls, this relationship is not statistically significant 

(p=0.06).

Vitamin B12 control concentrations (17.00 ± 0.09 pg/mg protein; n=3) are significantly 

decreased at the 100 µg/ml MEHP dose (12.25 ± 0.41; n=3; p<0.001). Vitamin B12 in 

conceptuses treated with 250 µg/ml MEHP (15.23 ± 0.47; n=5) is significantly elevated 

compared to the 100 µg/ml dose (p<0.01), and remains decreased compared to the control 

measure (p=0.05).

3.3 Global Histone Methylation

Global histone pan-methylation was measured in both control and MEHP-exposed (100 

µg/ml) EMB and VYS, also stratified by NTD status (Fig. 3). Pan methylation is defined as 

the cumulative mono-, di-, and tri-methylation at a locus. Pan-methylation was examined at 

the H3K4 and H3K27 loci after 24 h in culture to determine whether the accompanying 

nutritional modifications may result in methylation changes. H3K4 methylation was 

significantly increased in MEHP-treated, NTD+ EMB (55.1 ± 4.5; n=4) compared to 

MEHP-treated NTD- EMB (41.3 ± 1.9; n=6; p=0.01), though not significantly elevated 

compared to the controls (Fig. 3A). No significant H3K4 methylation changes were 

observed in the VYS. H3K27 pan methylation was also measured in the EMB and VYS 

(Fig. 3B). No statistically significant changes in H3K27 methylation were observed in the 

EMB or VYS.

3.4 LUminometric Methylation Assay (LUMA)

The effect of MEHP treatment was examined by treating conceptuses with 100 or 250 µg/ml 

MEHP in addition to the controls (Fig. 4A). MEHP 100 µg/ml treatment significantly 

reduced global DNA methylation in the EMB (55.4 ± 1.9; n=13; p=0.01) compared to 

controls (61.9 ± 2.2; n=5). High variability of global DNA methylation was observed in 

EMB treated with 250 µg/ml MEHP, thus, no statistically significant further decrease was 

observed (p=0.4). No statistically significant changes were observed in the VYS, though 

there was an increasing trend. These changes are consistent with methylation changes 

previously observed due to ethanol, which is also an inhibitor of RME (unpublished results).

Global DNA methylation was also measured in both control and MEHP-exposed (100 

µg/ml) EMB and VYS following stratification by NTD status (Fig. 4B). MEHP exposure in 

the absence of NTD significantly reduced (p=0.03) DNA methylation in the EMB (54.7 ± 

1.8; n=10) after 24 h when compared to controls (61.9 ± 2.2; n=5). DNA methylation was 

further reduced in MEHP-treated EMB with NTD (43.3 ± 7.7; n=3) compared to both 
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controls (p=0.03) and MEHP-treated NTD negative EMB (p=0.05). Though VYS 

methylation was much lower than EMB DNA methylation overall, there were no statistically 

significant changes in methylation in the VYS.

4. Discussion

The relationship between prenatal nutrition and growth and development has been well 

studied, although the long-term consequences of nutritional deficiencies are highly diverse. 

Previous work from our laboratory has demonstrated that exposure to MEHP during early 

organogenesis may result in stunted growth and delayed or halted neurulation [30]. In this 

study, nutritional deficiencies were observed as changes in nutrient and cofactor uptake and 

availability after exposure to MEHP, suggesting that embryonic exposures to toxicants may 

reduce essential nutrient supplies and produce a canonical stunting of growth.

Many studies have utilized toxicological and pharmacological agents to modify RME [40], 

however, relatively few studies have demonstrated a link between toxicological or 

pharmacological agents and disruption of HNPs during development [35, 41–48]. These 

previous studies encompass a wide range of chemical agents, with diverse structures and 

functions, and yet many of these exposures have the same outcomes. In this study, both 

ethanol and MEHP have been shown to disrupt the RME functions of HNPs, but it is 

unknown whether they are acting via the same mechanisms and transporters. Different 

classes of persistent compounds may directly or indirectly affect HNPs, but the lack of 

comparative structure/function data and complete ontogeny profiles for HNP-mediated 

nutrient clearance preclude the development of predictive models for nutrient availability in 

the presence of environmental chemicals. In this study, total HNP clearance was measured, 

representing the total amount of media cleared of FITC-albumin by the VYS, EEF, and 

EMB. However, very little fluorescence is found in the EMB following a 3-h uptake period 

and long-term exposure data using this model is not possible due to inviability in culture 

beyond GD 10.

