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Abstract: Increased maternal blood concentrations of leptin and decreased adiponectin levels, which
are common disturbances in obesity, may be involved in offspring adiposity by programming fetal
adipose tissue development. The aim of this study was to assess the relationship between maternal
leptin and adiponectin concentrations and newborn adiposity. This was a cross-sectional study
involving 210 healthy mother-newborn pairs from a public maternity hospital in São Paulo, Brazil.
Maternal blood samples were collected after delivery and leptin and adiponectin concentrations
were measured by enzyme-linked immunosorbent assay. Newborn body composition was estimated
by air displacement plethysmography. The association between maternal leptin and adiponectin
concentrations and newborn adiposity (fat mass percentage, FM%) was evaluated by multiple
linear regression, controlling for maternal age, socioeconomic status, parity, pre-pregnancy body
mass index (BMI), weight gain, gestational age, and newborn age at the time of measurement.
No relationship was found between maternal leptin and FM% of male or female newborn infants.
Maternal adiponectin (p = 0.001) and pre-pregnancy BMI (p < 0.001; adj. R2 = 0.19) were positively
associated with FM% of newborn males, indicating that maternal adiponectin is involved in fetal fat
deposition in a sex-specific manner. Large-scale epidemiological, longitudinal studies are necessary
to confirm our results.
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1. Introduction
Obesity is a global health problem and a risk factor for a number of chronic diseases [1,2]. The rise
in obesity rates among women of childbearing age is particularly worrisome as studies report an
association between obesity during pregnancy and obesity [3] and other adverse health outcomes
in adult offspring [4,5]. It is well recognized that early life events have a long-term influence on
disease risk later in life, a phenomenon known as “early life programming” in which the fetus makes
adaptations to an adverse intrauterine environment to increase its immediate chance of survival [6].
These later-life changes become maladaptive, increasing the risk for a range of chronic diseases such as
obesity [3], diabetes, and hypertension [6,7]. Cnattingius et al. [3] suggested a generational cycle of
obesity as mothers who were born large for gestational age have a higher risk of obesity and are more
likely to have a large-for-gestational-age baby, indicating that obesity may be programmed in utero.
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In addition to increased fat mass, obesity has been associated with altered secretion and
concentrations of adipokines. Leptin, a hormone produced mainly by adipose tissue, is recognized
for its role in the central control of appetite but has also been implicated in platelet aggregation and
arterial thrombosis, contributing to obesity-associated cardiovascular disease risk [8,9]. Adiponectin,
a cytokine also produced by adipose tissue, is known for its insulin sensitization action and
anti-atherogenic properties [8,10]. Maternal blood leptin concentration has been previously linked
to newborn fat mass percentage [11]. Similarly, adiponectin has also been associated with offspring
adiposity. In an animal model [12], adiponectin gene–knockout dams were fed a high-fat diet for six
weeks and were mated to wild-type (WT) sires. Analysis of fetal weight and body composition showed
that the maternal high-fat diet increased the weight and fat mass of offspring of WT dams, while the
offspring of knockout dams had a lower weight and fat mass. In a recent study [13], the offspring
of adiponectin gene–knockout dams exhibited a greater weight and fat mass than WT offspring.
Furthermore, chronic infusion of adiponectin in pregnant mice has been shown to decrease fetal
growth, possibly by reducing amino acid transporter activity and expression [14]. These adipokines
may play important roles in fetal development and possibly induce permanent metabolic changes by
programming fat tissue development.
Normal pregnancy is characterized by a series of physiological adaptations, including hormonal
changes that alter maternal metabolism and allow fetal growth and nutrition. Some of the metabolic
changes that occur during pregnancy resemble those observed in obesity. Weight gain, hyperglycemia,
insulin resistance, and altered leptin and adiponectin concentrations are common effects observed
in both pregnancy and obesity. Maternal leptin levels increase during pregnancy [15,16], possibly as
a consequence of placental production and fat mass gain. Adiponectin levels decrease throughout
pregnancy [17,18] and are inversely related to adiposity gain.
In view of the worldwide increase in obesity among pregnant women and the contribution of
maternal obesity to offspring obesity, the aim of this study was to investigate the association between
maternal plasma concentrations of leptin and adiponectin and newborn adiposity.
2. Experimental Section
2.1. Experimental Design and Subjects
In this cross-sectional study, 210 women were randomly selected between March and July 2013
from a large maternity hospital in São Paulo city, Brazil, based on their hospital records and antenatal
cards. The parameters adopted for sample size calculation were a power of the test of 90% and
significance of 0.05 to detect differences in newborn adiposity between normal weight and obese
mothers according to Catalano et al. [19]. Exclusion criteria were: adolescence, multiple pregnancies,
diabetes, hypertension, hormonal disorders, chronic infectious diseases, drug, tobacco and/or alcohol
consumption, preterm (<37 weeks) and post-term (≥42 weeks) delivery, low birth weight (<2500 g),
and genetic disorders in the newborn.
Shortly after delivery, the women were invited to participate in the study. A questionnaire was
