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Abstract
Genetic variants associated with dietary intake may be important as factors underlying the development of obesity. We investigated the
associations between the obesity candidate genes (fat mass and obesity-associated (FTO), melanocortin-4 receptor (MC4R), leptin (LEP) and
leptin receptor) and total energy intake and percentage of energy from macronutrients and ultra-processed foods before and during
pregnancy. A sample of 149 pregnant women was followed up in a prospective cohort in Rio de Janeiro, Brazil. A FFQ was administered at
5–13 and 30–36 weeks of gestation. Genotyping was performed using real-time PCR. Associations between polymorphisms and the outcomes
were investigated through multiple linear regression and ANCOVA having pre-pregnancy dietary intake as a covariate. The A-allele of FTO-
rs9939609 was associated with a −6·5% (95% CI −12·3, −0·4) decrease in the percentage of energy from protein and positively associated with
the percentage of energy from carbohydrates before pregnancy (β= 2·6; 95% CI 0·5, 4·8) and with a 13·3% (95% CI 0·7, 27·5) increase in the
total energy intake during pregnancy. The C-allele of MC4R-rs17782313 was associated with a −7·6% (95% CI −13·8, −1·0) decrease in the
percentage of energy from protein, and positively associated with the percentage of energy from ultra-processed foods (β= 5·4; 95% CI 1·1,
9·8) during pregnancy. ANCOVA results revealed changes in dietary intake from pre-pregnancy to pregnancy for FTO-rs9939609 (percentage
of energy from ultra-processed foods, P= 0·03), MC4R-rs17782313 (total energy intake, P= 0·02) and LEP-rs7799039 (total energy intake,
P= 0·04; percentage of energy from protein, P= 0·04). These findings suggest significant associations between FTO-rs9939609, MC4R-
rs17782313 and LEP-rs7799039 genes and the components of dietary intake in pregnant women.
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There is general agreement that the current obesity epidemic
and diet-related non-communicable diseases (NCD) are largely
associated with an environment that promotes excessive food
intake and discourages physical activity in multiple ways(1,2).
Globally, the consumption of healthy foods has increased
modestly during the past two decades. In contrast, the intake of
unhealthy foods has increased to a greater extent(3). Although
environmental factors have an important role in the develop-
ment of obesity, genetic factors also make a significant con-
tribution in determining an individual’s susceptibility to

obesity(4) through a full series of potential mechanisms
governing pathways and regulatory systems at different levels,
including intake and energy expenditure(5).

Studies of candidate genes for obesity susceptibility have
allowed the identification of important genes and SNP involved
in the mechanisms of dietary consumption, such as energy intake,
food preferences and satiety responsiveness(6–8). The rs9939609
SNP of the fat mass and obesity-associated (FTO) gene, along with
the rs7799039 SNP of the leptin (LEP) gene and the rs1137101
SNP of the leptin receptor (LEPR) gene, has been associated with

Abbreviations: FTO, fat mass and obesity-associated; GW, gestational weeks; LEP, leptin; LEPR, leptin receptor; MC4R, melanocortin-4 receptor.
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total energy intake(9,10). Further, the rs17782313 SNP of the
melanocortin-4 receptor (MC4R) gene has been associated with
food intake and eating behaviour patterns(11,12).
Whereas total energy intake is a vital aspect of food intake,

the macronutrient composition of food or dietary patterns may
be equally important as factors underlying the development of
obesity(13). Consumption of ultra-processed foods has become
a common practice worldwide(14,15). Ultra-processed foods are
defined as industrial formulations, typically with five or more
ingredients that, besides salt, sugar, oils and fats, include addi-
tives that are used to give the products desirable sensory
properties(16,17). This type of food is associated with less healthy
diets and strongly implicated in over-consumption, weight gain,
obesity and chronic health problems(14).
Nutritional demands increase during pregnancy owing to the

metabolic and physiological changes(18), but the polymorphism
may also be associated with dietary preferences over time affect-
ing food intake and, consequently, weight gain. Maternal obesity
and excessive gestational weight gain are major risk factors
for gestational diabetes, pre-eclampsia and fetal adiposity(19,20).
Consequently, obesity in pregnancy is placing a considerable
burden on healthcare services and resources(21). To the best of
our knowledge, there are no studies in the literature that have
evaluated the association between these SNP (FTO, MC4R, LEP
and LEPR) and dietary intake during pregnancy.
Given the potential importance of weight management

interventions in pregnancy and owing to the association
between dietary intake and weight gain and regulation, this
study may help shed light on this important topic and provide
insights to guide the advances of maternal nutrition during
pregnancy. In this way, the aims of this study were: (1) to
investigate whether obesity candidate gene (FTO-rs9939609;
MC4R-rs17782313; LEP-rs7799039 and LEPR-rs1137101)
polymorphisms are associated with daily total energy intake
and percentage of energy from macronutrients and ultra-
processed foods in both time points (pre-pregnancy and preg-
nancy), and (2) to test whether these genes are associated with
dietary intake changes from pre-pregnancy to pregnancy. We
hypothesised that variation in FTO, MC4R, LEP and LEPR gene
SNP may be associated with an increased total energy intake, as
well as increased energy from carbohydrates, fats and ultra-
processed foods, and with decreased energy from proteins
before and during pregnancy.

