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Abstract

Background

Despite dietary recommendations of polyunsaturated fatty acids (PUFAs) for cardiometa-

bolic health, n-3 and n-6 PUFAs and their interplay in relation to diabetes risk remain

debated. Importantly, data among pregnant women are scarce. We investigated individual

plasma phospholipid n-3 and n-6 PUFAs in early to midpregnancy in relation to subsequent

risk of gestational diabetes mellitus (GDM).

Methods and findings

Within the National Institute of Child Health and Human Development (NICHD) Fetal Growth

Studies–Singleton Cohort (n = 2,802), individual plasma phospholipid n-3 and n-6 PUFAs

levels were measured at gestational weeks (GWs) 10–14, 15–26, 23–31, and 33–39 among

107 GDM cases (ascertained on average at GW 27) and 214 non-GDM controls. Condi-

tional logistic regression was used, adjusting for major risk factors for GDM. After adjusting

for covariates, individual n-3 eicosapentaenoic acid (EPA), docosapentaenoic acid (DPA),

and docosahexaenoic acid (DHA) were inversely correlated with insulin-resistance markers,

whereas individual n-6 dihomo-gamma-linolenic acid (DGLA) was positively correlated with

insulin-resistance markers. At GW 15–26, a standard deviation (SD) increase in total n-3

PUFAs and individual n-3 DPA was associated with a 36% (adjusted odds ratio 0.64; 95%
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CI 0.42–0.96; P = 0.042) and 33% (0.67; 95% CI 0.45–0.99; P = 0.047) lower risk of GDM,

respectively; however, the significance did not persist after post hoc false-discovery rate

(FDR) correction (FDR-corrected P values > 0.05). Associations between total n-6 PUFAs

and GDM were null, whereas associations with individual n-6 PUFAs were differential. Per

SD increase, gamma-linolenic acid (GLA) at GWs 10–14 and DGLA at GWs 10–14 and 15–

26 were significantly associated with a 1.40- to 1.95-fold higher risk of GDM, whereas doco-

satetraenoic acid (DTA) at GW 15–26 was associated with a 45% (0.55; 95% CI 0.37–0.83)

lower risk of GDM (all FDR-corrected P values < 0.05). Null associations were observed for

linoleic acid (LA) in either gestational window in relation to risk of GDM. Women with high

(�median) n-3 PUFAs and low (<median) n-6 PUFAs levels had a 64% (95% CI 0.14–0.95;

P value = 0.039) lower risk of GDM versus women with low n-3 and high n-6 PUFAs. Limita-

tions include the inability to distinguish between exogenous and endogenous influences on

circulating PUFA levels and the lack of causality inherent in observational studies.

Conclusions

Our findings may suggest a potential role of primarily endogenously metabolized plasma

phospholipid n-6 PUFAs including GLA, DGLA, and DTA in early to midpregnancy in the

development of GDM. Null findings on primarily diet-derived n-3 EPA and DHA and n-6 LA

do not provide strong evidence to suggest a beneficial role in prevention of GDM, although

not excluding the potential benefit of EPA and DHA on glucose–insulin homeostasis given

the inverse associations with insulin-resistance markers. Our findings highlight the impor-

tance of assessing individual circulating PUFAs to investigate their distinct pathophysiologic

roles in glucose homeostasis in pregnancy.

Author summary

Why was this study done?

• Dietary guidelines promote intakes of polyunsaturated fatty acids (PUFAs) for cardio-

metabolic health, whereas evidence on PUFAs for pregnant women is scarce.

• Experimental and observational studies have linked both dietary and circulating fatty

acids to the risk of developing type 2 diabetes, insulin resistance, and β-cell dysfunction,

but only a few studies did for the risk of developing gestational diabetes mellitus

(GDM).

• In particular, evidence is missing for the associations of individual plasma phospholipid

PUFAs, rather than total PUFAs conventionally via dietary assessment, with the risk of

subsequent GDM.

What did the researchers do and find?

• In this longitudinal study of 107 women with GDM and 214 matched non-GDM

women within the prospective National Institute of Child Health and Human

Plasma phospholipid polyunsaturated fatty acids and gestational diabetes
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Development (NICHD) Fetal Growth Studies–Singleton Cohort in the United States,

we evaluated the associations of individual plasma phospholipid PUFAs in early to mid-

pregnancy with a panel of glucose metabolism and cardiometabolic markers and subse-

quent risk of GDM.

• Total and individual plasma phospholipid n-3 PUFAs—specifically, diet-derived eicosa-

pentaenoic acid and docosahexaenoic acid—were inversely correlated with insulin-

resistance markers but not associated with the risk of GDM.

• Associations of individual plasma phospholipid n-6 PUFAs with GDM risk were differ-

ential, with no associations for the major diet-derived n-6 PUFAs (linolenic acid and

arachidonic acid) comprising over 80% of total n-6 PUFAs and with null, positive, or

negative associations for minor n-6 PUFAs recognized to be primarily produced from

endogenous metabolism of linolenic acid.

What do these findings mean?

• No significant associations of major diet-derived n-6 PUFAs and significant findings for

the other minor n-6 PUFAs known to reflect endogenous metabolism suggest a poten-

tial role of circulating levels of plasma phospholipid n-6 PUFAs in pathophysiology of

GDM.

• Furthermore, our findings do not provide strong evidence to suggest beneficial roles of

primarily diet-derived n-3 PUFAs in prevention of GDM, although also not excluding

the possibility of benefit on glucose–insulin homeostasis given their inverse correlations

with insulin-resistance markers. Similarly, our findings suggest neither a harmful nor a

beneficial role of diet-derived n-6 PUFA linolenic acid in GDM pathophysiology.

• Our findings among pregnant women highlight the need to recognize the heteroge-

neous associations of individual circulating PUFAs with subsequent GDM risk and to

investigate the underlying metabolism.

Introduction

Gestational diabetes mellitus (GDM) has emerged as the most common metabolic complica-

tion, affecting 7%–25% of pregnancies worldwide [1,2], forming a growing, urgent public

health concern [3]. Nutritional perturbations have been implicated in the programming of glu-

cose homeostasis [4], with carbohydrate metabolism conceivably serving as a key component

given its impact on postprandial glucose and insulin responses [5]. Notably, emerging experi-

mental data have linked altered fatty acids composition to exacerbation of insulin resistance

and β-cell dysfunction [6–8], suggesting additional pathways underlying the etiology of

hyperglycemia.

Indeed, recognizing the importance of dietary fatty acids composition, dietary guidelines

promote intakes of polyunsaturated fatty acids (PUFAs) for cardiometabolic health [9,10],

whereas epidemiological data on glucose homeostasis and diabetes risk remain equivocal.

