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ABSTRACT

Background: Eggs are a rich source of choline, an essential nutrient important for child growth and development. In a randomized trial of 1 egg/d
in young children in Ecuador, an egg intervention led to significant improvements in growth, which were partially mediated by increased plasma
choline concentration. A similar trial in Malawi (clinicaltrials.gov: NCT03385252) found little improvement in child growth or development.
Objectives: We aimed to evaluate the effect of 1 egg/d for 6 mo on plasma choline concentrations in Malawian children enrolled in a randomized
trial.

Methods: Infants aged 6-9 mo in rural Malawi were randomly assigned to receive 1 egg/d (n = 331) or serve as a nonintervention control (n = 329)
for 6 mo. Anthropometric, developmental, and dietary data were collected at baseline and 6-mo follow-up, along with a blood draw. Plasma
choline, betaine, dimethylglycine, trimethylamine N-oxide (TMAQ), and DHA were measured at both time points using ultrahigh performance
liquid chromatography-tandem MS (n = 200 per group). Linear regression analysis was used to determine the difference in plasma choline and
related metabolites between groups after 6 mo of intervention.

Results: Plasma choline, betaine, dimethylglycine, and DHA concentrations did not differ between groups at 6-mo follow-up. Plasma TMAO was
significantly (26%; 95% Cl: 7%, 48%) higher in the egg intervention group in a fully adjusted model.

Conclusions: Provision of 1 egg/d for 6 mo did not result in increases in plasma choline or related metabolites, except TMAO. This could partially
explain the lack of effect on growth and development. Additional interventions are needed to improve choline status, growth, and development in
this population.  Curr Dev Nutr 2022;6:nzab150.
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Introduction

Choline is an essential nutrient needed for optimal child growth and
development, especially memory development (1). Animal foods are
the main sources of choline, but are relatively expensive (2). There-
fore, choline intake is likely low in many low- or middle-income
countries (LMICs) (3). Suboptimal intake of choline in the pre-
and postnatal periods can put children at risk of poor growth and
development.

Eggs are a rich source of choline, along with other nutrients im-
portant in early life (4). In Ecuadorian infants age 6-9 mo at baseline,

significant improvements in growth were measured after provision of
1 egg/d for 6 mo compared with controls (5). Plasma concentrations
of choline, betaine, trimethylamine N-oxide (TMAO), and DHA were
also increased in the egg group, and the improvement in length-for-age
z-score (LAZ) was partially mediated by increased plasma choline con-
centration (6). However, a similar study performed in Malawi found no
significant effects on growth, except larger head-circumference-for-age
z-score (HCAZ) in children in the egg group (7). Measures of child de-
velopment were included in the Malawian study, with mostly null re-
sults, except for a smaller percentage of children with fine motor delays
in the egg intervention group (8).
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It is unclear why the egg intervention had so little effect on growth
in Malawi compared with Ecuador. Reported adherence was high in the
Malawian trial. Eggs were reportedly consumed by 71% of children in
the egg group on a 24-h dietary recall performed at the 6-mo follow-
up (7). However, dietary recall data revealed inadequate intakes of sev-
eral nutrients, including choline, even with frequent egg consumption
(9). It is unclear whether the increase in choline intake in the Malawian
trial was sufficient to improve plasma choline concentration. Consid-
ering the mediating role of plasma choline in improvement of growth
in Ecuador, the effect of the egg intervention on plasma choline in the
Malawian study could help explain the drastic difference in results.

The objective for this analysis was to evaluate the effect of provision
of 1 egg/d for 6 mo on plasma choline concentration in Malawian chil-
dren aged 6-9 mo at baseline. We hypothesized that children in the egg
intervention group would have higher plasma choline compared with
children in the control group. This is a secondary outcome of the main
Mazira Project randomized trial. We also tested for group differences
in several related metabolites: betaine (a methyl donor and the oxidized
product of choline), dimethylglycine (DMG, a metabolite of betaine),
TMAO (produced from choline by gut microbiota), and DHA (another
nutrient important for child growth and development and linked to
choline metabolism) (10). In secondary exploratory analyses, we tested
several sociodemographic factors as moderators in the relation between
intervention group and plasma choline or its metabolites, as well as the
role of plasma choline or its metabolites as mediators for the 2 primary
outcomes that were significantly different by intervention group (HCAZ
and fine motor delay). Finally, in order to provide evidence of adherence
to the egg intervention, preliminary metabolomics analyses of the inter-
vention effect are presented.

