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Gestational diabetes (GDM), traditionally defined as any form of glucose intolerance first detected
in pregnancy [1], still has dietary treatment as its frontline therapy [2]. Whilst some women require
additional pharmacotherapy, such as with insulin or metformin, nutritional intake is relevant to all
women with GDM. Recognition of the importance of GDM is growing due to the worldwide increase
in its prevalence [3], rising in line with the increased prevalence of overweight and obesity [4], and the
impact of its short- and long-term complications in both the mother and offspring exposed to GDM
in utero [5]. In fact, it has been suggested that GDM makes a significant contribution to the current
diabetes epidemic [6]. This partially relates to the increased risk of obesity [7], insulin resistance [8],
GDM [9] and type 2 diabetes [10] in people who were exposed to GDM in fetal life, showing that
“diabetes begets diabetes” [11]. Thus, preventing and treating GDM more efficiently have a sense of
urgency about them, with nutritional modifications needing to be at the forefront. This is especially
since a recent keynote systematic review and meta-analysis of nutritional interventions in GDM that
were tested in randomized, controlled trials found favorable effects on maternal glycemic control and
neonatal growth parameters when grouped together [12]. It is with these considerations that this
Special Issue of Nutrients has been published, looking at nutrients or factors related to nutrition that
may be involved either in the prevention, development or treatment of GDM. In this way, I hope that it
plays some part in showing current progress and the potential for future improvements in nutrition
for GDM.

Whilst the majority of papers in this Special Issue related more to the treatment or complications
of GDM once diagnosed, there are several that related more to the development or the prevention of
GDM. Mitanchez and colleagues [13] presented a systematic review of recent meta-analyses relating to
the effects of maternal lifestyle interventions (such as nutritional interventions and participation in
specific exercise regimes) on the prevention of GDM (as well as effects on gestational weight gain and
neonatal outcomes). They reported that these lifestyle interventions showed a decreased risk for the
development of GDM of between 15% and 40% in the meta-analyses. The positive effect in reducing
the risk of GDM was greater for exercise than for dietary modification. However, pre-pregnancy
biatric surgery led to a reduction in risk for GDM of between 70% and 80% suggesting that lifetime
nutrition (and other factors that affect body weight, e.g., exercise) can have a big effect on GDM risk.
Another paper in this Special Issue, by Robinson et al. [14], looked at differences in the gut microbiome
of overweight and obese women who were ketonuric at week 16 of pregnancy when fasting, matching
them to non-ketonuric controls by a number of factors including future GDM status. As well as
being an analysis from the Study of Probiotics IN Gestational diabetes (SPRING study), this study is
relevant to the development of GDM since ketonuria is common in pregnancy [15] and is associated
with consuming a low carbohydrate diet [16], which may be a popular choice for women at high
risk of developing GDM in an attempt to control body weight [17]. Robinson et al. [14] found that
ketonuric women had an increased abundance of the butyrate-producing genus Roseburia in their gut
microbiome. Interestingly, one of the gut bacteria spp. that contributed the most to the differences
in the composition of the gut microbiota in ketonuric women was Methanobrevibacter, which, when
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assessing metagenomic linkage groups, in a previously published metagenome-wide association study
of GDM was found to be enriched in healthy controls [18]. The third paper in this Special Issue,
predominantly related to the time in pregnancy before any diagnosis of GDM, was from Cambridge
Baby Growth Study investigators [19]. In their contemporary birth and infancy growth cohort they, like
many investigators in other studies, had noticed a temporal trend in the incidence of GDM [20]. In their
cohort, this temporal trend was associated with an index of deprivation and reduced insulin secretion.
Deprivation was not itself directly associated with GDM; however, it was suggested that something
related to deprivation was actually mediating the association, such as dietary composition. Using a
food frequency questionnaire, with all its inherent limitations [21], they found that the food type most
consistently tracking the previously observed trends was eggs. In fact, egg consumption appeared
to be protective against GDM, although the effect size was small [19]. Egg consumption in isolation
may not totally explain the associations; however, principal component analysis suggested that in this
cohort it was positively linked to the consumption of fresh fruit and green vegetables, salad, yogurt
and tap water, i.e., a “healthy” diet. In the fourth paper of this type in this Special Issue, Dong et al. [22]
found that women that reported the fastest eating speeds early in pregnancy had an increased risk
of developing GDM later in pregnancy. The eating speed was strongly related to the pre-pregnancy
BMI, however, and adjusting for this attenuated the increased risk for GDM. Assuming that eating
speeds did not change following conception, this suggests that increased eating speed may have led
to increased weight gain prior to pregnancy and that it was this that led to the increased GDM risk.
Consistent with this, fast eating speed has also previously been reported to lead to obesity [23]. Finally,
in terms of papers published in this Special Issue related more to the development of GDM than to the
period of pregnancy after its diagnosis, Filardi et al. [24] reviewed links between endocrine disrupting
chemicals (EDCs) and complications of pregnancy, including the development of GDM. Non-nutritive
EDCs extensively pollute the diet and their effects are thought to be linked to those of nutrients through
being obesogenic [25]. Potential roles in lowering insulin sensitivity and pancreatic β-cell function
are thought to explain the associations between circulating or urinary EDC concentrations and GDM
found in some studies [26,27].

GDM is usually formally diagnosed around the start of the third trimester of pregnancy, although
effects upon the tempo of fetal growth in women subsequently diagnosed with GDM may already
be evident by then [28]. Most body weight is laid down by the fetus in this trimester [29], and the
increased body weight observed in babies born to mothers with GDM [30] may at least partially
related to increased placental leptin production, as highlighted in the review by Pérez-Pérez [31] in
this Special Issue. The good news, however, is that because most fetal body weight is laid down in the
third trimester, nutritional adaptations at this point of pregnancy are still potentially able to improve
GDM outcomes [12]. Women diagnosed with GDM may be amenable to make lifestyle alterations in
order to reduce the risk of GDM-related complications [32]. This is likely to have positive benefits,
as the systematic review by Mitanchez and colleagues [13] in this Special Issue reported that combined
lifestyle modifications, in terms of a range of dietary adaptations and increased activity levels, lead to
reduced fetal growth and neonatal fat mass in women with GDM and lower rates of preterm birth and
shoulder dystocia. Atakora and colleagues, also in this Special Issue, presented a secondary analysis of
the UK Pregnancies Better Eating and Activity Trial [33] where they reported that a diagnosis of GDM in
obese women led to greater reductions in energy and carbohydrate intakes, and glycemic load relative
to that of obese pregnant women without GDM. In addition, there was a greater increase in protein
consumption. The women with GDM also put on less third trimester body weight. These factors led to
lower birth weights of their offspring, although they were born around a week earlier than those babies
born to women without GDM. These results suggest that current nutritional strategies to treat women
with GDM are effective in promoting behavior change [33], even if the target of normoglycemia has
not been routinely achieved yet. Further evidence that women diagnosed with GDM are amenable
in making dietary changes come from the Growing Up in New Zealand Study paper by Lawrence
and colleagues in this Special Issue [34]. In their cohort, women with GDM reported lower scores
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for consuming “junk” and “traditional/white bread” dietary patterns and a higher chance of having
received dietary advice from a professional. They also had a higher tendency to avoid foods that are
high in fat or sugar content.

Not surprisingly for a condition diagnosed according to high circulating glucose concentrations
in pregnancy, the bedrock of nutritional therapy for GDM relates to the control of the amount of
carbohydrate intake, and to a lesser extent the type of carbohydrate. In this Special Issue, Mustad
and colleagues reviewed the role of carbohydrates in the prevention and treatment of GDM [35].
They concluded that concentrating on the amount and type of dietary carbohydrate can have important
benefits for GDM pathophysiology, but interventions such as those currently implemented may be
inadequate to prevent or treat GDM. Another factor that may be important as regards carbohydrate
intake in GDM is timing, as shown by a study by Rasmussen and colleagues in this Special Issue [36].
Using a randomized crossover design, they found that the consumption of a high carbohydrate and
energy dietary content in the morning and a low carbohydrate and energy dietary content in the
evening in women with GDM (compared to the consumption of a diet with low carbohydrate in
the morning and high in the evening) led to lower mean and fasting glucose concentrations and
insulin resistance, but higher glucose variability. It is not always easy to predict what circulating
glucose concentrations will rise to after the consumption of certain foods, especially those with high
carbohydrate contents. Pustozerov and colleagues previously published an algorithm that they used
as part of a recommender system infrastructure that incorporates models used to predict circulating
glucose concentrations in women with GDM [37] designed, ultimately, to make specific nutritional
recommendations to help try and achieve normoglycemia. They found that the prediction of the
circulating glucose concentration one hour after eating was not as effective as hoped. So, they did a
follow-up study, published in this Special Issue [38], where they incorporated the glycemic index and
glycemic load data into their algorithm (both of which have shown relevance to circulating glucose
concentrations in pregnancy/GDM [39–41]) in an effort to try and improve its prediction accuracy.
Unfortunately, whilst there was an improvement in accuracy, it was very modest [38]. Of interest,
however, was the finding that the predicted glucose concentrations were correlated more strongly with
the glucose load than with the amount of carbohydrate consumed, which the authors suggested could
explain the effect of low glycemic index diets in GDM treatment.

The subject matters of the final couple of the papers in this Special Issue [42,43] do not fit
neatly into the groups of papers described above. Like all forms of diabetes, GDM is thought to
result from a combination of insulin resistance and inadequate insulin secretion [44]. A number of
inflammatory biomarkers are thought to stimulate both enhanced insulin resistance [45] and reduced
insulin secretion in pregnancy [46], potentially contributing towards the development of GDM or
even its complications. In this Special Issue, Piuri and colleagues tracked circulating inflammatory
biomarker concentrations in the last trimester of pregnancy in women who were newly diagnosed with
GDM which was treated by a (validated) strict adherence to a prescribed diet [42]. They found that
circulating concentrations of tumor necrosis factor-α and platelet-activating factor increased over the
final 12 weeks of pregnancy, unlike markers of glucose control which were not surprisingly higher than
those observed in non-pregnant, healthy women (suggesting that the dietary treatment of GDM was
sub-optimal). The authors suggested that these inflammatory biomarkers may therefore contribute to
the cause or be a consequence of GDM complications [42]. In the final paper from this Special Issue
described in this editorial, Peila and colleagues reviewed one aspect of the influence of GDM after the
mother has given birth, that of human breast milk contents [43]. This area is important since it could
help to mediate some of the observed transgenerational effects of GDM [7–10]. The authors observed
that GDM appears to be associated with an altered milk composition, although the low number of
studies and differences in the types of human milks studied (colostrum, transitional, and mature milk)
limit the overall conclusions that can be drawn thus far [43].

This Special Issue covers a wide range of topics related to nutrition for GDM. Whilst progress has
been made in both dietary means of reducing the risk of developing GDM in high risk women who are
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either already pregnant or planning to get pregnant, and in dietary treatment for GDM, there is clearly
progress still to be made. As well as emphasizing current research in this area, hopefully this Special
Issue also highlights gaps in the knowledge that need to be filled in future research studies.

Funding: This research received no external funding.

Conflicts of Interest: The author declares no conflict of interest.
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Abstract: There is little evidence linking eating speed to gestational diabetes mellitus (GDM) incidence.
We therefore aimed to evaluate the prospective association of eating speed with GDM incidence.
Overall, 97,454 pregnant women were recruited between January 2011 and March 2014. Singleton
pregnant women who did not have GDM, heart disease, stroke, cancer, type 1 diabetes, and/or
type 2 diabetes at the time of study enrollment were eligible. Each woman was asked about her
eating speed at that time via a questionnaire. Odds ratios of GDM in relation to eating speed were
obtained using logistic regression. Among the 84,811 women eligible for analysis, 1902 cases of
GDM were identified in medical records. Compared with women who reported slow eating speed,
the age-adjusted odds ratios (95% confidence interval) of GDM for women who reported medium,
relatively fast, or very fast eating speed were 1.03 (0.90, 1.18), 1.07 (0.94, 1.23), and 1.28 (1.05, 1.58),
respectively. Adjustment for demographic, lifestyle-related, and dietary factors including dietary
fat, dietary fiber, and energy intakes yielded similar results. The association was attenuated and
no longer significant after further adjustment for pre-pregnancy body mass index. The mediation
analysis showed that being overweight accounted for 64% of the excess risk of GDM associated with
eating speed. In conclusion, women who reported very fast eating speed, compared with those
reporting slow eating speed, were associated with an increased incidence of GDM, which may be
largely mediated by increased body fat.

Keywords: eating speed; gestational diabetes; cohort study; prevention

1. Introduction

Diet is widely known to play an essential role in promoting health and preventing disease.
In addition to what we eat, the way we eat may also impact our health. In particular, the effects of eating
speed on obesity, as well as obesity-related diseases, have received increasing research interest over the
past decade. A number of cross-sectional studies have suggested eating quickly is associated with a
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higher prevalence of obesity [1]. Excess energy intake is one possible explanation for the association
between faster eating and risk of weight gain and obesity [2]. Emerging evidence also indicates that
eating quickly may increase the risk of metabolic syndrome [3–5] and type 2 diabetes [6].

Gestational diabetes mellitus (GDM) is a complication affecting about 7% of pregnant women
and has various influences on both mothers and their offspring [7–9]. Adverse pregnancy outcomes
stemming from GDM include macrosomia, cesarean section, and shoulder dystocia [10,11]. Over the
long term, GDM has been shown to be associated with an elevated risk of type 2 diabetes and
cardiovascular diseases in mothers [12,13], and a higher risk of obesity and insulin insensitivity in
their children [14,15].

Observational studies and clinical trials have suggested diet plays an important role in preventing
GDM [16,17], but whether eating speed is independently associated with GDM is largely unknown.
Moreover, whether body mass index (BMI) plays a mediating role and to which extent BMI may
account for the possible association between eating speed and GDM are also uncertain. In the present
study we used a large Japanese national birth cohort to examine the prospective association between
eating speed and GDM and to test whether BMI was a mediator of the association.

2. Research Design and Methods

The present analysis was based on the Japan Environment and Children’s Study (JECS),
launched by the Ministry of the Environment, Japan, which was primarily aimed at evaluating
the effects of environmental factors on pregnancy and children’s health. Genetic, socioeconomic,
and lifestyle factors were also examined. The study design is detailed elsewhere [18,19]. In brief,
about 100 thousand pregnant women (median gestational age: 12 weeks) were recruited in 15 areas
across Japan, from January 2011 to March 2014. We obtained information on demographic information,
socioeconomic status, disease history, lifestyles, and dietary habits of each mother at the time of study
enrollment via a self-administered questionnaire.

There were 103,099 pregnancies from 97,454 women recruited. Women were recruited voluntarily
at the first prenatal examination and/or when they reported their pregnancies at local government
offices. In 2013, the recruitment covered about 45% of pregnancies in the study area [19]. Among the
97,454 women, those who had singleton pregnancy and were not multiple participations were
considered for this analysis. Women were eligible if they did not have GDM, heart disease, stroke,
Kawasaki disease, cancer, type 1 diabetes, and/or type 2 diabetes at study enrollment. Extreme body
mass index (BMI) before pregnancy (i.e., <14 or >40 kg/m2), implausible energy intake (lower or upper
2.5%), or no data on exposure, outcome, or other critical variables were criteria for exclusion. A total of
84,811 women were eligible for this analysis (Figure 1).

At the time of study enrollment, each woman was asked “how fast is your eating speed” with no
specific guidance. Candidate responses were “very slow”, “relatively slow”, “medium”, “relatively
fast”, or “very fast”. A validation study regarding eating speed in this population has not been
performed, but there was evidence that self-reported eating speed showed good agreement with that
reported by a friend [20]. The first two categories (“very slow” and “relatively slow”) were grouped as
“slow” because of a low number of women in the “very slow” category (2.3%). Dietary assessment was
performed using a semi-quantitative food frequency questionnaire that was used and validated in
another cohort study [21]. Nutrient intakes were calculated based on the Japan Standard Tables of
Food Composition (5th Revised Edition).

The first incidence of GDM was the outcome of interest. GDM was diagnosed when two or more
values during the 75 g oral glucose tolerance test were greater than the cutoff levels: fasting plasma
glucose ≥ 5.5 mmol/L (100 mg/dL), 1 h value ≥ 10.0 mmol/L (180 mg/dL), and 2 h value ≥ 8.3 mmol/L
(150 mg/dL) [22]. GDM cases were identified using medical record transcripts, which were completed
after delivery by physicians, research coordinators, nurses, or midwives.
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Figure 1. Flowchart for participant selection.

Age-adjusted means and proportions of the pregnant women’s characteristics were calculated
based on eating speed. Women who reported either very slow or relatively slow eating speed were
treated as the reference group, and logistic regression was used to obtain the odds ratio (OR) and 95%
confidence interval (CI) of GDM for other groups by comparing with the reference group. All ORs were
age-adjusted in a basic model (model 1). We also adjusted for smoking status (never, past, or current
smoker), drinking status (never, past, or current drinker), education level (middle school, high school,
junior or specialized training college, or university or higher), occupation (15 categories), household
income (nine categories), history of depression (yes or no), history of polycystic ovarian syndrome (yes
or no), history of having macrosomia babies (yes or no), marital status (married, divorced, widowed,
or other), parity (0, 1, 2, or ≥3), gestational weight gain (quintile), and physical activity (quintile) in
model 2. In model 3, we further adjusted for dietary factors including white rice, seafood, meat, egg,
coffee, green tea, milk, chocolate, soy isoflavones, dietary fiber, dietary magnesium, and dietary fat, and
total energy intake (all quintiles). Pre-pregnancy BMI was adjusted in an additional model. To examine
whether being overweight (pre-pregnancy BMI ≥25 kg/m2) could mediate the association between
eating speed and GDM, and we also conducted a mediation analysis by treating being overweight as a
potential mediator. This analysis was performed to compute the proportion of excess risk of GDM that
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could be attributed to the mediator, i.e., overweight. The mediation analysis was adjusted for the same
covariates in model 3. Additionally, we performed sensitivity analyses to test the robustness of the
results by restricting the analysis in women who reported the same eating speed in a second survey
during mid-late pregnancy (gestational age: quartile 1 = 24 weeks, median = 27 weeks, quartile 3 = 29
weeks). All analyses were carried out using SAS 9.4 (SAS Institute Inc., Cary, NC, USA). All P-values
were two-sided, with p < 0.05 considered statistically significant.

The JECS protocol was reviewed and approved by the Ministry of the Environment’s Institutional
Review Board on Epidemiological Studies and by the Ethics Committees of all participating institutions
(No.100406001). Written informed consent was obtained from all participants.

3. Results

We documented 1902 GDM cases from singleton pregnant women during follow-up, with the
majority diagnosed during mid and late pregnancy. Table 1 shows the baseline characteristics of
women by self-reported eating speed. Overall, the proportions of women who reported slow, medium,
relatively fast, and very fast eating speed were 17.8%, 41.1%, 35.5%, and 5.7%, respectively. Women
reporting very fast eating speed, compared with those reporting slow eating speed, were older and
more likely to have a higher BMI, greater gestational weight gain, and a higher level of physical activity,
but were less likely to be a housewife, nulliparous, or have never smoked. Regarding dietary factors,
very fast eaters appeared to have higher intakes of total energy, white rice, meat, coffee, green tea,
dietary fat, magnesium, and isoflavones, but lower intake of milk.

Table 1. Characteristics of 84,811 pregnant women according to self-reported eating speed.

Slow Medium Relatively Fast Very Fast p

No. of participants 15,061 34,857 30,080 4813
Age, years 29.8 30.7 31.0 31.5 <0.001

BMI before pregnancy, kg/m2 20.6 21.0 21.5 21.8 <0.001
Gestational weight gain, kg 10.1 10.3 10.3 10.5 0.03

University or higher education, % 23.2 20.8 22.4 22.4 <0.001
Family income < 2 million/y, % 5.3 5.1 4.6 5.2 <0.001

Housewife, % 28.2 29.0 26.3 23.0 <0.001
Married, % 94.6 95.3 95.5 94.9 <0.001

Nulliparous, % 48.3 39.2 40.6 42.4 <0.001
History of macrosomia baby, % 0.3 0.5 0.5 0.6 0.006

Never smoker, % 61.1 59.7 56.9 52.4 <0.001
Never drinker, % 54.4 54.5 56.3 56.0 <0.001

Depression, % 3.7 2.7 2.8 3.9 <0.001
Polycystic ovarian syndrome, % 2.4 2.0 2.4 2.2 0.005

Physical activity, Met·h/day 3.6 3.9 3.9 4.6 <0.001
Total energy, kcal/day 1752 1750 1798 1880 <0.001

White rice, g/day 272.9 281.3 292.5 305.2 <0.001
Seafood, g/day 37.5 37.5 38.2 39.3 <0.001

Meat, g/day 68.9 69.8 74.2 81.0 <0.001
Egg, g/day 29.6 30.4 31.9 34.5 <0.001

Coffee, g/day 101 104 111 118 <0.001
Green tea, g/day 165 161 165 182 <0.001

Milk, g/day 135 127 123 122 0.003
Total dietary fat, g/day 58.6 58.2 60.1 63.6 <0.001
Magnesium, mg/day 233 233 238 246 <0.001

Total dietary fiber, g/day 11.0 11.0 11.2 11.5 <0.001
Chocolate, g/day 6.2 5.6 5.8 6.4 <0.001

Isoflavones, mg/day 30.6 31.2 31.6 32.8 <0.001

Values are means unless otherwise specified. P values were calculated using ANOVA or the chi-square test for
continuous or categorical variables, respectively. BMI: body mass index.
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Table 2 shows the ORs (95% CIs) of GDM by self-reported eating speed. Compared with those
for women reporting slow eating speed, the age-adjusted ORs (95% CI) of GDM for women who
reported medium, relatively fast, and very fast eating speed were 1.03 (0.90, 1.18), 1.07 (0.94, 1.23),
and 1.28 (1.05, 1.58), respectively. Adjustment for demographic factors, lifestyle-related factors, and
other risk factors (model 2) and further adjustment for dietary factors (model 3) yielded similar results.
When further analyses were performed after the inclusion of pre-pregnancy BMI, the association was
attenuated and became no longer significant. In the mediation analysis, we examined whether being
overweight could be a mediator for the association between eating speed and GDM. After controlling
for the same covariates in model 3, being overweight accounted for 64% of the excess risk of GDM
associated with eating speed (p < 0.001), indicating that increased body fat may have largely mediated
the association observed.

Table 2. Self-reported eating speed and risk of gestational diabetes mellitus among 84,811 women.

Slow Medium Relatively Fast Very Fast

No of participants 15,061 34,857 30,080 4813
No of cases 298 766 699 139

Model 1 1.00 1.03 (0.90, 1.18) 1.07 (0.94, 1.23) 1.28 (1.05, 1.58)
Model 2 1.00 1.08 (0.94, 1.24) 1.13 (0.99, 1.30) 1.35 (1.10, 1.66)
Model 3 1.00 1.08 (0.94, 1.24) 1.11 (0.97, 1.28) 1.29 (1.05, 1.59)

Model 3 + pre-pregnancy BMI 1.00 1.04 (0.90, 1.19) 1.01 (0.88, 1.16) 1.14 (0.93, 1.41)

Model 1: adjusted for age; Model 2: Model 1 and further adjusted for education, occupation, household income,
smoking, drinking, history of depression, history of polycystic ovarian syndrome, history of macrosomia babies,
parity, gestational weight gain, physical activity; Model 3: Model 2 and further adjusted for intakes of white rice,
seafood, meat, egg, coffee, chocolate, green tea, milk, soy isoflavone, magnesium, total dietary fat, total dietary fiber,
and total energy. BMI: body mass index.

Table 3 shows the ORs (95% CIs) of GDM by self-reported eating speed among 64,183 women who
reported the same eating speed during early and late pregnancy. Overall, the association appeared
to be somewhat stronger in this sensitivity analysis. After adjustment for all covariates including
pre-pregnancy BMI, a very fast eating speed was independently associated with GDM (OR = 1.32;
95% CI: 1.03, 1.70).

Table 3. Self-reported eating speed and risk of gestational diabetes mellitus among 64,183 women who
reported the same eating speed during early and mid-late pregnancy.

Slow Medium Relatively Fast Very Fast

No. of participants 10,783 26,520 23,777 3103
No. of cases 206 578 541 97

Model 1 1.00 1.07 (0.91, 1.25) 1.09 (0.93, 1.29) 1.45 (1.13, 1.85)
Model 2 1.00 1.11 (0.95, 1.31) 1.16 (0.98, 1.37) 1.55 (1.21, 1.99)
Model 3 1.00 1.17 (0.95, 1.31) 1.15 (0.97, 1.35) 1.50 (1.16, 1.92)

Model 3 + pre-pregnancy BMI 1.00 1.07 (0.91, 1.26) 1.04 (0.88, 1.23) 1.32 (1.03, 1.70)

Model 1: adjusted for age; Model 2: Model 1 and further adjusted for education, occupation, household income,
smoking, drinking, history of depression, history of polycystic ovarian syndrome, history of macrosomia babies,
parity, gestational weight gain, physical activity; Model 3: Model 2 and further adjusted for intakes of white rice,
seafood, meat, egg, coffee, chocolate, green tea, milk, soy isoflavone, magnesium, total dietary fat, total dietary fiber,
and total energy.

4. Discussion

To our knowledge, this large prospective cohort study is the first study to investigate eating speed
in relation to GDM risk. Women who reported very fast eating speed at recruitment (median: 12 weeks
of gestation), compared with those reporting slow eating speed, had an increased incidence of GDM,
which was independent of demographic, lifestyle-related, and dietary factors. The association was
attenuated and no longer significant after further adjustment for pre-pregnancy BMI. The mediation
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analysis showed that being overweight accounted for 64% of the excess risk of GDM associated with
eating speed.

Interestingly, in our sensitivity analysis, restricting for 64,183 women (75.7%) who reported the
same eating speed during early and mid-late pregnancy, the association remained significant for
women reporting very fast eating speed. One explanation for this result may be that changes in eating
speed during pregnancy may have biased the association in the main analysis toward the null.

The central nervous system regulates appetite [23], and eating induces production of satiety
hormones including cholecystokinin, peptide YY, and glucagon-like peptide-1, which are involved
in appetite regulation [24,25]. Fast eating speed has been found to be associated with a lower level
of satiety hormones [26], which may result in a delayed feeling of fullness and, thus, excess energy
intake. In fact, in the present study eating speed was positively associated with energy intake (Table 1).
A meta-analysis of 22 randomized controlled trials examining the effect of eating speed on energy
intake also provided evidence that faster eating speed was associated with higher energy intake than
slower eating speed [2].

Excess energy intake over the long term could lead to weight gain, and thereby to being overweight
and obesity. A meta-analysis of cross-sectional studies showed a significant difference in BMI between
individuals who ate quickly and those who ate slowly (mean difference: 1.78 kg/m2, 95% CI:1.53,
2.04) [1]. The same meta-analysis also found fast easting speed had a stronger association with higher
prevalence of obesity (pooled OR 2.15, 95% CI: 1.84, 2.51) than slow eating speed. Prospective cohort
studies, in which a temporal relationship can be established, also showed fast eating speed may be a
risk factor for weight gain and obesity. For example, a cohort study of 1314 university students found,
after 3 years of follow-up, that those who ate quickly had an increased risk of obesity compared with
those who ate slowly [27].

The mechanisms underlying the association between eating speed and GDM are unclear.
As mentioned above, fast eating speed was associated with excess energy intake and higher risk of
obesity, leading to development of GDM. This was supported by our mediation analysis, showing
that pre-pregnancy BMI was a potential mediator in the association between eating speed and GDM.
Evidence also showed eating quickly was associated with insulin resistance: in a cross-sectional study
of 2704 men and 761 women, eating speed was positively associated with insulin resistance, which
was independent of age, energy intake, and lifestyle factors [28]. However, the association persisted
only in men when BMI was further adjusted.

We are aware of one prospective cohort study examining the effect of eating speed on the incidence
of type 2 diabetes. In that study of 2050 men, after 7 years of follow-up, fast eating speed was associated
with an increased risk of type 2 diabetes (relative risk = 1.97 [95% CI: 1.10–3.55]) [6]. However,
that association disappeared after further adjustment for baseline BMI, which was in line with our
findings in the main analysis.

The main strengths of the present study include a large sample size and a prospective design.
Limitations, however, should also be mentioned. First, measurement of eating speed was based on
responses to a self-reported questionnaire but not based on objective measurement, such as the size of
the meal and time spent on the meal. We could not rule out the risk of measurement errors, which could
bias the association toward the null. Of note, a previous study in a Japanese population showed
good agreement between self-reported and friend-reported eating speed [20]. Second, although we
carefully controlled for known risk factors and potential confounding factors, it was uncertain to what
extent residual confounding due to unmeasured factors may have influenced our results. For example,
data on family history of diabetes were absent, though this factor was unlikely to be associated with
the exposure (eating speed). Third, GDM incidence was relatively lower in this population compared
with that in other populations. We have reported possible explanations elsewhere [29]. Briefly, it may
be explained by the lower pre-pregnancy BMI in this population, by different diagnosis criteria used,
and by the exclusion of about 800 women with a history or current diagnosis of GDM at the time
of study enrollment. Fourth, dietary habits including eating speed may change in pregnant women.
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In our sensitivity analysis, restricting for women who reported the same eating speed during early and
mid-late pregnancy, the association remained significant, indicating changes in eating speed during
pregnancy may have biased the association in the main analysis toward the null.

5. Conclusions

In conclusion, the present large prospective cohort study suggested that very fast eating speed
was associated with increased incidence of GDM, which may be largely mediated by increased body
fat. Further studies among other populations are warranted.
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Abstract: Background: In gestational diabetes mellitus (GDM), pancreatic β-cell breakdown can
result from a proinflammatory imbalance created by a sustained level of cytokines. In this study,
we investigated the role of specific cytokines, such as B-cell activating factor (BAFF), tumor necrosis
factor α (TNF-α), and platelet-activating factor (PAF), together with methylglyoxal (MGO) and
glycated albumin (GA) in pregnant women affected by GDM. Methods: We enrolled 30 women
whose inflammation and metabolic markers were measured at recruitment and after 12 weeks of
strict dietetic therapy. We compared these data to the data obtained from 53 randomly selected
healthy nonpregnant subjects without diabetes, hyperglycemia, or any condition that can affect
glycemic metabolism. Results: In pregnant women affected by GDM, PAF levels increased from 26.3
(17.4–47.5) ng/mL to 40.1 (30.5–80.5) ng/mL (p < 0.001). Their TNF-α levels increased from 3.0 (2.8–3.5)
pg/mL to 3.4 (3.1–5.8) pg/mL (p < 0.001). The levels of methylglyoxal were significantly higher in
the women with GDM (p < 0.001), both at diagnosis and after 12 weeks (0.64 (0.46–0.90) μg/mL; 0.71
(0.47–0.93) μg/mL, respectively) compared to general population (0.25 (0.19–0.28) μg/mL). Levels
of glycated albumin were significantly higher in women with GDM (p < 0.001) only after 12 weeks
from diagnosis (1.51 (0.88–2.03) nmol/mL) compared to general population (0.95 (0.63–1.4) nmol/mL).
Conclusion: These findings support the involvement of new inflammatory and metabolic biomarkers
in the mechanisms related to GDM complications and prompt deeper exploration into the vicious
cycle connecting inflammation, oxidative stress, and metabolic results.

Keywords: gestational diabetes; platelet-activating factor; tumor necrosis factor α; methylglyoxal;
glycated albumin
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1. Introduction

The definition of gestational diabetes (GDM) is related to high blood glucose levels that appear
for the first time during gestation. In the latter stages of gestation, a pancreatic response to progressive
insulin resistance occurs, and GDM is the failure of the pancreas to appropriately increase the β-cell
mass and the connected insulin secretion. Around 4% to 10% of all pregnant women develop
GDM [1,2]. The predisposition to developing GDM depends on different diagnostic criteria, including
individual history of obesity and maternal age at first pregnancy. GDM is also associated with a
highly and significantly increased risk of maternal and neonatal morbidity [2]. Among the long-term
complications, there is an increased risk of developing type two diabetes in adult life, and GDM can
negatively influence epigenetic programming in the fetus and newborn development, increasing their
cardiovascular and metabolic risks [3].

Several reports have shown that the systemic inflammatory response is more pronounced in
women with GDM [4]. Several inflammatory mediators may play an essential role in GDM pathogenesis.
Therefore, knowing the levels of these mediators and their effects during gestation may create new
opportunities for improving diagnosis and cures for GDM and preventing GDM complications.

The placenta physiologically contributes to inflammation and insulin resistance by secreting
proinflammatory cytokines. In GDM, pancreatic β-cell breakdown can result from the proinflammatory
imbalance created by a sustained level of cytokines [5]. In this study, we investigated the role
of specific cytokines, such as B-cell activating factor (BAFF), tumor necrosis factor α (TNF-α),
and platelet-activating factor (PAF), together with some markers of oxidative stress, in pregnant
women affected by GDM. It has already been observed that those signaling cytokines and inflammatory
molecules have a role in the mechanisms of insulin resistance and may result in pregnancy complications
such as maternal hypertension [6–9].

BAFF plays a role in determining insulin resistance [10–12] and has been implicated in GDM.
BAFF is an essential immune regulator that was recently reported to be secreted by the placenta [6,13].

High levels of TNF-α reduce insulin sensitivity by disrupting the translocation of glucose transport
GLUT-4 channels and insulin signal transduction [14]. The expression of TNF-α in the placenta is
thought to contribute to the insulin resistance associated with pregnancy. However, this TNF-α increase
is controversial [15] and is possibly linked to body mass index (BMI) before pregnancy [16].

PAF is another important mediator of inflammation, and its highly unstable molecules could
contribute to the pathogenesis of pre-eclampsia [17]. However, no studies have investigated its possible
role in GDM.

In GDM, hyperglycemia induces the overproduction of methylglyoxal (MGO), a circulating toxic
intermediate metabolite that enters the fetal circulation and crosses cell membranes [18,19]. MGO is
an oxidizing substance, and its concentration is directly correlated with blood sugar levels. MGO is
controlled via an enzymatic system, which detoxifies the organism by converting 99% of the MGO into
less reactive products. An excessive accumulation of MGO results in the addition of this molecule
to proteins and DNA, leading to oxidative stress, cellular aging, DNA mutations, and pro-apoptotic
effect. Krishnasam et al. also demonstrated that the concentrations of MGO are significantly higher in
GDM women compared to MGO in normal pregnant women [20]. Chang and Chan found that MGO
has harmful effects on early-stage oocyte maturation and fertilization [21]. Besides its direct effects,
MGO is a precursor to advanced glycation end-products (AGEs), which, in turn, are teratogenic. AGEs
are formed either directly via a nonenzymatic reaction between glucose and the N-terminal part of
proteins, or indirectly through α-oxoaldehydes.

Approximately 60–70% of total serum proteins are represented by human serum albumin, which is
the most abundant extracellular protein in plasma. Human serum albumin is a multifunctional protein,
and interest has increased in its activity as a biomarker of hyperglycemia due to its high sensitivity
to glycation. Several differences exist between HbA1c and albumin, and the latter has a rate of
nonenzymatic glycation that is approximately 10-fold higher than that of hemoglobin [22]. The higher
susceptibility to glycation of albumin and other plasma proteins compared to intracellular proteins
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like hemoglobin induces some specific effects. The blood levels of glycated albumin exhibit a broader
fluctuation than those of HbA1c, allowing earlier detection of rapid changes in blood glucose [23,24].
Few studies have investigated the association between glycated albumin in diabetic pregnant women,
and the results about the complications in their children have been conflicting [25–27].

This study aimed at investigating the longitudinal trends of these inflammatory and metabolic
molecules during pregnancy to demonstrate new pathogenetic markers of GDM. The secondary aim of
this study was evaluating the possible correlation between these data to routine metabolic analyses
and anthropometric measurements of mothers and newborns.

2. Materials and Methods

2.1. Study Design and Subjects

We conducted this observational study on a cohort of Caucasian pregnant women with GDM,
recruited at the Department of Obstetrics and Gynecology, Fondazione IRCCS Ca’ Granda, Ospedale
Maggiore Policlinico, Milan, Italy. A two-hour, 75-g oral glucose tolerance test (OGTT), performed
at 24–28 weeks according to the International Association of Diabetes and Pregnancy Study Groups
(IADPSG) criteria [28], was used to confirm the diagnosis of GDM. Exclusion criteria were chronic
gastrointestinal diseases; pre-pregnancy diabetes; celiac disease; a history of eating disorders, such as
anorexia or bulimia; vegan, vegetarian, or macrobiotic regimens; and non-Caucasian ethnicity. The
institutional board reviewed and approved the study procedures and each subject provided written
informed consent. We conducted the study following the Declaration of Helsinki. The local ethical
committee approved the study protocol (Clinical Trial Center Fondazione IRCCS Ca’ Granda Ospedale
Maggiore Policlinico, project identification code 4004, approval number 126_2018 on 28 March 2018).
For the general population, we present data obtained from 53 randomly selected healthy nonpregnant
subjects, matched to GDM women for age, without diabetes, hyperglycemia, or any condition that can
affect glycemic metabolism. The data of this group were derived from an internal database related
to healthy nonpregnant subjects who released informed consent for scientific purpose. We collected
samples using a finger prick and analyzed the total albumin, GA, and MGO.

We recorded anthropometric measures and fasting blood sample collection to measure serum
inflammatory markers (BAFF, PAF, TNF-α, MGO, and GA) during the recruitment visit three days after
the OGTT and 12 weeks after GDM diagnosis. All subjects had to present complete medical histories
and undergo a physical examination, anthropometric assessment and routine laboratory tests including
fasting blood glucose, postprandial blood glucose, glycated hemoglobin, insulin, cortisol at 08:00, total
cholesterol, HDL cholesterol, LDL cholesterol, triglycerides, CRP, creatinine, and ferritin. Maternal
venous blood was obtained from peripheral venipuncture, and the serum was stored at −80 ◦C. In this
observational study, all OGTT were performed in the same analysis laboratory (Fondazione IRCCS
Ca’ Granda, Ospedale Maggiore Policlinico, Milan, Italy). All the women whose OGTT levels were
positive for a diagnosis of GDM were called by the physician to invite them to participate in this
observational study.

2.2. Anthropometry

The same operator recorded the anthropometric measurements at the recruitment visit according
to standard criteria and measuring procedures [29]. The pregnant women wore only underwear. The
operator measured their weight (to the nearest 0.1 kg) and their standing height (SH; to the nearest
0.1 cm) using the same calibrated scale, which had a telescopic vertical steel stadiometer (SECA 711,
seca Deutschland, Hamburg, Germany). We calculated the BMI as weight (kg)/stature2 (m2). We also
calculated pre-pregnancy BMI using the self-reported body weight before pregnancy. Biceps, triceps,
and subscapular skinfolds were measured using a Tanner–Whitehouse caliper (Holtain Ltd., Crosswell,
U.K.), measuring each skinfold three times and using the mean value for analysis.
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2.3. Dietary Intervention

All women received a dietary program to control their glucose metabolism and weight gain.
If necessary, their diets were hypocaloric to provide at least the resting energy expenditure estimated
by the Harris–Benedict formula considering the pre-pregnant weight and energy surplus linked to
gestational age following the Recommended Assumption Levels of Energy and Nutrients for the Italian
Population (LARN) [30].

The proposed nutritional pattern agreed with the Healthy Eating Plate proposed by Harvard
School of Public Health [31]. The daily total energy intake was distributed across three main meals
(breakfast, lunch, and dinner) and two snacks.

The macronutrient composition was balanced as follows: 45% of the total energy from
carbohydrates, of which simple sugars comprised less than 12%; 25–35% of total energy from
fat, of which less than 7% was from saturated fat and 10% from polyunsaturated fatty acids (PUFAs).
The protein intake satisfied the pregnancy requirements, as indicated in the LARN, with 50% derived
from vegetable sources and 50% from animal sources. The quality of protein intake was regulated by
the following frequencies of consumption: Meat, preferably white, 2 times/week; fish 2–3 times/week,
with a preference for blue fish for optimal intake of omega-3 fatty acids; legumes 3–4 times/week;
eggs 2 times/week, cheese 1–2 times/week; ham 1 time/week; and nuts 20–30 g every day. Food with
a high glycemic index were prohibited. Two servings of fruit and three servings of vegetables were
advised to be consumed daily. Olive oil was indicated as the main culinary lipid. Dietary cholesterol
was lower than 200 mg/day and fiber intake was about 30 g, in agreement with the Guidelines for
Healthy Nutrition.

In order to assess the adherence to the diet and the effect on glycemic profile, every woman was
invited to fill a daily food diary and to monitor their glycemic profile twice a day via the use of a
glucometer. Fasting glycemic cutoffwas 95 mg/dL, while 2h postprandial glucose cutoffwas 120 mg/dL.
Every two weeks, a meeting with the dietitian and the gynecologist was proposed to evaluate the
health status of the fetus and maternal body weight and fat mass. Clinical dietitians were responsible
for providing dietary counseling for GDM women.

Subjects included in the control group did not receive any dietary counseling.

2.4. Enzyme-Linked Immunosorbent Assay (ELISA)

Human glycated albumin (GA) and total albumin (TA) concentrations in the plasma samples were
determined using a Human Glycated Albumin ELISA Kit (lower range of detection 19.53 pmol/mL,
sensitivity<11.719 pmol/mL, Catalog No. abx252493, Abbexa Ltd., Cambridge Science Park, Cambridge,
U.K.) and a Human Albumin Immunoperoxidase Assay for the Determination of Albumin kit (lower
range of detection 0 ng/ml, Human Samples, Catalog No. E-80AL, Immunology Consultants Laboratory,
Portland, OR, USA), respectively. The levels of GA and serum albumin are expressed as a percentage
to exclude the influence of serum albumin. We calculated the GA% using the following formula: GA%
= GA (μmol/mL)/Total Albumin (μmol/mL) × 100.

MGO was measured using the OxiSelect™ Methylglyoxal Competitive ELISA Kit (lower
range of detection 0 μg/mL, Catalog No. STA-811, Cell Biolabs, San Diego, CA, USA), which
is an enzyme immunoassay developed for the detection and quantization of protein adducts of
methylglyoxal-hydro-imidazoline (MG-H1).

The serum TNF-α, B-cell Activating factor (BAFF), and Human Platelet Activating Factor (PAF)
were measured via commercial ELISA kits (Human TNF-a Ultrasensitive ELISA Kit, lower range of
detection 0 pg/mL, sensitivity < 0.09 pg/mL, Catalog Number KHC3014, Invitrogen, ThermoFisher
Scientific, Carlsbad, CA, USA; Human BAFF/BLyS/TNFSF13B Immunoassay Quantikine®ELISA,
lower range of detection 0 pg/mL sensitivity 2.68 pg/mL, Catalog Number PDBLYS0B, R&D Systems
Inc, Minneapolis, MN, USA; Human Platelet Activating Factor ELISA Kit, lower range of detection
0.313 ng/mL, sensitivity 0.188 ng/mL, Catalog Number E-EL-H2199, Elabscience Houston, TX, USA,
respectively) using the Biomek 4000 ELISA microplate liquid reagent dispensing automation tool
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(Beckman Coulter, Brea, CA, USA) and the EL405LS ELISA microplate automated washing system
(BioTek Instruments, Winooski, VT, USA). The absorbance of each well was read at a wavelength of
450 nm with a Multiskan FC plate reader (Thermo Scientific, Waltham, MA, USA). The average zero
standard optical density was subtracted from all absorbances, and a standard curve was generated
using a four-parameter logistic (4-PL) curve fit. The concentration in the test sample was calculated
through interpolation along the standard curve by multiplying the result by the dilution factor.

2.5. Statistical Analysis

Statistical analysis of the data was performed using GraphPad Prism 8 for macOS (GraphPad
Software, San Diego, CA, USA. Version 8.3.0 (328), 16 October 2019). The median and interquartile range
(IQR) were calculated for each variable. The medians were compared using the Mann–Whitney test.
The linear correlations were studied using Spearman’s rank correlation coefficient. A p-value < 0.05
was used as the limit of statistical significance.

3. Results

We enrolled 30 women whose mean maternal age at recruitment was 34.0 (32.7–38.5) years. Their
mean gestational age at recruitment with a positive OGTT was 26 weeks ±6 days (25+4 – 27+4). Tables 1
and 2 provide the anthropometric and metabolic data of the enrolled patients at recruitment and
after 12 weeks of dietetic treatment, respectively. Body weight and waist circumference significantly
increased as expected, while fat mass, measured by skinfolds, reduced. The median fasting and
postprandial plasma glucose levels were within normal ranges both at T0 and after 12 weeks. Table 1
provides more details about delivery and newborns (53% females). Two newborns had a birth weight
percentile higher than the 90th. The vast majority of the enrolled population did not experience any
complications during delivery and in postpartum except for a case of third-degree laceration and a
case of diastasis episiorrhaphy.

Table 1. Anthropometric data of the enrolled women before and during pregnancy and details related
to delivery and newborns.

Anthropometric Data Before Pregnancy p

Height (cm) 163 (160–168) -

Pre-gestational weight (kg) 62.8 (55.6–69.6) -

Pre-gestational BMI (kg/m2) 23.3 (21.0–26.3) -

At diagnosis After 12 weeks of diet

Weight (kg) 71.0 (63.5–78.5) 78.0 (64.6–82.8) <0.001

Arm circumference (cm) 29.0 (26.9–30.1) 28.8 (28.0–31.3) ns

Wrist circumference (cm) 15.0 (14.3–16.0) 15 (14.3–16.0) ns

Waist circumference (cm) 96.0 (87.5–100.0) 104.0 (97.9–107.1) <0.001

Bicipital skinfold (mm) 9.0 (7.8–13.3) 10.7 (7.2–12.8) 0.05

Tricipital skinfold (mm) 21.6 (18.0–28.7) 20.1 (16.8–25.8) 0.001

Subscapular skinfold (mm) 18.40 (13.40–25.20) 14.4 (12.3–24.0) 0.02

Delivery and newborn details

Gestational age at birth (weeks+days) 39+5 (39+0–39+6) -

Birth weight (g) 3170 (3040–3460) -

Birth weight centile 41.5 (22.5–67.8) -

APGAR 1’ 9 (9–9) -

APGAR 5’ 10 (10–10) -

We measured weight, circumferences, and skinfolds at diagnosis of gestational diabetes mellitus (GDM) and after
12 weeks of diet. Data are expressed as the median and interquartile range.
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Table 2. Metabolic data of enrolled women at diagnosis of gestational diabetes mellitus and after
12 weeks of diet.

Metabolic Data At Diagnosis After 12 Weeks of Diet p

Fasting blood glucose (mg/dL) 85.4 (79.4–90.8) 80.0 (73.0–90.0) ns

Post prandial blood glucose
(mg/dL) 94.4 (88.4–103.9) 97.1 (92.7–100.7) ns

Glycated hemoglobin (mmol/mol) 30.5 (28.8–32.0) 33.0 (31.8–35.3) <0.001

Insulin (μU/mL) 9.3 (5.5–14.3) 9.7 (7.4–15.3) ns

HOMA index 1.54 (0.88–2.31) 1.45 (0.70–2.30) ns

Cortisol at 08:00 (μg/dL) 27.6 (21.1–30.9) 27.0 (23.0–32.4) ns

Total cholesterol (mg/dL) 258 (221–279) 267 (232–301) ns

HDL cholesterol (mg/dL) 79 (65–87) 75 (66–87) ns

LDL cholesterol (mg/dL) 142 (109–167) 146 (114–164) ns

Triglycerides (mg/dL) 185 (150–208) 227 (221–282) <0.001

CRP (mg/dL) 0.42 (0.17–0.63) 0.35 (0.23–0.60) ns

Creatinine (mg/dl) 0.47 (0.42–0.62) 0.56 (0.50–0.67) ns

Ferritin (ng/ml) 18 (12–35) 23 (16–32) ns

Data are expressed as the median and interquartile range. HOMA index, homeostatic model assessment index;
HDL cholesterol, high-density lipoprotein cholesterol; LDL cholesterol, low-density lipoprotein cholesterol; CRP,
C-reactive protein.

Inflammation markers were measured at recruitment and after 12 weeks of strict dietetic therapy.
PAF levels increased from 26.3 (17.4–47.5) ng/mL to 40.1 (30.5–80.5) ng/mL (p < 0.001). TNF-α levels
increased from 3.0 (2.8–3.5) pg/mL to 3.4 (3.1–5.8) pg/mL (p < 0.001). No significant changes were
observed in the levels of BAFF, methylglyoxal, and glycated albumin, and in the ratio of glycated
albumin to total albumin (Figure 1).

In the general population (age: 36.2 (31.1–39.3) years), the fasting blood glucose was 85.1 (80.3–92.5)
mg/dL, and glycated hemoglobin was 33.1 (29.9–34.1) mmol/mol (as median (IQR), p ns compared
to GDM group). As shown in Table 3, the levels of MGO were significantly higher in women with
GDM (p < 0.001), both at diagnosis and after 12 weeks (0.64 (0.46–0.90) μg/mL; 0.71 (0.47–0.93) μg/mL,
respectively) compared with general population at 0.25 (0.19–0.28) μg/mL. Levels of glycated albumin
were significantly higher in women with GDM (p < 0.001) only after 12 weeks of diagnosis (1.51
(0.88–2.03) nmol/mL) compared with general population (0.95 (0.63–1.4) nmol/mL). We found no
differences in the ratio of glycated albumin to total albumin.
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Figure 1. Longitudinal trend of inflammatory and metabolic markers in women with GDM at the
time of diagnosis (T0) and after 12 weeks (T12): (A) BAFF, (B) PAF, (C) TNF-α, (D) methylglyoxal, (E)
glycated albumin, (F) ratio of glycated albumin to total albumin. BAFF, B-cell activating factor; PAF,
platelet-activating factor; TNF-α, tumor necrosis factor α; MG, methylglyoxal; GA, glycated albumin;
glic/tot, ratio of glycated albumin to total albumin.
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Table 3. Comparison between MGO and GA in general population and women with GDM at the
diagnosis and after 12 weeks of diet.

