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ABSTRACT
Background: Maternal macronutrient intake is likely to play a
pivotal role in fetoplacental growth. Male fetuses grow faster and
their growth is more responsive to maternal size.
Objective: We assessed the role of fetal sex in modifying the effect
of maternal macronutrient intake on the risk of small-for-gestational-
age (SGA) birth.
Design: This was a prospective, observational cohort study of 2035
births from an urban South Asian Indian population. Maternal
intakes of total energy and macronutrients were recorded by
validated food-frequency questionnaires. The interaction of trimester
1 macronutrient intake with fetal sex was tested on the outcome of
SGA births.
Results: The prevalence of SGA was 28%. Trimester 1
macronutrient composition was high in carbohydrate and low
in fat (means ± SDs—carbohydrate: 64.6% ± 5.1%; protein:
11.5% ± 1.1%; and fat: 23.9% ± 4.4% of energy). Higher
carbohydrate and lower fat consumption were each associated
with an increased risk of SGA [adjusted OR (AOR) per 5% of
energy (95% CI): carbohydrate: 1.15 (1.01, 1.32); fat: 0.83 (0.71,
0.97)] specifically among male births (males: n = 1047; females:
n = 988). Dietary intake of >70% of energy from carbohydrate
was also associated with increased risk (AOR: 1.67; 95% CI: 1.00,
2.78), whereas >25% of energy from fat intake was associated with
decreased risk (AOR: 0.61; 95% CI: 0.41, 0.90) of SGA in male
births.
Conclusions: Higher carbohydrate and lower fat intakes early in
pregnancy were associated with increased risk of male SGA births.
Therefore, we speculate that fetal sex acts as a modifier of the role of
maternal periconceptional nutrition in optimal fetoplacental growth.
Am J Clin Nutr 2018;108:814–820.
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INTRODUCTION

In a country like India, where a large number of small-for-
gestational-age (SGA) infants are born, the maternal diet plays

an important role in fetal growth, unlike in developed countries
where prematurity is the most common reason for low birth
weight (LBW) (1). Many studies have analyzed associations
between maternal diet during pregnancy and periconceptionally
with birth outcomes such as birth weight or the risk of being
born SGA. Higher maternal intakes of micronutrients such as
vitamin B-12, vitamin C, folate, and vitamin D have been
reported to be associated with improved birth weight (2–4). Meta-
analyses of interventions with micronutrients have consistently
reported a reduction in the risk of LBW and of SGA births
with multiple micronutrient supplementation (5, 6). Reports of
associations between intakes of macronutrients and neonate size
from observational studies have been inconsistent. Although
Godfrey et al. (7) reported lower placental and birth weights
among mothers with high carbohydrate intake early in pregnancy
in a prospective observational study, Mathews et al. (8) found
no such associations for macronutrient intake. A low maternal
intake of SFAs or of seafood, a source of the long-chain PUFA
DHA, has been reported to be associated with LBW (9, 10).
On the other hand, Chong et al. (11) recently reported that
maternal protein intake was not associated with offspring birth
weight in a multiethnic Asian cohort of 835 pregnant women
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from the Growing Up in Singapore Towards Healthy (GUSTO)
Study. Nevertheless, from the same GUSTO study, 2 recent
reports highlighted the associations between maternal macronu-
trient composition and neonatal and infant body composition
(12, 13).

Starting early in trimester 2, male fetuses grow faster than their
female counterparts, leading not just to larger size but also to
sex-specific intrauterine growth patterns (14). Male fetal growth,
both in terms of birth weight and neonatal body composition,
has been reported to be more sensitive to maternal weight and
height, which are likely indicators of maternal periconceptional
nutrition status (15–18). On the other hand, female neonatal body
composition is likely modulated by the maternal inflammatory
environment as indicated by maternal plasma IL-6 and C-
reactive protein (16). Therefore, fetal sex could be a modifier
of the associations between maternal macronutrient intakes and
fetal growth. However, none of the studies examining such
associations have investigated the role of fetal sex as a modifier.

