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ABSTRACT
Background: Dietary methyl donors (e.g., choline) support the ac-
tivity of the phosphatidylethanolamine N-methyltransferase (PEMT)
pathway, which generates phosphatidylcholine (PC) molecules
enriched in DHA that are exported from the liver and made available
to extrahepatic tissues.
Objectives: This study investigated the effect of prenatal choline
supplementation on biomarkers of DHA status among pregnant
participants consuming supplemental DHA.
Methods: Pregnant participants (n = 30) were randomly assigned
to receive supplemental choline intakes of 550 mg/d [500 mg/d
d0-choline + 50 mg/d deuterium-labeled choline (d9-choline);
intervention] or 25 mg/d (25 mg/d d9-choline; control) from
gestational week (GW) 12–16 until delivery. All participants received
a daily 200-mg DHA supplement and consumed self-selected diets.
Fasting blood samples were obtained at baseline, GW 20–24, and
GW 28–32; maternal/cord blood was obtained at delivery. Mixed-
effects linear models were used to assess the impact of prenatal
choline supplementation on maternal and newborn DHA status.
Results: Choline supplementation (550 vs. 25 mg/d) did not achieve
a statistically significant intervention × time interaction for RBC
PC-DHA (P = 0.11); a significant interaction was observed for
plasma PC-DHA and RBC total DHA, with choline supplementation
yielding higher levels (+32–38% and +8–11%, respectively) at GW
28–32 (P < 0.05) and delivery (P < 0.005). A main effect of
choline supplementation on plasma total DHA was also observed
(P = 0.018); its interaction with time was not significant (P = 0.068).
Compared with controls, the intervention group exhibited higher
(P = 0.007; main effect) plasma enrichment of d3-PC (d3-PC/total
PC). Moreover, the ratio of d3-PC to d9-PC was higher (+50–67%;
P < 0.001) in the choline intervention arm (vs. control) at GW 20–
24, GW 28–32, and delivery.
Conclusions: Prenatal choline supplementation improves hepatic
DHA export and biomarkers of DHA status by bolstering methyl

group supply for PEMT activity among pregnant participants
consuming supplemental DHA. This trial is registered at www.clin
icaltrials.gov as NCT03194659. Am J Clin Nutr 2022;116:820–
832.

Keywords: prenatal choline supplementation, pregnancy, docosa-
hexaenoic acid, PEMT pathway, omega-3 polyunsaturated fatty
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Introduction
DHA (22:6n–3) is an omega-3 PUFA that plays a critical role

in fetal development (1, 2). The hepatic export of DHA into
circulation is linked to the synthesis of phosphatidylcholine (PC)
by phosphatidylethanolamine N-methyltransferase (PEMT). The
PEMT pathway in the liver generates PC molecules enriched
in DHA (PC-DHA) that can subsequently be incorporated into
VLDLs for export into plasma and delivery to extrahepatic
tissues (including the placenta). Transgenic mice lacking PEMT
show substantially reduced DHA concentrations in plasma (3)
and limited accumulation of DHA in fetal brains of pups
born to PEMT-deficient dams (4). Consistent with animal
models, previous work from our laboratory has highlighted the
importance of PEMT during human pregnancy by demonstrating
biomagnification of PEMT-derived PC in fetal cord blood relative
to maternal blood at delivery (5).

Dietary methyl donors, such as choline, are essential to
support the synthesis of the universal methyl donor, S-
adenosylmethionine (SAM), utilized by methyltransferases to
catalyze the transfer of methyl groups (-CH3) to form their
respective products. Thus, the activity of the PEMT pathway,
and by extension the availability of DHA to extrahepatic tissues,
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is intrinsically linked to dietary methyl donor and choline
intakes. In women of reproductive age with low choline intake
(<50 mg/d)–induced organ dysfunction, the proportion of plasma
PC containing DHA (DHA as a % of total PC fatty acids) is
significantly reduced (6). Conversely, a high-choline intake (930
vs. 480 mg/d), co-administered with 200 mg DHA/d for 12 wk,
upregulated PEMT activity in women of reproductive age (5), and
led to greater (P < 0.001) erythrocyte PC-DHA enrichment and a
more rapid increase in plasma PC-DHA (7). An adequate supply
of methyl donors for optimal PEMT activity may be particularly
important during pregnancy. The promoter region for the PEMT
gene contains an estrogen response element (8), rendering PEMT
activity sensitive to the dramatic increase in circulating estrogen
during the latter half of pregnancy. Notably, this increase in
PEMT activity coincides with the accumulation of DHA and
other long-chain PUFAs in fetal brain (9).

As a major consumer of SAM, it is unsurprising that, during
the timing of this large increase in estrogen and PEMT activity,
plasma biomarkers of choline-derived methyl donors are reduced
in human pregnancy (10), despite “adequate” choline intakes. A
higher choline intake (930 vs. 480 mg/d), administered during
the third trimester of pregnancy, has been shown to 1) attenuate
this decline (10), 2) restore choline partitioning between betaine
and cytidine diphosphate (CDP)-PC pathways to concentrations
observed in nonpregnant women (5), and 3) enhance the
generation of PEMT-derived lysophosphatidylcholine (LPC) that
is enriched with DHA (11), and preferentially taken up by fetal
brain (12, 13). Nonetheless, this higher level of choline intake
among third-trimester pregnant women failed to increase PC-
DHA (7) in circulating erythrocytes, possibly because PEMT
is already operating at maximal capacity in the last third
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of gestation. Whether prenatal choline supplementation would
influence circulating PC-DHA if administered prior to maximal
PEMT capacity, or for a longer duration, is unknown. To
fill this gap, we investigated the effect of prenatal choline
supplementation, administered throughout the second and third
trimesters of pregnancy, on biomarkers of DHA status among
pregnant participants consuming supplemental DHA.

Methods

Ethical approval

Ethical approval was obtained from the Institutional Review
Boards for Human Study Participant Use at Cornell University
in Ithaca, New York (USA), and at Cayuga Medical Center in
Ithaca, New York (the hospital where participants delivered their
infants). All participants gave written informed consent before
enrollment.

Participant recruitment and eligibility

Pregnant participants were recruited between October 2017
and April 2019 at maternity clinics throughout the Ithaca, New
York, region using flyers. Screening of overall health of the
prospective participants was conducted via online questionnaires,
which included a short version of the NIH Diet History Question-
naire (DHQ-III; https://www.nal.usda.gov/fnic/dietary-assessme
nt-instruments-research) to estimate usual choline intake, and a
validated DSM DHA/EPA food-frequency questionnaire (FFQ;
kindly provided by DSM Nutritionals, Inc) to assess omega-3
fatty acid intake. Eligible participants were 12–16 wk pregnant
at the beginning of the study, between age 21 and 40 y, had a
prepregnancy BMI (in kg/m2) <32, were intending to deliver
at Cayuga Medical Center, and were willing to comply with
the study protocol. Participants were excluded if they had usual
dietary DHA intakes exceeding 400 mg/d (based on FFQ), had
usual dietary choline intakes exceeding 450 mg/d (based on
DHQ-III), or reported having cardiovascular disease, cancer, type
1 or 2 diabetes, gastrointestinal disorders, gallbladder disease,
kidney disease, liver disease, or anemia (based on a health ques-
tionnaire). Additional exclusion criteria included the following:
use of prescription medications known to affect liver function;
presence of more than 1 fetus; unwillingness to donate placenta;
self-reported tobacco, recreational drug, or alcohol use during
gestation; or presence (or development) of pregnancy-associated
complications (e.g., preeclampsia, gestational diabetes). The
latter exclusion criterion impacted participants already enrolled
in the trial and randomly assigned to the treatment; participants
were dismissed from the trial out of an abundance of caution, as
the impact of choline supplementation on the risk of exacerbating
pregnancy-associated complications is unknown.