Methods

Study design

The Mazira Project (clinicaltrials.gov: NCT03385252) was a random-
ized trial of 660 Malawian children that took place from February 2018
to January 2019. The primary growth outcomes of the trial have been
published previously (7). Infants aged 6-9 mo were individually ran-
domly assigned to intervention or control for 6 mo. Randomization oc-
curred using a 1:1 allocation ratio in blocks of 10, based on a random
sequence generated by a researcher independent from the field team.
Study staff read a description of the trial to all caregivers and then met
individually with caregivers to review the consent statement and re-
spond to questions. If the caregiver agreed to participate, staff invited
caregivers to choose 1 sealed envelope, which contained the allocation
code, under monitoring by an independent community member. Fam-
ilies in the intervention group received weekly egg deliveries, with in-
structions to feed 1 egg/d to the enrolled child. Eggs were procured from
alocal distributor. On average, eggs weighed 53 g and provided 126 mg
choline (9). Families in the control group were asked to feed the child his
or her typical diet. Descriptions of food and nutrient intakes for study
participants have been published (9, 11); generally, complementary di-
ets were maize-based, with some inclusion of green leafy vegetables but
limited intake of animal-source foods. Both groups received instruction
on food hygiene and handwashing during home visits.

At each clinic visit, all participants received incentive gifts that in-
cluded household goods, such as fabric for clothing, wash basins, buck-
ets, and cooking utensils, as well as cash reimbursement for travel costs.
In addition, at study completion, participants in the control group were
given a package of goods of equal value to the 6 mo of eggs provided
to the intervention group. After the study, results were communicated
to participants at community meetings, and participants were given the
opportunity to share their experiences. In addition, study results were
presented to the Mangochi District Health Committee, nutrition lead-
ers at the Ministry of Health, and the egg producer who supplied eggs to
the project. Study protocols were reviewed and approved by institutional
review boards at the University of California Davis and the College of
Medicine in Malawi.

Participants

Singleton infants aged 6-9.9 mo residing in the Lungwena Health Cen-
ter and St Martin’s Rural Hospital in Malindi catchment areas in Man-
gochi District were eligible to participate. These areas are low-income
with high rates of food insecurity, similar to other rural areas in Malawi.
Study staff identified age-eligible infants using listings generated by
community health workers and recruited them during household visits.
Infants were excluded for egg allergy, history of serious allergic reactions
requiring emergency care, congenital defects or conditions that affect
growth and development, severe anemia (hemoglobin <5 g/dL), low
midupper arm circumference (MUAC; <12.5 cm), presence of bipedal
edema, acute illness or injury warranting hospital referral, or if the fam-
ily planned to leave the area in the next 6 mo. Infants with acute illness
or injury, low hemoglobin or MUAC, or bipedal edema were referred to
the local health center. Costs of care were paid by the study, and the in-
fant was eligible for reassessment for entry to the study after the illness
had resolved.

Data collection

Study staft, who were blinded to group assignment, collected an array
of dietary, anthropometric, and sociodemographic data during study
visits at enrollment and at 6-mo follow-up. Anthropometric data were
converted to z-scores using WHO growth standards (12), with the cut-
off of z-score < —2 used to define stunting (length-for-age), under-
weight (weight-for-age), wasting (weight-for-length), and low head cir-
cumference (head-circumference-for-age). The Malawi Developmental
Assessment Tool (MDAT) was administered at enrollment and 6-mo
follow-up. This tool measures fine motor, gross motor, personal social,
and language development using a series of pass/fail tasks. Developmen-
tal delay in each domain was defined as failing >2 tasks that 90% of chil-
dren at the same age would pass, using a Malawian reference population.
The MDAT has been validated for use in Malawi and has high sensitivity
(97%) and specificity (82%) to detect neurodevelopmental impairment
in this context (13).

Soon after enrollment, staff visited the home to collect information
about housing materials and animal ownership for the creation of a
housing and asset index. During the same home visit, staff adminis-
tered the Household Food Insecurity Access Scale (14). Additionally,
caregivers reported morbidity symptoms at weekly home visits. Detailed
information about data collection procedures is available in prior pub-
lications (7, 8).
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Plasma analysis

Study nurses collected venous blood into lithium heparin tubes at en-
rollment and 6-mo follow-up. Venous whole blood samples were used
to identify anemia (Hemocue 201; HemoCue Inc; anemia defined as
hemoglobin <11 g/dL) and malaria antigens (DF Bioline Malaria Ag
Pf/Pan; Abbott Diagnostics). Afterwards, samples were centrifuged at
room temperature at 3000 rpm for 15 min within a mean 28 + 42 min
of collection and aliquoted and stored in a local —20°C freezer within
a mean 37 & 14 min of centrifugation. Each afternoon, aliquots were
transported for storage in a laboratory facility at —80°C.