The primary objective of this study was to evaluate the role
of fetal sex as a modifier of associations between maternal
macronutrient intake and birth outcome. This analysis provides
increased understanding of the role of fetal sex in modulating the
effects of in utero environmental exposures.

METHODS

Study design

We used a prospective observational cohort study design. The
study population is part of a prospective observational cohort of
pregnant women established at St. John’s Research Institute and
the Departments of Obstetrics and Gynecology and Pathology of
St. John’s Medical College Hospital, Bangalore, India, to study
the effect of maternal determinants on birth outcomes (2). The
experimental protocols were approved by the institutional ethical
review board. All of the study participants gave written informed
consent at enrollment.

Pregnant women (aged 17–40 y) attending routine antenatal
care in trimester 1 of gestation were invited to participate in
the study. The recruitments for the current analysis were made
between 2002 and 2014. Women were excluded if they had
multiple gestations; a clinical diagnosis of chronic illness (e.g.,
type 2 diabetes, hypertension, heart disease, thyroid disease,
and epilepsy); or a positive test for hepatitis B surface antigen,
HIV, or syphilis; or if they planned to deliver at a location
other than St. John’s Medical College Hospital. A total of 2391
women consented to participate in the study and continued to
be part of the cohort. There were 196 fetal losses recorded and
2195 live births. Because the objective of the current study was
to evaluate the role of fetal sex in modifying the associations
between maternal macronutrient intakes in trimester 1 and SGA
births, 159 were excluded from analysis due to lack of maternal
trimester 1 dietary data and another birth was excluded due to
missing fetal sex data. Data from the remaining 2035 births were
analyzed. Of these, 198 were preterm births. As such, data from
the 1837 full-term births were considered for similar analysis of
the full-term births.

The subjects’ age and obstetric history were recorded at re-
cruitment. Routine antenatal tests were carried out at recruitment
and, as part of routine antenatal care, folic acid, iron, and calcium
supplements, and tetanus toxoid were provided. Assessment of
gestational age was made from the first day of the last menstrual
period and was confirmed by ultrasound within 2 wk of the initial
visit. Height was measured to the nearest 0.1 cm on a calibrated
stadiometer. Body weight was recorded (Soehnle, Darmstadt,
Germany) to the nearest 0.1 kg during each monthly visit. Calcu-
lation of gestational weight gain (kilograms per week) was made
between measurements during each trimester. During the course
of pregnancy, the morbidity and clinical outcomes were recorded.
Neonatal anthropometric measurements and birth outcomes were
recorded at delivery. Maternal complications at delivery, such
as premature rupture of membrane, were also recorded by the
research assistants. Infant birth weight was measured to the
nearest 0.01 kg on a digital weighing scale (BWS 101; Phoenix)
and birth length measured on a standard infantometer to the
nearest 0.1 cm. Information on infant sex was recorded. Birth
outcomes were categorized as preterm births (born at <37 wk of
gestation), LBW (birth weight <2.5 kg), and SGA infant (birth
weight <10th percentile for gestational age) (19).

Selection bias could influence the modification of the asso-
ciation between maternal macronutrient intake and the risk of
SGA birth by fetal sex if either female or male births were
preferentially retained in the cohort. The likelihood of such a bias
was low due to a legislative ban on prenatal sex determination
(except for clinical reasons) in India (20). Nevertheless, we
chose to address this bias, first by comparing the number of
female and male births, and second by comparing the maternal
characteristics of female and male births.

