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Years of research demonstrate the 
importance of choline in fetal and 
infant brain development, with a role 
in preventing neural tube defects1,2,3 
and affecting the areas of the brain 
responsible for memory and life-long 
learning ability.4,5,6 My lab at Cornell 
University focuses on the level of 
choline intake required to optimize 
maternal and fetal health, and we 
are especially interested in exploring 
choline and related nutrients in 
the context of epigenetics. One of 
our most recent studies7 examined 
the effects of maternal choline 
intake during human pregnancy 
on epigenetic modulation of 
cortisol-regulating genes in the 
hypothalamic-pituitary-adrenal (HPA) 
axis. The results suggest that choline 
intake during human pregnancy 
may have implications for reducing 
stress-related metabolic disease risk 
later in life.7

 
Background

Nutrients such as choline, betaine 
and folate serve as methyl donors 
in cellular methylation reactions. 
Maternal intake of such nutrients 
has been shown to modify fetal 
epigenetic markers (e.g., promoter 
region DNA and histone methylation) 
in animal models, leading to 
sustainable functional alterations 
throughout the life span,8-13 but little 
research has been conducted  
in humans. 

My research group conducted a 12-
week dose-response choline feeding 
study in pregnant women (baseline 
age 26-29 weeks gestation.)14 The 
women consumed either 480 mg/d 
of choline, which is representative 
of the current adequate intake (AI), 
or 930 mg/d of choline, which is well 
below the upper level of tolerance of 

3500 mg choline/d, from both their 
diet and supplements throughout 
the duration of their third trimester. 
The higher intake level was found 
to increase the use of choline as 
a methyl donor, as indicated by 
elevated levels of the metabolite 
dimethylglycine in maternal and 
fetal plasma.14 The current study was 
undertaken as an extension of our 
previous 12-week feeding study to 
investigate whether the increased 
use of choline as a methyl donor 
might alter the epigenetic state of 
genes regulated by methylation, 
as had been observed in animal 
studies.9,10 

Of particular interest were 
the cortisol-regulating genes, 
corticotropin-releasing hormone 
(CRH) and nuclear receptor subfamily 
3, group C, member 1 (NR3C1), 
since previous research indicates 
they may be particularly vulnerable 
to perinatal methylation.8,15-17 

These genes encode parts of the 
hypothalamic-pituitary-adrenal 
(HPA) axis, which is involved in 
stress response, immunity and 
glucose metabolism. In response to 
stress, the hypothalamus produces 
CRH which stimulates secretion 
of adrenocorticotropic hormone 
from the anterior pituitary leading 
to the release of glucocorticoids, 
such as cortisol, from the adrenal 
gland. The NR3C1 encodes the 
glucocorticoid receptor important 
for negative feedback inhibition 
of those hormones.18 Thus, 
modification of these genes could 
impact susceptibility to stress-related 
metabolic diseases later in life.19-22

Study Design and Methods 

The participants of the study were 
healthy third-trimester (26- 29 

weeks gestation) singleton pregnant 
women at least 21 years of age. 
They were recruited from Ithaca, 
NY and surrounding areas between 
January 2009 and October 2010. 
All participants completed a 
questionnaire regarding their age, 
education, work status, ethnicity 
and race, pre-pregnancy body 
mass index (BMI), parity, health 
history, medication and nutritional 
supplement use and physical 
activity. Participants also provided 
information regarding gestational 
weight gain, health insurance, 
mode of delivery, obstetrical 
complications and newborn sex and 
health characteristics after delivery 
(obtained through medical charts). 
Inclusion criteria included good 
health status (no chronic disease, 
normal kidney and liver function and 
no anemia), no tobacco or alcohol 
use, and a willingness to comply 
with study protocol. Twenty-six 
of the 29 pregnant women who 
began the study completed it. Of 
those 26 who completed the study, 
placental samples were taken from 
24 (n=12 from each choline intake 
group) and cord blood samples from 
23 participants. Written informed 
consent was acquired from all 
participants prior to study entry, and 
the study protocol was approved 
by the Institutional Review Board 
for Human Study Participant Use 
at Cornell University and Cayuga 
Medical Center (Ithaca, NY). 

