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Abstract

Background/objectives The impact of maternal macronutrient intake during pregnancy on offspring childhood adiposity is
unclear. We assessed the associations between maternal macronutrient intake during and after pregnancy with offspring
adiposity at 5 years of age. Additionally, we investigated whether gestational diabetes (GDM), BMI, or breastfeeding
modified these associations.

Subjects/methods Altogether, 301 mother—child dyads with maternal prepregnancy BMI > 30 and/or previous GDM par-
ticipated in the Finnish Gestational Diabetes Prevention Study (RADIEL) and its 5 years follow-up. Macronutrient intakes
(E%) were calculated from 3-day food records collected at 5-18 weeks’ gestation, in the third trimester, and at 12 months
and 5 years after pregnancy. Offspring body fat mass (BFM) and fat percentage (BF%) at 5 years were measured by
bioimpedance. Statistical analyses were multivariate linear regression.

Results Mean (SD) prepregnancy BMI was 33(4) kg/m%. GDM was diagnosed in 47%. In normoglycemic women, higher
first half of pregnancy n-3 PUFA intake was associated with lower offspring BFM (g) (# —0.90; 95% CI —1.62, —0.18) and
BF% (8 —3.45; 95% CI —6.17, —0.72). In women with GDM, higher first half of pregnancy n-3 PUFA intake was
associated with higher offspring BFM (8 0.94; 95% CI 0.14, 1.75) and BF% (3 3.21; 95% C1 0.43, 5.99). Higher SFA intake
in the third trimester and cumulative intake across pregnancy (mean of the first half and late pregnancy) was associated with
higher BFM and BF% (across pregnancy: # 0.12; 95% CI 0.03, 0.20 and 3 0.44; 95% CI 0.15, 0.73, respectively). Higher
carbohydrate intake across pregnancy was associated with lower BFM (8 —0.044; 95% CI —0.086, —0.003), and borderline
associated with BF% (3 —0.15; 95% CI —0.31, 0.00).

Conclusions The macronutrient composition of maternal diet during pregnancy is associated with offspring BFM and BF%
at 5 years. GDM modifies the association between prenatal n-3 PUFA intake and offspring anthropometrics.

Introduction

Obesity is rapidly increasing in children and adolescents
worldwide. In 2019, 38 million children younger than 5
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global trends, over 25% of Finnish preschool-aged boys and
over 15% of girls are currently overweight or obese [2].
Child obesity is associated with reduced quality of life in
childhood [3], cardiometabolic morbidity in later life [4],
and premature death [5]. Therefore, identification and tar-
geting of modifiable risk factors for childhood obesity
should be a public health priority.

Mounting evidence indicates that maternal health beha-
viors such as physical activity, smoking, and diet during
pregnancy are associated with long-term health outcomes in
the offspring [6—8]. Data from animal and human studies
suggest that, in addition to maternal gestational diabetes
(GDM) and obesity [9-11], in utero exposure to poor
quality diet (e.g., under- or over-nutrition) predisposes the
offspring to excess adiposity [12, 13]. Recent findings also
suggest that the macronutrient composition of maternal diet
during pregnancy is associated with indicators of newborn
adiposity (body mass index (BMI), waist circumference,
body fat mass (BFM), and body fat percentage (BF%))
[8, 14, 15]. However, only a few studies have examined the
associations between maternal macronutrient intake and
offspring adiposity at later ages, and analyses extending
beyond maternal polyunsaturated fatty acid (PUFA) intake
are particularly scarce [8, 16—19]. Some of the available
studies have relied only on indirect measures of adiposity,
such as weight [16] or BMI [17, 19]. Furthermore, only one
study has attempted to differentiate between the effects of
maternal nutrient intake during pregnancy and the child’s
own nutrient intake in early childhood by analyzing
maternal macronutrient intake after pregnancy as an indi-
cator of the food environment of the offspring [16]. None of
the existing studies have taken into account the child’s own
macronutrient intake. Moreover, whether the impact of
maternal macronutrient intake on the offspring body com-
position varies across gestation remains unclear.

The aim of this study was to examine the associations
between the macronutrient composition of maternal diet
during the first half of and late pregnancy and offspring
anthropometric indicators at 5 years of age (age- and sex-
adjusted BMI (ISO-BMI), waist-to-height ratio (WHtR),
BFM, and BF%). To ensure that none of the observed
associations between macronutrient intakes during preg-
nancy and offspring anthropometric indicators result from
confounding by the child’s own food environment during
childhood, we also studied the associations between
maternal macronutrient intakes at 12 months and 5 years
after pregnancy and offspring adiposity.

Subjects and methods

All background and pregnancy data were originally col-
lected during the RADIEL study, a multi-center randomized

controlled intervention trial aimed at prevention of GDM
with diet and physical activity counseling [20]. The trial
involved a total of 787 women at high risk for GDM who
delivered in the Helsinki metropolitan area or in Lappeen-
ranta, Finland, during 2008-2011. The recruited women
were obese (BMI >30kg/m?) and/or had been diagnosed
with GDM in a previous pregnancy. At enrollment, the
women were either <20 weeks pregnant or planning preg-
nancy. Exclusion criteria were age <18 years, preexisting
type 1 or 2 diabetes mellitus, physical disability, multiple
pregnancy, severe psychiatric disorders, current substance
abuse, substantial communication difficulties and using
medication affecting glucose metabolism (e.g., corticoster-
oids, metformin, antidepressants with potential effects on
glucose homeostasis).