Statistical analysis

Categorical data are presented as n (%) and continuous data
are presented as means ± SDs or as medians (quartile 1, quartile
3). Continuous variables were compared between the groups
by independent-samples t test, whereas categorical variables
(parity and maternal education) were compared by chi-square
test. Loss to follow-up was addressed by comparing baseline
data of pregnancies that were lost to follow-up with those that
continued to be part of the cohort. The effect of interaction of
maternal macronutrient intake with fetal sex on the incidence of
SGA was tested as an independent variable in multiple variable
logistic regression. Maternal age, education, parity, height, and
weight at recruitment; fetal sex; and total energy intake were
covariates. The adjusted ORs (AORs), 95% CIs, and P values
for SGA were reported. Fetal sex-specific ORs of SGA with
maternal macronutrient intakes as independent variables were
examined in a multiple variable logistic regression with fetal sex–
specific maternal macronutrient intakes as independent variables
with the above-listed covariates. Two-sided P values <0.05 were
considered significant. Macronutrient intakes were adjusted for
total energy intake by the nutrient density method (21). As part
of sensitivity analyses, the above analysis was repeated after
adjusting macronutrient intakes for total energy intake by the
regression residual method (21) and separately, specifically in the
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FIGURE 1 Flowchart of participants included for analysis from the St. John’s birth cohort.

term births. All of the analyses were conducted by using the SPSS
program (version 18.0; SPSS).

RESULTS

From the St. John’s birth cohort, 2035 births were analyzed
for the current study (Figure 1). Baseline data available among
the 159 pregnancies (7.2%) that were excluded from the final
analysis due to lack of trimester-1 diet data were similar to the
2036 pregnancies for which trimester-1 diet data were available
[age: 24.3 ± 3.8 compared with 24.4 ± 3.8 y; P = 0.722; height:
1.55 ± 0.07 compared with 1.56 ± 0.06 m; P = 0.073; BMI
(kg/m2): 21.9 ± 4.4 compared with 21.7 ± 3.6; P = 0.535

(unpaired t test); and primiparous: 57% compared with 59%;
P = 0.665; male births: 55% compared with 51%; P = 0.702
(chi-square test)]. However, the educational status of the subjects
excluded was significantly lower (up to high school: 43%
compared with 33%; P = 0.013, chi-square test). The birth
variables of the 2 groups were similar (gestational age at birth:
38.7 ± 1.4 compared with 38.6 ± 1.5 wk; P = 0.372; birth
weight: 2809 ± 488 compared with 2876 ± 450 g; P = 0.075,
unpaired t test). Furthermore, another birth was excluded from
the final analysis of the current study due to lack of availability
of data on sex of the infant.

The anthropometric characteristics of the 2035 mothers at
enrollment and of the neonates are summarized in Table 1. The

TABLE 1
Maternal sociodemographic and neonatal characteristics and maternal trimester-1 dietary intakes by birth outcome and fetal sex1

Characteristics All births AGA SGA P Male births Female births P

n 2035 1458 577 1047 988
Maternal

Age, y 24.4 ± 3.8 24.5 ± 3.9 24.0 ± 3.7 0.005 24.4 ± 3.8 24.3 ± 3.9 0.521
Weight at recruitment, kg 52.5 ± 9.5 53.4 ± 9.5 50.2 ± 9.2 <0.001 52.5 ± 9.3 52.4 ± 9.7 0.731
Height, m 1.6 ± 0.1 1.6 ± 0.1 1.5 ± 0.1 <0.001 1.6 ± 0.1 1.6 ± 0.1 0.220
Primiparous,2 n (%) 1200 (59) 835 (57) 365 (63) 0.013 611 (58) 589 (60) 0.564
Education,2 n (%) <0.001 0.247

Up to high school 675 (33) 445 (31) 230 (40) 335 (32) 340 (34)
PUC/diploma and above 1360 (67) 1013 (70) 347 (60) 712 (68) 648 (66)

Maternal dietary intake (trimester 1)
Energy, kcal/d 1910 ± 517 1918 ± 521 1890 ± 504 0.260 1900 ± 487 1921 ± 546 0.346
Carbohydrate, % of energy 64.6 ± 5.1 64.5 ± 5.1 64.8 ± 4.9 0.175 64.5 ± 5.0 64.7 ± 5.1 0.351
Protein, % of energy 11.5 ± 1.1 11.5 ± 1.1 11.5 ± 1.0 0.816 11.5 ± 1.0 11.5 ± 1.1 0.847
Fat, % of energy 23.9 ± 4.4 24.0 ± 4.5 23.6 ± 4.3 0.109 24.0 ± 4.4 23.8 ± 4.5 0.267