Intervention

The women were randomized to 
receive either 480 (approximately the 
choline AI; n=12) or 930 (n=12) mg 
choline/d. Of the choline provided, 
380 mg was derived from the diet 
and supplemented with either 100 
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or 550 mg choline/d for the 480 and 
930 mg/d intake groups, respectively. 
During the last 6 weeks of the study, 
about 20% of the choline provided 
was deuterium-labeled trimethyl 
d9-choline. Throughout the study, 
investigators provided all food and 
beverages to be consumed, and 
study participants consumed at least 
one meal/day on site as detailed in 
Yan et al.14 Additionally, a prenatal 
vitamin and a supplement containing 
magnesium and potassium was 
provided three times per week. 
After the study, participants 
continued the same level of choline 
supplementation until delivery of 
their babies.

Fasting venous blood samples were 
obtained at the beginning and end 
of the study. Maternal EDTA-blood 
was obtained within 24 hours of 
delivery and cord venous EDTA-
blood was collected immediately 
after delivery. Placenta samples 
were processed within 10-30 min 
of delivery, except for 3 cases: n=2 
in the 930 and n=1 in the 480 mg/d 
groups, which were processed 
within 60-90 min. Since placenta is 
a heterogeneous tissue, biopsies 
from each quadrant of the placenta 
were used to obtain a representative 
subset of cells.

Cortisol concentration in maternal 
and infant cord blood was measured 
using liquid chromatography 
(LC)-mass spectrometry (MS) as 
part of a metabolite panel and 
then quantified using an ELISA 
kit. Site-specific methylation was 
analyzed using base-specific 
cleavage and MS of DNA samples 
from the placental tissue. RNA was 
extracted from placental tissues 
using a commercially available kit 

and analyzed using quantitative real-
time PCR. Global DNA methylation 
was measured in placental tissues, 
cord blood leukocytes and maternal 
leukocytes using LC-MS, and global 
histone methylation was measured 
using Western blot analysis. 
S-adenosylmethionine (SAM) and 
S-adenosylhomocysteine (SAH) were 
measured using LC-MS. 

Results 

All babies were delivered without 
major complications and were 
apparently healthy. The mode of 
delivery, gestational age at birth, 
infant birth weight, and Apgar score 
did not differ (P=0.14-0.79) between 
the choline intake groups. 

Cord plasma cortisol concentrations 
were approximately 33% lower in 
babies born to mothers consuming 
930 versus 480 mg choline/d 
(P=0.07); however, maternal plasma 
cortisol did not differ between the 
choline intake groups nor did it 
correlate with cord plasma cortisol. 

In placental tissue, higher maternal 
intake of choline (930 vs. 480 
mg/d) yielded higher average 
cytosine-phosphate-guanine (CpG) 
methylation of the CRH promoter 
region (P=0.05). Although statistical 
significance was not achieved, 
methylation of each individual 
CpG unit was consistently higher 
in the 930 mg/d group. Higher 
average placental NR3C1 promoter 
methylation was also observed 
(P=0.02). 

The higher maternal choline intake 
resulted in lower placental CRH gene 
transcription abundance. In cord 
leukocytes, the higher maternal 
choline intake yielded lower average 

promoter methylation of CRH and 
lower methylation of an individual 
CpG unit. Maternal choline intake did 
not affect maternal blood leukocyte 
average CpG methylation of CRH. 

Placental global DNA methylation 
was 22% higher in the 930 mg/d 
maternal choline intake group 
compared with the 480 mg/d group 
(P=0.02). Global histone methylation 
analysis found that placental 
H3K9me2, a transcription repression 
and heterochromatin marker, 
was 20% higher (P=0.02) among 
women consuming 930 versus 480 
mg/d choline and was positively 
correlated with placental global DNA 
methylation (Pearson’s correlation 
r=0.40; P=0.05). Despite changes in 
global DNA and histone methylation, 
placental concentrations of SAM and 
SAH and the SAM/SAH ratio did not 
differ (P=0.38-0.97).

Discussion 

This study provides compelling 
evidence that maternal choline 
intake during the third trimester of 
pregnancy can modify global and 
site-specific epigenetic markers 
in fetal-derived tissues which may 
have long-lasting effects. This 
was demonstrated in cortisol-
regulating genes, suggesting an 
impact of maternal choline intake on 
programming of the HPA axis.

