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ABSTRACT
Background: Data on saturated fatty acids (SFAs) in relation to
metabolic function and glucose homeostasis remain controversial.
Such data are lacking among pregnant women.
Objective:We prospectively investigated objectively measured indi-
vidual and subclasses of plasma phospholipid SFAs throughout preg-
nancy in relation to cardiometabolic markers and gestational diabetes
mellitus (GDM) risk.
Design: Within the National Institute of Child Health and Human
Development Fetal Growth Studies–Singleton Cohort of 2802 sin-
gleton pregnancies, 107 GDM cases were ascertained via medi-
cal record review and matched to 214 non-GDM controls on age,
race/ethnicity, and gestational week (GW) at blood collection. In-
dividual plasma phospholipid SFA concentrations were repeatedly
measured throughout pregnancy at GWs 10–14, 15–26, 23–31, and
33–39 and also grouped into subclasses of even- or odd-chain SFAs.
Results: From GW 10, even-chain SFA concentrations were signif-
icantly higher among women who later developed GDM, whereas
odd-chain SFAs were significantly lower among GDM cases com-
pared with controls. At GWs 10–14, the SFA palmitic acid (16:0)
was positively associated with impaired insulin resistance and car-
diometabolic markers and the risk of GDM [adjusted OR compar-
ing the highest with the lowest quartile (aORQ4-Q1): 4.76; 95% CI:
1.72, 13.10; P-trend = 0.001]. In contrast, odd-chain SFAs were in-
versely related to the previously mentioned markers and GDM risk
[aORQ4-Q1 for pentadecanoic acid (15:0): 0.32; 95% CI: 0.11, 0.92;
P-trend = 0.025; for heptadecanoic acid (17:0): 0.20; 95% CI: 0.07,
0.58; P-trend = 0.003]. Women with high (median or greater) even-
chain SFA concentrations and low (less thanmedian) odd-chain SFAs
had a 9.43-fold (95%: CI 3.26-, 27.30-fold) increased risk compared
with women with low even-chain and high odd-chain SFA concen-
trations. Similar results were observed at GWs 15–26.
Conclusions: The study provided one of the first lines of evidence
suggesting that circulating concentrations of SFAs varying by SFA
chain length, as early as GWs 10–14, were significantly and dif-
ferentially associated with subsequent risk of GDM. Our findings

highlight the importance of assessing objectively measured, individ-
ual, and subclasses of SFAs to investigate their distinct biological and
pathophysiologic roles in glucose homeostasis and cardiometabolic
outcomes. This study was registered at www.clinicaltrials.gov as
NCT00912132. Am J Clin Nutr 2018;107:1017–1026.
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INTRODUCTION

With an increase in prevalence of >35% during the past
decades in the United States and similarly increasing preva-
lences in other countries worldwide (1, 2), gestational dia-
betes mellitus (GDM) has become the most common pregnancy
metabolic disorder, representing a growing, urgent public health
concern. Furthermore, the hyperglycemic intrauterine environ-
ment exemplified in GDM-complicated pregnancies may be fuel-
ing the epidemic of adverse cardiometabolic outcomes, including
type 2 diabetes and obesity among offspring, forming a vicious
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intergenerational cycle (3). Thus, research efforts aimed to im-
prove our understanding of the etiology of GDM and identify po-
tentially modifiable risk factors are of great clinical and public
health significance.

Emerging evidence suggests that SFAs may be implicated in
metabolic dysregulation and impaired glucose homeostasis (4).
Research on SFAs has been marked by long-standing contro-
versy with respect to their role in cardiometabolic outcomes.
Epidemiologic evidence has been inconsistent, with positive (5,
6), inverse (7, 8), or null associations of total dietary SFAs with
cardiometabolic outcomes (9–12), thus calling for a further ex-
amination of their effect on health. Notably, dietary assessment
via participant report is inevitably subject to measurement errors
and has mostly focused on total dietary, not individual, SFAs
(10, 11). Furthermore, given the heterogeneous origins of plasma
phospholipid SFAs, the objective measurement of individual
circulating SFAs is essential to advance our understanding of
their potentially distinct pathophysiologic roles. Specifically,
concentrations of circulating even-chain SFAs [myristic acid
(14:0), palmitic acid (16:0), and stearic acid (18:0)] are func-
tions of both exogenous (via dietary intake) and endogenous
(via de novo lipogenesis) origins (13, 14), whereas odd-chain
SFAs [pentadecanoic acid (15:0) and heptadecanoic acid (17:0)]
may mainly reflect dietary intakes of dairy fat (15), although
emerging evidence suggests that endogenous sources cannot
be ruled out (16, 17). Notably, plasma phospholipid fatty acid
composition reflects that of cellular membranes, which is an
important determinant of the membrane structure, property,
and functions and may, in turn, influence hormone binding,
intracellular signaling, enzyme activity, and thus the action of
insulin (18). In particular, increased concentrations of membrane
phospholipid SFAs decrease the number of insulin receptors and
insulin-binding activities (19, 20). Despite the varied origins and
potential distinct roles of individual SFAs on glucose homeosta-
sis (15, 21), data are lacking on the respective roles of individual
and subclasses of plasma phospholipid SFAs in relation to subse-
quent GDM risk. Furthermore, despite the dynamic physiologic
alterations during pregnancy, variation in the phospholipid SFA
profile throughout pregnancy is as-yet understudied. To address
these critical knowledge gaps, we prospectively 1) investigated
the associations of individual and subclasses of circulating
SFAs varying by chain length with a comprehensive panel of
glucose metabolism and cardiovascular markers and the risk
of subsequent GDM and 2) profiled the longitudinal trends of
plasma phospholipid SFAs throughout pregnancy.