Recent meta-analyses suggest heterogeneous findings. Randomized clinical trials suggest a

Plasma phospholipid polyunsaturated fatty acids and gestational diabetes
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lack of effect of dietary n-3 PUFAs on markers of glucose–insulin homeostasis [11,12]. In

observational studies, dietary or biomarker n-3 PUFAs overall do not appear to be associated

with type 2 diabetes mellitus (T2DM) risk, although protective associations have been

observed in Asian populations [13–16]. On the other hand, dietary n-6 PUFAs exhibited to

improve glucose–insulin homeostasis in two recent meta-analyses of randomized controlled

feeding studies [17,18], consistent with the suggestive evidence for an inverse association

between biomarker linoleic acid (LA), the most abundant form of PUFAs, and T2DM [19].

Nonetheless, the link between dietary n-6 PUFAs and cardiometabolic outcomes in observa-

tional studies and trials remains elusive [20–22]. Yet, beneath all these data were important

limitations that undermined the evidence: inevitable measurement errors due to dietary assess-

ment via subjective report, differences in exposure assessment window, predominantly white

study populations, and inability to disentangle potentially distinct health effects of individual

PUFAs. Indeed, except for the essential fatty acids alpha-linolenic acid (ALA) and LA, levels of

circulating long-chain PUFA derivatives are functions of both exogenous (via dietary intake)

and endogenous (via lipogenesis) origins, with unique biochemical properties and metabolic

effects [23]. Further, data among pregnant women remain scarce, with only one prospective

examination of serum PUFA in second trimester with GDM risk in a small sample including

49 GDM women [24]. These limitations call for longitudinal objective measurement of indi-

vidual and subclasses of circulating PUFAs among multiracial/ethnic populations to advance

our understanding of their potentially distinct pathophysiologic roles in the development of

GDM. Moreover, despite the dynamic physiologic alterations during pregnancy, variation of

the phospholipid PUFAs profile throughout pregnancy is as-yet understudied.

To address these critical knowledge gaps, we aimed to prospectively investigate the associa-

tions of individual circulating PUFAs in early to midpregnancy with a comprehensive panel of

glucose metabolism and cardiometabolic markers and subsequent risk of GDM. We hypothe-

sized that higher levels of individual plasma phospholipid n-3 PUFAs in early to midpregnancy

are associated with lower risk of GDM and optimal glucose homeostasis and cardiometabolic

biomarker profile, that an opposite pattern may exhibit for individual n-6 PUFAs, and that

these associations may vary by gestational window of exposure because of potential changes in

physiology and maternal–fetal transfer of plasma phospholipid PUFAs as pregnancy pro-

gressed [25]. We also aimed to characterize the longitudinal profiles of plasma phospholipid

PUFAs across gestation.

Methods

Study population and design

The participants were from the Eunice Kennedy Shriver National Institute of Child Health

and Human Development (NICHD) Fetal Growth Studies–Singleton Cohort, a prospective

multiracial study of low-risk, singleton pregnant women [26]. In brief, 2,802 pregnant women

(2,334 nonobese and 468 obese) aged 18–40 years with prepregnancy body mass index (BMI)

ranging from 19.0 to 44.9 kg/m2 and free of preexisting diseases (i.e., hypertension, diabetes,

renal/autoimmune disease, psychiatric disorder, cancer, or HIV/AIDs) were recruited between

gestational weeks 8 and 13 at 12 clinical centers across the US (2009–2013). The study was

approved by the institutional review boards of all participating institutions. Written informed

consent was obtained from all participants.

In the entire prospective cohort, we identified 107 GDM cases via medical record review

according to the Carpenter and Coustan criteria based on the definition recommended by

American Diabetes Association and American College of Obstetricians and Gynecologists

[27]. The average (± SD) gestational age at the 100-g, 3-hour oral glucose tolerance test for

Plasma phospholipid polyunsaturated fatty acids and gestational diabetes

PLOS Medicine | https://doi.org/10.1371/journal.pmed.1002910 September 13, 2019 4 / 20

https://doi.org/10.1371/journal.pmed.1002910


GDM diagnosis among cases was 27 (± 4) weeks. Women with GDM were individually

matched at a ratio of 1:2 to 214 non-GDM controls as part of the GDM etiology study within

the NICHD Fetal Growth Studies (S1 Fig; S1 Protocol) [28]. Matching variables included age

(± 2 years), race/ethnicity (non-Hispanic white, non-Hispanic black, Hispanic, Asian/Pacific

Islander), and gestational week of blood sample collection (± 2 weeks). Maternal blood speci-

mens were longitudinally collected four times during pregnancy targeted at gestational weeks

8–13, 16–22, 24–29, and 34–37 (actual range: 10–14, 15–26, 23–31, and 33–39 weeks, without

within-participant overlapping). At 15–26 weeks, samples were collected after an overnight

fast of 8–14 hours among both cases and controls. The fasting duration prior to biospecimen

collection at all visits was similar between cases and controls. Biospecimens were stored at −80

˚C until being thawed immediately before assay. By design, participants were randomized to

different gestational weeks within each time window of blood collection. This mixed longitudi-

nal randomization scheme maximized the opportunity of capturing weekly data without

exposing women to weekly examinations and allowed evaluation of gestational patterns of

plasma phospholipid PUFAs within smaller gestational-age intervals of 3–4 weeks, as done

previously [26,29,30].

Biomarker assessment

We collected a total of four blood samples per woman in the entire cohort, specifically two

before, one around, and one after the diagnosis of GDM, with at least one collection per tri-

mester to allow the assessment of clinically relevant trimester-specific physiologic alterations

across pregnancy. From the first two blood collections (i.e., weeks 10–14 [median 13, inter-

quartile range (IQR) 12–14] and 15–26 [median 19, IQR 18–21]), biomarkers were measured

among all the cases (n = 107) and controls (n = 214). To ensure that biomarker measurements

at these two visits preceded the diagnosis of GDM, we excluded one case at weeks 10–14 and

five cases at 15–26 weeks from the final analysis, whose blood samples were collected after the

diagnosis of GDM. From blood collections at the two subsequent visits (i.e., weeks 23–31

[median 27, IQR 25–28] and 33–39 [median 36, IQR 35–37]), biomarkers were measured

among cases and one of their randomly (consistent at both visits) selected controls (both

n = 107). The average (± SD) within-participant, nonoverlapping gaps between the four visits

were 6.5 (± 2.3), 7.6 (± 1.5), and 9.0 (± 1.5) weeks, respectively.

