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ABSTRACT
Background: Trimethylamine N-oxide (TMAO) and its precursors choline, betaine, and carnitine have been associated with cardiometabolic
disease in nonpregnant adults. However, studies examining TMAO and its precursors in relation to cardiometabolic conditions during pregnancy
are lacking.
Objectives: The primary objective was to estimate the association of TMAO and its precursors in maternal and cord plasma with gestational
diabetes mellitus (GDM) and pre-eclampsia (PE) among women in the Boston Birth Cohort. A secondary objective was to determine whether
associations vary by race/ethnicity.
Methods: ORs for each outcome according to tertiles and to an SD increment of TMAO, choline, betaine, and carnitine were estimated using
logistic regression. Final models were adjusted for covariates.
Results: Among 1496 women, 115 women had GDM and 159 had PE during the index pregnancy. Intermetabolite correlations of TMAO and its
precursors were stronger within cord plasma (r = 0.38–0.87) than within maternal plasma (r = 0.08–0.62). Maternal TMAO was associated with
higher odds of GDM (third compared with first tertile OR: 1.75; 95% CI: 1.04, 2.94), whereas maternal choline, betaine, and carnitine were not
associated with GDM. Maternal TMAO and choline were not associated with PE, whereas carnitine was associated with higher (OR: 1.86; 95% CI:
1.18, 2.94) and betaine with lower odds of PE (OR: 0.37; 95% CI: 0.23, 0.59). In cord plasma, TMAO was not associated with GDM or PE, but
choline, betaine, and carnitine were associated with higher odds of PE (OR: 3.11; 95% CI: 1.62, 5.96; OR: 2.65; 95% CI: 1.42, 4.93; OR: 2.56; 95%
CI: 1.39, 4.69, respectively). Cord choline was associated with lower odds of GDM (OR: 0.52; 95% CI: 0.27, 0.99), whereas other cord metabolites
were not significantly associated with GDM. Associations did not vary by race/ethnicity.
Conclusions: TMAO and its precursors were associated with GDM and PE, but the associations differed based on the metabolite medium
(maternal compared with cord plasma). This trial was registered at clinicaltrials.gov as NCT03228875. Curr Dev Nutr 2022;6:nzac108.
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Introduction

Gestational diabetes mellitus (GDM) and pre-eclampsia (PE) are lead-
ing contributors to maternal and infant morbidity and mortality, which
continue to rise in the United States and globally (1–5). In addition to

contributing to perinatal morbidity and mortality, these conditions are
risk factors for cardiometabolic disease later in life (1–9). Given their
important contribution to health of the mother and the fetus, there is a
critical need to identify factors that can be targeted for the early detec-
tion and, ultimately, prevention of these disorders.
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Trimethylamine N-oxide (TMAO) and its precursors choline, be-
taine, and carnitine have been associated with type 2 diabetes, hyper-
tension, stroke, major adverse cardiac events, and all-cause mortal-
ity in adults (10–14), and more recent research has linked them to
GDM and PE during pregnancy. Although a thorough understand-
ing of the determinants of circulating TMAO is the subject of on-
going research, current evidence points to both direct absorption of
TMAO from dietary fish intake and endogenous production through
an interaction between precursors (i.e., choline, betaine, and car-
nitine) and gut microbiota, whereby precursors are converted into
trimethylamine (TMA) and then oxidized in the liver to TMAO.
Choline, betaine, and carnitine are also both synthesized endoge-
nously and supplemented by diet; choline and betaine are associated
with egg consumption and carnitine is associated with red meat (15–
18).

Existing studies on TMAO and its precursors and their associa-
tions with GDM and PE are limited. Several were case-control stud-
ies conducted in China and measured TMAO in maternal blood
(plasma or serum). Many were relatively small, especially those ex-
amining PE (n = 60–264; 19–21). Results from the studies of GDM
and TMAO were mixed, finding either a positive or an inverse as-
sociation (22, 23). One of those studies also examined choline chlo-
ride, betaine, and l-carnitine with GDM and found a U-shaped as-
sociation for choline and inverse associations for betaine and carni-
tine (23). Studies of PE and TMAO found a positive association be-
tween maternal TMAO and PE (19–21). As for the precursors, one
study examining maternal concentrations of carnitine found that car-
nitine was elevated among women with PE compared with normoten-
sive pregnant controls (24). Two studies found that carnitine in rou-
tine neonatal dried blood spots (25) and carnitine and choline in cord
blood (26) were elevated among infants born to mothers with PE.
In animal studies, TMAO contributed to some of the key patholo-
gies of GDM and PE in mouse and rat models, respectively (27,
28).