Methods

Study design and subjects

This study comprised a prospective cohort of pregnant women
attending a prenatal care service offered by a public health
centre in Rio de Janeiro, Brazil. The enrolment of women
occurred from November 2009 to October 2011, and the follow-up
lasted until July 2012. The Rio de Janeiro Municipal Health
Secretary Research Ethics Committee approved the study
procedures (reference no. 0139.0.314.000–09). All participants
signed a term of consent freely and spontaneously, detailing all
procedures to be carried out, according to Brazilian Resolution
466/2012.

Women who met the following eligibility criteria were invited
to participate in the study: had <13 weeks of gestation at
baseline, were 20–40 years of age, had no history of infectious
diseases or NCD (except obesity) and intended to attend
prenatal care in the selected health centre. The follow-up times
occurred between 5 and 13 (baseline), 20 and 26 and 30 and
36 gestational weeks (GW).

A total of 322 pregnant women were invited, and 299 (92·7%)
agreed to participate in the study. After recruitment, seventy-
nine women were excluded. After exclusions, the baseline total
sample comprised 220 pregnant women. From the baseline to
the third visit (30–36GW), nine follow-up losses occurred.
Furthermore, we excluded women who did not have blood
samples for genotyping (n 62). The final sample of this study
was composed of 149 women with genotyping (FTO, n 146;
MC4R, n 145; LEP, n 147 and LEPR, n 147) (Fig. 1).

Dietary intake assessments

The dietary intake was evaluated using a semi-quantitative FFQ
based on a version originally developed and validated for the
adult population of Rio de Janeiro(22). The participants were
asked to report the frequency of consumption of the food items
contained in the FFQ over the 6 months before the interview.
The dietary intake data collected at 5–13GW covered the pre-
pregnancy period and the data collected at 30–36GW refer to
dietary intake of women during pregnancy. To capture any
other relevant food, we included a question at the end of the
FFQ: ‘Do you regularly eat other foods that have not been
asked?’ Very few women reported eating other food items not
included on the FFQ, and this information was not included in
the analysis. The FFQ was composed of eighty-two food items
with eight frequency options that were transformed into daily
frequency, as follows: >3 times/d= 4, 2–3 times/d= 2·5, 1 time/
d= 1, 5–6 times/week= 0·79, 2–4 times/week= 0·43, 1 time/
week= 0·14, 1–3 times/month= 0·07 and never or hardly
ever= 0. Portion sizes were converted into grams or millilitres,
based on the Brazilian household measures table(23). The daily
nutrient amount for a given food was calculated by multiplying
the usual portion size per daily frequency and its nutrient
content based on data from the Brazilian Table of Food Com-
position(24), and we added food items from the US Department
of Agriculture National Nutrient Database for Standard(25).

Macronutrients and alcohol consumptions (g/d) were calcu-
lated by summing the data for the respective macronutrient/
alcohol across all food items. These values were then converted
into energy by multiplying the total grams of the macronutrient/
alcohol by the number of energy content per gram.

Ultra-processed foods were classified in accordance with the
official Brazilian national food and nutrition guideline(16) and
with the new food classification system (NOVA)(17), which
considers the extent and the purpose of industrial food
processing. Ultra-processed foods were represented as follows:
breads; cakes, cookies/crackers or stuffed cookies and sweet or
savoury packaged snacks; dairy products (cheese and yogurt);
margarine and mayonnaise; pasta and noodles; processed
meats (burgers, sausages/frankfurters, cold cuts: bologna, ham,
salami); candies (ice cream, candies/caramels, chocolate
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powder, chocolate bars/bonbons, sweet dairy); French fries,
chips or shoestring potatoes, fried/baked salted pastries and
pizza dishes; and soft drinks and alcoholic beverages (vodka).

DNA isolation and SNP genotyping

Non-fasting venous blood samples (5ml) were collected at the
baseline, processed and stored at −80°C until polymorphism

analyses. DNA was isolated from whole blood samples by the
proteinase K and phenol–chloroform technique. Genotyping
was performed using real-time PCR amplification method
(StepOnePlus; Life Technologies) with an allelic discrimination
assay (TaqMan® Genotyping Master Mix assay; Life Techno-
logies). The accuracy of genotyping was evaluated by per-
forming a duplicate analysis of 10% of the sample with ≥99%
agreement rates.

Pregnant women invited to participate in the study: n 322

Pregnant women who agreed to participate: n 299 (92.7%)

Follow-up: n 220 pregnant women

n 211 pregnant women

n 149 participants eligible for
the final analysis

LEPR
polymorphism

(n 147) 

Dietary data during
pre-pregnancy 

(n 145)

Dietary data during
pregnancy (n 139)

LEP
polymorphism

(n 147)

Dietary data during
pre-pregnancy 

(n 145)

Dietary data during
pregnancy (n 139)

MC4R
polymosphism

(n 145)

Dietary data during
pre-pregnancy 

(n 143)

Dietary data during
pregnancy (n 138)

FTO
polymorphism

(n 146)

Dietary data during
pre-pregnancy

(n 144)

Dietary data during
pregnancy (n 139)

