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Summary

Background: Maternal obesity and excessive weight gain during pregnancy are asso-

ciated with higher birth weight and increased risk of childhood obesity.

Objective: This study investigated the effect of a high-protein and low-glycaemic-

index (HPLGI) diet during pregnancy on offspring body composition and metabolic

health.

Methods: We conducted a dietary intervention study in pregnant women with a pre-

pregnancy BMI of 28–45 kg/m2 who were randomly assigned to an HPLGI diet or a

moderate-protein moderate-glycaemic-index (MPMGI) diet. A total of 208 offspring

born to these women were followed-up from birth to 5 years of age.

Results: No differences were found on BMI z-scores at different ages; however, off-

spring born to women on the HPLGI diet exhibited 0.43 mmol/L higher glucose levels

(p = 0.017) at birth compared with the MPMGI diet. At 3 years of age, HPLGI off-

spring had 0.09 mmol/L lower levels of HDL-cholesterol (p = 0.018) and 16% higher

levels of triglycerides (p = 0.044). At 5 years of age, they had 0.25 mmol/L higher

total cholesterol levels (p = 0.027) and 0.27 mmol/L higher LDL-cholesterol levels

(p = 0.003) compared with the MPMGI diet.

Conclusion: An HPLGI diet during pregnancy may lead to adverse metabolic out-

comes in the offspring, necessitating further investigation into long-term health

implications.
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1 | INTRODUCTION

Globally, in 2014, approximately 38.9 million pregnant women had

overweight and 14.6 million had obesity.1 In the United States, nearly

40% of women in the childbearing age (20–39 years) have obesity,2

while in Denmark, the same proportion (40%) of women aged 25–

34 years are overweight and 17.4% have obesity.3 The presence of

maternal obesity, particularly in combination with excessive gesta-

tional weight gain (GWG), has consistently been linked to elevated

offspring body mass index (BMI) z-score and increased risk of devel-

oping obesity and obesity-related metabolic complications later in

life.4–6 Thus, implementing lifestyle interventions during pregnancy

with long-term follow-up of the offspring is needed to reduce the risk

of obesity and improve relevant metabolic risk factors in the offspring.

Dietary interventions aimed at preventing excessive GWG confer

benefits for the mother, including decreased risk of caesarean section,

improved glucose metabolism and reduced postpartum weight reten-

tion.7–10 Specifically, low-glycaemic-index diets have been associated

with lower GWG, reduced maternal fasting glucose level, lower birth

weight and lower risk of giving birth to an infant large-for-gestational-

age.11–14 The effect of high protein intake during pregnancy on off-

spring health outcomes, however, remains inconclusive. Some studies

found a positive association between maternal protein intake during

pregnancy and higher birth weight,15 while others do not support such

a relationship.16 One study found an association between high protein

intake and increased fetal abdominal fat percentage measured by ultra-

sound,17 while another long-term study found an association between

higher protein intake during pregnancy and increased fat-free mass in

children at the age of 6 years.18 These observations suggest that die-

tary habits during pregnancy can affect body composition in the off-

spring, not only during gestation and at birth, but also for many years

later. However, further long-term follow-up studies are needed.

The APPROACH (An optimized programming of healthy children)

study was a unique randomized controlled trial (RCT) with a dietary

intervention consisting of a high-protein and low-glycaemic-index

(HPLGI) diet during pregnancy in women with overweight or obesity.7

In the APPROACH RCT, women on the HPLGI diet had significantly

lower GWG compared with women randomized to the control diet,

but there were no significant differences in offspring birth weight.7

This unique follow-up study of the offspring aimed to assess the effect

of the HPLGI diet intervention during pregnancy on risk factors for

metabolic diseases in offspring during the first 5 years of life. Due to

reduced GWG in women following the HPLGI diet during pregnancy,

we hypothesized that this would result in lower BMI z-scores and a

more beneficial metabolic profile in the offspring of these women.