To our knowledge, there has been just one study (25) of these
metabolites in relation to pregnancy outcomes in a US population of
pregnant women, and this study was not racially and ethnically diverse.
Furthermore, no study has examined the group of precursors in ad-
dition to TMAO in both cord blood and maternal blood, which may
be important because of cross-placental transfer of these metabolites
(29–34). It is well-established that certain essential nutrients (e.g., fo-
late) are preferentially allocated to the fetus, even in scenarios of ma-
ternal deficiency (35–37). Choline, which plays a role in fetal growth
and neural development, and carnitine, which is involved in fatty acid
metabolism and the removal of toxic metabolites, are known to be ac-
tively transported to the fetus (31, 32). Further, betaine, like choline,
is an important methyl donor, playing a role in fetal gene expression
and epigenetic regulation, and may well follow this pattern (30, 31).
Given the aforementioned gaps in the literature, the purpose of the cur-
rent study was to evaluate the associations of TMAO and its precur-
sors with GDM and PE in a US prebirth cohort of urban women of pre-
dominantly black race or Hispanic ethnicity. A secondary objective was
to examine whether these associations vary by race and ethnicity, be-
cause at least one previous study in nonpregnant adults found evidence
for effect measure modification by race for TMAO and cardiovascular
events (38).

Methods

Study participants
The Boston Birth Cohort (BBC; NCT03228875) began in 1998 with
the original aim of studying the environmental and genetic determi-
nants of preterm birth and low birth weight among women delivering
at the Boston Medical Center (39). The Boston Medical Center sees a
large proportion of low-income, city-dwelling patients, as well as a large
proportion of patients from racial and ethnic backgrounds that have
been historically underrepresented in research. The study population
has been described previously (39–41). Briefly, women delivering sin-
gleton, live births were invited to participate. Pregnancies resulting in
multiple gestations or major birth defects, as well as those conceived via
in vitro fertilization, were excluded, as were women delivering preterm
owing to nonobstetric factors (e.g., trauma).

The BBC continues to enroll women and their infants at birth and
has followed participants for almost 20 y. It has also expanded its objec-
tives to examine a variety of additional exposures (e.g., metabolites) and
outcomes. We used data from women in the BBC who enrolled between
1998 and 2013, who had sufficient cord and/or maternal blood samples
for metabolite analysis, and who had complete information on exposure
variables, outcome variables, and key covariates (i.e., those that were in-
cluded in the fully adjusted models). Institutional Review Boards at the
Boston Medical Center and Johns Hopkins Bloomberg School of Public
Health approved this study.

Human subjects
Participants underwent the informed consent process in their choice of
English, Spanish, or Haitian Creole language. Participants gave written
consent for their data to be published in aggregate and without iden-
tifiers. A signed copy of the consent form was given to participants to
keep for their records. Confidentiality was maintained via the use of a
study identifier; data were collected using study IDs, never using names
or any other identifiable information. Study IDs are linked with parti-
cipant identifiers in a master file at the Boston Medical Center, which is
accessible only to authorized Boston Medical Center staff and the study
principal investigator and requires a 2-step login process. No other data
are stored in the master file. Data have not been anonymized because
data collection is ongoing. There was no direct benefit to participants
for their participation in this research. Participants were compensated
with a small monetary incentive for both enrollment (at delivery) and
longitudinal data collection.

Exposure variables
The exposures of interest were TMAO and its precursors choline, be-
taine, and carnitine. Metabolites were measured in venous umbilical
cord blood (collected at birth) and maternal blood (collected within
1–3 d after delivery) plasma. Metabolites were analyzed by the Broad
Institute of the Massachusetts Institute of Technology (MIT) and Har-
vard using LC-MS; metabolite concentrations were inversely normal-
ized. Pooled samples were implemented as a quality control; the CVs of
these metabolites were between 1% and 3%. Women with missing values
on both maternal and cord metabolites were excluded from the analytic
sample.
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Outcome variables
The outcomes of interest included physician-diagnosed GDM and PE.
GDM and PE were diagnosed during routine prenatal care visits and
were recorded in electronic health records. Outcome data were ex-
tracted from medical records after study enrollment. Diagnoses were
reviewed for consistency with contemporary American College of Ob-
stetrics and Gynecology (ACOG) definitions. GDM was diagnosed be-
tween weeks 24 and 28 of gestation on the basis of a single oral-
glucose-tolerance test (OGTT). PE was defined by new-onset hyperten-
sion (systolic blood pressure ≥140 mm Hg or diastolic blood pressure
≥90 mm Hg) plus proteinuria (excretion ≥300 mg in a 24-h urine col-
lection) measured after 20 weeks of gestation; in the absence of protein-
uria, PE may have been diagnosed if headache, blurred vision, abdomi-
nal pain, or abnormal laboratory results occurred (42, 43). One woman
who had a diagnosis of eclampsia, but not PE, was classified as having
PE for these analyses.