METHODS

Study population and design

This study was conducted in participants from the Eunice
Kennedy Shriver National Institute of Child Health and Human
Development Fetal Growth Studies–Singleton Cohort, a multira-
cial prospective study in low-risk, singleton pregnant women
(22). Briefly, 2802 pregnant women (2334 nonobese and 468
obese) aged 18–40 y with a prepregnancy BMI (kg/m2) ranging
from 19.0 to 45.0 and without pre-existing diseases (i.e., hyper-
tension, diabetes, renal or autoimmune disease, psychiatric dis-
order, cancer, or HIV/AIDS) were recruited between gestational
weeks (GWs) 8 and 13 at 12 clinical centers across the United

States (2009–2013). The study was approved by the institutional
review boards of all participating institutions. Written informed
consent was obtained from all participants. This study was regis-
tered at www.clinicaltrials.gov as NCT00912132.

In the entire cohort, we identified 107 GDM cases via med-
ical record review according to the Carpenter and Coustan cri-
teria as recommended by the American College of Obstetrics
and Gynecologists (23). Non-GDM controls (n = 214) were se-
lected and individually matched 2:1 to cases on age (±2 y),
race/ethnicity (non-Hispanic white, non-Hispanic black, His-
panic, or Asian/Pacific Islander), andGWof blood sample collec-
tion (±2 wk) (Supplemental Figure 1) (24). During pregnancy,
maternal blood specimens were longitudinally collected during 4
study visits (i.e., target weeks 8–13, 16–22, 24–29, and 34–37),
at which fasting samples after an overnight fast of 8–14 h were
collected at the second visit, for the purpose of an etiology study
of GDM as a secondary outcome of interest in the National In-
stitute of Child Health and Human Development Fetal Growth
Studies–Singleton Cohort. Biospecimens were stored at −80°C
until being thawed immediately before assay. By design, partici-
pants were randomly assigned within each time window of blood
collection to maximize the opportunity of capturing weekly data
across the entire cohort. Because some women arrived late for
the scheduled visit, the actual GWs at blood collection ranged
slightly beyond the original planned visit time window (i.e., 10–
14, 15–26, 23–31, and 33–39 wk), the first 2 of which were be-
fore GDM diagnosis. Of note, ranges of certain visit windows
appeared to overlap (i.e., 15–26 and 23–31 wk); however, those
for each individual were in chronological order and did not over-
lap. For instance, a participant made a second and third study visit
at GWs 26 and 30, respectively.

Biomarker assessment

From the 2 blood collections before the diagnosis of GDM
(i.e., GWs 10–14 and 15–26), biomarkers were measured among
all cases (n= 107) and controls (n= 214). From blood collections
at the following 2 visits (i.e., GWs 23–31 and 33–39), biomark-
ers were measured among all cases and 1 of their randomly se-
lected controls (n = 107). Plasma phospholipid SFAs were mea-
suredwith the use of a Hewlett Packard 5890 gas chromatography
system, as described previously (25). The plasma phospholipid
fraction isolated from the gas chromatograph consists mostly of
phosphatidylcholine (∼80%) and phosphatidylethanolamine. A
small amount of sphingomyelin and lysolecithin (or lysophos-
phatidylcholine) may also be present, but their contribution to
total fatty acids is negligible compared with phosphatidylcholine
and phosphatidylethanolamine. The content of individual SFAs
was expressed as a weight percentage of the total phospholipid
fatty acids. Samples of matched case-control pairs were assayed
in the same analytical run by the same technicians in a random
order. Even- and odd-chain SFAs with relative concentrations
>0.05% included myristic acid (14:0; CV: 9.0%), pentadecanoic
acid (15:0; CV: 5.0%), palmitic acid (16:0; CV: 2.7%), heptade-
canoic acid (17:0; CV: 5.7%), and stearic acid (18:0; CV: 7.2%).
The individual SFAs were also grouped into subclasses of even-
chain (sum of myristic, palmitic, and stearic) or odd-chain (sum
of pentadecanoic and heptadecanoic) SFAs.

Plasma glucose and high-sensitivity C-reactive protein were
measured by enzymatic assays with the use of the Roche

www.clinicaltrials.gov
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Modular P Chemistry analyzer; total cholesterol, HDL choles-
terol, and triglycerides were measured by the Roche COBAS
6000 Chemistry Analyzer; and insulin and C-peptide were mea-
sured by the Roche Elecsys 2010 Analyzer (Roche Diagnostics).
LDL cholesterol was calculated by the Friedewald’s formula:
LDL cholesterol= total cholesterol−HDL cholesterol− triglyc-
erides ÷ 5 (26). All values of plasma lipid concentrations were ex-
pressed in mg/dL. Plasma adiponectin was measured by using a
quantitative sandwich enzyme immunoassay (Beckman Coulter,
Inc.). Plasma leptin was measured by using the Mercodia Leptin
ELISA (Mercodia AB). The interassay CVs of these biomark-
ers were all <6.0%. All of the assays were performed without
knowledge of the case-control status.

