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Abstract: We examined the associations of perinatal plasma carotenoids and E vitamers concentra-
tions with glycemia, insulin resistance, gestational and type-2 diabetes mellitus at pregnancy and
post-pregnancy in GUSTO women. Plasma carotenoids and E vitamers concentrations were meas-
ured at delivery, and principal component analysis derived patterns of their concentrations. Fasting
and 2-hour glucose, and fasting insulin were measured at 26-28 weeks’ gestation and 4-6 years’ post-
pregnancy, with derivation of homeostatic model assessment for insulin resistance (HOMA-IR). In
678 women, two carotenoids patterns (CP1: a-, B-carotene, lutein; CP2: zeaxanthin, lycopene, -
cryptoxanthin) and one E vitamers pattern (VE: y-, 8-, a-tocopherols) were derived. A higher CP1
score (1-SD) was associated with lower gestational fasting glucose [ (95%CI): -0.06 (-0.10, -0.02)
mmol/L], and lower gestational [-0.17 (-0.82, 0.01) mmol/L, P=0.06] and post-pregnancy HOMA-IR
[-0.11 (-0.15, -0.08) mmol/L]. A higher VE score (1-SD) was associated with higher gestational and
post-pregnancy fasting and 2-hour glucose [gestational: 0.05 (0.01, 0.08) and 0.08 (0.01, 0.16); post-
pregnancy: 0.19 (0.07, 0.31) and 0.24 (0.06, 0.42) mmol/L]. Higher a-, B-carotene and lutein may be
beneficial for gestational fasting glycemia, but higher vitamin E may increase gestational and post-
pregnancy glycemia, although requires confirmation in cohorts with prospective longitudinal meas-
urements of these vitamins.

Keywords: carotenoids; vitamin E; glycemia; insulin resistance; pregnancy; post-pregnancy

1. Introduction

During pregnancy, high amounts of circulating reactive oxygen species is generated
by the placenta for optimal maternal adaptation to pregnancy and for the normal
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development of the fetus [1]. These oxidative processes are counter-balanced by antioxi-
dants to protect against oxidative damage. However, an imbalance between these oxida-
tive processes and anti-oxidant capacity can lead to oxidative stress, which has adverse
effects on pregnancy and fetal development [1]. Emerging evidence suggests that in-
creased oxidative stress may be involved in the pathogenesis of gestational diabetes melli-
tus (GDM) [2].

Women who experienced GDM are at higher risk of developing insulin resistance
and T2DM later in life [3]; an estimated 15-25% of women with prior GDM develop T2DM
within 1-2 years after pregnancy, and 35%-70% develop T2DM by 10-15 years after preg-
nancy [4,5]. Asian populations are at a disproportionately higher risk of T2DM [6], and
the prevalence of GDM (23.5%) in Singapore is among the highest in the world [7]. As
such, potential interventions to prevent GDM and its progression to T2DM, including im-
proving diet during the antenatal period, might have utility in reducing the life-time risk
of T2DM [8].

Dietary antioxidants such as carotenoids and vitamin E (comprising tocopherol and
tocotrienols vitamers) are known to reduce oxidative stress [9,10]. Carotenoids can reduce
reactive oxygen species such as singlet oxygen and peroxyl radicals as well as transcrip-
tion factors such as nuclear factor kB and nuclear factor erythroid 2-related factor 2 [9],
which are responsible for insulin resistance and [3-cell dysfunction [11]. Similarly, vitamin
E especially a-tocopherol has been shown to reduce lipid peroxidation [10], which pro-
duces superoxide that damages the structural and functional components of 3-cells crucial
for maintaining normal glucose concentrations [11].

However, evidence relating carotenoids and vitamin E to glycemia and insulin re-
sistance in pregnant women or to GDM is scarce, with two case-control studies reporting
no differences in dietary 3-carotene and vitamin E intakes, as well as no difference in se-
rum a-tocopherol concentrations, between women with and without GDM [12,13]. To the
best of our knowledge, no studies have examined other carotenoids such as lutein and
zeaxanthin, and E vitamers in relation to glycemia and insulin resistance during preg-
nancy or investigated whether gestational plasma concentrations relate to women’s gly-
cemia and insulin resistance post-pregnancy.

There is increasing recognition that nutrients and dietary compounds have synergis-
tic effects on health [14]. Thus, assessing combinations of dietary compounds using pat-
tern analysis may be more appropriate for assessing the influence of highly correlated
dietary compounds on glycemia. We aimed to examine the associations of individual
plasma carotenoids and E vitamers concentrations at delivery and their combination, with
gestational glycemia, insulin resistance and GDM, as well as glycemia, insulin resistance
and risk of T2DM at 4-6 years’ post-pregnancy.

2. Materials and Methods
2.1. Study sample

We analyzed data from the Growing Up in Singapore Towards healthy Outcomes
(GUSTO) study, which is a prospective mother-offspring cohort in Singapore [15]. De-
tailed descriptions of the study have been published [15]. In brief, pregnant women (=18
years) of Chinese, Malay or Indian ethnicity with homogenous parental ethnic back-
ground were recruited during their first trimester (<14 weeks) in June 2009-September
2010 from two major maternity hospitals (National University Hospital and KK Women's
and Children’s Hospital) in Singapore. All procedures of GUSTO were conducted accord-
ing to the guidelines in the Declaration of Helsinki and have received ethics approval from
the Institutional Review Board governing the two maternity hospitals. Written informed
consent was obtained from all participants at recruitment.

A total of 1450 pregnant women were recruited at baseline, and 1098 had singleton
live births. The present analysis included all GUSTO women who provided sufficient
blood for plasma carotenoids and E vitamers assays at delivery, and had information on

47
48
49
50
51
52
53
54
55
56
57
58
59
60
61
62
63
64
65
66
67
68
69
70
71
72
73
74
75
76
77
78
79
80
81
82
83

84
85

86
87
88
89
90
91
92
93
94
95
96
97
98



Nutrients 2023, 15, x FOR PEER REVIEW 3 of 20

plasma glucose and/or insulin during pregnancy, as well as plasma glucose and/or insulin 99
at 4-6 years’ post-pregnancy (Figure 1). 100

Participants at recruitment

(n=1450)
Excluded if multiple births
(n=10)
—————— >
Dropout or lost to follow up
(n=259)
Participants with singleton
live births
(n=1180)

Did not provide blood at delivery
or insufficient for plasma

______ > carotenoids and vitamin E assays
(n=479)
Participants with plasma
carotenoids and vitamin E
concentraugns at delivery Excluded those with self-reported
(n=701) type-2 diabetes before pregnancy
and did not undergo OGTT
(n=7)

Dropout, lost to follow up or
——————— > without measurement for:
At 26-28 weeks’ gestation
Plasma glucose (n=24)
HOMA-IR (n=405)
At 4-6 vears after childbirth
Plasma glucose (n=197)
HOMA-IR (n=203)

Participants with plasma
glucose and/or insulin,
concentrations for at least
one time-point

(n=678)
v \
Participants with measurements Participants with measurements
at 26-28 weeks’ gestation at 4-6 years post-pregnancy
Plasma glucose (n=670) Plasma glucose (n=497)
HOMA-IR (n=289) HOMA-IR (n=491)

101

Figure 1. Participants included in the analysis of plasma carotenoids and vitamin E concentrations 102
with glycemia and insulin during and post-pregnancy in the Growing Up in Singapore Towards 103
healthy Outcomes cohort. HOMA-IR, homeostatic model assessment for insulin resistance; OGTT, 104
oral glucose tolerance test. 105

2.2. Plasma concentrations of carotenoids and E vitamers 106

Non-fasting blood samples were collected from pregnant women (median gestation: 107
39 weeks, interquartile range: 38-40 weeks’) around the time of delivery (up to 2 weeks 108
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prior or within 17 hours after) by standard venipuncture. The blood samples were col- 109
lected in EDTA tubes, centrifuged at 1600g for 10 minutes at 4°C within 4 hours to obtain 110
plasma, stored at -80°C and thawed prior to analysis. Ultra High Performance Liquid 111
Chromatography with Photo-Diode Array detection was used to determine plasma con- 112
centrations of carotenoids (a-carotene, [3-carotene, -cryptoxanthin, lutein and zeaxan- 113
thin) and E vitamers (a-, y-, 0-tocopherols and tocotrienols) [16]. Method precision was 114
examined using pooled and spiked plasma samples and results were similar to those pre- 115
viously published [16], with the relative standard deviations of within day assays and 116
between-day assays generally <10% and <15%, respectively. The half-lives of circulating 117
carotenoids and E vitamers are 5-45 days [17-19] and 2-70 days [20], respectively, thus 118
maternal concentrations around the time of delivery reflect concentrations in the last 119
weeks of gestation. 120

