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DHA-rich n-3 PUFAs intake from the early- and mid-pregnancy
decreases the weight gain by affecting the DNA methylation
status among Chinese Han infants
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Popular scientific summary

* Maternal exogenous DHA-rich n-3 PUFAs capsule intake from the early- and mid-pregnancy can
increase the contents of DHA in the colostrum and/or umbilical cord blood.

e Maternal exogenous DHA-rich n-3 PUFAs capsule intake from the early- and mid-pregnancy
decreases the weight gain among Chinese Han infants until 2 years.

e Maternal exogenous DHA-rich n-3 PUFAs capsule intake from the early- and mid-pregnancy
is related to the DNA methylation of obesity-associated genes including leptin, IGF-2, PPARY,
C/EBP-a, and adiponectin in the umbilical cord blood.

Abstract

Background: Maternal exogenous docosahexaenoic acid (DHA)-rich n-3 polyunsaturated fatty acids (PUFAs)
intake during the pregnancy, especially DHA, has inconsistent effects on reducing the fat storage of the infants
in different clinical studies.

Objectives: We sought to determine the effects of maternal exogenous DHA-rich n-3 PUFAs capsule intake
from the different pregnancy periods on the weight gain of their infants through modifying the DNA methyl-
ation status of obesity-associated genes in the umbilical cord blood.

Design: A prospective 3-year follow-up study after the pregnancy was enrolled in this cohort from May to
October 2016. They were divided into different groups according to the initial time of exogenous DHA capsule
intake through the questionnaires (S1 — early trimester, S2 — mid-trimester, S3 — late trimester, and control —
without). The concentrations and compositions of DHA were determined by gas chromatography. We applied
quantitative DNA methylation states of the obesity-associated genes in the umbilical cord blood. The growth
outcomes and relevant Z-scores were recorded at birth and 1 and 2 years. The correlations between DNA
methylation status of the obesity-associated genes with the consents of DNA and body mass index (BMI)
values were investigated as the measures.

Results: In total, 205 pregnant women and their infants were eligible for this follow-up study. The concen-
trations and compositions of DHA in the colostrum and umbilical cord blood were higher in the S1 and S2
groups than those in the control and S3 groups as well as the decreased weight, BMI, weight for age Z-score
(WAZ) and BMI for age Z-score (BMI Z) at birth and 1 and/or 2 years, and higher levels of global DNA
methylation and many CpG sites in the obesity-associated genes, such as CpG2, CpG9, CpG11, and CpG16
of PPAR-y; CpG2,3, CpG4-6, CpGS, CpG9I,10, CpG11, CpG15,16, and average of CCAAT/enhancer bind-
ing protein o (C/EBP-a); CpG1 and average of adiponectin; CpG1, CpG2, CpG3, CpGS, CpG6, CpG7, and
average of insulin-like growth factor 2 (IGF-2); CpG6, CpG7, CpG9, CpG16, CpG23, and CpG24 of leptin,
which were more obvious in the S1 group when compared with those in the S2 group. These above hypermethylation
levels of CpG sites were negatively correlated with the BMI and positively related with the changes of DHA
in the colostrum and umbilical cord blood.

Conclusions: Maternal exogenous DHA-rich n-3 PUFAs intake from early- and mid- trimesters of the
pregnancy may avoid the development of obesity among Chinese Han infants until 2 years by modulating
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DNA methylation states of obesity-associated genes, which could provide attractive targets for prenatal pre-

vention of the metabolic disorders.
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has become a worldwide health issue in the adults as
well as the children and adolescents (1, 2), which re-
sults in an urgent need for the effective intervention strategies.
Recently, compelling epidemiological and animal data have
confirmed that maternal inappropriate nutrients exposure
during the pregnancy and lactation can permanently affect
the occurrence of overweight and obesity in the early infancy
and even the adulthood of their offspring (3-5). These above
findings suggest that rational nutrients supplementation in
this trimester is more effective on the prevention and reduc-
tion of obesity than much more interventions in the later life
(6). So recently, there are growing interests in the appropriate
nutrients supplementation during the perinatal stage to im-
prove the metabolic health outcomes (7, 8). n-3 polyunsat-
urated fatty acids (n-3 PUFAs), especially docosahexaenoic
acid (DHA), are easily deficient for its limited endogenous
synthesis (9, 10) and relatively few exogenous sources that are
only in deep-sea fish, breast milk, and other exogenous DHA
capsules. Therefore, maternal adequate intake of DHA is of
utmost significant for their fetal growth and development (11,
12). However, these benefits on the body fat mass of their in-
fants have produced mixed results for the existing references
from different maternal DHA supplementation time, dose,
race, statistical power, and the absence of appropriately sensi-
tive measures of body compositions (7, 13). In this condition,
it is still necessary to explore the effects of maternal DHA
intake on the weight gain of their infants using the birth
cohort in China by adjusting the confounding factors.
Recently, it has been proved that DHA can play its
biological roles on the lipid metabolism, inflammation,
neural development, etc. by regulating the gene expres-
sions through the epigenetic mechanisms, which partic-
ularly affects the DNA methylation in the CpG island of
the promoter region as the methyl donor by affecting the
one-carbon metabolism (14-16). As we all know, many
animal and vitro cell experiments have shown that the oc-
currence of obesity is often accompanied by the changes
of epigenetic modification in the adipocyte proliferation
and differentiation-related genes, including the leptin, in-
sulin-like growth factor 2 (IGF-2), peroxisome proliferator
activated receptor y (PPARY), C/EBP-a, and adiponectin
(17). Some studies have reported that the hypomethylation
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or hypermethylation of the whole genome and obesity as-
sociated genes have been related to the occurrence of obe-
sity. The direction of these changes are not consistent, and
both global hypomethylation and global hypermethylation
have been related to the obesity-related measures (18-20).
At present, the latest studies have found that the epigen-
etic regulations, especially the DNA methylation, play an
important role on the expressions of many printed genes
by the mechanism of maternal nutritional status such as
the choline, betaine, methionine, or folate, with the involve-
ment of riboflavin and vitamins B6 and B12 (21). Ho-Sun
et al. also proved that maternal n-3 PUFAs supplementa-
tion during the pregnancy might modulate the Th1/Th2
balance in the infants through the epigenetic mechanisms
(22). Thus, if found, it is still unclear whether maternal
DHA supplementation can also affect the weight gain of
their infants by affecting the expressions of the adipose
proliferation and differentiation-related genes through the
epigenetics. Totally, in this current study, the objective was
to evaluate the effects of maternal DHA supplementation
at the different pregnancy periods on the weight gain of
their infants and discuss their correlations with DNA meth-
ylation status of the whole genome and obesity-associated
genes in the umbilical cord blood.

