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Cord blood metabolic markers are strong mediators of the effect
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Abstract
Aims/hypothesis We aimed to assess associations between cord blood metabolic markers and fetal overgrowth, and whether cord
markers mediated the impact of maternal adiposity on neonatal anthropometric outcomes among children born to Indigenous and
Non-Indigenous Australian women with normal glucose tolerance (NGT), gestational diabetes mellitus (GDM) and
pregestational type 2 diabetes mellitus.
Methods From the Pregnancy and Neonatal Outcomes in Remote Australia (PANDORA) study, an observational cohort of 1135
mother–baby pairs, venous cord blood was available for 645 singleton babies (49% Indigenous Australian) of women with NGT
(n = 129), GDM (n = 419) and type 2 diabetes (n = 97). Cord glucose, triacylglycerol, HDL-cholesterol, C-reactive protein (CRP)
and C-peptide were measured. Multivariable logistic and linear regression were used to assess the associations between cord
bloodmetabolic markers and the outcomes of birthweight z score, sum of skinfold thickness (SSF), being large for gestational age
(LGA) and percentage of body fat. Pathway analysis assessed whether cord markers mediated the associations between maternal
and neonatal adiposity.
Results Elevated cord C-peptide was significantly associated with increasing birthweight z score (β 0.57 [95% CI 0.42, 0.71]),
SSF (β 0.83 [95%CI 0.41, 1.25]), percentage of body fat (β 1.20 [95%CI 0.69, 1.71]) and risk for LGA [OR 3.14 [95%CI 2.11,
4.68]), after adjusting for age, ethnicity and diabetes type. Cord triacylglycerol was negatively associated with birthweight z score
for Indigenous Australian women only. No associations between cord glucose, HDL-cholesterol and CRP >0.3 mg/l (2.9 nmol/l)
with neonatal outcomes were observed. C-peptide mediated 18% (95% CI 13, 36) of the association of maternal BMI with LGA
and 11% (95% CI 8, 17) of the association with per cent neonatal fat.
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Conclusions/interpretation Cord blood C-peptide is an important mediator of the association between maternal and infant
adiposity, across the spectrum of maternal glucose tolerance.

Keywords Cordblood .Diabetes inpregnancy . Fetal hyperinsulinaemia .Gestational diabetes .Neonatal adiposity .Neonatal fat
mass . Type 2 diabetes

Abbreviations
CRP C-reactive protein
DIP Diabetes in pregnancy
GDM Gestational diabetes mellitus
GWG Gestational weight gain
HAPO Hyperglycemia and Adverse Pregnancy

Outcome
LGA Large for gestational age
LPL Lipoprotein lipase
NGT Normal glucose tolerance
PANDORA Pregnancy and Neonatal Outcomes

in Remote Australia
ROLO Randomised Control Trial of Low Glycaemic

Index in Pregnancy
SSF Sum of skinfold thickness

Introduction

The worldwide epidemic of type 2 diabetes mellitus and increas-
ing prevalence among younger people has led to a rising

prevalence of type 2 diabetes in pregnancy, which is associated
with adverse perinatal outcomes [1, 2]. The prevalence of type 2
diabetes has overtaken that of type 1 diabetes in pregnancy in
many populations [3–5]. Although advances in the clinical
management of hyperglycaemia during pregnancy have resulted
in reduced rates of large for gestational age (LGA) [6], normal-
isation of other neonatal outcomes including neonatal
hypoglycaemia, hyperinsulinaemia and neonatal fat mass remain
elusive [6–8]. This may be partly explained by the fetal glucose
steal phenomenon whereby fetal hyperinsulinaemia early in
pregnancies complicated by diabetes results in persistent placen-
tal glucose transfers from the mother to the infant throughout the
pregnancy, despite improved maternal blood glucose levels later
in pregnancy [9, 10]. In addition to hyperglycaemia, elevated
maternal lipids may also be important determinants of fetal
growth [11–14]. Thus, the intrauterine environment is an impor-
tant antecedent of increased future risk of obesity in offspring,
and the transgenerational cycle of obesity and type 2 diabetes,
such as that reported among Native Americans [15, 16].