Study design

The present study was a single-center, randomized, double-
blind, parallel-group choline intervention study designed to
investigate the effects of prenatal choline supplementation on
DHA status in healthy free-living pregnant participants consum-
ing supplemental DHA (NCT03194659). The intervention of
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550 mg supplemental choline/d or control (25 mg supplemental
choline/d) was initiated at gestational age 12–16 weeks and
continued until delivery; throughout this period, all participants
received 200 mg supplemental DHA/d. Data obtained during
the study were recorded in a dedicated online secure database
developed by Cornell Institute of Social and Economic Research
(CISER).

Randomization and masking

Eligible participants (n = 33) were enrolled into the study
by MQM on a rolling basis in a parallel-arm design. A simple
1:1 randomization scheme was generated by KCK using a web-
based random-number generator assigning participants to either
group A or group B; study staff (OVM) not interacting with
participants replaced group A or group B with the intervention
or control. Both groups consumed a grape juice cocktail that
provided either 550 mg supplemental choline/d (intervention)
or 25 mg supplemental choline/d (control). Supplemental doses
in this study aimed to mirror previous studies demonstrating
improvements in choline and methyl donor status markers (5,
10) as well as cognitive benefits from supplementation (14).
Preparation of the grape juice cocktail was handled by study
staff not interacting with study participants (OVM) to maintain
personnel blinding. The grape juice cocktail was served in 15-mL
color-coded conical tubes to conceal the intervention assignment
from the participant.

Procedures

Choline supplement.

Participants consumed a grape juice cocktail containing
550 mg choline/d (intervention) or 25 mg choline/d (control)
throughout the duration of the study. The 550 mg choline
dose for the intervention group was composed of 500 mg
unlabeled choline (d0-choline) and 50 mg methyl-d9-choline (d9-
choline). The 25-mg choline dose for the control group was in
the form of d9-choline only. The low-dose deuterium-labeled
choline tracer (50 mg d9-choline for the intervention group and
25 mg d9-choline for the control group) was administered to
provide insights into the use of choline-derived methyl groups
for the synthesis of PC by the PEMT pathway (described in
the Results section). Doses were adjusted for the intervention
and control to attempt to account for dilution of the label in the
endogenous choline pool that was simultaneously increased with
the intervention.

The choline supplements were prepared in the Human
Metabolic Research Unit (HMRU) at Cornell University. First,
stock solutions of d0-choline and d9-choline were prepared
separately by dissolving choline chloride (Balchem, Inc.) or d9-
choline chloride (Cambridge Isotope Laboratories, Inc.) in Milli-
Q (MilliporeSigma) water to produce 250 mg/mL d0-choline and
50 mg/mL d9-choline solutions. The stock solutions were filtered
and stored at 4◦C for up to 1 y; tests conducted during this period
showed excellent stability with no detectable loss through time.
Next, the choline and control supplements were assembled by
aliquoting 2 mL of the d0- choline stock solution (intervention
group), 1 mL of the d9-choline stock solution (intervention
group), or 0.5 mL of the d9-choline stock solution (control group)

into 15-mL sterilized polystyrene tubes. The supplement tubes
were filled with grape juice cocktail (Welch’s) and labeled in
a manner that was indistinguishable by both the participants
and personnel who interacted with the participants. Finally, all
supplement tubes were packaged in Ziplock (SC Johnson) bags
labeled with the participant ID numbers and kept frozen in a food-
only −20◦C freezer prior to pick-up. Testing of the supplements
that were kept for 2 mo at room temperature, or inside a home
refrigerator, showed excellent stability with no detectable loss
over time.

Study protocol.

Participants were required to visit the HMRU on 3 separate
occasions. The first visit was during gestational week (GW)
12–16, while the second (GW 20–24) and third (GW 28–
32) visits were every 8 wk thereafter. At each study visit,
participants received their daily supplements, which included the
grape juice choline cocktail tubes, a 200-mg DHA supplement
[Nature’s Way EfaGold Neuromins 200 mg DHA (plant source);
DSM Nutritional Products], and an over-the-counter prenatal
vitamin/mineral supplement (Nature Made Prenatal Tablet;
Pharmavite LLC). Participants were instructed to consume the
supplements and grape juice cocktail daily, and at the latter
2 HMRU visits, to return supplement containers as a means to
assess adherence to the study protocol. Participants were also
asked to discontinue any supplements outside of those provided
by this study. Self-selected diets were consumed by participants
throughout the study period.

At each study visit, participants provided an 8–10-h fasting
blood sample, and height and weight measurements were
recorded. At visits 2 and 3, participants completed a follow-
up health questionnaire to assess changes in health status and
medication/supplement use. At visit 1 (baseline), participants
completed the National Cancer Institute’s Automated Self-
Administered 24-hour (ASA24) Dietary Recall, under the
supervision of research personnel. Additionally, participants
completed 2 to 4 self-administered 24-h dietary recalls (ASA24)
throughout the course of their second and third trimesters, prior
to delivery, to assess usual mean nutrient intakes.

At delivery, nonfasting maternal blood, placenta, and fetal
cord blood were collected. In addition, maternal and newborn
information was obtained from medical charts. Maternal infor-
mation included due date, complications during pregnancy, and
complications during labor or delivery. Newborn information
included the date and mode of delivery, gestational age, birth
weight, sex, and Apgar score.

Sample collection and processing.

Fasting blood samples (8–10 h) were collected at each of the
3 HMRU visits in one 10-mL serum separator gel and clot-
activator tube (SST Vacutainer; Becton, Dickinson, and Com-
pany), three 10-mL EDTA-coated tubes (Becton, Dickinson,
and Company), and one 5-mL EDTA-coated tube (Becton,
Dickinson, and Company). The three 10-mL EDTA-coated
tubes containing whole blood were placed on ice immediately
following collection and were centrifuged within 90 min at 2000
× g for 15 min at 4◦C. Plasma was removed for metabolite



Prenatal choline improves DHA statuse improves DHA status 823

measurements and buffy coat was removed and mixed with 50
μL DMSO for DNA extraction. Remaining RBCs were either
stored or washed 3 times with PBS. The 5-mL EDTA-coated tube,
which provided whole blood for the complete blood counts, was
processed within 60 min by research personnel in the Cornell
Human Nutritional Chemistry Laboratory. The serum separator
tube (SST) blood, which provided serum for the blood chemistry
profile, was kept at room temperature, allowed to clot, and
centrifuged at 1500 × g for 15 min at room temperature. All of
the biological samples were dispensed into 1.8-mL cryostat vials
(CryoTube; NUNC) and stored at −80◦C.

Maternal blood and cord blood samples were collected
at delivery. Maternal blood samples were collected into two
10-mL EDTA-coated tubes and one 10-mL SST tube at the
hospital within 1 h of delivery. Cord blood samples were collected
into two 4-mL EDTA-coated tubes at the time of delivery. After
collection, maternal and cord blood samples were refrigerated at
4◦C, and processed as described previously within 4 h.

The placenta was also obtained at delivery, weighed, and pro-
cessed at the hospital within 90 min of delivery. After removal of
the amnion, 16 full-thickness tissue biopsies (0.5 × 0.5 × 0.5 cm)
were taken from 4 separate locations (i.e., the placenta was
visually divided into 4 quadrants). Samples were rinsed with
PBS immediately. The other samples were flash-frozen in liquid
nitrogen, placed in a cryostat tube, and stored temporarily in a
canister containing liquid nitrogen. In the laboratory, all samples
were stored at −80◦C. Prior to using the placental samples
for analytical measurements (i.e., total DHA), a homogenous
representation was prepared by taking 1 piece of placenta
from each quadrant and powderizing in liquid nitrogen using a
Bessman Tissue Pulverizer (Fisher Scientific).

Analytical measurements

PC-DHA measurements in RBCs.

