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The initial observations of David Barker, popularly known as
the “Barker hypothesis” or “developmental origins of health
and disease,” show that being born with low birth weight, as a
result of intrauterine growth restriction produced by mater-
nal undernutrition, is associated with a number of chronic
diseases later in life [1]. Subsequently, studies show that it is
not just intrauterine growth restriction, but also exposure to
any other adverse factor during fetal and/or early postnatal
development that can increase susceptibility to a number
of chronic diseases later in life including cardiovascular and
renal disease, hypertension, type 2 diabetes, certain forms of
cancer, osteoporosis, Parkinson’s disease, dementia, and
polycystic ovary syndrome [2–4].

Over 346 million people worldwide have diabetes, and
according to the estimates of the World Health Organization,
the prevalence of type 2 diabetes will double by the year 2030
[5]. Similarly, the prevalence of obesity has reached alarming
levels. There are 1.5 billion adults, 20 years of age and older,
who are overweight. Of those, 200 million men and nearly
300 million women are obese [6]. As a result of this growing
prevalence of type 2 diabetes and obesity, more and more
women of child-bearing age are either obese and/or diabetic
during pregnancy. Given that maternal health has a signif-
icant impact on the long-term health of the offspring, it is
clear that both type 2 diabetes and obesity are not only a
health concern for the mother, but also a growing concern for
the generations to come. Thus, the importance of examining

the impact of maternal overnutrition and diabetes on the
long-term health of the offspring is paramount.

Several experimental studies report a relationship bet-
ween maternal overnutrition and health of the offspring in
adulthood. Specifically, maternal body weight, overnutrition,
or a high fat consumption during pregnancy is linked to the
development of elements of the metabolic syndrome, cardio-
vascular and renal disease, hypertension, and cerebral dys-
function as well as type 2 diabetes and obesity themselves
later in the life of the offspring [7–12]. However, the mecha-
nisms by which type 2 diabetes and obesity lead to the deve-
lopment of chronic disease later in life remain unknown. The
purpose of this issue is to compile and provide a forum for
the discussion of the latest data on the impact of maternal
overnutrition and diabetes on the long-term (metabolic)
health of the offspring.

The current issue presents 5 clinical research papers as
well as 7 review articles. The following is a summary of major
points and findings presented in these papers.

(1) In overweight/obese mothers, greater % kcal from
sweets early in pregnancy is the strongest, indepen-
dent predictor of higher weight for gestational age at
birth as well as after 6 months and higher odds of
fetal macrosomia, suggesting that mothers’ eating
behaviors during pregnancy may have a lasting effect
on child weight.
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(2) In nondiabetic women, maternal glucose levels corre-
late with the extent and distribution of fetal adiposity
and birth weight.

(3) In the Jerusalem perinatal study (a cohort of over
92,000 births), offspring of mothers with gestational
diabetes have higher body mass index and systolic
and diastolic blood pressure at 17 years of age com-
pared with offspring of mothers with no gestational
diabetes. These data suggest an association between
maternal glycemia and cardiometabolic outcomes in
the offspring.

(4) Interestingly, no association between cardiac func-
tion in offspring of type 1 diabetic mothers at 7-8
years of age and maternal glycemic control was
found. Whether the cardiac phenotype takes longer
to develop in this cohort may need to be examined.

(5) At the age of 3 years, offspring of type 1 diabetic
mothers were characterized by a delay in cortical
evoked responses in both visual and somatosensory
systems, suggesting a potential association between
maternal glycemia and brain maturation in the of-
fspring.

(6) The 7 review articles all provide a comprehensive
summary of some of the mechanisms underlying
the developmental programming of metabolic syn-
drome, cardiovascular disease, and obesity later in
the life of the offspring. Interestingly, similar mech-
anisms seem to contribute to different phenotypic
outcomes regardless of what the insult was during
early development. Specific emphasis is given to the
importance of epigenetic changes induced by the
maternal environment in predicting later adversity.

In summary, this special issue highlights the fact that
maternal health plays a significant role in determining as well
as predicating the health of the offspring later in their life.
Future studies are warranted to specifically examine the
mechanisms by which the perturbation of the in utero en-
vironment may translate into a health risk in the offspring.

Christine Maric-Bilkan
Michael Symonds

Susan Ozanne
Barbara T. Alexander
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Objective. Gestational diabetes mellitus (GDM) influences fetal development and offspring’s metabolic risk. We evaluated this
association in 17-year-old offspring adjusting for birth weight (BW) and prepregnancy maternal BMI (mBMI). Study Design.
The JPS birth cohort contains extensive data on 92,408 births from 1964 to 1976. Offspring’s BMI and blood pressure (BP) were
obtained from military records. For a subcohort born between 1974 and 1976, prepregnancy mBMI was available. Offspring
were classified as born to mothers with GDM (n = 293) or born to mothers without recorded GDM (n = 59, 499). Results.
GDM offspring had higher mean BMI and systolic and diastolic BP compared to no-recorded-GDM offspring. After adjusting for
BW, GDM remained significantly associated with offspring BMI and diastolic BP (β = 1.169 and 1.520, resp.). In the subcohort,
when prepregnancy mBMI was entered to the models, it markedly attenuated the associations with GDM. Conclusions. Maternal
characteristics have long-term effects on cardiometabolic outcomes of their offspring aged 17 years.

1. Introduction

Fetal development is regulated by maternal and fetal charac-
teristics that influence the intrauterine environment. The ad-
aptation of the fetus to intrauterine conditions results in fetal
“programming” which may also determine the metabolic
“fate” of the fetus later in life [1].

Gestational diabetes mellitus (GDM) is defined as car-
bohydrate intolerance with different degrees of severity, first
diagnosed during pregnancy [2]. It is the most common
metabolic complication during pregnancy and is observed in
3%–5% of all pregnant women.

Intrauterine hyperglycaemic conditions influence fetal
metabolism and in turn may influence later life morbidity.
The short-term consequences of GDM for the offspring are
high birth weight [3] and associated perinatal complications

such as shoulder dystocia, hypoglycaemia, hyperbilirubine-
mia, hypocalcemia, and polycythemia [4]. The intermediate-
term consequences include impaired insulin resistance,
obesity, and type 2 diabetes during childhood [5–7]. Few
studies reported an association between maternal GDM and
elevated blood pressure later in offspring life [8, 9], but most
of the studies that investigated the long-term consequences
of GDM on offspring have not reported analyses of blood
pressure measurements.

There is some evidence that neonatal birth weight [10],
maternal weight gain during pregnancy [11], and prepreg-
nancy maternal BMI [12, 13] (mBMI) are also important fac-
tors predicting long-term morbidity of offspring; however,
the impact of these factors on the associations of GDM and
the long-term health of the offspring remains unclear.
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In a previous report [14] on a subset of the Jerusalem
perinatal study (JPS) (offspring born in Jerusalem between
1974 and 1976), there was evidence of an increased risk
of adolescent overweight, defined as a body mass index
(BMI) >90th percentile, among offspring born to diabetic
mothers. However, this report included only univariate cor-
relations and did not analyze the data using multivariate
models, taking into account various important factors such
as prepregnancy mBMI.

In this study, we aimed to assess the long-term impli-
cations of maternal GDM on adolescent BMI and blood
pressure, among JPS offspring at age 17, after taking into
account different characteristics, such as offspring birth
weight and prepregnancy mBMI.

2. Methods

2.1. Population

2.1.1. Whole Cohort. The Jerusalem perinatal study (JPS) is
a population-based cohort that includes all births occurred
in western Jerusalem and its surroundings between 1964
and 1976. Detailed information on data collection has
been previously described [15]. In brief, demographic,
socioeconomic, and clinical data (medical conditions of the
mother including GDM status during all pregnancies from
1964 to 76), and offspring birth weight were collected. The
information was extracted either from birth certificates or
maternity ward logbooks at the time of birth.

Data on maternal conditions, obstetric complications,
and interventions during labor and delivery, including GDM
status, were collected systematically in 92,408 deliveries. The
original data collection instruments included rubrics for
GDM (i.e., diabetes with onset during pregnancy) and pre-
gestational diabetes (i.e., diabetes, mostly insulin-dependent
diabetes, prior to the present pregnancy). In this study, we
used only the definition for GDM health condition and did
not included the pregestational diabetes cases. In that era,
all pregnant women were screened for glycosuria at each
antenatal visit, and if found positive, they would be referred
for an oral glucose tolerance test.

2.1.2. Subcohort. Postpartum interviews of a subset of
mothers (17,003, referred to as the subcohort) who gave
birth between November 1974 and the end of 1976 provided
further information on medical conditions and lifestyle
habits, including prepregnancy mBMI, weight gain during
pregnancy, gestational age at delivery, and smoking habits.
These interviews were conducted at the bedside on the first
or second day postpartum by nurse-midwives and captured
98% of the births.

2.1.3. Military Records. Through the Israeli Population Reg-
istry, we verified the identities of 99% of the offspring and
96.2% of the mothers in the JPS cohort using their unique
identity (ID) numbers. The ID number and other identifiers
enabled us to link the JPS data with military draft records.
This linkage provided information regarding the weight,
height, and systolic and diastolic blood pressure which were

measured in 60,191 JPS singleton offspring (37,308 males
and 22,883 females) at age 17.

2.2. Study Variables. The following variables were included
in the analysis: parents’ ages at birth, birth order, offspring’s
birth weight (continuous variables), maternal level of edu-
cation (years of schooling grouped into three categories: 0–8
years, 9–12 years and ≥13 years) and socioeconomic status
(SES) using a scale based on husband occupation (grouped
into three categories: high, middle, and low). Maternal ethnic
origin was classified according to her father’s country of
birth (categorized as: Israel, West Asia, North Africa and
Europe/America).

Maternal medical history included data on diabetes and
pre-eclampsia in the current pregnancy or in other pregnan-
cies (between 1964 and 1976, recorded in the JPS database).

Information on maternal smoking during pregnancy,
gestational age at delivery (calculated from the date of last
menstrual period), prepregnancy mBMI, and weight gain
during pregnancy was available only in the subcohort of the
mothers who gave birth between 1974 and 1976.

Anthropometric and blood pressure information mea-
sured in the offspring at age 17 were obtained from the
Israel Defense Forces medical database. Details about these
examinations have been described elsewhere [13]. Briefly,
blood pressure was measured in the sitting position in
the right arm with a Bauman sphygmomanometer with
appropriate cuff size. Standing height was measured on
barefooted subjects, and body weight was measured with
light indoor clothing. BMI was calculated as the ratio of
weight (kg) to standing height (m) squared (kg/m2). The
examiners were blinded to the perinatal data.

The current study examined the differences in offspring
BMI and blood pressure measured at age 17 among the two
groups: offspring whose mothers had GDM in the index
pregnancy (GDM) and offspring whose mothers did not have
GDM in any of her pregnancies during the period 1964–1976
and recorded in the JPS (no-recorded-GDM). We included
only singleton pregnancies in this analysis.

2.3. Statistical Analysis. Baseline characteristics of the study
population and variables obtained at age 17 are presented
for the two groups of offspring categorized by their mother’s
GDM status. Descriptive analysis was used to compare the
BMI and blood pressure mean values for the offspring
groups, and linear regression analysis was used to adjust for
other characteristics in multivariate models.

For the 1964–1976 subcohort, two sets of models were
examined: (1) model 1 included the maternal GDM status
as the main covariate (GDM compared to the no-recorded-
GDM group) and (2) model 2 additionally adjusted for
offspring birth weight. These models were also adjusted for
the following covariates: maternal age at birth, ethnic origin
(Israel as a reference group), level of education (0–8 years
as a reference group), maternal pre-eclampsia (in one or
more pregnancies between 1964 and 1976), birth order, SES
(middle class as a reference group), and offspring gender.

For the subcohort of 1974–1976, we further adjusted for
prepregnancy mBMI and weight gain during the pregnancy
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(model 3). In the 1974–1976 analysis, maternal smoking and
gestational age at delivery were also included in the models
as covariates.

To account for the correlation between siblings within
families, the multivariate analysis for the entire cohort
(1964–1976) was repeated using a mixed linear model (SAS
PROC MIXED). Both approaches provided similar findings;
and therefore, the results from the linear regression models
are presented. Analyses were conducted with SPSS version
14.0 (Chicago, Ill, USA) and SAS package version 9.1 (Cary,
NC, USA).

3. Results

3.1. Characteristics of the Cohort. Of the 92,408 deliveries
recorded in the JPS between 1964 and 1976, military
induction examination information was available for 60,191
(65.1%) singleton offspring. Of these, 293 (0.5%) were born
to mothers with GDM and 59,499 (98.8%) to mothers with
No-recorded-GDM.

An additional 399 (0.7%) offspring were born to mothers
who had GDM not in the index pregnancy but in one of
her other pregnancies during the period 1964–1976 and
recorded in the JPS. These offspring were not included in the
analysis.

Of the 16,912 singleton deliveries during the 1974–1976
subcohort, military information was available for 11,412
offspring, of whom 77 offspring were born to GDM mothers,
and 11,335 to no-recorded-GDM mothers.

Table 1 describes the parental characteristics of study
participants of the two groups of offspring. Both maternal
and paternal ages were higher, on average, among infants
exposed to GDM in utero. Mean birth weight of the GDM
group (3411± 616 g) was higher than the no-recorded-GDM
group (3301 ± 483 g P < 0.001).

Mothers in the GDM group were more educated and
from higher SES status compared to mothers from the no-
recorded-GDM group. In addition, mothers with GDM were
more likely to have pre-eclampsia in one of their pregnancies
recorded in the JPS, compared to mothers belonging to the
no-recorded-GDM group.

3.2. Anthropometry and Blood Pressure at Age 17. Table 2
presents the gender standardized anthropometric and blood
pressure values measured in offspring at age 17, classified by
mother’s GDM status.

BMI, systolic and diastolic blood pressure mean values
were significantly higher in GDM offspring as compared to
the mean values obtained in offspring born to no-recorded-
GDM mothers (P < 0.05 for all outcomes).

3.3. Predictors for BMI and Blood Pressure at Age 17. Table 3
demonstrates the association of GDM with BMI and systolic
and diastolic blood pressure of the offspring measured at age
17.

Among offspring who were born between 1964 and 1976,
maternal GDM was positively and significantly associated

with offspring BMI values (model 1) independent of BW
(model 2).

In the analysis of the 1974–1976 subcohort, when models
were further adjusted for maternal smoking and gestational
age at delivery, GDM was positively and significantly asso-
ciated with offspring BMI measured at age 17 (model 1);
however, when birth weight was included in the model
(model 2), it attenuated the association with GDM. When
prepregnancy mBMI and weight gain during pregnancy were
included in the model (model 3), the association of GDM
with the offspring BMI was attenuated markedly.

When we evaluated the association of GDM with systolic
blood pressure measured in offspring at age 17, no significant
associations were found in the entire cohort and in the
subcohort as well (model 1). When prepregnancy mBMI
included in the analysis of the subcohort, it was positively
associated with systolic blood pressure (model 3).

In distinction to systolic blood pressure, GDM was signif-
icantly associated with diastolic blood pressure in the entire
cohort, even after introducing birth weight to the model
(model 2). In the subcohort models, there was no evidence
of an association between GDM and offspring diastolic blood
pressure, and prepregnancy mBMI was positively associated
with diastolic blood pressure at age 17.

4. Comments

Our study implies that maternal characteristics pre- and
during pregnancy and the intrauterine environment are im-
portant factors for future cardiometabolic conditions of their
offspring.

In the entire JPS cohort of 1964–1976, we found that
the contribution of maternal GDM to offspring BMI in
young adulthood is independent of neonatal birth weight.
These findings are consistent with previous studies [16–
18]. However, the analysis of the smaller and more detailed
subcohort indicates that when prepregnancy maternal BMI
is included in the model, the association of maternal GDM
with offspring BMI at age 17 is considerbly reduced (Table 3).

Our study suggested a positive association between
maternal GDM and diastolic blood pressure measured in the
17-years-old offspring, in the whole cohort. Other studies,
focusing on childhood blood pressure, have demonstrated
higher blood pressure values in offspring of mothers with
GDM [8, 9], while others have not [6].

Even though the association between GDM and diastolic
blood pressure did not reach statistical significance in the
smaller subcohort (1974–1976), the coefficient of GDM was
attenuated when prepregnancy mBMI was included in the
model. This implies that the association between maternal
GDM and offspring diastolic blood pressure in young
adulthood might as well be accounted for prepregnancy
mBMI.

There is growing evidence in the literature, that prepreg-
nancy mBMI is a strong predictor of offspring health status
later in life [6, 19–21]. Regarding GDM, other studies con-
cluded that maternal obesity and diabetes are independent
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Table 1: Characteristics of the study population.

JPS entire cohort,
1964–1976

GDM
(n = 293)

No-recorded-GDM
(n = 59499)

Maternal age at delivery (years, mean ± SD) 31.2± 5.9 27.6± 5.5

Paternal age at delivery (years, mean ± SD) 35.0± 7.1 31.5± 6.6

Birth order (mean ± SD) 1.93± 1.1 1.87± 1.1

Birth Weight (grams, mean ± SD) 3411± 616 3301± 483

Male 3495± 633 3347± 490

Female 3284± 569 3226± 462

Birth place of mother’s father (%):

Israel 10.6 12.9

West Asia 28.0 31.7

North Africa 21.2 24.4

Europe/America 40.3 31.0

Maternal education (%):

Unknown 0.7 5.6

0–8 years 29.4 31.7

9–12 years 31.7 35.8

13+ years 38.2 26.8

Socio economic status (%)

High 36.9 33.1

Middle 45.4 41.3

Low 17.7 25.6

Maternal health condition (%)

Pre-eclampsia 14.4 3.4

JPS subcohort 1974–1976 (n = 77) (n = 11335)

Prepregnancy maternal BMI (mean ± SD) 25.3± 4.4 21.9± 3.0

Weight gain during pregnancy (mean ± SD) 12.3± 6.1 11.5± 4.4

Table 2: Gender standardized anthropometry and blood pressure measured in offspring at age 17 by maternal health characteristic (n =
60191).

GDM No-recorded-GDM

Weight (kg) 69.13± 13.26a 64.05± 10.70

BMI (kg/m2) 22.47± 3.86a 21.18± 3.11

Systolic BP (mm HG) 121.56± 12.30a 119.84± 12.06

Diastolic BP (mm HG) 75.12± 7.44a 73.47± 8.30
a
Significantly different, P < 0.05.

risk factors for adverse short-term perinatal outcomes [22–
24]. Our study suggests that the effect of maternal GDM on
cardiometabolic outcomes in their 17-year-old offspring is
not independent of prepregnancy mBMI.

This study has potential limitations that should be
considered. During the JPS data collection period (1964–
1976), screening for GDM was not routine in Israel and the
prevalence of GDM in the cohort was lower (0.5%) than
the current reported prevalence of 3%–5%, possibly due to
differences both in the diagnosis of GDM, and in the study
population, as 85% of the mothers had a pre pregnancy
BMI less than 25 at that time. In addition, we do not have
information regarding GDM severity or mode of treatments
of the mothers. We assume that the more severe cases of

GDM were ascertained and diagnosed at that time; therefore,
our results may represent the associations for the offspring
of a group of mothers with a more severe form of GDM
rather than the GDM detected today by screening during
pregnancy. Another limitation is that military induction
examination information was available for only 65.1% of the
offspring included in the JPS cohort. In the Israeli Defense
Force, military service is compulsory for all Jewish males
and females, but female subjects are less commonly recruited
to army service due to religious belief and practice, so the
proportion of females with available information is lower
than that of males (38% versus 62%). In addition, citizens
may be exempted if they are religiously observant or have
physical or mental disabilities. Therefore, the ultra-orthodox
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Table 3: Predictors of offspring’s BMI and systolic and diastolic BP at age 17: estimated coefficients from multiple linear regression models.

BMI at age 17
Model 1 Model 2 Model 3

β 95%CI β 95%CI β 95%CI

1964–76b

GDM 1.220a 0.863, 1.576 1.169a 0.814, 1.523

Birth weight 0.586a 0.534, 0.638

1974–1976c subcohort

GDM 0.950a 0.172, 1.728 0.719 −0.058, 1.496 0.013 −0.740 0.766

Birth weight 0.651a 0.502, 0.799 0.265a 0.116, 0.414

Prepregnancy mBMI 0.303a 0.281, 0.325

Weight gain in pregnancy 0.052a 0.038, 0.067

Systolic BP at age 17 β 95%CI β 95%CI β 95%CI

1964–76b

GDM 1.229 −0.156, 2.613 1.206 −0.179, 2.590

Birth weight 0.266a 0.063, 0.469

1974–1976c subcohort

GDM 0.822 −1.918, 3.562 0.668 −2.058, 3.434 0.020 −2.726, 2.766

Birth weight 0.375 −0.148, 0.899 0.039 −0.503, 0.582

Prepregnancy mBMI 0.288a 0.207, 0.368

Weight gain in pregnancy 0.036 −0.019, 0.090

Diastolic BP at age 17 β 95%CI β 95%CI β 95%CI

1964–76b

GDM 1.549a 0.587, 2.510 1.520a 0.559, 2.481

Birth weight 0.333a 0.193, 0.474

1974–1976c subcohort

GDM 1.582 −0.314, 3.478 1.538 −0.363, 3.439 1.167 −0.735, 3.070

Birth weight 0.123 −0.240, 0.485 −0.084 −0.459, 0.292

Prepregnancy mBMI 0.159a 0.103, 0.215

Weight gain in pregnancy 0.029 −0.008, 0.067

(Birth weight and weight gain in pregnancy are presented in kg).
aP < 0.05.
bModel was also adjusted for: maternal age at birth, birth order, maternal ethnic origin, education, SES, maternal pre-eclampsia, and offspring gender.
cModel was also adjusted for: maternal age at birth, birth order, maternal ethnic origin, education, SES, maternal pre-eclampsia, offspring gender, gestational
age at delivery and maternal smoking.

and disabled population may be underrepresented in this
study. We believe that this underrepresentation has potential
effect on the point estimates, but due to the composition
of our study population, it does not alter the inspected
associations.

The findings from the JPS cohort add to the knowledge
regarding the long term effects of maternal prepregnancy
characteristics on cardiometabolic outcomes in offspring
aged 17 years, and point to populations at risk. Given the fact
that in the US, 13.9% to 25.1% of births are to obese mothers
[25] and the prevalence of GDM is 3%–5%, the findings
of this study are important because they indicate that in
the long term, these maternal characteristics have potential
health consequences not only to the mother themselves but
to the next generation as well. Therefore, we encourage
continuous public health interventions to prevent not only
GDM but also high prepregnancy mBMI, since prepregnancy
maternal obesity might be the major component account
for the association of GDM with the long-term health
consequences of the offspring.

Abbreviations

GDM: Gestational diabetes mellitus
JPS: Jerusalem Perinatal Study
mBMI: Maternal BMI
BP: Blood pressure.

Condensation

This study implies that maternal characteristics have long
term effects on cardiometabolic outcomes of their offspring
aged 17 years.
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Type 1 diabetic mothers’ infants show a delay of visual evoked potential (VEP) significantly related to some parameters of poor
metabolic control during pregnancy. In the present paper we analyzed the characteristics of VEPs and somatosensory evoked
potentials (SEPs) recorded in 16 three-year-old type 1 diabetic mothers’ children (DMC). Compared with controls (23 nondiabetic
mothers’ healthy matched children), DMC showed significantly delayed mean latency of VEP (P2) and SEP (P22). In 3 cases (19%),
we found pathological responses (+3 SD from the mean value of controls) of VEPs and SEPs. At the age of 3 years, the offspring of
type 1 diabetic mothers showed delay of cortical evoked responses in both visual and somatosensory systems.

1. Introduction

Evoked potentials are commonly used in clinical practice
to study brain maturation and clinical disorders [1–3].
Diabetic patients frequently show abnormal evoked poten-
tials, usually related to neuropathy, retinopathy, and poor
metabolic control [4, 5]. Subclinical CNS dysfunctions
have been reliably detected by evoked potentials in adult
patients with uncomplicated diabetes and normal brain
CT scan [6]. Moreover, evoked potentials are sensitive to
drug administration effects and prenatal substance exposure
[7, 8]. In previous studies [9, 10] on diabetic mothers’
infants, we found a delayed mean latency of the fourth (P2)
component of VEPs compared to matched healthy infants.
These results were significantly related to some parameters
of poor metabolic control during pregnancy in type 1
diabetic mothers’ infants; on the contrary, in infants born
from mothers with gestational diabetes VEPs did not show
any significant relation with metabolic parameters during
pregnancy, but latencies correlated with Apgar scores of
perinatal distress. These features suggest that in the offspring
of type 1 diabetic mothers VEP changes may be related to

adverse effects due to exposure of the fetus to metabolic
imbalance during intrauterine life.

These observations raise two main points: (i) whether
the VEP abnormalities recorded at the age of 2 months
are transient and (ii) whether the abnormalities of evoked
responses are restricted to the visual system or extended to
other cortical structures. To investigate both these aspects, in
the present study we analyzed the characteristics of VEPs and
somatosensory evoked potentials (SEPs) recorded in 3-year-
old type 1 diabetic mothers’ children (DMC).

2. Materials and Methods

2.1. Sample. We studied VEPs and SEPs of 16 three-year-
old children (11 females, 5 males, mean age 2.6 ± 0.9 years),
whose mothers suffered of type 1 diabetes. VEPs had already
been recorded at the age of two months (24 infants, 8
missing cases; 33% attrition rate between 2 months and
3 years). VEPs and SEPs were obtained according to the
American Electroencephalographic Society guidelines [11]
with electrodes placement based on the International 10–20
System. Recordings were performed without knowledge of
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mothers’ antepartum metabolic status and infants’ perinatal
history. Informed consent was obtained from each child’s
parents after explaining to them the procedures’ nature and
purpose. A matched sample of 23 nondiabetic mothers’
healthy children was used as control.

2.2. VEP Recording. VEPs were recorded in a partially
darkened room (mean background light 0.15 ft-Lamberts;
dark adaptation for 20 minutes) in awake condition (without
sedation). The state of alertness was carefully checked during
the entire recording session. VEPs were elicited by binocular
stimulation with a stroboscopic unpatterned flash (white
light; intensity 0.3 Joule; frequency 1 Hz) placed about 25 cm
from the eyes. Responses were recorded from silver-silver
chloride electrodes applied to the occipital region, using a
four-channel montage (O1-Fz, Oz-Fz, O2-Fz, Fz-M1; M2
as ground). At least two trials of 100 artifact-free responses
(automatic artifact rejection; amplitude threshold <20% of
rejected traces) were recorded within 512 ms after stimulus.

2.3. SEP Recording. SEPs were obtained in conscious subjects
(without sedation) checking the alertness during the entire
recording session. Responses were elicited by electrical
stimulation applied on the left median nerve at the wrist
using a constant current square wave pulse (0.1 ms width,
cathode proximal) at a repetition rate of 4 Hz. The stimulus
intensity was regulated to produce a small thumb twitch.
Cortical responses were recorded by surface silver-silver
chloride electrodes placed on the contralateral parietal and
frontal areas with two channel montage with an active
electrode on C4′ (2 cm posterior to C4 in the International
10–20 System) referenced to Fz, and an active electrode on
F4 referenced to C3′. At least two trials of 250 artifact-free
samples (automatic artifact rejection; amplitude threshold
<20% of rejected traces) were recorded with an analysis time
of 100 ms.

All reproducible peaks of VEPs and SEPs were identified
and labelled according to the American Electroencephalo-
graphic Society guidelines [11]. Peak latencies and peak-
to-peak amplitudes of all components were measured but
only the most stable components were used for statistical
comparisons (III, IV, and V for VEPs; N20 and P22 for SEPs).
Pathological responses were considered when latency value
was more than 3 SD from the mean value of controls.

2.4. Statistical Analysis. Means and limits were calculated
adopting tolerance limit of 99% with a confidence of 95%.
To obtain normative data for VEPs and SEPs, the distribution
of observed values was previously examined by the Shapiro-
Will’s goodness of fit for skewness and/or kurtosis. Statistical
analysis was performed by software (STATISTICA 9.1-
StatSoft, Inc., OK, USA), using ANOVA with post hoc
comparison (Bonferroni test for multiple comparisons),
nonparametric tests, and χ2 with Yates correction when
appropriate. Statistical significance was defined as P < 0.05.

3. Results

DMC showed mean latency of all VEP components signif-
icantly increased compared with controls at the age of two
months and the forth (P2) component was still delayed at
the age of three years (Table 1). No differences were found
for VEP amplitudes.

The P22 component of SEP was significantly delayed
compared with controls (Table 2) whereas no differences
were found for N20 latency and for amplitudes of both waves.
Pathological responses of VEPs and SEPs were found in 3
cases (19%).

4. Discussion

At the age of two months, type 1 diabetic mothers’ offspring
showed that all VEP latencies were increased than controls,
and this finding is still evident at the age of three years for
the fourth VEP component (P2). The cortical origin of this
wave is well documented by multichannel scalp recordings
and clinical studies [12, 13]. According to the hypothesis of
subcortical-cortical development, during the first postnatal
weeks, the visual system is under the prevailing control of
subcortical centres, afterwards the primary geniculocalcarine
cortical system assumes the major control, due to synapto-
genesis and myelination [14]. Visual processes continue to
mature during childhood and these changes may be well
documented by VEP recording, as a decrease in latency, an
increase in amplitude, and a development of the waveform
[15, 16]. Data of VEPs in our sample suggest the occurrence
of adverse effects of maternal diabetes on visual system
especially at cortical level; these effects are not limited to the
neonatal period but appear to be persistent, at least in the
first 3 years of age.

Regarding SEPs, we found a delay in the P22 but not
in the N20 component. These waves represent the initial
response of the primary somatosensory cortex to stimu-
lation of the upper extremity. Clinical and experimental
data suggest differential generators for N20 and P22 (N20
generator in the postcentral gyrus-S1, Brodmann area 3b;
P22 generator assigned either to the area 4 in the precentral
gyrus either to area 1 in the postcentral gyrus) [17, 18]. Our
data are consistent with these observations, and they support
the possibility of separate functional testing of Brodmann
areas, as recently reported [19]. Moreover, the delay of the
P22 component in the offspring of diabetic mothers suggests
that effects of metabolic imbalance during the intrauterine
life are not confined to the visual system but act more
diffusely.

All these data confirm previous studies on the adverse
effects of maternal diabetes on offspring’s brain development
[20–23]. Cortical dysfunctions could be related to poor
metabolic control, as suggested by clinical and experimental
studies, with subtle negative effects on the offspring’s CNS
[24–26].

Finally, in the present study we found pathological
responses of both VEPs and SEPs in 3 children, currently
asymptomatic. Central nervous system degeneration is a
well-known long-term complication in diabetic patients,
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Table 1: Comparison between DMC and controls for VEP latencies.

Age VEP components

DMC Controls

P∗
Latency (ms) Latency (ms)

Mean ± SD
Confidence interval

Mean ± SD
Confidence interval

−99% +99% −99% +99%

2 months

Right (O2)

III 136.2 ± 29.9 114.2 158.2 109.0 ± 31.1 89.8 129.3 <0.01

IV 190.9 ± 33.4 166.3 215.5 156.6 ± 30.8 137.4 175.7 <0.01

V 275.8 ± 50.1 238.9 312.8 223.6 ± 47.1 194.4 252.9 <0.01

Left (O1)

III 132.3 ± 29.6 110.5 154.1 108.4 ± 31.6 88.7 128.0 <0.05

IV 187.8 ± 37.1 160.4 215.1 156.7 ± 31.7 137.0 176.4 <0.01

V 267.2 ± 47.3 232.3 302.1 220.1 ± 50.0 189.0 251.1 <0.01

3 years

Right (O2)

III 71.53 ± 15.2 62.3 78.4 67.63 ± 9.0 61.5 74.0 NS

IV 105.53 ± 13.1 98.7 114.5 99.96 ± 8.8 93.8 106.1 <0.05

V 149.03 ± 36.2 133.2 174.2 149.05 ± 22.5 133.5 165.5 NS

Left (O1)

III 74.47 ± 13.4 65.8 81.3 68.02 ± 9.7 62.0 74.0 NS

IV 106.13 ± 14.0 98.4 116.0 98.69 ± 10.2 91.8 105.6 <0.05

V 151.12 ± 43.3 135.9 180.1 150.0 ± 22.4 132.8 167.3 NS
∗

ANOVA (post hoc comparison with correction for multiple comparisons—Bonferroni test).

Table 2: Comparison between DMC and controls for SEP latencies.

SEP components

DMC Controls

P∗
Latency (ms) Latency (ms)

Mean ± SD
Confidence interval

Mean ± SD
Confidence interval

−99% +99% −99% +99%

N20 18.11 ± 1.98 14.20 22.02 17.55 ± 1.42 13.87 21.23 NS

P22 24.86 ± 2.38 15.22 34.50 21.71 ± 1.57 14.12 29.30 <0.001
∗

ANOVA (post hoc comparison with correction for multiple comparisons—Bonferroni test).

and it is possible to reveal this involvement in an early
asymptomatic stage by using evoked potentials [27, 28].
Neuropsychological deficits have been noted in children with
type 1 diabetes [29], suggesting the occurrence of subtle
negative effects related to diabetes on cognitive development
in school-age children. Recurrent episodes of hypoglycaemia
as well extended periods of hyperglycemia have been
reported as possible causes of brain dysfunction in poorly
controlled diabetic patients [30, 31]. Moreover, the recent
concept of developmental programming postulates long-
term detrimental effects on adult health due to nutritional
imprinting during critical developmental periods; according
to this finding, alterations and/or modifications in nutrients
supply during fetal and neonatal life may be associated with
abnormal growth patterns, resulting in the development of
future diseases [32–36]. To clarify the clinical significance
of the abnormal evoked responses found in our sample, we
are carrying out a clinical and neurophysiologic followup of
these children.

5. Conclusions

Type 1 diabetes mothers’ offspring showed a significant
delay of cortical evoked responses to both visual and
somatosensory stimulation compared with controls. These
results do not seem to be transient, since the delay of
VEP found in the neonatal period is still present at the
age of three years. The recording of evoked potentials may
be proposed as a useful tool of investigation since it is
particularly sensitive to highlight functional abnormalities of
the CNS.
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The adverse outcomes on the offspring from maternal diabetes in pregnancy are substantially documented. In this paper, we
report main knowledge on impacts of maternal diabetes on early and long-term health of the offspring, with specific comments
on maternal obesity. The main adverse outcome on progenies from pregnancy complicated with maternal diabetes appears to
be macrosomia, as it is commonly known that intrauterine exposure to hyperglycemia increases the risk and programs the
offspring to develop diabetes and/or obesity at adulthood. This “fetal programming”, due to intrauterine diabetic milieu, is termed
as “metabolic memory”. In gestational diabetes as well as in macrosomia, the complications include metabolic abnormalities,
degraded antioxidant status, disrupted immune system and potential metabolic syndrome in adult offspring. Furthermore, there
is evidence that maternal obesity may also increase the risk of obesity and diabetes in offspring. However, women with GDM
possibly exhibit greater macrosomia than obese women. Obesity and diabetes in pregnancy have independent and additive effects
on obstetric complications, and both require proper management. Management of gestational diabetes mellitus and maternal
obesity is essential for maternal and offspring’s good health. Increasing physical activity, preventing gestational weight gain, and
having some qualitative nutritional habits may be beneficial during both the pregnancy and offspring’s future life.

1. Introduction

Compelling evidence exists suggesting that exposure to
an adverse fetal and/or early postnatal environment may
enhance susceptibility to a number of chronic diseases in the
future life of offspring. Gestational diabetes mellitus (GDM)
and obesity are both complications which occur during
pregnancy and substantially influence the development of
offspring during fetal life and postnatally. Indeed, fetuses
from mothers with gestational diabetes are at high risk of
developing fetal macrosomia [1, 2]. Although most of the
women with GDM return to normal glucose tolerance after
delivery, they have an increased risk of developing diabetes,
mainly type 2 diabetes mellitus [3]. Offspring of women with
gestational diabetes are prone to adverse side effects such as
macrosomia, which is strongly associated with fetal death,
prematurity, birth trauma, and respiratory distress syndrome

[4]. These offspring have a high risk of developing obesity,
impaired glucose tolerance, and type 2 diabetes in adulthood
[4]. The concern of most researchers, during the last decade,
is to explore the physiopathology of the relationship between
the health conditions of offspring born from pregnancy
complicated with diabetes. Our team has evidence in many
experimental studies, in which we have observed a high
incidence of macrosomia in the litters of diabetic animals
[1]. The macrosomic (large-sized) offspring of diabetic
animals exhibit many physiological disorders associated with
metabolic syndrome. However, the mechanisms by which
excess maternal weight and/or diabetes during pregnancy
may lead to disease in the offspring at childhood and adult-
hood are not fully understood. The aim of this paper is to
summarize new knowledge on the various physiological and
pathophysiological aspects of early and long-term offspring
outcomes of maternal diabetes during pregnancy. Specific
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comments on impacts of maternal obesity on offspring
health are also evoked, since the impact of obesity and GDM
on fetus and mother often becomes circular, as the majority
of mothers with GDM are obese and a significant proportion
of those who are obese have GDM [5].

2. Gestational Diabetes: Meaning and Diagnosis

Depending on the diagnostic and screening criteria, it has
been observed that prevalence of GDM ranged from 1.3%
to 19.9% [6]. In obesity context, a meta-analysis [7] showed
that the risk of developing GDM was 2.14-fold higher
in overweight pregnant women, 3.56-fold higher in obese
pregnant women, and 8.56-fold higher in severely obese
pregnant women compared to pregnant women with normal
weight. This analysis prompted the International Association
of Diabetes and Pregnancy Study Groups (IADPSG) to
propose new criteria for the diagnosis of GDM, based on the
Hyperglycemia and Adverse Pregnancy Outcomes (HAPO)
Study [8]. The criteria use a 75-g oral glucose tolerance test
(OGTT) without prior glucose challenge and diagnose GDM
when the fasting glucose is ≥5.1 mmol/L and/or when the
1-h postload glucose is ≥10.0 mmol/L and/or when the 2-h
postload glucose is ≥8.5 mmol/L.

With the greater number of pregnancies complicated
with diabetes, it will be interesting to monitor the long-term
impacts of maternal diabetes in pregnancy on the health
condition of offspring.

3. Macrosomia: The Main Adverse Outcome of
Diabetes in Pregnancy

3.1. Studies in Humans. Maternal diabetes is character-
ized by an increased placental transport of glucose and
other nutrients from the mother to the fetus, resulting
in macrosomia [9]. Convincing studies have shown that
either preexisting diabetes (type 1 and type 2 diabetes) or
GDM (diabetes only during pregnancy) are associated with
macrosomia [10–17]. Indeed, epidemiological and clinical
studies have shown that maternal type 1 diabetes during
pregnancy is an important risk factor for fetal overnutrition
and macrosomia and for the development of obesity and
diabetes in offspring [10, 11]. Type 2 diabetes and GDM
are also associated with macrosomia and diabetes in the
progenies [12, 13]. The risk of diabetes in offspring of type
2 diabetes genitors is significantly higher when the mother
rather than the father is diabetic [12]. Moreover, the risk
of insulin resistance is higher in children of mothers with
GDM (diabetes only during pregnancy) than in children
from mothers developing diabetes after pregnancy [14].
Macrosomia, the most commonly reported effect of maternal
diabetes in newborns [15], is usually defined in humans as
birth weight above either 4 kg or birth weight above the
95th percentile of the gestational age. In human studies, 43%
of GDM patients had a macrosomia history [16, 17]. In
total, 75% of the diabetic mothers had an episiotomy during
delivery. Babies from GDM patients whose birth weight was

2.0 SD greater than the mean birth weight of control infants
were considered as macrosomic babies.

3.2. Animal Models. In animal studies, the model reported
here concerns streptozotocin-induced type 1 diabetic preg-
nancy which also leads to macrosomia in offspring [18, 19].
Several modes exist for inducing diabetes with streptozo-
tocin. The group of Van Assche has exhaustively investigated
the consequences of experimental maternal diabetes induced
by streptozotocin on fetus and adult progeny [9, 20].

The streptozotocin, when administered at a high single
dose, induces diabetes by the direct toxic effects on pancreatic
β-islet cells [9]. The fetus is confronted with severe intrauter-
ine hyperglycemia which induces fetal islet hypertrophy and
β-cell hyperactivity and may result in early hyperinsulinemia
[20]. This overstimulation of fetal β cells limits their
adaptation, and they become depleted of insulin granules
[20], and incapable to secrete insulin [9]. β-cell exhaustion
results in fetal hypoinsulinemia. Hypoinsulinemia and a
reduced number of insulin receptors on target cells lead to
a reduction in fetal glucose uptake [9]. The growth of fetal
protein mass is suppressed, and fetal protein synthesis is
consistently low, leading to fetal microsomia [9]. Postnatal
development is retarded, and these offspring remain small at
adulthood; however, they develop insulin resistance [9, 21].

However, streptozotocin, administered at low doses
during 5 consecutive days, induces mild type 1 diabetes,
following a T-lymphocyte-dependent process, an autoim-
mune destruction of pancreatic β cells, mediated by both
CD4+ and CD8+ T cells [22, 23]. The administration of
low doses of streptozotocin to rodents represents a good
model of diabetes development for several reasons [22,
24, 25]. The intrauterine mild hyperglycemia also induces
fetal hyperinsulinemia with hypertrophy of the endocrine
pancreas and hyperplasia of the β cells [20]. Animals
with perinatal hyperinsulinemia display an impaired glucose
tolerance at adulthood only under high glucose [9].

A model of diabetic pregnancy and macrosomia through
administration to pregnant Wistar rats of five low doses of
streptozotocin starting on day 5 of gestation is also well estab-
lished [1, 26, 27]. Pups from diabetic pregnant rats whose
birth weights were 1.7 SD greater than the mean birth weight
of the control pups were considered as macrosomic offspring
[1, 26, 27]. As far as the model is concerned, it is important
to note that maternal streptozotocin administration before
pregnancy affects fertility and impairs embryo development
during preimplantation period [28]. However, the induction
of diabetes by streptozotocin injection on day 5 of gestation
[1] has no effect on embryo development [19]. We observed
that 62% to 75% of pups born to diabetic pregnant rats
were macrosomic at birth [1, 27, 29]. These macrosomic
(large-sized) offspring of diabetic dams were hyperglycemic
at birth and maintained an accelerated weight gain until the
monitoring time of 12 weeks [26, 30], compared to offspring
of control rats.

Furthermore, maternal hyperlipidemia during diabetic
pregnancy [1] has been shown to be one of the predisposing
factors of macrosomia in offspring. In fact, high levels of
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triglyceride in maternal circulation of diabetic rats may
create a steep concentration gradient across placenta, which
accelerates their transport and deposition in fetal tissues
[31]. In macrosomic offspring, this hypertriglyceridemia
persists with age and is linked to the development of
insulin resistance and hyperlipogenesis [32]. Besides, mater-
nal hyperglycemia also leads to fetal hyperglycemia, which
stimulates pancreatic islet cells and induces fetal hyperinsu-
linemia [26, 27, 32]. The intrauterine hyperinsulinemic state
results in an increase of fat synthesis and body size [33]. The
increase in body weight is a consequence of an increase in
adipose tissue weight and lipid content at all ages.

Thus, macrosomia appears as the main outcome of
maternal diabetes, and both pathologies are associated with
several metabolic disorders, implicating lipid metabolism
and antioxidant status.