Megalin and cubilin, known as the multiligand endocytotic receptor complex (MERC), are 

major receptors involved in HNPs, which are localized to polarized epithelia such as the 

VYS [10, 49, 50]. Although the rodent VYS is inverted, both rodent and human VYS and 

neuroepitehelia highly express megalin and cubilin, and have been directly implicated in 

neurulation and neurodevelopment [51–55]. The MERC is responsible for the uptake of a 

vast array of nutrients and is also a major transporter of the developmental ligands crucial 

for neurulation such as Sonic Hedgehog (Shh) and retinoic acid [10, 53–59]. Vitamin B12 

and folate are also co-transported across epithelia via the MERC by carrier proteins, 

suggesting a link between methyl donor metabolism and the MERC [9, 10]. Solute carrier 

(SLC) families of transporters are also crucial for the transport of nutrients across 

membranes, including choline, betaine, folate, and amino acids required for C1 metabolism. 

In a companion study, we have shown that the expression of many SLC genes is altered by 6 

h MEHP treatment, but the specific effects of MEHP treatment on nutrient transporters and 

whether responses are time- or stage-dependent is unknown [30]. Work with transgenic 

Lrp2-deficient or Cubn-deficient models could provide insight into this mechanism, as well 

as an ontogeny of MERC and SLC expression following MEHP exposure.
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Decreases in HNP function following treatment with the protease inhibitor leupeptin result 

in C1 deficiencies 6 h after initial exposure [16]. Here, however, C1 metabolic components 

follow an increasing trend with increasing MEHP concentrations in culture after 24 h. These 

results were unexpected because HNP activity is reduced in a dose-dependent fashion after 3 

h, and it was believed that methyl donors and C1 components should decrease initially. It is 

possible that exposed conceptuses are able to adapt and compensate by the end of the 24 h 

exposure period. The primary focus of this work was to examine nutrition during 

embryogenesis and early organogenesis, and does not attempt to draw any conclusions about 

the long-term fetal and neonatal consequences of this deficiency. A growing body of 

epidemiological studies have suggested that in utero deficiencies may result in the 

programming of a “thrifty” phenotype, resulting in predispositions to metabolic syndromes 

later in life [60]. Though this work suggests that growth is immediately stunted, it is possible 

that adaptation to these deficiencies may result in a thrifty phenotype.

The epigenetic literature has canonically correlated increased methyl donor supplementation 

and availability with increased global methylation measures [12]. Pharmacological 

inhibition of HNPs was associated with decreased EMB and VYS SAM concentrations after 

6 h and decreased global DNA methylation at both 6- and 24-h post initial treatment [16]. 

Here, 24 h treatment with increasing concentrations of MEHP increased C1 component 

concentrations but had variable effects on methyl donor concentrations. As a result, VYS 

DNA methylation was increased as would be expected, but EMB DNA methylation was 

decreased. However, the concentrations of methyl donors and C1 metabolic components 

were measured in whole conceptuses inclusive of the VYS, EMB and all EEF.

During embryogenesis, histone methylation is reprogrammed. H3K4 methylation is absent 

in the zygote and increases through to organogenesis, while H3K27 methylation becomes 

progressively demethylated between the zygote and organogenesis stages [15]. In the VYS, 

both treatment with MEHP and presence of NTD are associated with increased H3K27 

methylation. It is possible that treatment with MEHP or presence of NTD prevent the 

demethylation processes required for normal methylation programming at the H3K27 locus. 

H3K4 global histone methylation was increased by both MEHP treatment and presence of 

NTD in both EMB and VYS, most significantly in NTD+ EMBs. Since H3K4 methylation 

is an activating epigenetic mark, it is possible that this is a mechanism of gene dysregulation 

that leads to teratogenesis.

Pan methylation of H3K4 and H3K27 histone loci was assayed, rather than tri-methylation, 

in order to establish a nutritional framework. It was expected that decreased HNPs would 

result in decreased SAM biosynthesis and decreased methylation of histones and DNA. 

However, this was not the case at the time point examined. It is likely that the tight control 

of gene regulation during embryonic development is prioritized and more conserved. 

Though there were slight modifications to histone methylation, it is unknown whether these 

changes will lead to altered epigenetic regulation.