GDM Women GDM Women

General
Population

At Diagnosis p After 12 Weeks
of Diet

p

MGO (μg/mL) 0.25 (0.19–0.28) 0.64 (0.46–0.90) <0.001 0.71 (0.47–0.93) <0.001

GA (nmol/mL) 0.95 (0.63–1.4) 1.12 (0.74–1.76) ns 1.51 (0.88–2.03) <0.001

Data are expressed as the median and interquartile range. MG, methylglyoxal; GA, glycated albumin.

Correlations

PAF levels at diagnosis and after 12 weeks were positively correlated with glycated hemoglobin
levels (r = 0.394, p = 0.031; r = 0.364, p = 0.048, respectively) and the HOMA index (r = 0.479, p = 0.018
and r = 0.422, p = 0.040, respectively).

We observed a positive correlation between MGO levels and HbA1c both at diagnosis (r = 0.401,
p = 0.028) and after 12 weeks (r = 0.458, p = 0.011). MGO was significantly correlated with the HOMA
index only at diagnosis (r = 0.440, p = 0. 031). MGO levels were positively correlated with both the
pre-pregnancy weight (r = 0.400, p = 0.028) at GDM diagnosis and after 12 weeks (r = 0.406, p = 0.026),
and with the birth weight (r = 0.438, p = 0.032).

Glycated albumin levels at GDM diagnosis were positively correlated with pre-pregnancy weight
and BMI (r = 0.388, p = 0.037 and r = 0.417, p = 0.024, respectively).

4. Discussion

After the enrollment of pregnant women diagnosed with positive OGTT at a gestational age of
around 26 weeks, we observed the following:

(1) After the diagnosis, the metabolic parameters of the women following the suggested diet
substantially stabilized. The median values of fasting and postprandial glucose levels were
normal both at T0 and after 12 weeks, while HbA1c showed a modest increase, but their values
remained within the normal range. The same was observed for MGO and GA, which both showed
a slight increase in their values but without any statistical significance. The only significant
increase was observed in the triglycerides values, confirming the results already shown in
literature [32,33]. Despite the stability of the standard glycemic parameters, this increase could
reflect an obesogenic pathway [34] due to an inflammatory and metabolic effect on insulin
resistance of PAF, TNF-alfa [35], MGO [36], and GA [37], that needs further investigation.

(2) Maternal body weight increased after 12 weeks, while fat mass reduced. This result, also
associated with a correct evaluation of the food diaries, suggests an excellent dietetic adherence
and a positive effect of the dietary intervention on body composition.

(3) Despite this metabolic stability, a significant increase of two inflammatory cytokines (PAF and
TNF-α) was observed, corresponding to the proinflammatory conditions of gestational diabetes
mellitus (GDM), acting even without metabolic impairment.

(4) Despite normal HbA1c and fasting glycaemia levels, the metabolic biomarkers MGO and GA
were significantly different compared with the general population. For MGO, this difference was
evident since the time of diagnosis at around 26 weeks.

(5) Some positive correlations were observed among inflammatory markers, metabolic parameters,
and the anthropometric analysis. For example, a strict correlation between MGO and fetal
overgrowth was evident, and a correlation between PAF, MGO, and the HOMA index was
also observed.

24



Nutrients 2020, 12, 479

Overall, this evidence indicates the possibility of using these biomarkers to better understand
how to prevent possible future GDM complications for mothers and their children.

Pregnancy is one of the most rapidly stressful metabolic events in the life of a woman. Women
with a genetic and metabolic predisposition to GDM, even at a young age, can develop GDM, which
lasts only during pregnancy due to its metabolic burden. The appearance of this disease is often a
prediction of future development of type 2 diabetes, for which age, weight, and other metabolic factors
can determine similar conditions of stress, metabolic burden, and oxidative or inflammatory overload.

Until present, the diagnosis of GDM has been based on the OGTT, which is useful for identification
of the disease but cannot be used to predict future complications or precise phenotypic correlations
like BMI before pregnancy and fetal overgrowth. The use of markers like GA may not be suitable for
the diagnosis and the management of GDM due to the reduced duration of episodes of hyperglycemia.
According to a longitudinal study of the concentration of MGO and GA, we hypothesize that MGO
could be useful for the identification of women with a high risk of GDM and, with the support of OGTT,
the diagnosis and prediction of complications (in particular for the prediction of fetal overgrowth).
However, GA may not be useful for an accurate diagnosis, but could be used as an excellent metabolic
biomarker to evaluate glycemic control in GDM women, similar to how HbA1c is now used in diabetic
patients. The identification of new markers for metabolic distress in GDM could lead to a better
follow-up for GDM women.

The development of GDM could also be induced by an increase in the inflammatory conditions
connected to the TNF-α and PAF pathways, to oxidative stress due to the glycation of many proteins,
or due to the production of oxidative substances like MGO. To the best of our knowledge, this is the
first time in which inflammatory biomarkers like PAF and TNF-α have been studied longitudinally
during GDM pregnancies. The increase in PAF and TNF-α 12 weeks after the diagnosis of GDM
could be useful in the future for monitoring this condition and potentially help to explain the hidden
mechanisms behind metabolic and inflammatory interactions in GDM.

Limitations

The population analyzed was too small to define precise future guidelines, and further studies with
a larger cohort are needed for a better definition. The general population used for the comparison of
metabolic values was nonidentical to the GDM-affected women in this study. In future studies, healthy
pregnant women should be compared with those who are affected by GDM. However, according to
Krishnasam [20], the concentrations of MGO are already known to be significantly higher in GDM
women compared with the MGO values in normal pregnant women. In that study, the reported
absolute values differed compared to ours, although this may be ascribed to differences in the method,
as Krishnaman et al. employed a diverse commercial ELISA methodology [20]. Our study population
was represented only by Caucasian women due to the usual referrals to the hospital involved.

5. Conclusions

The aim of this study was to investigate the longitudinal trends of these inflammatory and
metabolic molecules to demonstrate new pathogenetic markers of GDM. A specific diet in women with
GDM is a crucial factor for the correct management of GDM itself. However, the increase of specific
inflammatory biomarkers could exert a role that is potentially related to metabolic impairment.

This study supports the involvement of new inflammatory and metabolic biomarkers in the
mechanisms related to the complications of GDM and prompts a deeper exploration into the vicious
cycle connecting inflammation, oxidative stress, and metabolic results.

Supplementary Materials: The following are available online at http://www.mdpi.com/2072-6643/12/2/479/s1,
Table S1: Table of correlation coefficients for all biomarker variables at each time point.

Author Contributions: Conceptualization, G.P. (Gabriele Piuri), G.R., A.M.R., A.F.S. and E.F.; methodology, G.P.
(Gabriele Piuri), K.B., G.R., A.M.R., A.F.S. and E.F.; software, G.P. (Gabriele Piuri), K.B. and A.C.; validation, K.B.,
G.R., C.M.S., S.D., G.P. (Giulia Privitera), A.S., A.C. and P.A.C.; formal analysis, G.P. (Gabriele Piuri) and K.B.;

25



Nutrients 2020, 12, 479

investigation, K.B., G.R., C.M.S, S.D., G.P. (Giulia Privitera), A.S., A.C. and P.A.C.; resources, K.B., G.R., C.M.S,
S.D., G.P. (Giulia Privitera), A.S., A.C. and P.A.C.; data curation, G.P. (Gabriele Piuri), K.B., G.R., C.M.S., S.D.,
G.P. (Giulia Privitera), A.S. and A.C; writing—original draft preparation, G.P. (Gabriele Piuri), K.B., A.S., A.C.,
E.T., A.F.S. and E.F.; writing—review and editing, G.P. (Gabriele Piuri), K.B., G.R., A.S., A.C., E.T., M.C., P.A.C,
A.M.R., A.F.S. and E.F.; visualization, G.P. (Gabriele Piuri), A.F.S. and E.F.; supervision, G.P. (Gabriele Piuri), G.R.,
A.F.S. and E.F.; project administration, G.P. (Gabriele Piuri), G.R., A.M.R., A.F.S. and E.F. All authors have read
and agreed to the published version of the manuscript.

Funding: This research received no external funding.

Conflicts of Interest: The authors declare no conflict of interest.

References

1. Kalter-Leibovici, O.; Freedman, L.S.; Olmer, L.; Liebermann, N.; Heymann, A.; Tal, O.; Lerner-Geva, L.;
Melamed, N.; Hod, M. Screening and diagnosis of gestational diabetes mellitus: Critical appraisal of the
new International Association of Diabetes in Pregnancy Study Group recommendations on a national level.
Diabetes Care 2012, 35, 1894–1896. [CrossRef] [PubMed]
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Abstract: Carbohydrate is the macronutrient that has the greatest impact on blood glucose response.
Limited data are available on how carbohydrate distribution throughout the day affects blood glucose
in women with gestational diabetes mellitus (GDM). We aimed to assess how a high-carbohydrate
morning-intake (HCM) versus a low-carbohydrate-morning-intake (LCM), affect glycemic variability
and glucose control. In this randomized crossover study continuous glucose monitoring (CGM)
was performed in 12 women with diet treated GDM (75 g, 2-h OGTT ≥ 8.5 mmol/L), who went
through 2 × 3 days of HCM and LCM. A within-subject-analysis showed a significantly higher mean
amplitude of glucose excursions (MAGE) (0.7 mmol/L, p = 0.004) and coefficient of variation (CV)
(5.1%, p = 0.01) when comparing HCM with LCM, whereas a significantly lower mean glucose (MG)
(−0.3 mmol/L, p = 0.002) and fasting blood glucose (FBG) were found (−0.4 mmol/L, p = 0.01) on the
HCM diet compared to the LCM diet. In addition, insulin resistance, expressed as Homeostatic Model
Assessment for Insulin Resistance (HOMA-IR), decreased significantly during HCM. Results indicate
that a carbohydrate distribution of 50% in the morning favors lower blood glucose and improvement
in insulin sensitivity in women with GDM, but in contrary gives a higher glycemic variability.

Keywords: glycemic variability; carbohydrate distribution; gestational diabetes mellitus; mean
amplitude of glucose; breakfast diet
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1. Introduction

Pregnant women develop decreased insulin sensitivity with increasing gestational age.
The adapted insulin sensitivity in the mother ensures sufficient nutrients supply for the growing
fetus [1]. In women with Gestational diabetes mellitus (GDM) insulin sensitivity is reduced even further
and GDM is defined as decreased glucose tolerance developed during pregnancy [2,3]. The prevalence
of GDM varies worldwide, ranging from 1% to over 30% in some countries and the number of women
diagnosed with GDM is increasing [4,5].

With repeated episodes of hyperglycemia, the fetus receives too much glucose [4,6] and several
studies on GDM patients have shown a correlation between increasing blood glucose levels and birth
complications [7–9]. According to studies including pregnant women with type 1 diabetes and type 2
diabetes, large variations in blood glucose levels cause more complications than constantly elevated
blood glucose levels [10,11]. Twenty-four hours continuous glucose measurements (CGM) detect a
more detailed glycemic profile than self-monitored blood glucose (SMGB) by better measuring the
duration and magnitude of fluctuation, especially for fasting and postprandial measurements [12,13].

Carbohydrate is the macronutrient with the greatest impact on postprandial blood glucose
response. Treatment of GDM involves dietary guidance on the amount, type and distribution of
carbohydrate [14–16]. However, there is currently no evidence on how carbohydrate intake should be
distributed during the day. Distributing carbohydrate intake throughout the day into multiple meals
and snacks may be beneficial for controlling postprandial blood glucose levels [14]. It is customary
in Denmark to recommend 5–6 daily meals for patients with GDM and a maximum of 30 g of
carbohydrates at breakfast [17]. However, only few intervention studies have been conducted focusing
on meal pattern [14], including the optimal timing of carbohydrate intake during the day. Patients
with type 2 diabetes who consume breakfast with a high energy and carbohydrate content and a low
energy and carbohydrate intake in the evening showed a beneficial effect on the postprandial blood
glucose response and led to an increase in Glucagon-like-peptide-1 (GLP-1), insulin response and
C-peptide excretion compared to an energy and carbohydrate-reduced breakfast [18]. These findings
contradict the recommendation that GDM patients should consume only a few carbohydrates for
breakfast. This recommendation is given because of the usually marked postprandial rise in blood
glucose during mornings, with insulin resistance being most pronounced at this time of day [19].
High carbohydrate breakfast and carbohydrate-reduced dinner could also be beneficial for blood
glucose response in GDM patients. As far as the authors are aware, it has not yet been studied whether
a high carbohydrate intake in the morning is beneficial in patients with GDM.

The aim of the present study was to investigate the effects of a High-carbohydrate-morning-intake
(HCM) compared to a low-carbohydrate-morning-intake (LCM), both diets isocaloric for each
participant and with the same total carbohydrate content, on glycemic variability in GDM patients
measured by mean amplitude of glucose excursions (MAGE) and coefficient of variation (CV),
using CGM. Secondarily we investigated the effect of HCM compared with LCM on parameters of
glycemic control; mean glucose (MG) and fasting blood glucose (FBG). In addition, we assessed the
effect of the two diets on insulin resistance expressed as Homeostatic Model Assessment for Insulin
Resistance (HOMA-IR).

2. Materials and Methods

2.1. Study Design and Population

We conducted a randomized crossover clinical trial to investigate the effect of the carbohydrate
distribution on different blood glucose measurements. The study participants included women of
at least 18 years of age with diet treated GDM and gestational age of at least 30 weeks. Participants
were randomized through the web-based application Research Electronic Data Capture (RedCap) [20].
An independent administrative employee created a randomization-key, balanced 1:1, blinding the
investigators of the allocation sequence of participants until assignment.
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Fifteen participants with GDM according to WHO diagnostic criteria (75 g, 2-h OGTT
≥ 8.5 mmol/L) [21] were enrolled. We did not include women on any type of diabetes medication,
and if a participant was prescribed insulin treatment during the intervention period, the woman was
excluded as well. The primary outcome was to assess the overall effect on glycemic variability in both
meal plans (HCM vs. LCM) expressed by MAGE. Secondarily to investigate the effect on CV%, MG,
FBG and HOMA-IR.

All clinical data were entered in RedCap. The Danish National Committee on Health Research
Ethics approved the study. All participants gave their informed consent. The study was registered at
ClinicalTrials.gov (NCT03835208).

2.2. Intervention

All participants received two different dietary-treatments in two independent but continuous
periods of 4 days each with four to five days of wash-out period in between. The dietary treatments
consisted of two different meal timing schedules with either “breakfast diet” with a high carbohydrate

and energy content in the morning and a low carbohydrate and energy content in the evening (HCM)
or a “dinner diet” with a low carbohydrate and energy content in the morning and a high carbohydrate
and energy content at dinner (LCM). The total macronutrient content and composition was identical in
the two periods but the meal distribution differed.

The participants visited the clinic four times during the two intervention periods; at the start
and end of each intervention. Meal plans with different carbohydrate distribution was handed out
followed by careful instructions from the investigators at the beginning of each intervention period.
The meal plans were followed in home settings. The participants were provided with a grocery list
and pictures of specific food items for shopping and the meal plans contained pictures of each meal in
order to control the dietary intake as much as possible without handing out any food.

In general, the meal plans followed the standard care of the Department of Obstetrics and
Gynecology Aarhus University Hospital, apart from the carbohydrate distribution during the day.
All meal plans were according to the recommendations in Table 1. All meals contained only whole grain
products. The participants were asked not to ingest or drink anything besides the food components of
the meal plan. All participants received a kitchen scale and were asked to weigh all foods.

Table 1. Meal plans recommendations.

Nutrient

Carbohydrates 45–60 E%
Fibers >28 g

Sugar (added) 10 E%
Protein 10–20 E%

Fat 25–40 E%
SFA <10 E%

PUFA 5–10 E%
MUFA 10–20 E%

SFA, saturated fatty acid; PUFA, polyunsaturated fatty acid; MUFA, monounsaturated fatty acid.

Calorie content of both the HCM and LCM meal plans were either 1800, 2000, 2200 or 2400 kcal
according to the individual needs. Calorie-needs were calculated by the use of equations calculating for
resting energy expenditure (REE) by Henry [22] based on pre-pregnancy weight and height multiplied
by a factor of physical activity level (PAL). All participants were in their third trimester and an
additional 537 kcal were added. The estimated calorie-needs were reduced by 30% if the patient
was overweight (based on pre-gestational BMI >25) or already had reached the optimal weight gain,
according to the recommendation of IOM [23] at the time for study inclusion. After calculating each
participant’s individual energy-needs, the nearest 200-calorie step was used for guidance purposes.
The two meal plans representing the two intervention periods (HCM and LCM) were kept isocaloric
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+/−2,5% for each participant. Both meal plans provided a total of five meals a day and had the same
overall macronutrients distribution; 46 E% carbohydrates, 34 E% fat and 20 E% protein. All values
+/−2 E%.

The distribution of energy and carbohydrate content during the day for the meal plans in both
intervention periods (HCM and LCM) are shown in Table 2. During both intervention-periods two
24-h diet recalls were obtained by one of the investigators to check for compliance and the participants
were also asked to take pictures of the main meals and of the plate if any leftovers.

Table 2. Meal plan structure and diet compositions of HCM and LCM.

HCM LCM

Energy distribution
Calories as a percentage of total
calorie content during the day

Breakfast: 25%–30% Breakfast: 15%–20%
morning-snack: 15%–20% Lunch: 25%–30%
Lunch: 25%–30% Afternoon-snack: 10%–15%
Afternoon-snack: 10%–15% Dinner: 30%–35%
Dinner: 15%–20% Late-night-snack: 15%–20%

Carbohydrate distribution
Carbohydrate as a percentage of total
carbohydrate content during the day

morning: 50%

• Breakfast: 30%–35%
• morning-snack: 15%–20%

Lunch: 40%

• Lunch: 25%–30%
• Afternoon-snack: 10%–15%

Dinner: 10%

morning: 10%
Lunch: 40%

• Lunch: 25%–30%
• Afternoon-snack: 10%–15%

Dinner: 50%

• Dinner: 30%–35%
• Late-night-snack: 15%–20%

HCM, high carbohydrate and energy content in the morning; LCM, low carbohydrate and energy content in
the morning.

2.3. CGM-Measurements and -Parameter Calculation

Glucose levels were monitored continuously in all participants by CGMs (Medtronic, Ipro 2
(Medtronic MiniMed, Northridge, CA, USA)) for 72 h in each intervention period. On day 1 of each
of the intervention periods, the sensor was attached to the triceps of the participant by one of the
investigators immediately before serving breakfast. The sensor was affixed with an adhesive bandage
and removed at the end of each intervention period by an investigator. The women were instructed to
do pre-prandial SMBG four times a day (before breakfast, lunch, dinner and before bedtime) with a
glucometer (Accu-Chek Mobile, Roche Diagnostics GmbH, Mannheim, Germany) for calibrating the
CGMs. Accuracy of the glucometer was tested in comparison with the fasting blood glucose tested in
the laboratory and a 15% deviation was accepted.

Calibrated glucose profiles recorded for each patient over a period of 48 h of each intervention
period (day 2 and day 3) was used for statistical analysis and quantification of glycemic variability.
Parameters of glycemic variability included the standard deviation of blood glucose (SD), MAGE and
the CV%. MG was also calculated from the CGM data as a measurement of glycemic control.

2.4. Blood Samples

Fasting blood samples were drawn at all four visits. C-peptide, fasting blood glucose, lipid-profile
(triglycerides, HDL, LDL and total cholesterol), 3-hydroxy-butyrat and C-reactive protein (CRP) were
measured. All blood samples were drawn at the same time of the day at all four visits and analyzed by
a certified medical laboratory technician immediately after sampling.

HOMA-IR was calculated based on fasting C-peptide and fasting blood glucose at baseline and at
the end of each intervention period using the HOMA Calculator v2.2.3 [24].

32



Nutrients 2020, 12, 475

2.5. Sample Size and Power Analysis

Power calculation on the primary outcome MAGE was based on a study by Dalfrá et al. [25].
A sample size of 12 participants was required to ensure adequate power of 80%, to detect a 5% difference
between interventions. With an estimated dropout range of 20%, it was necessary to include a total of
15 participants.

2.6. Statistical Analysis

Data of baseline characteristics are presented by descriptive statistics for all included participants
(n = 12). The efficacy of the two interventions was assessed based on the within-subject difference
between the two meal schedules regarding the outcome variable. Outcome from CGM data are
calculated by the use of the excel-based workbook software called “EasyGV” [26].

To ensure that treatment effects were distinguished from carry-over effects, test of carry-over effect
was done by performing a pre-test for unpaired samples. An unpaired two sample t-test was used.

Comparison of treatment effects of HCM and LCM was conducted using paired sample t-tests on
the difference between periods. Assumptions of equal mean and SD was tested using Bland-Altman
plots. Whether or not outcome differences were normally distributed were assessed with QQ-plots.
A p-value ≤ 0.05 was considered statistically significant. Statistical analysis was performed using
R-statistics software.

All data are represented as mean ± standard deviation (SD).

3. Results

3.1. Participants

A total of 12 out of 15 participants completed the study. Two of the excluded participants were
randomized to sequence LCM|HCM and one to sequence HCM|LCM, leaving a total of six participants
in each sequence-group for the final analysis. A flow chart of all study participants is shown in Figure 1.

Figure 1. Flow chart of the study. HCM, high carbohydrate and energy content in the morning; LCM,
low carbohydrate and energy content in the morning.

Baseline characteristics of the study population are shown in Table 3. Study population had a
mean gestational age (GA) of 33.5 ± 2.3 weeks at the beginning of the intervention, a mean age of
33.6 ± 6.7 years and a mean BMI of 25.2 ± 4.0 kg/m2.
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Table 3. Baseline characteristics of the participants (n = 12) included in the final analysis.

All Study Participants (n = 12)

Age at Debut (year) 33.6 (6.7)
Pregestational weight (kg) 68.6 (11.3)

GA (weeks) 33.5 (2.3)
Parity (n (%))

0 6 (50)
1 2 (17)
2 4 (33)

BMI (kg/m2) 25.2 (4.0)
GWG (kg) 12.8 (7.7)

OGTT (mmol/L) 9.7 (0.7)
HbA1C 5.3 (2.5)

(%) (mmol/mol) (34.4 (4.2))
Average BS (mmol/mol) 5.8 (0.6)

Systolic BP (mmHg) 115.1 (9.4)
Diastolic BP (mmHg) 75.4 (6.3)

Results are mean (SD) except parity which is n (%). GA, gestational age; GWG, gestational weight gain.

3.2. Comparison between HCM and LCM-Diet on Parameters of Glycemic Variability and Glycemic Control

Table 4 shows the mean values of MAGE, CV, SD, TIR, TBR, TAR and MG of both HCM and LCM
and the difference in C-peptide and FBG of the two attendance days in each period (day 4 minus day 1).
Statistically significant estimates of the treatment effect from within-subject differences (HCM minus
LCM) were observed for measurements of glycemic variability (MAGE and CV) and glycemic control
(MG and FBG).

Table 4. Results of treatment effect.

HCM
(n = 12) Mean (SD)

LCM
(n = 12) Mean (SD)

Difference (95% CI) p-Value

Glycemic Variability

MAGE (mmol/L) 2.5 (1.8) 1.9 (0.5) 0.7 (0.3;1.2) 0.004
CV (%) 20.1 (5.9) 14.9 (3.6) 5.1 (1.5;8.8) 0.01

SD 1.0 (0.3 0.8 (0.2) 0.2 (0.0;0.4) 0.02
TIR (%) 93.46(8.7) 97.96(3.2) −4.5(−9.7;0.7) 0.08
TBR (%) 6.42(8.5) 2.04(3.2) 4.38(-0.7-9.5) 0.09
TAR (%) 1.64(2.6) 1.06(2.5) 0.58(-0.78;1.93) 0.37

Glycemic Control

MG (mmol/L) 4.9 (0.3) 5.2 (0.5) −0.3 (−0.6; −0.1) 0.02
ΔC-peptide (pmol/L) −82.3 (109.1) 71.9 (363.9) −154.2 (−381.4;73.0) 0.16

FBGstart 4.85(0.5) 4.88(0.6) −0.025(−0.2;0.1) 0.75
FBGend 4.62(0.4) 5.07(0.5) −0.45(−0.7; −02) 0.0007

ΔFBG (mmol/L) −0.2 (0.2) 0.2 (0.5) −0.4 (−0.7; −0.1) 0.01

All variables are given as mean (SD). HCM, high carbohydrate and energy content in the morning; LCM,
low carbohydrate and energy content in the morning; MAGE, mean amplitude of glucose excursions; CV, coefficient
of variation; TIR, time in range; TBR, time below range; TAR, time abover; MG, mean glucose; FBG, fasting blood
glucose. All FBG values are taking in the morning. FBGstart is day 1 in each period. FBGend is day 4 in each period.
Values of MAGE, CV and MG are all based on calculation of the calibrated glucose profiles recorded for each patient
over a period of 48 h of each intervention period (day 2 and day 3). Δ: Delta values are based on day 4 minus day 1
in both HCM and LCM intervention period.

Both measurements of glycemic variability indicated a significantly higher variability in
the HCM-diet compared to the LCM diet. MAGE was significantly higher on the HCM-diet
(2.5 ± 1.8 mmol/L) compared to the LCM-diet (1.9 ± 0.5 mmol/L) with a mean difference of 0.7 mmol/L
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(0.3; 1.2) (p = 0.004) (Table 4 and Figure 2). A higher CV was found with a mean difference of 5.1%
(1.5; 8.8) (p = 0.01) on the HCM-diet compared to the LCM-diet.

Figure 2. Treatment effect on mean amplitude of glucose excursions (MAGE) for each participant
following a diet with two days of high carbohydrate load (HCM) and two days of low carbohydrate
load (LCM) in the morning. Mean values of the treatment effect of each period are marked with black
lines. HCM, high carbohydrate and energy content in the morning; LCM, low carbohydrate and energy
content in the morning; MAGE, mean amplitude of glucose excursions.

Both measurements of glycemic control were significantly higher for LCM- compared with
HCM-diet. A treatment effect with a mean difference of −0.3 mmol/L (−0.6; 0.1) (p = 0.02) in MG
was observed when comparing HCM-diet to LCM-diet (Table 4 and Figure 3). A decrease in FBG
was observed for the HCM-diet with a mean FBG at baseline of 4.9 mmol/L and 4.6 mmol/L at the
end (mean difference of −0.2 mmol/L), while an increase was found for the LCM-diet with a mean
FBG at baseline of 4.9 mmol/L and 5.1 mmol/L at the end (mean difference of 0.2 mmol/L). There was
a significant difference of FBG between the two diets of −0.4 mmol/L (−0.7; −0.1) (p = 0.01) when
comparing the mean difference (day 4 minus day 1) of HCM- to LCM-diet. C-peptide did also tend to
decrease during HCM-diet with −82.3 pmol/L, while increasing during LCM-diet with 71.9 pmol/L
between end of each period and baseline.

Figure 3. Treatment effect on mean glucose (MG) for each participant following a diet with high
carbohydrate load (HCM) and a diet with low carbohydrate load (LCM) in the morning. Mean values
of the treatment effect of each period are marked with black lines. HCM, high carbohydrate and energy
content in the morning; LCM, low carbohydrate and energy content in the morning; MG, mean glucose.
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In summary, the HCM-diet seemed to give a higher glycemic variability but a better glycemic
control when comparing with the LCM-diet.

3.3. HOMA-IR

To assess insulin resistance HOMA-IR was calculated based on fasting C-peptide and FBG at
baseline and at the end of each intervention. HOMA-IR decreased significantly during the HCM-period
with a mean difference of −0.214 (p = 0.02) and tended to increase during the LCM-period with a mean
difference of −0.107 (p = 0.68). However, there was not a significant difference when comparing the
HCM- with the LCM-period with a mean difference of −0.321.

3.4. Tertiary Outcomes

Table 5 shows the mean values of the differences (day 4 minus day 1) between the two interventions,
regarding the lipid-profile, 3-hydroxy-butyrat and C-reactive protein. Comparisons between the two
diets by a paired t-test did not reveal any significant within-subject differences (p > 0.05 for all).

Table 5. Effect on tertiary outcomes.

HCM (n = 12)
Mean (SD)

LCM (n = 12)
Mean (SD)

Difference (95% CI) p-Value

Δp-total cholesterol (mmol/L) 0.0 (0.250) 0.1 (0.2) −0.0 (−0.2; 0.2) 0.87
Δp-LDL cholesterol (mmol/L) −0.2 (0.408) 0.2 (0.4) −0.4 (−0.9; 0.0) 0.07
Δp-HDL cholesterol (mmol/L) 0.0 (0.1) 0.1 (0.1) −0.0 (−0.1; 0.1) 0.83

Δp-triglycerides (mmol/L) −0.0 (0.3) −0.2 (0.5) 0.3 (−0.1; 0.6) 0.15
ΔCRP (mg/L) −0.8 (2.1) 1.4 (4.5) −2.2 (−6.3; 1.9) 0.27

Δ3-hydroxy-byturat (mmol/L) −0.2 (0.8) −0.5 (1.0) 0.2 (−0.7; 1.1) 0.57

HCM, high carbohydrate and energy content in the morning; LCM, low carbohydrate and energy content in the
morning. p-values and 95% CI are based on paired t-tests with an assumption of equal variance (all except CRP) and
approximately normally distributed data. Δ: Delta values are based on day 4 minus day 1 in both HCM and LCM
intervention period.

3.5. Food Intake

Table 6 shows the comparison of food intake in the two diets based on the mean of the two
24-h recalls.

Table 6. Intra-individual comparison of food intake between HCM and LCM.

HCM
Mean (SD)

LCM
Mean (SD)

Difference (95% CI) p-Value

Energy, kcal 2012 (263) 2055 (2740) −43.33 (−126.6; 40.0) p = 0.28
Carbohydrates, g 222 (28) 215 (36) 6.2 g (−2.9; 15.4) p = 0.16

Dietary fiber, g 38.79 (5.8) 39.50 (8.0) −0.71(4.3; 2.9) p = 0.68
Fat, g 73 (10) 82 (10) −9.9 g (−16.5; −3.2) p = 0.007

Protein, g 98 (15) 94 (14) 4.2 g (−0.6; 8.9) p = 0.08

HCM, high carbohydrate and energy content in the morning; LCM, low carbohydrate and energy content in the
morning. Mean difference, 95% CI and p-values are based on a paired t-test between HCM and LCM based on
raw data.

Some intake of the participants deviated by more than the acceptable (2.5% from intended energy
content (approximately +/−50 kcal) and +/−2 E% for macronutrient). Even though there were no
significant difference within-subject in intake of energy, carbohydrate and protein when comparing the
two intervention periods (HCM vs. LCM) (Table 6), there was a significant difference in the intake of
fat between the two periods with a mean difference of 9.9 g.

The difference in fat intake between the two intervention diets might have been due to
misunderstandings. One participant thought that she was supposed to put butter on every piece
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of bread in the LCM intervention and some participants used recipes for wok (also in the LCM
intervention) in which they did not use light coconut milk as prescribed, but used regular coconut
milk instead.

4. Discussion

4.1. Glycemic Variability and Glycemic Control

This study showed that a HCM diet (with a high carbohydrate intake in the morning) gave a
higher MAGE and CV%, indicating a higher glycemic variability, when comparing with a LCM diet
(with a low carbohydrate intake in the morning and a higher carbohydrate intake in the evening).
On the other hand, the HCM diet seemed to lower mean glycemia compared to LCM-diet; MG was
significantly lower in the HCM-diet and likewise was FBG. Similar findings have to our knowledge not
been shown before. However, Jakubowicz et al. reported that morning carbohydrate intake compared
to low carbohydrate intake lowered postprandial hyperglycemia in non-pregnant type 2 diabetic
patients [18]. Though, comparison of results between the two studies are complicated, because our
study evaluated treatment effect over a period, whereas Jakubowicz evaluated a single meal response,
our results of glycemic control expressed as MG and FBG, seem to be in accordance with the results
of Jakubowicz; a high carbohydrate intake in the morning seems beneficial. The results of glycemic
variability are on the other hand not in accordance with the study by Jakubowicz as these parameters
seem to be in favor of the LCM-diet in our study.

Large variations in blood glucose levels may cause more complications than constantly elevated
glucose levels in patients with type 1 diabetes and type 2 diabetes [10]. Limited evidence are available
for the consequence of high glycemic variability in pregnancies complicated by gestational diabetes [25].
It is evident that hyperglycemia, one characteristic of higher variability, is a strong predictor of adverse
pregnancy outcomes, especially LGA [7]. However, in a new study from 2018 in GDM patients,
glycemic variability in the third trimester was not a predictor of fetal birthweight and had no significant
association to adverse pregnancy outcomes [27]. In the present study all participants had a stable
glucose values defined as CV <36% [28], why one could argue that the difference in glycemic variability
between the diets only have a small impact. We also found a mean difference of 0.7 mmol/L for MAGE,
and it is debatable if this has any clinical relevance. In addition, TIR was highest on the LCM diet
compared to HCM diet, primarily due to a decrease in TBR supporting the LCM diet as most favorable.
In an ATTD consensus report from 2019 on clinical CGM targets of the metrics TIR, TBR and TAR,
consensus was reached on glycemic cut point: Target range 3.5–7.8 mmol/L in pregnancy along with a
target for time pr. day of 70% in late gestation (>34 weeks). No significant differences were observed
in TIR between groups and despite diet the average TIR was above the recommended 70%. Whether
glycemic control or variability is the best measurement to predict complications in diabetic pregnancies
is also debatable, but ongoing studies will contribute to a clarification.

4.2. Carbohydrate Content of the Two Diets

In this crossover study, it can be argued that the LCM-diet is comparable to standard care at
Department of Obstetrics and Gynecology at Aarhus University Hospital, as the carbohydrate content
of the LCM-diet was approximate similar to the 30 g of carbohydrate usually recommended in standard
care. In this way, the study contributes with new knowledge that contradicts the recommendations
used in practice.

The study has a number of strengths and limitations. First, the crossover design made it possible
to use within subject analyzes thus reducing the risk of potential confounders. The calorie-needs were
individually calculated which can be seen as a strength as long as within-subject analyzes are used.

It is important that the total carbohydrate intake is the same during the two periods and this
was the case in our study. According to the 24-h recall the total carbohydrate content did not differ
significantly between the two interventions (Table 6). There was however a significant difference in the
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total intake of fat between the two groups. The higher intake of fat might have interfered with some of
the outcomes, but because carbohydrate is the macronutrient with the highest impact on the blood
glucose, we do not expect that this has affected the results noticeably.

Two be able to compare the two diets the breakfast meal of the HCM diet had the same carbohydrate
content +/−2 E% as the dinner meal of the LCM diet. The dinner usually contains a higher carbohydrate
load than breakfast. In the matter of transferring the results to clinical practice, this therefore needs to
be taken into account. However, the participants in our study all reported satiety after dinner and
some even had trouble finishing the whole meal even though most of the participants were energy
reduced due to either BMI ≥25 or large weight gain at enrollment.

Clinical guidelines recommend a daily meal frequency of 3 main meals and 2–3 snack meals
in between. This is advised in order to avoid high energy intake at main meals and distribute the
carbohydrate intake over the day, and thereby decreasing the risk of postprandial hyperglycemia.
Both diets in our study had a meal frequency of 5 meals pr. day. The HCM diet had a snack meal
between breakfast and lunch, but no late evening snack and the LCM diet had no snack between
breakfast and lunch, but a late evening snack.

4.3. CGM Data

Verification of CGM data was necessary to make sure that data on glycemic patterns was reliable
and representative. No standard is currently available for CGM validation and performance, but the
ATTD consensus recommendations are used as the best alternative [28].

The CGM system was calibrated based on measurements of SMBG with a personal glucometer
(Accu-chek mobile). According to our analyzes the accuracy of the glucometer was within a range of
+/−15% as advised by the ISO standard and ADA. Furthermore, the CGM IPro has been validated and
used in pregnant women before [29,30].

Instructions were given to do pre-prandial SMBG four times a day. Not all participants managed
to do all instructed measurements which weakens the calibration of the CGM system and implies
a weakness in data reliability when dependent on compliance. The ATTD consensus report also
recommends a minimum of 2 weeks to secure a sufficient data collection period. Our results were only
based on data of 2 full days (2 × 24 h) of each intervention period. However, we did find significant
differences on the parameters MAGE, CV%, FBG and MG between the two diets. The differences might
have been even greater if we had a larger data set.

Another limitation of this study is the small sample size. However, the power was fulfilled, and
it would be unethical to include more patients, and despite a small dataset, we were able to detect
significant differences on several parameters between the two diets.

5. Conclusions

In conclusion, a diet with a high carbohydrate intake in the morning seem to result in a higher
glycemic variability, but a lower MG and FBG, when comparing with a diet with a low carbohydrate
intake in the morning and a higher carbohydrate intake in the evening. In addition, insulin resistance
expressed as HOMA-IR decreased significantly during the HCM diet, indicating that a carbohydrate
distribution of 50% in the morning favors lower blood glucose and improvement in insulin sensitivity
in women with GDM.

Further research may clarify the impact of carbohydrate distribution on the complex matter of
blood sugar regulation, and the use of CGM data to quantify glycemic variability, glucose control and
their interactions.
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Abstract: Obesity during pregnancy is associated with the development of gestational diabetes
(GDM). This study aimed to assess if the result of an oral glucose tolerance test (OGTT) for GDM
influences health (diet and physical activity) behaviours of pregnant women with obesity. In total,
1031 women who participated in the UK Pregnancies Better Eating and Activity Trial (UPBEAT) of a
lifestyle intervention from early pregnancy were included. Changes in weight gain, dietary intake and
physical activity following an OGTT undertaken between 27+0 and 28+6 weeks’ and 34 and 36 weeks’
gestation were examined using linear regression with appropriate adjustment for confounders. Obese
women without GDM (IADPSG criteria) gained 1.9 kg (95% CI −2.2, −1.5, p < 0.001) more weight than
women with GDM. Women with GDM demonstrated greater reductions in energy (–142kcal, 95%CI
−242.2, −41.9, p = 0.006), carbohydrate intake (−1.5%E 95%CI –2.8, −0.3, p = 0.016) and glycaemic
load (–15.2, 95%CI −23.6, –6.7, p < 0.001) and a greater increase in protein intake (2%E, 95%CI 1.3,
2.7, p < 0.001), compared to women without GDM. Trial intervention allocation did not influence
any associations observed. The findings emphasise the need for strategies to optimise the health
behaviours of pregnant women with obesity, following a negative OGTT for GDM.

Keywords: obesity; pregnancy; gestational diabetes; diet; physical activity; gestational weight gain

1. Introduction

The recent increase in obesity in the UK population [1] is mirrored amongst women in antenatal care,
with estimates suggesting that 23% have a BMI ≥ 30 kg/m2 [2]. Obesity in pregnancy increases the risk
of complications [3], most notably, gestational diabetes (GDM), defined by new-onset hyperglycaemia
in pregnancy, which now affects up to 30% of pregnancies worldwide [4]. Obesity in pregnancy is
related to a 4–9-fold greater risk of GDM compared to pregnant women with a normal weight [5]. The
long-term morbidities associated with GDM include progression to type 2 diabetes in approximately
25% of affected mothers [6].

The UK national guidelines for the management of GDM following diagnosis include the provision
of advice on diet and physical activity. For women who do not gain adequate glycaemic control
through changes in these behaviours, pharmacotherapy with metformin or insulin is prescribed [7].

Nutrients 2020, 12, 359; doi:10.3390/nu12020359 www.mdpi.com/journal/nutrients41
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Whilst differences in diet and weight gain between women with and without a diagnosis of
GDM have been reported [8–14], there is a paucity of longitudinal data that explores behaviour
change and gestational weight gain following a negative or positive oral glucose tolerance test (OGTT)
for the diagnosis and associated treatment of GDM. In a recent longitudinal study of 702 women
living in Norway, minimal differences in dietary intake between those with and without GDM were
observed, and the women with GDM gained more weight compared to those without GDM [15].
To our knowledge, no previous study has investigated these associations in pregnant women with
obesity. Understanding the behavioural patterns of obese women with and without a diagnosis of
GDM following testing might help identify suboptimal health behaviours and inform future strategies
to improve the health of pregnant women with obesity and their offspring.

The aim of this study was to assess how a negative or positive OGTT for the diagnosis and
subsequent treatment of GDM influences the dietary intake, physical activity levels and gestational
weight gain of pregnant women with obesity who were participants in UPBEAT, a randomised
controlled trial of a lifestyle (diet and physical activity) intervention. We also determined if allocation to
the intervention or control arm influenced the association between GDM status and behaviour change.
We wished to explore, for example, whether an individual who was randomised to the active arm who
subsequently did not develop GDM may show continued adherence to a lifestyle intervention.

2. Materials and Methods

2.1. Study Design and Population

This study is a secondary analysis of data collected from women who participated in the
UK Pregnancies Better Eating and Activity Trial (UPBEAT). UPBEAT was a multicentre randomised
controlled trial which took place in the UK. UPBEAT assessed whether a behavioural intervention of diet
and physical activity advice reduced the incidence of GDM and the delivery of large-for-gestational-age
(LGA) infants in pregnant women with obesity [16]. The protocol and main findings of UPBEAT have
been previously published [16,17]. In brief, women were eligible to take part if they were aged 16 years
or above, had a singleton pregnancy between 15+0 and 18+6 weeks’ gestation and had a body mass
index (BMI) of 30 kg/m2 or above. Women were excluded if they did not give informed consent, were
prescribed metformin, or if they had any pre-existing medical conditions. For the purposes of this
investigation, only women who had an OGTT were included. Ethical approval was granted by the
NHS Research Ethics Committee (UK Integrated Research Application System, reference 09/H0802/5).

The UPBEAT intervention aimed to improve glucose tolerance through dietary and physical
activity behaviour change. The participants randomised to the intervention group received eight
weekly individual or group-based sessions, in addition to their standard antenatal care appointments.
The dietary component of the intervention aimed to encourage a healthier eating pattern through a
reduction in glycaemic load and saturated fat intake. To reduce glycaemic load, the participants were
encouraged to swap high glycaemic index food and beverages for low glycaemic index alternatives
and reduce the consumption of sugar-sweetened beverages including fruit juice. To reduce saturated
fat intake, the participants were encouraged to use low fat dairy products and exchange fatty meats
and meat products with leaner meat and fish. The physical activity component was tailored to
participant preferences and focused on incremental increases in moderate intensity walking and being
more active in daily life. Barriers to change were explored and specific, measurable, achievable,
relevant, time-specific (SMART) goals were set for the women in the intervention arm. The participants
randomised to the control arm were provided with antenatal care in line with local NHS guidelines [16].
We have previously reported that the intervention was not effective in reducing the prevalence of
GDM or LGA infants, although several secondary outcomes including diet, weight gain and adiposity
demonstrated evidence of improvement [17].
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2.2. Data Collection

The maternal social and demographic data obtained at enrolment included age (years), BMI (kg/m2),
ethnicity (Black, White, Asian, other), parity (nulliparous, multiparous), smoking status (smoker,
ex-smoker, non-smoker), living in a deprived area (Index of Multiple Deprivation (IMD); scores were
calculated for the region of residence) and highest educational attainment. The data were obtained
pre-intervention (15+0–18+6 weeks’ gestation), post-intervention (27+0–28+6 weeks’ gestation) and in
late pregnancy (34–36 weeks’ gestation) for diet and physical activity (questionnaires), weight and
anthropometric measures.

A semi-quantitative food frequency questionnaire (FFQ) adapted from one used in the UK arm of
the European Prospective Investigation into Cancer Study (EPIC) was used to assess the diet of the
participants for the preceding month. Glycaemic load was estimated based on the glycaemic index
and carbohydrate content of each food, as reported previously [18]. Physical activity was assessed
using the International Physical Activity Questionnaire (IPAQ) [16].

The trial protocol required OGTTs to be carried out at 27+0–28+6 weeks’ gestation. However, a
more pragmatic approach was adopted to reflect clinical practice, and women who had OGTTs at
23–30 weeks’ gestation were included for the purposes of this analysis. GDM was diagnosed using
International Association of Diabetes and Pregnancy Study Groups (IADPSG) criteria: fasting glucose
of 5.1 mmol/L or higher, 1 h glucose of 10.0 mmol/L or higher, 2 h glucose of 8.5 mmol/L or higher,
or a combination of these (venous blood; post 75 g glucose challenge) [19]. Women diagnosed with
GDM were referred to the local antenatal diabetes service and managed according to local practice,
with lifestyle dietary management, metformin or insulin treatment as appropriate.

2.3. Outcome Measures

Dietary outcomes included changes in total energy intake (kcal/day), glycaemic index, glycaemic
load, carbohydrate (%E), protein (%E), total fat (%E), and saturated fat (%E) intake, from OGTT
(27+0—-28+6 weeks’ gestation) to late pregnancy (34–36 weeks’ gestation). Physical activity outcomes
included change in moderate or vigorous activity (min/week) and walking (min/week), from OGTT
(27+0–28+6 weeks’ gestation) to late pregnancy (34–36 weeks’ gestation). Anthropometric outcomes
included change in weight (kg) from OGTT (27+0–28+6 weeks’ gestation) to late pregnancy (34–36 weeks’
gestation).

2.4. Statistical Analysis

The normality of the data was assessed using Shapiro–Wilk tests and visual representations
including distributional diagnostic plots and histograms. Summary statistics were calculated for
descriptive characteristics. Continuous variables were described as mean (standard deviation) or
median (interquartile range). Categorical variables were described as number (percentage). Differences
between characteristics at study entry were examined using chi-squared tests for categorical data,
and independent sample t-tests for continuous data. The proportion of women who gained weight
above or below the National Academy of Medicine (NAM) guidelines for pregnant women with obesity
was determined using NAM guidance for weekly weight gain in the third trimester [20]. Univariate
and multivariable linear regression were used to examine the association between GDM diagnosis
and the change in each outcome variable between 27+0 and 28+6 weeks’ gestation and 34 and 36
weeks’ gestation. Models were adjusted for maternal BMI, ethnicity and neonatal sex. To identify
whether intervention allocation was an effect modifier on the association between GDM status and
each outcome, an interaction term was added to the linear regression analyses. Likelihood ratio tests
were conducted to ascertain the statistical significance of the interaction.

Statistical analyses were performed using Stata version 16.0 (StataCorp LP, College Station,
TX, USA).
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3. Results

Between March 2009 and June 2014, 1555 women were randomised to either the behavioural
intervention or standard antenatal care. The present investigation was limited to those participants
who received OGTTs (n = 1031 participants, 66.3%) (Figure 1).

 

Figure 1. Study profile.

3.1. Study Population

The characteristics of the study population are shown in Table 1. Two hundred and forty-six
participants (23.9%) were diagnosed with GDM by OGTT. The non-GDM women were younger at
study entry, weighed less, and had a lower BMI than the GDM women (all p < 0.05). GDM women
were more likely to have a history of GDM. The GDM and non-GDM women were similar in smoking
status, ethnicity, parity, education level and IMD quintile. Infants born to GDM women were more
likely to be large-for-gestational-age (p < 0.05).
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Table 1. Characteristics at 15+0–18+6 weeks’ gestation of the study population who had an oral glucose
tolerance test.

Whole Group
n = 1031 (%)

Non-GDM n = 785
(76.1%)

GDM a n = 246
(23.9%)

p d

Age (years) 30.9 (5.4) 30.4 (5.5) 32.3 (4.9) <0.001
Ethnicity

White 688/1031 (66.7) 532/785 (67.8) 156/246 (63.4)

0.628
Black 231/1031 (22.4) 169/785 (21.5) 62/246 (25.2)
Asian 56/1031 (5.4) 42/785 (5.4) 14/246 (5.7)
Other 56/1031 (5.4) 42/785 (5.4) 14/246 (5.7)

Weight (kg) 98.0 (15.0) 97.4 (14.2) 99.9 (17.2) 0.024
BMI (kg/m2) 35.4 (4.8) 35.2 (4.6) 36.0 (5.3) 0.025
Education b

0.175
None or GCSE 202/1031 (19.6) 150/785 (19.1) 52/246 (21.1)

Vocational qualification 243/1031 (23.6) 175/785 (22.3) 68/246 (27.6)
A-level (or equivalent) 164/1031 (15.9) 132/785 (16.8) 32/246 (13.0)
First or higher degree 422/1031 (40.9) 328/785 (41.8) 94/246 (38.2)

Index of multiple deprivation c

0.118

1 (least deprived) 26/820 (3.2) 20/618 (3.2) 6/202 (3.0)
2 40/820 (4.9) 32/618 (5.2) 8/202 (4.0)
3 100/820 (12.2) 81/618 (13.1) 19/202 (9.4)
4 309/820 (37.7) 241/618 (39.0) 68/202 (33.7)

5 (most deprived) 345/820 (42.1) 244/618 (39.5) 101/202 (50.0)
Current smoker 62/1031 (6.0) 42/785 (5.4) 20/246 (8.1) 0.460

Multiparous 560/1031 (54.3) 417/785 (53.1) 143/246 (58.1) 0.169
Previous history of GDM 17/560 (3.0) 6/417 (1.4) 11/143 (7.7) <0.001

Randomised group

0.993Intervention 499/1031(48.4) 380/785 (48.4) 119/246 (48.4)
Standard care 532/1031 (51.6) 405/785 (51.6) 127/246 (51.6)

Neonatal characteristics

Neonatal sex

Male 534/1031 (51.8) 410/785 (52.2) 124/246 (50.4) 0.618
Gestational age at delivery

(weeks) 39.8 (1.4) 40.1 (1.3) 38.9 (1.2) <0.001

Birthweight (g) 3482 (493) 3509 (499) 3397 (463) 0.002
Customised birthweight

centiles e

≥90th (LGA) 85/1031 (8.2) 55/785 (7.0) 30/246 (12.2) 0.010
≤10th (SGA) 117/1031 (11.4) 95/785 (12.1) 22/246 (8.9) 0.173

Values are mean (standard deviation) or number (%); a GDM, Gestational Diabetes Mellitus; b GCSE, General
Certificate of Secondary Education, A-level, General Certificate of Education Advanced level; c Index of multiple
deprivation is a measure of relative deprivation. Scores calculated for region of residence by fifths of the population.
UK-wide scores were developed from English and Scottish data relating to employment and income domains [17]; d
P value comparing the difference between GDM and non-GDM women. Obtained through independent sample
t-test for continuous variables and chi-squared for categorical variables; e Large-for-gestational-age (LGA) as >90th
customised birthweight centile for gestational age, adjusted for maternal height and weight, ethnic origin, parity,
and sex of the baby, and small-for-gestational-age (SGA) as ≤10th customised birthweight centile.