4. Main Metabolic Consequences during
Maternal Diabetes and Macrosomia

4.1. Lipid Metabolism Is Altered during Maternal

Diabetes and Macrosomia

4.1.1. Animal Models. As far as lipid metabolism is con-
cerned, experimental diabetes has been shown to impair
maternal and fetal lipid metabolism [31, 34]. In experimental
models, type 1 diabetic pregnancy in rats is associated with
a significant increase in serum and hepatic triglyceride (TG)
and total cholesterol (TC) [1, 27, 29]. Macrosomic and obese
offspring of diabetic rats exhibit high adipose tissue weight,
together with high adipose tissue lipid contents [27], and
they show high serum and liver lipid levels [1, 26, 29, 30]. The
hypertriglyceridemia and hypercholesterolemia, common
features of experimental obesity, are the direct consequences
of hyperinsulinemia and hepatic hyperlipogenesis [35, 36].
The major findings on fatty acid composition in adult
macrosomic offspring were parallel with those of their dia-
betic mothers. Diabetic pregnancy causes a profound decline
in plasma arachidonic acid (AA, C20 : 4n-6) and an increase
in linoleic acid (LA, C18 : 2n-6) concentrations in rats and in
their macrosomic and obese offspring [1, 29], and this may
be due to an impaired activity of Δ5- and Δ6-desaturases
enzyme [37]. Diabetes-induced low concentration of plasma
AA may have a critical role in maintaining the appropriate
mass and function of islet β cells by influencing rates of cell
proliferation and insulin secretion [38, 39].

4.1.2. Studies in Humans. Human studies revealed in GDM
patients that diabetes appeared at second or third trimester of
pregnancy [16, 17] as determined by oral glucose tolerance
test according to the World Health Organization criteria.
GDM patients were hyperglycemic and hyperinsulinemic at
the diagnosis of the disease [16, 17], reflecting a decrease in
insulin sensitivity in diabetic pregnant women [40]. Several
studies including ours have shown that, when compared with
normal values, GDM mothers as well as control mothers
exhibited hypertriglyceridemia and hypercholesterolemia,
throughout pregnancy, and no significant difference exists

between healthy and diabetic women [16, 17, 40–42].
However, macrosomic babies showed high levels of serum
triglyceride and total and free cholesterol compared with
control infants [16, 17].

Thus, maternal diabetes and macrosomia induce an
alteration in lipid metabolism.

4.2. Antioxidant Status Is Affected during Maternal Diabetes
and Macrosomia. One of the earliest abnormalities observed
in diabetic subjects is the involvement of oxidative stress [43].
Moreover, fetuses from mothers with gestational diabetes are
at increased risk of developing platelet hyperaggregability
and oxidative stress [2]. High blood glucose levels in these
newborns induce oxidative stress [2], which, in turn, induces
the production of highly reactive oxygen radicals, being
toxic to cells, particularly to the plasma membranes where
these radicals interact with the lipid bilayer. Endogenous
antioxidant enzymes (e.g., superoxide dismutase, catalase,
glutathione peroxidase, and reductase) and vitamins are
responsible for the detoxification of deleterious oxygen
radicals [44]. In diabetes as well as in macrosomia, protein
glycation and glucose auto-oxidation may generate free
radicals, which, in turn, catalyze lipid peroxidation [45].
Moreover, disturbances in the antioxidant defense system
in diabetes and macrosomia have been reported as follows:
alteration in antioxidant enzymes activities [46], impaired
glutathione metabolism [47], and decreased ascorbic acid
levels [48].

4.2.1. Studies in Humans. In human studies [17], we assess
the serum antioxidant status through antiradical resistance
(KRL; Kirial International SA, Couternon, France) and levels
of vitamin A, C, and E and activity of superoxide dismutase
(SOD). GDM as well as macrosomia induce an altered total
serum antioxidant defense status [17]. Indeed, gestational
diabetic women exhibit decreased levels of vitamin E and
enhanced concentrations of vitamin C without any changes
in vitamin A. Macrosomia also induces decreased levels
of vitamin E. GDM and macrosomia are also associated
with impaired SOD activities and enhanced levels of serum
thiobarbituric acid-reactive substances (TBARSs), suggesting
an increased oxidative stress [17].

4.2.2. Animal Models. In experimental model [1], type 1
diabetic pregnancy and macrosomia lead to a significant
decrease in the plasma total antioxidant status as measured
by diminished plasma oxygen radical absorbance capacity
(ORAC) in diabetic pregnant rats and their macrosomic
pups [1]. We have also observed increased plasma TBARS,
decreased erythrocyte superoxide dismutase and glutathione
peroxidase activities in diabetic rats and their macrosomic
offspring, and diminished vitamin A levels in diabetic dams
and vitamin C concentrations in macrosomic pups. Several
authors have also shown diminished antioxidant enzyme
activities and vitamin levels in streptozotocin-induced dia-
betic rats [46–48].
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To sum up, in animals as well as in humans, maternal dia-
betes and macrosomia are associated with altered antioxidant
status [1, 17].

5. Is Neonatal Obesity Programmed
during In Utero Life? New Concept of
a “Metabolic Memory ”

The hypothesis on fetal origin suggests that the fetal malnu-
trition, which, during pregnancy, induces disruption in fetal
growth and thinness at birth, programs latter type 2 diabetes
and metabolic syndrome [49]. At critical and delicate period
of fetal development, the process by which a stimulus
induces long-term impacts on fetus, previously described
and established as “fetal programming” by Hales and Barker
[49], is termed as new concept of “metabolic memory.” In the
same line, all the observed metabolic abnormalities among
gestational diabetic women create an in-utero environment
around the fetus which programs him to diseases during
his adulthood [49, 50]. This in utero programming seems
to create a kind of “metabolic memory,” since physiological
anomalies of gestational period are responsible for the
onset of diseases in offspring at adulthood, such as type 2
diabetes and obesity associated with metabolic syndrome. It
is noteworthy that several alterations in carbohydrate and
lipid metabolism, observed in infants of diabetic mothers
at birth, also persist postnatally. As an example of this
phenomenon of metabolic memory, we can mention a study
of Palinski and Napoli [51] who demonstrated that maternal
hypercholesterolemia during pregnancy is associated with
greatly increased fatty streak formation in human fetal
arteries and accelerated progression of atherosclerosis during
childhood [51]. A good correlation exists between maternal
and fetal plasma cholesterol levels in 5-6-month-old human
fetuses [52, 53]. Moreover, maternal hyperglycemia has
been shown to lead to fetal hyperglycemia which stimulates
fetal pancreatic islet cells to produce fetal hyperinsulinemia
[54]. The ability of fetal hyperinsulinemia to increase the
availability of farnesylated p21-Ras may represent one of
mechanisms of the growth-promoting action of insulin
during fetal development [55].

Another example of metabolic memory is revealed by
Franke et al. [56] who have shown that diabetic pregnancy
in rats alters the differentiation of hypothalamic neurons
of newborns (Figure 1). The alterations of hypothalamic
neurons may be avoided by normalizing the glycemia
among diabetic pregnant rats [56]. The increased levels
of neuropeptide-Y (Figure 1) in offspring of hyperglycemic
rats may be explained by a defected programming of the
hypothalamic neurons, due to intrauterine environment
of gestational diabetic milieu [56]. These alterations may
increase the risk of trend in high food taking, overweight,
obesity, and diabetogenic status in offspring at adulthood
(Figure 1). All these observations prove an in utero program-
ming of metabolic syndrome in offspring born to maternal
diabetes.

6. Modulation of Insulin Resistance
and Inflammation during Maternal Diabetes
and Macrosomia

Gestational diabetes and obesity are two pathologies asso-
ciated with insulin resistance and inflammation which are
profoundly modulated by adipokines and cytokines [16].
Obesity is associated with high adiposity and hyperlipidemia
[57]. Moreover, low-grade inflammation has been reported
to be a link between insulin resistance, obesity, and type
2 diabetes [57]. Thus, it appears that inflammation may
modulate insulin resistance in GDM.

6.1. Studies in Humans. There is evidence that hypoad-
iponectinemia is associated with pathogenesis of GDM
and macrosomia [58]. Adipokines and cytokines, through
their ability to interfere with insulin signaling, have been
implicated in insulin resistance [59]. Adiponectin, a physi-
ologically active polypeptide hormone derived from adipose
tissue, exhibits insulin-sensitizing, antiatherogenic, and anti-
inflammatory properties [60].

In human studies, we and other investigators have
shown that women with GDM, compared with non-
diabetic women, exhibited a decreased concentration of
adiponectin (anti-inflammatory agent) [16, 61], concomi-
tant with an increased concentration of TNF-α and IL-6
(pro-inflammatory cytokines) [16]. Is there any physiologi-
cal crosstalk between the high levels of TNF-α and the low
adiponectin concentrations in women with GDM? It has
been shown that adiponectin and TNF-α produce opposite
effects on insulin signaling, with inhibiting action of TNF-α
[62] and increasing action of adiponectin [63] on tyrosine
phosphorylation of the insulin receptor. Besides, it is also
possible that TNF-α may be responsible for lowered synthesis
of adiponectin in GDM subjects, as suggested by Lihn et
al. [64] that TNF-α and IL-6 downregulate adiponectin
expression (Figure 1). Regarding the long-term effect on the
offspring of gestational diabetic women, it is important to
mention the study of Tsai et al. [65], who have demonstrated
that decreased maternal adiponectin concentration and
insulin sensitivity may increase the risk of fetal overgrowth
in women suffering from GDM. However, our study revealed
that concentrations of TNF-α, IL-6, adiponectin, and leptin
are decreased in macrosomic babies compared to control
infants [16]. Furthermore, IL-6 has been shown to be one
of the mediators of hyperinsulinemic state [66], 10%−35%
of the body’s basal circulating IL-6 is derived from adipose
tissue, and a positive correlation has been found between
insulin resistance and circulating IL-6 [57].

Leptin is not only produced by the placenta but prin-
cipally by the adipocytes, secreted into the bloodstream
[67], and involved in weight gain regulation and lipid
metabolism. Leptin is an appetite-suppressant agent, and
it exerts its effects by interacting with neuropeptide-Y in
the hypothalamus (Figure 1) [68]. Contradictory results
have been reported about leptin secretion during GDM
and macrosomia. GDM is either associated with high levels
of leptin [69], no change [70], or reduced level of leptin
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Figure 1: In GDM, adipose tissue secretes low adiponectin (anti-inflammatory and positive stimulator of insulin sensitizing) and high
TNF-α and IL-6 which contribute to inflammatory state and insulin resistance in diabetic pregnancy as well as in macrosomia. Leptin, being
pro-inflammatory, is highly produced by adipose tissue during diabetic pregnancy and insulin resistance (experimental study [75]) and
implicated in the pathogenesis of weight gain in macrosomic babies. Leptin may exert its effects by interacting with neuropeptide-Y in the
hypothalamus. The intrauterine hyperglycemia may act on the fetal hypothalamus and create a kind of “metabolic memory” which programs
obesity and metabolic syndrome in the offspring during adulthood. (+) positive regulation (−) negative regulation. NPY, neuropeptide-Y.

[71]. Our previous reports have shown high leptin level
in mothers with GDM and reduced level of leptin in their
macrosomic infants [16]. This discrepancy could be a result
of the difference in the time of maternal blood collection (i.e.,
gestational age). However, elevated leptin concentrations
during diabetic pregnancy may be due to its secretion by
adipocytes in presence of elevated estrogen [72] and by
placenta [73]. In fact, leptin, acting as a signal for sufficient
energy supply, is persistently increased in women with GDM
after delivery and associated with hyperglycemia and insulin
resistance [69]. Hence, leptin, as a pro-inflammatory factor,
may contribute to the inflammatory state during gestational
diabetes. In contrast, low leptin level in macrosomic babies
may contribute to the weight gain, since leptin-deficient
rodents [68] and human [74] have been shown to develop
obesity.

6.2. Animal Models. In order to investigate the relation-
ship between insulin resistance and inflammation along
with the obesity-related parameters such as adiponectin

and leptin and pro-inflammatory markers, we have very
recently undertaken a study in insulin-resistant offspring
born to streptozotocin-induced diabetic pregnant mice [75].
Adiponectin and leptin expression is positively correlated
with the epididymal adipose tissue mass which decreases
in insulin-resistant offspring of diabetic mice [75]. Hence,
reduced adiponectin contributes to insulin resistance as this
adipokine, an anti-inflammatory agent, has been shown
to enhance insulin sensitivity [63, 76]. Insulin resistance
induces high expression of IL-6 and TNF-α mRNA in
epididymal adipose tissue [75]. Adipose tissue secrete IL-
6 and TNF-α during insulin resistance [77], and high
levels of TNF-α and IL-6 may downregulate the expression
of adiponectin [64] (Figure 1). During insulin resistance,
increased IL-6 might not only diminish insulin sensitivity
by suppressing insulin signal transduction but also interfere
with anti-inflammatory effect of insulin, and might favour
inflammation during insulin resistance [57].

All these clinical and experimental observations suggest
that TNF-α and IL-6 may be involved in the pathogenesis



6 Experimental Diabetes Research

of insulin resistance, and there is a positive correlation
between insulin resistance and inflammation in GDM and
macrosomia.

7. Immune System Modulation during Maternal
Diabetes and Macrosomia

There is a growing body of evidence that suggests the
implication of a pathological role of immune system and
inflammation in type 1 diabetes, type 2 diabetes, and
GDM. Indeed, T-cell-derived cytokines are involved in the
autoimmune destruction of pancreatic islet cells leading to
type 1 diabetes [22] whereas type 2 diabetes is associated with
a generalized activation of innate immune system, in which
there is a chronic, cytokine-mediated state of low-grade
inflammation [78–80]. Moreover, evidence from human and
experimental models suggests that a shift between Th1 and
Th2 cells may modulate the severity of type 1 diabetes
[22, 41], in which Th1 cytokines are highly produced during
the islet inflammatory response and may partially explain
the ability of CD4+ T cells to cause β-cell destruction [23].
In the nonobese diabetic (NOD) mouse, the most common
animal model of human type 1 diabetes, it is observed an
autoimmune destruction of pancreatic β cells, mediated by
both CD4+ and CD8+ T cells [23].

Besides, in normal pregnancy, Th1 cytokines are down-
regulated, whereas Th2 cytokines are upregulated [81, 82],
in animals as well as in humans. Even though the induction
of type 1 diabetes is closely associated with high expression
of Th1 cytokines, IFN-γ in particular [81], experimental
and clinical studies reveal that, in pregnancy complicated
with type 1 diabetes, Th1 cytokines are downregulated in
diabetic pregnant rats and in women with GDM [16, 29].
Type 1 diabetic pregnancy in rats and GDM in women also
induce increased level of IL-10, a Th2 cytokine [16, 29]. The
level of IL-4 (another Th2 cytokine) is either decreased in
diabetic animals [16, 83] or unchanged in GDM patients
[16], due to the presence of diabetes [25]. Diminished Th1
cytokines and increased IL-10 (a Th2 cytokine) may be
implicated in maintaining the pregnancy in diabetic rats
and GDM patients (Figure 2). In fact, the shift of Th1/Th2
ratio to a protective Th2 phenotype during pregnancy (in
animal and humans) has been shown to encourage vigorous
production of antibodies which not only combat infections
during pregnancy but also offer passive immunity to fetus
[84]. On the other hand, the downregulated Th1 profile
in diabetic pregnant animals and GDM patients (associated
with successful pregnancy) may be contributed by elevated
levels of reproductive hormones like hCG (human chorionic
gonadotrophin) whose administration is known to diminish
the production of Th1 cytokines [85].

As far as macrosomia is concerned, evidence in animals
and humans reveals that macrosomia and obesity are asso-
ciated with the shift of Th1/Th2 ratio to the Th1 phenotype
[16, 29].

To sum up, it is interesting to note that diabetes during
pregnancy in animals and human shifts the balance of
Th1/Th2 cells to a protective Th2 phenotype, whereas,

in macrosomic and obese offspring of diabetic dams, the
Th1/Th2 balance is shifted to a pro-inflammatory Th1
phenotype (Figure 2). This upregulated Th1 profile in obese
offspring may confer to these animals a potential pro-
inflammatory and “diabetogenic status,” as revealed by
the hyperglycemia and hyperinsulinemia observed in these
animals in adulthood [27]. All these observations presume
the long-term effects of maternal diabetes on the health of
the offspring during their adulthood.

8. Problems Associated with Obesity and
Diabetes during Pregnancy

The prevalence of obesity is increasing across the world [86].
Using the WHO criteria, obesity can now be defined by
three grades of severity: grade I obesity with 30 ≤ BMI ≤
34.9 kg/m2, grade II or severe obesity with 35 ≤ BMI ≤
39.9 kg/m2, and grade III or massive obesity with BMI ≥
40 kg/m2. Overweight is defined as 25 ≤ BMI ≤ 29.9 kg/m2.
People whose BMI is comprised between 18.5 and 24.9 kg/m2

are considered as being normal weight (subjects with a BMI
below 18.5 kg/m2 are considered as being underweight).

Obesity pandemic is affecting all groups of age, including
children, adolescents, young adults, and adults [87, 88].
Consequently, there are a growing number of obese women
who are becoming pregnant.

To an extent, obesity epidemic is explained by the
increase in availability and consumption of energy-dense
foods and a reduction in physical activity. However, there
are additional putative factors which may explain the entire
explosion in obesity prevalence [89]. These putative contrib-
utors operate through genetic factors, reproductive behav-
iors, and/or the intrauterine milieu, matters of importance
for those involved with obesity and diabetes in pregnancy
[89].

Naturally in normal pregnancy, there is a physiological
trend of insulin resistance from the second trimester. But in
context of obesity, hyperinsulinemia associated with insulin
resistance leads to the occurrence of GDM [90]. Moreover,
it is known that obesity is linked to high adiposity and
hyperlipidemia [57]; however, central fat, rather than periph-
eral adiposity, is more associated with insulin resistance, a
predisposing factor to GDM [91, 92].

On the other hand, some investigators have recently
found that maternal weight gain during pregnancy increases
the offspring birth weight and the offspring’s risk of obesity
later in life, independently of genetic factors [93]. Similarly,
Roman et al. [94] have found that maternal obesity was
significantly associated with complications on the mother
as well as on her baby: maternal obesity leads to the
need for oral hypoglycemic agents or insulin, development
of pregnancy-related hypertension, interventional delivery,
and cesarean delivery. Adverse neonatal outcomes were
also significantly increased including stillbirth, macrosomia,
shoulder dystocia, hypoglycemia, and jaundice [94]. How-
ever, recent investigations report that macrosomia appears
to be the predominant adverse outcome in cases of GDM
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Figure 2: Naı̈ve CD4+ T-helper (Th0) cells can be differentiated into either Th1 cells, producing pro-inflammatory cytokines (IL-2, IL-
12, IFN-γ) or Th2 cells, secreting anti-inflammatory cytokines (IL-4, IL-10, IL-5, IL-13). In normal pregnancy as well as in diabetic
pregnancy, the Th1/Th2 balance shifts towards a protective Th2 phenotype, whereas it shifts towards a pro-inflammatory Th1 phenotype in
macrosomia as well as in obesity. Moreover, reproductive hormone like hCG may contribute to the low Th1 phenotype in diabetic pregnancy
associated with the successful pregnancy. Th, T helper cells; hCG, human chorionic gonadotrophin; GDM, gestational diabetes mellitus; (+)
upregulation; (−) downregulation.

[15]. Maternal obesity is an additional risk factor for
complications, regardless of diabetes status [15].

To sum up, there are differences between women with
GDM and obese women in pregnancy, as women with GDM
possibly have greater macrosomia (even after treatment).
There is clearly far greater neonatal hypoglycemia and
jaundice among the offspring of women with GDM than
those from obese women, but this observation and other data
have to be interpreted with caution as some women may have
had undiagnosed preexisting diabetes [5].

9. Management of Long-Term Impact
of Maternal Obesity and Diabetes on
the Offspring

Only few studies are available on pregnancy intervention for
maternal diabetes and obesity during pregnancy. Weight loss
may not be recommended during pregnancy [95]. However,
evidence suggests that obesity’s surgery-associated weight

loss may be linked to less obesity in the offspring [96]. The
outcomes of pregnancy complicated with maternal obesity
or preexisting diabetes (mainly type 1 and type 2 diabetes,
including undiagnosed type 2 diabetes) and GDM depend
upon the intensity of treatment. Some studies show that
treatment of GDM appears to reduce the risk of postpartum
depression symptoms in the mothers [97]. Untreated GDM
may be associated with a 2-fold risk of increased weight
in offspring at 5–7 years [98]. Some observations show
that more intensive treatment with insulin in GDM might
be associated with less adiposity in offspring by 2 years
8 months [99]. However, randomized clinical studies of
the management of GDM showed that treatment of GDM
reduced macrosomia at birth, but did not show a reduction
in BMI at the age 4-5 years [15, 100].

Nutritional strategies have also been proposed, since
experimental and clinical evidence prove the beneficial
effects of omega-3 fatty acid consumption during dia-
betes [101, 102]. Epidemiological studies have shown low
incidence of inflammatory diseases in Greenland Eskimos
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and Japanese people [103], and this is attributed to large
consumption of cold water marine fish that contain omega-
3 fatty acids [104, 105]. In experimental studies, omega-
3 fatty-acid enriched diet improves the hyperlipidemia
induced by diabetic pregnancy and macrosomia [1, 27, 34].
Diabetic pregnancy and macrosomia are associated with
increased oxidative stress (see above), and omega-3 fatty acid
consumption also restores the decreased antioxidant status of
diabetic pregnant animals and their macrosomic and obese
offspring [1]. Moreover, omega-3 fatty acid enriched-diet
exerts beneficial effects on immune system by promoting
a protective Th2 phenotype during diabetic pregnancy and
macrosomia [29]. Consumption of omega-3 fatty acid also
prevents long-term metabolic abnormalities associated with
macrosomia [27, 34].

Furthermore, many studies have reported that dietary
supplements by vitamins and minerals prevent or, at least,
attenuate organic deterioration caused by an excessive
oxidative stress in diabetic subjects [106, 107]. As regards
recent observations that many obese women are serologically
vitamin D deficient, it is now recommended in the UK that
Vitamin D supplementation may be provided for all women
with a prepregnancy BMI of 30 kg/m2 [108].

10. Conclusion

Maternal diabetes or obesity during pregnancy appears to
be an important risk factor for fetal obesity or macrosomia.
Alterations in macrosomic infants persist postnatally and
conduct to several abnormalities including the development
of insulin resistance, obesity, diabetes, and metabolic syn-
drome at adulthood. Management of GDM and maternal
obesity, including nutritional strategies, may have real
improvement on maternal health and offspring in the future
life.
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Objective. To examine the relationship between maternal glucose levels and intrauterine fetal adiposity distribution in women with
a normal oral glucose tolerance test (OGTT) at 28 weeks gestation. Study Design. We recruited 231 women with a singleton
pregnancy. At 28 and 37 weeks gestation, sonographic measurements of fetal body composition were performed. Multiple
regression analysis was used to study the influence of different maternal variables on fetal adiposity distribution. Results. Maternal
glucose levels correlated with the fetal abdominal subcutaneous tissue measurements (r = 0.2; P = 0.014) and with birth
weight (r = 0.1; P = 0.04). Maternal glucose levels did not correlate with the fetal mid-thigh muscle thickness and mid-thigh
subcutaneous tissue measurements. Conclusion. We found that in nondiabetic women maternal glucose levels not only influence
fetal adiposity and birth weight, but also influence the distribution of fetal adiposity. This supports previous evidence that maternal
glycemia is a key determinant of intrauterine fetal programming.

1. Introduction

Gestational diabetes mellitus (GDM) has been associated
with increased birth weight and fetal macrosomia [1].
Increased birth weight is associated with increases in the rates
of instrumental vaginal delivery, cesarean section, perineal
trauma, and postpartum haemorrhage [2, 3]. Fetal macro-
somia increases the risk of shoulder dystocia, brachial plexus
injury, intrapartum death, admissions to the neonatal unit,
and newborn metabolic problems, including hypoglycemia
[4]. Large babies are also predisposed to childhood obesity
and to increased morbidity in later life such as hypertension,
insulin resistance, and diabetes mellitus [5, 6].

Recently, the Hyperglycaemia and Adverse Pregnancy
Outcomes (HAPO) study found that in 25,505 women
with a normal oral glucose tolerance test (OGTT) at 24–
32 weeks gestation, maternal glycemia is associated with
a birth weight >90th centile and with neonatal adiposity
measured using skinfold callipers postnatally [7, 8]. These
findings provided further support for the importance of the

intrauterine environment in programming lifelong health
and raise the possibility that optimizing maternal glycemia
may improve pregnancy outcomes [5].

Over the past 20 years, several investigators have exam-
ined the role of fetal soft-tissue measurements in the
evaluation of fetal growth abnormalities [9]. Fetal adiposity
approximately increases tenfold between 19 and 40 weeks
gestation [10]. As a result of accelerated rate of growth in
late gestation, measurements of the fetal adiposity, as well
as estimates of fetal weight, may potentially be useful in the
evaluation of fetal growth abnormalities [9]. The purpose of
this study was to examine the relationship between maternal
glucose levels at 28 weeks gestation and intrauterine fetal
adiposity distribution in women with a normal OGTT.

2. Materials and Methods

We conducted a longitudinal prospective observational
study in a large university teaching hospital. To minimize
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confounding variables, the study was confined to white
European women with a singleton pregnancy. Women with
chronic medical problems that predispose to abnormal
intrauterine growth were excluded as well as cases of known
congenital fetal malformations.

Women were enrolled at their convenience between July
2008 and December 2009 when they presented for an OGTT.
It is hospital practice to selectively screen for GDM at 28
weeks gestation, based on risk factors [11]. A normal glucose
response in pregnancy was defined as a fasting value of
<5.3 mmol/L, a 1-hour postprandial value of <10.0 mmol/L,
a 2-hour postprandial value of <8.6 mmol/L and a 3-hour
postprandial value of <7.8 mmol/L after a 3-hour 100 g
OGTT [12].

All the women enrolled had an early pregnancy ultra-
sound scan previously to confirm gestational age. In early
pregnancy weight and height had been measured digitally
in a standardized way, and the body mass index (BMI)
calculated [13]. At recruitment, maternal weight was again
measured and sonographic evaluation of fetal body com-
position was carried out by one operator (NF) using a
transabdominal curved array transducer on an ALOKA
prosound α7. The fetal head circumference (HC), biparietal
diameter (BPD), abdominal circumference (AC), and femur
length (FL) were measured.

The fetal abdominal subcutaneous tissue was measured
on the anterior abdominal wall in millimetres anterior to the
margins of the ribs, using magnification at the level of the AC
[14]. The fetal mid-thigh muscle thickness was measured at
the level of the femur diaphysis as the distance from the outer
border of the femur to the inner edge of the subcutaneous
layer. The fetal mid-thigh subcutaneous tissue was calculated
by subtracting the distance from the outer border of the
femur to the outer border of the subcutaneous layer from
the thigh muscle. At 37 weeks gestation, maternal weight
and fetal body composition were measured again by same
operator (NF). Birth weight was measured at delivery. The
clinical outcomes of the pregnancy were obtained from the
obstetric records.

Statistical analysis was performed using SPSS version
15.0 (SPSS Inc. Chicago, Ill, USA). Relevant descriptive
statistics (mean, standard deviation and percentages) were
obtained for the study population. All the variables were
checked for normality using the Kolmogorov-Smirnov test.
The relationship of fetal body composition measurements
and birth weight to a range of possible explanatory variables
was investigated, in the first instance, by use of Pearson
correlation coefficients. Explanatory variables identified as
significant in this bivariate analysis were subsequently
entered into a multiple regression model. Trajectories were
tested using repeated measures ANOVA with the predictors
identified in the regression analysis.

To determine whether there is a sex difference in the
fetal parameters measured the independent Student’s t-test
was used. The 5% level of significance was used throughout.
Written informed consent was obtained and the study was
approved by the Hospital Research and Ethics Committee.

In a sample of 25 women, two measurements of the fetal
abdominal subcutaneous tissue, mid-thigh muscle thickness

and mid-thigh subcutaneous tissue were carried out 5
minutes apart. The test-retest reliability, based on Bland-
Altman analysis, for the fetal abdominal subcutaneous tissue,
mid-thigh muscle thickness and mid-thigh subcutaneous
tissue measurements yielded limits of agreement of (−0.64,
0.74), (−1.03, 1.08), and (−0.77, 0.65), respectively, with
coefficients of repeatability of 10.0%, 7.5%, and 11.5%
respectively [15].

3. Results

In total, 320 women were initially enrolled into the study of
which 61 women did not attend for a second visit assessment
at 37 weeks gestation. Of those women that did not to attend,
20 women delivered before their second assessment visit at
37 weeks gestation. In the group of women that attended for
their second assessment, 28 women were excluded from the
study because of an abnormal OGTT.

The mean age of the final study population (n = 231)
was 30.6 ± 4.8 years with 41.1% (n = 95) primigravidas.
The mean gestation at the first antenatal visit was 12.3 ±
1.6 weeks and the mean early pregnancy BMI was 28.2 ±
6.0 kg/m2. Of the women studied, 36.4% (n = 84) had a
normal BMI, 28.6% (n = 66) were overweight, and 34.7%
(n = 81) were obese according to the WHO classification.
The mean birth weight was 3.7 (±0.5) kg and 3.9% of the
babies had a birth weight ≥4.5 kg. The characteristics and
outcomes of the study population are shown in Table 1.

At the normal OGTT, the maternal fasting and one-
hour postprandial glucose levels correlated positively with
maternal early pregnancy BMI (r = 0.2; P < 0.001). The
fasting and one-hour postprandial glucose levels did not
correlate with maternal age, parity, height, and gestational
weight gain (GWG) between booking and 28 weeks gestation.

The two-hour postprandial glucose level correlated with
maternal age and early pregnancy BMI (r = 0.2 and 0.1; P =
0.016 and 0.04, resp.). The three-hour postprandial glucose
level correlated with maternal height and GWG between the
booking visit and 28 weeks gestation (r = 0.2 and 0.1; P =
0.016 and 0.046, resp.).

There were no differences in the mean maternal age,
height, early pregnancy weight, and BMI between women
with a male fetus and women with a female fetus. There
were also no differences in maternal gestational weight gain
between booking and recruitment and between recruitment
and 37 weeks gestation between the two groups. We also
found no differences in the maternal blood sugars between
the two groups. There was, however, a difference in the parity
between the two groups (P = 0.001). In the fetal parameters
measured there were no sex differences in the abdominal
subcutaneous tissue, mid-thigh muscle thickness and mid-
thigh subcutaneous tissue measurements at 28 and 37 weeks
gestation (Table 2). We also found no sex differences in the
birth weight (Table 2).

The mean fetal abdominal subcutaneous tissue, mid-
thigh muscle thickness and mid-thigh subcutaneous tissue
measurements at 28 weeks gestation were 3.4± 0.8, 7.7± 1.7
and 2.9± 0.9 mm, respectively. Table 3 shows the correlation
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Table 1: Characteristics of the study participants, their newborn, and frequency of outcomes (n = 231).

Maternal characteristics Frequency (%) Mean ± SD Range

Age (years) 30.6 ± 4.8 19.0–41.0

Parity 0.9 ± 1.0 0–4

Early pregnancy BMI (kg/m2) 28.2 ± 6.0 19.1–45.8

Prenatal smoking 14.7

Newborn characteristics

Gestational age at delivery (weeks) 40.2 ± 1.1 36.6–42.0

Birth weight (kg) 3.7 ± 0.5 2.1–5.0

Birth weight >4.5 kg 3.9

Male sex 49.8

Obstetric outcomes

Hypertension

Gestational hypertension 10.0

Preeclampsia 3.9

Induction rate 32.4

Caesarean delivery 26.5

BMI: body mass index.

Table 2: Mean values for fetal parameters analysed by fetal sex.

Male fetuses
(n = 124)

Female fetuses
(n = 122)

P value

At recruitment (28 weeks)

Abdominal Circumference (mm) 243.5 (14.5) 243.3 (13.8) NS

Abdominal subcutaneous tissue (mm) 3.4 (0.7) 3.4 (0.8) NS

Mid-thigh muscle thickness (mm) 7.7 (1.9) 7.5 (1.6) NS

Mid-thigh subcutaneous tissue (mm) 2.9 (0.9) 2.9 (0.8) NS

At second assessment (37 weeks)

Abdominal circumference (mm) 331.6 (19.4) 333.0 (16.6) NS

Abdominal subcutaneous tissue (mm) 6.4 (1.5) 6.6 (1.3) NS

Mid-thigh muscle thickness (mm) 10.4 (2.8) 10.4 (2.5) NS

Mid-thigh subcutaneous tissue (mm) 5.2 (1.4) 5.0 (1.4) NS

At birth

Gestation (weeks) 40.2 (1.2) 40.2 (1.0) NS

Birth weight (kg) 3.7 (0.5) 3.6 (0.4) NS

between maternal parameters, including blood sugars, and
fetal body composition at 28 weeks gestation.

At 28 weeks gestation, maternal age and the maternal
one-hour postprandial glucose level both influenced the fetal
abdominal subcutaneous tissue measurement independently
(r2 = 0.095; P < 0.001). Maternal age and gestational weight
gain both influenced the fetal mid-thigh subcutaneous tissue
measurement independently (r2 = 0.065; P = 0.002). Early
pregnancy maternal BMI and fasting glucose levels did not
correlate with any of the fetal body composition parameters.

The mean fetal abdominal subcutaneous tissue mea-
surement, mid-thigh muscle thickness and mid-thigh sub-
cutaneous tissue measurements at 37 weeks gestation were
6.5 ± 1.5, 10.4 ± 2.7, and 5.0 ± 1.6 mm respectively.
Table 4 shows the correlation between maternal parameters,

including blood sugars, and fetal body composition at 37
weeks gestation.

At 37 weeks gestation, the fetal AC measurement corre-
lated with maternal weight and height in early pregnancy and
with maternal fasting and one-hour postprandial glucose
levels at the time of the normal OGTT (Table 4). To
determine which of the variables continued to correlate
with the fetal AC measurement, regression analysis was per-
formed incorporating maternal weight, height, and fasting
and one-hour postprandial glucose levels. In the resulting
regression equation maternal height and fasting and one-
hour postprandial glucose levels continued to be predictive
(r2 = 0.099; P < 0.001). The fetal abdominal subcutaneous
tissue measurement correlated with all four maternal glucose
levels. None of the maternal glucose parameters correlated
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Table 3: Correlation between maternal parameters and fetal body composition at 28 weeks gestation (r and P values).

Maternal parameter Fetal AC
Fetal abdominal

subcutaneous tissue
Fetal mid-thigh

muscle thickness
Fetal mid-thigh

subcutaneous tissue

Age (years) 0.1 (NS) 0.3 (<0.001) −0.1 (NS) 0.2 (0.005)

Parity 0.0 (NS) 0.1 (NS) 0.0 (NS) 0.0 (NS)

Early pregnancy

Weight (kg) 0.0 (NS) −0.4 (NS) 0.1 (NS) 0.0 (NS)

Height (cm) 0.0 (NS) 0.0 (NS) 0.1 (NS) 0.1 (NS)

BMI (kg/m2) 0.0 (NS) 0.0 (NS) 0.1 (NS) 0.0 (NS)

GWG (1) (kg) 0.1 (NS) 0.0 (NS) 0.1 (NS) 0.2 (0.019)

OGTT glucose levels

fasting 0.0 (NS) 0.1 (NS) 0.0 (NS) 0.0 (NS)

1-hour postprandial 0.1 (NS) 0.2 (0.006) 0.1 (NS) 0.1 (NS)

2-hour postprandial 0.1 (0.026) 0.1 (NS) 0.1 (NS) 0.0 (NS)

3-hour postprandial 0.0 (NS) 0.1 (NS) 0.1 (NS) 0.0 (NS)

AC: abdominal circumference. BMI: body mass index. GWG (1): gestational weight gain per week between the booking visit and 28 weeks gestation. OGTT:
oral glucose tolerance test.

Table 4: Correlation between maternal parameters and fetal body composition at 37 weeks gestation (r and P values).

Maternal parameter Fetal AC
Fetal abdominal

subcutaneous tissue
Fetal mid-thigh

muscle thickness
Fetal mid-thigh

subcutaneous tissue

Age (years) 0.1 (NS) 0.1 (NS) −0.1 (NS) 0.0 (NS)

Parity 0.1 (NS) 0.0 (NS) 0.0 (NS) 0.0 (NS)

Early pregnancy

Weight (kg) 0.2 (0.006) 0.0 (NS) 0.1 (NS) 0.1 (NS)

Height (cm) 0.2 (0.007) −0.1 (NS) 0.1 (NS) 0.1 (NS)

BMI (kg/m2) 0.1 (NS) 0.1 (NS) 0.1 (NS) 0.1 (NS)

GWG (1) (kg) 0.1 (NS) 0.0 (NS) 0.1 (NS) 0.1 (NS)

GWG (2) (kg) 0.1 (NS) 0.1 (NS) 0.0 (NS) 0.2 (0.003)

OGTT glucose levels

fasting 0.2 (0.002) 0.2 (0.006) 0.0 (NS) 0.0 (NS)

1-hour postprandial 0.2 (0.003) 0.2 (0.002) 0.0 (NS) 0.1 (NS)

2-hour postprandial 0.1 (NS) 0.2 (0.014) 0.0 (NS) 0.1 (NS)

3-hour postprandial 0.1 (NS) 0.2 (0.001) 0.0 (NS) 0.0 (NS)

AC: abdominal circumference. BMI: body mass index. GWG (1): gestational weight gain per week between the booking visit and 28 weeks gestation. GWG
(2): gestational weight gain per week between 28 and 37 weeks gestation. OGTT: oral glucose tolerance test.

with the fetal mid-thigh muscle thickness and mid-thigh
subcutaneous tissue measurements.

The fetal AC trajectories from 28 to 37 weeks gestation
were influenced by the maternal fasting glucose levels (F
(1,220) = 4.177, P = 0.042). The fetal AC trajectories
were not influenced by maternal age, early pregnancy BMI,
gestational weight gain and the one-, two- and three-hour
postprandial glucose levels. The fetal abdominal subcuta-
neous tissue trajectories from 28 and 37 weeks gestation were
influenced by the maternal three-hour postprandial glucose
levels (F (1,218) = 4.732, P = 0.033). The fetal abdominal
subcutaneous tissue trajectories were not influenced by
maternal age, early pregnancy BMI, gestational weight gain
and the fasting, one and two-hour postprandial glucose
levels. The fetal mid-thigh subcutaneous tissue trajectories
were not influenced by maternal glucose parameters.

Birth weight correlated with maternal age, height, and
parity (r = 0.2, 0.2 and 0.2; P = 0.024, <0.001 and 0.001
resp.). Birth weight correlated with GWG between the first
antenatal visit and 28 weeks gestation (r = 0.2; P = 0.004)
and with GWG between 28 and 37 weeks (r = 0.2; P =
0.015). The maternal fasting (r = 0.1; P = 0.04), one-hour
postprandial (r = 0.2; P = 0.008) and 2-hour postprandial
(r = 0.2; P = 0.003) glucose levels all correlated with birth
weight.

To determine which of the above variables continued
to correlate with birth weight, regression analysis was
performed. The regression equation incorporated maternal
age, parity, smoking habit, height, fasting, and one-hour
postprandial glucose levels, GWG between booking and 28
weeks, GWG between booking and 28 weeks, and gestational
age at delivery. In the resulting regression equation, maternal
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parity, smoking habit, height, one-hour postprandial glucose
level, GWG between booking and 28 weeks, and gestational
age at delivery all continued to be predictive of birth weight
(r2 = 0.306; P < 0.001).

4. Discussion

In women where GDM was excluded at the start of the third
trimester, we found that maternal glycemia correlated with
subsequent birth weight. We also found using ultrasound
measurement of fetal soft tissues that maternal glycemia
influences not only fetal adiposity, but also the distribution
of adipose tissue.

We had a high proportion of obese women in our study
because one of the indications for an OGTT was a maternal
weight >90 kg. Although the women were not representative
of our pregnant population, it did, however, allow us to
include obese women who did not have GDM.

In an American study of 220 multiethnic pregnant
women with a normal OGTT, women with a BMI
≥25.0 kg/m2 had heavier babies (>4.0 kg) than women with a
BMI <25.0 kg/m2 [16]. Postnatal measurements of neonatal
skinfold thickness and total body electrical conductivity
estimates of body composition within 72 hours of delivery
found that fetal adiposity increased in women who were
in the overweight/obese BMI categories. However, it was
not possible to comment on the distribution of neonatal
adiposity.

In another study of 33 neonates delivered by women
with a normal BMI and 39 neonates delivered by over-
weight/obese women with singleton pregnancies and a
normal OGTT, birth weight, and neonatal body composition
were compared [17]. Although there was no difference in
birth weight between the groups, neonates born to women
with a normal pregravid BMI had less fat mass and greater
fat-free mass than neonates born to women who were
overweight/obese.

Maternal obesity has been shown to effect glucose
metabolism with a loss of the reduction in fasting glucose in
early pregnancy and enhancement of peripheral and hepatic
insulin resistance [18]. We found that maternal glucose
levels, at the time of the normal OGTT, were influenced
by early pregnancy BMI. However, we also found that the
influence of maternal glucose on fetal body composition was
independent of maternal BMI.

An Italian group assessed fetal adiposity at 31 and 37
weeks gestation in fifteen well-controlled insulin-dependent
pregnant women and 16 controls with normal glucose [19].
The fasting and postprandial glucose concentrations were
higher in the well-controlled diabetic pregnancies compared
with the controls. They found no difference in the birth
weight and ponderal index between the two groups. How-
ever, they found that in the diabetic group fetal abdominal
adiposity was increased despite the tight maternal glycemic
control.

Another Italian group compared fetal soft-tissue mea-
surements in 228 mothers with normal and abnormal oral
glucose challenge tests [20]. The mothers were not obese

and did not have GDM. They found that in the women
with an abnormal oral glucose challenge test fetal adiposity
was increased. This study again suggests that any degree
of maternal glycemia represents an altered intrauterine
environment for fetal growth even if less than that required
for the diagnosis of GDM.

While the numbers in our study are not representative
of all pregnant women, it does have strengths. The early
pregnancy calculation of BMI and subsequent weight gain
was based on accurate measurement throughout pregnancy
and was not based on self-reporting [13]. In the HAPO
study, BMI was only recorded at the time of the OGTT,
which varied between 24 and 32 weeks gestation [8]. We were
also able to standardize GWG based on measurements of
maternal weight at 28 and 37 weeks gestation allowing us to
study the influence of GWG as well as BMI on fetal adiposity
[21]. Confining our study to white European women with a
singleton pregnancy avoided potential confounding variables
such as ethnicity and multiple pregnancies [22]. All women
in our study had an early pregnancy ultrasound to confirm
gestational age which is a key determinant of estimated fetal
weight in utero and of birth weight. The value of measuring
fetal adiposity at both 28 and 37 weeks gestation rather
than postnatally allowed us to study the relationship between
maternal glycemia and intrauterine growth avoiding possible
confounding variables such as growth restriction after 37
weeks gestation, neonatal age at measurement and type of
infant feeding.

In adults, excess fat deposited abdominally carries higher
risk of cardiovascular disease than excess fat deposited
in the limbs [23]. Our finding that maternal glycemia
independently of GDM influences birth weight, fetal adi-
posity, and the distribution of fetal adiposity strengthens
the possibility that maternal glycemia is a key determinant
of intrauterine fetal programming. What implications the
increased abdominal adiposity has in later life for the baby’s
visceral fat levels and risk of metabolic syndrome, however,
remains uncertain. Further studies are required to assess
whether interventions, such as dietary manipulation, drugs,
or exercise, optimize fetal adiposity and birth weight by
reducing maternal glycemia even in women who do not have
a diagnosis of GDM.
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Offspring of type 1 diabetic mothers (ODMs) are at risk of short-term and long-term complications, such as neonatal macrosomia
(birth weight >90th percentile), hypertrophic cardiomyopathy, and cardiovascular morbidity in later life. However, no studies
have been performed regarding cardiac outcome. In this study, we investigated cardiac dimensions and function in 30 ODMs at 7-
8 years of age in relation to neonatal macrosomia and maternal glycemic control during pregnancy and compared these with those
in a control group of 30 children of nondiabetic women. We found that cardiac dimensions and systolic and diastolic function
parameters in ODMs were comparable with those in controls. Neonatal macrosomia and poorer maternal glycemic control during
pregnancy were not related to worse cardiac outcome in ODM. We conclude that cardiac function at 7-8 years of age in offspring
of women with type 1 diabetes is reassuring and comparable with that in controls.