Covariates

Data on maternal demographic, lifestyle, and clinical factors
were obtained from structured questionnaires and extracted from
medical records. Covariates were a priori selected including con-
ventional risk factors for GDM: parity (nulliparous or multi-
parous), family history of diabetes (yes or no), and prepregnancy
BMI (<25.0, 25.0–29.9, 30.0–34.9, or 35.0–44.9). Of note, in this
low-risk population, nonobese women who smoked in the 6 mo
preceding the index pregnancy were ineligible, and only 5 obese
women reported smoking in the 6 mo before pregnancy. Thus,
smoking was not included as a covariate. Given that maternal
age (years) and GW of blood collection (weeks) were matched
between cases and controls within a certain range, these 2 match-
ing factors were also included as covariates to derive conservative
risk estimates.

Statistical methods

Differences in participant characteristics and plasma phospho-
lipid SFA concentrations at the 2 visits before GDM diagnosis
between cases and controls were assessed by linear mixed mod-
els with associated likelihood ratio tests for continuous variables,
and by binomial or multinomial logistic regression with gener-
alized estimating equations for binary or multilevel categorical
variables, accounting for matched case-control pairs. Longitudi-
nal trends of SFAs throughout pregnancy were plotted accord-
ing to gestational age intervals among women with and without
GDM. Similarly, between-group comparisons of SFA concen-
trations at each gestational age interval were obtained by linear
mixed models, accounting for matched case-control pairs.

Multivariable conditional logistic regression models adjusting
for the previously mentioned covariates were fit to assess the
associations of individual circulating SFAs at GWs 10–14 and
15–26 with subsequent GDM risk, respectively. To ensure that
biomarker measurements preceded the diagnosis of GDM, we
excluded 1 case subject at GWs 10–14 and 5 at 15–26 wk from
the final analysis whose blood samples were collected after the
diagnosis of GDM. We analyzed each SFA by categorizing each
measurement into quartiles on the basis of the distribution among
controls and also by treating each SFA as a continuous vari-
able standardized by the SD of the measurements among con-
trols. Tests of linear trend were conducted by using the median
value for each quartile and fitting it as a continuous variable in
the conditional logistic regression models. Similar analyses were

conducted for SFA subclasses (i.e., even- and odd-chain SFAs).
Furthermore, to investigate the potential synergistic effect of SFA
subclasses, we assessed the risk estimates associated with joint
categories of even- and odd-chain SFAs above or below the re-
spective median.

To gain mechanistic insight into the underlying pathogenic
processes involved in glucose homeostasis, we calculated partial
Spearman’s correlation coefficients of individual and subclasses
of circulating SFAs at GWs 10–14 with glucose homeostasis
(fasting plasma glucose, insulin, C-peptide, high-sensitivity C-
reactive protein, and HOMA-IR) (27) and cardiometabolic mark-
ers (adiponectin, leptin, total cholesterol, HDL cholesterol, LDL
cholesterol, and triglycerides) at the subsequent visit (GWs 15–
26), after adjusting for covariates. Heat maps were also created to
visualize and evaluate the correlations between individual SFAs
and the previously mentioned biomarkers at GWs 10–14 and 15–
26 among non-GDM controls, respectively. In addition, we con-
ducted prediction or diagnostic analyses to explore the relative
incremental predictive ability of individual SFAs with the use of
receiver operating characteristic curves and C statistics (28), be-
yond conventional risk factors for GDM (i.e., age, parity, family
history of diabetes, and prepregnancy BMI) and plasma glucose
with the use of DeLong’s test (29). To avoid model overfitting,
leave-one-out cross-validation was performed to derive conserva-
tive estimates by successively leaving out each observation from
the sample (n) one at a time and using the model fit based on the
remaining observations (n − 1) to compute the predicted prob-
ability for the left-out observation. This process was repeated n
times until all observations were validated (30).

To evaluate whether the associations of circulating SFAs with
subsequent GDM risk were modified by major risk factors for
GDM (prepregnancy obesity status, family history of diabetes,
and race/ethnicity), we included cross-product (interaction) terms
to assess the potential effect modification. All of the analyses
were conducted with the use of SAS version 9.4 (SAS Institute).

RESULTS

Participant characteristics and plasma phospholipid SFA
profiles before GDM diagnosis

Compared with non-GDM controls, women with GDM were
more likely to have a family history of diabetes and have a higher
prepregnancy BMI (Table 1). Among SFAs, the even-chain SFA
palmitic acid was the most abundant form and contributed ∼27%
to the total plasma phospholipid fatty acid concentration, fol-
lowed by the SFA stearic acid (∼12%) at GWs 10–14, whereas
the odd-chain SFAs contributed <1% (Table 2). Compared with
non-GDM controls, concentrations of even-chain SFAs (sum and
palmitic acid) were significantly higher, whereas odd-chain SFAs
(sum, pentadecanoic acid, and heptadecanoic acid) were signif-
icantly lower among GDM cases at GWs 10–14 and 15–26, re-
spectively.

Longitudinal SFA profiles throughout pregnancy

Overall, concentrations of plasma phospholipid even-chain
SFAs increased, whereas odd-chain SFAs decreased among both
cases and controls as pregnancy progressed, particularly be-
fore GW 28 (Figure 1). Specifically, mean concentrations of
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TABLE 1
Participant characteristics among women with GDM and their matched controls: the NICHD Fetal Growth
Studies–Singleton Cohort1

GDM cases Non-GDM controls
(n = 107) (n = 214) P2

Age, y 30.5 ± 5.7 30.4 ± 5.4
Race/ethnicity, n (%)
Non-Hispanic white 25 (23.4) 50 (23.4)
Non-Hispanic black 15 (14.0) 30 (14.0)
Hispanic 41 (38.3) 82 (38.3)
Asian/Pacific Islander 26 (24.3) 52 (24.3)

