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Abstract

Folic acid and other dietary methyl donors are widely supplemented due to their ability to prevent 

neural tube defects. Dietary methyl donors are also added to other consumables such as energy 

drinks due to energy-promoting attributes and other perceived benefits. However, there is 

mounting evidence that indicates developmental exposure to high levels of dietary methyl donors 

may have deleterious effects. We assessed whether behavior was affected in the social North 

American rodent species Peromyscus polionotus exposed to a diet enriched with folic acid, 

Vitamin B12, choline, and betaine/trimethylglycine(TMG). P. polionotus (PO) animals are very 

social and exhibit little repetitive behavior, particularly compared to their sister species, P. 
maniculatus. We assayed the effects of dietary methyl-donor supplementation on anxiety-like 

repetitive and social behaviors by testing young adult animals for novel cage behavior and in 

social interaction tests. Animals of both sexes exposed to the diet had increased repetitive 

behaviors and reduced social interactions. Males exposed to the diet became more aggressive 

compared to their control counterparts. Since methyl-diet animals were larger than control 

animals, DEXA scans and hormone analyses were performed. Animals exposed to the diet had 

increased body fat percentages and experienced hormonal changes typically associated with excess 

fat storage and anxiety-like behavior changes. Therefore, these data suggest the wide use of these 

dietary supplements makes further investigation imperative.
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1. Introduction

Folic acid and other B vitamins are widely supplemented during pregnancy due to their 

ability to prevent offspring neural tube defects [1] and purported ability to increase energy. 

Consumption of B vitamins has increased since the mid-1990’s due to the consumption of 

vitamin tablets and capsules, enriched grain products, and other products like fortified 

energy drinks [2]. B vitamins, particularly folic acid and Vitamin B12, contribute to the 1-

carbon metabolic pathway that is necessary for nucleotide production as well as DNA and 

histone methylation [3]. The latter processes are important in regulating gene expression, 

and hence organismal physiology.
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Well-known studies on the effects of dietary B vitamin supplementation on gene regulation 

include experiments on the viable yellow allele of the agouti locus (Avy) and on the Axinl 
locus (Axin1Fu) in Mus musculus [4–7]. Methyl donor pathway components have beneficial 

effects under certain circumstances, but a growing body of evidence suggests there is cause 

for concern [8–11]. Animal studies have investigated the effects of methyl donor 

supplementation on cognitive functions and depression in Mus musculus and Rattus 
norvegicus domesticus, respectively, but the effects of methyl donor supplementation on 

social and repetitive behaviors remain relatively under-explored [12–14].

Previously, we investigated the effects of a methyl donor diet using a natural variant of the 

North American deer mouse that overexpresses agouti (Peromyscus maniculatus- BW.ANb) 

[15,16]. The BW.ANb variant animals, when exposed to high methyl donors, had increased 

repetitive behaviors, increased body weight, and other abnormalities (e.g. cataracts) [15]. 

Since overexpression of agouti influences weight and behavior in Mus musculus and 

Peromyscus [4,17], we undertook tests in our current study utilizing P. polionotus (PO) 

animals that perform low levels of repetitive behaviors, high levels of social behaviors, and 

low levels of aggressive behaviors in social interaction tests [17] so that agouti expression 

would not be a significant factor in detected behavioral or weight changes. The PO colony at 

the Peromyscus Genetic Stock Center was derived from wild-caught progenitors and have 

been maintained as an outbred stock for many generations. As presented in a review by 

Bedford and Hoekstra, PO animals would still carry those traits that have been selected for 

under natural environmental conditions [18]. Thus, PO animals can be referred to as a 

naturalistic model [18].