1. Introduction

Despite good prepregnancy care and adequate maternal gly-
cemic control during type 1 diabetic pregnancies, the risk of
perinatal complications in the offspring, such as preterm
birth and neonatal macrosomia (birth weight >90th per-
centile), is still high compared with the general population
[1]. Furthermore, there is increasing evidence that children
born after a diabetic pregnancy are at increased risk of cardi-
ovascular and metabolic morbidity at later age [2], especially
when macrosomic at birth [3, 4].

Intrauterine hyperglycemia during type 1 diabetic preg-
nancy may lead to congenital heart defects, as has been
shown in animal studies [5, 6]. In human studies, structural
cardiac defects occur in 2–15% of newborn infants of type
1 diabetic women [1, 7–9]. Hypertrophic cardiomyopathy
(HCM, mainly interventricular septal hypertrophy) can be
demonstrated in 25–45% of offspring of type 1 diabetic

women [9–13]. Interventricular septal hypertrophy may be
associated with functional cardiac changes during pregnancy
as well as in the neonatal period [13–18] and seems to nor-
malize within the first six months after birth [12, 13]. Despite
the fact that possible mechanisms regulating the develop-
ment and resolution of neonatal HCM have been investigated
in diabetic rats, they are still unknown [19, 20]. It is therefore
not clear whether neonatal HCM may be important in terms
of residual cardiac pathology at later age. However, to the
best of our knowledge no follow-up studies regarding cardiac
structure or function have been performed in offspring of
women with type 1 diabetes at later age.

Because of the high prevalence of HCM in the neonatal
period and the risk of later cardiovascular diseases in off-
spring of type 1 diabetic women, we hypothesized that car-
diac dimensions and/or function may be altered at later age.
The objectives of this study were to evaluate cardiac dimen-
sions and function at school age in children who were born
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Table 1: Maternal and child characteristics in ODM and controls.

Controls ODM
P

n 30 30

Maternal characteristics

Age at delivery (years) 33.8 ± 3.0 31.4 ± 3.9 0.01

Parity (nulliparity) 10 (33.3) 21 (70.0) <0.01

Race: Caucasian 30 (100) 29 (96.7) 1.0

Pregnancy characteristics

Maternal smoking 1 (3.3) 2 (6.7) 1.0

Preeclampsia 2 (6.7) 4 (13.3) 0.7

Mean HbA1c 1st trim. (%) — 6.51 ± 0.74 —

Mean HbA1c 2nd trim. (%) — 6.04 ± 0.85 —

Mean HbA1c 3rd trim. (%) — 6.32 ± 0.93 —

Child characteristics

Gestational age (days) 277 [270–284] 260 [246–268] <0.01

Birth weight (grams) 3793 ± 631 3400 ± 646 0.02

Birth weight percentile 87 [20–95] 84 [50–98] 0.2

Neonatal macrosomia 15 (50.0) 14 (46.7) 0.8

Sex (male) 16 (53.3) 14 (46.7) 0.6

Congenital malformation 0 (0) 1 (3.3)a 1.0

HCM at birth 0 (0) 3 (10.0) 0.2

Height at age 7 (cm) 131.0 ± 5.7 129.7 ± 5.9 0.4

BMI at age 7 (kg/m2) 15.3 [14.9–16.9] 16.3 [15.5–17.6] 0.1

SBP at age 7 (mmHg) 95.5 [91–100] 97 [94–105] 0.09

DBP at age 7 (mmHg) 58.0 ± 4.0 58.1 ± 5.0 0.9

Data represent mean ± standard deviation, median with interquartile range, or number with percentage. aSingle umbilical artery. Trim.: trimester; HCM:
hypertrophic cardiomyopathy; SBP: systolic blood pressure; DBP: diastolic blood pressure.

after a type 1 diabetic pregnancy in relation to neonatal mac-
rosomia and maternal glycemic control during pregnancy
and to compare these measurements to those in a control
group of children of nondiabetic women.

2. Materials and Methods

2.1. Study Population. The study group consisted of offspring
of type 1 diabetic mothers (ODMs) who participated in a
previous nationwide study on type 1 diabetes and pregnancy
outcome in The Netherlands [1]. We performed a follow-up
study in 213 of these children at school age, which consisted
of a home visit (for anthropometric measurements, blood
pressure recordings, and neurocognitive tests) and a fasting
blood sample on a separate occasion. More details of this
cohort and results from anthropometric and cardiovascular
measurements have been described elsewhere [21, 22]. ODM
who participated in the follow-up study and lived within
50 kilometers of our hospital (n= 43) were invited for an
additional echocardiogram, and 30 of them participated.
Mean age of the ODM at time of the echocardiogram was
7.6 years (range 7.3–8.1). Information regarding maternal
characteristics and pregnancy outcome was obtained from
the previous study on pregnancy outcome [1], which had
been provided by the attending gynecologist/internist. Infor-
mation on neonatal outcome (including clinical diagnosis

of HCM) had been provided by the attending pediatrician.
Neonatal macrosomia was defined as birth weight >90th
percentile for gestational age, sex, and parity according to the
Netherlands Perinatal Registry data [23].

The control group of the original follow-up study con-
sisted of randomly selected offspring of nondiabetic women
without severe maternal disease during pregnancy, who were
born in the same period as the ODM at the University Ob-
stetric Center, Utrecht, The Netherlands (N = 79). In this
center both low- and high-risk women from the province of
Utrecht (from cities as well as from the countryside) deliver.
From this control group we invited children based on order
of inclusion to participate in an additional echocardiography
study until we included 15 macrosomic and 15 nonmacro-
somic controls.

Mean age of the controls at time of the echocardiogram
was 7.4 years (range 6.9–8.1). Information regarding ma-
ternal characteristics and pregnancy outcome was obtained
from hospital records and additional questionnaires.

This study was approved by the Medical Ethics Commit-
tee of the University Medical Center Utrecht, The Nether-
lands. All parents gave written informed consent.

2.2. Measurements. During a home visit (previous to the
echocardiography) blood pressure was recorded three times
on the right arm in sitting position after five minutes of rest
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Table 2: Echocardiographic measurements in ODM and controls at 7-8 years of age.

Controls ODM
P

n 30 30

Dimensions

IVSd (Z-score) 0.74 [0.30–1.12] 0.70 [0.28–1.15] 0.9

LVPWd (Z-score) 0.78 [0.29–1.38] 0.84 [0.36–1.18] 0.8

LVEDd (Z-score) 0.05 [−0.53–0.27] −0.36 [−0.80–0.22] 0.2

Systolic LV function

SF (%) 34.6 ± 4.9 35.3 ± 4.4 0.6

CO (mL/min/kg) 116 [102–134] 117 [99–131] 0.8

IVS ′S (cm/s) 7.4 [7.0–8.0] 7.4 [7.0–8.1] 0.5

LVPW ′S (cm/s) 10.6 [9.6–11.6] 10.0 [8.5–11.4] 0.3

Systolic RV function

TAPSE (cm) 1.99 [1.85–2.21] 1.98 [1.86–2.17] 0.9

TR max PG (mmHg) 15.0 [14.1–17.0] 15.8 [13.1–17.3] 0.7

Diastolic LV function

E/A ratio 2.2 [2.0–2.37] 2.14 [1.74–2.75] 0.9

S/D ratio 0.83 ± 0.27 0.83 ± 0.25 1.0

E/E′ ratio 6.1 [5.4–6.8] 6.3 [5.7–7.3] 0.4

MV DecT (ms) 175.5 ± 30.6 173.1 ± 33.7 0.8

IVS ′De (cm/s) 13.2 [12.7–14.4] 13.3 [12.0–14.9] 0.7

IVS ′Da (cm/s) 5.5 [5.0–6.5] 6.0 [5.4–6.1] 0.5

LVPW ′De (cm/s) 17.9 [15.6–19.7] 18.2 [16.5–19.0] 0.7

LVPW ′Da (cm/s) 6.2 [5.1–7.0] 6.7 [5.7–7.5] 0.2

Data represent means± standard deviation or median with interquartile range. IVSd: interventricular septal end diastolic dimension; LVPWd: left ventricular
posterior wall end diastolic dimension; LVEDd: left ventricular end diastolic dimension; SF: shortening fraction; CO: cardiac output; TAPSE: tricuspid annular
plane systolic excursion; TR max PG: maximum tricuspid regurgitation pressure gradient; E/A: ratio of early and late left ventricular filling speed; S/D: ratio
of systolic and diastolic pulmonary vein filling speed; E/E′ ratio: ratio of early diastolic peak E to E′ velocity; MV DecT: mitral valve deceleration time; ′S, ′De,
′Da: peak wall motion velocity during systole, early diastole or late diastole.

with a two-minute interval period, using an automated os-
cillometric device (DINAMAP, Critikon, Tampa, Fla). The
average of the last two measurements of systolic (SBP) and
diastolic (DBP) blood pressure was used for analysis. The
children’s height and weight were measured on the day of the
echocardiography, and BMI was calculated.

All participants underwent a full echocardiographic eval-
uation including a structural echo for cardiac defects and
evaluation of systolic and diastolic left ventricular function.
Diastolic dimensions of the left ventricle (LVEDd), interven-
tricular septum (IVSd), and left ventricular posterior wall
(LVPWd) were measured and Z-scores (corrected for height
and weight) calculated [24]. Systolic left ventricular function
was evaluated using shortening fraction (SF) and tissue
Doppler imaging of the IVS and LVPW with measurement
of IVS ′S and LVPW ′S (systolic peak wall motion velocity)
[25–27]. Finally cardiac output (CO) was calculated per
kilogram body weight as CO= (SV · HR) (with SV being
stroke volume and HR being heart rate). SV was calculated as
SV= LVOTarea ·VTI(LVOT), with LVOTarea being left ventric-
ular outflow tract area (π · (diameter/2)2) and VTI(LVOT)
being velocity time integral of LVOT which was established
through averaging three pulsed wave Doppler tracings in
the LVOT. Systolic right ventricular function was evaluated
based on measurement of the tricuspid annular plane sys-

tolic excursion (TAPSE). Maximal tricuspid regurgitation
pressure gradient (TR max PG) was measured if present to
estimate RV pressure. Diastolic left ventricular function was
evaluated with pulsed wave Doppler signal of the mitral valve
inflow pattern and pulmonary vein pattern [28]. E/A and
S/D ratios were calculated (ratio of early/late left ventricular
filling speed and ratio of systolic/diastolic pulmonary vein
filling speed, resp.). Tissue Doppler imaging of the IVS
and LVPW was performed with measurement of ′De (early
diastolic peak wall motion velocity) and ′Da (late diastolic
peak wall motion velocity) values. Finally, E/E′ ratios were
calculated to estimate LV filling pressures [29].

All examinations were performed using a GE Vivid 7
Ultrasound Machine (GE Healthcare, UK). The echo tech-
nician was blinded for the origin of the participants (ODM
or controls).

2.3. Statistical Methods. General characteristics and differ-
ences in measurements between ODM and controls and
between subgroups of ODM were compared using inde-
pendent t-test for normally distributed variables, Mann-
Whitney U test for not normally distributed variables, and
χ2-test (or Fisher’s exact test if appropriate) for categorical
variables. The relation between maternal HbA1c level during
pregnancy and measurements in the offspring was evaluated
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Table 3: Echocardiographic measurements in macrosomic ODM, appropriate-for-dates ODM, and macrosomic controls at 7-8 years of age.

ODM ODM
Pa

Controls
PbBW > p90 BW ≤ p90 BW > p90

n 14 16 15

Age at echo (years) 7.6 [7.4–7.8] 7.6 [7.4–7.8] 0.7 7.6 [7.2–7.8] 0.7

BMI (kg/m2) 16.6 [16.0–17.7] 16.0 [15.2–17.0] 0.2 15.3 [15.1–16.9] 0.1

Dimensions

IVSd (Z-score) 0.85 [0.31–1.29] 0.52 [0.25–1.11] 0.4 0.65 [0.07–1.10] 0.4

LVPWd (Z-score) 0.68 [0.21–1.21] 0.88 [0.48–1.14] 0.6 0.73 [0.03–1.03] 1.0

LVEDd (Z-score) −0.37 [−0.60–0.25] −0.35 [−1.22–0.25] 0.5 0.16 [−0.31–0.58] 0.2

Systolic LV function

SF (%) 34.4 [31.4–37.7] 35.3 [33.5–38.7] 0.5 36.2 [33.9–41.8] 0.3

CO (mL/min/kg) 117 [113–126] 105 [102–136] 0.1 114 [100–133] 0.8

IVS ′S (cm/s) 7.2 [7.0–8.0] 8.0 [7.0–8.2] 0.6 8.0 [7.4–8.0] 0.4

LVPW ′S (cm/s) 9.8 [8.1–11.2] 10.0 [9.0–11.4] 0.6 10.7 [9.7–12.0] 0.4

Systolic RV function

TAPSE (cm) 2.0 [1.8–2.3] 2.0 [1.9–2.1] 0.9 2.0 [1.9–2.1] 1.0

TR max PG (mmHg) 15.7 [13.1–17.3] 15.8 [13.3–17.4] 0.8 15.8 [14.5–18.2] 1.0

Diastolic LV function

E/A ratio 2.1 [1.6–2.7] 2.1 [1.8–2.9] 0.4 2.1 [2.0–2.5] 1.0

S/D ratio 0.8 [0.7–1.0] 0.8 [0.6–0.9] 0.7 0.8 [0.7–1.0] 0.9

E/E′ ratio 6.1 [5.1–7.1] 6.5 [5.8–7.4] 0.7 5.9 [5.3–6.5] 0.6

MV DecT (ms) 175 [149–205] 176 [162–189] 0.8 176 [158–210] 0.6

IVS ′De (cm/s) 13.3 [12.0–15.0] 13.3 [11.8–14.5] 0.7 14.0 [13.0–15.0] 0.4

IVS ′Da (cm/s) 6.0 [5.5–6.0] 6.0 [5.4–6.3] 0.9 6.0 [5.0–7.0] 1.0

LVPW ′De (cm/s) 19.0 [18.2–20.7] 17.8 [16.3–18.8] 0.1 18.4 [17.0–20.0] 0.6

LVPW ′Da (cm/s) 6.2 [5.7–7.1] 7.0 [5.8–7.5] 0.6 6.3 [5.5–7.9] 1.0

Data represent median with interquartile range. aMacrosomic ODM versus appropriate-for-date ODM. bMacrosomic ODM versus macrosomic controls. BW:
birth weight.

using Pearson’s (or Spearman’s, if appropriate) correlation
coefficients. Data were analyzed using SPSS 15.0 for Win-
dows (SPSS, Chicago, Ill). A P value <0.05 was considered
to be statistically significant.

3. Results and Discussion

3.1. General Characteristics. Participating mothers in the
ODM group (n= 30) only differed significantly from the
nonparticipating mothers (i.e., women who had participated
in the previous nationwide study on pregnancy outcome but
had not participated in this study, n= 283) regarding parity
(70.0% versus 49.8% nulliparous women, P = 0.04). All other
maternal and neonatal characteristics did not significantly
differ between the participating and nonparticipating ODM
group.

In the participating ODM group, maternal mean age at
delivery was significantly lower compared with that in the
control group, and the percentage of nulliparous women
was significantly higher (Table 1). Mean gestational age at
delivery and mean birth weight were lower in ODM com-
pared with controls. The macrosomic and appropriate-for-
date ODM subgroups did not significantly differ regarding

maternal or child characteristics, except for a higher mean
birth weight in macrosomic ODM (3835 (3459–4210) grams
versus 3132 (2748–3495) grams, P < 0.01). Neonatal HCM
was diagnosed in three children from the ODM group (two
boys and one girl) [1]. Maternal and child characteristics
of these three children did not significantly differ from the
rest of the ODM group. Mean systolic blood pressure in
ODM was slightly higher compared with controls, but the
difference did not reach significance (Table 1).

3.2. Echocardiography. There were no significant differences
in cardiac dimensions or systolic and diastolic cardiac func-
tion parameters between ODM and controls at 7 years of age
(Table 2). All cardiac dimensions and function parameters
in the three children with neonatal HCM were within the
normal range (Figure 1(a)) and did not significantly differ
from the other ODM or from controls. Subgroup analyses
showed no significant differences in cardiac function or di-
mensions between macrosomic and appropriate-for-date
ODM or between macrosomic ODM and macrosomic cont-
rols (Table 3).

Echocardiographic measurements in ODM did not sig-
nificantly correlate with maternal glycemic control during
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Figure 1: Cardiac dimensions in ODM regarding (a) neonatal hypertrophic cardiomyopathy and (b) maternal glycemic control during
pregnancy (mean HbA1c level). ODM/HCM+ and ODM/HCM−: offspring of type 1 diabetic mothers with (+) or without (−) neonatal
hypertrophic cardiomyopathy.

pregnancy (assessed by mean HbA1c level during first, sec-
ond, and third trimester and mean HbA1c level during preg-
nancy; see also Figure 1(b)).

4. Discussion

Since (subclinical) HCM can be demonstrated in up to 45%
of ODM and long-term cardiovascular sequelae in offspring
born after a type 1 diabetic pregnancy may already present in
childhood [2], we hypothesized that subtle changes in cardiac
dimensions or function might also be present in ODM at
school age. In this study, we are the first to show that systolic
and diastolic function as well as cardiac dimensions in ODM
at 7-8 years of age are completely normal and comparable
with those in a control group of nondiabetic women.

In our cohort of ODM only three children (out of 30)
were diagnosed with HCM after birth. However, in new-
born ODM from our cohort echocardiography was only per-
formed when HCM was clinically suspected, in contrast to
the studies reporting higher prevalences of neonatal HCM
[9–13]. As fetal cardiac growth is promoted by binding of
insulin to the cardiac insulin-like-growth-factor- (IGF-) 1
receptor, HCM is believed to resolve within weeks after birth
due to normalization of fetal hyperinsulinaemia [30]. Indeed
cardiac dimensions and function parameters in the three
children with previous neonatal HCM were normal at 7 years

of age, but a larger prospective follow-up study of ODM with
HCM should substantiate these results.

We previously showed that systolic blood pressure was
significantly higher in ODM compared with controls [22].
In this subgroup of children who underwent additional ech-
ocardiography, the difference in systolic blood pressure did
not reach statistical significance, most likely due to the fact
that the groups were smaller. Despite a slightly higher mean
SBP in ODM there were no differences in left ventricular
function parameters between controls and ODM jet. Larger
follow-up studies are necessary to investigate whether the dif-
ference in systolic blood pressure persists throughout child-
hood and may have consequences for cardiac function in
later life.

Previous studies have shown that offspring of diabetic
women who were macrosomic at birth are at increased risk of
developing overweight and other cardiovascular risk factors
[3, 4]. Therefore, we investigated the possible influence of
neonatal macrosomia on cardiac outcome in ODM. We
found that neither cardiac dimensions nor cardiac function
significantly differed between macrosomic ODM and those
with an appropriate-for-date birth weight. As some studies
have shown more cardiac alterations in macrosomic new-
borns of diabetic mothers when compared with macrosomic
newborns of nondiabetic mothers [31, 32], we compared car-
diac outcome of macrosomic ODM with that of macrosomic
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controls. No significant differences between those subgroups
were found, indicating that neonatal macrosomia in ODM
has no adverse effects on cardiac function at 7-8 years of age.

Extrapolating Freinkel’s theory on “fuel-mediated tera-
togenesis,” which states that high glucose concentrations dur-
ing diabetic pregnancy make the developing tissues in the
offspring vulnerable to alterations later in life [33], one might
expect less favorable cardiovascular outcome in offspring of
diabetic mothers with poorer glycemic control during preg-
nancy. However, maternal glycemic control during preg-
nancy did not significantly correlate with cardiac dimensions
or function parameters in ODM at 7-8 years of age. It should
be noted that maternal HbA1c may not be an accurate tool
for the classification of level of glycemic control as it does
not reflect the complexities of glycemic control in pregnant
diabetic women [34].

As we are the first to describe cardiac dimensions and
function in ODM at school age, this study should be a val-
uable addition to previous studies on long-term effects of
a diabetic pregnancy on the development in the offspring.
A limitation of this study is the relatively small sample size.
Larger, ideally prospective follow-up studies should substa-
ntiate our results.

5. Conclusions

Cardiac function at 7-8 years of age in offspring of type 1
diabetic women is reassuring and comparable with that in
children of nondiabetic women. Neonatal macrosomia and
poorer maternal glycemic control during pregnancy were not
related to adverse cardiac outcome in ODM.
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A substantial body of evidence suggests that an abnormal intrauterine milieu elicited by maternal metabolic disturbances as diverse
as undernutrition, placental insufficiency, diabetes or obesity, may program susceptibility in the fetus to later develop chronic
degenerative diseases, such as obesity, hypertension, cardiovascular diseases and diabetes. This paper examines the developmental
programming of glucose intolerance/diabetes by disturbed intrauterine metabolic condition experimentally obtained in various
rodent models of maternal protein restriction, caloric restriction, overnutrition or diabetes, with a focus on the alteration of
the developing beta-cell mass. In most of the cases, whatever the type of initial maternal metabolic stress, the beta-cell adaptive
growth which normally occurs during gestation, does not take place in the pregnant offspring and this results in the development
of gestational diabetes. Therefore gestational diabetes turns to be the ultimate insult targeting the offspring beta-cell mass and
propagates diabetes risk to the next generation again. The aetiology and the transmission of spontaneous diabetes as encountered
in the GK/Par rat model of type 2 diabetes, are discussed in such a perspective. This review also discusses the non-genomic
mechanisms involved in the installation of the programmed effect as well as in its intergenerational transmission.

1. Perinatal Risk Factors for
Diabetes in Later Life

Type 2 diabetes mellitus (T2D) is a complex polygenic
disease that often manifests years before eventual clinical
diagnosis [1]. T2D develops as a result of a failure to
adequately increase beta-cell function and mass to meet
the demands of prevailing insulin resistance [2]. The
contribution of beta-cell failure to the pathophysiology of
T2D is supported by islet pathology that reveals a beta-
cell deficit of approximately 50 and 65% in individuals
with impaired fasting glucose and T2D, respectively [3].
Consistent with these observations, most genes linked to
T2D by genome-wide association scans have been shown
to influence some aspects of beta-cell biology, such as
regulation of beta-cell secretory function and development
and growth of beta-cell mass [4]. It has long been recognized
that nutrient availability during fetal and early postnatal life
is an important determinant of adult health [5].

There are strong arguments showing that T2D is more
prevalent among subjects that were in utero exposed to
maternal diabetes (IUED). The role of maternal inheritance
in T2D has been reported in a majority of epidemiological
studies [6, 7]. To determine the role of the intrauterine
diabetic environment per se, the prevalence of diabetes
was compared in Pima nuclear families in which at least
one sibling was born before and one after the mother was
diagnosed with T2D. Offspring born after their mother
displayed diabetes had a fourfold higher risk of diabetes and
a higher body mass index (BMI) than their full siblings born
before their mother developed diabetes [8]. These findings
indicate that intrauterine exposure to a diabetic environment
increases risk of obesity and T2D beyond that attributable
to genetic factors, at least in Pima Indians. To circumvent
the confounding effect of genes linked to early onset T2D
and transmitted by the pregnant T2D mother, the effect
of fetal exposure to T1D was evaluated in adult offspring
lacking T1D immunological markers. A 33% prevalence of
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IGT was reported in offspring of T1D mothers compared
with none in offspring of T1D fathers (control group) [9].
Altogether, these findings suggest that fetal exposure to
maternal diabetes is indeed associated with abnormal glucose
homeostasis in offspring and may participate in the excess of
maternal transmission in T2D. In adult Pima Indians with
normal glucose tolerance and who had been exposed to an
intrauterine diabetic environment, acute insulin response
to i.v. glucose was found reduced in those offspring whose
mother was diabetic before pregnancy while it remained
normal in those whose mother developed diabetes after
pregnancy, [10]. Body fat and insulin sensitivity (euglycemic
hyperinsulinemic clamp) were similar in the two groups of
subjects [10]. In the same study, acute insulin response was
found reduced in offspring of parents (mother or father)
with early onset of T2D [10], suggesting that gene(s) linked
to early-onset diabetes is(are) associated with reduced insulin
secretory response to glucose [11]. Offspring of T1D mothers
had reduced insulin secretion, more pronounced in IGT sub-
jects, but similar fat mass and insulin action compared with
offspring of T1D fathers [9]. Also in nondiabetic offspring of
mothers with young-onset T2D (diagnosed under age 50),
beta-cell function (early insulin release after oral glucose)
was found decreased as compared to that of offspring
of fathers with young-onset T2D [12]. Therefore, human
studies suggest that insulin secretion defect participates in
the abnormal glucose tolerance observed in adult offspring
exposed to maternal diabetes during fetal life. Importantly,
they showed that insulin secretion may be reduced even in
normal glucose-tolerant offspring. Nevertheless, in children
and adolescent offspring, insulin resistance involvement was
suggested and may be related, at least in part, to their higher
body weight.

Beside studies in IUED populations, prenatal nutrient
insufficiency resulting in low birth weight is also associated
with increased risk for development of obesity, cardiovas-
cular disease, and T2D [13–15]. The association between
low birth weight and development of T2D was first reported
in classic studies by Hales et al. [15] that demonstrated a
severalfold increase in the incidence of glucose intolerance
and T2D in adult males that were born small compared
with those who were born at a normal birth weight.
These seminal observations since have been consistently
reproduced by numerous investigators worldwide [16].
Although epidemiological evidence linking low birth weight
with increased susceptibility to T2DM is strong [16], the
molecular and physiological mechanisms underlying this
association are still under investigation [17]. It has long been
appreciated that low birth weight is associated with adult
insulin resistance, which can contribute to the increased risk
in development of T2D [18]. However, susceptibility to T2D
in low-birth-weight individuals has also been hypothesized
to be attributed to inadequate beta-cell mass formation [15].
Because it is not possible to measure beta-cell mass in vivo,
this hypothesis cannot yet be tested directly in humans. How-
ever, evidence suggests that inadequate beta-cell formation
in utero may underlie subsequent susceptibility for T2D.
First, the fetal period is critical for endocrine pancreatic
development in rodents and humans [19]. Second, clinical

data show that children and adults with low birth weight
demonstrate impaired beta-cell function compared with
their normal birth-weight counterparts [20, 21] and human
fetuses with severe growth retardation, have a reduction in
pancreatic endocrine cell mass [22].

In this paper, we discuss the evidence for beta-cell dys-
function in IUED (in utero exposed to maternal diabetes),
IUEO (in utero exposed to maternal overnutrition) and
IUGR (in utero growth restriction) animal models, focusing
on the strengths and limits of each, in order to define
critical periods and types of alterations that can lead to
impaired beta-cell function. We also discuss several potential
mechanisms dissected in relevant animal models that begin
to explain this outcome.

2. Compromised Intrauterine Environment and
Risk for Diabetes in Later Life

Thanks to abundant studies mostly in rodents in which
the foetal environment can be manipulated, a substantial
body of data now addresses the mechanisms involved in
the developmental programming of glucose intolerance and
T2D.

IUED Models. In rat, maternal diabetes may be induced
experimentally by streptozotocin (STZ) injection that selec-
tively destroys beta-cells. Mild or severe diabetes ensue
depending on the dose used. At birth, the progeny of mild
diabetic mothers had normal weight or slight macrosomia
and an enhanced percentage of pancreatic endocrine tissue
due to hyperplasia and hypertrophy of the islet cells [24,
25], leading to a higher beta-cell mass that was hyper-
vascularized [26]. The pancreatic insulin content and insulin
secretion were raised in these fetuses [27]. On the other
hand, fetuses from severe diabetic dams were small at birth
and had decreased pancreatic weight [28]. Their beta-cells
were almost degranulated, leading to low pancreatic insulin
content and low plasma insulin [27]. Similar endocrine
pancreas/beta-cell alterations with low beta-cell mass have
been reported in fetuses from spontaneous diabetic BB rats
[29] or spontaneous diabetic GK rats [30, 31]. The long-
term consequences have been evaluated in the progeny of
these models. Impaired glucose tolerance was observed in
the offspring of mild STZ diabetic rats due to lower insulin
secretion in response to glucose, while insulin resistance was
reported in the offspring of the severe STZ diabetic mothers
[32–34]. Glucose tolerance was also impaired in offspring
of normal mothers receiving glucose infusion during late
gestation, and it was associated with decreased glucose-
induced insulin secretion [24, 35–37].

The greatest difficulty in most animal models of diabetic
pregnancy has been the attainment of a stable degree of
mild hyperglycemia during gestation. Though useful, most
techniques used to achieve models of diabetes in pregnancy
have some drawbacks. Maternal glucose infusions limited
to the last trimester of pregnancy result in hyperglycemia
and hyperinsulinemia and do not mimic the relative insulin
deficiency of gestational diabetes [38]. The multiple lipid
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and protein abnormalities associated with diabetes may be
as important in the induction of fetal abnormalities as
hyperglycemia, but they are not replicated by the maternal
glucose infusion model. A concern of studies using STZ
during pregnancy is the possibility that the toxin might cross
the placenta and be directly harmful to the fetal pancreas
and other fetal tissues, and thus make any analysis of the
long-term effects of hyperglycemia in utero difficult [39].
The problem may be circumvented by giving STZ to female
neonates who will later become pregnant: this will result in
moderate gestational hyperglycemia [40]. Finally it must be
recognized that none of the previously mentioned models
will serve directly as a model of human gestational diabetes.

An ideal animal model to test the isolated impact
of diabetic pregnancy would enter the pregnancy in a
euglycemic state, become exposed to hyperglycaemic during
whole pregnancy, and return postpartum to normoglycemic
environment. Such a model also would allow study of the
long-term effects of diabetes independent of any genetic
influence. It was recently proposed that the pregnant GK rat
being transferred normal Wistar (W) rat embryo represents
a more relevant paradigm in such a perspective [41]. Using
the GK/Par rat (Figure 1) we have transferred W rat oocytes
to diabetic GK/Par females, and at their birth the W
neonates were suckled by nondiabetic W foster mothers.
Under these unique conditions, we have found that maternal
diabetes negatively imprints the growth of a genetically
normal (Wistar) beta-cell mass in a way as the insult is still
present later at adult age as a decreased beta-cell population
[42, 43]. Not only maternal diabetes but also intrauterine
undernutrition induced by several means such as protein
(IUPR) or calorie (IUCR) restriction, or alteration in the
availability of the nutrients by uterine/placental insufficiency
(UPI) induced by uterine artery ligation, alter early islet
development and provoke lasting consequences in rodents.

IUCR Models. Global restrictions (to 40–50% of normal
intake) (IUCR) in the last week of rat pregnancy results
in low birth weight offspring with decreased beta-cell
mass. Although these animals can regain their body and
pancreatic weights upon normal postnatal feeding, they still
demonstrate a reduced beta-cell mass and insulin content
in adulthood [44, 45]. Extending this level of nutrient
restriction during suckling results in a permanent reduction
of beta-cell mass [46, 47] and subsequent age-dependent loss
of glucose tolerance in the offspring [48]. Underfeeding the
rat mothers during the first two weeks of gestation exerts no
adverse effect upon insulin secretion and insulin action in the
adult male offspring [49].

IUPR Models. The maternal protein restriction (5–8% as
compared to 20% in normal diet) (IUPR) model has been
one of the most extensively studied models. The low-protein-
fed mothers give birth to growth-restricted offspring [50–
54], and when suckled by their mothers maintained on
the same low-protein fed, they remain permanently growth
restricted, despite being weaned on a normal diet [53].
Reduced placental weight and endocrine and metabolic

abnormalities are also observed [50, 55, 56]. Despite young
offspring of low-protein-fed dams demonstrating improved
glucose tolerance [56, 57], the male offspring undergo an
age-dependent loss in glucose tolerance, such that by 17
months of age they develop T2D and insulin resistance
[58]. Female offspring only develop hyperinsulinemia and
impaired glucose tolerance at a much later age (21 months)
[54]. Studies in this model have also demonstrated reduc-
tions in beta-cell mass [51], skeletal muscle mass [53], central
adipose deposit weights [57, 59], and insulin signalling
defects in muscle, adipocytes, and liver [59–61]. This IUPR
model has also been associated with the development of
hypertension with the kidney and the rennin-angiotensin
system as playing a role [62].

UPI Models. Fetal growth retardation may also result from
experimental uteroplacental insufficiency (UPI). Fetal UPI
rats have decreased levels of glucose, insulin, IGF1, amino
acids, and oxygen [63–65]. UPI offspring develop diabetes
in later life [66, 67] with a phenotype that is similar to that
observed in T2D humans with alterations in insulin secretion
and action and a failure of beta-cell function and growth
[68, 69].

IUEO Models. There are several reports on the consequences
of a high-fat diet (during gestation only or both gestation and
lactation) on the adult progeny. High-fat diet consumption
by female rats malprograms the male offspring for glucose
intolerance and increased body weight in adulthood [70].
Some of the observed consequences include reduced whole-
body insulin sensitivity, impaired or normal insulin secretion
and changes in the structure of pancreas [71–74], defective
mesenteric artery endothelial function [75], hypertension
[76, 77], alterations in renal functions [78], increased body
adiposity [72, 76], deranged blood lipid profile [71, 76,
78], hyperleptinemia [72], and proatherogenic lesions [79].
There are not many reports on fetal islet adaptations due
to a high-fat dietary modification in the dam. Cerf et al.
[80] demonstrated that feeding rat female with a high-fat
diet throughout gestation resulted in significant decreases
in beta-cell volume and number resulting in hyperglycemia
in 1-day-old newborn rat pups without changes in serum
insulin concentrations. However, the report of fetal hyperin-
sulinemia in the high-fat term rat fetus [70] is not consistent
with this finding.

Maternal obesity in mice, in the absence of diabetes,
can also impair glucose tolerance in genetically normal
offspring. This was shown using mothers carrying the
Agouti (Ay) mutation on a C57BL/6 background. On this
background, the Ay mutation produces marked obesity
without diabetes. At adult age while maintained on normal
diet, genetically normal, adult female offspring of Ay-positive
mothers exhibited reduced glucose-induced insulin secretion
in vivo [81].

Also male mice whose mothers consumed a high-fat
diet were heavier, glucose intolerant, and insulin resis-
tant and produced second-generation offspring who were
insulin resistant, although not obese [82]. Whether this is
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Figure 1: From the nondiabetic Wistar rat to the spontaneously diabetic GK (Goto-Kakizaki) rat. The inbred GK rat line (Wistar strain)
was produced by Goto et al. at Tohoku University, Sendaı̈, Japan, by selective breeding of normal Wistar rats over many generations using
glucose tolerance value (and not basal glucose value only) as a discriminant phenotype [23]. Only W rats selected at the upper limit of normal
distribution for glucose tolerance were used. The diabetic state (basal hyperglycemia) was reported to become stable after the 30 generations
of selective crosses in the original Japanese colony. Here is illustrated the distribution of the sum of blood glucose values (

∑
blood glucose)

during standardised oral glucose tolerance tests (OGTTs) performed in original parent Wistar rats, in rats from generations F1 to F35 in the
original Japanese colony and in rats from generations F35 to F120 bred under our conditions in Paris from 1989 until now (subline GK/Par).
In the inbred GK/Par rat line, all rats are nonoverweight, nonketotic, and display moderate fasting hyperglycemia with strong postprandial
glucose intolerance. No attenuation, nor aggravation, of the diabetic phenotype overtime (more than 20 years and 80 generations) was
registered in the GK/Par line.

a consequence of paternal in utero exposure or their adult
sequelae of obesity and diabetes is unclear. It was recently
reported that chronic high-fat diet consumption in father
rats induced increased body weight, adiposity, impaired
glucose tolerance, and insulin sensitivity in their offspring

[83]. Relative to controls, their female offspring had an early
onset of impaired insulin secretion and glucose tolerance
that worsened with time and normal adiposity. Among
the differentially expressed islet genes, hypomethylation of
the Il13ra2 gene was demonstrated. This is a proof of
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Figure 2: Mechanisms for the installation and intergenerational transmission of programmed beta cell mass (BCM) disruption in response
to compromised intrauterine environment. The initial insults in F0 mother (mF0) impact the developing BCM of the fetuses (fF1). Diverse
initial insults (IUED, IUCR, IUPR, UPI, IUEO), alone or in combination, give rise to the same programmed BCM outcome. Altered
BCM phenotype in F1 females does not allow normal BCM adaptation during pregnancy and IGT/diabetes ensues (gestational diabetes).
Gestational diabetes in the F1 pregnant mother (mF1) acting as an ultimate insult impacts the developing BCM of the F2 fetuses (fF2).
Altered BCM phenotype in F2 females does not allow normal BCM adaptation during pregnancy and IGT/diabetes ensues (gestational
diabetes). Gestational diabetes in the F2 pregnant mother (mF2) acting as an ultimate insult impacts the developing BCM of the F3 fetuses
(fF3), therefore perpetuating similar BCM programming across generations. There are at least two potential scenarii for the transmission
of BCM programming to subsequent generations: (1) the insult as seen in the F1 mother (IGT/diabetes insult during pregnancy) directly
impairs BCM development, but BCM malprogramming is not necessarily irreversible. However, as the environmental insult (gestational
diabetes) persists across generations, it recreates the same gestational phenotype in each subsequent generation (panel 1 in Figure 2); (2)
the insult as seen in the F1 mother permanently affects BCM and results in the perpetuation of BCM malprogramming in the subsequent
generations, in the absence of a further gestational insult (panel 2 in Figure 2). M: mother; f: fetus; F1: first-generation animals procreated by
parent (F0) females submitted to experimentally disturbed metabolism during their pregnancy; F2: second-generation animals procreated by
F1 females exposed to intrauterine-disturbed metabolism; IUED: in utero exposed to maternal diabetes; IUCR: in utero exposed to maternal
calorie restriction; IUPR: in utero exposed to maternal protein restriction; UPI: uteroplacental insufficiency; IUEO: in utero exposed to
maternal overnutrition or obesity.

concept that paternal high-fat-diet exposure programs beta-
cell dysfunction in rat F1 female offspring. This is the
first report in mammals of nongenetic, intergenerational
transmission of metabolic sequelae of a high-fat diet from
father to offspring [83].

Among the many types of maternal metabolic stress
used to produce IUGR, hypercholesterolemia combined to
high fat diet was recently added since feeding LDL receptor
null (LDLR−/−) mice with a high-fat resulted in litters
with significant growth retardation. The LDLR−/− high-fat
diet offspring developed significantly larger atherosclerotic
lesions by 90 days compared with chow diet offspring [84].
Importantly, maternal hypoaminoacidemia proved to be an
important antecedent in this hypercholesterolemic IUGR
mouse [84] as in a protein-deficient IUGR mouse model [84]
and an IUED rat model [85]. It may be an important link

in the mechanisms that contribute to adult-onset glucose
intolerance, obesity, and atherosclerosis. In this study beta-
cell mass was not investigated.

To sum up, it turns to be manifest that, despite differences
in the type, timing, and duration of intrauterine insult,
most animal models of IUED, IUCR, IUPR, or IUEO have
outcomes of impaired glucose tolerance or T2D (Figure 2).

3. Various Early-Life Stressors, the Same Target:
The Developing Beta-Cell Mass

As abundantly illustrated in animal models, many early-life
stressors such as maternal hyperglycaemia, undernutrition,
overnutrition, hypercholesterolemia, corticosteroid therapy,
uteroplacental insufficiency, or hypoxia trigger a beta-cell
mass adaptive response in the fetus (Figure 2, Table 1).
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Table 1: Beta-cell (BC) mass characteristics in rodent models of compromised intrauterine environment.

Rodent models
BC phenotype

fetal neonatal/suckling adult

IUED, mild STZD (F1)
Increased BC mass, high BC
proliferation [24–27]

Increased BC mass, high
BC proliferation, high islet
vascularisation [24, 25]

Normal BC mass, low
GSIS, low GT [24]

F2 issued from mild STZD F1 NR NR
Low GSIS, low GT
[26, 32]

IUED, severe STZD (F1) low BC mass [27, 28] NR
Increased BC mass,
high GSIS, low GT
[32–34, 39]

IUED, GI (F1)
Slightly increased BC mass,
high BC proliferation [35]

NR
Low GSIS, low GT
[24, 35–38]

F2 issued from GI F1 NR NR
Low GSIS, low GT
[35]

IUED, GK/Par
Low BC mass, low BC
neogenesis [30, 31, 42, 86, 87]

Low BC mass, low BC
neogenesis [88]

Low BC mass, low BC
proliferation, low
GSIS [23, 88, 89]

Severe IUCR (F1)
Increased BC mass, high BC
neogenesis, high BC
proliferation [46, 90–92]

NR
Low BC mass, low BC
proliferation, low
GSIS [46]

IUCR (F1)
Low BC mass, low BC
neogenesis [44, 45, 93]

Low BC mass [47]
Low BC mass, low
GSIS, low GT [44–49]

F2 issued from IUCR F1
Low BC mass, low BC
neogenesis [94]

NR
Low GSIS, low GT
[32]

IUPR (F1)
Low BC mass, low BC
proliferation, low islet
vascularization [50, 51, 93, 95]

Low BC mass [93]

Low BC mass, low
GSIS, low GT
[51, 53, 54, 56–
62, 96–98]

F2 issued from IUPR F1 Low BC mass [26] NR Normal GT [99]

UPI (F1)
Normal BC mass, low BC
proliferation, low islet
vascularization [63–65]

Normal BC mass [65–67]
Low BC mass, low
GSIS, low GT
[66, 67, 100, 101]

F2 issued from UPI F1 NR NR
Low BC mass, low BC
proliferation, low
GSIS, low GT [32]

IUEO (F1) NR
Slightly reduced BC mass
[80]

Normal or decreased
GSIS, low GT
[70–76, 81–84]

F2 issued from IUEO F1 NR NR Normal GT [82]

NR: not reported in the literature to the author’s knowledge; GSIS: glucose-stimulated insulin secretion; GT: glucose tolerance; STZD: diabetes obtained after
streptozotocin administration to adult females several days before mating or during pregnancy; GI: continuous glucose infusion in unrestrained normal
pregnant rat during the last week of pregnancy; F1: first-generation animals procreated by parent (F0) females submitted to experimentally disturbed
metabolism during their pregnancy; F2: second-generation animals procreated by F1 females exposed to intrauterine disturbed metabolism; IUED: in
utero exposed to maternal diabetes; IUCR: in utero exposed to maternal calorie restriction; IUPR: in utero exposed to maternal protein restriction; UPI:
uteroplacental insufficiency; IUEO: in utero exposed to maternal overnutrition or obesity.

3.1. Critical Windows for Adaptive Response to Early-Life
Stressors. The development of the endocrine pancreas starts
from a pool of common precursor cells that become
progressively committed to the endocrine lineage under the
control of a hierarchical network of transcription factors.
During late fetal and early postnatal life, the beta-cell
mass is determined by the recruitment of undifferentiated
precursors, as well as the replication and apoptosis rates of
the beta cells. Obviously, any disturbance of the environment
of the endocrine cells at a specific developmental time-point,
as it occurs in a perturbed intrauterine milieu, may modify

the balance of controlling factors, thereby contributing to
an adaptive beta-cell growth response which is metabolically
appropriate on the short term. However, this adaptive
response may turn to be detrimental if maintained on the
long term, as it may foster beta-cell failure and diabetes later
in life. We are largely ignorant of when programming may be
initiated during development.