Neonate
Birth weight, g 2875 ± 450 3015 ± 439 2523 ± 234 <0.001 2914 ± 461 2834 ± 435 <0.001
SGA, n (%) 577 (28) — — — 311 (30) 266 (27) 0.164
Gestational age at birth, wk 38.6 ± 1.5 38.5 ± 1.7 38.9 ± 1.0 <0.001 38.6 ± 1.6 38.7 ± 1.5 0.250

1All values are means ± SDs unless otherwise indicated; n = 2035. P values were derived by using independent-samples t test unless otherwise
indicated. AGA, appropriate-for-gestational age; PUC, pre-University course; SGA, small-for-gestational age.

2P values were derived by using chi-square test.
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TABLE 2
Interactions between the effects of maternal macronutrient intake in trimester 1 (adjusted for total energy intake by the nutrient density method) and fetal sex
on adjusted ORs for SGA birth1

P

Dietary intakes
P-interaction

(dietary intake × fetal sex) Dietary intake Fetal sex

Energy, per 100 kcal/d 0.62 0.91 0.35
Carbohydrate, per 5% of energy 0.09 0.72 0.12
Protein, % of energy 0.92 0.88 0.79
Fat, per 5% of energy 0.05 0.71 0.03

1n = 2035. Multiple variable logistic regression was used with maternal age, education, parity, height, and weight at recruitment; fetal sex; and total
energy intake as covariates. SGA, small-for-gestational age.

follow-up of the pregnancies was done until birth. The mean
birth weight of the neonates was 2875 g. Approximately 28%
of the neonates were born SGA and 51% of the births were
male births. As expected, the male neonates were heavier at birth
(male: 2914 g; female: 2834 g). Because the primary objective
of this study was to evaluate the role of fetal sex as a modifier
of associations between maternal macronutrient intake and birth
outcome, we first ascertained whether maternal trimester-1 intake
of total energy or macronutrients (adjusted for total energy
intake according to the nutrient density method and expressed
as percentage of energy) was overtly different between the male
and female births or the SGA and appropriate-for-gestational-age
births. We did not find any such differences in all 2035 births
(Table 1) or separately in the 1837 term births (Supplemental
Table 1).

Differential effects by fetal sex of maternal trimester 1
macronutrient intake on SGA birth were evaluated in logistic
regression models. We included maternal age, education, parity,
height, and weight at recruitment and total energy intake per day
in trimester 1 as covariates (Table 2). The interaction tended
to be significant for carbohydrate intake and was significant
for fat intake (per 5% of energy for both; P = 0.09 and
P = 0.05, respectively). We further assessed the fetal sex-specific
effect of maternal macronutrient intake on SGA (Table 3). The
risk of an SGA birth was significantly increased with higher
carbohydrate intake (AOR per 5% of energy: 1.15; 95% CI: 1.01,
1.32; P = 0.04) or lower fat intake (AOR per 5% of energy:
0.83; 95% CI: 0.71, 0.97; P = 0.02) specifically in male births
(n = 1047). No such association was seen in female births
(n = 988).

We next grouped the births according to low, adequate, and
high maternal intake of macronutrients in trimester 1. The
dietary recommendations for pregnant mothers in India are as
follows—protein: 10–15% of energy and fat: 20–25% of energy,
with the rest derived from carbohydrates (22). Accordingly, we
grouped the births as follows—carbohydrate intake: low, <60%;
adequate, 60–70%; and high, >70% of energy; protein intake:
low, <10%; adequate, 10–20%; and high, >20% of energy; and
fat intake: low, <20%; adequate, 20–25%; and high, >25% of
energy. The maternal demographic variables according to these
groups are summarized in Supplemental Table 2. Mothers with
low carbohydrate intake or high fat intake were older and better
educated (P < 0.001).