Education, n (%) 0.18
Less than high school 17 (15.9) 26 (12.1)
High school graduate or equivalent 15 (14.0) 23 (10.7)
More than high school 75 (70.1) 165 (77.1)

Insurance, n (%) 0.43
Private or managed care 68 (63.5) 143 (66.8)
Medicaid, self-pay, or other 39 (36.5) 71 (33.1)

Marital status, n (%) 0.12
Never married 11 (10.3) 35 (16.4)
Married/living with a partner 92 (86.0) 167 (78.0)
Divorced/separated 4 (3.7) 12 (5.6)

Nulliparous, n (%) 48 (44.9) 96 (44.9) 1
Family history of diabetes, n (%) 40 (37.4) 48 (22.4) 0.003
Prepregnancy BMI, kg/m2 28.2 ± 6.4 25.6 ± 5.3 <0.001
Prepregnancy BMI categories (kg/m2), n (%) <0.001

<25.0 37 (34.6) 123 (58.0)
25.0–29.9 35 (32.7) 56 (26.4)
30.0–34.9 20 (18.7) 17 (8.0)
35.0–44.9 15 (14.0) 16 (7.6)

Smoking 6 mo preconception, n (%) 4 (3.7) 1 (0.5) 0.06
Alcoholic beverage consumption 3 mo preconception, n (%) 61 (57.0) 137 (64.0) 0.22

1Values are means± SDs unless otherwise specified. GDM, gestational diabetes mellitus; NICHD, National Institute
of Child Health and Human Development.

2Obtained by linear mixed models with associated likelihood ratio tests for continuous variables and bino-
mial/multinomial logistic regression with generalized estimating equations for binary/multilevel categorical variables
(Wald tests), accounting for matched case-control pairs. P values are not shown for matching variables, age, and
race/ethnicity.

even-chain SFAs were consistently higher among cases than con-
trols at GWs 10–12, 13–15, and 24–27. Conversely, mean con-
centrations of odd-chain SFAs were significantly lower among
GDM cases than controls from GWs 10–12 throughout GWs 24–
27. After GWs 24–27, which was close to the conventional time
of GDM screening and diagnosis (i.e., GWs 24–28), the signifi-
cant differences in even- and odd-chain SFAs between cases and
controls diminished and did not persist.

Plasma phospholipid SFAs in relation to glucose metabolism
and cardiometabolic biomarkers

Plasma phospholipid even-chain SFAs (particularly palmitic
acid) at GWs 10–14 were positively correlated with subsequent
fasting biomarkers implicated in impaired glucose homeosta-
sis and cardiometabolic function (i.e., HOMA-IR, insulin, C-
peptide, total cholesterol, LDL cholesterol, and triglycerides) and
inversely correlated with adiponectin at GWs 15–26, after ad-
justment for covariates (Table 3). In contrast, opposite correla-
tion patterns were observed for odd-chain SFAs (particularly hep-
tadecanoic acid) at GWs 10–14 and the previously mentioned
biomarkers at GWs 15–26. A similar trend was observed when

examining cross-sectional correlations between individual SFAs
and these clinical markers at GWs 10–14 and 15–26, respectively
(Supplemental Figure 2).

Plasma phospholipid SFAs in relation to subsequent GDM
risk

The sum of plasma phospholipid even-chain SFAs concentra-
tions during early to midpregnancy was significantly and posi-
tively related to subsequent GDM risk, whereas the sum of odd-
chain SFAs was significantly and inversely related to GDM risk
(Table 4). Among even-chain SFAs, comparing the highest with
the lowest quartile, palmitic acid at GWs 10–14 and 15–26 was
significantly associated with a 4.76-fold (95% CI: 1.72-, 13.10-
fold; P-trend = 0.001) and 6.38-fold (95% CI: 2.06-, 19.80-fold;
P-trend= 0.007) increased risk of GDM, respectively (multivari-
able model). Conversely, among odd-chain SFAs, comparing the
highest with the lowest quartile at the 2 gestational periods, hep-
tadecanoic acid was significantly associated with an 80% [ad-
justed OR (aOR): 0.20; 95% CI: 0.07, 0.58; P-trend = 0.003]
and 86% (aOR: 0.14; 95% CI: 0.04, 0.43; P-trend < 0.001)
lower risk of GDM, respectively. Similar inverse associations
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TABLE 2
Distribution of plasma phospholipid SFAs among GDM cases and non-GDM controls1

GDM cases (n = 107), % Non-GDM controls (n = 214), % P2

Gestational weeks 10–14
Even-chain SFAs

Sum of even-chain SFAs3 40.6 (40.1–41.4) 39.9 (39.2–40.8) <0.0001
Myristic acid (14:0) 0.31 (0.26–0.36) 0.30 (0.24–0.36) 0.24
Palmitic acid (16:0) 27.9 (27.1–28.9) 27.1 (26.0–28.3) <0.0001
Stearic acid (18:0) 12.6 (11.8–13.4) 12.6 (12.0–13.4) 0.63

Odd-chain SFAs
Sum of odd-chain SFAs3 0.62 (0.55–0.72) 0.68 (0.61–0.75) <0.0001
Pentadecanoic acid (15:0) 0.23 (0.19–0.27) 0.24 (0.20–0.29) 0.01
Heptadecanoic acid (17:0) 0.39 (0.35–0.45) 0.44 (0.38–0.49) <0.0001