141 women had all the SNP
1 woman had only FTO, MC4R and LEPR SNP
2 women had only FTO, MC4R and LEP SNP
2 women had only FTO, LEP and LEPR SNP
1 woman had only MC4R, LEP and LEPR SNP
1 woman had only LEP and LEPR SNP
1 woman had only LEPR SNP

Dietary data pre-pregnancy:
1 missing the dietary data
1 exclusion >25 104 kJ/d
(>6000 kcal/d) n 147

Dietary data pregnancy:
7 missing the dietary data
1 exclusion >25 104 kJ/d
(>6000 kcal/d) n 141

62 did not have blood
samples for genotyping

9 losses to follow-up:
9 only information at baseline

79 Excluded:
40 did not meet eligibility criteria: confirmed
infectious (n 10) and parasitic (n 2) diseases or
NCD (n 2), >13 gestational weeks at enrolment
(n 16); or abandoned prenatal care at the public
health centre (n 10); 4 twin pregnancies; 25
miscarriage; 5 stillbirth; 5 missing the baseline data

Fig. 1. Flow chart illustrating the recruitment and selection of the study sample. NCD, non-communicable diseases; FTO, fat mass and obesity-associated gene;
MC4R, melanocortin-4 receptor gene; LEP, leptin; LEPR, leptin receptor.
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Covariate assessment

A standardised questionnaire was administered at baseline
(5–13 GW) to obtain the following maternal variables: age
(years), education (years of schooling), per-capita family
income (Real-R$), leisure-time physical activity practice before
pregnancy (yes/no), smoking habits (non-smoking, former
smoker and current smoker), alcohol consumption (no/yes),
parity (number of deliveries) and self-reported skin colour
(white/black/mixed).
Pre-pregnancy BMI was calculated using the self-reported

pre-pregnancy weight at baseline and height was measured
with a portable stadiometer (Seca Ltd) until 13 weeks of
gestation according to standardised procedures(26).
The gestational age was estimated based on the first ultra-

sound performed before 24 weeks of gestation(27); however,
the reported date of the last menstrual period was used if the
ultrasound data were not available (n 2).

Statistical analyses

The maternal characteristics were described as a numbers and
percentages or medians and interquartile ranges (IQR, 25th–
75th percentiles) and mean values and 95% CI. The normality
of distributions was tested using the Shapiro–Wilk test. Data that
were not normally distributed (energy intake and percentage of
energy from protein) were transformed to the natural logarith-
mic (ln) scale (ln (x)= loge (x)). After log-transformation, the
QQ plots and Shapiro–Wilk test did not provide evidence that
the data did not follow a normal distribution. Log-transformed
values were used before data analysis, but estimates provided
in the results section were back-transformed using the inverse
of the logarithmic function (eln(x)= x), and data are presented as
geometric means and 95% CI. Comparisons between genotypes
and outcomes were performed using Student’s t test. Because
the number of minor allele homozygotes for all SNP was small
in our sample, only the dominant genetic model was tested
instead of the additive and recessive genetic models.
Adjusted linear regression models were performed to assess

cross‐sectional associations between SNP and the outcomes.
Characteristics related to the mother and (log) total energy
intake with P< 0·20 in univariate analysis were included in the
adjusted models. The following variables reached this condition
and were included in the adjusted models: maternal age, self-
reported skin colour, parity, gestational age and per-capita
income. Analyses of the percentage of energy from macro-
nutrients and ultra-processed foods were also adjusted for total
energy intake. The results for log-transformed variables (total
energy intake and percentage of energy from protein) were
presented in % change with 95% CI to make interpretation
more straightforward. The assumption of normal distribution of
the residuals was examined using QQ plots.
ANCOVA models were fitted to explore the associations

between SNP and dietary intake changes during pregnancy. In
these analyses, the dietary intake value during pregnancy was
entered as the dependent variable. We contrasted two groups
under the dominant genetic model. Group 1 comprised
homozygotes for the minor allele and heterozygotes carrying
the same allele. This latter group was then contrasted to the

wild-type group (homozygote major allele). The variable coded
according to the previous definition was entered as an expla-
natory factor in the ANCOVA model. Its effect was adjusted for
the remaining covariates, such as maternal age at baseline, self-
reported skin colour, parity, gestational age at baseline and
respective dietary intake value at baseline (pre-pregnancy).
Correlations between outcomes during pregnancy and possible
covariates were analysed using Pearson’s correlation test. The
assumption that covariates were independent of genotypes was
tested using Student’s t test. Homogeneity of genotypic effects
according to pre-pregnancy dietary intake was tested using an
interaction term between the genotype groups and pre-
pregnancy dietary intake in the corresponding ANCOVA
model. When there was no interaction, a full factorial model
was chosen. The model fit was assessed graphically using
residual plots. The results are presented as adjusted means and
95% CI.