Plasma phospholipid PUFAs were measured using a Hewlett Packard 5890 gas chromatog-

raphy system as described previously [31]. Briefly, total lipids were extracted from plasma, and

phospholipid fraction was separated using thin-layer chromatography. Isolated phospholipids

were then converted to fatty acid methyl esters for further separation by gas chromatograph.

Fatty acids were identified using mixtures of known fatty acid methyl esters purchased from

Nu-Chek Prep (Elysian Township, MN, USA). Among 28 fatty acids with relative percentage

above 0.05%, which collectively covered up to 98% of the peaks measured, we identified 11

PUFAs, including four n-3 PUFAs: 18:3n-3 (ALA), 20:5n-3 (eicosapentaenoic acid [EPA]),

22:5n-3 (n-3 docosapentaenoic acid [DPA]), and 22:6n-3 (docosahexaenoic acid [DHA]); and

seven n-6 PUFAs: 18:2n-6 (LA), 18:3n-6 (gamma-linolenic acid [GLA]), 20:2n-6 (eicosadie-

noic acid [EDA]), 20:3n-6 (dihomo-gamma-linolenic acid [DGLA]), 20:4n-6 (arachidonic

acid [AA]), 22:4n-6 (docosatetraenoic acid [DTA]), and 22:5n-6 (n-6 DPA). The content of

individual plasma phospholipid PUFA was expressed as a percentage (%) of the total phospho-

lipid fatty acids. Samples of matched case–control pairs were assayed in the same analytic run

in a random order. Interassay coefficients of variation (CVs) were assessed using in-house

pooled control samples obtained from pregnant women and measured with each batch, total-

ing 40 repeats. The CVs for individual plasma phospholipid PUFAs reported in this study

Plasma phospholipid polyunsaturated fatty acids and gestational diabetes
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were<11% for all (ALA 10.9%, n-3 DPA 10.4%, DHA 5.4%, LA 2.8%, GLA 10.7%, EDA 5.9%,

DGLA 4.5%, AA 4.8%, n-6 DPA 9.6%) but EPA (22.1%) and DTA (29.9%), which had rela-

tively low abundance in pregnancy. The reported interassay CVs were consistent with previ-

ously reported ones among pregnant [32,33] and nonpregnant individuals [34]. Individual

PUFAs were also grouped into subclasses of n-3 or n-6 PUFAs (see biosynthesis pathways and

sources of individual PUFAs in S2 Fig). We also derived ratios of product to precursor PUFAs

as indicators of fatty acid elongase and desaturase enzyme activities, which have been impli-

cated in lipid metabolism and insulin action [35]: 18:3n-6/18:2n-6 (GLA/LA) indicating

Δ6-desaturase activity catalyzing the conversion of LA to GLA, 20:4n-6/20:3n-6 (AA/DGLA)

indicating Δ5-desaturase activity catalyzing the conversion of DGLA to AA, and 20:3n-6/

18:2n-6 (DGLA/LA) indicating the conversion of LA to DGLA.

Further, we measured a panel of glucose metabolism and cardiometabolic biomarkers

including glucose, insulin, C-peptide, high-sensitivity C-reactive protein (hs-CRP), high-

molecular-weight (HMW) adiponectin, leptin, total cholesterol, low-density lipoprotein cho-

lesterol (LDL-C), high-density lipoprotein cholesterol (HDL-C), and triglycerides. Specifically,

concentrations of plasma glucose and hs-CRP were measured by enzymatic assays using the

Roche Modular P Chemistry analyzer; total cholesterol, HDL-C, and triglycerides by Roche

COBAS 6000 Chemistry Analyzer; and insulin and C-peptide by Roche Elecsys 2010 Analyzer

(Roche Diagnostics, Indianapolis, IN, USA). Concentrations of LDL-C were calculated by the

Friedewald’s formula: LDL-C = total cholesterol − HDL-C—triglycerides / 5 [36]. All values of

plasma lipid levels were expressed in mg/dl. We also measured plasma HMW adiponectin

using a quantitative sandwich enzyme immunoassay (Beckman Coulter, Fullerton, CA, USA)

and leptin by the Mercodia Leptin ELISA (Mercodia AB, Uppsala, Sweden). The interassay

CVs of these biomarkers were all less than 6.0%. All 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 medical records. Covariates were a priori selected including conventional

risk factors for GDM: parity (nulliparous, multiparous), family history of diabetes (yes, no),

and prepregnancy BMI (<25.0, 25.0–29.9, 30.0–34.9, 35.0–44.9 kg/m2). In this low-risk popu-

lation, nonobese women who smoked in the 6 months preceding the index pregnancy were

ineligible, and only five obese women reported smoking in the 6 months before pregnancy.

Thus, smoking was not included as a covariate. Given that maternal age (years) and gestational

week of blood collection (weeks) were matched between cases and controls within a certain

range, we also included these two matching factors as continuous variables to derive conserva-

tive risk estimates.

Statistical methods

Differences between cases and controls in participant characteristics and plasma phospholipid

PUFA concentrations (%) and fatty acid ratios at the two visits prior to GDM diagnosis were

assessed by linear mixed models, with associated likelihood ratio tests for continuous variables,

and by logistic regression with generalized estimating equations for categorical variables,

including participant-specific random intercepts and a random effect term for matched case–

control pairs. Longitudinal trends of PUFAs and fatty acid ratios throughout pregnancy were

plotted according to gestational-age intervals among women with and without GDM, with

between-group comparisons obtained by linear mixed models with aforementioned model

specifications.

Plasma phospholipid polyunsaturated fatty acids and gestational diabetes
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To gain mechanistic insight into the potential underlying pathophysiological processes

involved in glucose homeostasis, we calculated partial Spearman’s correlation coefficients of

individual and subclasses of circulating PUFAs and fatty acid ratios at gestational weeks 10–14

with markers of glucose homeostasis (fasting plasma glucose, insulin, C-peptide, hs-CRP, and

homeostasis model assessment of insulin resistance [HOMA-IR] [37]) and cardiometabolic

risk (adiponectin, leptin, total cholesterol, HDL-C, LDL-C, and triglycerides) at the subsequent

visit (i.e., gestational weeks 15–26), adjusting for covariates. Heat maps were also created to

visualize and evaluate the cross-sectional correlations among individual PUFAs and fatty acid

ratios and aforementioned biomarkers at weeks 10–14 among non-GDM controls.