Preimplantatio. An early onset for programming was indi-
cated, as maternal low-protein diet during only the
preimplantation period of rat development (0–4 days after
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mating), before return to control diet for the remainder
of the gestation, induced blastocyst abnormalities, and pro-
gramming of postnatal growth rate and hypertension [102].
More specifically it was shown that preimplantation embryos
collected from dams after 0–4 days of maternal low-protein
diet displayed significantly reduced cell numbers, within
the inner cell mass and trophectoderm lineages, apparently
induced by a slower rate of cellular proliferation. The low-
protein diet significantly reduced insulin and essential amino
acid levels and increased glucose levels within maternal
serum by day 4 of development. These data indicate that
the mildly hyperglycemic and amino-acid-depleted maternal
environment generated by undernutrition may act as an
early mechanism of programming and initiate conditions of
“metabolic stress,” restricting early embryonic proliferation
and the generation of appropriately sized stem-cell lineages.
In chemically or genetically obtained rat diabetes models in
which maternal serum insulin depletion and hyperglycemia
are induced, proliferation of inner cell mass or total cell
numbers within blastocysts is inhibited [103, 104]. There-
fore, the preimplantation embryo is particularly sensitive
to metabolic modifications that may have programming
consequences [105, 106], and one possibility is that it is the
preimplantation embryo itself that is programmed.

Postimplantation. Embryo transfer experiments may also
help to dissociate the impact of the maternal environment
in early (preimplantation) versus late gestation (postimplan-
tation). We recently found that embryos (blastocysts) from
a nondiabetic Wistar strain placed into a diabetic GK/Par
uterus develop a reduced beta-cell mass which remains low
on the long term [42]. Data with rat models of prenatal
undernutrition [95] also illustrate that low-energy and low-
protein diets that reduce the development of the beta-cell
mass in both cases act at different critical time windows. The
beta-cell mass is deficient in the low-energy pancreas because
this diet reduces neogenesis, probably because of high gluco-
corticoid levels, rather than by impairing vascularisation and
proliferation. Early gestation is thus a very sensitive period in
this model. By contrast, pancreatic alterations take place at a
later fetal stage in the low-protein model, and the beta-cell
mass is deficient in this case because this diet reduces beta-
cell vascularisation and proliferation without altering beta-
cell differentiation [95].

Postnatal versus Prenata. Further support for the crucial
impact of prenatal nutritional environment is the recent
report that prenatal nutrient restriction in both male and
female rats led to an inappropriate postnatal beta-cell mass
formation attributed to a decrease in the rate of beta-cell
replication and beta-cell neogenesis [93]. In contrast, male
and female rats exposed to postnatal nutrient restriction
alone (with normal prenatal nutrient exposure) were char-
acterized by decreased pancreatic and body weights, but a
weight-adjusted beta-cell mass higher compared to control
animals [93]. Another illustration is offered by observations
in normal rat pups reared artificially on a high-carbohydrate
milk formula [107]: such alteration of nutrition, during the

suckling period only, induced persistent adaptation of energy
metabolism in adulthood (obesity, glucose intolerance, and
impaired insulin secretion).

3.2. Molecular Mechanisms Mediating the Perinatal Beta-Cell
Adaptive Response to Early-Life Stressors. Molecular mech-
anisms responsible for impaired beta-cell mass formation
after IUCR or IUPR have come under investigation.

First, it has been proposed that IUCR can result in a
reduction of the embryonic beta-cell progenitor pool leading
to inappropriate postnatal beta-cell formation. Stanger et
al. [108] demonstrated that selective genetic reduction in
the size of PDX-1+ pancreatic progenitors during the fetal
period results in impaired beta-cell formation during the
postnatal period with consequent development of glucose
intolerance during adulthood. Consistent with this, maternal
food restriction leads to significant reduction in PDX-1+
and neurogenin-3+ pancreatic precursors during embryonic
development in rats, diminished postnatal beta-cell forma-
tion, and inability to expand beta-cell mass in response to
pregnancy [47, 94]. The UPI model is also characterized by
a permanent decrease in islet PDX-1 mRNA expression. This
decrease has recently been shown to be due to progressive
epigenetic silencing of the Pdx1 gene locus secondary to
proximal promoter methylation [69, 109], and it may be
responsible for the decreased rate of beta-cell replication
and inappropriate postnatal beta-cell mass development [69,
110]. In the same way of thinking, studies have demonstrated
that the maintenance of methylated histone H3 Lys4 by
Set7/9, a member of the SET methyltransferase family, is
crucial to Pdx1 activity in beta-cell lines [111–113]. This
led to the hypothesis that Set7/9 may represent a novel
chromatin-modifying protein that functions in part through
its recruitment to target genes by cell-specific transcription
factors such as Pdx1. Since then, a role of histone methyl
transferases, particularly set7, has also been demonstrated
in the sustained deleterious effects of chronic hyperglycemia
on human microvascular endothelial cells [114]. Such an
epigenetic change could potentially be involved in the
deleterious effect of high glucose upon the fetal pancreas in
the IUED models.

Another mechanism proposed to explain reduced beta-
cell formation after IUCR is related to prenatal glucocor-
ticoid exposure. Administration of either dexamethasone
or carbenoxolone (to inhibit 11 β-hydroxysteroid dehydro-
genase type 2) to normal pregnant rats also causes fetal
growth retardation and the adult offspring are hyperten-
sive and hyperglycemic, with hyperactive hypothalamic-
pituitary-adrenal axis [115]. Maternal undernutrition sig-
nificantly increased both fetal and maternal corticosterone
concentrations in rats [116]. Subsequently, maternal and/or
fetal overexposure to glucocorticoids (via administration of
dexamethasone) impairs both fetal and postnatal beta-cell
formation in rodents and nonhuman primates [94, 117–
119]. Seckl et al. [115] have shown that fetal corticosterone
concentrations are inversely correlated with fetal insulin
content and postnatal beta-cell formation in rats. Evidence
suggests that glucocorticoids can exert a direct effect on
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the developing fetal pancreas via transcriptional modulation
of transcription factors involved in beta-cell formation and
differentiation [117]. Glucocorticoid receptors are present in
the pancreas during embryonic development of rodents and
humans [117], and glucocorticoids can bind to the Pdx1 pro-
moter and thus suppress fetal endocrine cell differentiation
[117]. Glucocorticoid treatment has been shown to signifi-
cantly reduce fetal expression of key endocrine transcription
factors such as Pdx1 and Pax6 but simultaneously increase
expression of transcription factors that regulate development
of the exocrine pancreas [119].

It has also been demonstrated that the UPI or the
low-protein IUPR offspring experience increased oxidative
stress and impaired mitochondrial function [96, 120]. The
mitochondrial dysfunction was not limited to just the beta
cell, as mitochondria from both the liver and skeletal
muscle exhibit decreased oxidation of pyruvate, subsequently
leading to the development of features commonly found in
T2D [100, 121]. Also exposure to a Western-style diet before
and during pregnancy (an IUEO model) alters the redox state
as early as preimplantation development, leading to mild
oxidative stress associated with inflammation. The finding
that administration of antioxidants to the dam reverses
oxidative stress and completely prevents the development
of glucose intolerance and increased adiposity in the adult
offspring suggests that oxidative stress plays an important
role in the development of adiposity in this case [122]. Some
studies in the low-protein IUPR model have demonstrated
that oxidative stress is not limited to just mitochondrial
DNA damage, but also to genomic DNA, impacting cell-cycle
regulation and gene expression [123]. While DNA is being
targeted throughout by ROS, there are particular regions that
are known to be more sensitive to ROS-mediated damage,
for example, telomeres. Telomeres comprise GC-rich repeats
and are found at the ends of each chromosome. They are
known to shorten with each cellular division and, hence, can
act as a mitotic clock, registering the number of replicative
divisions to have taken place within the cell. Investigations
using an IUPR model have indeed reported a decrease
in longevity in the offspring [123, 124] accompanied by
reduction in mitochondrial antioxidant defences [96, 125]
and telomere length in islets [125].

Pancreatic islet development has been shown to be influ-
enced by a number of growth factors including the insulin-
like growth factors, IGF-I and IGF-II whose expression in
utero is regulated by nutrient and hormone concentrations.
IUPR modifies expression of both IGF genes in a variety
of fetal tissues. In an IUPR rat model with a decreased
beta-cell mass and beta-cell replication and an increased
rate of beta-cell apoptosis, gene expression for IGF-II but
not IGF-I was found reduced in the fetal pancreas [126].
In a different IUPR model with more severe global food
restriction which induced hyperinsulinemia and an increase
in beta-cell mass in their fetuses [90], the fetal phenotype
was unexpectedly associated with an increase in pancreatic
IGF-I expression, islet IGF-1R [91], and IRS-2 [92]. In
the fetal GK/Par rat exposed to mild hyperglycemia during
gestation (a model of IUED), data from our group suggest
that the beta-cell deficit (reduced by more than 50%) starts

as early as fetal age E16 and reflects decreased beta-cell
proliferation, a limitation of beta-cell neogenesis from pre-
cursors, and increased apoptosis of both beta cells and their
precursors [86]. Notably, Pdx1 and Neurogenin3 expression
were decreased on E18 but normally expressed on E13
[86]. Defective signalling through the Igf2/Igf1-R pathway
may represent the primary instrumental anomaly since Igf2
and Igf1-R protein expressions are already decreased within
the GK/Par pancreatic rudiment at E13, at a time when
beta-cell mass (first wave of beta-cell expansion) is in fact
normal [31]. Low levels of pancreatic Igf2 associated with
beta-cell mass deficiency are maintained thereafter within
the fetal pancreas [87]. Crossbreeding protocols between
nondiabetic W and diabetic GK rats showed that, in late
gestation (E18), pancreatic Igf2 protein expression was as low
in GKmother/GKfather and Wmother/GKfather crosses as
in GKmother/GKfather crosses [87]. These findings rather
support the hypothesis that the pancreatic Igf2 anomaly in
the GK diabetic model is linked to a genetic determinism.
This view is also consistent with the results of genetic
analyses that linked a locus containing the gene encoding
Igf2 to diabetes in the GK rat [127]. The Igf2 gene is
subjected to paternal genomic imprinting. However, because
the Igf2 expression is similarly affected in fetuses, regardless
of whether the father is W or GK [87], we cannot conclude
with a simple change of Igf2 gene imprinting in the GK rat.

Finally, our understanding of the underlying mech-
anisms for reduced BCM in response to inappropriate
perinatal nutrition is growing rapidly. However, the relative
contribution of the many intrinsic and extrinsic factors
which contribute to the adaptive response of the developing
endocrine pancreas is still to be established.

4. Various Early-Life Stressors:
One Ultimate Programming
Inducer—Perinatal Hyperglycemia

As abundantly illustrated in animal models, early-life
stressors such as maternal undernutrition, overnutrition,
hypercholesterolemia, corticosteroid therapy, uteroplacental
insufficiency, or hypoxia program metabolic adaptations that
initially favour survival but are ultimately detrimental to
adult health. Interestingly, there exists in fact one crucial
commonality between these models with quite different
etiologies: in most of the cases, the altered maternal/fetal
metabolism appears to be associated with a diabetogenic
effect in the adult offspring either male or female, resulting in
a permanent deficiency of the endocrine pancreatic function
(F1). In females, the combination of a latent diabetogenic
tendency (low insulin response) and the metabolic stress
of pregnancy promotes gestational diabetes. F1 gestational
diabetes per se is an inducing factor for impaired glucose
tolerance and gestational diabetes again in the next female
generation (F2).

Finally, the relevant message is that programming of
the endocrine pancreas ultimately originates from hyper-
glycemia experienced during the fetal and/or early postna-
tal life, whatever the etiology of maternal hyperglycemia,
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primary (in F0 diabetic mothers) or secondary (in F1
diabetic mothers issued from F0 mothers exposed to under-
nutrition, UPI, or high glucocorticoid) (Figure 2).

5. Transgenerational Inheritance of
Beta-Cell Mass Programming

While a large number of animal studies have shown the
effects of undernutrition during foetal/perinatal develop-
ment on the glucose metabolism of offspring (F1) in adult-
hood, several studies have shown that glucose metabolism is
also altered in the offspring (F2) as well as grand offspring
(F3) of fetally malnourished F1 females, even when the F1
and F2 females have been well nourished since weaning [32,
128] (Figure 1, Table 1). With an aim to dissect the relative
parental contributions that lead to F2 offspring outcomes in
these models of maternal (F0) undernutrition, it was recently
reported that F1 males exhibit moderate hyperglycemia and
IGT with aging and impaired glucose-stimulated insulin
secretion and that all F2 offspring of F1 males or F1 females
develop glucose intolerance [99]. Therefore, intergenera-
tional progression of glucose intolerance can derive from
both the maternal and paternal lines. This is an experimental
proof that transgenerational transmission of IGT may also
occur through the paternal lineage, beside the more widely
accepted maternal and grandmaternal inheritance of diabetes
[94, 99, 128, 129].

Conceptually, transgenerational inheritance of disease
risk may be mediated by nongenomic mechanisms, includ-
ing either (1) epigenetic mechanisms [130–133] or (2)
other broader indirect mechanisms associated with parental
physiology [134]. First, alterations in nutrition during
development can alter epigenetic marks, thus regulating
gene expression through DNA methylation and/or histone
modifications. Interestingly, such epigenetic modifications
may progress with aging during postnatal life, in association
with metabolic phenotypes, as recently observed at the Pdx1
and GLUT4 loci in UPI rats [109, 135]. If these epigenetic
changes occur in the germ line, they can be inherited through
meiosis [136], thus providing a plausible explanation for
intergenerational effects, transmitted via either maternal or
paternal lines. In addition, other indirect biological processes
may influence phenotypes in subsequent generations. For
example, physical constraints may alter birth size through the
maternal lineage: since uterine size is reduced in girls that are
born small and remain short, this may influence fetal growth
and reduce weight in their progeny [134].

Furthermore, maternal metabolism may also influence
cross-generational phenotypes [32]. Maternal undernutri-
tion during pregnancy (F0) increases risk for developing
diabetes and obesity in her offspring (F1). When these
high-risk adult F1 females become pregnant, the metabolic
stress of pregnancy may result in hyperglycemia and/or
overt gestational diabetes that may, in turn, contribute
to defective beta-cell mass and increased diabetes risk in
F2 offspring [32]. By this mechanism gestational diabetes
may pass from one generation to the next one. In these
last examples, intergenerational transmission of phenotypes

would occur exclusively through the maternal lineage, as
opposed to the epigenetic mechanisms mentioned above.
Such a scenario is relevant to the GK/Par rat (Figure 3),
since the GK/Par mothers are mildly hyperglycemic through
their gestation and during the suckling period. It offers
a rationale to elucidate several clues: (1) the initiation
of pancreas programming in the F1 offspring of the first
founders (F0), since the GK line is issued from intercrosses
between Wistar females and males with borderline IGT but
otherwise normal basal blood glucose level [23]; (2) the
progression of the IGT phenotype until a stable mild diabetic
phenotype was reached among the generations n = 30 [23];
(3) the lack of attenuation of the diabetic GK phenotype
overtime (along more than 20 years and 80 generations),
since offspring of GK female/W male crosses were more
hyperglycemic than those of W female/GK male crosses
[89].

6. Epigenetic Mechanisms Mediating
the Diabetes Risk Associated with
Beta-Cell Mass Programming

Several lines of evidence indicate that epigenetic modifi-
cation may be a key unifying mechanism mediating risk
associated with a perturbed intrauterine environment. First,
disruption of physiologic responses and functional capacity
as observed in multiple tissues of IUED or IUGR animals
and humans, including muscle, adipose, pancreas, liver,
and CNS may be related to histone modification and
DNA methylation, thereby altering related gene expression
[133].

The preimplantation embryo is particularly sensitive to
epigenetic modifications that might permanently alter the
phenotype in the adult [105, 137]. For example, in the
agouti mouse model, folate supplementation of the maternal
diet at conception increases DNA methylation of the agouti
gene and increases longevity of the offspring [138]. Maternal
protein restriction has been shown to alter the methylation
status of the promoters of the glucocorticoid receptor [97],
PPARα [98], and the angiotensin receptor [139] with parallel
changes in gene expression. More recent studies have shown
that histone modifications can also be influenced by the early
environment. Alterations in histone modifications have also
been implicated in mediating the effect of caloric restriction
during the second half of pregnancy on the programmed
reduction of GLUT4 expression in the offspring [135]. In
the case of the UPI rat model and the pancreatic tissue,
Stoffers and colleagues have reported a progressive reduction
in expression of Pdx1, a key transcription factor regulating
pancreatic development and function [69]. Pdx1 expression
is reduced by 50% in UPI fetuses and by 80% in adult UPI
offspring. Notably, these changes precede the onset of beta-
cell dysfunction, suggesting a primary pathogenic role. Since
the Pdx1 promoter is a target for epigenetic modification, as
it contains a conserved CpG islands and is associated with
high levels of histone acetylation. Interestingly, binding of
both acetylated histone H3/H4 and the transcription factor
USF1 was found abolished in UPI fetuses [109]. While there
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Figure 3: Mechanisms for the installation and intergenerational transmission of programmed beta-cell mass (BCM) disruption in the
GK/Par rat model of type 2 diabetes. Maternal IGT/diabetes during gestation induces BCM programming in the first (F1) and the subsequent
rat generations. Metabolic modifications in the pups during the in utero and suckling periods are followed by the onset of pathological
conditions in adulthood (glucose intolerance and type 2 diabetes) and the transmission of programmed endocrine/metabolic capacities to
the next generation. W: Wistar strain.

was methylation at multiple CpGs in UPI adult offspring, no
methylation was detected in UPI neonates, indicating that
methylation was unlikely to explain Pdx1 repression early in
life. Together, these data indicate that progressive silencing
of gene expression is largely initiated by early epigenetic
changes and is maintained thereafter even in the absence of
further experimental insults during postnatal life. UPI also
increases histone acetylation of the PPARγ coactivator PGC-
1 and carnitine-palmitoyltransferase I (CPT1) promoters in
newborn and young rats, and these changes are associated
with increased PGC-1 and CPT1 mRNAs [101]. Finally,
there is now little doubt that epigenetic regulation of gene
expression also occurs in humans as a response to early
nutritional insult: a recent study has revealed that individuals
who were exposed to famine in utero during the Dutch
Hunger Winter had altered methylation of the Igf2 gene in
white blood cells in adulthood [140].

7. Implications for Public Health

Although the focus of most studies in the metabolic
programming field has been on delineating the effects of
reduced maternal nutrition, there is now a growing interest
in the role of maternal overnutrition in the programming of
diabetes risk. The worldwide prevalence of obesity continues
to increase, in association with an increase in the risk of
metabolic T2D. Indeed, a recent study estimated that the
number of people worldwide with diabetes would increase
from 171 million in 2000 to 366 million by 2030 if the
prevalence of obesity remained constant [141], which has
major implications for public health strategies worldwide
[142]. This global trend to increasing obesity is reflected
in the increasing numbers of women who are obese during
pregnancy [143]. Given that the offspring of obese mothers
have an increased risk of developing obesity and T2D
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themselves [144, 145], the potential impact of the intergener-
ational consequences of maternal obesity is of great concern
for public health policy makers.

Moreover, maternal hyperglycemia per se increases the
probability of adolescent obesity and future T2D. To what
extent maternal hyperglycemia is fuelling the global rise in
obesity and T2D is unknown, but its contribution is highly
significant. The exact degree of hyperglycemia that has this
effect and the exact timing in pregnancy that hyperglycemia
is impressionable on fetal programming is unknown. The
need to identify and treat all women with gestational
diabetes is very much dependent on us knowing this.
Meanwhile, achieving rigorous glycemic control in women
with diabetic pregnancy has to remain a major therapeutic
goal.

Several interventions (dietary or pharmacological) to
reduce the long-term sequelae of early-life programming
effects have been used in animal models. For example, the
administration of folic acid with a low-protein diet during
pregnancy prevents the altered phenotype and epigenotype
in rat offspring [97], and administration of a diet rich
in methyl donors prevents the transgenerational increase
in obesity in agouti yellow mice [146]. Importantly, the
timing of such interventions can be crucial. Examples include
neonatal leptin treatment which reverses the programming
effects of prenatal undernutrition [147]. In the UPI rat
model, epigenetic silencing of the Pdx1 gene can be reversed
during a critical developmental window in the neonatal
period, using trichostatin A which inhibit HDACs [109].
In the same model, exposure to exendin-4 in the neonatal
period reversed the detrimental fetal programming of the
beta-cell mass and prevented the development of diabetes
in adulthood: this was closely related to restoration of pdx1
expression and beta-cell proliferation rate [69]. A GLP-1
or exendin-4 treatment limited to the neonatal prediabetic
period was also shown to delay the installation and limit the
severity of T2D in the GK/Par model [88]. In such context,
it is important to note that GLP1-derived drugs that are cur-
rently used to treat patients with T2D may target chromatin
remodelling. Treating beta cells from the INS1 cell line or
dispersed mouse islet cells with GLP-1 increased global acety-
lation of histone H3 and increased its phosphorylation in a
concentration-dependent manner [148]. Such histone mod-
ifications increased association with the transcription factor
phospho-CREB and with cAMP-response CREB coactivator
2. Taken as a whole, these data may provoke optimism—that
there may be a window for potential postnatal therapeutic
interventions to prevent/modify the “programmed” diabetes
risk.
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The incidence of obesity and overweight has reached epidemic proportions in the developed world as well as in those countries
transitioning to first world economies, and this represents a major global health problem. Concern is rising over the rapid
increases in childhood obesity and metabolic disease that will translate into later adult obesity. Although an obesogenic nutritional
environment and increasingly sedentary lifestyle contribute to our risk of developing obesity, a growing body of evidence links
early life nutritional adversity to the development of long-term metabolic disorders. In particular, the increasing prevalence of
maternal obesity and excess maternal weight gain has been associated with a heightened risk of obesity development in offspring
in addition to an increased risk of pregnancy-related complications. The mechanisms that link maternal obesity to obesity in
offspring and the level of gene-environment interactions are not well understood, but the early life environment may represent a
critical window for which intervention strategies could be developed to curb the current obesity epidemic. This paper will discuss
the various animal models of maternal overnutrition and their importance in our understanding of the mechanisms underlying
altered obesity risk in offspring.

1. Background

The current epidemic of obesity and related metabolic
disorders has been seen as a symptom of affluence with the
primary cause relating to the development of an obesogenic
environment and ease of access to highly calorific foods and
reduced energy expenditure in work and leisure activities [1].
The metabolic syndrome is characterised by the clustering
of cardiovascular risk factors including diabetes, obesity,
hyperlipidaemia, and hypertension and is likely the result of
complex interactions between genes, dietary intake, physical
activity, and the environment. Within the cluster of risk
traits for the metabolic syndrome, insulin resistance and
visceral obesity have been recognized as the most important
causal factors [2]. A number of genes have been identified
that are associated with obesity and metabolic syndrome in
humans [1, 3], but the genetic component of this condition
cannot account for the marked increases in the prevalence
of obesity and metabolic syndrome in recent years. In this
context, the developmental origins of health and disease
(DOHaD) hypothesis has highlighted the link between the
periconceptual, fetal, and early infant phases of life and

subsequent development of adult obesity and the metabolic
syndrome [4–6].

The mechanisms underpinning the developmental pro-
gramming framework and the role of genetic versus environ-
mental factors remain speculative. One general thesis is that
in response to an adverse intrauterine environment the fetus
adapts its physiological development to maximize its imme-
diate chances for survival. These adaptations may include
resetting metabolic homeostasis set points, endocrine sys-
tems, and downregulating of growth, commonly manifest
in an altered birth phenotype. More recently the “predictive
adaptive response” (PARs) hypothesis proposes that the
degree of mismatch between the pre- and postnatal envi-
ronments is a major determinant of subsequent disease risk
[7, 8]. Thus, it is thought that whilst adaptive changes in fetal
physiology may be beneficial for short-term survival in utero,
they may be maladaptive in later life, contributing to adverse
health outcomes when offspring are exposed to catch-up
growth, diet-induced obesity, and other factors [8, 9].

Animal models have been extensively used to study
the basic physiological principles underlying the DOHaD
hypothesis and are essential to the search for the mechanistic
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Figure 1: Basic schematic outlining consequences of a maternal obesogenic environment on the health and well-being of offspring. These
effects can be modified by the timing and duration of exposure to the obesogenic environment as well as gender and composition of the HF
diet (e.g., fat source). Programming effects can be further exacerbated in the presence of a suboptimal postweaning nutritional environment.

links between prenatal and postnatal influences and risk
for developing the metabolic syndrome in later life. Epi-
demiological data suggest that developmental programming
occurs within the normal range of birth size [10, 11],
but most early experimental work has focused on fetal
growth restriction in the assumption that insults impairing
fetal growth are likely to be those triggering developmental
programming. However, over recent years there has been an
increasing focus on developing models of maternal obesity.
Obesity in pregnancy and gestational diabetes represent a
special problem, not only as a result of their immediate
adverse effects on maternal health and pregnancy outcome,
but also because of growing evidence for their persistent
and deleterious effects on the developing offspring [12].
However, in obese women, it is difficult to discern between
genetic and environmental contributions in offspring disease
risk. Several obesogenic animal models, primarily performed
in the rodent, show a relatively common phenotype of
metabolic disorders in offspring, but the magnitude of effects
differs with the timing of the nutritional challenge and diet
composition [13]. A recent systematic review by Ainge et al.
showed that although a maternal HF diet was associated with
a real risk of type 2 diabetes and obesity in male offspring,

inconsistencies between the studies limited an examination
of the mechanisms underlying phenotype development [14].
This paper will provide a current summary of animal models
of maternal obesity including model species, nature and
timing of dietary manipulations, phenotypic outcomes in
offspring, possible mechanisms, and the potential role of
epigenetics.

2. Animal Models of Maternal Obesity

2.1. Rodent Models. The rodent is the most commonly used
model species for investigation of developmental program-
ming via a maternal obesogenic nutritional environment.
A maternal cafeteria or high-fat (HF) diet has been shown
to induce obesity, insulin and leptin resistance [15–17],
hypertension [18–21], fatty pancreas disease [22], hepatic
steatosis, and nonalcoholic fatty liver disease in offspring
[23–26] (Figure 1). It has also been reported that maternal
adiposity, and not dietary fat per se, induces hyperleptinemia
and insulin resistance in offspring, as well as an increased
body weight that persists into adulthood [27]. Even mild
maternal overnutrition has been shown to induce increased
adiposity, glucose intolerance, and altered brain appetite
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regulators in offspring [28]. Our own previous work has
shown that a moderate maternal HF diet results in significant
obesity and hyperinsulinemia in male and female offspring,
independent of the level of preconceptional obesity [29]
(Figure 2).

In general, two main approaches have been utilised,
a high-fat and/or high-sugar purified diet approach or a
“cafeteria diet” designed to mimic a complex western style
diet [17, 30, 31]. Both approaches have been extensively
utilised over recent years and have provided important
insights into disease development, particularly in relation
to the development of the metabolic syndrome. There has
been some recent debate as to which dietary approach
is more closely aligned to the human setting. A purified
HF diet normally utilises a modification of a single fat
source, for example, lard, in order to induce excess weight
gain. Use of these purified “open source” diets has the
benefit for targeted mechanistic studies in that manipulation
of a single dietary component can be easily undertaken
but has the downside that rodents are able to regulate
total caloric intake when fed a standard HF diet [32, 33].
A cafeteria diet, a mix of foods typified in the human
setting such as highly processed snack food, mimics a
more western style diet. However, interpretation of specific
macronutrient effects is very difficult due to the widely
varied macronutrient sources across the added foods and
the dietary interaction across the varied fat, protein, and
carbohydrate backgrounds. Further, there is some evidence
that specific components utilised in the cafeteria diet may
have deleterious effects such as those related to dairy intake
in the rodent [34, 35] and oxidative stress [36]. Recent
work by Sampey et al. investigated the obesogenic and
inflammatory consequences of a cafeteria diet compared to
a lard-based 45% (of calories) HF diet in the rodent. Both
diets resulted in increased adiposity and hepatosteatosis but
cafeteria-fed rats displayed increased inflammation in white
fat, brown fat, and liver compared to HF and control groups
[37]. Interestingly, the review by Ainge et al. showed that
a maternal HF diet did confer an enhanced risk for T2DM
and obesity; however, poor glycaemic control across the
multiple studies examined appeared to be independent of
maternal obesity, birth weight, and level of postweaning diet
[14].

2.2. Sheep Models. Sheep models are less studied than the
rodent, but there is strong evidence from ovine models
that maternal obesity predisposes to altered growth and
metabolic sequelae in offspring, data that closely parallels
that observed in the small animal models. In a study by
Zhang et al., an ovine model of maternal obesity was utilised
in which ewes were overfed in order to induce obesity
at conception and throughout gestation. At mid-gestation,
fetuses from obese ewes were macrosomic, hyperglycemic,
and hyperinsulinemic and exhibited markedly increased
pancreatic weight and β-cell numbers compared with fetuses
of ewes fed to requirements. These data also demonstrated
differential impacts of maternal obesity on fetal pancreatic
growth and β-cell numbers during early and late gestation.
During the first half of gestation there was a marked increase
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Figure 2: Total body fat mass (%) as quantified by dual energy X-
ray absorptiometry (DEXA) in adult (day 150) male and female
rat offspring of HF-fed mothers. CON = offspring of control
pregnancies, MHF = offspring of mothers fed an HF diet from
weaning and throughout pregnancy and lactation, PLHF mothers
fed a control diet until conception, and an HF diet throughout
pregnancy and lactation. Note that a preconceptional HF diet did
not confer an altered risk for obesity development over that of HF
exposure during pregnancy and lactation alone. Data are means ±
SEM, n = 10-11 per group, ∗P < 0.05 versus CON. Modified from
Howie et al. [29].

in pancreatic growth, β-cell proliferation, and insulin secre-
tion, followed by a reduction in pancreatic growth and β-cell
numbers in late gestation, resulting in reduced circulating
insulin at term [38].

Maternal obesity and increased nutrient intake before
and during gestation in the ewe is known to result in
altered growth, adiposity, and glucose tolerance in adult
offspring [39]. As with the rodent studies, different levels
of overnutrition and weight gain during pregnancy have
differential effects on fetal growth and organ development
[40]. Maternal overnutrition in late pregnancy results in an
upregulation of PPARγ-activated genes in fetal visceral fat
and a subsequent increase in the mass of subcutaneous fat
in the postnatal lamb. Exposure to maternal overnutrition
during the periconceptional period alone, however, was
shown to result in an increase in total body fat mass only in
female lambs with a dominant effect on visceral fat depots.
Therefore, it was proposed that the early programming of
later obesity may result from “two hits”, the first occurring
as a result of maternal overnutrition during the pericon-
ceptional period and the second occurring as a result of
increased fetal nutrition in late pregnancy [40].

In contrast to the rodent literature, where maternal
obesity has been shown to result in an amplified and
prolonged neonatal leptin surge [41], data in the sheep has
shown that maternal obesity eliminates the neonatal lamb
plasma leptin peak [39]. These differences may be explained
via the relative immaturity of the rat at birth compared to the
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lamb, with the newborn lamb being born at a more advanced
level of maturity equivalent to humans [39].

2.3. Nonhuman Primate. The extensive body of evidence in
small animal models and those undertaken in the sheep
linking a maternal HF diet to disease risk has been supported
by studies, albeit limited, in the nonhuman primate. One
of the earliest, in the baboon, showed that overfeeding in
the preweaning period permanently increased adiposity in
offspring through fat cell hypertrophy, a gender-dependent
effect in the females only [42]. Maternal HF diet triggers lipo-
toxicity in the fetal liver of macaques [43] and predisposes
the offspring to develop nonalcoholic fatty liver disease in
adulthood. This aligns closely with work in the rodent where
a maternal high-fat diet has been shown to lead to “devel-
opmental priming” of hepatic steatosis in offspring [24].
Data by Farley and colleagues demonstrated that for normal
weight offspring of obese baboons, placental, and fetal
phenotypes were consistent with those described for large-
for-gestational age human fetuses [44]. Recent work in the
macaque by Grayson et al. showed that offspring of mothers
fed an HF diet preconceptionally and throughout pregnancy
had smaller body weights in the early third trimester but
displayed catch-up growth and increased adiposity in the
postnatal period—the offspring also developed early-onset
excess weight gain independent of postnatal diet [45]. A
primary finding of this work was the effect of a maternal
HF diet on the offspring’s melanocortin system. Third-
trimester fetuses from mothers on HF showed increases
in proopiomelanocortin mRNA expression, whereas agouti-
related protein mRNA and peptide levels were decreased in
comparison with control fetuses. In this study, a subgroup
of adult HF animals was switched to a control diet during
pregnancy (diet reversal). Although at the time of concep-
tion the diet reversal animals remained significantly obese
and insulin resistant compared to controls, the offspring
displayed normal melanocortin levels. These data suggest
that chronic consumption of an HF diet during pregnancy,
independent of maternal obesity and diabetes, can lead to
widespread activation of proinflammatory cytokines that
may alter the development of the melanocortin system. This
aligns with the work in the rat by Howie et al., whereby
preconceptional maternal obesity did not impact on obesity
in offspring above that induced by an HF diet during
pregnancy and lactation alone [29]. It has also recently
been shown that chronic consumption of an HF diet during
pregnancy causes perturbations in the serotonergic system
and increased anxiety-like behavior in nonhuman primate
offspring [46].

In the Japanese macaque, consumption of an HF diet,
independent of maternal obesity, increased placental inflam-
matory cytokines and the expression of Toll-like receptor 4
[47]. HF diet consumption also reduced volume blood flow
on the fetal side of the placenta and significantly increased
the frequency of both placental infarctions and stillbirth.
These results suggest that an HF diet, independent of
obesity, decreases uterine volume blood flow with maternal
obesity and insulin resistance further exacerbating placental
dysfunction and resulting in an increased frequency of still-

birth [47]. This aligns with the rodent data whereby a ma-
ternal HF diet has been shown to result in reduced fetal and
placental junctional zone weights [48].

3. Mechanisms

The mechanisms underpinning maternal obesity and pro-
gramming of obesity risk in offspring are not well defined.
Limited data to date highlight the role of altered leptin
production and regulation and changes in the hypothalamic
regulation of key genes involved in appetite control and
energy balance. There is also evidence of altered skeletal
muscle metabolism and maternal HF diet-induced effects on
placental structure and function.

3.1. Leptin and the Regulation of Energy Balance. One of the
most studied and consistent observations is hyperphagia and
altered energy intake [49]. Early data suggested a change
in food preference with maternal HF offspring displaying a
preference for junk food over chow [50] and more recent
studies demonstrate hyperphagia in chow-fed offspring of
obese mothers [41, 51]. Programmed resistance to the
adipokine leptin is as a prime candidate for the mechanism
predisposing towards an altered energy balance. The leptin
surge has been well characterised in the rodent; it appears to
be neonatal in origin and is associated with an upregulation
in leptin mRNA expression in adipose tissue over the same
time course [41, 52]. Maternal obesity has been shown to
result in an amplified and prolonged leptin surge in neonatal
rat offspring [41]. In the rat, the leptin surge is seen as
a consequence of elevated maternal serum leptin during
the early postnatal period leading to elevated milk leptin
concentrations and hyperleptinemia in suckling offspring.
However, there are some inconsistencies across studies—
milk from HF dams has been shown to have significantly
higher fat content compared to controls associated with
increased insulin but not leptin concentrations [53]. It must
be noted, however, that although the leptin surge in the
rodent has been well described, the precise timing and
characteristics of the neonatal leptin peak have not been well
defined in offspring of either normal or obese mothers in any
precocial species. Further studies have described lactational
failure and increased neonatal mortality in offspring of HF
fed mothers [54]. It has also recently been reported that
obese mothers spend significantly more time nursing their
young which could manifest as programming changes in the
HPA via altered maternal care as described by Meaney and
colleagues [55, 56].

3.2. Hypothalamic Reprogramming. Despite the increasing
evidence for a neurotropic role of leptin in the rodent, the
potential role in humans and the timing of the possible leptin
surge is less defined. Kirk et al. have shown that maternal
diet-induced obesity permanently influences central pro-
cesses regulating food intake in offspring via programming of
leptin resistance and altered hypothalamic functions involv-
ing the arcuate nucleus and paraventricular nucleus. Further,
intrauterine and early postnatal overnutrition programmes
hypothalamic neurons expressing the appetite stimulator
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neuropeptide Y (NPY) and suppressor proopiomelanocortin
(POMC) in offspring at weaning [15]. However, the long-
term effects of such programming and its interactions with
postweaning HF diet consumption remain unclear. Several
studies have highlighted alterations in peroxisome prolifera-
tor activated receptor (PPAR) gene expression in offspring of
obese mothers, which may contribute to the disturbed lipid
homeostasis. HF offspring have decreased hepatic PPARγ
expression compared with controls and reduced hepatic
PPARα expression which negatively correlated with serum
triglyceride levels [57].

3.3. Skeletal Muscle and Locomotor Activity. Work by Simar
et al. in the adult rat revealed an interaction between
maternal obesity and postnatal overnutrition on skeletal
muscle metabolism, a postweaning HF diet exerted an
additive effect to that of maternal obesity on body weight
and skeletal muscle markers of glucose and lipid metabolism
but not on plasma glucose and insulin levels, suggesting that
maternal obesity and postnatal overnutrition impair skeletal
muscle function via different mechanisms [58]. Reduced
muscle mass has also been reported in 3- and 6-month-
old male and female offspring from obese mice [31] and
reduced muscle force in offspring of mothers fed a junk food
diet [59]. Work in the sheep matches closely that reported
for the rat; lambs born to obese mothers have impaired
insulin signalling in muscle compared with control lambs
which correlated with increased intramuscular triglycerides
and higher expression of fatty acid transporters and PPAR-γ
[60].

Although several studies have examined changes in
locomotor activity in the setting of maternal undernutrition
[61–63], data on energy expenditure and physical activity
in models of maternal obesity have yet to be undertaken
despite the numerous studies that have observed differences
in muscle development in offspring of obese mothers.

3.4. Placental Function. Altered placental function in the
setting of maternal obesity has also been the focus of several
investigations. Our group and others have reported altered
placental structure and function as a result of a maternal
HF diet across a range of experimental models. In the
pregnant rat, a maternal HF diet has been shown to reduce
growth of the fetus and the placental junctional zone, but
not placental labyrinth zone growth [48]. In the pregnant
sheep, maternal obesity markedly increases placental fatty
acid transporter expression and inflammatory signalling
pathways and enhances cytokine expression in mid-gestation
[57]. Similarly, maternal obesity in the baboon is associated
with a maternal inflammatory state and induces structural
and functional changes in the placenta [44].

3.5. Interventions. Until relatively recently, developmental
programming was seen as an irreversible change in devel-
opmental trajectory. Outside of the early taurine reversal
work in the setting of the maternal low protein model
[64], there is a paucity of data on intervention strate-
gies whether it be nutritional or targeted pharmacologic
approaches. It has recently been shown that interventions

with leptin, folic acid, and exendin-4 in the early phases
of developmental plasticity can ameliorate or reverse some
of the effects associated with developmental programming
[65–67]. However, these agents were examined in the
context of maternal nutritional deprivation and have not
been studied in the setting of maternal overnutrition,
despite the commonality of offspring phenotypes across the
disparate nutritional models. Similarly, exercise has been
shown to have beneficial effects in obesity-prone offspring
of undernourished mothers [62, 68], but no studies to date
have examined exercise interventions in offspring of HF-fed
mothers.

There is evidence for a role of diet reversal in ame-
liorating the effects of maternal obesity on offspring out-
come. In the nonhuman primate, diet reversal from an
HF to control diet during pregnancy led to normalisation
of the melanocortin levels, improvements in fetal hepatic
triglycerides, and partial normalization of the expression
of gluconeogenic enzymes. These results suggested that
simply changing to a normal low-fat diet, specifically during
pregnancy, can lower, but not eliminate, the risk for fetal
hepatic steatosis [43]. Similar results have been shown in the
rat whereby dietary intervention prior to pregnancy reversed
metabolic programming in male offspring of obese rats [69].

4. Role of Epigenetics
Epigenetic processes lead to heritable changes in gene func-
tion by altering DNA chemistry independent of sequence and
may be responsible for tissue-specific gene expression during
differentiation. Epigenetic modifications may be one mech-
anism by which exposure to an altered intrauterine milieu
or metabolic perturbation may influence the phenotype of
the organism much later in life [70]. However, how the four
epigenetic modalities—DNA methylation, non-coding RNA,
transcription factors, and histone modifications—contribute
to epigenetic memory and how epigenomic changes may
mediate the altered control of fetal gene expression as a
consequence of maternal obesity are not well characterised.

Experimental data in rodents and recent observations in
humans suggest that epigenetic changes in regulatory and
growth-related genes play a significant role in mediating the
pathophysiological phenotypes derived from developmental
programming [71, 72]. Histone modifications in conjunc-
tion with DNA methylation regulate chromatin structure
and gene expression. However, it is still debated where
early life and/or environmental factors can influence the
“histone” code in a manner similar to their influence on DNA
methylation [73].

Adversity during pregnancy or early neonatal life in
experimental programming models results in changes in
promoter methylation, therefore, directly or indirectly, affect
gene expression in pathways associated with a range of phys-
iologic processes [74]. For example, in the rat, altered pro-
moter methylation and downstream changes in gene expres-
sion have been shown for the hepatic glucocorticoid receptor
(GR) and PPAR-α [66, 75], influencing carbohydrate and
lipid metabolism. The phenotypic effects of epigenetic mod-
ifications during development may not manifest until later
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in life, especially if they affect genes modulating responses
to later environmental challenges, such as dietary challenges
with an HF diet. The timing of the developmental windows
and the induction of epigenetic changes in key physiologic
systems is not well characterised, but it appears to extend
from the periconceptional period [76] into postnatal life [77,
78]. Many of the genes regulated by epigenetic change do not
appear to be classically imprinted (expressed according to the
parental origin of the allele), although some imprinted genes
may show altered expression after perturbations during
early development, such as if blastocyst culture in vitro is
prolonged [79].

It has been shown that the promoter in the leptin
gene is subject to epigenetic programming, and leptin gene
expression can be modulated by DNA methylation [80–82].
Recent studies report that impaired glucose tolerance during
pregnancy is associated with adaptations in leptin gene DNA
methylation although the functional significance of these
changes is not yet clear [83]. Yokomori et al. demonstrated
that methylation of specific CpG sites and a methylation-
sensitive protein could contribute to changes in leptin gene
expression during adipocyte differentiation in 3T3-L1 cells
[84]. In addition, differential DNA methylation was observed
in promoters of genes involved in glucose metabolism
including GLUT4 [85] and uncoupling protein (UCP)-2
[86], both major contributors to the development of T2DM.

Developmental epigenetics is believed to establish “adap-
tive phenotypes” to meet the demands of the later-life envi-
ronment [73, 87]. Implicit in this concept is an important
process of causality on the cellular level, regulating growth
and tissue differentiation and involving chemical changes
to the DNA or associated proteins. Once the mechanistic
basis of the disease is understood, epigenetic processes
are potentially reversible and intervention and strategies
aimed at reversal could be devised and implemented. A
recent study suggested that a substantial component of
metabolic disease risk has a prenatal developmental basis
and that perinatal epigenetic analysis may have utility in
identifying individual vulnerability to later obesity and
metabolic disease [88]. In this study, they reported a link
between gene promoter methylation of retinoid x-receptor
alpha (RXRA) in umbilical cord tissue and later risk of
childhood adiposity.

