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Abstract

Background Male foetal sex is recognised as an independent risk factor for adverse pregnancy outcomes
including preterm birth, neonatal care unit admission and lower Apgar scores. Male foetuses appear to increase
the risk of maternal gestational diabetes in the mother due to impacts on beta cell function, and in pregnancies
impacted by gestational diabetes, male offspring have higher rates of hypoglycaemia, respiratory distress

and macrosomia. Metformin exposure in animal models has also demonstrated sex-specific effects with different
patterns in adiposity and lipid levels observed between male and female offspring exposed to metformin in utero.
The aim of this analysis is to determine whether foetal sex modifies maternal and neonatal outcomes in gestational
diabetes, and evaluate the sex-specific response to metformin on insulin usage, fasting glucose at 32 and 38 weeks
and foetal size.

Methods We conducted a secondary analysis of the Early Metformin in Gestational Diabetes (EMERGE) randomised
controlled trial and analysed neonatal outcomes according to sex and metformin exposure.

Results At randomisation, women carrying a male foetus had a higher plasma glucose at 60 min on oral glucose
tolerance testing (9.69 vs. 9.37 mmol/L, p=0.039). In exploratory analyses, metformin exposure in male pregnancies
was associated with lower fasting glucose at 32 (4.88 vs. 5.01 mmol/L, p=0.014) and 38 weeks (4.49 vs. 4.69 mmol/L,
p=0.002) and reduced insulin use (38% vs. 53%, p=0.014), with smaller effects in female pregnancies. Metformin-
exposed females had higher rates of birth weight <2500 g compared to those exposed to placebo (8.3% vs. 1.9%,
p=0.032), which was not observed in metformin-exposed males. More male offspring had a birth weight >4000

g compared to female offspring regardless of metformin exposure. However, the sex-by-treatment interaction
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was not significant, so these findings should be regarded as hypothesis-generating. Glucometer data suggested
a greater mean glucose reduction in males than females (0.29 mmol/L (95% Cl 0.29-0.30) versus 0.21 mmol/L (95% Cl

0.20-0.21)).

Conclusions Further follow-up is required to determine whether foetal sex influences long-term effects of metformin

in pregnancy.

Keywords Diabetes, Gestational, Male, Metformin,
Outcomes

Background

Gestational diabetes mellitus (GDM) is a common
complication of pregnancy, conferring increased short-
and long-term risks to both mother and offspring [1].
Foetal sex is recognised as an independent risk factor
for adverse maternal and neonatal outcomes including
pre-eclampsia, preterm delivery, respiratory distress
and sepsis [2, 3].

Male sex also impacts GDM with higher rates of
GDM observed in those carrying a male foetus. Moth-
ers carrying a male foetus are more likely to require
pharmacological treatment for GDM compared to
those carrying a female foetus [4]. Male offspring of
mothers with GDM have higher rates of macrosomia,
caesarean delivery and neonatal care unit compared
to female offspring [4]. Long-term follow-up observa-
tional studies which have aimed to evaluate the impact
of foetal sex on type 2 diabetes mellitus (T2DM) rates
have found minimal or statistically insignificant higher
rates in women who carried a female foetus (adjusted
hazard ratio 1.06, 95% CI 1.01-1.26 and 6.2 vs. 7.1%,
p=0.48) [5, 6].

Metformin, an oral biguanide used in the treatment
of a number of metabolic conditions, including GDM
and T2DM, has been associated with adverse child-
hood cardiometabolic profiles in some studies [7]. The
long-term impact of metformin use during pregnancy
may result from alteration of epigenetic factors in the
placenta, which differ by foetal sex with reduced deox-
yribonucleic acid (DNA) methylation, through upreg-
ulated adenosine monophosphate (AMP)-activated
protein kinase (AMPK), in metformin-exposed male
foetuses [8, 9].

To our knowledge, to date, no randomised controlled
trial has directly examined whether foetal sex modifies
maternal and neonatal responses to metformin.

We therefore performed a secondary, exploratory
analysis of the Early Metformin in Gestational
Diabetes (EMERGE) randomised controlled trial
to evaluate whether foetal sex modifies maternal
glycaemic outcomes and neonatal characteristics.

Because this analysis was not pre-specified, findings
should be regarded as hypothesis-generating.

Methods

Ethical approval was obtained from Galway University
Hospital (Clinical Research Ethics Committee of Galway
University Hospital (2016—001644-19)).