Further, in this study, we sought to assess whether hormonal changes could be correlated 

with behavioral and body fat changes. High stress and anxiety are associated with increased 

repetitive behaviors [19] and decreased sociability [20]. Increased stress and anxiety are 

based in excess communication between the amygdala and the hypothalamus-pituitary-

adrenal (HPA) axis that regulates production of hormones like cortisol. Increased cortisol 

levels have long been linked with stress and anxiety-related behavior and increases in weight 

and body fat [21–22]. Increased cortisol also leads to insulin dysregulation, metabolic 

syndromes, and estrogen dysregulation, which lead to obesity [23]. Estrogen imbalances 

also can induce insulin resistance and dysregulation of Gonadotropin Releasing Hormone, or 

GnRH, production in the hypothalamus [24–26]. GnRH stimulates pituitary production of 

Luteinizing Hormone (LH) and Follicle Stimulating Hormone (FSH) which regulate 

estrogen and testosterone production in gonads, though actions of insulin are thought to also 

regulate LH and FSH production [24]. The effects of altered estrogen and altered 

testosterone on anxiety and depression-related behaviors have been documented in prior 

experiments [26–27].

Therefore, we examined the effects of the methyl donor diet on behavior and physiology of 

PO animals using (1) Behaviors scored during adjustment to a novel cage to test for changes 

to general behaviors, (2) Social Interaction Tests to tests for a change in reactions to a novel 

animal of the same sex, species, and age, (3) DEXA Scans, and (4) Analysis of hormones 

associated with behavior and weight changes in animals.

Yadon et al. Page 3

Physiol Behav. Author manuscript; available in PMC 2020 October 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



2. Methods & Materials

2.1. Ethics Statement

All procedures were conducted in accordance with the NIH guidelines using protocols 

approved by the University of South Carolina Institutional Animal Care and Use Committee 

prior to conducting any experiments (IACUC; protocol #1809-100340-061011).

2.2. Animal Husbandry & Mating Schemes

Animals used in these experiments were obtained from longstanding stocks maintained at 

the Peromyscus Genetic Stock Center (http://stkctr.biol.sc.edu/). Breeding pairs and their 

offspring were maintained on a 16:8 hour light-dark cycle and food and water was provided 

ad libitum. PO breeding pairs were established and maintained on either the methyl-

supplemented diet (Table 1) or normal rodent chow (i.e. controls). Offspring were weaned at 

approximately 25 days of age and maintained on the same diets as their parents (either 

methyl donor diet or normal rodent chow) until they were four months of age (young adult; 

note that these animals live >4 years). Animals were maintained on ALPHA-dri +PLUS 

bedding (http://www.ssponline.com/alpha_dri_PLUS.htm) with additional nest building 

material added (http://www.andersonslabbedding.com/irradiated/bed-rnest/).

2.3. Animals Tested

Behavioral testing was done on 3-6 month old animals in the following order: 1. Novel cage 

adjustment, and 2. Social Interaction (SI) Test (immediately after the novel cage adjustment 

period). Experiments were consistently performed at the same time of day with the same 

personnel present. The number of animals in the different groups were used the tests were: 

controls (n=26; 14 females, 12 males) and methyl-diet (n=69, 37 females, 32 males).

2.4. Novel Cage Behaviors/Social Interaction Testing

Offspring (methyl and control groups) were evaluated during a novel cage adjustment period 

and during Social Interaction (SI) tests at 4-6 months of age, as described previously 

[15,17]. These two tests were always conducted during mid-light cycle. All behaviors were 

recorded with a Sony handycam HDR-CX160 digital camcorder. The Noldus Observer XT 

software (Noldus, Leesburg, VA) was used to score behaviors from the archived video data.

Briefly, a single animal was placed into a cage with a floor space of 1,250cm2 with aspen 

shavings and ventilated transparent cover. Peromyscus home cages have a floor space of 

610cm2 with aspen shavings and a ventilated lid, and the home cage houses up to 6 animals, 

making the novel cage much larger than a home cage. The incidence of the following 

behaviors were scored for the novel cage adjustment period: burrowing, freezing, jumping, 

back-flipping, running in circles, and grooming; see [17] for examples. Collectively, straight 

vertical jumping, back-flipping, and circle running are considered repetitive behaviors in 

Mus musculus [27,28] and Peromyscus [29] and were therefore grouped together during the 

analyses. After five minutes of observation in the novel cage, a novel animal of the same sex 

and species was introduced for five minutes.
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The subsequent five-minute period constituted the social interaction test. The novel animal’s 

tail was marked with a non-toxic marker to distinguish it from the animal being tested. The 

cage was cleaned and disinfected with 70% ethanol between each animal tested and new 

bedding was placed in the social interaction cage between trials. For the social interaction 

test videos, the same behaviors were scored as in the novel cage adjustment period with the 

addition of social and aggressive behaviors. Note that we assessed behaviors in the SI test 

only for the original animal (i.e. rather than the introduced animal). General social behaviors 

included sniffing, following, and allogrooming. Aggressive behaviors included biting, 

chasing, boxing, and mounting (see [17] for video examples of each behavioral type).