5. Paternal Transmission

There is now evidence supporting a role for paternal trans-
mission of disease risk across generations. Ng et al. recently
reported that a paternal high-fat diet can program β-cell
“dysfunction” in rat F1 female offspring. Paternal HF diet
altered the expression of 642 pancreatic islet genes in adult
female offspring including functional gene clusters related
to cation and ATP binding, cytoskeleton, and intracellular
transport. Broader pathway analysis demonstrated involve-
ment of calcium-, MAPK-, and Wnt-signalling pathways,
apoptosis, and cell cycle regulation. Hypomethylation of
the Il13ra2 gene, which showed the highest fold difference
in expression, was demonstrated. This work provided the

first evidence in mammals of nongenetic, intergenerational
transmission of metabolic sequelae of an HFD from father
to offspring [89]. Yazbek et al. also provided evidence for
paternal transgenerational genetic effects on body weight and
food intake. Utilising the obesity-resistant 6C2d congenic
strain, which carries the Obrq2aA/J allele on an otherwise
C57BL/6J background, obesity-resistant and hypophagic
phenotypes were transmitted through the paternal lineage
but not the maternal lineage with equal strength for at least
two generations [90]. Of note, a recent study has shown that
a maternal HF diet has effects on third-generation female
body size via the paternal lineage [91] which supports a stable
germline-based transgenerational mode of inheritance. The
extent of the contribution of obese fathers on offspring phe-
notype development is now an increasing area of research,
particularly as regards the role of nongenetic factors in the
causal pathway.

6. Summary

Animal studies across a range of species and varied
obesogenic diets have provided clear evidence linking
maternal obesity and increased risk for obesity in off-
spring and are invaluable tools in the investigation of
mechanisms underpinning this linkage. Given the cur-
rent obesity epidemic and the increasing number of
obese women entering pregnancy, there is an urgent need
for interventional strategies that target developmentally
programmed obesity. The evidence available on short-
and long-term health impact for mother and child cur-
rently favours actions directed at controlling prepregnancy
weight and preventing obesity in females of reproductive
ages [92] although more trials are needed to evaluate
the effects of nutritional and behavioural interventions in
pregnancy outcomes. Moreover, suggestions that maternal
obesity may transfer obesity risk to child through non-
Mendelian (e.g., epigenetic) mechanisms require more long-
term investigation. Of note, evidence for the programming
of obesity and several other features of the metabolic
syndrome have been observed under both nutrient restric-
tion (caloric, protein, iron) and overnutrition studies, possi-
bly suggestive of a commonality of mechanism. The perinatal
environment provides a potential therapeutic target, and
focusing on this specific developmental stage may translate
into improved interventional strategies to stem the growing
epidemic of obesity. Failure to recognize that maternal
diet and maternal obesity play a critical role in develop-
mental programming of adult disease may ultimately accel-
erate the obesity epidemic through successive generations,
independent of further genetic or environmental factors.
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We systematically reviewed research examining the association between gestational diabetes (GDM) and childhood overweight
and obesity. We identified studies from three sources: (1) a PubMed search of articles published between January 1990–January
2011, (2) reference lists of publications from the PubMed search, and (3) reference lists of review articles. We included studies
that examined GDM separately from pregestational diabetes and childhood overweight or obesity defined as BMI > 85th or 95th
percentile. A total of 12 studies were included in the systematic review. Crude odds ratios for the relationship between GDM and
childhood overweight or obesity ranged from 0.7 to 6.3; in 8 studies, the associations were not statistically significant. In only
3 studies were results adjusted for any confounders; in the 2 that adjusted for prepregnancy obesity, the GDM and childhood
overweight or obesity associations were attenuated and not statistically significant after adjustment. This paper demonstrates
inconsistent evidence of an association between GDM and offspring overweight and obesity due to the methodological limitations
of existing studies. Recommendations for future research are presented, which address methodological challenges.

1. Introduction

Approximately 4–6% of pregnancies in the United States are
complicated by diabetes mellitus (DM), making it one of the
most common serious medical complications of pregnancy
[1–5]. The majority of cases (>80%) are diagnosed for
the first time during pregnancy (gestational DM); the
remaining cases are pregestational DM (type 1 or type 2)
[2]. Furthermore, the prevalence of diabetes in pregnancy is
increasing in the United States, concurrent with the rising
prevalence of obesity and type 2 diabetes in the general
population; this increase is not explained by changes in the
prevalence of other known maternal risk factors, such as
advanced maternal age [6–8].

It is commonly stated that intrauterine exposure to
maternal diabetes places offspring at increased risk for long-
term adverse outcomes including overweight and obesity. In
addition, it has been suggested that infants of women with
diabetes should be specifically targeted for obesity prevention
interventions. This suggestion raises several issues. Maternal
obesity is also a risk factor for offspring overweight and

obesity, is associated with maternal diabetes, and is a more
prevalent condition than either gestational or pregestational
DM [9–12]. It is unclear, therefore, whether it would be most
effective to target infants of women with diabetes specifically,
or all infants of women with prepregnancy obesity. Second,
studies commonly cited as providing support for a causal
association between maternal gestational DM and offspring
overweight and obesity, including those conducted among
Pima Indian women, have design limitations including
combining pregestational and gestational DM into one
exposure group, examination of exposed individuals only
without a nondiabetic control group, and failure to control
for important potential confounders [13–15].

In this study, we systematically reviewed studies exam-
ining the association between gestational DM and child-
hood overweight and obesity. We focused on gestational
DM because it is the most prevalent form of diabetes in
pregnancy. We summarized findings and addressed method-
ological limitations of previously published studies. We did
not calculate a combined single estimate of the findings
due to the heterogeneity of methodology and rigor among
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the studies. Finally, we provided recommendations regarding
approaches for future studies.

2. Materials and Methods

2.1. Search Process. We used recommendations from the
Meta-analysis of Observational Studies in Epidemiology
(MOOSE) guidelines to identify studies for possible inclu-
sion in this analysis [16]. We first searched PubMed
records for the period January 1990–January 2011 using
the following search terms for childhood overweight/obesity:
(Pregn∗) AND (GDM OR gestational diabetes OR diabetes
OR glucose) AND (Overweight or obes∗ or BMI or body
mass index or weight gain) AND (child∗ OR adolescen∗ OR
offspring OR long term OR fetal program∗ OR imprint∗).
From this search, the full text was retrieved for papers
in which the abstracts mentioned a relationship between
maternal gestational DM and childhood overweight and
obesity. Studies that did not have full text in English were
translated for review.

Next, we manually reviewed the reference lists of the
publications retrieved and obtained the entire text of publi-
cations that potentially could be included in the systematic
review. Finally, we searched the reference lists of review
articles on gestational DM and childhood overweight and
obesity published in the last five years from January 2006 to
January 2011 for additional potential publications. We did
not attempt to locate any unpublished studies.

Studies that were considered potentially eligible were
then reviewed for inclusion in the analysis based on the
following criteria.

(1) Data were reported from a cohort with a nondiabetic
exposure group or from a case-control study, and not
from a case series.

(2) Cases of gestational DM were not combined with
cases of pregestational DM. We did not exclude
studies based on criteria for defining gestational DM.

(3) An association was reported (negative, positive, or
null) for childhood (ages 2–18 years) overweight
and/or obesity using a BMI-for-age-and-sex of >85 or
>95th percentile. We did not exclude studies based on
the authors’ reference population for child growth.
However, we did exclude studies that examined BMI
only as a continuous variable.

(4) The manuscript was written in English or in a
language that could be translated with resources
available at CDC.

(5) For studies with offspring outcome assessment at
multiple ages, findings from data for longest duration
of followup were used. When multiple articles from
the same study population met the study criteria, we
included only the publication with the most recent
data available.

2.2. Data Abstraction. All articles were read and reviewed
by two authors (S. Y. Kim and T. Njoroge). The authors
abstracted the design, setting, location, and time period; the

number and characteristics of study participants; the ges-
tational DM diagnosis criteria; the source(s) for childhood
obesity (e.g., medical records and clinical databases), and the
statistical methods.

2.3. Statistical Methods. For each study, we constructed sep-
arate two-by-two tables to calculate unadjusted odds ratios
(ORs) and 95% confidence intervals (CIs) of gestational DM
and each childhood weight outcome analyzed by the study’s
authors. If a study presented only prevalence estimates, we
contacted the author to request the actual sample size for the
percentages. We also presented the adjusted odds ratios when
available.

3. Results

Childhood Obesity. We identified 1362 potentially relevant
studies by searching PubMed; of these, 144 abstracts reported
a finding on the relationship between maternal gestational
DM and childhood obesity and the full texts of these articles
were retrieved for detailed examination (Figure 1). We also
reviewed the reference lists of all 144 studies, and identified
an additional 48 studies for possible inclusion. After review
of these 192 articles, 140 were excluded, either because they
did not report the results of a cohort or case-control study or
because they clearly did not address an association between
maternal gestational DM and childhood obesity; thus, 52
studies were considered further for inclusion. Of these, 37
studies were excluded because gestational and pregestational
DM were combined, there was no nondiabetic control group,
or BMI was not presented as 85th or 95th percentile or it
was presented only as a continuous variable. An additional
3 studies were excluded because later papers reported results
on the same study population. A total of 12 studies met the
inclusion criteria [17–28].

Six of the studies were conducted in the United States,
and one each was conducted in Germany, Brazil, the
United Kingdom, Hong Kong, Finland, or Poland (Table 1).
We translated one study and contacted three authors. No
studies were excluded because of lack of language translation
resources. Sources of information on maternal gestational
DM diagnosis included maternal self-report, clinical records,
or blood glucose measurements. Information used to deter-
mine childhood obesity was obtained from parental report,
anthropometric measurements obtained as part of a study
protocol, hospital records, or clinical databases.

The crude odds ratios for the relationship between
gestational DM and childhood overweight or obesity ranged
from 0.7 to 6.3 (Figure 2(a)). When the studies were ordered
from offspring overweight to obesity, the magnitude of
the association did not increase with increasing levels of
offspring BMI. If we exclude the lower and upper values,
the OR ranges from 1.0 to 2.5. Eight of the twelve studies
had significant findings in the crude analysis. In the three
of the twelve studies (two of which were among the eight
with a significant finding), the authors adjusted for potential
confounders when examining the association between gesta-
tional DM and childhood obesity compared to a nondiabetic
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1362 potentially relevant
articles identified from

PubMed search

1218 excluded based on
review of abstracts

144 full-text manuscripts
retrieved for detailed

evaluation

48 additional manuscripts
identified from review of
references of full-text
manuscripts or review
papers retrieved detailed
evaluation

192 articles excluded based on detailed examination:
59 review papers
81 no data on relation between GDM

and childhood obesity
37 GDM and pregestational diabetes were

combined, no nondiabetic control group, or
BMI presented as a continuous variable

3 same study population as included study

12 studies included in
systematic review

Figure 1: Flow diagram showing the number of studies included in and excluded from the systematic review for childhood obesity.

control group (Figure 2(b)). In the first of the three studies,
Gillman and colleagues reported a crude odds ratio (OR)
of 1.2 (0.9–1.5) and 1.4 (1.1–2.0) for adolescent weight at
85th–95th percentile and >95th percentile, respectively at
age 9–14 years old among the offspring of mothers with
gestational DM versus no diabetes [19]. These estimates
did not change after adjustment for level of child’s physical
activity, hours per week watching television, and energy
intake. However, adjustment for maternal prepregnancy BMI
attenuated the associations for both weight at 85th–95th
percentile (AOR = 1.0, 95% CI 0.7–1.3) and at >95th
percentile (AOR = 1.2, 95% CI 0.8–1.7), and results were
no longer significant. In the second study, Lawlor and
colleagues reported a crude OR of 1.5 (0.8, 2.9) for weight
>85th percentile at age 9–11 years among offspring of
mothers with gestational DM, but this positive finding was
reversed after adjustment for prepregnancy BMI (AOR =
0.62, 95% CI 0.3, 1.23) [26]. However, the finding was
not significant either before or after the adjustment. In the
third study, by Hillier and colleagues, the authors compared
treated and nontreated women with gestational DM each
to women with no diabetes [20]. They did not adjust for
prepregnancy BMI but did adjust for maternal age, parity,
gestational weight gain, ethnicity, macrosomia, and sex of
child. They reported an adjusted OR of 1.9 (1.3, 2.8) for
child’s weight >85th percentile and 1.8 (1.1, 2.9) for child’s
weight >95th percentile at age 5–7 years among offspring
of mothers likely not treated for gestational DM (those who
met criteria for gestational DM using Carpenter and Coustan
criteria only and did not meet the National Diabetes Data
Group (NDDG) criteria) compared to offspring of women
with no diabetes. They found no significant associations

between gestational diabetes and childhood weight >85th
percentile (adjusted OR = 1.3 (0.8, 1.9) or for child’s weight
>95th percentile (adjusted OR = 1.38 (0.8, 2.3)) in women
likely treated for gestational DM (those who met criteria
for gestational DM using the NDDG criteria). In addition,
the authors observed a dose-response relationship between
maternal glucose concentration in quartiles among women
with no diabetes and risk of childhood overweight and
obesity, suggesting that elevated maternal blood glucose does
affect risk of overweight and obesity in offspring, and that
this risk may be reduced with treatment of gestational DM
during pregnancy.

In one of the 12 studies, Boerschmann and colleagues
did not adjust for any confounders; however, the authors did
present results stratified by maternal BMI among offspring
of women with gestational DM. They found that among off-
spring of women with gestational DM, there was an increase
in offspring BMI percentile ≥90 as maternal BMI increased.
This increase further supports the strength of maternal BMI
[27]. None of the 12 studies included information on genetic
factors.

4. Discussion

To our knowledge, ours is the first study to systematically
review all published case-control and cohort studies specifi-
cally examining the association between maternal gestational
DM and the prevalence of offspring overweight and obesity.
We excluded many studies from our review because of
methodological limitations, including the use of an exposure
group combining pregestational and gestational DM, and
the lack of a nondiabetic control group. We found that
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185 85–95

64 ≥85

164 ≥85

315 ≥85

109 >85

0.1 1 10 100

Undefinedb

Author (year) N

14,881 85–95

73 >85

7,782 >85

7,782 >85

6,584 >85

745 > 85

222 ≥90

1,086 ≥95

185 >95

7,782 >95

7,782 >95

14,881 >95

73 >95

Gillman et al., (2003)

Wroblewska-Seniuk et al., (2009)

Malee et al., (2002)

Tam et al., (2009)

Whitaker et al., (1998)

Boney et al., (2005)

Buzinaro et al., (2008)

Lawlor et al., (2010)

Pirkola et al., (2010)

Boerschmann et al., (2010)

Wright et al., (2009)

Buzinaro et al., (2008)b

Gillman et al., (2003)

Wroblewska-Seniuk et al., (2009)

Hillier et al., (C and C; 2007)a

Hillier et al., (C and C; 2007)a

Hillier et al., (NDDG; 2007)a

BMI percentile
Offspring

Hillier et al., (NDDG; 2007)a

(a)

BMI percentile
Offspring

Author (year) N

14,881 85–95

7,782 >85

7,782 >85

6,584 >85

>95

>95

>95

0.1 1 10

14,881

7,782

7,782

Gillman et al., (2003)a

Gillman et al., (2003)a

Lawlor et al., (2010)c

Hillier et al., (C and C; 2007)b,d

Hillier et al., (C and C; 2007)b,d

Hillier et al., (NDDG; 2007)b,d

Hillier et al., (NDDG; 2007)b,d

(b)

Figure 2: (a) Association of GDM and childhood overweight or obesity, unadjusted odds ratio, and 95% confidence interval.
aAt the time this analysis was conducted, Kaiser Permanente used the NDDG criteria to diagnose and treat GDM. However, in the analysis,
they calculated GDM using both criteria. Therefore, those meeting the NDDG criteria in this analysis were likely treated with diet or
diet/insulin, but those meeting only the Carter and Coustan criteria were likely to not be treated. bUndefined because odds ratio could not
be calculated with a zero cell. (b) Association of GDM and childhood overweight or obesity compared to a nondiabetic control group among
studies that adjusted for any confounders, adjusted odds ratios, and 95% confidence intervals. aAdjusted for maternal BMI and child’s age,
gender, Tanner stage, TV watching, physical activity, energy intake, birth weight, breastfeeding duration, birth order, and mom’s household
income, mother’s smoking, dietary restraint, weight cycling, weight concerns, and mother’s current BMI. bAdjusted for maternal age, parity,
weight gain during pregnancy, ethnicity, macrosomia at birth, and sex of child. cAdjusted for maternal prepregnancy BMI and sex, age at
outcome, height, height squared, maternal age, social class, parity, smoking during pregnancy, mode of delivery, and maternal prepregnancy
BMI. dAt the time this analysis was conducted, Kaiser Permanente used the NDDG criteria to diagnose and treat GDM. However, in the
analysis, they calculated GDM using both criteria. Therefore, those meeting the NDDG criteria in this analysis were likely treated with diet
or diet/insulin, but those meeting only the Carter and Coustan criteria were likely to not be treated.
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studies of the effects of maternal gestational DM on offspring
overweight and obesity have yielded inconclusive results,
which is consistent with a recent review examining maternal
diabetes and offspring BMI z-scores, where they found the
association between maternal diabetes and offspring BMI to
be no longer significant after adjustment for prepregnancy
BMI [29].

5. Fetal Exposure to Maternal Hyperglycemia

Women with preexisting diabetes have a substantially
increased risk of pregnancy complications including fetal
loss, perinatal mortality, and of delivering an infant with
congenital anomalies [30]. Although the mechanisms under-
lying these associations are not completely understood, it has
been shown that tight glycemic control in early pregnancy
reduces the prevalence of such pregnancy complications
[31]. In contrast to women with pregestational DM who
are hyperglycemic throughout pregnancy, women with gesta-
tional DM typically develop hyperglycemia in the second or
third trimester of pregnancy, and pregnancy complications
associated with gestational DM are not as severe [32, 33].
Therefore, we cannot assume that pregestational DM and
gestational DM have the same effects on fetal development
and long-term offspring outcome, and it is important
to study associations between these two conditions and
offspring outcomes separately.

In addition to timing of exposure, it is important to
consider differences in diagnostic cutpoints for gestational
DM. Depending on the cutpoints, it may result in the
inclusion of women with milder disease in the gestational
DM exposed group, which could attenuate the association
between gestational DM and offspring overweight and obe-
sity. Therefore, the severity of disease would be important to
consider when examining offspring overweight and obesity.

6. Confounders

6.1. Maternal Prepregnancy Obesity. Studying the relation-
ships between pregestational and gestational DM and risk
of overweight and obesity in the offspring is complicated
by difficulties in fully controlling for potential confounders,
including maternal obesity, genetic factors, and maternal and
infant lifestyle. In our review, we found that while many
authors reported positive associations between gestational
DM and childhood obesity in crude analysis, their results
were not adjusted for important potential confounders,
most notably maternal obesity. In the three studies that
included adjusted analysis, the associations were attenuated
after adjustment for confounders. Furthermore, results were
adjusted for maternal obesity in only two studies; in
both, associations between gestational DM and childhood
overweight or obesity were not significant after adjustment.

Maternal obesity is an important risk factor for gesta-
tional DM; women who are overweight, obese, or severely
obese before pregnancy are two-, four-, and eight-times more
likely to develop gestational DM compared with normal-
weight women [11]. Infants born to overweight and obese

mothers are more likely to be macrosomic, even in the
absence of gestational diabetes [34]. In a recent study by
Catalano et al., the authors found that prepregnancy obesity
was significantly associated with offspring being in the
highest BMI tertile and for having metabolic dysregulation
at age 6–11 years [35]. They also found that prepregnancy
obesity was the strongest perinatal predictor of high BMI
in childhood, stronger than either maternal glucose home-
ostasis or weight gain during pregnancy. Although this study
was not included in our review because the outcomes were
not defined as overweight or obesity, the results provide
additional support that gestational DM cannot be evaluated
as an independent risk factor for childhood overweight and
obesity without accounting for potential confounding from
maternal obesity. This concept is further supported by a
follow-up study of offspring of women who participated in
the Hyperglycemia and Adverse Pregnancy Outcome Study
in Belfast, Northern Ireland. The authors found that at age
two the overall correlations between maternal glucose during
pregnancy and BMI z-score were weak and that birth weight
and maternal BMI remained independent predictors of BMI
z-score after adjustment [36].

6.2. Other Potential Confounders. Other potentially impor-
tant confounders in the association between gestational
DM and offspring overweight and obesity include common
social, environmental, and genetic factors shared by both
the mothers and the offspring. Poor dietary habits and a
sedentary lifestyle in the mother may contribute to increased
prepregnancy weight and weight gain during pregnancy, and
may increase the risk of poor diet and sedentary behavior for
the offspring [10]. However, only one of the studies in our
review examined the association between physical activity
and nutrition and childhood overweight and obesity [19].
Genetic influence is also important to consider. However,
it is difficult to fully control for genetics outside of sibling
studies, and none of the studies in our review included
genetic factors as potential confounders. To our knowledge,
no studies examining associations between gestational DM
and offspring obesity have taken all of potentially important
confounders, including maternal obesity, gestational weight
gain, and maternal and infant lifestyle and genetic factors
into account.

7. Treatment of Gestational DM

If treatment of gestational DM reduces risk of overweight or
obesity in offspring, it may be difficult to consistently detect
an association in observational studies. Women with gesta-
tional DM are typically instructed to monitor blood sugar
and adjust their dietary habits, which may improve long-
term offspring outcomes. In only one study did the authors
examine treated and nontreated women with gestational DM
[20]. They reported significant associations with childhood
overweight and with obesity in the nontreated group but
not in the treated group. Further evidence that treatment
of gestational DM may improve offspring outcome is found
in studies of women with high blood glucose concentration,
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but not sufficiently high for a diagnosis of gestational DM
thus not treated. For example, Deierlein et al. found that
fetal exposure to maternal glucose concentration in the
high-normal range was associated with the development of
overweight and obesity in the offspring at age three years,
independent of maternal prepregnancy BMI [37].

8. Future Studies

As previously discussed, most existing observational studies
cannot be used to definitively quantify the independent con-
tribution of gestational diabetes to offspring overweight and
obesity risk because of unmeasured confounding and other
methodological limitations. We recommend the following
for future studies.

(1) Observational studies should analyze women with
pregestational and gestational DM separately, and if
possible include documentation of timing of fetal
exposure to elevated maternal glucose levels.

(2) Observational studies should include documentation
of lifestyle and other environmental factors present
during infancy and childhood.

(3) All studies should address relevant confounders,
including maternal prepregnancy BMI. One possible
approach would be to make use of databases with
linked siblings so outcomes between siblings with
discordant exposure to gestational DM could be
compared, providing a mechanism to control for
shared genetic and lifestyle factors.

(4) When possible, randomized trials for the treatment
for mild gestational DM should include long-term
followup of offspring assess the effects of maternal
interventions during pregnancy on infant and child
outcomes [38]. If it can be confirmed that treatment
of gestational DM is associated with a reduced risk
of overweight or obesity in offspring, it will provide
further evidence that there is a causal relationship
and that an effective prevention intervention exists.

9. Limitations

This study has some limitations. First, we did not include
unpublished studies, therefore our results may be affected
by publication bias. In addition, we may have missed
studies that were not listed in PubMed or referenced in
other published studies or reviews. Finally, these studies
are not all directly comparable due to discrepancies in the
study population, methodology, gestational DM diagnostic
criteria, BMI reference population, and ages. However, the
present study is the first to systematically review all published
case-control and cohort studies examining the association
between maternal gestational DM and the prevalence of
offspring overweight and obesity.

10. Conclusions

In conclusion, this review demonstrates that studies of
associations between maternal gestational DM on offspring

overweight and obesity have yielded inconclusive results.
Because maternal obesity is a more prevalent condition than
gestational DM and is strongly associated with offspring
obesity, we need a better understanding of the relative
contributions of maternal obesity and gestational DM to
risk before designating infants of women with GDM specif-
ically as targets for obesity prevention efforts. Interventions
addressing prepregnancy obesity may have a greater public
health impact on childhood overweight and obesity than
those targeting offspring of women with gestational DM. A
stronger body of evidence is needed to better understand the
potential associations between maternal gestational DM and
offspring outcomes.
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This study investigated the effects of maternal changes during pregnancy in diet, exercise, and psychosocial factors on offspring
weight parameters at birth and 6 months. In overweight/obese (OW/OB; n = 132) mothers, greater % kcal from sweets early
inpregnancy was the strongest, independent predictor of higher weight for age (WFA) (beta = 0.19; P = 0.004), higher odds
ofmacrosomia (OR = 1.1 (1.0–1.2); P = 0.004) andWFA >90th percentile at birth (OR = 1.2 (1.1–1.3); P = 0.002) and higher
WFA at 6 months (beta = 0.30; P = 0.002). In normal weight (n = 153) mothers, higher intake of soft drinks was the strongest
predictor of higher offspring WFA at birth (beta = 0.16; P = 0.04) but not at 6 months. Prenatal physical activity, depressive
symptoms, and sleep-related variables did not significantly predict offspring weight outcomes. Mothers’ eating behaviors during
pregnancy, especially intake of sweets in OW/OB mothers, may have a lasting effect on child weight.

1. Introduction

Risk of obesity is shaped, in large part, by early life events
starting during gestation. One powerful early life exposure is
maternal obesity during pregnancy. Studies have consistently
found that higher maternal weight entering and during preg-
nancy increases risk for obesity among offspring in child-
hood, adolescence, and adulthood [1, 2]. While shared genes
account for some of the similarity in maternal and offspring
weight, evidence suggests that exposure to the uterine envi-
ronment of an obese woman itself may directly program
offspring obesity [3].

Another independent determinant of offspring weight
status is gestational weight gain (GWG). Both excessive [4]
and inadequate [5] weight gain in the mother during
gestation have been shown to lead to overly rapid fetal and

infant growth rates and the programming of future risk of
childhood overweight and metabolic disease. In the USA
excessive GWG remains of predominant concern, as 60% of
obese women gain more than recommended. Also, approx-
imately 40% of normal weight women gain more than rec-
ommended [6], increasing the risk of obesity in their off-
spring.

Although maternal obesity and excessive GWG are both
the result of energy intake exceeding energy expenditure, few
studies have examined the specific influences of maternal
dietary and exercise behaviors during pregnancy on offspring
obesity risk. Some evidence suggests that maternal prenatal
intake of protein and fat [7–9] may be positively associated
with birth weight. In animal models, prenatal exposures to
overnutrition, high-fat and high-protein diets, “junk” food,
and stress have been linked with greater adiposity in offspring
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[10–12]. In nonpregnant humans, intake of soft drinks and
junk food [13], higher dietary disinhibition [14], and restric-
tive dieting practices [15] have been positively correlated
with overweight in children. However, little research has
comprehensively examined the impact of maternal prenatal
behaviors and psychosocial variables measured during preg-
nancy on subsequent offspring weight status at birth and 6
months. This information is critical for the design of future
intervention trials targeting obesity prevention in children.

The primary aim of this study was to examine the impact
of GWG, maternal eating and exercise behaviors, and psy-
chosocial factors on offspring weight status. We hypothesized
that offspring exposed to maternal obesity, excessive GWG,
poor prenatal eating habits, less exercise in pregnancy, and
greater maternal psychosocial distress during gestation
would have higher weight for age (WFA) z-scores at birth
and 6 months than nonexposed counterparts.

2. Materials and Methods

2.1. Participants and Procedures. Participants were offspring
of women recruited into the Fit for Delivery study, a clinical
trial that examined the effects of a lifestyle intervention
to reduce excessive GWG in normal weight and over-
weight/obese women (Clinical Trials no. 01117961) [16]. As
reported previously [16], the intervention reduced excessive
GWG in normal weight but not overweight/obese women.
Normal weight and overweight/obese categories were based
on the 1990 IOM cut points [17]: normal weight BMI = 19.8
to 26.0 or overweight/obese BMI 26.1–40.0 [17]. Women
were recruited at the time of their first prenatal visit from
one of six obstetric offices serving a socioeconomic and
ethnically diverse population in Providence, RI from 2006
to 2008. Eligibility criteria included nonsmoking, adults
(age >18 years), fluency in English, access to telephone,
gestational age between 10 and 16 weeks, singleton preg-
nancy, no current or history of eating disorders, and without
major psychiatric illness (i.e., schizophrenia, bipolar disor-
der, and panic/anxiety disorder) or major medical problems,
including diabetes, stroke, and cancer. Women (n = 32)
who developed gestational diabetes (GDM) were excluded
from analysis a priori, given potential impact of GDM on
both offspring and maternal weight gain [18]. All mothers
provided written informed consent, and all procedures were
conducted in accordance with ethical standards for human
experimentation. Mothers were paid $25 for attending the
30-week gestation and 6-month postpartum assessments.
The study was approved by the Institutional Review Boards at
the Miriam Hospital, in Providence, RI., Women and Infants
Hospital of Rhode Island Providence, RI and California Pol-
ytechnic State University, in San Luis Obispo, Calif.

2.2. Measures

2.2.1. Background Information. At study entry, partici-
pants reported via questionnaire information on maternal
race/ethnicity, age, education, parity, employment, marital
status, and household income. For descriptive purposes,

the race variable was defined as non-Hispanic Caucasian,
Latina/Hispanic, African-American, and “other.” In other
analyses, race was categorized as non-Hispanic Caucasian
versus all other groups combined. Income was categorized as
> $25,000 per year versus ≤ $25,000. Mothers also reported
duration of breastfeeding on postpartum questionnaires.

2.2.2. Maternal Anthropometrics. Maternal pregravid weight
was based on self-report at time of study enrollment and
was shown to be valid compared with physician documented
prepregnancy weight [16]. Height was measured by trained
research staff using a stadiometer at study entry and was
used with pregravid weight to calculate BMI. Total GWG
was computed based on pregravid weight and weight at the
last clinic visit prior to delivery. Weight at the last clinic
visit was objectively measured using a calibrated digital or
balance beam scale by research assistant or clinic staff. Data
were collected before the 2009 IOM guidelines were released.
Based on the 1990 IOM guidelines [17], we classified GWG as
“excessive” in normal weight women whose gains were more
than 35 pounds (15.9 kg) and overweight (BMI >26 to 29)
women whose gains were above 25 pounds (11.4 kg). Similar
to other studies, we combined overweight and obese (BMI
29–40) women in our analysis and, thus, also set an upper
weight gain goal of 25 pounds (11.4 kg) for these heaviest
women [19].

2.2.3. Infant Anthropometrics. Trained research staff ab-
stracted infant and child weight and length from obstetric
and pediatric records. We computed birth weight for ges-
tational age z-scores using US Natality reference data from
Oken et al. [20] and defined small for gestational age
(SGA) at birth as WFA z-scores <10th percentile and
large for gestational age as WFA z-scores >90th percentile.
Macrosomia was defined as weight >4000 grams [21]. We
computed 6-month WFA and sex-specific z scores with 2000
CDC reference data [22] and defined risk of obesity as WFA
z-scores >90th percentile. Other variables abstracted from
infant medical records included infant sex and gestational
age at birth (calculated from last menstrual period or from
second trimester ultrasound if the two estimated differed by
>10 days).

2.2.4. Behavioral and Psychosocial Factors during Pregnancy.
Self-reported measures of dietary intake and exercise expen-
diture were obtained by trained assessors at study entry and
30-weeks gestation. The Block Food Frequency questionnaire
was used to assess daily caloric intake, calories from sugar-
sweetened beverages, and percent intake from fat, protein,
carbohydrates, and sweets. This questionnaire has been well
validated [23] and validated in pregnancy [24]. Participants
completed the questionnaire in reference to intake over the
past month.

Fast food consumption was assessed based on self-report
questions used in our previous research [25]. Energy expen-
diture was measured using the Paffenbarger Physical Activity
Questionnaire [26], a measure which estimates weekly en-
ergy expenditure from self-reports of stairs climbed, blocks
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walked, and other recreational activities performed in the
past week. The Edinburgh Postnatal Depression Scale was
used to examine levels of depressive symptoms [27]. The Eat-
ing Inventory (EI) [28] was used to assess cognitive restraint
and disinhibition. Stress was assessed using the short form of
the Perceived Stress Scale [29]. Sleep was assessed using the
General Sleep Disturbance questionnaire [30].

2.3. Statistics. Both R (version 2.11.1) and SPSS (PASW
version 18.0.1) statistical packages were used. Analyses were
conducted separately for normal weight and over-
weight/obese women, given the observed difference in
impact of the lifestyle treatment on GWG [16] and effects of
maternal prepregnancy weight on offspring weight outcomes
[31]. Pearson’s product moment correlations were conducted
to examine unadjusted associations between WFA z-scores
and maternal variables. Multiple regression (for continuous
outcomes) and logistic regression (for categorical outcomes)
were used to examine predictors of infant macrosomia, and
WFA z-scores at birth and 6 months, and changes in WFA z-
scores, adjusting for treatment group, infant sex, recruitment
clinic, weeks of gestation at delivery, and breastfeeding (in
6-month analyses). Predictors included both baseline and
pregnancy changes over time (between entry and 30-weeks
gestation). To determine the most robust set of predictors
and correlates of infant outcomes, multiple regression anal-
yses were used. To arrive at a final regression model, stepwise
analyses were first conducted within predefined categories
(i.e., demographic (age, parity, race, marital status, edu-
cation, prepregnancy BMI), physical activity (calories ex-
pended per week in moderate physical activity TV hours per
day), macronutrient (% of calories from fat, carbohydrates,
protein, sweets, and total calories), dietary components (fast
food and sugar-sweetened soft drinks) psychosocial variables
(mood, restraint, disinhibition, and stress), and sleep.
Variables that were significant or approached significance
(P < 0.10) within each category in the stepwise analyses were
included together in a comprehensive model. Macronutrient
(i.e., % kcal from sweets, fat, and protein) and specific
dietary components (i.e., fast food or soft drinks) were
analyzed in separate models due to their high collinearity.
Similarly, as the percentage of calories from fat and car-
bohydrates was highly correlated (r = −.90; P = .0001),
only the percentage of calories from fat was used in initial
modeling. Similar analyses were conducted using logistic
regression to examine impact on odds of macrosomia.
Prepregnancy BMI was also examined as a categorical
predictor (median split within weight groups), but the
same results were observed. Exploratory analyses examined
whether treatment condition (intervention versus standard
care) interacted with dietary variables and physical activity
in predicting offspring weight status. After adjustments
(infant sex, recruitment clinic, weeks of gestation at delivery,
and breastfeeding), no significant interactions were observed
in normal weight or overweight/obese mothers (data not
shown).

3. Results

3.1. Participant Characteristics. Excluding participants with
miscarriages (n = 6) and GDM (n = 32), 363 mothers
(177 overweight/obese and 186 normal weight) completed
the baseline assessment, which occurred between 10 and
16 weeks of pregnancy (13 weeks on average). At 30
weeks, 341 (94%; 160 overweight/obese and 181 normal
weight) attended the assessment visit. Of these, 78.5% (n =
285/363; 132 overweight/obese and 153 normal weight) had
pediatrician records at birth and 68.6% (n = 249/363; 121
overweight/obese and 128 normal weight) had pediatrician
information at 6 months. There were no significant differ-
ences in retention or availability of pediatrician records in
normal weight versus overweight/obese mothers at all time
points. Comparing mothers of children with versus without
pediatrician records at 6 months, those with pediatrician
records were older (29.0 ± 5.1 versus 27.4 ± 5.5 years; P =
.008), more likely to be non-Hispanic White (73.8% versus
53.0% P = .0001), and more likely to be married (74.6 versus
55.7%; P = .001); no significant differences were observed in
prepregnancy BMI, education, income, weeks of gestation at
delivery, or maternal GWG.

3.2. Maternal BMI and Offspring Weight Parameters. At
birth, WFA z-scores were significantly higher for offspring
of overweight/obese compared with normal weight mothers
(0.42 ± 0.92 versus 0.21 ± 0.76, resp.; P = .002). Similarly,
a greater proportion of offspring from overweight/obese
mothers were classified as macrosomic (>4000 grams; 17.2%
versus 4.8%, resp.; P = 0.0001) and at >90th percentile at
birth (19.6% versus 7.1%; P = .001; Table 1). At 6 months,
no significant differences in WFA z-scores were observed
between offspring of normal weight and overweight/obese
mothers. Between birth and 6 months, the percentage of
children with WFA >90th percentile declined slightly in
overweight/obese mothers (from 19.6% to 17.6%) but in-
creased from 7% to 15% in the offspring of normal weight
mothers (Table 1). Subsequent analyses separately examined
predictors of offspring weight in normal weight versus
overweight/obese mothers.

3.3. Prenatal Predictors of Offspring Weight

3.3.1. Overweight/Obese Mothers. In initial unadjusted anal-
yses, several significant associations between overweight/
obese mothers’ prenatal behaviors and offspring WFA z-
scores were observed (Table 2).

Multiple regression analyses were then conducted to de-
termine the most robust set of predictors of offspring weight
parameters after adjustment for treatment group, infant sex,
recruitment clinic, weeks of gestation at delivery, and breast-
feeding (in 6-month analyses). Examining predictors of
birth weight, the strongest predictor of higher WFA z score
was consumption of a greater percentage of calories from
sweets early in pregnancy (beta = 0.19; P = 0.004; Table 3).
Similarly, greater consumption of sweets early in pregnancy
was significantly related to higher odds of macrosomia (OR =
1.1 (1.0, 1.2); P = 0.004) and WFA >90th percentile at
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Table 1: Characteristics of study participants and offspring.

Overweight/obese Normal weight
P value

N = 132 N = 153

Age, years 28.8 ± 5.1 28.2 5.5 0.30

% primiparous 66.7% 85.5 0.0001

% non-Hispanic White 62.7% 71.5 0.09

% married 68.9% 68.3 0.91

% >high school education 84.7% 86.6 0.67

% income < $25,000/year 23.7 19.0 0.27

% community clinic 28.4% 25.1 0.54

Prepregnancy BMI, kg/m2 30.5 ± 5.3 22.3 ± 1.8 .0001

% gain above 1990 IOM 63.8% 46.2 0.001

Infant at birth

Weeks of gestation at birth 38.6 ± 2.5 38.7 1.9 0.14

% male 50.9% 52.4 0.83

WFA birth 0.42 ± 0.92 0.21 ± 0.76 0.02

% macrosomic (>4000 grams) at birth 17.2% 4.8 0.0001

% >90th percentile at birth 19.6% 7.1 0.001

% <10th percentile at birth 3.6% 2.2 0.53

Infant at 6 months

WFA 6 mo
0.38 ± 1.1 0.34 ± 1.0 0.74

N = 121 N = 128

% >90th percentile at 6 months 17.6% 36.8 0.14

% <10th percentile at 6 months 7.6% 2.4 0.14

% mostly breastfeeding over first 6 months 28.2% 36.8 0.47

IOM: 1990 Institute of Medicine Guidelines;
WFA birth: weight for gestational age z-scores with Oken et al. [20] reference data;
WFA 6 mo: weight for age, sex-specific z-scores with 2000 Centers for Disease Control reference data.

birth (OR = 1.2 (1.1, 1.3); P = 0.002). Each 1% increase
in percentage of calories consumed from sweets early in
pregnancy increased the odds of macrosomia by 10% and
WFA >90th percentile by 20%.

At 6 months, the strongest predictors of higher WFA z-
scores were greater percentage of calories from sweets early
in pregnancy (beta = 0.30; t = 3.2; P = 0.002) and also
greater increases in percentage of calories from protein
during pregnancy beta = 0.20; Table 3). Higher percentage
of calories from protein early in pregnancy (OR = 0.38 (0.19,
0.78); P = 0.04) was also a significant predictor of reduced
odds of WFA >90th percentile at 6 months.

We examined GWG as an independent predictor and
potential mediator of effects of maternal prenatal behaviors
on offspring weight outcomes (Table 3). Children of over-
weight/obese mothers who were exposed to excessive GWG
(n = 84) had an approximate 4.0-fold increase in odds
(CI (1.0, 15.1); P = 0.04) of being macrosomic and had
higher WFA z-scores at birth (0.62 ± 0.84 versus 0.05 ±
0.95; P = 0.002) compared with children exposed to adequate
GWG. Also, at 6 months, children exposed to excessive
GWG had near significant (P = .06) higher odds of WFA
z score >90th percentile compared with children exposed
to adequate weight gain (OR = 6.2 (0.94, 41.1), but no
significant association was seen on WFA z-scores (0.45± 0.14

versus 0.08 ± 0.18; P = .11). When analyzing maternal GWG
as a continuous measure, similar results were observed. Total
GWG was positively predictive of higher child WFA z score at
birth (beta =.41; t = 4.9; P = .0001) and macrosomia at birth
(OR = 1.2 (1.1, 1.3); P = 0.001). At 6 months, no significant
effects were seen for GWG on odds of WFA >90th percentile
(P = .11) or average z-scores (P = .16) at 6 months.

Examining GWG as a potential mediator, the effects of
maternal prenatal behaviors on offspring weight outcomes
were generally attenuated (i.e., P value increases between 0.01
and 0.06 across analyses) but not entirely removed when
GWG was included in the models (Table 3).

3.4. Normal Weight Mothers. In initial, unadjusted analyses,
few significant correlations were found between prenatal
behaviors and WFA z-scores at birth and 6 months in the
offspring of normal weight mothers. Only lower maternal fat
intake (−0.22; P = 0.01) and trend for higher carbohydrate
intake (0.16; P = 0.06) early in pregnancy were correlated
with higher WFA z-scores at 6 months.

In final, multiple regression analyses that included ad-
justments for confounding variables, the strongest predictor
of higher WFA z score at birth was greater consumption of
soft drinks early in pregnancy (beta = 0.16; P = 0.04; Table 4).
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Table 2: Significant, unadjusted correlations between prenatal variables and WFA z-scores in offspring of overweight/obese mothers.

Maternal variables Offspring WFA z Offspring WFA z-scores

scores at birth at 6 months

Early in pregnancy

% kcal from protein ns −0.31, P = 0.001

% kcal sweets 0.19, P = 0.01 0.36, P = 0.0001

Dietary restraint ns −0.22, P = 0.02

Disinhibition 0.17, P = 0.03 ns

Perceived stress 0.18, P = 0.02 0.18, P = 0.05

Fast food consumption ns 0.21, P = 0.03

During pregnancy

Increases in dietary restraint −0.17, P = 0.004 ns

Increases in stress ns −0.21, P = 0.03

Increases in % kcal from carbohydrates 0.18, P = 0.03 ns

Increases in % kcal from fat −0.22, P = .007 ns

Increases in % kcal from protein ns 0.23, P = .01

Ns: non-significant, P ≥ .05;
WFA: weight for age.

Table 3: Final regression models predicting weight for age z-scores in offspring of overweight/obese mothers at birth (N = 132) and 6
months (N = 121).

Final model predicting weight for age z-scores at birth

B CI for B Beta P value∗ P value GWG∗∗

Prepregnancy BMI 0.005 −0.02, 0.03 0.03 0.73 0.03

Multiparity 0.20 −0.11, 0.50 0.10 0.21 0.13

% kcal from sweets early in preg 0.02 0.003, 0.04 0.19 0.004 0.06

Perceived stress early in preg 0.04 −0.02, 0.09 010 0.18 0.16

Final model predicting weight for age z-scores at 6 months

Prepregnancy BMI 0.009 −0.03, 0.05 0.044 0.639 0.42

Non-Hispanic White (ref: others) 0.12 −0.49, 0.72 0.047 0.706 0.74

% kcal from sweets early in pregnancy
Increases in % kcal from protein in preg

0.04 0.02, 0.06 0.296 0.002 0.006

Restraint early in pregnancy −0.04 −0.09, 0.01 −0.144 0.140 0.12

Increases in perceived stress 0.06 −0.02, 0.13 0.146 0.124 0.19

GWG: gestational weight gain; preg: pregnancy;
BMI: body mass index.
∗Adjusted for infant sex, treatment group, recruitment site, weeks of gestation at delivery; 6-month analyses also adjusted for breastfeeding.
∗∗Adjusted for infant sex, treatment group, recruitment site, weeks of gestation at delivery, and total maternal gestational weight gain; 6-month analyses also
adjusted for breastfeeding.
Overall omnibus test at birth: F = 3.0; P = 0.004 (with GWG: F = 5.6; P = 0.0001); at 6 months: F = 4.1; P = .0001 (with GWG: F = 3.9; P = .0001).

The omnibus tests of model coefficients predicting macroso-
mia and WFA>90th percentile at birth were insignificant and
few cases of each were observed.