Covariates
Covariates were selected a priori based on a causal diagram of the hy-
pothesized relations between these variables (Supplemental Figure 1)
(44). Maternal age, parity, and prepregnancy hypertension and diabetes
were extracted from medical records. Other demographic characteris-
tics including self-reported race and ethnicity, educational attainment,
marital status, and prepregnancy weight and height were ascertained via
a questionnaire administered within 1–3 d after delivery, as was self-
reported diet during pregnancy. Prepregnancy BMI (in kg/m2) was cal-
culated as weight divided by height squared. Diet was not included as
a covariate in the main analyses because the objective of the current
study was to understand the associations of TMAO and its precursors
with GDM and PE, regardless of whether these associations were driven
by diet.

Statistical analyses
Exploratory data analysis was conducted to describe participant char-
acteristics. Percentages were used to describe categorical variables and
median [IQR] to describe continuous variables. Inversely normalized
metabolite concentrations were modeled both in tertiles and as contin-
uous variables. Spearman rank correlation coefficients were computed
to examine the correlations between metabolites in cord and mater-
nal blood. Available case analysis was implemented for each exposure–
outcome pairing such that the crude and adjusted models for each pair-
ing utilized the same number of observations. For example, if a mother
had provided maternal blood, but not cord blood, she would be in-
cluded in analyses of maternal metabolites. If a mother had missing in-
formation on GDM diagnosis, she could still be included in the analy-
ses for PE. Mothers with missing covariate data were excluded from all
analyses.

Maternal age, race and ethnicity, education, marital status, prepreg-
nancy BMI, parity, and chronic prepregnancy hypertension were in-
cluded as covariates in the models for GDM. The same variables, plus
prepregnancy diabetes, were used in the analyses of PE. Women with
prepregnancy diabetes were excluded from the GDM analyses because
they were not at risk of developing new-onset gestational diabetes. Lo-
gistic regression was used to estimate the odds ratios (ORs) and 95% CIs
of GDM and PE according to tertiles and to an SD increment of TMAO,

choline, betaine, and carnitine. Finally, all analyses were run stratified
by race and ethnicity (Black compared with all other race/ethnicities)
to examine the consistency of results across groups. Potential race-by-
exposure interactions were modeled to examine the possibility of effect
measure modification by race/ethnicity.

Sensitivity analyses
To reduce the possibility that any observed associations were driven
by prepregnancy conditions, we performed sensitivity analyses restrict-
ing to those without prepregnancy hypertension (for both GDM and
PE), without prepregnancy diabetes (for PE only), and without either
(for PE only). To try to disentangle the independent associations of
each metabolite, we also performed sensitivity analyses including all 4
metabolites (as continuous variables) in a single regression model. To
explore whether any observed associations persisted after accounting
for dietary sources of TMAO and its precursors, all main analyses were
run after additional adjustment for self-reported intake of meat, egg,
and fish. To address the potential for selection bias from the larger co-
hort, participant characteristics of our analytic sample were first com-
pared with the larger BBC, and then inverse probability weights of se-
lection into the metabolite substudies (i.e., cord and maternal) were cal-
culated, and these weights were applied to our logistic regression mod-
els. To estimate the weights, probability of selection into the study was
modeled based on all variables in the final model plus gestational age at
delivery (wk), delivery type (cesarean compared with vaginal), first sign
of labor (contractions, membrane rupture, both, medically induced, or
unknown), low birth weight, infant’s sex, year of delivery, and maternal
smoking (ever compared with never). Finally, to ensure that the eclamp-
sia case did not drive our model results, we ran all models excluding this
case from the analytic sample. Analyses were performed in Stata version
15 (StataCorp LLC). Significance levels were set at 0.05 for all main ef-
fects and interactions.

Results

Study sample
Among all 8480 women enrolled in the BBC up to 2013, 1605 women
contributed maternal and/or cord blood (Figure 1). The 108 women
who were missing information on covariates were excluded. An addi-
tional 1 woman was missing information on both GDM and PE diag-
nosis and was therefore excluded, leaving an analytic sample of 1496
women. Of these, 922 contributed cord blood and 1324 contributed ma-
ternal blood (750 contributed both). In total, 876 women contributed to
the analyses of these metabolites in cord blood with GDM and 921 with
PE; 1262 contributed to the analyses of the maternal blood metabolites
with GDM and 1324 with PE.