Plasma choline was quantitated using 2 independent assays. First, it
was included in a semiquantitative metabolomics analysis by Metabolon
Inc. For this analysis, 200 children per group (n = 400) with ade-
quate blood samples at enrollment and follow-up were randomly se-
lected for inclusion. More than 800 other metabolites were measured,
including plasma betaine, DMG, TMAO, and DHA. After precipita-
tion of proteins with methanol, addition of recovery standards, and
centrifugation, sample extracts were inserted onto a C18 column (Wa-
ters UPLC BEH C18-2.1 x 100 mm, 1.7 um) and flushed with water,
methanol, 0.05% perfluoropentanoic acid, and 0.1% formic acid. Sam-
ples were dried and then reconstituted in solvent containing standards at
fixed concentrations. Ultrahigh performance liquid chromatography-
tandem mass spectrometry (UPLC-MS/MS) was performed using a
Waters ACQUITY ULPC with a Thermo Scientific Q-Exactive high-
resolution mass spectrometer, paired with a heated electrospray ioniza-
tion (HESI-II) source and Orbitrap mass analyzer. Injection order of the
samples was randomized on the instrument and quality of the run was
monitored using evenly spaced control samples and internal and recov-
ery standards. Metabolites were identified by Metabolon Inc using au-
thenticated standards. For data measured over several days, the median
was set to 1.00 for each run-day block, and data points were normalized
proportionally to adjust for day-to-day instrument variation. Missing
values were imputed with the minimum. These data are semiquantita-
tive and reported in “relative intensity” units, which provide informa-
tion about the distribution of plasma choline as well as within-study
comparisons. However, because these data are not reported in absolute
concentrations, they cannot be compared with other studies.

To determine the absolute concentrations, a second, targeted quan-
titative assay of plasma choline, betaine, and TMAO was performed
in a subsample (n = 60) of participants randomly chosen from the
metabolomics sample. These analyses were performed at the USDA
Western Human Nutrition Research Center using LC-MS/MS as de-
scribed by Wang et al. (15) with modifications. DMG was not included
in these analyses. Briefly, 20-uL plasma samples were aliquoted to a
2-mL Eppendorf tube and mixed with 80 pL 10 uM surrogate standard
(deuterated analytes in methanol) then vortexed for 30 s and centrifuged
at 18,000 x gat 10°C for 10 min. Supernatant was transported to glass
inserts in HPLC vials. Similarly, standards were produced from 0 pM
to 100 uM of nondeuterated analytes in methanol. Then, 20 pL of each
standard and 80 pL of 10 pM surrogate standard were transferred to
150-uL glass inserts in HPLC vials. All standards were purchased from
Sigma-Aldrich. All reagent solvents were purchased from Fisher Sci-
entific and were MS grade. Samples (5 pL) were injected onto a silica
column (2.0 x 150 mm, 5-pum Luna silica; Cat. No. 00F-4164-B0; Phe-
nomenex) at a flow rate of 0.25 mL/min using a Waters Acquity UPLC
outfitted with an API 4000 Q-TRAP mass spectrometer (AB SCIEX).
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Then, a discontinuous gradient of 0.1% acetic acid in water with 0.1%
acetic acid in methanol at varying ratios was introduced. Electrospray
ionization in positive-ion mode with multiple reaction monitoring was
used to measure analytes. Integration and quantification of values was
completed using Analyst 1.6.2 software. Linear regression models were
used to calculate standard linearity. These data were used to estimate
the mean concentration of plasma choline, betaine, and TMAO in our
study. However, due to the small sample size, they were not used for
intervention group comparisons.

Additionally, plasma C-reactive protein (CRP) and «-1 acid glyco-
protein (AGP) were measured using ELISA by the VitMin lab in Ger-
many (16).

Statistical analysis

A detailed statistical analysis plan was developed prior to analysis and
posted publicly (https://osf.io/azf7q/). The main outcome was the dif-
ference in mean plasma choline between groups after 6 mo of interven-
tion, as calculated in linear regression models using intention-to-treat
analysis. Minimally adjusted analyses included baseline plasma choline
values as a covariate. Fully adjusted analyses were adjusted for sociode-
mographic factors, including: child age, sex, and birth order; maternal
age, height, education, occupation, literacy, marital status, tribe, and
religion; housing and asset index; animal ownership (chickens, cows,
and goats); food insecurity score; distance to water source; number of
children aged <5 y in the household; and village location (Lungwena
compared with Malindi health center catchment areas). Additionally,
month of blood sample collection and time since last intake of foods
other than breast milk, water, or tea were considered. Covariates were
retained in the model if they were associated with plasma choline with
P < 0.1. Each model was assessed for normality and homoscedasticity of
residuals using the Shapiro-Wilk and Breusch-Pagan tests, respectively.
Nonnormal variables were log transformed. Outliers were assessed us-
ing boxplots, histograms, scatterplots and Cook D; outliers that were
considered impossible were corrected or removed before analysis. Sim-
ilar analyses were performed to test for group differences in plasma be-
taine, DMG, TMAO, and DHA.