Metabolic markers measured in neonatal cord blood provide
insights into the placental transfer of these nutrients. Several
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studies show that abnormal cord blood metabolic marker levels
are associatedwith fetal adiposity in womenwith normal glucose
tolerance (NGT) and gestational diabetes mellitus (GDM)
[17–19]. In normoglycaemic women both maternal glucose
concentrations [20] and cord glucose [20] have been shown to
influence fetal growth and neonatal adiposity. Lower cord blood
levels of adiponectin and C-reactive protein (CRP), markers of
glucose and NEFA metabolism and inflammation, respectively,
were associated with a higher neonatal adiposity in the
Hyperglycemia and Adverse Pregnancy Outcome (HAPO)
study, which excluded women with type 2 diabetes [17]. In the
Randomised Control Trial of Low Glycaemic Index in
Pregnancy (ROLO) study with normoglycaemic women, higher
cord blood leptin was associated with greater neonatal adiposity
independent of sex, maternal BMI and gestational age but fetal
C-peptide was not significant after adjustments [18]. ROLO also
reported that lower cord blood triacylglycerol was associated
with higher birthweight [21].

Few studies have assessed the role of these markers specifi-
cally in women with pregestational type 2 diabetes [22, 23],
which is associated with greater risk of adverse pregnancy
outcomes due to the exposure of the fetus to blood glucose earlier
in the pregnancy [2]. A small study fromNewZealand, compris-
ing of Pacific Island women, reported increasing cord leptin and
insulin concentrations across offspring groups from women with
normal blood glucose levels (n= 95), GDM (n = 138) and type 2
diabetes (n = 39). In addition, correlations between cord insulin
and birthweight z score were stronger in women with type 2
diabetes, indicating that type 2 diabetes conferred a more severe
intrauterine metabolic environment than that arising from lesser
degrees of hyperglycaemia [23]. A study of Hispanic and Native
American women found that cord leptin levels were associated
withmaternal hyperglycaemia; however, womenwith GDMand
type 2 diabetes were grouped together [22].

Similar to other indigenous populations, Indigenous
Australian women are at very high risk of obesity and type 2
diabetes and are ten timesmore likely to have pregestational type
2 diabetes than non-Indigenous Australian women [24]. The
Pregnancy and Neonatal Diabetes Outcomes in Remote
Australia (PANDORA) study is a prospective observational
study of 1135 Indigenous and non-IndigenousAustralianwomen
and 1170 children born to women with NGT, GDM and type 2
diabetes [25]. The PANDORA study has previously reported on
the strong associations between type 2 diabetes and poorer birth
outcomes [17] and neonatal adiposity [26]. In this analysis, we
extend our previous work and assess the following: (1) the
impact of maternal BMI, diabetes type, ethnicity and fetal sex
on the relationships between cord blood biomarkers (glucose,
triacylglycerol and C-peptide) and neonatal adiposity outcomes
(birthweight z score, sum of skinfold thickness [SSF], LGA and
percentage of body fat) among Indigenous and non-Indigenous
Australian women; and (2) whether cord markers mediated the

impact of maternal adiposity on neonatal anthropometric
outcomes.

Methods

Study design and participants The PANDORA study is a
prospective observational study conducted in the Northern
Territory, Australia [25]. Baseline assessments were undertak-
en between November 2011 and February 2017. The
PANDORA study sits within the Diabetes across the
Lifecourse: Northern Australia Partnership, a partnership
between researchers, policy makers and service providers to
improve systems and services for all women with
hyperglycaemia in pregnancy [27, 28].Women diagnosed with
hyperglycaemia in pregnancy were invited from the Northern
Territory Diabetes in Pregnancy Clinical Register to participate
in PANDORA. Demographics, antenatal and peripartum infor-
mation for 1171 babies were collected. Of these, a convenience
sample of women without hyperglycaemia in pregnancy (n =
235) was recruited from antenatal and midwifery clinics and
was representative of women who birthed in the Northern
Territory in terms of age and geographic location, compared
with the Northern Territory Midwife Data Collection database
(a census of all Northern Territory births) in 2013. For this
analysis, we excluded babies (and their mothers) as follows:
(1) babies frommothers with type 1 diabetes (n = 19); (2) twins
(n = 16 [32 babies]); and (3) those who did not have cord blood
collected (n = 475).

Ethics The study was approved by the Human Research Ethics
Committee of the Northern Territory Department of Health
and Menzies School of Health Research and the Central
Australian Human Research Ethics Committee, and partici-
pants provided written informed consent.