We estimated the needed sample size for the following
Cohen’s effects sizes: small (0·2), medium (0·5) and large (0·8),
based on a power of 80% and a CI level of 5% (considering
t tests of means). The effect size was considered as the stan-
dardised difference between the two groups of risk allele car-
riers and non-risk allele homozygotes in pre-pregnancy
measurements. The mean differences between the groups of
the A-carriers and G homozygote of the polymorphism LEP-
rs7799039 would be 678 kJ/d (162 kcal/d) (small effect),
1694·5 kJ/d (405 kcal/d) (medium effect) and 2707 kJ/d
(647 kcal/d) (large effect) for pre-pregnancy total energy (kJ/d)
(kcal/d). It resulted in total sample sizes of 794 (small effect),
130 (medium effect) and 52 (large effect) pregnant women
(taking into account a group ratio of 1:2 as in polymorphism
LEP-rs7799039). These analyses were developed using the
‘pwr’ package of the R-project statistical software (version
1.0.143)(28) and G*Power software (version 3.1.9.2)(29). We
calculated the power implied by our sample size when com-
paring each outcome and polymorphism. Power calculations
were performed using the ‘GeneticsDesign’ package of R-pro-
ject statistical software (version 1.0.143)(28) under the dominant
model – that is, contrasting the homozygote minor allele +
heterozygotes carriers to the wild-type group (homozygote
major allele). Our choice of the remaining input parameters in
this function preserved the same logic. More specifically,
options ‘delta’ (difference in means of dietary intake at baseline
relative to the two groups being compared) and ‘freq’ (allele
frequency of ‘disease’ allele in our sample) reflect the same
coding of the main analysis. In this exercise, α was set to 0·05
and the standard deviations estimated from the target outcome
at baseline (online Supplementary Table S4).

All of the statistical analyses were conducted using STATA
(version 12.0; StataCorp) software, and the significance level
was defined as 5%. Corrections for multiple testing were not
performed because they may not be necessarily required in
exploratory studies, such as the present one. Considering that
the likelihood of type II errors is increased by corrections for
multiple testing, such as Bonferroni adjustments, and con-
sidering that truly important differences may not be deemed
significant(30), such adjustments were not performed in the
present study.
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Results

Characteristics of the study sample

The average age of the 149 women was 27 years old (IQR=
22–31), and they had completed 9·0 (IQR= 7–11) years of
education. The frequency of women with a pre-pregnancy BMI
≥25 kg/m2 was 34·9% (Table 1). The difference in total energy
intake (geometric mean) before and during pregnancy was not
significant (P= 0·86) (data not shown).

Genotype frequencies

The minor allele frequencies of FTO-rs9939609, MC4R-
rs17782313, LEP-rs7799039 and LEPR-rs1137101 were 42·0%
(A-allele), 19·0% (C-allele), 31·0% (A-allele) and 50·0%
(G-allele), respectively. The genotype distributions were in
accordance with the Hardy–Weinberg equilibrium (P> 0·05)
(online Supplementary Table S1).

Daily total energy intake

Carriers of the A-allele of FTO-rs9939609 gene presented a
higher geometric mean of total energy intake compared with
non-carriers during pregnancy (online Supplementary Table S2).
These results were confirmed, even after adjustments in the
multiple linear regression model (Table 2). Women without the
risk allele of FTO-rs9939609 presented negative and significant
differences in the total energy intake between pregnancy and
pre-pregnancy, but not women with the risk allele (online
Supplementary Table S3). These results were not confirmed in
the ANCOVA results (Table 3).

We observed that women with risk allele carriers of the
MC4R-rs17782313 and of the LEP-rs7799039 genes presented
lower adjusted mean of total energy intake changes from pre-
pregnancy to pregnancy when compared with those without
the risk alleles (Table 3).

Percentage of energy from protein

The A-allele of the FTO-rs9939609 and the C-allele of the
MC4R-rs17782313 genes were associated with a decrease in
the percentage of energy from protein before pregnancy
and during pregnancy, respectively, in the multiple linear
regression model (Table 2). This association was not significant
for MC4R-rs17782313 based on the ANCOVA results (P= 0·41)
(Table 3).

Women who carried the A-allele of LEP-rs7799039 tended to
present a higher geometric mean of the percentage of energy
from protein during pregnancy (P= 0·05) (online Supplemen-
tary Table S2) and presented a positive difference between
pregnancy and pre-pregnancy (online Supplementary Table S3).
The ANCOVA also indicated a significant change for percentage
of energy from protein from pre-pregnancy to pregnancy, with
A-allele carriers presenting a higher adjusted mean when
compared with those homozygous for the G-allele (P= 0·04)
(Table 3).

Percentage of energy from carbohydrates

Women with the A-allele of the FTO-rs9939609 gene presented
a higher mean of the percentage of energy from carbohydrates
before pregnancy compared with the TT genotype (online
Supplementary Table S2). These results were confirmed even
after adjustment for confounders in the multiple linear regres-
sion (Table 2).