Table 1 shows participant characteristics of the women contribut-
ing cord blood overall and stratified by cord TMAO tertile. The median
age was 27.9 y. The majority of women self-identified as black (57.9%)
or Hispanic (23.8%). Most had a high school education or equivalent
(38.5%) or greater (33.5%) and approximately one-third were married
(34.5%). The median prepregnancy BMI was 25.3. Most women (58.7%)
had ≥1 previous live birth. Approximately 6% reported pre-existing
chronic hypertension and 4.9% reported prepregnancy diabetes (type
1 or type 2). Women with higher cord blood TMAO were more likely
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FIGURE 1 Participant flow diagram showing the flow of participants into the analytic sample from the parent study. Among 8480 women
enrolled in the parent study, there were 1605 women with sufficient cord and/or maternal blood plasma; among those, 108 were excluded
for incomplete covariate data and 1 was excluded for missing data on both GDM and PE diagnoses. Our analytic sample included the
remaining 1496 women, 922 of whom contributed cord blood and 1324 of whom contributed maternal blood (750 contributed both).
Among those included in the analytic sample who contributed cord blood, 46 were missing information on GDM diagnosis (n = 876 for
GDM) and 1 was missing information on PE diagnosis (n = 921 for PE). Among those included in the analytic sample contributing maternal
blood, 62 were missing information on GDM diagnosis (n = 1262 for GDM) and none were missing information on PE diagnosis (n = 1324
for PE). GDM, gestational diabetes mellitus; PE, pre-eclampsia.

to be older, have a history of diabetes, and have lower educational at-
tainment. Women with higher cord TMAO were also more likely to be
multiparous than nulliparous. Race/ethnicity, marital status, prepreg-
nancy BMI, and the prevalence of prepregnancy chronic hypertension
were similar across cord TMAO tertiles. Dietary sources of TMAO and
its precursors, i.e., meat, eggs, and fish, were not associated with cord
TMAO (data not shown). Supplemental Tables 1–7 show details of the
study sample stratified by other metabolites (both in cord blood and in
maternal blood).

Intermetabolite correlations
Spearman rank correlation coefficients among metabolites were
stronger within cord blood (r = 0.38–0.87) than within maternal blood
(r = 0.08–0.62) (see Figure 2). Correlations between the same metabo-
lite measured in cord and maternal blood were low for choline (r = 0.09)
and betaine (r = 0.08) and moderate for TMAO (r = 0.29) and carnitine

(r = 0.23). There was low correlation between other metabolites across
cord and maternal blood (r = −0.03 to 0.09).

GDM and PE
In our analytic sample, there were 115 GDM cases and 159 PE cases
(Supplemental Table 8). Among the maternal metabolites analyzed,
TMAO was associated with higher odds of GDM (third compared
with first tertile multivariable-adjusted OR: 1.75; 95% CI: 1.04, 2.94),
whereas TMAO precursors (choline, betaine, and carnitine) were not
associated with GDM (OR: 0.78; 95% CI: 0.47, 1.30; OR: 0.76; 95% CI:
0.45, 1.28; OR: 0.63; 95% CI: 0.37, 1.07, respectively) (see Figure 3,
Table 2). Concentrations of TMAO and choline in maternal blood were
not associated with PE (OR: 0.97; 95% CI: 0.61, 1.55; OR: 0.87; 95% CI:
0.54, 1.38, respectively), whereas maternal blood carnitine was associ-
ated with higher odds of PE (OR: 1.86; 95% CI: 1.18, 2.94) and betaine
was associated with lower odds of PE (OR: 0.37; 95% CI: 0.23, 0.59).
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TMAO and precursors in pregnancy outcomes 5

TABLE 1 Characteristics of study participants overall and by cord blood trimethylamine N-oxide tertile1

Overall (n = 1000) Tertile 1 (n = 334) Tertile 2 (n = 333) Tertile 3 (n = 333)

Maternal age, y 27.9 [22.9–33.4] 26.6 [21.9–31.3] 28.1 [23.1–33.5] 29.7 [24.4–34.9]
Missing 2 (0.2) 1 (0.3) 1 (0.3) 0 (0.0)

Race/ethnicity
Black 579 (57.9) 189 (56.6) 185 (55.6) 205 (61.6)
White 54 (5.4) 17 (5.1) 19 (5.7) 18 (5.4)
Hispanic 238 (23.8) 75 (22.5) 84 (25.2) 79 (23.7)
Other 127 (12.7) 52 (15.6) 44 (13.2) 31 (9.3)
Missing 2 (0.2) 1 (0.3) 1 (0.3) 0 (0.0)

Education
Less than high school 272 (27.2) 106 (31.7) 92 (27.6) 74 (22.2)
High school or equivalent 385 (38.5) 114 (34.1) 125 (37.5) 146 (43.8)
More than high school 335 (33.5) 111 (33.2) 112 (33.6) 112 (33.6)
Missing 8 (0.8) 3 (0.9) 4 (1.2) 1 (0.3)