On analyzing the fetal sex-specific effect of adequate or high
maternal macronutrient intake on SGA birth with the low-intake
group as the referent group, we observed a significant increase in

the risk of an SGA birth for high carbohydrate intake (Table 4).
A significant decrease in the risk of an SGA birth was observed
for high fat intake. These associations were again specific to male
births.

We performed 2 separate sensitivity analyses for the above
findings. First, we repeated the multiple logistic regressions
using maternal macronutrient intakes adjusted for total energy
intake by the nutrient density method specifically for the full-
term births. Similar to the findings in the total 2035 births,
the association of SGA birth with maternal carbohydrate intake
tended to be modified by fetal sex and that with maternal fat
intake was modified significantly by fetal sex (P = 0.06 and
0.03 respectively; Supplemental Table 3). The risk of an SGA
birth was significantly increased with higher carbohydrate intake
or lower fat intake for the full-term male births [AOR (95%
CI) per 5% of energy: 1.19 (1.03, 1.34); P = 0.02; and 0.80
(0.67, 0.94); P = 0.01, respectively; n = 946; Supplemental
Table 4], whereas no such effect was seen for the female births
(n = 891). We could not separately analyze these findings in the
preterm births due to the small sample size (n = 198). However,
gestational age did not influence these relations in the full-term
births because, on repeating the multiple logistic regressions with
final gestational age as an added covariate, the association of
maternal carbohydrate and fat intake continued to be modified
similarly by fetal sex (P = 0.06 and 0.03, respectively).

For the next sensitivity analysis, we adjusted maternal
macronutrient intake for total energy intake by the regression
residual method instead of the nutrient density method. A trend
for interaction between carbohydrate intake (per 25 g/d) and
fetal sex was observed (P = 0.07), whereas the interaction
between fat intake (per 10 g/d) and fetal sex was significant
(P = 0.04; Supplemental Table 5). The AORs for SGA births
were significantly higher for carbohydrate intake and lower for
fat intake specifically in the male births [AOR (95% CI) per 5%
of energy: 1.16 (1.00, 1.33); P = 0.046; and 0.84 (0.73, 0.98);
P = 0.02, respectively; n = 1047; Supplemental Table 6].

DISCUSSION

Based on the underlying assumption that birth outcome and
offspring health are associated with maternal nutrition in a fetal
sex-specific manner, we tested the hypothesis that fetal sex will
modify associations between maternal diet during pregnancy and
fetal growth and birth outcome. We observed a significantly
increased risk of SGA births, specifically in male infants, with
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TABLE 3
Fetal sex-specific effect of maternal macronutrient intakes in trimester 1 on AORs for SGA birth1

Male births (n = 1047) Female births (n = 988)

Dietary intakes SGA, AOR (95% CI) P SGA, AOR (95% CI) P

Energy, per 100 kcal/d 0.99 (0.96, 1.02) 0.56 1.00 (0.98, 1.03) 0.91
Carbohydrate, per 5% of energy 1.15 (1.01, 1.32) 0.04 0.97 (0.84, 1.12) 0.72
Protein, % of energy 1.00 (0.88, 1.14) 0.99 1.01 (0.89, 1.16) 0.88
Fat, per 5% of energy 0.83 (0.71, 0.97) 0.02 1.03 (0.88, 1.21) 0.71

1n = 2035. Multiple variable logistic regression was used with fetal sex-specific maternal macronutrient intakes and maternal age, education, parity,
height, and weight at recruitment; fetal sex; and total energy intake as covariates. AOR, adjusted OR; SGA, small-for-gestational age.

increasing maternal trimester 1 carbohydrate intake or decreasing
fat intake.