A sample size of 200 per group is sufficient to detect an intervention
effect on plasma choline and its metabolites as small as 0.28 SDs with
80% power and an « of 0.05. This effect size is similar to the effect on
plasma choline demonstrated in the egg intervention trial in Ecuador
(0.35; 95% CI: 0.12, 0.57) (6).

In exploratory analyses, the following characteristics were assessed
as moderators in the relation between group assignment and plasma
metabolites: child sex, birth order, baseline maternal age and education,
baseline household food insecurity, baseline housing and asset index,
and baseline LAZ. Each moderator was tested as a dichotomous vari-
able by including an interaction term in the minimally adjusted mod-
els. Additionally, for the 2 main effects that were significant in primary
analyses (HCAZ and fine motor delay), structural equation modeling
was used to assess the mediating role of plasma choline and related
metabolites.

To investigate whether there was metabolomic evidence of adher-
ence to the egg intervention, the metabolites from the semiquantitative
UPLC-MS/MS metabolomics analysis were analyzed using linear re-
gression models to estimate mean difference between groups, adjusting
for the baseline metabolite concentration and child age and sex, using
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recruited

1506 children

808 Not interested
21 Did not meet eligibility criteria

14 with low mid-upper arm circumference
2 with chronicillness
2 with severe anemia

1 with egg allergy

660 children randomized
and completed study visit
at enrollment

2 planning to leave study area
15 Refused consent at clinic
2 Consented but withdrew during enrollment

331 assigned to egg intervention group
290 provided a blood sample at
enrollment

3 absent
36 withdrew
2 deaths

290 attended 6 mo follow-up
286 provided a blood sample

253 had adequate blood samples at
both time points

200 randomly selected for analysis of
plasma choline and related biomarkers

interview

329 assigned to control group
286 provided a blood sample at
enrollment

0 absent
24 withdrew
0 deaths

305 attended 6 mo follow-up
299 provided a blood sample

260 had adequate blood samples at
both time points

200 randomly selected for analysis of
plasma choline and related biomarkers

FIGURE 1 Participant flow diagram for this secondary analysis of the Mazira Project.

intention-to-treat analysis. Metabolites with >20% of samples missing
were excluded from the analysis; in general, these were metabolites of
medications or other chemicals that were expected to be missing in this
infant population. Normality was checked using a Shapiro-Wilk test
statistic cutoff of 0.95. Nonnormal metabolites were log transformed,
and ranked data were used if normality was still not achieved. Out-
comes were summarized with geometric means and CIs regardless of
transformation used for analysis. Fold changes were calculated as the
ratio of geometric means. Volcano plots and P-value histograms were
used to assess the overall intervention effect, and heatmaps were used to
explore patterns of significance among metabolic pathways. Although
there are a large number of outcomes, only the uncorrected P values
were reported because these analyses were exploratory in nature. The
statistical analysis plan for the semiquantitative metabolomics analysis
was developed a priori and is published at https://osf.io/r6éamq/.

All analyses were 2-sided tests with an « of 0.05. Given the num-
ber of exploratory tests, significant P values should be interpreted with
caution.

Results

Participant characteristics

This analysis included 200 children per group (Figure 1). At baseline,
infants in both groups were similar in age, consumption of animal-
source foods, and measures of growth and development (Table 1). There
were higher levels of maternal education in the egg group, with more
mothers having completed primary school and able to read compared
with the control group. In addition, households in the egg intervention
group were more likely to own chickens; however, chicken ownership
was not significantly associated with plasma choline values.

Children included in this analysis were similar to those in the
main trial who were excluded from analysis (n = 260) (Supplemental
Table 1), with some exceptions. Among excluded infants, there was a
lower prevalence of malaria (8.6% compared with 14.5%, P = 0.042) and
small head size (HCAZ < —2:15.1% compared with 23.5%, P = 0.008),
and a higher prevalence of fish consumption at baseline (32.7% com-
pared with 23.6%, P = 0.010).

CURRENT DEVELOPMENTS IN NUTRITION


https://osf.io/r6amq/

Plasma choline after Malawian egg intervention 5

TABLE 1 Baseline characteristics of Mazira Project participants included in this analysis