Diagnosis of maternal diabetes The GDM diagnostic guide-
lines changed in Australia and worldwide during the course of
the study. Between 2012 and 2014, there was a gradual
increase in implementation of new guidelines throughout the
Northern Territory. Therefore, women with GDM were diag-
nosed by either the 1999 Australian Diabetes in Pregnancy
Society (ADIPS) guideline [29], or a universal 75 g OGTT
with revised glucose cut-off values recommended by the
International Association of the Diabetes and Pregnancy
Study Group (IADPSG) [30] and the WHO [31]. Diabetes
in pregnancy (DIP) was determined if OGTTor HbA1c results
were consistent with a diagnosis of type 2 diabetes (fasting
glucose ≥7.0 mmol/l, and/or 2 h glucose ≥11.1 mmol/l, and/or
HbA1c ≥ 47.5 mmol/mol [6.5%]) but not diagnosed prior to
pregnancy. NGTwas determined by OGTT.
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Maternal measuresMaternal characteristics assessed included
maternal age, ethnicity, any smoking in pregnancy (yes/no),
BMI (from first measured weight and height during pregnan-
cy) and gestational weight gain (calculated as the difference
between the third trimester weight closest to delivery and first
measured weight). Pre-eclampsia was defined as per
International Society for Study of Hypertension in
Pregnancy guidelines [32]. Chronic hypertension was defined
as hypertension diagnosed prior to pregnancy.

Neonatal outcome measures Birth characteristics assessed
included sex and gestational age at birth. Neonatal measures
collected included gestational age at birth, sex, birthweight,
length, sum of three skinfold (flank, subscapular and triceps)
thicknesses (mm) and percentage of body fat. Detailed anthro-
pometric measures have been described elsewhere [26].
Birthweight SD z scores were adjusted for sex and gestational
age at birth using Australian normative data [33] and LGA
was defined as a birthweight greater than the 90th centile
according to these data. Per cent neonatal fat was calculated
from the fat mass calculation outlined below [34].

Body fat mass was determined according to the following
validated equation: Fat mass = 1000 [0.39055 (birthweight
[g]/1000)+0.0453 (flank skinfold thickness [mm]) − 0.03237
(length [cm]) + 0.54657] [34–38]. Two neonates had negative
fat mass according to the equation, and a fat mass of 0 g was
substituted. Percentage of body fat was determined by calcu-
lating total body fat as a percentage of birthweight. A sensi-
tivity analysis that excluded the two neonates with a 0% fat
mass showed that the results were largely unchanged.

Venous cord blood was collected from 645 singleton babies
(NGT n = 129, GDM/DIP n = 419, type 2 diabetes n = 97) at
delivery for analysis of glucose, C-peptide, HDL-cholesterol
and triacylglycerol. The specimen was obtained by free drainage
(free flow) of cord blood or drawn by needle aspiration
(puncture) from a clamped segment of an umbilical vein. The
specimen was stored in a styrofoam cooler for transport to the
hospital’s laboratory. Collection of cord blood was not feasible
for all participants due to the unpredictable nature of birth and
delivery and the need to prioritise clinical care. Cord blood
glucose, HDL-cholesterol and triacylglycerol were measured
using Vitros Fusion 5.1 (Ortho-Clinical Diagnostics, Raritan,
NJ, USA). Cord blood C-peptide was measured using the
electrochemiluminescence immunoassay on a cobas e602
(Roche Diagnostics, Mannheim, Germany) and CRP on a cobas
c701 (Roche Diagnostics).

Statistical methods Data were analysed using Stata 15.0 (Stata,
College Station, TX, USA). Maternal and neonatal characteris-
tics were described according to three maternal hyperglycaemia
categories (NGT, GDM and DIP), type 2 diabetes and then
ethnicity (Indigenous Australian [49.1%]; non-Indigenous
Australian [32.4% Europid, 8.4% Indian, 2.9% Filipino and