applied to evaluate demographic, socioeconomic (education and housing conditions: television
sets, CD players, vehicles, washing machines, DVD players, refrigerators/freezers, bathrooms),
and obstetric variables. Mothers were asked to recall their weight prior to pregnancy for calculation
of pre-pregnancy body mass index (BMI) and the information was confirmed with the antenatal
cards. The following data were collected from the hospital records: maternal date of birth, maternal
weight in all antenatal visits, date and time of birth of the infant, type of delivery, sex, gestational
age, birth weight, length, head and chest circumferences at birth, and Apgar score. Gestational age
was determined by a combination of ultrasonography performed up to the 20th week of gestation,
the Capurro method [20] determined between 12 and 48 h after birth, and the last menstrual period.
When there was a one-week discrepancy between at least two of the gestational age determinations,
one of them was chosen, giving preference to the order of the methods cited above.
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2.2. Biochemical Assays
Maternal blood was collected within 24–72 h after delivery after an overnight fast into
ethylenediaminetetraacetic acid (EDTA)-treated plain vacutainer tubes (Becton Dickinson, Rutherford,
NJ, USA) and was immediately centrifuged at 1600× g for 10 min. Plasma samples were stored at
−20 ◦ C for leptin and adiponectin analysis. These adipokines were determined by enzyme-linked
immunosorbent assay (ELISA) (Raybio® , Norcross, GA, USA). All biochemical assays were performed
in duplicate. The detection limit for leptin was 17.33 pg/mL, with an intra-assay coefficient of variation
(CV) of 7.8% and inter-assay CV of 14.52%. The detection limit for adiponectin was 192 pg/mL,
with intra- and inter-assay CVs of 4.2% and 8.7%, respectively.
2.3. Maternal Anthropometry
Maternal weight and height were determined with a bioelectrical impedance analyzer (Inbody370,
Biospace® , Seoul, Korea) and a Tonelli stadiometer (model 120A, Tonelli, Criciúma, SC, Brazil),
respectively, according to Lohman et al. [21]. These measurements were made 24–72 h after
delivery. Pre-pregnancy BMI was calculated using the self-reported pre-pregnancy weight and the
measured height. Weight gain during pregnancy was defined as the difference between the maternal
weight measured within one week prior to delivery and the maternal weight recorded in the first
antenatal visit.
2.4. Newborn Anthropometry and Body Composition Assessment
Newborn length was measured with a Seca® infantometer (model 416, Seca, Hamburg, Germany)
to the nearest 0.1 cm. Weight was measured to the nearest 1 g using the scale of the air displacement
plethysmograph (PEA POD® , Cosmed, San Francisco, CA, USA). The Anthro software (version 3.2.2,
WHO, Geneva, Switzerland) was used to determine weight-for-age and length-for-age z-scores.
Body composition was assessed by air displacement plethysmography (PEA POD® ). All measurements
were performed within 24–72 h after birth.
2.5. Statistical Analysis
The relationship of newborn fat mass percentage (FM%, outcome or dependent variable) with
maternal leptin and adiponectin concentrations (exposure or independent variables) and other
independent variables of interest (age, socioeconomic status, parity, pre-pregnancy BMI, weight
gain during pregnancy, gestational age, and newborn age at the time of measurement) was determined
by univariate analysis according to sex. Variables of biological importance with p ≤ 0.20 in the
univariate analysis were selected for entry into two multiple linear regression models stratified by
sex. A stepwise backward selection method was used for linear regression analysis, considering a
p-value ≤ 0.05 to be significant. Statistical analysis was performed using the Stata software (version 11;
Stata Corp., College Station, TX, USA).
2.6. Ethical Considerations
This study was conducted according to the guidelines of the Declaration of Helsinki and all
procedures involving human subjects were approved by the Ethics Committees of the School of Public
Health, University of São Paulo, Escola Dr. Mário de Moraes Altenfelder Silva Maternity, and Adolfo
Lutz Institute (Approval Number 00749812.5.3001.0059).
3. Results
Table 1 shows the baseline characteristics of the subjects enrolled in the study. The mean maternal
age (SD) was 25.87 (5.18) years. Most mothers considered themselves to be mulatto (43.3%) and had
a monthly household income of less than three Brazilian minimum wages (one Brazilian minimum
wage = R$678.00 or US$317.00). Fourteen mothers refused to report their income. According to
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pre-pregnancy BMI, 9.7% of the women were underweight, 28.7% were overweight, and 11.1% were
obese. Most women did not gain weight during pregnancy according to the Institute of Medicine
(IOM) recommendations [22]. More than half the newborn infants were girls (54.3%) and 76.2% had a
birth weight between 3000 and 4000 g. As can be seen in Table 1, 78.1% and 70.5% of the infants had
adequate weight-for-age and length-for-age measurements, respectively [23].
Table 1. Demographic, socioeconomic, obstetrics, clinical and biochemical characteristics of the study
population (n = 210).
Maternal Characteristics
Age (years)
Ethnicity
White
Mulatto
Black
Native American
Unknown
Household income (BMW in R$)
<1
1–1.9
2–2.9
3–4.9
≥5
Unknown
Parity
1
>1
Height (m)
<1.50
1.50–.60
1.6–1.69
≥1.70
Pre-pregnancy BMI (kg/m2 )
Underweight (<18.5)
Normal weight (18.5–24.9)
Overweight (25.0–29.9)
Obese (≥30.0)
Weight gain during pregnancy (kg)
Below IOM recommendations
Within IOM recommendations
Above IOM recommendations
Type of birth
Vaginal
Normal
Forceps
Cesarean section
Leptin (ng/mL)
0.5–12.2
12.3–24.3
24.4–44.7
44.8–173.38
Adiponectin (µg/mL)
1.2–11.6
11.7–17.5
17.6–27.3
27.4–86.7