All behaviors were scored by incidence; behavior type was assessed at five second intervals 

throughout the video. Three people scored each video; overall inter-rater reliability was at 

least 80 percent. At least two scorers were blind to the diet of the animals being scored. In 

the rare cases when specific behavioral assessments disagreed, we alternated accepting the 

assessment of the three scorers. We utilized Minitab and SPSS software packages to perform 

statistics. Note that Kruskal-Wallis one-way analysis of variance was used for statistical 

analysis in cases of non-normal distributions; otherwise, ANOVA was used. Behaviors are 

reported as percentage of incidence of behavior.

2.5. Dual Energy X-Ray Absorptiometry (DEXA) Scans and Tissue Collection

DEXA scans were performed on a random cohort of the mice that participated in behavior 

testing in order to determine body fat composition and bone mineral density. At least two 

weeks after behavioral testing was complete, 9 male controls, 14 methyl-diet males, 8 

female controls, and 18 methyl-diet females were scanned for body fat percentage and bone 

mineral density using a DEXA scanner at the University of South Carolina. DEXA scans 

were completed by first anesthetizing the mice for about 2 minutes prior to the scan and for 

about 5 minutes during the scan by exposure to 2-3% isoflurane-oxygen gas via a nose cone. 

Each animal was placed on the scanner bed in the prone position with their limbs and tail 

stretched away from the body. The head was excluded from calculation using a manual 

region of interest (ROI). Two tailed t-tests were used to determine significance.

Blood samples were taken from animals by retro-orbital bleed approximately two weeks 

after DEXA Scans took place. Immediately following retro-orbital bleed, animals were 

sacrificed by decapitation. A small portion of blood was tested by glucometer to measure 

glucose levels while the large portion of blood was centrifuged in serum separator tubes to 

obtain serum. The brain was extracted from each animal and was kept on the lid of a glass 

petri dish that was filled with ice (−20°C water) to keep the glass cold (around 2°C) during 

dissection. The glass was sterilized with 70% ethanol between brain samples. The 

hypothalamus was extracted from each brain and was placed into a cryogenic vial which was 

then flash frozen in liquid nitrogen. Other brain regions (e.g. hippocampus) and other tissues 

(e.g. liver) were collected and were flash-frozen in liquid nitrogen but were not utilized in 

this study. Each brain dissection took no more than 90 seconds.
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2.6. Gonadotropin Releasing Hormone (GnRH) RNA and DNA Methylation Studies

RNA and DNA were extracted from hypothalamus samples from methyl-diet and control 

animals of both sexes using a DNA and RNA extraction kit from Qiagen. Samples were 

chosen based on measured body fat percent. Hypothalamus samples from high body fat % 

methyl-diet animals and from low body fat % control animals were used as representative 

populations from the two groups since body fat % was much higher in methyl donor 

animals. DNA was subjected to bisulfite treatment followed by methylation-specific qPCR 

using a Bisulfite Conversion Kit from Epigentek. Methylation analysis was completed by 

using methylation specific priming (MSP) during qPCR. Primers specific to methylated 

Peromyscus GnRH and unmethylated Peromyscus GnRH were designed using MethPrimer 

(http://www.urogene.org/cgibin/methprimer/methprimer.cgi). The primer sequences were as 

follows: Methylated GnRH F: AGTTAGTATTGGTTTTATGGATTGC; Methylated GnRH 

R: AAATTCTACCAACTAATCCACGTC; and Unmethylated GnRH F: 

TTAGTATTGGTTTTATGGATTGTGT; Unmethylated GnRH R: 