7.2% others]). C-peptide and triacylglycerol were loge-trans-
formed prior to analysis and CRP was considered as a dichoto-
mous variable defined as ‘detected’ or ‘not detected’ using a
manufacturer quoted detection limit of 0.3 mg/l (2.9 nmol/l) as
the cut-off (the distribution of CRP in our population could not
be normalised to allow for analysis as a continuous variable).
Means of continuous variables were compared using Student’s
t test or Wilcoxon rank sum test according to distribution.
Prevalence of categorical variables were compared with
Pearson’s χ2 test. The neonatal outcomes assessed were LGA,
birthweight z score, SSF and percentage of body fat. Each
outcome was regressed on each cord blood metabolic marker
separately (glucose, HDL-cholesterol, C-peptide, triacylglycerol
and CRP> 0.3 mg/l) using multivariable (linear for continuous
and logistic for categorical outcomes) regression models with
adjustment for diabetes type (NGT, GDM/DIP and type 2 diabe-
tes), Indigenous and non-Indigenous ethnicity, baby sex and
maternal age. A multivariable model was selected where each
outcome was regressed on a fixed base covariate set, which
included diabetes type, Indigenous and non-Indigenous ethnicity,
baby sex andmaternal age (for each additional 5 years), and on a
set of covariates with p value <0.1 (in the multivariable model),
including maternal BMI (for each additional 3 kg/m2), smoking
in pregnancy, and simultaneously all the cord blood markers,
provided there was no collinearity. Each of these multivariable
models were additionally adjusted for maternal BMI, nulliparity
and smoking in pregnancy. A sensitivity analysis was undertaken
whereby multivariable models were repeated for each of the
neonatal outcomes and maternal BMI was replaced with gesta-
tional weight gain (GWG), as GWG was only available for a
subset of the participants (n = 510). Possible interactions between
each cord blood metabolic marker and each of ethnicity, diabetes
type and sex were assessed by adding in the models a marker by
each of ethnicity, diabetes type and sex multiplicative term. If
significant, the interaction term was included in the final multi-
variable model.

Pathway analysis was completed using Stata command
medeff on the final multivariable models identified as described
above. To assess the ‘mediation’ effect of each statistically signif-
icant cord blood marker on the association between maternal
BMI and each neonatal outcome, β coefficients (continuous
outcomes) andORs (binary outcomes) for the ‘total’ effect (effect
of maternal BMI on neonatal weight/adiposity with all covariates
excluding the mediator) and ‘direct’ effect (effect of maternal
BMI on neonatal weight/adiposity with all covariates including
mediator) were generated.

Results

A total of 645 mother–infant pairs with data on cord blood
measures were included. Table 1 displays thematernal and infant
characteristics by diabetes type and ethnicity. Among women
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with GDM/DIP, Indigenous Australian women were younger
(Indigenous vs non-Indigenous, 29.3 years vs 31.7 years), had
a higher BMI (30.0 kg/m2 vs 28.2 kg/m2) and were more likely
to smoke than non-Indigenous Australian women. Babies of
Indigenous Australian women with GDM/DIP also had higher
birthweights, birthweight z scores (0.36 vs −0.10) and neonatal
adiposity (percentage body fat 11.8%vs 10.4%; SSF 13.9mmvs
12.1 mm). Indigenous Australian women with GDM/DIP had
higher levels of cord C-peptide (p < 0.001) and cord triacylglyc-
erol (p = 0.028) than did non-Indigenous Australian women with
GDM/DIP.

Among those with NGT, Indigenous Australian women had a
higher prevalence of CRP >0.3 mg/l than did their non-
Indigenous counterparts (31% vs 12%). There were no signifi-
cant differences for cord blood markers between Indigenous and
non-Indigenous Australian women with type 2 diabetes.

Table 2 displays the associations between cord blood markers
and neonatal outcomes adjusted for diabetes type, ethnicity, baby
sex andmaternal age. C-peptide had a strong positive association
with each outcome (all p values <0.001). Glucose and triacyl-
glycerol had significant negative associations with birthweight z
score, and percentage of body fat. Cord HDL-cholesterol and
CRPwere not significantly associatedwith the neonatal adiposity
outcomes.

Figure 1a displays the multivariable relationships between
cord blood markers, each covariate and birthweight z score.
Greater cord glucose was significantly associated with lower
birthweight z score. There was no significant interaction
between glucose and ethnicity for outcome of birthweight z
score. Significant interactions were observed between ethnicity
and triacylglycerol, showing a significant negative association
for Indigenous but not non-Indigenous Australian women, and
between ethnicity and C-peptide (p = 0.004), showing a much
stronger positive effect in Indigenous than in non-Indigenous
Australian women. C-peptide remained strongly and positively
associated with the outcome of SSF (Fig. 1b), LGA (Fig. 1c)

and percentage of body fat (Fig. 1d) after adjusting for known
covariates including maternal BMI. Cord glucose was also
negatively associated with LGA (Fig. 1c) and percentage of
body fat (Fig. 1d).