The present study demonstrated 
increased promoter methylation 
and reduced expression of CRH, 
the primary stimulator of the HPA 
axis, in the placenta of women 
consuming higher levels of choline. 
The increased promoter methylation 
may have modified expression of 
CRH by reducing the binding of 



18 | Winter 13 | The Digest

transcription factors to the promoter 
region, thereby leading to decreases 
in placental CRH expression among 
those in the higher choline intake 
group. As placental CRH enters the 
fetal compartment and stimulates 
the HPA axis, lower levels of CRH in 
the placenta are also consistent with 
the 33% lower cord plasma cortisol 
concentrations found in babies of 
mothers from the higher choline 
intake group. 

Increased methylation of placental 
NR3C1, which encodes glucocorticoid 
receptors that stimulate placental 
CRH expression, may have contributed 
to decreased expression of CRH as 
well. However, our lab was unable 
to detect a change in transcript 
abundance for placental NR3C1.

In contrast to the placenta, cord 
leukocyte methylation of CRH and 
NR3C1 was lower in infants born 
to women in the higher maternal 
choline intake group. This may 
represent a secondary response 
to the epigenetic alterations of 
the placental HPA axis genes and 
subsequent lower circulating levels 
of cortisol in the fetal compartment. 
In contrast to the placental 
compartment, decreased promoter 
methylation of NR3C1 in the central 
HPA axis is associated with increased 
sensitivity to cortisol and improved 
feedback inhibition.16

Collectively, these data suggest that 
higher maternal intake of choline 
(930 vs. 480 mg/d choline) may lower 
fetal/neonatal circulating cortisol 
by altering the methylation state of 
cortisol-regulating genes in both the 
placental and fetal compartments. 
Previous studies have demonstrated 
an association between increases 
in placental CRH and obstetric 

complications, such as preeclampsia 
and intrauterine growth restriction, 
as well as elevated cord blood 
cortisol, which can lead to increased 
risk of stress-induced illnesses and 
chronic conditions like hypertension 
and insulin resistance later in  
life.19,21-24 In addition, elevations 
in HPA axis activity are linked to 
impaired learning and memory.
 
Notably, the epigenetic state of the 
placenta was highly sensitive to 
varied maternal choline intake during 
the third trimester of pregnancy, 
with nearly all examined placental 
epigenetic markers (global and  
site-specific DNA methylation and 

global histone methylation) showing 
some degree of alteration. 

As a mechanism of action, we 
propose that higher maternal 
choline intake alters the epigenetic 
state of cortisol regulating genes 
by influencing the supply of methyl 
groups. Figure 1 shows this proposed 
mechanism.

Conclusions & Implications

The study findings suggest that 
consuming extra choline during 
pregnancy beneficially “programs” 
the baby’s responsiveness to stress 
and would be expected to lower the 

Figure 1. The proposed epigenetic mechanism by which extra maternal choline during the third trimester of 
pregnancy reduces fetal circulating cortisol concentrations. A higher consumption of choline, and its methyl groups 
(CH3), by the mother (maternal compartment) enhances the methylation state of the corticotropin releasing 
hormone (CRH) gene in the placental compartment. This lowers the placental production of CRH and decreases the 
amount of CRH entering the fetal compartment. As a consequence, the production of adrenocorticotropic hormone 
(ACTH) by the fetal pituitary gland is reduced which leads to diminished production and secretion of cortisol by the 
fetal adrenal glands. 

Figure 1
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risk of stress-related diseases
and possibly improve memory 
and learning.

The best way for pregnant women 
to achieve adequate choline intake 
levels is to include choline-rich foods, 
such as eggs, in the diet; however, 
higher levels of choline intake as 
investigated in this study may require 
supplementation. It is important 
for pregnant women to work with a 
Registered Dietitian, as most prenatal 
and regular multivitamins provide 
far less than the AI for choline. Before 
applying these findings to practice, 
additional studies are needed to 
replicate these findings in larger 
independent cohorts and to explore 
the long-term effects of these 
choline-induced epigenetic changes. 
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