Five years after the trial, during 2013-2017, the parti-
cipants and their offspring were invited for follow-up
examinations. The study population for the present
study was formed as depicted in Fig. 1. The number of
mother—child pairs who participated in the follow-up was
332; 301 provided both a completed maternal 3-day food
record at least once during pregnancy (in the first half of
pregnancy 5—18 weeks’ gestation or in the third trimester)
and the offspring’s weight and height at 5 years. At least
one maternal food record and the offspring’s BFM and BF
% measurements at 5 years of age were available from 274
pairs. Maternal 3-day food records from both the first half
of pregnancy and third trimester of pregnancy and off-
spring’s weight and height at 5 years of age were available
from 230 mother—child pairs, with offspring BFM and
BF% at 5 years additionally available from 201 of these
pairs. In the present study, the intervention and control
groups were combined and treated as a cohort and obser-
vational analyses were performed. The study was con-
ducted according to the guidelines laid down in the
Helsinki Declaration of 1975 as revised in 1983. All pro-
cedures involving human subjects were approved by the
Ethics Committee of the Department of Obstetrics and
Gynecology of Helsinki and Uusimaa Hospital District.
Written informed consent was obtained from all subjects in
the main trial and in the 5-year follow-up. In the follow-up
study, informed consent on behalf of the child was
obtained from the parents.

Nutrient intake of the mother and child

Maternal macronutrient intake during pregnancy was cal-
culated from two 3-day food records collected in the first
half of pregnancy (gestational weeks 5-18, mean 13 +2)
and in the third trimester of pregnancy (mean gestational
weeks 35+ 1), as well as at 12 months and 5 years after
delivery. At the initial trial enrollment visit in the first
half of pregnancy, mothers received written instructions
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Assessed for eligibility n=787

Excluded n=67
»| - Not meeting inclusion criteria (n=34)
- Did not provide written consent (n=33)

A

Randomized n=720

- Pre-pregnant, randomized to either control
or intervention group n=228

- Pregnant, randomized to either control or
intervention group n=492

Ineligible mother-child dyads n=113
- No pregnancy n=80

- Miscarriage n=19

- Planned abortion n=1

- No study visits during pregnancy n=8
- No data due to moving n=5

\

Y
Eligible for 5-year follow-up n=607

Lost to 5-year follow-up n=275
- Unwilling to participate n=253

- Not reached n=11

- Not approached n=11

\

A
Participated in 5-year follow-up n=332

Missing dietary data at both, early
pregnancy and 3rd trimester n=31

Y
Final number of participants with
relevant data at either early pregnancy
or 3rd trimester n=301

Dietary data and ISO-BMI available at

- early pregnancy n=274

- 3rd trimester n=257

- both early pregnancy and 3rd trimester
n=230

Fig. 1 Formation of the study population. The first half of preg-
nancy contains gestational weeks from 5 to 18. ISO-BMI represents
age- and sex-standardized BMI converted to adult scale and was cal-
culated according to Saari et al. [23].

for completing food records on three consecutive days
(two weekdays and a weekend day) immediately or as soon
as possible after each meal. They were asked to report food
and beverage labels and brand names as accurately as
possible, and record amounts as household measures (e.g.,
tablespoon, plate, scoop) or in weight units, if available.
Identical instructions were given for completing 3-day food
records in the third trimester of pregnancy and at 12 months
and 5 years after delivery.

Similarly, the offspring’s macronutrient intake at 5 years
of age was calculated from 3-day food records completed
by their caretaker (usually mother or father) with similar
accuracy as instructed for maternal food records. If the
3-day recording period included daycare time, the childcare
providers were asked to complete a separate food record
with identical instructions. Recipes and ingredients used in
daycare meals were collected from the food suppliers or the
daycare kitchen.

SPRINGER NATURE

Trained nutritionists processed and entered the food
record data into a nutritional calculation software, AivoDiet
(versions 2.0.1.5 and 2.2.0.1, Aivo Finland Oy, Turku,
Finland). A table of usual portion sizes helped in converting
household measures and volumes into grams [21]. The food
composition database was provided by the Finnish National
Institute for Health and Welfare (www.fineli.fi). The nutri-
ent values in the database rely mostly on Finnish studies, in
addition to data obtained from Finnish food industries and
international food composition tables. The database
includes standard recipes that are based on contemporary
Finnish cookbooks. If a food or recipe reported in the food
record was missing, a new recipe was created based on the
food record.

Collection of maternal background information

At the initial trial enrollment and 5-year follow-up visits,
the mothers completed a background questionnaire on
socio-demographic factors, earlier pregnancies and deliv-
eries, and health-related behaviors during the preceding
6 months. Information on GDM was based on medical
records and physician confirmation, except for two parti-
cipants for whom this was unavailable. Prepregnancy BMI
was calculated from weight and height measured at the
first study visit (in those recruited before pregnancy) or
was self-reported (in those recruited in the first half of
pregnancy). Duration of breastfeeding (<4 months/
>4 months) was collected from the records of the child
health centres which monitored the children’s health,
growth, and development.