Fetal sex is known to modulate fetal growth as well as neonatal
body composition (14, 15). It has also been recently reported
to be associated with the risk of maternal complications during
and after pregnancy, such as gestational diabetes mellitus and
preeclampsia, which could potentially be related to the effect
of fetal sex on maternal vascular and hormonal adaptation to
pregnancy (23–26). At its extreme, Trivers and Willard (27)
hypothesized better reproductive success for the parents if more
male offspring were produced (higher sex ratio at birth) when
maternal conditions during and before pregnancy were optimal.
Although evidence for their hypothesis exists in the animal
kingdom, evidence in humans exists only for situations leading
to extreme imbalances in food availability, such as famines or
maternal stress during pregnancy (28–32). Nevertheless, it is
well recognized that male fetuses are more sensitive to maternal
exposures to suboptimal conditions (33, 34). For instance, the
influence of maternal conditions such as gestational diabetes
mellitus on neonatal adiposity is evident primarily in the male
fetuses (35). This could even have consequences on other aspects
of fetal development. It was recently reported that in a mouse
model of maternal diet–driven obesity, the male fetal brain
transcriptome was more sensitive to maternal diet than the
female brain, which is in line with evidence of a higher risk
of neurodevelopmental impairment in male fetuses exposed to

obstetric risk factors such as preeclampsia or SGA birth (36, 37).
Multiple studies that used animal models have observed fetal sex-
specific effects of manipulating maternal diet on fetal growth as
well as on cardiovascular development and hemodynamics (32,
38). However, the effect of fetal sex as a modifier of associations
between maternal diet and fetal growth has not been explored in
humans to the best of our knowledge.

The fetal sex-specific modulation of the association between
maternal macronutrient intake in trimester 1 and the risk of SGA
birth held even when macronutrient intake was adjusted for total
energy intake (21). For the main analysis, we used the nutrient
density model of adjusting for total energy intake. This model has
been used in national dietary guidelines and recommendations.
Therefore, it is traditionally used for epidemiologic studies for
ease of comparison with dietary recommendations for the target
population. We performed a sensitivity analysis using the widely
regarded regression residual method to adjust macronutrient
intake for total energy intake. Our findings were consistent in this
sensitivity analysis. We further conducted a sensitivity analysis
for our findings restricting our analysis to the full-term births and
observed similar findings, which points to the robustness of our
observations.

There can be potentially multiple, interlinked biological
explanations for our observations. The increased risk of SGA
births with modulations of maternal diet that we observed is
likely to be due to the constitutionally weaker nature of male

TABLE 4
Fetal sex-specific effect of different amounts of maternal macronutrient intake in trimester 1 on AORs for SGA birth1

Male births (n = 1047) Female births (n = 988)

Dietary intakes and groups SGA, % SGA, AOR (95% CI) P SGA, AOR (95% CI) P

Carbohydrate
<60% of energy 25 1.00 1.00
60–70% of energy 28 1.41 (0.96, 2.07) 0.08 1.06 (0.72, 1.56) 0.79
>70% of energy 29 1.67 (1.002, 2.780) 0.049 0.81 (0.48, 1.38) 0.44

Protein
<10% of energy 26 1.00 1.00
10–20% of energy 28 1.17 (0.68, 2.02) 0.57 1.34 (0.73, 2.46) 0.35
>20% of energy 29 1.02 (0.58, 1.82) 0.94 1.54 (0.82, 2.91) 0.18

Fat
<20% of energy 30 1.00 1.00
20–25% of energy 26 0.91 (0.62, 1.32) 0.60 1.13 (0.76, 1.68) 0.55
>25% of energy 26 0.61 (0.41, 0.90) 0.01 1.04 (0.69, 1.56) 0.87

1n = 2035. Multiple variable logistic regression was used with fetal sex-specific maternal macronutrient intakes and maternal age, education, parity,
height, and weight at recruitment; fetal sex; and total energy intake as covariates. AOR, adjusted OR; SGA, small-for-gestational age.
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offspring, making them more prone to growth restriction and,
in extreme cases, mortality, under suboptimal conditions in
utero (39). Furthermore, the fetal programming hypothesis that
suboptimal in utero exposures such as maternal malnutrition sets
up the stage for a higher risk of adult-onset noncommunicable
diseases such as coronary artery disease, obesity, hypertension,
and type 2 diabetes was initially proposed on the basis of data on
men (40). Current evidence for the fetal programming hypothesis
has also been reported for male offspring (41).