Like histone methylation, DNA methylation also undergoes substantial reprogramming 

during the first trimester of development. After fertilization, DNA is substantially 

demethylated and then remethylated later during embryogenesis and early organogenesis 
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[13–15]. In this study, treatment with MEHP was initiated and continued during this de novo 

remethylation phase of development. It was expected that MEHP would decrease HNP 

activity and deplete methyl donor availability, and that this would lead to decreased SAM 

generation and resultant decreased methylation. This is concordant with findings of a 

previous study [16], but was not consistently supported here. MEHP did in fact reduce EMB 

DNA methylation; however, DNA methylation was increased in the MEHP-treated VYS, 

though this change was not statistically significant. These findings are consistent with 

previous studies conducted in EMB and VYS treated with ethanol, another inhibitor of 

endocytosis. It is unknown why DNA methylation would even modestly increase in the 

VYS if HNP function is reduced, although increased DNA methylation due to treatment in 

the terminally-differentiated VYS could be a mechanism to conserve other cellular resources 

for the developing EMB.

It is also possible that this outcome is due to lineage-specific effects of phthalate exposure, 

since growth-related genes in the VYS are both maternally- and paternally-imprinted [61, 

62]. It has been previously demonstrated that impaired activity of the de novo DNA 

methyltransferase (Dnmt) enzyme, Dnmt3a, results in EMB with open neural tubes, loss of 

maternal imprints throughout the genome, and yet most of the paternal imprints and 

methylation at repetitive elements were maintained [63]. Therefore, the increase in NTD, 

loss of methylation in the EMB, and increases in the degree of methylation in the VYS that 

follow MEHP treatment may be related to the function of Dnmt3a. In previous studies, 

leupeptin, an inhibitor of the proteolysis stage of HNPs was unable to modify Dnmt3a 

expression in the EMB or VYS and we confirmed that there was no significant change in 

Dnmt3b expression following 6-h MEHP exposure in WEC [16, 30]. However, HNP 

disruptors such as MEHP may alter Dnmt “activity” rather than gene expression, and thus 

characterization of the specific activities of Dnmts after disruption of HNPs during 

development would be necessary to uncover this relationship.

Histiotrophic nutrition activity was decreased linearly with increasing MEHP concentrations 

but this trend did not correlate with conceptal micronutrient concentrations. Cysteine, 

methionine, and SAM were actually increased with increasing MEHP, which was contrary 

to our initial hypothesis. Because the compounds measured in this study are known 

metabolic products of C1 metabolism, it is possible that their individual metabolism is 

altered to compensate for decreased nutrient uptake. Furthermore, other nutrients followed a 

nonmonotonic concentration curve based upon MEHP exposure. It is likely that the timing 

and compartmental responses of these nutrients are complex, and an ontogeny of their 

uptake and metabolism is required to elucidate a specific mechanism. Separate 

quantification of methyl donors and C1 metabolic components should be done in order to 

determine whether the nutritional consequences observed in the whole conceptus are 

consistent with each compartment of the conceptus. It is possible that nutrient concentrations 

are maintained in the VYS and potentially even the EEF, but that these are not properly 

taken up by the EMB.

The use of WEC in this study provided unique tools for the investigation of nutrient uptake. 

Though WEC conditions mimic many of the in utero conditions, the translation of this work 

to in vivo studies would allow further examination of the link between nutrition and 
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epigenetic regulation with a more complex environment. The uterine glands secrete 

nutrients, which are transported through the trophoblast to the coelomic fluid and ultimately 

undergo the HNPs via the VYS [64, 65]. In vivo studies of these relationships would also 

provide insight into the effects of MEHP treatment on the function of the uterine glands and 

intermediate transport steps before entering the conceptal HNPs. Because conceptuses must 

share these nutrients with litter mates in the same uterus, in vivo studies would also provide 

information about the potential for resource competition due to altered nutrition pathways.

