Clinical Nutrition 40 (2021) 4140—4148

Contents lists available at ScienceDirect CLINICAL
NUTRITION

Clinical Nutrition

journal homepage: http://www.elsevier.com/locate/clnu

Original article

Complex patterns of circulating fatty acid levels in gestational diabetes N
mellitus subclasses across pregnancy i

Ting Zhang * >, Wen-Rong Jiang ¢, Yin-Yin Xia f Toby Mansell #, Richard Saffery
Richard D. Cannon ", Jamie De Seymour ', Zhen Zou’, Ge Xu’, Ting-Li Han * "7,
Hua Zhang * ™, Philip N. Baker “

2 Department of Obstetrics and Gynaecology, The First Affiliated Hospital of Chongging Medical University, Chongqing 400016, China

b State Key Laboratory of Maternal and Fetal Medicine of Chongging Municipality, Chongqing Medical University, Chongqing 400016, China
€ Chongqing Key Laboratory of Oral Diseases and Biomedical Sciences, Chongqing 401147, PR China

d Chongqing Municipal Key Laboratory of Oral Biomedical Engineering of Higher Education, Chongqing 401147, China

€ Stomatological Hospital of Chongqing Medical University, Chongqing 401147, China

f School of Public Health and Management, Chongqing Medical University, Chonggqing 400016, China

& Cancer & Disease Epigenetics, Murdoch Children's Research Institute and Department of Paediatrics, University of Melbourne, Melbourne, VIC, Australia
N Department of Oral Sciences, Sir John Walsh Research Institute, Faculty of Dentistry, University of Otago, Dunedin, New Zealand

| Liggins Institute, The University of Auckland, Auckland 1023, New Zealand

I Institute of Life Sciences, Chongqing Medical University, Chonggqing 400016, China

K College of Medicine, Biological Sciences and Psychology, University of Leicester, UK

ARTICLE INFO SUMMARY

Article history: Background & aims: To investigate the relationship between maternal serum fatty acid levels and

Received 4 October 2020 gestational diabetes mellitus (GDM) subtypes across pregnancy.

Accepted 30 January 2021 Methods: A total of 680 singleton mothers enrolled in the Complex Lipids in Mothers and Babies (CLIMB)
study in Chongging, China were included. Clinical information and serum samples were collected at

Keywords: gestational weeks (GWs) 11—14, 22—28, and 32—34. 75 g Oral Glucose Tolerance Test (OGTT) was con-

Gestational diabetes mellitus

Fatty acid ducted at GW 24—28 and GDM subtypes divided into three groups using International Association of
atty acids

Fasting plasma glucose Diabetes and Pregnancy Study Group (IADPSG) guidelines criteria: elevated fasting plasma glucose (FPG
a-linolenic acid group; n = 59); 1-h and/or 2-h post-load glucose (1h/2h-PG group; n = 94); combined group (FPG&1h/
Docosahexaenoic acid 2h-PG group; n = 42). Non-GDM pregnancies were included (n = 485) as controls. Twenty fatty acids
were quantified in serum using gas chromatography-mass spectrometry (GC—MS) analysis.
Results: Overall, most serum fatty acid concentrations increased rapidly from the first to second
trimester, followed by a plateauing or reduction in the third trimester (p < 0.001). In cross sectional
analysis, fatty acid concentrations were significantly higher in the FPG group at GW 11—14 and decreased
in the 1h/2h-PG group at GW 32—34, relative to controls. Moreover, higher a-linolenic acid (ALA; the
second tertile: adjusted odds ratio [aOR] = 2.53, 95% CI: 1.17 to 5.47; the third tertile: aOR = 2.60, 95% CI:
1.20 to 5.65) and docosahexaenoic acid (DHA; the second tertile: aOR = 2.34, 95% CI: 1.10 to 4.97; the
third tertile: aOR = 2.16, 95% CI: 1.00 to 4.63) were significantly associated with a higher risk of GDM in
women with elevated fasting plasma glucose at GW 11—14 (first tertile as reference).
Conclusions: Our findings highlight the importance of considering GDM subtypes for the individualised
management of GDM in pregnancy. ALA and DHA in early pregnancy are associated with a higher risk of
FPG-GDM subtype. This has widespread implications when recommending n-3 PUFAs supplementation
for women with GDM.
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license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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1. Introduction

In accordance with traditional Chinese culture, women are
encouraged to consume animal products more frequently during
pregnancy because these foods are a good source of high-quality
protein, fat, and micronutrients [1]. In combination with
increasing economic development and urbanisation, this has seen a
shift in pregnancy dietary patterns, with greater consumption of
animal derived products in recent decades [2,3]. Physiologic ad-
aptations seen in pregnancy include a degree of insulin resistance
and a modest increase in blood lipid concentrations (physiologic
hyperlipidemia). These metabolic alterations are required to fulfil
higher energy demand in order to supply adequate nutrient for
intrauterine growth and development [4,5]. Indeed, n-3 poly-
unsaturated fatty acids (PUFAs), particularly docosahexaenoic acid
(DHA), play an essential role in the support the development of the
brain and central nervous system of a fetus [6,7].

Gestational diabetes mellitus (GDM), characterised by any poor
glucose regulation during pregnancy [8], affects between 12.8% and
16.7% of pregnant women in China [9]. GDM is associated with
increased risks of short- and long-term complications for both the
mother and the offspring, such as type 2 diabetes mellitus (T2DM)
and obesity later in life [10]. Indeed, women with a history of GDM
appear to have a nearly 10-fold higher risk of developing T2DM
than those with a normoglycemic pregnancy [11]. Fluctuating fatty
acid (FA) levels have been linked to insulin resistance and (-cell
dysfunction in type 2 diabetes mellitus (T2DM) [12], and have been
widely investigated in women with GDM [13—16]. A systematic
review and meta-analysis of twelve studies assessed a total of 2426
individuals (507 women with GDM and 1919 controls) found
elevated FA levels in women with GDM [17]. However, previous
studies have considered GDM status as a dichotomous outcome,
despite evidence suggesting that GDM may present as distinct
clinical subtypes. For example, different subtypes have been asso-
ciated with different risks for a range of pregnancy complications
and adverse outcomes, including needing insulin therapy, hyper-
tension and pre-eclampsia, preterm birth, caesarean delivery,
neonatal hypoglycemia and hyperbilirubinemia, and being born
large for gestational age (LGA) and macrosomia [18—22]. Further-
more, GDM defined by elevated fasting plasma glucose (FPG) ap-
pears to be a stronger predictor of LGA infants than elevated post-
load glucose (PG), while elevated PG in GDM pregnancies is more
likely to result in preterm birth [18,20,21]. As for prediabetes and
T2DM, numerous studies have shown fasting and post-load gly-
caemia manifesting as different metabolic and pathophysiological
mechanisms that differ in insulin target tissues (such as liver, adi-
pose tissue, and muscle) and (-cell responses [23,24]. Although
previous studies have indicated different pathophysiologies for
individual oral glucose tolerance test (OGTT) time points, no spe-
cific study has examined the potential link between fatty acid levels
and specific subtypes of GDM, classified according to elevated
glucose levels at baseline (fasting), 1 h and/or 2 h post OGTT (e.g.
FPG, PG, and combined).

To address this, we prospectively 1) characterised the longitu-
dinal profiles of serum fatty acids across trimesters among GDM
subtypes and 2) examined the associations of individual serum
fatty acids in early to mid-pregnancy with subsequent risk of
different GDM subtypes.

2. Methods
2.1. Study participants

This study uses data from the Complex Lipids in Mothers and
Babies (CLIMB) study, conducted at the First Affiliated Hospital of
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Chongqing Medical University and Chongqing Health Centre for
Women and Children in China from September 2015 to June 2017.
The details of the CLIMB study have been published previously [25].
All procedures performed in this study were in accordance with the
principles in the Declaration of Helsinki 1964 and the International
Conference on Harmonisation Good Clinical Practice E6 (ICH-GCP).
The study was approved by the Ethics Committee of Chongqing
Medical University (2014034). Written informed consent was ob-
tained from all participants included in the study at enrolment.