TAAAATTCTACCAACTAATCCACATC. The amplified region covers five CpGs. Two sets 

of qPCR reactions were run for each bisulfite-converted DNA sample: each DNA sample 

was input at 20ng DNA per reaction and was incubated with SYBR green qPCR mix 

(Qiagen) for 2 minutes at 50°C, 10 minutes at 95°C, and 40 cycles of [95°C for 15 seconds 

followed by 60°C for 1 minute]. All DNA samples were amplified in two separate reactions: 

one using the unmethylated GnRH promoter primer set and the other using the methylated 

GnRH promoter primer set. Each individual reaction was performed in triplicate and 

threshold levels for each sample were calculated by averaging the triplicate threshold cycle 

(Ct) readings. The ΔΔCt method was used to obtain relative abundance of methylated or 

unmethylated GnRH. Two tailed t-tests were utilized to determine significance of MSP 

qPCR data.

RNA was converted to cDNA using a High Capacity cDNA Synthesis Kit from 

ThermoFisher during RT-PCR. Thermal cycling for RT-PCR was performed according to kit 

instructions. CDNA was then used in qPCR by inputting 20ng/reaction with SYBR green 

mix (Qiagen). Primers designed to amplify one exon of Peromyscus GnRH were also 

utilized in the gene expression qPCR reaction. Primers were designed using Primer3 (http://

bioinfo.ut.ee/primer3-0.4.0/). Primer sequences were as follows: GnRH F: 5’ 

GCTGTTCTTCTGCTGAGTCTAT 3’ and GnRH R: 5’ TTCTGCCTGCTTTCCTCTTC 3’. 

The qPCR primer set for gene expression was ordered from Integrative DNA Technologies 

(IDT) as PrimeTime qPCR primers. Each cDNA sample was tested in triplicate. QPCR 

reactions were incubated for 2 minutes at 50°C, 10 minutes at 95°C, and 40 cycles of [95°C 

for 15 seconds followed by 60°C for 1 minute]. The ΔΔCt method was used to determine 

relative abundance of GnRH in each sample. Two tailed t-tests were used to determine 

significance.

2.7. ELISA-Based Hormone Assays

The following ELISA-based assays were purchased: Estradiol (VWRCat. No. 102966-728), 

Free Testosterone (VWR Cat. No. 75871-402), Total Testosterone (VWR Cat. No. 

75871-120) Insulin (EMD Millipore Cat. No. EZRMI-13K), Glucagon (FisherScientific Cat. 

No. 50-104-3269), Cortisol (FisherScientific Cat. No. EIAHCOR), LH (FisherScientific Cat. 
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No. EHLH), and FSH (FisherScientific Cat. No. 50-148-7181). Serum samples randomly 

chosen from 6 male controls, 11 methyl-diet males, 7 female controls, and 17 methyl-diet 

females were tested in each ELISA assay. Serum samples were loaded into 96 well plates 

containing antibodies specific to the hormone of interest. Wells were washed following 

incubation, and a secondary antibody with a conjugated reporter was added. Wells were 

washed again after incubation with the secondary antibody, and a substrate solution was 

added for 10 minutes. The reactions were stopped and the assays were analyzed by a 

spectrophotometric plate reader at 450nm. Two tailed t-tests were used to determine if there 

were significant changes in hormones between male controls and methyl-diet males as well 

as between control females and methyl-diet females.

3. Results

3.1. Novel Cage Behaviors & Social Interaction (SI) Tests

During novel cage adjustment periods, repetitive behaviors (jumping, backflips, and circle 

running) were significantly increased by about four-fold in methyl-diet females compared to 

control PO females (Fig. 1A; p=0.043; Kruskal-Wallis). No other behavioral differences 

were observed in PO methyl-diet animals relative to controls during the novel cage 

adjustment period. The SI tests revealed a dramatic increase in repetitive behaviors in the 

methyl-diet PO animals in both sexes when compared to their control diet counterparts (Fig. 