2.3. Plasma glucose and insulin concentrations, GDM and T2DM 121

At 26-28 weeks’ gestation, we measured plasma glucose after an overnight fast and 122
2 hours following a 75g load in an oral glucose tolerance test (OGTT). Women with self- 123
reported pre-existing T2DM before pregnancy were excluded from OGTT. Fasting plasma 124
insulin concentrations were measured in a subset of women with available fasting blood 125
sample. Similarly, at 4-6 years’ post-pregnancy, fasting and 2-hour plasma glucose follow- 126
ing OGTT and fasting plasma insulin were measured. Insulin and glucose concentrations 127
were quantified using the colorimetry method (Advia 2400 Chemistry system, Siemens 128
Medical Solutions Diagnostics; and Beckman LX20 Pro analyzer, Beckman Coulter). 129
HOMA-IR was calculated as (fasting plasma insulin x fasting plasma glucose)/22.5 [21]. 130

GDM was defined as a plasma glucose concentration 7.0 mmol/L fasting and/or 27.8 131
mmol/L 2-hours post-OGTT, based on the 1999 World Health Organization (WHO) stand- 132
ard criteria [22] in use for clinical management at that time. T2DM at 4-6 years’ post-preg- 133
nancy was defined as a plasma glucose concentration >7.0 mmol/L fasting and/or 134
>11.1mmol/L 2-hours post-OGTT, based on the 2019 WHO classification of diabetes [23]; 135
or self-reported to be diagnosed with T2DM after GUSTO index pregnancy (n=1). 136

2.4. Covariates 137

Covariates were selected based on previous literature [12,13,24,25] and a directed 138
acyclic graph. Information on women'’s age, ethnicity, highest education attained, self- 139
reported existing T2DM and family history of T2DM were collected at recruitment. 140
Women's pre-pregnancy body mass index (BMI) was calculated as weight divided by 141
height squared (kg/m?), based on self-reported pre-pregnancy weight, and height meas- 142
ured with a stadiometer (SECA model 213) at 26-28 weeks’ gestation. Parity was retrieved 143
from hospital delivery records. At 26-28 weeks’ gestation, self-reported cigarette smoking 144
and alcohol intake during pregnancy were ascertained; moderate and vigorous physical 145
activity in the past 7 days were self-reported using the International Physical Activity 146
Questionnaire [26] and categorized as follows: never, <150 and 2150 min/week; food and 147
dietary supplement intakes were assessed using a single 24-hour recall administered by 148
trained research staff. Total fat intake was estimated using nutrient analysis software 149
(Dietplan, Forestfield Software, UK) based on a food composition database containing lo- 150
cal foods [27]. The use of dietary supplements (yes/no) containing any amounts of pre- 151
formed vitamin A (retinol or retinyl esters), carotenoids, vitamin E or its vitamers were 152
considered. 153

2.5. Statistical analysis 154

Descriptive statistics were presented for demographic, nutritional and clinical 155
measures for those included in the present analysis. 156
To examine carotenoids and E vitamers in combination, we constructed patterns 157
from six carotenoids and three E vitamers using principal component analysis with the 158
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use of varimax rotation. As a high percentage of participants had concentrations below 159
the detection limit for each form of tocotrienols, all forms of tocotrienols were removed 160
from subsequent analyses. The number of patterns chosen for retention was determined 161
by the break point of the Scree plot and eigenvalue of >1.0 (determined a priori). Differ- 162
ences in intakes of fruit, vegetables, total fat and dietary supplements between tertiles of 163
carotenoids and E vitamers patterns were compared using chi-squared or one-way 164
ANOVA tests. 165

To enable comparison of effect estimates across exposures, we constructed standard 166
deviation scores [(observed value - mean)/SD] for each carotenoid and E vitamer as well 167
as the scores for their patterns. Associations of individual carotenoids and E vitamers, and 168
their patterns: 1) with continuous measures of plasma glucose and HOMA-IR were exam- 169
ined using linear regressions for normal distributions or inverse Gaussian regressions for 170
positively skewed distributions, 2) with categorical outcomes — GDM and T2DM, were 171
examined using logistic regression. All models were adjusted for women’s age at delivery, 172
ethnicity, education, pre-pregnancy overweight or obesity (BMI 223 kg/m?according to 173
WHO BMI classification for Asian [28]), family history of diabetes mellitus, parity, smok- 174
ing, alcohol intake, moderate-strenuous physical activity, total fat and dietary supplement 175
intakes. 176

Missing data for covariates were imputed using multiple imputation with chained 177
equations (20 times) for the following confounding variables: highest education attained 178
(n=5), pre-pregnancy BMI (n=56), n=10 family history of T2DM, n=5 smoking, n=19 alco- 179
hol, n=4 physical activity, n=10 total fat intake, and n=47 dietary supplement intakes. All 180
analyses were performed using Stata version 14 (StataCorp LP, College Station, TX, USA). 181

Two-sided P<0.05 was considered statistically significant. 182
3. Results 183
3.1. Study sample characteristics 184

Table 1 presents the demographic, lifestyle and clinical characteristics along with the 185
average concentrations of individual carotenoids and E vitamers for the 678 women in- 186
cluded. The women were on average 31 years old at delivery. The majority was of Chinese 187
ethnicity (59%), had attained tertiary education (37.4%), and was multiparous (56.2%) at 188
recruitment, and did not engage in moderate-vigorous physical activity (70%). Approxi- 189
mately 39.6% women were with overweight or obesity before pregnancy, 2% smoked and 190
drank alcohol during pregnancy, and 73.5% and 26.8% of women were taking dietary 191
supplements containing vitamin A/carotenoids and vitamin E at mid-late pregnancy, re- 192
spectively. A total of 204 (30.5%) women reported a family history of T2DM, 130 (19.4%) 193
were classified as having GDM and 11 (2.2%) as having T2DM at 4-6 years’ post-preg- 194
nancy. 195

Table 1. Characteristics® of participants for the associations of plasma carotenoids and vitamin E 196
concentrations with glycemia and insulin resistance during and post-pregnancy in the Growing Up 197

in Singapore Towards healthy Outcomes cohort (n=678). 198
Characteristics n (%)
Pre-pregnancy overweight/obese (BMI>23.0 kg/m2), n (%) 246 (39.6)
During pregnancy
Age at delivery, year, mean + SD 314+5.0
Ethnicity, n (%)
Chinese 400 (59.0)
Malay 158 (23.3)
Indian 120 (17.7)

Highest education, n (%)
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<Secondary 203 (30.2)
Post-secondary 218 (32.4)
Tertiary 252 (37.4)
Parity, n (%)

Nulliparous 297 (43.8)

Primi- / Multiparous 381 (56.2)
Smoking, n (%) 13 (1.9)
Alcohol intake, n (%) 15 (2.3)
Moderate-vigorous physical activity, n (%)

Never 472 (70.0)

<150 min/week 135 (20.0)

>150 min/week 67 (9.9)
Total fat intake, g/day, mean + SD 69.6 +29.1
Intake of supplements containing, n (%)

Vitamin A/carotenoids 462 (73.5)

Vitamin E 169 (26.8)
Plasma carotenoids concentrations, pmol/L, mean + SD

a-carotene 0.12+0.09

[3-carotene 0.45+0.36

B-cryptoxanthin 0.45+0.33

Lutein 0.46 +0.26

Zeaxanthin 0.30£0.12

Lycopene 0.23+£0.13
Plasma vitamin E concentrations, umol/L, mean + SD

a-tocopherol 52.45 +13.09

Y-tocopherol 1.47£0.77

O-tocopherol 0.47 +0.29
Family history of diabetes mellitus, n (%) 204 (30.5)
Fasting plasma glucose, mmol/L, mean + SD 4.35+0.49
2-hour plasma glucose, mmol/L, mean + SD 6.56 +1.54
HOMA-IR, median (IQR) 1.18 (0.80, 1.70)
Gestational diabetes, n (%) 130 (19.4v)
At 4-6 years’ post-pregnancy
Fasting plasma glucose, mmol/L, mean + SD 494 +0.73
2-hour plasma glucose, mmol/L, mean + SD 6.36 +1.89
HOMA-IR, median (IQR) 1.22(0.81,1.97)
Type-2 diabetes, n (%) 11 (2.29)