Of the 1500 women recruited into the CLIMB study, 750 were
randomly selected for fatty acids analysis at three different time-
point (the 11-14™, 22—-28™ and 32—34™ weeks of gestation). We
excluded women lost to follow up (n = 24), those who had pre-
existing diabetes mellitus (n = 1), those who had no OGTT data
(n = 19) and those who had pregnancy-induced hypertension,
preeclampsia, or preterm birth (n = 26). This resulted in 680
women who were eligible for inclusion in the study.

2.2. Categorisation of four GDM groups based on OGTT glucose data

All participants underwent a 75-g 2-h OGTT between 24 and 28
weeks following at least 8 h of fasting. The diagnosis of GDM was
based on the criteria recommended by the International Associa-
tion of Diabetes and Pregnancy Study Group (IADPSG) of one or
more abnormal glucose levels (i.e., fasting, 1 h, or 2 h plasma
glucose concentrations > 5.1,10.0, or 8.5 mmol/L, respectively) [26].
Subgroups were generated for subsequent analyses in light of
previous studies indicating that different abnormal glucose levels
at different OGTT time points have disparate effects on pregnancy
outcomes [18—22]. Four mutually exclusive categories, were
defined: 1) Non-GDM group (no elevated glucose levels, n = 485);
2) FPG group (isolated elevated glucose level at fasting with normal
glucose levels at 1 h and 2 h, n = 59); 3) 1h/2h-PG group (elevated
glucose levels at either 1 h and/or 2 h with normal fasting glucose,
n = 94); and 4) FPG&1h/2h-PG group (elevated glucose levels at
fasting and either 1 h or 2 h, n = 42). It is important to note that the
determination of GDM subgroup type was based on OGGT mea-
surements in the second trimester and these groups were used to
study the longitudinal profiles of fatty acids throughout pregnancy.
The detailed definition for each group is described in Table 1 and a
flowchart of the study participants is shown in Fig. 1.

2.3. Clinical information and sample collection

The clinical information and sample collection have been fully
described previously [27]. Briefly, clinical information such as de-
mographic factors (maternal age, education, last menstrual period
(LMP), gravidity) were collected at enrolment. Maternal anthro-
pometry (body mass index (BMI) and blood pressure (BP)) and
maternal blood samples were collected at three visits during
pregnancy (11—14, 22-28, and 32—34 gestational weeks) by
trained nurses. The prepared serum samples were aliquoted and
stored at —80 °C until assayed.

2.4. Fatty acids analysis and quantification

We measured the serum concentration of 20 fatty acids by gas
chromatography-mass spectrometry (GC—MS) (Agilent 5977A mass
spectrometer/7890B gas chromatography, Agilent Technologies,
USA) analysis described previously [27]. Briefly, an internal stan-
dard, heptadecanoic acid (C17:0), was added to each sample before
the extraction of fatty acids. The fatty acid separation was performed
on a DB-23 capillary column (20 m x 0.18 mm x 0.20 pm, Agilent
Technologies, USA). The chromatographic peak height of each of the
fatty acids was extracted using Agilent ChemStation software



T. Zhang, W.-R. Jiang, Y.-Y. Xia et al.

Clinical Nutrition 40 (2021) 4140—4148

Table 1
The detailed definition for each participant group.
Group Definition
Non-GDM Normal FPG and normal 1 h and 2 h glucose
FPG FPG levels >5.1 mmol/L and normal 1 h and 2 h glucose
1h/2h-PG 1-h glucose >10.0 mmol/L and/or 2 h glucose >8.5 mmol/L and normal FPG

FPG&1h/2h-PG

FPG levels >5.1 mmol/L and 1 h glucose >10.0 mmol/L and/or 2 h glucose >8.5 mmol/L

Abbreviation: GDM: gestational diabetes mellitus, FPG: fasting plasma glucose, PG: post-load glucose.

Women enrolled between 11-14
gestational weeks (n=1500)

750 women randomly selected for
fatty acid status analysis

680 women included in the final
analysis

|

According to IADPSG criteria

I

A\

e 1 had preexisting diabetes mellitus

1
I 70 Excluded
t 24 lost to follow
1

19 had no screening OGTT data
26 had adverse pregnancy outcomes

GDM
(n=195)
A4 ¢ y
Non-GDM FPG 1h/2h-PG FPG&1h/2h-PG
(n=485) (n=59) (n=94) (n=42)

Fig. 1. Flowchart of study participants. OGTT: oral glucose tolerance test; IADPSG: International Association of Diabetic Pregnancy Study Group; GDM: gestational diabetes mellitus;

FPG: fasting plasma glucose; 1h/2h-PG: 1 h and/or 2 h post-load plasma glucose.

(version 2.6). Levels of individual serum fatty acids were first nor-
malised using the internal standard and then quantified to absolute
concentrations using calibration curves derived from the corre-
sponding chemical standard.

2.5. Statistical analysis

For maternal clinical characteristics, non-parametric
Kruskal—Wallis with Bonferroni test for post-hoc analysis was
used for comparisons of continuous variables between the four
groups. Chi-square or Fisher's exact test was used for pairwise
comparisons of categorical variables, as appropriate. Repeated
measures ANOVA was applied to assess the longitudinal trends of
serum fatty acid concentrations from the first trimester to the third
trimester across GDM subtypes and the non-GDM group. Post hoc
multiple-comparison adjustment for p-value (g-value) was per-
formed using the Benjamini-Hochberg false-discovery rate (FDR)-
controlling method [28]. For associations between fatty acids and
GDM subtypes, multivariable logistic regression models were
conducted to estimate odds ratios (OR) and their 95% confidence
intervals (CI) across the four groups. The levels of fatty acids were
analysed as continuous variables and categorical variables based on
the tertile distributions, and the first tertile was used as the

4142

reference group. Potential confounding variables including
maternal age, primiparity, maternal educational level, diastolic BP
(dBP) (only adjusted at the second trimester), and BMI at each
trimester were adjusted in multivariable logistic regression models.
The area under the receiver operating characteristic (ROC) curve
was analysed using the pROC R-package [29]. A p-value <0.05 or
adjusted p-value (g-value) < 0.05 were considered statistically
significant. Data were described as mean + SD or median with
interquartile range (IQR) for continuous variables, or as proportions
for categorical variables. Heatmaps were illustrated using ggplot2
R-based packages [30], and forest plots were illustrated using
GraphPad prism 8.0 software (GraphPad Co. Ltd., USA).