In summary, this exploratory study has demonstrated the ability of MEHP to modify the 

conceptal nutrition environment and ultimately the epigenetic landscape of the developing 

embryo. Histiotrophic clearance of nutrients was decreased with increasing MEHP treatment 

concentrations after 3 h, although measured conceptal methyl donor concentrations were 

variable and relatively unchanged after 24 h. C1 metabolism components were increased 

with increasing MEHP concentration in culture after 24 h, including increased SAM. DNA 

methylation of the EMB was decreased at 24 h, although there was not significant change in 

the VYS. Histone methylation at the H3K4 locus was increased in EMB that were treated 

and positive for NTDs, though MEHP treatment alone had little effect. HNP sensitivity to 

toxicants during this window of development may be a mechanism by which developmental 

susceptibility is induced. Toxicants could disrupt HNPs in either the endocytosis or 

proteolysis stage, and these modulations of nutrient environment may manifest as different 

epigenetic patterns. Further characterization of the mechanisms and timing by which 

toxicants alter HNPs is necessary and may provide predictive models of toxicant-nutrient 

disruption for future compounds.
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Figure 1. 
Schematic representing the sampling strategy utilized in this study. The first layer of 

stratification separated untreated conceptuses from those treated with MEHP. Visceral yolk 

sacs were removed from each intact concept and evaluated separately at each stratification 

level. Control embryos exhibiting open neural tubes (NTD) occur normally at a very low 

incidence. Only control conceptuses without NTD [Control (−)] were used in this 

stratification model. MEHP-treated conceptuses were further separated according to their 

NTD status. Those with embryos exhibiting an open neural tube [MEHP (+)] were separated 

from exposed conceptuses where no open neural tube was observed [MEHP (−)].
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Figure 2. 
Histiotrophic nutrient uptake is hindered by MEHP treatment. Clearance is measured as µl 

media cleared into conceptus per mg protein per hour, and thus is the rate of uptake. Ethanol 

was used as a positive control, as it has been previously demonstrated to decreased 

endocytotic processes. *p<0.05, **p<0.01, as compared to controls
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Figure 3. 
Global histone H3K4 and H3K27 methylation percentages in the EMB and VYS. MEHP-

treated (100 µg/ml) EMB with NTDs have elevated H3K4 methylation compared to controls 

and MEHP-treated NTD negative EMB (A). No significant changes in H3K4 methylation 

were observed in the VYS. No significant changes in H3K27 methylation were observed in 

EMB or VYS (B). *p<0.05, as compared to controls
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Figure 4. 
Global DNA methylation is modified by MEHP treatment and in conceptuses with NTDs. 

DNA methylation decreases in the EMB and increases in the VYS with increasing MEHP 

dose (A). EMB exposed to MEHP at 100 µg/ml concentrations in culture had significantly 

lower global DNA methylation percentages than controls, regardless of NTD status (B). 

EMB that were MEHP treated and NTD+ had further reduced DNA methylation. In the 

VYS, MEHP treatment and NTD status did not significantly alter DNA methylation, though 

there was an increasing trend. *p<0.05, as compared to controls
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Table 1

Measurements of dietary methyl donors and C1 metabolism components in whole conceptuses following 24 h 

in WEC. All measurements were normalized, and are reported as the concentration of each nutrient per mg 

total protein.

Control MEHP (100 µg/ml) MEHP (250 µg/ml)

Folate (ng/mg protein)
0.66±0.04

(n=4)
0.51±0.03

(n=4)
0.74±0.08

(n=5)

Vitamin B12 (pg/mg protein)
17.00±0.09

(n=3)
12.25±0.41***

(n=3)
15.23±0.47*$$

(n=5)

Choline (ng/mg protein)
2.15±0.41

(n=5)
1.35±0.54

(n=5)
3.04±0.87$$

(n=4)

Betaine (ng/mg protein)
4.23±0.39

(n=4)
2.13±0.95**

(n=5)
2.95±0.42

(n=4)

SAM (ng/mg protein)
820.93±87.27

(n=4)
1487.44±358.57

(n=5)
2380.10±659.50

(n=5)

Cysteine (ng/mg protein)
1467.39±192.00

(n=5)
2338.37±377.96

(n=5)
2506.89±265.18

(n=5)

Homocysteine (ng/mg protein)
70.10±5.07

(n=5)
63.75±3.36

(n=4)
97.37±8.50*$$

(n=4)

Methionine (ng/mg protein)
635.06±43.95

(n=4)
956.51±171.79

(n=5)
1426.98±235.62*

(n=5)

Total protein (mg/sample)
2.68±0.09

(n=5)
2.84±0.09

(n=5)
2.40±0.11$

(n=5)

Comparisons between treatments and controls:

*
p<0.05

**
p<0.01

***
p<0.001.

Comparisons between low- and high-dose groups:

$
p<0.05

$$
p<0.01.
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