In our a priori planned analysis of RBC PC-DHA (% fatty acids
in RBC PC), we proposed utilizing stable-isotope dilution LC–
tandem MS (LC-MS/MS); however, simultaneous measurement
of individual PC species containing DHA and total PC (to
facilitate expressing % RBC PC composition) in the RBC
sample matrix proved technically challenging and exhibited low
reproducibility. As such, samples were sent to the Analytical
Core for Metabolomics and Nutrition (BC Children’s Hospital
Research Institute), which utilizes a well-validated method
whereby PC is separated from the other lipids by HPLC followed
by analysis of the PC fatty acids using gas–LC (GLC) (15).
Briefly, RBC lipids were extracted from washed RBCs using a
modification of the method from Rose and Oklander (16), and PC
was separated using a Waters 2690 HPLC, a quaternary solvent
system of hexane, methanol, acetone, and isopropanol, and a
Waters YMC-Pack DIOL column. The HPLC column eluant was
split 10:90, after which lipids were detected and quantified by a
Waters 2424 evaporative light scattering detector and recovered
with use of a Waters FCIII fraction collector. Following the
evaporation of solvents under nitrogen, fatty acids were converted
to methyl esters, separated, and quantified by GLC. RBC PC-
DHA is expressed as a percentage of the total fatty acids in PC.
The interassay CV for RBC PC-DHA (as a percentage of the total
fatty acids in PC) was 6.4% based on in-house RBC controls.

PC-DHA measurements in plasma.

PC-DHA concentration of plasma (micromoles/liter) was
analyzed using stable-isotope dilution LC-MS/MS at Cornell
University’s Biotech Proteomics and Metabolomics Facility.
Briefly, plasma (20 μL) was transferred to 1.5 ml Eppendorf vials
(VWR20170-038), to which 2.4 nmol d7-PC 15:0–18:1 (Avanti
Polar Lipids) in 0.2 mL methanol:chloroform (2:1 vol:vol) was
added as an internal standard. The samples were mixed and
incubated overnight at −20◦C. On the following day, samples
were centrifuged at 1500 × g at 4◦C for 5 min, and the
supernatant was collected and transferred into another Eppendorf
tube without disturbing the solid phase. To the pellet, 0.25 mL
of methanol:chloroform:water (2:1:0.8) was added, followed by
mixing on a vortex, and centrifugation. The resulting supernatant
was collected and combined with the first supernatant. To the
pooled supernatant, chloroform (100 μL) and optima water (100
μL) were added; samples were mixed and then centrifuged.
Using a long gel-loading pipette tip, the lower chloroform phase
was transferred into glass vials, dried in a speed vac, and
reconstituted with 200 μL methanol:chloroform (6:1 vol:vol) for
subsequent LC-MS/MS analysis.

The LC-MS/MS analysis of PC-DHA species was per-
formed using a Syncronis Silica column (150-mm length ×
2.1-mm internal diameter, 5-μm particle size; ThermoScientific)
in an Exion LC system coupled with a Sciex X500B QTOF
mass spectrometer. PC-DHA species were separated under step
gradient conditions with a flow rate of 400 μL/min. The column
temperature was kept at 30◦C. The mobile phase (MP) consisted
of MPA (400 mL acetonitrile:127 mL water:68 mL ethanol:3 mL
1 M ammonium acetate in water:2 mL concentrated glacial acetic
acid) and MPB (250 mL acetonitrile: 250 mL water: 42 mL
ethanol: 13.5 mL 1 M ammonium acetate in water: 9 mL of
concentrated glacial acetic acid). The following step gradient was
used for the separation and analysis of PC-DHA species: 5%
MPB from 0 to 3 min; 30% MPB from 3 to 10 min; 60% MPB
from 10 to 14 min; 100% MPB from 16 to 17 min; 5% MPB from
17 to 19 min. Total run time was 19 min and retention times at
1.90 min, 1.98 min, 2.04 min, and 2.19 min were observed for PC
18:0-DHA, PC 18:1-DHA, PC 16:0-DHA, and d7-PC 15:0–18:1
(internal standard [IS]). The injection volume was 10 μL for each
of the standards and samples. The autosampler temperature was
kept constant at 5◦C.

The Sciex X500B QTOF mass spectrometer with an ESI
Turbo V™ source was operated in the negative ion mode for
this analysis. The electrospray voltage was set at 4.5 kV and
the temperature of the heated capillary was set at 350◦C. It was
operated under the Ion Source gas 1 and 2 at 30 psi, curtain
gas at 30 (arbitrary units), and collision gas (CAD) gas at 7
(arbitrary units). The declustering potential was set to −35 V with
an accumulation time of 0.25 s. The MS full-scan measurement
was done from m/z 100 to m/z 1000 in profile mode followed
by multiple reaction monitoring (MRM) high resolution (HR)
scan acquired from 0 min to 21 min at collision energies of
−40 V for each analyte. The acetate adduct negatively charged
ion of each analyte was selected as the precursor ion. For the
internal standard (d7-PC 15:0–18:1), loss of 18:1 fatty acid from
acetate adduct was used as a product ion for an MRM transition
pair at m/z 811.62/288.2924. Negative ion MRM transition pairs
were monitored at m/z 864.57/327.2340 for PC 16:0-DHA, m/z
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892.61/327.2340 for PC 18:0-DHA, and m/z 890.59/327.2340 for
PC 18:1-DHA. Loss of DHA fragments (m/z 327.2340) of acetate
adducts from each PC-DHA species was the major fragment
used in the MRM HR method for quantitation. The data were
acquired using Sciex OS 2.0 software and the quantitation ratio
PC-DHA:IS was calculated for each sample by integrating the
peak areas by MQ4 Integration Algorithm of each analyte using
MRM transitions in the same software.

Calibration curves standard solutions were prepared by serial
dilutions of the standards (PC 16:0-DHA, PC 18:0-DHA; Avanti
Polar Lipids), mixed with the internal standard (d7-PC 15:0–
18:1) at a concentration of 12 nmol/mL in 6:1 MeOH:CHCl3.

The calibration curves ranged from 50 to 5000 pmol for PC
16:0-DHA and PC 18:0-DHA (R2 >0.99). The lower limit of
detection and lower limit of quantitation, determined based on
the signal to noise ratio (S/N) in PC DHA standards solutions,
were 0.15 pmol and 0.5 pmol, respectively. All area ratios of PC
16:0-DHA and PC 18:0-DHA quantified and calculated (peak
area of analyte/peak area of IS) in the plasma samples fell
within the linear dynamic range of calibration standards. Since
no commercial standard was available for PC 18:1-DHA, the
standard curve for PC 16:0-DHA was used to derive absolute
concentrations of PC 18:1-DHA (which was 1.3% of the total
PC-DHA concentration).

To validate the LC-MS/MS method for quantitation of PC-
DHA species in plasma samples, 4 quality assurance (QA)
samples were analyzed several times to determine the intra-day
and inter-day variation for assay precision. For plasma samples,
which were extracted and analyzed at the same time, intra-
assay CVs were 3.1% (PC 16:0-DHA) and 2.1% (PC 18:0-
DHA). Recovery yield for PC-DHA extraction method was also
determined by spiking the 2.4 nmol IS in 20 μL of plasma
samples before and after extraction of PC-DHA species, and it
was found to be 92%. Matrix effect was also calculated as 22%
for the internal standard. This value represents a loss of 22%
of IS peak area (ion suppression) in plasma samples compared
with pure solvent due to alteration in ionization efficiency. PC-
DHA in plasma is expressed as the sum of PC 16:0-DHA + PC
18:0-DHA + PC 18:1-DHA. Plasma PC-DHA isotopologues
could not be reliably quantified due to the presence of co-
eluting metabolites of the same monitored m/z as the predicted
m/z (+3, +9); the pattern of labeling would be expected to
minimally influence overall estimates of plasma PC-DHA (<3%)
and similarly affect the intervention and control arms, limiting the
bias introduced in our effects of choline supplementation.

Total DHA measurements in RBCs and plasma.