Collection of offspring background data and
anthropometric measurements

Data on offspring sex, birthweight, and gestational age at
birth were collected from hospital records. Relative birth-
weight was calculated using Finnish fetal growth curves
adjusted for sex and gestational age [22]. Measurements
from the child participants were taken in the research cen-
ters of the Hospital District of Helsinki and Uusimaa or in
South Karelia Central Hospital by trained study nurses.
Height was measured with feet shoeless, flat, together, and
against the wall. Weight was measured with a digital scale
in light clothing. Waist circumference was measured at
midway between the lowest ribs and the iliac crest. Mea-
sures of height, weight, and waist were rounded to one
decimal. Offspring BFM and BF% at 5 years were mea-
sured during the 5-year visit using Bioelectrical Impedance
Analysis (InBody 720 eight-polar tactile electrode system
(Biospace Co., Ltd, Seoul, South Korea)). Offspring sex-
specific BMI-for-age at 5 years was calculated according to
the Finnish growth curves and was converted to adult scale
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(ISO-BMI) according to Saari et al. [23]. Offspring WHtR
was calculated as waist circumference (cm) divided by
height (m).

Statistical methods

Descriptive characteristics are presented as means (SD) or
frequencies (%). Macronutrient intakes in the first half of
pregnancy and in the third trimester of pregnancy were
analyzed both separately and combined (mean of the
two measures) to represent cumulative intake across
pregnancy. Associations between maternal macronutrient
intakes and offspring z-birthweight, and ISO-BMI, WHtR,
BFM, and BF% at 5 years were analyzed by linear
regression analysis. Model 1 included mother’s energy
intake as a covariate. Model 2 additionally included
potential confounding factors such as maternal age during
pregnancy, educational attainment (years), smoking in the
first half of pregnancy (yes/no), GDM status (yes/no),
intervention allocation (control/intervention during the
main trial), maternal prepregnancy BMI, offspring sex,
offspring age at 5-year follow-up visit, offspring’s z-
birthweight, and offspring’s intake of the given nutrient
(E%) at 5 years of age. Additionally, we constructed a
model without the variables that could potentially be
involved in the causal pathways between maternal mac-
ronutrient intake and offspring anthropometric measures:
GDM status, intervention allocation, maternal pre-
pregnancy BMI, offspring z-birthweight, and offspring’s
intake of the index nutrient at 5 years of age. The results
of this additional model are not presented since they did
not differ substantially from those obtained with Model 2.
Information on maternal leisure-time physical activity
(LTPA) and duration of breastfeeding, potential con-
founders in the association between maternal diet and
offspring anthropometric indicators, were missing from
several participants (LTPA: 34 mothers with only first half
of pregnancy food records, 17 mothers with only third
trimester food records, and 42 mothers with two food
records during pregnancy; breastfeeding: 28 mothers with
only first half of pregnancy food records, 7 mothers with
only third trimester food records, and 23 mothers with two
food records during pregnancy). Therefore, these vari-
ables were omitted from the main analyses. However, in
sensitivity analyses, LTPA and duration of breastfeeding
were added separately as covariates, in addition to the
variables of Model 2. We also tested nutrient interaction
with variables GDM, duration of breastfeeding, and pre-
pregnancy BMI on offspring anthropometric indicators.
Each interaction was tested in a separate analysis by
including in the models both the interaction term
([GDM x nutrient intake (E%)]/[duration of breastfeed-
ing x nutrient intake (E%)]/[prepregnancy BMI x nutrient

intake (E%)]) and its components as independent vari-
ables, together with the other covariates of Model 2. This
was performed for all studied nutrients in all timepoints
(first half of pregnancy, third trimester, and 12 months
and 5 years after pregnancy). If an interaction was found,
the analyses were performed in subgroups according to
the variable with which the interaction was identified.

If an association between maternal intake of a macro-
nutrient and offspring ISO-BMI, WHItR, BFM, or BF% was
found, additional analyses were performed to assess whe-
ther the observed association was due to intake during
pregnancy or due to maintained nutrient intake after preg-
nancy (which could reflect the food environment of the
offspring). The nutrient intakes of Model 2 were replaced
with maternal intakes at 12 months or 5 years after delivery,
and the offspring’s own intakes of specific nutrients were
excluded from the model.

We also tested quadratic associations between macro-
nutrients and BFM and BF% by adding a squared macro-
nutrient intake in addition to macronutrient intake in
Model 2. These were tested in the same groups as the main
analyses (i.e., in the total cohort, or in subgroups, if inter-
actions were observed).

In case of violation of the assumption of normality, a
bootstrap method was used. Equality of variances were
tested by Levene’s test. Statistical software Stata, version
13.1 (Stata Corporation, College Station, TX, USA) was
used in all analyses.

Results
Maternal characteristics

Maternal background characteristics are shown in Table 1.
The mean (SD) maternal age was 33 (4) years and the
mean prepregnancy BMI was 31 (6) kg/m?. Almost half of
the mothers (n=141; 47%) had GDM during the index
pregnancy. The mean (SD) age of the offspring at follow-
up was 5.0 years (0.5) and 138 (46%) were girls. The
mean (SD) BF% of girls was 19 (6) and that of boys 15
(6). The mean (SD) ISO-BMI for both the girls and boys
was 23 (4). Table 2 displays the mean maternal macro-
nutrient intakes and time spent on LTPA during preg-
nancy, separately in the first half of pregnancy and third
trimester, and combined to reflect total exposure across
pregnancy.