n

%

76
91
32
8
3

36.2
43.3
15.2
3.9
1.4

17
65
72
27
15
14

8.1
30.9
34.3
12.9
7.1
6.7

76
134

36.2
63.8

13
89
97
11

6.2
42.4
46.2
5.2

19
98
56
22

9.7
50.3
28.7
11.1

49
67
77

25.4
34.7
39.9

99
51
60

47.1
24.3
28.6

53
53
52
52

25.2
25.2
24.8
24.8

52
53
53
52

24.8
25.2
25.2
24.8

Mean (SD)
25.87 (5.18)

1770.52 (1200.17)

1.60 (0.06)

24.60 (5.24)

12.97 (5.76)

33.78 (30.21)

22.58 (16.62)
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Table 1. Cont.
Newborn Characteristics and Anthropometry
Gestational age (weeks)
Sex
Female
Male
Birth weight (g)
2500–3000
3000–3500
3500–4000
4000–5000
Weight-for-age (z-score)
<−2
−2–−1
−1–1
1–2
≥2
Length-for-age (z-score)
<−2
−2–−1
−1–1
1–2
≥2
Fat mass percentage
Female
Male

39.42 (1.04)
114
96

54.3
45.7

34
109
51
16

16.2
51.9
24.3
7.6

1
29
164
14
2

0.5
13.8
78.1
6.7
0.9

5
36
148
20
1

2.4
17.1
70.5
9.5
0.5

114
96

54.3
45.7

3377.01 (407.62)

3197.79 (0.40)

49.30 (1.81)

8.93 (4.18)
9.91 (4.20)
7.76 (3.86)

BMW: Brazilian minimum wage = R$678.00 per month (1 US$ = 2.14 R$).

In univariate regression analysis, adiponectin, pre-pregnancy BMI and weight gain had a
p-value ≤ 0.20 and were included in the multiple linear regression model for newborn males.
Since pre-pregnancy BMI and weight gain are frequently used together [18], the weight gain variable
was maintained in the final model because of its biological significance. For females, none of the
maternal or newborn variables had p ≤ 0.20. Therefore, only maternal leptin and adiponectin
concentrations were selected for the model.
Multivariate regression analysis showed an interaction between sex and adiponectin, but not
between sex and pre-pregnancy BMI or adiponectin and pre-pregnancy BMI. In addition, no interaction
was observed between sex, adiponectin and pre-pregnancy BMI. Multiple linear regression analysis
with newborn FM% as the outcome is shown in Table 2. The FM% of male newborn infants was
positively associated with maternal adiponectin concentration (p = 0.001) and maternal pre-pregnancy
BMI (p < 0.001) (adjusted R2 = 0.19).
Table 2. Multiple linear regression analysis considering the fat mass percentage of male (n = 91) and
female (n = 107) newborn infants as outcomes.
Male FM%
Leptin (ng/mL)
Adiponectin (µg/mL)
Pre-pregnancy BMI (kg/m2 )
Weight gain during pregnancy (kg)
R2 = 0.22; adjusted R2 = 0.19
Female FM%
Leptin (ng/mL)
Adiponectin (µg/mL)
R2 = 0.006; adjusted R2 = −0.012