Multivariable conditional logistic regression models were fitted to assess the associations of

individual circulating PUFAs and fatty acid ratios at the first two visits (gestational weeks 10–

14 and 15–26) with risk of GDM, respectively, adjusting for aforementioned covariates. We

analyzed each PUFA and fatty acid ratio as a categorical variable in quartiles based on the dis-

tribution among controls to allow examination of potentially nonlinear associations, and also

a continuous variable per standard deviation (SD). Tests of linear trend were conducted by

using the median value for each quartile and fitted as a continuous variable in the conditional

logistic regression models. Given the overall consistent findings in the quartile-specific and

continuous exposure models, we presented the latter as primary results. Similar analyses were

conducted for PUFA subclasses (i.e., n-3 and n-6 PUFAs). Further, to investigate the potential

interplay of PUFA subclasses in relation to GDM risk, we assessed the risk estimates associated

with joint categories of high or low n-3 and n-6 PUFAs determined as above or below the

respective median at the first two visits, including an interaction term for continuous n-3 and

n-6 PUFAs examined by the likelihood ratio test. We also assessed the association of longitudi-

nal trends of plasma phospholipid PUFAs and ratios from weeks 10–14 to 15–26 with GDM

risk by fitting generalized linear mixed models with participant-specific random intercepts, an

autoregressive covariance structure, and a random effect for the matched case–control pairs.

Post hoc multiple-comparison adjustment for P values was performed using the Benjamini-

Hochberg false-discovery rate (FDR)-controlling method [38]. In sensitivity analysis, we addi-

tionally adjusted for plasma phospholipid saturated fatty acids (SFAs) to explore the potential

impact of interplay with SFAs on the PUFA-GDM association. We also excluded three women

with undiagnosed preexisting diabetes using hemoglobin A1C (�6.5%) at weeks 10–14. In

addition, we included cross-product terms to evaluate whether the associations of circulating

PUFAs and fatty acid ratios with subsequent GDM risk were modified by major risk factors

for GDM (prepregnancy obesity status, family history of diabetes, and race/ethnicity). All anal-

yses were conducted using SAS version 9.4 (SAS Institute, Cary, NC, USA), and significance

defined as a two-tailed P value < 0.05.

Results

Compared to non-GDM controls, women with GDM were more likely to have a family history

of diabetes and be overweight or obese before pregnancy (Table 1). Among all PUFAs, LA

(18:2n-6) was the most abundant form and accounted for 21%–22% of the total plasma phos-

pholipid fatty acids level, followed by AA 20:4n-6 for 10%–11%, DHA for 4%, and DGLA

20:3n-6 for 3%–4%, whereas other individual PUFAs contributed less than 1%, with the lowest

concentration observed for GLA (0.07%–0.08%) at gestational weeks 10–14 and 15–26

(Table 2). Compared to non-GDM controls, women with GDM had significantly lower levels

of DHA at weeks 10–14, EPA at weeks 15–26, total n-3 PUFAs at both weeks 10–14 and 15–

26, and EDA and DTA at weeks 15–26, whereas they had significantly higher levels of GLA at

weeks 10–14 and DGLA at weeks 10–14 and 15–26. Among PUFA ratios, Δ6-desaturase at
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weeks 10–14 and DGLA/LA at both gestational periods were significantly higher, whereas

Δ5-desaturase was significantly lower among GDM women compared to non-GDM controls.

Longitudinal plasma phospholipid PUFA profile across gestation

Overall, concentrations (%) of plasma phospholipid n-3 PUFA generally decreased, whereas

n-6 PUFA fluctuated among both cases and controls as pregnancy progressed (S3 Fig). Case–

control differences in n-3 or n-6 PUFAs and PUFA ratios, if any, were mostly observed before

diagnosis of GDM (i.e., gestational weeks 24–28) and diminished or even changed the direc-

tion in late pregnancy. The only case–control difference was observed in gestational weeks 20–

23, with lower PUFA n-3 and higher PUFA n-6 levels in women with GDM than in women

without GDM. For the PUFA product-to-precursor ratios, women with GDM had higher lev-

els of Δ6-desaturase and DGLA/AA at gestational weeks 13–15 and 24–27, lower levels of

Δ5-desaturase at weeks 13–15 and higher levels at weeks 36–39, and higher n-6/n-3 PUFA

ratio at weeks 20–23, respectively (S4 Fig).

Table 1. Participant characteristics among women with GDM and their matched controls, the NICHD Fetal Growth Studies–Singleton Cohorta.

GDM cases (n = 107) Non-GDM controls (n = 214) P valueb

Age (years) 30.5 ± 5.7 30.4 ± 5.4

Race/ethnicity

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 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 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 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)

Nulliparity 48 (44.9) 96 (44.9) 1

Family history of diabetes 40 (37.4) 48 (22.4) 0.003

Prepregnancy body mass index, kg/m2 <0.001

Normal weight, 19.0–24.9 37 (34.6) 123 (58.0)

Overweight, 25.0–29.9 35 (32.7) 56 (26.4)

Obese class 1, 30.0–34.9 20 (18.7) 17 (8.0)

Obese classes 2 and 3, 35.0–44.9 15 (14.0) 16 (7.6)

Smoking 6 months preconception 4 (3.7) 1 (0.5) 0.06

Alcoholic beverage consumption 3 months preconception 61 (57.0) 137 (64.0) 0.22

aData are presented as n (%) for categorical variables and mean (SD) for continuous variables, unless otherwise specified.
bObtained by linear mixed models with associated likelihood ratio tests for continuous variables and binomial/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.

Abbreviations: GDM, gestational diabetes mellitus; NICHD, National Institute of Child Health and Human Development; SD, standard deviation

https://doi.org/10.1371/journal.pmed.1002910.t001
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Plasma phospholipid PUFAs in relation to glucose metabolism and

cardiometabolic biomarkers

Among plasma phospholipid n-3 PUFAs at gestational weeks 10–14, total n-3 PUFAs and

individual DPA and DHA were all inversely correlated with hs-CRP, DHA also positively with

adiponectin, and EPA inversely with insulin, HOMA-IR, and triglycerides at weeks 15–26

among non-GDM controls, after adjusting for covariates (Table 3). In a consistent pattern,

Δ5-desaturase was inversely correlated with insulin, HOMA-IR, C-peptide, leptin, and triglyc-

erides and positively with HDL-C. In contrast, an opposite pattern was observed for DGLA,

with overall positive correlations with biomarkers implicated in glucose intolerance and insu-

lin resistance and inverse correlations with HDL-C. Further, the DGLA/LA ratio was positively

correlated with C-peptide and leptin. Similar trends were observed when examining cross-sec-

tional correlations between individual PUFAs and these clinical markers at weeks 10–14, as

illustrated in the heat map (S5 Fig).