Maternal macronutrient intake and offspring
relative birthweight

None of the maternal macronutrient intakes were associated
with offspring’s relative birthweight (Supplementary Table 2).

SPRINGER NATURE
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Table 1 Maternal and offspring characteristics and offspring
anthropometric indicators at 5 years of age in mother—child dyads
with maternal 3-day food records completed in both first half of
pregnancy (5-18 weeks’ gestation) and third trimester, and in those
with food records completed only once during pregnancy.

Food diary Missing Food diary Missing

from 1st values  from 1st values
half of half of
pregnancy pregnancy
and 3rd and/or 3rd
trimester trimester
(n=230) (n=301)

Mother

Age, year, mean (SD) 329 (4.4) 0 330 45 0

BMI at 1st half of 309 (5.6) O 31.1 8.7 0

pregnancy, kg/mz,

mean (SD)

Educational 147 (2.0) 0 14.6 (2.0) 1

attainment, year,

mean (SD)

Current smokers (in 8 @ 1 12 @4 1

1st trimester), n (%)

Gestational age at 13.1 (1.8) 1 13.1 (1.8) 1

early pregnancy food

recording, mean (SD)

Gestational age at 349 (1.1) 2 349 (1.2) 4
3rd trimester food

recording, mean (SD)

Gestational diabetes, 101 (44) 0 141 @7) O
n (%)

Gestational age at 399 (14) 0 399 (1.5 0
delivery, week,

mean (SD)

Breastfeeding, 42 (29 17 42 (29) 21
months, mean (SD)

Child

Boys, n (%) 122 (53) 0 163 (54)
Girls 108 47) O 138 (46) O
At birth

Birthweight, g, 3632 (494) 0 3664 (503) 0
mean (SD)

z-birthweight, 0.1 (09 0 02 (1.0) O
mean (SD)

At 5-year follow-up

Age, year, mean (SD) 5.0 (0.5) 0O 50 (0.5) 0
Waist

Boys 543 (3.5) 6 54.6 (39) 10
Girls 549 (5.0) 5 549 49 9
Waist-height ratio, mean (SD)

Boys 48.7 (2.6) 6 48.8 (29) 10
Girls 498 (39) 5 49.7 (39) 9
BMI, mean (SD)

Boys 16.0 (1.3) 0 16.1 (1.4) 0
Girls 164 (1.8) 0 16.4 (1.7)

SPRINGER NATURE

Table 1 (continued)

Food diary Missing Food diary Missing

from 1st values  from 1st values
half of half of
pregnancy pregnancy
and 3rd and/or 3rd
trimester trimester
(n=1230) (n=301)
ISO-BMI, mean (SD)
Boys 229 (3.6) 0 231 (4.0) O
Girls 225 @4.1) 0 226 (4.0) 0
Fat mass, kg, mean (SD)
Boys 30 (1.3) 13 3.1 (1.5 19
Girls 40 (2.0) 16 40 4.0 16
Fat as % from total bodyweight, mean (SD)
Boys 146 (5.4) 13 149 (5.6) 19
Girls 19.2 (6.1) 29 19.1 (6.1) 16

z-birthweight represents sex- and gestational age-adjusted birthweight
[22]. ISO-BMI represents age- and sex-standardized BMI converted to
adult scale [23].

Maternal macronutrient intake and offspring 1SO-
BMI and waist-to-height ratio (WHtR)

GDM, BMI, or breastfeeding did not modify any asso-
ciations between macronutrients and ISO-BMI and WHtR
(all p for interaction >0.05). Higher third trimester satu-
rated fatty acid (SFA) intake was associated with higher
ISO-BMI (Model 2), but the first half of pregnancy intake
or combined intake across pregnancy were not (Table 3).
No associations between maternal macronutrient intakes
(in the first half of pregnancy, third trimester, or com-
bined) and WHtR were detected.

Maternal macronutrient intake and offspring BFM
and BF%

GDM status modified the association between first half of
pregnancy n-3 PUFA intake and offspring BFM (p for
interaction <0.001) and BF% (p for interaction = 0.001) at
5 years of age. In women with normal glucose metabolism
during the index pregnancy, higher first half of pregnancy
intake of n-3 PUFA was associated with lower offspring
BFM and BF% at 5 years of age (Table 4). In women with
GDM, however, higher first half of pregnancy intake of n-3
PUFA was associated with higher offspring BFM and BF%
at 5 years of age. There were no differences in first half of
pregnancy n-3 PUFA intakes between women with normal
glucose tolerance and women with GDM (1.75 (0.39) vs.
1.8 (0.40), p =0.70).

The association between maternal first half of pregnancy
n-3 PUFA intake and offspring BF% pointed toward the
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Table 2 Maternal macronutrient

. . . 1st half of 3rd trimester of Combined 1st half

intakes and duration of leisure- .

. . .. pregnancy pregnancy and 3rd trimester

time physical activity per week - )

. . (gestational weeks

in first half of pregnancy, in the

S 5-18)

third trimester of pregnancy, and

as an average of the two n  Mean sd n  Mean sd p n  Mean sd

timepoints.