(n = 400)"
Intervention Control
(n = 200) (n = 200)
Maternal and child characteristics
Child age, mo 75+1.2 7.3+1.2
Male, % 53.5 53.0
First born, % 31.2 24.5
Animal-source food consumption,? %
Consumed dairy 10.6 9.0
Consumed meat 3.5 1.5
Consumed fish 271 20.0
Consumed eggs 3.5 4.0
Any breast milk, % 99.5 100.0
Prevalence of anemia (Hgb <11 g/dL), % 62.3 62.0
Prevalence of malaria, % 14.0 15.0
Prevalence of stunting (LAZ < —2), % 13.5 14.0
Prevalence of wasting (WLZ < —2), % 1.5 1.5
Prevalence of underweight (WAZ < —2), % 6.5 10.0
Prevalence of small head size (HCAZ < —-2), % 21.5 25.5
Prevalence of developmental delay,3 %
Gross motor 0.5 0.0
Fine motor 2.5 2.6
Personal social 1.5 1.5
Language 0.5 0.5
Maternal age, y 260+ 6.6 260+ 6.9
Maternal BMI, kg/m2 217 £3.3 21.8+2.7
Mother completed primary school, % 28.5 22.5
Mother can read, % 52.8 42.7
Household characteristics
Number of household members 58425 62+28
Moderate to severe food insecurity,* % 77.5 78.5
Owns latrine, % 95.5 97.5
Owns cow(s), % 2.5 2.5
Owns goat(s), % 17.0 23.0
Owns chicken(s), % 28.0 38.5
Less than 10 min to water source, % 55.3 51.8

"Values are means & SD or percentages. HCAZ, head-circumference-for-age z-score; Hgb, hemoglobin; LAZ, length-for-age
z-score; WAZ, weight-for-age z-score; WLZ, weight-for-length z-score.

2As reported by the caregiver on a 24-h dietary recall.

3As defined by the Malawi Developmental Assessment Tool (13).
4As defined by the Household Food Insecurity Access Scale (14).

The semiquantitative (n = 400) and quantitative (n = 60) choline
measures were well correlated (r = 0.92, Supplemental Figure 1), as
were the betaine (r = 0.98) and TMAO (r = 0.98) measurements.
Plasma choline and betaine concentrations were similar between groups
at baseline (n = 60; Table 2), whereas plasma TMAO was higher in the
control group at baseline. Plasma choline decreased across the study pe-
riod, whereas plasma betaine and TMAO concentrations increased.

Intervention effect on plasma choline and related
metabolites

At 6-mo follow-up, plasma choline and betaine were higher and plasma
DHA was lower in the egg intervention group compared with con-
trol; however, the differences were not statistically significant (n = 400;
Table 3). Plasma TMAO was higher in the egg intervention group, an ef-
fect that remained significant after adjustment. Because plasma TMAO

TABLE 2 Mean plasma concentrations of selected nutrients at enrollment and 6-mo follow-up in participants in the Mazira

Project egg intervention trial’

Baseline Six-month follow-up
Intervention Control Intervention Control
n Mean £ SD n Mean = SD n Mean = SD n Mean = SD
Plasma choline, umol/L 30 17.0 +£ 3.3 30 17.2 + 3.8 30 155 + 4.3 30 13.7 £ 2.6
Plasma betaine, umol/L 30 86.3 + 34.8 30 83.8 + 284 30 101.6 + 34.3 30 91.7 £ 35.1
Plasma TMAQ,2 pmol/L 30 1.0(0.6, 2.9) 30 2.3(1.3,4.7) 30 3.8(2.5,6.7) 30 3.3(1.8,4.5)

TTMAQ, trimethylamine N-oxide.
2Variable was skewed; data presented are median (IQR).
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TABLE 3 Minimally and fully adjusted group differences in plasma choline and selected
nutrients at 6-mo follow-up in young Malawian children enrolled in the Mazira Project egg

intervention trial (n = 400)’

Minimally adjusted?

Fully adjusted?

Estimate (95% CI)* P value Estimate (95% CI)* P value
Plasma choline 0.15 (—0.03, 0.34) 0.1 0.17 (—-0.02, 0.35) 0.08
Plasma betaine 0.07 (-=0.09, 0.24) 0.38 0.09 (-=0.07, 0.26) 0.28
Plasma DMG? —0.01 (-0.07, 0.05) 0.75 —0.01 (-0.07, 0.05) 0.66
Plasma TMAO® 0.26 (0.10, 0.43) 0.002 0.23 (0.07, 0.39) 0.01
Plasma DHA —0.07 (-0.27,0.12) 0.45 —0.05(-0.24, 0.15) 0.62

'DMG, dimethylglycine; TMAO, trimethylamine N-oxide.
2Adjusted for baseline plasma values.

3Additionally adjusted for child age, sex, and birth order; maternal age, height, education, occupation, literacy, marital status,
tribe, and religion; housing and asset index; animal ownership; food insecurity score; distance to water source; number of
children aged <5 y in the household; village location (Lungwena compared with Malindi health center catchment areas); month
of data collection; and time since last intake of food or drink. Covariates were included in the model if they were associated

with plasma variable with P < 0.1.

“Estimates are f coefficients representing the effect of egg intervention group assignment, in SD units. These estimates use
relative intensity data, and cannot be directly translated to effect per absolute concentration (i.e., micromoles per liter).
*Outcome variable was log transformed. Estimates represent the difference in the means of the log outcome; after exponenti-
ation, this value can be interpreted as the ratio of the geometric means.

was log transformed, the fully adjusted g value of 0.23 (95% CI: 0.07,
0.39) represents a 26% (95% CI: 7%, 48%) increase in TMAO in the
egg intervention group compared with control. Adjustment for covari-
ates did not substantively change the results. Plasma TMAO was not
significantly associated with markers of inflammation (CRP: r = 0.42,
P=0.41; AGP: r=0.17, P=0.17).