Materials and methods

Study design and participants

This study was based on a birth cohort with maternal ex-
ogenous DHA capsule intake during the different trimesters
of pregnancy in Beijing, China. Briefly, 205 healthy mother—
child pairs were recruited in this study before 12 weeks of
gestation at Fuxing Hospital affiliated to Capital Medical
University from May to October 2016 by marking on their
health files according to the stringent inclusion and exclu-
sion criteria. Specifically, the eligible women were healthy
at 20-40 years old without smoking history in the gestation
weeks of 6-12 among a Chinese Han population, and they
intended to deliver in this hospital and promised to stay with
their communities for the next 2 years. The exclusion criteria
included the individuals with gestational hypertension, hy-
pothyroidism, diabetes, heart diseases, hepatitis, cirrhosis, se-
vere fatty liver, nephritis, severe anemia, leukemia, malignant
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tumor of immune system, hemorrhagic diseases, and medi-
cal history of antibiotics and thyroxine-related drugs usage
during the pregnancy. While those without colostrum after
the delivery and the infant with birth defects, genetic met-
abolic diseases, ischemia, and hypoxia during the delivery
were excluded from this study. Besides, these subjects who
were intermittently given exogenous DHA capsule intake
during the pregnancy were also rejected. Each participant
must provide the written informed consents and receive no
financial compensation before this study.

All subjects were divided into four groups at birth
and then followed up to 2-year-old according to the
maternal initial exogenous DHA capsule intake by dietary
questionnaire surveys (Supplementary Fig. 1), which were
included maternal exogenous DHA capsule intake groups
from early (0-12 weeks, SI1 group), mid (13-27 weeks,
S2 group), and late trimesters of the pregnancy (>27
weeks, S3 group), and non-exogenous DHA capsule in-
take group during the whole pregnancy (control group).
The participant flow chart was also shown in Fig. 1 for
details. All experimental protocols were approved by the
Committee on the Ethics of Beijing Pediatric Research
Institute, Beijing Children’s Hospital. The study protocol
was also declared to National Commission for Information
Technology and civil Liberties and registered on the Clini-
cal Trials.gov (No: ChiCTR-OCH-14004900).

Basic information of the subjects

The dietary and basic questionnaires were chosen to col-
lect the self-reported information from the subjects at the
last week of the early (12 weeks), mid (27 weeks), and late
trimesters of the pregnancy (at birth). In these periods,
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there were two main sources of maternal exogenous
DHA, in which one was from the dietary and the other
was from the DHA capsules. In order to obtain these
data, the semiquantitative food frequency questionnaires
were used to evaluate the contents of dietary DHA during
the pregnancy. Exactly, the respondents were asked how
often they consumed the specified amount of food mainly
deep-sea fish (yellow croaker, codfish, trichiurus haumela,
sardine, sockeye salmon, tynny, saury, muraenesox, ci-
nereus, and braised flatfish head) and various oils on av-
erage, in which nine possible frequency categories ranged
from never/almost never to 26 times per week. Then, the
average dietary DHA intake during the pregnancy was
calculated from the questionnaire by multiplying the
weight proportional to the intake frequency using the
SY-2 Nutrition Analysis Software, which was updated
and calibrated by the engineers every year. Besides, it has
been used in Fuxing Hospital for a long time among the
outpatients and inpatients to ensure its accuracy. Then,
the open-ended questions were written for the usual time,
brand, dose, and the type of exogenous DHA capsules,
which were calculated the contents of DHA according to
the instructions. Therefore, the daily intake of DHA was
the sum from the maternal exogenous dietary DHA and
DHA capsule intake.

The basic questionnaires of the subjects were com-
pleted by the obstetrician after the delivery, which mainly
included the maternal age, height, pre-pregnancy weight,
pre-pregnancy body mass index (BMI), weight before de-
livery, BMI before delivery, weight gain, BMI gain, ges-
tational age, mode of delivery, personal medical history,
and medicine usage during the pregnancy. Then, the sex,
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Multiple lincar regression analysis was conducted to examine the correlations between the concentrations of DHA in the
colostrum or umbilical cord blood, and BMI at birth, 1 year and 2 year with DNA methylation levels of obesity-related genes

Fig. 1. The participant flow chart of this study.
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weight, length, BMI, and relevant Z-scores of the infants
were recorded and calculated by the pediatrician, and
these growth outcomes were also followed up to 2 years
by the Chinese child health website.

Sample collection

The umbilical cord blood samples of all subjects were
collected by the venipuncture cord vessels after they had
been clamped and placed in a 1.5 mL eppendorf tube.
Then, the serum samples were separated for the exam-
ination of the fatty acid profiles, while the blood cells
were chosen to isolate the whole DNA. 2-5 mL colos-
trum was collected at the third day after the delivery. All
the above biological samples were kept at room tempera-
ture until delivery to store in the refrigerator at —20°C
within 30 min, which were then transported to the labo-
ratory and stored at —80°C refrigerator using the liquid
nitrogen.

Examination of the fatty acid profiles

The concentrations and compositions of the fatty acids
in the colostrum and umbilical cord blood were deter-
mined by the gas chromatography (GC). Specifically, the
2 mL compounds with methanol (Fisher Science, USA)
and chloroacetyl (Fluka, Germany) compounds (9:1, vol/
vol), 2 uL of butylated hydroxytoluene (BTH, 20 mM,
Sigma-Aldrich Chemie GmbH, Germany), and 2 pL of
pentadecanoic acid standard (C15:0, 0.15 g/mL ethanol,
cat. no. P6125, Sigma-Aldrich Chemie GmbH, Germany)
were added to 100 pL umbilical cord blood and/or colos-
trum. They were heated at 100°C for 1 h. Then, a 5 mL of
6% K,CO, solution and 200 pL of n-hexane were added
to the tube, mixed on a vortex, and centrifuged at 10°C
for 15 min at 3,000 r/min. The 150 pL clear n-hexane
top layer was transferred to the GC auto sampler vial to
analyze the fatty acid profiles using Agilent 6890N GC
(The chromatographic column: P/N 19091J-433; HP-5
capillary column was 30 m X 0.32 mm X 0.25 um), which
was equipped with a flame ionization detector (FID) and
injector as previously described (23). Under this condi-
tion, the pentadecanoic methyl ester was well separated,
in which the peak value of each fatty acid was recorded
to calculate the concentrations (ug/L) and compositions
(%) of the fatty acids in the colostrum and umbilical cord
blood by comparing with C15:0 as the internal standard.