2 | METHODS

2.1 | Study design

The APPROACH cohort study is a follow-up study of offspring born

to mothers participating in the APPROACH RCT, during their first

5 years of life. The RCT was conducted at Copenhagen University

Hospital Herlev-Gentofte, Denmark, from January 2014 to December

2017. Offspring assessments until age 3 were performed at Copenha-

gen University Hospital Herlev-Gentofte, Denmark, and the Depart-

ment of Nutrition, Exercise and Sports, University of Copenhagen,

Denmark, at the age of 5. All study procedures were conducted in

accordance with the Helsinki II Declaration. Women and their part-

ners participating in the study received both written and oral informa-

tion about the study before signing an informed consent. The

APPROACH study was approved by the Ethical Committee of

the Capital Region of Denmark (H-3-2013-119) and was registered at

ClinicalTrials.gov (NCT01894139).

2.2 | Participants

The pregnant women participating in the APPROACH RCT were

recruited during their first-trimester scan, performed between

11 weeks + 2 days and 13 weeks + 6 days of gestation. To be eligible

for the study, women had to be ≥18 years old, have a singleton preg-

nancy and have a pre-pregnancy BMI ranging from ≥28 to ≤45 kg/m2.

Exclusion criteria included multiple pregnancies, allergies or intoler-

ance to dairy products or fish, weight loss exceeding 10 kg in the past

year, excessive alcohol consumption (more than 14 units per week),

drug abuse and underlying disorders that could interfere with the

intervention (e.g., diabetes, kidney disease, cancer, liver disease or any

known active metabolic disease). This paper includes data from the

mothers completing the intervention with a live birth.

2.3 | Intervention

The pregnant women were allocated in groups of 4–8 and were ran-

domly assigned as clusters to one of two diets. The diets were either

an HPLGI diet (25%–28% of energy from protein and glycaemic index

≤55) or a diet according to the Nordic Nutrition Recommendations19

with no instructions on the glycaemic index (i.e., 15%–18% of energy

from protein and glycaemic index �60), moderate-protein, moderate-

glycaemic-index (MPMGI) diet. Information on maternal dietary pro-

tein intake and glycaemic index was obtained by a 29-item food fre-

quency questionnaire during gestational weeks 15, 28 and 36, and

dietary energy and macronutrient intake was obtained by a 24-hour

recall during gestational weeks 21 and 32. The 29-item food fre-

quency questionnaire was validated against a 4-day weighed food

record in 31 of the included women.20 Throughout the dietary inter-

vention phase, there were no significant differences in total energy

intake in gestational weeks 21 and 32.7 The HPLGI group reported

a mean intake of �25% protein, whereas the MPMGI group reported

a mean intake of �18% protein. At baseline, the glycaemic index was

similar between the two groups. However, during the intervention,

the HPLGI diet was �8 units lower in glycaemic index compared with

the MPMGI diet.7 Moreover, analyses of urinary urea excretion con-

firmed the self-reported protein intake.
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Both the HPLGI diet and the MPMGI diet were consumed ad libi-

tum, and recommended food servings were based on the targeted

nutrient composition according to the randomization group. Partici-

pants attended seven group-based dietary sessions and two individual

dietary consultations throughout pregnancy to facilitate dietary

adherence.

2.4 | Outcomes

The outcomes of this study included markers of adiposity, such as off-

spring BMI z-score, fat mass (FM), fat-free mass (FFM), skinfold thick-

nesses and circumference measurements. Furthermore, we measured

fasting glucose levels, insulin levels and lipid profiles, including total

cholesterol, low-density lipoprotein (LDL), high-density lipoprotein

(HDL) and triglycerides (TG).

BMI z-scores were calculated based on the World Health Organi-

zation 2009 standards for sex-specific BMI-for-age, weight-for-age

and length-for-age.21 These calculations were performed at various

time-points: at birth, 6 months of age (±2 weeks), 18 months of age

(±4 weeks), 3 years of age (±4 weeks) and 5 years of age (±4 weeks).

Blood samples were drawn at birth (cord blood), and fasting venous

blood samples were drawn at 3 years of age (after 2 hours of fasting)

and at 5 years of age (after an overnight fast of ≥8 h).

At birth, midwives at the Copenhagen University Hospital Herlev-

Gentofte measured body weight, length, circumferences and collected

cord blood, while trained study personnel conducted measurements

of anthropometry at 6 months of age, 18 months of age, 3 years of

age and 5 years of age and sampling blood at 3 and 5 years of age.