Marital status
Unmarried 642 (64.2) 213 (63.8) 207 (62.2) 222 (66.7)
Married 345 (34.5) 118 (35.3) 121 (36.3) 106 (31.8)
Missing 13 (1.3) 3 (0.9) 5 (1.5) 5 (1.5)

Prepregnancy BMI, kg/m2 25.3 [22.3–29.8] 24.9 [22.0–29.3] 25.7 [22.2–30.2] 25.2 [22.5–29.3]
Missing 57 (5.7) 14 (4.2) 23 (6.9) 20 (6.0)

Parity
Nulliparous 411 (41.1) 151 (45.2) 131 (39.3) 129 (38.7)
Multiparous 587 (58.7) 182 (54.5) 201 (60.4) 204 (61.3)
Missing 2 (0.2) 1 (0.3) 1 (0.3) 0 (0.0)

Prepregnancy hypertension 60 (6.0) 22 (6.6) 16 (4.8) 22 (6.7)
Missing 7 (0.7) 2 (0.6) 2 (0.6) 3 (0.9)

Prepregnancy diabetes 49 (4.9) 13 (3.9) 16 (4.8) 20 (6.0)
Missing 2 (0.2) 1 (0.3) 1 (0.3) 0 (0.0)

1Values are median [IQR] for continuous variables and n (%) for categoric variables.

In cord blood, TMAO was not associated with GDM or PE (OR: 0.88;
95% CI: 0.47, 1.63 for GDM; OR: 1.21; 95% CI: 0.66, 2.23 for PE), but
the TMAO precursors choline, betaine, and carnitine were associated
with higher odds of PE (OR: 3.11; 95% CI: 1.62, 5.96; OR: 2.65; 95%
CI: 1.42, 4.93; OR: 2.56; 95% CI: 1.39, 4.69, respectively). Cord blood
choline was associated with lower odds of GDM (OR: 0.52; 95% CI: 0.27,
0.99), whereas cord blood betaine and carnitine showed U-shaped and
inverse trends, respectively (second tertile compared with first tertile
OR: 0.55; 95% CI: 0.30, 1.03; third compared with first tertile OR: 0.68;
95% CI: 0.37, 1.24 for betaine; third compared with first tertile OR: 0.55;
95% CI: 0.30, 1.02 for carnitine) (see Table 2). Cord blood TMAO was
not associated with GDM (OR: 0.88; 95% CI: 0.47, 1.63). Results mod-
eling these metabolites as continuous variables were consistent with
the results according to tertiles (Supplemental Table 9). Findings were
also consistent across strata of self-reported race/ethnicity (black com-
pared with all other race/ethnicities) and there was no statistical evi-
dence of exposure-by-race interactions (all P ≥ 0.05) (see Supplemental
Table 10).

Sensitivity analyses
Among women entering pregnancy without hypertension, diabetes, or
either, odds of PE were still increased among those in the highest com-
pared with the lowest tertile of cord choline, betaine, and carnitine (Sup-
plemental Table 11). Results for maternal blood betaine and carni-
tine with PE, and maternal blood TMAO with GDM, were also consis-
tent with the main analyses. After adjusting for precursor metabolites,

the association of maternal TMAO with GDM persisted (multivariable-
adjusted OR per SD increment: 1.23; 95% CI: 1.00, 1.52) (Supplemental
Table 12). The inverse association of cord choline with GDM was also
robust to adjustment for other cord metabolites (OR: 0.62; 95% CI: 0.35,
1.07). The associations of maternal betaine and carnitine with PE were
both preserved when adjusting for all other exposures (OR: 0.46; 95%
CI: 0.36, 0.59 and OR: 1.84; 95% CI: 1.48, 2.29, respectively). Finally, the
associations of cord blood betaine and carnitine with PE disappeared
when adjusting for other metabolites, but the association of choline with
PE remained (OR: 1.69; 95% CI: 1.02, 2.79). Adjustment for diet yielded
similar results to the main analyses across all exposure–outcome pair-
ings (Supplemental Table 13).