Coefficient

−0.023
0.076
0.332
−0.012
Coefficient

−0.008
0.015

p

95% CI

−0.054
0.031
0.153
−0.108

0.008
0.121
0.512
0.084

p

95% CI

−0.035
−0.033

FM%: fat mass percentage; 95% CI: 95% confidence interval.

0.143
0.001
0.000
0.804

0.017
0.063

0.517
0.543
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4. Discussion
In this study, maternal leptin concentration was not associated with fetal adiposity. This result
differs from the study of Josefson et al. [11] in which maternal leptin concentration was positively
associated with newborn FM%. The difference between the findings of Josefson et al. and our results
might be explained by the timing of the blood sampling. In the present study, maternal blood was
collected 24 to 72 h post-partum, while in the study of Josefson et al. [11] blood samples were obtained
between 36–38 weeks of pregnancy. Since the metabolism of pregnant women is constantly changing,
the timing of blood collection is crucial. Leptin is produced by the placenta [24] and maternal plasma
concentrations during pregnancy reflect adipose tissue and placental production of this adipokine.
Maternal leptin concentration should therefore be measured during the post-partum period rather
than during pregnancy when it is difficult to distinguish between the amount of hormone produced by
the placenta and that produced by maternal adipose tissue [25]. Furthermore, a cohort study showed
that the leptin concentration tends to increase throughout pregnancy. Although obese women begin
pregnancy with higher leptin concentrations, they show a lower increase in leptin than their normal
weight counterparts as pregnancy progresses [16], in part due to their lower weight gain. Maternal
leptin concentrations are proportional to pre-pregnancy BMI and weight gain. In late pregnancy,
obese women have only 1.2 times higher circulating leptin levels than normal weight women [16].
In a cohort study, Misra et al. [15] found no association between the magnitude of variation
in maternal leptin concentration and variation in infant birth weight, a surrogate measure of FM%.
However, an increase in the rate of change in maternal serum leptin in the second half of pregnancy
was associated with a reduction in birth weight in overweight/obese pregnant women. While this
finding may be related to changes in placental leptin production, it does not reflect the influence of
maternal adipose tissue on fetal development. Placental size is known to be positively associated
with birth weight [26], and probably also with leptin production [27]. Although hyperleptinemia has
been implicated in placental dysfunction in previous studies [28], this is still controversial [29] and we
found no evidence of an association between maternal leptin and newborn FM%.
The maternal plasma concentration of adiponectin was positively associated with the FM% of male
but not of female newborn infants. Sexual dimorphism is known to occur during fetal development [30,31].
According to our results, differences may exist in the mechanisms involved in newborn male and
female fat mass development. To our knowledge, there are no studies in the literature that investigated
the association between maternal adiponectin and newborn adiposity by plethysmography, and birth
weight is frequently used as a proxy for newborn adiposity. In a recent study, Vernini et al. [32]
observed a positive association between maternal adiponectin and birth weight, in agreement with
our results. However, the results of studies on this topic are conflicting. While some authors have
found an inverse relationship between maternal adiponectin and newborn adiposity [33,34], others
report no association between maternal adiponectin and perinatal outcomes [35]. Lowe et al. [34]
observed an inverse relationship between newborn adiposity (estimated by skinfolds) and maternal
adiponectin concentration between 24 and 32 weeks of gestation. Methodological differences could
explain the different results. The study of Lowe et al. [34] was a multicenter study with a heterogeneous
population and included women with pre-eclampsia, a condition known to affect the adiponectin
concentration [36]. The population of our study was healthy and homogeneous, was selected from the