The placenta could be a mediator of fetal sex-specific effects
of in utero exposures on fetal growth and later life outcomes
(42). The placenta has the same sex as the fetus due to the
fetal origin of the placental cells. This can explain the sex-
specific responses, functional as well as regulatory (epigenetic
and transcriptional), of the placenta to in utero exposures
(43). In a recent meta-analysis of gene expression data from
nonpathological term placentas, >140 genes were reported to
be differentially expressed between placentas from male and
female births (44). A higher expression of genes associated with
maintenance of pregnancy, placental development, and maternal
tolerance of the developing fetus was observed in placentas from
the female births, providing mechanistic explanation for better
robustness of the female placenta to withstand adverse in utero
exposures.

Another question that needs explanation is why there was a
differential association of maternal fat intake with the risk of
SGA births, specifically in the male infants. Positive associations
between maternal intakes of SFAs, α-linolenic acid , and long-
chain n–3 PUFAs and birth weight have been reported from the
current cohort (9, 10). However, fetal sex-specific associations
have not been reported previously. Mechanistically, one possible
explanation emanates from the observation that activity of
carnitine palmitoyltransferase 1a (CPT-1a) was reduced by half
in CPT-1a+/− heterozygote male mice, but no such effect was
seen in the female mice (45). Because CPT-1a is the rate-
limiting enzyme for transferring long-chain fatty acids into the
mitochondria for fatty acid oxidation, a differential effect of
reduction in gene dosage of CPT-1a on its activity in the male sex
could possibly explain higher sensitivity of the male fetal growth
on the maternal supply of fatty acids, although this needs to be
tested.

Carbohydrates in the diet are the major determinants of
postprandial glucose concentrations, and low-carbohydrate diets
have been reported to result in significant reductions in post-
prandial glucose and insulin concentrations (46). Although hy-
perglycemia during embryogenesis is associated with increased
congenital anomalies and birth defects in diabetic mothers,
frequent, postprandial episodic hyperglycemia arising from high-
carbohydrate maternal diets could still lead to dysregulated fetal
growth (47). Gill-Randall et al. (48) reported that transferring
embryos from euglycemic female Wistar rats to pseudo-pregnant
hyperglycemic Goto Kakizaki rats resulted in offspring that were
significantly lighter at 6 wk of age and developed hyperglycemia
later. A possible mechanistic explanation could be the modulation
of the insulin receptor signaling pathway. Recently, we reported
a positive association of placental growth factor receptor–bound
protein 10 (GRB10) expression with placental weight and birth
weight specifically in male births (49). Because GRB10 is
considered to be a negative regulator of insulin signaling, a
positive association between GRB10 expression and birth weight

can be explained in terms of its ability to tune down the extent of
insulin signaling that is "detrimental" to fetal growth, specifically
in the male births.

The primary strengths of this study are analyses of maternal
dietary data in light of a rich collection of maternal and neonatal
data, from births spanning 13 y in a South Asian Indian urban
setting that has seen substantial economic and demographic
transition. A limitation of this study lies in its observational
nature, with the dietary data collected in the form of food-
frequency questionnaires from a single tertiary-care hospital in
urban South India. Similar studies conducted in rural settings or
in settings where the population has different habitual dietary
patterns will further clarify the role that fetal sex plays in
modulating the effect of maternal diet on fetal growth. This will
build the platform for understanding the underlying maternal
and fetoplacental signaling mechanisms on one hand and for
providing guidance for personalized advice in maternal and
neonatal outcomes on the other.
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