Gestational weeks 15–26
Even-chain SFAs

Sum of even-chain SFAs3 41.1 (40.3–42.8) 40.7 (39.8–41.9) 0.04
Myristic acid (14:0) 0.32 (0.26–0.36) 0.32 (0.27–0.37) 0.18
Palmitic acid (16:0) 29.2 (28.3–30.2) 28.6 (27.4–29.7) 0.02
Stearic acid (18:0) 11.8 (11.4–12.7) 12.0 (11.5–12.7) 0.56

Odd-chain SFAs
Sum of odd-chain SFAs3 0.62 (0.53–0.68) 0.68 (0.60–0.77) <0.0001
Pentadecanoic acid (15:0) 0.24 (0.19–0.27) 0.25 (0.21–0.30) 0.0001
Heptadecanoic acid (17:0) 0.37 (0.34–0.42) 0.41 (0.37–0.46) <0.0001

1Values are medians (25th–75th percentiles). GDM, gestational diabetes mellitus.
2P values for differences between cases and controls were obtained by linearmixedmodels with associated likelihood

ratio tests, accounting for matched case-control pairs (likelihood ratio tests).
3Sum of even-chain SFAs = sum of myristic acid (14:0), palmitic acid (16:0), and stearic acid (18:0); sum of odd-

chain SFAs = sum of pentadecanoic acid (15:0) and heptadecanoic acid (17:0).

were observed for pentadecanoic acid at both gestational periods.
Furthermore, results were similar when individual or subclasses
of SFAs were parameterized continuously, with a 3.64-fold (95%
CI: 1.98-, 6.69-fold) increased risk of GDM per a 1-SD increase
in the sum of even-chain SFAs and a 45% (aOR: 0.55; 95% CI:
0.39, 0.79) reduced risk per 1-SD increase in the sum of odd-
chain SFAs at GWs 10–14 (Figure 2). Similar results for continu-
ous SFAs were observed at GWs 15–26. In addition, the observed
positive associations of even-chain SFAs and inverse associations
of odd-chain SFAs with GDM risk persisted across strata of con-
ventional risk factors for GDM, including prepregnancy obesity,
family history of diabetes, and race/ethnicity.

Furthermore, the combination of high concentrations (median
or greater) of even-chain SFAs and low concentrations (less than
median) of odd-chain SFAs showed a synergistic effect. Com-
paredwith womenwith low even-chain and high odd-chain SFAs,
those with high even-chain and low odd-chain SFAs were at a
9.43-fold (95% CI: 3.26-, 27.30-fold) and 5.14-fold (95% CI:
1.99-, 13.30-fold) increased risk of GDM at GWs 10–14 and 15–
26, respectively (Figure 3).

Incremental predictive value of plasma phospholipid SFAs
for GDM risk

We further explored the relative incremental predictive abil-
ity of individual SFAs in risk prediction of subsequent GDM
in addition to conventional risk factors (age, family history
of diabetes, and prepregnancy BMI) and plasma glucose con-
centrations. At GWs 10–14 (Supplemental Figure 3), plasma
glucose did not significantly improve predictive value beyond
conventional risk factors (P = 0.09), whereas the plasma

phospholipid even-chain SFA palmitic acid showed a significant
incremental predictive value in addition to conventional risk fac-
tors (P= 0.005) and, more notably, conventional risk factors plus
plasma glucose (P= 0.034). Similar results were observed for the
plasma phospholipid odd-chain SFA heptadecanoic acid at GWs
10–14 and 15–26, respectively. Heptadecanoic acid, in addition
to conventional risk factors and fasting plasma glucose at GWs
15–26, significantly improved C statistic values from 0.70 to 0.74
(P = 0.024).

DISCUSSION

In this prospective study with longitudinal measurement of
plasma phospholipid SFAs throughout pregnancy, we observed
that both individual and subclasses of SFAs, starting from as early
as 10 wk of gestation, were significantly associated with glucose
metabolism and cardiometabolic markers in pregnancy and sub-
sequent GDM risk. Of note, the associations differed by chain
length; concentrations of even-chain SFAs (particularly the most
abundant form, palmitic acid) were significantly and positively
associated with GDM risk, whereas odd-chain SFAs (pentade-
canoic acid and heptadecanoic acid) were inversely related to
GDM risk. Moreover, high concentrations of even-chain SFAs
and low concentrations of odd-chain SFAs at GWs 10–14 and
15–26, respectively, may synergistically exacerbate subsequent
GDM risk.

Prospective data on individual plasma phospholipid SFAs dur-
ing pregnancy and subsequent GDM risk are lacking, whereas
limited previous data have focused on total dietary SFAs with in-
consistent findings (31, 32). Despite the lack of previous data on
plasma phospholipid SFAs and GDM risk, our findings are in line
with some, although not all, emerging data on type 2 diabetes.
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FIGURE 1 Longitudinal profiles of plasma even-chain and odd-chain
SFAs throughout pregnancy according to gestational age intervals among
women with and without GDM. Even-chain SFAs: sum of myristic acid
(14:0), palmitic acid (16:0), and stearic acid (18:0); odd-chain SFAs: sum
of pentadecanoic acid (15:0) and heptadecanoic acid (17:0). Values are mean
percentages ± SEs. *P < 0.05, **P < 0.01, ***P < 0.001 for case-control
comparisons obtained by linear mixed models with associated likelihood ra-
tio tests accounting for matched case-control pairs at each gestational age
interval. P-interaction between gestational weeks and GDM status was 0.042
for even-chain SFAs and <0.001 for odd-chain SFAs, obtained by likelihood
ratio test. GDM, gestational diabetes mellitus.