Length/height was measured using a non-elastic measuring tool to

the nearest 0.5 cm. Offspring body weight was measured using a

medical beam scale (Tanita, Illinois, USA) with a precision of 10 grams.

Body weight at 3 and 5 years of age and FM at 5 years were assessed

using a bioimpedance weight scale (InBody 570, USA) with a precision

of 0.1 kg. Abdominal circumference was measured to the nearest

0.1 cm using a non-elastic measuring tape. Abdominal skinfold thick-

ness, biceps skinfold thickness and triceps skinfold thickness were

performed by the same person using a Harpenden skinfold calliper

(Baty International, UK), to the nearest 0.1 mm at all time-points. All

circumference and skinfold measurements are reported as the average

of three measurements.

Blood samples at all follow-up time-points were collected in lith-

ium heparin tubes, centrifuged and stored at least �70�C. However,

whole blood glucose at ages 3 and 5 years were analysed using the

Hemocue Glucose 201+ (HemoCue, Danmark) on the same day as

the blood sampling. Offspring plasma cord blood glucose level at birth

was measured using a colorimetric method, on a Pentra 400 analyser

(Horiba ABX). Insulin in serum was measured by immunoassay on the

Immulite 2000 analyser (Siemens Healthcare, UK); samples that read

below the detection limit of the standard assay (14.4 mU/L) were re-

analysed using an ultra-high-sensitive ELISA kit from Mercodia AB

(cat no. 10-1132-01, lot no. 35009). Total cholesterol, LDL, HDL and

TG from plasma were analysed on Pentra 400 (Horiba ABX SAS,

France).

Gestational age was determined from the crown-rump length

measurement at the first-trimester ultrasonic scan (performed

between 11 weeks + 2 days and 13 weeks + 6 days) and given as the

number of days to the date of delivery. The age of the offspring was

calculated in months and years from birth to the visit day. Breastfeed-

ing information and introduction to solid foods were collected by

questionnaires at 6 months of age, asking ‘What kind of nutrient sup-

ply did the child receive at 0–2 months, 2–4 months and 4–6 months’
and ‘When was the child introduced to solid foods’.

2.5 | Statistical analysis

Data from offspring who participated in the follow-up at any time

until the age of 5 years were analysed. We did a sensitivity analysis of

maternal characteristics of those who were included in the study

(n = 279) compared with those who gave birth (n = 208). Additionally,

we examined the differences between those who dropped out before

the examinations at 3 years and 5 years of age, with those who were

participating at 3 years (N = 166) and 5 years of age (N = 141) with

no differences in maternal age and pre-pregnancy BMI. Additionally,

offspring characteristics at birth were similar between those who

dropped out during the follow-up period and those who remained in

the study. Maternal characteristics were presented as mean with stan-

dard deviation (SD) for normal distributed values and median (Q1; Q3)

for skewed values. An F-test was used to determine the differences

between groups. Gestational weight gain was analysed by using linear

mixed models including time, group and baseline maternal weight as

fixed factors, and a group-by-time interaction with random effects of

ID. Available case data of offspring who participated in the follow-up

at any time until the age of 5 years were analysed using a linear mixed

model that included time and group as fixed factors with random

effects for subject ID to look at the difference in offspring outcomes

between the two groups. We chose not to adjust for cluster randomi-

zation in the statistical analysis, as there was no indication that het-

erogeneity within clusters varied between the two experimental

groups. We selected the statistical model to assess our hypothesis

regarding how maternal dietary intervention during pregnancy

impacts the health of offspring at different ages. We checked the lin-

ear mixed models for normal distribution using qq-plots and residual

plots to check for heteroscedasticity and linearity. Outcomes that

were normally distributed are presented as estimated means with

standard error (SE), and the difference between the two groups is pre-

sented as an estimate with a 95% confidence interval (CI). When the

model did not fulfil the criteria for normal distribution, heteroscedasti-

city or linearity, the outcome was log-transformed and is presented as

the exponentiated effect estimate, interpreted as a ratio (%) with 95%

CI. The BMI z-score distributions are given in density plots, and skew-

ness was assessed using the Shapiro–Wilk test. A simple linear regres-

sion model was used to analyse the difference between the two

groups in FM, FFM and fat percentage at 5 years of age. All statistical

analyses were performed with the use of the statistical program R

(version R 4.2.2; R Foundation for Statistical Computing). A two-sided

p-value of ≤0.05 was considered statistically significant.
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3 | RESULTS