Effect modification and mediation exploratory analyses
Seven variables were tested as effect modifiers in the relation between
intervention group and plasma metabolites. Of 35 tests for effect modi-
fication (Supplemental Table 2), none were significant at the 0.05 level.

Plasma metabolites were also tested as mediators in the relation
between intervention group and the 2 outcomes that were significant
in primary intervention effect analyses (fine motor delay and HCAZ).
Tests for mediation were similarly null, with no significant mediation
by plasma choline or related metabolites (Supplemental Table 3).

Semiquantitative metabolomics analysis

A total of 689 metabolites were included in the analysis after exclud-
ing those metabolites for which >20% of samples were missing, and
87 metabolites had a statistically significant difference between the egg
and control groups (n = 400, Supplemental Figure 2). Visualizing
the data using a volcano plot (Supplemental Figure 3), 22 metabolites
were identified as both statistically significant (P < 0.05) and having a
large-magnitude fold change (log, fold change >0.25). Eleven of the 22
metabolites, including TMAO, were part of the lipid metabolic pathway,
and 4 were part of the amino acid pathway (Table 4).

Discussion

In this sample of Malawian children, plasma choline was not signifi-
cantly increased after a 6-mo intervention of 1 egg/d compared with a
control. Mean plasma choline concentrations were ~17 pumol/L at 6-
9 mo of age, and ~14 umol/L at 12-15 mo of age, and did not differ

by group. Similarly, neither plasma betaine, DMG, nor DHA were in-
creased with the intervention, although plasma TMAO was significantly
higher in the egg intervention group. In exploratory analyses, none of
the plasma metabolites significantly mediated the primary intervention
effects on growth or development.

Our findings contrast with the previous egg intervention trial in
Ecuador (the Lulun Project), in which plasma choline, betaine, TMAO,
and DHA were significantly higher in the group receiving 1 egg/d,
with effect sizes ranging from 0.29 SD for betaine to 0.43 SD for
DHA. The concentrations of plasma choline, betaine, and TMAO
were similar (within ~15% of each other) across studies, after pool-
ing Lulun Project values across groups and converting to micromoles
per liter (6). The eggs provided in both studies were rich sources of
choline (6, 9). Given the identical intervention and the increased sam-
ple size, which provided more power to detect intervention effects,
we expected to detect similar improvements in choline status in our
trial.

However, there were differences between the trials that might ex-
plain these findings. First, background choline intake might have var-
ied between study sites. Choline intake was not reported in the Lulun
Project, but the mean intake in infants in our trial was only 102 mg/d at
baseline (9), far below the Adequate Intake (AI) level for their age (AI
for 7-12 mo: 150 mg/d; 1-3 y: 200 mg/d) (17). Intake remained low,
despite the egg intervention: at the 6-mo follow-up, 97% of children
in the intervention group and 100% of children in the control group
had choline intakes below the AI (9). Intake in Ecuador might have
been higher, because the prevalence of egg consumption was higher
at baseline (~40% compared with ~4% in Malawi) (5, 7), providing a
rich source of choline even before the intervention began. Consump-
tion of breast milk was common at both sites, although neither breast
milk intake nor choline concentrations were measured. Breast milk
choline concentrations can vary with genotype and maternal choline
supplementation (18), although there was no difference in breast milk
water-soluble choline concentrations between Canadian and Cam-
bodian women (19). Overall, it is possible that background choline
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TABLE 4 Metabolites for which there was a statistically significant intervention effect with large-magnitude fold change after

Malawian children consumed 1 egg/d for 6 mo (n = 400)’