Plasma phospholipid PUFAs in early to midpregnancy and subsequent

GDM risk

After adjusting for major risk factors for GDM, the individual n-3 DPA and total n-3 PUFAs

at gestational weeks 15–26 but not 10–14 were associated with a 33% (adjusted odds ratio

Table 2. Distribution of plasma phospholipid n-3 PUFA (%), n-6 PUFA (%), and PUFA ratios among GDM cases and non-GDM controlsa.

Gestational weeks 10–14 Gestational weeks 15–26

Controls (n = 214) GDM (n = 107) Pb Controls (n = 214) GDM (n = 107) Pb

n-3 PUFAs, % of total fatty acids

18:3n-3 (ALA) 0.20 (0.16, 0.26) 0.21 (0.17, 0.26) 0.62 0.24 (0.20, 0.29) 0.25 (0.19, 0.28) 0.73

20:5n-3 (EPA) 0.29 (0.21, 0.4) 0.29 (0.19, 0.43) 0.74 0.16 (0.14, 0.21) 0.15 (0.12, 0.19) 0.047

22:5n-3 (DPA) 0.68 (0.55, 0.81) 0.65 (0.54, 0.80) 0.25 0.62 (0.51, 0.76) 0.58 (0.46, 0.7) 0.031

22:6n-3 (DHA) 4.16 (3.37, 5.13) 3.92 (3.05, 4.73) 0.049 3.99 (3.23, 5.00) 3.71 (2.97, 4.91) 0.085

Total n-3 PUFAs 5.40 (4.58, 6.41) 5.11 (4.14, 6.12) 0.047 5.10 (4.17, 6.21) 4.70 (3.87, 5.99) 0.047

n-6 PUFAs, % of total fatty acids

18:2n-6 (LA) 20.59 (18.85, 22.54) 20.50 (18.74, 22.06) 0.510 21.59 (19.91, 23.33) 21.57 (19.78, 23.29) 0.990

18:3n-6 (GLA) 0.07 (0.06, 0.09) 0.08 (0.06, 0.11) 0.010 0.07 (0.05, 0.09) 0.07 (0.06, 0.09) 0.890

20:2n-6 (EDA) 0.50 (0.44, 0.57) 0.47 (0.43, 0.56) 0.110 0.52 (0.45, 0.59) 0.49 (0.43, 0.58) 0.027

20:3n-6 (DGLA) 3.41 (2.83, 4.01) 3.66 (3.20, 4.53) <0.0013 3.35 (2.88, 3.91) 3.75 (3.30, 4.32) <0.0011

20:4n-6 (AA) 11.34 (9.91, 12.54) 10.88 (9.42, 12.63) 0.330 10.42 (8.90, 11.77) 10.42 (8.70, 12.19) 0.760

22:4n-6 (DTA) 0.49 (0.36, 0.61) 0.47 (0.32, 0.61) 0.440 0.27 (0.22, 0.35) 0.24 (0.20, 0.29) 0.001

22:5n-6 (n6-DPA) 0.53 (0.37, 0.66) 0.51 (0.42, 0.65) 0.940 0.50 (0.35, 0.64) 0.52 (0.39, 0.65) 0.340

Total n-6 PUFAs 37.29 (35.55, 38.71) 37.46 (35.32, 38.67) 0.800 37.21 (35.22, 38.57) 37.34 (35.78, 39.05) 0.170

PUFA ratios

Δ6-desaturase, 18:3n-6/18:2n-6 0.003 (0.003, 0.005) 0.004 (0.003, 0.006) 0.014 0.003 (0.002, 0.005) 0.003 (0.002, 0.004) 0.980

Δ5-desaturase, 20:4n-6/20:3n-6 3.43 (2.61, 4.12) 2.87 (2.30, 3.60) 0.001 2.94 (2.44, 3.82) 2.71 (2.20, 3.36) 0.021

DGLA/LA, 20:3n-6/18:2n-6 0.17 (0.13, 0.20) 0.19 (0.16, 0.23) <0.001 0.15 (0.13, 0.19) 0.18 (0.14, 0.21) 0.001

aData are presented as median (25th and 75th percentile).
bP values for differences between case and control participants were obtained by linear mixed models with associated likelihood ratio tests, accounting for matched

case–control pairs (likelihood ratio tests).

Abbreviations: AA, arachidonic acid; ALA, alpha-linolenic acid; DGLA, dihomo-gamma-linolenic acid; DHA, docosahexaenoic acid; DPA, docosapentaenoic acid;

DTA, docosatetraenoic acid; EDA, eicosadienoic acid; EPA, eicosapentaenoic acid; GDM, gestational diabetes mellitus; GLA, gamma-linolenic acid; LA, linoleic acid;

PUFA, polyunsaturated fatty acid

https://doi.org/10.1371/journal.pmed.1002910.t002
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[aOR] 0.67; 95% CI 0.45–0.99) and 36% (0.64; 95% CI 0.42–0.96) lower risk of GDM per SD

increase, respectively; however, the significance did not persist after post hoc FDR correction

(Fig 1; see similar unadjusted results in S6 Fig). Among n-6 PUFAs, total n-6 PUFAs were not

significantly associated, whereas individual n-6 PUFAs were differentially associated with

GDM risk. Specifically, per SD increase, GLA at weeks 10–14 and DGLA at weeks 10–14 and

15–26 were associated with a 1.40-fold (95% CI 1.05–1.87), 1.95-fold (95% CI 1.37–2.78), and

1.72-fold (95% CI 1.22–2.43) higher risk of GDM, respectively, whereas DTA at weeks 15–26

was associated with a 45% (aOR 0.55; 95% CI 0.37–0.83) lower risk of GDM (all P
values< 0.05 after FDR correction; Fig 1; see unadjusted results in S6 Fig). For PUFA ratios,

Δ5-desaturase at weeks 10–14 and 15–26 was associated with a 35% (0.65; 95% CI 0.47–0.90)

and 34% (0.66; 95% CI 0.45–0.97) lower risk of GDM per SD increase, respectively (both P
values< 0.05 after FDR correction). In contrast, Δ6-desaturase at gestational weeks 10–14 and

the DGLA/LA at both gestational periods were significantly related to a 1.36- to 1.71-fold

higher risk of GDM per SD increase (all P values < 0.05 after FDR correction). In sensitivity

analysis additionally adjusting for plasma phospholipid SFAs, we found similar results on indi-

vidual plasma phospholipid PUFAs except that SFAs attenuated findings of GLA and PUFA

ratios from significant to null after FDR correction for P values (S1 Table). Further,

Table 3. Partial Spearman correlation coefficients of plasma phospholipid n-3 PUFA, n-6 PUFA, and PUFA ratios at gestational weeks 10–14 with subsequent fast-

ing plasma cardiometabolic biomarkers and indices at gestational weeks 15–26 among non-GDM controlsa.