Non-carriers of risk alleles of the FTO-rs9939609 and LEP-
rs7799039 genes and carriers of risk alleles of the LEPR-
rs1137101 and MC4R-rs17782313 genes presented positive

Table 1. Maternal characteristics at the baseline and pre-pregnancy and
pregnancy dietary intake
(Medians and interquartile ranges (IQR); numbers and percentages;
geometric means and 95% confidence intervals)

Maternal characteristics

Value study sample

Median IQR n %

Socio-demographic and lifestyle
(n 149)
Age (years) 27 22–31
Education (years) 9 7–11
Per-capita family income (R$)* 475·0 315·0–667·0
Parity (number of parturitions)
0 57 38·3
≥1 92 61·7

Early-pregnancy alcohol
consumption
No 121 81·2
Yes 28 18·8

Early-pregnancy smoking
habit
Non-smoking 108 72·5
Former smoker 31 20·8
Current smoker 10 6·7

LTPA before pregnancy*
No 119 81·0
Yes 28 19·0

Self-reported skin colour
White 39 26·2
Black 35 23·5
Brown (mixed race) 75 50·3

Pre-pregnancy BMI (kg/m²)
status
Underweight (<18·5) 5 3·4
Normal weight (18·5–24·9) 92 61·7
Overweight (25·0–29·9) 33 22·2
Obesity (≥30·0) 19 12·7

Pre-pregnancy daily dietary
intake (n 147)†

Mean 95% CI

Total energy (kJ/d)§ 9489 8991, 10 021
Total energy (kcal/d)§ 2268 2149, 2395
% of energy from
Protein§ 15·9 15·4, 16·4
Carbohydrates 56·2 55·2, 57·2
Fat 26·7 25·9, 27·5
Ultra-processed foods 47·4 45·4, 49·5

Pregnancy daily dietary intake
(n 141)‡
Total energy (kJ/d)§ 9556 9054, 10 083
Total energy (kcal/d)§ 2284 2164, 2410
% of energy from
Protein§ 16·0 15·5, 16·6
Carbohydrates 58·3 57·4, 59·2
Fat 25·2 24·4, 25·9
Ultra-processed foods 44·2 41·9, 46·4

R$, real; LTPA, leisure-time physical activity.
* Variables with missing information: three missing values for per-capita family income

and two missing values for LTPA.
† One missing value for FFQ and one exclusion because implausible total energy

intake (>25104 kJ/d (>6000kcal/d)).
‡ Seven missing values for FFQ and one exclusion because implausible total energy

intake ((>25104 kJ/d (>6000 kcal/d)).
§ Natural logarithms values were used for variables without normal distribution, but

estimates provided in the table were back-transformed.
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and significant differences in the percentage of energy from
carbohydrates between pregnancy and pre-pregnancy (online
Supplementary Table S3). These differences were not sig-
nificant in the multiple linear regression models (Table 2), nor
in the ANCOVA (Table 3).

Percentage of energy from fat

The percentage of energy from fat from pre-pregnancy to
pregnancy reduced in the non-carriers of the risk alleles of the
FTO-rs9939609 and LEP-rs7799039 genes and in the carriers of
the risk alleles of MC4R-rs17782313 and LEPR-rs1137101
genes (online Supplementary Table S3). These results were not
significant in the multiple linear regression model (Table 2), nor
in the ANCOVA (Table 3).

Percentage of energy from ultra-processed foods

Women who carried the A-allele of the FTO-rs9939609 gene
presented a higher percentage of energy from ultra-processed
foods during pregnancy when compared with those without

the risk alleles (online Supplementary Table S2). These results
presented borderline significance (P= 0·05) after adjustment for
confounders in the multiple linear regression model (Table 2).
The ANCOVA indicated a significant change for percentage of
energy from ultra-processed foods from pre-pregnancy to
pregnancy, with A-allele carriers presenting a higher adjusted
mean when compared with those homozygous for the T-allele
(P= 0·03), after adjusting for the covariate effect (energy from
ultra-processed at pre-pregnancy) (Table 3).

The C-allele of MC4R-rs17782313 was positively associated
with the percentage of energy from ultra-processed foods
during pregnancy compared with the TT genotype (Table 2).
This association was not significant based on the ANCOVA
results (P= 0·78) (Table 3).

The percentage of energy from ultra-processed foods from
pre-pregnancy to pregnancy reduced in the non-carriers of the
risk alleles of the LEPR-rs1137101 gene and in the carriers of
the risk alleles of MC4R-rs17782313 and of the LEP-rs7799039
genes (online Supplementary Table S3). These results were not
significant in the ANCOVA adjusted for potential confounders
(Table 3).

Table 2. Linear regression models between gene polymorphisms and pre-pregnancy and pregnancy daily dietary intake and
differences between values during pregnancy and pre-pregnancy, according to dominant inheritance models
(Percentage change, linear regression coefficients (β) and 95% confidence intervals)

Pre-pregnancy* Pregnancy†

Adjusted‡ Adjusted‡

Outcomes Gene§ % change 95% CI P % change 95% CI P

(log) total energy||
FTO 4·9 − 6·6, 17·7 0·42 13·3 0·7, 27·5 0·04
MC4R −4·5 −14·5, 6·6 0·41 −9·4 −19·3, 1·5 0·09
LEP 4·7 −5·8, 16·3 0·40 −6·8 −16·6, 4·2 0·22
LEPR −2·4 −13·1, 9·5 0·68 −4·8 −16·3, 8·3 0·45

(log) % of energy from protein||
FTO −6·5 −12·3, −0·4 0·04 −5·5 −12·1, 1·4 0·12
MC4R −2·5 −8·4, 3·8 0·43 −7·6 −13·8, −1·0 0·03
LEP −0·7 −6·5, 5·3 0·80 4·1 −2·6, 11·2 0·24
LEPR 5·1 −1·5, 12·1 0·13 −3·4 −10·6, 4·3 0·37