DNA extraction, global methylation, and bisulfite conversion

The isolation of DNA from the umbilical cord blood was
performed using the genomic DNA extraction kit (cat.
no. DP348-03, Tiangen Biotech (Beijing) Co. Ltd., China)
according to the protocol. The quantity and quality of
the purified DNA were evaluated using NanoDrop 2000C
(Thermo Fisher Scientific, CN). Then, a 1 ug of genomic
DNA of all samples was used to determine the methylation
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levels of the whole genome by the genome-wide Methyl-
Flash Methylated DNA Quantification Kit (Colorimetric,
96 assays) (cat. no. P-1034-96, Epigentek Co. Ltd, USA)
using the ELISA method.

Methylation levels of multiple CpG sites in the obesity-
associated genes

The target sequences of the CpG islands in the
obesity-associated genes such as PPAR-y, C/EBP-oq,
adiponectin, IGF-2, and leptin were obtained using
UCSC Genome Browser (https://genome.ucsc.edu/)
and GenBank Database (http://www.ncbi.nlm.nih.gov).
All meth-primers in this study were designed based on
the sequences of target regions (Supplementary Fig. 2)
using the EpiDesigner software (www.epidesiger.com)
and MethPrimer (http://www.urogene.org/methprimer/).
The nucleotides in the genes and spans CpG sites were
also shown in Supplementary Table 1.

Then, 500 ng genomic DNA of all samples was bisul-
phate converted using the EZ DNA Methylation Kit (cat.
no. D5002, Zymo Research, Irvine, CA, USA) according to
the manufacturer’ instructions. The DNA methylation lev-
els of the CpG sites in the C/EBP-o and adiponectin were
quantified by the Matrix-assisted laser desorption ionization
time of flight mass spectrometry (MALDI-TOF-MS) of
the MassArray system (Sequenom EpiTYPER assay, San
Diego, CA) as the previous study from Peking university
(24), in which 10% of the parallel samples were randomly
selected and tested twice to ensure the accuracy of the results.
The methylation levels of leptin, PPAR-y, and IGF-2 were
analyzed using the bisulfite sequencing (BSP) of Sangon
Biotech (Shanghai) Co., Ltd and calculated as described by
Lewin et al (25). The PCR reaction conditions in the Sangon
Biotech (Shanghai) Co., Ltd were as follows: 95°C for 5 min
(94°C for 30 sec, 60°C for 30 sec, 72°C for 50 sec) X 35 cycles
and 72°C for 8 min.

Statistical analysis

The basic and dietary information of the questionnaires was
recorded into the data-set using the double-entry by Epidata
3.1. The statistical analyses were performed using Graph-
Pad Prism 5.0 and SPSS 21.0. The normality was assessed
by Kolmogorov—Smirnov-Goodness-of-Fit Test, in which
the quantitative data were expressed as mean * standard
deviation and qualitative data were expressed as percentage
(%). Then, the comparisons of the continuous and categor-
ical parameters were, respectively, performed using one-way
analysis of variance (ANOVA) and Chi-square tests. The
Mann-Whitney U non-parametric test was chosen when the
data were not normally distributed. Multiple linear regres-
sion analysis was conducted to examine the associations be-
tween the DNA methylation levels in the whole genome and
obesity-associated genes with the concentrations of DHA in
the colostrum and umbilical cord blood, and BMI values at
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Fig. 2. Global DNA methylation and its correlations with the concentrations of DHA and BMI values at birth, 1 and 2 years.
(a) The global DNA methylation in different groups was measured by Elisa method using the MethylFlash Methylated DNA
Quantification Kit (Colorimetric, 96 assays). (b) B-Coefficients and 95% ClIs from the regression models between the global
methylation with the concentrations of DHA and BMI values at birth and 1 and 2 years. S1: the subjects were initially given exog-
enous DHA capsule intake from the early pregnancy (0-12 weeks); S2: the subjects were initially given exogenous DHA capsule
intake from the mid-pregnancy (13-27 weeks); S3: the subjects were initially given exogenous DHA capsule intake from the late
pregnancy (>27 weeks); control group: the subjects were not given exogenous DHA capsule intake during the whole pregnancy.
*Compared with the control group, P < 0.05; #*Compared with the S3 group, P < 0.05; “Compared with the S2 group, P < 0.05.

birth and 1 and 2 years by adjusting maternal economic sta-
tus, maternal age, BMI before delivery, gestational age, mode
of delivery and sex. The statistical significance was defined as
two-sided P-value < 0.05.

Results

Characteristics of study population in this birth cohort

The baseline characteristics of the subjects with maternal dif-
ferent exogenous DHA capsule intake during the pregnancy
were shown in Table 1. In total, 205 subjects were recruited at
Fuxing Hospital in this study, in which 94 subjects (45.85%)
were given exogenous DHA capsule intake, and 111 subjects
(control group, 54.15%) were not given exogenous DHA
capsule intake during the whole pregnancy. Among the sub-
jects with exogenous DHA capsule intake, 38 (40.42%), 41
(43.62%), and 15 (15.96%) subjects were, respectively, given
exogenous DHA capsule intake from the early (S1 group, 7.39
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t 4.69 weeks), mid (S2 group, 19.52 * 3.16 weeks), and late
(S3 group, 30.00 + 2.50 weeks) trimester of the pregnancy.
As shown in Table 1, there were no significant differences
in the distributions of age, height, pre-pregnancy weight,
pre-pregnancy BMI, weight before delivery, BMI before
delivery, gestational age, mode of delivery, sex of the infants,
and daily dietary DHA intake among these four groups.