@ Characteristics were based on data obtained during pregnancy or at 4-6 years’ post-pregnancy
unless otherwise specified. Missing data: n=5 highest education attained, n=56 pre-pregnancy BMI,
n=10 family history of T2DM, n=5 smoking, n=19 alcohol, n=4 physical activity, n=10 total fat intake,
and n=47 dietary supplements intakes. ® Percentage calculated based on 670 women with plasma
glucose concentrations at 26-28 weeks’ gestation ¢ Percentage calculated based on 497 women with

plasma glucose concentrations at 4-6 years’ post-pregnancy.
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3.2. Patterns of carotenoid and E vitamers 205

Three patterns were derived (Table 2). Carotenoid pattern 1 (CP1) was represented 206
by a-carotene, 3-carotene and lutein; vitamin E (VE) pattern consisted of all forms of to- 207
copherols (y-, - and a-tocopherols); and carotenoid pattern 2 (CP2) comprised zeaxan- 208
thin, lycopene and 3-cryptoxanthin. 209

Table 2. Carotenoid and E vitamers patterns construction: Pattern structure and variance ex- 210

plaineda. 211
Carotenoid/E vitamers Carotenoid Vitamin E (VE)  Carotenoid
pattern 1 (CP1) pattern pattern 2 (CP2)

a-carotene 0.56

[B-carotene 0.51

lutein 0.48
Y-tocopherol 0.61

d-tocopherol 0.60

a-tocopherol 0.42

zeaxanthin 0.59

lycopene 0.55
[-cryptoxanthin 0.46

% variance explained by each

21.9 20.5 17.1
pattern
Cumulative % of variance
) 21.9 42.4 39

explained

Values are loading coefficients derived from principal component analysis (*absolute values <0.30 212
were not listed for simplicity). 213

We found that women who were in the highest tertile of CP1 scores had significantly 214
higher fruit and vegetables intakes (Table 3). Only total fat intake was significantly dif- 215
ferent according to tertiles of VE scores, whilst only vegetables intake was significantly 216
different according to tertiles of CP2 scores (higher intakes for those in highest tertiles). 217
There were no significant differences in the proportion of women consuming dietary sup- 218
plements containing vitamin A and carotenoids or containing vitamin E according to the 219

patterns scores. 220
221
Table 3. Intakes of fruit, vegetables, total fat, and dietary supplements according to tertiles of carot- 222
enoid and E vitamers patterns scores 223
Carotenoid pattern p Vitamin E (VE) p Carotenoid pattern
1(CP1) pattern 2(CrP2)
Tertile1l Tertile 3 Tertile1l Tertile 3 Tertile1l Tertile 3
Total fruit intake, g/day, 63.7 £ 163.1+ <0.0 122.1 + 104.2 0.09 99.0 + 1276+  0.37
mean + SD 1194 189.7 01 171.1 +165.4 1 144.6 185.9 9
Total vegetables intake, 56.0 = 80.6 + 0.00 66.7 £ 67.6 £ 0.09 59.0 + 73.7 £ 0.02
g/day, mean + SD 64.2 74.9 1 69.5 70.6 5 67.8 69.7 9
Total fat intake, g/day, 67.3 725+ 0.15 68.3 73.8 £ 0.02 68.1 714+ 0.57

mean + SD 29.3 28.2 7 30.6 28.9 0 26.7 30.5 4
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Supplements containing
Vitamin A, n (%)
Supplements containing
Vitamin E, n (%)

167 146 049 164 150 023 161 156 0.59
(75.9) (70.9) 9 (76.3) (69.4) 3 (75.2) (74.3) 9

0.09 0.10
9(23) 65016 - 63(293) 47(218) _ 61(285) 52(248)

a P-values were obtained from chi-squared or one-way ANOVA tests.

3.3. Carotenoid and E vitamers with gestational plasma glucose, HOMA-IR and GDM

Higher a-, 3-carotene and lutein concentrations (per SD increment), examined indi-
vidually, were significantly associated with 0.05 mmol/L (95% CI: -0.09, -0.01), 0.06
mmol/L (95% CI: -0.08, -0.01) and 0.05 mmol/L (95% CI: -0.09, -0.01) lower gestational fast-
ing glucose, respectively (Table 4). Likewise, the combination of a-, f-carotene and lutein
was inversely associated with gestational fasting glucose, as reflected by a higher CP1
score (per SD increment) significantly associating with a 0.06 mmol/L (95% CI: -0.10, -0.02;
P=0.004) lower gestational fasting glucose. There was a trend towards higher CP1 score
(combination of a-, B-carotene and lutein) associating with lower gestational HOMA-IR
(p -0.17, 95% CI: -0.82, 0.01), but the association was borderline significant (P=0.06) due to
small sample size. Individual concentrations of a-, 3-carotene and lutein were not signif-
icantly associated with gestational HOMA-IR. No statistically significant associations
were observed for individual carotenoids and their combinations with gestational 2-hour
glucose and likelihood of GDM.

Additionally, there was a trend towards higher 3-cryptoxanthin concentrations asso-
ciating with lower gestational HOMA-IR ({3 -0.09, 95% CI: -0.72, 0.01 per SD increment in
concentrations), but the association was borderline significant (P=0.06) due to small sam-
ple size. The combination of zeaxanthin, lycopene, and B-cryptoxanthin was not associ-
ated with gestational HOMA-IR. Overall, zeaxanthin, lycopene, and {-cryptoxanthin,
whether individually or in combination (CP2), were not associated with gestational fast-
ing and 2-hour glucose or likelihood of GDM.

Individually, higher y-tocopherols concentrations (per SD increment) were associ-
ated with higher gestational glucose concentrations [fasting 0.05 mmol/L (95% CI: 0.02,
0.09), 2-hour 0.10 mmol/L (95% CI: 0.02, 0.17)]. Additionally, higher d-tocopherol (per SD
increment) were associated with a 0.05 mmol/L (95% CI: 0.02, 0.09) higher gestational fast-
ing glucose but not significantly associated with 2-hour glucose. The combination of -,
- and a-tocopherols (VE pattern) was associated with higher gestational glucose concen-
trations [fasting 0.05 mmol/L (95% CI: 0.01, 0.08), 2-hour 0.08 mmol/L (95% CI: 0.01, 0.16)
per SD score increment].

No statistically significant association was observed for a-tocopherol with gesta-
tional fasting and 2-hour glucose. Individual E vitamers and their combinations were not
associated with HOMA-IR and likelihood of GDM.

224

225

226
227
228
229
230
231
232
233
234
235
236
237
238
239
240
241
242
243
244
245
246
247
248
249
250
251
252
253
254
255
256

257



W& nutrients

Table 4. Associations of individual carotenoids and E vitamers, and their patterns® at late-pregnancy with plasma glucose, HOMA-IR during pregnancy as well as GDM in the

Growing Up in Singapore Towards healthy Outcomes cohort®<

HOMA-IR (n=289) GDM (n=130) vs
non-GDM (n=540)

OR (95% CI) P

Fasting glucose (n=670) 2-hour glucose (n=670)

B (95% CI) P B (95% CI) P B (95% CI) P

Carotenoidsd

Individual concentrations

a-carotene -0.05 (-0.09, -0.01) 0.005 -0.13 (-0.24, 0.01) 0.05 -0.05 (-0.41, 0.32) 0.18 0.89 (0.71, 1.12) 0.33

[3-carotene -0.06 (-0.08, -0.01) 0.018 -0.03 (-0.15, 0.10) 0.68 -0.12 (-0.46, 0.01) 0.07 1.11 (0.90, 1.35) 0.32