Nutrition 274 257 230

Energy intake, kcal/d 1900 420 1950 440 0.50 1930 380
Carbohydrates, E% 44.8 6.0 43.5 7.0 0.01 440 55
Sucrose, E% 8.5 3.8 8.5 4.5 031 8.4 33
Dietary fiber, g/1000 kcal 12.6 3.8 12.5 39 0.77 12.5 33
Total fat, E% 336 5.7 34.8 6.8 0.02 343 53
SFA, E% 12.3 2.9 12.8 3.5 0.10 12.6 2.7
MUFA, E% 11.6 23 11.9 2.6 0.04 11.8 2.0
n-3 PUFA, E% 1.8 04 1.8 0.5 0.50 1.8 0.3
n-6 PUFA, E% 4.5 1.1 4.7 1.4 0.03 4.6 1.0
Protein, E% 18.1 3.1 18.3 3.1 0.21 18.2 2.5

Duration of LTPA per week (min) 240 105 110 240 81 107 0.12 191 94 88

E% percentage of energy from total energy intake, SFA saturated fatty acids, MUFA monounsaturated fatty
acids, PUFA polyunsaturated fatty acids, LTPA leisure-time physical activity.

same direction with and without adjustment for LTPA, both
in women with normal glucose tolerance and in those with
GDM. However, this association was not significant in
those with GDM (Supplementary Table 1).

GDM did not modify the associations between third
trimester maternal n-3 PUFA intake and BFM or BF%, and,
in the total cohort, these associations were not statistically
significant (Table 4). GDM did not modify any other
associations between macronutrients and BFM and BF%.
Prepregnancy BMI and breastfeeding did not modify any
associations between macronutrients and BFM and BF%
(all p for interaction >0.05).

Both higher third trimester SFA intake and higher
combined SFA intake across pregnancy were associated
with higher offspring BFM and BF% (in Models 1 and 2,
Table 5).

Higher carbohydrate (CHO) intake across pregnancy was
associated with lower offspring BFM and borderline asso-
ciated with lower BF% (in Model 2). No other associations
between maternal macronutrient intakes and offspring BFM
and BF% were observed.

Sensitivity analyses

Because maternal n-3 PUFA, SFA, and CHO intakes during
pregnancy were associated with offspring ISO-BMI, BFM,
and BF%, we also examined the associations between
maternal n-3 PUFA, SFA, and CHO intakes at 12 months
and 5 years after delivery and offspring anthropometric
indicators. However, no associations with offspring ISO-
BMI, BFM, or BF% at 12 months or 5 years were detected
(Supplementary Table 3). No quadratic associations

between maternal macronutrient intakes and offspring BFM
or BF% were found.

Discussion

We found that GDM modified the associations between
maternal intake of n-3 PUFAs in the first half of pregnancy
and offspring BFM and BF% at 5 years of age. Maternal
intake of SFA during pregnancy was positively associated
with offspring ISO-BMI, BFM, and BF%. In contrast,
maternal CHO intake across pregnancy was negatively
associated with offspring BFM and BF%.

Only a few previous human studies have examined
associations between maternal macronutrient intakes during
pregnancy and offspring adiposity after infancy [8, 16-19].
Among the strengths of our study are the collection of
detailed maternal nutrient intake data at four timepoints,
during and after pregnancy, and the inclusion of data on the
offspring’s own nutrient intake. These enabled us to assess
the role of timing of maternal macronutrient intake during
pregnancy and the food environment of the offspring after
birth in the development of offspring adiposity. No asso-
ciations between maternal macronutrient intakes after
pregnancy and offspring anthropometric indictors were
found, and our analyses were adjusted for the child’s own
nutrient intake at 5 years. Hence, it is unlikely that our
findings result from confounding by maternal or child diet
composition after delivery.

Compared to the results of the present study, previous
cohort studies have reported both congruent [17, 18] and
discrepant [19] findings on the association of maternal n-3