1B; p=0.000030 for females; p=0.002 for males; Kruskal-Wallis), including an 

approximately ten-fold increase in females and four-fold increase in males. In contrast, non-

aggressive social interaction behaviors were dramatically decreased in the methyl-diet 

animals in both sexes when compared to their control counterparts (Fig. 1C; p=0.00035 for 

females; p=0.000000027 for males; Kruskal-Wallis). Methyl-diet males also exhibited a 

nearly ten-fold increase in aggressive behavior compared to control males (Fig. 1D; p=0.59 

for females; p=0.0000040 for males; Kruskal-Wallis).

3.2. DEXA Scans

We noted that methyl-diet animals were larger in size than control diet animals. However, 

there were no measurable differences in amounts of food consumed between control and 

methyl-diet cages. We weighed each animal after behavioral testing, but noted there was no 

overall significant change in weight though the methyl-diet range extended higher than that 

of the controls (Fig. 2A; p=0.072 for females; p=0.060 for males; two-tailed t-test). DEXA 

scans, however, revealed methyl-diet animals had significantly higher body fat percentages 

than control animals (Fig. 2B; p=0.0000013 for females; p=0.00061 for males; two-tailed t-

test). Bone density (as measured by DEXA scan) was unchanged between methyl-diet and 

control diet animals (Fig. 2C; p=0.25 for females, p=0.07 for males; two-tailed t-test).

3.3. Hormone Studies

DNA methylation at the GnRH promoter increased significantly in methyl-diet females 

compared to control females (Fig. 3A; p=0.048; two-tailed t-test) but was unchanged in 

males (p=0.27; two-tailed t-test). Consequently, unmethylated GnRH promoter decreased 

significantly in methyl-diet females compared to control females (Fig. 3B; p=0.043; two-

tailed t-test) and was unchanged in males (p=0.22; two-tailed t-test). Due to increased DNA 
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methylation at the GnRH promoter in methyl-diet females, we expected that the GnRH 

mRNA level would be lower in methyl-diet females compared to control-females since an 

increase in DNA methylation is typically associated with inhibition of gene expression. The 

quantitative PCR (qPCR) to examine mRNA levels of GnRH revealed no significant change 

in GnRH expression at the mRNA level (Fig. 3C; p=0.85 for females; p=0.16 for males; 

two-tailed t-test).

LH was significantly decreased in methyl-diet females compared to control females (Fig. 

3D; p=0.0010; two-tailed t-test) as was FSH (Fig. 3E; p=0.040; two-tailed t-test). LH and 

FSH were unchanged in males (Figs. 3D and 3E, respectively; p=0.74 for LH; p=0.30 for 

FSH; two-tailed t-test). Since LH and FSH affect estrogen and testosterone production, 

estrogen, free testosterone, and total testosterone were assayed. Estrogen was significantly 

increased in methyl-diet females compared to control females (Fig. 4A; p=0.019; two-tailed 

t-test) but was unchanged in males (Fig. 4A; p=0.98; two-tailed t-test). Free testosterone was 

unchanged in males and females (Fig. 4B; p= 0.20 for females; p= 0.89 for males; two-tailed 

t-test). Total testosterone was also unchanged in males and females (Fig. 4C; p= 0.32 for 

females; p= 0.47 for males; two-tailed t-test).

Estrogen is known to affect insulin levels [19,20], and insulin was significantly increased in 

methyl-diet females (Fig. 5A; p=0.048; two-tailed t-test) compared to control-females. 

Insulin was unchanged in males (Fig. 5A; p=0.89; two-tailed t-test). Insulin’s physiological 

function opposes that of glucagon’s in glucose regulation, and glucagon was significantly 

decreased in methyl-diet females compared to control females (Fig. 5B; p=0.024; two-tailed 

t-test). Glucagon was unchanged in the males (Fig. 5B; p=0.14; two-tailed t-test). Blood 

glucose levels (non-fasting) did not differ between methyl-diet animals and controls (Fig. 

5C; p=0.41 for females; p=0.70 for males; two-tailed t-test). Cortisol levels were 

significantly higher in methyl-diet males compared to control males (Fig. 5D; p=0.047; two-

tailed t-test) and were unchanged in females (Fig. 5D; p=0.21; two-tailed t-test).