Glucose Insulin HOMA-IR C-peptide hs-CRP HMW adiponectin Leptin Total cholesterol HDL-C LDL-C TGs

n-3 PUFAs

18:3n-3 (ALA) 0.01 0.01 0.01 0.03 −0.02 0.11 0.04 0.16 0.03 0.16 0.08

20:5n-3 (EPA) −0.13 −0.19� −0.20� −0.11 0.16 0.14 0.04 −0.01 0.01 0.05 −0.25�

22:5n-3 (DPA) 0.12 0.04 0.04 0.02 −0.23� −0.09 −0.03 0.02 −0.05 0.08 −0.03

22:6n-3 (DHA) −0.16 0.01 0.03 −0.03 −0.29† 0.19� −0.08 −0.02 0.07 −0.04 0.01

Total n-3 PUFAs -0.14 −0.02 0.01 −0.04 −0.30� 0.16 −0.08 −0.02 0.07 −0.03 −0.04

n-6 PUFAs

18:2n-6 (LA) −0.12 −0.02 −0.02 −0.01 −0.02 0.12 −0.10 0.12 0.06 0.06 0.16

18:3n-6 (GLA) 0.04 0.09 0.09 0.08 0.06 0.03 0.19 −0.04 −0.05 0.04 −0.07

20:2n-6 (EDA) 0.01 0.06 0.07 0.13 0.10 0.04 0.04 0.16 −0.14 0.20� 0.27‡

20:3n-6 (DGLA) 0.18� 0.19� 0.20� 0.29† 0.16� −0.04 0.25† −0.03 −0.18� 0.02 0.13

20:4n-6 (AA) 0.12 −0.01 0.01 −0.02 0.01 −0.11 0.08 −0.21� 0.07 −0.22� −0.22�

22:4n-6 (DTA) −0.02 −0.02 −0.02 0.08 0.10 0.09 0.06 −0.02 −0.15� 0.07 −0.15�

22:5n-6 (n6-DPA) −0.08 −0.08 −0.10 −0.08 0.04 −0.01 −0.01 −0.03 −0.08 0.01 −0.03

Total n-6 PUFAs −0.04 0.01 0.01 0.03 0.03 0.02 −0.01 −0.04 0.09 −0.12 0.06

Fatty acids ratio

Δ6-desaturase, 18:3n-6/18:2n-6 0.06 0.09 0.09 0.07 0.07 −0.02 0.22� −0.08 −0.07 0.01 −0.10

Δ5-desaturase, 20:4n-6/20:3n-6 −0.11 −0.17� −0.17� −0.24� −0.12 −0.02 −0.18� −0.05 0.19� −0.11 −0.18�

DGLA/LA, 20:3n-6/18:2n-6 0.16 0.16 0.16 0.24� 0.15 −0.06 0.26‡ −0.04 −0.17 0.03 0.06

aAdjusted for age (years), gestational age at blood collection (weeks), parity (nulliparous, multiparous), family history of diabetes (yes, no), and prepregnancy body mass

index (<25.0, 25.0–29.9, 30.0–34.9, 35.0–44.9 kg/m2).

�P < 0.05 after false-discovery rate correction.
†P< 0.01 after false-discovery rate correction.
‡P< 0.001 after false-discovery rate correction.

Abbreviations: AA, arachidonic acid; ALA, alpha-linolenic acid; DGLA, dihomo-gamma-linolenic acid; DHA, docosahexaenoic acid; DPA, docosapentaenoic acid;

DTA, docosatetraenoic acid; EDA, eicosadienoic acid; EPA, eicosapentaenoic acid; GDM, gestational diabetes mellitus; GLA, gamma-linolenic acid; HDL-C, high-

density lipoprotein cholesterol; HMW, high-molecular-weight; HOMA-IR, homeostasis model assessment of insulin resistance; hs-CRP, high-sensitivity C-reactive

protein; LA, linoleic acid; LDL-C, low-density lipoprotein cholesterol; PUFA, polyunsaturated fatty acid; TG, triglyceride

https://doi.org/10.1371/journal.pmed.1002910.t003
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longitudinal analysis modeling repeated measures of PUFAs at weeks 10–14 and 15–26

showed overall slightly attenuated (due to the averaged-out effect) but consistent patterns with

the trimester-specific analysis (S7 Fig). In sensitivity analysis excluding three women with

hemoglobin A1C (�6.5%) at weeks 10–14, an indicator for undiagnosed preexisting diabetes,

results remain materially unchanged.

The risk estimates were adjusted for age (years), gestational age at blood collection (weeks),

parity (nulliparous, multiparous), family history of diabetes (yes, no), and prepregnancy BMI

(<25.0, 25.0–29.9, 30.0–34.9, 35.0–44.9 kg/m2).

Results on the longitudinal analysis assessing repeated measures of plasma phospholipid

PUFAs across gestational weeks 10–14 and 15–26 in relation to GDM risk are available in S7 Fig.

Consistently, as parameterized in quartiles, individual n-6 DGLA at weeks 10–14 and 15–

26 showed positive dose-response relationships with GDM risk (P for trend across quartiles

after FDR correction = 0.056 and 0.008, respectively; S2 Table), whereas Δ5-desaturase at both

gestational periods showed inverse dose-response relationships with GDM risk (P for trend

after FDR correction = 0.03 and 0.078, respectively), after adjustment for covariates. In stratifi-

cation analyses, we did not observe significant effect modification by conventional risk factors

for GDM, including prepregnancy obesity, family history of diabetes, and race/ethnicity.

Further, combination of high concentrations (�median; %) of n-3 PUFAs and low concen-

trations (<median; %) of n-6 PUFAs illustrated a joint effect on GDM. Compared to women

Fig 1. Adjusted OR (95% CIs) of GDM risk per one standard deviation increase in plasma phospholipid n-3 PUFA, n-6 PUFA, and PUFA ratios at gestational

weeks 10–14 and 15–26.
� P<0.05 after false-discovery rate correction
�� P<0.01 after false-discovery rate correction

AA, arachidonic acid; ALA, alpha-linolenic acid; DHA, docosahexaenoic acid; DGLA, dihomo-gamma-linolenic acid; DPA, docosapentaenoic acid; DTA,

docosatetraenoic acid; EDA, eicosadienoic acid; EPA, eicosapentaenoic acid; GDM, gestational diabetes mellitus; GLA, gamma-linolenic acid; LA, linoleic acid; OR,

odds ratio; PUFA, polyunsaturated fatty acid.

https://doi.org/10.1371/journal.pmed.1002910.g001
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with low n-3 PUFAs and high n-6 PUFAs, those with high n-3 PUFAs and low n-6 PUFAs lev-

els at gestational weeks 15–26 were at a 64% (aOR 0.36; 95% CI 0.14–0.95; P for interac-

tion = 0.02) lower risk of GDM (Fig 2). An inverse but not statistically significant association

was observed for the combination of high n-3 PUFAs and low n-6 PUFAs at weeks 10–14

(0.43; 95% CI 0.17–1.08; P for interaction = 0.08).