For instance, among nonpregnant individuals, positive associ-
ations have been observed for the plasma phospholipid even-
chain SFA palmitic acid and type 2 diabetes (4, 33, 34), whereas
null associations for the plasma phospholipid myristic acid (34)
and erythrocyte-membrane stearic acid (35) have also been re-
ported. Conversely, the plasma phospholipid odd-chain SFAs

pentadecanoic acid (4, 36) and heptadecanoic acid (4, 34) have
been linked to a significantly lower risk of type 2 diabetes.

The differential associations with GDM risk between even-
and odd-chain SFAs as observed in our study may also shed light
on inconsistent findings from previous studies. Notably, plasma
phospholipid even-chain SFAs, the abundant forms of circulat-
ing SFAs, are a function of both exogenous (i.e., dietary in-
take of foods such as butter, palm oil, and red meat rich in the
typical Western diet) and endogenous (i.e., de novo lipogenesis
stimulated by excessive carbohydrate intake) sources (13, 14).
On the other hand, despite the relatively low concentrations in
plasma phospholipids, odd-chain SFAs are thought to mainly ex-
ogenously originate from dairy fat and have been linked to a
lower risk of cardiometabolic consequences (36), although the
endogenous sources cannot be ruled out and need to be fur-
ther examined (16, 17). In addition, future studies examining the
associations between dietary intakes of dairy products and the
risk of gestational diabetes are warranted. Furthermore, as shown
here, high even-chain and low odd-chain SFA concentrationsmay
exert a synergistic effect in association with increased risk of sub-
sequent GDM, suggesting the potential significance of both even-
and odd-chain SFA profiles in glucose homeostasis. Thus, en-
dogenous biosynthetic pathways, coupled with opposing effects
of individual plasma phospholipid SFAs and joint effects of SFA
subclasses, collectively add complexity to the methodology and
interpretation of SFA profiles in relation to disease risk. Taken
together, these data highlight the importance of assessing objec-
tively measured individual and subclasses of plasma phospho-
lipid SFAs to investigate their biological and pathophysiologic
roles in cardiometabolic outcomes.

Although the exact metabolic pathways whereby circulating
SFAs are involved in glucose homeostasis remain to be elu-
cidated, our findings are biologically plausible. Specifically,
the major even-chain SFA palmitic acid may induce insulin
resistance via proteasomal degradation of key insulin-signaling
molecules (37), proinflammatory signaling via activation
of Toll-like receptor 4 (38), and lipoapoptosis in β cells
via enhanced endoplasmic reticulum stress (39). In contrast,
limited experimental data on odd-chain SFAs suggest that
pentadecanoic acid and heptadecanoic acid may exert their
protective effects on glucose homeostasis via inhibition of
hepatic oxidation (40). Consistently, our findings of chain-length

TABLE 3
Adjusted Spearman correlation coefficients of plasma phospholipid SFAs at gestational weeks 10–14 with subsequent fasting plasma biomarkers and indexes
at gestational weeks 15–26 among non-GDM controls1

HOMA-IR Glucose Insulin C-peptide hs-CRP Adiponectin Leptin Total cholesterol HDL-C LDL-C Triglycerides

Even-chain SFAs
Sum of even-chain SFAs 0.221** 0.069 0.230*** 0.1708* 0.237*** −0.190** 0.217** 0.029 −0.237*** 0.085 0.176**
Myristic acid (14:0) −0.031 0.007 −0.022 −0.009 0.066 0.123 0.044 0.098 0.066 0.078 0.027
Palmitic acid (16:0) 0.180** 0.065 0.184** 0.1591 0.108 −0.193** 0.109 0.202** −0.123 0.215** 0.263***
Stearic acid (18:0) −0.064 −0.069 −0.043 −0.103 0.119 0.069 0.062 −0.099 −0.099 −0.002 −0.179**

Odd-chain SFAs
Sum of odd-chain SFAs −0.088 −0.046 −0.071 −0.139* −0.066 0.151* −0.081 0.037 0.221** −0.001 −0.144*
Pentadecanoic acid (15:0) 0.033 0.086 0.039 −0.016 0.002 0.087 0.017 0.153* 0.196** 0.092 0.034
Heptadecanoic acid (17:0) −0.187** −0.162* −0.163* −0.213** −0.086 0.160* −0.161* −0.063 0.164* −0.066 −0.238***

1*P < 0.05, **P < 0.01, ***P < 0.001. P values were adjusted for age (years), gestational age at blood collection (weeks), parity (nulliparous or
multiparous), family history of diabetes (yes or no), and prepregnancy BMI (kg/m2; <25.0, 25.0–29.9, 30.0–34.9, or 35.0–44.9). GDM, gestational diabetes
mellitus; HDL-C, HDL cholesterol; hs-CRP, high-sensitivity C-reactive protein; LDL-C, LDL cholesterol.
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TABLE 4
ORs (95% CIs) for subsequent risk of GDM according to quartiles of plasma phospholipid SFAs at gestational weeks 10–14 and 15–261

Gestational weeks 10–14, % Gestational weeks 15–26, %

Crude Multivariable2 Crude Multivariable2

Even-chain SFAs
Sum of even-chain SFAs3

Q2 vs. Q1 (reference) 1.63 (0.51, 5.17) 1.86 (0.52, 6.62) 1.90 (0.79, 4.55) 2.03 (0.69, 5.95)
Q3 vs. Q1 8.26 (2.92, 23.30) 10.7 (3.20, 35.60) 3.69 (1.59, 8.56) 3.56 (1.29, 9.84)
Q4 vs. Q1 13.7 (4.19, 45.00) 13.0 (3.41, 49.50) 5.97 (2.06, 17.30) 6.56 (1.84, 23.40)
P-trend4 <0.0001 <0.0001 0.001 0.002