4. Discussion

This study had two major goals: the first goal was to assess the effects of the methyl donor 

diet on social behavior, repetitive behaviors, and anxiety-like behaviors in PO animals, and 

the second was to determine if the observed body size changes and/or behavioral changes in 

methyl-diet PO animals could be attributed to hormonal changes. It is evident the methyl 

donor diet influenced behavior, body fat percentage, and hormone levels in methyl-diet 

exposed PO animals.

First, the methyl-diet affected PO animals during novel cage adjustment periods: PO females 

exhibited a 5x increase in repetitive behaviors. The methyl-diet also affected methyl-diet 

animals in SI tests as well. The SI testing revealed a dramatic increase in repetitive behavior 

and a decrease in non-aggressive social behavior in methyl-diet exposed animals of both 

sexes. Additionally, methyl-diet males exhibited an increase in aggressive social behaviors in 

comparison to their control counterparts.
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We noted that behavior was not the only phenotype apparently affected by the methyl donor 

diet. Methyl-diet animals, despite remaining the same overall average weight as their 

controls, had significantly higher body fat percentages as indicated by the DEXA scans. 

Higher estrogen levels in methyl-diet females may have contributed to the increased insulin, 

decreased glucagon, and altered LH and FSH production in methyl-diet females [25]. 

Methyl-diet females also had higher DNA methylation levels at the GnRH promoter, which 

should be associated with lower GnRH mRNA levels. While we did not observe changes in 

GnRH mRNA levels, we speculated that its temporal or spatial expression pattern may be 

subtly altered. LH, FSH, estrogen, insulin, and free and total testosterone were not changed 

in methyl-diet males. The increase in estrogen in methyl-diet females may have led to 

increased repetitive and social behaviors in methyl-diet females through affecting estrogen 

receptors [27]. Further investigation is warranted to determine the etiology of these diet-

induced phenotypes findings.

Methyl-diet males had higher cortisol production, which might be linked to the increase in 

anxiety-like behaviors such as decreased social interaction and increased repetitive behaviors 

[31,32]. Additionally, higher cortisol levels are known to affect body fat levels in humans. It 

seems through methyl donor supplementation, higher cortisol in methyl-diet males and 

higher estrogen and insulin in methyl-diet females could have led to the increases in 

repetitive and social behaviors as well as increases in body fat percentages. The effects of 

the methyl diet on behavior and body fat percent may not be limited to the scope of this 

research and its findings. For example, gut microbiomes have a profound effect on 

metabolism and weight regulation; perhaps the microbiomewas affected in methyl-diet 

animals as was shown after methionine supplementation in Mus musculus [33]. 

Alternatively, we do not know the extent of epigenome alterations in the methyl-diet 

animals. Genome wide assessment of DNA methylation and histone methylation 

modifications might reveal epigenetic alterations at sites that are particularly sensitive to 

dietary supplementation.

Though some research has indicated a protective effect of methyl donor supplementation in 

high-fat-fed mice [34–35], other research has indicated high folate intake leads to obesity in 

male mice offspring [36]. We did not detect differences in food intake among methyl-diet 

PO animals in comparison to control PO animals, increased methyl donor content, 

particularly folic acid, has been shown to alter hypothalamic regulation of food intake in rats 

[37]. This indicates hypothalamic dysregulation may occur due to higher methyl donor 

intake, and hypothalamic dysregulation could lead to hormonal changes—rather than food 

consumption level changes—in the methyl-diet PO animals.

Due to the differences in findings between our previous study using BW.ANb animals [15] 

and the current findings using PO animals, the Peromyscus model could provide a rare 

opportunity to identify genetic variants that respond differently to methyl donor diet 

compounds. Possible variants include genes that encode enzymes involved in the one-

carbon/methyl donor pathway as well as epigenetic regulators. However, variation at target 

loci may also play a role by being more susceptible to epigenetic modifications. For 

example, these nutrients have been shown to affect DNA methylation at specific sites in both 

humans and other mammals [5,7,38,39].
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In our study, the observed increase in anxiety-like behaviors, altered hormone levels, and 

increases in body fat percentages seem to be a consequence of increased methyl donor 

supplementation in P. polionotus. As the methyl donor diet includes multiple components of 

the methyl donor pathway, it is unclear whether behavioral, hormonal, or body fat 

percentage changes are a combined effect of the compounds or if observed changes are 

attributable to a single methyl donor compound.