3.2. Gestational Weight Gain

The non-GDM women demonstrated greater total gestational weight gain compared to the GDM
women (non-GDM: mean 8.0 kg (SD 4.3) vs. GDM: 5.8 kg (SD 4.5), p < 0.001). Following the OGTT at
27+0–28+6 weeks’ gestation, the change in weight by 34–36 weeks’ gestation was greater in the non-GDM
women (Table 2 and Figure 2). The non-GDM women gained 1.9 kg (95%CI −2.2, −1.5, p < 0.001)
more than the GDM women, which was robust to adjustment for confounders (Supplementary Figure
S1A). Amongst the non-GDM women, 60.3% (n = 473) gained weight above NAM recommendations
for third trimester weight gain compared to 26.4% (n = 65) of the GDM women. Non-GDM women
were also less likely to gain inadequate weight, with 0.6% (n = 149) gaining less weight than NAM
recommendations, compared to 26.6% (n = 206) amongst the GDM women. Although underpowered,
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no differences in LGA or SGA were noted between the non-GDM women who gained within the NAM
guidelines and those who gained above the NAM guidelines (Supplementary Tables S1 and S2).

 

Figure 2. Unadjusted weight (kg) change of GDM and non-GDM women from 27+0–28+6 weeks’
gestation (28 weeks) to 34–36 weeks’ gestation (36 weeks) with 95% confidence intervals.
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3.3. Dietary Intake

Changes in dietary intake between the GDM and non-GDM women following the OGTT at
27+0–28+6 weeks’ gestation to 34–36 weeks’ gestation are shown in Table 2 and Figure 3. The GDM
women reduced their energy intake by 142kcal (95% CI −242.2, −41.9, p = 0.006) more than the
non-GDM women. The GDM women also reduced their carbohydrate intake by 1.5%E (95% CI −2.8,
0.3, p = 0.016) and their glycaemic load by 15.2%E (95% CI −23.6, −6.7, P < 0.001) more than the
non-GDM women. The GDM women changed their protein intake by 2%E (95% CI 1.3, 2.7, p < 0.001)
more than the non-GDM women in the same time period. These associations were robust to adjustment
for confounders. Adjusted graphs are presented in Supplementary Figures S1B–E.

 

Figure 3. Unadjusted (A) energy (kcals), (B) protein (% energy), (C) carbohydrate (% energy) and
(D) glycaemic load change of GDM and non-GDM women from 27+0–28+6 weeks’ gestation (28 weeks)
to 34–36 weeks’ gestation (36 weeks), with 95% confidence intervals.

There were no differences in change in total fat intake, saturated fat intake or glycaemic index
between the GDM and non-GDM women (Table 2).

3.4. Physical Activity Changes

There were no differences in change in vigorous and moderate activity and walking between the
GDM and non-GDM women (Table 2).

3.5. Intervention Allocation

Allocation to either the intervention or control group did not modify the association between
GDM status and all outcomes.

4. Discussion

This study found that a higher proportion of pregnant women with obesity who were not
diagnosed with GDM gained weight in excess of recommended gestational weight gain in their last
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trimester of pregnancy. In contrast, the diagnosis and treatment of GDM were associated with lower
weight gain and dietary change.

Consistent with our findings, previous studies in women with heterogeneous BMIs assessing
weight gain in the interval after GDM screening have found that women without GDM gain more
weight than women with GDM [12,14]. In a small US study of 89 women, Chakkalakal et al. reported
that women with GDM gained weight at a lower rate than women without GDM (0.30 ± 0.28 kg/week
vs. 0.53 ± 0.28 kg/week, p = 0.001) [12]. Similarly, women with GDM gained less total weight than
women without GDM in a study of 212 Australian women, when weight was assessed in the second
and third trimester (GDM: 1.18 kg (1.6%) vs. non-GDM: 4.0 kg (4.8%), p < 0.001) [14].

As additionally seen in this study, it is well known that women diagnosed with GDM are more
likely to give birth to LGA infants despite dietary changes, physical activity and pharmacological
approaches, supporting earlier intervention in such women. Despite a higher prevalence of LGA
infants in the GDM group, the finding that a high proportion of obese women without GDM gained
weight in excess of the NAM guidelines in the third trimester is of particular concern in a population
that already has an increased risk of complications [3]. In the German Programming of Enhanced
Adiposity Risk in Childhood–Early Screening (PEACHES) study, excessive third trimester weight
gain in women without GDM was related to late-pregnancy dysglycaemia [21]. The evidence from
this study suggests that pregnant women with obesity may benefit from weight management advice
following OGTT, regardless of GDM diagnostic classification.

In the current study, 26% of women with GDM gained weight which was below the NAM
recommendations. Total gestational weight gain below NAM recommendations has been associated
with a reduced risk of peripartum complications for pregnant women with obesity but an increased
risk of complications in their neonates, including low birth weight, preterm delivery and neonatal
mortality [22]. Further research is required to investigate the association between lower third trimester
weight gain and pregnancy outcomes in women with GDM who are obese during pregnancy.

Internationally, guidelines for the management of GDM recommend that women be offered dietary
advice to improve glycaemic control. This is the most likely explanation for the greater improvement in
dietary intake in the women diagnosed with GDM in this study compared to the women without GDM.
This contrasts to that reported by Elvebakk et al. in Norwegian women, who showed only marginal
differences in dietary intake between women with and without GDM from 18–22 weeks’ gestation to
32–36 weeks’ gestation [15]. Two cohort studies, in the UK and the US, have reported that women with
GDM had lower energy intakes than women without GDM [8,11], similar to the present study. Others
have reported that women with GDM had lower intakes of total and saturated fats compared with
women without GDM [8,10]. The absence of any changes in total or saturated fat between the groups
in the present study may be explained by the focus in the UK on carbohydrate intake to optimise blood
glucose control [7]. The difference in weight gain is also likely explained by the management of women
with GDM following diagnosis which includes close monitoring of gestational weight gain as well as
promotion of dietary change [7,23]. Women with GDM additionally receive regular feedback through
the monitoring of blood glucose concentration which can inform dietary choices. Furthermore, they
are potentially aware of the risks, particularly to their baby, associated with GDM, which may motivate
behaviour change. Women who are not diagnosed with GDM do not have the same motivators; indeed,
poor food choices may be positively enforced by apparent lack of disease [24].

There is a paucity of evidence on the association between GDM status and physical activity,
with conflicting reports [25,26]. This study identified no differences in physical activity levels between
women with and without GDM in the interval following GDM screening. The lack of change in
physical activity for both groups aligns with reported barriers to physical activity for such women
including a lack of time, pain, fatigue, work and childcare commitments [27].

Whilst it might be hypothesised that randomisation to the intervention arm followed by a diagnosis
of GDM might influence the attitude to behavioural change, we found that allocation to a behavioural
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intervention in early pregnancy did not influence the association between GDM diagnosis and an
associated change in diet and physical activity.

This study has several strengths. It is the first to examine the association between GDM status
and health behaviours in a cohort of obese pregnant women. The detailed UPBEAT study database
provided the opportunity to explore relationships in the interval following GDM screening to late
gestation, whereas previous investigations have depended predominantly on cross-sectional data.

Limitations include the collection of dietary intake and physical activity data by self-report
questionnaires which may be prone to recall bias [28]. The original trial was not powered to investigate
the association between changes in health behaviours and weight gain and pregnancy outcomes. Data
were collected in women taking part in a clinical trial, which may have introduced selection bias.

5. Conclusions

Whilst this study confirms that the current guidelines to treat women with GDM are effective
in promoting behaviour change and limiting weight gain in obese women diagnosed and treated
for GDM, we highlight the unintended consequence of a suboptimal diet and greater weight gain
associated with not being diagnosed with GDM. We emphasise the need for strategies to manage
dietary intake and gestational weight gain in pregnant women with obesity who receive a negative
OGTT result, in order to reduce the risk of adverse health outcomes for mother and child.

Supplementary Materials: The following are available online at http://www.mdpi.com/2072-6643/12/2/359/s1,
Figure S1: (A–E), Adjusted weight (kg) change of GDM and non-GDM women from 27+0–28+6 weeks’ gestation
(28 weeks) to 34–36 weeks’ gestation (36 weeks), with 95% confidence intervals. Adjusted for maternal BMI,
ethnicity and neonatal sex; Table S1: Frequency of neonatal birthweight complications for non-GDM women by
NAM gestational weight gain guidelines, Table S2: Neonatal birthweight complications for non-GDM women by
NAM gestational weight gain guidelines.
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Abstract: The incorporation of glycemic index (GI) and glycemic load (GL) is a promising way to
improve the accuracy of postprandial glycemic response (PPGR) prediction for personalized treatment
of gestational diabetes (GDM). Our aim was to assess the prediction accuracy for PPGR prediction
models with and without GI data in women with GDM and healthy pregnant women. The GI values
were sourced from University of Sydney’s database and assigned to a food database used in the
mobile app DiaCompanion. Weekly continuous glucose monitoring (CGM) data for 124 pregnant
women (90 GDM and 34 control) were analyzed together with records of 1489 food intakes. Pearson
correlation (R) was used to quantify the accuracy of predicted PPGRs from the model relative to those
obtained from CGM. The final model for incremental area under glucose curve (iAUC120) prediction
chosen by stepwise multiple linear regression had an R of 0.705 when GI/GL was included among
input variables and an R of 0.700 when GI/GL was not included. In linear regression with coefficients
acquired using regularization methods, which was tested on the data of new patients, R was 0.584 for
both models (with and without inclusion of GI/GL). In conclusion, the incorporation of GI and GL
only slightly improved the accuracy of PPGR prediction models when used in remote monitoring.

Keywords: glycemic index; gestational diabetes mellitus; postprandial glycemic response; blood
glucose prediction
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1. Introduction

Gestational diabetes mellitus (GDM) has become a common condition during pregnancy,
affecting up to 17.8% of pregnancies [1]. GDM is associated with a higher risk of developing
serious complications for the mother and the offspring. Short-term pregnancy complications include
preeclampsia, macrosomia, birth injury, and increased cesarean delivery rates [1].

Furthermore, apart from promoting the future development of type 2 diabetes (T2D) in the
mother [2], GDM is supposed to be an important factor that predisposes an offspring to obesity and
type 2 diabetes mellitus (T2D) [3,4]. Given this forecast, maintaining normal blood glucose (BG) levels
during pregnancy is critical to curb and reverse the epidemic rise of these conditions [4].

Compliance with diet is the basis of GDM treatment. Food intake is an important determinant of
blood glucose levels; consequently, in order to achieve normal glucose levels, it is necessary to make
meal choices that induce normal postprandial glycemic responses (PPGRs) [5]. However, the majority
of medical organizations do not provide clear recommendations on diet for GDM patients and give only
general guidelines. Even if the recommendations are more detailed, these diets description concerns
only characteristics of the foods and does not take into account the individual features of patients.
However, compelling evidence suggests that glycemic responses to the same food items considerably
vary among individuals [6,7]. Apart from the characteristics of the foods consumed, the glycemic
responses of individuals associate with multiple person-specific factors [6,7]. In 2015, Zeevi et al.
described a machine-learning algorithm for PPGR prediction integrating blood parameters, dietary
habits, anthropometrics, physical activity, and gut microbiota measured in healthy individuals in an
Israeli cohort [6]. Dietary intervention based on this algorithm resulted in significant improvements in
multiple aspects of glucose metabolism, including lower PPGRs and lower fluctuations in blood glucose
levels [6]. However, this algorithm has not been studied in pregnant women and in patients with
diabetes mellitus, including GDM, to our knowledge, and it requires additional expensive analyses.

Thus, the development of effective methods for selecting the optimal composition of meals for
increased PPGR prevention is extremely important for the treatment of patients with GDM.

Personalized BG prediction in healthy subjects and especially patients with diabetes mellitus is an
important goal that is pursued by many researchers worldwide [6,8–12]. Neither of them assessed
the effectiveness of PPGR prediction in GDM patients. We have developed a recommender system
infrastructure that incorporates BG prediction models for GDM patients [13]. It is expected that
integration of such models into an interactive mobile app will lead to the creation of personal
recommendations for nutrition in real time to prevent hyperglycemia in patients with GDM.
Implementation of such an app may improve the effectiveness of treatment and at the same time reduce
the burden to healthcare providers through the reduction of time spent for on education concerning
diet in GDM.

We have developed algorithms for predicting the following PPGR parameters: BG 60 min after
the start of food intake (BG60), peak BG value after food intake (BGMax), area under the glycemic
curve 1 (AUC60) and 2 h (AUC120) after the start of the meal and peak BG, and incremental area under
the glycemic curve 2 h after food intake (iAUC120) [13]. The accuracy of predicting the AUC60 and
AUC120 was adequate, but the model for predicting BG60 was not accurate enough. Further studies
are needed to increase the accuracy of the BG prediction at single time points, in particular, 1 h after
meals, because this time point was recommended with target values to guide clinical practice [14,15].
These regression models were based on objective and laboratory data, anamnesis, questionnaires, and
diaries of pregnant women with GDM and women with normal glucose tolerance. Data derived from
diaries included macronutrient and micronutrient content, but did not incorporate glycemic index (GI),
because reliable databases describing the GI of different foods are absent in many countries, including
Russia. Incorporation of GI and glycemic load (GL) is a promising way to improve the accuracy of
PPGR prediction [16,17]. The superiority of dietary GL over carbohydrate content alone for estimating
postprandial glycemia has been shown in healthy individuals consuming isoenergetic portions of
single foods and mixed meals [16]. Moreover, GI was shown to be the strongest and the most consistent
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independent predictor of PPGR in a study of free-living people with type 2 diabetes mellitus (T2DM)
who kept three-day food records simultaneously with continuous glucose monitoring [17].

The aim of the study was to assign GI to a food database of a Russian institute of nutrition and to
assess the prediction accuracy for PPGR prediction models with and without GI data in women with
gestational diabetes (GDM) and healthy pregnant women.

2. Materials and Methods

2.1. Research Methodology

This study involved a subset of women who participated in the GEM-GDM randomized controlled
trial (Genetic and Epigenetic Mechanisms of Developing Gestational Diabetes Mellitus and Its Effects on
the Fetus) and were recruited between November 2015 and July 2019 in the Almazov National Medical
Research Centre (ANMRC). This study was approved by the local ethical committee (Protocol 119),
and the participants gave their consent in writing. The protocol of the parent study is reported
elsewhere [18]. In brief, the study included pregnant women with GDM and pregnant women with
normal glucose tolerance (control group) aged 18–45 years. The women with GDM were randomized
into 2 groups according to target glycemic levels: Group 1 (target fasting blood glucose <5.1 mmol/L
and <7.0 mmol/L 1-h postprandial) and Group 2 (target fasting blood glucose <5.3 mmol/L and
<7.8 mmol/L 1-h postprandial). For the purpose of the study reported here, the women from these two
groups were merged and formed the GDM group. The inclusion criteria for the GDM group were
as follows: pregnant women with GDM diagnosed according to the Russian national consensus [14]
and the recommendations of the International Association of Diabetes and Pregnancy Study Groups
(fasting glucose of ≥5.1 mmol/L, and/or ≥10.0 mmol/L after 1 h, and/or ≥8.5 mmol/L after 2 h in oral
glucose tolerance test (OGTT) with 75 g of glucose) [19]; a gestational age of <32 weeks at the time
of inclusion in the study. Inclusion criteria for the control group were as follows: pregnant women
with normal glucose tolerance confirmed by OGTT at 24–31 weeks of gestation. Exclusion criteria
were a history of diabetes mellitus or any known medical condition affecting glucose metabolism.
Treatment with insulin, although not an exclusion criterion for the parent trial, was exclusionary in
the study reported here. Pregnant women were invited to take part in this study if they used our
mobile app or our desktop app [20] and provided accurate information concerning their food intake
and BG measurements.

The GEM-GDM trial was registered at the ClinicalTrials.gov (Identifier: NCT03610178).

2.2. Food Database and Calculation of Glycemic Index

Meal data were recorded with a specially developed app, DiaCompanion [20], with which patients
chose food items from a database created by the authors on the basis of reference books of the Russian
Academy of Medical Sciences and the US Department of Agriculture (USDA) Food Composition
Databases (Release 28). The current database contains mainly foods available in Russia and consists of
2180 records, each of which is classified either as a simple item (n = 1245) or a complex dish (n = 935).

GI was not initially presented in the database, and it was the task for the current study to match
each item in the database with an appropriate GI available in the open glycemic index databases.

Each food recorded in the diaries was assigned a dietary GI according to the method published
by Louie et al. [21]. Foods were either assigned (1) a published GI, (2) a GI of 0 for foods with a
carbohydrate content below 5 g/100 g (e.g., meats), (3) a published GI of a close match (e.g., peach and
apricot), (4) a mean GI of a subgroup of foods (e.g., breads), or (5), for the products without a close
match or matching subgroups, a GI value of 0, 50, or a GI value of an appropriate, closest matched item
as decided by the research nutritionists. Each GI was assigned in three steps by three independent
researchers (endocrinologists): 1st step—initial assignment of GI by a single researcher; 2nd step—the
above process was reviewed by another researcher; 3rd step—any discrepancies were finalized in a
case-by-case discussion between the two researchers and the senior researcher. To ensure accuracy
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and appropriateness of the GI values assigned, the whole nutrition database was also reviewed by a
senior researcher.

In total there were 175 items assigned directly with the published GI; 436 foods had zero
carbohydrates and were assigned zero GI; for 211 items, a published GI of a close match was assigned;
for 315 items, the mean GI of a subgroup of foods was assigned; 108 products without a close match or
matching subgroups were assigned a GI value of 0, 50, or a GI value of an appropriate, closest matched
item as decided by the researchers.

For complex foods, the dietary GI was calculated from the GI values of the food’s ingredients,
using recipes available in the in-house database. During the process of matching a particular food
with one listed in the tables, the principle consideration was the carbohydrate content of the food.
Fat content, protein content, and preparation methods were also considered in the decision-making
process in descending order of importance.

The GI values were sourced from the University of Sydney database (www.glycemicindex.
com) [22].

After every simple item in the database was manually assigned a GI, GI values for complex dishes
were automatically calculated with the following formula:

gi =

N∑
i=1

giicarboi

N∑
i=1

carboi

(1)

where N is the amount of food items in the dish, gii is the glycemic index for the i-th food item, and
carboi is the mass fraction of carbohydrates for the i-th food item.

The same strategy was used when calculating the GL for meals containing more than one food
item. The appropriate GL for such meals was calculated as

gl =
1

100

N∑

i=1

giicarboi (2)

where N is the amount of food items in the meal, gii is the glycemic index for the i-th food item, and
carboi is the mass fraction of carbohydrates for the i-th food item.

In addition to 2178 food items from the database, another 196 complex dishes that were added by
patients by means of the app were also manually provided with GI values by the authors. After each
food item from the database was matched with the glycemic index, all the collected data on meals for
all patients were automatically matched with appropriated GI values, and GI and GL were prepared to
be added as inputs for prognostic models.

Altogether in the collected database, there were 611 (25.7%) items assigned a zero GI, 187 (7.9%)
items with a GI between 0 and 25, 589 (40.0%) items with a GI between 25 and 50, 949 items with a
GI between 50 and 75, and 28 items with a GI higher than 75 (1.6%). The mean GI for the collected
database was 38, and the median 44.

Figure 1 shows the pair distribution of GI and GL/carbo in all meals selected for the following
model study.
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Figure 1. Density plot showing paired distribution of glycemic index (GI) and glycemic load (GL)/carbo
in all meals included in the study (n = 1489).

2.3. Continuous Glucose Monitoring (CGM) and Meal Data Matching

Continuous glucose monitoring (CGM) was monitored over a period of 4–7 days from 19 to
36 weeks of pregnancy using the iPro2 CGM with Enlite sensors (Medtronic, Minneapolis, MN, USA).
For a subset of women (n = 24), who were initially monitored before the 33rd week of pregnancy,
CGM was repeated in the 36–37th weeks of pregnancy. Second signals for the same patients were
treated as data from the same patients, so no data for the same patients appeared twice among the
training, validation, and testing sets. Simultaneously, participants tracked records in a paper protocol,
in which patients stated the exact time of beginning and completing instances of food intake, together
with blood glucose measurements. This paper protocol was initially used because CGM required
manual glucose monitoring at least 4 times a day for its calibration, which was performed using the
Accu-Check Performa Nano blood glucose meters (Roche Diabetes Care, Indianapolis, IN, USA).

Meal data were collected and exported from the app as Excel spreadsheets (electronic food
diaries). Each meal record consisted of meal type, meal time, and a list of food names in the meal with
appropriate weights in grams.

One hundred thirty-eight patients had successfully recorded weekly CGM, sent an electronic
diary exported from their mobile apps, and returned the paper protocol to their physician. Data on
point blood glucose measurements were entered onto the carelink website together with marks on the
time of food intake, from which it was downloaded and merged with electronic diaries exported from
mobile app by means of the software developed in the current study.

The software for data processing, modeling, and data visualization was written by the authors
using the Python 3.7 programming language [23]. The following packages were used for data processing:
pandas, numpy, scipy, statistics, math, os, datetime, dateutil, codecs, and sys. For data export xlwt, xlrd,
openpyxl, csv, and xlutils packages were utilized. Matplotlib and seaborn were used for visualization
and the sklearn package [24] for creating and analyzing blood glucose predictive models.

After CGM and meal data were collected, they were matched using the following strategy. Each
food start record in the paper protocol was matched with the nearest record in the electronic food
diary. If there were no corresponding meal data in the diary, the records in the protocol were ignored.
The meals that had a misreported meal start time or were interfered with other meals were excluded
by the following criteria:
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• meals with a start time reported significantly later than the actual meal start according to CGM
(falling on the peak value in CGM signal), i.e., the BG level at the reported meal start is more than
1.0 mmol/L higher than the BG level 1 h before the meal (n = 103).

• meals with a start time reported on the falling edge of the peak, i.e., the BG level at the reported
meal start is at least 0.5 mmol/L higher than the BG level in half an hour and at least 0.5 mmol/L
lower than half an hour prior (n = 32).

• meals with reported prior meals less than 1 h before meal start (n = 25).
• meals with subsequent meals less than 1 h after meal start (n = 104).

An illustration of applying a strategy for CGM and meal data matching is presented in Figure 2.
After a selection procedure, there were 1865 records with meal data and corresponding PPGR curves
collected for the analysis. Examples of CGM and meal data from patients with meal diaries of excellent,
good, and bad quality are presented in Supplementary Material Figure S1.

 

Figure 2. Continuous glucose monitoring (CGM) and food diary matching strategy. On the top: black
vertical lines: meal starts written in a paper protocol; red line: meal starts as written in the electronic
diary; on the bottom: red lines: meal starts chosen for the final sets; upper marks: postprandial glycemic
response (PPGR) features; lower marks: meal features. Green dots represent point estimations of blood
glucose (BG) levels made with a glucometer used for sensor calibration, and red points correspond
to point estimations of BG 1 h after the meal. It can be seen that meals coming as close as 60 min to
each other were ignored, as well as records from the electronic diary, which did not have an exact time
specified in the protocol.
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2.4. Data Preprocessing and Filtering

Data from 16 patients (175 records) were excluded due to misreporting (misreporting was detected
when there was a significant lack of food data—i.e., all meals consisted only of a single item—or when
data were imprecise, i.e., rounded to 100 g for all food reports for more than 5 meal records in the diary).

Acquired data were then filtered in the following steps: 41 records with rarely used dishes, where
GI was not defined for a food item, were removed, as were 101 records that have a small PPGR (less than
0.3 mmol/L/h) to meals with more than 40 g of carbohydrates, as proposed by Mendes-Soares et al. [7].
After all filtering procedures, there were 1489 records included in the final evaluation.

2.5. Individual Characteristics of Participants

After each postprandial blood glucose curve was matched with meal data from diaries, each
record was supplemented with a set of features characterizing each patient. These data included
the following:

1. anthropometric and individual parameters (age, weight, body mass index (BMI), gestational age,
and systolic and diastolic blood pressure);

2. medical history data (GDM in history, polycystic ovary syndrome, impaired glucose tolerance,
family history of diabetes, number of pregnancies, abortions, deliveries, and miscarriages, arterial
hypertension, and use of combined oral contraceptive pills before pregnancy).

3. biochemical parameters (fasting, 1-h and 2-h BG levels at OGTT, fasting insulin, HbA1c,
fructosamine, leptin, total cholesterol level, very low density and high density lipoproteins,
and triglycerides at the time of OGTT);

4. questionnaire data—11 parameters associated with the consumption of certain product groups, 3
parameters related to beverages, and 3 parameters characterizing physical activity. For each listed
parameter, the intensity was coded according to an ordinal scale of three levels (0 for low, 1 for
medium, and 2 for high). Smoking was marked as “yes” or “no.” All parameters were assessed
separately before and during pregnancy. This questionnaire has been previously reported [25,26].

In the dataset characterizing patients, there was a small amount of missing data, which was
imputed by the simple single-column imputer assigning a mean feature value for each group of patients
(GDM or control) to each missing value. There were no missing data except data characterizing patients.

There were 119 input features chosen for the analysis. Dummy variables were created for every
non-ordered categorical input variable via one-hot encoding before they were fed into the model,
resulting in 222 input features in total. Dummy-encoded variables were named as “variable_value,”
e.g., “fruits_1” and “fruits_2.” The complete list of features used as an input for BG predictive models
is shown in Supplementary Material List S2.

2.6. Blood Glucose Predictive Models

The characteristics of the PPGRs, which were predicted by the models, were as follows: blood
glucose level 60 min after the meal (BG60), peak blood glucose level 3 h after the meal (BGMax),
the rise of blood glucose level from the beginning of the meal to the peak value (BGRise), area under
the postprandial blood glucose curve 120 min after the meal (AUC120), and incremental area under
the blood glucose curve 60 and 120 min after the meal (iAUC60 and iAUC120). iAUC120 was chosen
as the primary feature, as it is often referred to as the best characteristic describing PPGR [6].
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After all the features and output characteristics were merged in a data frame, two types of models
were utilized to evaluation:

• simple stepwise regression, to compare current results with recent publications;
• linear regression with coefficients acquired using regularization methods with cross-validation

for feature selection, which was tested on the data of new patients.

For the second type of models, the data were separated into train and test sets in the proportion
of 70/30% in a way that none of the data belonging to the same patient were in both sets (grouped).
The train data were grouped with the use of a grouped 10-fold cross-validation on the model evaluation
stage, where folds were organized in a way where each test set consisted of measures from patients not
included in the test set group. The regressors X were normalized before regression by subtracting the
mean and dividing by the l2-norm.

Different regularization strategies were tested in both settings, including Lasso, Ridge, Elastic-Net,
and LARS lasso. The best result was achieved with LARS lasso regression [27] and orthogonal
matching pursuit (OMP) [28] algorithms. r2 was chosen as a score function of the estimator to evaluate
a parameter setting. As both methods tended to overfit the data even in a cross-validation setting, only
variables that had a Spearman correlation |r| that was >0.1 with the predicted variable were selected
for further automatic selection via cross-validation feature selection. Exhaustive Grid Search was used
to find the optimal value of alpha parameters (the hyperparameter was chosen with the maximum
score on a multiple validation sets). The best model was chosen by the largest r2 score. It was then
evaluated on a 30% test set.

Both OMP and LARS Lasso received relatively similar precision (±0.02 in r2), thus OMP was
chosen as a preferred method for coefficient estimation, as it tended to select a smaller amount of
features (more information on OMP and LARS comparison can be found in the work by Hameed [29]).
The effect of inclusion of polynomial features was also analyzed in the study.

2.7. Statistical Analysis

Data were statistically processed with SPSS 22.0 (IBM Corporation, Armonk, NY, USA) and Python
3.7 (Python Software Foundation, Delaware, DE, USA). Differences in the quantitative characteristics
of the groups were assessed with a Student’s t test. The chi-square criterion was used to compare the
distribution of qualitative characteristics. The differences were considered significant at p-value < 0.05.
Pearson product moment correlation was used to quantify the accuracy of the predicted PPGRs from
the model relative to those obtained from the CGM. It was also used to quantify the correlation between
meal content characteristics (gi, gl, carbo, prot, fat, kcal, water, and starch) and PPGRs estimated
from the CGM measurements. Features were chosen via 10-fold cross-validation with a coefficient
of determination (r2) as an optimizing parameter. Mean absolute error (MAE) and a coefficient of
correlation R were estimated for all chosen models.

3. Results

3.1. Characteristics of Participants

Table 1 contains information on participants included in the study. The women with GDM had
higher BMI and higher levels of HbA1c, plasma glucose (PG) during OGTT, and serum triglycerides
than the controls. The data are presented as (mean ± standard deviation) pairs.
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Table 1. Characteristics of participants.

Characteristic GDM (N = 90) Control (N = 34) p-Value (Two-Sided Test)

Age, years 31.8 ± 4.5 30.5 ± 4.4 0.169
Pre-pregnancy BMI, kg/m 25.6 ± 5.9 22.0 ± 3.7 0.002

HbA1C (%) 5.1 ± 0.4 5.7 ± 0.4 <0.001
Gestational age, week 25.8 ± 4.9 27.3 ± 2.9 0.019
BP systolic, mm Hg 121.8 ± 12.2 115.9 ± 15.5 0.129
BP diastolic, mm Hg 76.6 ± 9.1 73.3 ± 11.9 0.102

Arterial hypertension N (%) 9 (10) 1 (3) 0.286
OGTT Fasting PG, mmol/L 5.2 ± 0.5 4.4 ± 0.4 <0.001

OGTT 1-h PG, mmol/L 9.6 ± 1.7 6.6 ± 1.4 <0.001
OGTT 2-h PG, mmol/L 8.5 ± 2.0 6.0 ± 1.1 <0.001

Fasting serum insulin, pmol/L 92.5 ± 42.4 78.5 ± 54.4 0.132
Fasting leptin, ng/mL 36.7 ± 31.4 33.0 ± 27.6 0.549

Total cholesterol (mmol/L) 6.3 ± 1.2 6.1 ± 1.1 0.306
Triglycerides (mmol/L) 2.1 ± 0.8 1.7 ± 0.7 0.007

HDL-C (mmol/L) 2.0 ± 0.4 2.1 ± 0.4 0.236
LDL-C (mmol/L) 3.4 ± 0.9 3.3 ± 1.0 0.887

BMI—body mass index; HbA1c—hemoglobin A1c; PG—plasma glucose; OGTT—oral glucose tolerance
test; BP—blood pressure; GDM—gestational diabetes mellitus, HDL-C—high-density lipoprotein-cholesterol;
LDL-C—low-density lipoprotein-cholesterol.

3.2. Correlation Analysis

Table 2. shows the correlation between meal features and PPGR on the complete dataset of meals
from all included patients. Interestingly, starch correlated with iAUC120 with almost the same strength
as carbo and GL, while GI had only a weak correlation with iAUC120. Of note, GL correlated much
more with carbo than with GI (r = 0.952 vs. 0.406).

Table 2. Correlation between meal characteristics and PPGR.

Gi Gl Carbo Prot Fat Kcal Water Starch Fiber iAUC120 BG Rise

GI 1 0.406 0.318 −0.141 −0.028 b 0.081 −0.033 b 0.382 0.084 0.199 0.212
GL 0.406 1 0.952 0.112 0.262 0.611 0.285 0.819 0.319 0.423 0.424

carbo 0.318 0.952 1 0.172 0.298 0.670 0.340 0.795 0.400 0.434 0.425
prot −0.143 0.112 0.172 1 0.527 0.634 0.272 0.129 0.153 0.023 b 0.001 b

fat −0.028 b 0.262 0.298 0.527 1 0.863 0.232 0.257 0.130 0.078 0.058 a

kcal 0.081 0.611 0.670 0.634 0.863 1 0.378 0.541 0.298 0.248 0.225
water −0.033 b 0.285 0.340 0.272 0.232 0.378 1 0.235 0.189 0.178 0.188
starch 0.382 0.819 0.795 0.129 0.257 0.541 0.235 1 0.258 0.365 0.366
fiber 0.084 0.319 0.400 0.153 0.130 0.298 0.189 0.258 1 0.135 0.131

iAUC120 0.199 0.423 0.434 0.023 b 0.078 0.248 0.178 0.365 0.135 1 0.945
BGRise 0.212 0.423 0.425 0.001 b 0.058 a 0.225 0.188 0.366 0.131 0.945 1

carbo—carbohydrates, prot—proteins. All correlations except where highlighted are significant on the 0.01 level
(two-sided); a—correlation is significant on the level 0.05; b—correlation is not significant.

Table 2 shows the averaged correlation coefficients calculated on meal data from all patients.
The individual correlation coefficients between the amount of carbohydrates, GL, and PPGR are shown
in Figure 3 (patients with 10 or more meal intakes were included). Figure 3 shows high variability
in individual relation between carbohydrates/glycemic load and PPGR characteristics (iAUC120 and
BGRise) covering the spectrum from a very weak to a high correlation. It also shows the difference in
how GL and carbohydrates are correlated with iAUC120 and BGRise in each patient. Only in 48.2%
of patients did GL have a larger correlation with iAUC120 compared with the amount of consumed
carbohydrates, and for 54.2% patients with BGRise. Examples with individual data from patients with
various carbo/GL/PPGR correlations are shown in Supplementary Material Figure S3.
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(a) (b) 

Figure 3. Correlation coefficients between PPGR characteristics (iAUC120 on the left, BGRise on the
right) and carbohydrates/glycemic load. The number next to each point depicts a patient’s individual
identifier. In figure (a): cor_gi_iAUC120: correlation between glycemic load and incremental area under
glucose curve 2 h after meal start; cor_carbo_iAUC120: correlation between consumed carbohydrates
and incremental area under glucose curve. In figure (b): cor_gi_BGRise: correlation between glycemic
load and blood glucose rise from meal start to peak value; cor_carbo_BGRise: correlation between
consumed carbohydrates and blood glucose rise from meal start to peak value. Orange: GDM group;
brown: healthy pregnant participants.

3.3. Simple Stepwise Regression

All predictors described in Section 2.5 were entered into a stepwise multiple linear regression
model. R squared was selected as an optimization parameter. Table 3 shows the list of model scores
with selected features on each step. The first step in which carbo was chosen stands for 0.434 of
correlation of the model.

Table 3. Stepwise-regression for predicting glycemic response (iAUC120) for models constructed with
available GL and GI features.

Model R R Squared Adj. R Squared Standard Error

1 0.434 a 0.188 0.188 0.589
2 0.507 b 0.257 0.256 0.564
3 0.531 c 0.282 0.280 0.555
4 0.550 d 0.303 0.301 0.547
5 0.563 e 0.317 0.315 0.541
6 0.573 f 0.329 0.326 0.537
7 0.581 g 0.337 0.334 0.534

a Predictors: (constant) and carbo; b Predictors: (constant), carbo, and BG0; c Predictors: (constant), carbo, BG0, and
after_1 h_test; d Predictors: (constant), carbo, BG0, after_1 h_test, and types_food_1; e Predictors: (constant), carbo,
BG0, after_1 h_test, types_food_1, and meat1_2; f Predictors: (constant), carbo, BG0, after_1 h_test, types_food_1,
meat1_2, and sousages1_2; g Predictors: (constant), carbo, BG0, after_1 h_test, types_food_1, meat1_2, sousages1_2,
and N_abortions.

The final model chosen by stepwise regression contained 53 input variables and had an R of
0.705; R squared = 0.497; adjusted R squared = 0.482; standard error = 0.471. In case information on
GI/GL was not included in the set of input data, the final model included 44 input variables, and its
characteristics were the following: R = 0.700; R squared = 0.490; adjusted R squared = 0.475; standard
error = 0.474, which shows that information on GI/GL does not play a crucial role in a linear model
created on the whole set of meals from all patients.
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Table 4 shows the list of coefficients of the first three linear models predicting iAUC120 created
with stepwise regression, where information on GI/GL was included in the set of input data. GI/GL
was not selected by these three linear models. GI/GL was selected only starting from the 14th step in
stepwise regression.

Table 4. Coefficients of the linear model on every step of stepwise regression algorithm.

Model Non-Stand. Coefficients Stand. Coef.
t Significance

id variables B St. Error Betta

a (constant) 0.415 0.025 16.668 <0.001
carbo 0.010 0.001 0.434 18.579 <0.001

b
(constant) 10.838 0.123 14.883 <0.001

carbo 0.010 0.001 0.410 18.238 <0.001
BG0 −0.277 0.024 −0.264 −11.741 <0.001

c

(constant) 10.352 0.139 9.697 <0.001
carbo 0.011 0.001 0.452 19.743 <0.001
BG0 −0.280 0.023 −0.266 −12.057 <0.001

after_1
h_test 0.054 0.008 0.162 7.091 <0.001

carbo—сarbohydrates; BG0—blood glucose level before food intake; after_1 h_test—plasma glucose level 1 hour
after oral glucose tolerance test. a Predictors: (constant) and carbo; b Predictors: (constant), carbo, and BG0; c

Predictors: (constant), carbo, BG0, and after_1 h_test.

The final models show the limit to which linear models built on the whole set of GDM/control
patients can predict PPGR in the current setting on the data presented. The complete set of models
predicting iAUC120 with appropriate coefficients achieved with stepwise regression is shown in
Supplementary Material Table S4.

The characteristics of appropriate final linear models in which GI/GL was presented as an input
variable (with GI/GL) and those not including GI/GL as an input variable (without GI/GL) are shown
in Table 5. Overall there was only slight increase in the accuracy of PPGR prediction for each model.
For example, for iAUC120 R increased from 0.700 to 0.705 after adding of GI/GL as an input variable
(Table 5).

Table 5. Final models predicting different PPGR characteristics selected with stepwise regression.

Model
With GI/GL Without GI/GL

N Coefficients R N Coefficients R

iAUC120 53 0.705 44 0.700
BGRise 57 0.705 59 0.696
BG60 40 0.700 42 0.698

BGMax 59 0.745 59 0.738
AUC120 53 0.789 44 0.785
iAUC60 50 0.836 50 0.833
AUC60 50 0.658 50 0.651

3.4. Regularized Regression and Testing on New Patients

To create a model capable of working on data from new patients, appropriate regularized
linear models for each PPGR characteristic were created (methodology described in Section 2.6).
The prediction quality assessed on the 30% test set with data from new patients for each resulting
model (OMP) is shown in Table 6. The prediction of iAUC120 is overall much better than that of BGRise.
GI/GL was included as an input variable for each model, but was selected by the regularized regression
selection algorithm only for BGMax, AUC120, and iAUC60 (Table 6). Table 7 shows appropriate
models, in which polynomial features (e.g., carbo2 and carbo × gl) were added.
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Table 6. Results of prediction on the test set.

Model N Coefficients R Test MAE Test Inclusion of GI/GL *

iAUC120 2 0.564 0.455 no
BGRise 4 0.524 0.700 no
BG60 4 0.517 0.673 no

BGMax, with GI/GL 4 0.519 0.695 yes
BGMax, without GI/GL 3 0.520 0.700

AUC120, with GI/GL 11 0.653 0.453 yes
AUC120, without GI/GL 4 0.643 0.448

iAUC60, with GI/GL 5 0.462 0.385 yes
iAUC60, without GI/GL 4 0.481 0.383

AUC60, with GI/GL 2 0.734 0.385 no

* Inclusion of GI/GL by regularized regression algorithm.

Table 7. Results of prediction on the test set with added polynomic features.

Model N Coefficients R Test MAE Test

iAUC120, with GI/GL 7 0.584 0.447
iAUC120, without GI/GL 7 0.584 0.446

BGRise, with GI/GL 19 0.554 0.680
BGRise, without GI/GL 13 0.551 0.680

BG60, with GI/GL 6 0.535 0.665
BG60, without GI/GL 5 0.533 0.665
BGMax, with GI/GL 10 0.549 0.681

BGMax, without GI/GL 9 0.548 0.689
AUC120, with GI/GL 9 0.673 0.446

AUC120, without GI/GL 6 0.675 0.442
iAUC60, with GI/GL 6 0.464 0.383

iAUC60, without GI/GL 7 0.495 0.475
AUC60, with GI/GL 7 0.750 0.374

AUC60, without GI/GL 5 0.750 0.375

The addition of polynomial features resulted in a minor improvement for all the models (except one
for AUC120 prediction), thus making the models more complicated (with a larger amount of
independent variables in each model). The coefficients for regression models with and without
added polynomial features are shown in Supplementary Material List S5.

Figure 4 shows the results of iAUC120 prediction on the test set of new patients. There were only
a few meals (32 (7.5%) out of 428 meals from 38 patients in the test set) in which predicted iAUC120
differed from real value by more than 1.0 mmol/L·h, mainly (n = 28) when the real value was higher
than the estimated one.
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Figure 4. Prediction of iAUC120 on new patients with the regularized regression model (R = 0.584).
Orange dots depict PPGRs whose errors are equal or below 1.0 mmol/L·h (92.3%), while brown dots
depict those whose errors are above 1.0 mmol/L·h (7.7%).

4. Discussion

In this study, we demonstrated that prediction accuracy for PPGR prediction models in women
with GDM and healthy pregnant women did not substantially increase after adding GI and GL
information to the models utilizing individual participant data and meal characteristics.

Our data contradict the conclusions made by Bao et al. based on their study where GL was
the strongest predictor of glycemia after mixed meals, explaining 58% of the observed variation [16].
However, the study by Bao was performed under much stricter conditions: (1) they included a selected
group of lean glucose-tolerant individuals, with the likelihood of optimal b cell function, (2) metabolic
responses were studied only at breakfast time, (3) repeated testing of a reference food was performed,
and (4) specific foodstuffwith well-defined GI were used. All these conditions make the results less
reproducible in clinical practice. The relations between GL and PPGR seen in this group may not apply
to pregnant women, especially those with GDM.

In the study performed in free-living conditions by Fabricatore et al. on adults with DM2 GI
accounted only for 10 to 18% of the variance in each glycemic variable, but “GI was the strongest and
most consistent independent predictor of glycemic stability and variability” [17]. However, the authors
were not able to predict individual PPGR as “the participants did not reliably record the time of food
intake; thus, the glycemic response could not accurately be linked to individual intake episodes” [17].
Therefore, the researchers used total daily GI and GL associations with different glycemic variables
instead of individual PPGR prediction. This may explain the higher correlation of GI with AUC in
comparison to carbohydrate amount with AUC. However, the correlation between GL and AUC
in their study was considerably lower than the correlation between GL and iAUC120 in our study
(0.29 vs. 0.423). To the best of our knowledge, there are no published studies exploring the utility of
using GI/GL for individual PPGR prediction performed in free-living conditions.

In our study, in only 50% of patients did GL have a larger correlation with iAUC120 compared
with the amount of consumed carbohydrates. We also observed a high interindividual variability in
the relation between carbohydrates/glycemic load and PPGR characteristics (iAUC120 and BGRise).
These data may explain that the small impact of GL in developed models is due to the high interpatient
variability of PPGR and confirms the concept that individual responses to GI value determinations
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might vary dramatically in different patients [30]. Another reason might be a high within-subject
variability of PPGR [30].

Experts in GI methodology recognize that “within-individual variation does influence the accuracy
and precision of measured GI values, and for this reason, GI methodology has been designed to minimize
these effects”; namely, “the denominator in the GI calculation must be the mean of ≥2 tests of the
reference food in each subject” [31]. To minimize the intra-individual coefficient of variation (CV), it is
recommended by the International Standards Organization that the GI value of the test food be derived
from the ratio of the glycemic response it elicits over an average of two, preferably three, glycemic
responses to the reference [32]. However, in several studies, intra-individual variability was not reduced
with this testing strategy [30,33,34]. Thus, despite using recommended GI methodology, Matthan et al.
documented substantial variability in the mean intra-individual (20%) and interindividual (25%) CVs
for a single food (white bread) [30].

One of the core limitations of the presented study is the self-report nature of the dietary data.
Particularly, GDM patients could omit reporting intake of “forbidden” products (e.g., sweets) and
misreport portion sizes. Some of the participants did not reliably record the time of food intake;
it could be that some of that misreporting could not be detected with automated algorithms based on
thresholds used in the study. This is a typical drawback of any study assessing nutrition in free-living
conditions without feeding participants.

Another important reason that may introduce bias into the study data is the fact that GI values
of the “same” food as given in the International GI Tables may vary widely for some foods [35].
Consequently, it is impossible to know the exact GI value of the specific food a research subject
is actually eating. This makes the use of GI less accurate than it could be for PPGR prediction in
free-living conditions. However, the glycemic responses even to specific foods have been shown to
have significant intra- and interindividual variability [6,8,30].

Additionally, the GI values of foods in our nutrient databases may be not accurate enough
because it was assigned according to published GI data and not directly measured for each food
item. Indeed, it was shown that calculated diet GI values may differ substantially depending on
who created the GI database, because different people might ascribe different GI values to the same
food items [36]. However, it is a well-recognized problem facing all nutritional studies performed in
free-living conditions: the challenge of providing reliable GI data for specific foods to consumers and
health professionals.

Moreover, GI values assigned to our food database were derived only from studies performed
on healthy individuals, while the GI values obtained from diabetes (DM) patients were not included.
There is no published database of GI values obtained from pregnant women with GDM. However,
this population of women has a kind of intermediate impairment in glucose tolerance, placing them
between healthy individuals and “overt” DM patients. Thus, the GI values obtained from healthy
volunteers may be not precise enough for women with GDM. In the study by Matthan et al. longer-term
glycemic control as reflected by HbA1c values was an important contributor to the variability of GI
even in subjects without diabetes [30]. Studies in individuals with normal and impaired glucose
tolerance and DM [37,38] led to the conclusion that glycemic status does not significantly affect the
mean GI value, even though the variability differs among groups. However, it was recommended that
GI values be determined in normoglycemic individuals [21].

In spite of the high inter- and intrapersonal variability of PPGR to the same food, the use of GI data
for guiding dietary recommendations has been shown to have significant albeit modest beneficial effects
on different health outcomes. Low GI diets have been shown to improve glycemic control [39–41],
to reduce calculated coronary heart disease (CHD) risk score, to decrease interleukin-6 [42] in people
with diabetes, to improve maintenance of weight loss [43], and to considerably reduce diurnal glycemic
oscillations in women with risk factors for GDM [44]. Thus, there is good reason to believe that
incorporation of GI data into dietary general recommendations will improve a number of health
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outcomes, but the use of GI/GL data did not considerably increase the accuracy of individual PPGR
prediction, which could be used to further improve pregnancy outcomes through personalized nutrition.

The correlation between the predicted and observed values of PPGR obtained in our study
(R = 0.584 for iAUC120) was modest compared to the value of 0.7 observed for the Israeli population.
However, it was close to the correlation obtained in the study in USA: R = 0.596 and R = 0.618
depending on the number of individuals on which the algorithm was trained [8]. Of note, the degree
of reproducibility (best possible predictive performance) in the US population was 0.660 observed
using standardized meals [8]. It is also important to mention that those studies implemented a more
complicated gradient boosting of regression trees in comparison to generalized linear models utilized
in our study, which might have resulted in the overall higher correlation between the predicted and
observed values, as those models can describe more complex patterns in data. Evaluation of gradient
boosting models for data presented in the study will be held in the following study.

The precision acquired for iAUC120 and BGRise predictive models implies that some other factors
could be more important than those examined in the study. Promising ways to increase the accuracy
of PPGR prediction models include adding data on physical activity [45], gut microbiome [6,7], and
genetics [46].

As there is a non-linear relation between BG levels and meal composition, more complicated
models should be examined. The study also shows the limits to which extent linear models could
be utilized to predict PPGR. Future research directions include the addition of physical activity and
sleep monitoring by means of fitness bracelets. More complicated models, e.g., neural networks and
stochastic gradient boosting regression, or ensembles of models will be examined.

5. Conclusions

Inclusion of GI into a food database and into PPGR predictive models did not substantially
increase the accuracy of individual PPGR prediction. In our study performed in free-living conditions,
the amount of carbohydrates was a more important contributor to regression models than GL and GI.
The small impact of GI/GL into the individual PPGR may be explained by the substantial variability
in individual responses to GI value determinations [30] and intraindividual variability of PPGR to
specific foods [6,8].

Furthermore, some criticisms cast doubt upon the usefulness of GI for PPGR prediction, asserting
that it is difficult to implement GI and GL in clinical practice when there are different combinations
and proportions of food, because both methods are based on the assessment of PPGR to certain kinds
of food [47] and the calculated GI of mixed meals does not coincide with their measured GI [48,49].

However, as almost half of the participants had a higher correlation of PPGR with GL than with
the amount of carbohydrates consumed, it may explain the effect of low GI diet in the treatment of DM.
It makes sense to include GI data in general dietary recommendations for pregnant women, keeping in
mind that not all of them may benefit from using GI data. Further research is needed to explore the
ability of more complicated models taking into consideration different individual features to increase
the accuracy of PPGR prediction for personalized nutrition recommendations.

Supplementary Materials: The following are available online at http://www.mdpi.com/2072-6643/12/2/302/s1.
Figure S1: Examples of CGM and meal data from patients with different quality of meal diaries. List S2: The
complete list of features added as inputs for the blood glucose models. Figure S3: Individual correlation between
meal data and PPGR for patients with different correlation. Table S4: The complete list of coefficients for stepwise
regression model built with least-square algorithm on a full dataset. List S5: Resulting formulas for PPGR
predictive models.
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Abstract: Diet is a cornerstone of the management of gestational diabetes (GDM). We investigated
differences in dietary patterns and dietary adaptations among pregnant women with and without
GDM participating in the Growing Up in New Zealand study. Presence of GDM was determined
using coded clinical data and plasma glucose results meeting the New Zealand Society for the Study
of Diabetes diagnostic criteria. Women answered a food frequency questionnaire and questions
regarding dietary changes and information received during pregnancy. Women with GDM had lower
adherence scores than those without GDM for ‘Junk’ (mean (SD) score −0.28 (0.95) versus 0.02 (1.01)
p < 0.0005) and ‘Traditional/White bread’ dietary patterns (−0.18 (0.93) versus 0.01 (1.01) p = 0.002).
More women with GDM reported avoiding foods high in fat or sugar (25.3% versus 5.7%, p < 0.05)
compared to women without GDM. A greater proportion of women with GDM compared with those
without GDM received information from dietitians or nutritionists (27.0% versus 1.7%, p < 0.05) or
obstetricians (12.6% versus 7.5%, p < 0.05). More women diagnosed before the antenatal interview
received advice from dietitians or nutritionists compared with those diagnosed after (46.9% versus
6.0%, p < 0.05). Women with GDM appear to make positive changes to their diet in response to advice
received from health care professionals.