DHA composition of washed RBCs (% total fatty acids) and
concentrations in plasma (micrograms/milliliter) were analyzed
by GC coupled to a flame ionization detector at OmegaQuant®,
as previously described (17, 18). Briefly, RBCs and plasma were
transferred to screw-cap glass vials, after which 14% boron
trifluoride (Sigma-Aldrich) and hexane (EMD Chemicals) were
added to RBCs, and BTM (methanol containing 14% boron
trifluoride, toluene, methanol; 35:30:35 vol:vol:vol; Sigma-
Aldrich) was added to plasma. Placenta samples were weighed
into screw-cap glass vials that contained tritricosanoin as
an internal standard (tri-C23:0 triglyceride) (NuCheck Prep),
homogenized, and subsequently subjected to a modified Folch

extraction. A portion of the organic layer was transferred to a
new screw-cap glass vial and dried in a speed vac. BTM was then
added to the dried placenta samples. Next, sample vials (RBCs,
plasma, and placenta) were briefly mixed on a vortex and heated
in a hot bath at 100åC for 45 min. After cooling, HPLC grade
water was added, and vials were recapped, mixed on a vortex,
and centrifuged to separate layers. Aliquots of the hexane layer
were subsequently transferred to GC vials.

GC was carried out using a GC-2010 Gas Chromatograph
(Shimadzu Corporation) equipped with an SP-2560, 100-m fused
silica capillary column (0.25-mm internal diameter, 0.2-μm film
thickness; Supelco). Fatty acids were identified by comparison
with a standard mixture of fatty acids (GLC OQ-A; NuCheck
Prep), which was also used to determine individual fatty acid
calibration curves. The following 24 fatty acids (by class) were
identified: saturated (14:0, 16:0, 18:0, 20:0, 22:0, 24:0), cis
monounsaturated (16:1, 18:1, 20:1, 24:1), trans unsaturated
(16:1, 18:1, 18:2), cis n–6 polyunsaturated (18:2, 18:3, 20:2, 20:3,
20:4, 22:4, 22:5), and cis n–3 polyunsaturated (18:3, 20:5, 22:5,
22:6). Fatty acid composition, specifically DHA for this study
(cis C22:6, n–3), was expressed as a percentage of total identified
fatty acids. The interassay CV for total DHA in RBCs, plasma,
and placenta was <5% based on in-house controls.

Maternal genotypes.

Single nucleotide polymorphisms in the PEMT gene (PEMT
rs7946, PEMT rs4646343), which may influence PEMT activity
(19), were determined as previously described (20, 21) so that
these variables could be considered in our statistical models if
differentially distributed between the intervention and control
groups.

Choline and PC measurements.

Stable-isotope dilution LC-MS/MS was used to measure
plasma free choline (22, 23), plasma PC (23, 24), and plasma
enrichment percentages of d3-PC and d9-PC (23, 24). Intra- and
interassay CVs were ≤3% for choline and ≤6% for PC.

Hematology and chemistry panels.

The complete blood count and blood chemistry profiles were
performed at the Human Nutritional Chemistry Service Labora-
tory at Cornell University. Hematology analysis was conducted
using a Beckman-Coulter AcT Diff2 coulter counter; serum
albumin, alanine aminotransferase (ALT), aspartate aminotrans-
ferase (AST), glucose, total cholesterol, HDL cholesterol, LDL
cholesterol, and triglycerides were measured using an automated
chemistry analyzer (Dimension Xpand Plus; Siemens Healthcare
Diagnostics).

Study outcomes

The primary outcome of this study was DHA-containing PC
species in circulating maternal RBCs. PC species containing
DHA (PC-DHA) at either the sn-1 or sn-2 positions are found
circulating in RBCs and have been shown to be responsive to
dietary choline intake among women of reproductive age (7).
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Secondary outcomes included total DHA in maternal RBCs, an
established surrogate for tissue DHA concentrations (25), as well
as maternal plasma measures of total DHA, PC-DHA, and PC
(unlabeled and isotopically labeled forms). All outcomes were
measured at gestational age 12–16 wk (baseline, study visit
1), gestational age 20–24 wk (study visit 2), gestational age
28–32 wk (study visit 3), and at delivery (gestational age
36–42 wk). In addition, we included measurements of total
DHA in fetal RBCs and plasma, as well as the placenta.
Exploratory/descriptive outcomes included the following: 1) self-
reported dietary intakes of choline and DHA assessed at baseline
(visit 1) and throughout the second and third trimesters of
pregnancy; 2) maternal clinical parameters [i.e., white blood cell
(WBC) counts, RBC counts, and hemoglobin assessed at visit 1,
visit 2, and visit 3; serum concentrations of albumin, ALT, AST,
glucose, total cholesterol, HDL cholesterol, LDL cholesterol,
and triglycerides assessed at visit 1, visit 3, and delivery]; and
3) newborn characteristics (i.e., infant sex, weight, length, head
circumference, Apgar scores, and placental weights).

Statistical analysis

The study sample size was based on previous results among
nonpregnant women (7), whereby means and SDs of erythrocyte
PC-DHA for 2 levels of choline intake yielded a Cohen’s
d effect size of 1.1, after accounting for statistically significant
covariates. G∗Power 3.1 (Henrich Heine Universitat Dusseldorf)
was used to model estimated sample sizes; accordingly, a sample
size of 15 for each group (n = 30 total) was required to have a
power of 80% at an ɑ of 0.05 utilizing a t test between the control
and intervention groups. Participants were continuously enrolled
until 30 participants had completed the trial; all participants
who completed the trial (i.e., delivery data were available)
were included in all analyses by intention to treat (ITT; a
modified ITT excluding participants who were excluded due to
the development of pregnancy-related pathologies).

Differences between intervention and control groups for
participant characteristics and baseline measures, as well as
infant characteristics, were assessed using Wilcoxon rank-sum
tests (continuous variables) or chi-square test of independence
(categorical variables). Q-Q plots and histograms of DHA-related
outcomes were visually assessed for normality; the Shapiro–Wilk
test and skewness was used to assess normality and symmetry
of the data. Mixed linear models that controlled for baseline
measures (with the exception of labeled PC) were used to assess
the effect of the choline intervention on maternal outcomes (i.e.,
RBC PC-DHA, plasma PC-DHA, RBC total DHA, plasma total
DHA, plasma free choline, plasma PC, plasma lipids, and clinical
parameters) throughout the course of the study. In addition to
including baseline values of the respective metabolite, these
models included intervention arm, time, and their interaction term
(intervention × time) as fixed effects, and participant ID as a
random effect (random intercepts). These model estimates are
depicted in the graphs and tables and reported in the primary
text. Additional sensitivity analyses were conducted to assess the
robustness of the total DHA outcomes, due to their widespread
use as a markers of DHA status. These sensitivity analyses
included models without adjustment for baseline (unadjusted
model), as well as a model that considered additional covariates
hypothesized to influence the intervention effects and/or DHA

outcomes, specifically age, prepregnancy BMI, and calculated
duration of intervention exposure (i.e., gestational age at delivery
– gestational age at study entry) (fully adjusted models). To
assess the impact of choline intake on fetal DHA outcomes, linear
models that included intervention arm and baseline maternal
RBC DHA as fixed effects were used. For self-reported intakes
of dietary choline and dietary DHA, P values were derived from
Hodges-Lehman-Sen estimations for nonparametric comparison
of medians.

All statistical analyses and graphs were generated using the R
statistical program language and environment, version 3.6.1 (R
Foundation for Statistical Computing). Graphs were developed
using “ggplot2,” plotting estimated marginal means and CIs
derived from (mixed) linear models. Statistical significance was
set at P ≤ 0.05. For outcomes with a significant interaction
term, Tukey’s honestly significant difference post hoc test was
used to assess the significance of differences between the
subgroups.