Lutein -0.05 (-0.09, -0.01) 0.019 0.02 (-0.11, 0.15) 0.76 -0.01 (-0.26, 0.24) 0.95 1.07 (0.85, 1.34) 0.56
CP1 -0.06 (-0.10, -0.02) 0.004 -0.04 (-0.17, 0.08) 0.50 -0.17 (-0.82, 0.01) 0.06 1.05 (0.84, 1.33) 0.65
Individual concentrations

Zeaxanthin -0.02 (-0.06, 0.01) 0.22 -0.08 (-0.20, 0.03) 0.17 -0.08 (-0.35, 0.12) 0.10 0.94 (0.74, 1.18) 0.59

Lycopene -0.02 (-0.05, 0.02) 0.42 -0.05 (-0.16, 0.06) 0.39 0.03 (-0.08, 0.15) 0.58 1.09 (0.89, 1.33) 0.41

[-cryptoxanthin -0.04 (-0.05, 0.01) 0.05
CP2 -0.04 (-0.06, 0.01) 0.05

Vitamin Ee

0.02 (-0.10, 0.13) 0.80
-0.07 (-0.19,0.05)  0.23

-0.09 (-0.72,0.01)  0.06
-0.01(-0.43,0.20) 0.1

1.01 (0.81, 1.26) 0.91
1.02 (0.82, 1.27) 0.86

Individual concentrations

v-Tocopherol

0.05 (0.02, 0.09) 0.004

0.10 (0.02, 0.17) 0.010

0.09 (-0.24, 0.43) 0.57

1.20(1.00,1.50)  0.06

d-Tocopherol 0.05 (0.02, 0.09) 0.006  0.07 (-0.01, 0.15) 007  0.03(-0.34,0.23) 0.11 1.22(0.99,1.49)  0.06
a-Tocopherol -0.001 (-0.04,0.04) 094  0.02(-0.06, 0.10) 055  -0.05(-0580.02) 007  121(0.99,149) 007
VE pattern 0.05 (0.01, 0.08) 0.015  0.08(0.01,0.16)  0.033  0.03(-0.26, 0.34) 080  1.19(0.99,1.58)  0.06

GDM, gestational diabetes mellitus; HOMA-IR, homeostatic model assessment for insulin resistance

aCP 1: a-, B-carotene and lutein; CP 2: zeaxanthin, lycopene and p-cryptoxanthin; VE pattern: y-, d-, a-tocopherols

b Effect estimates are per SD increment in pattern scores or individual carotenoids and vitamin E concentrations (P<0.05 in bold)
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¢ All models adjusted for age, ethnicity, education, pre-pregnancy overweight and obese status, parity at recruitment, family history of T2DM, and the following at mid-late
pregnancy: smoking status, alcohol intake, moderate-strenuous physical activity, total fat intake and intake of any supplement containing ¢vitamin A/carotenoids and/or ¢vitamin

E.
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3.4. Carotenoid and E vitamers with post-pregnancy plasma glucose, HOMA-IR and T2DM 259

Higher [-carotene concentrations (per SD increment) were associated with 0.05 (95% 260
CI: -0.07, -0.04) lower HOMA-IR (Table 5). Higher score in the combination of a-, 3-caro- 261

tene and lutein (per SD increment in CP1 score), was also associated with 0.11 (95% CIL: - 262
0.15, -0.08) lower HOMA-IR. No statistically significant associations were observed for 263
individual a-carotene and lutein with HOMA-IR. 264

Additionally, higher B-cryptoxanthin concentrations (per SD increment) were asso- 265
ciated with 0.07 (95% CI: -0.13, -0.02) lower HOMA-IR. However, individual zeaxanthin 266
and lycopene, as well as the combination of zeaxanthin, lycopene and {-cryptoxanthin 267

(CP2) were not associated with HOMA-IR. 268
Individual carotenoids and their combinations were not associated with post-preg- 269
nancy fasting and 2-hour glucose, nor with risk of T2DM. 270

Individually, higher d-tocopherol concentrations (per SD increment) were associated 271
with higher glucose concentrations [fasting 0.15 mmol/L (95% CI: 0.03, 0.27) and 2-hour 272
0.26 mmol/L (95% CI: 0.08, 0.44)]. Additionally, higher y-tocopherol concentrations (per 273
SD increment) were associated with 0.21 mmol/L (95% CI: 0.09, 0.33) higher fasting glu- 274
cose, but not significantly associated with 2-hour glucose. The combination of y-, d-and 275
a-tocopherols (VE pattern) was associated with higher glucose concentrations [(fasting 276
0.19 mmol/L (95% CI: 0.07, 0.31) and 2-hour 0.24 mmol/L (95% CI: 0.06, 0.42) per SD incre- 277
ment in VE pattern score]. 278

No statistically significant associations were observed for a-tocopherol with post- 279
pregnancy glucose, and there were also no associations of E vitamers and their pattern 280
with HOMA-IR and T2DM. 281

282

283
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Table 5. Associations of individual carotenoids and E vitamers, and their patterns® at late-pregnancy with plasma glucose and HOMA-IR as well as T2DM at 4-6 years’ post-

pregnancy in the Growing Up in Singapore Towards healthy Outcomes cohort<

Fasting glucose (n=497)

2-hour glucose (n=497)

HOMA-IR (n=491)

T2DM (n=11) vs

non-T2DM (n=486)

B (95% CI) P B (95% CI) P B (95% CI) P OR (95% CI) P
Carotenoidsd
Individual concentrations
a-carotene -0.02 (-0.09, 0.05) 0.60 -0.03 (-0.21, 0.16) 0.77 -0.06 (-0.13, 0.01) 0.08 0.29 (0.07, 1.20) 0.09
[3>-carotene -0.03 (-0.10, 0.04) 0.40 -0.04 (-0.22, 0.14) 0.68 -0.05 (-0.07, -0.04) 0.001 0.41 (0.09, 1.78) 0.23
Lutein -0.01 (-0.10, 0.07) 0.76 0.01 (-0.20, 0.21) 0.94 -0.05 (-0.11, 0.01) 0.11 0.53 (0.17, 1.65) 0.28
CP1 -0.02 (-0.10, 0.06) 0.64 -0.08 (-0.27, 0.12) 0.42 -0.11 (-0.15, -0.08) 0.001 0.32 (0.10, 1.00) 0.05
Individual concentrations
Zeaxanthin -0.04 (-0.07, 0.01) 0.06 -0.17 (-0.33, 0.01) 0.06 -0.07 (-0.14, 0.01) 0.06 0.35 (0.19, 1.31) 0.06
Lycopene -0.04 (-0.12, 0.06) 0.56 0.01 (-0.19, 0.21) 0.91 -0.07 (-0.15, 0.01) 0.10 0.81 (0.38, 1.74) 0.60
[-cryptoxanthin -0.02 (-0.10, 0.05) 0.55 -0.10 (-0.28, 0.07) 0.25 -0.07 (-0.13, -0.02) 0.009 0.36 (0.10, 1.26) 0.11
CP2 -0.04 (-0.08, 0.01) 0.06 -0.08 (-0.26, 0.11) 0.41 -0.09 (-0.16, 0.02) 0.10 0.42 (0.17, 1.02) 0.06
Vitamin Ee
Individual concentrations
v-Tocopherol 0.21 (0.09, 0.33) 0.001 0.17 (-0.01, 0.34) 0.06 -0.02 (-0.11, 0.06) 0.62 1.16 (0.65, 2.10) 0.62
0-Tocopherol 0.15 (0.03, 0.27) 0.015 0.26 (0.08, 0.44) 0.006 0.01 (-0.06, 0.15) 0.34 1.47 (0.85, 2.54) 0.17
a-Tocopherol 0.10 (-0.02, 0.22) 0.10 0.08 (-0.12, 0.27) 0.43 0.05 (-0.04, 0.15) 0.24 0.73 (0.35, 1.50) 0.39
VE pattern 0.19 (0.07, 0.31) 0.002 0.24 (0.06, 0.42) 0.009 0.10 (-0.03, 0.24) 0.13 1.25(0.67, 2.34) 0.48

GDM, gestational diabetes mellitus; HOMA-IR, homeostatic model assessment for insulin resistance; T2DM, type-2 diabetes mellitus.