Keywords: gestational diabetes; dietary patterns; pregnancy; maternal nutrition; dietary adaptations

1. Introduction

Pregnancy is a time when women frequently pay extra attention to their diet in order to promote
the health and well-being of themselves and their baby [1–4]. Women receive information from a range
of sources [2,3] and make a number of dietary adaptations during pregnancy [5]. Diet is thought to
play a critical role in the development of gestational diabetes mellitus (GDM), a form of carbohydrate
intolerance first diagnosed in pregnancy [6], and a number of dietary components have been associated
with an increased or decreased risk of GDM [7–11]. GDM poses significant health risks to both mother
and infant [12–14] extending beyond the pregnancy and neonatal period [15,16]. Rates of GDM-affected
pregnancies are increasing, thought to be at least in part due to concomitant increasing prevalence
of overweight and obesity [17–19]. Globally, reported prevalence of GDM ranges between 1% and
45% of pregnancies [20–22]. In New Zealand, GDM has been estimated to affect approximately 6% of
pregnancies [23].
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Dietary pattern analysis has become a popular tool for exploring dietary associations with
GDM, as it is thought to better reflect real eating behaviours by considering the eating pattern as
a whole [24]. A number of studies have found dietary patterns characterised by high intakes of
red and processed meats, fried foods and added sugars to be associated with an increased risk of
GDM, while dietary patterns characterised by high consumption of fruit, vegetables, wholegrains
and nuts or ‘Mediterranean’-style dietary patterns to be associated with a lower risk of developing
GDM [25–35]. Nonetheless, research of dietary patterns and risk of GDM has primarily been conducted
in largely Caucasian populations [11,25,30,34,36], with many using data from the same cohort of
women from the Nurses’ Health Study II [25,28,36]. Ethnicity is a widely accepted risk factor for
GDM [37], with women of non-European descent disproportionately affected [38]. Different ethnic
populations tend to have different diets [39], which may further influence the risk of developing GDM.
Dietary patterns and adherence to nutrition recommendations have been reported to differ amongst
pregnant women of different ethnicities within New Zealand [40,41]; however, associations between
diet and the development of GDM have not been explored in the New Zealand population. Whether
women who develop GDM make similar dietary adaptations during pregnancy to those who do
not develop GDM is also unknown. The aim of this study was therefore to explore differences in
dietary patterns and dietary adaptations among women with and without a diagnosis of GDM during
pregnancy in New Zealand.

2. Materials and Methods

2.1. Study Population

Data used for the analyses in this study were derived from 6822 women enrolled in the Growing
Up in New Zealand study (www.growingup.co.nz), a pre-birth, longitudinal cohort study exploring
multidisciplinary determinants of health and development for children born in New Zealand [42].
Pregnant women with an estimated due date between 25th April 2009 and 25th March 2010 residing in
an area defined by the geographical boundaries of three regional health boards in the upper-mid North
Island of New Zealand were eligible to participate in the study. The geographical area of recruitment
was chosen for its ethnic, socioeconomic and urban and rural residency diversity with the aim of having
a study cohort that was broadly generalizable to the rest of New Zealand [42]. Ethical approval was
provided by the Ministry of Health Northern Y Regional Ethics Committee (reference NTY/08/06/055)
and written informed consent was obtained from all participating women.

2.2. Data Collection

Data collection during the antenatal period comprised a face-to-face interview, collecting
information on maternal demographics, health and pregnancy history, smoking status, dietary
intake and physical activity. A total of 6822 women consented and completed the antenatal interview
(most often during the third trimester of pregnancy) and 6657 consented to access to their routine
health records through use of their unique National Hospital Identifier (NHI).

2.3. Measurements

2.3.1. Diabetes Status during Pregnancy

The methods used to identify women with GDM in the cohort have been described previously [23].
Briefly, participant NHIs were used to obtain data on diabetes status during pregnancy from the
Ministry of Health’s National Minimum Dataset, the three regional health boards, and laboratories
servicing the recruitment catchment area. Coded clinical data were collected from the Ministry of Health
and the three regional health boards. Laboratories provided fasting plasma glucose concentration,
glucose challenge test results and glucose tolerance test results. Women were classified as having GDM
if they had a clinical code for GDM or if they had a blood glucose result (between 12 weeks’ gestation
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to the end of pregnancy) meeting the diagnostic criteria for GDM in use by their regional health board
at the time. All three regional health boards used the New Zealand Society for the Study of Diabetes
criteria [43,44] to diagnose GDM: fasting plasma glucose of ≥ 5.5 mmol/L or a 2 h plasma glucose
≥ 9.0 mmol/L post 75 g oral glucose tolerance test (OGTT) [45–48]. One regional health board also
considered a 60 min plasma glucose result on the 50 g glucose challenge test (GCT) of ≥ 11.1 mmol/L
to be indicative of GDM [45]. Women identified as having pre-existing diabetes or impaired glucose
tolerance were excluded from analyses.

2.3.2. Dietary Patterns and Dietary Habits

A semi-quantitative 44 item food frequency questionnaire (FFQ) administered as part of the
antenatal interview was used to collect information on dietary intake and has been described in detail
elsewhere [40,41]. The purpose of the antenatal FFQ was to describe the frequency of consumption over
the previous four weeks of the four core food groups as recommended by the New Zealand Ministry
of Health’s guidelines for pregnant women [49]: fruits and vegetables; breads and cereals; milk, milk
products, lean meat, meat alternatives and eggs, and foods likely to be high in fats, sugars and/or
salt. Four dietary patterns have previously been identified in the cohort using principal component
analysis as described by Wall et al. [41]. The dietary patterns identified were labelled as ‘Junk’, ‘Health
conscious’, ‘Traditional/White bread’ and ‘Fusion/Protein’. Food items with factor loadings of 0.3
or greater in the principal component analysis were considered to be strongly associated with the
identified pattern. The ‘Junk’ dietary pattern had high loadings of confectionary, snacks, takeaways,
hot chips, processed meats, soft and energy drinks, battered fried fish or seafood, ice-cream and
cakes or biscuits. The ‘Health conscious’ dietary pattern had high loadings of vegetables, cheese,
brown wholemeal bread, non-citrus fruits, yoghurt, dried fruits, high fibre cereal, and Vegemite™
or Marmite™. The ‘Traditional/White bread’ had high factor loadings for whole or standard milk,
white bread, margarine, jam honey marmalade, peanut butter, Nutella™ and low fibre and/or high
sugar cereals. The ‘Fusion/Protein’ had high factor loadings for noodles, rice, pasta, seafood, chicken,
green leafy vegetables, eggs and red meat. Summary scores for each dietary pattern were available for
5664 women who had antenatal dietary data. A higher score indicates a stronger adherence to that
dietary pattern.

The antenatal questionnaire also included open questions regarding foods or drinks deliberately
avoided or added to the diet due to pregnancy [50] and were categorised as ‘breads and cereals’,
‘lean meat, chicken, seafood, eggs, cooked dried beans, peas’, ‘milk and milk products’, ‘fruit and
vegetables’, ‘supplement’, ‘chocolate’, ‘foods high in fat or sugar’, ‘alcohol’, ‘soft drinks’ and ‘other’.
Women were asked whether they had received any information or been told anything that led them to
make dietary changes while pregnant. If they answered ‘yes’ to this question they were asked to select
from a list of information sources including ‘family/whānau’, ‘friends’, ‘GP (Family doctor)’, ‘midwife’,
‘obstetrician’, ‘dietitian/nutritionist’, alternative health practitioner’, ‘antenatal class’, ‘the internet’,
‘radio’, ‘TV’, ‘books, magazines, newspaper’, or ‘other’.

2.3.3. Covariates

Questions relating to maternal socio-demographic, health and lifestyle characteristics were
also included in the antenatal interview. Self-reported ethnicity was allocated to one of six Level
1 categories (i) European; (ii) Māori; (iii) Pacific Peoples; (iv) Asian; (v) Middle Eastern/Latin
American/African (MELAA), and (vi) Other ethnicity according to the coding criteria used by Statistics
New Zealand [51]. If women identified with multiple ethnicities but did not self-prioritise a primary
ethnicity, the prioritisation methodology employed by Statistics New Zealand between 1991 to 2004 [52]
was used, as mutually exclusive ethnic groups were required for statistical analyses. The ‘MELAA’ and
‘Other’ ethnic groups were combined into the ‘Other’ ethnic group due to small numbers in these groups.
The New Zealand Deprivation Index (NZDep06) [53] was used as a measure of social deprivation.
The index is divided into deciles from 1 (least deprived) to 10 (most deprived). Pre-pregnancy weight
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and height were self-reported and used to calculate pre-pregnancy body mass index (BMI). Weight
gain during pregnancy up to the point of the antenatal interview was assessed in a question asking
about weight change during pregnancy in 5 kg increments. Women were also asked whether they were
actively dieting or trying to lose weight during the 6 months prior to pregnancy and whether or not they
lost any weight during that time. Physical activity was assessed using questions from the International
Physical Activity Questionnaire (IPAQ). Participants were asked about intensity (moderate or vigorous),
duration (<30, 30 to 60, or >60 min) and frequency (days per week) of activity [54]. To be classified as
participating in moderate or vigorous activity women had to have engaged in moderate activity for
at least 30 min for at least five days per week or vigorous activity for at least 30 min on at least two
days per week. Women were asked whether they received any treatment to assist them in becoming
pregnant and, if women answered ‘yes’, this question was followed by a multiple response question
relating the type of treatment given, which included ‘fertility awareness and weight loss’.

2.4. Statistical Analyses

Maternal socio-demographic, health and lifestyle characteristics and dietary patterns are reported
as the frequency (%) for categorical variables and the mean ± standard deviation (SD) for continuous
variables. In accordance with Growing Up in New Zealand data policy, cells where n < 10 are reported
as <10 rather than the actual number. Differences in maternal characteristics and dietary patterns were
tested using Chi squared or Fisher’s exact test and unadjusted and adjusted logistic regression for
categorical variables and independent samples t-test for continuous variables. Results are reported as
the mean (SD), frequency (%) or odds ratios (OR) or adjusted odds ratios (aOR) and 95% confidence
intervals (CI). Maternal age (<35 and ≥35 years), ethnicity (European, Māori, Pacific, Asian, Other)
NZDep06 score (1–3, 4–7 and 8–10), pre-pregnancy BMI (<25, 25–29.9 and ≥30 kg/m2), pre-pregnancy
and first trimester physical activity (at least 150 min per week of moderate to vigorous physical
activity), smoking pattern (continued smoking during pregnancy, stopped smoking during pregnancy,
non-smoker), alcohol consumption (continued drinking during pregnancy, stopped drinking during
pregnancy, non-drinker) and dietary pattern score were included in adjusted models. These variables
were selected as they either were associated with GDM in univariate or multivariate analyses or are
commonly considered to be associated with the risk of developing GDM in the literature. Analyses were
conducted using SPSS version 21. A two-sided p value of <0.05 was considered statistically significant.

3. Results

The characteristics of women participating in the Growing Up in New Zealand study have been
described previously [42]. The selection of participants included in this study is shown in Figure 1.
Socio-demographic, health and lifestyle characteristics of the 5384 women included in the analyses of
this study are shown in Table 1. GDM was identified in 280 (5.2%) of women. There were significant
differences in maternal age, ethnicity, socioeconomic deprivation, pre-pregnancy BMI, physical activity
pre-pregnancy and during the first trimester, pre-pregnancy dieting status, smoking patterns and
alcohol consumption between women with and without GDM (Table 1).

Dietary pattern scores differed between women diagnosed with GDM and those without GDM
(Table 2). Women with GDM had significantly lower mean scores for ‘Junk’ and ‘Traditional/White
bread’ dietary patterns and a significantly higher mean score for the ‘Fusion Protein’ dietary pattern.
Logistic regression analysis showed higher scores on the ‘Junk’ OR (per 1 SD change) 0.61 (95% CI;
0.51, 0.74) p ≤ 0.0005 and the ‘Traditional/White bread’ dietary patterns OR 0.89 (0.71, 0.93) p = 0.002
were associated with a decreased odds of having GDM and higher scores on the ‘Fusion/Protein’
dietary pattern OR 1.25 (1.13, 1.38) p ≤ 0.0005 were associated with an increased odds of having
GDM. Although not statistically significant, there was a strong trend of a higher score on the ‘Health
conscious’ dietary pattern to be associated with a reduced likelihood of having GDM OR 0.89 (0.78,
1.00) p = 0.055 in unadjusted analyses. After adjusting for maternal age, ethnicity, socioeconomic
deprivation, pre-pregnancy BMI, pre-pregnancy and first trimester physical activity, smoking patterns,

74



Nutrients 2020, 12, 227

alcohol consumption and dietary pattern score on alternative dietary patterns, higher scores on
‘Junk’ aOR 0.64 (0.52, 0.80) p = 0.001 and ‘Traditional/White bread’ aOR 0.66 (0.55, 0.78) p ≤ 0.0005
dietary patterns remained significantly associated with a reduced likelihood of having GDM, while
the relationship between scores on the ‘Fusion/Protein’ and ‘Health conscious’ dietary patterns were
attenuated and not significantly associated with GDM status aOR 1.04 (0.90, 1.2) p = 0.269 and aOR
1.11 (0.96, 1.29) p = 0.378 respectively.

Figure 1. Flowchart showing selection of participants included in primary and secondary analyses of
dietary patterns and dietary adaptations in women with and without GDM from the Growing Up in
New Zealand study.
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Table 1. Characteristics of women in the Growing Up in New Zealand cohort according to gestational
diabetes mellitus (GDM) diagnosis 1.

Women Without GDM Women With GDM p-Value

n (%) 5104 (94.8) 280 (5.2)

Age group (years) <0.0005
<20 259 (5.1) <10 (1.8)
20–24 747 (14.6) 28 (10.0)
25–29 1267 (24.8) 51 (18.2)
30–34 1616 (31.7) 95 (33.9)
35–39 1039 (20.4) 81 (28.9)
40 and over 176 (3.4) 20 (7.1)

Self-prioritised ethnicity <0.0005
European 2913 (57.2) 103 (36.8)
Māori 686 (13.5) 22 (7.9)
Pacific 630 (12.4) 55 (19.6)
Asian 681 (13.4) 84 (30.0)
Other 186 (3.6) 16 (5.7)
Parity 0.628
First child 2167 (42.5) 123 (43.9)
Subsequent child 2937 (57.5) 157 (56.1)

Pregnancy planning 0.857
Planned 3144 (61.8) 171 (61.3)
Unplanned 1941 (38.2) 108 (38.7)

Fertility treatment 0.090
Yes 299 (9.5) 23 (13.5)
No 2844 (90.5) 148 (86.5)

Fertility treatment: fertility awareness and
weight loss 0.169

Yes 26 (8.7) <10 (17.4)
No 272 (91.3) 19 (82.6)

Socioeconomic deprivation 0.021
1 to 2 (least deprived) 864 (16.9) 30 (10.7)
3 to 4 978 (19.2) 45 (16.1)
5 to 6 909 (17.8) 61 (21.8)
7 to 8 1050 (20.6) 63 (22.5)
9 to 10 (most deprived) 1301 (25.5) 81 (28.9)

Highest education 0.266
No secondary school 319 (6.3) 14 (5.0)
Secondary school/NCEA* 1–4 1187 (23.3) 77 (27.6)
Diploma/Trade certificate/NCEA* 5–6 1550 (30.4) 76 (27.2)
Bachelor’s degree 1178 (23.1) 58 (20.8)
Higher degree 861 (16.9) 54 (19.4)

Pre-pregnancy BMI (kg/m2) <0.0005
<18.5 192 (4.2) <10 (2.8)
18.5–24.9 2558 (56.2) 103 (41.4)
25–29.9 1034 (22.7) 60 (24.1)
30 and over 767 (16.9) 79 (31.7)

Gestational weight gain 0.005
Gained ≥5 kg 4455 (88.9) 229 (83.0)
Gained <5 kg 376 (7.5) 32 (11.6)
No change 43 (0.9) <10 (1.1)
Lost <5 kg 74 (1.5) 10 (3.6)
Lost ≥5 kg 62 (1.2) <10 (0.7)

Actively dieting pre-pregnancy 1272 (24.9) 104 (37.1) <0.0005

Pre-pregnancy dieting weight loss 0.300
Yes 1032 (82.7) 81 (78.6)
No 216 (17.3) 22 (21.4)
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Table 1. Cont.

Women Without GDM Women With GDM p-Value

Physical activity†
Physically active pre-pregnancy 2578 (50.5) 119 (42.5) 0.009
Physically active during first trimester 1459 (28.6) 62 (22.1) 0.020
Physically active during second and third

trimesters 1147 (22.5) 59 (21.1) 0.584

Smoking patterns 0.012
Continued smoking during pregnancy 508 (10.0) 13 (4.6)
Stopped smoking during pregnancy 494 (9.7) 31 (11.1)
Non-smoker 4088 (80.3) 236 (84.3)

Alcohol consumption <0.0005
Any drinking during pregnancy 1536 (30.1) 42 (15.0)
Stopped drinking during pregnancy 2276 (44.6) 100 (35.7)
Non-drinker 1287 (25.2) 138 (49.3)

1 Includes only women interviewed before the birth of their child and excludes women with other forms of diabetes or
for whom diabetes status could not be determined or those without dietary pattern scores; data presented as number
of participants (percentages), missing values have not been included in the column%; *NCEA is the primary national
qualification for secondary school students in New Zealand; †Engaged in moderate or vigorous physical activity for
at least 150 min per week; BMI, Body Mass Index; NCEA, National Certificate of Educational Achievement.

Table 2. Dietary pattern scores among women with and without GDM.

Dietary Pattern
Women Without GDM

n = 5104
Women With GDM

n = 280
p-Value

Junk 0.02 (1.01) −0.28 (0.95) <0.0005
Health conscious 0.01 (1.00) −0.11 (0.95) 0.055
Traditional/White bread 0.01 (1.01) −0.18 (0.93) 0.002
Fusion Protein −0.02 (0.99) 0.26 (1.09) <0.0005

Data presented as the mean (SD).

Comparing scores in the highest versus the lowest tertile for each dietary pattern showed similar
results (Table 3). Women with dietary pattern scores in the highest tertiles of ‘Junk’ were 62% less likely,
and ‘Traditional/White bread’ 40% less likely to have GDM compared to women in the lowest tertiles.
Having a score in the highest tertile of the ‘Fusion Protein’ dietary pattern almost doubled the likelihood
of having a GDM diagnosis in unadjusted analyses. After adjusting for potential confounders (maternal
age, ethnicity, socioeconomic deprivation, pre-pregnancy BMI, pre-pregnancy and first trimester
physical activity, smoking pattern, alcohol consumption and dietary pattern score on alternative dietary
patterns), women with scores in the highest tertiles of the ‘Junk’ and ‘Traditional/White bread’ dietary
patterns were half as likely to have a diagnosis of GDM compared to women with scores in the lowest
tertiles. The higher likelihood of GDM for those with scores in the highest tertile of the ‘Fusion Protein’
dietary pattern compared to the lowest tertile was attenuated and no longer statistically significant in
the adjusted model. The ‘Health conscious’ dietary pattern was not significantly associated with GDM
in both the unadjusted and adjusted models when comparing women with scores in the highest versus
the lowest tertiles; however, the relationship of a reduced likelihood of GDM in the unadjusted model
was reversed to an increased likelihood of GDM in the adjusted model.
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Table 3. Unadjusted and adjusted odds of having GDM for women with intakes in the highest tertile
compared to those with intakes in the lowest tertile of each dietary pattern.

Dietary Pattern n OR (95% CI) p-Value n aOR (CI) p-Value

Junk 3581 0.38 (0.28, 0.52) <0.0005 3154 0.49 (0.34, 0.70) <0.0005
Health conscious 3580 0.80 (0.60, 1.08) 0.141 3134 1.24 (0.87, 1.77) 0.244
Traditional/White bread 3597 0.60 (0.44, 0.81) 0.001 3157 0.47 (0.32, 0.68) <0.0005
Fusion Protein 3589 1.93 (1.42, 2.62) <0.0005 3160 1.25 (0.87, 1.81) 0.231

OR (95% CI) from unadjusted logistic regression; aOR (95% CI) from adjusted logistic regression (maternal age
group, ethnicity, socioeconomic deprivation, pre-pregnancy BMI, pre-pregnancy and first trimester physical activity,
smoking, alcohol consumption and dietary patterns included in the model).

In analyses stratified according to the timing of GDM diagnosis, the relationship between higher
scores on ‘Junk’ and ‘Traditional/White bread’ dietary patterns with a reduced likelihood of GDM
strengthened when comparing women without GDM to women with GDM diagnosed before the
antenatal interview (Table 4). In analyses comparing women diagnosed with GDM after the antenatal
interview to women without GDM, only the association of a higher score on the ‘Junk’ dietary pattern
with a reduced likelihood of GDM diagnosis remained significant, although this was attenuated.

Table 4. Adjusted odds of having GDM for women with intakes in the highest tertile compared to those
with intakes in the lowest tertile of each dietary pattern stratified according to timing of diagnosis.

GDM Diagnosed Before Interview GDM Diagnosed After Interview

Dietary Pattern n aOR (CI) p-Value n aOR (CI) p-Value

Junk 3050 0.27 (0.15, 0.50) <0.0005 3037 0.54 (0.30, 0.96) 0.036
Health conscious 3043 0.95 (0.54, 1.68) 0.860 3035 1.44 (0.81, 2.58) 0.214
Traditional/White bread 3072 0.21 (0.12, 0.38) <0.0005 3045 0.64 (0.35, 1.18) 0.153
Fusion Protein 3062 1.13 (0.64, 1.99) 0.676 3055 0.67 (0.38, 1.18) 0.169

aOR (95% CI) from adjusted logistic regression (maternal age group, ethnicity, socioeconomic deprivation,
pre-pregnancy BMI, pre-pregnancy and 1st trimester physical activity, smoking, alcohol consumption and dietary
patterns included in the model).

Differences in the types of foods or drinks avoided or added due to pregnancy between women
with and without GDM and between women diagnosed before or after the antenatal interview are
shown in Table 5. Significantly more women with GDM avoided chocolate, foods high in fat or sugar
and soft drinks and added milk or milk products to their diets during pregnancy compared to women
without GDM. Significantly more women with GDM diagnosed before the antenatal interview avoided
high fat or sugar foods and added milk or milk products compared to women with GDM diagnosed
after the antenatal interview.

Almost three-quarters (71.6%) of women reported receiving information that resulted in making
changes to their diet. Sources of information leading to dietary change in women with and without
GDM are presented in Table 6. Significantly more women with GDM reported receiving information
from a dietitian or nutritionist or an obstetrician and significantly fewer from friends, antenatal class, or
books, magazines and newspapers compared to women without GDM. Compared to women without
GDM, the magnitude of these differences was greater in women with GDM diagnosed before the
antenatal interview than those with GDM diagnosed after the antenatal interview. Almost eight times
more women with GDM diagnosed before the antenatal interview reported receiving information from
a dietitian or nutritionist compared to women with GDM diagnosed after the antenatal interview.
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Table 5. Foods and drinks avoided or added during pregnancy.

Women Without
GDM

Women With
GDM

GDM Diagnosed
before Interview

GDM Diagnosed
after Interview

Foods/drinks avoided n = 4456 n = 241 n = 104 n = 96
Chocolate 29 (0.7) <10 (3.7) a <10 (4.8) a <10 (3.1) a

High fat or sugar foods 252 (5.7) 61 (25.3) a 37 (35.6) a,b 11 (11.5) a,b

Alcohol 2876 (64.5) 109 (45.2) a 52 (50.0) a 42 (43.8) a

Soft drinks 742 (16.7) 78 (32.4) a 30 (28.8) a 33 (34.4) a

Foods/drinks added n = 2129 n = 116 n = 50 n = 48
Vegetables and fruit 108 (5.1) <10 (1.7) <10 (0.0) <10 (2.1)
Breads and cereals 126 (5.9) <10 (7.8) <10 (10.0) <10 (6.3)
Milk or milk products 779 (36.6) 62 (53.4) a 32 (64.0) a,b 21 (43.8) b

Lean meat, chicken, seafood,
eggs, cooked dried beans or peas 766 (36.0) 45 (38.8) 18 (36.0) 23 (47.9)

Fluids 831 (39.0) 28 (24.1) a 10 (20.0) a 13 (27.1)
Supplements 446 (20.9) 24 (20.7) <10 (12.0) 12 (25.0)
Other 337 (15.8) 13 (11.2) <10 (12.0) <10 (8.3)

Data presented as number of participants (percentages), missing have not been included in the column%;
a Significantly different in women with GDM compared to women without GDM (p < 0.05); b Significantly
different between women with GDM diagnosed before vs. after the antenatal interview (p < 0.05).

Table 6. Information leading to dietary changes.

Women Without
GDM

Women With
GDM

Women With
GDM Diagnosed
before Interview

Women With
GDM Diagnosed

after Interview

n 5100 280 124 109
Received information leading to
dietary changes 3652 (71.6) 215 (76.8) 98 (79.0) 83 (76.1)

Sources of information
Family/whānau 873 (23.9) 36 (16.7) 14 (14.3) a 16 (19.3)
Friends 853 (23.4) 30 (14.0) a 15 (15.3) 11 (13.3) a

GP 1274 (34.9) 71 (33.0) 31 (31.6) 29 (34.9)
Midwife 2703 (74.1) 151 (70.2) 62 (63.3) a 63 (75.9)
Obstetrician 273 (7.5) 27 (12.6) a 16 (16.3) a <10 (10.8)
Dietitian or nutritionist 61 (1.7) 58 (27.0) a 46 (46.9) a,b <10 (6.0) a,b

Alternative health practitioner 58 (1.6) <10 (1.9) <10 (1.0) <10 (3.6)
Antenatal class 247 (6.8) <10 (2.8) a <10 (1.0) a <10 (4.8)
The internet 681 (18.7) 33 (15.3) 13 (13.3) 17 (20.5)
Radio 26 (0.7) <10 (0.5) <10 (0.0) <10 (1.2)
TV 123 (3.4) <10 (1.4) <10 (2.0) <10 (1.2)
Books, magazines, newspaper 1117 (30.6) 48 (22.3) a 18 (18.4) a 25 (30.1)
Other 127 (3.5) 10 (4.7) <10 (7.1) b <10 (0.0) b

Data presented as number of participants (percentages), missing have not been included in the column%;
a Significantly different between women with GDM compared to women without GDM (p < 0.05); b Significantly
different between women with GDM diagnosed before versus after the antenatal interview (p < 0.05).

4. Discussion

In this cohort of New Zealand women, we found women with a diagnosis of GDM had significantly
lower adherence to ‘Junk’ and ‘Traditional/White bread’ dietary patterns compared to women without
a diagnosis of GDM. These findings are in contrast to a number of studies exploring dietary patterns
associated with GDM [26,28–30] in which dietary patterns characterized by higher intakes of processed
meats, fried foods, cakes and biscuits, confectionary, jams, full-fat dairy and salty snacks, similar
to the ‘Junk’ and ‘Traditional/White bread’ dietary patterns identified in the Growing Up in New
Zealand cohort, have been associated with an increased risk of GDM. Together with our finding
that a significantly greater proportion of women with GDM than of those without GDM reported
receiving information from a dietitian or nutritionist or obstetrician and avoiding foods or drinks high
in fat or sugar, these results are strongly suggestive of a treatment effect. This is particularly evident
when looking at stratified analyses according to timing of diagnosis in which these relationships were
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strongest in women diagnosed with GDM before the antenatal interview compared to those diagnosed
after, suggesting that these women with GDM are likely to have received advice on the management of
GDM and made dietary adaptations prior to the completion of the food frequency questionnaire.

Diet is considered pivotal in the management of GDM [55–57] and New Zealand guidelines
recommend women with a diagnosis of GDM are referred to a specialist diabetes in pregnancy service
where they receive specialist care from a multidisciplinary team, including input from a dietitian
and obstetrician [58]. Dietary guidelines for the management of GDM frequently recommend a low
glycaemic index diet or the avoidance of simple sugars [59–63] and some encourage a reduction in
saturated fats [58,59,63]. In our previous work exploring dietetic practice in the management of GDM,
dietitians frequently reported discussing healthy eating, core food group requirements, carbohydrate
quantity and distribution, simple sugars and fat with women with GDM [64]. These recommendations
are consistent with the changes that women reported making to their diets and the differences seen
in dietary patterns. For example, advice to limit intake of simple carbohydrates and saturated fats
could result in lower scores on the ‘Junk’ and ‘Traditional/White bread’ dietary patterns as foods
with these characteristics had high factor loadings in these patterns. Similarly, associations of higher
intakes on the ‘Fusion/Protein’ dietary patterns in women with GDM diagnosed before the antenatal
interview could be due to the foods with high factor loadings in this pattern being noodles, rice,
or pasta (potentially low glycaemic index foods), seafood, chicken, red meat, eggs and green leafy
vegetables, which women may have been encouraged to consume when receiving dietary advice
for GDM. The ‘Health Conscious’ dietary pattern included high factor loadings for dried fruits and
non-citrus fruits, which some women may limit after learning of their diagnosis of GDM due to
the sugar content of these foods. This may partly explain non-significant and inconsistent findings
for this dietary pattern. The smaller proportion of women avoiding soft drink in those with GDM
diagnosed before the antenatal interview compared to those diagnosed after the antenatal interview
could be explained by the finding that dietitians in New Zealand frequently provide advice on artificial
sweeteners [64]. It is possible that women receiving this type of advice choose artificially sweetened
soft drinks rather than avoiding them. Dietitians in our survey of dietetic practice also commonly
reported discussing calcium and core food group requirements with women with GDM [64], consistent
with a greater proportion of women with GDM reporting adding milk and milk products to their diets.

The relationship between higher adherence to the ‘Junk’ and ‘Traditional/White bread’ dietary
patterns and a reduced likelihood of having a diagnosis of GDM, even in analyses including only
women with GDM diagnosed after the interview and, therefore, presumably unaware of their diagnosis,
may be explained by the finding that there was still a greater proportion of women diagnosed with
GDM after the interview who reported receiving information from a dietitian or nutritionist compared
to women without GDM. In our survey of dietetic practice in the management of GDM, 76% of dietitians
reported that women had already received nutrition information prior to their first encounter with a
dietitian [64]. Furthermore, a greater proportion of women with GDM reported a pre-pregnancy BMI
in the overweight and obese category, receiving fertility treatment, including weight loss advice, and to
be actively dieting pre-pregnancy compared to women without GDM. It is possible that women with
GDM may have been identified or self-identified as having risk factors for GDM or other pregnancy
complications and were therefore already actively making changes to their diets prior to receiving a
diagnosis of GDM.

The diagnosis of GDM has been described as a ‘teachable moment’, in which a diagnosis of
GDM may motivate women to make health-related behavioural changes [65]. These findings and
ours are supported by studies in which nutrition counselling in pregnant women with or at risk of
GDM have resulted in favourable dietary changes [66–68]. In a cluster-randomized controlled trial,
Kinnunen et al. (2014) investigated the impact of intensified dietary counselling on food habits of
399 women at risk of GDM. The intervention consisted of five individual counselling sessions on
gestational weight gain, physical activity and diet by public health nurses during routine visits to
maternity clinics in Finland and resulted in improvements in consumption of fruit and vegetables,
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high fibre bread and low fat cheese and in the quality of dietary fat intake when compared to
women in the usual care group. In a group of Canadian women, 17 with GDM and 27 with normal
glucose tolerance, Morisset et al. (2014) demonstrated that a multidisciplinary medical and nutrition
intervention, including counselling from a registered dietitian, was effective in the achieving prescribed
macronutrient distributions and controlling gestational weight gain in women with GDM. Other
studies have demonstrated further benefits of dietetic input in women with GDM, including reduced
insulin use and improvements in glycated haemoglobin [69] and reduced likelihood of infant admission
to neonatal intensive care or special care units [70].

Strengths of this study include the large, ethnically diverse sample size and the availability of
information on factors likely to impact on dietary intake such as sources of information leading to
dietary change during pregnancy. In the comparisons of women with GDM diagnosed before and those
diagnosed after the antenatal interview, only women with a GDM diagnosis according to laboratory
results were included in analyses, as clinical coding data did not include the exact date of diagnosis.
A limitation to our findings is that data were not collected on actual input received during pregnancy
to confirm our hypotheses. We also had insufficient data on history of GDM in a previous pregnancy
to determine whether this may have contributed to dietary changes during the pregnancy reported on
during this study.

5. Conclusions

Our study found women with GDM had significantly lower adherence scores on ‘Junk’ and
‘Traditional/White bread’ dietary patterns compared to women without GDM. A greater proportion
of women with GDM avoided foods and drinks high in fat or sugar and reported receiving dietary
information from a dietitian or nutritionist or an obstetrician compared to women without GDM.
Women with GDM appear to make significant changes to their diet during pregnancy, most likely as a
result of advice from dietitians or nutritionists and obstetricians.
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Abstract: Human milk (HM) is a unique nourishment believed to contain biological factors
contributing to both short and long-term benefits. Considering that a mother’s own milk is often
considered the first choice for nutrition of neonates, an aspect of increased interest is the possible
effect of diabetes on the mammary gland and therefore on breast milk composition. This article aims
to review the published literature on this topic, and to offer additional insights on the role of this
disease on the composition of HM. This review was performed by searching the MEDLINE, EMBASE,
CINHAL and Cochrane Library databases. A total of 50 articles were selected, focused specifically on
one of the two types of diabetes: gestational diabetes mellitus (21 studies) and insulin-dependent
diabetes mellitus (8 studies). Overall, the findings from the literature suggest that diabetes can alter
the composition of HM. Nevertheless, the studies in this field are scarce, and the related protocols
present some limitations, e.g., evaluating the variability of just a few specific milk biochemical markers
in association with this syndrome.

Keywords: human milk; breastfeeding; gestational diabetes mellitus; insulin-dependent diabetes
mellitus; preterm newborn

1. Introduction

Human milk (HM) is a specie-specific biological dynamic fluid and significantly varies from one
woman to another. HM constantly changes during lactation to adapt to the physiological needs of the
developing infant [1] and this also comes about because of the gradual maturation of the mammary
gland, which depends on the placenta and thus on the progress of the pregnancy. The policy statement
of the American Academy of Pediatrics (AAP) regarding breastfeeding affirms that “Breastfeeding and
human milk are the normative standards for infant feeding and nutrition” [1]. In addition, the AAP
highlights that the mother’s own milk, fortified appropriately, should be the primary diet also for the
preterm newborns. These recommendations are due also to the fact that breastfeeding has been shown
to have beneficial effects on short- and long-term maternal and infant health outcomes [1–3].

It has been proposed that nutrition signals during the early postnatal period may
influence metabolic developmental pathways and induce permanent changes to metabolic disease
susceptibility [4,5]. In support of these hypotheses, studies have reported that human milk (HM) has
a protective effect on obesity and type 2 diabetes later in life [5,6]. Benefits of HM are mediated by
specific bioactive substances that transiently regulate tissue activities while the neonate’s systems
mature [7,8]. Biological active components, such as hormones, immunoglobulins, lysozyme, lactoferrin,
saccharides, nucleotides growth factors and enzymes antioxidants, are involved in immunological
and metabolic regulation, and it has been hypothesized that they mediate growth and development in
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infancy [9,10]. Furthermore, HM is a “dynamic” system: the composition changes and is influenced
by several conditions, such as term-preterm delivery, maternal diet, metabolic abnormalities and
pathologies [11].

Diabetes is a pathological condition of the lactating mother that may preexist (type 2 diabetes, type
1 diabetes or insulin-dependent diabetes mellitus (IDDM)) or appear during the pregnancy. The latter
case is identified as gestational diabetes mellitus (GDM) and is a common pregnancy complication.
It is defined as a carbohydrate intolerance of variable severity, with onset or first recognition during
pregnancy. Diabetes is associated with several short- and long-term complications for the mother and
the newborns and it is known that this pathology can delay the onset of lactogenesis II and affect
the composition of the human milk [12]. Bearing in mind the important impact of the HM on the
development of the newborns and the potential effects of the diabetes on the composition of the milk,
several studies were conducted to evaluate the variability of milk biochemical markers in association
with this pathology.

A comprehensive review and comparison of the related data on the effects of diabetes conditions
on the specific composition of HM of the lactating mother is, to the best of the authors’ knowledge, not
available in the literature. Our aim is to assess the current knowledge on the interactions between
diabetes in pregnancy and the composition of the HM in order to better understand the potential effects
of this pathology on the nutrition and development of newborns.

2. Materials and Methods

The literature review was performed by conducting electronic searches of MEDLINE (via PubMed
and PubMed Central), EMBASE, CINHAL and the Cochrane Library. The electronic search used the
following keywords and MeSH terms: (i) human milk AND (gestational diabetes OR gestational
diabetes mellitus OR insulin-dependent diabetes mellitus OR type 2 diabetes); (ii) breastfeeding
composition AND (gestational diabetes OR gestational diabetes mellitus OR insulin-dependent
diabetes mellitus OR type 2 diabetes); (iii) breast milk AND (gestational diabetes OR gestational
diabetes mellitus OR insulin-dependent diabetes mellitus OR type 2 diabetes); (iv) preterm breast milk
AND (gestational diabetes OR gestational diabetes mellitus OR insulin-dependent diabetes mellitus
OR type 2 diabetes); (v) human milk composition AND (gestational diabetes OR gestational diabetes
mellitus OR insulin-dependent diabetes mellitus OR type 2 diabetes); (vi) breast milk composition
AND (gestational diabetes OR gestational diabetes mellitus OR insulin-dependent diabetes mellitus
OR type 2 diabetes).

No publication date limits were set. For a complete comprehension of the studies, the inclusion
criteria were: (i) primary (original) research published in a peer-reviewed journal in the English
language and (ii) full text available. For the same reason, case reports, commentaries, letters to the
editor, and reviews were excluded. Articles including data related to animal milk were also excluded.

Literature searches were performed in the period between 1 June 2019 and 1 November 2019.

3. Results

A total of 50 articles were found from a combination of the searches, but only 29 fulfilled the
inclusion criteria, as shown in the flow diagram below, Figure 1.

The selected literature studies were focused specifically on one of two types of diabetes: GDM
or IDDM. In line with this finding, we evaluated the studies separately, based on the diabetes type.
Since type 2 diabetes was only referenced in a single article and compared to GDM, it is not discussed
separately in our review.

The available literature data on GDM and HM are summarized in Tables 1 and 2, whereas data on
IDDM and HM are summarized in Tables 3 and 4.
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Figure 1. Flow diagram of the different phases of the review.
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3.1. Gestational Diabetes Mellitus—GDM

We found 21 articles focused on gestational diabetes mellitus; the related information is
summarized in Tables 1 and 2.

Table 1. Materials and methods of the different studies included in the survey regarding gestational
diabetes mellitus (GDM) and human milk (HM). (Col: colostrum; Trans: Transitional milk; Mat:
Mature milk).

Study
GDM

Treatments
Sample Time

Gestational
Age

Parameters
Analyzed

Sample Size (GDM
vs. Control Women)

[13] Diet
Col: 0–5 days
Trans: 6–14 days
Mat: >14 days

Preterm Macronutrients and
energy 27 vs. 183

[14]
Diet
Other
medications

Col: 72 h
Trans: 7 days
Mat: 14 days

Term Macronutrients
and energy 31 vs. 31

[15] Not evaluated Col: 2–4 days Term

Total proteins
Total lipids
Triglycerides
cholesterol
Lactose
Glucose
Calcium
Inorganic
phosphorus
Electrolytes
IgA

20 vs. 20

[16] Diet Col: 7 days
Mat: 3 months Term Adiponectin

Insulin 170 women

[17] Diet
Insulin

Col: 3 days
Mat: 42–90 days Term

Leptin
insulin
ghrelin
adiponectin

48 vs. 48

[18] Not evaluated Col: 24–48 h
Mat: 30 days N/A

Leptin
adiponectin
insulin

12 vs. 21

[19] Diet Col/Mat Term
Apelin
nefastin-1
ghrelin

10 vs. 10

[20] Diet Col: 2 days
Mat: 15 days Term Ghrelin 14 vs. 12 vs. 3

Pre-GDM

[21] Not evaluated Col: 72 h
Mat: 6 weeks Term Irisin a SREBP-1c 33 vs. 33

[22] Not evaluated
Col: –5 days
Trans: 6–15 days
Mat: >15 days

Term
Irisin
Adropin
Copeptin

15 vs. 15

[23] Not evaluated
Col: 1 day
Trans: 7 days
Mat: 20 days

Term
Preptin
Salusin
Hepcidin

12 vs. 12

[24] Not evaluated Trans: 2 weeks Term
Lactoferrin
sIgA
oligosaccharides

8 vs. 16

[25] Diet
Col: 1–5 days
Trans: 7–10 days
Mat: 15–17 days

Term Chemerin
Dermcidin 26 vs. 27
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Table 1. Cont.

Study
GDM

Treatments
Sample Time

Gestational
Age

Parameters
Analyzed

Sample Size (GDM
vs. Control Women)

[26] Insulin
Col: First day of
secretion and 2
days later

Term

Neutrophil
gelatinase-associated
lipocalin (NGAL)
Complex
NGAL/matrix
metalloproteinase-9
(MMP-9)

13 vs. 22

[27] Diet
Insulin

Col: within 4 days
Mat: 6 weeks Term Free amino acids 21 vs. 47

[28]

Diet
Insulin
Other
medications

Col: 1–3 days Term Proteome 6 vs. 12

[29] Not evaluated Col:1–5 days Term Fatty acid
composition 29 vs. 34

[30] Diet
insulin Col: 1–3 day Term Sodium 17 vs. 116

[31] Not evaluated Col: 1 day Term
Preterm Alpha-Tocopherol 20 vs. 31

[32] Not evaluated Col: 3–5 days
Mat: 3 months Term MicroRNAs 19 vs. 47

[33] Not evaluated
Col: 1–3 days
Trans: 7–10 days
Mat: 4 weeks

Term Metabolome 90 vs. 94

Table 2. Results of the different studies included in the survey regarding GDM and HM.

Components Effects Reference

Energy content Increase
Decrease

Col/Trans/Mat: [13]
Mat: [14]

Total protein content
No differences Col: [13–15]

Trans/mat: [14]
Decrease Trans/mat: [13]

Insulin
No differences Col: [16,18]

Mat: [18]

Increase Col: [17]
Mat: [16,17]

Adiponectin No differences
Decrease

Col/Mat: [16,18]
Col/Mat: [17]

Ghrelin No differences
Decrease

Trans: [17,19,20]
Col/Mat: [17,19,20]

Irisin Decrease
Col/Trans: [21,22]
Mat: [21]

No Differences Mat: [22]

Apelins and Nesfatin-1 Increase Col/Mat: [19]

Copeptin, adropin No Differences Col/Trans/Mat: [22]

Preptin Increase
No Differences

Col: [23]
Trans/Mat: [23]

Salusin-alpha/-beta Decrease
No Differences

Col: [23]
Trans/Mat: [23]
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Table 2. Cont.

Components Effects Reference

Pro-hepcidin and hepcidin-25 Increase
No Differences

Col/Trans: [23]
Mat: [23]

SREBP1-c No Differences Col/Mat: [21]

IgA No Differences
Decrease

Col: [15]
Trans: [24]

Lactoferrin Increase Trans: [24]

Chemerin and Dermicin Increase Col/Trans/Mat: [21]

NGAL
NGAL/MMP-9

No differences
Increase

Col: [26]
Col: [26]

Total saccharides content
No differences Col/Trans: [13,14]

Mat: [13]
Decrease Mat: [14]

Glucose No differences Col: [15]

Lactose Decrease Col: [15]

Oligosaccharides No differences Trans: [24]

Total lipid content No differences
Col: [13,14]
Trans: [13,14]
Mat: [13]

Decrease Col: [15]
Mat: [14]

Cholesterols No differences Col: [15]

triglycerides No differences Col: [15]

Fatty acid composition
-γ-linolenic, eicosatrienoic,
arachidonic, and docosatetraenoic

No differences
Increase

Col: [29]
Col: [29]

Potassium, Phosphorus and
Calcium No differences Col: [15]

Sodium No differences Col: [15,30]

Vitamin E No differences Col: [31]

Micro RNA No differences Col/Mat: [32]

3.1.1. Energy

The energy content of the HM of women diagnosed with GDM was evaluated in two studies,
with opposite results: one study showed higher energy content in all phases of lactation with respect
to healthy mothers, whereas the other study reported a lower energy content in the mature milk
of pathological mothers. Both studies used an MIRIS scanner for the analyses of the samples; the
differences only consisted of the methods used to collect and store HM samples [13,14].

3.1.2. Protein Content

The total protein content was investigated in three studies, with similar results concerning the
colostrum: no significant differences were found with respect to the control group. Nonetheless,
data reported in relation to transitional and mature milk were conflicting: Dritsaku et al. found a
reduction in concentration of both types of HM, whereas the results of Saphira et al. showed no
differences [13–15].
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3.1.3. Hormones

Insulin was evaluated in several studies, both in colostrum and mature milk. Ley et al. used an
electrochemiluminescence immunoassay and showed that insulin concentrations in early milk were
higher than those in mature milk. They found that maternal prenatal metabolic measures, including
higher pre-gravid body mass index (BMI), gravid hyperglycemia, insulin resistance, lower insulin
sensitivity and higher serum adiponectin were associated with higher insulin concentrations in mature
milk, whereas these factors were not associated with altered insulin concentrations in early milk [16].
Another two studies analyzed the HM samples with an ELISA test, but found opposite results. Yu et al.
showed an increase of insulin levels, not only in mature milk, but also in colostrum in women with
GDM, especially in those receiving insulin injections [17]. Nunes et al. did not find differences in both
types of milk [18].

Adiponectin levels showed similar conflicting results: two studies demonstrated that GDM was
not associated with variations of adiponectin levels in HM, whereas Yu et al. observed that women
with GDM had lower concentrations of adiponectin in colostrum on day 3 and mature milk on day 90,
but no differences on day 42 [16–18].

There is agreement in the Ghrelin data: Ghrelin levels were found to be lower in colostrum and
mature milk, but no differences were observed in transitional milk [17,19,20].

Irisin concentrations, analyzed in two studies, were accordingly found to be low in GDM subjects
in the colostrum and transitional milk [21,22]. In mature milk, Fatima et al. observed a reduction in
concentrations, not confirmed by Aydin et al. [21,22]. In addition, the study by Aydin et al. found
Irisin levels to increase from the colostrum to transitional and mature milk in both normal glucose
tolerant and GDM patients [22].

Several other biologically active components with hormonal activity are evaluated in one study
by the same group of researchers. The study considered only mothers who did not take insulin, with
no complications during pregnancy and who had full term deliveries. Instead, the concentrations of
Apelins and Nesfatin-1 in HM in GDM lactating women was lower than in the control samples and
the concentrations of Apelins and Nesfatin-1 were higher in the mature milk than in colostrum [19].
Copeptin, adropin and polypeptide are hormones implicated in energy homeostasis and diabetes [22].
The authors found that the copeptin concentration was significantly higher in colostrum than transitional
milk, and the highest concentration was in mature milk from women with or without GDM [22].
Conversely, the adropin concentrations were significantly lower in the colostrum than in transitional
milk, and the lowest concentration was in mature milk from women with or without GDM [22].
Preptin, salusin-alpha and -beta and pro-hepcidin and hepcidin-25 concentrations were evaluated
in all phases of breastfeeding [23]. The data demonstrated that women with GDM had significantly
higher colostrum preptin and colostrum/transitional pro-hepcidin and hepcidin-25 concentrations
than healthy lactating women. Salusin-alpha and -beta levels were lower in colostrum of women with
GDM [23]. SREBP1-c profile showed a level reduced from a very low value to an undetectable range in
colostrum and mature breast milk, respectively [21].

3.1.4. Anti-Infective Proteins

IgA content was evaluated in the colostrum in one study and in transitional milk in another
study [15,24]. No differences were observed in the colostrum, while a decrease of total protein and
glycosylation of sIgA was found in transitional milk. Lactoferrin was analyzed only by Smilowitz et
al. in transitional milk, observing an increased glycosylation of this protein. The results suggest that
maternal glucose dysregulation during pregnancy has lasting consequences that may influence the
innate immune protective functions of HM [24].

Ustebay et al. analyzed Chemerin and Dermicin in all phases of lactation and found that these are
significantly increased by GDM; moreover, the highest amount was found in the colostrum and the
lowest in mature milk [25].
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Metallinou et al. evaluated the levels of Neutrophil gelatinase-associated lipocalin (NGAL) and its
complex with matrix metalloproteinase-9 (MMP-9) in the colostrum and found that the mean complex
concentration was significantly higher in diabetic pregnancies in comparison to normal ones [26].

3.1.5. Proteomics Profile

The proteomics profile was assessed in two studies, using different techniques (high-performance
liquid chromatography or high-sensitivity, label-free, semiquantitative mass spectrometry) [27,28].
Klein et al. evaluated the content of 11 free amino acids (FAAs) in the colostrum and mature milk
in women with or without GDM. The authors found that the total amount of FAA increased from
colostrum to mature milk in all patients. Moreover, the total amount did not significantly differ between
groups, as well as the concentrations of each individual amino acid [27].

Grapov et al. determined the proteomic profiling only of colostrum. A total of 601 proteins
were identified, of which 260 were quantified. Orthogonal partial least-squares discriminant analysis
identified 27 proteins that best predict GDM. The power law global error model, corrected for multiple
testing, was used to confirm that 10 of the 27 proteins were also statistically significantly different
between women with GDM and those without GDM. The identified changes in protein expression
suggest that diabetes mellitus during pregnancy has consequences on human colostral proteins
involved in immunity and nutrition [28].

3.1.6. Saccharides

The total saccharides content was evaluated in two studies. Both found no differences between
groups in the colostrum and transitional milk, although different results regarding mature milk were
reported: Saphira et al. observed a lower concentration in GDM, while Dritsaku et al. did not find
differences [13,14].

Lactose and glucose were analyzed only in one study and only in the colostrum; lactose was found
to be lower in GDM women, whereas glucose seemed unaltered by this pathological condition [15].