Code Biochemical? Superpathway Subpathway Pvalue  Fold change®
x40473_6 Hydantoin-5-propionate Amino acid Histidine metabolism 0.016 0.821
x57687_6 N,N,N-Trimethyl-5-aminovalerate Amino acid Lysine metabolism 0.003 1.21
x541_6 4-Hydroxyphenylacetate Amino acid Phenylalanine metabolism 0.028 1.23
x27672_6 3-Indoxyl sulfate Amino acid Tryptophan metabolism 0.015 1.30
x37092_6 y-Glutamyl-2-aminobutyrate Peptide y-Glutamyl amino acid 0.001 1.27
x48425_6 Phenylacetylcarnitine Peptide Acetylated peptides 0.006 1.35
x35126_6 Phenylacetylglutamine Peptide Acetylated peptides 0.003 1.30
x396_6 Glutarate (C5-DC) Lipid Fatty acid dicarboxylate 0.046 1.21
x54907_6 Hexanoylglutamine Lipid Fatty acid metabolism (acyl 0.003 0.834
glutamine)
x40406_6 Trimethylamine N-oxide Lipid Phospholipid metabolism 0.004 1.25
x35625_6 1-Myristoyl-glycerol Lipid Monoacylglycerol 0.002 0.787
x32506_6 2-Linoleoyl-glycerol Lipid Monoacylglycerol 0.009 0.827
x54966_6 Diacylglycerol* Lipid Diacylglycerol 0.014 0.816
x57373_6 Palmitoyl-docosahexaenoyl-glycerol* Lipid Diacylglycerol 0.010 0.838
x37198_6 5a-Pregnan-38,20a-diol disulfate Lipid Progestin steroids 0.000 1.33
x32425_6 Dehydroepiandrosterone sulfate (DHEA-S) Lipid Androgenic steroids 0.008 1.27
x38168_6 16a-Hydroxy DHEA 3-sulfate Lipid Androgenic steroids 0.019 1.19
x63731_6 Glycoursodeoxycholic acid 3-sulfate Lipid Secondary bile acid metabolism 0.009 1.38
x601_6 Dihydroorotate Nucleotide Pyrimidine metabolism, orotate 0.006 0.818
containing

x15753_6 Hippurate Xenobiotics Benzoate metabolism 0.014 1.37
x62533_6 (2,4 or 2,5)-Dimethylphenol sulfate Xenobiotics Food component/plant 0.017 0.793
x48698_6 6-Hydroxyindole sulfate Xenobiotics Chemical 0.025 1.32

"Metabolites with statistically significant P values (P < 0.05) from linear regression models adjusted for baseline measures of the outcome variables and child age
and sex, and large-magnitude fold changes (log; fold change >0.25), which were calculated as the ratio of geometric means. Biochemical compound codes, names,

superpathways, and subpathways provided by Metabolon Inc.

2An asterisk (*) indicates compounds that have not been officially confirmed based on a standard, but for which Metabolon Inc is confident in the identity.
3Fold changes for which the intervention egg group had a higher mean are >1, and fold changes for which the control group had a higher mean are <1.

intake was higher in Ecuador, even if this was not reflected by higher
plasma choline values. Plasma choline concentration might not reflect
small to moderate changes in intake (20). Plasma choline is homeostat-
ically regulated, with increased recycling through phosphatidylcholine
and decreased oxidation to betaine during deficiency (21). Perhaps in
the context of very low dietary choline intake in Malawi, the addition of
1 egg/d was below the threshold needed to significantly change plasma
choline concentrations. However, choline requirements might have dif-
fered by study site. Choline metabolism is affected by common sin-
gle nucleotide polymorphisms (SNPs) (22), and there is evidence for
negative selection of SNPs related to choline requirements in African
populations with traditionally low choline intake (23). Genotype was
not measured in either study; perhaps in Malawi, a reduced prevalence
of these SNPs led to lower choline needs than in the Lulun Project
and therefore reduced the potential to benefit from a choline-rich
intervention.

Background consumption of DHA might also have differed between
trials. Fish consumption was more prevalent in our trial, with ~25% of
children consuming fish at baseline and ~65% at 6-mo follow-up [com-
pared with ~17% and ~20% in the Lulun Project (5, 7)]. Of note, fish
was not a major source of choline intake in our trial due to the small por-
tions consumed and the lower choline content compared with eggs and
breast milk (24). Although infant portion sizes of fish were small (~20 g)
(11), breast milk of women near Lake Malawi is rich in DHA due to
maternal fish consumption (25). DHA is thought to act synergistically
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with choline to improve neural development (10). Given their syn-
ergy, high DHA seems unlikely to have prevented increases in plasma
choline; however, the high background intake might explain why
plasma DHA was not significantly increased by the egg intervention in
Malawi.

The significant difference in plasma TMAO between intervention
and control groups at 6-mo follow-up is intriguing. Besides conversion
from choline, TMAO can be directly consumed (i.e., in fish) or con-
verted from carnitine. Plasma TMAO increased in both groups across
the study period, perhaps due to increased consumption of fish and
other complementary foods as children aged. However, there was no
difference in intake of flesh foods (including fish) between groups at
follow-up (11), suggesting direct intake of TMAO was not different be-
tween groups. One explanation is that conversion of choline to TMAO
in the gut caused increased production of TMAO in the group receiving
eggs. This might be related to a third factor that likely differed between
study sites: the composition of the gut microbiome, which influences
conversion of choline to TMAO (26, 27). Although not measured in ei-
ther study, differences in diet, environmental pathogens, and access to
sanitation between Malawi and Ecuador could lead to differences in the
gut microbiome. Perhaps in Malawi, there was more preferential conver-
sion of choline to TMAO than in Ecuador, which prevented increases
in plasma choline. It is also possible that this finding is due to chance,
given the number of statistical tests. Although TMAO is linked to
atherosclerosis and inflammation in adults (28), its role in the health of
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young children is unknown. In our study sample, there was no link be-
tween plasma TMAO and markers of inflammation, and plasma TMAO
concentrations were lower than those linked to poor health outcomes in
adults (29). Similarly, a study of healthy 11-y-old children in Australia
found no association between TMAO and inflammatory biomarkers
or indicators of metabolic syndrome (30). Given the unclear biologi-
cal significance of plasma TMAO in young children, this finding does
not warrant restriction of egg intake during the complementary feeding
period.