3. Results
3.1. Clinical characteristics

Clinical characteristics for the study population are shown in
Table 2. The fasting, 1 h, and 2 h plasma glucose levels following an
OGTT were significantly different between non-GDM and three
GDM subtypes (p < 0.001). For other demographic factors including
maternal age (p < 0.001), maternal educational level (p = 0.005),
primiparity (p = 0.019), BMI at each trimester (p < 0.001), and dBP
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Table 2
Clinical characteristics of the study participants (n = 680).
Non-GDM GDM subtypes according to IADPSG thresholds P Value
FPG 1h/2h-PG FPG&1h/2h-PG
All (n = 680) 485 59 94 42
Age, years 28 (26, 30)° 28 (26, 31) 30 (28, 32)° 29 (26.3, 33) <0.001"
Education, years 16 (15, 16) 16 (15, 16) 16 (15, 16)¢ 15 (15, 16)° 0.005"
Nationality (% Han) 0.454
Yes 472 (97.32) 59 (100.00) 92 (97.87) 40 (95.24)
No 13 (2.68) 0 (0.00) 2(2.13) 2 (4.76)
Marital status (% married) 1.000
Yes 477 (98.35) 58 (98.31) 93 (98.94) 42 (100.00)
No 8 (1.65) 1(1.69) 1(1.06) 0(0.00)
Primiparity (%) 0.019"
Yes 388 (80.00) 41 (69.49) 64 (68.09) 29 (69.05)
No 97 (20.00) 18 (30.51) 30(31.91) 13 (30.95)
Smoking or drinking during pregnancy (%) 1.000
Yes 481 (99.18) 59 (100.00) 94 (100.00) 42 (100.00)
No 4(0.82) 0 (0.00) 0 (0.00) 0 (0.00)
BMI (kg/m?)
1st trimester 20.8(19.3,22.7)¢ 21.8 (19.8, 24.0)¢ 21.5(19.8, 23.0)¢ 23.4 (22.4, 25.6)*"¢ <0.001"
2nd trimester 229(21.3,25.1) 23.3(21.8, 25.5)¢ 23.5(21.9, 25.9)¢ 26.0 (24.1, 28.0)*"¢ <0.001"
3rd trimester 24.6 (22.6, 26.9)° 24.5 (23.3, 26.8)¢ 25.6 (23.4, 27.8)¢ 27.2 (26.0, 29.6)™"< <0.001"
sBP (mmHg)
1st trimester 111 (106, 120) 113 (108 120) 112 (106, 119) 115 (109, 121) 0.120
2nd trimester 115 (108, 121) 115 (110, 122) 113 (109, 119) 118 (112, 126) 0.280
3rd trimester 115 (108, 120) 118 (111, 121) 117 (110, 121) 120 (111, 128) 0.113
dBP (mmHg)
1st trimester 70 (65, 76) 71 (66, 78) 70 (66, 76) 73 (65, 80) 0.579
2nd trimester 70 (68, 74)¢ 70 (68, 74) 69 (67, 75) 70 (68, 78)° 0.032"
3rd trimester 69 (67, 75) 71 (69, 77) 71 (68, 76) 72 (68, 76) 0.289
GA at sampling (weeks)
1st trimester 12.7 (12.1,13.3) 12.7 (12.3,13.3) 12.7 (12.1,13.7) 12.7 (123, 13.4) 0.766
2nd trimester 24.1(23.7,24.7) 24.3(23.9,24.7) 24.1(23.6,24.7) 24.1 (23.6, 24.5) 0.474
3rd trimester 323(31.9,32.7) 32.1(31.5,32.6) 32.3(31.9, 32.9) 32.6 (32.0, 33.1) 0.121
OGTT values (mmol/L)
fasting 4.6 (4.4, 4.8)> 5.2 (5.1, 5.3)*¢ 4.7 (4.5, 4.9)>4 5.3 (5.1, 5.5)*¢ <0.001"
1h 7.3 (6.4, 8.2)>< 8.0 (7.1, 9.0)>< 10.1 (9.4, 10.8)*" 10.4 (9.8, 11.7)*" <0.001"
2h 6.7 (5.9, 7.3)><d 7.3 (6.6, 7.7)<¢ 8.8 (8.4, 9.4)*" 9.0 (8.6,9.5)*" <0.001"

GDM: gestational diabetes mellitus, IADPSG: International Association of Diabetes and Pregnancy Study Groups, FPG: fasting plasma glucose, PG: post-load glucose. BMI: body
mass index, BP: blood pressure. Data are median (25 percentile, 75 percentile) or n (%), “p < 0.05. P values based on 2 or Fisher's exact test were used for pairwise
comparisons of proportions, Kruskal-Wallis with Bonferroni test for post-hoc analysis was used for comparisons of continuous variables between the four groups.

2 Significantly different from the Non-GDM.

b Significantly different from the FPG.

¢ Significantly different from the 1h/2h-PG.

d Significantly different from the FPG&1h/2h-PG.

at second trimester (p = 0.032) at least one of the four groups was
significantly different. Women in the 1h/2 h-PG group had signif-
icantly higher maternal age than those who were non-GDM;
maternal educational level was significantly lower in the
FPG&1h/2h-PG group than in the 1h/2h-PG group; BMI at each
trimester was significantly higher in the FPG&1h/2h-PG group
compared to those with non-GDM, FPG or 1h/2h-PG group; women
in the FPG&1h/2h-PG group had a significantly higher dBP at sec-
ond trimester than those in the non-GDM group. There were no
significant differences among these four groups with respect to
nationality, marital status, history of abortion, smoking or alcohol
consumption during pregnancy, systolic blood pressure, or gesta-
tional age at sampling. Similarly, little evidence for differences in
adverse pregnancy outcomes were observed among different GDM
groups except for weak evidence of reduced low birth weight in
GDM groups relative to controls, as shown in Supplementary
Table S1.

3.2. Longitudinal serum fatty acids profile across trimesters
A total of 20 fatty acids were quantified in first, second, and third

trimester serum samples, as shown in Fig. 2. Overall, the longitu-
dinal profile of all fatty acids was complex, (Supplementary Excel
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Sheet S1, p < 0.001), with several distinct variation in FA levels both
within the non-GDM group and between GDM subgroups over
time. Group 1 (Fig. 2A) showed a consistent rise across pregnancy
from first to third trimester, irrespective of GDM status. This
included hexadecanoic acid, octadecenoic acid, octadecanoic acid,
eicosenoic acid, and tetracosenoic acid. Group 2 (Fig. 2B) also
showed increasing levels across pregnancy in non-GDM pregnan-
cies, with some evidence of variation in association with GDM
subtype. For example, third trimester ALA and tetradecanoic acid
were higher specifically in the FPG group relative to non-GDM
pregnancies, whereas third trimester eicosadienoic acid was
lower in FPG and 1h/2h-PG groups relative to non-GDM or FPG
groups. Hexadecenoic and arachidonic acids were higher in
FPG&1h/2h-PG pregnancies specifically in the second trimester.
Fluctuations in fatty acid concentrations were also observed from
the second to third trimester in association with GDM status: y-lino-
lenic acid and eicosatrienoic acid reduced in three GDM subtype
groups from second to third trimester, but not in the non-GDM group;
ALA, arachidonic acid, and DHA were reduced only in FPG&1h/2h-PG
group, but increased in the other three groups; Lastly, eicosapentae-
noic acid (EPA) were reduced in both FPG and FPG&1h/2h-PG groups
butelevated in 1h/2h-PG group from the second to third trimester. The
most striking differences between groups were seen in FPG&1h/2h-
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Fig. 2. Longitudinal mean concentrations of serum fatty acids in the first, second, and third trimesters collected from non-GDM pregnancies and pregnancies with GDM subtype
groups (FPG, 1h/2h-PG and FPG&1h/2h-PG). Red colours indicate non-GDM, blue colours indicate the FPG group, green colours indicate the 1h/2h-PG group, and purple colours
indicate the FPG&1h/2h-PG group. GDM: gestational diabetes mellitus, FPG: fasting plasma glucose, PG: post-load glucose. Significant differences for fatty acids between each group
(p-values < 0.05): a: significantly different between Non-GDM vs. FPG; b: significantly different between Non-GDM vs. 1h/2h-PG; c: significantly different between Non-GDM vs.
FPG&1h/2h-PG; d: significantly different between FPG vs. 1h/2h-PG; e: significantly different between FPG vs. FPG&1h/2h-PG; f: significantly different between 1h/2h-PG vs.
FPG&1h/2h-PG. (For interpretation of the references to color in this figure legend, the reader is referred to the Web version of this article.)

PG pregnancies which showed decreasing ALA, tetradecanoic, eico-
sadienoic, eicoatrienoic, hexadecenoic and arachidonic acid levels
between the second and third trimesters.