Quantitative and qualitative analyses of fatty acids in the
colostrum and umbilical cord blood

Tables 2 (Supplementary Table 2) and 3 (Supplementary
Table 3) demonstrated the concentrations and compositions
of fatty acid profiles in the colostrum and umbilical cord
blood in detail. Exactly, in the colostrum, the concentra-
tions of total saturated fatty acids (SFAs: C12:0, C16:0,
and C18:0), monounsaturated fatty acids (MUFAs:
C18:1), n-6 polyunsaturated fatty acids (PUFAs:
C22:5n-6), and n-3 PUFAs (C22:6n-3, DHA) were all
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Table 1. Characteristics of the subjects in this study

Variables Index Exogenous DHA capsule intake groups(n = 94) Control group p*
Sl(n=38) S2 (n=41) S3(n=15) =1
Age (year) Mean + SD 3291 £428 30.32 £ 3.51 31.00 £ 2.40 3090 £ 4.11 0.117
Height (cm) Mean + SD 163.57 + 4.35 163.57 £ 4.21 163.11 £4.32 163.05 + 4.33 0.937
Pre-pregnancy weight (kg) Mean + SD 53.77 £ 474 56.86 + 8.08 54.62 + 7.68 5713775 0.245
Pre-pregnancy BMI (kg/m?)  Mean = SD 20.11 £ 1.76 21.22 £2.58 20.49 + 2.46 21.47 £2.55 0.114
Weight before delivery (kg)  Mean + SD 68.24 +7.57 70.95 + 9.58 67.78 £7.14 71.65 +8.95 0.308
BMI before delivery (kg/m?)  Mean £ SD 25.50 + 2.59 2647 £ 291 25.46 +2.31 26.92 +2.76 0.118
Weight gain (kg) Mean + SD 14.17 + 4.95 14.05 + 4.36 13.17 + 1.98 1444 + 477 0.880
BMI gain (kg/m?) Mean + SD 5.38 £ 0.62 5.25+0.57 4.98 + 0.59 545+ 0.51 0.512
Gestational age (week) Mean + SD 3852 £2.23 3920+ 1.15 39.67 £ 0.8l 39.14 £ 1.33 0.181
Mode of delivery (%) Natural delivery 31 (81.58) 33 (80.49) 13 (86.67) 94 (84.68) 0.953
Caesarean 7 (18.42) 8 (19.51) 2(13.33) 17 (15.32)
Sex of the infants (%) Male 19 (50.00) 19 (46.34) 8 (53.33) 57 (51.35) 0.328
Female 19 (50.00) 22 (53.66) 7 (46.67) 54 (48.65)
Daily DHA intake (mg/day)  Food 528.54 + 57.27 565.25 +70.18 510.75 £ 6420  536.15 £ 59.15 0.954
Supplementary 350.51 £ 40.12 340.50 + 38.50 381.20 + 38.08 - -
Gestational weeks of exoge- Mean + SD 7.39 £ 4.69 19.52 £ 3.16 30.00 + 2.50 - -

nous DHA supplementation

Note: S|: the subjects were initially given exogenous DHA capsule intake from the early pregnancy (0—12 weeks); S2: the subjects were initially given
exogenous DHA capsule intake from the mid-pregnancy (13-27 weeks); S3: the subjects were initially given exogenous DHA capsule intake from the
late pregnancy (>27 weeks); control group: the subjects were not given exogenous DHA capsule intake during the whole pregnancy.

*The Chi-square test was used for the categorical variables (mode of delivery and sex of the infants), and one-way analysis of variance (ANOVA) test
was used for the other continuous variables.

Table 2. Effects of exogenous DHA capsule intake during the pregnancy on the compositions of fatty acids in the colostrum (%)

Exogenous DHA capsule intake groups(n = 94) Control group

Variables _ ps
Si(n=138) S2(n = 41 $3(n = I5) (=11

3SFAs 39.07 £ 401 39.77 £ 3.59 38.99 £ 4.03 4054415 0295
CI2:0 6.43 £ 2.06 6.99 +2.53 6.37 £ 276 774%372 0.174
Cl40 525+ 1.67 531 £ 1.72 534+ 1.94 526 + 1.69 0.998
Cl6:0 22,13+ 1.75 21,89+ 1.87 2229+ 1.18 2222+ 1.86 0.852
180 5.25 + 0.66 557 £ 091 499 £ 0.95 533+077 0.143
SMUFAs 39.10 + 3.67 3872 £ 279 38.33 + 5.5 3841 334 0818
Clé:l 2.28 £ 0.61% 2.19 £ 0.57* 2.83 £ 1.17* 2.11£0.58 0.008
cig:| 36.82 + 376 36.53  2.66 3450 £ 2.81 36.30 £ 331 0.197
Sn-6 PUFAs 2004 + 3.77 19.62 + 4.42 2087 + 3.92 19.34 + 371 0.584
Cl8:2n-6 19.01 + 3.47 18.59 + 4.44 19.79 + 4.02 18.35 + 3.65 0.628
C20:4n-6 0.66+0.16 0.66 £ 0.16 0.69 + 0.088 0.65 £ 0.15 0.847
C22:5n-6 0.38+0.14 039 £0.13 043 £0.15 043£0.17 0.603
%n-3 PUFAs 181 + 0.46 1.89 + 0.34 181 + 036 171 +0.34 0.153
C18:3n-3 0.26 £ 0.065* 0.31 £ 0.085 0.28 £ 0.067 0.28 £ 0.059 0.037
C20:5n-3 .15 + 034 122027 1244027 123 +0.25 0.520
C22:5n-3 0.15 £ 0.036 0.10 £ 0.029 0.11 £ 0.020 0.16 £ 0.037 0238
C22:6n-3 0.41 £ 0.16% 0.40 £ 0.16% 0.29 % 0.081 0.28 * 0.088 <0.001
$n-6/sn-3 PUFAS 11.66 + 3.34 10.59 +2.78 11.85 + 3.23 1154 2,19 0314

Note: S|: the subjects were initially given exogenous DHA capsule intake from the early pregnancy (0—12 weeks); S2: the subjects were initially given
exogenous DHA capsule intake from the mid-pregnancy (13-27 weeks); S3: the subjects were initially given exogenous DHA capsule intake from the
late pregnancy (>27 weeks); control group: the subjects were not given exogenous DHA capsule intake during the whole pregnancy.