SPRINGER NATURE



J. Meinila et al.

1036

I€0 LI'0 900— 900 6vC 600 610 T100— 600 85T L8O OVI'0 OTI'0— OI00 €9C S80 €10 [10— 100 ¥LC Aoueugaxd jo jrey 1s|
asoIong
J9)SowLn}
70 SO0 TI'0— +v00— TIT L80 600 O0I'0— 100— 6IC 8T0 #00 +I'0— SO0— TCT SLO 800 I1'0— 10°0— 0€T pig pue AdueuSard jo jrey S| pauIquio)
[€0 €00 0I'0— €00— ¥€CT L¥O +#00 600— €00— €¥C STO €00 O0I'0— +00— L¥C ¥S0 ¥00 800— 00— LSCT Iojsowitn pIg
LLO 90°0 80°0— 10°0— 6¥C 960 6900 S90°0— 2000 85T TFO #00 OI'0— €00— €9C 0S0 SO0 OI'0— €00— VLT Aoueusad jo jrey Is|
sojeIpAyoqIe))
RETINSIRIRE]
¥8'0 6€0 80— SO0— TIT €50 8TO SS0— €10~ 61T €#0 920 <T90— 8I'0— TCT 610 ¥1'0 #L0— 0£0— O0fC pi¢ pue Adueusaxd Jo Jey IS pauIquIo)
66'0 0£0 1€0— 000 +E€C 980 9T0 1I€0— €00— €C +L0 LTO 6£0— SO0— L¥C SFO 61'0 THO— TI'0— LSCT Iojsowitn pIg
T6'0 ¥€0 8¢0— TO0— 6¥C T80 €€0 THO— $00— 85T SSO 970 8¥0— I1'0— €9T T90 620 0S0— 0I'0— PLT Aoueusaxd Jo jrey is|
vdand 9-u
I9)sowrtn
91'0 90 vI'C— 680— TIT 010 0TO ¢E€T— 90'1— 61T 610 L¥0 S€T— 60— <CC 110 STO 62ST— +vI'l— 0€C pig pue Kdueusard jo jey IS pauIquio)
IS0 60 86°0— STO— ¥€C €0 SE€0 OI'l— LEO— €bC LEO 9¥0 €TI— 6£0— L¥T TTO 00 €€1— TSO— LST JO)SoWIL pIg
920 S0 L9T— 190— 6bC LEO €S0 #¥I— SHO— 85T +S0 180 SST— LEO— €9C 980 II'T €€1— 110~ ¥LC Aoueugaxd jo jrey 1s|
vdnd ¢-u
Jajsouurny
780 IT0 920— €00— TIT €50 0TO €£0— LOO— 6IT €L0 620 120— +00 TTT L60 620 8T0— 100 OFC pig pue Adueusard jo jrey IS pauIquIo)
8L°0 810 ¥I'0— TO0 +€C €60 8I'0 9I'0— 100 €¥C ¢SO IT0 I1'0— SO0 L¥C 880 610 9I'0— I00 LST JoysowiLn) pIg
790 €10 €C0— SO0— 6¥C #SO €10 #T0— 900— 8ST 98°0 OLI'0 00T0— 0TO0— €9C S60 I1T0 0T0— 100 ¥LC Aoueusaxd jo jrey Is|
VANIN
J9)souWILn
SI'0 1€0 SO0— €10 TIT ¥T0 TE0 800— <TI'0 6IT 800 ¥E€0 <TO0— 910 TIT LI'O €0 900— ¥I'0 0£T pi¢ pue Koueudaid jo jey IS paurquio)
I1'0 20 TO'0— 110 #€C OI'0 LTO <TO0— <TI0 €bC S€00 STO 100 €10  L¥C 800 LTO 100— €10 LSCT Jojsowtn pIg
LT'0O ¥T0 +00— 0I'0 6¥C LEO €T0 LOO— 800 8SCT TE€0 #TO 800— 800 €9C €0 920 800— 600 VLT Aoueusaxd jo jrey is|
vAS
Ia)sowrtn
860 TI'0 LO0O— €00 TIT S80 <TI0 OI'0— 100 61T 9€0 #I'0 SO00— SO0 TIT L0 vI'0 600— 200 0£T pig pue KdueuSaxd jo jey Is| pauIquio)
0€0 0I'0 €00— #00 +E€C 8€0 I1'0 #00— €00 ¢€¥¢ <TI0 <TI0 100— SO0 L¥C €€0 TI'0 #00— +00 LSCT 1O)SoWILY) PIg
0.0 600 900— [00 6bC 980 800 LOO— 100 8ST €80 600 LOO— 100 €9C 990 I1°0 LOO— TO0 ¥LC Kdueugad jo jrey sy
Jej [eI0,
d 1D %56 g u d 1D %56 g u d 1D %S6 g u d 1D %S6 g u
T IPPON I [PPON T IPPON [ [PPON
oner JYSY-Isle IINF-OSI

*(Jue)suod pay st A310u9 [8103) syuamnu 1ayjo ur doip jueynuoouod Aq 3esyjo Aoueugard Juunp
(189 000 1/2sea1oul 3 | 19qy J0J 1dooXa) LUl JUSLNNUOIOBW JYI0ads Ul 9SBAIOUI OLIO[BOOST 94 YIim Pajerdosse (/o) onel 1ysoy-isiem pue JNG-OS] Suudsyjo ur oSueyd pajewnsy € ajqel

SPRINGER NATURE



1037

Macronutrient intake during pregnancy in women with a history of obesity or gestational diabetes and...

‘sproe Apej pajermesunijod Y74 ‘Sproe Apej pojeinjesunouowl V. ‘sproe Anej pajernmes V.S

"81—G SYeam [euoneIsad surejuod Koueudaid jo jrey is| -sesAreue adAi-densjooq "(9H) JuaLinu Ay} Jo LUl
Suudsjjo pue ySromyliq paziprepue)s-age [euone)ses pue -xas ‘(syyuowr) dn-moqjoy Surmnp o3e Surudspjo ‘xas Sundsyjo NG Aoueudardord e THIQVY Y UI UOTIEOO[[E UOTJUIAIIUT S ISY)OW
‘snye)s sajeqeIp [euoneIsas S Joyjow ‘Sunjows s JOYIOW ‘UOHBINPS JO SIBIA s Joyjoul ‘9Fe s Joyjowl + | [OPOJA 7 [OPOIAl ‘(JopOW SJeLIBAT[NW AU} Ul JJBLIEAOD B SB POPpe Os[e ayejul ASIoud)
poyjowr Ajisuep AS1ous £q oxejur £S10uo J03 paysnipe :T [OPoIN "[£Z] Te 10 1eeS 0) SUIPIOOOE PAJRINO[Ed SeM PUE J[EdS JNpe 0) POLIOAUOD [N POZIpIEpue)s -Xas pue -afe sjuasardor [ING-OSI