aCP 1: a-, B-carotene and lutein; CP 2: zeaxanthin, lycopene and p-cryptoxanthin; VE pattern: -, d-, a-tocopherols

b Effect estimates are per SD increment in pattern scores or individual carotenoids and vitamin E concentrations (P<0.05 in bold)
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< All models adjusted for age, ethnicity, education, pre-pregnancy overweight and obese status, parity at recruitment, family history of T2DM, and the following at mid-late
pregnancy: smoking status, alcohol intake, moderate-strenuous physical activity, total fat intake and intake of any supplement containing 4vitamin A/carotenoids and/or ¢vitamin
E.
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285

4. Discussion 286

This study found associations of higher late-pregnancy concentrations of a-, 3-caro- 287
tene and lutein (in combination) with lower fasting glucose during pregnancy, as well as 288
lower HOMA-IR during pregnancy and at 4-6 years’ post-pregnancy. Additionally, a 289
higher late-pregnancy p-cryptoxanthin concentration was individually associated with 290
lower HOMA-IR during pregnancy and at 4-6 years’ post-pregnancy. In contrast, higher 291
concentrations of y-, - and a-tocopherols in combination were associated with higher 292
fasting and 2-hour glucose during pregnancy and post-pregnancy, but not with HOMA- 293
IR. 294

The associations we observed for a- or [-carotene (when examined individually) 295
with plasma glucose during pregnancy are reminiscent of studies in non-pregnant popu- 29
lations. Overall, the effect size of the lowered fasting glucose during pregnancy we found 297
for a 1-SD increment in a- or 3-carotene concentrations (0.05-0.06 mmol/L) approximated 298
to studies in non-pregnant populations (0.05-0.25 mmol/L) [29,30]. However, our findings 299
of a higher lutein concentration associating with lower fasting glucose but not 2-hour glu- 300
cose during pregnancy is in direct contrast to a study in a non-pregnant population which 301
observed significant associations with lower 2-hour glucose but not fasting glucose [29]. 302
When a-, 3-carotene and lutein were examined in combination (CP1), the association with 303
fasting glucose during pregnancy was also significant. 304

We additionally found higher p-cryptoxanthin concentrations to associate with lower 305
HOMA-IR during pregnancy (albeit a trending association due to small sample size) and 306
4-6 years’ post-pregnancy, which contrasted studies showing no significant association 307
between serum B-cryptoxanthin concentrations and HOMA-IR in non-pregnant popula- 308
tions [24,29]. The difference in findings may be due to variations in carotenoid concentra- 309
tions influenced by the pregnancy-related hyperlipidemic state, placental transfer, or con- 310
sumption of foods rich in 3-cryptoxanthin (e.g. a greater consumption of tropical fruits in =~ 311
Singapore [31], which are rich sources of B-cryptoxanthin [32]). 312

The magnitude of the above associations may appear modest (0.06 mmol/L lower 313
fasting glucose), but such an effect size has been associated with an appreciable reduction 314
in odds of delivery by cesarean section, delivery of a neonate with birth weight >90th per- 315
centile, neonatal hypoglycemia, and fetal hyperinsulinemia in the Hyperglycemia and 316
Adverse Pregnancy Outcome (HAPO) study [33], and thus considered clinically impact- 317
ful. 318

Our findings support the beneficial role of combined «-, -carotene and lutein (CP1) 319
in insulin resistance (HOMA-IR) during pregnancy (albeit borderline significance due to 320
small sample size) and post-pregnancy. The significant association with post-pregnancy 321
HOMA-IR could be mediated through a lowered gestational HOMA-IR, changes to the 322
physiological function of tissues influencing insulin resistance that persist beyond preg- 323
nancy, or consistent adherence to a diet high in these carotenoids post-pregnancy. Further = 324
studies specifically designed to address this will be needed. Despite observing associa- 325
tions with HOMA-IR at both time points, the beneficial associations of these carotenoids 326
with gestational fasting glucose did not persist beyond pregnancy. One possible explana- 327
tion could be a heightened state of physiological insulin resistance during pregnancy com- 328
pared to a milder state of insulin resistance post-pregnancy. The heightened state of insu- 329
lin resistance during pregnancy returns to pre-pregnancy state after delivery, as such, 330
these women may not be sufficiently resistant to insulin at 4-6 years’ post-pregnancy to 331
observe an appreciable change in glycemia. In observing consistent associations between 332
CP1 and HOMA-IR during pregnancy as well as post-pregnancy, but less consistent asso- 333
ciations when these carotenoids were examined individually, further support the value of =~ 334
examining combinations of carotenoids to account for their synergistic activities. 335
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We observed differences in fruit and vegetables intakes according to tertiles of CP1 336
scores, but no significant differences in the proportion of individuals consuming vitamin 337
A/carotenoids supplements. Additionally, in the same cohort, we previously found 338
women with higher concentrations of 3-cryptoxanthin to have higher intakes of fruit and 339
vegetables during pregnancy [34], but the concentrations did not differ significantly by 340
intake of vitamin A/carotenoids supplements [35]. These women were also found to have 341
lower mean concentrations of a-carotene, [3-cryptoxanthin, and lutein compared to other 342
pregnant cohorts even with approximately 70% of them consuming vitamin A/carote- 343
noids-containing supplements, possibly due to lower fruit and vegetables intake within = 344
the cohort or the dietary supplements consumed did not contain the full range of carote- 345
noids [35]. Taken together, our findings suggest greater consumption of fruit and vegeta- 346
bles, but not dietary supplements containing vitamin A/carotenoids, to be beneficial for 347
lowering glycemia and insulin resistance during and/or after pregnancy. Fruit and vege- 348
tables, apart from there antioxidative properties, are also higher in fibre and lower in gly- 349
caemic index, which aligned with existing dietary approaches for glycaemic control in 350
non-pregnant populations [36]. Continued health promotion efforts encouraging higher 351
fruits and vegetables consumption in pregnant women are needed for better glycemic 352
outcomes during and after pregnancy. 353

Our analysis may be underpowered to detect statistically significant differences in 2- 354
hour glucose concentrations (due to a much wider variation in concentrations compared 355
to fasting glucose), as well as in odds of GDM and T2DM (categorical variables with small 356
number of cases). Further investigations in studies with larger sample sizes are needed. 357

Contrasting the associations for carotenoids, y-, d-, and a-tocopherols in combination 358
were associated with higher fasting and 2-hour glucose during pregnancy. This associa- 359
tion is likely driven by - and d-tocopherols, considering their higher loadings in this pat- 360
tern as well as their individual associations with plasma glucose. However, the literature 361
is sparse on mechanism of action linking y- and d-tocopherols to glucose metabolism. 362
There is some evidence suggesting that y-tocopherol may be pro-inflammatory [37]; as 363
such the positive associations with plasma glucose and GDM may be a result of increased 364
inflammation — one of the underlying mechanisms of hyperglycemia during pregnancy 365
[38]. Alternatively, higher concentrations of y- and d-tocopherols may reflect the wide- 366
spread use of refined blended plant oils around the world which have very high content 367
of y-tocopherol [39]. One study in Chinese adults found higher intakes of refined 368
blended plant oils to be associated with increased risk of T2DM, likely because frying is 369
the predominant cooking method adopted for this type of oil [40], or due to its higher 370
content of n-6 fatty acids which play conflicting roles in glucose metabolism [41]. While 371
our study also observed those who are in the highest tertile of CP2 scores to have signifi- 372
cantly higher total fat intake, a thorough evaluation of y- or 6-tocopherols concentrations 373
and their food sources, as well as comprehensive understanding of their individual cellu- 374
lar actions and impact on oxidative stress, are needed to elucidate the impact of the dif- 375
ferent E vitamers on glucose metabolism. 376

Strengths of this study include being the first to relate maternal plasma concentra- 377
tions of individual carotenoids and E vitamers to glycemic measures during pregnancy 378
and a few years’ post-pregnancy, and the derivation of carotenoid and E vitamers combi- 379
nations to capture their synergistic activities. Several limitations are noted. Blood samples 380
(around the time of delivery) used for plasma carotenoid and vitamin E assays were taken 381
after the measurement of plasma glucose during pregnancy (26-28 weeks’ gestation), as 382
such reverse causation cannot be ruled out. However, studies have shown stability in ca- 383
rotenoids and a-, y-tocopherols concentrations from second trimester to delivery [42,43], 384
as well as stability in dietary patterns throughout pregnancy [44,45]. The use of non-fast- 385
ing plasma samples may have introduced systematic bias, but studies have shown non- 386
significant differences in carotenoid concentrations pre- and post-meal [46,47]; the effect 387
of fasting compared with non-fasting is less clear for plasma E vitamers due to limited 388
literature. Findings with gestational HOMA-IR were also limited by the smaller sample 389
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size as more than half of the cohort did not provide sufficient fasting blood samples for 390
insulin measurements. While the aim of the study is to examine the influences of carot- 391
enoids and vitamin E during the perinatal period, our study could benefit from having 392
measurements of carotenoid and vitamin E concentrations at 4-6 years’ post-pregnancy. 393