The study included a total of 208 offspring, born to women with over-

weight or obesity participating in the APPROACH RCT, with 104 in

the HPLGI diet group and 104 in the MPMGI diet group. The women

were similar in age and pre-pregnancy BMI; however, women in the

HPLGI group were 0.5 cm (p = 0.046) higher and had a weight gain of

1.71 kg (p < 0.001) less than those in the MPMGI group. Furthermore,

while the total energy intake was similar, the macronutrient composi-

tion of the diets varied. Women in the HPLGI group consumed a

higher amount of protein, a lower amount of carbohydrates and

a reduced glycaemic index, along with a higher percentage of fat in

gestational week 21 (Table 1). Maternal lipid and glucose metabolism

did not differed between the groups, except for lower TG in gesta-

tional week 28 in the HPLGI group (Table S1). Infants born to mothers

from both groups had similar sex distributions (45% female, 55%

male), and �3% and �7% were born pre-term in the HPLGI group and

MPLGI group, respectively, with no difference between groups. The

dropout rate was 6.3% before the follow-up at 6 months, 5.6%

between 6 and 18 months, 9.8% between 18 months and 3 years, and

15.1% between 3 and 5 years (Figure 1). The total dropout rate was

33% over the 5 years of follow-up in both groups. No differences

were found in the duration of breastfeeding or the age at which off-

spring were introduced to solid foods (Table S2).

3.1 | Offspring markers of adiposity

BMI z-scores were not significantly different between the HPLGI and

MPMGI groups at birth, 3 years and 5 years of age. At 18 months of

age, the HPLGI diet group had larger skinfold thickness at the biceps

(p = 0.009) and triceps (p = 0.015) compared with the MPMGI diet

group. At 5 years of age, the HPLGI group had larger biceps skinfold

thickness (p = 0.029) and abdominal skinfold thickness (p = 0.022)

TABLE 1 Maternal characteristics.

N HPLGI N MPMGI (HPLGI-MPMGI Estimate) p-value

Maternal age 104 30.8 (4.7) 104 30.6 (4.9) 0.24 (�1.07;1.55) 0.718

Pre-pregnancy weight (kg) 104 96.3 (13.1) 104 95.8 (12.4) 0.50 (�2.98;3.99) 0.776

Pre-pregnancy height (cm) 104 168.9 (6.0) 104 167.2 (6.3) 1.71 (0.03;3.38) 0.046

Pre-pregnancy BMI (kg/m2) 104 32.69 (30.74;35.64) 104 32.99 (31.25;36.68) �0.53 (�1.59;0.53) 0.324