β 95% CI P β 95% CI P

% of energy from carbohydrates
FTO 2·6 0·5, 4·8 0·02 −0·2 −2·0, 1·9 0·98
MC4R −0·3 −2·4, 1·9 0·81 0·6 −1·3, 2·6 0·51
LEP 1·0 −1·0, 3·0 0·33 −0·8 −2·7, 1·2 0·38
LEPR −0·5 −2·7, 1·7 0·67 1·3 −0·8, 3·4 0·21

% of energy from fat
FTO −1·1 −2·9, 0·8 0·25 0·9 −0·7, 2·4 0·26
MC4R 1·0 −0·7, 2·8 0·24 0·6 −0·9, 2·1 0·45
LEP −0·5 −2·2, 1·2 0·58 0·4 −1·5, 1·6 0·95
LEPR −0·5 −2·3, 1·4 0·60 −0·8 −2·4, 0·9 0·37

% of energy from ultra-processed foods
FTO 1·2 −3·0, 5·4 0·57 4·5 −0·1, 9·0 0·05
MC4R 3·6 −0·4, 7·7 0·08 5·4 1·1, 9·8 0·02
LEP 1·1 −2·9, 5·1 0·58 −0·1 −4·3, 4·1 0·96
LEPR −3·5 −7·7, 0·7 0·11 1·6 −3·2, 6·4 0·51

FTO, fat mass and obesity-associated gene; MC4R, melanocortin-4 receptor gene; LEP, leptin; LEPR, leptin receptor.
* Total number of observations pre-pregnancy: FTO-rs9939609, n 141; MC4R-rs17782313, n 140; LEP-rs7799039, n 142 and LEPR-rs1137101, n 142.
† Total number of observations pregnancy: FTO-rs9939609, n 137; MC4R-rs17782313, n 136; LEP-rs7799039, n 137 and LEPR-rs1137101, n 137.
‡ All analyses were adjusted for maternal age, self-reported skin colour, parity, gestational age (week) and per-capita income; analyses of percentage of

energy from macronutrients and ultra-processed foods were also adjusted for total energy intake.
§ Dominant genetic model for all genes (FTO=AT+AA v. TT; MC4R=CT+CC v. TT; LEP=GA+AA v. GG; LEPR=AG+GG v. AA).
|| Natural logarithms values were used in pre-pregnancy and pregnancy, and results were presented in % change and 95% CI to make interpretation more

straightforward.
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Discussion

This study has several main findings. The A-allele of FTO-
rs9939609 was associated with a decrease in the percentage of
energy from protein and positively associated with the per-
centage of energy from carbohydrates before pregnancy and
positively associated with change in the percentage of energy
from ultra-processed foods from pre-pregnancy to pregnancy.
C-allele of MC4R-rs17782313 was associated with change
in the total energy intake from pre-pregnancy to pregnancy,
with C-allele carriers presenting a lower adjusted mean when
compared with non-carriers. A-allele of LEP-rs7799039 was
associated with dietary intake change from pre-pregnancy to
pregnancy, with carriers presenting lower total energy intake
adjusted mean and higher adjusted mean in the percentage of
energy from protein when compared with non-carriers.
The minor frequency alleles (MAF) observed in this study

were quite similar to the range of reported values in other

published studies with a Brazilian population for FTO-
rs9939609 (0·40/0·45) and MC4R-rs17782313 (0·15/0·23)(31)

and for LEP-rs7799039 (0·27/0·30)(32). The MAF for LEPR-
rs1137101 in this study was higher than that reported in a study
of multi-ethnic subjects in the same city as our study (0·39/
0·43)(32) but similar to 0·45 – the mean rate (ranged from 0·32 to
0·58) that was observed in different Caucasian populations and
in those of Western European descent (0·47)(33,34). In this study,
the MAF of the A-allele at the rs9939609 variant is also com-
parable to that in Pakistani (0·40) and Italian (0·43) studies(35,36)

but higher than that reported in a sample of the Chinese
population (0·12)(37). The MAF of the C-allele at the rs17782313
variant is lower than that reported in Italian (0·28) and Korean
(0·26) populations(36,38).

Recent gene identification efforts have provided a more com-
prehensive picture of the biological mechanisms involved in the
development of obesity. Many of the obesity-susceptibility genes
are highly expressed in the hypothalamus, a crucial neural centre

Table 3. Changes in dietary intake from pre-pregnancy to pregnancy, according to FTO-rs9939609, MC4R-rs17782313,
LEP-rs7799039 and LEPR-rs1137101 polymorphisms*
(Mean values and 95% confidence intervals)

SNP

Adjusted means 95% CI Adjusted means 95% CI Pinteraction† P‡

FTO-rs9939609 (n 138)
TT AT+AA

Total energy (kJ/d)§ 8322 7071, 9795 9079 7828, 10 531 0·43 0·13
Total energy (kcal/d)§ 1989 1690, 2341 2170 1871, 2517 0·43 0·13
% of energy from