5. Conclusions 394

Our study showed that higher maternal concentrations of a-, 3-carotene and lutein 395
are associated with lower fasting glucose and HOMA-IR during pregnancy as well as 396
lower HOMA-IR at 4-6 years’ post-pregnancy. These findings alluded to the importance 397
of consuming greater quantity and variety of fruit and vegetables during pregnancy to 398
ensure sufficient concentrations of a range of carotenoids (a-, [3-carotene, lutein and 3- 399
cryptoxanthin); however, these findings will require confirmation in other similar cohorts 400
with prospective, longitudinal measurements of carotenoids and E vitamers, plasma glu- 401
cose and insulin during and after pregnancy. Replication of findings in populations of 402
different ethnic characteristics with different dietary patterns will also be required before 403
recommendations can be made. Our findings of higher concentrations of y- and o-to- 404
copherols associating with higher plasma glucose during pregnancy, highlight the need 405
to further investigate specific E vitamers and their roles in metabolic health. 406

Author Contributions: Conceptualization, J.S.L, J KY.C, SY.C. and M.FF.C; methodology, 407
C.N.O,; validation for plasma carotenoids and vitamin E assay, C.N.O.; formal analysis, J.5.L; re- 408
sources, C.N.O., KM.G., KH.T,, F.Y. and Y.S5.C.; writing—original draft preparation, J.S.L (lead), 409
M.EE.C. (supporting); writing—review and editing, all authors (equal); supervision, KM.G., 410
KH.T, F.Y. and Y.S.C; funding acquisition, J].S.L, JK.Y.C.,, S.Y.C. and M.F.F.C. All authors have 411
read and agreed to the published version of the manuscript. 412

Funding: The GUSTO study is supported by the Singapore National Research Foundation underits 413
Translational and Clinical Research (TCR) Flagship Programme and administered by the Singapore = 414
Ministry of Health’s National Medical Research Council (NMRC) — NMRC/TCR/004-NUS/2008; 415
NMRC/TCR/012-NUHS/2014. Additional funding is provided by the Singapore Institute for Clinical = 416
Sciences, A*STAR, Ministry of Education’s Academic Research Fund Tier 1, and the 2018 BASF Nu- 417
trition Asia Research Grant. K.M.G. is supported by the UK Medical Research Council 418
(MC_UU_12011/4), the National Institute for Health Research (NIHR Senior Investigator (NF-SI- 419
0515-10042), NIHR Southampton 1000DaysPlus Global Nutrition Research Group (17/63/154) and 420
NIHR Southampton Biomedical Research Centre (IS-BRC-1215-20004)), the European Union (Eras- 421
mus+ Programme ImpENSA 598488-EPP-1-2018-1-DE-EPPKA2-CBHE-JP) and the British Heart 422
Foundation (RG/15/17/3174). 423

Institutional Review Board Statement: The study was conducted in accordance with the Declara- 424
tion of Helsinki, and approved by the Institutional Review Board of National Healthcare Group 425
Domain Specific Review Board (NHG DSRB Ref: D/2009/00021, 26 February 2009) and the Sing- 426
Health Centralised Institutional Review Board (CIRB Ref: 2018/2767/D, 2 March 2009). 427

Informed Consent Statement: Written informed consent was obtained from all subjects at study 428
recruitment. 429

Data Availability Statement: Data described in the manuscript will be made available upon request 430
pending approval by lead investigators of the GUSTO study. 431

Acknowledgments: We will like to acknowledge the contribution of the GUSTO study group: Airu 432
Chia, Allan Sheppard, Amutha Chinnadurai, Anna Magdalena Fogel, Anne Eng Neo Goh, Anne 433
Hin Yee Chu, Anne Rifkin-Graboi, Angi Qiu, Arijit Biswas, Bee Wah Lee, Birit Froukje Philipp 434
Broekman , Bobby Kyungbeom Cheon, Boon Long Quah, Candida Vaz, Chai Kiat Chng, Cheryl 435
Shufen Ngo, Choon Looi Bong, Christiani Jeyakumar Henry, Ciaran Gerard Forde, Claudia Chi, 436
Daniel Yam Thiam Goh, Dawn Xin Ping Koh, Desiree Y. Phua, Doris Ngiuk Lan Loh, E Shyong Tai, 437
Elaine Kwang Hsia Tham, Elaine Phaik Ling Quah, Elizabeth Huiwen Tham, Evelyn Chung Ning 438
Law, Evelyn Xiu Ling Loo, Fabian Kok Peng Yap, Faidon Magkos, Falk Miiller-Riemenschneider, 439
George Seow Heong Yeo, Hannah Ee Juen Yong, Helen Yu Chen, Heng Hao Tan, Hong Pan, Hugo 440
P S van Bever, Hui Min Tan, Iliana Magiati, Inez Bik Yun Wong, Ives Yubin Lim, Ivy Yee-Man Lau, 441
Izzuddin Bin Mohd Aris, Jeannie Tay, Jeevesh Kapur, Jenny L. Richmond, Jia Xu, Joanna Dawn 442



Nutrients 2023, 15, x FOR PEER REVIEW 4 of 20

Holbrook, Joanne Su-Yin Yoong, Joao Nuno Andrade Requicha Ferreira, Johan Gunnar Eriksson,
Jonathan Tze Liang Choo, Jonathan Y. Bernard, Jonathan Yinhao Huang, Joshua J. Gooley, Karen
Mei Ling Tan, Kenneth Yung Chiang Kwek, Keri McCrickerd, Kothandaraman Narasimhan, Krish-
namoorthy Naiduvaje, Kuan Jin Lee, Leher Singh, Li Chen, Lieng Hsi Ling, Lin Lin Su, Ling-Wei
Chen, Lourdes Mary Daniel, Lynette Pei-Chi Shek, Marielle V. Fortier, Mark Hanson, Mary Raulff,
Mei Chien Chua, Melvin Khee-Shing Leow, Michael J. Meaney, Michelle Zhi Ling Kee, Min Gong,
Mya Thway Tint, Navin Michael, Neerja Karnani, Ngee Lek, Oon Hoe Teoh, P. C. Wong, Paulin Tay
Straughan, Peter David Gluckman, Pratibha Keshav Agarwal, Priti Mishra, Queenie Ling Jun Li,
Rob Martinus van Dam, Salome A. Rebello, Sambasivam Sendhil Velan, Seang Mei Saw, See Ling
Loy, Seng Bin Ang, Shang Chee Chong, Sharon Ng, Shirong Cai, Sok Bee Lim, Stella Tsotsi, Stephen
Chin-Ying Hsu , Sue-Anne Ee Shiow Toh, Suresh Anand Sadananthan, Swee Chye Quek, Varsha
Gupta, Victor Samuel Rajadurai, Walter Stunkel, Wayne Cutfield, Wee Meng Han, Wei Wei Pang,
Yanan Zhu, Yap Seng Chong, Yin Bun Cheung, Yiong Huak Chan.

Conflicts of Interest: F.Y.,, KM.G. and Y.S.C. have received reimbursement for speaking at confer-
ences sponsored by companies selling nutritional products. KM.G. and Y.S5.C. are part of an aca-
demic consortium that has received research funding from Abbott Nutrition, Nestlé and Danone.
All other authors declared no conflicts of interest. The funding bodies had no influence on the study
design, data collection, analysis, interpretation and content of the manuscript.

References

1.

10.

11.
12.

Myatt, L.; Cui, X. Oxidative stress in the placenta. Histochemistry and Cell Biology 2004, 122, 369-382, doi:10.1007/s00418-004-
0677-x.