In conclusion, a single study evaluated the oligosaccharides in transitional milk and no differences
between groups were found in the results [24].

3.1.7. Lipids

The total lipid content was evaluated in three studies with discordant results. Kaushik et al.
analyzed only the colostrum and found a reduction in total content in the GDM group [15]. On the
other hand, Dritsaku et al. and Saphira et al. did not show any difference in concentration. Similarly,
regarding mature milk, Saphira et al. found a reduction, but Dritsaku et al. did not observe a
significant difference. Regarding transitional milk, all studies agreed and found no differences between
groups [13,14].

Kaushik et al. also analyzed the concentration of triglycerides and cholesterols in colostrum; in
this case no differences in content in GDM HM were identified [15].

Azulay Chertok et al. examined the effect of GDM on colostrum fatty acid composition. Analyses
of the fatty acid composition revealed significantly higher concentrations of four essential ω-6
polyunsaturated fatty acids (γ-linolenic, eicosatrienoic, arachidonic, and docosatetraenoic) in the
colostrum of GDM women, as compared to non-GDM women [29].

3.1.8. Electrolytes

Sodium was evaluated in two studies in colostrum, and both showed an increase of sodium
concentrations in correlation to GDM; moreover Galipau et al. found an increase in relation to insulin
use [15,30]. Potassium, phosphorus and calcium were analyzed by Kaushik et al. in the colostrum and
no differences were found [15].
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3.1.9. Vitamin E

GDM was not associated with changes in α-tocopherol concentration in the colostrum.
No correlation was found between the concentration of α-tocopherol in the serum and in the colostrum
for control and diabetic groups [31].

3.1.10. MicroRNA

A recent study evaluated the microRNAs levels (let-7a, miRNA-30B and miRNA-378) in HM, all
of which are known to participate in adipogenesis. Data showed a significant difference in let-7a and
miRNA-378 among the normal group and the GDM group. However, these differences disappeared
by controlling maternal pre-pregnancy BMI, because pre-pregnancy BMI was a confounder that was
correlated to gestational metabolic complications [32].

3.1.11. Metabolome

Wen et al. determined the human milk metabolome profile of GDM women over the first month
of lactation. A total of 187 metabolites were identified in the breast milk, including 4 alkanes, 17 amino
acid derivatives, 21 amino acids, 22 saturated fatty acids, 29 unsaturated fatty acids, 8 TCA cycle
intermediates, 3 cofactors or vitamins, 3 keto acids and derivatives, 1 glycolytic intermediate, 43 organic
acids, and 36 organic compounds. The metabolome composition and differences among the colostrum,
transition milk, and mature milk from GDM mothers shared many similarities with those from normal
pregnancies. However, there were 28 metabolites that were found to be significantly different between
women with normal pregnancies and women with GDM pregnancies in the colostrum, transition milk,
and mature milk samples [33].

3.2. Insulin-Dependent Diabetes Mellitus—IDDM

We found eight studies that focused on IDDM and all were published before the 21st century.
These articles evaluated the HM of diabetic women with diagnosis and exordium before the pregnancy,
with different durations of the pathology and different controls of the therapies. Four studies were
conducted based on the same protocol.

The results are summarized and reported in Tables 3 and 4.

Table 3. Materials and Methods of the different studies included in the survey regarding
insulin-dependent diabetes mellitus (IDDM) and HM.

Study
Metabolic
Control in
Pregnancy

Sample Time
Gestational

Age
Parameters
Analyzed

Sample Size
IDDM vs. Control

Women

[34] Moderately
controlled

24 h pool of mature
milk: 16–90 days Term

Total nitrogen,
lactose,
fat,
trace minerals,
lactoferrin,
sIgA,
glucose,
sodium.

5 vs. 42

[35] Poorly
controlled 3, 4, 5, 6, 7 days Term

Lipids,
glucose,
lactose,
citrate,
sodium,
potassium,
chloride,
calcium,
magnesium,
total protein

1 vs. 13
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Table 3. Cont.

Study
Metabolic
Control in
Pregnancy

Sample Time
Gestational

Age
Parameters
Analyzed

Sample Size
IDDM vs. Control

Women

[36]

Tightly
controlled with
continuous
subcutaneous
insulin infusion

0, 3, 5, 7, 9, 10, 12,
15, 17, 21, 25, 29, 35
days

Term

Triglycerides,
lactose,
protein,
cholesterol,
glucose,
myoinositol,
fatty acid

6 vs. 5

[37] Tightly
controlled

2, 3, 7, 14, 42, 84
days

Term
Preterm Prolactin

33 vs. 33 and 11
healthy reference

women

[38] Tightly
controlled 3, 7, 14, 42, 84 days Term

Preterm

Total lipid,
medium-chain fatty
acids,
saturated and
monounsaturated
long-chain fatty acid,
long chain
polyunsaturated
fatty acid

33 vs. 33 and 11
healthy reference

women

[39] Tightly
controlled 7, 14, 42, 84 days Term

Preterm Vitamin E
33 vs. 33 and 11

healthy reference
women

[40] Not indicated 8–10 days Term
Preterm

Lactose,
citrate and glucose 6 vs. 38

[41] Tightly
controlled

2, 3, 7, 14, 42, 84
days

Term
Preterm

Lactose,
total nitrogen,
conductivity,
osmolality

33 vs. 33 and 11
healthy reference

women

Table 4. Results of the different studies included in the survey regarding IDDM and HM.

Components Effects Reference

Total protein content No differences Col/Trans/mat: [34–36]

Lactoferrin No differences Mat: [34]

Glucose No differences
Increase

Col/Trans/Mat: [36]
Mat: [34]

Lactose No differences Col/Trans/Mat: [34–36]

Myoinositol No differences Col/Trans/Mat: [36]

Total lipid content No differences
Decrease

Col/Trans/Mat: [34,36,38]
Col: [35]

Cholesterols No differences
Decrease

Col/Trans/Mat: [36]
Col/Trans/Mat: [36]

Triglycerides No differences Col: [36]

Fatty Acid Profile No differences Col/Trans/Mat: [36]

medium-chain fatty acid Decrease Col: [34]
No differences Col/Trans/Mat: [38]

polyunsaturated fatty acids Increase Col: [35]
Decrease Col/Trans/Mat: [38]
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Table 4. Cont.

Components Effects Reference

oleic acid Increase Col: [35]

Potassium, magnesium and
calcium No differences Col/Mat: [34,35]

Sodium No differences
Increase

Col: [35]
Mat: [34]

Phosphorus, zinc, copper, iron No differences Mat: [34]

Chlorite and citrate No differences Col: [35]

Vitamin E No differences Col/Trans/Mat: [39]

3.2.1. Proteins

Three studies did not find a difference in concentrations in total protein content between groups,
although several differences were found in the protocol, as shown in Table 3 [34–36].

Only one study evaluated the lactoferrin and secretory IgA and no differences were found between
IDDM mothers and healthy mothers [34].

Another study investigated prolactin levels and found that, in the first postnatal week, milk
immunoreactive prolactin concentrations were lower for women with IDDM than for the control
group [37]. The significantly lower milk prolactin concentration could be related to elevated serum
glucose. High postprandial capillary glucose explained much of the variance in HM prolactin
measurements for IDDM mothers. The good glycemic control during pregnancy and early postpartum
period was associated with higher perinatal milk prolactin values. Moreover, the inverse relationship
between lactose and milk prolactin, which was significant at day 2 postpartum for reference women,
was delayed until day 14 postpartum for women with IDDM. These data reflect the delay in lactogenesis
and in establishment of lactation experience by IDDM mothers [37].

3.2.2. Lipids

Lipids are the nutrients more extensively studied in the relationship between IDDM and HM
composition: we found four different studies on this topic. The results are quite discordant: three
found no changes in total fat, but the data from Bitman et al. had a mean fat content 1.5 times lower in
IDDM [34–37].

The cholesterol level was tested in two studies, with opposite results: one observed five times
lower concentration, while the other observed no differences [35,36].

The triglycerides were evaluated in one study and no differences were found [36].
Fatty acid profile was analyzed in three different studies [35–37]. Van Beusekom et al. did

not find abnormalities in total fatty acid composition [36]. Bitman et al. demonstrated a decreased
medium-chain fatty acid, suggesting impairment of fatty acid synthesis in the mammary gland, and an
increased oleic acid and high concentrations of polyunsaturated fatty acids, suggesting increased chain
elongation [35]. Ferris et al. reported that medium-chain fatty acids in the group with IDDM were
similar to or greater than those of the control and reference groups at all times, and were within normal
reported ranges. In addition, HM long-chain polyunsaturated fatty acids were lower in women with
IDDM from 14 to 84 days postpartum [38].

3.2.3. Carbohydrates

Three studies evaluated the carbohydrate levels, per se, such as the macronutrients of HM [34–36].
The data agree in terms of lactose levels and no differences were found [34–36]. Results are discordant
for the glucose levels: Butte et al. observed that milk glucose was 2.3 times higher in IDDM mothers,
whereas Van Beusekom et al. did not find differences [34,36].
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In the end, one study analyzed the myoinositol levels and no differences were found [36].

3.2.4. Electrolytes

There were no differences in HM levels of potassium, calcium, magnesium between groups in two
different studies. The results of these studies are discordant regarding sodium: Butte et al. reported
that sodium was 1.2 times higher, but Bitman et al. did not find differences [34,35].

Moreover, no differences were found between groups for phosphorus, zinc, copper, iron [34]
concentrations in one study, and chlorite and citrate levels in another study [35].

3.2.5. Vitamins

Only one vitamin (i.e., alpha tocopherol) was analyzed in one study in IDDM HM. Tocopherol
decreased by 50% in all groups between 7–14 days postpartum [39], with no difference between groups.

3.2.6. Markers of Lactogenesis

Neubauer et al. and Arthur et al. evaluated the markers for the onset of milk secretion [40,41].
Arthur et al. reported that the peak in milk lactose occurred significantly later for women with
IDDM, suggesting that lactation was delayed. Concentrations of lactose, citrate and glucose increase
significantly in milk of IDDM between day 2 and 3. The plateau was reached for all metabolites on
day 4 [37]. These data confirm the results by Neubauer et al., finding a significantly lower lactose
and higher total nitrogen in the colostrum. Milk lactose increased significantly over time to 42 days
postpartum. Breast milk lactose was inversely correlated with breast milk conductivity at 3 days
postpartum. Total nitrogen was also inversely correlated with milk lactose for women with IDDM.
Conductivity and osmolality did not differ among the three group [40].

4. Discussion

Diabetes is a frequent pathology during pregnancy that potentially determines several
complications and is a significant risk factor for newborn morbidity [6,42]. The impact of maternal
metabolic abnormalities on early postnatal nutrition and infant metabolic curves is of considerable
interest, because the offspring of women, both with preexistent diabetes or GDM, are at increased
long-term risk for type 2 diabetes, although epidemiologic evidence has also shown a long-term
protective effect of breastfeeding against obesity and type 2 diabetes in offspring [1–3,43]. Based on
this strong correlation between maternal and neonatal morbidity, it is important to know the effects of
this condition on the composition of HM, especially in relation to the benefits mediated by the HM
for newborns [1–3]. In the absence of any clear conclusion about this topic, clinical practice should
continue to promote and support breastfeeding, as indicated in recognized international guidelines [1],
also for GDM women.

Until now, few studies have been reported in the literature assessing the composition of the human
milk of diabetic mothers. The main observation is that GDM and IDDM can alter the composition
of HM milk. The effect on HM is present not only in the first day post-partum, but is continued
throughout all of the lactating phases. These studies hypothesize that the modification inducted by
GDM have a potential role that can be, not only detrimental but also protective for the babies. The data
on IDDM highlight that the modification of the composition is related to the control of the pathology.

However, we believe that these studies present some limitations:

(i) Several studies analyzed only one phase of milk and did not consider the variation at different
time points during lactation. In addition, the definition of the different phases of lactation are not
univocal, i.e., the time of sampling of colostrum ranges between 24 h and 7 days postpartum.

(ii) Some studies do not have a case/control protocol focused on GDM or IDDM, but rather, evaluate
the effect of preterm delivery; diabetes is considered in metanalysis as a risk factor.

(iii) Concomitant drug therapies are rarely considered and analyzed.
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(iv) The studies focused on IDDM are all published before 21st century, and four have the same
protocol study.

(v) No dedicated study focused on type 2 diabetes is present in literature.

5. Conclusions

The number of available studies on this topic is scarce and they evaluate the effects of diabetes on
a few specific milk biochemical markers with several and heterogeneous variables. Bearing in mind
the previous considerations, it is therefore difficult to quantify the real effect of this pathology on the
different components of HM, or on the health benefits mediated by mother’s milk for the child. Future
studies are needed to obtain a more comprehensive evaluation. Moreover, we believe that the protocols
should be assessed with case/control structure, specifically focused on preterm delivery and with a
match on gestational age (GA). It will also be important to analyze the effect of different diabetes drugs
on HM and their potential interaction on the different biological components. Finally, considering
the rising prevalence of type 2 diabetes in association with obesity, we believe it is important to plan
future studies to determine possible effects on human milk in this population. These future findings
are important to individualize and modify the maternal therapies and supplement the nutrition of the
preterm newborns.
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Abbreviations

American Academy of Pediatrics AAP
Body mass index BMI
Colostrum Col
Free amino acids FAAs
Gestational age GA
Gestational diabetes mellitus GDM
Human milk HM
Insulin-dependent diabetes mellitus IDDM
Mature milk Mat
Matrix metalloproteinase-9 MMP-9
Neutrophil gelatinase-associated lipocalin NGAL
Not applicable N/A
Transitional milk Trans
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Abstract: Previous studies have suggested that in the first decade of this century the incidence of
gestational diabetes (GDM) in pregnancy rose worldwide. In the Cambridge Baby Growth Study
cohort we observed that this temporal trend was associated with an index of multiple deprivation
and reductions in indices of insulin secretion. Deprivation level was not directly associated with
GDM, suggesting that the temporal trend may relate more to other factors linked to it, such as dietary
composition. In this study we investigated temporal trends in perceived food intake frequencies,
derived from a qualitative, short questionnaire, in 865 pregnant Cambridge Baby Growth Study
(CBGS) recruits. A number of food frequency ranks showed both temporal trends and associations
with GDM, but of note is the frequency of egg consumption (negative temporal trend p = 0.03,
slope = −6.2 ranks/year; negative association with GDM p = 3.0 × 10−8, slope = −0.002 increased
risk/rank) as it was also positively associated with the insulin disposition index (p = 1.17 × 10−3,
slope = 0.42 ranks. L/mmoL). These results are consistent with a potential protective effect of factors
related to the frequency of egg consumption in pregnancy. Such factors may have contributed to the
observed temporal trend in GDM risk but the overall detectable effect appears to have been small.

Keywords: pregnancy; diet; food frequency questionnaire; glucose; insulin secretion

1. Introduction

Prevalence rates of gestational diabetes (GDM), traditionally defined as any form of glucose
intolerance first recognised in pregnancy [1], are rising worldwide [2]. The tempo at which this is
happening makes this likely to be predominantly environmentally rather than genetically mediated,
although this does not exclude potential interactions between genetic variation and the environment,
such as is found between dietary factors and obesity-enhancing genetic variants [3]. Environmental
factors that could alter the susceptibility to GDM include changes to dietary intakes (both before
and during pregnancy) and physical activity. A recent review [4] found that compliance to a
Mediterranean-style diet, categorized as one with relatively higher bread, cereal, legume, vegetable,
fruit, fish and olive oil intakes and lower or limited animal fat, meat and egg intakes [5], led to a
reduction in GDM risk of between 15–38%. Similarly, a trial where the intervention group ate a
Mediterranean diet supplemented with olive oil and pistachio nuts led to a relative risk for GDM of
73% of that of a control group fed a standard diet [6] and a similar effect in a follow-up real world
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(non-trial) situation [7]. Consumption of this diet was also associated with a reduced risk of other
adverse effects of pregnancy [8]. In another study adherence to diet with a high alternate healthy
eating index [9], a measure of diet quality that assesses conformance to federal dietary guidance, led to
a reduction in GDM risk of 19–46% in a different population. In meta-analyses of studies assessing
the effect of physical activity in more than 30,000 pregnancies, exercise regimes showed a reduction
in GDM odds in women engaging in any type of pre-pregnancy physical activity (odds ratio 0.70
(0.57–0.85), p = 6 × 10−4, I2 = 52% (medium heterogeneity)) or in physical activity early in pregnancy
(odds ratio 0.79 (0.64–0.97), p = 0.03, I2 = 26% (low heterogeneity)) [4]. A recent Cochrane systematic
review concluded that there were reduced risks of GDM resulting from combined diet and exercise
interventions during pregnancy compared with standard care [10]. Although it has been suggested
that modifying dietary factors alone in pregnancy rather than prior to it may not be sufficient to alter
the GDM risk very much [11], the RADIEL randomized controlled trial found that in high-risk women
recruited less than 20 weeks into their pregnancy, lifestyle intervention focusing on dietary counselling,
physical activity and weight gain in pregnancy was able to reduce the incidence of GDM by 39% [12].
Diet quality was improved over this time and there was lower pregnancy weight gain, perhaps not
surprisingly given that there was a particular extra emphasis put on dietary factors when the ability of
a study recruit to exercise was limited, such as if antenatal contractions occurred.

In the United Kingdom, as in many developed countries elsewhere [13], there has been a dietary
shift since the 1970s toward diets with lower total fat contents that includes greater consumption of
meats with lower fat contents such as poultry rather than pork, beef and lamb, and the drinking of
semi-skimmed rather than full fat milk [14]. The reduced energy intake coming from fats induced
by this dietary change has, however, not matched the decreased energy expenditure of less manual
jobs and more restful leisure pursuits, contributing to a sharp rise in the prevalence of obesity [15].
This is true for pregnancy where diets in the U.K. appear to be very similar to those consumed by
women who are not pregnant [16]. With temporal dietary trends and other dietary factors potentially
able to alter circulating glucose concentrations, and therefore possibly GDM risk, it is conceivable that
dietary factors could, at least partially, underpin changes in the incidence of GDM. Following studies
in Canada [17], the United States [18,19], Israel [20] and Germany [21] all of which showed GDM
becoming more prevalent in the first decade of this century, our recent analysis of women recruited
to the Cambridge Baby Growth Study (CBGS) in this same decade showed a significant increase
in the incidence of GDM that was associated more with a temporal reduction in indices of insulin
secretion than insulin sensitivity [22]. In risk factor analysis there was a significant, albeit modestly
sized, temporal trend in the index of multiple deprivation. This index was not itself directly associated
with GDM, however. This led us to suggest that the temporal trend in the deprivation index could
relate to GDM indirectly through changes in other factors that are themselves related to both changes
in deprivation and glucose tolerance in pregnancy, such as diet [23] and exercise [24]. Therefore the
primary outcome of the present study, rather than being hypothesis driven per se, was to try and find
one or more food types whose frequency of consumption during pregnancy most closely reflected the
temporal trend in GDM prevalence (and other indices of glucose and insulin secretion and sensitivity)
that we had previously observed in the CBGS [22]. Both the year of analysis and the development of
GDM were therefore our primary analyses. We found a number of statistically significant associations
with these variables, generally with rather small effect sizes. These and other associations are therefore
consistent with the possibility that factors related to the frequency of consumption of certain foods in
pregnancy may have contributed to the observed temporal trend in GDM risk and changes in insulin
secretion rates, but that the overall detectable effect was small.

2. Materials and Methods

2.1. Cambridge Baby Growth Study

The prospective and longitudinal CBGS was designed as an observational cohort initially including
pregnancy, birth and infancy [25]. In its first phase of recruitment, between April 2001 and March 2009,

104



Nutrients 2019, 11, 2822

2229 mothers aged over 16 years of age were enrolled to it when attending early pregnancy ultrasound
clinics at the Rosie Maternity Hospital, Cambridge, U.K. Of these, 571 mothers withdrew before the
birth of their infant so were not considered further. Most of the clinical characteristics of the study
participants were collected either during nurse-led interviews or by questionnaire with the exception
of offspring birth weights, gestational ages and dates of birth, which were compiled from hospital
notes. In this cohort 95.3% of the offspring were white, 1.7% were Asian, 1.3% were black (African or
Caribbean) and 1.7% were other ethnicities (mainly mixed race), reflective of the population served by
the Rosie Maternity Hospital [25].

2.2. Ethics

Ethical approval for the CBGS was granted by the Cambridge Local Research Ethics Committee,
Addenbrooke’s Hospital, Cambridge, United Kingdom (00/325). All procedures followed were in
accordance with the institutional guidelines. All the study participants gave written informed consent.

2.3. Pregnancy (Including Food Frequency) Questionnaire

A wide-ranging pregnancy questionnaire (Appendix A), that was adapted from one developed in
Denmark where the self-administered form was validated through phone interviews [26], was given
out to all participants at recruitment to the CBGS (around week 12 of pregnancy). Participants were
requested to fill the questionnaire in as the pregnancy progressed (with assistance from research nurses
if required) and the questionnaires were then collected after the birth of their baby. The questions that
were asked were wide-ranging but as part of a section about lifestyle there was a short (specific) food
frequency questionnaire covering most of the major food and drink types (Appendix A). For drinks,
the participants were asked the number of times they drank a particular drink per day or per week
(depending upon the likely consumption frequency of that drink). For food the participants were
asked, ‘How often did you eat the following foods during pregnancy?’ and the response involved
ticking one of the following options: never, 1–3 times per month, 1–3 times per week, 4–6 times per
week or once or more per day. Participants were encouraged to tick the option that most closely
resembled their food or drink intakes in pregnancy. The questionnaires were completed by 1239 of the
CBGS recruits and were collected shortly after birth.

2.4. Oral Glucose Tests and Gestational Diabetes

At a median (inter-quartile range) of 28.4 (28.1–28.7) weeks gestation 1074 of the CBGS mothers
underwent a 75 g oral glucose tolerance test (OGTT) after fasting overnight [27]. Venous blood
was collected just before and 60 min after the glucose load was administered for the measurement
of plasma glucose and insulin concentrations. 120 min plasma glucose concentrations were only
measured from May 2007 onwards so were not used in this analysis to define GDM (only 7%
of U.K. women with GDM receive a diagnosis based solely on the 120 min measurement in any
case [28]). The International Association of Diabetes in Pregnancy Study Groups (IADPSG)/World
Health Organization (WHO) 2013 thresholds for 0 and 60 min OGTT glucose concentrations (i.e.,
>5.1 and 10.0 mmol/L, respectively [29,30]) were used retrospectively to define the presence of GDM
in this analysis. However when the women were recruited to the CBGS the clinical decision to
treat women with GDM was broadly based on WHO 1999 guidelines [31], which considered just
fasting and 2-h glucose concentrations. Based on available records and information from treating
clinicians, GDM was mostly treated with diet and lifestyle modification, with or without insulin
supplementation [32]. Around 19% (16 out of 83) of the women whose OGTT glucose concentrations
exceeded the IADPSG/WHO (2013) thresholds for GDM [29,30] did not exceed those that were used
clinically at the time and therefore did not receive dietary advice as a frontline therapy for GDM, only
standard pregnancy care [32].
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2.5. Assays

All biochemical kit-based assays were run according to the manufacturer’s instructions.
Glucose concentrations were measured using a routine glucose oxidase-based method. OGTT plasma
insulin concentrations were measured by ELISA (Dako UK Ltd., Ely, Cambs, UK). Intra-assay
imprecision (CV) was 4.3% at 82 pmol/L, 3.0% at 402 pmol/L and 5.7% at 907 pmol/L. Equivalent
inter-assay imprecision at these concentrations was 4.3, 5.1 and 5.4%, respectively.

2.6. Calculations

Insulin resistance and pancreatic β-cell function were estimated using the homeostasis model
assessment (HOMA IR and B, respectively), calculated using the week 28 fasting circulating glucose
and insulin concentrations, and the online HOMA calculator [33]. Insulin secretion (corrected for
insulin sensitivity) was estimated using the insulin disposition index, calculated as the change in
insulin concentrations over the first hour of the OGTT divided by the change in glucose concentrations,
all divided by the reciprocal of the fasting insulin concentration. The maternal body mass index (BMI)
was calculated as the pre-pregnancy weight divided by the height squared. Pregnancy weight gain
was calculated as the mother’s pre-pregnancy body weight taken away from the partum body weight.
The index of multiple deprivation was derived and imputed from the postcode of the participants’
home addresses as described [34].

2.7. Statistical Analysis and Strategy

The present analysis was restricted to those 865 pregnancies where the women underwent OGTTs
(thereby excluding women with pre-existing type 1 diabetes) with 0- and 60-min plasma glucose
concentrations available to us, who also completed and returned their pregnancy questionnaires.
Because of being ordinal rather than continuous in nature, responses to questions about food and drink
consumption frequencies were converted into ranks using standard methods before participant selection
and analysis. Associations between food frequency ranks and key phenotypic variables (OGTT year,
GDM, the index of multiple deprivation, HOMA IR, HOMA B, the insulin disposition index, OGTT 0
and 60 min glucose concentrations) were tested by non-parametric regression performed using the Siegel
repeated medians procedure (deploying the R package ‘mblm’, version 0.12.1). Multiple testing of these
non-parametric regression analyses was accounted for using the Benjamini-Hochberg procedure [35],
using a false discovery rate of 0.05. Categorical analysis was performed using Fisher’s exact test.
Data used in other parametric analyses were logarithmically transformed prior to analyses if the
distributions of the statistical model residuals were positively skewed and transformed into reciprocals
if the distributions of the residuals were negatively skewed. Further analysis was performed by
standard logistic (for binary variables) or linear (for continuous variables whose model residuals using
untransformed or transformed data were normally distributed) regression. Unless stated all the other
statistical analyses were performed using Stata (version 13.1; Stata Corp., from Timberlake Consultants
Ltd., Richmond, Surrey, UK). Statistical significance was assumed at p < 0.05 or lower depending on
the Benjamini-Hochberg adjustment.

To be consistent with our temporal trends in GDM incidence [22] we sought statistically significant
associations with both OGTT year and GDM where the slopes of the regression lines in the two models
were in the same direction (i.e., either both positive or both negative). When they were, the food
frequency ranks were used as confounders in logistic regression models assessing associations between
OGTT year and GDM to see if they attenuated such associations. Associations with the remaining key
phenotypic variables were then examined in linear regression models to assess whether they were in
the same direction as the temporal trends observed in our original study [22].

To group food types that tended to be eaten with similar frequency ranks we analysed perceived
food intake ranks by principal component analysis (using R version 3.6.1 (The R Foundation for
Statistical Computing, Vienna, Austria), the R function “princomp” and the R packages “ggplot2”
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(version 3.2.0) and “factoextra” (version 1.0.5)) on a complete dataset where missing data were imputed
to the median. All the R packages that we used were downloaded from http://cran.r-project.org/web/
packages/mblm/index.html.

3. Results

3.1. Characteristics of Study Participants

Those women included in the present analysis tended to be representative of the CBGS cohort,
albeit that on average they gave birth around 2 days later than those not included in the study (which
is unlikely to have been clinically significant), were more likely to have been nulliparous and were less
likely to have smoked in pregnancy (Table 1).

Table 1. Clinical characteristics of those Cambridge Baby Growth Study participants who were included
in the current analysis and those that were not.

Characteristic Included Not-Included p-Value

Mother’s age at the birth of her baby
(years)

33.4 33.7
0.3(33.1, 33.7) (33.3, 34.0)

(n = 787) (n = 548)

Parity (n, of increasing parity and
starting with 0) 415/310/103/24/4/2 302/330/112/37/4/4 2.0 × 10−3

GDM (n yes/no) 85 yes, 780 no 26 yes, 193 no 0.4

OGTT fasting glucose concentration
(mmol/L)

4.3 4.4
0.1(4.3, 4.4) (4.3, 4.5)

(n = 865) (n = 218)

OGTT fasting insulin concentration
(pmol/L)

45 46
0.8(44, 47) (44, 49)

(n = 846) (n = 290)

Pre-pregnancy BMI (kg/m2)
23.5 23.3

0.4(23.2, 23.7) (22.9, 23.6)
(n = 776) (n = 411)

Index of multiple deprivation
8.0 8.1

0.6(7.7, 8.3) (7.8, 8.5)
(n = 597) (n = 401)

Maternal highest qualification
(category GCSE/A levels/degree) (n) 75/123/337 38/62/155 0.8

Sex of baby (n males/females) 443/413 412/386 1.0

Baby’s birth weight (kg) *
3.490 3.449

0.1(3.459, 3.552) (3.406, 3.492)
(n = 774) (n = 408)

Gestational age at birth of baby (weeks)
39.9 39.6

5.1 × 10−4(39.8, 40.0) (39.5, 39.7)
(n = 857) (n = 800)

Reported smoking during pregnancy
(n yes/no) 31/825 55/744 3.0 × 10−3

* adjusted for maternal pre-pregnancy BMI, gestational age at birth, sex of baby and parity. Data are either the
number of participants or mean (95% confidence interval).

3.2. Associations with Food Intake Frequencies

3.2.1. Year of OGTT (Temporal Trends)

The numbers of women who were recruited to the CBGS whose data contributed to this analysis
in the nine calendar years of recruitment were: 2001→46, 2002→130, 2003→81, 2004→75, 2005→158,
2006→144, 2007→130, 2008→91 and 2009→10 (recruitment to this phase of the CBGS having closed
in March 2009). Several different food and drinks showed significant temporal trends (associations

107



Nutrients 2019, 11, 2822

between their intake frequency ranks and the year in which the pregnancy OGTT was performed
(Table 2)). The largest effect size was observed in the negative association with the frequency of
drinking spirits, although this is caused by only a small proportion of study participants drinking
spirits with a median (and lower and upper quartile) for this population of 0 glasses of spirits drunk
per week. Smaller negative temporal trends were also observed for other alcoholic drinks such as
beer and wine (both with medians of zero bottles or glasses consumed per week in this population),
and non-alcoholic cola (with a median (interquartile range) consumption of 0 (0, 0.5) litres per week)
and fresh fruit juice (with a median intake frequency corresponding to drinking it 4–6 times per
week). The only drink with a positive temporal trend was tap water. The largest significant positive
effect sizes with food frequency ranks were observed with pulses (loose and canned) and tinned fruit.
Comparatively much smaller, but the largest negative effect sizes were observed with food frequency
ranks for eggs, canned fish and baked beans.

For clarity the temporal trends for the three dietary components with the highest absolute value
for the slope (spirits, pulses and tinned fruit) are shown in bar chart form in Figure S1.

Table 2. Statistically significant associations between the food/drink intake frequency ranks and year of
oral glucose tolerance test (OGTT) testing in the Cambridge Baby Growth Study (CBGS) presented in
descending order of the absolute value of the slope.

Food/Drink Type
Slope

(Ranks/Year)
p-Value

Spirits −155.06 2.12 × 10−2

Pulses 95.90 1.37 × 10−24

Tinned fruit 69.81 2.33 × 10−5

Other canned beans/pulses 34.29 3.27 × 10−11

Organic food 33.40 2.51 × 10−12

Beer −32.33 2.75 × 10−3

Soft cheese 29.99 3.00 × 10−11

Tinned vegetables 29.92 1.07 × 10−2

Wine −26.63 1.40 × 10−6

Tap water 25.25 2.63 × 10−4

Dried fruit 23.00 1.36 × 10−8

Organic fruit and vegetables 22.75 2.19 × 10−13

Organic dairy 19.67 2.88 × 10−9

Organic meat 17.98 1.07 × 10−8

Yogurt 17.04 5.69 × 10−8

Cola −15.17 5.75 × 10−3

Salad 15.00 2.22 × 10−5

Other fresh vegetables 13.33 1.38 × 10−3

Bean curd 10.13 2.42 × 10−3

Fresh fruit 8.98 1.20 × 10−3

Fresh fish with bread 8.88 1.92 × 10−3

Hard cheese 8.41 5.54 × 10−3

Soya 7.05 1.68 × 10−2

Fresh fish with salad pasta 6.44 9.48 × 10−3

Eggs −6.19 3.03 × 10−2

Organic others 6.13 7.16 × 10−3

Chocolate 5.25 2.54 × 10−3

Fresh fruit juice −3.37 7.46 × 10−3

Canned fish −3.28 1.64 × 10−2

Baked beans −1.36 1.21 × 10−4

Shellfish −1.28 × 10−5 2.44 × 10−2

p-values are presented unadjusted for the Benjamini-Hochberg procedure. All food types in the food frequency
questionnaire that are not shown did not have a significant association with the year of OGTT testing
(Benjamini-Hochberg adjusted p > 0.05).

108



Nutrients 2019, 11, 2822

3.2.2. Gestational Diabetes, Including Attenuation of the Association with Year of OGTT

A number of different food and drink intake frequency ranks showed significant (positive or
negative) associations with GDM (Table 3). Not surprisingly though, none of the effect sizes of these
associations were large enough to attenuate the association between GDM and year of OGTT testing.
Food whose intake frequency ranks were significantly positively associated with both OGTT year
and GDM (Tables 2 and 3) were salad and fresh fruit. Equivalent significant negative associations
were found with baked beans, shellfish and eggs. Drinks whose intake frequency ranks were also
significantly negatively associated with both OGTT year and GDM were beer, wine and spirits. The only
drink whose intake frequency was significantly positively associated with both OGTT year and GDM
(albeit weakly) was tap water. The positive association between the frequency of tap water intake
and GDM may seem unexpected but probably reflects the fact that the food frequency questions were
designed to reflect the whole of pregnancy, not just the time preceding the development and diagnosis
of GDM. Hence women diagnosed with GDM may have drunk more tap water in preference to less
healthy beverages such as alcoholic drinks, in the overall context of a positive temporal trend for
the frequency of tap water consumption, and negative temporal trends for beer, wine and spirits.
An alternative explanation for the positive association between the frequency of tap water consumption
and GDM is that polydipsia in women with poorly controlled GDM [36] could have caused them to
drink tap water more often.

3.2.3. Indices of Insulin Secretion & Sensitivity, OGTT Glucose Concentrations

The associations between food/drink intake frequency ranks and HOMA IR, HOMA B, the insulin
disposition index, OGTT fasting and 60 min glucose concentrations (where the Benjamini-Hochberg
modified p-value of at least one of these associations was <0.05) are shown in Table S1. Of the
ranks that showed significant temporal trends and associations with GDM (in the same direction)
(Tables 2 and 3) the following also showed negative associations with indices of insulin secretion, as
we observed in our original study [22]: salad, fresh fruit, tap water, wine and beer. The ranks of the
frequency of the consumption of baked beans also showed a significant negative association with the
insulin indisposition index, although this rules out the factors related to them having a causal role in
contributing towards the temporal trend in GDM and reduced insulin secretion in the CBGS, as their
intake was also negatively associated with GDM. Again, rather than reflecting factors related to them
contributing towards causality, the other negative associations with the intake ranks of these specific
food/drinks may be more likely to reflect dietary modifications in GDM women post-development
and diagnosis. Egg intake frequency ranks were negatively associated with both year of testing and
GDM, as well as positively significantly associated with the insulin disposition index. These results are
consistent with either the consumption of eggs themselves, or factors related to the frequency of eggs
being eaten somehow to protect against the development of GDM. Further evidence in support of this
concept is gained from the fact that egg intake frequency ranks were negatively associated with both
fasting and 60 min OGTT glucose concentrations.

3.2.4. Index of Multiple Deprivation

Increased deprivation (a lowering of the index of multiple deprivation) was significantly associated
with eating baked beans and drinking tea more frequently (the only drink whose intake frequency
was significantly associated with the index of multiple deprivation), as well as eating hard cheese and
white fish more frequently (Table 4). In contrast decreased deprivation was associated with eating
bean curd, soya, beans/pulses, salad and organic food more frequently (amongst other foodstuffs).
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Table 3. Statistically significant associations between the food/drink intake frequencies and GDM in
the CBGS presented in descending order of the absolute value of the slope.

Food/Drink
Type

Slope (Ranks/
Diagnosis of

GDM)

p-Value

Association between Year
of OGTT Testing and GDM

in These Women

Association between Year of OGTT
Testing and GDM in These Women

(Adjusted for Food/Drink Type)

OR p-Value OR p-Value

Bean curd −2.00 × 10−3 6.42 × 10−13
1.2

1.3 × 10−3
1.2

1.3 × 10−3(1.1, 1.3) (1.1, 1.3)
(n = 890) (n = 890)

Eggs −1.86 × 10−3 3.03 × 10−8
1.2

1.7 × 10−3
1.2

1.6 × 10−3(1.1, 1.3) (1.1, 1.3)
(n = 893) (n = 893)

White fish −1.83 × 10−3 3.88 × 10−6
1.2

1.5 × 10−3
1.2

1.6 × 10−3(1.1, 1.3) (1.1, 1.3)
(n = 888) (n = 888)

Soya −1.66 × 10−3 9.02 × 10−9
1.2

1.9 × 10-3
1.2

2.1 × 10−3(1.1, 1.3) (1.1, 1.3)
(n = 890) (n = 888)

Meat 1.63 × 10−3 4.86 × 10−8
1.2

1.5 × 10−3
1.2

1.6 × 10−3(1.1, 1.3) (1.1, 1.3)
(n = 893) (n = 893)

Spirits −1.63 × 10−3 1.20 × 10−17
1.2

3.1 × 10−3
1.2

3.0 × 10−3(1.1, 1.3) (1.1, 1.3)
(n = 857) (n = 857)

Beer −1.62 × 10−3 1.97 × 10−12
1.2

3.3 × 10−3
1.2

4.5 × 10−3(1.1, 1.3) (1.1, 1.3)
(n = 856) (n = 856)

Liver −1.57 × 10−3 1.50 × 10−15
1.2

1.3 × 10−3
1.2

1.2 × 10−3(1.1, 1.3) (1.1, 1.3)
(n = 889) (n = 889)

Canned meat −1.57 × 10−3 4.49 × 10−14
1.2

1.5 × 10−3
1.2

(1.1, 1.3)
(n = 892)

1.1 × 10−3(1.1, 1.3)
(n = 892)

Poultry 1.56 × 10−3 7.14 × 10−5
1.2

1.5 × 10−3
1.3

1.1 × 10−3(1.1, 1.3) (1.1, 1.3)
(n = 892) (n = 892)

Cocoa −1.50 × 10−3 1.46 × 10−6
1.2

2.7 × 10−3
1.2

2.8 × 10−3(1.1, 1.3) (1.1, 1.3)
(n = 856) (n = 856)

Fresh fish with
salad pasta −5.22 × 10−4 4.43 × 10−6

1.2
1.5 × 10−3

1.2
1.3 × 10−3(1.1, 1.3) (1.1, 1.3)

(n = 877) (n = 877)

Salad 3.54 × 10−4 2.57 × 10−2
1.2

1.1 × 10−3
1.2

1.2 × 10−3(1.1, 1.3) (1.1, 1.3)
(n = 881) (n = 881)

Fresh fruit 3.01 × 10−4 8.53 × 10−6
1.2

1.5 × 10−3
1.2

1.7 × 10−3(1.1, 1.3) (1.1, 1.3)
(n = 895) (n = 895)

Wine −2.99 × 10−4 1.74 × 10−4
1.2

2.0 × 10−3
1.2

3.9 × 10−3(1.1, 1.3) (1.1, 1.3)
(n = 867) (n = 867)

Organic bread −2.83 × 10−4 7.89 × 10−3
1.2

4.4 × 10−3
1.2

4.9 × 10−3(1.1, 1.4) (1.1, 1.4)
(n = 603) (n = 603)

Fresh fish with
bread −2.53 × 10−4 2.00 × 10−3

1.2
1.2 × 10−3

1.2
1.2 × 10−3(1.1, 1.3) (1.1, 1.3)

(n = 864) (n = 864)

Hard cheese −2.31 × 10−4 1.49 × 10−3
1.2

1.5 × 10−3
1.2

1.5 × 10−3(1.1, 1.3) (1.1, 1.3)
(n = 894) (n = 894)
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Table 3. Cont.

Food/Drink
Type

Slope (Ranks/
Diagnosis of

GDM)

p-Value

Association between Year
of OGTT Testing and GDM

in These Women

Association between Year of OGTT
Testing and GDM in These Women

(Adjusted for Food/Drink Type)

OR p-Value OR p-Value

Soft cheese −2.15 × 10−4 5.32 × 10−4
1.2

3.2 × 10−3
1.2

3.2 × 10−3(1.1, 1.3) (1.1, 1.3)
(n = 877) (n = 877)

Canned fish 2.13 × 10−4 8.82 × 10−5
1.2

1.5 × 10−3
1.2

1.6 × 10−3(1.1, 1.3) (1.1, 1.3)
(n = 893) (n = 893)

Fresh fruit juice 1.66 × 10−4 2.17 × 10−3
1.2

1.5 × 10−3
1.2

1.5 × 10−3(1.1, 1.3) (1.1, 1.3)
(n = 888) (n = 888)

Dried fruit −1.34 × 10−4 5.76 × 10−4
1.2

1.4 × 10−3
1.2

7.9 × 10−4(1.1, 1.3) (1.1, 1.3)
(n = 892) (n = 892)

Shellfish −5.92 × 10−5 8.47 × 10−3
1.2

1.9 × 10−3
1.2

1.8 × 10−3(1.1, 1.3) (1.1, 1.3)
(n = 886) (n = 886)

Tea −5.10 × 10−5 1.16 × 10−3
1.2

2.2 × 10−3
1.2

2.6 × 10−3(1.1, 1.3) (1.1, 1.3)
(n = 876) (n = 876)

Fresh fish as
main course −3.19 × 10−5 3.92 × 10−4

1.2
1.4 × 10−3

1.2
9.5 × 10−3(1.1, 1.3) (1.1, 1.3)

(n = 888) (n = 888)

Baked beans −1.55 × 10−5 6.05 × 10−3
1.2

1.5 × 10−3
1.2

1.1 × 10−3(1.1, 1.3) (1.1, 1.3)
(n = 894) (n = 894)

Tap water 1.43 × 10−5 2.06 × 10−3
1.2

1.5 × 10−3
1.2

1.9 × 10−3(1.1, 1.3) (1.1, 1.3)
(n = 894) (n = 894)

Data are mean (95% confidence interval where shown). OR = odds ratio. p-values are presented unadjusted for the
Benjamini-Hochberg procedure. All food/drink types in the food frequency questionnaire that are not shown in this
Table did not have a significant association with GDM (Benjamini-Hochberg adjusted p > 0.05).

Table 4. Statistically significant associations between the food/drink intake frequency ranks and the
index of multiple deprivation in the CBGS presented in descending order of the absolute value of
the slope.

Food/Drink Type
Slope (Ranks/Index of

Multiple Deprivation Units)
p-Value

Bean curd 38.24 9.82 × 10−4

Soya 20.07 1.29 × 10−2

Other canned beans/pulses 18.41 4.21 × 10−3

Pulses 17.83 5.39 × 10−5

Organic food 16.36 1.20 × 10−4

Salad 11.58 7.05 × 10−3

Dried fruit 10.82 1.07 × 10−2

Organic dairy 10.23 2.46 × 10−4

Baked beans −9.81 1.67 × 10−3

Tea −9.77 1.04 × 10−3

Organic bread 9.47 9.65 × 10−3

Organic meat 9.47 1.43 × 10−2

Organic others 8.97 1.42 × 10−4

Hard cheese −8.24 4.94 × 10−3

Fish 7.89 2.48 × 10−3

Eggs 6.70 1.56 × 10−3

White fish −6.58 1.49 × 10−2

p-values are presented unadjusted for the Benjamini-Hochberg procedure. All food types in the food frequency
questionnaire that are not shown did not have a significant association with the index (Benjamini-Hochberg adjusted
p > 0.05).
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3.3. Principal Component Analysis of Food Intake Frequency Ranks

Principal component analysis of maternal food intake frequency ranks in pregnancy produced 32
principal components that explained more than 1% of the variance in food intake frequency ranks.
The first two principal components explained a little more than 20% of the total variance in the reported
food intake frequency ranks of those food types included in the questionnaire (Figure S2). Plotting the
different contributions to the first two principal components (Figure 1) (where positively correlated food
intake frequencies point to the same side of the plot, and negatively correlated food intake frequencies
point to the opposite side of the plot) shows several food types where the intake frequencies can be
grouped (e.g., fish frequency intake in the bottom left quadrant). The frequency of egg consumption
(or factors related to it), which appeared to be somewhat protective against the development of GDM
in our analyses, was most closely positively related to the intake frequency of fresh fruit, salad, fresh
green vegetables, tap water and yogurt. It was most negatively related to the frequency of cola intake.

Figure 1. Variables plot of the first two principal components (dimensions) of maternal food intake
frequency ranks in pregnancy, showing basic grouping of dietary patterns and their likely contributions
to the overall variance.

4. Discussion

In this study we observed a number of significant associations between perceived food intake
frequencies and both year of analysis (i.e., temporal trends) and GDM in the CBGS. In this cohort we
had previously observed a strong positive temporal trend in the prevalence of GDM [22] and wanted to
investigate the possible trends in perceived food/drink intake frequencies over the same period of time
which could have contributed to this themselves or been markers of dietary factors that contributed to
this. One limitation of using food intake frequencies is that associations cannot infer causality (not
that changing the frequency of intake of one particular food or drink would be expected to have a big
direct effect on GDM risk in any case). Indeed, of the significant food and drink intake frequencies the
positive associations between frequencies of salad and tap water intakes with GDM (which also gave
a positive temporal trend) are examples of food and drink types that seem particularly unlikely to
have positive causal effects on GDM development. As our questionnaires were designed to be filled
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in across pregnancy, however, the significant positive association with salad (and tap water) intake
frequency could reflect an increased frequency of consumption with GDM post-development in those
women who were clinically diagnosed with the condition, in an effort for them to consume a healthier
diet. Alternatively, potential confounders of this association, especially since the effect size is small,
could include increased consumption of salad dressing that may be high in saturated fat and sugar
content which could have slightly alter the risk of GDM [37]. Other food/drink intake frequencies
showing associations in the same direction for both the year of analysis and risk of GDM include
negative associations with the consumption of spirits, beer, wine, eggs, baked beans and shellfish, and
a positive association with the frequency of consumption of fresh fruit. All of these associations were
of modest effect sizes, and most may be more attributable to dietary modifications following a clinical
diagnosis of GDM.

In the present analysis a number of perceived intake frequencies of specific foods/drinks showed
temporal trends but were not associated with GDM or were associated with both but in opposite
directions and could not explain the temporal trends in GDM incidence observed in the CBGS [22].
These specific foods and drink included pulses (loose or canned), fruit (dried, tinned and fresh juice),
vegetables (tinned and other fresh), organic food (including fruit, vegetables, dairy, meat and others),
cheese (soft and hard), fresh fish (with bread and salad pasta), yogurt, soya, bean curd, cola and
chocolate. The temporal trends with the intake of these foods could relate, at least partially, to the
upsurge in food prices observed in the U.K. from 2007 [38] especially in women living with a high
degree of deprivation. More likely the temporal trends in the perceived intakes of pulses (loose or
canned), bean curd, soya, organic food (including dairy, meat and others) and dried fruit can be
explained by their associations with the index of multiple deprivation, which rose (signifying decreased
deprivation) as the recruitment period for the study progressed [22]. Of the remaining food and
drink types, the only one with a negative temporal trend was in the consumption of cola, which
was presumably in the context of a general trend in certain populations of the U.K. for consuming
healthier diets [39,40], and pregnancy diets reflecting those of non-pregnancy [16]. The observed
positive temporal trends for the consumption of various forms of fruit and vegetables, and yogurt
and fresh fish may also reflect the national trend for eating a healthier diet. In contrast, the positive
temporal trends for chocolate and cheese intakes seem to have gone against the national trend [40,41]
and may be population-specific.

With the positive temporal trend with incidence of GDM in the CBGS, a negative temporal trend
was also previously observed in indices of insulin secretion [22]. There were a number of significant
associations between the insulin disposition index and perceived frequencies of particular food/drink
intakes in the present study. However the only food type in the pregnancy questionnaire whose
frequency of intakes had statistically significant associations in directions consistent with our key
phenotypes (positive with year of analysis and GDM, and negative with the insulin disposition index)
were eggs, albeit in each case the associations were in the opposite direction to those associated with
increased risk with time. This suggests a possible protective effect either of eggs themselves or of
factors related to the frequency of egg intakes on GDM development. Consistent with the idea that is
eggs themselves, at least one other study [42] has found a negative association between egg intake in
pregnancy and GDM risk. However other evidence from a meta-analysis suggests that egg intakes in
pregnancy may be positively related to GDM development [43] rather than protective, with the positive
effect on GDM development thought to be related to one or more of the nutritive components of eggs,
namely cholesterol, ω-polyunsaturated fatty acids and lutein [44]. In the present study, because of
the basic (and incomplete in terms of food groups) nature of the food frequency questionnaire that
was used, we analysed the food intake frequencies using simple associations with ranks, with no
reference to nutritional databases to convert food intake frequencies into nutrient intakes. However
we did perform principal component analysis in an attempt to group the egg intake frequencies into a
basic dietary pattern. The frequencies of egg intakes appeared to be most closely positively related
to intake frequencies of fresh fruit, salad, fresh green vegetables and yogurt (as may be enriched in
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diets such as the Mediterranean diet, which has been shown to have positive effects on reducing GDM
prevalence [5–7]) when plotting the first two principal components of food/drink intake frequency
ranks. These two components between them explained just over 20% of their variance. In the analysis
by Shin et al. [37] of the National Health and Nutrition Examination Survey from around the same
period of time that the CBGS participants were recruited, the biggest absolute weighting by far given
for eggs was a negative one for the ‘high added sugar and organ meats; low fruits, vegetables and
seafood’ dietary pattern which was associated with the highest risk for the development of GDM
in pregnant women in that study. In another study from Northern Sweden, egg consumption was
associated with intakes of fish, fruits, cereals and whole grain products which are noted to reduce
the risk of GDM [45]. Our data from the present analysis therefore seems consistent with these two
other studies [37,45], perhaps not surprisingly given the similarities in dietary habits between these
countries [46]. In each case it would appear that eating more eggs might be associated with eating
a ‘healthy’ diet which leads to a lower risk for the development of GDM. Using findings from the
present study, plus those other cited studies [5–7,37,45], consumption of these ‘healthy’ rather than
more standard Westernized diets would therefore appear to have beneficial effects on the development
of GDM. However even with the key, highly statistically significant associations in our study, including
the one with the index of multiple deprivation, and plausible explanations as to why the frequency of
egg intakes in pregnancy may be related to a lower risk of developing GDM, the detectable effect size
appears to be very small so will only have explained a modest proportion of the risk in the CBGS.