3.3. Pairwise comparisons of serum fatty acid concentrations
between non-GDM and GDM subtypes

Differences in fatty acids detected among the four GDM
groups at each trimester are shown in Fig. 3, and the results of
the six-pairwise comparisons are presented in Supplementary
Table S2. Concentrations of a total of 14, 7, and 10 fatty acids
were found to be significantly altered between groups in the first,
second, and third trimesters, respectively (Supplementary
Table S2). Furthermore, after post hoc FDR correction
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(g < 0.05): the majority of significantly elevated fatty acids
(eicosatrienoic acid, y-linolenic acid, ALA, and hexadecenoic acid)
were detected in the GDM subtypes especially in the FPG or
FPG&1h/2h-PG group in the first trimester, while all the fatty
acids showing significantly decreased concentrations (y-linolenic
acid, hexadecenoic acid, eicosadienoic acid, docosatetraenoic
acid, docosanoic acid, and lignoceric acid) were only found in the
1 h/2 h-PG group in the third trimester (Fig. 3). Specifically,
compared to non-GDM controls, women in the FPG group had
significantly higher levels of the n-3 PUFAs (ALA and DHA) in the
first trimester although the significance of DHA did not persist
after post hoc FDR correction. On the other hand, women in the
1h/2h-PG group had significantly higher levels of EPA in the third
trimester compared to non-GDM.
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Fig. 3. Heat map of the fatty acids detected in each participant group showing the ratio of fatty acid levels among the four groups. Red colours represent higher fatty acid con-
centrations in dividend groups than the divisor groups, while blue colours indicate lower fatty acid levels in dividend groups than the divisor groups. The relative concentration of
fatty acids was plotted using a log2 scale, only the significant fatty acids with p-values less than 0.05 are shown, and g-values less than 0.05 are labelled with *. GDM: gestational
diabetes mellitus, FPG: fasting plasma glucose, PG: post-load glucose. (For interpretation of the references to color in this figure legend, the reader is referred to the Web version of

this article.)

3.4. The adjusted odds ratios (OR) between each fatty acid
concentration and risks of GDM subtypes in the first and second
trimester

We examined associations between maternal serum fatty acids
and risks of GDM subtypes as continuous variables and they are
presented in Supplementary Table S3. After adjusting for potential
confounding factors, the significance (p < 0.05 and g < 0.05) of aOR
only observed in the first trimester (Fig. 4A). Comparing to non-GDM
women, higher concentrations of the four fatty acids (ALA:
aOR = 1.03, 95% CI: 1.01 to 1.04; eicosenoic acid: aOR = 1.11, 95% CI:
1.02to0 1.21; arachidic acid: aOR = 1.22,95% CI: 1.06 to 1.40; and DHA:
aOR = 1.01, 95% CI: 1.00 to 1.02) were associated with higher risk of
GDM in the FPG group (Fig. 4A and Supplementary Table S3). We
further analysed these fatty acid levels as categorical variables and
found that ALA and DHA displayed promising ORs (p < 0.05): the
adjusted ORs (95% Cls) of FPG-GDM subtype risk for the second and
third tertiles for ALAwere 2.53 (95% Cl: 1.17 to 5.47) and 2.60 (95% Cl:
1.20 to 5.65) respectively; the adjusted ORs (95% Cls) of FPG-GDM
subtype risk for the second and third tertiles for DHA were 2.34
(95% CI: 1.10 to 4.97) and 2.16 (95% CI: 1.00 to 4.63) compared to the
first tertile as reference (Fig. 4B and Supplementary Excel Sheet S2).

4. Discussion
To our knowledge, this is the first longitudinal study to assess

the profiles of serum fatty acids between GDM subtypes and non-
GDM women, in addition to testing their associations of their
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levels early in pregnancy with subsequent risks of different GDM
subtypes. All fatty acids rapidly increase as the pregnancy pro-
gresses from first to the second trimester, followed by a wide
variation in patterns observed in the third trimester. Of particular
interest, higher levels of two diet-derived n-3 PUFAs fatty acids
(ALA and DHA) were associated with a higher risk of GDM subtype
in early pregnancy, which may be potentially modifiable risk factors
for GDM in women with elevated fasting plasma glucose.

4.1. Changes in fatty acid profile throughout gestation

The initial elevation of fatty acid levels could be explained by
physiologic adaptations of hyperlipidemia and insulin resistance in
early pregnancy. During this time, serum levels of lipids such as
triglycerides and fatty acids are induced by progesterone, estrogen,
and lactogen, which in turn act as precursors and energy supply for
fetal growth [4,5]. This pattern of insulin resistance reaches its
maximum in the second trimester via a placental hormonal
mechanism such as elevated placental lactogen, resulting in the
uptake of free fatty acids by insulin target organs being reduced
[17]. In the later period of pregnancy, the reduced circulation of
fatty acids can be accounted for hypervolemia (dilution of circu-
lating fatty acids in healthy pregnancy) in the third trimester [31].
Further reductions in fatty acid concentrations in GDM subtypes
might occur due to the dysregulation of lipid metabolism influ-
enced by GDM, despite conditions of satisfactory glycaemic control
[32]. Additionally, a 40% decrease in insulin sensitivity was reported
in women with GDM in comparison with a pregnant control group
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Fig. 4. The significance of associations between fatty acid concentrations and the risk of the FPG-GDM subtype in the first trimesters. (A) Adjusted ORs (95% Cls) for the risk of the
FPG-GDM subtype using fatty acids variations as continuous variables. Circles indicate adjusted ORs which were estimated for the non-GDM vs. the FPG group. Error bars indicate
95% confidence intervals (CI). Red asterisks (**) indicate both p- and g-values less than 0.05. (B) Adjusted ORs (95% ClIs) for the risk of the FPG-GDM subtype using fatty acids
variations as categorical variables. Squares represent the first tertile of fatty acids (as the reference). Triangles and circles represent the estimated ORs of the second vs. first tertile
and the third vs. first tertile, respectively. Error bars indicate 95% confidence intervals (CI). Red asterisks (*) indicate p-values less than 0.05. Models were adjusted for maternal age,
primiparity, maternal educational level, and BMI at each trimester. GDM: gestational diabetes mellitus, FPG: fasting plasma glucose, PG: post-load glucose. Numerical estimations
are presented in Supplementary Table S3 and Supplementary Excel Sheet S2. (For interpretation of the references to color in this figure legend, the reader is referred to the Web

version of this article.)

in late pregnancy [33], and the decreased insulin sensitivity was
associated with reduced concentrations of PUFAs [34]. Therefore,
GDM subtypes could potentially reduce specific fatty acid concen-
trations in the third trimester.

4.2. Fatty acids and the risk of different GDM subtypes

Among the GDM subtypes, the highest risk being in the of FPG
group was associated with elevated concentrations of ALA and DHA
in the first trimester. Despite the fact that no previous studies have
explored the association between fatty acids and different GDM
subtypes, our findings are biologically plausible. Chen et al. [35]
investigated the relationship of eleven individual maternal FFA with
insulin resistance and insulin secretion at 15.8 weeks of gestation in
1368 pregnant women (81 women with GDM and 1287 controls).
They found that DHA was positively associated with HOMA-IR and C-
peptide (indicated insulin secretion) those were positively associated
with a two-to four-fold increased risk for developing GDM. Previous
studies also showed that elevated FFA levels may cause peripheral
(muscle) and hepatic insulin resistance [36,37]. Furthermore, a
recent nested case—control study conducted in China at gestation
week of 13.2 in 610 pregnant women (including 305 GDM cases and
305 controls) reported somewhat similar result in that total n-3

PUFAs showed significant elevation of OR in GDM women [13].
However, contradictory results for the role of individual fatty acids in
GDM risk have been reported in other studies [13—16]. For instance,
Zhu et al. [15,16] assessed individual plasma fatty acids in early to
mid-pregnancy (gestational weeks of 10—14 and 15—26) in 321
pregnant women (107 GDM cases and 214 non-GDM controls)
demonstrated that y-linolenic acid and eicosatrienoic acid (dihomo-
v-linolenic acid) concentrations were positively correlated with
GDM, while hexadecanoic acid (palmitic acid) were associated with
reduced risks of GDM. Li et al. and Huang et al. [13,14] reported that
v-linolenic acid and EPA levels resulted in significant elevation of ORs
in the GDM group, whereas linolenic acid, arachidic acid, docosanoic
acid (behenic acid), and lignoceric acid were associated with atten-
uated ORs in the GDM group. The inconsistency between our find-
ings and previous studies might be explained by the insufficient
consideration of the different physiologies of GDM subtypes in pre-
vious findings. Future investigations into the role of individual fatty
acids in GDM subtype risk are warranted.