The trial design protocol and primary outcomes of the
EMERGE trial (EudraCT Number: 2016-001644-19;
National Clinical Trial 02980276, registered 6/6/2017)
have been previously reported [10, 11]. In brief, in the
original EMERGE study, a double-blind placebo con-
trolled trial, 535 singleton pregnancies in 510 women
with GDM (World Health Organisation criteria) were
randomised to either metformin (up to 2500 mg/day) or
placebo, in addition to standard care, from diagnosis to
delivery. The primary outcome of the original EMERGE
trial was a composite of insulin initiation or fasting glu-
cose>5.1 mmol/L at weeks 32 or 38 gestation, which was
not significantly different between groups (p=0.13). In
the original EMERGE trial, maternal weight gain from
randomisation to delivery and time to insulin usage were
more favourable in the metformin-exposed group.

Classic analysis

We performed a bivariate analysis (chi-squared tests of
association) of the composite outcome and a multivari-
ate analysis to determine the impact of male foetal sex on
maternal and neonatal outcomes and to test the sex-by-
treatment interaction.

Functional analysis

Glucometer data from individual participants were ana-
lysed to determine the impact of treatment on mater-
nal glucose levels. To exclude the effect of insulin, we
selected the glucose measurements from randomisation
until insulin initiation. For women who did not initiate
insulin, we used data from randomisation to delivery.

As each woman’s glucometer data were non-linear and
measured on a unique time grid, a P-splines smoothing
method was applied to the raw glucose data [12]. This
approach transforms the noisy glucose measurements
into smoothed curves that represent the change in
glucose for each woman over a normalised time range
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from O (i.e. randomisation) to 1 (i.e. delivery or insulin
initiation). Smoothing reduces outlier effects by focusing
on the underlying trend in glucose over time and
normalises each woman’s data over a fixed time grid.
Functional data analysis was then employed to obtain the
functional mean glucose levels for mothers of male and
female foetuses, and to apply a functional ¢-test to test
the differences between these two functional means for
the population of all mothers.

In these analyses, continuous data are presented as
mean + standard deviation or median (IQR) and com-
pared using ¢-tests or Wilcoxon rank-sum tests as appro-
priate. Categorical data were compared using chi-squared
or Fisher exact tests. All analyses were performed using R
Statistical Software [13] version 4.4.2.

Results

We include 535 study pregnancies with 289 (54%) male
and 236 (46%) female foetuses. A higher proportion of
mothers carrying female foetuses were randomised to
receive metformin (56% vs. 45%, p=0.013) (Table 1).

Foetal sex and maternal outcomes

Baseline maternal characteristics were similar between
groups, except those mothers carrying male foetuses had
higher 60-min glucose levels on OGTT at randomisation
(mean 9.69 mmol/L vs. 9.37 mmol/L, p=0.039). At 36
weeks’ gestation, HbAlc was higher among women car-
rying male foetuses (mean 35.0 mmol/mol vs. 33.6 mmol/
mol, p=0.005), and while this reaches statistical signifi-
cance, it is likely not clinically significant. At delivery,
there was no significant difference in birth weight (mean
3480 g vs. 3412 g, p=0.134), although male neonates had
higher rates of macrosomia (14.0% vs. 8.1%, p=0.037)
and larger head circumferences (mean 35.01 cm vs. 34.36
cm, p<0.001), regardless of metformin exposure.

Foetal sex, metformin exposure and the primary outcome

Foetal sex was not an independent predictor of the pri-
mary composite outcome or any of its components and
the sex-by-treatment interaction was not statistically
significant (p=0.692). Therefore, all subgroup analyses
should be interpreted as exploratory. Among women
carrying a male foetus, metformin reduced the primary
composite outcome (55% vs. 68%, p=0.024), insulin use
(38% vs. 53%, p=0.014) and fasting glucose at 32 and
38 weeks (mean glucose 4.88 mmol/L vs. 5.01 mmol/L,
p=0.021 and 4.49 mmol/L vs. 4.69 mmol/L, p=0.002),
respectively (Table 1). Among women carrying a female
foetus, metformin usage was associated with reduced
maternal weight gain (0.5 vs. 2.3 kg, p<0.001), low-
ered fasting glucose at 38 weeks (4.47 mmol/L vs. 4.63
mmol/L, p=0.046) and a higher rate of low birth weight
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infants (8.3% vs. 1.9%, p=0.032) compared to placebo
use. Given the non-significant interaction, this subgroup
findings should be interpreted as exploratory.

Glucometer data

A total of 435 women provided repeated glucose data
(up to 7 readings per day) from GDM diagnosis to
delivery/insulin initiation, resulting in 184,410 glucose
values (median 413 per pregnancy). At randomisation,
mothers carrying a male foetus had a slightly higher
mean glucose level (mean 5.74 mmol/L vs. 5.70 mmol/L,
p=0.43); however, this was not statistically significant.
After commencing metformin, mothers carrying a male
foetus had greater glucose reductions (0.29 mmol/L (95%
CI 0.29-0.30) versus 0.21 mmol/L (95% CI 0.20-0.21))

(Fig. 1).