BMI categories 0.034

Overweight, % 5 14.4 15 4.8

Obese, % 99 85.6 89 95.2

GWG 104 6.78 ± 0.42 104 8.49 ± 0.28 �1.71 (�2.57–0.85) <0.001

Nulliparous, % 103 55.3 104 55.8 0.535

Energy intake, kJ

GW 21a 103 7572 (1923) 101 7250 (2025) 322 (�222;867) 0.245

GW 32a 97 7380 (1802) 98 7273 (1925) 107 (�419;634) 0.688

Fat, E%

GW 21a 103 32.7 (8.95) 101 29.8 (7.29) 2.94 (0.82;5.06) 0.006

GW 32a 97 32.0 (7.86) 98 30.3 (7.88) 1.62 (�0.60;3.85) 0.152

Carbohydrate, E%

GW 21a 103 42.6 (8.49) 101 51.8 (7.45) �9.14 (�11.35;-6.94) <0.001

GW 32a 97 42.5 (8.27) 97 51.8 (8.05) �9.35 (�11.65;-7.04) <0.001

Protein, E%

GW 21a 103 24.7 (5.8) 101 18.4 (4.6) 6.22 (4.77;7.66) <0.001

GW 32a 97 25.5 (5.5) 98 17.8 (3.8) 7.77 (6.42:9.11) <0.001

Glycaemic index

GW 15b 103 53.9 (4.75) 104 53.8 (5.32) 0.06 (�1.32;1.44) 0.932

GW 28b 103 44.4 (4.84) 99 53.4 (4.21) �8.96 (�10.23;-7.70) <0.001

GW 36b 101 45.9 (4.91) 90 54.3 (4.28) �8.39 (�9.71;-7.07) <0.001

Note: Values are mean (SD) for normal distributed values and median (Q1;Q3) for skewed distributions and estimate (95% CI) for between-group

differences. GWG was analysed by using linear mixed models included time, group and baseline maternal weight as fixed factors, and a group-by-time

interaction with random effects of ID. GWG is presented as adjusted means ± SE. E%, percentage of total energy intake. Bold indicates significantly

different from the MPMGI group.

Abbreviations: HPLGI, high-protein low-glycaemic-index; MPMGI—moderate-protein moderate-glycaemic-index.
aData from 24-h recall.
bData from FFQ.
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compared with the MPMGI group. At 6 months and 3 years of age,

there were no significant differences in offspring body composition

between the HPLGI diet and MPMGI diet groups (Table 2). We also

examined the shifts in the BMI z-score distributions at birth,

6 months, 18 months, 3 years and 5 years of age. The median of the

BMI distribution remained relatively similar across time among the

HPLGI and MPMGI offspring from birth to 18 months. However,

the BMI z-score distribution of offspring in the HPLGI became

F IGURE 1 Flowchart. HPLGI—high-protein low-glycaemic-index; MPMGI—moderate-protein moderate-glycaemic-index.
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TABLE 2 Offspring anthropometry.