4.3. Warrant for the usage of n—3 PUFAs in GDM

In the present study, we found that two n-3 PUFAs (ALA and
DHA) were associated with an increased risk of GDM subtype with
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elevated FPG. The World Health Organization recommends an
intake of 300 mg of n-3 PUFAs per day in pregnant women [38],
and in China, the 2016 Dietary Guidelines for Women and Children
recommends that pregnant women should consume deep-sea fish,
which contain a high level of n-3 PUFAs, about 2—3 times per
week [39]. While the importance of an appropriate intake of n-3
PUFAs for fetal neurodevelopment is well-established, there is
evidence for impaired placental uptake of maternal fatty acids in
GDM pregnancies [40,41]. Mechanisms involved in the dysregu-
lation of omega-3 levels and altered placental transfer in the risk
of GDM are not completely known. Previous randomised
controlled trials have also failed to demonstrate any benefit of
consuming n-3 PUFAs on the incidence of GDM [42,43]. Moreover,
a meta-analysis including 2064 who consumed fish oil and 2053
women who did not, showed that fish oil supplementation was
not related to a reduced risk of GDM [44]. In addition, a systematic
review and meta-analysis of randomised controlled trials assessed
effects of n-3 PUFA supplementation in individuals with T2DM,
including trials randomising 121,070 participants in 83 trials, also
concluding that n-3 PUFAs seem to have little improvement or no
effect on T2DM symptoms [45]. Thus, the evidence from human
intervention trials does not support the role of n-3 PUFAs in
preventing diabetes or improving insulin sensitivity. In combina-
tion with our data, these outcomes suggest caution may be war-
ranted in monitoring GDM risk following ALA or DHA
supplementation during pregnancy, especially in diabetic and
obese women prone to a higher risk of GDM.

4.4. Strengths and limitations

The present study has several strengths. It is the first prospec-
tive cohort study to investigate the serum fatty acid profiles across
three GDM subtypes and non-GDM women. Longitudinal data were
collected throughout pregnancy that allowed temporal examina-
tion of fatty acid variations. Further, the levels of individual fatty
acids were measured and expressed as absolute concentrations, not
semi-quantifications. However, several limitations also merit dis-
cussion. Firstly, maternal dietary intake data was not included to
evaluate how maternal diets influence serum fatty acid levels.
Secondly, all our subjects diagnosed with GDM were managed with
dietary counselling and/or treated with insulin, which may inter-
fere with the serum fatty acid outcomes in the third trimester.
However, this would not interfere with the associations between
fatty acids and risks of GDM subtypes in the first and second
trimester. Thirdly, our study did not account the effect of total tri-
glyceride (TG) levels on serum fatty acid concentrations by
adjusting for TG levels in each analysis or by reporting fatty acids as
a percent of total. Lastly, although we carefully adjusted for several
potential confounders, we cannot fully rule out the possibility of
residual confounding by other unmeasured factors. Further inves-
tigation is warranted into whether relative fatty acid composition,
in addition to the absolute concentrations investigated in this
study, is important in the risk and/or pathophysiology of GDM
subtypes, as well as follow up studies on different postpartum
outcomes in these subgroups and examining the effect of maternal
FAs on the childrens’ neurodevelopment.

5. Conclusions

In conclusion, various characteristics of free fatty acids are
associated with fasting, post-load, and combined plasma glucose
levels. A careful reconsideration of GDM with individualised man-
agement according to three GDM subtypes is warranted. ALA and
DHA seem to be associated with a higher risk of developing the
FPG-GDM subtype in later pregnancy, and it would be worthwhile
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emphasising caution for n-3 PUFA supplementation during preg-
nancy for GDM women with GDM.

Funding

This work was supported by the National Natural Science Foun-
dation of China (No. 81971406, 81771607, 81871185, 81961128004),
The 111 Project (Yuwaizhuan (2016)32), The National Key Research
and Development Program of Reproductive Health & Major Birth
Defects Control and Prevention (2016YFC1000407), Chongqging Health
Commission (2017ZDXM008, 2018ZDXM024) and Chongging Science
and Technology Commission (cstc2017jcyjBX0060, cstc2018jcy-
jAX0359), The Joint International Research Laboratory of Reproduc-
tion and Development. The CLIMB study was also supported in part by
the New Zealand Primary Growth Partnership post farm gate dairy
programme, funded by Fonterra Co-Operative Group, New Zealand
and the New Zealand Ministry for Primary Industries. The design and
conception of the study was led by the principal investigators. The
funders had no role in data collection and analysis or decision to
publish.

Author contributions

T.Z. contributed to data collection, interpreted the results, and
wrote the manuscript. W.R.J. contributed to interpreted the results
and wrote the manuscript. Y.Y.X. contributed to data collection and
interpreted the results. T.Z. and T.L.H. performed the statistical
analysis. R.S, R.D.C, ].D.S, Z.Z., G.X. and P.B. revised the manuscript,
commented on the design, and interpreted the results. T. M. revised
the manuscript. T.L.H. and H.Z. devised the original clinical study,
interpreted the results, supported the writing of the manuscript,
and directed the project. All authors read, commented, and
approved the final version of the manuscript. T.L.H. and H.Z. are the
guarantor of this work and, as such, had full access to all the data in
the study and takes responsibility for the integrity of the data and
the accuracy of the data analysis.

Conflicts of interest

No potential conflicts of interest relevant to this article were
reported.

Acknowledgments

The authors are grateful to the women who participated in this
study and the health-care staff who were involved in data and
sample collection at the First Affiliated Hospital of Chongqing
Medical University and the Chongqing Health Centre for Women
and Children.

Appendix A. Supplementary data

Supplementary data to this article can be found online at
https://doi.org/10.1016/j.clnu.2021.01.046.

References

[1] Wu Y, Sun G, Zhou X, Zhong C, Chen R, Xiong T, et al. Pregnancy dietary
cholesterol intake, major dietary cholesterol sources, and the risk of gesta-
tional diabetes mellitus: a prospective cohort study. Clin Nutr 2020;39:
1525-34.

He Y, Li Y, Yang X, Hemler EC, Fang Y, Zhao L, et al. The dietary transition and
its association with cardiometabolic mortality among Chinese adults,
1982—2012: a cross-sectional population-based study. Lancet Diabetes
Endocrinol 2019;7:540-8.

[2


https://doi.org/10.1016/j.clnu.2021.01.046
http://refhub.elsevier.com/S0261-5614(21)00073-X/sref1
http://refhub.elsevier.com/S0261-5614(21)00073-X/sref1
http://refhub.elsevier.com/S0261-5614(21)00073-X/sref1
http://refhub.elsevier.com/S0261-5614(21)00073-X/sref1
http://refhub.elsevier.com/S0261-5614(21)00073-X/sref1
http://refhub.elsevier.com/S0261-5614(21)00073-X/sref2
http://refhub.elsevier.com/S0261-5614(21)00073-X/sref2
http://refhub.elsevier.com/S0261-5614(21)00073-X/sref2
http://refhub.elsevier.com/S0261-5614(21)00073-X/sref2
http://refhub.elsevier.com/S0261-5614(21)00073-X/sref2
http://refhub.elsevier.com/S0261-5614(21)00073-X/sref2

T. Zhang, W.-R. Jiang, Y.-Y. Xia et al.

3]

[4

(5

(6

(7

[8

(9

[10]

[11]

Zhai FY, Du SF, Wang ZH, Zhang ]G, Du WW, Popkin BM. Dynamics of the
Chinese diet and the role of urbanicity, 1991-2011. Obes Rev 2014;15(Suppl
1):16—-26.