same maternity unit, and had a similar socioeconomic status. In addition, the method used for body
composition estimation, air displacement plethysmography, is more accurate [37] than the skinfold
measurements used by Lowe et al. [34].
Some mechanisms can be suggested to explain how maternal adiponectin may increase FM% of
the newborn. Adiponectin plays a role in glucose utilization and fatty acid oxidation by activating
AMP-protein kinase, an enzyme involved in many metabolic processes [38]. Adiponectin has also
been implicated in the muscle translocation of glucose transporters, particularly glucose transporter
type 4 (GLUT4), which would contribute to glucose uptake [39]. It is possible that adiponectin controls
glucose uptake by the placenta via activation of AMP-protein kinase and translocation of glucose
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transporters. In this respect, higher concentrations of adiponectin may increase glucose uptake by the
placenta and contribute to fetal fat deposition. However, further studies concerning the placenta are
needed to elucidate how maternal adiponectin influences fetal fat deposition. Although animal studies
have shown how maternal adiponectin could affect fetal fat metabolism [12,40,41], our study was the
first to present that maternal adiponectin concentrations may participate in fetal fat development in a
sex-specific manner.
In this study, boys were potentially more vulnerable to the maternal adiponectin concentration
than girls, although further studies are necessary to investigate a possible causal relationship. It is
known that boys are born heavier than girls, while girls have a greater FM% than boys. In a rabbit
model investigating the effect of a maternal high-fat/cholesterol diet [42], males were more affected by
the high-fat/cholesterol diet than females. The authors concluded that placental adaptations to the
diet differed between sexes. Bellisario et al. [43] reported a sex-dependent resiliency to stressful and
metabolic challenges following prenatal exposure to a high-fat diet, i.e., female offspring were more
resistant to the maternal high-fat diet than male mice. In humans, O’Tierney-Ginn et al. [44] reported
an association between maternal pre-pregnancy BMI and fat mass and fat-free mass of newborn males,
expanding the current knowledge of sex differences in fetal body composition. However, the issue
is still controversial, considering that in the study of Au et al. [45] newborn female sex, maternal
Caucasian ethnicity and increased gestational weight gain were the variables most strongly associated
with increased FM%.
The main limitation of this study was the lack of collection of adipose tissue samples from women
undergoing a cesarean section for the determination of adipokine expression. Haghiac et al. [17]
evaluated patterns of adiponectin expression in term pregnancy and observed decreased adiponectin
expression in obese women when compared to normal weight women. Thus, in addition to plasma
concentrations, it would be interesting to investigate the association between maternal leptin and
adiponectin expression and newborn adiposity. Moreover, a larger sample size would permit a
three-way interaction analysis between sex, maternal adiponectin and pre-pregnancy BMI.
5. Conclusions
The maternal leptin concentration was not associated with fetal adiposity, while adiponectin
was positively associated with adiposity in male newborn infants. Longitudinal studies are needed
to confirm the existence of a sex-specific relationship between maternal adiponectin and fetal
fat development.
Acknowledgments: This research was supported by the Fundação de Amparo à Pesquisa do Estado de São Paulo
(FAPESP; Grants: 2011/10382-2; 2011/05443-2).
Author Contributions: N.P.C., V.V.E. and F.A.S. collected and analyzed the data. N.P.C. wrote the manuscript.
L.R.A.V.-d.-L. and C.A.D.B. were responsible for the biochemical analyses. N.P.C., L.A.L., D.D. and P.H.C.R.
participated in the statistical analysis, interpretation of the data, and writing of the paper. P.H.C.R. coordinated
the data collection, designed the study protocol, and secured funding. All authors read and approved the final
version of the manuscript.
Conflicts of Interest: The authors declare no conflict of interest.