Results

Participant characteristics

A total of 118 potential participants were prescreened by
completing online questionnaires. Of these potential participants,
85 were excluded for the following reasons: did not meet
eligibility criteria (n = 22), declined to participate (n = 34), or
were unwilling to comply with the study protocol (n = 29). The
remaining 33 eligible subjects were randomly assigned to the
choline intervention group (n = 17) or control group (n = 16).
Of these 33 participants, 3 developed gestational diabetes during
the intervention trial and were discontinued. Thus, 30 participants
(n = 15 in the intervention group and n = 15 in the control group)
were included in the ITT analyses. Figure 1 depicts the flowchart
of the study. Table 1 presents baseline demographics and baseline
measures of the participants included in the ITT analysis by group
allocation. Of note, participants’ reported choline intakes were
similar to representative samples of choline intake within the
North American population (26).

Participant adherence to the study protocol was >99%, based
on the number of returned juice containers (containing the
choline supplement) and the number of returned DHA capsules.
Further, mean concentrations of plasma free choline, which have
been shown to be responsive to choline supplementation during
pregnancy (10), were significantly higher in this cohort in the
choline intervention (vs. control) group, with between-group
differences detected at visit 2, visit 3, and delivery (27).

The intervention trial was well tolerated, and participant-
reported in-trial events were similarly distributed between the
2 groups (Supplemental Table 1). The choline intervention
was found to associate in a statistically significant manner with
some of the clinical parameters assessed with the complete
blood count and blood chemistry profile (i.e., WBC counts,
RBC counts, and hemoglobin; Supplemental Table 2); however,
mean concentrations of the clinical parameters remained within
the normal range for both the intervention and control groups
(28, 29,28, 29). No differences (P ≥ 0.13) between the groups
were observed for serum concentrations of albumin, ALT, AST,
and glucose at any of the study time points (GW 20–24
through delivery). For newborn characteristics, no statistically
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CONSORT 2010 Flow Diagram

Assessed for eligibility (n = 118) 

Excluded (n = 85)
� Not meeting inclusion criteria (n = 22) 
� Declined to participate (n = 34)
� Unwilling to comply with study protocol (n = 29) 

analyzed (n = 15)
� Excluded from analysis (n = 0)

� Lost to follow-up (n = 0) 
� Discontinued intervention (n = 0)
� Development of gestational diabetes (n = 2)

Allocated to intervention (n = 17)
� Received allocated intervention (n = 17)

� Lost to follow-up (n = 0)  
� Discontinued intervention (n = 0)
� Development of gestational diabetes (n = 1)

Allocated to intervention (n = 16)
� Received allocated intervention (n = 16) 

analyzed (n = 15) 
� Excluded from analysis (n = 0) 

Randomized (n = 33) 

FIGURE 1 Flowchart of the study. CONSORT, Consolidated Standards of Reporting Trials.

significant effects of the choline intervention were observed on
neonatal weight (P = 0.4), length (P = 0.8), head circumference
(P = 0.7), Apgar scores (P = 0.1), or placental weights (P = 0.4)
(Supplemental Table 3). Last, median intakes of self-reported
dietary DHA (17 and 34 mg/d for intervention and control,
respectively; P = 0.41) and self-reported dietary choline (353
and 377 mg/d for intervention and control; P = 0.15) did not
differ between the groups throughout the duration of the study
(Supplemental Table 4).

Study outcomes

PC-DHA.

PC-DHA in maternal RBCs. Significant effects of time
(P < 0.000084) were observed for maternal RBC PC-DHA; how-
ever, no significant effects of the choline intervention (P = 0.77)
or its interaction with time (P = 0.11; choline intervention ×
time) were detected (Figure 2A). Nonetheless, RBC PC-DHA
values were non–normally distributed and recalcitrant to various
transformations (log; square root; arcsine). Two participants
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TABLE 1 Participant characteristics and baseline measures1

Intervention (n = 15) Control (n = 15)

Age, y 33 (3) 31 (4)
Prepregnancy BMI, kg/m2 22.3 (2.1) 25.1 (4.1)
Self-reported maternal race, count

White 13 15
Non-White 2 0

Baseline gestational age, wk 15 (1) 15 (1)
Enrollment duration, d 171 (17) 169 (11)
Baseline RBC PC-DHA, % of RBC PC total fatty acids 2.99 (0.90) 2.69 (0.42)
Baseline plasma PC-DHA, μmol/L 100 (40) 86 (22)
Baseline RBC-DHA, % of total fatty acids 6.09 (1.09) 5.89 (0.07)
Baseline plasma DHA, μg/mL 94 (31) 83 (13)
Self-reported baseline dietary DHA intake, median (Q1–Q3),

mg/d
14 (1–85) 36 (10–70)

Self-reported baseline dietary choline intake, median
(Q1–Q3), mg/d

320 (204–384) 364 (326–506)

Baseline DHA supplement use, count
No 9 9
Yes 6 6

PEMT rs7946 genotype, count
Noncarrier 8 5
Carrier 7 10

PEMT rs4646343 genotype, count
Noncarrier 4 5
Carrier 11 10

1Values are mean (SD) unless noted otherwise. PC, phosphatidylcholine; PEMT, phosphatidylethanolamine N-methyltransferase; Q, quartile.

at delivery (1 control, 1 intervention) were significant outliers
(>2 SDs) and exhibited atypical responses: the control partic-
ipant exhibited a 70% increase and the intervention participant
exhibited a 78% decrease in RBC PC-DHA from GW 28–32
to delivery, several times greater than the average 15% decrease
between these 2 time points for the cohort. Sensitivity analyses
removing these 2 individuals’ data points yielded a significant
choline intervention by time interaction (P = 0.010); RBC
PC-DHA (as a percentage of RBC PC total fatty acids) was
higher in magnitude in the intervention at GW 28–32 [3.2% (95%
CI: 2.9, 3.5%) vs. 2.7% (95% CI: 2.4, 3.0%); P = 0.05] and
delivery [2.7% (95% CI: 2.4, 3.0%) vs. 2.3% (95% CI: 2.0, 2.6%);
P = 0.16] relative to the control group.

As our intervention was powered from a trial without RBC
PC-DHA data from delivery, a more variable time point due to
its nonfasting nature and the metabolic milieu of parturition, we
considered models omitting this time point as well. Significant
choline intervention × time interactions were observed in such
models (P < 0.00005). RBC PC-DHA tended to be higher in the
intervention at GW 28–32 [3.1% (95% CI: 2.9, 3.3%) vs. 2.8%
(95% CI: 2.6, 3.0%); P = 0.07] relative to the control group.

PC-DHA in maternal plasma. Significant effects of the choline
intervention (P = 0.0030), time (P < 0.00001), and their
interaction (P = 0.012; choline intervention × time) were
detected for maternal plasma PC-DHA (Figure 2B). Plasma PC-
DHA exhibited an inverted U-shaped response across the study,
increasing through GW 28–32 in both the intervention and con-
trol groups before declining at delivery; however, a significantly
higher plasma PC-DHA concentration (micromoles/liter) was
achieved in the intervention group at GW 28–32 [160 (95% CI:

145, 175) vs. 121 (95% CI: 106, 136) μmol/L; P = 0.0005]
and delivery [130 (95% CI: 115, 145) vs. 94 (95% CI: 79, 108)
μmol/L; P = 0.0012].

Total DHA.

While RBC PC-DHA was the primary outcome of this
investigation (due to previous trial evidence that choline
supplementation influenced plasma and RBC PC-DHA),
choline’s influence on PC-DHA is ultimately physiologically
meaningful to the extent that it contributes to total DHA
availability in the plasma and total DHA concentrations in cell
membranes (found across all phospholipid species). Indeed, PC-
DHA in plasma and in the cell can be remodeled and facilitate
DHA entering additional lipid pools (e.g., LPC, cholesterol
esters, phosphatidylethanolamine). Total DHA in RBCs (% of
total RBC fatty acids) is a well-validated indicator of tissue DHA
concentrations (i.e., DHA status), consistently linked to health
outcomes (including pregnancy-related health outcomes), and
thus, the most physiologically relevant outcome of interest in
relation to choline supplementation’s impact.