J9)SouWILn
190 820 €I'0— 900 <TIT 160 LI'0 910— 100 6IT #SO 0€0 91°0— LOO TTT 6L0 610 SI'0— TO0 0T pxg pue Adueusaxd Jo Jey IS| pauIquIo)
860 SI'0 SI'0— 000 ¥€C 950 OI'0 8I'0— +#00— €¥C 890 <TI0 8I'0— €00~ LVT ¥SO LOO 91'0— ¥0'0— LST IoysowiLy pIg
SLO TI'0 91°0— TO0— 6¥C SSO 880 LI0O— +#00— LST 9€0 <TI0 800— LOO €9T ¥S0 610 0I'0— SO0 +LT Koueusaxd Jo jrey 1s|
urajold
I9)sowItn
LLO ¥1°0 61°0— €0°0— TIT I1T0 SO0 +¥T0— 600— 6IC T90 €10 TC0— +00— TCT LOO 100 6T0— ¥I'0— 0€T pig pue KdueuSard jo jey IS pauIquio)
S60 €1'0 ¥I'0— 000 #E€T SE0 900 LI'0O— 900— €¥C 650 110 60— 00— L¥T LOO 100 TTO— I11'0— LST Jo)SoWILY) PIg
99'0 600 vI'0— €00— 6¥C TS0 LOO SI'0— +00— 85T T80 SI'0 TI0— TO0 €92 T90 OI'0 LI'0— €00— ¥LT Koueugaxd jo yrey sy
Toqrg
Jaysouurny
160 ST°'0 LI'0— 100— TIT TTO 0TO0 SO0— 800 6IT 9.0 +I'0 0T0— €00— 2TC 87’0 LI'0 800— SO0 0€T pig pue Adueusard Jo jey IS pauIquIo)
0F'0 900 SI'0— +v00— +€T 8L0 800 OI'0— 100— €/ SSO LOO +I'0— €00— LbT S80 600 800— 100 LST JoysowiLy) pIg
d 1D %56 g u d 1D %56 g u d 1D %S6 g u d 1D %S6 g u
T I9POIN I 19PN T [9PON I 19PN
oner WSY-IsIep IINF-OSI

(panunuoo) € 3jqe]

SPRINGER NATURE



1038

J. Meinila et al.

Model 2

Body fat percentage (%)

Model 1

Model 2

Body fat mass (g)

Model 1

Table 4 Estimated change in offspring body fat mass and fat percentage associated with 1% increase in n-3 polyunsaturated fatty acid intake during pregnancy offset by concomitant isocaloric

drop in other nutrients (total energy is held constant) stratified by gestational diabetes status, and p values for interaction with gestational diabetes status.
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p

B 95% CI

Pi

p

95% CI

B

¥ 95% CI p Di

Pi

95% CI »

B

Pi

n-3 PUFA

0.001

0.004

<0.001

0.011

1st half of pregnancy

GDM—

—6.17 —0.72 0.01

—3.45
3.21

—3.07 —-595 -0.18 0.04 130.00
—0.01

131
108

—-0.90 —-1.62 —-0.18 0.01
0.02

0.94

—1.53 0.07 0.08 130
—0.09 1.60 0.08

-0.73

131
108

599 0.02

103 0.43

5.41 0.05

2.70

1.75

0.14

103

0.76

GDM+

0.89

0.84

0.59

0.70

3rd trimester

GDM—

043 0.11

—4.18
—4.72
-3.39

—1.88
—1.62
—1.69

048 0.12 128

—4.26
—4.35
—3.46

—1.89
—1.51
—-1.71

129
97

0.11

0.41

0.12
0.44

—1.14
—1.08
—0.83

—0.51
—0.32
—0.41

128
91

—1.14 0.12 0.11
—1.00 0.33 0.32
—0.86 0.00 0.051

—0.51
—0.33
—-043

129
97

1.47 0.31
0.01

1.34 030 91

GDM+

0.052

0.04 0.06 219

226

0.013 0.058

219

226

Total study population®

Model 1: adjusted for energy intake by energy density method (energy intake also added as a covariate in the multivariate model); Model 2: Model 1 + mother’s age, mother’s years of education,

mother’s smoking, mother’s gestational diabetes status, mother’s intervention allocation in the RADIEL trial, prepregnancy BMI, offspring sex, offspring age during follow-up (months), sex- and

gestational age-standardized birthweight, and offspring intake of the nutrient (E%). Bootstrap-type analyses. First half of pregnancy contains gestational weeks 5-18.

PUFA polyunsaturated fatty acid, GDM— no gestational diabetes, GDM-+ diagnosed gestational diabetes, p; p for interaction with GDM.

“Total population presented in third trimester because no interaction was detected.

PUFA intake during pregnancy and offspring adiposity.
Differences in the impact of maternal n-3 PUFA intakes in
healthy women vs. women with GDM in the first half of
pregnancy on offspring body composition could explain
some of these inconsistencies, as earlier studies have
examined average nutrient intakes across the entire
pregnancy. More recently, Brei et al. [8] showed that
higher late pregnancy n-3 PUFA intake is associated with
lower birthweight and newborn fat mass in the offspring,
although these associations did not persist until 1 year of
age. Donahue et al. (n = 1120), however, found an asso-
ciation between higher maternal n-3 PUFA intake and
lower sum of subscapular and tricep skinfold thicknesses
in children at 3 years of age [18], conforming to our
results in women without GDM. n-3 PUFAs block adi-
pose tissue development, leading to lower fat mass [24],
which could possibly contribute to the association of late
pregnancy maternal PUFA intake with reduced offspring
adiposity, although this finding did not reach significance
in our study. In a mouse model, increased maternal n-3
fatty acid intake (reduced n-6/n-3 PUFA ratio) was shown
to lead to lower body fat and traits indicative of an
obesity-resistant phenotype in the offspring [24]. How-
ever, although cohort studies have repeatedly found
inverse associations between maternal n-3 PUFA intake
during pregnancy and offspring adiposity [18, 25], these
have not been replicated in clinical trials testing n-3
PUFA supplementation in pregnant women [26].