At 6 months, higher percentage of calories from fat early
in pregnancy was a significant predictor of lower WFA z-
scores (Table 4; beta = −0.35; P = 0.001) and reduced odds
of WFA >90th percentile (OR = 0.81 (0.70, 0.94); P = .007).
Similar, but in the inverse direction, results were observed
in models where percentage of calories from carbohydrates
(instead of fat) was included (B = 0.04 (0.01, 0.06); beta =
0.27; P =.006 for WFA z and OR = 1.1 (1.1, 1.3); P = 0.005 for
WFA >90th percentile). Decreases in perceived stress during
pregnancy were also independently related to higher odds of

WFA >90th percentile (OR = 1.5 (1.1, 2.0); P = .01) but did
not independently predict WFA z-scores at 6 months.

We also examined GWG as an independent predictor and
potential mediator of effects of maternal prenatal behaviors
on weight outcomes (Table 4). Children of normal weight
mothers who were exposed to excessive GWG (n = 71)
had higher WFA z-scores at birth (0.42 ± 0.75 versus 0.03
± 0.73; P = 0.002) compared with children exposed to
adequate GWG, but no significant effects were seen on
odds of macrosomia or WFA z score >90th percentile. At
6 months, children of normal weight mothers exposed to
excessive GWG had significantly (P = 0.03) higher odds
of WFA z score >90th percentile compared with children
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Table 4: Final regression models predicting weight for age z-scores in offspring of normal weight mothers at birth (N = 153) and 6 months
(N = 128).

Final model predicting weight for age z-scores at birth

B CI for B Beta P value∗ P value GWG∗∗

Prepregnancy BMI 0.02 −0.04, 0.09 0.06 0.43 0.69

Multiparity 0.33 0.02, 0.63 0.15 0.004 0.04

Non-Hispanic White (others: ref) 0.35 0.68, 0.009 0.21 0.05 0.07

Daily calories from soft drinks 0.002 0.0001, 0.004 0.16 0.04 0.10

Final model predicting weight for age z-scores at 6 months

Prepregnancy BMI 0.04 −0.05, 0.13 0.08 0.34 0.31

Multiparity 0.62 0.01, 1.2 0.18 0.05 0.04

% kcal from fat early in preg −0.06 −0.09, −0.03 −0.35 0.0001 0.001

% kcal from sweets early in preg −0.02 −0.04, 0.003 −0.15 0.10 0.14

GWG: gestational weight gain; preg: pregnancy; BMI: body mass index.
∗Adjusted for infant sex, treatment group, recruitment site, weeks of gestation at delivery; 6-month analyses also adjusted for breastfeeding.
∗∗Adjusted for infant sex, treatment group, recruitment site, weeks of gestation at delivery, and total maternal gestational weight gain; 6-month analyses also
adjusted for breastfeeding.
Overall omnibus test at birth: F = 3.4; P = 0.001 (with GWG: F = 3.6; P = 0.0001); at 6 months: F = 3.6; P = .001 (with GWG: F = 3.3; P = 0.001).

exposed to adequate weight gain (OR = 4.0 (1.2, 13.6)),
but no significant association was seen on WFA z-scores at
6 months (0.27 ± 0.83 versus 0.39 ± 1.1; P = .28). When
analyzing maternal GWG as a continuous measure, no
significant effects were observed. Examining GWG as a
potential mediator, the effects of maternal prenatal behaviors
on offspring weight outcomes were generally attenuated
(Table 4).

4. Discussion

This is one of the few studies to prospectively and simul-
taneously examine the impact of dietary, physical activity,
and psychosocial parameters during pregnancy on the
offspring weight status of overweight/obese and normal
weight mothers. In obese mothers, we found that higher
intake of sweets early in pregnancy was related to higher
offspring weight status at birth and 6 months. In normal
weight mothers, higher intake of soft drinks was the strongest
predictor of higher offspring weight status at birth but was
not a significant predictor of weight at 6 months. No prior
studies have specifically examined impacts of maternal intake
of sweets or soft drinks in pregnancy on offspring weight
parameters. Our findings are consistent with some studies
in nonpregnant adults and children showing a connection
between higher intake of sweets and soft drinks and increased
weight status [32], but conflicting results have been reported
in association with GWG [33]. Overall, the current study
extends existing work by suggesting that exposure to foods
or drinks high in sugar content early in gestation may
predispose offspring to higher weight status early in infancy,
independent of maternal GWG.

In obese mothers, lower protein intake early in preg-
nancy and increased protein intakes over the course of the
pregnancy were independently related to higher offspring
weight at 6 months. Studies of protein intake in pregnancy
have indicated that higher maternal protein intake was

positively associated with birth weight [8, 9], but there are
notable exceptions [34, 35] and most studies assessed diet
later in gestation. By contrast, in normal weight mothers,
lower fat intake (and higher carbohydrate intake) early in
pregnancy was a significant predictor of higher offspring
weight at 6 months. Inverse associations between fat intake
early in pregnancy and offspring weight have been reported
previously [36], but not consistently [37]. Nutritional effects
on the fetus and mother may vary with prepregnancy body
weight, trimester of exposure during pregnancy, and over-
all balance of macronutrients [8, 38]. Although a recent
pilot randomized trial [39] found no significant impact
of a low glycemic index diet on the offspring weight of
overweight/obese mothers, future, larger randomized trials
and research with more frequent assessments of diet in
pregnancy are needed to untangle the relationship between
weight status, time in pregnancy of nutrient exposures, and
offspring weight outcomes.

Surprisingly, physical activity and television viewing were
not significantly related to offspring weight outcomes in nor-
mal weight or overweight/obese mothers. Low levels of phys-
ical activity and sedentary lifestyle are known contributing
factors to obesity and weight gain in the general population
[40]. Also, increasing physical activity during pregnancy has
been related to lower GWG in some [41] but not all [42]
observational studies. Few clinical trial intervention studies
have specifically measured changes in physical activity during
pregnancy, but available evidence suggests little to no effect
on maternal GWG [16, 43]. Other research has found that a
reduction in physical activity by bed rest was associated with
an increase in infant birth weight [44]. Overall, findings from
the current study support a stronger role for maternal intake
than expenditure in predicting offspring weight outcomes,
but additional studies with objective measures of physical
activity (e.g., accelerometry) are clearly needed.

Also, few maternal psychosocial predictors of offspring
weight status were observed within both overweight/obese
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and normal weight mothers. Increases in stress were related
to lower offspring weight status in normal weight mothers
(adjusted analyses) and overweight/obese mothers (unad-
justed analyses), which is consistent with earlier research on
stress in relation to inadequate GWG [45] and long-term
offspring health [46]. Overall, however, the current study’s
findings suggest that dietary variables may exert more of
an effect than maternal psychosocial variables on offspring
weight outcomes.

Infants of overweight/obese mothers had higher WFA
z-scores at birth than nonexposed counterparts, but the
postnatal weight trajectories were different. The offspring
of overweight mothers were larger at birth but, by 6-
months, did not significantly differ from those of normal
weight mothers. In fact the percentage of infants of normal
weight mothers with WFA z-scores >90th percentile doubled
between birth and 6-months. We found no significant
prenatal predictors of change in WFA z-scores between birth
and 6 months. Birth weight is an independent predictor of
the development of obesity; however, increases in weight
during the first 3–6 months of life are also influential on
long-term increased risk of obesity [47, 48]. Future research
is needed to determine whether differences in postnatal
feeding behaviors might explain differential growth rates in
offspring of normal weight and overweight/obese mothers.

Excessive GWG was related to offspring weight but more
strongly at birth than at 6 months and was not significantly
related to changes in WFA z-scores. The association between
GWG and offspring overweight may decrease as children
grow older [49, 50]. Similarly, maternal prenatal behaviors
may differentially impact birth and 6 months offspring
weights (e.g., protein impacting 6 month but not birth
weight in the current study). Interestingly, adjustment for
GWG attenuated but generally did not completely remove
the impact of dietary variables on offspring weight, par-
ticularly at 6 months. This suggests that dietary exposures
may impact offspring weight status above and beyond the
potential influence of excessive GWG. Future research with
more frequent assessments of offspring weight and, poten-
tially, analysis of growth velocities [51] might better inform
how and when nutrient exposures in pregnancy impact
growth.

This study is one of the first to prospectively examine
impacts of prenatal diet, physical activity, and psychoso-
cial exposures on offspring weight outcomes in a diverse
sample. The study was able to adjust for several important
confounds, including length of gestation and infant sex;
however, the sample size was moderate, and only 69% of the
offspring (mostly non-Hispanic White) had data available
at 6 months. The sample was diverse but self-selected and
free of diseases that might contraindicate participation in a
lifestyle intervention study; thus, findings may not generalize
to the population at large. A self-report, food frequency
questionnaire was used, which is useful in ranking nutrient
intakes of individual subjects but can be subject to bias,
particularly in obese individuals [52]. The study lacked a
valid measurement of infant height. Although prepregnancy
weight was self-reported, our research has found that women
in this study were quite accurate in recalling prepregnancy

weight [16]. This study’s focus was on predictors of large for
gestational age at birth and 6 months, but future research is
needed to examine predictors of small for gestational age,
which may also predispose offspring to increased fat mass
and incidence of metabolic syndrome as children and adults
[53]. Also, excessive GWG was classified based on the 1990
IOM GWG guidelines; our data were collected before the
newly revised 2009 IOM GWG guidelines were released.
Nonetheless, analyses using the 2009 criteria confirmed the
current study’s findings (data not shown).

5. Conclusions

Findings from the current study indicate that excessive
GWG and mothers’ eating behaviors during pregnancy,
especially intake of sweets in overweight/obese mothers,
may influence offspring weight status early in infancy. More
research with larger sample sizes and frequent assessments
of diet is needed to inform the impact of timing of nutrient
exposures on offspring weight status. Also, future adequately
powered randomized clinical trials are needed to deter-
mine whether modifying maternal prenatal behaviors and
GWG can prevent offspring obesity. Identifying modifiable,
prenatal causes of childhood obesity will inform future
interventions targeting pregnancy as a “teachable moment”
for primary and secondary obesity prevention.
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Prepregnancy overweight or obesity and excessive gestational weight gain have been associated with increased risk of maternal
and neonatal complications. Moreover, offspring from obese women are more likely to develop obesity, diabetes mellitus, and car
diovascular diseases in their lifetime. Gestational diabetes mellitus (GDM) is one of the most common complications associated
with obesity and appears to have a direct impact on the future metabolic health of the child. Fetal programming of metabolic func-
tion induced by obesity and GDM may have intergenerational effect and thus perpetuate the epidemic of cardiometabolic condi-
tions. The present paper thus aims at discussing the impact of maternal obesity and GDM on the developmental programming of
obesity and metabolic disorders in the offspring. The main interventions designed to reduce maternal obesity and GDM and their
ability to break the vicious circle that perpetuates the transmission of obesity and metabolic conditions to the next generations are
also addressed.

1. Introduction

Obesity is a major public health problem that was identified
as an epidemic by the World Health Organization [1]. The
US Centers for Disease Control and Prevention estimates
that 34% of adults 20 years of age and over are obese (body
mass index (BMI) above 30 kg/m2), in addition to another
34% who are classified as overweight (BMI 25–30 kg/m2) for
a total of over two-thirds of Americans with inappropriately
high body weight. Women are thus more likely to enter preg-
nancy overweight or obese nowadays. In fact, among a sam-
ple of 75.000 delivering women recruited all over USA, 20%
were obese [2]. Moreover, offspring from obese women is
more likely to develop obesity, diabetes mellitus, and cardio
vascular diseases in their lifetime, often at a younger age [3].
This paper will thus focus on maternal obesity and gestation-
al diabetes mellitus (GDM) as determinants for the de-
velopmental programming of obesity and metabolic disor-
ders in the offspring. We are also presenting the main
interventions tested to reduce those two important maternal

burdens and how they can break the vicious circle that per-
petuates the transmission of obesity and metabolic condi-
tions to the next generations.

2. Gestational Weight and
Metabolic Complications

2.1. Appropriate Gestational Weight Gain. Due in part to con
cerns about the increasing prevalence of obesity in reproduc
tive-age women, the Institute of Medicine (IOM; which is a
nonprofit American organization serving as adviser to the
nation to improve health http://www.iom.edu/About-IOM
.aspx) recently released new guidelines (Table 1) for gesta-
tional weight gain to better reflect the growing body of
evidence in favour of lowering weight gain recommendations
for overweight and obese pregnant women [4]. In com-
parison to the previous 1990 guidelines, 1 out of 6 women
were differently classified using the new 2009 guidelines, that
is, fewer pregnant women were classified as underweight,
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Table 1: Recommendation given by the Institute of Medicine in
2009 for appropriate gestational weight gain based on preconcep-
tion body mass index (BMI).

Preconception
BMI (kg/m2)

Total weight gain during
pregnancy

Weight gain during
2nd and 3rd trimesters

(per week)

<18.5 28–40 lbs/13–18 kg 1.0–1.3 lbs/0.5-0.6 kg

18.5–24.9 25–35 lbs/11–16 kg 0.8–1.0 lbs/0.4-0.5 kg

25.0–29.9 15–25 lbs/7–11 kg 0.5–0.7 lbs/0.2-0.3 kg

≥30.0 11–20 lbs/5–9 kg 0.4–0.6 lbs/0.2-0.3 kg

Adapted from [4].

normal weight, or obese, and more as overweight [5]. More-
over, 17.1% of appropriate gainers based on 1990 recom-
mendations would now be classified as overgainers [5].
As some people were worried by these severe guidelines,
Einerson et al. showed, in a retrospective study, that the new
recommended weight gain thresholds were safe for both the
mothers and the developing child [6]. In fact, those new
weight gain thresholds were clinically effective in reducing
caesarean and pregnancy-induced hypertension, and no
increase in the proportion of low-birth weight infants was
recorded in 691 participants as compared to the proportion
observed in obese women with appropriate weight gain based
on 1990 recommendations [6].

However, according to these new guidelines, Weisman
et al. reported from a population-based cohort study that
40% of normal weight women exceeded the IOM recom-
mendations, while excess weight gain was observable in 63%
and 62% of overweight and obese women, respectively, [7].
The same group also showed that prepregnancy overweight
women were 3 times more likely to exceed the recommended
weight gain than normal-weight women [7]. In a recent
observational study including 144 30-week pregnant women,
33% of participants reported an excessive gestational weight
gain [8]. Factors associated with excess weight gain included
prepregnancy overweight as well as low physical activity
and high-food intake during pregnancy, as reported by the
participants. On the other hand, some factors seem to be
associated with lower risk of excess weight gain such as men-
arche occurring at an older age and increased hours of sleep
[8]. In summary, these results suggest that pregnant women
frequently exceed the recommended gestational weight gain,
but it may be feasible to optimize weight loss by promoting
physical activity and healthy eating among women of repro-
ductive age.

2.2. Obesity-Associated Obstetrical and Neonatal Complica-
tions. Prepregnancy overweight or obesity and excessive pre-
gnancy weight gain both have been independently associated
with increased risk of complications. Indeed, several studies
demonstrated the association between increased maternal
BMI and higher risks of obstetric and neonatal complications
[9]. Obese women are at increased risk of complications over
the whole spectrum of peripregnancy period: antepartum,
intrapartum, intraoperative, postoperative, and postpartum

(for review, see [10, 11]). Briefly, at the maternal level, obesity
increases the risk of menstrual disorders [12], infertility
[13], miscarriage [14], pregnancy-induced hypertension and
preeclampsia [15], GDM [16], induction of labour and cae-
sarean section [17], and haemorrhage, infection, and venous
thromboembolism. At the level of the newborn, maternal
obesity is also associated with many complications: macro-
somia (defined as a birth weight >4.000 g), shoulder dystocia
[18], fetal distress, and perinatal morbidity/mortality (for
review, see [10]). Still birth [19] and birth defects such as
hydrocephaly, omphalocele, heart, and neural tube defects
[20, 21] are among the disastrous neonatal outcomes that
have been associated to maternal obesity (identified as the
top modifiable risk factor). In a large population-based
retrospective cohort study [22] including singleton macro-
somic live births infants, it was demonstrated that the overall
risk of obstetrical complications was increased almost 3-
fold in obese (BMI ≥ 30 kg/m2) as compared to nonobese
mothers (BMI < 30 kg/m2) (17% versus 6%). Macrosomic
neonates born from obese mothers were at increased risk
of birth injury, hyaline membrane disease, meconium aspi-
ration syndrome, and more required assisted ventilation.
Project Viva study [23] analysed data from 2.012 recruited
mother-child pairs in order to determine the level of gesta-
tional weight gain which was associated with the lowest pre-
dicted prevalence of adverse obstetrical and neonatal out-
comes. They showed that the mean total gestational weight
gain was 15.6 kg. The lowest predicted outcome prevalence
occurred with a weight gain of 11.2 kg for women with pre-
pregnancy BMI in the normal range, with a weight loss of
1.2 kg for overweight women, and with a weight loss of 7.6 kg
for obese participants.

Weight gain between each pregnancy (or not returning to
prepregnancy body weight) is also associated with increased
adverse health issues. Indeed, a large population-based Swe-
dish cohort study including women who had 2 consecutive
live-birth pregnancies robustly showed that in comparison
to women whose prepregnancy BMI did not change much
between both pregnancies (−1 to 0.9 BMI points), mothers
who gained more than 3 units of BMI between pregnancies
increased by 30% to 110% their adjusted estimated risks of
important complications (odds ratio of 1.78 for preeclamp-
sia, 1.76 for gestational hypertension, 2.09 for GDM, 1.32
for caesarean delivery, 1.63 for stillbirth, and 1.87 for large-
for-gestational-age birth). These risks were associated with
the amount of weight change between pregnancies, and this
association was also noted in women who had a healthy
prepregnancy BMI for both pregnancies [24]. This example
underscores the point that women do not necessarily need to
be in transition from a normal BMI to overweight or obese-
BMI, but those relatively small increases in BMI were asso-
ciated with adverse outcomes. Collectively, these data em-
phasize the importance of adequate gestational weight gain
in pregnant obese women, as recently recommended by
the Institute of Medicine, in order to avoid maternal and
neonatal complications.
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3. Gestational Diabetes Mellitus (GDM)

3.1. Definition and Diagnosis. According to the International
Association of Diabetes and Pregnancy Study Groups
(IADPSG) [25], GDM is defined as an impaired glucose
tolerance that is first recognized during pregnancy, and it
occurs in approximately 7% of pregnancies in the USA. Bas-
ed on a meta-analysis, GDM incidence varies from 1.3% to
19.9% depending on screening and diagnostic guidelines that
are followed and the study populations [26]. In 2010, new
recommendations brought up by the IADPSG were approved
to diagnose GDM [27]. This guideline suggests to screen
with a 75 g oral glucose tolerance test (OGTT) without prior
glucose challenge and to diagnose GDM if the fasting plasma
glucose is ≥5.1 mmol/L and/or the 1-hour postload plasma
glucose is ≥10.0 mmol/L and/or the 2-hour postload plasma
glucose is ≥8.5 mmol/L.

3.2. Pathophysiology of Gestational Diabetes. Normal preg-
nancy is characterized by an insulin-resistant state in order
to fulfill the increasing metabolic demand ordered by the
developing foetus. The physiologic result of insulin resistance
is thus an increase in insulin secretion by the pancreatic
β-cells in order to compensate for reduced insulin action.
However, women who fail to do so will progressively develop
GDM [28]. In GDM, insulin resistance and the relative
insulin deficiency due to pancreatic β-cell dysfunction are the
primary metabolic changes. As gluconeogenesis increases, as
a result of hepatic insulin resistance, and relative insulin defi-
ciency is exacerbated, hyperglycemia becomes more severe.
However, many questions still remain in order to adequately
understand the mechanisms by which GDM takes place. It is
not in the scope of this paper to discuss the pathophysiology
of GDM, but mechanisms presently under investigation in-
clude the role of genetic factors, glucose transport activity,
adipokines defects, and adipose tissue dysregulation (for
review, see [29]).

3.3. Relationship between Gestational Diabetes and Maternal
Obesity. Importantly, overweight and obese women are
more insulin resistant than their lean counterparts and also
more prone to β-cell dysfunction [30], which is mainly due
to adipose tissue dysregulation and largely influenced by
ethnicity and age [31]. For these reasons, obesity is an im-
portant determinant of the long-term risk of developing
type 2 diabetes in genetically predisposed individuals. Con-
sequently, overweight or obese women begin their pregnancy
with insulin resistance and increased predisposition for β-cell
dysfunction, which could result in GDM with the pregnancy-
related progression of insulin resistance. An excess of weight
gain during pregnancy would further worsen these phenom-
ena and increase the risk of GDM as well, even in women
with normal prepregnancy weight.

GDM is thus one of the most common obstetrical com-
plications associated with obesity. The Project Viva study ex-
plored the relationship of trimester-specific rate of weight
gain with impaired glucose tolerance during pregnancy [32].
In this study, the authors showed that the median rate of

weight gain during early pregnancy (less than 13 weeks) was
of 0.22 kg/week, while it was of 0.50 kg/week during mid-
pregnancy. Accordingly, they showed that women who gain-
ed more than 0.22 kg/week during early pregnancy increased
by 40% their odds of developing impaired glucose tolerance
even if they gained more than 0.50 kg/week during midpreg-
nancy. Moreover, women who were high gainers during early
and midpregnancy doubled their odds for impaired glucose
tolerance diagnosed during 2nd trimester [32]. By analyzing
data from 7 states using the Pregnancy Risk Assessment
Monitoring System (PRAMS), Kim et al. showed that the
proportion of GDM that was attributable to overweight, obe-
sity and extreme obesity was, respectively, of 15.4%, 9.7%,
and 21.1% [33]. The overall population-attributable fraction
for overweight/obesity, after subtracting women with normal
weight, was 46.2%. However, it was recently shown in 36.597
Canadian women, that the increased incidence of glucose
disorders during pregnancy was not explained by higher
maternal prepregnancy adiposity [34]. These contradictory
results between studies may be explained by different popu-
lation ethnic background and patterns of gestational weight
gain, which are important factors to consider in the interpre-
tation of studies on GDM.

3.4. Gestational Diabetes-Associated Neonatal Complications.
Excessive fetal growth is probably the most frequent and
important outcome of GDM. It was long known that the
nutritional status of the mother and accordingly her glycemic
control may directly be in relation with her infant growth.
This concept was based on studies reporting that macro-
somia occurs as a result of fetal insulin hypersecretion in
response to the mother rise of glycemia [35]. On the other
hand, it was shown in pregnant rats that maternal hypogly-
cemia generates intrauterine growth restriction of the off-
spring, which was accompanied by fetal hypoglycemia and
hypoinsulinemia [36]. Accordingly, while the mother glucose
can diffuse through the placental barrier [37], maternal
insulin cannot [38]. So, in situation of mother hyperglyce-
mia, the foetus is consequently exposed to important quanti-
ties of glucose. In order to regulate its own glucose home-
ostasis, the foetus increases its insulin secretion, which is an
important growth factor in the developing foetus. The foetus
is thus more exposed to insulin leading to excessive growth
and later programming of metabolic functions [39]. Addi-
tionally to macrosomia, many of the perinatal complications
that have been associated with obesity are also known to be
associated with GDM [40]. These include increased risks for
preeclampsia, caesarean, stillbirth, spontaneous abortion
and congenital malformations.

The question thus arising is whether the increased risk
of adverse perinatal outcome in obese women is related to
obesity per se or the increased risk of developing GDM. The
Hyperglycemia and Adverse Pregnancy Outcome (HAPO)
study attempted to address such question. This trial enrolled
more than 23.000 mothers and baby pairs. This study
showed a strong linear association between fasting and post-
challenge glucose and the incidence of macrosomia and neo-
natal adiposity [41]. They also clearly showed that the impact
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of hyperglycaemia on the foetus was present at a much
lower glucose concentration than previously thought [42].
This study thus suggests that complications may arise even
with gestational glucose levels below the thresholds of
GDM. Furthermore, a retrospective study of 413 women
with GDM or impaired glucose tolerance found that fetal
macrosomia was not associated with maternal glucose values,
except fasting glucose levels between 32 and 35 weeks of
pregnancy, while maternal obesity was a strong risk factor
for macrosomia throughout these pregnancies [43]. On the
other hand, a recent study suggested that pre-GDM was
a stronger predictor of increase in birth defect prevalence
than maternal obesity in their study population [44]. So
the question of whether adverse perinatal outcomes in obese
pregnant women are due to GDM (clinical or subclinical) is
still unanswered and remains an open field for research.

4. Fetal Programming of Adult Diseases

In addition to the previously cited neonatal complication in-
duced by maternal obesity and GDM, offspring born from
these women are more likely to develop health problems
later in life. In fact, in the early 1990, David Barker pub-
lished a paper in the British Medical Journal entitled “The
fetal and infants origin of adult disease. The womb may be-
more important than the home” [45]. This concept of fetal
programming or developmental plasticity states that an
insult or stress, occurring during period of maximal growth
and development of an organ, overcome normal physiolog-
ical processes. In such situation, the organ needs to adapt
to its new environment, which then conducts to adapta-
tion/reprogramming of functions of this organ [46]. In his
1990 paper, Barker was visionary as he stated that “research
should be redirected towards the intrauterine environment
rather than the environment in later childhood-housing,
family income, diet, and other influences” [45].

Of the first studies that were conducted to support the
concept of fetal programming, maternal nutrition, either
deficient or excessive, during pregnancy was pinpoint to
have various and often deleterious effects on the offspring.
Of the most critical and cited examples are the Dutch
Famine and some studies conducted in Pima Indians. During
World War II, food supply and calories intake were dra-
matically restricted in the Netherlands. This dark period
was called the Dutch Hunger Winter. Consequently, foetuses
that were exposed to this famine during mid- to late pregnan-
cies had small placentas, were born small-for-gestational
age when compared to those foetuses exposed in the early
phase of pregnancy. As these foetuses became adults, the pro-
portion of individuals suffering from glucose intolerance and
insulin resistance was greater among those whose fetal insult
occurred during mid- to late pregnancy. However, athero-
genic lipid profile, increased BMI and raised cardiovascular
risk were greater among those who were exposed during early
pregnancy [47].

Pima Indians are a recognized population for increased
prevalence of obesity and type 2 diabetes particularly since
their nutritional income was greatly modified by a typical

Westernized diet in the past few decades [48]. In comparison
to infants born from mothers who developed diabetes after
pregnancy, those born from women who had diabetes before
pregnancy were more prone to obesity, had higher blood
glucose and glycated haemoglobin levels, lower C-HDL con-
centration and were more likely to develop diabetes during
their childhood [49, 50]. These results suggests that the
period when the fetal insult occur is very determinant in the
reprogramming of functions and that either a poor or a too
rich maternal nutrition can lead to a U-shaped association
for risk of future adult diseases, with both low and high birth
weight being associated with risk of adverse health conse-
quences.

5. Long-Term Health Effect of Gestational
Obesity on the Offspring

5.1. Clinical Studies. Major factors associated with fetal adi-
posity are maternal prepregnancy BMI and weight gain dur
ing pregnancy [51]. Many studies have reported that mother
prepregnancy BMI and gestational weight gain were pos-
itively associated with offspring BMI at birth as well as
during infancy, childhood and early adulthood [52–56]. A
recent retrospective study of 8.400 children in the US found
that children born from obese mothers were twice as likely
to be obese at 24 months of age [57]. It was shown that at
time of birth, infants born from obese women had increased
adiposity, homeostasis model assessment of insulin resis-
tance (HOMA-IR, a fasting index estimating insulin resis-
tance), cord blood leptin and interleukin-6 (IL-6) concentra
tions. Moreover, fetal adiposity and mother prepregnancy
BMI were both highly correlated with fetal HOMA-IR [58].

In a recent prospective cohort of 146.894 offspring from
136.050 families, Lawlor and colleagues explored whether
and how maternal weight gain is associated with increased
offspring BMI at 18 years old. They showed that maternal
weight was positively associated to young adult adiposity.
They also provided evidences that offspring adiposity later in
life was mostly explained by familial characteristics in those
born to normal weight mothers, but mainly influenced by
intrauterine mechanisms in overweight and obese mothers
[59]. Moreover, as caesarean is one important adverse
outcome associated with maternal obesity, it was shown that
offspring born by caesarean were more likely to suffer from
obesity at age 23–25 years in comparison to those born
vaginally, even after appropriate adjustments (15% versus
10%) [60]. In the longitudinal 1986 Northern Finland Birth
Cohort study including 4.168 participants, Pirkola et al.
found that infants born from overweight and GDM mothers
had a 40% and 26% higher prevalence for being either over-
weight or having abdominal obesity at the age of 16 years.
This risk was also present in the subgroup of infants born
to overweight mothers who were free of GDM during preg-
nancy [61]. This significant impact of maternal obesity on
child obesity at a later age, independent of maternal glycemic
status, was confirmed in other studies [62]. This led us to
speculate that maternal obesity, either directly or through
its associated complications, is a risk factor for increased
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adiposity and reprogramming of metabolic functions in the
offspring at birth as well as the perpetuation of this increased
adiposity into adulthood.

5.2. Potential Mechanisms for the Long-Term Impacts of

Gestational Obesity on the Offspring

5.2.1. Metabolic and Hormonal Theories. In order to better
understand the fetal programming of increased fat mass
observed in human epidemiological studies, animal model
of maternal obesity was developed. Although not yet well
understood, few mechanisms of action for such long-lasting
effect in offspring were proposed. The most common animal
model is the one using a high-fat diet either during gestation
alone or in combination to lactation period. However, one
question that can be addressed for the validity of this model
in term of similarity with real obesity observed in women is
whether maternal obesity acts as a programming agent per se
or whether other aspects of the obesity-inducing diet drive
the fetal responses. To answer this question, Spraque-Dawley
rats where fed an obesogenic liquid diet by intragastric
cannulation to induce obesity in those dams [63]. At mating
period, dams were transferred to a control diet and thereafter
offered back their obesogenic diet. In order to specifically
target the intrauterine life as an obesogenic environment,
after birth, pups born from obese animals were cross-fostered
to lean dams at birth. In comparison with those born from
lean dams, the offspring of obese dams exhibited increased
adiposity and insulin resistance until postnatal day 130. This
study therefore strongly suggests an independent effect of
maternal obesity, specifically during the fetal period, on risk
of obesity in the offspring. In line with this study, Bayol
et al. showed in 10-week-old rats born to mothers fed a
westernized high-fat diet throughout the course of gestation
and lactation an exacerbated preference for palatable foods,
at the expense of protein-rich foods, that was accompanied
by increased body weight and fat mass when compared to
control offspring [64]. In these rats, exacerbated adiposity
was accompanied by elevated insulin, glucose, triglycerides
and cholesterol plasma concentrations. Furthermore, a
group of offspring from mothers fed the westernized diet
during pregnancy and lactation were switched to a balanced
chow diet after weaning. In comparison to offspring born
from dams who were never exposed to prenatal junk
food diet, exposed offspring exhibited a relative increase in
perirenal fat pad mass (a visceral fat depot) and adipocyte
hypertrophy, which is believed to reflect reduced ability
for adipogenesis and hyperplasia, as well as modulation of
genes involved in glucose and insulin regulation and in
adipose tissue functions [65]. These studies demonstrate
that an obesogenic maternal diet during pregnancy and
lactation may directly contribute to the development of
total body adiposity, adipose tissue dysfunction, central fat
accumulation and metabolic disease later in life.

Obesity, insulin resistance, glucose intolerance and meta-
bolic syndrome were also shown after culling pups to smaller
litter size during lactation (F0 generation) [66]. Generational
transmission of these pathological states, except for obesity,

was observed in the aging offspring born from rats of the F0
generation even though they were not themselves exposed to
overnutrition (F1 generation). In the second generation of
offspring (F2 generation), fasting hyperglycemia and glucose
intolerance were still apparent by 4 months of age [66]. In
mouse as in nonhuman primates, in addition to impairing
adiposity, maternal high-fat diet induces in the offspring
an increase in gluconeogenic enzyme expression [67] or a
reduction in liver insulin signalling and activation of JNK
and IKK beta [68]. These studies thus provide a mechanism
of action for the fatty liver and insulin resistance observed
in those offspring. In line with the previous observations,
offspring born to dams fed a fat-rich diet throughout gesta-
tion and lactation had a dysfunctional adipose tissue as char-
acterized by impaired adipokines production (leptin, adipo-
nectin) and enzymatic function (lipoprotein lipase and hor-
mone-sensitive lipase). These defaults were worsened when
the offspring were themselves fed the fat-rich diet after wean-
ing [69]. Thus, in utero exposure to maternal obesity and un-
healthy diet pattern per se can program multiple aspects of
energy-balance regulation in the offspring that may be the
leading cause of perpetuated adult metabolic diseases.

5.2.2. The Epigenetic Matter. One possible mechanism by
which obesity and metabolic disturbances can occur in off-
spring is related to epigenetic modifications of genes which
may be induced by the in utero environment and result in
gene expression without altering DNA sequences. Epigenetic
changes are defined as the transmission of DNA or RNA
activity without modifying the nucleotide sequence. Epi-
genetic misprogramming during development by maternal
nutrition or by obesity-related metabolic milieu is now
widely thought to have a persistent effect on the develop-
mental plasticity of the foetus leading to obesity-related dis-
eases in children [70]. Studies suggest that maternal obesity,
via a pro-inflammatory milieu, insulin resistance, or other
hormonal factors, causes epigenetic programming of the
foetus [3, 71] which predisposes to the development of
obesity and type 2 diabetes mellitus early in life, thus per-
petuating the vicious circle of obesity.

Recently, Plagemann and colleagues reported that neona-
tal overfeeding by culling pups to smaller litters size during
lactation resulted in early weight gain, obesity, hyperleptine-
mia, hyperglycemia, increased insulin to glucose ratio and
increased insulin receptor promoter (IRP) methylation in the
hypothalamus [72]. Moreover, by performing longitudinal
analysis of the data, blood glucose was positively associated
to IRP methylation (r = 0.52; P = 0.04), independently
of group (overfed or control). These data are in accordance
with the observation that one mechanism by which glucose
intolerance could occur in rat offspring exposed to high fat
diet may be through increased hepatic gluconeogenesis and
histone modification of the offspring liver Pkc1 gene which
encodes the phosphoenolpyruvate carboxykinase 1 enzyme
[73]. These data thus suggest that obese women carry a
“milieu” that can potentially impair the developing child
epigenomic-associated metabolic status and then lead to
adulthood diseases.
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5.2.3. The Placental Effect. Another possible mechanism by
which maternal nutrition can impact on the offspring may
be through placental effects. Recently, a prospective observa-
tional study using a nonhuman primate model gave impor-
tant insight into the consequences of high-fat diet-induced
maternal obesity. In comparison to control mothers and
independently of their BMI status, those mothers receiving
the high-fat diet had a reduction in uterine blood flow and
increase placental inflammation. Furthermore, mothers on
the high-fat diet who developed obesity and displayed signs
of hyperinsulinemia demonstrated a further decrease in their
placental blood flow on the fetal side, thus favouring place-
ntal ischemia and stillbirth [74]. Moreover, when female
C57BL/6 mice were fed a high-fat diet for 1 month prior to
conception and throughout gestation, in addition to devel-
oping obesity and insulin resistance, their placentas lacked
trophoblast cells and showed increased signs of oxidative
stress, as compared to controls [75].

In human pregnancies complicated by obesity, higher
placental pro-inflammatory cytokines and higher circulating
IL-6 were measured [76]. Accordingly, it was recently
demonstrated that exposition of human primary trophoblas-
tic cell culture to IL-6 stimulated fatty acid accumulation.
The authors also showed that irrespective of BMI, maternal
3rd-trimester circulating IL-6 levels negatively correlates
with placental lipoprotein lipase enzyme activity thereby de-
creasing fatty acid uptake by the placenta. However, these
last results were not replicated in culture conditions [77].
Moreover, fetal adiposity was positively correlated to mater-
nal IL-6 [78], and adult offspring born to IL-6-deficient
dams were heavier, had increased adiposity, decreased insulin
sensitivity and leptin concentration [79]. IL-6-deficient mice
presented reduced leptin concentration in their milk and
wild type cross-fostered to IL-6-deficient mice had increased
weight and adipocyte size and showed altered hypothalamic
gene expression. It can thus be speculated that placental
inflammation generated by maternal obesity can contribute
to the metabolic disturbance observed in the offspring.
Collectively, these data associates maternal obesity to fetal
programming of metabolic disease by impaired placental
function.

6. Long-Term Health Effect of Gestational
Diabetes on the Offspring

6.1. Clinical Studies. In addition to maternal obesity, prepre-
gnancy diabetes or GDM has been associated with increased
risk in the offspring of developing later in life obesity, insulin
resistance, and type 2 diabetes [80, 81]. In a large prospective
analysis including mother-infant pairs who were enrolled in
the National Collaborative Perinatal Project, infants born
from GDM mothers were more likely to have elevated birth
weight and presented a higher BMI Z-score at 7 years of age
[82]. In order to further deepen the mechanism by which
GDM induces adiposity in children, a study tested 41 child-
ren born from mothers with GDM, 41 children born from
diabetic fathers (and mother with normal glucose tolerance),

and 548 children born from parents with both normal glu-
cose tolerance (control) [83, 84]. In comparison to control
newborns, those exposed to maternal diabetes were bigger
while those born to diabetic fathers were lighter. Following
up the children at 5 years of age, daughters of diabetic moth-
ers developed larger subscapular and triceps skinfold thick-
nesses and displayed higher insulin concentrations during
the oral glucose tolerance test (OGTT), which was accom-
panied by higher insulin increment. These daughters were
also more prone to develop impaired glucose tolerance in
comparison to control children (18.3% versus 1.7%). At 5
years of age, children of diabetic fathers had similar anthro-
pometric data to controls, but daughters had an increased
prevalence of impaired glucose tolerance (10.5% versus
1.7%). This data lead the authors to speculate that in children
born to diabetic father, glucose intolerance in later life may be
programmed by low birth weight. However, since daughters
of diabetic mothers were characterized both by increased
adiposity and lower insulin sensitivity, which was not the case
for daughters of diabetic fathers, these findings pinpoint to
the direct influence of the intrauterine milieu on fetal pro-
gramming of later disease.

Regarding maternal glucose tolerance during pregnancy,
as determined by the 2nd-trimester OGTT, it was found that
the higher the maternal plasma glucose was increased dur
ing the test, the higher the cord plasma glucose to insulin
ratio was decreased in comparison to cord blood of foetuses
born to normoglycemic mothers, but with pro-insulin-to-
insulin ratio maintained stable [85]. These results suggest
that maternal diabetes affect fetal insulin sensibility rather
than β-cell function and that this may lead to altered meta-
bolic function in the children later in life. Accordingly, in a
cohort of 21 children aged between 5 and 10 years, Bush and
colleagues showed that 2nd-trimester glycemic level 1 hour
after a 50 g oral glucose load was inversely correlated with
insulin sensitivity assessment during a liquid meal tolerance
test in the children, but positively associated with static β-
cell response and this was independently of adiposity [86].
Taken together, these studies suggest that at a young age,
children who were exposed to high glucose concentrations
during their fetal life develop metabolic dysfunctions with
time. Studies using gold standard techniques for metabolic
assessment and larger cohort are needed to really conclude
on the specific effects of high maternal glucose on the repro-
gramming of fetal functions.

6.2. Potential Mechanisms for the Long-Term Impacts of
Gestational Diabetes on the Offspring. Animal studies were
also conducted in order to pinpoint the influence of GDM on
the transgenerational transmission of obesity and diabetes.
In fact, already in the early 90s’, studies performed in
rodents showed that maternal hyperglycemia leads to over-
weight, impaired glucose tolerance, hyperinsulinemia and
insulin resistance in the offspring later in life [87, 88]. Such
metabolic consequences persisted through the F1 and F2
generations [87–89]. In mice, it was recently reported that
these defects were perpetuated to the next generations
through maternal and/or paternal lineages imprinted genes
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[90, 91]. Moreover, Bouchard and colleagues recently de-
monstrated, in placentas of mothers experiencing glucose
intolerance during pregnancy, an inverse relationship bet-
ween maternal plasma glucose concentration 2 hours after an
OGTT and placental fetal side leptin DNA methylation. In-
creased placental leptin DNA methylation was also associated
to lower cord blood leptin mRNA [92]. These results thus
indicate that, as shown for maternal obesity, gestational
hyperglycemia induces during fetal life an epigenetic mode of
inheritance for the transmission of adulthood obesity and
associated metabolic disturbances.

7. Interventional Studies Aimed at Reducing
the Impact of Maternal Obesity and/or
Gestational Diabetes on the Offspring

The question next arising is whether maternal weight loss
(before or during pregnancy) can reverse or at least reduce
the potential burden of obesity on the offspring. Or more
generally, in those mothers who are overweight or obese
and/or develop GDM, how can we reduce the risk of trans-
generational transmission of obesity and diabetes to the
developing child?

In a population of glucose-intolerant subjects, the Dia-
betes Prevention Program (DPP) and the Finnish Diabetes
Prevention Study (DPS) demonstrated the effectiveness of
an intensive program of lifestyle modification, which was
accompanied by modest weight loss, in order to prevent
almost 60% of new cases of type 2 diabetes mellitus [93, 94].
Moreover, the American Dietetic Association [95], the
American Society for Nutrition [95], and the British Fertility
Society [96] have all recommended that overweight/obese
women should be provided with assistance to lose weight
prior to conception and maintain a healthy lifestyle to pre-
vent excess weight gain during pregnancy. Furthermore, a
recent review of the literature proposed that improved weight
management by adequate nutritional diet may be successful
in preventing GDM in pregnant women [97].

7.1. Lessons from Bariatric Surgery. Consistent with the im-
portance for weight loss, most bariatric surgery has shown
some beneficial [98, 99] effects on pregnancy outcomes in
obese mothers and their neonates even though it was not the
case in some other studies (as reviewed in [100]). Of note,
bariatric surgery is also likely to affect patients’ eating habits
that contribute to improve obstetrical and neonatal com-
plications in addition to weight loss. One lesson that we
learned from bariatric surgery is that children born to moth-
ers after weight loss due to bariatric surgery had a reduc-
tion in macrosomic prevalence in comparison to the siblings
born before surgery, without difference in prevalence of low
birth weight [101]. In the children born from a pregnancy
occurring after the mother underwent bariatric surgery, their
risk of developing obesity into adulthood was greatly reduced
[101]. Moreover, in a retrospective study, it was shown that
in women who delivered after a bariatric surgery, the inci-
dence of GDM and caesarean was less than in pregnancies
that occurred before surgery [102]. These data thus imply

that maternal weight loss and improvement of metabolic
state before pregnancy improve obstetrical and neonatal
complications, as well as adulthood-programmed disease in
the offspring.

7.2. Lifestyle Management and Weight Control before or during
Pregnancy. In the next section, we will present clinical (sum-
marized in Table 2) and animal (summarized in Table 3)
studies that have examined the main interventions tested to
reduce the impact of maternal obesity and gestational dia-
betes and how they can break the vicious circle that per-
petuates the transmission of obesity and metabolic condi-
tions to the next generations.

7.2.1. Clinical Studies. Regarding lifestyle management dur-
ing pregnancy, few studies assessing the role of a dietitan
intervention alone have been published. A randomized con-
trolled trial undertaken in Belgium enrolled 122 obese
pregnant women in 3 groups receiving either nutritional
advice from a brochure; the brochure and lifestyle education
by a dietitian; or no intervention [103]. By assessing dieti-
tian intervention using food log book or questionnaires, the
authors found that while their intervention positively im-
pacted on nutritional habits of participants, it did not result
in any improvement of obstetrical or neonatal outcomes. On
the other hand, Wolff et al. showed that when obese pregnant
women were assisting to frequent nutritional consultation
with a specialized dietitian (ten 1-hour sessions during pre-
gnancy), they gained less gestational weight and reduced
their fasting insulin, glucose and leptin concentrations, thus
suggesting improved metabolic control [104]. However, as
in the previous paper, similar obstetrical and neonatal
complications between intervention and control women
were observed. These studies thus suggest that in order to
achieve more optimal weight gain during pregnancy with
a nutritional approach alone, it seems important that the
participant benefits from individualized professional advices.