Methyl donors have been the focus of many studies given the recommendations to pregnant 

women and mandatory grain fortification in the US and other countries [2]. Methyl donor 

compounds clearly have major beneficial health effects in humans. Primary among these 

positive effects is the reduction in neural tube defects. However, it seems unlikely that 

epigenetic (or other) changes induced by these compounds are universally beneficial. Recent 

studies indicate high maternal levels of folic acid and vitamin B12 consumption may be 

linked to autism spectrum disorders (ASD) [40] though there are conflicting studies, likely 

due to differences in genetics of the examined populations or differences in how the studies 

were conducted [41].

We note several changes we observed in PO animals (reduced social behavior, increased 

repetitive behavior) mimic those of ASD behavioral diagnostic criteria [42]. Additionally, 

changes we observed in body fat percent and hormonal levels in PO females mimic changes 

seen in metabolic syndrome, insulin resistance, and type 2 diabetes. Hence, the effects of 

these common food additives on brain development, behavior, and physiology require 

further study. We suggest individuals with certain genotypes might be more susceptible to 

deleterious epigenetic changes facilitated by overexposure to methyl donor molecules.
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Highlights

• The methyl donor diet in Peromyscus polionotus induces an increase in 

repetitive behavior and a decrease in social behavior in both males and 

females.

• The methyl donor diet in P. polionotus males induces an increase in 

aggressive behaviors as well as increased cortisol levels.

• Methyl donor diet exposed P. polionotus males and females have higher body 

fat percentages.

• Methyl donor diet exposed P. polionotus females had increased estrogen, 

insulin, GnRH promoter methylation, and FSH as well as decreased LH and 

glucagon.
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Figure 1. 
Behavior during novel cage adjustment and Social Interaction Tests of PO animals of both 

sexes on either control- or methyl-diets. Open bars are control animals while filled-in bars 

are methyl-diet animals. Female is indicated by “♀,” and male is indicated by “♂.” A) 
Percent of total behavior that is repetitive during novel cage adjustment (p=0.043 for 

females; p=0.18 for males; Kruskal-Wallis). B) Percent of total behaviors that are repetitive 

behaviors in the Social Interaction Test (p=0.000030 for females; p=0.002 for males; 

Kruskal-Wallis). C) Percent of total behaviors that are social behaviors in the Social 

Interaction Test (p=0.00035 for females; p=0.000000027 for males; Kruskal-Wallis). D) 
Percent of total behaviors that are aggressive behaviors in the Social Interaction Test (p=0.59 

for females; p=0.0000040 for males; Kruskal-Wallis). Error bars indicate +/−1 standard 

error. (*p<0.05; **<p.0.01; ***p<0.001, Kruskal-Wallis; open columns are control-diet 

animals; filled-in columns are methyl-diet animals). Methyl-diet females had a significant 

increase in repetitive behaviors in novel cage adjustment periods whereas males remained 

relatively unchanged. A significant increase in repetitive behaviors was indicated in both 

methyl-diet males and females while a significant decrease in social behaviors was seen in 
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methyl-diet males and females in Social Interaction Tests. A significant increase in 

aggressive behaviors was seen in methyl-diet males in Social Interaction Tests.

Yadon et al. Page 16

Physiol Behav. Author manuscript; available in PMC 2020 October 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 2. 
Weight and DEXA Scan data for PO animals on control- or methyl-diets. Open shapes are 

control animals while filled-in shapes are methyl-diet animals. Female is indicated by “♀,” 

and male is indicated by “♂.” A) Distribution of weights in grams (p=0.072 for females; 

p=0.060 for males; two-tailed t-test). B) Distribution of percent body fat (p=0.0000013 for 

females; p=0.00061 for males; two-tailed t-test. C) Average bone mineral density in g/

cm3for each experimental group (p=0.25 for females; p=0.07 for males; two-tailed t-test). 