Discussion

In this secondary analysis of the EMERGE trial, we found
that mothers with GDM carrying male foetuses had
higher glucose levels at 60 min (p=0.039) and that male
infants had increased head circumference. Metformin
exposure in these mothers was associated with greater
reductions in mean glucose levels (glucometer readings),
lower insulin requirements and lower fasting glucose lev-
els at gestational weeks 32 and 38. To our knowledge, this
is the first study to examine the impact of foetal male sex
in the context of an RCT.

The relationship between GDM, GDM risk factors
and secondary sex ratio is complex. The Trivers-Willard
hypothesis suggests that in times of good physical health
and food security, parents are “positively biased towards
sons” [14]. A decline in male births following periods
of famine in a Chinese population has been previously
observed, and this is potentially explained by spontane-
ously termination of male foetus calorie-restricted envi-
ronments [15]; however, this phenomenon has not been
seen in all epidemiological studies [16].

Other studies, which evaluated body habitus and die-
tary habits, found that higher waist to hip ratio [17] and
higher glucose, free fatty acid and caloric intake result in
more male offspring in animal models [18]. In in vitro
animal models, male embryos transition to blastocysts
more easily when cultured in a high-glucose environ-
ment [19]. However, other studies have found a decrease
in male births in those with high levels of preconception
obesity, so there is still uncertainty regarding the exact
relationship between body composition on alternations
in secondary sex ratio [20].

When compared to those carrying a female foetus,
women carrying male foetuses experience reduced
pancreatic beta cell function (after adjustment for
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Fig. 1 Mean glucose levels from glucometer data by foetal sex and treatment allocation. Glucose values are smoothed over time

from randomisation (0) to delivery or insulin initiation (1). Mothers carrying male foetuses had slightly higher glucose throughout pregnancy
and appeared to show greater glucose reduction with metformin compared with those carrying female foetuses (0.29 mmol/L (95% Cl 0.29-
0.30) vs. 0.21 mmol/L (95% CI 0.20-0.21), respectively). Shaded areas represent 95% confidence intervals. These differences were exploratory;

the sex-by-treatment interaction was not statistically significant

body mass index (BMI) and maternal age) [21]. Our
findings of reduced fasting glucose level at 38 weeks are
consistent with analyses of trial populations, which also
reported reduced birthweight and neonatal fat mass in
male infants, where the mother was treated for GDM
[22]. As the overall sex-by-treatment interaction did
not reach statistical significance, these findings need to
be interpreted with those limitations. This supports the
concept that males benefit more from treatment of GDM
because they are hypothesised to be more susceptible to
damage from oxidative stress [23].

Based on the findings of this study, the consistent pat-
tern across fasting glucose, insulin use and glucom-
eter profiles strengthens the biological plausibility of
sex-specific responses but does not confirm a differen-
tial treatment effect. Potential mechanisms include sex-
dependent differences in placental function, oxidative
stress susceptibility and epigenetic modification [9, 23,
24]. While novel, this study also has a number of limita-
tions. It is a secondary analysis which includes a relatively
small sample size and does not offer a direct mechanistic
study.

In previously mouse models, female mice carrying a
male foetus had greater glucose reductions when exposed
to metformin compared to those carrying female foetuses
[25]. In this murine study, metformin-exposed female
offspring gained more weight, but had a better glucose

tolerance than their male counterparts. In similar mouse
studies, metformin-exposed female offspring exhibited
excess fat and hyperinsulinemia, while males displayed
more severe adipocyte dysfunction and hepatic inflam-
mation [26].

In human studies of offspring of mothers with T2DM
treated with metformin, male, but not female offspring
exposed to metformin had higher BMIs at 6—24 months
[27]. A separate follow-up study found that males
exposed to metformin had a higher BMI and free fat
mass index than those treated with insulin; however, this
study was limited by a lack of ethnic diversity and the
small number of female offspring included in follow-up
[28]. The long-term (3—6 year) follow-up of the offspring
from the EMERGE trial is currently underway, and a sex-
specific impact of metformin use will be evaluated in the
long-term follow-up.

Conclusions

In conclusion, in this secondary, exploratory analysis of
the EMERGE trial, male foetal sex was associated with
higher maternal glucose levels and an apparent greater
reduction in glucose and insulin use with metformin
exposure. However, the sex-by-treatment interaction was
not significant, and these findings should be regarded as
hypothesis-generating. Long-term follow-up of EMERGE
offspring will be essential to determine whether foetal
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sex influences the enduring effects of metformin in
pregnancy.

Abbreviations

GDM Gestational diabetes mellitus

T2DM Type 2 diabetes mellitus

DNA Deoxyribonucleic acid

AMP Adenosine monophosphate

AMPK Adenosine monophosphate protein kinase
EMERGE  Early Metformin in Gestational Diabetes
BMI Body mass index
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