Total DHA in maternal RBCs. Significant effects of the choline
intervention (P = 0.009), time (P < 0.001), and their interaction
(P = 0.002; choline intervention × time) were detected for
maternal RBC total DHA (Figure 2C). Specifically, RBC total
DHA (as a percentage of total fatty acids) increased throughout
the study in both the intervention and control groups; however,
a significantly higher level was achieved in the intervention
group at GW 28–32 [7.9% (95% CI: 7.5, 8.2%) vs. 7.3%
(95% CI: 6.9, 7.6%); P = 0.008] and at delivery [8.0% (95%
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FIGURE 2 Effect of prenatal choline supplementation (n = 15 per group) on maternal RBC PC-DHA (A), maternal plasma PC-DHA (B), maternal RBC
total DHA (C), and maternal plasma total DHA (D) among pregnant participants consuming 200 mg supplemental DHA/d. The effect of prenatal choline
supplementation on maternal RBC and plasma DHA outcomes was assessed using mixed linear models that included choline intervention × time interaction
terms as well as baseline values for the respective outcome. Estimated marginal means and 95% CIs derived from the baseline adjusted models are shown.
Statistically significant differences (P < 0.05) between the choline intervention and control values at a study time point are indicated by “∗” for models with a
significant (P < 0.05) choline intervention × time interaction term (i.e., maternal plasma PC-DHA and maternal total RBC DHA) and by “±” at study end for
models with a significant main effect of the choline intervention (i.e., maternal plasma total RBC DHA). GW, gestational week; PC, phosphatidylcholine.

CI: 7.6, 8.3%) vs. 7.2% (95% CI: 6.8, 7.5%); P = 0.0005].
The statistically significant effect of the choline intervention on
RBC DHA was robustly observed in both unadjusted models
and models adjusting for additional covariates (Supplemental
Table 5).

Total DHA in maternal plasma. Significant effects of the
choline intervention (P = 0.018) and time (P = 0.0002) were
detected for maternal plasma total DHA; however, the choline
intervention × time interaction term did not achieve our threshold
for statistical significance (P = 0.068) (Figure 2D). While both
groups exhibited an inverted U-shaped response through time
with an initial increase in plasma total DHA until GW 28–
32 followed by a decrease at delivery, a significantly higher
plasma total DHA was observed in the intervention (vs. control)
group throughout the study period (Figure 2D). The statistically
significant effect of the choline intervention on plasma DHA
was robustly observed in both unadjusted models and models
adjusting for additional covariates (Supplemental Table 5).

Total DHA in placenta, cord RBCs, and cord plasma. No signifi-
cant effects of the choline intervention were detected on placenta
DHA [as either a percentage of the total fatty acids (P = 0.77) or
absolute concentration (micrograms/milligram) (P = 0.42)], cord
RBC DHA (P = 0.12), or plasma DHA (P = 0.91) in the model
that controlled for baseline concentrations of maternal RBC DHA
or in the unadjusted model (Table 2).

Unlabeled and isotopically labeled PCs in plasma.

The use of choline as a methyl donor by the PEMT pathway
was assessed by measuring d3-PC enrichment (d3-PC/total PC)
and the ratio of d3-PC to d9-PC. d3-PC is generated by the PEMT
pathway when one of the d3-labeled methyl groups is used in
the SAM-dependent methylation of phosphatidylethanolamine to
PC, whereas d9-PC is generated by the CDP-choline pathway
when the intact choline molecule (d9-choline) is used to generate
PC (5, 23). Collectively, our results (described herein) are
consistent with greater use of choline as a methyl donor by the
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TABLE 2 Effect of prenatal choline supplementation on placental total DHA and newborn total DHA among pregnant participants consuming 200 mg
supplemental DHA/d1

Baseline adjusted, mean (95% CI)

Intervention (n = 13) Control (n = 15) P

Placenta
DHA, % of total FAs 0.05 (0.05, 0.06) 0.05 (0.05, 0.06) 0.77
DHA, μg/mg 0.43 (0.39, 0.48) 0.46 (0.41, 0.50) 0.42

Cord
RBC-DHA, % of total
FAs

8.3 (7.8, 8.8) 7.9 (7.5, 8.3) 0.12

Plasma DHA, μg/mL 54 (41, 67) 54 (42, 65) 0.91

1Linear models included the choline intervention term as well as baseline values for maternal RBC DHA. FA, fatty acid.

PEMT pathway and greater PEMT activity in response to the
choline intervention.

Total PC. A significant choline intervention by time interac-
tion term (P = 0.05) was detected for maternal plasma total PC
(Figure 3A) with higher total plasma PC (micromoles/liter) at
delivery (P = 0.006) in the intervention (vs. control) group [2613
(95% CI: 2434, 2792) vs. 2247 (95% CI: 2068, 2426) μmol/L].

d3-PC. Significant main effects of the intervention
(P = 0.007) and time (P = 0.045) were detected for maternal
plasma d3-PC (Figure 3B) with higher plasma d3-PC enrichment
observed in the intervention (vs. control) group throughout the
study period. The choline intervention × time interaction term
was not statistically significant (P = 0.27).

d9-PC. Significant main effects of the choline intervention
(P = 0.034) were detected for maternal plasma d9-PC with
lower plasma d9-PC enrichment observed in the intervention
(vs. control) group throughout the study period. The choline
intervention × time interaction term was not statistically
significant (P = 0.107) (Figure 3C).

d3:d9-PC. Significant main effects of the intervention
(P = 0.000013), time (P < 0.0001), and their interaction
(P = 0.04; choline intervention × time) were detected for
maternal plasma d3:d9-PC (Figure 3D). A higher ratio of d3:d9-
PC enrichment was observed in the intervention (vs. control)
group at GW 20–24 [0.79 (95% CI: 0.69, 0.89) vs. 0.53 (95%
CI: 0.43, 0.63); P = 0.0005], GW 28–32 [0.92 (95% CI: 0.82,
1.01) vs. 0.54 (95% CI: 0.45, 0.65); P < 0.0001], and delivery
[1.05% (95% CI: 0.95, 1.15) vs. 0.68% (95% CI: 0.58, 0.78);
P < 0.0001].

Maternal lipid parameters.

Because of choline’s role in hepatic lipid export (including
DHA), we assessed the effect of the choline intervention on
lipid parameters in serum (Supplemental Table 2). Although no
differences were detected between groups for HDL cholesterol
(P = 0.4) and triglycerides (P = 0.8), LDL cholesterol (a
derivative of VLDL cholesterol) tended to be elevated in
the choline intervention (vs. control) group (main effect of
intervention; P = 0.07).

Discussion
The findings of this randomized controlled trial reveal

that prenatal choline supplementation (administered across the
second and third trimesters of pregnancy) significantly improves
biomarkers of maternal DHA status among free-living partic-
ipants consuming supplemental DHA. Higher concentrations
of RBC PC-DHA tended to occur at GW 28–32 and higher
concentrations of plasma PC-DHA and plasma total DHA, as
well as RBC total DHA, were observed by GW 28–32 and
were sustained through delivery among pregnant participants
consuming habitual diets supplemented with 550 mg choline/d
+ 200 mg DHA/d, compared with those supplemented with
25 mg choline/d + 200 mg DHA/d. The higher circulating plasma
PC-DHA, along with greater enrichments of both plasma d3-
PC and d3-PC:d9-PC in the choline intervention arm (compared
with control), strongly support the notion that prenatal choline
chloride supplementation, a water-soluble choline salt, facilitates
greater PEMT activity (and generation of PC molecules enriched
in DHA) by bolstering methyl group supply.