In the present study we analysed a short, qualitative (in terms of lack of portion size) food
frequency questionnaire that was part of a much larger lifestyle questionnaire where the answers were
supposed to reflect the whole of pregnancy (so in the context of GDM both pre- and post- a possible
clinical diagnosis). The questions related to food and drink intake frequencies were restricted to the
items listed in the questionnaire and were not designed to be comprehensive. Indeed they did not
include questions related to intake frequencies of high carbohydrate foods such as potatoes and rice.
Like all such questionnaires, it was therefore not reliable for assessing the total diet, energy or nutrient
intakes. In addition it did not contain questions about the method of cooking of the food that was
consumed. It was, however, the only form of dietary record that we had for mothers in this cohort.
Another shortcoming of using the questionnaire could have been the requirement for the participants
to have good recall, literacy and numerical skills, although CBGS participants tended to be relatively
highly qualified [25], so this may have been less of a problem than it might otherwise have been.
Participants were encouraged to fill in their questionnaires as their pregnancy progressed to further
abrogate this potential shortcoming. Whilst the use of the questionnaire had a number of limitations it
also had strengths. First, after the initial withdrawals from the study, 74.7% of the CBGS participants
completed and returned their questionnaires so there was a relatively high response rate suggesting
that the results from the present analysis were likely to be representative of those of the whole CBGS.
Second, by listing specific food items (even in combination) it also made it easy for the participants to
complete, which may have contributed to this high response rate. Third, by being qualitative in terms
of portion sizes of specific food types eaten (but semi-quantitative in terms of food intake frequencies)
the respondents did not have to estimate food intakes which could have helped limit inaccuracies
(albeit by doing this they indirectly inferred that portion sizes were average and uniform). Finally, by
covering the whole of pregnancy the questionnaire was not confounded by trimester.

5. Conclusions

Within the limitations of the short (specific) food frequency questionnaire that was analysed in this
study, the food and drink intake frequency ranks with the associations that most closely resembled those
linking year of analysis with GDM and related metabolic indices [22] were those linked to the frequency
of egg consumption. All these relevant associations were in the opposite direction to those with the
year of analysis in the CBGS, suggesting that either the frequency of egg consumption themselves or
factors related to the frequency of egg intake during pregnancy (which our analysis suggests could be
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related to the intake of a healthier diet in pregnancy) appeared protective against GDM and reductions
in insulin secretion. However the detectable effect sizes of all the individual associations were small,
and certainly, these associations with GDM were not strong enough to attenuate the observed temporal
trend in GDM incidence (although realistically the consumption frequencies of the single food or drink
types would not be expected to do this). We conclude that in the CBGS there was a potential protective
effect of dietary factors related to the frequency of egg consumption in pregnancy, a reduction in which
over time could have contributed modestly to the observed temporal trend in GDM risk.
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Appendix A

The prenatal questionnaire (which included the food/drink intake frequency questions) that were
given out to all pregnant women recruited to the CBGS.
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Abstract: The gut microbiome in pregnancy has been associated with various maternal metabolic and
hormonal markers involved in glucose metabolism. Maternal ketones are of particular interest due
to the rise in popularity of low-carbohydrate diets. We assessed for differences in the composition
of the gut microbiota in pregnant women with and without ketonuria at 16 weeks gestation. Fecal
samples were obtained from 11 women with fasting ketonuria and 11 matched controls. The samples
were analyzed to assess for differences in gut microbiota composition by 16S rRNA sequencing.
Supervised hierarchical clustering analysis showed significantly different beta-diversity between
women with and without ketonuria, but no difference in the alpha-diversity. Group comparisons
and network analysis showed that ketonuria was associated with an increased abundance of the
butyrate-producing genus Roseburia. The bacteria that contributed the most to the differences in the
composition of the gut microbiota included Roseburia, Methanobrevibacter, Uncl. RF39, and Dialister in
women with ketonuria and Eggerthella, Phascolarctobacterium, Butyricimonas, and Uncl. Coriobacteriaceae
in women without ketonuria. This study found that the genus Roseburia is more abundant in the gut
microbiota of pregnant women with ketonuria. Roseburia is a butyrate producing bacterium and may
increase serum ketone levels.

Keywords: microbiome; pregnancy; obesity; ketonuria; Roseburia

1. Introduction

Pregnancy is a time of metabolic and hormonal change. Ketogenesis is accelerated in pregnancy,
particularly in the third trimester. Ketones are produced from the breakdown of lipids when the
mother’s metabolic needs can no longer be met by glucose. The body produces three ketone bodies,
beta-hydroxybutyrate, acetoacetate, and acetone. Beta-hydroxybutyrate and acetoacetate can be used
as energy sources by the mother and the fetus and occur in a 1:1 ratio. Elevated maternal ketone
levels have been associated with adverse fetal and childhood outcomes, particularly with regard to
intelligence quotient (IQ), although results of these studies have been inconsistent [1–4].

The role of the gut microbiome in the metabolic changes of pregnancy has been an area of
increasing interest. We have reported that the composition of the gut microbiome in pregnancy is
associated with various metabolic and hormonal markers involved in glucose metabolism [5]. Whether
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the gut microbiome actually causes these metabolic changes is yet to be fully determined. However,
mice colonized with the microbiome from women in the third trimester of pregnancy develop insulin
resistance and increased adiposity, supporting the idea that the gut microbiome itself drives some of
the metabolic changes observed in pregnancy [6].

Butyrate is a short-chain fatty acid (SCFA) that is produced by certain bacteria within the
microbiome. Known butyrate-producing species include Faecalibacterium prausnitzii, Roseburia spp.,
and Eubacterium rectale [7]. Butyrate is the main fuel for energy production in colonocytes and studies
of metabolism of human and rat colonocytes have shown that butyrate is metabolized to ketone bodies
and carbon dioxide [8,9]. In keeping with this finding, mice colonized with Roseburia have higher
serum levels of the ketone, beta-hydroxybutyrate [10].

There are no studies that have reported an association between the composition of the gut
microbiome in pregnancy and maternal ketone levels. We hypothesized that gut microbiome
composition is associated with maternal ketone levels and that butyrate-producing bacteria are
more abundant in women with higher ketone levels.

2. Materials and Methods

Women enrolled in the Study of Probiotics IN Gestational diabetes (SPRING study) who supplied
a stool sample and fasting urine sample at baseline (<16 weeks gestation) were included in this study.
Women taking probiotics in pregnancy prior to 16 weeks gestation and sample collection were excluded
from enrolment. This study was approved by the human research ethics committee of the Royal
Brisbane and Women’s Hospital on the 16th January 2012 (HREC/11/QRBW/467) and The University
of Queensland on the 25th January 2012 (201200080). All subjects gave their informed consent for
inclusion before they participated in the study. The study was conducted in accordance with the
Declaration of Helsinki. All women enrolled in the study were either overweight or obese, as defined
by pre-pregnancy body mass index (BMI) > 25 kg/m2. Women collected a stool sample and fasting
urine sample within a 24-h time period. Women fasted for between 9.5 and 12 h prior to collection of
urine. The stool sample was kept in storage at −80 ◦C prior to fecal DNA isolation. Urine samples were
immediately tested for the presence of ketones. Urine dipstick tests were performed using SIEMENS
Multistix 10 SG reagent strips and measured levels of the ketone, acetoacetate. A ketone level of trace,
small, moderate, and large corresponded to an acetoacetate level of 0.5 mmol/L, 1.5 mmol/L, 4 mmol/L,
and >= 8 mmol/L, respectively. All women provided dietary information from the start of pregnancy
by food frequency questionnaire (Cancer Council Victoria’s Dietary Questionnaire for Epidemiological
Studies (Version (2)).

Women with any level of ketonuria present were matched with women with no ketonuria.
The matching was performed on future GDM status, ethnicity, BMI and age. Fecal samples from
each group were then analyzed to assess for differences in the gut microbiota between these two
groups. Funding for this study was provided by the National Health and Medical Research Committee
(NHMRC1028575) of Australia, the Royal Brisbane and Women’s Hospital Foundation, the Mater
Foundation and the Australian Diabetes in Pregnancy Society. HB is funded by an NHMRC Early
Career Fellowship.

2.1. Fecal DNA Extraction

Stored stool samples were thawed at 4 ◦C before analysis. Aliquots of 250 mg of stool were
removed from each sample for DNA extraction using the repeated bead beating and column (RBB + C)
protocol. The aliquots were mixed with the RBB + C lysis buffer and sterile zirconia beads (0.1 and 0.5
mm diameter) and homogenized using a Tissue Lyser II (Qiagen, Chadstone VIC, Australia) for 3 min
at 30 Hz. Samples underwent DNA purification using Qiagen AllPrep columns [5,11]. The quality
and quantity of DNA was analyzed using the Nanodrop ND 1000 spectrophotometer (NanoDrop
Technologies, Thermo Scientific, Scoresby, VIC, Australia) system.
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2.2. Fecal Bacterial Identification

Bacteria within each sample were identified via 16S rRNA Sequencing. PCR amplification for the
V6–V8 hypervariable regions of the bacterial 16S rRNA gene was performed using the 926F forward
(50-TCG TCG GCA GCG TCA GAT GTG TAT AAG AGA CAG AAA CTY AAA KGA ATT GRC GG-30)
and 1392R reverse (50-GTC TCG TGG GCT CGG AGA TGT GTA TAA GAG ACA GAC GGG CGG
TGW GTR C-30) primers. Positive (E. coli JM109 DNA) and negative (deionized sterile water) controls
were included in each PCR run. Nextera XT V2 index kit Sets A and B were used to barcode PCR
products and the AMPure XP bead system (Illumina, San Diego, CA, USA) was used for purification.
Barcoded DNA underwent quantification, normalization and pooling to develop sequencing libraries
which were then sequenced on the Illumina MiSeq platform (Illumina, San Diego, CA, USA) at the
Australian Centre for Ecogenomics at The University of Queensland. The Quantitative insights Into
Microbial Ecology (QIIME) v1.9.1 analysis tool was used to join and de-multiplex forward and reverse
sequences. Using the Greengenes reference database, the open reference operational taxonomic unit
(OTU) picking method was used for taxonomic assignments with a pairwise identity threshold of 97%.
Taxonomic units that were present in the negative controls were removed from the analysis along with
OTUs with a relative abundance of <0.0001. Prior to downstream analysis, the OTU table was rarefied
to 3000 sequences/sample with no samples removed in this step.

2.3. Statistical Analysis

Median and interquartile ranges (IQR) were used to present the data as bacterial abundance was
not normally distributed. Non-parametric statistical methods were used and a p value of <0.05 was
considered statistically significant. Sample profiles were analyzed via the online Calypso software
tool [12] and results are presented at the genus level of taxonomic assignment. Chao1 and Shannon
indices were used for comparison of alpha diversity (within sample diversity) and the Bray-Curtis
dissimilarity index was used to assess beta diversity (between sample diversity). Network analysis was
performed to identify positive and negative correlations between bacterial taxa for both patients with
and without ketonuria. Genera associated with samples from women with and without ketonuria were
identified using Spearman’s rho correlation coefficients with 1000-fold permutations. The strength
of the color of the node reflects the significance of the association with either group and results are
reported as significant if the false discovery rate (FDR) was <0.05. The size of the node reflects the
abundance of the genus. Group comparisons were performed on genus level using the Wilcoxon Rank
test, with no genera passing the statistical threshold for multiple testing, which is likely a reflection of
the overall number of participants in this sub-study.

3. Results

Eleven women with ketonuria at 16-weeks gestation were matched with 11 women without
ketonuria (Table 1). There were no differences in baseline BMI, maternal age, ethnicity, fasting blood
glucose levels, future GDM status, or carbohydrate intake between the groups.

Table 1. Participant characteristics.

Ketonuria No Ketonuria

N 11 11

Maternal age (years) 33 (29–38) 32 (29–33)

Gestation (weeks) 14 (14–15) 14 (14–15)

Maternal BMI (kg/m2)
25–30 (%) 4 (36%) 4 (36%)
30–35 (%) 0 (0%) 0 (0%)
>35 (%) 7 (64%) 7 (64%)
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Table 1. Cont.

Ketonuria No Ketonuria

Ethnicity
Caucasian (%) 11 (100%) 11 (100%)
Fasting blood glucose (mmol/L) 4.4 (4.3–4.5) 4.2 (4.0–4.4)
Carbohydrate intake (g/day) 137.2 (95.7–171.2) 155.9 (122.0–170.1)
Later developed GDM (%) 1 (9%) 1 (9%)

Level of ketonuria
Trace 8 (73%)
Small 1 (9%)
Moderate 1 (9%)
Large 1 (9%)

Data presented as median (IQR). BMI, body mass index; GDM, gestational diabetes mellitus; g, grams.

Comparison of Gut Microbiome Composition

There was no difference in the alpha diversity at genus level (Chao1, Shannon index) between
the two groups (see Figure 1A,B). There was also no difference between the two groups in beta
diversity at genus level with unsupervised hierarchical clustering principle coordinates analysis
(PCoA)(Bray-Curtis dissimilarity index) (See Figure 2A), but with supervised redundancy analysis
(RDA) there was a significant difference (P < 0.0001; RDA analysis, see Figure 2B). Analysis of the
variance in the beta-diversity displayed no significant difference between the groups (see Figure 2C).

Figure 1. Alpha diversity of the gut microbiota at genus level between women with and without
ketonuria. (A) Alpha diversity as assessed with the Chao1 index; (B) alpha diversity, as assessed with
the Shannon index.
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Figure 2. Beta diversity of the gut microbiota at genus level between women with and without
ketonuria. (A) Unsupervised hierarchical clustering analysis by PCoA; (B) supervised clustering
analysis by RDA and (C) variance analysis by Anosim analysis. Black circles/squares, ketonuria; white
circles, no ketonuria.

Presence of urinary ketones was associated with an increased abundance of the butyrate-producing
genus Roseburia in the network analysis. The brightness of the nodes is related to the level of
significance of the association. Roseburia is the brightest of the nodes associated with ketonuria
(see Figure 3); however, the butyrate-producer Faecalibacterium is also associated with ketonuria as
is the acetate/propionate producer Dialister. In women who did not have ketonuria at 16 weeks,
the abundance of Adlercreutzia, Bifidobacterium, Dorea, and Collinsella was higher (see Figure 3). Group
comparisons revealed a statistically significantly higher abundance of Roseburia in women with
ketonuria (see Figure 4A), and Dialister and Faecalibacterium abundance tended to be higher in the
women with ketonuria (P = 0.066 and P = 0.076 respectively). In the women without ketonuria,
Adlercreutzia abundance trended to be higher (P= 0.066), but that of Bifidobacterium, Dorea, and Collinsella
was not significantly higher (P = 0.15; P = 0.14; and P = 0.17), respectively.
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Figure 3. Network analysis of gut microbiota composition between women with and without ketonuria
at genus level. Purple circles, ketonuria; green circles, no ketonuria; lines indicate positive correlations
between the abundances of the bacteria. The size of the circle indicates the overall abundance of
the genus and the brightness of the color indicates the degree to which the genus is associated with
the group.

Figure 4. Bacterial genera that are specifically associated with the presence or absence of ketonuria.
(A) Abundance of Roseburia between the groups. (B) sPLS-DA analysis of the contribution of bacteria
genera to the differences between the gut microbiota between the groups. Black bars, ketonuria;
white bars, no ketonuria. ** p < 0.01.

The bacteria that contribute the most to the differences in the composition of the gut microbiota
include Roseburia, Methanobrevibacter, Uncl. RF39, and Dialister in the women with ketonuria and
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Eggerthella, Phascolarctobacterium, Butyricimonas, and Uncl. Coriobacteriaceae in the women without
ketonuria (see Figure 4B). Predicted bacterial functions that were increased in women with ketonuria
included riboflavin metabolism, lipid biosynthesis, carbon fixation pathways in prokaryotes,
zeatin biosynthesis, adipocytokine signaling pathway, biotin metabolism, folate biosynthesis,
prenyltransferases, and peroxisome (See Supplementary Figure S1). In women without ketonuria,
bacterial functions ascorbate and aldarate metabolism; electron transfer carriers, phosphotransferase
system PTS; aminobenzoate degradation, drug metabolism cytochrome P450; limonene and pinene
degradation; chlorocyclohexane and chlorobenzene degradation; and styrene degradation were
predicted to be more abundant. These results were all statistically significant (p < 0.05) on simple
testing, but not after correction for multiple comparisons.

4. Discussion

This study shows that Roseburia is more abundant in the stool samples of women with fasting
ketonuria at 16 weeks gestation. Faecalibacterium and Dialister species tended higher in the stool samples
of women with ketonuria; however, this increased abundance did not reach statistical significance.
Other studies have shown an association between the gut microbiota and hormonal and metabolic
markers of glucose metabolism in pregnancy [5]. Our study expands on these findings and suggests
that the microbiota may affect the capacity to produce ketone bodies during fasting.

Roseburia and Faecalibacterium are both genera of obligate gram-positive anaerobic bacteria. These
bacteria ferment carbohydrates in the colon to produce SCFAs, particularly butyrate. The presence of
both Roseburia and Faecalibacterium species in the gut has been associated with human metabolism
outside of pregnancy. In two large metagenome-wide association studies, concentrations of
butyrate-producing bacteria, Roseburia intestinalis and Faecalibacterium prausnitzii were lower in patients
with type 2 diabetes mellitus when compared with those with normal carbohydrate metabolism [13,14].
The abundance of F. prausnitzii has also been found to be significantly lower in obese patients when
compared with lean subjects [15]. In contrast, Roseburia has been found to be significantly higher in
patients with higher BMI [16]. Roseburia abundance is linked to overall carbohydrate intake with
individuals with lower carbohydrate intake having lower Roseburia abundance [17]. In our study,
carbohydrate intake was not significantly different between women with ketonuria (137.2 (95.7–171.2)
g/day) and those without ketonuria (155.9 (122.0–170.1) g/day; P = 0.46), but this may be due to
the small sample size. Roseburia spp. contain genes involved in riboflavin metabolism and folate
biosynthesis indicating how the increases in the abundance in the predicted function analysis may be
related to increased Roseburia abundance. In addition, Dialister spp. and Faecalibacterium spp. also
express genes for riboflavin metabolism, folate biosynthesis, and biotin metabolism, which could
further contribute to the predicted functional differences between the groups.

Studies have found various links between butyrate-producing bacteria and serum ketone levels.
Butyrate is the main energy source for colonocytes. In vitro studies of human and rat colonic cells
show that the metabolism of butyrate involves oxidation and that part of the oxidized butyrate is
converted to ketone bodies, acetoacetate, and beta-hydroxybutyrate [8,9]. A link between Roseburia
and serum ketones has also been seen in mice. When mice were fed a diet with a high content of
plant polysaccharides and colonized with a ‘core’ community of bacterial species including Roseburia
intestinalis, they had higher levels of serum beta-hydroxybutyrate when compared with mice on the
same diet, colonized with the same ‘core’ community without Roseburia intestinalis [10]. It is uncertain
as to how these results can be extrapolated to humans, as the human gut microbiota is highly diverse
and it is unclear if the presence of a single species would elicit a similarly large effect. Furthermore,
dietary intake varies between individuals and across cultures.

A different mechanism for the link between butyrate and ketone levels has been hypothesized.
Intraperitoneal administration of butyrate into mice led to increased serum beta-hydroxybutyrate
levels and fibroblast growth factor 21 (FGF21) levels [18]. The hormone FGF21 stimulates fatty acid
metabolism in the liver leading to increased ketogenesis. The authors postulated that the increase
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in serum ketone levels was due to butyrate increasing FGF21 levels via induction of FGF21 gene
expression in the liver. In humans, FGF21 is also expressed in the liver and is a downstream target of
the transcription factor peroxisome proliferator-activated receptor alpha (PPARα). PPARα is a major
regulator of lipid metabolism in the liver and is activated by both fasting and by consumption of
ketogenic diets [19]. It is not known whether serum butyrate induces FGF21 gene expression in humans
and what level of butyrate would be required to do so. In the current study, butyrate levels in the
circulation were not measured and it is not clear if the increased abundance of Roseburia results in
higher levels in the circulation.

Adlercreutzia abundance trended to be higher in those without ketonuria. Adlercreutzia is an
obligate anaerobic coccobacillus and has been linked to various inflammatory conditions including
inflammatory bowel disease, primary sclerosing cholangitis and multiple sclerosis [20–22]. Studies
linking Adlercreutzia to human metabolism are lacking. One study did find a reduced abundance of
Adlercreutzia in patients with HIV who developed diabetes compared with those who did not develop
diabetes [23]. Eggerthella, Phascolarctobacterium, Butyricimonas, and Uncl. Coriobacteriaceae were the
bacteria that contributed most to the differences in the composition of the gut microbiota in women
without ketonuria. In a metagenome-wide association study of GDM, Phascolarctobacterium was more
abundant in women with GDM whereas Eggerthella was more abundant in healthy controls [24]. In the
same study, when assessing metagenomic linkage groups, Methanobrevibacter smithii was enriched in
healthy controls. In our study, Methanobrevibacter was one of the bacteria that contributed most to the
differences in the composition of the gut microbiota in women with ketonuria.

Maternal ketonuria has been associated with adverse fetal and childhood outcomes, particularly
reduced childhood IQ [1,2]. However, these studies had disparate methodologies, with inconsistent
results [3,4]. Ketone production occurs more rapidly in pregnancy, particularly in the third trimester [25].
It is felt to be due to increased maternal lipid metabolism and reduced glucose levels due to glucose
being transported to the fetus for energy [26,27]. A maternal diet that is low in carbohydrate will
also result in increased maternal ketone levels. The fetus utilizes ketones for energy and also as an
important precursor for brain tissue [28]. It would therefore appear necessary for the fetus to be
exposed to some level of ketones, however whether a high level of ketone exposure per se is harmful to
the fetus is unclear. Our results suggest that ketone production in pregnancy may be more complex
than a simple metabolic switch from glucose to lipid metabolism when maternal glucose supply is low.
The gut microbiota may have a role to play via other metabolic pathways.

Limitations of the study included that urine ketone levels were only measured at one time point
in the first trimester. Women in the control group may have had ketonuria at other times from when
their samples were collected. A strength of the study is that women fasted for at least 9.5 h prior to the
collection of the urine and ketogenesis is more pronounced with increased duration of the fasting state.
Our sample size was limited which may have reduced the power of the study, particularly in relation
to any differences in dietary intake. Lastly, circulating SCFA levels were not measured, which could
indicate whether circulating butyrate levels are different in women with and without ketonuria.

5. Conclusions

Roseburia is more abundant in the microbiome of pregnant women with ketonuria. Roseburia is a
butyrate-producing bacteria and studies have shown a link between both Roseburia and butyrate in
the colon and elevated serum ketone levels. This study is further evidence of such a link and the first
time that this link has been seen in pregnancy. Increased butyrate production by the gut microbiota
may alter signaling in the host and thereby contribute to overall metabolic health in pregnancy. Larger
studies of the microbiome in pregnant women with and without ketonuria at multiple time points
in the pregnancy, with detailed dietary data needs to be done to further understand the relationship
between Roseburia and maternal metabolism.
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Abstract: Leptin is highly expressed in the placenta, mainly by trophoblastic cells, where it has an
important autocrine trophic effect. Moreover, increased leptin levels are found in the most frequent
pathology of pregnancy: gestational diabetes, where leptin may mediate the increased size of the
placenta and the fetus, which becomes macrosomic. In fact, leptin mediates the increased protein
synthesis, as observed in trophoblasts from gestational diabetic subjects. In addition, leptin seems
to facilitate nutrients transport to the fetus in gestational diabetes by increasing the expression of
the glycerol transporter aquaporin-9. The high plasma leptin levels found in gestational diabetes
may be potentiated by leptin resistance at a central level, and obesity-associated inflammation plays
a role in this leptin resistance. Therefore, the importance of anti-inflammatory nutrients to modify
the pathology of pregnancy is clear. In fact, nutritional intervention is the first-line approach for
the treatment of gestational diabetes mellitus. However, more nutritional intervention studies with
nutraceuticals, such as polyphenols or polyunsaturated fatty acids, or nutritional supplementation
with micronutrients or probiotics in pregnant women, are needed in order to achieve a high level
of evidence. In this context, the Mediterranean diet has been recently found to reduce the risk of
gestational diabetes in a multicenter randomized trial. This review will focus on the impact of
maternal obesity on placental inflammation and nutrients transport, considering the mechanisms
by which leptin may influence maternal and fetal health in this setting, as well as its role in
pregnancy pathologies.

Keywords: nutrition; polyphenolic compounds; bioactive compounds; leptin resistance; obesity;
inflammation; gestational diabetes mellitus; Mediterranean diet

1. Introduction

Gestational diabetes (GDM) is a hyperglycemic state that is recognized for the first time during
pregnancy [1], and its pathophysiology is not fully clarified yet. GDM is one of the most common
complications in pregnancy, affecting 3–8% of all pregnancies [2]. This prevalence has increased in
recent decades (≥20% of pregnancies in some parts of the world), both in developed and developing
countries, due to increased average age of pregnant women and increased obesity [3], one of the greatest
public health challenges of the 21st century. Although the GDM phenotype is highly heterogeneous [4],
half of its prevalence can be explained by overweight and obesity [5]. Indeed, obese women have an
increased risk of GDM compared to women of normal weight [4]. Moreover, in women with GDM,
pre-pregnancy obesity, excessive gestational weight gain and poor glycemic control are also linked with
others pregnancy complications, such as gestational hypertension and preeclampsia [6]. It has even
been reported that excessive gestational weight gain was the variable with the greatest effect on the

Nutrients 2020, 12, 1970; doi:10.3390/nu12071970 www.mdpi.com/journal/nutrients129



Nutrients 2020, 12, 1970

probability of a newborn with macrosomia (a conditions associated with an increased risk of perinatal
mortality and neonatal morbidity). GDM also increases, in turn, the risk, in both mother and offspring,
of developing type 2 diabetes, metabolic syndrome and obesity [7,8]. Therefore, obesity during
pregnancy is an important risk factor for adverse health outcomes both in the mother and offspring,
and imposes substantial economic burdens. Therefore, prevention of obesity would be directly related
to a lower risk of GDM. Impaired glucose homeostasis in GDM is also related to higher production of
reactive oxygen species (ROS), consequently depleting the anti-oxidative status. This is why, to restrain
the spread of epidemic excess weight, women must receive a comprehensive intervention before,
during, and after pregnancy. Lifestyle changes, including nutrition initiated during early pregnancy,
have been unsuccessful overall in preventing GDM in at-risk obese women [9]. Now, there is a
consensus regarding the need for effective interventions targeting obesity and lifestyle that reduce the
metabolic burden earlier in life, well before motherhood, and it underlines that such interventions
may benefit both the mother and the future offspring. Although energy restriction leading to weight
loss is a successful dietary intervention for improving obesity-associated metabolic disorders, other
dietary interventions, such as those leading to a reduction in adipose tissue inflammation regardless of
weight loss, have not been explored in detail. In this sense, leptin, produced by adipocytes, is a key
regulator of appetite and is present in elevated concentrations in obesity [10]. Therefore, new research
into nutritional mechanisms that restore leptin metabolism and signals of energy homeostasis may
inspire new treatment options for obesity-related disorders such as GDM. In this review, we wanted
to address the current insights and emerging concepts on potentially valuable nutrients and food
components to modulate leptin metabolism. Moreover, obesity is associated with a chronic low-grade
inflammation in the adipose tissue [11], and several dietary food components, such as phenols, peptides,
and vitamins, are able to decrease the grade of inflammation and improve leptin sensitivity by up-
or down-regulation of leptin-related genes. Others food components, such as saturated fatty acids
should be avoided, since they may worsen chronic inflammation, subsequently increasing the risk
for pathological complications. Finally, given the crucial role that the placenta plays in mediating
pregnancy outcomes, it is important to consider the impact of micronutrient supplementation on the
mechanisms associated with placental function, as well as maternal and fetal homeostasis.

2. Leptin

The hormone leptin, discovered in 1994 [12], critically regulates body weight and metabolism at
central level in the brain [13], and disruption of leptin/leptin receptor (LEPR) signaling results in morbid
obesity and severe metabolic disease [14,15]. In individuals of normal weight, the brain responds
to increased plasma leptin levels by reducing food intake and increasing energy expenditure [16,17].
Leptin and leptin receptors are highly expressed in the preoptic area (POA), in the arcuate nucleus
(ARC) of the hypothalamus as well as in other regions, such as the lateral hypothalamus, ventromedial
hypothalamus and dorsomedial hypothalamus (DMH) [18]. There, it regulates energy homoeostasis
and the neuroendocrine function, among other functions [19]. In these regions, leptin signaling is
mediated by the JAK2/Stat3 pathway, in which several negative regulators of JAK2, including SOCS3
and PTP1B, have been reported to promote obesity [20,21], supporting the notion that JAK2 inhibitory
molecules increase risk for leptin resistance and obesity. Therefore, hyperleptinemia and hypothalamic
inflammation in diet-induced obesity may activate a common negative regulator of leptin signaling,
SOCS3 or PTP1B, and contribute to central leptin resistance. In fact, up-regulation of SOCS3 in
proopiomelanocortin (POMC) neurons leads to impairment of STAT3 signaling, with consequential
leptin resistance and obesity, as well as glucose intolerance [22]. It has also been reported that mice
with whole body or neuron-specific deletion of PTP1B are hypersensitive to leptin, and are resistant to
diet-induced obesity [23]. Importantly, obesity is associated with impaired adipose sympathetic nerve
transmissions [24,25], but the underlying mechanism is poorly understood. In this context, the leptin
resistance at a central level may prevent negative feedback on the anti-inflammatory action of the
sympathetic nervous system (SNS) [15,26]. That is why leptin is now considered one of the adipokines
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responsible for the inflammatory state found in obesity that could predispose to GDM. Surprisingly,
Sh2b1 (an SH2 and PH domain-containing adaptor protein) [27,28] has emerged as an endogenous
sensitizer for leptin action on the sympathetic nervous system (SNS) and energy expenditure, perhaps
by enhancing JAK2 activation [29]. In this way, the LepR Sh2b1 neuron mediates leptin stimulation of
the SNS and supports the preservation of adipose SNS against degeneration [30].

Apart from the JAK-2/Stat-3 pathway, activation of the MC4R signaling pathway by
proopiomelanocortin (POMC)-derived melanocyte stimulating hormone (MSH) peptides also
represents a critical convergence point in the control of body weight. The leptin–melanocortin pathway
(MC4R pathway) integrates parallel inputs from the orexigenic peptides ghrelin, neuropeptide
Y (NPY) and agouti-related peptide (AgRP), and activation of the MC4R pathway dominantly
counteracts these orexigens. Limited efficacy of lifestyle intervention in individuals with mutations in
gene-encoding components of this pathway demonstrates its importance in the control of body weight
homeostasis [31,32].

Therefore, leptin can act as metabolic switch connecting the nutritional status of the body to
high energy-consuming processes. This is especially important in pregnancy, where leptin not only
modulates satiety and energy homoeostasis in the mother [13,33], but it is also produced by the
placenta, which responds to the environment attempting to maintain fetal viability. This placental
production of leptin is one of the major sources of higher levels of maternal circulating leptin other
than maternal gain of fat mass [34]. Thus, the effects of placental leptin on the mother may contribute
to endocrine-mediated alterations in energy balance, such as the mobilization of maternal fat, which
could further aggravate the insulin resistance associated with pregnancy and the onset of GDM [35,36].
In fact, obese pregnant women have significantly elevated plasma leptin concentrations compared with
nonobese pregnant women throughout pregnancy [1]. Moreover, maternal obesity is also associated
with changes in the placental function and structure, which likely impact fetal growth and development.
For example, obesity has been associated with several changes related mainly with placental size,
hypervascularization, higher branching capillaries of the villi (chorangiosis) [37,38] and increased
glycogen deposits, among others. Increased macrophage infiltration is also evident in the placenta
of obese women, suggesting an exaggeration of the inflammatory state which occurs in normal
pregnancy [39]. However, it is unclear which histological changes are due to the pathophysiology and
which are compensatory adaptations to this disease. Regardless, alterations in placental nutrient and
hormone transporter capacity have been demonstrated in human and animal models of obesity, and are
hypothesized as a mechanism leading to an accelerated fetal growth trajectory and macrosomia [1].
In this sense, we have demonstrated that the increased expression of aquaporin-9 (AQP9) (or others
aquaglyceroporins) observed in placentas from obese women with GDM could be mediated by
hyperleptinemia, suggesting an increase in the transport of glycerol to the fetus and thus contributing
to the increased energy intake requirements in the macrosomic fetus in GDM [40]. Leptin has also been
identified as a critical trophic factor that influences the development of the hypothalamic projections [40].
Alterations in the pattern of leptin secretion (premature peak, excess, or deficiency) during neonatal
life could have significant adverse effects on hypothalamic development and metabolic phenotype [41]
(Figure 1).

Finally, one of the peripheral functions of leptin is a regulatory role in the interplay between
energy metabolism and the immune system, which is, in part, responsible for the inflammatory state
associated to obesity [42]. Several inflammatory mediators produced by inflammatory cells also
regulate leptin expression and promote the development of chronic inflammation [43]. In this regard,
leptin effects include the inflammation and the modulation of innate and adaptive immunity [44,45].
Therefore, proinflammatory leptin actions might also have significant implications in the pathogenesis
of GDM [29,46].

Taken all together, since hypothalamic inflammation results in central leptin resistance and hepatic
insulin resistance [47], blocking the peripheral and central inflammation induced by a high fat diet
could have the potential to treat obesity and GDM. Therefore, novel therapies incorporating effective
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natural agents (macro and micronutrients), particularly agents with the dual properties of preventing
inflammation and controlling body weight by improving leptin sensitivity, might be an alternative
intervention targeting obesity and GDM.

Figure 1. Effects of bioactive food compounds on the leptin resistance associated with obesity and
gestational diabetes.

Leptin levels are increased in gestational diabetes with obesity (1). The high plasma leptin
levels may be potentiated by leptin resistance at central level, in which SOCS3 and PTPB are induced
by leptin and involving in a negative feed-back loop. The resulting effect is a decrease in the
leptin-induced activation of the JAK2/STAT-3 signaling, leading to a reduction in the central effects of
leptin (2). Leptin also impacts the placenta itself in an autocrine/paracrine fashion. The integration of
numerous signaling by intracellular regulatory pathways such as MAPK, PI3K and JAK-STAT has been
demonstrated to increase the size of the placenta and to affect placental nutrient transport and fetal
growth (macrosomia) (3). Bioactive food compounds such as polyphenols might reduce circulating
leptin levels, partly decreasing leptin expression in the placenta from women with GDM. The resulting
effect is a decrease in the leptin resistance at a central level and optimal placental nutrients transport.

3. Nutrients and Bioactive Food Components Useful for Counteracting Hyperleptinemia and
Leptin Resistance in GDM

Since the landmark Hyperglycemia and Adverse Pregnancy Outcomes (HAPO) study in 2010, an
international consensus on diagnostic criteria has not been reached nearly a decade later [47]. However,
there is now a consensus regarding the need for effective interventions targeting obesity. In this
regard, since first-line medical (pharmaceutical) therapy has recently been called into question [48]
and the socioemotional component of nutrition therapy for GDM has a dominant influence on
adherence [49], other dietary strategies should be further investigated in detail. For example, since
diet plays an important role in inflammation, and both obesity and GDM are considered a state of
chronic inflammation, a healthy and active life style, which includes a diet rich in fruits, vegetables,
non-sugared foods, non-ultra-processed foods associated with a higher prevention of inflammatory
diseases should be incorporated into the diet [50]. However, a high consumption of red, processed
meat, saturated or trans-fat, ultra-processed food based on refined ingredients or alcohol associated
with pro-inflammatory processes should be avoided [35,36].
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Since obese women and women with GDM show high circulating leptin levels and are hence
considered leptin-resistant [51,52], we have identified nutritional strategies to counteract leptin
resistance in both obesity and GDM. In this context, several micro- and macro-nutrients and bioactive
food components might have the ability to increase leptin sensitivity and to reverse leptin resistance in
obesity and GDM.

3.1. Polyphenolic Compounds

Polyphenolic compounds such as flavonoids represent an important bioactive component in
plants (fruits, vegetables, legumes, tea, etc.) with some specific parts of these foods richer in flavonoids
than others (for example the peel of certain fruits) [53]. The accumulation of flavonoids often occurs in
plants subjected to abiotic stresses. This fact has made their determination an attractive field in food
science and, in recent years, an increased number of studies have analyzed their potential benefits in
human health.

As mentioned above, both the impact of nutritional status on the immune system, specially T
cells [54,55] and the role of leptin as a mediator of inflammation [42], as well as a link between energy
stores and the immune response, have been proposed [56,57]. In this sense, the (poly)phenols might
modulate both the leptin effect and circulating leptin levels using different experimental approaches.
For example, it has been reported that flavonoids have anti-inflammatory properties and thus have an
important role in the control of several immune cells and immune mechanisms that are important in
the inflammatory processes. More specifically, certain flavonoids (myricetin, quercetin, procyanidins)
can inhibit multiple central kinases that are involved in multiple signaling pathways related to
inflammation [58], such as phosphoinositol kinase, protein kinase C (PKC), phosphatidylinositol kinase
and tyrosine kinase or cyclin-dependent kinase-4 [59]. Besides, flavonoids can modulate these protein
kinases via inhibition of transcription factors (e.g., NF-κB and AP-1) [60]. Intriguingly, both insulin
and leptin share several signaling pathways, such as mitogen-activated protein kinase (MAPK) and
the phosphatidylinositol 3-kinase (PI3K) pathway, which may also activate several protein kinases
involved in signal transduction during the inflammation process, via NF-κB. In this context, our group
have demonstrated that the increase in placental leptin expression is mediated by NFκB signaling [61].
Therefore, in GDM, associated with insulin resistance, hyperinsulinemia and hyperleptinemia [62,63],
flavonoids might downregulate the synergistic interaction between insulin and leptin signaling in the
inflammatory processes. In addition, flavonoids might also decrease leptin expression in the placenta
of women with GDM.

It has also been reported that high cAMP levels inhibit leptin expression by human chorionic
gonadotropin (hCG), and these increased levels of cAMP have been associated with anti-inflammatory
functions [64]. In this sense, flavonoids have also demonstrated the potential to block cAMP degradation
and prolong cAMP signaling [65]. Finally, flavonoids may have an impact on cell activation, signaling
transduction and cytokine production in several immune cells. For instance, flavonoids have been
shown to inhibit maturation of dendritic cells (DCs) by suppressing the expression of CD83 and CD80,
which would translate into an inhibitory effect in the secretion of pro-inflammatory cytokines [66,67].
These effects are contrary to leptin, which promotes the switch towards Th1 cell immune responses by
increasing interferon-γ (IFN-γ) expression and facilitates Th17 responses. All these findings position
flavonoids as modulators of immune response and, very specifically, as inhibitors of transcription
factors, involved in the expression of different pro-inflammatory genes such as the leptin gene [60].

On the other hand, it is well known that the imbalance between the oxidative and anti-oxidative
systems plays a crucial role in the pathogenesis of several human diseases such as obesity and
diabetes, among others [68–70]. In this context, flavonoids are also potent antioxidants that are able
to scavenge free radicals and decrease their formation. For example, grape juice by-products are
a source of phenolic compounds with demonstrated antioxidant activities [71]. In these, the main
phenolic compounds include flavones (luteolin) [71,72], flavonols (myricetin, fisetin, quercetin and
kaempferol derivatives) [70,73], anthocyanins (cyanidin-3-glucoside) [74], flavan-3-ols (catechin and
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epicatechin monomers and proanthocyanidins) [75,76], stilbenes (resveratrol), and phenolic acids [74].
The most studied of these is resveratrol, which has been demonstrated to diminish circulating
leptin levels and to reduce intake [77] by increasing phospho-STAT3 content in the hypothalamus,
with no changes in SOCS3. This suggest that resveratrol might improve the leptin sensitivity in
obesity [78,79]. Proanthocyanidins (PACs), known as condensed tannins, are found in a wide variety
of fruits (e.g., berries), in addition to grapes, and other sources such as flowers, seeds of some plants,
nuts or barks [80,81]. Plant and food-derived PACs are also attracting attention due to their ability
to prevent chronic diseases [82]. For example, PACs from grape seeds and blackberry–blueberry
fermented beverages have shown high anti-inflammatory and antioxidant activity in vitro [83] and
have shown a broad therapeutic health effect against diabetes mellitus and obesity. In this regard,
obesity and related complications such as GDM are linked with higher susceptibility to oxidative stress
and the administration of grape seed extracts has shown an improvement in the oxidative status in
obese people by inhibiting lipid peroxidation and avoiding ROS production [84]. Moreover, PACs can
reduce inflammation by decreasing the oxidative stress or other indirect mechanisms [85]. In this sense,
PACs from grape seed extract modulate IL-6, TNF-α and adiponectin gene expression in adipose tissue,
thus, reducing the diet-induced low-grade inflammation [86]. PAC-rich extracts have also proved to be
involved in obesity modulation (even at low doses) through the suppression of food intake and the
increase in energy expenditure [87], possibly by mediating leptin levels. However, the mechanism
underlying this effect of grape seed PACs has not been fully elucidated. Finally, grape seed extract
improved the insulin resistance index as well as the plasma glucose and insulin levels in diet-induced
obese animal models [88], although there are discrepancies in this regard.

Other bioactive food compounds have also been proven to be able to reduce circulating leptin
levels in obesity. Myricetin, a bioflavonoid abundant in others fruits (e.g., berries), as well as
tea and vegetables, has been shown to reduce hyperleptinemia and to favor insulin action via
PI3-kinase pathway activation, and translocation of glucose transporter subtype 4 (GLUT4) to the cell
membrane [89]. Accumulating evidence also suggests that propolis extracts (rich in flavonoids and
cinnamic acid derivatives) have therapeutic effects on obesity by controlling adipogenesis, adipokine
secretion, food intake, and energy expenditure. Particularly, considering the anorectic activity of leptin,
propolis has potential to attenuate feeding and subsequently prevent obesity [90]. Moreover, various
reports in animal and cellular models have demonstrated that propolis and its derived compounds
improve insulin secretion and insulin sensitivity by modulating oxidative stress, the accumulation of
advanced glycation end products (AGEs), and adipose tissue inflammation, all of which contribute to
insulin resistance or defects in insulin secretion [91,92]. For example, several flavonoids in propolis,
such as quercetin, chrysin, luteolin, amentoflavone, luteolin 7-O-glucoside and daidzein, have been
found to have therapeutic effects in diabetic animal models by different mechanisms [93,94]. It has
also been reported that propolis mitigates metabolic dysfunction through normalization of intestinal
microflora [95]. Therefore, propolis intake might have beneficial effects for metabolic disorders such as
GDM, attributable to flavonoids and natural phenols. However, propolis might have adverse effects
on patients and, therefore, monitoring of biological effects should be carried out.

The polyphenols of olives and olive leaves also have numerous beneficial effects on human health,
such as antioxidant capacity, hypoglycemic [96] and anti-inflammatory [97], as well as a coadjuvant
role in the treatment of obesity [98]. In this sense, oleuropein, responsible for the bitter taste of olive
leaves and drupes, and its derived form, the most abundant phenolic compounds present in olives
and olive oils, are well known for their hypoglycemic property; possibly by the potential of affecting
glucose-induced insulin release and/or increasing peripheral glucose uptake [99]. This hypoglycemic
effect is also attributed, at least in part, to the antioxidant activity of oleuropein [100]. Moreover, it has
been reported that oleuropein down-regulates leptin mRNA levels in epididymal adipose tissue and
reduces serum leptin levels [101]. That is why the prophylactic use of oleuropein has been proposed in
the reduction in complications resulting from oxidative stress in obesity and diabetes [99]. Other major
phenolic components present—not only in olive extracts but in fruits (e.g., grapes), such as luteolin
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and luteolin-4′-O-β-D-glucopyranoside—have been shown to inhibit the formation of AGEs and, thus,
might delay the development of diabetic complications [96]. However, these effects have been tested
in animals and it is necessary to perform studies in humans in order to confirm the benefits attributed
to polyphenols from olives in GDM.

3.2. Polyunsaturated Fatty Acids (PUFAs)

The developing fetus requires substantial amounts of fatty acids to support rapid cellular growth
and activity, and especially, metabolic derivatives of the essential fatty acids such as linolenic acid (Ω-3)
and linoleic acid (Ω-6) and polyunsaturated fatty acids (PUFAs) are crucial [102]. The most biologically
important PUFAs are docosahexaenoic acid (DHA) and eicosapentaenoic acid (EPA) [102]. In this
context, DHA appears to be crucial to the fetus and infant for early neural development (brain and
visual system) [103]. However, modern dietary trends have led to an imbalance in the consumption
of PUFAs, with deficiency in Ω-3 and increasing Ω-6 PUFA intake which far exceeds nutritional
requirements, promoting the pathogenesis of many prevalent human diseases including GDM [104].

The placenta may play a key role in the regulation of fatty acid availability via the release of
placental-derived leptin, a potent stimulator of lipolysis [105]. In fact, maternal circulating total fatty
acid concentrations increase during pregnancy, enhancing placental access to fatty acids. However,
as mentioned above, GDM is associated with oxidative stress and placental inflammation [106], and
impaired placental fatty acid transport has been reported [107].

Given that PUFAs exhibit both anti-oxidative and anti-inflammatory activities, maternal dietary
DHA and EPA supplementation has been proposed as a potential therapeutic intervention for
this placenta-related disorder. For example, maternal dietary supplementation with Ω-3 PUFAs
during pregnancy exerts beneficial effects such as reduced inflammation by either disrupting
proinflammatory eicosanoid generation or promoting the generation of anti-inflammatory forms [108].
Moreover, it has been also reported that dietary supplementation with Ω-3 PUFAs modulates the
activity of key transcription factors (peroxisome proliferator-activated receptors (PPARs) and/or
nuclear factor κB (NF-κB)) and the G-protein-coupled receptor (GPR120) involved in inflammatory
signaling [109–111]. Consequently, dietary supplementation with Ω-3 PUFAs might reduce risk of
pregnancy complications [112] as well as the adipose tissue inflammation via GPR120-mediated
suppression of macrophage proinflammatory cytokine secretion, including leptin [113]. Indeed,
DHA and EPA have been shown to reduce circulating leptin levels activating the adenosine
5’-monophosphate-activated protein kinase (AMPK) pathway [114]. Another beneficial effect of
the Ω-3 PUFAs on GPR120 is the increase in the translocation of intracellular vesicles containing
GLUT4, which enhances glucose uptake by adipocytes [111]. Oleic acid, a monounsaturated fatty
acid (MUFA), also reduces hyperleptinemia via down-regulating PPARγ mRNA levels in abdominal
visceral white adipose tissue in obese mice [115]. Through modulation of adipokine secretion, these
fatty acids also favor insulin sensitivity [116].

Finally, excessive oxidative stress in utero-placental tissues plays a pivotal role in the development
of GDM [106]. In this context, Ω-3 PUFAs could potentially limit oxidative damage by reducing ROS
generation [117]. However, it would be important to ascertain the potential risks of excessive dietary
PUFA intake given the susceptibility of PUFAs to lipid peroxidation, which may exacerbate cellular
damage caused by an oxidative insult [118].

All together, these findings highlight the potential benefit of dietary supplementation with PUFAs
to limit oxidative damage and inflammation associated with obesity and GDM, although further
research in humans is required to clarify whether these fatty acids can prevent GDM and the potential
risks associated if they are used as supplements.

3.3. Terpenes

There is evidences that cafestol and/or its metabolites (kahweol), natural diterpenes extracted
from coffee beans, can prevent some chronic diseases such as metabolic disease [119–121]. In this
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context, it has been demonstrated that cafestol promotes insulin secretion and also increased glucose
uptake in muscle cells, similarly to that of antidiabetic rosiglitazone. Moreover, kahweol can activate
the AMPK pathway, a central modulator of the metabolism of glucose and lipid that stimulates glucose
uptake and inhibits the lipid accumulation. A large number of studies have also shown that cafestol
and kahweol have anti-inflammation and antioxidant activity, as well as an inhibitory effect on cell
proliferation. More specifically, cafestol blocks the AP-1 pathway to reduce PGE2 production and
blocks the PI3K/Akt pathway, promoting apoptosis in tumor cells [122]. All these effects could be
beneficial in the placental overgrowth observed in GDM. However, despite the fact that caffeine
has been shown to activate STAT-3 via decline of ER stress in the hypothalamus [123], it has been
reported that kahweol down-regulated the STAT3 signaling pathway by inhibiting its constitutive
phosphorylation and activation [124], which may aggravate the leptin resistance in obesity. Therefore,
further research and clinical trials are needed to confirm whether the coffee diterpenes might be used
to prevent or treat GDM in humans.

Evidence has been reported regarding the effect of tea preventing obesity and abnormal glucose
and lipid metabolism [125]. In this sense, in addition to phenolic components, a major bioactive
component of tea extract is teasaponin, a triterpene with significant anti-inflammatory properties.
More specifically, teasaponin inhibits proinflammatory cytokines by suppressing NFκB signaling
upstream of IKK/IκBα [125]. The anti-inflammatory effects of teasaponin have been associated with
an improved glycemic status in animal models. Moreover, teasaponin decreases the expression of
hypothalamic proinflammatory cytokines as well as the inflammatory signaling in the mediobasal
hypothalamus [125]. This may contribute to improved leptin sensitivity and hypothalamic leptin
signaling via p-STAT3. In fact, teasaponin significantly decreases the level of SOCS3, a negative
regulator of central leptin signaling in the hypothalamus of high-fat diet-induced obese mice.
Therefore, teasaponin has important effects in improving glucose tolerance, central leptin sensitivity,
and hypothalamic leptin signaling [125], and it might be a potential candidate as therapeutic intervention
for obesity and GDM.