References
1.

2.

3.

Hubert, H.B.; Feinleib, M.; McNamara, P.M.; Castelli, W.P. Obesity as an independent risk factor for
cardiovascular disease: A 26-year follow-up of participants in the Framingham Heart Study. Circulation 1983,
67, 968–977. [CrossRef] [PubMed]
Larsson, B.; Svärdsudd, K.; Welin, L.; Wilhelmsen, L.; Björntorp, P.; Tibblin, G. Abdominal adipose tissue
distribution, obesity, and risk of cardiovascular disease and death: 13 year follow up of participants in the
study of men born in 1913. Br. Med. J. 1984, 288, 1401–1404. [CrossRef]
Cnattingius, S.; Villamor, E.; Lagerros, Y.T.; Wikström, A.-K.; Granath, F. High birth weight and obesity—A
vicious circle across generations. Int. J. Obes. 2012, 36, 1320–1324. [CrossRef] [PubMed]

Nutrients 2017, 9, 182

4.

5.

6.
7.
8.
9.

10.
11.
12.
13.

14.

15.
16.
17.

18.

19.
20.
21.
22.
23.
24.

8 of 10

Cameron, C.M.; Shibl, R.; McClure, R.J.; Ng, S.-K.; Hills, A.P. Maternal pregravid body mass index and child
hospital admissions in the first 5 years of life: Results from an Australian birth cohort. Int. J. Obes. 2014, 38,
1268–1274. [CrossRef] [PubMed]
Reynolds, R.M.; Allan, K.M.; Raja, E.A.; Bhattacharya, S.; McNeill, G.; Hannaford, P.C.; Sarwar, N.;
Lee, A.J.; Bhattacharya, S.; Norman, J.E. Maternal obesity during pregnancy and premature mortality
from cardiovascular event in adult offspring: Follow-up of 1 323 275 person years. BMJ 2013, 347, f4539.
[CrossRef] [PubMed]
O’Reilly, J.R.; Reynolds, R.M. The risk of maternal obesity to the long-term health of the offspring.
Clin. Endocrinol. 2013, 78, 9–16. [CrossRef] [PubMed]
Godfrey, K.M.; Barker, D.J. Fetal nutrition and adult disease. Am. J. Clin. Nutr. 2000, 71, 1344S–1352S.
[PubMed]
Van Gaal, L.F.; Mertens, I.L.; de Block, C.E. Mechanisms linking obesity with cardiovascular disease. Nature
2006, 444, 875–880. [CrossRef] [PubMed]
Manuel-Apolinar, L.; López-Romero, R.; Zarate, A.; Damasio, L.; Ruiz, M.; Castillo-Hernández, C.;
Guevara, G.; Mera-Jiménez, E. Leptin mediated ObRb receptor increases expression of adhesion intercellular
molecules and cyclooxygenase 2 on murine aorta tissue inducing endothelial dysfunction. Int. J. Clin.
Exp. Med. 2013, 6, 192–196. [PubMed]
Balsan, G.A.; da Costa Vieira, J.L.; de Oliveira, A.M.; Portal, V.L. Relationship between adiponectin, obesity
and insulin resistance. Rev. Assoc. Med. Bras. 2015, 61, 72–80. [CrossRef] [PubMed]
Josefson, J.L.; Zeiss, D.M.; Rademaker, A.W.; Metzger, B.E. Maternal leptin predicts adiposity of the neonate.
Horm. Res. Padiatrics 2014, 81, 13–19. [CrossRef] [PubMed]
Qiao, L.; Yoo, H.S.; Madon, A.; Kinney, B.; Hay, W.W.; Shao, J. Adiponectin enhances mouse fetal fat
deposition. Diabetes 2012, 61, 3199–3207. [CrossRef] [PubMed]
Qiao, L.; Wattez, J.-S.; Lee, S.; Guo, Z.; Schaack, J.; Hay, W.W.; Zita, M.M.; Parast, M.; Shao, J. Knockout
maternal adiponectin increases fetal growth in mice: Potential role for trophoblast IGFBP-1. Diabetologia
2016, 59, 2417–2425. [CrossRef] [PubMed]
Rosario, F.J.; Schumacher, M.A.; Jiang, J.; Kanai, Y.; Powell, T.L.; Jansson, T. Chronic maternal infusion of
full-length adiponectin in pregnant mice down-regulates placental amino acid transporter activity and
expression and decreases fetal growth. J. Physiol. 2012, 590, 1495–1509. [CrossRef] [PubMed]
Misra, V.K.; Straughen, J.K.; Trudeau, S. Maternal serum leptin during pregnancy and infant birth weight:
The influence of maternal overweight and obesity. Obesity 2013, 21, 1064–1069. [CrossRef] [PubMed]
Misra, V.K.; Trudeau, S. The influence of overweight and obesity on longitudinal trends in maternal serum
leptin levels during pregnancy. Obesity 2011, 19, 416–421. [CrossRef] [PubMed]
Haghiac, M.; Basu, S.; Presley, L.; Serre, D.; Catalano, P.M.; Hauguel-de Mouzon, S. Patterns of adiponectin
expression in term pregnancy: Impact of obesity. J. Clin. Endocrinol. Metab. 2014, 99, 3427–3434. [CrossRef]
[PubMed]
Catalano, P.M.; Hoegh, M.; Minium, J.; Huston-Presley, L.; Bernard, S.; Kalhan, S.; Hauguel-de Mouzon, S.
Adiponectin in human pregnancy: Implications for regulation of glucose and lipid metabolism. Diabetologia
2006, 49, 1677–1685. [CrossRef] [PubMed]
Catalano, P.M.; Presley, L.; Minium, J.; Hauguel-de Mouzon, S. Fetuses of obese mothers develop insulin
resistance in utero. Diabetes Care 2009, 32, 1076–1080. [CrossRef] [PubMed]
Capurro, H.; Konichezky, S.; Fonseca, D.; Caldeyro-Barcia, R. A simplified method for diagnosis of gestational
age in the newborn infant. J. Pediatr. 1978, 93, 120–122. [CrossRef]
Lohman, T.G.; Roche, A.F.; Martorell, R. Anthropometric Standardization Reference Manual; Human Kinetics:
Champaign, IL, USA, 1988.
Weight Gain During Pregnancy: Reexamining the Guidelines. Available online: http://www.ncbi.nlm.nih.
gov/pubmed/20669500 (accessed on 19 September 2014).
De Onis, M. WHO child growth standards: Length/height-for-age, weight-for-age, weight-for-length,
weight-for-height and body mass index-for-age. Methods Dev. 2006. [CrossRef]
Maymó, J.L.; Pérez Pérez, A.; Gambino, Y.; Calvo, J.C.; Sánchez-Margalet, V.; Varone, C.L. Review: Leptin
gene expression in the placenta-regulation of a key hormone in trophoblast proliferation and survival.
Placenta 2011, 32, S146–S153. [CrossRef] [PubMed]