The results of studies assessing the benefits of exercise
alone either before and/or during pregnancy are worth men-
tioning. In a small cohort of obese pregnant women, Calla-
way and colleagues showed that even though an increase
in energy expenditure of 900 kcal/week was achieved by
28 weeks of gestation with an individualized exercise pro-
gram, HOMA-IR and GDM outcomes were not different
in comparison to the group receiving usual care, and the
authors concluded that the efficiency of their intervention
was not convincing [105]. Nevertheless, they showed that
by 28 weeks, fasting glucose was significantly reduced and
that by 36 weeks, fasting insulin was significantly reduced by
28% in mothers of the intervention group, thus suggesting
that these metabolic gains still may show some benefits
on a longer-term basis in their children. Clapp et al. also
found that in women physically active before pregnancy,
those who sustained intensive activity throughout pregnancy
gain less gestational weight than those who stopped physical
activity at the beginning of pregnancy [106]. Moreover, they
showed beneficial effects on the newborns such as reduced
birth weight, ponderal index, percent body fat and fat mass.
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Moreover, these benefits were maintained at 5 years of age
as these children had reduced weight, ponderal index and
skinfolds as well as presented improved neurodevelopmental
skills. A recent paper reviewing prospective, retrospective
and cross-sectional studies assessing prepregnancy and early
pregnancy physical activity in over 35.000 and 4.400 par-
ticipants, respectively, suggested that these women were at
reduced risk of GDM [118].

Other trials aimed to improve maternal, neonatal and
long-term offspring outcomes by lifestyle management.
Indeed, it was shown by Artal and colleagues that, in obese
women with GDM, the addition of physical activity to
improved dietary habits resulted in less gestational gain
weight when compared to the effect of diet alone, without
compromising neonatal outcomes [107]. Quinlivan and col-
leagues performed a randomized-controlled trial enrolling
overweight or obese Australian pregnant participants allo-
cated to standard care or a 4-step approach consisting of
a visit with an interdisciplinary team including: (1) an
obstetrician for continuity of maternal care, (2) a food
technologist for nutritional habits and for providing food
information, (3) a nurse performing weight measurements
and (4) a psychologist to evaluate signs of depression and
anxiety [108]. This interdisciplinary lifestyle intervention
lead to a significant reduction in gestational weight gain (7.0
versus 13.8 kg) and in the incidence of GDM (6 versus 29%),
as compared to standard care. In spite of these clinically sig-
nificant differences in obstetrical outcomes, neonate weights
were similar between the 2 groups. Similarly, a group of
Finland’s pregnant women at risk for GDM, based on the
results of an OGTT performed during first trimester, were
randomised to the intervention group, consisting of dietary
and physical activity counselling, or in the control group
[109]. Weight gain was slightly, although not significantly,
reduced in the intervention group (11.4 versus 13.9; P =
0.06), but no difference was observed between groups
regarding glucose tolerance during 2nd trimester. However,
although obstetrical and neonatal outcomes were similar
between groups, they showed a slight, but significant increase
birth weight in the intervention versus close follow-up group.
Other studies have shown that lifestyle improvement by
nutritional or physical activity behavioural modifications
during pregnancy resulted in recommended gestational
weight gain or lower gain than with control intervention
[110, 111]. Altogether, these trials and others (including
review [122] and meta-analysis [123]) suggest that it is fea-
sible to improve weight management and/or the metabolic
state of obese or at-risk women during pregnancy, without
negative impact on fetal outcomes. However, results are
somewhat scarce, controversial and inconsistent regarding
the impact on maternal and fetal medical complications,
and long-term follow-up studies are lacking in order to
determine whether they have long lasting metabolic benefits
on the offspring.

The benefits of controlling adequately maternal hyper-
glycemia during pregnancy are now well established and have
influenced international guidelines on the diagnosis and
treatment of gestational hyperglycaemic disorders. The
Australian Carbohydrate Intolerance in Pregnant Women

(ACHOIS) study showed that in women with mild impaired
glucose tolerance but treated with dietary advices and if
needed, insulin, macrosomia incidence and serious neonatal
complications were significantly reduced as compared to
the routine care group [112]. However, intervention was
associated with higher admission to neonatal care unit and
increased rate of labor induction although caesarean rate
were similar. This intervention was not associated with any
change in BMI in children at 4-5 years of age between groups
[113]. In a randomized controlled trial held in the US,
Landon and colleagues showed similar results in women with
mild gestational diabetes enrolled in the intervention group
consisting of a dietary intervention, self-monitoring of blood
glucose and, if needed, insulin therapy [114]. In comparison
to control group who received usual care, the intervention
did not result in improved neonatal complications as in
the ACHOIS study, but it resulted in better fetal growth,
as shown by reduced incidence of macrosomia, large-for-
gestational age as well as fetal fat mass [114]. Unlike the
ACHOIS study, this trial found a reduction in preeclampsia,
caesarean and shoulder dystocia. Results of the long-term
follow-up of the offspring are not yet available. However, in
71 children assessed between 7–11 years of age, Malcolm and
colleagues found that interventions in women with gesta-
tional diabetes aiming for either minimal or tight glycemic
control during pregnancy [115] were equally effective for the
prevention of impaired glucose tolerance [116]. However,
this conclusion needs to be interpreted with caution because
no control group was included and this study was limited by
its relatively small sample size.

Since carbohydrates are the main determinant of post-
prandial blood glucose level [124], intervention trials were
assessed or are presently being held to establish the effect
of low glycemic index diet during pregnancy on neonatal
outcomes [125, 126]. Accordingly, one interventional study
conducted in healthy pregnant women proposed that low
glycemic index diet reduces the incidence of macrosomia
[117]. In pregnancies complicated by GDM, it is generally
accepted that a low glycemic index diet is indicated because
it was shown to facilitate glucose control without compro-
mising obstetric and fetal outcomes [127, 128]. In a recent
systematic review of literature on low glycemic index diet,
Louie et al. proposed that until results of larger randomised
control trials are available, low glycemic index diet should
not be introduced into clinical practice, except for mothers
with GDM, because data are not consistent and supported
by large cohorts [129].

In brief, these clinical intervention trials showed some
benefits in terms of improved gestational weight gain but
few provided convincing data for better impact on the
neonates. However, limitations include mainly small number
of participants (lack of power) and possible publication
bias. As it is otherwise satisfactory to observe that these
interventions were not detrimental to the fetus, the next
question arising is whether they have a long lasting impact
on later childhood obesity or metabolic function.

7.2.2. Animal Studies. Although the impact of gestational ob-
esity and diabetes on the offspring is well described, human
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trials conducted to determine whether maternal interven-
tions could break down the vicious cycle on future genera-
tion are still at their infancy. Therefore, only animal studies
can help us to make some inferences for the moment. In fact,
the potential beneficial impact of nutritional intervention
were reported in the yellow Agouti mice and in rats born to
fat-fed mothers. In the yellow Agouti mice, authors showed
that in utero exposure to the dietary antioxidant genistein,
at levels present in human adult populations consuming
high-soy diets, reduces obesity by altering the epigenome in
those mice [119]. In addition, offspring born from dams
fed a fat Westernized diet developed by 2 weeks of age
greater adiposity and glucose intolerance than those born
from dams fed the control diet [120]. However, offspring
born from dams fed the Westernized diet and supplemented
with antioxidant normalized their fat mass as well as their
leptin, glucose, insulin and non-esterified fatty acid blood
concentrations to levels similar to the control group.

Zambrano and colleague showed that giving a normal
chow to obese female rats 1 months prior to mating and
throughout pregnancy and lactation in comparison to obese
rats who were kept on the obesogenic diet throughout entire
study period resulted in dams with lower gestational weight
gain but in offspring of similar phenotype and weight from
birth to 150 days of age [121]. These results are in agree-
ment with the previously reported literature in human
where maternal interventions with the aim to reduce gesta-
tional weight gain had no effect on the foetuses birth weight.
However, by 21 days of age, offspring born to mothers
on the intervention arm significantly improved their high
fat mass, hypertriglyceridemia, hyperleptinemia, hyperinsu-
linemia and insulin resistance, in comparison to rats born
from untreated obese dams, and almost to the same levels
as in rats born from non-obese dams. By 150 days of age,
improvements in leptinemia, fat mass and adipocyte cell size
were still observable [121].

These results suggest that maternal intervention aimed at
reducing gestational weight gain has tremendous long lasting
metabolic effects on the offspring, even if fetal and neonatal
profile were similar or slightly changed. It is therefore possi-
ble to extrapolate that even though interventions in humans
did not result in improved newborn phenotype, benefi-
cial effects on the intrauterine milieu may have long lasting
effect on adulthood health of the offspring.

8. Conclusion

In summary, obesity is a common and growing condition
affecting women health. Accordingly, women are more likely
to enter pregnancy being overweight and often exceed the
recommended gestational weight gain. As one major weight-
associated complication, GDM may lead to profound and
long lasting effect in the child. Moreover, even without the
development of GDM, gestational maternal weight increas-
es the future risk of cardiometabolic conditions in the off-
spring. Fetal programming of metabolic function induced
by obesity and GDM may have intergenerational effect and
thus, perpetuate the burden of such conditions. Mechanisms

by which reprogramming of fetal function might occur is
directly through maternal metabolic and hormonal effects,
epigenetic alterations or impaired placental function. Peri-
conceptional weight loss interventions have demonstrated
their ability to reverse the impacts of maternal obesity and
GDM on the child and are of great importance for the pre-
vention of future cardiometabolic risks in the offspring, and
may thus be the best approach to break the vicious circle of
intergenerational propagation of obesity and diabetes. How-
ever, the nature and the timing of intervention should be
carefully considered because it could also by itself induce
organ reprogramming and potential long-term effect on the
offspring [130, 131]. In addition, larger cohorts and long-
term randomized controlled trials are necessary to provide
robust conclusions.
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Gestational diabetes mellitus (GDM) and obesity in pregnancy (OP) are pathological conditions associated with placenta vascular
dysfunction coursing with metabolic changes at the fetoplacental microvascular and macrovascular endothelium. These alterations
are seen as abnormal expression and activity of the cationic amino acid transporters and endothelial nitric oxide synthase
isoform, that is, the “endothelial L-arginine/nitric oxide signalling pathway.” Several studies suggest that the endogenous nucleoside
adenosine along with insulin, and potentially arginases, are factors involved in GDM-, but much less information regards their role
in OP-associated placental vascular alterations. There is convincing evidence that GDM and OP prone placental endothelium to
an “altered metabolic state” leading to fetal programming evidenced at birth, a phenomenon associated with future development
of chronic diseases. In this paper it is suggested that this pathological state could be considered as a metabolic marker that
could predict occurrence of diseases in adulthood, such as cardiovascular disease, obesity, diabetes mellitus (including gestational
diabetes), and metabolic syndrome.

1. Introduction

Pregnancy is a physiological state with a complex anatomical
and functional interaction between mother and fetus [1].
When this interaction is not a success, the mother, the fetus,
or both exhibit functional impairments. Complications of
pregnancy are important causes of maternal mortality, where
gestational diabetes mellitus (GDM) and obesity of the
mother in pregnancy (OP) are major obstetric pathologies.
Fetal-maternal interaction could result in metabolic distur-
bances leading, for example, to placental and endothelial
dysfunction [2, 3]. Endothelial dysfunction is defined as
an altered capacity of the endothelium to take up and
metabolize the cationic amino acid L-arginine, the substrate
for nitric oxide (NO) synthesis via NO synthases (NOS)
[4, 5]. Interestingly, it is reported that GDM and OP are

pathological conditions associated with altered L-arginine
transport and NO synthesis (i.e., the “L-arginine/NO sig-
nalling pathway”), probably due to altered uptake and
metabolism of adenosine [6, 7], an endogenous nucleoside
acting as vasodilator in most vascular beds [8, 9]. These
pathophysiological characteristics are considered key in the
establishment of a “programmed state” of the developing
fetus (i.e., “fetal programming”). This concept refers to the
impact of abnormal intrauterine conditions on the develop-
ment of diseases in adulthood and becomes a key mechanism
associated with future development of chronic diseases
including cardiovascular disease (CVD), diabetes mellitus,
and metabolic syndrome (a concept globalizing clinical
association of obesity, type II or non-insulin-dependent
diabetes mellitus, hypertension, and dyslipidaemia) [10–12].
Interestingly, GDM is a condition that also increases the risk
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Figure 1: Comparison of published reports addressing a potential
association of human adult diseases in subjects from pregnancies
coursing with gestational diabetes mellitus or obesity in pregnancy.
Gestational diabetes mellitus (GDM, column of light-blue circles)
and obesity in pregnancy (OP, column of orange circles) are
pathological conditions in human subjects. Different number of
reports (x-axis, Published reports), in this cartoon represented as
relative size of corresponding light-blue and orange circles, suggest
that GDM and OP are differentially associated with increased
incidence of human adult diseases (y-axis, Human adult diseases),
such as obesity, type 2 diabetes mellitus (T2DM), insulin resistance,
hyperlipidaemia, or hypertension. Data taken from [13, 77, 78, 81,
84, 92, 190, 195–212].

of obesity in children and adolescents [13], a phenomenon
leading to high incidence of type 2 diabetes mellitus (T2DM)
[14]. OP is also related to neonatal metabolic compromise,
which is already apparent in the offspring at birth, character-
ized by reduced insulin sensitivity and higher concentrations
of inflammatory markers [13]. Surprisingly, few studies have
been reported regarding the potential association between
GDM and OP as pathological conditions of the mother
during pregnancy leading to diseases in the adulthood,
the latter most likely programmed during the intrauterine
life period (Figure 1). These concepts are discussed in
this paper in terms of the fetus-placenta interaction and
consequences of GDM and OP leading to fetal vascular
disturbances. We also suggest that, based in the discussed
observations, our attention should be certainly switched
towards a better understanding of the gestational period as a
key interventional target in the prevention of adult diseases at
the state where fetal programming of adult diseases occurs.

2. Endothelial Dysfunction

Endothelial cells play a crucial role in the regulation of
vascular tone through the release of vasoactive substances,
including nitric oxide (NO) [4, 5, 15]. In pathological
pregnancies, such as GDM [6, 16], intrauterine growth
restriction (IUGR) [2], or preeclampsia [17], the synthesis
and/or bioavailability of NO are altered leading to changes
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?
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Figure 2: Endothelial L-arginine/NO signalling pathway in ges-
tational diabetes mellitus and obesity in pregnancy. In human
endothelial cells L-arginine is taken up via cationic amino acid
transporters 1 (hCAT-1) accumulating this amino acid in the
intracellular space. L-Arginine is then metabolized by the endothe-
lial nitric oxide synthase (eNOS) into L-citrulline and nitric
oxide (NO) as a co-product. Gestational diabetes mellitus is
associated with higher expression and activity of hCAT-1 leading to
supraphysiological accumulation of L-arginine. This phenomenon
results in higher L-arginine metabolism by eNOS due to increased
expression and activity of this enzyme leading to overproduction of
NO. In endothelial cells from OP there is no information addressing
whether this pathological condition alters L-arginine transport
and intracellular accumulation, but reduces eNOS expression and
activity leading to lower than physiological synthesis of NO.

in blood flow of the human placenta which could result in
limiting fetal growth and development [1, 3]. NO is a gas
synthesized from the cationic, semiessential amino acid L-
arginine in a metabolic reaction leading to equimolar for-
mation of L-citrulline and NO (Figure 2) [5]. This reaction
requires the activity of NO synthases (NOS), of which at
least three isoforms have been identified, that is, neuronal
NOS (nNOS or type I), inducible NOS (iNOS or type II),
and endothelial NOS (eNOS or type III) [4, 5, 18]. The NO
diffuses from the endothelium to the underlying layer of
vascular smooth muscle cells leading to cyclic GMP (cGMP)-
dependent vasodilatation [5]. In vessels without innervation,
such as the placenta and the distal segment of the umbilical
cord [1, 19], vascular tone is regulated by the synthesis
and release of vasoconstrictors and vasodilators from the
endothelium [3]. The reduced ability of this tissue to stimu-
late NO-mediated vasodilatation is referred to as endothelial
dysfunction [20]. This phenomenon is strongly correlated
with cardiovascular disease (CVD) risk factors [21] and with
early states of chronic diseases such as hypertension [22],
hypercholesterolemia [23], diabetes mellitus [24], hyperho-
mocysteinaemia [25], and chronic renal [26] and cardiac
failure [27]. Interestingly, eNOS expression and activity is
highly regulated in human fetoplacental microvascular and
macrovascular endothelium, an effect that is differential in
these two vascular beds; thus, endothelial dysfunction and
perhaps increased risk of appearance of chronic diseases in
adulthood will also depends on the type of fetal vascular bed
that is altered in diseases of pregnancy [16].

Activity of NOS may depend on the ability of endothelial
cells to take up their specific substrate L-arginine via a variety



Experimental Diabetes Research 3

SLC7A1

NOS3

SLC29A1

Adenosine

Adenosine

hENT1

Adenosine

A2A

NO

eNOS

CHOP
Sp1

NFkB

ALANO pathway

hCAT-1

L-Citrulline

L-Arginine

L-Arginine

Figure 3: Adenosine/L-arginine/nitric oxide (ALANO) signalling pathway in gestational diabetes mellitus. Human umbilical vein
(macrovasculature) and placental microvascular endothelial cells exhibit increased (solid light-blue arrows) L-arginine transport via the
cationic amino acid transporters 1 (hCAT-1) but reduced (segmented light-blue arrows) adenosine uptake via the equilibrative nucleoside
transporter 1 (hENT1). The latter phenomenon leads to accumulation (white up arrow) of adenosine in the extracellular space, which then
stimulates A2A adenosine receptors to activate (dotted light-blue arrows) maximal transport capacity of hCAT-1 and maximal metabolic
capacity of endothelial nitric oxide synthase (eNOS) leading to supraphysiological levels of nitric oxide (NO) and L-citrulline. The gas NO
activates hC/element-binding protein (CBP) homologous protein 10-C/EBPα transcription factor complex (CHOP) leading to repression
of SLC29A1 gene expression resulting in reduced hENT1 protein synthesis and abundance at the plasma membrane. On the other hand,
NO activates the transcription factor-specific protein 1 (Sp1) and nuclear factor κB (NFκB) leading to increase transcription of SLC7A1 and
NOS3 genes, respectively. This phenomenon results in higher abundance of hCAT-1 and eNOS protein increasing L-arginine transport and
NO synthesis. From data in [6, 16, 39, 48, 52, 59].

of membrane transport systems [2, 28–30]. In human
endothelial cells, L-arginine is taken up via membrane
transport systems grouped as systems y+, y+L, b0,+, and B0,+

[31–33]. System y+ conforms a family of proteins known as
cationic amino acid transporters (CATs) (hereafter referred
as “CATs family”), with CAT-1, CAT-2A, CAT-2B, CAT-3,
and CAT-4 isoforms [34] whose expression and activity,
and the mechanisms modulating these phenomena, have
been extensively described [30, 33–35], including in the
human placenta [36–38]. Human fetoplacental endothelium
takes up adenosine via equilibrative nucleoside transporters
(ENTs) [6, 16, 39–41]. Four members of the ENT family
of solute carriers (SLC29A genes) have been cloned from
human tissues, that is, hENT1, hENT2, hENT3 and hENT4
[40, 41]. In primary cultures of human umbilical vein
endothelial cells (HUVECs), adenosine transport is mainly
(∼80%) mediated by hENT1 with the remaining transport
(∼20%) being mediated by hENT2 [39, 42, 43]. Recent
reports show that these proteins are also expressed in human
placental microvascular endothelial cells (hPMECs); how-
ever, contribution of hENT1 and hENT2 to total adenosine
transport in this cell type is similar compared with adenosine
transport in HUVEC [17, 44]. hENT3 and hENT4 seem not
to play a significant role in endothelium (see [16, 45–47]).

Interestingly, adenosine has been suggested as a nucleoside
increasing L-arginine/NO signalling pathway in HUVEC
[39, 48], hPMEC [17, 49], rat cardiomyocytes in response
to the ENTs inhibitor dipyridamole [41], and in skeletal
microvascular endothelium in response to hypoxia [50]. This
phenomenon has been referred to as endothelial “ALANO”
signalling pathway (adenosine/L-arginine/nitric oxide) first
characterized in HUVEC from GDM pregnancies [6, 16,
48]. The mechanism involves adenosine activation of A2A-
adenosine receptors and increased expression of hCAT-1 and
eNOS, via activation of key signalling molecules includ-
ing mitogen-activated protein kinases of 42 and 44 kDa
(p42/44mapk) and protein kinase C (PKC) [6, 7, 16, 39,
48]. Thus, a relationship between expression and activity
of hCATs and hENTs in HUVEC from GDM has been
established (Figure 3) [6, 16, 48, 51, 52].

3. Gestational Diabetes Mellitus

Gestational diabetes mellitus (GDM) is a syndrome char-
acterized by glucose intolerance leading to maternal hyper-
glycaemia first recognized during pregnancy [53]. GDM
is associated with abnormal foetal development and peri-
natal complications, such as macrosomia and neonatal
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hypoglycaemia [54]. Alterations associated with GDM re-
sult from a change in the amount of D-glucose available
to the fetus due to alterations in the physiology of the pla-
centa (e.g., increased D-glucose transplacental transport)
or by hormone-induced dysfunction (e.g., altered insulin
signalling), phenomena that could lead to abnormal growth
of the fetus (macrosomia) and perinatal complications [16,
55, 56]. Clinical manifestations of GDM have been attributed
mainly to the condition of hyperglycaemia, hyperlipidaemia,
hyperinsulinemia, and fetoplacental endothelial dysfunction
[54, 55]. Various organs show structural and functional
alterations, including endothelial dysfunction of the micro-
and macrocirculation in the fetoplacental circulation, in
GDM [16, 57]. Increased NO synthesis has also been re-
ported in human placental veins and arteries [58] and in
primary cultures of HUVEC [7, 51, 59] isolated from preg-
nancies with GDM (Table 1). Thus, vascular dysfunction
resulting from this syndrome may be a consequence of
a functional dissociation between the synthesis of NO
and/or its bioavailability to the vascular endothelium and
smooth muscle in the human placenta circulation. Even
when the GDM-associated endothelial dysfunction regards
altered endothelial L-arginine/NO signalling pathway, most
studies regarding the mechanisms behind these effects of
GDM are not conclusive. However, it is conceivable that these
alterations are the result of alterations in multiple, rather
than single, metabolic mechanisms including sensitivity of
the human fetal endothelium to vasoactive molecules such
as adenosine [39, 48] or insulin [7, 47].

3.1. Endothelial Dysfunction in Gestational Diabetes Mellitus

3.1.1. L-Arginine/NO Signalling Pathway. In primary cul-
tures of HUVEC from GDM, synthesis of NO [7, 39, 59],
L-arginine transport [39], and its intracellular concentration
[16] are increased (Figure 2). GDM-associated increase of L-
arginine transport is due to higher maximal velocity (Vmax)
for transport, most likely resulting from higher hCAT-1
expression [39]. Since general activators of PKC increase L-
arginine transport and because activation of p42/44mapk is
increased in response to NO and PKC, the mechanisms by
which L-arginine transport is activated in GDM in HUVEC
seem to depend on these intracellular signalling molecules.

PKC and p42/44mapk are also involved in the stimulation
of L-arginine transport via hCAT-1 by insulin in HUVEC
[30, 33, 47, 60]. This phenomenon seems to result from
increased SLC7A1 (for hCAT-1) promoter transcriptional
activity via a mechanism involving the zinc finger pro-
moter-selective transcription-factor-specific protein 1 (Sp1)
binding to multiple consensus sequences identified between
−177 and −105 bp from the ATG (transcription starting
sequence) of this gene [33]. Insulin causes relaxation
of human umbilical vein rings in an endothelium- and
hCAT-like transport activity-dependent manner [33]. Since
this vascular response is found using physiological plasma
concentrations of insulin (∼0.01–0.1 nM), it is feasible
that SLC7A1 expression and most likely hCAT-1 activity
are under tonic regulation by physiological insulinemia
in human umbilical veins. Insulin-induced umbilical vein

relaxation was lower in vessels from GDM compared with
normal pregnancies [7]. This phenomenon could be the
result of a less reactive umbilical vein, perhaps due to tonic
and basally increased vasodilation due to overrelease and/or
accumulation of adenosine at the umbilical vein blood [7].
In addition, it is known that insulin effect in patients with
insulin resistance is improved by infusion of adenosine
receptor agonists suggesting that insulin biological effects
could be facilitated upon adenosine receptor activation [61].
This mechanism is also plausible in the human fetoplacen-
tal circulation where activation of adenosine receptors is
also, apparently, facilitating insulin-increased L-arginine/NO
signalling pathway [47]. Altogether these findings could be
crucial for fetal insulin modulation of endothelial-derived
NO synthesis in human umbilical vessels from pregnancy
diseases associated with hyperinsulinemia, such as GDM,
and other states of insulin resistance [6, 7, 16, 30, 47].

3.1.2. Adenosine Transport. HUVEC from GDM also exhibit
reduced adenosine transport (Figure 3) [6, 16]. GDM
effect on adenosine uptake is proposed to result from a
lower hENT1 transport capacity (Vmax/Km) due to reduced
Vmax rather than altered intrinsic properties (i.e., unaltered
apparent Km) of this type of nucleoside transporters [7,
51, 59]. Since adenosine uptake efficiency (i.e., adenosine
molecules per transporter per cell per second) is unaltered in
HUVEC from GDM [62], reduced hENT1 expression could
explain this effect of GDM. Alternatively, a lower number
of nucleoside-binding sites per endothelial cell (∼50%)
have been estimated in HUVEC from GDM compared
with cells from normal pregnancies [62]. In addition, an
apparent recycling of hENT1 from the plasma membrane to
perinuclear location has been shown in this cell type [63, 64].
Thus, not only a reduced activity and expression but also
hENT1 recycling could be a mechanism involved in GDM
altered adenosine transport in human fetal endothelium
[16, 65, 66]. It is also known that NO inhibits SLC29A1
(for hENT1) promoter transcriptional activity in HUVEC
from GDM, where a higher NO synthesis due to eNOS
activation (phosphorylation of eNOS at Ser1177 residue)
[39] as well as increased total eNOS expression [59] is
reported. The SLC29A1 promoter region spanning from
−2154 to −1810 bp from the ATG contains sequence(s)
for inhibitory transcription factor(s) leading to downreg-
ulation of this gene expression in HUVEC from GDM
[59]. Interestingly, GDM effect requires activation of the
NO-dependent repressive transcription factors complex con-
formed by hC/element-binding protein homologous protein
10 (CHOP)-CCAAT/enhancer-binding protein α (C/EBPα)
(hCHOP-C/EBPα) [51]. These regulatory mechanisms of
hENT1 expression and/or intracellular localization could
be key events to understand the recently reported GDM-
increased plasma adenosine concentration (∼600 nM) in
umbilical vein blood [7] compared with normal pregnancies
(∼350 nM) [7, 67–69]. Reduced expression and/or activity of
hENTs is a phenomenon that could also explain the elevated
extracellular adenosine concentration detected in the culture
medium of HUVEC from GDM (∼900–2,000 nM) [7]
compared with normal (∼50–500 nM) pregnancies [7, 69].
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Table 1: Effect of GDM, obesity, and hypercholesterolaemia on ALANO signalling pathway.

Element
Pregnancy Nonpregnancy

GDM Obesity Hypercholesterolemia

Cell type Effect References Cell type Effect References Cell type Effect References

hENT1 expression
HUVEC Reduced [7, 39, 51]

hPMEC Reduced [16, 44]

hENT1 activity
HUVEC Reduced [7, 39, 51]

hPMEC Reduced [16, 44]

hENT2 expression
HUVEC Unaltered [16]

hPMEC Reduced [16, 44]

hENT2 activity
HUVEC Unaltered [16]

hPMEC Reduced [16, 44]

Extracellular adenosine HUVEC Increased [7, 48]

hCATs, expression HUVEC Increased [39] hP Reduced [213] EAhy926 Increased [128]

rAR Increased [127]

hCATs, activity HUVEC Increased [39] hP Reduced [213] EAhy926 Increased [128]

rAR Reduced [127]

bAEC Reduced [214]

pAEC Reduced [215]

HUVEC Unaltered [216]

HUVEC Unaltered [217]

eNOS expression
HUVEC Increased [39, 51] hVEC Unaltered [173] hSVEC Reduced [129]

hPT Increased [218] mVEC Increased [219] rbAS Reduced [131]

hAd Increased [220] HUVEC Reduced [130]

hHep Unaltered [221]

eNOS activity
HUVEC Increased [7, 39, 51] hVEC Reduced [173] hSVEC Reduced [129]

hVT Unaltered [222] mVEC Reduced [219] rbAR Reduced [131]

mHep Reduced [223] HUVEC Reduced [130]

hP Unaltered [213] pAEC Reduced [215]

NO level HUVEC Increased [11] ∗ Increased [221] hSVEC Reduced [129]

Arginase 1 mHep Increased [223]

Arginase 2 hAEC Increased [136–138]

mAEC Increased [137, 138]

hENT1: human equilibrative nucleoside transporter 1; hENT2: human equilibrative nucleoside transporter 2; hCATs: human cationic amino acid transporters;
eNOS: endothelial nitric oxide synthase; NO: nitric oxide; HUVEC: human umbilical vein endothelial cell; hPMEC: human placental microvascular
endothelial cell; hPT: human placental tissue; hVT: human villous tissue; hP: human platelets; hVEC: human vascular endothelial cell; mVEC: mouse vascular
endothelial cell; hAd: human adipocyte; hHep: human hepatocyte; mHep: mouse hepatocyte; EAhy 926: human endothelial cell line EAhy 926; rAR: rat aortic
ring; bAEC: bovine aortic endothelial cell; pAEC: porcine aortic endothelial cell; hSVEC: human saphenous vein endothelial cell; rbAS: rabbit aortic segment;
rbAR: rabbit aortic ring; hAEC: human aortic endothelial cell; mAEC: mouse aortic endothelial cell; ∗measurement performed in human serum.

Insulin also reduces hENT1-mediated adenosine trans-
port in HUVEC from normal pregnancies but restores
GDM-associated reduced hENT1 expression and activity in
this cell type [7, 70]. One of the proposed mechanisms
accounting for this beneficial effect of insulin on adenosine
transport is an activation of A2A-adenosine receptors by
extracellular adenosine, which is increased due to reduced
hENT1 transport activity in this cell type. In addition, a role
for a differential expression of insulin receptor isoforms A
(IR-A) and B (IR-B) in HUVEC from GDM is proposed
[7]. In this phenomenon insulin would be acting as a
factor that restores a potential GDM-associated metabolic
phenotype (i.e., preferential activation of p42/44mapk over
Akt pathways) to a normal, mitogenic phenotype (i.e.,
preferential activation of Akt over p42/44mapk pathways) by

restoring IR-A expression to values in HUVEC from normal
pregnancies [7]. Similar findings have been recently reported
for endothelial cells from the microcirculation of the human
placenta from GDM pregnancies, where instead a differential
role for insulin receptor isoforms is played as modulator of
hENT2-mediated adenosine transport [39].

In a recent study it has been proposed that diabetes
mellitus is not triggered in experimental animals where
arginases activity is increased, a phenomenon proposed to be
due to reduced NO synthesis [71]. These findings highlight
the importance of the counterregulatory effect of arginases
and NOS in pathologies where vascular tone regulation is
altered [72]. It is likely that increased arginase activity leads
to lower L-arginine bioavailability for eNOS impairing NO
synthesis in the endothelium (see Figure 4). Interestingly,
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Figure 4: L-Arginine metabolism in hypercholesterolaemia. In human endothelial cells, L-arginine is taken up via cationic amino acid
transporter 1 (hCAT-1) which is then metabolized by either the endothelial nitric oxide synthase (eNOS) into L-citrulline and nitric
oxide (NO), or via arginases (ARG) into L-ornithine and urea, phenomena conforming a normal endothelial function phenotype. These
mechanisms occur in a condition recognized as maternal physiological hypercholesterolaemia (MPH), which has been shown to be associated
with early states of fetal vasculature atherosclerosis. However, in a state of maternal supraphysiological hypercholesterolaemia (MSPH) (see
text), hCAT-1 and eNOS expression and activity are reduced (white down arrow) leading to reduced (segmented light-blue arrows) L-
arginine uptake and NO synthesis, respectively. However, a higher (white up arrow) expression and activity of ARG (most likely arginase
2) leads to increased formation of L-ornithine and urea. The alterations seen in endothelial cells from pregnancies with MSPH result
in endothelial dysfunction contributing in a larger proportion to fetal vasculature atherosclerosis compared with MPH. From data in
[129, 130, 136, 138].

exogenous L-citrulline, but not L-arginine, and inhibition of
arginases induce a diabetic phenotype in rats [71]. Therefore,
it is also feasible that recycling of L-citrulline to L-arginine
could also be involved in this phenomenon. The fact that
L-arginine does not induce diabetes could mean that L-
arginine availability for NOS is compartmentalized at such
degree that it could not reach appropriate concentrations to
activate NOS (Km of eNOS for L-arginine ranges 1–10 μM)
[5], thus limiting the use of this amino acid in the treatment
of GDM. What will be the impact of these mechanisms in
the fetoplacental circulation, and whether these mechanisms
will be associated with programming of adulthood diseases,
is unknown.

3.2. Dyslipidaemia. GDM is a pathological condition also
characterized by maternal dyslipidaemia, alteration directly
affecting fetal development and growth [56]. Dyslipi-
daemia is defined as elevated levels of triglycerides (hyper-
triglyceridemia) and total blood cholesterol (hypercholes-
terolemia), including increased low-density lipoprotein
(LDL) and reduced high-density lipoprotein (HDL) levels
[73]. This phenomenon is associated with the development
of endothelial dysfunction and atherosclerosis (a progressive

disease characterized by formation of lipid plaques in
arteries) [73, 74]. Dyslipidaemia is the main risk factor
for development of CVD [73, 75, 76]. Additionally, GDM
is a risk factor to fetal programming due apparently to
metabolic syndrome [77–79] and, thus, predisposes to an
accelerated development of CVD in adult life [78–83].
Interestingly, most of pregnancies with GDM course with
dyslipidaemia, thus making feasible a pathological link (i.e.,
most likely potentiation) between dyslipidaemia in GDM
pregnancies and development of CVD later in life. In fact,
GDM could play a role in fetal programming of adult CVD
not only by alterations in endothelial function of the placenta
(mainly triggered by hyperinsulinemia, hyperglycaemia, and
changes in nucleoside extracellular concentration) but also
by dyslipidaemia associated with this pathology [79, 84].

3.2.1. Hypertriglyceridemia. Pregnancy is a physiological
condition characterized by a progressive weeks of gestation-
dependent increase (reaching 100–200%) in the maternal
blood level of triglycerides [85, 86]. These changes promote
accumulation of maternal fat stores in early and mid
pregnancy, so to metabolize and use it in late pregnancy.
The very-low-density lipoprotein (VLDL) is the type of
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triglycerides carrier that increases in major proportion in the
plasma in hypertriglyceridemia. This phenomenon results
from an enhanced VLDL production by the liver and de-
creased removal of this lipoprotein from the circulation as
a consequence of pregnancy-associated hormonal changes,
including insulin-resistant condition and elevated plasma
oestrogen [85, 87]. The characteristic fetal macrosomia in
GDM is also a phenomenon related with alterations in lipid
metabolism leading to increased supply of nutrients to the
fetus favouring its growth [88]. The association between
dyslipidaemia and macrosomia regards hypertriglyceridemia
more than hypercholesterolemia; in fact, a positive corre-
lation between maternal triglycerides and neonatal body
weight or fat mass has been found in GDM [86, 88,
89]. Furthermore, since triglycerides cross the placenta [1]
and contribute to fetal macrosomia [87], maternal plasma
concentration of these lipids in the third trimester of
gestation, which could result from higher concentration
of fatty acids derived from maternal triacylglycerol, is
considered as a strong predictor of birth weight in women
with GDM [90–92]. This phenomenon is related with altered
placenta expression of key proteins involved in de novo lipid
synthesis (fatty acid synthase and sterol regulatory element-
binding protein 2) [93], triglycerides metabolism (placental
fatty acid-binding protein) [94, 95], and genes related
with placental lipid pathways accounting for placental lipid
metabolism and transport (e.g., PLA2G5 for phospholipase
A2, LPL for lipoprotein lipase, FACL3 for fatty acid-coenzyme
A ligase) [96]. It is accepted that regulation of these genes in
GDM alters placenta and fetus lipid metabolism leading to
altered fetal development and size, a condition potentiating
fetal hyperinsulinemia’s biological effects and contributing to
the development of the metabolic syndrome and CVD later
in life [79, 96].

3.2.2. Hypercholesterolemia. Pregnancy is also characterized
by a progressive and weeks of gestation-dependent increase
(40%–50%) in the maternal blood level of cholesterol
[85, 97, 98]. This phenomenon is known as maternal
physiological hypercholesterolemia in pregnancy (MPH) and
is considered to be an adaptive response of the mother to
satisfy the high lipids demand by the growing fetus [85, 86].
However, when a maternal misadaptation to the cholesterol
demands by the fetus occurs, a group of these women
develop a pathological condition referred to as maternal
supraphysiological hypercholesterolemia (MSPH). This con-
dition is characterized by maternal blood cholesterol level to
be over the 95th percentile or following the establishment of
a cut-point >280 mg/dL [93, 99–101]. Sources of cholesterol
for fetal metabolism along with endogenous production by
fetal tissues include transplacental mother-to-fetus transport
of maternal cholesterol [93, 100–106]. Although lipid traffic
through the placenta is restrictive, a correlation between
maternal and fetal blood cholesterol in the first and second
trimesters of pregnancy has been established [100, 107].
These studies suggest that maternal cholesterol level alters
normal development of the fetus. In fact, it has been reported
that, due to altered lipid metabolism in the placenta as
a result of high maternal blood cholesterol, atherogenesis,

a clinical complication commonly appearing in adults,
probably begins in fetal life with likely similar factors altered
in the mother, the fetus, and the placenta (see Figure 5)
[100, 108–111]. This phenomenon was for the first time
referred to as the “foetal hypothesis of atherosclerosis” [100,
112]. Interestingly, a strong correlation between maternal
cholesterolaemia before and during pregnancy and the size
of atherosclerotic lesions in arteries of fetus, children, and
young adults has been shown [100, 101, 111, 112]. This
is apparently crucial regarding fetal programming of CVD
[109–113]. Potential clinical implications for this foetal
hypothesis of atherosclerosis were further contextualised
with the FELIC (“Fate or Early Lesions in Children”)
study [101] where the possibility of applying a therapy
to mothers with hypercholesterolaemia during pregnancy
complemented with described pathogenic insights in the
primary prevention of CVD, including stem cell therapy
[114], is suggested as a potential way to improve health
in their children [101]. Alternatively, C-reactive protein
blood levels were described as higher in mothers with
hypercholesterolaemia during pregnancy, and this finding
was proposed to be used as a predictor of increased
atherogenesis in children [115]; however, even when this
information is of relevance for preventive medicine, maternal
cholesterolaemia seems to be a stronger predictor.

Placental vascular dysfunction, including altered macro-
and microvascular endothelial altered function, is associated
with higher risk of developing CVD in adulthood [16, 57].
Cumulative evidence shows that high levels of blood choles-
terol modify the endothelial function in different vascular
beds [116], mostly associated with reduced vascular NO
bioavailability and elevated oxidative stress (Table 1). Unfor-
tunately, nothing is reported regarding whether abnormal
maternal blood cholesterol level, including MSPH, leads to
placental vascular endothelial dysfunction [109, 117]. GDM
correlates with placental macro- and microvascular endothe-
lial dysfunction [16], also considered as early marker of
atherosclerosis [77]. Neonates with macrosomia from GDM
pregnancies show a significant increase in the aortic intima-
media thickness and higher lipid content, both conditions
considered as subclinical markers of atherosclerosis [110,
118] and that will potentially increase the atherosclerotic
process later in life. Nothing is yet available regarding the
potential effect of MSPH in normal or GDM pregnancies
regarding development of atherosclerosis in the fetoplacental
vasculature in humans [16, 118]. Preliminary findings from
our group suggest that MSPH is associated with reduced
(in fact almost abolished) vasodilatation of human umbilical
vein rings in response to insulin (Figure 6), a phenomenon
that could be mediated by endothelial dysfunction since
NO synthesis is also altered in HUVEC from these patients
[119]. Thus, we speculate that MSPH becomes a pathological
condition triggering potentiation of GDM effect on fetal
programming of CVD.

Reduced vascular NO bioavailability and elevated oxida-
tive stress alter vascular reactivity in the placenta [120],
as well as in children [121, 122] and adults [120, 123–
125], phenomena including downregulation of L-arginine
transport and eNOS activity in endothelial cells. Several
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Figure 5: Potential pathophysiological interaction between the mother, the placenta, and the fetus in fetal atherosclerosis. Maternal factors,
including reduced (↓) catalase (CAT) activity, increased (↑) lipid peroxidation, and oxidized low density lipoproteins (oxLDL), associated
with increased cholesterol content at the mother circulation, generate a state of maternal supraphysiological hypercholesterolaemia (MSPH).
This phenomenon leads to similar alterations in the placenta (reduced CAT, superoxide dismutase (SOD), glutathione-peroxidase (GSH-Px)
activity) and the fetus (with reduced CAT and GSH-Px and increased lipid peroxidation and oxLDL). Therefore, atherosclerosis in the fetus
is identified. Data taken from [88, 100, 101, 109, 110].

alterations caused by hypercholesterolemia could explain
these changes in vascular reactivity [126]. To date, (a)
cholesterol-enriched diet [127] or oxidized low-density
lipoproteins (oxLDLs) [128] cause a posttranscriptional
downregulation of hCATsmediated L-arginine transport in
rat aortic rings and in the human endothelial cell line
EAhy926, (b) hypercholesterolemia leads to reduced NOS
expression in human saphenous vein endothelial cell, rabbit
aortic segments, and HUVEC [129–131], the latter likely
due to increased expression of eNOS mRNA destabilizing
cytosolic proteins [130, 131], and (c) eNOS cofactor tetrahy-
drobiopterin (BH4) expression is reduced in mice and rabbit
aortic rings [132, 133] most likely due to downregulation
of guanosine triphosphate cyclohydrolase I (GTPCH, a
key enzyme involved in the BH4 synthesis) [134, 135].
In addition, hypercholesterolemia is also associated with
increased expression and activity of arginases resulting in
reduced NO synthesis in human and mice aortic endothelial
cells [136–138]. Preliminary results show that in fact arginase
II protein abundance is increased in HUVEC from patients
with MSPH compared with normal pregnancies (A. Leiva,
P. Casanello, and L. Sobrevia, unpublished results). Therefore,
we speculate that similar mechanisms may be either triggered
or potentiated by MSPH with direct consequences in the

fetoplacental endothelial L-arginine/NO pathway (Figure 4),
a phenomenon not at all evaluated in pregnancies coursing
with GDM [16, 86].