Discussion

In this longitudinal study within the prospective NICHD Fetal Growth Studies–Singleton

Cohort, we provide, to our knowledge, the most extensive evaluation to date of the longitudi-

nal profile of 11 individual plasma phospholipid PUFAs and three PUFA product-to-precursor

ratios across gestation and their associations in early to midpregnancy with subsequent risk of

GDM. Overall, primarily diet-derived plasma phospholipid PUFAs including n-3 EPA and

DHA and n-6 LA in early to midpregnancy were not significantly associated with GDM risk;

however, EPA and DHA were inversely correlated with insulin-resistance markers. Among

primarily endogenous PUFAs, n-6 GLA at weeks 10–14 and DGLA at both weeks 10–14 and

15–26 were positively associated with GDM risk, whereas DTA at weeks 15–26 was inversely

related to GDM risk. For PUFA ratios, Δ6-desaturase at weeks 10–14 and DGLA/LA at both

Fig 2. Adjusted odds ratios (95% CIs) of GDM risk in association with plasma phospholipid n-3 PUFA and n-6 PUFA at gestational weeks 10–14 and 15–26. The

point estimates were adjusted for age (years), gestational age at blood collection (weeks), parity (nulliparous, multiparous), family history of diabetes (yes, no), and

prepregnancy body mass index (<25.0, 25.0–29.9, 30.0–34.9, 35.0–44.9 kg/m2). High, concentrations above median; low, concentrations below median. Obtained by

the likelihood ratio test for the interaction between n-3 and n-6 PUFAs: �P for interaction = 0.08 at gestational weeks 10–14; †P for interaction = 0.02 at gestational

weeks 15–26. GDM, gestational diabetes mellitus; PUFA, polyunsaturated fatty acid.

https://doi.org/10.1371/journal.pmed.1002910.g002
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gestational periods were positively associated whereas Δ5-desaturase at both gestational peri-

ods was inversely associated with GDM risk.

Comparison with other studies on GDM

Previous data on plasma phospholipid PUFAs in relation to risk of GDM were scarce and

largely based on small-scaled retrospective or cross-sectional studies with one point-in-time

assessment of PUFAs profiles at or after the diagnosis of GDM or even after delivery, including

12–62 GDM cases [39–45], whereas only one previous study measured serum PUFAs before

GDM diagnosis [24]. The limited data and inadequate design to address the prospective associ-

ation may be attributed to the unique challenges including but not limited to temporal exami-

nation of exposure and outcome of interest, participant burden due to multiple

measurements, and cohort retention among pregnant populations. Given that PUFA profiles

may be affected by GDM treatment, assessment concurrent with or after GDM diagnosis

could not adequately inform the pathophysiology of GDM. Therefore, we compared our study

with the only existing prospective study by Chen and colleagues with a small sample size (49

GDM cases) [24]. Consistent with our findings, Chen and colleagues reported null associations

of three serum n-3 (ALA, EPA, DHA) and two n-6 PUFAs (LA and AA) at gestational week

16.5 with GDM risk but no data on other individual PUFAs. The null association of DHA with

GDM in observational studies is consistent with one randomized controlled trial, which found

no reduction in GDM risk by DHA supplementation in the second half of pregnancy [46]. On

the other hand, although our findings demonstrate null associations of EPA and DHA with

GDM risk, they do not exclude the possibility of benefit on glucose–insulin homeostasis based

on their inverse correlations with insulin, HOMA-IR (both with EPA), and hs-CRP (with

DHA) and positive correlation with adiponectin (with DHA). Further, the overall downward

trend of plasma phospholipid n-3 PUFA across gestation in our study was consistent with pre-

vious data showing progressive decrease in plasma n-3 PUFAs, suggesting increasing mater-

nal–fetal transfer due to the increasing demand of fetal development [25]. Given the

circulating levels of n-3 PUFAs are a function of both exogenous and endogenous sources,

future studies investigating relative contributions of exogenous (e.g., diet, physical activity,

smoking) and endogenous factors (e.g., genetics and biochemistry) to circulating levels of n-3

PUFAs during pregnancy are warranted.

Comparison with other studies on T2DM

Our findings are in line with some, though not all, previous data on T2DM among nonpreg-

nant individuals. For instance, plasma phospholipid DTA was inversely and GLA and DGLA

were positively associated with T2DM risk [34], whereas heterogeneous and inconclusive asso-

ciations of plasma phospholipid n-3 PUFAs with T2DM have been reported in a recent meta-

analysis [14]. Among n-6 PUFAs, Forouhi and colleagues reported a strong inverse association

of T2DM with the most abundant plasma phospholipid LA [34] and a meta-analysis reported

reduction in fasting insulin and HOMA-IR by plant-derived PUFAs (primarily LA) among

people without diabetes [18], in contrast to a positive association of dietary LA with T2DM

risk [47] and to our findings of null associations of LA in early to midpregnancy with GDM

risk. It is plausible that the differential findings may be attributed to unique metabolic status of

pregnancy because of the increasing demand of fetal requirement of essential PUFAs and thus

potentially different mechanisms underlying plasma phospholipid PUFAs and GDM versus

T2DM. Future investigation is needed to dissect the various mechanisms underlying GDM

and its evolution to T2DM after pregnancy. Notably, the plasma phospholipid PUFA composi-

tions in our study were comparable to those in nonpregnant populations [34,48], with the only
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exception for an approximately 10-fold difference between DHA and EPA in our study (4.0%

versus 0.3%). This magnitude of difference was similar to that observed in other pregnant pop-

ulations [49] but greater than that in nonpregnant individuals (e.g., 4% versus 1%) [34,48],

which could be partially explained by greater consumption of seafood and/or prenatal supple-

ments rich in DHA among pregnant women [50,51]. This observation further demonstrates

the unique profile of plasma phospholipid PUFAs among pregnant women and cautions

against simple extrapolation from data on nonpregnant populations.