To our knowledge, no other studies besides the Lulun and Mazira
Projects have evaluated change in plasma choline after an egg inter-
vention in young children; however, several studies of egg consump-
tion have been conducted in adults. The majority of these studies re-
ported increases in plasma choline without changes in plasma TMAO
with daily consumption of eggs (31-34). However, 1 small study noted
a significant increase in plasma TMAO within hours of ingesting eggs,
with large interindividual differences in change in TMAO (35). There
is a need for more studies of the effects of eggs on concentrations of
plasma choline and related metabolites, especially in young children
in diverse settings. The current study area was similar to other rural
Malawian communities, although the prevalence of wasting and stunt-
ing was lower compared with the latest national data (1.5% and ~14%,
respectively, compared with 3% and 37%) (36). Our study could be gen-
eralizable to young children in LMICs with a similar background diet
(low consumption of animal-source foods, except fish) and socioeco-
nomic status.

Given the lack of effects on growth, development, and plasma
choline concentration in the Mazira Project, the question of adherence
becomes important. We monitored adherence in 3 ways. First, we col-
lected replicate 24-h dietary recalls at baseline, 3 mo, and 6 mo. Second,
we administered weekly FFQs throughout the trial. For both of these
methods, egg intake was reported by caregivers, rather than directly ob-
served; thus, the potential for reporting bias is a limitation to adherence
estimates. There are currently no metabolites that have been identified
as biomarkers of egg intake (37). Given the lack of an objective standard,
24-h dietary recalls are reccommended as the best option for examining
the effect of an intervention on intake (38). Although exploratory, the
22 metabolites identified in the semiquantitative metabolomics analysis
as being impacted by group assignment provide a third measure of ad-
herence to the egg intervention. These metabolites also provide insight
into potential markers of egg consumption and metabolic pathways that
might be sensitive to changes in dietary egg intake in children. One re-
cent study in adult men using nontargeted metabolic profiling found
several metabolites associated with egg intake (39). Although there were
no shared metabolites identified between our study and that one, the
major metabolic pathways that were impacted in our study (amino acid,
peptide, and lipid) are not unexpected given the nutrient content of
eggs. In both trials, few metabolites with direct links to egg compounds
(such as those involved with choline metabolism) were impacted, sug-
gesting a broad influence of egg intake on metabolism. Our findings
could be used in future egg intervention studies to identify metabolites
to target for analyses.

Our analysis has several strengths, including a randomized de-
sign with low losses to follow-up, as well as measurement of several
metabolites related to choline in a relatively large sample of 400 chil-
dren. Also, analyses were prespecified in a statistical analysis plan.

However, it also has several weaknesses. First, growth and develop-
ment, not plasma choline concentration, were the primary outcomes
for this trial. The trial was not specifically designed to isolate the ef-
fect of a specific nutrient, although plasma choline was specified as
an a priori secondary outcome (40). Also, adherence was self-reported
and might be influenced by reporting bias. Even with self-report, com-
pliance with the egg intervention was not complete. However, the
metabolomics analysis provides suggestive evidence that true adher-
ence was high enough to cause measurable changes. Finally, plasma
choline might not be a reliable biomarker of choline status, because it
is insensitive to small to moderate changes in intake (20), and repre-
sents only a small fraction of choline found in the body (21). Many
studies, including ours, include measurements of choline metabolites,
such as betaine and DMG, as a way to clarify choline status. Choline
can also be converted to acetylcholine, phosphatidylcholine, and sphin-
gomyelin; however, these metabolites were not included in this study.
Identification of sensitive biomarkers of choline status is an active
area of research (41). Future studies with a broader suite of biomark-
ers could help reveal the relation between egg intake and choline
status.

In conclusion, unlike in a similar trial in Ecuador, our trial of 1 egg/d
did not result in increases in plasma choline or its metabolites, except
plasma TMAO, in young Malawian children. These contrasting find-
ings can help explain differences in the primary growth outcomes, be-
cause choline was responsive to intake and mediated effects on growth
in Ecuador. Additional interventions are needed to improve choline sta-
tus and growth in this population. More research is needed to under-
stand the role of eggs on choline status in young children in diverse
contexts, including identification of sensitive biomarkers of choline
status.
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