Multivariable analyses performed on a subpopulation with
available information for GWG showed that GWGwas not an
important confounder for the associations between cord blood
markers and neonatal outcomes (data not shown).

On pathway analysis, C-peptide was the strongest mediator of
the association between maternal BMI and each neonatal
outcome. The mediation analysis estimated that the total effect
of maternal BMI (+3 kg/m2) on LGA was OR 1.27 (95% CI
1.11, 1.45) with 18% (13, 36) of this effect mediated by cord C-
peptide. The direct effect of maternal BMI on LGA as estimated
from a multivariable logistic model was OR 1.22 (95% CI 1.10,
1.36) (Fig. 2a). The total effect of maternal BMI (+3 kg/m2) on
percentage of neonatal body fat was β 0.42 (95% CI 0.27, 0.54)
with 11% (95% CI 8, 17) of this effect mediated by loge C-
peptide, resulting in a direct effect of β 0.36 (95% CI 0.20,
0.50) (Fig. 2b). The total effect of maternal BMI (+3 kg/m2) on
birthweight z score was β 0.13 (95% CI 0.1, 0.16) with 14% of
this effect mediated by loge C-peptide, resulting in a direct effect
of β 0.12 (95% CI 0.08, 0.16).

Discussion

In this prospective birth cohort study involving mothers across
the spectrum of hyperglycaemia in pregnancy, we reported three
key findings. First, cord C-peptide was strongly associated with
neonatal adiposity as measured by birthweight z score, SSF,
LGA and neonatal fat. This was after accounting for diabetes
type, ethnicity, baby sex, maternal age, gestational age,
nulliparity, maternal BMI (or GWG), smoking in pregnancy,
cord glucose and triacylglycerol. Second, cord blood triacylglyc-
erol was negatively associated with birthweight z score

Table 2 Associations of cord blood markers with neonatal adiposity outcomes

Cord metabolic markers Birthweight z score
β (95% CI)

SSF
β (95% CI)

LGA
OR (95% CI)

Percentage of body fat
β (95% CI)

C-peptide, nmol/l 0.57 (0.42, 0.71);
p< 0.001

0.83 (0.41, 1.25);
p< 0.001

3.14 (2.11, 4.68);
p< 0.001

1.20 (0.69, 1.71);
p< 0.001

Glucose, mmol/l −0.13 (−0.20, −0.05);
p = 0.001

−0.20 (−0.41, 0.017);
p = 0.071

0.78 (0.65, 0.94);
p = 0.010

−0.43 (−0.69, −0.16);
p = 0.001

HDL-cholesterol, mmol/l 0.10 (−0.30, 0.49);
p = 0.62

−0.90 (−2.03, 0.24);
p = 0.12

1.37 (0.56, 3.35);
p = 0.49

−0.42 (−1.82, 1.99);
p = 0.56

Triacylglycerol, mmol/l −0.43 (−0.62, −0.24);
p< 0.001

−0.41 (−0.95, 0.13);
p = 0.14

0.52 (0.33, 0.83);
p = 0.005

−0.76 (−1.42, −0.097);
p = 0.025

CRP > 0.3 mg/l −0.14 (−0.35, 0.18);
p = 0.17

0.014 (0.53, 0.57);
p = 0.60

0.75 (0.48, 1.17);
p = 0.2

0.54 (−0.14, 1.22);
p = 0.12

All reported results are adjusted for diabetes type, ethnicity, baby sex and maternal age
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(significant for Indigenous women only), after adjusting for
covariates. Third, an important and novel finding of this study
is that, on pathway analysis, cord blood C-peptide mediated
approximately 20% of the contribution of maternal BMI to
LGA and 10% to per cent neonatal fat.