Myristic acid (14:0)
Q2 vs. Q1 1.54 (0.73, 3.24) 1.74 (0.77, 3.92) 0.73 (0.35, 1.54) 0.80 (0.33, 1.93)
Q3 vs. Q1 2.18 (1.02, 4.67) 2.32 (1.01, 5.31) 0.68 (0.30, 1.56) 1.62 (0.72, 3.62)
Q4 vs. Q1 1.67 (0.71, 3.92) 2.40 (0.93, 6.16) 1.14 (0.55, 2.39) 1.25 (0.48, 3.27)
P-trend4 0.166 0.056 0.542 0.353

Palmitic acid (16:0)
Q2 vs. Q1 1.84 (0.69, 4.88) 1.35 (0.47, 3.90) 3.45 (1.45, 8.22) 5.12 (1.79, 14.60)
Q3 vs. Q1 6.38 (2.43, 16.70) 5.25 (1.91, 14.40) 3.47 (1.44, 8.36) 3.98 (1.41, 11.20)
Q4 vs. Q1 6.22 (2.36, 16.40) 4.76 (1.72, 13.10) 4.74 (1.82, 12.30) 6.38 (2.06, 19.80)
P-trend4 <0.001 0.001 0.004 0.007

Stearic acid (18:0)
Q2 vs. Q1 0.52 (0.27, 1.02) 0.55 (0.26, 1.19) 0.94 (0.47, 1.87) 0.80 (0.37, 1.73)
Q3 vs. Q1 0.67 (0.34, 1.31) 0.81 (0.38, 1.73) 0.58 (0.28, 1.23) 0.63 (0.27, 1.49)
Q4 vs. Q1 0.71 (0.35, 1.44) 0.84 (0.37, 1.91) 1.05 (0.48, 2.29) 1.03 (0.43, 2.48)
P-trend4 0.403 0.812 0.908 0.980

Odd-chain SFAs
Sum of odd-chain SFAs3

Q2 vs. Q1 0.29 (0.14, 0.62) 0.31 (0.14, 0.72) 0.46 (0.23, 0.91) 0.48 (0.22, 1.07)
Q3 vs. Q1 0.29 (0.14, 0.62) 0.30 (0.13, 0.68) 0.37 (0.18, 0.77) 0.41 (0.18, 0.93)
Q4 vs. Q1 0.22 (0.10, 0.53) 0.32 (0.12, 0.83) 0.10 (0.03, 0.29) 0.11 (0.03, 0.42)
P-trend4 <0.0001 0.005 <0.0001 <0.0001

Pentadecanoic acid (15:0)
Q2 vs. Q1 0.79 (0.39, 1.59) 0.70 (0.33, 1.49) 0.58 (0.26, 1.27) 0.53 (0.22, 1.30)
Q3 vs. Q1 0.49 (0.23, 1.05) 0.47 (0.20, 1.10) 0.44 (0.19, 0.99) 0.44 (0.18, 1.12)
Q4 vs. Q1 0.28 (0.10, 0.74) 0.32 (0.11, 0.92) 0.16 (0.06, 0.48) 0.17 (0.05, 0.62)
P-trend4 0.007 0.025 0.001 0.009

Heptadecanoic acid (17:0)
Q2 vs. Q1 0.59 (0.32, 1.10) 0.66 (0.34, 1.29) 0.41 (0.21, 0.81) 0.44 (0.20, 0.99)
Q3 vs. Q1 0.39 (0.20, 0.77) 0.51 (0.24, 1.07) 0.40 (0.20, 0.82) 0.31 (0.13, 0.74)
Q4 vs. Q1 0.20 (0.08, 0.47) 0.20 (0.07, 0.58) 0.14 (0.05, 0.36) 0.14 (0.04, 0.43)
P-trend4 <0.001 0.003 <0.001 <0.001

1GDM, gestational diabetes mellitus; Q, quartile.
2Adjusted for age (years), gestational age at blood collection (weeks), parity (nulliparous or multiparous), family history of diabetes

(yes or no), and prepregnancy BMI (kg/m2; <25.0, 25.0–29.9, 30.0–34.9, or 35.0–44.9).
3Sum of even-chain SFAs= sum of myristic acid (14:0), palmitic acid (16:0), and stearic acid (18:0); sum of odd-chain SFAs= sum

of pentadecanoic acid (15:0) and heptadecanoic acid (17:0).
4Obtained by using the median value for each quartile and fitting it as a continuous variable in the conditional logistic regression

models.

specific correlations of individual SFAs with glucose metabolism
and cardiometabolic markers supported the experimental data
and may provide mechanistic insight. Specifically, even-chain
SFAs (particularly palmitic acid) were positively correlated with
HOMA-IR and markers of hyperlipidemia (i.e., total cholesterol,
LDL cholesterol, and triglycerides) and inversely correlated with
adiponectin, which, in turn, were linked to impaired glucose and
insulin homeostasis and cardiometabolic disorders (41), whereas
the plasma phospholipid SFAs myristic acid or stearic acid were
not significantly correlated with any of these markers or indexes,
with the exception of stearic acid with triglycerides. Opposite
patterns of correlations were observed for odd-chain SFAs

(particularly heptadecanoic acid) and the previously mentioned
markers.