3.4. Probiotics

Early reports of experimental and human studies regarding the role of gut microbiota promoting
gut barrier functions and controlling inflammatory responses have attracted scientific interest. The gut
microbiota is highly sensitive to the diet and may be involved in fat accumulation, favoring hydrolysis
and absorption of indigestible polysaccharides and, thus, excessive storage of nutrients [126,127]. In fact,
a distinctive gut microbiota composition in obesity has been reported in humans [127]. For example,
a lower fiber intake has been reported to be associated with reduced gut microbiota diversity and
richness, greater abundance of genus associated with type 2 diabetes mellitus [128,129], and genus
with known pro-inflammatory capacity [34]. Physiological weight gain during pregnancy [130,131]
also influences the gut microbiota composition in parallel with weight gain, favoring a higher
number of Bifidobacterium spp and a lower proportion of Staphylococcus spp [132]. These shift
in microbial composition are more pronounced in obese pregnancy and women with overweight
gain during pregnancy [130–133]. Therefore, a reasonable strategy to fight GDM might be based
on specific probiotics, which might counteract excessive absorption and storage of nutrients by
modification of the gut microbiota composition. Probiotics in GDM might balance the effect of aberrant
indigenous microbiota and normalize the increased intestinal permeability, as well as the secretion
of proinflammatory mediators, including leptin. Therefore, as mentioned in a clinical trial [134],
specific probiotics or probiotic foods might be used as dietary adjuncts to reduce the risk of diseases
associated with aberrant gut microbiota composition, increased intestinal permeability or altered
immunological or metabolic balance such as GDM. In fact, the impact of probiotics on GDM might
be more pronounced in a high-risk population (e.g., obesity). Moreover, probiotics supplementation
would not only affect the maternal metabolic state, but would also modulate fetal physiology and
might have a long-term programming effect on child health [135–137]. However, current knowledge
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about gut microbiota and diet response in pregnancy complicated by GDM is limited and future studies
that integrate genetics and clinical variables should be taken into account.

3.5. Others Bioactive Compounds

Lycopene is a lipophilic carotenoid which is responsible for the red color in various vegetables
and fruits, and is commonly found in tomatoes [138,139]. This carotenoid is known for its antioxidant
and anti-inflammatory effects [140], and has been reported to improve diseases with chronic
inflammatory backgrounds such as obesity. As mentioned above, hyperleptinemia is associated
with pro-inflammatory responses and with the chronic subinflammatory state observed in obesity [141].
In this context, it has been suggested that lycopene supplementation may attenuate the inflammatory
response in obesity, at least in part, by minimizing hyperleptinemia [142,143]. Other bioactive
compounds of many cruciferous vegetables (e.g., watercress and broccoli) are isothiocyanates (ITCs),
characterized by the presence of thiol-reactive chemicals that can modify critical cysteine residues on
a variety of cellular proteins [144–146]. As mentioned above, accumulating evidence suggests that
PTP1B could be involved in the pathways leading to leptin resistance as a major negative regulator
of leptin and insulin signaling. In this sense, ITCs have been found to inactivate PTP1B [147,148],
which has a reactive cysteine residue at the catalytic center [147]. Particularly, phenethyl isothiocyanate
(PEITC), a relatively nontoxic constituent, in addition to inhibiting cellular PTP1B activity, has been
demonstrated to enhance phosphorylation of LEPRb, JAK2, and STAT3 in the hypothalamus, resulting
in the stimulation of leptin signaling and significantly reduced food intake [149].

3.6. Micronutrients

Micronutrients include numerous minerals and vitamins derived from the diet that are essential
for cellular metabolism and optimal tissue function. It has been reported that an adequate supply
of micronutrients during pregnancy may significantly reduce the risk of developing disorders of
pregnancy, including GDM [150]. Throughout the course of pregnancy, there may be increased risk
of micronutrient deficiency in response to the requirements of the growing fetus [151]. Therefore,
although a healthy diet would be the ideal way to cover the micronutrient requirements, it is
possible that the physiological challenge of pregnancy might require additional nutritional support
of micronutrients [152]. The majority of supplements on the market contain a wide variety of
vitamins (B group vitamins, vitamins C, D, E and folate) and minerals (iron, copper, zinc, iodine,
selenium [153]. However, despite the benefits of micronutrients in supporting maternal, placental,
and fetal homeostasis during pregnancy [152,154], insignificant evidence and varied results have been
noted upon randomized trials of supplementation [155]. Such variability may be linked to variations
in specific micronutrient supplement preparations and population contexts [155]. Therefore, the
possibility that micronutrients supplementation could prevent complications of pregnancy warrants
further investigation with larger trials in this field [151].

4. Mediterranean Diet

Despite the publication of numerous randomized trials on diet and lifestyle interventions in
pregnancy [156], as mentioned above, no clear dietary recommendations have emerged to improve
pregnancy outcomes for women with metabolic risk factors, particularly GDM. This can be attributed to
the lack of robust evidence on effectiveness of the diet [157]. The traditional diet, “Mediterranean diet”,
has long been associated with preventive activity against chronic inflammation-associated diseases,
which are supported by observational and epidemiological data. The Mediterranean-style diet includes
components such as a high intake of nuts, extra virgin olive oil, fruit, vegetables, non-refined grains,
legumes and micronutrients, as well as moderate to high consumption of fish and low consumption of
processed meat, sugary drinks, fast food, and food rich in animal fat [158]. These key components
of this diet might help to control the activity of obesity and GDM as well as other inflammatory
pathologies. In fact, the Mediterranean diet has been recently found to reduce the risk of GDM in a
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multicenter randomized trial [159]. It is possible that this beneficial effect on GDM could be due to the
high intake of dietary polyphenols and micronutrients found in key components of the Mediterranean
diet, such as extra virgin olive oil, grapes and nuts, which together activate insulin receptors, increase
the uptake of glucose in the insulin-sensitive tissues, stimulate insulin secretion, and reduce insulin
and leptin resistance. However, it should be stressed that the Mediterranean diet is a complex matrix
of compounds and its biological activity cannot be attributable only to polyphenols and micronutrients.
In fact, it is very likely that compounds of this diet could have not only additive, but also synergic or
complementary activities to phenolic components. With the growing incidence of obesity and GDM,
health effects of the Mediterranean diet and its multiple bioactive components will be of relevance not
only in the treatment of obesity and GDM but, perhaps more importantly, also in their prevention.
Therefore, a simple, individualized, Mediterranean-style diet in pregnancy could have the potential to
reduce gestational weight gain and the risk of GDM. Figure 2 summarizes the 442 preventive effects of
nutrients from the Mediterranean diet on leptin resistance.

Figure 2. Effects of the Mediterranean diet on the oxidative stress and inflammation associated with
obesity and gestational diabetes. Obesity and GDM are linked with higher susceptibility to oxidative
stress and inflammation. Adipocyte hypertrophy results in elevated circulation of free fatty acids
(FFAs) and increased secretion of leptin, which drives T cells toward a pro-inflammatory phenotype
(Th1). These in turn result in immune cell infiltration and the activation of pro-inflammatory signaling
pathways. Bioactive food compounds in the Mediterranean diet such as polyphenols exert their
anti-inflammatory activity by inhibiting ROS production and inhibiting multiple central kinases that
are involved in multiple signaling pathways related to inflammation, such as NF-κB, MAPKs and
PI3/Akt signaling pathways.

5. Conclusions

The high social and economic impact of the growing incidence of obesity and GDM have strongly
motivated original investigations and the search for novel and rational preventive strategies. Data
reported in the literature, and gathered in this review, show that there is scientific evidence supporting
the anti-obesity effect of several bioactive compounds present in the Mediterranean diet. In parallel
with the reduction in body fat accumulation, other features which are typical of pregnancy with obesity,
such as GDM, increased leptin and insulin resistance, stress oxidative and low-grade inflammation,
are also improved by these bioactive compounds. Some of the mechanisms of action underlying
these effects have been revealed by preclinical studies. Particularly, the leptin sensitivity effect of
polyphenolic compounds (one of the most interesting group of bioactive compounds), as well as the
improvement of several comorbidities observed in GDM, has also been detailed. However, despite
the publication of numerous studies on diet and lifestyle interventions in pregnancy, no clear dietary
recommendations have emerged to improve pregnancy outcomes for women with metabolic risk factors.
In this regard, observational evidence on the Mediterranean-style diet intervention in pregnancy and
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potential reductions in weight gain and the risk of gestational diabetes should be taken into account.
The key components of this diet include, at the very least, a high intake of polyphenolic and other
bioactive compounds. It addresses some important benefits by using additional non-pharmacological
therapy that is based on natural compounds and, moreover, it would be feasible to implement in
pregnant women. It should be pointed out that future studies should investigate which bioactive
compounds present in the Mediterranean diet are responsible for their effects, as well as the potential
synergies between them. This strategy would be helpful to find new therapeutic interventions to
prevent or treat GDM.
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Abstract: Endocrine-disrupting chemicals (EDCs) are exogenous substances that are able to interfere
with hormone action, likely contributing to the development of several endocrine and metabolic
diseases. Among them, Bisphenol A (BPA) and phthalates contaminate food and water and have been
largely studied as obesogenic agents. They might contribute to weight gain, insulin resistance and
pancreatic β-cell dysfunction in pregnancy, potentially playing a role in the development of pregnancy
complications, such as gestational diabetes mellitus (GDM), and adverse outcomes. Pregnancy and
childhood are sensitive windows of susceptibility, and, although with not univocal results, preclinical
and clinical studies have suggested that exposure to BPA and phthalates at these stages of life might
have an impact on the development of metabolic diseases even many years later. The molecular
mechanisms underlying this association are largely unknown, but adipocyte and pancreatic β-cell
dysfunction are suspected to be involved. Remarkably, transgenerational damage has been observed,
which might be explained by epigenetic changes. Further research is needed to address knowledge
gaps and to provide preventive measure to limit health risks connected with exposure to EDCs.

Keywords: gestational diabetes; diet; endocrine disruptors; endocrine-disrupting chemicals;
pregnancy; bisphenol A; BPA; phthalates; pregnancy outcomes

1. Introduction

The prevalence of obesity and metabolic diseases has been increasing over the last decades,
and a complex interaction between multiple environmental and genetic factors might explain this
trend [1]. Remarkably, there is mounting evidence that several metabolic adult-onset conditions, such
as metabolic syndrome, type 2 diabetes (T2D) and cardiovascular diseases (CVD), might take roots in a
hostile intrauterine environment related to an unfavourable maternal diet or lifestyle [2].

Diabetes occurring in the second or third trimester of pregnancy is known as gestational diabetes
mellitus (GDM) [3]. Over the last decades, the prevalence of this condition has dramatically grown,
along with the epidemic spread of obesity [4]. Overall, the prevalence of GDM is largely influenced
by ethnicity, ranging between 12.9% and 5.8%, and by the diagnostic criteria applied [5]. High body
mass index (BMI) has a considerable impact on the risk of developing GDM, as well as first degree
family history of T2D and advanced maternal age [6,7]. GDM contributes to adverse gestational
outcomes, such as the increased rates of preterm delivery and caesarean section [8]. The most common
neonatal complications include dystocia, neonatal hypoglycaemia, jaundice and acute respiratory
distress syndrome [8,9]. Besides the recognized short-term consequences, there is rising concern about
the negative consequences observed several years later, such as the high risk of T2D occurrence [10,11].
It is estimated that, in European countries, the cumulative incidence of T2D in mothers previously
affected by GDM ranges from 2.1% to 35.7% in a follow-up time of 5.5 months–15 years [5]. There
is consistent evidence in longitudinal studies that previous GDM is linked with an increased risk of

Nutrients 2020, 12, 525; doi:10.3390/nu12020525 www.mdpi.com/journal/nutrients147



Nutrients 2020, 12, 525

obesity, metabolic syndrome and T2D, not only in mothers but also in offspring [12–14]. Furthermore,
children of mothers previously affected by GDM exhibit increased rates of CVD in adulthood, even of
early onset [15,16].

Interestingly, a suboptimal milieu in utero, especially in the context of a particular window
of susceptibility, might contribute to the development of pathological conditions, even with a long
latency. For instance, in pregnancy complicated by GDM, foetal hyperglycaemia and hyperinsulinemia
might influence vascular gene expression, resulting in endothelial dysfunction and contributing to
the increased CVD risk in offspring [17]. In addition to the possible role played by endogenous
factors, in recent years, increasing attention has been focused on the suspected contribution of
environmental chemicals exposure in the development of metabolic and endocrine conditions,
specifically during pregnancy [2]. According to the World Health Organization (WHO) definition,
an endocrine disruptor (ED) is “an exogenous substance or mixture that alters function(s) of the
endocrine system and consequently causes adverse health effects in an intact organism, or its progeny,
or (sub) populations” [18]. Humans and animals come constantly into contact with endocrine-disrupting
chemicals (EDCs), which are thought to interfere with hormone action at different stages. To date,
plenty of substances are suspected to have a negative impact on human health, although only a few
have been extensively evaluated in proper studies. Over the last decades, an association between EDCs
and the development of metabolic diseases has emerged, and there is rising concern about the risk of
adverse health outcomes, which might be largely underestimated.

2. Endocrine Disruptors in Diet

EDCs are ubiquitous and extensively pollute food and water. Industrial processes of food
production allow them to unintentionally enter the food chain and to accumulate in wildlife and in
humans. Almost 800 chemicals are suspected to interfere with endocrine functions and, among them,
bisphenol A (BPA) and phthalates have been broadly studied as “obesogenic” factors [18].

BPA is a chemical compound obtained from a reaction of condensation between phenol and
acetone. It is considered the first synthetic estrogen, although without a steroid structure, as it does not
include the phenanthrene nucleus [19]. Due to its property of acting as a linker between chemicals,
BPA is adopted by the chemical industry to produce plastic polymers.

Phthalates are diesters of phthalic acid classified into high and low molecular weight phthalates.
The first category includes several compounds that are largely adopted to make plastic more flexible and
durable. Among them, the most commonly employed additive is di(2-ethylhexyl) phthalate (DEHP).
Low molecular weight phthalates are mainly used in personal care products and cosmetics, but they are
also widespread in insecticides and in food packaging plastic [20]. In particular, diethyl phthalate (DEP)
is one of the major phthalates in commerce [20]. BPA and phthalates are therefore widely diffused, due
to the considerable volume of plastic production [21]. Basically, plastic materials for food storage, such
as bottles and containers, are the main source of these chemicals. Although released even at room
temperature, cooling and heating considerably facilitate the leaching of chemicals from containers,
resulting in the contamination of food and beverages [22,23]. Another major source of BPA is the inner
layer of cans (made of epoxy resins). As a result, products stored in cans and plastic casings have the
highest concentrations of BPA independently of the specific nutrient category. Fish, vegetables and
dairy products which are not packed in plastic containers or cans have therefore low concentrations of
BPA and phthalates [24–26]. Conversely, ready-to-eat food stored in plastic bags is a major exposure
source [27]. After ingestion, BPA is partially metabolized by the intestinal microbiota and largely
absorbed in the intestinal tract [28]. BPA is transformed in the liver mainly by glucuronidation and, to a
lesser extent, by sulfation, being eventually eliminated by the kidney [29]. Thus, BPA-glucuronide is the
main metabolite of BPA in humans. As for phthalates, exposure to DEHP is reflected by the presence of
its metabolites in urine, such as mono(2-ethylhexyl) phthalate (MEHP), mono(2-ethyl-5-hydroxyhexyl)
phthalate, mono(2-ethyl-5-carboxypentyl) phthalate and mono(2-ethyl-5-oxohexyl) phthalate. Whereas
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the main urinary metabolite of DEP is mono-ethyl phthalate (MEP). Remarkably, the bioactivity of
phthalate metabolites is superior to that of the original substance [29].

Since BPA does not accumulate in fat, a reduction in the intake of food stored in plastic materials
and the adoption of BPA-free plastic containers considerably limit exposure [30,31]. In contrast,
high molecular weight phthalates are more lipophilic and accumulate in fat food. Indeed, high
concentrations of DEHP and BPA in dairy, meat and fast food products, such as hamburgers, have
been reported [32,33]. Valvi et al. observed an inverse association between consumption of organic
food and phthalate urinary levels in pregnant women [34]. Although evidence from clinical studies is
still limited, a short course diet excluding food in plastic or cans was able to produce a significant drop
in the urinary levels of BPA and DEHP [35].

BPA and phthalate concentrations have been evaluated in different biologic fluids at various stages
of life. In the general population, urinary levels of BPA are reported to be on average 1.63 ng/mL in men
and 1.12 ng/mL in women, whereas in serum BPA concentrations range between 0.3–4.4 ng/mL [36].
As regards phthalates, levels in urine vary among different countries, ranging from 1 to 100 μg/L [20].
Differences between ethnic groups might be explained by genetic polymorphisms in enzymes involved
in biotransformation processes [37]. Overall, phthalate metabolites, mainly DEHP and DEP, have
considerably lower concentrations in serum than in urine [38].

Pregnancy and childhood are particularly sensitive windows of susceptibility to chemicals,
and exposure is potentially more harmful. Given the reduced ability to metabolize and eliminate
BPA compared to adults, foetuses and children have considerably high levels of BPA in blood and
urine [39,40]. A widespread exposure to EDCs has been consistently reported in pregnancy. Phthalate
metabolites have been found in urine of about 98–100% of pregnant women [41,42]. In a sample of
378 pregnant women, at least 93% exhibited detectable concentrations of eight phthalate metabolites
in urine between 18 and 22 weeks [43]. A positive association between phthalate concentrations and
BMI in pregnancy has been reported in several studies [34,44–48], and higher phthalate levels in urine
were observed in African American pregnant women compared to Caucasian [43,49,50]. In pregnant
women, MEP is the predominant phthalate metabolite in urine, reaching a median concentration of
30 μg/L in most studies. Interestingly, maternal education and income were inversely related with
phthalates levels, suggesting that sociocultural and lifestyle patterns might significantly influence
exposure [34,43]. Data on urinary concentrations of phthalates in newborns are controversial. While
some authors reported similar levels to those in the mothers [51], others observed two- or three times
lower concentrations in offspring [52]. As for children, higher levels of urinary phthalates compared to
adults have been found [53].

Many EDCs, such as high molecular weight phthalates and, to a lesser extent, low molecular
weight phthalates, are quite lipophilic and are stored in adipose tissue [54]. Remarkably, almost all
EDCs are able to cross the placenta, reaching the cord blood and the amniotic fluid [55,56]. They
are also transferred from mother to child with lactation [57]. BPA in foetal circulation and amniotic
fluid is almost 1–3 ng/mL, although in the latter, changes have been observed throughout pregnancy,
averaging 8.3 ng/mL in the second trimester and then dropping to almost 1.1 ng/mL at the end of
gestation [40]. In breastmilk, an average BPA concentration of 0.61 ng/mL has been reported [58].
As regards phthalates, amniotic fluid and breastmilk showed similar concentrations, generally far
lower than those observed in urine and in serum [59].

3. General Aspects of EDCs

Endocrine functions are disrupted by EDCs through several complex mechanisms which are still
not completely understood. Nuclear receptors (NR) are targeted by most of these substances, as well as
steroid synthesis and metabolism [60,61]. NRs are located in the cytoplasm or nucleus in a monomeric
state. The interaction with endogenous or exogenous ligands induces the translocation in the nucleus,
the dimerization and the activation of gene transcription [62].
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Several EDCs, including BPA and phthalate metabolites, are able to bind to estrogen receptors
α (ERα) and β (ERβ). These receptors regulate the growth and the differentiation of many tissues,
such as the female reproductive tract and the mammary gland [63].

Androgens intervene in the differentiation of male foetuses. EDCs, mainly pesticides but also
bisphenols, have displayed anti-androgenic activities, interfering with the function of the androgen
receptor (AR) [64].

Notably, the “obesogenic” effect attributed to EDCs has been linked to the activity of peroxisome
proliferator-activated receptors (PPARs), which are crucially involved in lipid and glucose metabolism
and energy homeostasis. Specifically, PPARγ are highly expressed in adipose tissue, and MEHP-induced
activation of these receptors stimulates adipogenesis in vitro and in vivo [65,66]. The PPARα is
principally expressed in the liver and in brown adipose tissue, and it is a target of MEHP as well [67].

EDCs disrupt thyroid hormone signalling, mainly acting as antagonists of thyroid receptors α

(TRα) and β (TRβ), resulting in hypothyroidism and alterations of brain development [68].
The biotransformation of exogenous substances in the liver is regulated by the pregnane X

receptor (PXR) and the constitutive androstane receptor (CAR). PXR induces the transcription of genes
coding for cytochrome P450 and other enzymes involved in the clearance of xenobiotic substances.
Notably, CAR regulates also lipid metabolism by eliminating cholesterol in the small intestine [69].
The activation of PXR and CAR pathways therefore protects the endocrine systems against EDCs.
However, several substances, including bisphenols, are able to disrupt their activity, causing adverse
effects [64]. Similarly, the aryl hydrocarbon receptor (AhR) exerts protective functions by sensing
the presence of xenobiotic compounds and leading to the activation of cytochrome P450 enzymes.
Interestingly, AhR can influence adipogenesis by altering PPARγ expression, and some “obesogenic”
EDCs act specifically by disrupting this pathway [70].

Retinoid X receptors (RXR) are targeted by EDCs as well. These receptors are able to heterodimerize
with other partners, such as PPARs, PXR, CAR, RARs and TRs. Thus, a multitude of adverse responses
can be triggered by the exogenous ligand of RXRs, affecting human health [71].

Generally, the interaction between hormones and their receptors is not linear but sigmoidal [72,73].
When receptors are downregulated by high concentration of ligands, a U-shaped dose-response curve,
implying high responses at low and high concentrations, or an inverted U-shaped curve, showing
a stronger effect at medium doses, are frequently observed as well [72]. Despite their agonist and
antagonist actions, EDCs are potentially able to modulate almost every aspect of hormone metabolism.
Notably, the effects of EDCs exerted at low doses can be quite different from those induced by high
doses, and it is fairly difficult to define a clear cut-off above which damage occurs. As EDCs can act at
extremely low concentrations, their negative effects in real settings is often caused by a chronic low-dose
exposure [74,75]. The U.S. Environmental Protection Agency (EPA) established for BPA a reference
dose, or safe dose (i.e., the highest acceptable oral dose of a toxic substance), of 50 μg/kg/day, based on
a “lowest observed adverse effect level” (LOAEL) of 50 mg/kg/day, whereas a “no observed adverse
effect level” (NOAEL) has not emerged from toxicological studies [76]. As regards DEHP, the reference
dose is 20 μg/kg/day, based on a LOAEL of 29 mg/kg/day, whereas the NOAEL is 5.8 mg/kg/day [20].
The estimated range exposure in humans is 0.4–5.0 μg/kg/day for BPA and 0.5–25.0 μg/kg/day for
DEHP [76].

Another critical aspect of EDCs’ actions is that their impact on health might not be immediately
evident. In light of this, early contact with a substance might lead to long-term damage. Accordingly,
most adult diseases that are suspected of being related to EDCs might be a result of intrauterine life
exposure. EDCs are able to modulate gene expression and directly modify the epigenome by DNA
methylation [77,78]. Notably, epigenetic modifications can be transmitted throughout generations,
and the transgenerational effects might become manifest only several years later [79,80].

Although it is broadly accepted that chemicals interfering with hormone pathways are therefore
able to cause adverse outcomes, in the evaluation of the risks connected to exposure, other factors
should be considered, such as dose and duration of exposure [73]. Additionally, the specific period of
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the life cycle in which exposure occurs is crucial for the prediction of adverse outcomes. An extremely
sensitive window is the time between conception and birth, when critical cellular processes (such as
replication and differentiation) and organ development take place [81].

Interestingly, gender differences have consistently emerged in several studies, suggesting that
similar conditions of exposure to an EDC may lead to different clinical manifestations which might be
explained by several factors, such as the different expression of receptors or enzymes in EDCs target
tissues and organs between male and female sexes [82].

4. Effects of Gestational Exposure to BPA and Phthalates

Exposure to BPA and phthalates during sensitive windows such as pregnancy can lead to metabolic
dysfunction in the mother and interfere with foetal development. The disrupting effect might result in
long-term consequences, both in the mother and in the offspring (Figure 1).
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Figure 1. Endocrine disruptors in diet and pregnancy outcomes. GDM: gestational diabetes mellitus,
T2D: type 2 diabetes and CVD: cardiovascular disease.

4.1. Impact on the Mother and Risk of GDM

It is well-known that both adipose tissue and gestational tissues (such as the placenta) release a
wide number of molecules that promote insulin resistance [83]. As a result, a progressive fall in insulin
sensitivity is observed until the second trimester, even in healthy pregnancies. Nevertheless, the increase
in insulin secretion by pancreatic β-cell prevents the development of GDM. GDM therefore occurs
when the compensatory effect of the pancreatic β-cell is insufficient [84]. Furthermore, a low-grade
pro-inflammatory state [85–87] has been described even in physiological pregnancy, and it was found
to be enhanced in GDM, possibly contributing to the development of insulin resistance and adverse
pregnancy outcomes [88–90].

BPA and phthalates seem to target several pathophysiological features of GDM, potentially playing
a role in the pathogenesis of GDM. Indeed, they have been linked to weight gain, insulin resistance
and pancreatic β-cell dysfunction.

Gestational weight gain is a well-known risk factor for GDM [5]. In the Lifecodes cohort study,
which enrolled 350 pregnant women, mean levels of maternal urinary MEP throughout pregnancy
were positively associated with weight gain. Accordingly, the risk of impaired glucose tolerance (IGT)
increased with high levels of this phthalate metabolite at the second trimester [91,92].
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More recently, Shaffer et al. found that high mean levels (average concentration between first
and third trimesters) of maternal urinary MEP significantly increased the odds of IGT and GDM [93].
Similarly, BPA urinary levels at the second trimester of pregnancy were positively associated with
post-load glycaemia levels [94]. However, other cohort studies did not confirm the association
between EDCs exposure and IGT, showing contrasting results for both BPA [95–99] and phthalates [97].
A possible reason for these controversial outcomes lies in the confounding effect of adiposity. Indeed,
in a further analysis of the Lifecodes cohort study, Bellavia et al. investigated the association between
first and second trimester BPA urinary levels and post-load glycaemia both in the overall sample and
stratifying by BMI categories. Remarkably, although not any significant relationship emerged when
considering the full sample, in the overweight/obese subgroup, higher concentrations of BPA at both
trimesters were significantly associated with high post-load glycaemia [100].

Besides hyperglycaemia, in a prospective study, phthalate exposure in a low-risk cohort of
pregnant women has been linked to increased diastolic blood pressure within 20 weeks of gestation
and to the development of gestational hypertension and pre-eclampsia in late pregnancy [101].

Long-term adverse outcomes have been observed in mothers with BPA-associated insulin resistance
in pregnancy. Specifically, pregnant mice treated with BPA had significantly higher body weights
four months after delivery than control mice receiving vehicle [102]. Furthermore, the same authors
reported that pregnant mice exposed to BPA developed insulin resistance and glucose intolerance
later, along with significant weight gain, compared to controls [103]. Phthalates have been linked to
long-term weight gain in the mother as well [104], potentially contributing to the development of
metabolic diseases, such as T2D and metabolic syndrome, the well-known long-term complications of
GDM [12,105]. There is evidence in the mouse model that BPA exposure in pregnancy targets insulin
signalling pathways in peripheral tissues (liver and adipose tissue) by inhibiting the phosphorylation
of Akt, therefore inducing impaired glucose homeostasis [102]. Moreover, BPA has a 17-β estradiol-like
(E2) effect, as it is able to bind both ERα and ERβ, activating several signalling pathways. Notably,
estrogen receptors are widespread throughout different tissues and are known to play a role in the
regulation of glucose homeostasis [106]. In the mouse model, chronic administration of both E2 and
BPA increased insulin synthesis and release by the pancreatic β-cell, inducing chronic hyperinsulinemia.
Chronic hyperinsulinemia eventually led to insulin resistance in this model [107,108]. There is also
evidence indicating that BPA increases the activity of PPARγ in adipocytes [109,110].

EDCs target the pancreatic β-cell as well [111]. Given that GDM occurs when the compensative
effect of the pancreatic β-cell fails, the interference of EDCs might contribute to the development of
hyperglycaemia. Furthermore, inflammation and oxidative stress are thought to be involved in the
pathogenesis of insulin resistance in pregnancy. A positive correlation between BPA, inflammation
and oxidative stress markers (IL-6, 8-isoprostane and 8-hydroxydeoxyguanosine) was also observed in
pregnant women in early pregnancy [112].

4.2. Impact on Offspring: Short-Term and Long-Term Outcomes

Low birth weight is a well-known risk factor for obesity and T2D [113]. Interestingly, EDCs are
reported to affect foetal growth and the length of pregnancy in cohort studies. In a study involving
482 pregnancies, levels of maternal urinary DEHP metabolites were inversely associated with foetal
growth parameters (femur length, head circumference and weight) [114]. Other authors found that
phthalate exposure at the third trimester of gestation was positively linked to the risk of preterm birth
as well [115]. Several studies have investigated the relationship between BPA exposure and pregnancy
outcomes, with controversial results. Indeed, in the prospective Upstate KIDS study, BPA levels in
the blood of 6171 infants after delivery were negatively associated with the length of pregnancy, birth
weight and head circumference [116]. Veiga-Lopez et al. observed similar results only regarding birth
weight, although gender differences emerged. Indeed, the negative correlation between maternal
urinary BPA at the first trimester and birth weight was stronger in pregnancies with a female foetus.
Conversely, a significant increase in the lengths of the pregnancies was observed, although more
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marked when the foetus was a female [117]. In another cohort study, increased BPA concentrations in
maternal and cord blood were predictive of a higher risk of low birth weights in male foetuses [118].
However, in a recent meta-analysis of eight studies, no significant correlation emerged between BPA
exposure and birth weight [119].

Overall, in a large meta-analysis of 13 European cohort studies enrolling 133,957 pregnancies,
exposure to EDCs was associated with a significant increase in the risk of low birth weight [120].

The molecular mechanisms underlying the possible association between exposure to EDCs during
pregnancy and reduced foetal growth are not completely uncovered. The disrupting effect of phthalates
is suspected to target placental TR. In mice exposed to the phthalate metabolite DEHP, placental levels of
TR mRNA were found to be reduced in small for gestational age progeny [121]. Similarly, the expression
of several factors involved in the regulation of placental angiogenesis, such as vascular endothelial
growth factor, placental growth factor, insulin-like growth factor-1 and insulin-like growth factor-2,
was reduced. In parallel, a lower number of micro-vessels emerged histologically in placentas [121].
Other mechanisms, such as the alteration of patterns of placental micro-RNA expression, DNA
methylation and gene imprinting in the placenta, might be involved [82]. Interestingly, it has been
observed that phthalates interfere with the expression of multiple genes, including epidermal growth
factor, in the placenta at the first trimester by altering DNA methylation [78].

Besides short-term pregnancy outcomes, several cohort studies have focused on the effects of
prenatal and early life exposure to EDCs on childhood adiposity. As regards BPA, the main findings
are controversial. The Maternal-Infant Research on Environmental Chemicals (MIREC) study enrolled
719 mother-child pairs, and urinary levels of BPA were determined in mothers at 12 weeks of gestation.
Anthropometric parameters were obtained at 3.5 years in children, and a positive association between
BPA concentration and waist-to-hip ratio was observed [122]. In the RHEA cohort study, relevant
sex differences emerged, since maternal BPA in urine was inversely related to BMI in females and
positively in males at 4 years of age, whereas increasing postnatal levels of urinary BPA in progeny
were significantly predictive of higher BMI, waist circumference and skinfold thickness (an indicator
of central adiposity) in both genders [123]. Harley et al. observed that BPA concentration in maternal
urine associated inversely with fat mass and BMI only in girls of 9 years of age, whilst urinary BPA
measured at 9 years of age correlated positively with BMI, waist circumference and fat mass at the
same determination time both in females and in males [124]. The specific time of exposure might
therefore explain the different effects of a substance in the same population. However, in other cohort
studies, no association between both prenatal and early life levels of BPA and childhood adiposity
emerged [122,125]. In the Eden Mother-Child Cohort study, 520 mothers and children (of male sex only)
were recruited and followed up for 5 years. Phthalate metabolites during pregnancy were positively
linked to BMI at 5 years and to weight increase from 2 to 5 years of age in children [126].

The effect of multiple substances has been evaluated as well in a Spanish cohort study of 470
mother-child pairs with a 7-year follow-up, and phthalate exposure during pregnancy was a negative
predictor of overweightness at 7 years of age [127].

Overall, although the results from cohort studies are not univocal, exposure to EDCs during
pregnancy or early in life might have obesogenic properties, possibly playing a role in the development
of metabolic diseases many years later. It is recognized that adipocyte dysfunction and inflammation
contribute to the development of T2D and GDM [128,129]. Preclinical studies have investigated
the action of EDCs on adipocytes. Indeed, adipocyte hypertrophy occurred in the progeny of rats
that received BPA during pregnancy, along with a rise in the expression of pro-adipogenic factors.
Proliferation of pre-adipocyte induced by BPA has been described in vitro as well [109,110,130].
In cultures of 3T3-L1 pre-adipocytes, the expression of PPARγ was enhanced by BPA, and lipid
content in mature cells increased. In parallel, reduced insulin sensitivity and the enhanced expression
of both leptin and the pro-inflammatory cytokine IL-6 were observed [110]. In a cohort study,
250 mother-offspring pairs were followed up until 8–14 years. A positive association was found
between urinary phthalate metabolites measured in mothers during pregnancy and circulating
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leptin levels in females and an inverse association with insulin secretion in males at puberty [131].
In the MIREC study, high BPA urinary levels measured at the first trimester of pregnancy were
predictive of low adiponectin in cord blood at birth, although only in male foetuses. Furthermore,
a significant association between the metabolite of DEHP mono-(3-carboxypropyl)-phthalate and
increased circulating leptin levels were observed in males [132].

Studies in animal models have reported that BPA exposure during pregnancy leads to the same
metabolic alterations induced by high fat diets in offspring later in life, such as hyperglycaemia, IGT
and high levels of non-esterified fatty acids [133,134]. This effect might be explained not only by the
disruption of adipocyte function but also by the induction of β-cell dysfunction. Indeed, in male
offspring of pregnant mice, β-cell inflammation, mitochondrial dysfunction and β-cell death were
observed after exposure to BPA, and the damage persisted even in the next generation. Interestingly,
gene expression in the β-cell was modified by altering DNA methylation [135].

5. Conclusions

It is well-established that an unfavourable maternal diet can lead to poor pregnancy outcomes.
EDCs are broadly diffused in food, and the risks connected with exposure are suspected to be largely
uncovered. Overall, there is evidence that BPA and phthalates are able to affect pregnancy and
early life, influencing foetal growth and childhood adiposity. Their disrupting effect is likely to have
long-term and transgenerational consequences in the field of metabolic diseases occurrences. Further
research is mandatory to clarify the real impact of these substances on the risk of developing GDM
and, importantly, to assess whether the limitation of exposure through the adoption of appropriate
preventive measures might effectively reduce the incidence of this condition.

The synergistic effect deriving from exposure to multiple substances at the same time is a key
aspect as well. Providing that EDCs are ubiquitous, the interactions between different EDCs and
the overall effect should also be considered in real settings, rather than focusing on the actions of a
single substance.

Remarkably, several studies have reported sex-specific findings, and more research should also
clarify the mechanisms behind gender differences in pregnancy outcomes.

Finally, long-term follow-up studies are needed to further investigate the association between
pregnancy exposure to EDCs and the risk of metabolic dysfunctions in adulthood.
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Abstract: Gestational diabetes (GDM) is hyperglycemia that is recognized for the first time during
pregnancy. GDM is associated with a wide range of short- and long-term adverse health consequences
for both mother and offspring. It is a complex disease with a multifactorial etiology, with disturbances
in glucose, lipid, inflammation and gut microbiota. Consequently, its management is complex,
requiring patients to self-manage their diet, lifestyle and self-care behaviors in combination with use
of insulin. In addition to nutritional recommendations for all pregnant women, special attention
to dietary carbohydrate (CHO) amount and type on glucose levels is especially important in GDM.
Dietary CHO are diverse, ranging from simple sugars to longer-chain oligo- and poly- saccharides
which have diverse effects on blood glucose, microbial fermentation and bowel function. Studies
have established that dietary CHO amount and type can impact maternal glucose and nutritional
recommendations advise women with GDM to limit total intake or choose complex and low glycemic
CHO. However, robust maternal and infant benefits are not consistently shown. Novel approaches
which help women with GDM adhere to dietary recommendations such as diabetes-specific meal
replacements (which provide a defined and complete nutritional composition with slowly-digested
CHO) and continuous glucose monitors (which provide unlimited monitoring of maternal glycemic
fluctuations) have shown benefits on both maternal and neonatal outcomes. Continued research is
needed to understand and develop tools to facilitate patient adherence to treatment goals, individualize
interventions and improve outcomes.

Keywords: gestational diabetes mellitus; pregnancy; dietary carbohydrates; diabetes-specific formula;
continuous glucose monitoring

1. Introduction

Gestational diabetes (GDM) is one of the most common adverse medical conditions of pregnancy,
and its prevalence is rising as part of the global diabetes pandemic, both in developed and developing
countries. GDM is complex and multifactorial, with several aspects contributing to explain its
pathophysiology, although this is not fully clarified yet.

Nutrition in general and some particular nutritional compounds, such as carbohydrates (CHO)
and fiber, contribute to regulate glycemic index and glycemic response, and consequently can influence
establishment and evolution of gestational diabetes during pregnancy as well as risk of clinical
outcomes both in the mother and the infant. Consequently, nutrition may be a key tool for prevention
and management of gestational diabetes.

Nutrients 2020, 12, 385; doi:10.3390/nu12020385 www.mdpi.com/journal/nutrients163



Nutrients 2020, 12, 385

After a brief overview of the prevalence, short- and long-term health consequences and
pathophysiology of GDM, this review will focus on what is known about the role of dietary
carbohydrates in its prevention and treatment. Nutrition recommendations from professional health
groups will be summarized, with a focus on the specific research on dietary carbohydrate quantity and
quality that informs the basis for carbohydrate recommendations. Finally, the use of novel approaches
such as specialized nutritional supplements and continuous glucose monitoring to help patients adhere
to treatment goals will be discussed.

2. Background

2.1. Prevalence Worldwide and the Trends over the Past Decade

Gestational diabetes (GDM) is hyperglycemia that is recognized for the first time during pregnancy.
It encompasses undiagnosed type 2 diabetes and hyperglycemia which develops later in pregnancy [1].
It is one of the most common adverse medical conditions of pregnancy, and its prevalence is rising as
part of the global diabetes pandemic. It is estimated that GDM affects around 21.3 million or one in
six live births in 2017 [2]. Studies have shown that GDM increases with a faster rate in lower- and
middle-income countries than high-income countries, especially over the past decade [1–3]. Yan et al.
reported the GDM prevalence increased from 15.5% to 19.9% from 2012 to 2017 in Xiamen, China [1].
Lavery et al. reported about 5.5% increase in GDM prevalence in the USA over a 20-year period from
1990 to 2010 [3]. A study in Spain examining the trend of GDM prevalence showed an increase of 4.8%
over a period of 9 years from 2006 to 2015 [4]. According to the International Diabetes Federation,
South East Asia had the highest prevalence of GDM with 26.6% followed by Middle East/North Africa
(18%), Europe (14%) and Africa (9.5%) [2]. Because of significant health and economic burdens, the
increasing prevalence of GDM in most populations has become a global health challenge, especially in
low- and middle-income countries.

2.2. Short- and Long-Term Health Consequences for Mothers and Offspring

In the short-term, GDM increases pregnancy and birth complications. Women with GDM are
more likely to develop gestational hypertension and preeclampsia. A population-based retrospective
cohort including 426,296 deliveries over a 10-year period reported a 90% higher risk of preeclampsia
in women with GDM than those without GDM [5]. Pre-pregnancy obesity, excessive gestational
weight gain and poor glycemic control are linked with greater risk of gestational hypertension and
pre-eclampsia in women with GDM [6]. GDM is considered an independent risk factor for newborn
large for gestational age (LGA) and macrosomia. A meta-analysis reported the pooled odds ratio of
macrosomia was 5.5 folds higher in women with GDM than those without GDM [7]. Additionally,
the risk for LGA increases as fasting and two-hour post-oral glucose tolerance test (OGTT) glucose
increase during pregnancy. Farrar et al. studied the association between blood glucose and perinatal
outcomes in a meta-analysis involving up to 207,172 women [8]. They found that the odds ratios for
LGA per 18 mg/dL increase in fasting and two-hour post-OGTT glucose concentrations were 2.15
(95% confidence interval 1.60 to 2.91) and 1.20 (1.13 to 1.28), respectively. Infants born LGA and
with macrosomia increased instrumental delivery, caesarean section, premature birth and shoulder
dystocia [8,9]. Such pregnancy and neonatal complications were associated with delayed initiation of
breastfeeding, lower rates of breastfeeding and breastfeeding duration in women with GDM [10,11].
Because breastfeeding has been shown to be a protective factor for the development of T2DM in GDM
mothers and in their offspring [12,13], suboptimal breastfeeding has an implication in future health
risk for both mother and child.

Additionally, these pregnancies and neonatal complications impose substantial economic burdens.
A burden-of-illness study on GDM conducted in China has shown that the cost of a pregnancy
with GDM was 95% more than for a pregnancy without GDM, due to additional expenses for GDM
diagnosis and management, and for mother and neonatal complications. With a number around
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2.9 million pregnancies affected by GDM in 2015, the estimated annual economic burden of GDM was
an international $5.59 billion from incremental direct medical costs [14].

In the long-term, GDM increases the risk—in both mother and offspring—of type 2 diabetes,
metabolic syndrome and obesity. In their systematic review, Hopmans et al. [15] showed that the
increased risk of type 2 diabetes and cardiovascular disease was 13 times and two times higher,
respectively, in women with GDM when compared with healthy control [15]. In a recent meta-analysis,
Kramer et al. investigated the association between GDM and long-term cardiovascular disease in
5,390,591 women. They found that GDM was associated with a 2.3-fold increased risk of cardiovascular
events in the first decade postpartum when compared with women without GDM [16].

In children, intrauterine exposure to GDM increases the risk for overweight/obesity and abnormal
glucose tolerance. A total of 26,509 children born to mothers with and without GDM were included in
a meta-analysis to investigate the association of maternal hyperglycemia exposure during pregnancy
with obesity and abnormal glucose tolerance in offspring [17]. The rate of obesity or overweight in
children aged 2–17 years was 1.35 times higher in the offspring of GDM mothers. This increased
risk was highest in the age group of 11 years and above [17]. Additionally, the children of women
with GDM had higher two-hour plasma glucose through early adulthood (pooled MD: 0.43 mmol/L,
95% CI: 0.18–0.69), [17]. Another study reported a four-fold increased risk for metabolic syndrome in
children from GDM mothers, with the risk increasing significantly with increasing maternal fasting
and two-hour blood glucose [18]. Overwhelmingly, GDM has significant and adverse implications on
the future burden of non-communicable diseases in both mother and offspring.

3. Key Aspects of GDM Pathophysiology

GDM is a complex disease with a multifactorial etiology; however, the exact mechanisms involved
in its pathophysiology are not fully clarified [19]. The purpose of this section is to review the key
aspects implicated in its onset and recent advances regarding GDM.

3.1. Glucose and Lipid Metabolism

During normal pregnancy, the body undergoes numerous metabolic and immunological changes
that are designed to maintain maternal and fetal health. One of the major metabolic changes is related
to glucose metabolism [20]. Glucose metabolism changes according to the course of pregnancy and
fetal needs. At first, fasting glucose levels drop, likely due to both increased maternal blood volume
and the fetal use. To adjust to this physiological change, pancreatic β cells suffer hyperplasia and
hypertrophy to increase insulin secretion, maintaining maternal euglycemic state and preserving
the embryo [19]. Another common change that occurs during normal pregnancy is a reduction of
insulin sensitivity and an increase of insulin resistance. This is normally seen in normal pregnancies,
presumably to spare the glucose for the fetus, and can be attributed to the production of placental
hormones such as estrogens, progesterone, placental lactogen, placental growth hormone, leptin and
cortisol and may be intensified by genetic susceptibility and/or mother’s lifestyle [21].

Exacerbated peripheral insulin resistance during pregnancy and poor β-cell adaptation likely
contribute to GDM. Decreased insulin-stimulated glucose disposal by 22% has been observed in GDM
when compared with normal pregnancy [22]. As compared to normal pregnancy, impaired skeletal
muscle glucose uptake in women with GDM is usually explained by the failure of insulin signaling,
due to an additional decrease in tyrosine phosphorylation of the insulin receptor, which inhibits insulin
signaling from activating GLUT4 translocation. Decreased insulin-stimulated glucose uptake can
trigger failure of the β-cell and hyperglycemia in GDM [23]. Indeed, β-cell failure or insufficiency were
described by Buchanan et al. [24], showing that insulin secretion increases throughout pregnancy in
both women with and without GDM, but beginning at a lower starting point in women with GDM.

Along with changes in insulin resistance and the subsequent response of pancreatic β-cells,
hepatic glucose production is also significantly altered in women with GDM. Basal endogenous glucose
production increases in a similar way in women with and without GDM [22]. However, in late gestation
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the ability of insulin to suppress gluconeogenesis was lower in GDM as compared to the normal
pregnant women.

Major changes in lipid metabolism also occur during pregnancy [25]. In the mother, during the
early stage of pregnancy there is an increase in the fat depot accumulation as result of increased lipid
synthesis and hyperphagia. During this period, these lipidic disturbances are caused by enhanced
adipose insulin responsiveness that facilitates the accumulation of circulating lipids in the adipose tissue.
However, in late gestation, and as consequence of the insulin resistant condition, adipose lipolytic
activity is increased with a parallel reduction in the lipoprotein lipase activity and fatty acid synthesis
in the adipose tissue. These changes determine the development of maternal hypertriglyceridemia in
normal pregnancy [26]. In GDM, the pronounced peripheral resistance and inadequate β-cell function
cause these alterations to be exacerbated, resulting in enhanced lipolysis and ketogenesis. Under these
circumstances, the dyslipidemia in diabetic pregnancy compared with normal pregnancy actively
contributes to the chronic maternal insulin resistance and increases the exposure of lipids to the fetus,
contributing to fat accumulation, macrosomia and LGA. Enhanced levels of small size and dense
LDL particles have been consistently found in GDM [27] regardless the circulating concentrations of
LDL-cholesterol [28].

3.2. Inflammation

A tightly-regulated balance between pro- and anti-inflammatory cytokines is believed to be
necessary for normal implantation, trophoblast invasion and placentation [29]. In early and
late-pregnancy, elevated secretion of pro-inflammatory cytokines (TNF- α and Interleukin (IL)-6)
and reduced levels of anti-inflammatory cytokines (Il-10 and IL-4) are observed in women developing
GDM [30], suggesting that inflammation may be involved in the development of insulin resistance
associated with GDM. Pro-inflammatory cytokines can alter the insulin signaling pathway by
dampening insulin receptor (IR) tyrosine kinase activity, amplifying serine phosphorylation of IRS-1,
or by altering the STAT3-SOCS3 pathway. In a study by Kirwan et al., 2002 [31] and corroborated by
Catalano and coworkers, 2014 [22] they showed that plasma TNF α was the most strongly correlated
factor with insulin sensitivity. Similarly, placental gene expression of TNF-α, IL-1β and their receptors
have been reported to be increased in GDM. Besides that, in a study published in October 2019 [32],
another pro-inflammatory cytokine (IL-34) which operates as a ligand for colony-stimulating factor-1
receptor (CSF-1R) was discovered to contribute to the apoptosis of pancreatic β cells, playing a crucial
role in the development of GDM [32].

3.3. Gut Microbiota

The normal gut microbiota composition appears to undergo important shifts during normal
pregnancy. In late pregnancy, the gut microbiota pattern resembles the disruptive gut microbiota
composition to that of adults with type 2 diabetes [33]. Individuals with insulin resistance show
significant changes in the Firmicutes/Bacteroidetes ratio, with a reduction in butyrate-producing bacteria
compared to healthy individuals [34]. Fugmann et al. (2015) [35] analyzed stool microbiota both in
insulin resistant women with a recent history of GDM and women after a normoglycemic pregnancy.
They found that women with a Prevotellaceae-dominated intestinal microbiome were overrepresented
in the GDM group. Similarly, Bassols et al. (2012) [36] extracted and analyzed microbial DNA and
RNA from the appendix contents of eight insulin resistant and eight insulin-sensitive obese subjects.
They concluded that gut RNA microbial profile varies in accordance with insulin action. Recently,
Crusell et al. (2018) [33] showed that gut microbiota of women with GDM are distinct from microbiota
changes of normal pregnant women, including phylum and genus levels. In this study, there was a
difference in the abundance of 17 species level operational taxonomic units (OTUs) in GDM compared
with the normoglycemic pregnant women. Although different studies report the link between the gut
microbial profile and insulin resistance, the potential pathophysiological role of gut bacteria in GDM
remains still unknown.
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4. Role of Dietary Carbohydrates in GDM

Dietary carbohydrates (CHO) are an important energy source for both mother and fetus, and all
pregnant women need at least 175 g of CHO, including 28 g of fiber per day [37]. However, for women
with GDM, there is an additional need to pay careful attention to amount and type of CHO as it is
well-established that dietary CHO have the greatest impact on blood glucose. Dietary CHO are diverse
in structure with variable effects on blood glucose responses and other physiological outcomes [38].
Many dietary CHO (glucose, sucrose, cooked starches found in pastas, potatoes, white bread) are
readily digested and absorbed in the small intestines, and these contribute to a rapid increase in blood
glucose. Some dietary CHO have a structure that makes them resistant to digestion—or completely
non-digested—and these result in a small and/or slower increase in blood glucose (e.g., low glycemic
index, LGI). Components of CHO that are not digested (fiber) pass through the small and large intestine
where they can provide important physiological benefits such as stimulate incretin production, serve
as an energy source for colonic microbiota, and promote normal bowel movements.

Early studies established that elevated postprandial glucose responses contribute to an increased
glucose transport to the fetus and hyperglycemia correlates significantly with infant size and/or
adiposity [39,40]. Studies also have established that maternal glucose responses can be markedly
influenced by the total amount of CHO [39,41,42] or the type of CHO [43] consumed. Evidence from
preclinical studies [44,45] using animals models of gestational diabetes shows that negative effects of
feeding high-GI sucrose and maltodextrin on the pathophysiology of GDM in dams and their offspring
can be reversed by substituting these rapidly-metabolized CHO with more slowly-digesting CHO
(i.e., isomaltulose and resistant maltodextrins). As a result, in order to improve maternal fasting and
postprandial glucose during GDM, current dietary guidelines recommend either to restrict CHO intake or
to replace high glycemic/rapidly-digesting (HGI) CHO with those that are more slowly digesting (Table 1).