In terms of potential selection bias, we found some differences in
participant characteristics between women in the entire cohort and
women selected for the metabolite substudy (Supplemental Tables 14
and 15), including differences in race, education, prepregnancy BMI,
prepregnancy chronic hypertension, and prepregnancy diabetes. Those
who had metabolites analyzed were also more likely to be black and less
likely to be white or Hispanic than those who did not have metabo-
lites analyzed. They were also more likely to have a high school educa-
tion or equivalent. They had higher BMI and were more likely to enter
into pregnancy with type 1 or type 2 diabetes. Those who contributed
cord blood were more likely to enter into pregnancy with chronic hy-
pertension than those who did not contribute cord blood. To address
this potential selection bias we conducted inverse probability weight-
ing for selection into the sample, and we found that the estimates were
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FIGURE 2 Heat map of Spearman rank correlation matrix for the included metabolites. Correlations between metabolites measured in
cord blood ranged from 0.38 to 0.87 and correlations between metabolites measured in maternal blood ranged from 0.08 to 0.62.
Correlations between the same metabolite measured in cord compared with maternal blood were 0.29 for TMAO, 0.09 for choline, 0.08
for betaine, and 0.23 for carnitine. Correlations between other metabolites across cord and maternal blood ranged from −0.03 to 0.09.
TMAO, trimethylamine N-oxide.

similar to those of our main model (Supplemental Table 16). Finally,
when omitting the eclampsia case from the analytic sample, results of
the main analyses were unchanged (data not shown).

Discussion

In our urban, racially and ethnically diverse population, we found that
TMAO concentration in maternal blood was associated with higher
odds of GDM, whereas maternal blood TMAO precursors were not
associated with GDM. Cord blood choline was associated with lower
odds of GDM, whereas cord blood betaine and carnitine showed sim-
ilar (or U-shaped, for betaine) trends. Unlike maternal blood TMAO,
cord blood TMAO was not associated with GDM. Further, TMAO in
either cord or maternal blood was not associated with odds of PE; how-
ever, higher concentrations of cord blood choline, betaine, and carni-
tine, as well as maternal carnitine, were associated with greater odds of

PE, whereas higher maternal blood betaine was associated with lower
odds of PE.

The finding of a positive dose-response-like association of mater-
nal TMAO with GDM adds to a mixed literature base on this associa-
tion. Two studies, both case-control studies conducted in China using
maternal blood, have reported on TMAO and GDM. One conducted
both a nested (433 cases and 433 controls) and a nonnested (276 cases
and 552 controls) matched case-control study (22). Both the nested and
nonnested studies found higher odds of GDM among those in the high-
est quartile of maternal TMAO, which was measured concurrently with
GDM (24–32 weeks of gestation) in the nonnested study and at the first
prenatal care visit (≤16 weeks of gestation) in the nested study (22).
Contrary to the findings of the current study, and to those of the afore-
mentioned study, a second study of GDM and TMAO found an inverse
association between maternal TMAO and GDM, which tended toward
being U-shaped (23). In addition, that study found inverse associations
of maternal betaine and l-carnitine with GDM, and a U-shaped associ-
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FIGURE 3 Log ORs and 95% CIs for the association of cord and maternal blood metabolites with GDM and PE, comparing the middle
and highest tertiles with the lowest tertile. These are log transformations of the results shown in Table 2. GDM, gestational diabetes
mellitus; PE, pre-eclampsia; TMAO, trimethylamine N-oxide.

ation for choline chloride (23). The current study found similar patterns
for betaine and carnitine. It may be possible that the TMAO precursors
are not related to GDM, but it is their conversion to TMAO, based on
the composition of the gut microbiome, that is associated with GDM.
Future studies might aim to disentangle whether these associations are
modified by diet or by the gut microbiome.

Contrary to existing studies, we did not find an association of ma-
ternal TMAO with PE. Other studies, again case-control studies con-
ducted in China using maternal blood, have found positive associa-
tions between TMAO and PE. One found that third-trimester TMAO

was higher among women with PE, and tended to be higher in a dose-
dependent manner with severity of PE (19). A second found that TMAO
was higher among women with PE than among their gestational age–
matched controls (20). The third found that TMAO measured during
the second trimester was not associated with PE but TMAO measured
at delivery was strongly associated with PE, early-onset PE, and severe
PE (21). Discrepant findings for both GDM and PE may be partially ex-
plained by differences in the timing of blood collection, assay methods,
or underlying confounding structure between the study populations, or
by unmeasured effect modifiers that may differ between populations. In

TABLE 2 Associations of metabolites with GDM and PE in reference to the lowest tertile1