Protein§ 16·5 14·8, 18·3 15·8 14·4, 17·4 0·37 0·30
Carbohydrates 59·0 56·1, 61·8 58·5 55·9, 61·2 0·59 0·68
Fat 23·3 21·0, 25·6 24·5 22·4, 26·6 0·31 0·16
Ultra-processed foods 39·1 32·5, 45·7 44·2 38·3, 50·2 0·95 0·03

MC4R-rs17782313 (n 137)
TT CT+CC

Total energy (kJ/d)§ 9155 7904, 10 602 7966 6774, 9372 0·64 0·02
Total energy (kcal/d)§ 2188 1889, 2534 1904 1619, 2240 0·64 0·02
% of energy from

Protein§ 16·1 14·6, 17·7 15·6 14·0, 17·3 0·94 0·41
Carbohydrates 58·1 55·5, 60·6 59·5 56·6, 62·3 0·78 0·18
Fat 24·6 22·4, 26·7 23·8 21·4, 26·2 0·75 0·36
Ultra-processed foods 42·4 36·3, 48·5 43·1 36·4, 49·8 0·23 0·78

LEP-rs7799039 (n 138)
GG GA+AA

Total energy (kJ/d)§ 9171 7908, 10 636 8217 7046, 9581 0·28 0·04
Total energy (kcal/d)§ 2192 1890, 2542 1964 1684, 2290 0·28 0·04
% of energy from

Protein§ 15·6 14·2, 17·2 16·8 15·2, 18·5 0·20 0·04
Carbohydrates 59·0 56·4, 61·7 57·9 55·1, 60·6 0·07 0·22
Fat 24·3 22·1, 26·6 24·1 21·7, 26·5 0·97 0·78
Ultra-processed foods 43·9 37·2, 49·5 41·1 34·8, 47·5 0·58 0·30

LEPR-rs1137101 (n 138)
AA AG+GG

Total energy (kJ/d)§ 9180 7732, 10 895 8569 7422, 9891 0·96 0·26
Total energy (kcal/d)§ 2194 1848, 2604 2048 1774, 2364 0·96 0·26
% of energy from

Protein§ 16·5 14·8, 18·4 15·8 14·4, 17·4 0·45 0·32
Carbohydrates 57·3 54·2, 60·3 58·7 56·2, 61·2 0·48 0·17
Fat 25·1 22·6, 27·6 24·2 22·1, 26·2 0·15 0·30
Ultra-processed foods 41·0 33·9, 48·2 42·8 36·8, 48·8 0·26 0·49

FTO, fat mass and obesity-associated gene; MC4R, melanocortin-4 receptor gene; LEP, leptin; LEPR, leptin receptor.
* All analyses were adjusted for pre-pregnancy dietary intake (continuous variables), maternal age, self-reported skin colour, parity and gestational age

(week) at baseline.
† P value for interaction SNP×pre-pregnancy dietary intake.
‡ P value obtained from ANCOVA for the effect of FTO, MC4R, LEP and LEPR polymorphisms on the change of each variable.
§ Natural logarithms values were used for analyses, but estimates provided in the table were back-transformed to make interpretation more straightforward.
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for energy balance and regulation of food intake(39). Overweight
and obesity are the results of a complex interplay between genetic
determinants and conditions associated with lifestyle and the
environment that have additive and interactive effects. It is worth
noting that this is the first study, to the best of our knowledge, that
has examined the association between FTO-rs9939609, MC4R-
rs17782313, LEP-rs7799039 and LEPR-rs1137101 polymorphisms
and dietary intake during pregnancy, proving it difficult to com-
pare our data.
The physiologic pathway by which variation in the FTO gene

influences the risk of developing obesity largely remains to be
established. A study showed that subjects homozygous for FTO-
rs9939609 appear to determine neural responses to circulating
concentrations of the hunger hormone ghrelin(40), which may
lead to increased energy intake in those carrying the risk allele.
The role of FTO in the pathogenesis of obesity has additionally
been demonstrated in a rodent model, which indicated that
increased expression of FTO leads to increased fat mass and
obesity via hyperphagia(41).
Research involving humans has suggested that the risk allele

of the FTO-rs9939609 gene may influence food consumption
parameters including total energy intake(42,43), food pre-
ferences(44,42) and appetite regulation(7,33), suggesting that diet
may mediate the effect of FTO on obesity. However, these
associations have not been replicated in other studies(45,46). We
observed that this variant was associated with a decrease in the
percentage of energy from protein and positively associated
with the percentage of energy from carbohydrates before
pregnancy and also associated with change in the percentage of
energy from ultra-processed foods from pre-pregnancy to
pregnancy. Protein is considered the most satiating macro-
nutrient(47); thus, it is plausible that the A-allele of FTO was
related to modifications of food cravings and appetite with
increased energy intake from carbohydrates and ultra-
processed foods.
The MC4R gene is the most common cause of severe early

monogenic obesity(48) and an important contributor to poly-
genic obesity in humans(12). However, its expression is variable,
its penetrance is incomplete and both its expression and
penetrance are age-dependent(49). In addition, the incomplete
penetrance and the variable expression of MC4R mutations
suggest an important environmental influence. The phenotypic
features of MC4R deficiency include hyperphagia(12,48) through
the leptin–melanocortin signalling system(50); the severity of
hyperphagia may decline with age and it was greater in
homozygous compared with heterozygous cases(48,49). In our
study, the majority of the pregnant women were heterozygous,
with only four homozygous subjects with the minor allele.
Therefore, we were unable to test this possibility.
The MC4R-rs17782313 C-allele has been associated with