Hadden DR, McLaughlin C. Normal and abnormal maternal metabolism during
pregnancy. Semin Fetal Neonatal Med 2009;14:66—71.

Butte NF. Carbohydrate and lipid metabolism in pregnancy: normal compared
with gestational diabetes mellitus. Am ] Clin Nutr 2000;71:1256—61.
Makrides M, Collins CT, Gibson RA. Impact of fatty acid status on growth and
neurobehavioural development in humans. Matern Child Nutr 2011;7(Suppl
2):80-8.

Hurtado JA, Iznaola C, Pena M, Ruiz ], Pena-Quintana L, Kajarabille N, et al.
Effects of maternal omega-3 supplementation on fatty acids and on visual and
cognitive development. ] Pediatr Gastroenterol Nutr 2015;61:472—80.
Metzger BE, Coustan DR. The Organizing Committee. Summary and recom-
mendations of the fourth international workshop-conference on gestational
diabetes mellitus. Diabetes Care 1998;21:B161—7.

Gao C, Sun X, Lu L, Liu F, Yuan J. Prevalence of gestational diabetes mellitus in
mainland China: a systematic review and meta-analysis. ] Diabetes Invest
2019;10:154—-62.

McIntyre HD, Catalano P, Zhang C, Desoye G, Mathiesen ER, Damm P. Gesta-
tional diabetes mellitus. Nat Rev Dis Primers 2019;5:47.

Vounzoulaki E, Khunti K, Abner SC, Tan BK, Davies M], Gillies CL. Progression
to type 2 diabetes in women with a known history of gestational diabetes:
systematic review and meta-analysis. BMJ 2020;369:m1361.

[12] Johnston LW, Harris SB, Retnakaran R, Giacca A, Liu Z, Bazinet RP, et al. As-

[13]

[14]

[15]

[16]

[17]

[18]

[19]

[20]

[21]

[22]

(23]

sociation of NEFA composition with insulin sensitivity and beta cell function
in the Prospective Metabolism and Islet Cell Evaluation (PROMISE) cohort.
Diabetologia 2018;61:821—-30.

Li X, Huang Y, Xing Y, Hu C, Zhang W, Tang Y, et al. Association of urinary
cadmium, circulating fatty acids, and risk of gestational diabetes mellitus: a
nested case-control study in China. Environ Int 2020;137:105527.

Huang Y, Li X, Zhang W, Su W, Zhou A, Xu S, et al. Aluminum exposure and
gestational diabetes mellitus: associations and potential mediation by n-6
polyunsaturated fatty acids. Environ Sci Technol 2020;54:5031—40.

Zhu 'Y, Li M, Rahman ML, Hinkle SN, Wu ], Weir NL, et al. Plasma phospholipid
n-3 and n-6 polyunsaturated fatty acids in relation to cardiometabolic
markers and gestational diabetes: a longitudinal study within the prospective
NICHD Fetal Growth Studies. PLoS Med 2019;16:e1002910.

Zhu 'Y, Tsai MY, Sun Q, Hinkle SN, Rawal S, Mendola P, et al. A prospective and
longitudinal study of plasma phospholipid saturated fatty acid profile in
relation to cardiometabolic biomarkers and the risk of gestational diabetes.
Am ] Clin Nutr 2018;107:1017-26.

Villafan-Bernal JR, Acevedo-Alba M, Reyes-Pavon R, Diaz-Parra GA, Lip-
Sosa DL, Vazquez-Delfin HI, et al. Plasma levels of free fatty acids in women
with gestational diabetes and its intrinsic and extrinsic determinants: sys-
tematic review and meta-analysis. ] Diabetes Res 2019:7098470.

Black MH, Sacks DA, Xiang AH, Lawrence JM. Clinical outcomes of pregnancies
complicated by mild gestational diabetes mellitus differ by combinations of
abnormal oral glucose tolerance test values. Diabetes Care 2010;33:2524—30.
Papachatzopoulou E, Chatzakis C, Lambrinoudaki I, Panoulis K, Dinas K,
Vlahos N, et al. Abnormal fasting, post-load or combined glucose values on
oral glucose tolerance test and pregnancy outcomes in women with gesta-
tional diabetes mellitus. Diabetes Res Clin Pract 2020;161:108048.

Ryan EA, Savu A, Yeung RO, Moore LE, Bowker SL, Kaul P. Elevated fasting vs
post-load glucose levels and pregnancy outcomes in gestational diabetes: a
population-based study. Diabet Med 2020;37:114—-22.

Feng H, Zhu WW, Yang HX, Wei YM, Wang C, Su RN, et al. Relationship be-
tween oral glucose tolerance test characteristics and adverse pregnancy
outcomes among women with gestational diabetes mellitus. Chinese Med ]
2017;130:1012-8.

Kalok A, Ong MY, Hasrori A, Chiang KS, Yazim F, Baharuddin S, et al. Corre-
lation between oral glucose tolerance test abnormalities and adverse preg-
nancy outcomes in gestational diabetes: a cross-sectional study. Int J Environ
Res Publ Health 2020;17.

Tabdk AG, Herder C, Rathmann W, Brunner EJ, Kivimdki M. Prediabetes: a
high-risk state for diabetes development. Lancet 2012;379:2279—-90.

4148

[24]

[25]

[26]

[27]

(28]
[29]
(30]
(31]

[32]

(33]

[34]

[35]

(36]

1371

(38]

[39]

[40]

[41]

[42]

[43]

[44

[45]

Clinical Nutrition 40 (2021) 4140—4148

Abdul-Ghani M, DeFronzo RA, Jayyousi A. Prediabetes and risk of diabetes and
associated complications: impaired fasting glucose versus impaired glucose
tolerance: does it matter? Curr Opin Clin Nutr Metab Care 2016;19:394-9.
Huang S, Mo T, Norris T, Sun S, Zhang T, Han T, et al. The CLIMB (Complex
Lipids in Mothers and Babies) study: protocol for a multicentre, three-group,
parallel randomised controlled trial to investigate the effect of supplemen-
tation of complex lipids in pregnancy, on maternal ganglioside status and
subsequent cognitive outcomes in the offspring. BMJ Open 2017;7:e016637.
International Association of. Diabetes and Pregnancy Study Groups Consensus
panel. International association of diabetes and pregnancy study groups rec-
ommendations on the diagnosis and classification of hyperglycemia in preg-
nancy. Diabetes Care 2010;33:676—82.

Zhang T, Xia X, Han T, Zhang H, P B. Five serum fatty acids are associated with
subclinical hypothyroidism in a Chinese pregnant population. Sci Rep
2020;10:6743.

Benjamini Yoav, Hochberg Y. Controlling the false discovery rate: a practical
and powerful approach to multiple testing. ] Roy Stat Soc B 1995;57:289—300.
Robin X, Turck N, Hainard A, Tiberti N, Lisacek F, Sanchez |C, et al. pROC: an
open-source package for R and S+ to analyze and compare ROC curves. BMC
Bioinf 2011;12:77.

Wickham H. Ggplot 2: elegant graphics for data analysis. 2009.

Ouzounian ]G, Elkayam U. Physiologic changes during normal pregnancy and
delivery. Cardiol Clin 2012;30:317—-29.

Herrera E, Ortega-Senovilla H. Disturbances in lipid metabolism in diabetic
pregnancy - are these the cause of the problem? Best Pract Res Clin Endo-
crinol Metabol 2010;24:515—25.

Ryan E, O'sullivan M, Skyler ]. Insulin action during pregnancy. Studies with
the euglycemic clamp technique. Diabetes 1985;34:380—9.

Borkman MSL, Pan DA, Jenkins AB, Chisholm DJ, Campbell LV. The relation
between insulin sensitivity and the fatty-acid composition of skeletal-muscle
phospholipids. N Engl ] Med 1993;328:238—44.