Unadjusted Multivariable adjusted
Lowest Middle Highest Lowest Middle Highest

GDM
Cord TMAO Ref. 1.11 (0.63, 1.94) 0.94 (0.52, 1.69) Ref. 0.92 (0.51, 1.68) 0.88 (0.47, 1.63)
Cord choline Ref. 0.99 (0.58, 1.71) 0.61 (0.33, 1.11) Ref. 0.92 (0.52, 1.62) 0.52 (0.27, 0.99)
Cord betaine Ref. 0.69 (0.38, 1.23) 0.82 (0.47, 1.42) Ref. 0.55 (0.30, 1.03) 0.68 (0.37, 1.24)
Cord carnitine Ref. 0.78 (0.45, 1.37) 0.68 (0.38, 1.21) Ref. 0.68 (0.38, 1.23) 0.55 (0.30, 1.02)
Maternal TMAO Ref. 1.19 (0.69, 2.03) 1.92 (1.16, 3.17) Ref. 1.12 (0.64, 1.94) 1.75 (1.04, 2.94)
Maternal choline Ref. 0.87 (0.53, 1.42) 0.89 (0.54, 1.45) Ref. 0.74 (0.45, 1.22) 0.78 (0.47, 1.30)
Maternal betaine Ref. 0.98 (0.61, 1.59) 0.81 (0.49, 1.34) Ref. 0.88 (0.53, 1.43) 0.76 (0.45, 1.28)
Maternal carnitine Ref. 0.95 (0.59, 1.53) 0.72 (0.43, 1.20) Ref. 0.83 (0.51, 1.35) 0.63 (0.37, 1.07)

PE
Cord TMAO Ref. 1.45 (0.83, 2.55) 1.44 (0.82, 2.53) Ref. 1.45 (0.80, 2.62) 1.21 (0.66, 2.23)
Cord choline Ref. 2.01 (1.03, 3.92) 3.66 (1.96, 6.81) Ref. 1.70 (0.85, 3.40) 3.11 (1.62, 5.96)
Cord betaine Ref. 1.38 (0.71, 2.71) 3.32 (1.84, 5.98) Ref. 1.24 (0.62, 2.48) 2.65 (1.42, 4.93)
Cord carnitine Ref. 1.29 (0.67, 2.49) 3.16 (1.77, 5.64) Ref. 1.17 (0.59, 2.31) 2.56 (1.39, 4.69)
Maternal TMAO Ref. 1.09 (0.71, 1.69) 1.15 (0.75, 1.76) Ref. 1.06 (0.67, 1.67) 0.97 (0.61, 1.55)
Maternal choline Ref. 1.08 (0.71, 1.64) 0.86 (0.55, 1.32) Ref. 1.11 (0.71, 1.73) 0.87 (0.54, 1.38)
Maternal betaine Ref. 0.57 (0.38, 0.85) 0.37 (0.24, 0.58) Ref. 0.52 (0.34, 0.80) 0.37 (0.23, 0.59)
Maternal carnitine Ref. 1.09 (0.68, 1.73) 1.44 (0.82, 2.53) Ref. 1.18 (0.72, 1.92) 1.86 (1.18, 2.94)

1Values are ORs (95% CIs). Multivariable-adjusted models adjusted for maternal age (y; continuous), race/ethnicity (black, white, Hispanic, other), educational attainment
(less than high school, high school or equivalent, greater than high school), marital status (unmarried, married), prepregnancy BMI (in kg/m2; continuous), parity (0, ≥1),
chronic prepregnancy hypertension (no/yes), and prepregnancy diabetes (no/yes; for PE models only). GDM, gestational diabetes mellitus; PE, pre-eclampsia; TMAO,
trimethylamine N-oxide.
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addition to TMAO, our finding that cord carnitine was associated with
higher odds of PE in both maternal and cord blood is in line with the
results of existing studies (19–21). Our finding that, after adjustment for
other cord metabolites, only choline remained significantly associated
with PE suggests that, of choline, betaine, and carnitine, choline may
be the most related to PE pathology—a finding that deserves further
investigation.

The finding that several metabolites trended in opposite directions,
depending on whether they were measured in cord blood or mater-
nal blood, was an unexpected observation that merits further attention.
This was most evident for betaine, which was positively associated with
the odds of PE when measured in cord blood, but inversely associated
with PE when measured in maternal blood. It is known that certain nu-
trients are preferentially allocated to the fetus, even when maternal sup-
ply is low. For example, folate, an essential nutrient for both mother and
fetus, has been demonstrated to follow this pattern, perhaps because of
its involvement in neural tube development and other essential func-
tions (35–37). As such, it is possible that other essential nutrients in-
cluding choline, betaine, and carnitine are allocated similarly. Alterna-
tively, it is possible that this finding occurred by chance and therefore it
needs to be replicated in other studies.

As a point of caution, it is important to note that circulating TMAO,
choline, betaine, and carnitine are not equivalent to TMAO, choline, be-
taine, and carnitine consumed through the diet. Given the limitations
of our study, we cannot say, for example, whether the association of cord
blood choline with PE is due to differences in choline intake, differences
in the metabolic breakdown of choline, or even due to PE pathology
itself (i.e., reverse causation). To consider limiting dietary choline, or
making any dietary changes based on the results of the current study,
is premature and potentially harmful. The body’s demand for choline
increases during pregnancy as the nutrient supports the fetus’s central
nervous system development. Further, most pregnant women do not
currently meet the recommended amount of choline in their diets (45).
Further research is needed both to establish the temporality of the ob-
served associations and to determine, if causal, whether GDM and PE
risk can be reduced by a modified diet early in pregnancy.