*Compared with the control group, P < 0.05; #Compared with the S3 group, P < 0.05; *Compared with the S2 group, P < 0.05. *One-way analysis of
variance (ANOVA) test was used to determine the compositions of fatty acids among the above four groups in the colostrum.
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Table 3. Effects of exogenous DHA capsule intake during the pregnancy on the compositions of fatty acids in the umbilical cord blood (%)

Exogenous DHA capsule intake groups(n = 94)

Control group

Variables ps
SI(n = 38) S2(n = 41) $3(n = 15) (=111
SSFAS 53.59 + 7.50 54.88 + 9.02 53.65 + 8.99 5435 + 8.08 0.989
cl20 16.04 + 7.43 19.73 + 8.76 2227 £ 890 2272 +7.50 0.505
Cl40 079 +0.16 082+ 0.1 0.75 + 0.087 081 +026 0916
Cl60 2347 £ 18 2229 £ 391 2033 + 3.89 2052+ 2.11 0.107
ci8:0 13.29 £ 1.20%# 12.04 £ 3.03*# 10.30 £ 2.50 10.31 £2.43 0.004
SMUFAs 370 + 058 3.58 + 0.59 3.50 £ 0.59 332+ 122 0.699
Clé:l .56 + 0.35 .56 + 0.34 1.54 £ 0.26 1.78 + 0.54 0.743
cig:l 2.14+026 201 £ 031 1.96 + 0.37 1.99 + 0.41 0.690
Sn-6 PUFAs 3547 +5.93 3458 + 7.0 35.62 +7.39 35.49 + 8.76 0.990
CI82n-6 3365+ 5.16 3326 + 6.87 3391 + 6.69 34.40 + 8.66 0.979
C20:4n-6 1.29 £ 0.23* 1.05 £ 0.29 1.22 £ 0.46 0.92 £ 0.39 0.011
C22:5n-6 0.63+0.18 0.54 + 0.15 0.60 + 0.092 0.62+024 0.846
$n-3 PUFAs 725+ 1.58 6.97 + 1.65 723 + 146 6.85 + 1.30 0.932
Cl8:3n-3 0.43 + 0.069 0.39 + 0.065 0.39 + 0.053 041 + 0061 0614
C20:5n-3 6.1+ 158 6.14 + 1.55 623+ 128 6.08 + 1.25 0.99
C22:6n-3 0.71 £ 0.34%# 0.61 £ 0.21%# 0.44 £0.21 0.38 £ 0.24 0.005
$n-6/5n-3 PUFAS 497 +0.65 5.01 + 0.44 497 £ 0.66 541+ 115 0.420

Note: S|: the subjects were initially given exogenous DHA capsule intake from the early pregnancy (0—12 weeks); S2: the subjects were initially given
exogenous DHA capsule intake from the mid-pregnancy (13-27 weeks); S3: the subjects were initially given exogenous DHA capsule intake from the
late pregnancy (>27 weeks); control group: the subjects were not given exogenous DHA capsule intake during the whole pregnancy.

*Compared with the control group, P < 0.05; #Compared with the S3 group, P < 0.05; *One-way analysis of variance (ANOVA) test was used to
determine the compositions of fatty acids among the above four groups in the umbilical cord blood.

higher in the S1 group than those in the other three groups,
in which the concentration of DHA was also higher in
the S2 group than that in the control and S3 groups (P
< 0.05). Compared with the control group, three major
saturated SFAs (C12:0, C16:0 and C18:0) were increased
in a similar manner by 25, 35, and 33% in the S1 group (P
< 0.05), respectively, while there were also increased levels
of Cl6:1, C18:1, C18:2n-6, C20:4n-6 (AA), C22:5n-6, and
DHA, respectively, by 50, 39, 40, 34, 25, and 162% (P <
0.05). In the S2 group, the initial proportion of DHA was
higher by about 76% than those in the control group (P
< 0.05). However, there were no significant differences of
the fatty acid profiles between the S3 and control groups.
Besides, compared with the control group, the composi-
tions of DHA in the S1 and S2 groups were, respectively,
increased by 46 and 43% (P < 0.05).

In the umbilical cord blood, the results were expressed
as the concentrations and compositions of the fatty acid
profiles in Table 3 (Supplementary Table 3), in which
the concentration of DHA was increased to 1.78-fold in
the S1 group and 1.44-fold in the S2 group than those in
the control group (P < 0.05), while compared with the
S3 group, it was increased to 1.66-fold in the S1 group
and 1.35-fold in the S2 group (P < 0.05). Compared with
the control and S3 groups, the compositions of C18:0,
DHA, and C20:4n-6 (AA) were higher in the S1 and/or
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S2 groups (P < 0.05). Exactly speaking, the composition
of C18:0 was significantly increased by 28% in the Sl
group and 17% in the S2 group than those in the control
group (P < 0.05), while the DHA was strongly increased
to 186% in the S1 group and 161% in the S2 group. Com-
pared with the S3 group, C18:0 level was higher by 29% in
the S1 group and 18% in the S2 group, while the DHA was
strongly increased to 161% in the S1 group and 139% in the
S2 group. Besides, as shown in Table 4, there were positive
correlations between the concentrations of C12:0, C14:0,
Cl16:0, C18:1, AA, C22:5n-6, and n-3 PUFAs (C18:3n-3,
C20:3n-3, and DHA) in the colostrum and those in the
umbilical cord blood to some extent (P < 0.05).

Effects of maternal different exogenous DHA capsule intake on
the anthropometric outcomes of the infants

To be exact in Table 5, body weight and weight for age
Z-score (WAZ) were lower in the S1 group than those in
the control group at birth and 1 year, while they were not
significantly different between the S1 and control groups
at 2 years. The increments of weight at 1 or 2 years were
not significantly different among these four groups. BMI,
BMI Z-score, and the increments of BMI in the S1 group
were lower than those in the control and/or S3 groups
at birth and 1 and 2 years, which were also significantly
different between the S2 and control groups at birth.
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Table 4. Correlations between the concentrations of fatty acids in
the colostrum and umbilical cord blood

Correlation

Variables coefficient (r) p P

>SFAs 0.274 0.382 0.134
Cl12:0 0.474 0.211 0.001
Cl4:0 0.339 0.007 0.041
Cl6:0 0.372 0.207 0.037
Cl18:0 0.015 0.121 0.930
YMUFAs 0.050 0.036 0.767
Clé:l 0.061 0.016 0.717
Cl18:1 0.428 0.022 0.019
>n-6 PUFAs 0.210 0.374 0.552
Cl18:2n-6 0.111 0.359 0.509
C20:4n-6 0.430 0.010 0.016
C22:5n-6 0.414 0.008 0.023
>n-3 PUFAs 0.411 0.075 0.026
C18:3n-3 0.403 0.004 0.023
C20:5n-3 0.536 0.066 <0.001
C22:6n-3 0.435 0.005 0.015