Chen X, Stein T, Steer R, Scholl T. Individual free fatty acids have unique as-
sociations with inflammatory biomarkers, insulin resistance and insulin
secretion in healthy and gestational diabetic pregnant women. BM] Open
Diabetes Res Care 2019;7:e000632.

Sivan E, Boden G. Free fatty acids, insulin resistance, and pregnancy. Curr
Diabetes Rep 2003;3:319—-22.

Sivan E, Homko C, Whittaker P, Reece E, Chen X, Boden G. Free fatty acids and
insulin resistance during pregnancy.] Clin Endocrinol Metabol 1998;83:2339—42.
Marine oil supplementation to improve pregnancy outcomes. p. [Accessed on
August 1, 2020]

Dietary guidelines for Chinese women and children. http://dg.cnsoc.org/
upload/images/source/20190325220721241.jpg2016. [Accessed 1 August
2020] [in Chinese)].

Leveille P, Rouxel C, Plourde M. Diabetic pregnancy, maternal and fetal do-
cosahexaenoic acid: a review of existing evidence. ] Matern Fetal Neonatal
Med 2018;31:1358—63.

Devarshi PP, Grant RW, Ikonte CJ, Hazels Mitmesser S. Maternal omega-3
nutrition, placental transfer and fetal brain development in gestational dia-
betes and preeclampsia. Nutrients 2019;11.

Zhou S, Yelland L, McPhee A], Quinlivan ], Gibson RA, Makrides M. Fish-oil
supplementation in pregnancy does not reduce the risk of gestational diabetes
or preeclampsia. Am J Clin Nutr 2012;95:1378—84.

Pellonpera O, Mokkala K, Houttu N, Vahlberg T, Koivuniemi E, Tertti K, et al.
Efficacy of fish oil and/or probiotic intervention on the incidence of gesta-
tional diabetes mellitus in an at-risk group of overweight and obese women: a
randomized, placebo-controlled, double-blind clinical trial. Diabetes Care
2019;42:1009—-17.

Chen B, Ji X, Zhang L, Hou Z, Li C, Tong Y. Fish oil supplementation does not
reduce risks of gestational diabetes mellitus, pregnancy-induced hyperten-
sion, or pre-eclampsia: a meta-analysis of randomized controlled trials. Med
Sci Mon Int Med ] Exp Clin Res 2015;21:2322—30.

Brown TJ, Brainard ], Song F, Wang X, Abdelhamid A, Hooper L, et al. Omega-3,
omega-6, and total dietary polyunsaturated fat for prevention and treatment
of type 2 diabetes mellitus: systematic review and meta-analysis of rando-
mised controlled trials. BM] 2019;366:14697.