Our finding of higher maternal DHA and PC-DHA in response
to choline supplementation is consistent with previous work
from our research group conducted in women of reproductive
age whereby higher plasma and RBC PC-DHA were reported
among those consuming controlled diets containing 930 mg
choline/d + 200 mg DHA as compared with 480 mg choline/d +
200 mg DHA/d (7). However, our current findings deviate from
the pregnant cohort of this study (7), whereby administration
of 930 mg choline/d + 200 mg DHA/d across only the third
trimester of pregnancy did not affect PC-DHA in either RBCs
or plasma relative to 480 mg choline/d + 200 mg DHA/d (7).
Two factors distinguish the current and past study—namely, the
timing of choline supplementation, with the current intervention
earlier in pregnancy, as well as the control group of the current
intervention consuming habitual choline intakes, which were
substantially lower than 480 mg. While both factors may have
influenced PEMT activity, the current investigation observed
strong choline supplementation effects on DHA outcomes at GW
28–32, shortly after the initiation of supplementation (∼GW 27)
in West et al. (7), highlighting the importance of considering key
metabolic windows in pregnancy.

Although no statistically significant effects of prenatal choline
on newborn biomarkers of DHA status were detected, the overall
pattern in magnitude was comparable to that observed in maternal
blood. Indeed, cord blood RBC-DHA concentrations in the
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FIGURE 3 Effect of prenatal choline supplementation (n = 15 per group) on maternal plasma total PC (A), d3-PC (B), d9-PC (C), and d3:d9-PC (D). The
effect of prenatal choline supplementation on maternal total and labeled PC was assessed using mixed linear models that included choline intervention × time
interaction terms. Estimated marginal means and 95% CIs are shown; total PC concentrations represented models adjusted for visit 1 plasma PC. Statistically
significant differences (P < 0.05) between the choline intervention and control values at a study time point are indicated by “∗” for models with a significant
(P < 0.05) choline intervention × time interaction term (i.e., maternal plasma total PC and d3:d9-PC) and by “±” at study end for models with a significant
main effect of the choline intervention (i.e., d3-PC and d9-PC). d3, tri-deuterated; d9, nona-deuterated; GW, gestational week; PC, phosphatidylcholine.

intervention arm were 0.41% higher than in the control arm, a
finding that approached statistical significance (P = 0.12). The
lack of significance may be due, in part, to a slightly smaller
sample size of the newborn cohort, but also due to differences
in metabolic priorities between the mother (prioritizes nutrient
delivery) and her developing fetus (prioritizes cellular uptake and
metabolic use). Indeed, while we and others have observed a
decline in maternal plasma concentrations of PC-DHA and total
DHA across the last trimester (7, 30, 31), indicative of significant
DHA transport to the fetal compartment, the minimal change
in cord RBC-DHA concentrations likely reflects the accretion
of DHA in developing tissues, such as the brain [as previously
shown in mice (32)], limiting our ability to observe an impact
of prenatal choline supplementation on DHA status indicators in
newborn RBCs.

Our investigation contains notable strengths and limitations.
Strengths included 1) the randomized, double-blind nature of
this study spanning a large majority of gestation in women con-
suming typical choline intakes; 2) measuring both physiological
mediators (i.e., PC-DHA) and validated status indicators (i.e.,
RBC total DHA); and 3) including stable isotope tracing, which

represents a translational approach to the mechanistic physiology
of one-carbon and lipid metabolism in pregnancy. Indeed, the
overall pattern in DHA outcomes and isotopic labeling scheme
present a concordant model by which habitual choline intakes
limit, and choline supplementation improves, hepatic metabolism
and DHA status across pregnancy. Further, it is a likely strength
that these effects were observed despite high (>5%) baseline
RBC total DHA status in this cohort, a characteristic typically ex-
pected to diminish the effect size of factors influencing additional
DHA incorporation into membranes. It is a notable limitation,
however, that we observed a nonsignificant (P = 0.105) effect of
choline supplementation on our primary outcome of RBC PC-
DHA. This may be due to issues of sample size and power, as
RBC PC-DHA concentrations were significantly more variable
than RBC total DHA (%CV: 18–27% vs. 9–15% across visits)
and 2 significant outliers were present at delivery, a nonfasted
time point, that impacted model estimates. However, RBC PC-
DHA may be an undesirable outcome for physiological reasons
as well. For example, it is notable that, in this cohort, RBC total
DHA concentrations were maintained from visit 3 to delivery,
whereas RBC PC-DHA exhibited a precipitous decline. The
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physiological basis for the significant redistribution of DHA from
PC to other phospholipid pools in RBCs by the time of delivery,
maintaining total DHA concentrations but decreasing the PC-
DHA fraction, remains unclear. Our primary outcome choice
was driven by available data at the time; however, our results
make evident that plasma concentrations of PC-DHA, as well
as RBC total DHA, are more sensitive to the impacts of choline
supplementation, and should inform future studies.

There are notable inferences we cannot make from our study
design. While we compared 2 doses of supplemental choline,
informed by previously observed cognitive benefits (14), we did
not have a third intermediate group to assess the dose–response
relation between choline supplementation and DHA outcomes.
Additionally, while our isotopic enrichment data support a clear
role for the PEMT pathway metabolites in improving DHA status,
there are notable nuances to the interpretation of the labeled
choline metabolome in the context of an intervention that alters
endogenous pool sizes across pregnancy, a physiological state
that violates steady state assumptions, which we have detailed
elsewhere (27).

Our results collectively indicate a significant nutrient–nutrient
interaction between supplemental choline and supplemental
DHA during pregnancy that warrants reflection on the large
body of randomized trial evidence that has attempted to test the
hypothesis that prenatal DHA supplementation improves fetal
outcomes (33). Indeed, despite similar DHA intakes, we observed
a nearly 75% relative increase in maternal DHA status in the
intervention arm compared with the control. These data strongly
suggest that prenatal choline supplementation influences the
efficiency of hepatic DHA handling, mobilization, and ultimately,
extrahepatic utilization, and support the view that existing clinical
trials of prenatal DHA supplementation likely achieved non-
maximal status, resulting from a limited methyl donor supply.
As the field of nutrition pushes towards more “precision”
approaches in hopes of identifying factors that influence the
physiological response to nutrition exposures, accounting for
known determinants of DHA response to supplementation during
pregnancy, such as choline intake, will be key for understanding
the causal, dose–response relations between DHA and maternal–
infant outcomes.

The authors’ responsibilities were as follows—KCK, MQM, ST, JTB, and
MAC: designed the research; KCK, MQM, OVM, ST, APL-G, JEHN, KB,
RB, EA, SZ, EB, KHJ, DJK, RAD, SD, and RV: conducted the research;
KCK: analyzed data; KCK and MAC: wrote the manuscript and have primary
responsibility for final content; and all authors: read and approved the final
manuscript.

Data Availability
Data described in the manuscript, code book, and analytic code

will be made available upon request pending request review and
approval. Data sharing is dependent upon the nature of request
and its compliance with approved data uses by the Institutional
Review Board and associated informed consent.

References
1. Brenna JT, Lapillonne A. Background paper on fat and fatty

acid requirements during pregnancy and lactation. Ann Nutr Metab
2009;55(1-3):97–122.

2. Koletzko B, Cetin I, Brenna JTPerinatal Lipid Intake Working Group,
Child Health Foundation, Diabetic Pregnancy Study Group;, et al.;
Perinatal Lipid Intake Working Group, Child Health Foundation,
Diabetic Pregnancy Study Group Dietary fat intakes for pregnant and
lactating women. Br J Nutr 2007;98(5):873–7.

3. Watkins SM, Zhu X, Zeisel SH. Phosphatidylethanolamine-N-
methyltransferase activity and dietary choline regulate liver-plasma
lipid flux and essential fatty acid metabolism in mice. J Nutr
2003;133(11):3386–91.