Nutrients 2017, 9, 182

25.

26.
27.

28.

29.

30.
31.

32.

33.

34.

35.

36.
37.

38.

39.

40.
41.

42.

9 of 10

Masuzaki, H.; Ogawa, Y.; Sagawa, N.; Hosoda, K.; Matsumoto, T.; Mise, H.; Nishimura, H.; Yoshimasa, Y.;
Tanaka, I.; Mori, T.; et al. Nonadipose tissue production of leptin: Leptin as a novel placenta-derived
hormone in humans. Nat. Med. 1997, 3, 1029–1033. [CrossRef] [PubMed]
Panti, A.A.; Ekele, B.A.; Nwobodo, E.I.; Yakubu, A. The relationship between the weight of the placenta and
birth weight of the neonate in a Nigerian Hospital. Niger. Med. J. 2012, 53, 80–84. [CrossRef] [PubMed]
O’Neil, C.E.; Nicklas, T.A.; Rampersaud, G.C.; Fulgoni, V.L. 100% orange juice consumption is associated
with better diet quality, improved nutrient adequacy, decreased risk for obesity, and improved biomarkers
of health in adults: National Health and Nutrition Examination Survey, 2003–2006. Nutr. J. 2012, 11, 107.
[CrossRef]
Farley, D.M.; Choi, J.; Dudley, D.J.; Li, C.; Jenkins, S.L.; Myatt, L.; Nathanielsz, P.W. Placental amino acid
transport and placental leptin resistance in pregnancies complicated by maternal obesity. Placenta 2010, 31,
718–724. [CrossRef] [PubMed]
Ditchfield, A.M.; Desforges, M.; Mills, T.A.; Glazier, J.D.; Wareing, M.; Mynett, K.; Sibley, C.P.; Greenwood, S.L.
Maternal obesity is associated with a reduction in placental taurine transporter activity. Int. J. Obes. 2015, 39,
557–564. [CrossRef] [PubMed]
Al-Gubory, K.H.; Garrel, C. Sex-specific divergence of antioxidant pathways in fetal brain, liver, and skeletal
muscles. Free Radic. Res. 2016, 50, 366–373. [CrossRef] [PubMed]
Kim, D.W.; Young, S.L.; Grattan, D.R.; Jasoni, C.L. Obesity during pregnancy disrupts placental morphology,
cell proliferation, and inflammation in a sex-specific manner across gestation in the mouse. Biol. Reprod.
2014, 90, 130. [CrossRef] [PubMed]
Vernini, J.M.; Moreli, J.B.; Costa, R.A.A.; Negrato, C.A.; Rudge, M.V.C.; Calderon, I.M.P. Maternal adipokines
and insulin as biomarkers of pregnancies complicated by overweight and obesity. Diabetol. Metab. Syndr.
2016, 8, 68. [CrossRef] [PubMed]
Ong, G.K.B.; Hamilton, J.K.; Sermer, M.; Connelly, P.W.; Maguire, G.; Zinman, B.; Hanley, A.J.G.;
Retnakaran, R. Maternal serum adiponectin and infant birthweight: The role of adiponectin isoform
distribution. Clin. Endocrinol. 2007, 67, 108–114. [CrossRef] [PubMed]
Lowe, L.P.; Metzger, B.E.; Lowe, W.L.; Dyer, A.R.; McDade, T.W.; McIntyre, H.D. Inflammatory mediators
and glucose in pregnancy: Results from a subset of the Hyperglycemia and Adverse Pregnancy Outcome
(HAPO) Study. J. Clin. Endocrinol. Metab. 2010, 95, 5427–5434. [CrossRef] [PubMed]
Chan, T.-F.; Yuan, S.-S.F.; Chen, H.-S.; Guu, C.-F.; Wu, L.-C.; Yeh, Y.-T.; Chung, Y.-F.; Jong, S.-B.;
Su, J.-H. Correlations between umbilical and maternal serum adiponectin levels and neonatal birthweights.
Acta Obstet. Gynecol. Scand. 2004, 83, 165–169. [CrossRef] [PubMed]