This study is not without limitations. First, blood was taken at or
shortly after delivery rather than before or simultaneously with di-
agnosis of GDM or PE. As such, it is not possible to know whether
these metabolite profiles preceded disease pathology and diagnosis; it
is possible that the metabolite concentrations are the result of the car-
diometabolic conditions, rather than vice versa, or that changes to the
diet during pregnancy or hospitalization are reflected in the measured
values. Mothers with GDM or PE may have been hospitalized longer be-
fore delivery than mothers with uncomplicated pregnancies, potentially
inducing an association between the metabolites and these conditions.

Second, although the overarching goal of the current study was to
examine associations of TMAO and its precursors with GDM and PE,
the ability to disentangle whether these associations were influenced or
modified by potentially modifiable factors such as diet and/or the gut
microbiome was limited by the dietary measures available in this co-
hort as well as the lack of microbiome data. Although the temporality of
the measurements of exposures and outcomes in this study precluded
the ability to draw any inferences about causality, it is still of interest
to examine whether these associations persist independently of diet.
Like exposure data, dietary data would ideally be collected throughout

pregnancy, including before outcome ascertainment, allowing for any
changes during pregnancy to be reflected in the data. Further, differen-
tiation between any meat and red meat would more specifically reflect
carnitine intake. Sources of TMAO may matter for disease risk. For ex-
ample, TMAO is contained in fish and other seafoods, although fish has
been paradoxically associated with lower cardiometabolic disease risk
(46–49). In the current study, dietary sources of TMAO and its precur-
sors were not strongly associated with any of the metabolites measured
in either cord or maternal blood. This could be due to limitations of the
dietary assessment, or it could be an indication that something unmea-
sured, e.g., the composition of the gut microbiome, is more important
for determining circulating metabolite concentrations. Recent evidence
suggests the latter is likely (15, 18).

Third, because TMAO, choline, betaine, and carnitine are in
the same metabolic pathway, regression adjustment looking at each
metabolite in isolation, or holding all others constant, may not be the
most biologically relevant model for these associations. Methods for as-
sessing exposure mixtures, such as quantile g-computation or Bayesian
kernel machine regression, should be considered to assess the effects
of summed exposures and their components (50–54). These more ad-
vanced methods alone would not negate the limitations of the current
study, but, combined with solutions to the aforementioned limitations,
may be useful in future studies.

Despite these limitations, this study has a number of strengths. To
our knowledge, this is the first to have considered the group of precur-
sors in addition to TMAO as potential markers of GDM and PE and,
further, the first to have conducted a targeted analysis of these metabo-
lites in both cord blood and maternal blood. Second, the study used
objective measures of these metabolites which, although potentially in-
fluenced by diet, unlike diet are not subject to recall or social desirabil-
ity biases. Third, the sample size was larger than those of many existing
similar studies, which allowed for adjustment for a number of covari-
ates and allowed us to conduct race-specific analyses and to test for effect
measure modification by race/ethnicity. Fourth, and relatedly, our study
population contained a large proportion of Black and Hispanic mothers,
low-income mothers, and mothers with urban residence. These popu-
lations have been historically underrepresented in research in general,
and in studies of these associations in particular. Further, it is impor-
tant to examine these associations in a cohort of predominantly black
mothers because Black mothers experience pregnancy complications at
disproportionate rates in the United States (55–59).

In conclusion, these findings add to the evidence that TMAO and its
precursors may play a role in cardiometabolic disease pathology during
pregnancy. Future studies that measure these metabolites throughout
pregnancy, especially before GDM and PE development and diagnosis,
are warranted to establish the temporality of these associations. Future
research would benefit from detailed, trimester-specific measures of rel-
evant dietary data in order to assess the extent of potential confounding
by dietary intake and to determine whether diet during pregnancy is
a modifiable risk factor for these conditions. In conjunction with im-
proved dietary data collection and early metabolite measurement, mi-
crobiome data would allow for the investigation of potential effect mea-
sure modification in the relation between diet and TMAO. Future stud-
ies may also wish to examine the associations of these metabolites with
the components of GDM and PE (e.g., blood glucose, blood pressure,
proteinuria) in order to disentangle potential etiologic mechanisms for
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these associations. As our understanding of dietary and microbiome
contributors to TMAO and these related metabolites advances, we hope
this line of research can help to prevent cardiometabolic disease in preg-
nancy and beyond through targeted interventions.
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