high snack consumption(11) and with high intakes of total
energy and dietary fat in women of European ancestry(51). We
observed that MC4R-rs17782313 genotypes were not asso-
ciated with daily energy intake before pregnancy. This is con-
sistent with the results of studies in Dutch(13) and Danish(46)

women. We also found that the MC4R-rs17782313 gene was
significantly associated with changes in total energy intake from
pre-pregnancy to pregnancy, independently of pre-pregnancy

energy intake. However, C-allele carriers did not present higher
energy intake adjusted means.

In the current study, the association of the MC4R-rs17782313
and the percentage of energy from ultra-processed foods from
pre-pregnancy to pregnancy lost significance when the results
were adjusted for pre-pregnancy dietary intake. In contrast, a
study in the Korean population reported that the MC4R-
rs17782313 C-allele displayed a positive association with ramen
(Japanese dish consisting of wheat noodle mixed with flavoured
broth and a number of different toppings) and processed foods
including canned tuna, fish cake, ham and cheese(38).

There are limited studies evaluating the association of LEP-
rs7799039 and its receptor (LEPR-rs1137101) with food intake
in the adult population. The LEPR-rs1137101 SNP resulting in
amino acid substitution Gln223Arg was earlier hypothesised to
affect the functionality of the LEPR, with the G allele resulting in
reduced LEP sensitivity(52). Resistance to leptin is known to
increase food intake. Research conducted in Brazil on children
(4 years of age) found that G-allele carriers of LEPR-rs1137101,
but not LEP-rs7799039, had a higher total energy intake(53).
In Tunisian adults, subjects with the AA genotype for LEP-
rs7799039 and GG genotype for LEPR-rs1137101 genes had a
significantly higher daily energy intake(10). We did not find an
association between LEPR-rs1137101 SNP and dietary intake in
pregnant women, but found that A-allele of LEP-rs7799039 was
associated with dietary intake change from pre-pregnancy to
pregnancy, with carriers presenting lower total energy intake
adjusted mean and higher adjusted mean of the percentage of
energy from protein when compared with non-carriers.

There is evidence to conclude that obesity candidate gene SNP
may be associated with dietary intake parameters, and their
identification may allow the development of tailored interventions
to prevent future health problems. However, phenotype intensity
is potentially modulated by environmental and individual char-
acteristics(12), and the genetic contribution to population pheno-
typic differentiation is driven by differences in causal allele
frequencies, effect sizes and genetic architecture(54).

Our study presents limitations and strengths that need to be
highlighted. One of the limitations of the present study is the
limited sample size and lack of formal power calculation, as this
study was designed to be exploratory and hypothesis-generating
in nature and not confirmatory. Therefore, the results should be
taken with caution because our study is underpowered and other
studied associations could have been missed in the statistical
analysis. Corrections for multiple testing were not performed in the
present study. The statistical significant results could therefore
include false positives. However, it provides important information
that may be useful in future studies to consolidate whether genes
susceptible to obesity are associated with dietary intake in preg-
nant women, which should be confirmed in larger cohorts of
pregnant women. An additional limitation is that the FFQ pre-
viously validated for adults(22) was not developed specifically for
pregnancy, but represent the usual dietary intake of the popula-
tion who lives in Rio de Janeiro. Epidemiological studies have
shown that an FFQ can be used to measure nutritional dietary
intake during pregnancy with acceptable reproducibility and
represents a useful tool for categorising pregnant women
according to their dietary intake(55), including in Brazil(56).

Obesity candidate genes and dietary intake 461

https://doi.org/10.1017/S0007114518001423  Published online by Cam
bridge U

niversity Press

https://doi.org/10.1017/S0007114518001423


Moreover, there was no validated FFQ for pregnant women in
Brazil when this cohort study began.
In conclusion, the A-allele carriers of FTO-rs9939609 were

positively associated with the percentage of energy from carbo-
hydrates and with a decrease in the percentage of energy from
protein before pregnancy and with change in the percentage of
energy from ultra-processed foods from pre-pregnancy to
pregnancy compared with those with the TT-genotype. The
C-allele of MC4R-rs17782313 was associated with change in
the total energy intake from pre-pregnancy to pregnancy, with
C-allele carriers presenting a lower adjusted mean than non-
carriers. There was a significant association between A-allele of
LEP-rs7799039 and change in dietary intake from pre-
pregnancy to pregnancy, with carriers presenting lower total
energy intake adjusted mean and higher adjusted mean of
percentage of energy from protein when compared with non-
carriers, but there was no association of LEPR-rs1137101 with
total energy intake and percentage of energy from macro-
nutrients or ultra-processed foods.
Genes might interact with each other or with environmental

factors such as food nutrients to play a role in the development
of adiposity. Further research using high-quality dietary data is
required to consolidate whether obesity-susceptible genes are
associated with dietary intake to allow the application of
tailored interventions to prevent obesity in genetically pre-
disposed individuals.
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