4. Obesity in Pregnancy

Obesity is a syndrome estimated to be pandemic with a large
fraction of children now diagnosed as obese, where causes,
other than malnutrition after birth, are not fully explanatory
[139]. Obesity is a pathology resulting from a misbalance
between the energy intake and energy used, with an over-
storage of lipids in adipose tissue [140]. This pathology also
courses with systemic metabolic misbalance leading to occur-
rence of multiple complications, such us dyslipidaemia and
insulin resistance [141], and endothelial dysfunction leading
to hypertensive disorders (Figure 1) [142, 143]. Incidence of
obesity in the world is currently increasing reaching up to
∼12% of the population [143]. Worryingly, increased obesity
incidence includes ∼29% of women in their reproductive
age [144]. Much evidence now available involves differential
contribution of genetic and environmental factors in the
development of obesity, diabetes mellitus, or CVD. Thus,
prevention of childhood and adult obesity may require
beginning even before conception [145–147].
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Figure 6: Insulin effect on human umbilical vein ring reactivity.
Endothelium-intact human umbilical vein rings were isolated from
umbilical veins taken from pregnancies with maternal physiolog-
ical hypercholesterolaemia (MPH) or maternal supraphysiological
hypercholesterolaemia (MSPH). Umbilical vessel ring segments
(2–4 mm length) were mounted in a myograph for isometric
force measurements with optimal diameter adjusted from maximal
active response to 62.5 mM KCl as previously described [28, 107].
Acute response to insulin (3 minutes) was determined in KCl-
preconstricted vessels in preparations incubated in Krebs. Values are
mean ± SEM (n = 7). ∗P < 0.05 versus corresponding values in
MPH.

Obesity in pregnancy is associated with fetal mortality
and morbidity, congenital malformations, macrosomia, and
increased incidence of caesarean delivery [148–151], thus
making this syndrome a condition that once declared in
pregnancy alters foetal growth and development. Even when
an inflammatory profile in placental tissue from obese
women has been described [152–154], the consequences of
OP on fetoplacental vasculature function, including expres-
sion and function of the endothelial L-arginine/NO sig-
nalling pathway, remain mostly unknown (Figure 2, Table 1)
[16]. Even when GDM [6, 16, 56, 155] and obesity [142, 156,
157] are syndromes associated with altered human vascular
function, there are no studies addressing a potential link
between placental dysfunction in GDM and OP. However, it
is known that OP is associated with higher risk of developing
GDM [158], a possibility supported by findings showing
that OP correlates with overgrown fetuses [149], intrauterine
growth restriction [154], and preeclampsia [159–161]. These
results are demonstrative that OP is a key risk factor for
pregnancy and fetal development, a condition that could lead
to programming of diseases of the adulthood (Figure 1).

4.1. Endothelial Dysfunction in Obesity in Pregnancy. Sev-
eral studies associate obesity with chronic inflammation
since blood markers, such as the proinflammatory cytokine
interleukin 6 (IL-6) and tumour necrosis factor α (TNFα),
are increased in these patients [162–166]. The endothelium
is the first cell line exposed to these cytokines [167–
170] leading to altered eNOS expression and activity and
reduced NO bioavailability [171–174]. Moreover, placentas
from patients with OP exhibit a higher inflammatory
profile with increased expression of interleukin 1 (IL-1),
IL-8, and chemoattractant protein 1, compared with lean
women [153]. These findings are complemented by reports
showing obesity-associated increase of IL-6 and TNFα level,
with higher heterogeneous macrophage infiltration in the
human placenta [152]. In addition, in a sheep model of
OP describing this inflammatory profile, JNK and NFκB
signalling pathway involvement in the placental tissue has
been reported [175]. Thus, OP could become a condition
altering placental endothelial function with consequences to
the fetus at birth and potentially in the adulthood.

Leptin, a hormone whose circulating level is increased in
obesity [176], increases system A transport activity through
activation of STAT3 and activation of JAK-STAT signalling
pathway in human placental villous [177]. However, hyper-
leptinaemia in obese pregnant women was also shown to
correlate with reduced activity of system A, an effect most
likely due to increased leptin resistance by the placental
tissue [178]. Regarding nucleoside transport, there are no
studies addressing this phenomenon, including hENT activ-
ity and/or expression, in obese subjects, including pregnant
women [142]. Interestingly, NO level is higher in obese
subjects [179] and rats [180], and the transcription factor
complex hCHOP-C/EBPα, known to cause NO-dependent
downregulation of SLC29A1 expression in HUVEC from
GDM pregnancies (see above) [51], is also expressed in
human adipocytes and involved in the downregulation of
expression of other membrane transporters, such as SCL2A4
(for GLUT4) [181]. In addition, obesity is also associated
with altered insulin signalling in several tissues and acti-
vates MAPK signalling cascades enhancing insulin resistance
[182]. Even when the above-described mechanisms are
involved in downregulation of hENT1 expression in the
human placental vascular endothelium from GDM, nothing
is reported regarding OP effect in this phenomenon.

4.2. Postnatal Outcome in Offspring in Obesity in Pregnancy.
Prepregnancy obesity and excessive gestational weight gain
have been implicated in an intergenerational “vicious cycle”
of obesity, since overweight or obese women give birth to
macrosomic girls, who are more likely to become obese
themselves and deliver large-sized neonates [183]. In fact,
gestational weight gain and birth weight were directly
associated with the body mass index and the risk of obesity in
adolescence [184, 185]. The relationship described was inde-
pendent of parental characteristics, potentially mediating
peripartum factors, child obesogenic behaviour, and weight
at birth, suggesting a role of the intrauterine environment
on long-term offspring weight regulation. Interestingly, an
association between weight gain of the mother during
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pregnancy and increased risk of greater adiposity in the
offspring has been shown at ages of infancy as early as 7
[186] or 3 years old [187]. Considering the high prevalence
of OP and its potential association with GDM [158], there
is an increasing interest in considering a potentially negative
influence of maternal overnutrition and raised birth weight
on the risk of disease in childhood and adulthood [148,
183, 188]. Children of obese women exhibiting increased
risk of diabetes in pregnancy are more likely to develop
insulin resistance later in life [189] (Figure 1). An association
between maternal weight gain during pregnancy and pre-
pregnancy weight with offspring cardiovascular risk factors
in 9 years old children has been proposed (Avon Longitudinal
Study of Parents and Children, ALSPAC) [190]. This study
shows that women gaining more than recommended weight
during gestation were more prone to have offspring with
greater body mass index, waist, fat mass, leptin, systolic
blood pressure, C-reactive protein, and interleukin-6 levels
but lower HDL cholesterol and apolipoprotein A levels
than women with a physiological weight gain. Additionally,
greater prepregnancy weight was independently associated
with greater offspring adiposity and adverse cardiovascular
risk factors, agreeing with previous studies [191–195].
Epidemiological studies show that OP increases the incidence
of metabolic syndrome in children [188]. Interestingly, OP is
related to neonatal metabolic compromise already apparent
at birth, characterized by reduced insulin sensitivity and
increased serum inflammatory markers [13]. Since OP effect
on the susceptibility to obesity in offspring is apparently
independent of GDM, as obese women with normal blood
glucose have babies with increased adiposity [196], OP
and excessive maternal weight gain during pregnancy are
independent factors leading to increased risk of obesity,
insulin resistance, and early markers of CVD in the offspring.
All this evidence shifts our attention towards the gestational
period as an extremely key interventional target in the
prevention of obesity and associated consequences such as
insulin resistance and cardiovascular risk.

4.2.1. Mechanisms of Adverse Postnatal Outcome. The molec-
ular mediators and signalling pathways from the mother
to program the metabolic phenotype (i.e., obesity and
insulin resistance) of the developing offspring are not fully
elucidated. Hormones, such as leptin and insulin, or nutri-
ents, such as D-glucose, free fatty acids, and triglycerides,
and multiple inflammatory cytokines could be implicated.
During normal intrauterine life, maternal insulin does not
cross the placenta, whereas maternal D-glucose is actively
transferred to the fetus [197]. The developing fetal pancreas
responds to a D-glucose load by increasing synthesis and
release of insulin, which acts as a fetal growth hormone.
This is the basic concept of the “Pedersen’s hyperglycaemia-
hyperinsulinism hypothesis” (where fetal overgrowth due
to hyperinsulinemia in response to increased transplacental
D-glucose transfer is proposed, as recently reviewed [224])
explaining observations showing that offspring of diabetic
mothers exhibit high birth weight [225]. Further analysis
expanded this theory to include the possibility that other
insulin secretagogues, including free fatty acids, ketone

bodies, and amino acids [197]. Maternal overnutrition
produces hyperglycaemia, which leads to increased fetal
insulin secretion in a similar manner as seen in GDM [226].
Thus, secondary fetal hyperinsulinemia is believed to be
involved in the intrauterine programming of obesity and
diabetes [188]. Prospective studies indicate that at birth and
at 6 years old the greatest increase in weight to height relation
(relative obesity) was seen in children who experienced the
greatest exposures to insulin in uterus (as judged by amniotic
fluid insulin concentration) [197].

Leptin is also implicated in programming obesity. In
humans, leptin is increased in OP and maternal diabetes and
is reduced in intrauterine growth restriction [227]. Although
the placental transfer of leptin has been demonstrated in
vivo [228], it is believed that umbilical blood level of this
circulating peptide is a marker of neonatal adiposity more
than a relevant modulator of fetal growth [227]. Additionally,
several inflammatory cytokines levels are elevated in obese
pregnant women [229], changes that are proposed as poten-
tial mediators of metabolic programming. Thus, altered
metabolic phenotypes, such as obesity and insulin resistance
seen in offspring in OP, could partially be explained by the
involvement of multiple mediators. Probably, a multifactorial
contribution of nutrient- (e.g., D-glucose, fatty acids, amino
acids) and hormone- (e.g., insulin, leptin) triggered signals
between the obese mother and the developing fetus would
better describe the involved mechanisms. Recent studies
suggest a strict metabolic control of the mother with GDM
in order to overcome the adverse effects of this pathology
on the fetal outcome [46, 230–232]. However, adverse effects
of GDM environment on fetal tissues persist in time, and
multiple studies show increased risk to develop metabolic
syndrome in offspring of GDM pregnancies [70, 169, 192].
More recently it was shown that individuals born from
GDM pregnancies are prone to develop obesity and D-
glucose intolerance compared with offspring from normal
pregnancies [198, 199]. However, further research is needed
to understand the specific mechanisms of metabolic pro-
gramming in response to altered intrauterine environment
derived from OP and GDM.

5. Concluding Remarks

Fetoplacental endothelial dysfunction is a common charac-
teristic of several diseases in pregnancy limiting the function
of the placenta vasculature leading to altered fetal growth
and development. These phenomena involve altered capacity
of one of the essential functions of the endothelium, that
is, the synthesis of vasoactive molecules, including NO.
It is now established that GDM and OP are pathological
conditions altering hCAT-mediated L-arginine transport and
eNOS-synthesis of NO (i.e., the “endothelial L-arginine/NO
signalling pathway”) in the human fetoplacental vasculature.
This phenomenon results in abnormal function of the
endothelial L-arginine/NO signalling pathway leading to
altered vascular reactivity and changes in umbilical vessels
blood flow from and to the fetus with serious conse-
quences on its growth. Abnormalities in the endothelial L-
arginine/NO signalling pathway are also dependent of several
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regulatory mechanisms, including up-regulation caused by
activation of A2A-adenosine receptors in the micro- and
macrovasculature of the human placenta in GDM (and
perhaps in OP) due to accumulation of extracellular adeno-
sine resulting from reduced hENT expression and activ-
ity. Interestingly, GDM pregnancies course with dyslip-
idaemia (hypertriglyceridemia and hypercholesterolemia)
and a pathological link between this condition and develop-
ment of CVD later in life is likely. A proper management of
GDM and OP would be of benefit for the actual newborn’s
health condition and is crucial for the developing of diseases
in the adulthood. Altered function of fetal endothelium at
birth is a “metabolic altered state” associated with GDM
and OP. We hypothesize that this phenomenon is a potential
characteristic (or “at birth metabolic marker”) that could be
considered as predictor of diseases of the adulthood (e.g.,
CVD, obesity, diabetes mellitus, metabolic syndrome) result-
ing from a programmed state due to diseases of pregnancy.
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[16] L. Sobrevia, F. Abarzúa, J. K. Nien et al., “Review: differential
placental macrovascular and microvascular endothelial dys-
function in gestational diabetes,” Placenta, vol. 25, pp. S159–
S164, 2011.

[17] C. Escudero and L. Sobrevia, “A hypothesis for preeclampsia:
adenosine and inducible nitric oxide synthase in human
placental microvascular endothelium,” Placenta, vol. 29, no.
6, pp. 469–483, 2008.

[18] R. M. Barbosa, C. F. Lourenço, R. M. Santos et al.,
“Chapter 20 in vivo real-time measurement of nitric oxide
in anesthetized rat brain,” Methods in Enzymology, vol. 441,
pp. 351–367, 2008.

[19] S. B. Fox and T. Y. Khong, “Lack of innervation of human
umbilical cord. An immunohistological and histochemical
study,” Placenta, vol. 11, no. 1, pp. 59–62, 1990.

[20] J. Deanfield, A. Donald, C. Ferri et al., “Endothelial function
and dysfunction. Part I: methodological issues for assessment
in the different vascular beds: a statement by the working
group on endothelin and endothelial factors of the European
society of hypertension,” Journal of Hypertension, vol. 23, no.
1, pp. 7–17, 2005.

[21] A. S. Wierzbicki, P. J. Chowienczyk, J. R. Cockcroft et al.,
“Cardiovascular risk factors and endothelial dysfunction,”
Clinical Science, vol. 107, no. 6, pp. 609–615, 2004.

[22] D. Versari, E. Daghini, A. Virdis, L. Ghiadoni, and S.
Taddei, “Endothelium-dependent contractions and endothe-
lial dysfunction in human hypertension,” British Journal of
Pharmacology, vol. 157, no. 4, pp. 527–536, 2009.



12 Experimental Diabetes Research

[23] P. Libby, P. M. Ridker, and G. K. Hansson, “Progress and
challenges in translating the biology of atherosclerosis,”
Nature, vol. 473, no. 7347, pp. 317–325, 2011.

[24] A. Avogaro, G. P. Fadini, A. Gallo, E. Pagnin, and S. de
Kreutzenberg, “Endothelial dysfunction in type 2 diabetes
mellitus,” Nutrition, Metabolism and Cardiovascular Diseases,
vol. 16, supplement 1, pp. S39–S45, 2006.

[25] Z. Cheng, X. Yang, and H. Wang, “Hyperhomocysteinemia
and endothelial dysfunction,” Current Hypertension Reviews,
vol. 5, no. 2, pp. 158–165, 2009.

[26] T. Nakagawa, K. Tanabe, B. P. Croker et al., “Endothelial dys-
function as a potential contributor in diabetic nephropathy,”
Nature Reviews Nephrology, vol. 7, no. 1, pp. 36–44, 2011.

[27] K. Enomoto, H. Yamabe, K. Toyama et al., “Improvement
effect on endothelial function in patients with congestive
heart failure treated with cardiac resynchronization therapy,”
Journal of Cardiology, vol. 58, no. 1, pp. 69–73, 2011.

[28] A. A. Ogonowski, W. H. Kaesemeyer, L. Jin, V. Ganapathy,
F. H. Leibach, and R. W. Caldwell, “Effects of NO donors
and synthase agonists on endothelial cell uptake of L-Arg and
superoxide production,” American Journal of Physiology, vol.
278, no. 1, pp. C136–C143, 2000.

[29] E. I. Closs, J. S. Scheld, M. Sharafi, and U. Förstermann, “Sub-
strate supply for nitric-oxide synthase in macrophages and
endothelial cells: role of cationic amino acid transporters,”
Molecular Pharmacology, vol. 57, no. 1, pp. 68–74, 2000.
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There is a need to understand the separate or interdependent contributions of maternal prepregnancy BMI, gestational weight
gain, glycaemic control, and macronutrient intake on the metabolic outcomes for the offspring. Experimental studies highlight
that there may be separate influences of maternal obesity during the periconceptional period and late gestation on the adiposity of
the offspring. While a period of dietary restriction in obese mothers may ablate the programming of obesity, it is associated with
an activation of the stress axis in the offspring. Thus, maternal obesity may result in epigenetic changes which predict the need for
efficient fat storage in postnatal life, while maternal weight loss may lead to epigenetic changes which predict later adversity. Thus,
development of dietary interventions for obese mothers during the periconceptional period requires a greater evidence base which
allows the effective weighing up of the metabolic benefits and costs for the offspring.

1. Introduction

As the prevalence of obesity has increased in the developed
world, more women are entering pregnancy with a high body
mass index (BMI) in the overweight (BMI > 25 kg/m2) or
obese (BMI > 30 kg/m2) range. As discussed in this paper,
clinical and population studies have shown that maternal
obesity results in fertility problems and suboptimal outcomes
for the mother and her fetus during and after pregnancy [1].
It is also the case that maternal obesity is associated with an
increase in BMI in the offspring during infancy, childhood,
and later life. A recent scientific statement from the American
Heart Association Council on Epidemiology and Prevention
included a summary of the evidence for the prenatal
determinants of obesity and highlighted that “obesity among
girls and women of childbearing age is producing a concomitant
increase in rates of gestational diabetes which in turn is likely
to lead to more obesity in the next generation. This vicious
cycle may well fuel the obesity epidemic for decades to come”
[2]. This places a focus on the nutritional health of women
before pregnancy and on the development of optimal weight

loss interventions in overweight or obese women in the
preconceptional period to improve pregnancy outcomes.
This paper highlights recent evidence that suggests that the
periconceptional period may represent a critical window
during which exposure of the oocyte and/or embryo can
independently contribute to an increased risk of obesity in
the offspring. Further, this paper summarises evidence from
experimental studies of the potential metabolic benefits and
costs of weight loss during the periconceptional period in
overweight and obese mothers for the offspring.

2. Maternal Prepregnancy BMI, Gestational
Weight Gain, and Pregnancy Outcomes

During the past decade, the obesity epidemic in the devel-
oped world has resulted in an increase in the number of
women entering pregnancy with a high body mass index
(BMI) in the overweight (BMI > 25 kg/m2) or obese (BMI >
30 kg/m2) range. In the US, UK, and Australia, the prevalence
of obesity in women aged between 20 and 39 years is around
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28%, 20%, and 15%, respectively, as determined in studies
carried out between 2000 and 2009 [1–5]. In the US, La
Coursiere and colleagues [6] found that the incidence of
women being either overweight or obese at the start of
pregnancy increased from 25% to 35% between 1991 and
2001, and that the incidence of maternal obesity at delivery
rose from 29% to 39% across the same period [6]. Although
the proportion of women of reproductive age in the US who
are overweight or obese appears to have plateaued recently,
the proportion that is severely obese (BMI ≥ 40 kg/m2)
is increasing. Similarly, two recent reports from different
states in Australia found that the prevalence of maternal
overweight and obesity was 34% in a population giving
birth between 1998 and 2002 and 43% in a population
measured at their first antenatal visit between 2001 and 2005
[7, 8]. Obese women are at increased risk of a range of
pregnancy complications including gestational hypertension,
preeclampsia, gestational diabetes mellitus (GDM), delivery
of a large-for-gestational-age (LGA) infant, and an increase
in Caesarean section rate [9].

In addition to the focus on the impact of maternal
prepregnancy BMI on pregnancy outcomes, there has been a
range of observational studies which suggest that there is also
an association between gestational weight gain with short-
and longer-term maternal outcomes [10]. The Institute
of Medicine (IOM) in the US has recently revised its
1990 guidelines for gestational weight gain in underweight,
normal weight, overweight, and obese women [11]. The new
guidelines were developed based on a systematic evidence-
based review [12] which found that the evidence that
gestational weight gain was related to maternal pregnancy
and postpartum outcomes was weak. There was, however,
a moderate association between gestational weight gain and
both Caesarean section delivery and maternal postpartum
weight retention [12]. Some recent observational studies in
obese women report better pregnancy outcomes at lower
or negative gestational weight gains than in the revised
IOM guidelines [10], but there are concerns that striving
to achieve a lower gestational weight gain than that recom-
mended in the new guidelines may have adverse outcomes
[1]. The recent International Life Sciences Institute (ILSI)
Europe Workshop on obesity in pregnancy concluded that
given that the new IOM guidelines were based on obser-
vational studies, there was a pressing requirement for large
randomised control trials which are adequately powered to
test the validity of the recommendations [1]. Currently, it
appears that for obese women, prepregnancy BMI is more
associated with an increased risk of preeclampsia, GDM,
and the delivery of an LGA infant than is gestational weight
gain [9]. This places a focus on the nutritional health of
women in the preconceptional period and on what weight
loss interventions can be safely introduced in the obese
woman seeking to become pregnant.

3. Maternal Prepregnancy BMI, Gestational
Weight Gain, and Childhood Obesity

While it is not unexpected that the maternal nutritional
and hormonal environment would determine fetal nutrient

supply, fetal growth, and the body composition of the
infant, the effects of the nutritional environment experienced
in utero persist beyond fetal life. There is a U-shaped
relationship between birth weight, and adult fat mass, with
a higher prevalence of adult obesity occurring in individuals
with birth weights at either the low or high end of the
birth weight distribution [13–16]. A study in a large British
cohort found that babies who were in the heaviest quintile
of birth weight tended to have a high BMI in adult life
independent of gender and that this relationship was largely
accounted for by maternal weight [15]. A recent Danish
study of 300,000 children also reported a remarkably stable
association between having a birth weight greater than 4000 g
and being overweight at 6–13 years of age in both girls and
boys [17]. A retrospective US study of 8494 low-income
families found that children (both boys and girls) born to
obese mothers were twice as likely to be obese by 2 years
of age [16]. There was a greater than 2-fold increase in the
prevalence of obesity observed in children of obese mothers
compared to those with mothers whose BMI was in the
normal range.

Recent studies have investigated how a high maternal
prepregnancy BMI, poor maternal glycaemic control, and
total gestational weight gain may each contribute to a range
of outcomes including an LGA baby and child obesity. In one
report, siblings born to women who had undergone bariatric
surgery for the treatment of severe obesity had a lower BMI
and obesity risk than their siblings who were born prior to
maternal surgery and weight loss [18]. In this latter study,
it was not possible, due to the sample size, to determine
whether there was any difference in the impact of a reduction
in maternal weight on the metabolic outcomes in the male
or female offspring. The findings of this latter study suggest
that exposure to a high maternal BMI before and during
pregnancy has important consequences for the metabolic
health of the offspring. While some observational studies
have found that there is an impact of gestational weight gain
on outcomes including child obesity, the effect of gestational
weight gain, independent of maternal prepregnancy BMI on
offspring obesity, is not clear [10].

A high prepregnancy BMI is also associated with an
increased risk of poor glucose tolerance and GDM, and
recent randomised control trials provide evidence that there
is a causal relationship between maternal glucose intolerance
and the delivery of a macrosomic infant [19, 20]. A study
on Pima Indians reported that there was an increased risk of
obesity in offspring (male and female) born after the mother
was diagnosed with diabetes compared with their siblings
who were born before the mothers were diagnosed with
diabetes [21]. Thus, exposure to an increase in high maternal
glucose and insulin concentrations from conception results
in a larger and fatter infant who is at increased risk of
obesity in later life. Interestingly in a recent follow-up study
of children whose mothers participated in a randomised
control trial, treatment of mild GDM resulted in a reduction
in macrosomia at birth but not in the BMI of offspring at 4-5
years of age [22]. While this null effect may be a consequence
of the early age at which the children were studied, it is
also possible that there are separate effects of exposure to
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GDM on fetal body growth and on the risk of increased
adiposity in childhood. In this context, it is of note that
maternal pre pregnancy weight and the associated level of
maternal insulin resistance are strongly correlated with an
infant’s fat mass at birth, whereas the level of maternal insulin
resistance in later pregnancy is correlated with birth weight
and an infant’s “fat-free” mass [23]. Thus, better glycaemic
control in later pregnancy may have a greater impact on
infant body growth than on the propensity for childhood
obesity. Similarly, other studies have shown that there appear
to be independent contributions of maternal pre pregnancy
weight and maternal glucose intolerance during pregnancy
to birth weight and the risk of adolescent obesity [24].

Finally, the role of maternal macronutrient and energy
intakes during pregnancy on the subsequent development
of appetite and food choices of her offspring has also been
investigated. Maternal glucose concentrations are influenced
by her total energy intake and by the proportions of
carbohydrate, fat, and protein in her diet. A recent study
investigated the association of maternal macronutrient and
energy intake during pregnancy with the macronutrient and
energy intake of her offspring [25]. Maternal dietary intakes
of protein, fat, and carbohydrate in pregnancy were positively
associated with the dietary intake of the same nutrients in
both male and female offspring, and these associations were
greater than those observed for paternal dietary intakes [25].
Furthermore, associations of maternal prenatal-offspring
intakes were stronger than those for maternal postnatal-
offspring intakes for protein and fat [25]. Thus, this study
supports the conclusion which has also been drawn from
a range of experimental animal studies as cited below, that
there may be in utero programming of offspring appetite by
maternal intake during pregnancy in the human.

4. Maternal Overnutrition: Critical Periods for
the Development of Postnatal Obesity

There is a need to understand the separate or interdependent
contributions of maternal pre pregnancy BMI, gestational
weight gain, glycaemic control, and maternal macronutrient
intake on the longer-term metabolic outcomes for
the offspring, including the metabolic responses to an
obesogenic diet. This understanding would help inform
the evidence base for effective nutritional interventions in
women before and during pregnancy. It is clearly difficult
in human populations to determine the impact of exposure
to a high maternal BMI during the preconceptional period
separately from exposure to a high maternal BMI during any
subsequent stage of pregnancy on the metabolic outcomes
for the offspring. Most women who enter pregnancy heavy
remain so during pregnancy and are also at greater risk of
development of glucose intolerance during late gestation.

A range of experimental animal studies have provided
insights into the mechanisms that may underpin the early
programming of a life of obesity, but as highlighted below
there are relatively few experimental studies which have
addressed the impact of maternal dietary interventions
imposed during different periods of pregnancy on the
metabolic outcomes for the offspring.

5. Animal Models of Maternal Overnutrition

5.1. The Early Programming of Obesity in the Rodent. The
effects of obesity on oocyte quality and early embryo
development have been assessed by Minge and colleagues
using a mouse model of diet-induced obesity [26]. Embryos
isolated from either obese or control-mated females were
cultured in vitro in order to monitor their development.
Although a difference in fertilisation rates was not observed,
embryos from obese females exhibited slower development
to the four- to eight-cell stage and through to the blastocyst
stage. It was also reported in this study that defects in oocyte
developmental competence caused by obesity were reversed
by treatment with insulin sensitisers before conception.
Thus, maternal obesity and peripheral insulin sensitivity
are important from as early as the preconceptional period
in determining developmental outcomes. This is important
in the context that most animal models of maternal over-
nutrition include exposure to an increase in energy intake
and/or a diet which is high in fat and/or sugar including
exposure to “junk food” style diets from before conception
and throughout pregnancy [27–31].

There have been several excellent recent papers of the
impact of maternal overnutrition in rodents on the postnatal
metabolic phenotype of the pups and offspring in later
life [32–34]. In most instances, it has been reported that
maternal overnutrition in the rat leads to a consistent
increase in body fat mass, poor glucose tolerance, insulin
resistance, and an increase in appetite in the offspring [32–
35]. These studies provide important information on the
metabolic signalling pathways that are perturbed in skeletal
muscle, liver, and in visceral and subcutaneous adipose
tissue. Interestingly, however, a recent systematic paper of
those animals models which have used exposure to maternal
high-fat feeding throughout pregnancy identified that there
was a paucity of data which characterised what aspects of
the maternal metabolic state were related to the specific
postnatal outcomes. The authors of this paper commented
that this limited the capacity to draw links between the
maternal phenotype and the metabolic outcomes in the
offspring in these models [36]. Important outcomes from
this systematic paper were firstly that all offspring born to
obese mothers had perturbed glycaemic control in postnatal
life and secondly that poor glycaemic control was also
observed in offspring from nonobese, high-fat-fed mothers
[36]. Importantly, there was not convincing evidence that
there was a hyperphagic phenotype in offspring exposed
to a maternal diet which was high in fat and low in
carbohydrate [36]. In contrast, there is consistent evidence
for a hyperphagic phenotype in offspring exposed to a
maternal diet that is high in sugar including “junk food”
and cafeteria-style diets [27–31]. This is consistent with a
wide range of studies in the rodent that have reported that
exposure of the fetal and neonatal brain to conditions in
which there is hyperglycaemia, hyperinsulinaemia, and/or
hyperleptinaemia can result in the programming of postnatal
appetite [37].

One important study determined the impact of feeding
nonpregnant rats with 15% excess calories/day for 3 weeks
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prior to mating such that dams entered pregnancy obese
or lean [38]. After mating, the dams were all placed on the
same diet for the remainder of pregnancy, and the pups were
cross-fostered at birth to normal-weight mothers to ensure
that the nutritional intervention was restricted to pregnancy.
Offspring from the obese dams gained greater body weight
and had a higher percentage body fat than the offspring from
lean dams when fed a high-fat diet in postnatal life. While
the nutritional intervention in this study was restricted to the
3-week period prior to conception, the dams which entered
pregnancy obese remained obese throughout pregnancy,
and the increase in offspring adiposity might therefore
reflect the impact of overnutrition and obesity in both the
periconceptional period and the remainder of of pregnancy.
Another key study placed obese female rats on a control
chow diet from one month before mating for the remainder
of pregnancy and lactation and compared the outcomes
with those from obese female rats maintained on a high
fat diet from before and during pregnancy and throughout
lactation [39]. At 21 days after birth, serum triglycerides,
leptin and insulin were increased in the offspring from the
obese mother on a high fat diet, but not the offspring of
the obese mother fed on the control diet. An increase in
body fat mass in the offspring of high fat fed mothers at
5 months of age was partially “reversed” in offspring of
the chow fed, previously obese mothers [39]. This study
demonstrates the effectiveness of a weight loss intervention
which extends from before and throughout pregnancy. It is
not possible, however, to conclude whether the impact of
the dietary intervention on the previously obese rat was a
consequence of the decrease in her pre pregnancy weight and
fat mass, gestational weight gain, or exposure to a high-fat
diet during lactation.

5.2. The Early Programming of Obesity in the Sheep. There
have been a range of studies using the sheep as a large animal
model of pregnancy on the impact of exposure to maternal
obesity on the fetal and postnatal lamb. The sheep is an
excellent model for the study of the early development of
later obesity. In the sheep, as in the human, the development
of adipose tissue and of the hypothalamic neural network
which regulates appetite and energy balance in later life occur
before birth. This is unlike the rodent, where fat development
and the appetite regulatory system in the hypothalamus
each develop after birth [37, 40]. In an important series
of studies, it has been reported that exposure of ewes to
a diet containing 150% metabolic requirements from 60
days before conception and extending throughout pregnancy
resulted in changes in adipose tissue development, glucose
tolerance, and appetite regulation in the adult offspring [41].
In these studies, the adult offspring from obese and control-
fed mothers were exposed to a 3-month “feeding challenge.”
During the feeding challenge, offspring from obese ewes
consumed more food and at the end of the challenge had
a higher percentage of body fat than offspring from control
ewes. There was also a decrease in insulin sensitivity in
the offspring from obese ewes compared with their control
counterparts [41]. In this study, body fat mass was measured

using dual X-ray absorptiometry, and so it was not possible
to determine whether the increase in body fat mass after the
feeding challenge was a result of an increase in the visceral or
subcutaneous fat depots.

We have developed a model of maternal overnutrition
in which pregnant ewes were overfed for the last month
of pregnancy to determine whether exposure of the fetus
to increased maternal glucose concentrations during late
pregnancy would result in an increase in postnatal adiposity
[42–44]. We found that maternal overnutrition imposed in
this period resulted in an increase in fetal glucose and insulin
concentrations and an upregulation of key adipogenic and
lipogenic genes, including peroxisome-proliferator activator
receptor γ (PPAR γ), leptin, and adiponectin within the
perirenal fat depot of the late gestation sheep fetus [44]. We
also found that there was an increased mass of subcutaneous,
but not visceral fat present in the male and female lambs
of these overnourished ewes at one month of age [42].
Furthermore, in the lambs of overnourished ewes, there
was a decrease in the hypothalamic expression of the leptin
receptor with increasing body fat mass and a loss of the pos-
itive relationship between the expression of a hypothalamic
appetite inhibitory peptide (cocaine amphetamine-regulated
transcript) and body fat mass [42].

Thus, it appears that exposure to maternal and fetal
hyperglycaemia in late pregnancy alone can result in an
increase in adiposity and in changes in the hypothalamic
neural network which would limit the appropriate response
to an increase in body fat mass and energy intake in the
postnatal animal.

Relatively few animal studies have attempted to deter-
mine the impact of maternal obesity restricted to the
“periconceptional period” alone on the development of
adiposity in the offspring. The periconceptional period is
an important period for intervention because as highlighted
earlier there appears to be an association between maternal
pre pregnancy BMI and an increased body fat mass in the
offspring. Furthermore, dietary intervention in overweight
or obese women is relatively more feasible in the pre- or
periconceptional period.

5.2.1. Definition of What Constitutes the “Periconceptional
Period”. The periconceptional period includes the period
extending from oocyte maturation to early gestation. In a
number of studies in the sheep, nutritional interventions
are imposed during a periconceptional period which extends
from around 60 days before to 30 days after conception which
covers the period of oocyte maturation, implantation, and
placentation [45, 46]. Nutritional interventions which extend
into the placentation period may affect placental growth
and the placental transfer efficiency of substrates to the
fetus during early or late pregnancy [47]. We have proposed
therefore that the term “periconceptional” should be used to
refer to the developmental stages which include some or all
of the following early events: oocyte maturation, follicular
development, conception, and embryo/blastocyst growth
up until implantation [48]. When maternal nutritional
interventions extend beyond implantation to include early
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placentation, then it may be more appropriate to describe
these interventions as occurring during “early gestation.”

5.2.2. Exposure to Maternal Overnutrition in the Pericon-
ceptional Period and Programming of Later Obesity in the
Sheep. We have developed a model in which nonpregnant
ewes were either overnourished or normally nourished
for at least 4 months before artificial insemination [49,
50]. In two subgroups of non pregnant ewes, a 4-week
period of dietary restriction was imposed before and after
artificial insemination to result in 4 periconceptional treat-
ment groups: periconceptional overnutrition with (HR) or
without (HH) dietary restriction and control nutrition with
(CR) or without (CC) dietary restriction [49]. Around a
week after conception, single embryos were transferred from
these donor ewes to nonobese recipient ewes which were
then maintained on a control diet for the remainder of
pregnancy. The ewes which were overnourished during the
periconceptional period were heavier than the control ewes
during this period (Figure 1). Recipient nonobese ewes were
maintained at a normal body condition score from the start
of the donor ewe feeding regime to the time of conception.
This model therefore isolates the effect of exposure to
maternal obesity during the periconceptional period alone.

We found that there was a gender-specific effect of
periconceptional overnutrition on the body fat mass of the
4-month-old lambs. Periconceptional overnutrition resulted
in an increase in total fat mass in female, but not male lambs
[49]. Interestingly, maternal dietary restriction imposed in
the overnourished ewe during the periconceptional period
ablated the development of an increase in total body fat
in the female lambs (Figure 2). There was also a significant
relationship between the total fat mass of female lambs at 4
months of age and the weight of the donor ewe at conception.
The greatest impact of periconceptional overnutrition was
on the perirenal and omental fat depots in the female lamb
and the weights of these depots were also higher in female
than male lambs in all nutritional groups. The greater impact
of periconceptional overnutrition in the female lamb, may
be related to the higher level of expression of adipogenic and
lipogenic genes, for example, G3PDH and lipoprotein lipase
(LPL) present in adipose tissue in female, compared to male
lambs.

Exposure of the oocyte and early embryo to a high plane
of maternal nutrition therefore resulted in a greater postnatal
capacity to synthesise and store triglycerides in female lambs.
We have speculated that the early embryo may respond to
maternal overnutrition to program changes within metabolic
pathways which ultimately result in a more efficient deposi-
tion of fat in visceral fat depots in postnatal life. It may be that
this early response is on the basis that the postnatal nutri-
tional environment will match the high nutritional envi-
ronment experienced by the embryo and that an increased
capacity to store fat will be required in postnatal life.

Interestingly we found that there was no effect of
periconceptional overnutrition on the level of expression of
PPAR γ, leptin, and adiponectin in the perirenal, omental, or
subcutaneous fat depots in lambs at 4 months of age [49].

Thus, exposure of the sheep embryo to periconceptional
overnutrition results in an increased visceral adiposity with
no increase in adipose PPAR γ or leptin expression, whereas
exposure to maternal overnutrition in late gestation results
in an increase in PPAR γ and leptin expression in fetal
visceral fat and an increase in subcutaneous fat mass in
postnatal life. These differences may reflect differences in
timing between the study endpoints (4- versus 1-month
postnatal age, resp.), or it may be that different signalling
systems are activated in adipocytes after exposure to maternal
overnutrition during the periconceptional and late gesta-
tional periods. Periconceptional overnutrition may result
in epigenetic changes induced in the germ layers of the
embryo associated with an increase in the differentiation,
proliferation, and/or hypertrophy of visceral adipocytes.

Thus, the early programming of later obesity may result
from “two hits,” the first occurring as a result of maternal
overnutrition during the periconceptional period and the
second occurring as a result of increased fetal nutrition in
late pregnancy [51].

5.2.3. Dietary Intervention during the Periconceptional Period:
Metabolic Benefits. As noted above, we found that placing
the obese ewe on a dietary regime where the energy intake
was reduced to 70% of normal for one month before and
one week after conception only resulted in an ablation of the
effects of maternal overnutrition on the total fat mass in the
female lamb [49]. This is an important finding as it highlights
that nutritional intervention in the periconceptional period
can ablate the effects of a high maternal pre pregnancy weight
on offspring adiposity. One issue, however, is whether such a
dietary restriction regime has any other positive or negative
metabolic or endocrine consequences for the offspring.

5.2.4. Dietary Intervention during the Periconceptional Period:
Metabolic and Endocrine “Costs”. It has previously been
shown that a severe nutritional restriction imposed in ewes
with a body weight in the normal range across both the
periconceptional and early gestation periods (from 60 days
before until 30 days after mating) resulted in a decreased
glucose tolerance in the 10-month-old offspring [45]. In
this latter study, this period of undernutrition resulted in an
increase in the glucose and insulin areas under the curve in
response to a glucose tolerance test at 4 and at 10 months
postnatal age [45]. It is not known, however, whether a
similar period of dietary restriction in obese ewes would
have similar metabolic consequences in the offspring. It has
also been demonstrated that moderate dietary restriction
imposed during the periconceptional period results in an
increase in fetal arterial blood pressure and in an earlier
activation of the fetal prepartum cortisol surge [52, 53].

We have recently determined whether exposure to a
moderate restriction of energy intake in obese and normal
weight ewes results in changes in the development of the
hypothalamo-pituitary-adrenal axis and the stress response
in the offspring. We have found that dietary restriction
imposed during the periconceptional period in either normal
weight or obese ewes resulted in an enhanced cortisol
response to stress in female lambs at 3-4 months of age
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Figure 2: Effect of periconceptional overnutrition and/or dietary
restriction on the total fat mass of female lambs at 4 months of age
(CC: open bar; CR: striped bar; HH: grey bar; HR: grey striped bar).
Different superscripts (e.g., a, b) denote a significant difference of
total fat mass between the treatment groups (P < 0.05) (reprinted
from Rattanatray et al. 2010 [49]).

(Figure 3) [50]. In this study, the adrenal gland was also
bigger at 4 months of age in male and female lambs which
were conceived in either normal weight or obese ewes which
had been exposed to dietary restriction during the peri-
conceptional period. The increase in adrenal growth was
associated with a decrease in the adrenal expression of the
insulin-like growth factor 2 (IGF 2). IGF2 is expressed

in a parent-of-origin-specific manner from the paternal
gene and has been implicated in the regulation of adrenal
growth and steroidogenesis in the fetal sheep [54]. Epigenetic
modifications play a vital role in the transmission of the
parental identity of particular alleles through the germline;
this is achieved through complex mechanisms typified by
cytosine methylation of “imprinting control regions” (ICR).
For IGF2, the ICR resides within a differentially methylated
region (DMR) 4 kb upstream of the neighbouring nonpro-
tein coding H19 gene. When the DMR is methylated, IGF2
is expressed, and conversely when the DMR is unmethylated,
IGF2 expression is repressed by H19 [55]. Using combined
bisulphite restriction analysis (COBRA), we found that the
lamb adrenals in the CR group carried significantly less
methylation in the IGF2/H19 DMR when compared to the
CC and HH groups, and this effect was present in both
male and female lambs [50]. Bisulphite sequencing of a
subset of animals from each group revealed that the loss of
methylation observed in the CR group was marked, with
most animals exhibiting a complete loss of methylation. It
was also of note that some animals in the HR group exhibited
loss of IGF2/H19 DMR methylation. Thus, the increase in
adrenal weight in the CR and HR lambs was paradoxically
associated with a decrease in the expression of an adrenal
growth factor which in turn was associated with decreased
level of methylation in the proximal CTCF binding site in the
DMR region of the IGF2/H19 gene in these groups. There
was no change, however, in the methylation status of IGF2R
or in IGF2R mRNA expression in the adrenals of the lambs
in either the CR or HR groups. It remains to be determined
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Figure 3: Relative adrenal weight (a) in the CC, CR, HH, and HR lambs (CC: open bar; CR: striped bar; HH: grey bar; HR: grey striped
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Weighing up the potential benefits and costs
of maternal weight loss during the periconceptional period
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Figure 4: Diagram summarising the potential benefits and costs of maternal weight loss during the periconceptional period.
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whether the decrease in adrenal IGF2 mRNA expression is
a consequence of the epigenetic changes in adrenal IGF2 or
whether there are other factors driving adrenal growth in
these animals which in turn suppress IGF2 gene expression
within the adrenal. It has recently been reported that people
whose mothers were exposed to famine during the Dutch
Hunger Winter in 1944-1945 had less IGF2 methylation in
blood cells in adult life compared with their unexposed
same-sex siblings [56]. In particular, epigenetic changes were
found among individuals who had been exposed to famine
in early gestation and who had a normal birth weight. In
contrast, exposure to famine in late gestation was associated
with a low birth weight, but not with epigenetic changes in
the blood cells in later life [56].

Thus, studies on the effects of maternal undernutrition
imposed during the periconceptional period highlight the
need to be cautious about the level and length of any dietary
intervention regime imposed around the time of conception
as not all of the metabolic and endocrine effects of dietary
restriction in this period may be beneficial in the longer term.

Thus, there appear to be a series of changes including
epigenetic modifications in a number of key genes induced
in the embryo after exposure to either maternal over-
or undernutrition. These may result in metabolic and
endocrine changes which result in responses consistent with
the expectation of either a “life of adversity” or of a “life
of plenty” with high levels of postnatal nutrition. Critically,
there is evidence that metabolic and endocrine changes may
be induced in offspring after imposition of dietary restriction
during the pre pregnancy period in either normal weight
or obese mothers. This is important in the context of the
dietary advice given to overweight or obese women who are
seeking to become pregnant as it is critical that any dietary
intervention imposed during the periconceptional period is
evidence based and does not incur a further metabolic or
endocrine cost in the offspring.

6. Summary

It is clear that further work is required to determine
the separate or interdependent contributions of maternal
pre pregnancy BMI and gestational weight gain, glycaemic
control, and macronutrient intake during pregnancy on
the metabolic outcomes in the offspring. It appears from
recent studies in the sheep that the early programming
of later obesity may result from “two hits” related to the
separate influences of maternal obesity experienced during
the periconceptional period and during late gestation. Each
of these exposures may act through different mechanisms
to alter the propensity for triglyceride storage in specific fat
depots after birth. While a period of dietary restriction in
overweight mothers may ablate the impact of maternal BMI
on the programming of postnatal obesity, it is associated
with an activation of the stress axis and a potential impact
on glucose tolerance in the offspring (Figure 4). Thus, a
high maternal pre pregnancy BMI may result in epigenetic
changes within the embryo which predict the need for
efficient fat storage in postnatal life. In contrast, weight loss
in mothers with either a high or normal BMI may lead to

epigenetic changes within the stress axis which predict the
likely need to respond to adversity in later life. Thus, it is
important to ensure that any dietary restriction interventions
recommended for overweight or obese mothers are evidence
based to allow an effective weighing up of the potential
metabolic benefits and costs (Figure 4) for the offspring.
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