Long-chain PUFAs are essential for normal fetal growth
and development. Since placental and fetal capacity to
synthesize them is low, the fetus depends on the maternal
supply of PUFAs [27]. Earlier studies have suggested
derangements in the placental transfer and/or feto-placental
metabolism of PUFAs in late pregnancy in women with
GDM or obesity [28-32], which could contribute to the lack
of benefit on offspring adiposity from increased late preg-
nancy n-3 PUFA intake in our study population. Similar
data on the first half of pregnancy is lacking and the flux of
lipids to the fetus is considerably lower at <20 weeks
gestation than at term [28]. However, GDM is characterized
by various maternal metabolic abnormalities (e.g., elevated
glucose and insulin) already in early pregnancy [33, 34],
and early changes in placental metabolism and growth in
response to disturbed maternal metabolism are increasingly
recognized as potential factors in the pathogenesis of fetal
adiposity [35-38]. Considering our observation of increased
offspring adiposity in women with GDM with high first half
of pregnancy n-3 PUFA intake, it is possible that placental
n-3 PUFA metabolism is altered in GDM already in the first
half of pregnancy.

Current evidence regarding the impact of maternal SFA
intake on offspring body composition is inconsistent. In a
large Finnish birth cohort study by Hakola et al. (n = 3807)
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associated with lower offspring BFM up to 5 years. This is in
contrast to our study in which higher maternal CHO intake
was associated with lower offspring BFM and BF% at 5 years
of age. However, the average CHO intake was ~7 E% units
higher in the study population of Brei et al. as compared to
our study population, which could explain the discrepancy in
our results. The finding that only cumulative CHO intake
across pregnancy was associated with BFM and BF% prob-
ably attributes to the higher accuracy of measurement
achieved with 6 days rather than 3 days of food records.

We did not find an association between maternal mac-
ronutrient intake and newborn relative birthweight, in
agreement with some studies [41] but in contradiction to
others [48]. Our results may reflect the fact that birthweight
is not a measure of adiposity. It is possible that the children
with the highest BFM/BF% values already had higher
adiposity at birth [49], but it is also plausible that fetal
programming predisposed them to increased fat accumula-
tion after the neonatal period. The latter speculation is
supported by a meta-analysis of studies in rodents, which
concluded that maternal high-fat (mostly saturated) intake
did not affect offspring birthweight but increased weaning
weight, final bodyweight, and adiposity [41]. This is in
agreement with our results showing no association between
maternal SFA intake and offspring birthweight, but positive
associations between maternal SFA intake and offspring
BFM and BF% at 5 years of age. The possible cause—effect
relationships between maternal SFA intake and offspring
metabolism are myriad and remain to be elucidated, with
potential mechanisms ranging from adverse impacts of SFA
on feto-placental mitochondrial metabolism to alterations of
maternal/fetal gut microbiota [50-52].

A strength of our study is the availability of direct mea-
surement of offspring adiposity as BFM and BF%, instead of
relying only on bodyweight, BMI, or WHtR [53]. We were
able to adjust for a wide range of variables, in order to
minimize residual confounding. Since all the women who
participated in the present study were either obese or had a
history of GDM, and consequently their fetuses were
exposed to an altered intrauterine environment, the results
cannot be generalized to metabolically healthy pregnancies.
Our relatively small sample size is another limitation, which
may have attenuated some of the observed associations
between maternal macronutrient intakes and offspring
anthropometric indicators. Due to lack of data on newborn
BFM, BF%, or metabolic parameters (e.g., insulin or C-
peptide levels), we were not able to assess whether asso-
ciations between specific macronutrient intakes and off-
spring adiposity already existed in infancy. Similarly, due to
lack of data, we could not adjust for maternal macronutrient
intake during lactation as a possible confounder.

In metabolically burdened women, associations between
the first half of pregnancy n-3 PUFA intake and offspring

BFM and BF% at 5 years of age were modified by GDM. In
the first half of pregnancy, higher n-3 PUFA intake was
associated with lower offspring BFM and BF% in women
with normal glucose tolerance during pregnancy and higher
offspring BFM and BF% in women with GDM. Higher intake
of SFA during pregnancy was associated with higher ISO-
BMI, BFM, and BF% in the offspring at 5 years of age,
whereas higher intake of CHOs was associated with lower
offspring BFM and BF%. This study introduces novel evi-
dence of possible fetal programming by maternal macro-
nutrient intake in metabolically burdened women who
constitute a growing proportion of obstetric populations
worldwide. Taken together, our findings add to the accumu-
lating evidence on the role of maternal macronutrient intake in
offspring metabolic programming and suggest that its effects
may vary between normoglycemic women and women with
GDM and depend on the timing of feto-placental exposure.
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