Modulation of DNA methylation in the global genome and
obesity-associated genes by maternal exogenous DHA capsule
intake during the pregnancy

To examine whether maternal exogenous DHA capsule
intake could modulate DNA methylation states of the
whole genome and obesity-associated genes in the um-
bilical cord blood. As shown in Fig. 2, the levels of global
DNA methylation were higher in the SI and S2 groups as
compared with the control group, while it was not signifi-
cantly different between the control and S3 groups. The
methylation levels of the CpG sites in the obesity-associated
genes such as PPAR-y, C/EBP-o, adiponectin, IGF-2,
and leptin were slightly higher in the SI and/or S2 groups
(CpG2, CpGY, CpGll, and CpG16 of PPAR-y in the S1
and S2 groups; CpG8, CpG12, and CpG 15 of PPAR-y
only in the S1 group; CpG2,3, CpG4-6, CpGS, CpG9,10,
CpGl1, CpGl5,16, and average of C/EBP-o. in the S1 and
S2 groups; CpGl and average of adiponectin; CpG1, CpG2,
CpG3, CpGS3, CpG6, CpG7, and average of IGF-2 in the S1
and S2 groups; CpG6, CpG7, CpG9, CpG16, CpG23, and
CpG24 of leptin in the S1 and S2 groups; and CpG13 only
in the S1 group) than those in the control and/or S3 groups.
There were no significant evidence on the methylation levels
of the CpG sites in the obesity-associated genes in the S3
group than those in the control group.

Correlations between the methylation levels of the CpG sites

in the global genome and obesity-associated genes and the
contents of DHA and BMI values

The earlier results for the methylation levels of some
CpG sites in the global genome and obesity-associated
genes demonstrated that there were significant differences
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among the four groups with maternal different exogenous
DHA capsule intake. Their correlations with the concen-
trations of DHA, and BMI at birth and 1 and 2 years were
further analyzed using the multiple linear regression mod-
els. Then, we conducted the univariate regression analysis
between the methylation levels of CpG sites and multiple
factors, including maternal age, BMI before delivery, ges-
tational age, mode of delivery, and sex of the infants.

As shown in Figs. 2-7, positive correlations were ob-
served between the methylation levels of many CpG sites
in the obesity-related genes with the concentrations of
DHA in the colostrum and umbilical cord blood, while
reverse correlations were shown between these hyper-
methylation with the BMI at birth and 1 and/or 2 years
(global methylation; CpG2, CpG9, CpGll, CpGl2,
CpGl15, and CpGl16 of PPAR-y; CpG2,3, CpG4-6,
CpGS8, CpGY,10, CpGll1, CpGl5,16, and average of
C/EBP-0; CpGl and average of adiponectin; CpGl,
CpG2, CpG3, CpGS, CpG7, and average of IGF-2;
CpG6, CpG7, CpG9, CpG13, CpGl6, CpG23, CpG24,
and average of leptin).

Discussion

DHA, as an essential fatty acid, has a variety of biolog-
ical functions, which can affect not only fetal brain de-
velopment but also infant weight by regulating the lipid
metabolism and adipocyte differentiation. In this condi-
tion, an increased DHA supplementation has been given
to discuss its potential means to decrease the fat deposi-
tion and improve the metabolic health outcomes among
the children. At present, many studies have explored
the correlations between the concentrations of DHA
and growth outcomes of the infants, which also showed
that DHA supplementation in the early life, especially
the pregnancy and lactation, could promote the growth
and development of the infants (26-29). However, these
clinical studies have produced mixed results. Maslova
had found that higher cord plasma DHA was associated
with lower BMI scores, waist circumference, and leptin
levels (30). Epidemiological investigations from the
United States and Europe also had demonstrated that
higher intakes of n-3 PUFAs were associated with the
improved developmental outcomes in the offspring (31),
while there were still some researches that had proved
that maternal DHA-rich fish oil intake during the sec-
ond half of pregnancy did not affect the growth or body
composition of the children at 3 or 5 years old (13). So,
it is still very necessary for more rigorous epidemiologi-
cal investigations to discuss the effects of DHA supple-
mentation on the development of their offspring. Many
variables were existed among the pregnancy supplemen-
tation studies that could explain the variability in the
observed outcomes for a number of methodology limita-
tions, including the lack of statistical power, absence of
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Table 5. Baseline characteristics of the infants in different exogenous DHA capsule intake groups during the pregnancy

Exogenous DHA capsule intake groups (n = 94)

Control group

Variables (n=111) P
Sl(n=38) S2(n = 41) S3(n=15)

Birth
Height (cm) 49.03 +2.48 49.16 + 1.91 49.28 +2.21 49.61 = 1.47 0.509
Weight (kg) 3.19£0.51%* 3.21 £ 0.45* 3.33£0.42 3.40+0.33 0.049
BMI (kg/m?) 13.17 £ 1.25% 13.19 * 1.20% 13.69 £ 1.02 13.77 £ 1.01 0.042
LAZ -0.53 £ 0.57 -0.38 + 0.42 -025+0.18 0.12+0.19 0.509
WAZ -0.11 £0.19* -0.08 £ 0.16%* 0.15+0.13 0.26 £ 0.073 0.047
BMI Z -0.16 + 0.22* -0.13 £ 0.19* 0.28 £ 0.28 0.35+0.10 0.041

One year
Height (cm) 7724 £2.28 76.14 £2.98 7683 + 1.94 76.18 +2.80 0.376
Weight (kg) 10.04 £ 1.21% 10.60 £ 1.25 10.88 £ 1.14 10.81 £ 0.89 0.026
BMI (kg/m?) 16.83 £ |.84*%# 18.28 + 1.82 18.44 £ 1.78 18.63 + 1.29 0.009
LAZ 0.98 +0.91 0.54 + 0.39 0.81 £0.47 0.56 £ 0.38 0.376
WAZ 0.17 £ 0.16%5# 1.12 £ 1.04 1.37 £0.95 1.30 £0.75 0.004
BMI Z 0.022 £ 0.0 4%%# 1.24 £ 1.34 1.27 £ 0.95 1.50 £ 0.95 <0.001
Increment of height (cm) 28.22 +2.95 26.99 +3.71 27.56 +2.89 26.57 +3.26 0.211
Increment of weight (kg) 6.86 +0.98 740 + 1.35 7.56 + 0.98 741 £0.96 0.138
Increment of BMI (kg/m?) 3.67 £ 1.90%% 5.09 £2.26 4.75 £ 1.75 4.85 £ 1.68 0.028