Further to our report of the impact of type 2 diabetes on
perinatal outcomes [39], our large prospective birth cohort
study found that cord blood C-peptide was the metabolic mark-
er most strongly associated with all four outcomes of neonatal
adiposity, independent of diabetes type and ethnicity [40, 41].
The strong association between cord C-peptide and neonatal

adiposity was also reported in the HAPO study. Our findings
extend those of the HAPO study by including women treated
for GDM and women with type 2 diabetes [41]. Of note, there
are limited studies on cord bloodmetabolic markers and neona-
tal adiposity in indigenous and minority populations at high
risk of diabetes, in whom it is particularly important to assess
potential mechanistic markers contributing to transgenerational
cycles of obesity and type 2 diabetes [22, 23, 42]. A study of
normoglycaemic Polynesian women from New Zealand found
that cord insulin concentrations were positively correlated with
birthweight and skinfold thickness [42]. However, that study
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Fig. 1 Multivariable linear regression for the outcomes of birthweight z
score (a), SSF (b), LGA (c) and percentage of body fat (d). (a) The model
includes significant interaction terms for each of cord C-peptide and triac-
ylglycerol with ethnicity, as well as the main effect of ethnicity. The
model includes the following covariates: diabetes type, maternal age
(for each additional 5 years), maternal BMI (for each additional 3 kg/
m2), smoking in pregnancy, nulliparity, cord glucose, cord triacylglycerol
and the interaction with ethnicity, cord C-peptide and the interaction with
ethnicity (b) The model includes the following covariates: diabetes type,
ethnicity, baby sex, maternal age (for each additional 5 years), nulliparity,

maternal BMI (for each additional 3 kg/m2), smoking in pregnancy, gesta-
tional age at birth and cord C-peptide. (c) The model includes the follow-
ing covariates: diabetes type, ethnicity, maternal age (for each additional
5 years), nulliparity, maternal BMI (for each additional 3 kg/m2), smoking
in pregnancy, cord glucose, cord triacylglycerol and cord C-peptide. (d)
The model includes the following covariates: diabetes type, ethnicity,
maternal age (for each additional 5 years), nulliparity, maternal BMI
(for each additional 3 kg/m2), gestational age at birth, cord glucose, cord
triacylglycerol and cord C-peptide. T2DM, type 2 diabetes
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did not adjust for potential confounders such as maternal
weight andGWG.Hence, our findings are novel for this unique
cohort of women with a high proportion of type 2 diabetes in
pregnancy, with a multivariable analysis adjusting for several
important maternal characteristics.

Interestingly, our study found that cord blood triacylglyc-
erol was inversely associated with birthweight z score; this
finding was significant in Indigenous Australian women but
not in non-Indigenous women. This inverse relationship has
been previously described [11, 43, 44]. Schaefer-Graf et al
hypothesised that it was due to reduced lipoprotein lipase
(LPL) activity; the role of LPL is to hydrolyse triacylglycerol
to NEFA so that the NEFA can be taken up to be stored in
adipose tissue [11]. Infants born with LGA have low triacyl-
glycerol levels due to enhanced LPL activity contributing to
their increased adipose mass [5]. It has been reported recently
that placental LPL activity is positively associated with
newborn adiposity [45]. This relationship between fetal triac-
ylglycerol and birthweight z score only reached significance
for Indigenous Australian women in our study. Ethnic differ-
ences in lipid metabolism have been described both in the
pregnant state and for different pregnancy outcomes [46].

Our study also demonstrated that cord blood glucose was
inversely associated with birthweight z score, LGA and
neonatal body fat. Maternal glucose in pregnancy has consis-
tently been shown to have a continuous effect on neonatal
adiposity [47–49] but the relationship between cord glucose
and neonatal adiposity has not been as clear [11]. We
hypothesise that the strong positive relationship between cord
blood C-peptide and neonatal adiposity is likely driving the
negative relationship between cord blood glucose and neona-
tal adiposity observed, as C-peptide enhances metabolism of
glucose resulting in lower cord blood glucose levels.

We demonstrated that cord blood C-peptide mediated 20%
of the contribution of maternal BMI to LGA, 14% to
birthweight z score and 10% to per cent neonatal fat. C-
peptide was not a significant mediator of the relationship
between maternal BMI and SSF. Our findings are consistent
with The Healthy Start Study of ethnically diverse US women
(with normoglycaemia or GDM but not type 2 diabetes),
where maternal insulin resistance (HOMA-IR) and glucose
levels together accounted for 21% of the total effect of mater-
nal BMI on neonatal per cent fat mass [48]. Our study extends
the current body of evidence by exploring the contribution of
fetal C-peptide to the relationship between maternal BMI and
neonatal adiposity in a high-risk population including a large
number of women with type 2 diabetes. Future research is
warranted to examine other steps in the fuel-mediated path-
way such as epigenetic modifications and the long-term
impact of the metabolic contribution of the in utero environ-
ment, particularly in populations at high risk for obesity and
type 2 diabetes.