Error bars indicate +/−1 standard error (*p<0.05; **p<0.01; ***p<0.001; two-tailed t-test). 

Weight was not significantly changed in either sex. Percent body fat was significantly higher 

in methyl-diet females compared to control females and in methyl-diet males compared to 

control males. Bone mineral density was unchanged in either sex.
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Figure 3. 
DNA methylation of the GnRH promoter, GnRH expression, and LH and FSH levels in PO 

animals on control- or methyl-diets. Open bars are control animals while filled-in bars are 

methyl-diet animals. Female is indicated by “♀,” and male is indicated by “♂.” A) Relative 

abundance of methylated GnRH promoter (p=0.048 for females; p=0.27 for males; two-

tailed t-test). B) Relative abundance of unmethylated GnRH promoter (p=0.043 for females; 

p=0.22 for males; two-tailed t-test). C) Relative abundance of GnRH mRNA (p=0.85 for 

females; p=0.16 for males; two-tailed t-test). D) Levels of LH in pg/mL (p=0.0010 for 

females; p=0.74 for males; two-tailed t-test). E) FSH levels in ng/uL (p=0.040 for females; 

p=0.30 for males; two-tailed t-test). Error bars indicate +/−1 standard error (*p<0.05; 

**p<0.01; ***p<0.001; two-tailed t-test). Methylation of the GnRH promoter was 

significantly higher in methyl-diet females compared to control females. Unmethylated 

GnRH promoter was significantly reduced in methyl-diet females compared to control 

females. mRNA expression of GnRH was unchanged. LH was significantly lower in methyl-

diet females compared to control females. FSH was significantly higher in methyl-diet 

females compared to control females.
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Figure 4. 
Estrogen, Free Testosterone, and Total Testosterone in PO animals on control- or methyl-

diets. Open bars are control animals while filled-in bars are methyl-diet animals. Female is 

indicated by “♀,” and male is indicated by “♂.” A) Estrogen levels in pg/mL (p=0.019 for 

females; p=0.98 for males; two-tailed t-test). B) Free Testosterone in pg/mL (p=0.20 for 

females; p=0.89 for males; two-tailed t-test). C) Total Testosterone in ng/mL (p= 0.32 for 

females; p= 0.47 for males; two-tailed t-test). Error bars indicate +/− 1 standard error 

(*p<0.05; **p<0.01; ***p<0.001; two-tailed t-test). Estrogen (estradiol) was significantly 

increased in methyl-diet females compared to control females. Free and total testosterone 

were unchanged.
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Figure 5. 
Insulin, Glucagon, blood glucose, and Cortisol levels in PO animals on control- or methyl-

diets. Open bars are control animals while filled-in bars are methyl-diet animals. Female is 

indicated by “♀,” and male is indicated by “♂.” A) Insulin levels in ng/uL (p=0.048 for 

females; p=0.89 for males; two-tailed t-test). B) Glucagon levels in pg/mL (p=0.024 for 

females; p=0.14 for males; two-tailed t-test). C) Average blood glucose in mg/dL in each 

group (p=0.41 for females; p=0.70 for males; two-tailed t-test). D) Cortisol levels in animals 

on control or methyl diets (p=0.21 for females; p=0.047 for males; two-tailed t-test). Error 

bars indicate +/− 1 standard error (*p<0.05; **p<0.01; ***p<0.001; two-tailed t-test). 

Insulin was significantly higher in methyl-diet females compared to control females. 

Glucagon was significantly lower in methyl-diet females compared to control females. 

Blood glucose was not significantly changed. Cortisol was significantly higher in methyl-

diet males compared to control males.
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Table 1.

Comparison of differing components in Harlan-Teklad (http://www.harlan.com/) Standard rodent (8604) vs. 

Methyl-Donor (7517) diet with fold change of each supplement.

Standard (8604) Methyl Donor (7517) Fold Change

TMG (g/kg chow) 0 5 N/A

Choline (g/kg chow) 2.53 7.97 3.15x

Folic Acid (mg/kg chow) 0.0027 0.0043 1.6x

Vitamin B12 (mg/kg chow) 0.051 0.53 10x
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