4. da Costa K-A, Rai KS, Craciunescu CN, Parikh K, Mehedint MG,
Sanders LM, et al. Dietary docosahexaenoic acid supplementation
modulates hippocampal development in the PEMT−/− mouse. J Biol
Chem 2010;285(2):1008–15.

5. Yan J, Jiang X, West AA, Perry CA, Malysheva OV, Brenna JT, et al.
Pregnancy alters choline dynamics: results of a randomized trial using
stable isotope methodology in pregnant and nonpregnant women. Am J
Clin Nutr 2013;98(6):1459–67.

6. da Costa K-A, Sanders LM, Fischer LM, Zeisel SH. Docosahexaenoic
acid in plasma phosphatidylcholine may be a potential marker for
in vivo phosphatidylethanolamine N-methyltransferase activity in
humans. Am J Clin Nutr 2011;93(5):968–74.

7. West AA, Yan J, Jiang X, Perry CA, Innis SM, Caudill MA. Choline
intake influences phosphatidylcholine DHA enrichment in nonpregnant
women but not in pregnant women in the third trimester. Am J Clin Nutr
2013;97(4):718–27.

8. Resseguie M, Song J, Niculescu MD, da Costa K-A, Randall TA,
Zeisel SH. Phosphatidylethanolamine N-methyltransferase (PEMT)
gene expression is induced by estrogen in human and mouse primary
hepatocytes. FASEB J 2007;21(10):2622–32.

9. Klevebro S, Juul SE, Wood TR. A more comprehensive approach to
the neuroprotective potential of long-chain polyunsaturated fatty acids
in preterm infants is needed-should we consider maternal diet and the
n-6:n-3 fatty acid ratio? Front Pediatr 2019;7:533.

10. Yan J, Jiang X, West AA, Perry CA, Malysheva OV, Devapatla S, et al.
Maternal choline intake modulates maternal and fetal biomarkers of
choline metabolism in humans. Am J Clin Nutr 2012;95(5):1060–71.

11. Klatt KC, McDougall MQ, Malysheva OV, Brenna JT, Roberson
MS, Caudill MA. Reproductive state and choline intake influence
enrichment of plasma lysophosphatidylcholine-DHA: a post hoc
analysis of a controlled feeding trial. Br J Nutr 2019;122(11):
1221–9.

12. Sugasini D, Thomas R, Yalagala PCR, Tai LM, Subbaiah PV. Dietary
docosahexaenoic acid (DHA) as lysophosphatidylcholine, but not as
free acid, enriches brain DHA and improves memory in adult mice. Sci
Rep 2017;7(1):11263.

13. Nguyen LN, Ma D, Shui G, Wong P, Cazenave-Gassiot A, Zhang
X, et al. Mfsd2a is a transporter for the essential omega-3 fatty acid
docosahexaenoic acid. Nature 2014;509(7501):503–6.

14. Caudill MA, Strupp BJ, Muscalu L, Nevins JEH, Canfield RL. Maternal
choline supplementation during the third trimester of pregnancy
improves infant information processing speed: a randomized,
double-blind, controlled feeding study. FASEB J 2018;32(4):
2172–80.

15. Innis SM, Dyer RA. Brain astrocyte synthesis of docosahexaenoic acid
from n-3 fatty acids is limited at the elongation of docosapentaenoic
acid. J Lipid Res 2002;43(9):1529–36.

16. Rose HG, Oklander M. Improved procedure for the extraction of lipids
from human erythrocytes. J Lipid Res 1965;6:3, 428–31.

17. Harris WS, Pottala JV, Vasan RS, Larson MG, Robins SJ. Changes in
erythrocyte membrane trans and marine fatty acids between 1999 and
2006 in older Americans. J Nutr 2012;142(7):1297–303.

18. Rudolph MC, Young BE, Jackson KH, Krebs NF, Harris WS, MacLean
PS. Human milk fatty acid composition: comparison of novel dried milk
spot versus standard liquid extraction methods. J Mammary Gland Biol
Neoplasia 2016;21(3-4):131–8.

19. Resseguie ME, da Costa K-A, Galanko JA, Patel M, Davis IJ, Zeisel
SH. Aberrant estrogen regulation of PEMT results in choline deficiency-
associated liver dysfunction. J Biol Chem 2011;286(2):1649–58.

20. Ganz AB, Shields K, Fomin VG, Lopez YS, Mohan S, Lovesky J, et al.
Genetic impairments in folate enzymes increase dependence on dietary
choline for phosphatidylcholine production at the expense of betaine
synthesis. FASEB J 2016;30(10):3321–33.

21. Ganz AB, Cohen VV, Swersky CC, Stover J, Vitiello GA, Lovesky J,
et al. Genetic variation in choline-metabolizing enzymes alters choline



832 Klatt et al.

metabolism in young women consuming choline intakes meeting
current recommendations. Int J Mol Sci 2017;18(2):252.

22. Holm PI, Ueland PM, Kvalheim G, Lien EA. Determination of choline,
betaine, and dimethylglycine in plasma by a high-throughput method
based on normal-phase chromatography-tandem mass spectrometry.
Clin Chem 2003;49(2):286–94.

23. Yan J, Wang W, Gregory JF, Malysheva O, Brenna JT, Stabler SP, et al.
MTHFR C677T genotype influences the isotopic enrichment of one-
carbon metabolites in folate-compromised men consuming d9-choline.
Am J Clin Nutr 2011;93(2):348–55.

24. Koc H, Mar M-H, Ranasinghe A, Swenberg JA, Zeisel
SH. Quantitation of choline and its metabolites in tissues
and foods by liquid chromatography/electrospray ionization-
isotope dilution mass spectrometry. Anal Chem 2002;74(18):
4734–40.

25. Harris WS, Sands SA, Windsor SL, Ali HA, Stevens TL, Magalski A,
et al. Omega-3 fatty acids in cardiac biopsies from heart transplantation
patients: correlation with erythrocytes and response to supplementation.
Circulation 2004;110(12):1645–9.

26. Wallace TC, Fulgoni VL. Assessment of total choline intakes in the
United States. J Am Coll Nutr 2016;35(2):108–12.

27. Taesuwan S, McDougall MQ, Malysheva OV, Bender E, Nevins
JEH, Devapatla S, et al. Choline metabolome response to prenatal

choline supplementation across pregnancy: a randomized controlled
trial. FASEB J 2021;35(12):e22063.

28. Abbassi-Ghanavati M, Greer LG, Cunningham FG. Pregnancy and
laboratory studies: a reference table for clinicians. Obstet Gynecol
2009;114(6):1326–31.

29. Darmady JM, Postle AD. Lipid metabolism in pregnancy. Br J Obstet
Gynaecol 1982;89(3):211–5.

30. Al MD, van Houwelingen AC, Kester AD, Hasaart TH, de Jong
AE, Hornstra G. Maternal essential fatty acid patterns during normal
pregnancy and their relationship to the neonatal essential fatty acid
status. Br J Nutr 1995;74(1):55–68.

31. Al MD, van Houwelingen AC, Hornstra G. Long-chain polyunsaturated
fatty acids, pregnancy, and pregnancy outcome. Am J Clin Nutr
2000;71(1 Suppl):285s–91s.

32. Kwan STC, King JH, Yan J, Wang Z, Jiang X, Hutzler JS,
et al. Maternal choline supplementation modulates placental nutrient
transport and metabolism in late gestation of mouse pregnancy. J Nutr
2017;147(11):2083–92.

33. Middleton P, Gomersall JC, Gould JF, Shepherd E, Olsen SF, Makrides
M. Omega-3 fatty acid addition during pregnancy. Cochrane Database
Syst Rev [Internet]. 2018 11; [cited 2021 Oct 7]. Available from:
https://www.cochranelibrary.com/cdsr/doi/10.1002/14651858.CD00
3402.pub3/full.

https://www.cochranelibrary.com/cdsr/doi/10.1002/14651858.CD003402.pub3/full