Abd-Alaleem, D.I.; Attiaa, K.I.; Khalefa, A.A.; Ahmad, R.A. Adiponectin levels in serum of women with
preeclampsia. East. Mediterr. Health J. 2011, 17, 575–581. [PubMed]
Lingwood, B.E.; Storm van Leeuwen, A.-M.; Carberry, A.E.; Fitzgerald, E.C.; Callaway, L.K.; Colditz, P.B.;
Ward, L.C. Prediction of fat-free mass and percentage of body fat in neonates using bioelectrical impedance
analysis and anthropometric measures: Validation against the PEA POD. Br. J. Nutr. 2012, 107, 1545–1552.
[CrossRef] [PubMed]
Yamauchi, T.; Kamon, J.; Minokoshi, Y.; Ito, Y.; Waki, H.; Uchida, S.; Yamashita, S.; Noda, M.; Kita, S.;
Ueki, K.; et al. Adiponectin stimulates glucose utilization and fatty-acid oxidation by activating
AMP-activated protein kinase. Nat. Med. 2002, 8, 1288–1295. [CrossRef] [PubMed]
Ceddia, R.B.; Somwar, R.; Maida, A.; Fang, X.; Bikopoulos, G.; Sweeney, G. Globular adiponectin increases
GLUT4 translocation and glucose uptake but reduces glycogen synthesis in rat skeletal muscle cells.
Diabetologia 2005, 48, 132–139. [CrossRef] [PubMed]
Aye, I.L.M.H.; Powell, T.L.; Jansson, T. Review: Adiponectin—The missing link between maternal adiposity,
placental transport and fetal growth? Placenta 2013, 34, S40–S45. [CrossRef] [PubMed]
Aye, I.L.M.H.; Rosario, F.J.; Powell, T.L.; Jansson, T. Adiponectin supplementation in pregnant mice prevents
the adverse effects of maternal obesity on placental function and fetal growth. Proc. Natl. Acad. Sci. USA
2015, 112, 12858–12863. [CrossRef] [PubMed]
Tarrade, A.; Rousseau-Ralliard, D.; Aubrière, M.-C.; Peynot, N.; Dahirel, M.; Bertrand-Michel, J.;
Aguirre-Lavin, T.; Morel, O.; Beaujean, N.; Duranthon, V.; et al. Sexual dimorphism of the feto-placental
phenotype in response to a high fat and control maternal diets in a rabbit model. PLoS One 2013, 8, e83458.
[CrossRef] [PubMed]

Nutrients 2017, 9, 182

43.

44.
45.

10 of 10

Bellisario, V.; Berry, A.; Capoccia, S.; Raggi, C.; Panetta, P.; Branchi, I.; Piccaro, G.; Giorgio, M.; Pelicci, P. G.;
Cirulli, F. Gender-dependent resiliency to stressful and metabolic challenges following prenatal exposure to
high-fat diet in the p66(Shc-/-) mouse. Front. Behav. Neurosci. 2014, 8, 285. [CrossRef] [PubMed]
O’Tierney-Ginn, P.; Presley, L.; Minium, J.; Hauguel deMouzon, S.; Catalano, P.M. Sex-specific effects of
maternal anthropometrics on body composition at birth. Am. J. Obstet. Gynecol. 2014, 211. [CrossRef]
Au, C.P.; Raynes-Greenow, C.H.; Turner, R.M.; Carberry, A.E.; Jeffery, H. Fetal and maternal factors associated
with neonatal adiposity as measured by air displacement plethysmography: A large cross-sectional study.
Early Hum. Dev. 2013, 89, 839–843. [CrossRef] [PubMed]
© 2017 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
article distributed under the terms and conditions of the Creative Commons Attribution
(CC-BY) license (http://creativecommons.org/licenses/by/4.0/).