Also, notably, our data are uniquely suited to profile the longi-
tudinal changes of SFAs throughout pregnancy and showed that
even-chain SFAs were gradually enriched, whereas odd-chain
SFAs were progressively depleted, during pregnancy among both
GDM cases and controls. As shown in a longitudinal analysis,
serum even-chain SFAs (particularly palmitic acid) were signifi-
cantly associated with a decreasing trend of plasma adiponectin
across trimesters (42). The exact mechanisms for the gesta-
tional alterations of these SFAs remain to be shown; however,
it is presumably plausible that the increasing adipose deposition
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FIGURE 2 Adjusted ORs (95%CIs) of subsequent GDM risk per a 1-SD increase in plasma phospholipid SFAs (%) at gestational weeks 10–14 and 15–26.
The risk estimates were adjusted for age (years), gestational age at blood collection (weeks), parity (nulliparous or multiparous), family history of diabetes (yes
or no), and prepregnancy BMI (kg/m2; <25.0, 25.0–29.9, 30.0–34.9, or 35.0–44.9). GDM, gestational diabetes mellitus.

throughout pregnancy and associated physiologic changes may
be important factors underlying the observed alterations (43).
Interestingly, the significant differences in plasma phospholipid
even- and odd-chain SFAs betweenGDMcases and controls were
only present before GWs 24–27, which may suggest the poten-
tial responsiveness or modifiable potentials of these circulating
markers after the diagnosis and treatment of GDM.

Our study has some notable strengths. The prospective and
longitudinal data collection allowed examination of the temporal
associations of SFAs during early to midpregnancy with subse-
quent GDM risk. Furthermore, we had the unique ability to pro-
file the longitudinal physiologic trends of plasma phospholipid
SFAs throughout pregnancy, which showed significant, differ-
ential temporal variations of SFA subclasses according to chain

FIGURE 3 Adjusted ORs (95% CIs) of subsequent GDM risk in association with plasma phospholipid even-chain and odd-chain phospholipid SFAs (%)
at gestational weeks 10–14 and 15–26. The point estimates were adjusted for age (years), gestational age at blood collection (weeks), parity (nulliparous or
multiparous), family history of diabetes (yes or no), and prepregnancy BMI (kg/m2; <25.0, 25.0–29.9, 30.0–34.9, or 35.0–44.9). GDM, gestational diabetes
mellitus; High, concentrations above the median; Low, concentrations below the median.
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length among women with and without GDM. Most notably, the
objective measurement of plasma phospholipid SFA concentra-
tions enabled the assessment of GDM risk with individual and
subclasses of circulating SFAs. Indeed, objective measurement
is particularly important for the even-chain SFAs myristic acid,
palmitic acid, and stearic acid in terms of showing their patho-
physiologic roles, because their circulating concentrations are a
function of both exogenous and endogenous sources (13, 15).
In addition, in the present study, we measured a comprehensive
panel of metabolic and cardiovascular markers simultaneously
with circulating SFA profiles. Examining their associations with
SFAs provided further mechanistic insight into the association of
SFAs with GDM risk.

Some potential limitations of our study merit discussion. The
contents of individual SFAs were measured and expressed as rel-
ative (i.e., weight percentage), not absolute, concentrations of to-
tal phospholipid fatty acids. Nonetheless, this approach has been
validated and widely adopted in epidemiologic studies and tends
to facilitate a better interpretation of metabolic associations than
absolute measurements (15). Also noteworthy, given that concen-
trations of circulating even-chain SFAs are influenced by both
dietary intakes and de novo lipogenesis, we were unable to dis-
tinguish the impact of each source or their interplay in relation
to GDM risk. However, in the present study, our main focus is
the investigation of plasma phospholipid SFAs, as end products
and integrated profiles of both exogenous and endogenous pro-
cesses, in relation to glucose metabolism and cardiometabolic
markers and subsequent GDM risk. Therefore, our findings may
shed light on previous inferences about dietary SFAs in relation
to GDM and other cardiometabolic outcomes, which should be
interpreted with caution if de novo lipogenesis stimulated by ex-
cessive carbohydrate intake has not been adequately accounted
for. In this study, we focused on the plasma phospholipid frac-
tion only and cannot determine whether the same observations
may exist in other types of lipidmolecules. In addition, we did not
assess the associations of specific fractions of plasma phospho-
lipid SFAs (e.g., phosphatidylcholine, phosphatidylserine, phos-
phatidylethanolamine, etc.) with the risk of GDM, which should
be examined in future studies. Finally, some wide CIs of the risk
estimates may be due to the relatively modest sample size, which,
however, may have resulted in our reported risk estimates to be
less significant. To date, our study is one of the largest prospective
and longitudinal studies of plasma phospholipid SFAs throughout
pregnancy in relation to GDM risk; future studies with a larger
sample size are warranted to validate our findings.

In conclusion, we observed a significantly increased risk of
GDM in association with higher concentrations of even-chain
SFAs and lower concentrations of odd-chain SFAs as early as
GWs 10–14,∼10–18 wk before GDM is conventionally screened
for or diagnosed. Furthermore, high concentrations of even-chain
SFAs and low concentrations of odd-chain SFAs may exert syn-
ergistic effects in association with subsequent GDM risk. These
findings among pregnant women highlight the need to recog-
nize the differential associations between individual or subclasses
of SFAs and subsequent GDM risk. Our findings provide im-
petus for future investigation that targets circulating individual
SFAs to improve our understanding of their distinct nutritional,
metabolic, and physiologic roles in cardiometabolic outcomes.
Efforts to guide GDM prevention as well as preventive strate-
gies for other cardiometabolic disorders could be potentially

strengthened by considering individual SFA metabolism and the
distinct cardiometabolic effects that vary by SFA chain length.
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