Two years
Height (cm) 89.65 + 3.08 87.92 +3.15 89.23 £2.95 88.97 + 3.44 0.320
Weight (kg) 12.16 £ 1.45 12.82 £ 1.53 1339 £ 1.20 12.93 £ 1.45 0.092
BMI (kg/m?) 15.09 £ |.47*%* 16.57 £ 1.69 16.83 + 1.38 16.32 £ 1.49 0.002
LAZ 0.83 + 0.49 0.26 + 0.15 0.68 + 0.45 0.61 £0.58 0.320
WAZ 023 +0.12 0.74+0.18 1.19 £ 0.92 0.83 £ 0.35 0.092
BMI Z -0.46 % |.13*&# 0.67 = 1.28 0.86 £ 1.06 0.48x 1.14 0.002
Increment of height (cm) 40.63 + 3.67 38.76 + 3.81 39.94 +3.95 39.36 +3.59 0.336
Increment of weight (kg) 8.96 + 1.37 9.61 £ 1.60 10.05 £ I.11 9.53 % 1.47 0.210
Increment of BMI (kg/m?) 1.93 £ 1.72% 2.37 £1.92 3.14£1.37 255+ 1.78 0.035

Note: S|:the subjects were initially given exogenous DHA capsule intake from the early pregnancy (0—12 weeks); S2: the subjects were initially given
exogenous DHA capsule intake from the mid-pregnancy (13-27 weeks); S3: the subjects were initially given exogenous DHA capsule intake from the
late pregnancy (>27 weeks); control group: the subjects were not given exogenous DHA capsule intake during the whole pregnancy.

*Compared with the control group, P < 0.05; #Compared with the S3 group, P < 0.05; ®Compared with the S2 group, P < 0.05. *One-way analysis of
variance (ANOVA) test was used to determine the differences of the variables among the above four groups.

appropriately sensitive measures of body composition,
age of children, different nations, different supplement
doses, and initial time of the DHA supplementation. In
our study, it was found that body weight, BMI, WAZ,
and BMIZ at birth were lower only in the early and/
or mid-pregnancy, but not in the late trimester. These
growth outcomes were different in the S1 group at 1 and
2 years. However, they were not significantly increases
in these four groups either in 1 or 2 years, which proved
that appropriate DHA supplementation was the most
important for the healthy outcome of the fetus at birth,
and this intervention effects might be covered or even
eliminated by the other nutritional and environmental
factors after birth by controlling these uncertainties,
which were layered by initial time of exogenous DHA
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capsule intake by the special health care doctor for phys-
ical examination to follow-up for 2 years among the Chi-
nese Han population.

As we know, the main characterization of obesity is
the excess accumulation of white adipose mass, resulting
from both the increments of adipocyte cell size and the
differentiation of preadipocytes into mature adipocytes,
in which de novo generation of fat cells plays the most
important role (32). In the process of adipocyte differ-
entiation, it is finely controlled by many key transcrip-
tion factors of obesity-associated genes, such as PPARY,
C/EBPa, IGF-2, adiponectin, and leptin, which all are in-
volved in the lipogenesis, lipolysis, and insulin sensitivity
in the development of obesity among the infancy through
the cord blood (33, 34). It is well documented that the

(page number not for citation purpose)


http://dx.doi.org/10.29219/fnr.v65.7548

Ping Li et al.

a
301 ' 3 Control group
20. *H EH = Si1
=l i 0 =
NN o " i
sl il e b i )
E * % *#
- T T *
1- “ .
0- | | E I || || il 1
AN 2 % LN ) o 4 d 9 A0 A\ \) \> A\ \5 \O e
o o o o o o o o o T o o o o o o e
b 2 1 1 1 1 1 1 1 1 1 1 1
o Contents of DHA
H in the colostrum
= 14 I B , Contents of DHA in
32 h ++ H *{* the umbilical cord blood
B o=ty 411 *** .............. : * ................... 4 ; “ ............. = BMI at birth
= 0 * +¥ 1Y *"* at birt
: | W i t i
L] H o BMI at 1 year
-1 " x BMI at 2 year
-2 T T T T T T T T T T T
N » N S Sy D N Q' » & o
é I & 1< <) N N N N N ~
3 ] 3 N 3 Q) Q) Q) Q) Q) <€)
(@ (@ O O @ QQ QQ QQ QQ QQ OQ

Fig 3. The methylation levels of CpGs sites in the PPAR-y and the correlations between the significantly differential CpGs sites
and the concentrations of DHA and BMI values at birth, 1 and 2 years. (a) The methylation levels of CpGs sites in the PPAR-y
in different groups; (b) B-coefficients and 95% Cls from the regression models between the significantly differential CpGs sites
and the concentrations of DHA and BMI values at birth and 1 and 2 years. S1: the subjects were initially given exogenous DHA
capsule intake from the early pregnancy (0-12 weeks); S2: the subjects were initially given exogenous DHA capsule intake from
the mid-pregnancy (13-27 weeks); S3: the subjects were initially given exogenous DHA capsule intake from the late pregnancy
(>27 weeks); control group: the subjects were not given exogenous DHA capsule intake during the whole pregnancy. ¥*Compared
with the control group, P < 0.05; *Compared with the S3 group, P < 0.05.

expressions of the above genes can be regulated by many
mechanisms, in the whole genome and specific genes (35,
36). Recently, there were many maternal and early-life
nutrients to have profound impact on the metabolic
phenotypes in the offspring through regulating the
methylation levels of the obesity-associated genes (37), in
which growing evidences have suggested that n-3 PUFAs
could modulate the remodeling of the epigenetics, which
is defined as the heritable changes in DNA and histones
without concomitant alterations in the nucleotide se-
quences (38, 39).