Plows, ].F.; Stanley, J.L.; Baker, P.N.; Reynolds, C.M.; Vickers, M.H. The pathophysiology of gestational diabetes mellitus.
Int ] Mol Sci 2018, 19, 3342, doi:10.3390/ijms19113342.

Chen, L.-W.; Soh, S.E; Tint, M.-T.; Loy, S.L.; Yap, F.; Tan, KH.; Lee, Y.S.; Shek, L.P.-C.; Godfrey, K.M.; Gluckman, P.D., et
al. Combined analysis of gestational diabetes and maternal weight status from pre-pregnancy through post-delivery in
future development of type 2 diabetes. Scientific Reports 2021, 11, 5021, doi:10.1038/s41598-021-82789-x.

Kim, C.; Newton, K.M.; Knopp, R.H. Gestational diabetes and the incidence of type 2 diabetes: a systematic review. Diabetes
care 2002, 25, 1862-1868, doi:10.2337/diacare.25.10.1862.

Bellamy, L.; Casas, ].P.; Hingorani, A.D.; Williams, D. Type 2 diabetes mellitus after gestational diabetes: a systematic review
and meta-analysis. Lancet (London, England) 2009, 373, 1773-1779, d0i:10.1016/s0140-6736(09)60731-5.

Chan, J.C; Malik, V; Jia, W.; Kadowaki, T.; Yajnik, C.S.; Yoon, K.H.; Hu, F.B. Diabetes in Asia: epidemiology, risk factors,
and pathophysiology. Jama 2009, 301, 2129-2140, doi:10.1001/jama.2009.726.

International Diabetes Federation. IDF Diabetes Atlas, 9th edn. Availabe online: https://www.diabetesatlas.org (accessed on

Phelan, S. Windows of opportunity for lifestyle interventions to prevent gestational diabetes mellitus. Am ] Perinatol 2016,
33,1291-1299, doi:10.1055/s-0036-1586504.

Bohn, T. Carotenoids and markers of oxidative stress in human observational studies and intervention trials: implications
for chronic diseases. Antioxidants (Basel, Switzerland) 2019, 8, d0i:10.3390/antiox8060179.

Winklhofer-Roob, B.M.; Rock, E.; Ribalta, J.; Shmerling, D.H.; Roob, J.M. Effects of vitamin E and carotenoid status on
oxidative stress in health and disease. Evidence obtained from human intervention studies. Mol Aspects Med 2003, 24, 391-
402.

Cerf, MLE. Beta cell dysfunction and insulin resistance. Frontiers in endocrinology 2013, 4, 37, d0i:10.3389/fendo.2013.00037.
Hekmat, K.; Bagheri, R.; Abedi, P.; Tabesh, H. The relationship of fat soluble antioxidants with gestational diabetes in Iran:
a case-control study. The journal of maternal-fetal & neonatal medicine : the official journal of the European Association of Perinatal
Medicine, the Federation of Asia and Oceania Perinatal Societies, the International Society of Perinatal Obstet 2014, 27, 1676-1679,
doi:10.3109/14767058.2014.892921.

443
444
445
446
447
448
449
450
451
452
453
454
455

456
457
458
459
460

461

462
463
464
465
466
467
468
469
470
471
472
473
474
475
476
477
478
479
480
481
482
483
484
485
486
487
488


https://www.diabetesatlas.org/

Nutrients 2023, 15, x FOR PEER REVIEW 5 of 20

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.
24.

25.

26.

27.

28.

29.

Parast, V.M.; Paknahad, Z. Antioxidant status and risk of gestational diabetes mellitus: a case-control study. Clin Nutr Res
2017, 6, 81-88, d0i:10.7762/cnr.2017.6.2.81.

Jacobs, D.R., Jr.; Gross, M.D.; Tapsell, L.C. Food synergy: an operational concept for understanding nutrition. Am | Clin Nutr
2009, 89, 15435-1548S, doi:10.3945/ajcn.2009.26736B.

Soh, S.-E.; Tint, M.T.; Gluckman, P.D.; Godfrey, K.M.; Rifkin-Graboi, A.; Chan, Y.H.; Stiinkel, W.; Holbrook, J.D.; Kwek, K.;
Chong, Y.-S., et al. Cohort profile: Growing Up in Singapore Towards healthy Outcomes (GUSTO) birth cohort study.
International Journal of Epidemiology 2014, 43, 1401-1409, doi:10.1093/ije/dyt125.

Lee, B.L.; Ong, C.N. Comprehensive high-performance liquid chromatographic method for the measurements of lipophilic
antioxidants in human plasma. Journal of chromatography. A 2009, 1216, 3131-3137, d0i:10.1016/j.chroma.2009.01.101.

Burri, B.J.; Neidlinger, T.R.; Clifford, A.J. Serum carotenoid depletion follows first-order kinetics in healthy adult women
fed naturally low carotenoid diets. Journal of Nutrition 2001, 131, 2096-2100, doi:10.1093/jn/131.8.2096.

Moran, N.E.; Cichon, M.J.; Riedl, K.M.; Grainger, E.M.; Schwartz, S.J.; Novotny, J.A.; Erdman, J.W., Jr.; Clinton, S.K.
Compartmental and noncompartmental modeling of 13C-lycopene absorption, isomerization, and distribution kinetics in
healthy adults. Am ] Clin Nutr 2015, 102, 1436-1449, doi:https://dx.doi.org/10.3945/ajcn.114.103143.

Thurmann, P.A.; Schalch, W.; Aebischer, J.C.; Tenter, U.; Cohn, W. Plasma kinetics of lutein, zeaxanthin, and 3-dehydro-

lutein after multiple oral doses of a lutein supplement. Am | Clin Nutr 2005, 82, 88-97.

Chuang, J.C.; Matel, H.D.; Nambiar, K.P.; Kim, S.-H.; Fadel, ].G.; Holstege, D.M.; Clifford, A.J. Quantitation of [5-CH3]-(2R,
4'R, 8R)-a-Tocopherol in Humans. Journal of Nutrition 2011, 141, 1482-1488, d0i:10.3945/jn.111.138925.

Matthews, D.R.; Hosker, J.P.; Rudenski, A.S.; Naylor, B.A.; Treacher, D.F.; Turner, R.C. Homeostasis model assessment:
insulin resistance and beta-cell function from fasting plasma glucose and insulin concentrations in man. Diabetologia 1985,
28, 412-419, doi:10.1007/b£00280883.

WHO Consultation. Definition, diagnosis and classification of diabetes mellitus and its complications: report of a WHO
consultation. Part 1: diagnosis and classification of diabetes mellitus. WHO: Geneva, 1999.

World Health Organisation (WHO). Classification of diabetes mellitus. WHO: Geneva, 2019.

Hozawa, A.; Jacobs, D.R., Jr.; Steffes, M.\W.; Gross, M.D.; Steffen, L.M.; Lee, D.H. Associations of serum carotenoid
concentrations with the development of diabetes and with insulin concentration: interaction with smoking: the Coronary
Artery Risk Development in Young Adults (CARDIA) Study. American journal of epidemiology 2006, 163, 929-937,
doi:10.1093/aje/kw;j136.

Mayer-Davis, E.J.; Costacou, T.; King, I.; Zaccaro, D.J.; Bell, R.A.; Insulin Resistance Atherosclerosis Study (IRAS). Plasma
and dietary vitamin E in relation to incidence of type 2 diabetes: The Insulin Resistance and Atherosclerosis Study (IRAS).
Diabetes care 2002, 25, 2172-2177.

Craig, C.L.; Marshall, A.L.; Sjostrom, M.; Bauman, A.E.; Booth, M.L.; Ainsworth, B.E.; Pratt, M.; Ekelund, U.; Yngve, A.;
Sallis, ].F., et al. International physical activity questionnaire: 12-country reliability and validity. Medicine and science in sports
and exercise 2003, 35, 1381-1395, d0i:10.1249/01.mss.0000078924.61453.fb.

Lai, J.S.; Soh, S.E.; Loy, S.L.; Colega, M.; Kramer, M.S.; Chan, ] K.Y.; Tan, T.C; Shek, L.P.C.; Yap, F.K.P,; Tan, K.H.,, et al.
Macronutrient composition and food groups associated with gestational weight gain: the GUSTO study. European journal of
nutrition 2019, 58, 1081-1094, doi:10.1007/s00394-018-1623-3.