http://refhub.elsevier.com/S0261-5614(21)00073-X/sref3
http://refhub.elsevier.com/S0261-5614(21)00073-X/sref3
http://refhub.elsevier.com/S0261-5614(21)00073-X/sref3
http://refhub.elsevier.com/S0261-5614(21)00073-X/sref3
http://refhub.elsevier.com/S0261-5614(21)00073-X/sref4
http://refhub.elsevier.com/S0261-5614(21)00073-X/sref4
http://refhub.elsevier.com/S0261-5614(21)00073-X/sref4
http://refhub.elsevier.com/S0261-5614(21)00073-X/sref5
http://refhub.elsevier.com/S0261-5614(21)00073-X/sref5
http://refhub.elsevier.com/S0261-5614(21)00073-X/sref5
http://refhub.elsevier.com/S0261-5614(21)00073-X/sref6
http://refhub.elsevier.com/S0261-5614(21)00073-X/sref6
http://refhub.elsevier.com/S0261-5614(21)00073-X/sref6
http://refhub.elsevier.com/S0261-5614(21)00073-X/sref6
http://refhub.elsevier.com/S0261-5614(21)00073-X/sref7
http://refhub.elsevier.com/S0261-5614(21)00073-X/sref7
http://refhub.elsevier.com/S0261-5614(21)00073-X/sref7
http://refhub.elsevier.com/S0261-5614(21)00073-X/sref7
http://refhub.elsevier.com/S0261-5614(21)00073-X/sref8
http://refhub.elsevier.com/S0261-5614(21)00073-X/sref8
http://refhub.elsevier.com/S0261-5614(21)00073-X/sref8
http://refhub.elsevier.com/S0261-5614(21)00073-X/sref8
http://refhub.elsevier.com/S0261-5614(21)00073-X/sref9
http://refhub.elsevier.com/S0261-5614(21)00073-X/sref9
http://refhub.elsevier.com/S0261-5614(21)00073-X/sref9
http://refhub.elsevier.com/S0261-5614(21)00073-X/sref9
http://refhub.elsevier.com/S0261-5614(21)00073-X/sref10
http://refhub.elsevier.com/S0261-5614(21)00073-X/sref10
http://refhub.elsevier.com/S0261-5614(21)00073-X/sref11
http://refhub.elsevier.com/S0261-5614(21)00073-X/sref11
http://refhub.elsevier.com/S0261-5614(21)00073-X/sref11
http://refhub.elsevier.com/S0261-5614(21)00073-X/sref12
http://refhub.elsevier.com/S0261-5614(21)00073-X/sref12
http://refhub.elsevier.com/S0261-5614(21)00073-X/sref12
http://refhub.elsevier.com/S0261-5614(21)00073-X/sref12
http://refhub.elsevier.com/S0261-5614(21)00073-X/sref12
http://refhub.elsevier.com/S0261-5614(21)00073-X/sref13
http://refhub.elsevier.com/S0261-5614(21)00073-X/sref13
http://refhub.elsevier.com/S0261-5614(21)00073-X/sref13
http://refhub.elsevier.com/S0261-5614(21)00073-X/sref14
http://refhub.elsevier.com/S0261-5614(21)00073-X/sref14
http://refhub.elsevier.com/S0261-5614(21)00073-X/sref14
http://refhub.elsevier.com/S0261-5614(21)00073-X/sref14
http://refhub.elsevier.com/S0261-5614(21)00073-X/sref15
http://refhub.elsevier.com/S0261-5614(21)00073-X/sref15
http://refhub.elsevier.com/S0261-5614(21)00073-X/sref15
http://refhub.elsevier.com/S0261-5614(21)00073-X/sref15
http://refhub.elsevier.com/S0261-5614(21)00073-X/sref16
http://refhub.elsevier.com/S0261-5614(21)00073-X/sref16
http://refhub.elsevier.com/S0261-5614(21)00073-X/sref16
http://refhub.elsevier.com/S0261-5614(21)00073-X/sref16
http://refhub.elsevier.com/S0261-5614(21)00073-X/sref16
http://refhub.elsevier.com/S0261-5614(21)00073-X/sref17
http://refhub.elsevier.com/S0261-5614(21)00073-X/sref17
http://refhub.elsevier.com/S0261-5614(21)00073-X/sref17
http://refhub.elsevier.com/S0261-5614(21)00073-X/sref17
http://refhub.elsevier.com/S0261-5614(21)00073-X/sref18
http://refhub.elsevier.com/S0261-5614(21)00073-X/sref18
http://refhub.elsevier.com/S0261-5614(21)00073-X/sref18
http://refhub.elsevier.com/S0261-5614(21)00073-X/sref18
http://refhub.elsevier.com/S0261-5614(21)00073-X/sref19
http://refhub.elsevier.com/S0261-5614(21)00073-X/sref19
http://refhub.elsevier.com/S0261-5614(21)00073-X/sref19
http://refhub.elsevier.com/S0261-5614(21)00073-X/sref19
http://refhub.elsevier.com/S0261-5614(21)00073-X/sref20
http://refhub.elsevier.com/S0261-5614(21)00073-X/sref20
http://refhub.elsevier.com/S0261-5614(21)00073-X/sref20
http://refhub.elsevier.com/S0261-5614(21)00073-X/sref20
http://refhub.elsevier.com/S0261-5614(21)00073-X/sref21
http://refhub.elsevier.com/S0261-5614(21)00073-X/sref21
http://refhub.elsevier.com/S0261-5614(21)00073-X/sref21
http://refhub.elsevier.com/S0261-5614(21)00073-X/sref21
http://refhub.elsevier.com/S0261-5614(21)00073-X/sref21
http://refhub.elsevier.com/S0261-5614(21)00073-X/sref22
http://refhub.elsevier.com/S0261-5614(21)00073-X/sref22
http://refhub.elsevier.com/S0261-5614(21)00073-X/sref22
http://refhub.elsevier.com/S0261-5614(21)00073-X/sref22
http://refhub.elsevier.com/S0261-5614(21)00073-X/sref23
http://refhub.elsevier.com/S0261-5614(21)00073-X/sref23
http://refhub.elsevier.com/S0261-5614(21)00073-X/sref23
http://refhub.elsevier.com/S0261-5614(21)00073-X/sref23
http://refhub.elsevier.com/S0261-5614(21)00073-X/sref23
http://refhub.elsevier.com/S0261-5614(21)00073-X/sref24
http://refhub.elsevier.com/S0261-5614(21)00073-X/sref24
http://refhub.elsevier.com/S0261-5614(21)00073-X/sref24
http://refhub.elsevier.com/S0261-5614(21)00073-X/sref24
http://refhub.elsevier.com/S0261-5614(21)00073-X/sref25
http://refhub.elsevier.com/S0261-5614(21)00073-X/sref25
http://refhub.elsevier.com/S0261-5614(21)00073-X/sref25
http://refhub.elsevier.com/S0261-5614(21)00073-X/sref25
http://refhub.elsevier.com/S0261-5614(21)00073-X/sref25
http://refhub.elsevier.com/S0261-5614(21)00073-X/sref26
http://refhub.elsevier.com/S0261-5614(21)00073-X/sref26
http://refhub.elsevier.com/S0261-5614(21)00073-X/sref26
http://refhub.elsevier.com/S0261-5614(21)00073-X/sref26
http://refhub.elsevier.com/S0261-5614(21)00073-X/sref26
http://refhub.elsevier.com/S0261-5614(21)00073-X/sref27
http://refhub.elsevier.com/S0261-5614(21)00073-X/sref27
http://refhub.elsevier.com/S0261-5614(21)00073-X/sref27
http://refhub.elsevier.com/S0261-5614(21)00073-X/sref28
http://refhub.elsevier.com/S0261-5614(21)00073-X/sref28
http://refhub.elsevier.com/S0261-5614(21)00073-X/sref28
http://refhub.elsevier.com/S0261-5614(21)00073-X/sref29
http://refhub.elsevier.com/S0261-5614(21)00073-X/sref29
http://refhub.elsevier.com/S0261-5614(21)00073-X/sref29
http://refhub.elsevier.com/S0261-5614(21)00073-X/sref29
http://refhub.elsevier.com/S0261-5614(21)00073-X/sref30
http://refhub.elsevier.com/S0261-5614(21)00073-X/sref31
http://refhub.elsevier.com/S0261-5614(21)00073-X/sref31
http://refhub.elsevier.com/S0261-5614(21)00073-X/sref31
http://refhub.elsevier.com/S0261-5614(21)00073-X/sref32
http://refhub.elsevier.com/S0261-5614(21)00073-X/sref32
http://refhub.elsevier.com/S0261-5614(21)00073-X/sref32
http://refhub.elsevier.com/S0261-5614(21)00073-X/sref32
http://refhub.elsevier.com/S0261-5614(21)00073-X/sref33
http://refhub.elsevier.com/S0261-5614(21)00073-X/sref33
http://refhub.elsevier.com/S0261-5614(21)00073-X/sref33
http://refhub.elsevier.com/S0261-5614(21)00073-X/sref34
http://refhub.elsevier.com/S0261-5614(21)00073-X/sref34
http://refhub.elsevier.com/S0261-5614(21)00073-X/sref34
http://refhub.elsevier.com/S0261-5614(21)00073-X/sref34
http://refhub.elsevier.com/S0261-5614(21)00073-X/sref35
http://refhub.elsevier.com/S0261-5614(21)00073-X/sref35
http://refhub.elsevier.com/S0261-5614(21)00073-X/sref35
http://refhub.elsevier.com/S0261-5614(21)00073-X/sref35
http://refhub.elsevier.com/S0261-5614(21)00073-X/sref36
http://refhub.elsevier.com/S0261-5614(21)00073-X/sref36
http://refhub.elsevier.com/S0261-5614(21)00073-X/sref36
http://refhub.elsevier.com/S0261-5614(21)00073-X/sref37
http://refhub.elsevier.com/S0261-5614(21)00073-X/sref37
http://refhub.elsevier.com/S0261-5614(21)00073-X/sref37
http://dg.cnsoc.org/upload/images/source/20190325220721241.jpg2016
http://dg.cnsoc.org/upload/images/source/20190325220721241.jpg2016
http://refhub.elsevier.com/S0261-5614(21)00073-X/sref40
http://refhub.elsevier.com/S0261-5614(21)00073-X/sref40
http://refhub.elsevier.com/S0261-5614(21)00073-X/sref40
http://refhub.elsevier.com/S0261-5614(21)00073-X/sref40
http://refhub.elsevier.com/S0261-5614(21)00073-X/sref41
http://refhub.elsevier.com/S0261-5614(21)00073-X/sref41
http://refhub.elsevier.com/S0261-5614(21)00073-X/sref41
http://refhub.elsevier.com/S0261-5614(21)00073-X/sref42
http://refhub.elsevier.com/S0261-5614(21)00073-X/sref42
http://refhub.elsevier.com/S0261-5614(21)00073-X/sref42
http://refhub.elsevier.com/S0261-5614(21)00073-X/sref42
http://refhub.elsevier.com/S0261-5614(21)00073-X/sref43
http://refhub.elsevier.com/S0261-5614(21)00073-X/sref43
http://refhub.elsevier.com/S0261-5614(21)00073-X/sref43
http://refhub.elsevier.com/S0261-5614(21)00073-X/sref43
http://refhub.elsevier.com/S0261-5614(21)00073-X/sref43
http://refhub.elsevier.com/S0261-5614(21)00073-X/sref43
http://refhub.elsevier.com/S0261-5614(21)00073-X/sref44
http://refhub.elsevier.com/S0261-5614(21)00073-X/sref44
http://refhub.elsevier.com/S0261-5614(21)00073-X/sref44
http://refhub.elsevier.com/S0261-5614(21)00073-X/sref44
http://refhub.elsevier.com/S0261-5614(21)00073-X/sref44
http://refhub.elsevier.com/S0261-5614(21)00073-X/sref45
http://refhub.elsevier.com/S0261-5614(21)00073-X/sref45
http://refhub.elsevier.com/S0261-5614(21)00073-X/sref45
http://refhub.elsevier.com/S0261-5614(21)00073-X/sref45

	Complex patterns of circulating fatty acid levels in gestational diabetes mellitus subclasses across pregnancy
	1. Introduction
	2. Methods
	2.1. Study participants
	2.2. Categorisation of four GDM groups based on OGTT glucose data
	2.3. Clinical information and sample collection
	2.4. Fatty acids analysis and quantification
	2.5. Statistical analysis

	3. Results
	3.1. Clinical characteristics
	3.2. Longitudinal serum fatty acids profile across trimesters
	3.3. Pairwise comparisons of serum fatty acid concentrations between non-GDM and GDM subtypes
	3.4. The adjusted odds ratios (OR) between each fatty acid concentration and risks of GDM subtypes in the first and second trimester

	4. Discussion
	4.1. Changes in fatty acid profile throughout gestation
	4.2. Fatty acids and the risk of different GDM subtypes
	4.3. Warrant for the usage of n−3 PUFAs in GDM
	4.4. Strengths and limitations

	5. Conclusions
	Funding
	Author contributions
	Conflicts of interest
	Acknowledgments
	Appendix A. Supplementary data
	References