These modifications can affect the gene expressions
and phenotype in response to the environmental stimuli
through regulating the DNA methylation, histone mod-
ifications, non-coding RNAs, and others (40, 41). The
alterations in the DNA methylation have recently been
reported in response to n-3 PUFAs in vitro, human and
rodent models. For example, global DNA methylation
is increasing in the placenta of rats that exposed to in
utero DHA supplementation (42). This suggested that
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there was a sustained effect of maternal n-3 PUFAs
supplementation on the DNA methylation profiles
of their offspring that was similar to the continuous
n-3PUFAs supplementation. In the rats, the intake of
n-3 LC-PUFAs during the pregnancy was shown to the
changes of DNA methylation levels in the fatty acid
desaturase promoter of the offspring (43). In other
studies, the effect of DHA on the methylation in the
placenta via the alteration of one carbon metabolism
had been proposed (42, 44). In the adults, the differ-
ences in DNA methylation have been identified between
the subjects with high and low n-3 PUFA intakes (45).
n-3 PUFA supplementation had been shown to induce
the changes in the methylation at specific CpG sites
(46). Studies have shown that compared with the ex-
posure in the late pregnancy, the impact of early-preg-
nancy on the epigenome was usually more profound
(47, 48). In our study, we discovered that n-3 PUFAs
supplementation at the early- and mid-pregnancy
could display the marked increased methylation of
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Fig. 4. The methylation levels of CpGs sites in the C/EBP-a and the correlations between the significantly differential CpGs sites
and the concentrations of DHA and BMI values at birth, 1 and 2 years. (a) The methylation levels of CpGs sites in the C/EBP-a in
different groups; (b) B-coefficients and 95% CIs from the regression models between the significantly differential CpGs sites and the
concentrations of DHA and BMI values at birth and 1 and 2 years. S1: the subjects were initially given exogenous DHA capsule intake
from the early pregnancy (0-12 weeks); S2: the subjects were initially given exogenous DHA capsule intake from the mid-pregnancy
(13-27 weeks); S3: the subjects were initially given exogenous DHA capsule intake from the late pregnancy (>27 weeks); control group:
the subjects were not given exogenous DHA capsule intake during the whole pregnancy. *Compared with the control group, P < 0.05;
#Compared with the S3 group, P < 0.05; *Compared with the S2 group, P < 0.05.
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Fig. 5. The methylation levels of CpGs sites in the adiponectin and the correlations between the significantly differential CpGs
sites and the concentrations of DHA and BMI values at birth, 1 and 2 years. (a) The methylation levels of CpGs sites in the
adiponectin in different groups; (b) B-coefficients and 95% ClIs from the regression models between the significantly differential
CpGs sites and the concentrations of DHA and BMI values at birth and 1 and 2 years. S1: the subjects were initially given exog-
enous DHA capsule intake from the early pregnancy (0-12 weeks); S2: the subjects were initially given exogenous DHA capsule
intake from the mid-pregnancy (13-27 weeks); S3: the subjects were initially given exogenous DHA capsule intake from the late
pregnancy (>27 weeks); control group: the subjects were not given exogenous DHA capsule intake during the whole pregnancy.
*Compared with the control group, P < 0.05; *Compared with the S3 group, P < 0.05.
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Fig. 6. The methylation levels of CpGs sites in the IGF-2 and the correlations between the significantly differential CpGs
sites and the concentrations of DHA and BMI values at birth, 1 and 2 years. (a) The methylation levels of CpGs sites in the
IGF-2 in different groups; (b) B-coefficients and 95% CIs from the regression models between the significantly differential
CpGs sites and the concentrations of DHA and BMI values at birth and 1 and 2 years. S1: the subjects were initially given
exogenous DHA capsule intake from the early pregnancy (0-12 weeks); S2: the subjects were initially given exogenous DHA
capsule intake from the mid-pregnancy (13-27 weeks); S3: the subjects were initially given exogenous DHA capsule intake
from the late pregnancy (>27 weeks); control group: the subjects were not given exogenous DHA capsule intake during the
whole pregnancy. *Compared with the control group, P < 0.05.

obesity-related genes; these hypermethylation showed
there were reverse correlations with the BMI and pos-
itive relationships with the concentrations of DHA in
the colostrum and umbilical cord blood, not at the late
trimester during the pregnancy. These results earlier
suggested that whether prenatal n-3 PUFAs supple-
mentation could modulate the global and obesity-as-
sociated genes methylation levels were determined by
the replenishment time and cumulative exposure, which
was the same as the previous study (30). It also proved
that the effects of placenta n-3 PUFAs on the incre-
ments of weight in their offspring might been begun in
the early embryo from the early- and mid-pregnancy
by modulating DNA methylation states in the umbili-
cal cord blood to influence the adipocyte proliferation
and differentiation. However, we cannot extend our
conclusion to suggest the role of maternal exogenous
DHA intake on the later fat deposition in the child or
even the adults for its limitation of too small sample
size and the lack of data on the gene expression al-
though our results were consistent with the expected
protective effects.
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Conclusions

Maternal exogenous DHA-rich n-3 PUFAs capsule intake
from the early- and mid-trimesters of the pregnancy might
avoid the development of obesity among Chinese Han
infants until 2 years by modulating DNA methylation
states of the obesity-associated genes in the umbilical
cord blood, which could provide the attractive targets for
the prenatal prevention of metabolic disorders. Neverthe-
less, to our knowledge, the main limitation of our study
was its small sample size, which decreased our power to
find significant associations without the stratified analy-
ses by maternal elements during the pregnancy. Therefore,
our results need to be confirmed by much larger studies
in the future.
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Fig. 7. The methylation levels of CpGs sites in the leptin and the correlations between the significantly differential CpGs sites
with the concentrations of DHA and BMI values. (a, b) The methylation levels of CpGs sites in the leptin in different groups; (c)
B-coefficients and 95% ClIs from the regression models between the significantly differential CpGs sites with the concentrations
of DHA and BMI values at birth and 1 and 2 years. S1: the subjects were initially given exogenous DHA capsule intake from
the early pregnancy (0-12 weeks); S2: the subjects were initially given exogenous DHA capsule intake from the mid-pregnancy
(13-27 weeks); S3: the subjects were initially given exogenous DHA capsule intake from the late pregnancy (>27 weeks); control
group: the subjects were not given exogenous DHA capsule intake during the whole pregnancy. *Compared with the control
group, P < 0.05; #*Compared with the S3 group, P < 0.05; “Compared with the S2 group, P < 0.05.
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