The strengths of this prospective study are that it includes a
unique cohort of over 600 women including Indigenous
Australians, it is the largest study of women with type 2 diabetes
and its analyses adjusted for key variables such as diabetes type,
indigenous ethnicity, baby sex, maternal age, maternal BMI and
smoking in pregnancy. This is also the largest study of indige-
nous women internationally with cord blood data and detailed
maternal and neonatal characteristics and measurements.

Our study is limited by several factors. First, we did not
collect maternal blood samples in pregnancy and therefore
could not assess the correlation between maternal and cord
metabolic markers. Schaefer-Graf et al have shown that
maternal levels of triacylglycerol taken close to delivery corre-
lated significantly with those in cord blood [11], and other
studies have reported that maternal HbA1c at the end of preg-
nancy was positively correlated with neonatal adiposity and
cord blood insulin [23]. Therefore, our analyses may not have
fully adjusted for the confounding effects of maternal pathol-
ogy and this may have led to overestimation of the relation-
ship between cord blood markers and neonatal adiposity
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p=0.011 

OR (95% CI)

3.21 (2.07, 4.97);

p<0.001 

OR (95% CI)

1.22 (1.10,1.36);

p<0.001  

LGA

log
e

C-peptide

log
e

C-peptide

Per cent

neonatal fat

11% 

β (95% CI)

0.36 (0.20, 0.50);

p<0.001 

β (95% CI)

1.40 (0.90,1.89);

p<0.001 

β (95% CI)

0.033 (0.0075, 0.057);

p=0.011 

Maternal BMI

(+3 kg/m
2
) 

Fig. 2 (a) Pathway analysis of loge cord C-peptide on the effect of mater-
nal BMI on LGA. Covariates were: diabetes type, ethnicity, maternal age
(for each additional 5 years), nulliparity, maternal BMI (for each addi-
tional 3 kg/m2), smoking in pregnancy, cord glucose, cord triacylglycerol
and cord C-peptide (the same multivariable model as shown in Fig. 1c).
(b) Pathway analysis of loge C-peptide on the effect of maternal BMI on
percentage of neonatal fat. Covariates were: diabetes type, ethnicity,
maternal age (for each additional 5 years), nulliparity, maternal BMI
(for each additional 3 kg/m2), gestational age at birth, cord glucose, cord
triacylglycerol and cord C-peptide (the same multivariable model as
shown in Fig. 1d)
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outcomes in our study. Second, the clustering of type 2 diabe-
tes and Indigenous Australian ethnicity in our study cohort
may have limited our ability to fully explore the interactions
of ethnicity as opposed to type 2 diabetes on the associations
between cord blood markers and neonatal adiposity. Thus, the
stronger associations observed for triacylglycerol and C-
peptide with birthweight z score among Indigenous
Australian participants may have also been driven bymaternal
type 2 diabetes. Third, cord markers in this study were based
on venous blood, which may not fully provide a measure of
fetal metabolism. Other studies have measured arterial cord
blood in order to better measure fetal metabolism. Future stud-
ies comparing markers in both venous and arterial blood may
be required to provide a deeper understanding of placental
transfer mechanisms.

The public health and clinical implications of our findings
are to provide further evidence in support of interventions
focused on maternal weight. Our findings support the impor-
tance of population health interventions to reduce maternal
BMI pre-pregnancy, and to limit GWG, in order to improve
neonatal adiposity outcomes, among women with and without
type 2 diabetes.

In conclusion, high cord blood C-peptide was a strong
mediator of the effect of maternal body size on fetal growth
in pregnancies across the glucose tolerance spectrum of NGT,
GDM and type 2 diabetes. We are uniquely placed to further
inform the significance of our findings regarding the role of
the intrauterine metabolic environment on the child’s future
cardiometabolic risk, with planned longitudinal follow-up of
this high-risk cohort. Our work will inform the design of
future interventions to prevent or reduce the impact of the
intergenerational cycle of chronic disease risk in the high-
risk Indigenous Australian population, including the very
high-risk group of children born to mothers with pre-
existing type 2 diabetes in pregnancy.
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