Biological plausibility and implications

Although the exact metabolic pathways whereby plasma phospholipid PUFAs are involved in

glucose homeostasis and the development of GDM remain to be elucidated, our findings are

biologically plausible. Plasma phospholipid PUFAs may alter cell membrane structure and

property, influence the response of membrane-bound hormone receptors, serve as precursors

to proinflammatory eicosanoids, and affect downstream insulin and glucose metabolism [52].

Consistent with our observations of inverse associations of total n-3 PUFAs and individual

EPA, DPA, and DHA with several insulin-resistance markers, animal data have shown that n-

3 PUFAs may decrease secretion of inflammatory cytokines and reverse glucose intolerance

[53,54]. Among plasma phospholipid n-6 PUFAs, individual GLA and DGLA, intermediate

metabolites of AA, were positively associated with GDM risk in our study. Animal studies

demonstrated the ability of predominantly endogenous GLA and DGLA to modulate cellular

lipid metabolism and eicosanoid synthesis [55], which in turn are implicated in inflammatory-

induced insulin resistance and β-cell destruction [56]. Further, our finding of an inverse asso-

ciation of Δ5-desaturase (DGLA to AA) with GDM risk was consistent with an inverse causal

relation of Δ5-desaturase activity encoded by the fatty acid desaturase 1 (FADS1) with diabetes

risk in a mendelian randomization study [57]. On the other hand, we did not observe a signifi-

cant association between plasma phospholipid LA, the most abundant form of circulating

PUFAs that is essentially diet-derived, with risk of GDM. Health effects of LA remain debated,

even with uncertainties in dietary recommendations. American Heart Association supports an

n-6 PUFA (primarily LA) intake of 5%–10% of total energy [58], whereas the French Food

Safety Agency recommends LA< 4% of energy to avoid potential harm [59]. The theorized

harm is mainly rooted in LA as the precursor to AA. However, previous data suggest that die-

tary intake of LA has little effect on circulating AA and its metabolites GLA and DGLA, sug-

gesting a stronger role of endogenous regulation of these metabolites [60]. Our findings of null

associations of LA with markers of glucose homeostasis and GDM risk do not suggest a harm-

ful role of circulating LA in GDM pathophysiology. Notably, sensitivity analysis showed that

the significant associations of PUFA ratios with GDM risk were attenuated and turned null

after further adjustment for plasma phospholipid SFAs and FDR correction for P values, sug-

gesting the potential interplay and metabolic effects of different fatty acid components [61].

Future investigations on the role of complex interplay among fatty acids subclasses in glucose

homeostasis and GDM risk are warranted.

Strengths and limitations

Our study has some notable strengths. The prospective and longitudinal data collection

allowed examination of the temporal associations of PUFAs during early to midpregnancy

with subsequent GDM risk. Further, we had the unique ability to profile the longitudinal phys-

iologic trends of plasma phospholipid PUFAs throughout pregnancy, which demonstrated dif-

ferential temporal variations of PUFA composition and desaturase activity among women

with and without GDM. Most notably, the objective measurement of plasma phospholipid
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PUFA levels enabled assessment of GDM risk with individual and subclasses of circulating

PUFAs. Therefore, our findings may shed light on previous inconsistent inferences concerning

dietary intakes of PUFAs in relation to glucose homeostasis and diabetes risk, which has been

inevitably subject to measurement errors of dietary assessment via subjective report [11–14].

Moreover, we measured a comprehensive panel of markers of glucose metabolism and cardio-

metabolic risk simultaneously with plasma phospholipid PUFAs, which may provide mecha-

nistic insight into the association of circulating PUFAs with risk of GDM.

Some potential limitations of our study merit discussion. Concentrations of individual

plasma phospholipid PUFAs were measured as relative (percent of total phospholipid fatty

acids), not absolute, concentrations. However, this approach has been validated and widely

adopted in epidemiological studies, which tends to facilitate a better interpretation of meta-

bolic associations compared to absolute measurements [62]. In the present study, we did not

assess the associations of specific fractions of plasma phospholipid PUFAs (e.g., phosphatidyl-

choline, phosphatidylserine, phosphatidylethanolamine, etc.) with risk of GDM, which war-

rant examination in future studies. Fasting plasma samples were collected at gestational weeks

15–26 and random samples at other visits. However, the fasting duration prior to biospecimen

collection at all visits were nondifferential to the case–control status; thus, differential mea-

surement error due to fasting status is unlikely. Given the clinically meaningful competition

between n-3 and n-6 PUFAs, we assessed the joint associations of n-3 and n-6 PUFAs catego-

ries with GDM risk while also acknowledging the categorization is data-driven given the lack

of established reference range or threshold values. Despite the significant associations observed

between individual PUFAs and GDM risk, we cannot exclude the possibility of the relatively

modest sample size causing underestimation of the significance of true associations due to sta-

tistical power. To date, our study is one of the largest longitudinal studies of plasma phospho-

lipid PUFAs throughout pregnancy in relation to GDM risk; future studies with a larger

sample size are warranted to validate our findings. The generalization of our findings to obese

women with otherwise low-risk obstetrical profiles remains to be established; however, inclu-

sion of overall healthy women may minimize reverse causality and the residual confounding

due to preexisting complications and unhealthy behaviors. Finally, our findings are based on

an observational study within a prospective cohort of pregnant women; further intervention

studies are warranted to confirm our findings and the causal relationship.

Conclusions

In this longitudinal study, our findings of differential associations of primarily endogenously

metabolized n-6 PUFAs including GLA, DGLA, and DTA with GDM risk may suggest a

potential role of circulating levels of these individual phospholipid PUFAs in early to mid-

pregnancy in GDM pathophysiology. Among primarily diet-derived PUFAs, our findings do

not provide strong evidence to suggest beneficial roles of plasma phospholipid n-3 EPA and

DHA in the prevention of GDM, although not excluding the possibility of benefit on glucose

homeostasis given their inverse correlations with insulin-resistance markers. Further, null

findings on the plant-derived n-6 LA suggest neither a harmful nor a beneficial role in GDM

pathophysiology. Collectively, these findings highlight the need to recognize the distinct

associations between individual plasma phospholipid PUFAs and GDM risk, rather than

merely focusing on dietary assessment of total or subclasses of PUFAs, given the various pro-

cesses and interplay in the biosynthesis pathways of individual PUFAs. Preventive strategies

to mitigate GDM risk could be potentially strengthened by considering the differential glu-

cose homeostasis and cardiometabolic effects varying by subclasses of PUFAs and individual

circulating PUFAs.
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