However, as commented in numerous publications [46–49], these dietary recommendations are
limited by the lack of robust evidence. Randomized nutritional intervention trials that have evaluated
dietary strategies focusing on CHO in women with [50–58] or at risk of [59–62] GDM have not shown
consistent benefits on maternal or infant outcomes. The details of the studies, their dietary interventions
and outcomes have been critically reviewed in other recent publications [46–49]. Overall, it is widely
viewed that these studies suffer from small sample size and thus are underpowered and observed
benefits on LGA or other infant and maternal outcomes are not consistent across studies. The most
current Cochrane analysis [63] did not show significant maternal and/or infant benefits; in contrast,
Yamamoto et al. [64] focused their primary analysis on maternal glycemic outcomes and concluded that
interventions that improved maternal glycemic control would improve infant birthweight outcomes.
In agreement was another meta-analysis by Wan et al. [65] who focused their meta-analysis on
dietary intervention strategies to include all Chinese-language studies. Their conclusion was that
CHO-modified diets were associated with improved glycemic control and infant birth outcomes in
ethnic Chinese women with GDM.
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Studies have evaluated nutritional interventions for preventing GDM [59–62,66] Most have
combined increasing physical activity with energy restriction through reducing on the quantity and/or
changing the type of CHO to reduce or slow weight gain during early pregnancy. Studies and their
findings are diverse. In the LIMIT trial [59] over 2000 pregnant overweight and obese pregnant women
were randomized before 20 weeks of gestation to standard of care or an intensive lifestyle arm including
advice to reduce intake of refined CHO. Babies born to women in the intensive lifestyle intervention
were significantly less likely to be LGA, have respiratory distress syndrome and had shorter hospital
stays. In the GI Baby 3 study of 139 women at high risk of GDM [60], those following low-GI diet
advice required less insulin to maintain normoglycemia (p = 0.007) compared to a group following
a high-GI diet. Walsh et al. [61], in the ROLO study, evaluated 800 women in their second half of
pregnancy who were at high risk for GDM having previously delivered an infant weighting greater
than 4 kg. Pregnant women who were randomized to receive low-GI diet advice had significantly
lower gestational weight gain and less maternal glucose intolerance compared to those following
standard of care. However, the incidence of LGA infants was not reduced. The UPBEAT study [0]
randomized 1555 obese women to receive a standard of care or an intensive behavioral intervention
to increase physical activity and improve diet quality with an emphasis on low-GI foods. Despite
improvements in gestational weight gain, the intervention was not associated with additional benefits.

Most recently, Zhang et al., [67] reviewed the effects of low-GI diets in all pregnant women,
both those having healthy pregnancies, at risk for GDM, and those with GDM. In a total of 11 trials
involving 1985 women, low-GI diets significantly reduced fasting and two-hour postprandial glucose
level. Pregnant women following low-GI diet advice had a higher risk of delivery of low for gestational
age neonates; however, there were no significant benefits on maternal or newborn outcomes.

Taken together, a low-GI diet during early pregnancy can improve postprandial glucose and
weight gain, at least in some studies. However, these interventions are not adequate to prevent GDM
or to consistently reduce the incidence of LGA infants. Whether the type of CHO (low-GI or slowly
digesting and low-GI) or additional factors are necessary to offset the rapidly changing and complex
pathophysiology that occurs during pregnancy are unknown. Additional insight into the role of CHO
can be gained from observational studies that have investigated nutritional intakes and/or patterns
before or during pregnancy and GDM; these studies [68,69] show GDM is higher in those having
higher intakes of meat and a lower intake of whole grain carbohydrates, fruits, vegetables, and fish.
These studies suggest that CHO along with other dietary components are likely involved. A high
intake of saturated fat can interfere with insulin signaling, and they can also induce inflammation
and endothelial dysfunction, both pathogenic factors in GDM. Amino acids can act as substrates
for hepatic glucose production and in hepatic lipotoxicity. Although CHO such as fructose found
in fruit are lower GI, more slowly digesting CHO such as those found in whole grains can slow
sugar absorption, reducing the demand on cells and insulin signaling mediators. In addition, proper
intake of micronutrients and polyunsaturated fats, including those derived from fish and seafood,
have anti-inflammatory properties consistently associated with a reduced risk of GDM. Another key
consideration in all intervention studies is the ability of the women to adopt the intervention. In their
systematic review, Lammimpaa and coauthors concluded that variability in the delivery of dietary
interventions is a key factor affecting study outcomes in GDM. Thus, additional research on the benefits
of dietary CHO, with or without other nutritional factors, should also pay attention to the consistency
of its delivery [70].

5. Promising Approaches to Help Patients with GDM Adhere to Dietary Recommendations

GDM is a complex disease requiring patients to self-manage their diet, lifestyle, and self-care
behaviors in combination with use of insulin or, in some cases, oral medications such as metformin
or glyburide [71]. Trying to engage pregnant women with (or at risk of) GDM to change their diet is
especially challenging; although most women are especially attuned to the health of their developing
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fetus, food cravings, palatability, hunger and time pressure are cited as barriers to adherence to
prescribed diets [72].

Meal replacements can be helpful for people not only for being convenient, but also for providing
known calorie amounts with specific macro- and micro-nutrient levels that facilitate meal planning.

When used as part of lifestyle intervention in diabetes prevention programs, meal replacements have
been shown to promote weight loss and reduction in the incidence of type 2 diabetes in overweight/obese
people at increased risk of developing type 2 diabetes [73,74]. There is good evidence that meal
replacement as part of a lifestyle intervention is effective in promoting weight loss and improving
metabolic outcomes in individuals with type 2 diabetes [75,76] The current diabetes guidelines from the
American Diabetes Association [77], the Canadian Diabetes Association [78], and Diabetes UK [79] have
recommended the use of meal replacements in the management of individuals with diabetes.

The role of meal replacements in preventing the development of GDM has not been well studied.
Given the risk of pregnancy complications such as gestational diabetes, macrosomia and Cesarean
delivery, and the risk of adverse metabolic health outcomes associated with excessive gestational
weight gain (GWG), recently Phelan et al. [80] conducted an RCT involving 257 overweight and obese
pregnant women (mean± SD: 13.6± 1.8 weeks of gestation) to evaluate the effect of a behavioral lifestyle
intervention (n = 129) with partial meal replacement in comparison of enhanced usual care (n = 128)
on weekly gestational weight gain (GWG) rate, cardiovascular disease risk factors, and incidence of
pregnancy complications. Participants in the enhanced usual care group received all aspects of usual
care offered by their prenatal care providers. In addition, they were given the general information
about healthy eating, physical activity, and the Institute of Medicine (IOM) recommendations for
total gestational weight gain at the time of study randomization. The intervention group received all
aspects of enhanced usual care plus a behavioral lifestyle intervention designed to prevent excessive
weight gain during pregnancy. Each participant received a 20-min individual, face-to-face counseling
session with a study interventionist every two weeks until 20 weeks of gestation and then monthly
visits until delivery. To promote weight control, they were instructed to replace two meals with the
provided meal replacement shakes or bars and to consume ≥ 1 meal of regular foods and 2–4 healthy
snacks/day. The meal replacement products included organic and lactose-free drinks and bars in which
80% of the study’s meal replacements purchased were for organic meal replacement products high in
protein, 15% were for the bar also high in protein; and 4% were for powder meal replacement including
a standard oral nutritional supplement (4%) and a diabetes-specific formula (1%). The meal plan
using partial meal replacement provided a calorie intake of ~18 kcal/kg body weight at study entry in
which 30%, 15%–20% and 50–55% of calories were from fat, protein, and carbohydrates, respectively.
The intervention group had significantly lower weekly GWG rates compared with the control group
(0.33 vs 0.39 kg/week, respectively, p = 0.02). In addition, 43% women in the intervention group were
less likely to exceed the (IOM) recommendations for total GWG than were those in the control group
(OR: 0.57; 95% CI: 0.34, 0.95; P = 0.03). From study entry to 35–36 weeks of gestation, when compared
with the enhanced usual care, the intervention significantly reduced triglycerides (P= 0.03) and resulted
in trend reductions in fasting glucose (P = 0.09) and systolic blood pressure (P = 0.06). Regardless of
group assignment, greater increases in GWG rate were associated with increases in insulin (2.63 μU/mL;
95% CI: 1.63, 4.23 μU/mL; P < 0.0001), HOMA-IR (2.84; 95% CI: 1.67, 4.85; P < 0.0001), and C-peptide
(1.52 ng/mL; 95% CI: 1.15, 2.01 ng/mL; P < 0.0001). There were no significant differences between
groups in triglycerides, HDL cholesterol, LDL cholesterol, total cholesterol, diastolic blood pressure
and systolic blood pressure. The incidence of pregnancy complications was similar between groups.
The study has suggested that partial meal replacements as part of a behavioral lifestyle intervention
is effective for GWG control in women who are overweight and obese. There is a need for further
research on its effectiveness before it could be considered as part of the usual prenatal care for pregnant
women with obesity.
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5.1. Evidence for the Use of Complete and Balanced Nutritional Supplements Containing Low-Glycemic and
Slowly Digested Carbohydrates on GDM Outcomes

Specialized diabetes-specific formulas (DSF) are designed using low glycemic index and slowly
digested carbohydrates and monosaturated fatty acids to support glycemic control [81–83]. Systematic
reviews and meta-analyses have shown that DSF as part of lifestyle interventions effectively improves
glycemic control and reduces cardiometabolic risks [84,85]. The effects of DSF on blood glucose
management in women with GDM were investigated in a few studies. Yu et al. [86] conducted a
randomized, controlled, unblinded study to investigate the effects of a DSF on postprandial blood
glucose and pregnancy outcomes in Chinese women with GDM from October 2011 to January 2012.
A total of 69 women diagnosed with GDM around 26 weeks of gestation were randomized to the
intervention consisting of individualized dietary recommendations using DSF (n = 32) or receiving
individualized dietary recommendation only (n = 31), as the control group. The DSF was consumed
twice daily to replace regular milk during breakfast and a meal. The 2-h postprandial blood glucose
was measured weekly over a period of eight weeks from enrollment to the week prior to delivery.
When compared with the control group, the intervention group had significantly lower 2-h postprandial
blood glucose levels based on the General Linear Model Repeated Measures (P < 0.01) and significantly
lower HbA1c (5.5% vs. 5.7%; P < 0.05). Pregnancy outcomes were found to be in favour of the
intervention group in which the intervention had significantly lower incidences of premature rupture
of membranes (9.7% vs, 34.5%; P < 0.05), polyhydramnios (12.9% vs. 37.9%; P < 0.05), and neonatal
pneumonia (6.5% vs. 31.0%; P < 0.05), and significantly lower birth weight (3346 g vs. 3549 g;
P < 0.05) [86].

Liu et al. [87] evaluated the effects of a DSF on fasting blood glucose, 2-h postprandial blood
glucose, triglycerides and total cholesterol in a 2-week randomized, controlled trial on 40 GDM
pregnant women. All participants received individualized dietary counseling in which the total
calories were calculated to achieve an ideal body weight with 30–38 kcal/kg body weight. They were
instructed to consume six meals a day including three normal meals plus three extra meals to achieve
the target calories. For women in the intervention group (n = 20), a DSF was given in two extra meals
at 9:00 am and 3:00 pm. The calories from two servings of a DSF account for about 25% of total daily
calories. Women in the control group (n = 10) were instructed to select CHO such as skim milk, fruits
and oatmeal as part of a diabetes meal plan. There were no significant differences in 2-h postprandial
blood glucose (at 11 am) between the DSF (8.1 ± 0.9 mmol/L) and the control groups (8.4 ± 1.1 mmol/L)
at baseline. Both study groups showed a significant reduction in 2-h postprandial glucose levels
(at 11 am) from baseline after two weeks of intervention. However, the intervention group achieved a
significantly greater improvement compared with the control (6.6 ± 1.5 mmol/L and 7.1 ± 1.3 mmol/L,
respectively, between-group P < 0.05). Similar findings were observed for 2-h postprandial blood
glucose for the extra meal in the afternoon (at 5 pm). No differences in serum triglyceride and total
cholesterol concentrations were found after two weeks of intervention [87].

The effects of a DSF on blood glucose control were evaluated in another randomized, controlled
trial with nine weeks of intervention involving 70 Chinese GDM pregnant women [88]. Both the
intervention (n = 34) and the control (n = 36) groups received a diabetes diet in which the total
daily calories were distributed as follows: 10%, 30%, 30% and 30% for breakfast, lunch, dinner and
snacks, respectively. For the intervention group, a DSF was used as a snack replacement. Fasting
plasma glucose levels and 2-h postprandial blood glucose levels were measured on a weekly basis
over the period of nine weeks. There were some differences in fasting plasma glucose levels and 2-h
postprandial blood glucose levels between the groups over a 9-week period. However, it is unclear
if the intervention group had better glycemic control because the results of using a statistical test to
compare the differences was not mentioned [88].

Overall, there is evidence that use of a DSF as a partial meal or snack replacement in a diabetes
meal plan resulted in a greater improvement in glycemic control compared with dietary counseling
alone in women with GDM, suggesting it could be an effective treatment for glycemic control in
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GDM. There are also preliminary findings suggesting its benefits in reducing pregnancy and birth
complications. Further studies are needed to confirm this.

5.2. Application of Continuous Glucose Monitoring to Facilitate Close Monitoring of Diet on Glucose Control

A treatment goal for GDM to reduce maternal and perinatal outcomes is to maintain a fasting
glucose concentration of less than 90–95 mg/dL, one hour postprandial glucose level < 140 mg/dL or
2-h postprandial glucose level of < 120 mg/dL) [89]. The most popular method for daily blood glucose
control is self-monitoring blood glucose (SMBG), usually by fingerstick blood sampling at defined
times. Use of SMBG readings provide a limited number of measurements and insufficient information
of the blood sugar level changes. Recent technology, such as continuous glucose monitoring (CGM),
is a promising method for improving the glucose profile by giving a more complete view and thus
improving patient treatment and quality of life [90].

CGM comprises a subcutaneous glucose-sensing device and an electrode impregnated with
glucose oxidase that allows interstitial glucose levels to be measured approximately every ten seconds
and an average value is stored in the monitor every five minutes [90,91]. CGM is an effective tool in
the management of pregnant women with type 1 diabetes and has been shown to improve neonatal
outcomes. Feig et al., 2017 [92], in the multicenter, open-label, randomized controlled trial LANCET
study, examined the effectiveness CGM on maternal glucose control and obstetric and neonatal
health outcomes (n = 325 women). The authors concluded that the use of CGM during pregnancy is
associated with improved neonatal outcomes, which are likely to be attributed to reduced exposure to
maternal hyperglycemia.

Additional benefits of CGM include the ability to improve screening protocol [90]. Importantly,
the ability to understand normoglycemia and its patterns of variation in nondiabetic pregnant women
across the day can allow for future individualized therapies in these patients [93]. Yu et al., 2014 [94]
in a prospective cohort study evaluated the effectiveness of CGM on maternal glycemic control and
pregnancy outcome in 340 patients with GDM. Patients were allocated in two groups, 190 receiving a
routine care self-monitoring of blood glucose (SMBG) and other 150 following the CGM. They concluded
that the use of supplementary CGM can improve the glycemic variability and pregnancy outcomes in
patients with GDM.

In the last decade, some studies used the CGM technology to facilitate close monitoring of diet
on glucose control. Hernandez et al., 2014 [53], in a randomized crossover study, compared two
different types of diets (one higher in complex CHO/lower fat and other one lower-CHO/higher fat)
using CGM for 72 h to obtain glucose profiles in 16 GDM women. These data show that a diet high
in complex CHO and reduced fat still achieved glycemia below current treatment targets and lower
postprandial free fat acids. Subsequently, Carreiro et al., 2016 [95] used CGM to more accurately
assess the impact of dietary recommendations on women suffering from gestational diabetes and they
concluded that dietary counseling was able to keep glucose levels close to those of healthy patients.
In a prospective observational study with GDM patients two methods to evaluate glucose readings,
CGM and self-monitor blood sugar glucose (SMBG), during Ramadan fasting were compared [96].
They concluded that CGM was effective to detect more hypoglycemia than SMBG in GDM patients.

Although limited, studies have shown that CGM systems have the potential to help the patient and
their health care providers manage their day-to-day diet, lifestyle, self-care and medication decisions
to achieve treatment goals. However, more research is needed to understand its full potential on both
mother and infant outcomes.

6. Conclusions

Nutrition is critical to the prevention and treatment of GDM for the health and well-being of both
mother and offspring. Close attention to the amount and type of dietary CHO can have important
benefits on GDM pathophysiology, but interventions as currently implemented may not be adequate
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to prevent or treat this complex disease. Continued research is needed to develop tools to facilitate
patient adherence to treatment goals, individualize interventions and improve the results.
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Abstract: Gestational diabetes (GDM) has deleterious effects on the offspring. Maternal obesity and
excessive gestational weight gain (GWG), often associated with diabetes, also contribute to these
adverse outcomes. Objectives: To assess the benefit for the offspring of maternal lifestyle interventions,
including diets and physical activity, to prevent or to improve GDM and to limit excessive GWG.
Method: Systematic review of meta-analyses published in English between December 2014 and
November 2019. Results: Lifestyle interventions to reduce the risk of GDM reported a decreased risk
of 15% to 40%, with a greater effect of exercise compared to diet. Combined lifestyle interventions
specifically designed to limit GWG reduced GWG by 1.6 kg in overweight and obese women, and on
average by 0.7 to 1 kg in all pregnant women. In these trials, adverse neonatal outcomes were
poorly studied. Combined lifestyle interventions in women with GDM significantly reduced fetal
growth. Altogether, lifestyle interventions reduced the risk of preterm birth and shoulder dystocia,
but individually, diets or exercise alone had no effect on neonatal adverse outcomes. Conclusion:
Specific maternal, neonatal and offspring benefits of lifestyle interventions during pregnancy to
prevent or improve GDM control or to limit GWG still require clarification.

Keywords: diabetes; obesity; gestational weight gain; macrosomia; adiposity; neonate; diet; exercise

1. Introduction

Gestational diabetes mellitus (GDM) is defined as carbohydrate intolerance of variable severity
first recognized during pregnancy. However, this definition encompasses two different entities: a
glucose tolerance defect which generally occurs in the second half of pregnancy and then disappears
in the post-partum period and overt diabetes in pregnancy (DIP) which is undiagnosed prior to the
beginning of pregnancy, mainly as type 2 diabetes. Recently, the American Diabetes Association
proposed a clearer definition of GDM: “diabetes diagnosed in the second or third trimester of pregnancy
that was not clearly overt diabetes prior to gestation” [1].

A recent meta-analysis confirmed the evidence on the relationship between an increased
pre-pregnancy body mass index (BMI) and the risk of GDM. It showed that the GDM risk increased 4%
per unit of increase in BMI [2]. In an individual participant data meta-analysis of over 265,000 births,
the risk of BMI per kg/m2 was 1.12 (95% CI 1.12–1.13) and the highest risk was for grade 3 obesity
(BMI ≥ 40 kg/m2) with an OR 7.59 (95% CI 6.14, 9.38). It was estimated that 42.8% of GDM cases were
weight gain (GWG) was associated with increased risk of GDM (per SD increase in GWG, OR 1.14,
95% CI 1.10, 1.18) and obese mothers with high GWG were at the highest risk [3].
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Maternal hyperglycemia during pregnancy has deleterious effects at all stages of fetal development.
A large body of evidence support the association between pregestational diabetes and increased risk
of malformations [4]. In the fetus, maternal diabetes leads to fetal hyperinsulinemia, the direct
consequence of which is high birth weight and increased fat mass [5,6]. Fetal overgrowth exposes
the fetus to an increased risk of a number of neonatal complications, including asphyxia, obstetrical
trauma, respiratory distress and hypoglycemia. The risk of these different complications is higher in
pre-gestational diabetes compared to GDM [7].

Maternal obesity and excessive GWG, often associated with diabetes, also contribute to these
adverse outcomes [8]. In addition, alteration of the intrauterine environment secondary to maternal
diabetes, obesity and excessive GWG contributes to the early determinism of adult diseases in offspring,
including obesity, diabetes and metabolic syndrome [8,9].

Many studies have investigated the effect of lifestyle interventions, mainly including exercise
and diets, on maternal glycemic and GWG control. This is a systematic review exploring data from
meta-analyses in order to evaluate: (1) the benefit of lifestyle interventions to prevent GDM and
limit pre-pregnancy and gestational weight gain for the offspring and (2) the effectiveness of lifestyle
interventions in women with GDM to improve health outcome in the offspring.

2. Methods

The MEDLINE database was systematically reviewed for papers on human subjects published in
English between December 2014 and November 2019. We used the MeSH terms diabetes, gestational,
obesity, pregnancy, gestational weight gain, treatment, neonate, and offspring. For this review,
we selected meta-analyses that addressed lifestyle interventions for the prevention of GDM or for the
improvement of pregnancy outcomes in the case of GDM and meta-analyses that specifically addressed
measures to limit GWG. We also looked at meta-analyses that addressed the effect of bariatric surgery
on pregnancy outcomes. Only analyses that included more than two trials were recorded.

One hundred and eighty-eight records were identified and there were 157 records after exclusion
of duplicates. Forty-three were screened and 26 full-text articles were assessed for eligibility. Two were
excluded: one because it was a Cochrane analysis from 2015 updated in 2017, and the other because
two records were based on the same data (Figure 1).

Macrosomia was defined as birth weight > 4000 g, unless another definition is clarified.
Large-for-gestational age (LGA) was defined as birth weight > 90th percentile, based on sex and
gestational age. Small-for-gestational age (SGA) was defined as birth weight < 10th percentile.
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Figure 1. Flow diagram.

3. Results

3.1. Lifestyle Interventions to Prevent GDM and Maternal Weight Gain

This chapter explores the extent to which lifestyle interventions reduce the risk of GDM, or excessive
maternal weight gain during pregnancy and the consequences on the health of the newborn and the
child based on data from selected meta-analysis. Similarly, it explores the effects of pre-gestational
weight loss observed with bariatric surgery on the health of the offspring.

3.1.1. Lifestyle Interventions to Prevent GDM (Table 1)

In a systematic review and meta-analysis of randomized clinical trials (RCT) including 11,487
pregnant women, Song et al. assessed the effect of lifestyle interventions during pregnancy, including
diet and physical activity or both, on the risk of GDM. An 18% (95% confidence interval (CI) 5,
to 30%; p = 0.0091) reduction in the risk of GDM was reported in that study. When combined diet
and exercise, diet alone, and exercise alone interventions were considered separately, the observed
reductions in GDM were no longer statistically significant, although the direction of effect for each
type of intervention did suggest a benefit. Furthermore, subgroup analysis showed that such an
intervention was effective only if initiated before the 15th gestational week (relative risk: 0.80, 95% CI
0.66, 0.97), but not among women receiving the intervention afterwards. The effect size was similar
among women with pregnancy overweight or obesity (RR 0.83, 95% CI 0.69, 1.00) [10].
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In an updated Cochrane review, including 23 RCTs involving almost 9000 women, Shepherd et al.
compared combined diet and exercise interventions to no interventions (standard care) in pregnant
women for preventing GDM. In the group with interventions, there was a reduced risk of GDM
(RR 0.85, 95% CI 0.71, 1.01, p = 0.07), and a reduction in GWG (−0.89 kg, 95% CI −1.39, −0.40). Among
infants born to mothers receiving interventions, there was no difference between groups for perinatal
mortality (RR 0.82, 95% CI 0.42, 1.63), for LGA (RR 0.93 95% CI 0.81, 1.07), neonatal hypoglycemia
(RR 1.42 95% CI 0.67, 2.98), or other adverse neonatal outcomes, except for macrosomia (birth weight >
4500 g) (RR 0.63, 95% CI 0.42, 0.94), preterm birth (RR 0.80, 95% CI 0.65, 0.98) and respiratory distress
syndrome (RR 0.56, 95% CI 0.33, 0.97) [11]. Subgroup analyses revealed no clear differential treatment
effects according to maternal BMI. In this review, the authors were unable to consider comparisons
of different types of combined diet and exercise interventions. In addition, they analyzed childhood
outcomes and showed that diet and exercise had no effect on weight and adiposity in infancy, nor on
blood pressure, fasting glucose and insulin, HDL, triglycerides and metabolic syndrome.

Guo et al. examined the effectiveness of lifestyle interventions, including diet, exercise or both, on
GDM prevention and aimed at identifying key effectiveness moderators to improve the prevention
strategy. They showed that diet and exercise during pregnancy were preventive of GDM (RR 0.77,
95% CI 0.69, 0.87, p < 10−3). Four key aspects were identified to improve the preventive effect: targeting
the high-risk population, an early initiation of the intervention, the correct intensity and frequency of
exercise and GWG management. In overweight or obese women, BMI failed to predict the effectiveness
of an intervention. Instead, interventions were most effective in populations with high incidence of
GDM rather than simply in women who are overweight or obese. Furthermore, moderate intensity
exercise for 50–60 min twice a week could lead to an approximately 24% reduction in GDM [12].

Tieu et al. assessed the effects of dietary advice interventions for preventing GDM. A trend towards
a reduction in GDM (RR 0.60, 95% CI 0.35, 1.04; p = 0.07) and lower GWG (−4.70 kg, 95% CI −8.07,
−1.34) was observed for women receiving dietary advice compared with standard care. Subgroup
analysis suggested a greater effect on GDM incidence for overweight and obese women receiving
dietary advice (RR 0.39, 95% CI 0.19, 0.79). There were no clear differences between the dietary advice
intervention and standard care groups for growth at birth, adverse neonatal outcomes and body weight,
adiposity and blood pressure at six months of life [13].

Two studies assessed the effectiveness of physical exercise interventions during pregnancy to
prevent GDM and excessive maternal weight gain. Sanabria-Martinez et al. found, in a sample of 2873
women, that physical exercise programs during pregnancy decreased the risk of GDM (RR = 0.69;
95% CI 0.52, 0.91; p = 0.009), particularly when the exercise program was performed throughout
pregnancy starting from the first trimester (RR = 0.64; 95% CI 0.36, 0.98; p = 0.038). A decrease in
maternal weight was also observed. (−1.14 kg; 95% CI −1.50, −0.78; p < 0.001). There was a wide
variety in the type of exercises, frequency and intensity level and in most of the studies included, the
adherence rate was high (>85%) [14]. Russo et al. reported a 28% reduction in the risk of GDM in the
intervention group, in a meta-analysis involving 3401 participants (RR 0.72 95% CI 0.58, 0.91; p = 0.005).
All of the interventions included at least an aerobic component (walking, land or water aerobics or
both, cycling) and when reported, adherence in the intervention arm varied from 16.3% to greater than
95% [15]. In both studies, analyses were not performed according to maternal BMI and the outcome of
the offspring was not studied.

Ming et al. investigated the effect of exercise during pregnancy on the occurrence of GDM among
3256 normal-weight pregnant women. The majority of the interventions adopted comprehensive
exercise programs of light to moderate intensity that were performed three times per week. Exercise
during pregnancy was shown to decrease the occurrence of GDM (RR = 0.58, 95% CI 0.37, 0.90; p = 0.01)
and GWG (−1.61, 95% CI −1.99, −1.22; p < 0.01), but had no significant effect on gestational age at birth
and birth weight [16].
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In a systematic review, Davenport et al. reported that prenatal exercise-only interventions, but
not exercise with co-interventions (e.g., dietary intervention), reduced the odds of GDM (n = 6934,
OR 0.62, 95% CI 0.52, 0.75) [17]. One study conducted a meta-analysis of 16 cohort studies containing
information on physical activity either prior to or at the commencement of pregnancy to prevent
GDM. Compared to no physical activity, any pre-pregnancy or early pregnancy physical activity was
associated with a 30% (OR = 0.70, 95% CI 0.57, 0.85; p < 10−3) and a 21% (OR = 0.79, 95% CI 0.64, 0.97;
p = 0.03) reduced risk of GDM, respectively. Engaging in >90 min/week of leisure time physical activity
before pregnancy was associated with a 46% decreased risk of GDM (OR = 0.54, 95% CI 0.34, 0.87;
p = 0.01) [18]. These two studies did not report on neonatal outcome.

The results of these studies are summarized in Table 1.
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3.1.2. Lifestyle Interventions to Control Pregnancy Weight Gain (Table 2)

Data from seven clinical centers that conducted separate RCT to test different lifestyle intervention
strategies to modify GWG were combined to conduct an individual-participant data (IPD) meta-analysis.
This included 1150 women with BMI ≥ 25 kg/m2 randomized either to the group with interventions
targeting diet, physical activity, and behavioral strategies or to the group with standard of care [19].
Mean total GWG was 1.6 kg less for the intervention group (−1.58, 95% CI −2.18, −0.99; p < 10−3)
and the percentage of women with GWG per week below Institute of Medicine (IOM) guidelines
was significantly higher in the intervention group than the standard care group (20.6% vs. 14.2%;
p = 0.002, OR 1.65, 95% CI 1.20, 2.27). There was no difference between groups for the incidence
of GDM (OR 0.92, 95 CI 0.61, 1.40). Preterm birth prior to 37 and 32 weeks did not differ by group.
However, preterm birth prior to 28 weeks was significantly lower in the intervention group (OR 0.46,
95% CI 0.22, 0.95; p = 0.037). There was no difference for growth at birth (birth weight, LGA, SGA) or
for adverse neonatal outcomes (malformations, death, respiratory morbidity, hypoglycemia) [19].

In a meta-analysis of RCT including overweight and obese women, Shieh et al. found that heathy
eating (specified calorie and macronutrient goals and healthy eating strategies) and/or physical activity
resulted in 1.81 kg (95% CI: −3.47, −0.16, p = 0.03) of GWG reduction in intervention groups. Healthy
eating had a larger effect size (−5.77 kg, 95% CI −9.34, −2.21, p = 0.02) than combined healthy eating
and physical activity (−0.82 kg, 95% CI −1.28, −0.36, p = 0.0005) in limiting GWG. They concluded that
healthy eating with calorie and macronutrient goals are especially effective in limiting excessive GWG
among pregnant overweight and obese women. The outcome of the neonates was not studied [20].

One Cochrane review evaluated the effectiveness and safety of diet or exercise, or both,
interventions for preventing excessive weight gain in pregnant women of any BMI [21]. Diet or
exercise, or both, interventions resulted in an average reduction of excessive GWG, usually defined
according to prevailing IOM guidelines, of 20% in favor of the intervention group (RR 0.80, 95% CI 0.73,
0.87). There was no difference the between intervention and control groups for preterm birth (average
RR 0.91, 95% CI 0.68, 1.22), for macrosomia or LGA (respectively, RR 0.93, 95% CI 0.86, 1.02 and RR
0.92, 95% CI 0.80, 1.05). Moreover, the risk for shoulder dystocia, birth trauma, hypoglycemia and
hyperbilirubinemia was not different between the groups. Neonatal respiratory distress syndrome was
the only neonatal outcome with significant risk reduction in the intervention groups (RR 0.47, 95% CI
0.26, 0.85) (more than 2000 participants with diet and exercise counselling interventions conducted in
overweight and obese women).

The International Weight Management in Pregnancy (i-WIP) Collaborative Group published
a meta-analysis of individual participant data from RCT to synthetize the evidence on effects of
interventions based on diet and physical activity during pregnancy [22]. Based on IPD meta-analysis,
diet or physical activity based interventions, or a combination of both resulted in significantly less GWG
compared with control (−0.70 kg, 95% CI −0.92, −0.48 kg), but the risk of GDM was not significantly
reduced (OR 0.89, 95% CI 0.72 to 1.10). No strong evidence was found to suggest that interventions
had an effect on preterm birth or individual adverse offspring outcomes (stillbirth, LGA, SGA and
admission to a neonatal intensive care unit). These results were not different according to maternal
BMI. All three individual interventions (diet, physical activity and mixed) had a similar effect on
reducing GWG by an average of 0.7 kg.

Ruchat et al. examined the relationship between prenatal exercise and GWG. They showed that
exercise-only interventions compared with no exercise decreased total GWG (−0.9 kg, 95% CI −1.23,
−0.57 kg) and also the risk of excessive GWG by about 30% (OR 0.68, 95% CI 0.57, 0.80) [23].

None of the studies to control GWG reported strong data on long-term outcomes in offspring.
The results of these studies are summarized in Table 2.
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3.2. Pre-Pregnancy Weight Loss: Bariatric Surgery

Bariatric surgery (BS) is thought to be an effective intervention to sustain weight loss and is
increasingly being used as an effective treatment for obesity. BS procedures are generally categorized into
three groups. Restrictive procedures (laparoscopic adjustable gastric banding and sleeve gastrectomy)
lead to weight loss by reducing gastric capacity which in turn restricts energy intake. Malabsorptive
procedure (biliopancreatic diversion) leads to weight loss by restricting absorption of nutrients.
Malabsorptive and restrictive procedures (Roux-en-Y gastric bypass) reduces stomach capacity, thereby
causing malabsorption and a certain degree of restriction of food intake.

There are two meta-analyses under the scope of this paper that evaluated the effects of BS on
pregnancy and neonatal outcomes. We also considered the meta-analysis of Galazis et al. that was
published in October 2014.

Galazis et al. included 17 non-randomized cohorts or case-control studies that evaluated a
total of 166,134 participants, which included 5361 women who underwent BS and 160,773 controls.
They showed that compared to controls, in the BS group, there was a lower incidence of GDM (OR 0.47,
95% CI 0.40, 0.56; p < 0.001) and LGA (OR 0.46, 95% CI 0.34, 0.62; p < 0.001) and a higher incidence of
SGA (OR 1.93, 95% CI 1.52, 2.44; p < 0.001), preterm birth (OR 1.31, 95% CI 1.08, 1.58; p = 0.006), and
admission for neonatal intensive care (OR 1.33, 95% CI 1.02, 1.72; p = 0.03). There was no significant
difference in the incidence of perinatal mortality [24].

Yi et al. conducted a meta-analysis of 11 cohort studies and 4178 obese women who had undergone
BS and 16,016 women who had not. Among the women who had undergone BS, there was an apparent
reduction in average BMI from 40–50 to 32–35 kg/m2. BS improved pregnancy outcomes with a lower
risk of GDM (OR 0.31; 95% CI 0.15, 0.65) and macrosomia (OR 0.40; 95% CI 0.24, 0.67) but a higher
risk of SGA (OR 2.16; 95% CI 1.28, 3.66) [25]. The risk of preterm birth was not modified by BS in this
analysis and GWG was not studied.

A larger meta-analysis, including 20 cohort studies and approximately 2.8 million subjects, 8364 of
whom had BS, was published by Kwong et al. [26]. When compared with control subjects who were
matched for pre-surgery BMI, patients who underwent BS showed reduced rates of GDM (OR 0.20;
95% CI 0.11, 0.37) and of LGA (OR 0.31; 95% CI 0.17, 0.59). However, there was an increased risk for
SGA (OR 2.16 95% CI 1.34–3.48), and for preterm birth (1.35, 95% CI 1.02, 1.79). There was no difference
in rates of malformations, neonatal death and neonatal intensive care unit admissions.

Compared with restrictive surgeries, malabsorptive surgeries resulted in a greater increase in SGA
(OR 2.39; 95% CI, 1.94, 2.94 versus OR 1.38; 95% CI 0.90, 2.10; p = 0.023) and a greater decrease in LGA
(OR 0.28; 95% CI 0.22, 0.36 versus OR 0.50; 95% CI, 0.35, 0.73; p < 0.012). The authors were not able to
account for the amount of weight loss relative to the pre-surgical weight, nor to analyze GWG.

Data on long-term outcomes such as the effects of BS on metabolic risk in the offspring into
childhood and adulthood are inconsistent [27].

3.3. Lifestyle Interventions in Mothers with GDM to Improve Neonatal Heath

3.3.1. Lifestyle Interventions: Diet, Exercise and Others

A review from Brown et al. suggested that for women diagnosed with GDM, and receiving
lifestyle interventions (two or more interventions including dietary advice, physical activity, education
or self-monitoring of blood glucose), there was a benefit for their neonates mainly due to reduced
fetal growth. In the neonates, lifestyle interventions were associated with a decreased risk of being
LGA (RR 0.60, 95% CI 0.50, 0.7), a reduction of macrosomia (RR 0.64, 95% CI 0.48, 0.87), a lower
birth weight (−109.64 g, 95% CI −149.77, −69.51) and a decreased neonatal fat mass (−37.30 g, 95% CI
−63.97, −10.63), compared with the control group. There was also a reduced risk of being born
preterm (< 37 weeks’) (RR 0.71, 95% CI 0.53, 0.96) and of shoulder dystocia (RR 0.38, 95% CI 0.21, 0.66),
but no difference was found for other adverse neonatal outcomes [28]. Lifestyle interventions were
also associated with a decrease in weight gain in pregnancy (−1.30 kg, 95% CI −2.26, −0.35) and an
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increased use of additional pharmacological therapies. In this meta-analysis, there was a wide variety
of interventions including exercise, diet, self-monitoring of blood glucose and education. This makes it
hard to determine which of the interventions is more effective, especially since most of the interventions
included a dietary component.

Follow-up into childhood was poorly reported with only three of the 15 included trials contributing
data which could not be combined in a meta-analysis [29–31]. There was no difference between groups
in infancy at ages 4 to 11 years, for BMI greater or equal to the 85th percentile and no difference in
dyslipidemia or blood pressure.

3.3.2. Lifestyle Intervention: Diet Alone

To date, a wide range of dietary advice interventions have been investigated in women with GDM,
including low glycemic index (GI) diets, energy restricted diets, increase or decrease in carbohydrates,
and modifications of fat or protein quality or quantity. Four systematic reviews analyzed the effect
of the different diets on maternal and neonatal outcomes. The main results concerning the most
commonly used diets are presented in Table 3 [32–35].

The energy-restricted diets may have different designs; for example, a calorie restricted diet of
35 kcal per kg ideal body weight per day or a restricted daily energy intake to 1200 kcal. The GI is
used to estimate the in vivo blood glucose response to the intake of a food item, relative to that of a
carbohydrate reference. The GI ranks food items on a scale of 0 to 100, with food items with higher GI
values contributing to a greater increase in blood glucose. Low GI diets are based on foods with GI less
than 55, producing a lower postprandial glucose elevation. Dietary Approaches to Stop Hypertension
(DASH) diet is a diet rich in fruits, vegetables, whole grains and low-fat dairy products, and low in
saturated fats, cholesterol, refined grains and sweets. In the low carbohydrate diet, the daily total
energy intake from carbohydrates is 40% to 45% compared 55% to 60% for the control group.

When considering all diets, Yamamoto et al. showed that modified dietary interventions
decreased maternal glycemic values and were significantly associated with significantly lower needs
for medication treatment. This result was mainly due to low GI diets that showed a larger decrease in
fasting, postprandial, and post-breakfast glucose compared with control diets [35]. The three analyses
from Viana et al., Wein et al. and Han et al. reported a lower need for medication with low GI diets.
The others dietary advice interventions reported in Table 3 had not effect on maternal medication need,
excepted DASH diet. Only low carbohydrates and DASH diets were associated with a significant
reduction in GWG in the analysis from Han et al. [34].

When considering all diets together, modified dietary interventions were significantly associated
with less macrosomia and lower infant birth weight [35]. However, results concerning the effect of low
GI diets on fetal growth are controversial. Viana et al. found that diet with low GI significantly reduced
birth weight but not the risk of having macrosomia. Wei et al. found that low GI diets reduced the risk
of macrosomia. Additionally, a subgroup analysis showed that low GI diets with increased dietary
fiber reduced the risk of macrosomia beyond that of a low GI diet alone. Han et al. and Yamamoto et
al. found no difference for LGA, macrosomia and birth weight with low GI diet. Energy restricted
diets and low carbohydrate diets showed no benefit on fetal growth. Only DASH diet was associated
with reduced relative risk of macrosomia, but not of LGA, and reduced birth weight.

None of the dietary advice interventions studied were associated with increased risk of neonatal
hypoglycemia. In addition, there were significantly more neonates with hypocalcaemia born to women
in the energy-restricted diet group compared with the no energy restriction group (RR 1.36, 95% CI
1.00, 1.86) [34]. None of the dietary interventions reported in Table 3 was associated with increased
risk of being preterm or SGA [33,34].
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In the Cochrane review, Han et al. reported that perinatal mortality and stillbirth was studied
in only one trial comparing low versus high carbohydrate diet and did not find a difference
between the groups. Likewise, there were no differences between groups for shoulder dystocia
and hyperbilirubinemia in trials comparing low energy-restricted diet versus no restriction [34].

None of these studies reported strong data on long-term outcome in offspring.

3.3.3. Lifestyle Intervention: Exercise-Only

In a Cochrane review, including 11 randomized trials, involving 638 women, Brown et al.
specifically evaluated the effects of exercise interventions (any type of exercise program targeted at
women with GDM at any stage of pregnancy) for improving maternal and fetal outcomes in women
with GDM [36]. Exercise was associated with a reduced fasting and post-prandial blood glucose
concentration compared with control, but there was no difference between groups for weight gain
in pregnancy. There was no difference between groups for the composite outcome of mortality and
morbidity (variously defined by trials, e.g., perinatal or infant death, shoulder dystocia, bone fracture
or nerve palsy) (RR 0.56, 95% CI 0.12, 2.61), for being born macrosomic (RR 0.69, 95% CI 0.35, 1.35,
n = 296) or for neonatal hypoglycemia (RR 2.00, 95% CI 0.20, 20.04).

In a meta-analysis involving 3670 women, Davenport et al. reported a 39% reduction in the odds
of having a macrosomic baby (OR 0.61, 95% CI 0.41, 0.92) in women who exercised during the prenatal
period compared with women who did not exercise, without affecting the risk of growth-restricted,
preterm or low birth weight babies. Prenatal exercise was not associated with infant weight, obesity or
body fat [37].

4. Discussion

4.1. Summary of the Results

Overall, trials that evaluated the effect of lifestyle interventions to reduce the risk of GDM reported
a decreased risk of 15 to 40% in GDM, with a greater effect of exercise than diet. They also reported a
variable decrease in GWG from 1 kg to 4 kg, when it was evaluated. The effects on adverse neonatal
outcomes were poorly studied, particularly very weak effects were reported on neonatal anthropometry.

Combined lifestyle interventions specifically designed to limit GWG reduced GWG by 1.6 kg in
overweight and obese women. Other lifestyle interventions to reduce GWG in all pregnant women
decreased GWG on average by 0.7 to 1 kg. Diets that control calories and macronutrients had the most
important effect on weight gain. Most of these interventions did not reduce the risk of GDM, excepted
measures based on exercise which reduced this risk by about 35%–40%. The effects on adverse neonatal
outcomes were limited. In particular, no effect was reported on growth at birth. Only two studies
reported a reduced risk in preterm birth and one study reported a reduced risk of respiratory distress
syndrome in infants of overweight and obese women.

BS before pregnancy decreased the risk of GDM by 70% to 80% and the risk of LGA by 60% to
70%. The risks for adverse neonatal outcomes were not modified by BS, except for a 2-fold increase in
SGA and an increase of about 30% in preterm birth.

Combined lifestyle interventions in pregnant women with GDM significantly reduced fetal growth
and neonatal fat mass. When all diets were considered together, they reduced the risk of macrosomia
and birth weight. But, individually, specific diets had controversial or no effect on fetal growth,
except the DASH diet, which reduced the risk of macrosomia and birth weight. Exercise alone during
pregnancy with GDM had no effect on the risk of macrosomia, but prenatal exercise reduced it by 40%.
Altogether, lifestyle interventions during pregnancy with GDM reduced the risk of preterm birth and
shoulder dystocia, but individually, diets or exercise alone had no effect on neonatal adverse outcomes.
Furthermore, energy restricted diet was associated with an increased risk of neonatal hypocalcaemia.
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4.2. Strengths and Limitations of the Method

Many and various lifestyle interventions were evaluated during pregnancy and a large number
of RCTs have been conducted. Individual studies have a limited ability to show effects on outcomes
due to concomitant interventions and population size, and because outcomes are rare and difficult to
identify. This is why we chose to work on the basis of meta-analyses which allow to pool the results of
individual studies, especially since a large number of patients is required to conclude that an effect has
occurred. Nonetheless, an additional limit is the heterogeneity of data. In particular, various diagnostic
criteria for GDM were used in the different studies, and the outcomes evaluated were not always the
same, were not uniformly standardized, or even not available. Another potential weakness is the small
number of studies included in each dietary intervention category. Moreover, it was difficult to take
into consideration the design of individual program intervention, the time of pregnancy when it was
initiated and applied, and the compliance of patients to these interventions.

The limitation of aggregate data in meta-analysis can be addressed by meta-analyses of individual
participant data, where the raw patient-level data are obtained and synthesized across trials.
We have identified two such studies, but they provided limited information on the outcome of
the newborn [19,22].

4.3. Effectiveness of Interventions in Pregnant Women

Lifestyle interventions can significantly reduce the risk of GDM with clinical relevance, but the
limitation of GWG is low from a clinical standpoint. In addition, the benefits for the neonates and
the offspring are limited, with a more significant impact on anthropometry of the neonates, if any.
Among dietary intervention, low GI and DASH diets seem to be the most efficient.

Exercise alone or associated with diet, before or during pregnancy, significantly reduces the risk
of GDM and GWG and improves fetal growth. Nevertheless, it is necessary to define precisely the
type, duration and frequency of exercise that may have the greatest impact. The earlier the program is
initiated during pregnancy, the better the results are.

Finally, the effects of lifestyle interventions on various groups of women based on BMI category,
age, parity and risk status in pregnancy are difficult to assess or are not known.

4.4. Why Haven Lifestyle Interventions Not Achieved Better Outcomes for the Offspring?

Overall, the benefits of maternal lifestyle interventions are disappointing for the offspring. They do
not significantly modify birth weight and have a limited impact on neonatal outcomes.

We hypothesize that the outcomes assessed are not entirely appropriate. Indeed, the measure of
neonatal adiposity is probably more relevant than birth weight in assessing the effect of an intervention.
In a recent RCT that included 334 neonates, counselling pregnant women with a BMI ≥29 kg/m2 on
both healthy eating and physical activity resulted in a significant reduction of neonatal adiposity
(−63 g for fat mass, and −1.2% for fat percentage), although birth weight was not different between
groups. Interestingly, these changes were not mediated by GWG alone, but a reduction in sedentary
time (notably sitting time) drove the effect of the intervention on neonatal adiposity [38].

The majority of studies focus on interventions initiated after pregnancy was diagnosed. However,
many physio pathological arguments demonstrate that these interventions are initiated too late to
show an effect on the mother and the newborn. Indeed, Catalano et al. showed that pre-gravid
women with normal glucose tolerance who developed GDM in late gestation had subclinical metabolic
dysfunction prior to conception compared to women with normal glucose tolerance [39]. Their research
also suggests that maternal pre-gravid and early pregnancy metabolic conditions associated with
obesity, such as increased insulin resistance and inflammation, affect early placenta functions and genes
expression. These alterations in placental functions occur in the first trimester of pregnancy before
most intervention trials are initiated [40]. The placenta is at the interface of the maternal and fetal
environment and its function plays a major role on the impact of maternal health on fetal development.
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Maternal diabetes and obesity lead to modifications to substrates transport and metabolism across
the placenta. This contributes to adverse fetal outcomes, the most common being macrosomia [41].
This also explains why even in pregnant women with well controlled diabetes, macrosomia remains
common. All these elements argue in favor of the initiation of lifestyle interventions prior to pregnancy
in order to obtain significant effects in the neonate.

BS represents an extreme model of pre-gestational intervention, with often significant weight
loss in mothers before pregnancy. Compared with mothers with the same pre-gestational BMI, BS is
associated with a significantly decreased risk of macrosomia, but also with an increased risk of low
birth weight. In addition, BS exposes pregnant women to the risk of nutritional deficiencies with
poorly known effects in the newborn and the offspring [42]. This shows that pre-gestational weight
loss may have positive effects in limiting fetal growth, but that it has to be dosed reasonably to avoid
adverse effects.

In addition, the benefit of lifestyle interventions on long-term outcomes was poorly studied in
the meta-analyses and the few results available are inconsistent. The long-term effect of maternal
diabetes on offspring outcome is controversial. Some authors claimed that there is an association
between maternal diabetes and offspring diabetes and obesity [43]. Others showed that the association
of maternal glucose levels during pregnancy with childhood adiposity is generally attenuated after
adjusting for maternal BMI [44,45]. Recently, large cohort studies reported new evidence between the
association of GDM and offspring glucose metabolism and adiposity. The HAPO Follow-up Study
(HAPO FUS) followed more than 4500 children ages 10 to 14 years of age and examined the associations
between maternal glucose levels during pregnancy and childhood glucose metabolism and adiposity.

It showed that GDM was significantly and independently associated with childhood impaired
glucose tolerance and with childhood adiposity [46,47]. In addition, in a large population-based cohort
study (2,432,000 live born offspring), during up to 40 years of follow-up, GDM was associated with
increased rates of early onset cardio-vascular disease in offspring, persisting from childhood through
early adulthood [48]. However, there is little evidence suggesting that the usual treatment of GDM
affects long-term outcomes in the offspring. In a follow-up study of children (ages 5–10) born to women
enrolled in a multicenter trial with treatment (diet therapy and insulin if required) versus no treatment
of mild GDM, no reduction in childhood obesity or metabolic dysfunction in the offspring of treated
women was found, except for lower fasting glucose in female offspring only. It is thus thought that the
effect of lifestyle interventions will have limited effects on the long-term outcome of the offspring or
that it might be difficult to demonstrate.

5. Conclusions

Specific maternal, neonatal and offspring benefits of lifestyle interventions during pregnancy
to prevent or improve GDM control or to limit GWG still require clarification. While ultimately
healthy lifestyle is a matter of individual behavior change, individual interventions must extend
beyond individual targeted initiatives to address societal and environmental factors and enable
children, adolescents and women to have a healthier lifestyle in order to prevent obesity and related
complications before pregnancy [49].
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