WHO Expert Consultation. Appropriate body-mass index for Asian populations and its implications for policy and
intervention strategies. The Lancet 2004, 363, 157-163, doi:https://doi.org/10.1016/S0140-6736(03)15268-3.

Coyne, T.; Ibiebele, T.I; Baade, P.D.; Dobson, A.; McClintock, C.; Dunn, S.; Leonard, D.; Shaw, ]. Diabetes mellitus and

serum carotenoids: findings of a population-based study in Queensland, Australia. Am | Clin Nutr 2005, 82, 685-693.

489
490
491
492
493
494
495
496
497
498
499
500
501
502
503
504
505
506
507
508
509
510
511
512
513
514
515
516
517
518
519
520
521
522
523
524
525
526
527
528
529


https://dx.doi.org/10.3945/ajcn.114.103143
https://doi.org/10.1016/S0140-6736(03)15268-3

Nutrients 2023, 15, x FOR PEER REVIEW 6 of 20

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

Ylonen, K.; Alfthan, G.; Groop, L.; Saloranta, C.; Aro, A.; Virtanen, S.M. Dietary intakes and plasma concentrations of
carotenoids and tocopherols in relation to glucose metabolism in subjects at high risk of type 2 diabetes: the Botnia Dietary
Study. Am | Clin Nutr 2003, 77, 1434-1441, doi:10.1093/ajcn/77.6.1434.

Alperet, D.J.; Butler, L.M.; Koh, W.-P.; Yuan, J.-M.; van Dam, R.M. Influence of temperate, subtropical, and tropical fruit

consumption on risk of type 2 diabetes in an Asian population. Am | Clin Nutr 2017, 105, 736-745, d0i:10.3945/ajcn.116.147090.

Burri, B.J.; La Frano, M.R.; Zhu, C. Absorption, metabolism, and functions of B-cryptoxanthin. Nutrition Reviews 2016, 74,
69-82, d0i:10.1093/nutrit/nuv064.

The HAPO Study Cooperative Research Group. Hyperglycemia and adverse pregnancy outcomes. New England Journal of
Medicine 2008, 358, 1991-2002, doi:10.1056/NEJMo0a0707943.

Lai, J.S,; Cai, S,; Lee, B.L.; Godfrey, KM.; Gluckman, P.D.; Shek, L.P.; Yap, F.; Tan, K.H.; Chong, Y.S.; Ong, C.N,, et al. Higher
maternal plasma [-cryptoxanthin concentration is associated with better cognitive and motor development in offspring at
2 years of age. European journal of nutrition 2021, 60, 703-714, doi:10.1007/s00394-020-02277-2.

Lai, ].S.; Yuan, W.L.; Ong, C.N,; Tan, K.H.; Yap, F.; Chong, Y.S.; Gluckman, P.D.; Godfrey, KM.; Lee, Y.S.; Chan, J.K.Y., et
al. Perinatal plasma carotenoid and vitamin E concentrations with maternal blood pressure during and after pregnancy.
Nutrition, Metabolism and Cardiovascular Diseases 2022, https://doi.org/10.1016/j.numecd.2022.07.019,
doi:https://doi.org/10.1016/j.numecd.2022.07.019.

Ha, V.; Bonner, AJ; Jadoo, ].K; Beyene, J.; Anand, S.S.; de Souza, R.J. The effects of various diets on glycemic outcomes
during pregnancy: A systematic review and network meta-analysis. PLoS ONE 2017, 12, 0182095,
doi:https://dx.doi.org/10.1371/journal.pone.0182095.

Bates, C.J.; Mishra, G.D.; Prentice, A. y-Tocopherol as a possible marker for nutrition-related risk: results from four National
Diet and Nutrition Surveys in Britain. British Journal of Nutrition 2007, 92, 137-150, doi:10.1079/BJN20041156.

Lowe, L.P.; Metzger, B.E.; Lowe, WL, Jr; Dyer, AR,; McDade, T.W.; McIntyre, H.D.; Group, H.S.C.R. Inflammatory
mediators and glucose in pregnancy: results from a subset of the Hyperglycemia and Adverse Pregnancy Outcome (HAPO)
Study. J Clin Endocrinol Metab 2010, 95, 5427-5434, doi:10.1210/jc.2010-1662.

McLaughlin, P.J.; Weihrauch, J.L. Vitamin E content of foods. Journal of the American Dietetic Association 1979, 75, 647-665.
Zhuang, P.; Mao, L.; Wu, F.; Wang, J; Jiao, J.; Zhang, Y. Cooking oil consumption is positively associated with risk of type
2 diabetes in a Chinese nationwide cohort study. Journal of Nutrition 2020, 150, 1799-1807, doi:10.1093/jn/nxaa103.

Brown, T.J.; Brainard, J; Song, F., Wang, X.; Abdelhamid, A.; Hooper, L. Omega-3, omega-6, and total dietary
polyunsaturated fat for prevention and treatment of type 2 diabetes mellitus: systematic review and meta-analysis of
randomised controlled trials. BM] 2019, 366, 14697, d0i:10.1136/bm;.14697.

Oostenbrug, G.S.; Mensink, R.P.; Al, M.D.; van Houwelingen, A.C.; Hornstra, G. Maternal and neonatal plasma antioxidant
levels in normal pregnancy, and the relationship with fatty acid unsaturation. The British journal of nutrition 1998, 80, 67-73.
Herrera, E.; Ortega, H.; Alvino, G.; Giovannini, N.; Amusquivar, E.; Cetin, I. Relationship between plasma fatty acid profile
and antioxidant vitamins during normal pregnancy. Eur | Clin Nutr 2004, 58, 1231-1238.

Dalrymple, K.V.; Vogel, C.; Godfrey, K.M.; Baird, J.; Harvey, N.C.; Hanson, M.A.; Cooper, C.; Inskip, H.M.; Crozier, S.R.
Longitudinal dietary trajectories from preconception to mid-childhood in women and children in the Southampton
Women’s Survey and their relation to offspring adiposity: a group-based trajectory modelling approach. International Journal
of Obesity 2022, 46, 758-766, doi:10.1038/s41366-021-01047-2.

Cuco, G.; Fernandez-Ballart, J.; Sala, J.; Viladrich, C.; Iranzo, R.; Vila, J.; Arija, V. Dietary patterns and associated lifestyles
in preconception, pregnancy and postpartum. European Journal of Clinical Nutrition 2006, 60, 364-371,
doi:10.1038/sj.ejcn.1602324.

530
531
532
533
534
535
536
537
538
539
540
541
542
543
544
545
546
547
548
549
550
551
552
553
554
555
556
557
558
559
560
561
562
563
564
565
566
567
568
569
570


https://doi.org/10.1016/j.numecd.2022.07.019
https://doi.org/10.1016/j.numecd.2022.07.019
https://dx.doi.org/10.1371/journal.pone.0182095

Nutrients 2023, 15, x FOR PEER REVIEW 7 of 20

46. Mejia, L.A.; Pineda, O.; Noriega, ].F.; Benitez, J.; Falla, G. Significance of postprandial blood concentrations of retinol, retinol-
binding protein, and carotenoids when assessing the vitamin A status of children. Am ] Clin Nutr 1984, 39, 62-65,
doi:10.1093/ajcn/39.1.62.

47. Brown, E.D.; Rose, A.; Craft, N.; Seidel, K.E.; Smith, J.C. Concentrations of carotenoids, retinol, and tocopherol in plasma,

in response to ingestion of a meal. Clinical Chemistry 1989, 35, 310-312.

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual au-
thor(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

571
572
573
574

575
576

577
578
579



	1. Introduction
	2. Materials and Methods
	2.1. Study sample
	2.2. Plasma concentrations of carotenoids and E vitamers
	2.3. Plasma glucose and insulin concentrations, GDM and T2DM
	2.4. Covariates
	2.5. Statistical analysis

	3. Results
	3.1. Study sample characteristics
	3.2. Patterns of carotenoid and E vitamers
	3.3. Carotenoid and E vitamers with gestational plasma glucose, HOMA-IR and GDM
	3.4. Carotenoid and E vitamers with post-pregnancy plasma glucose, HOMA-IR and T2DM

	4. Discussion
	5. Conclusions
	References