N HPLGI N MPMGI (HPLGI-MPMGI Estimate) p-value

Body weight, kg

Birth 103 3.56 (0.14) 104 3.57 (0.14) �0.01 (�0.41:0.38) 0.943

6 months 96 8.28 (0.15) 96 8.37 (0.15) �0.09 (�0.49:0.31) 0.669

18 months 91 11.70 (0.15) 91 11.83 (0.15) �0.12 (�0.53:0.29) 0.561

3 years 81 15.24 (0.16) 75 15.28 (0.16) �0.04 (�0.48: 0.39) 0.848

5 years 71 19.91 (0.16) 69 19.89 (0.17) 0.03 (�0.43:0.48) 0.911

Body height/length, cm

Birth 103 51.8 (0.30) 104 51.7 (0.30) 0.06 (�0.76:0.89) 0.878

6 months 96 68.9 (0.31) 96 68.7 (0.31) 0.21 (�0.64: 1.05) 0.629

18 months 89 82.8 (0.31) 91 82.9 (0.31) �0.11 (�0.97: 0.76) 0.808

3 years 81 96.5 (0.32) 75 96.4 (0.33) 0.10 (�0.80:1.00) 0.830

5 years 71 112.6 (0.34) 70 112.9 (0.34) �0.33 (�1.26:0.60) 0.491

BMI z-score

Birth 103 �0.21 (0.10) 104 �0.21 (0.10) 0.00 (�0.28:0.29) 0.978

6 months 96 0.15 (0.11) 96 0.33 (0.11) �0.18 (�0.48:0.11) 0.215

18 months 89 0.78 (0.11) 91 0.86 (0.11) �0.08 (�0.38:0.22) 0.599

3 years 81 0.57 (0.11) 75 0.66 (0.12) �0.09 (�0.41:0.22) 0.567

5 years 71 0.24 (0.12) 69 0.20 (0.12) 0.03 (�0.29:0.36) 0.839

Weight z-score

Birth 103 0.48 (0.10) 104 0.50 (0.10) �0.02 (�0.28:0.25) 0.897

6 months 96 0.62 (0.10) 96 0.69 (0.10) �0.07 (�0.34:0.20) 0.615

18 months 91 0.79 (0.10) 91 0.84 (0.10) �0.04 (�0.32:0.23) 0.761

3 years 81 0.53 (0.10) 75 0.58 (0.11) �0.05 (�0.34:0.24) 0.745

5 years 71 0.54 (0.11) 69 0.56 (0.11) �0.02 (�0.33:0.28) 0.879

Length z-score

Birth 103 1.20 (0.10) 104 1.17 (0.10) 0.03 (�0.26:0.32) 0.839

6 months 96 0.89 (0.11) 96 0.79 (0.11) 0.10 (�0.19:0.40) 0.496

18 months 89 0.78 (0.11) 91 0.84 (0.11) �0.06 (�0.36:0.24) 0.698

3 years 81 0.20 (0.11) 75 0.21 (0.12) �0.01 (�0.33:0.31) 0.959

5 years 71 0.60 (0.12) 70 0.69 (0.12) �0.09 (�0.42:0.24) 0.592

Abdomen circumference, cm

Birth 98 33.1 (0.31) 95 33.8 (0.31) �0.65 (�1.51:0.21) 0.142

6 months 96 43.8 (0.31) 94 43.9 (0.31) �0.04 (�0.91:0.82) 0.919

18 months 90 47.2 (0.32) 90 47.9 (0.32) �0.64 (�1.52:0.24) 0.157

3 years 79 50.7 (0.34) 71 50.5 (0.35) 0.19 (�0.76:1.14) 0.702

5 years 68 54.0 (0.36) 62 54.0 (0.37) �0.09 (�1.10:0.91) 0.856

Abdomen skinfold, mm

6 months 56 10.2 (0.30) 58 10.4 (0.29) �0.23 (�1.03:0.58) 0.586

18 months 82 8.8 (0.26) 81 8.3 (0.26) 0.48 (�0.23:1.19) 0.187

3 years 74 8.5 (0.27) 66 7.7 (0.28) 0.719 (�0.03:1.47) 0.063

5 years 62 9.1 (0.28) 56 8.1 (0.30) 0.94 (0.14:1.74) 0.022

Biceps skinfold, mm

6 months 56 7.3 (0.24) 58 7.0 (0.23) 0.23 (�0.41:0.88) 0.482

18 months 83 7.3 (0.20) 86 6.6 (0.19) 0.72 (0.19:1.26) 0.009

3 years 77 7.0 (0.20) 69 6.5 (0.22) 0.51 (�0.07:1.08) 0.089

5 years 67 6.9 (0.22) 61 6.2 (0.23) 0.69 (0.08:1.31) 0.029
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increasingly left-skewed at 3 years of age (p = 0.037), whereas, at

5 years of age, the destitution of BMI z-scores in offspring in HPLGI

was right-skewed (p = 0.037), indicating that more offspring in the

HPLGI group had a BMI z-score above 2 SD, as shown by the length

of the tail above 2 SD (Figure 2).

3.2 | Offspring blood biomarkers

At birth, glucose levels were higher in infants of the HPLGI than the

MPMGI group (p = 0.017) and insulin levels tended to be lower by

27% (log-transformed; p = 0.056). At 3 years of age, HPLGI offspring

had lower levels of HDL-cholesterol (p = 0.018) and 16% (log-trans-

formed; p = 0.044) higher levels of TG compared with MPMGI off-

spring. At 5 years of age, HPLGI offspring had higher levels of total

cholesterol (p = 0.027) and LDL-cholesterol (p = 0.003) compared

with MPMGI offspring (Table 3).

4 | DISCUSSION

This unique study found no differences in BMI z-scores, FM, FFM or

fat% but a tendency of unfavourable body composition in offspring of

the HPLGI group. However, this needs to be further investigated with

more advanced techniques for body composition, such as dual-energy

x-ray (DEXA) and magnetic resonance imaging (MRI) later in life. Off-

spring born by women on the HPLGI diet had higher glucose levels

and tended to have lower insulin levels at birth compared with

MPMGI offspring. At 3 years of age, HPLGI offspring had lower levels

of HDL-cholesterol and higher levels of TG, and at 5 years of age,

they had higher levels of total cholesterol and LDL-cholesterol, com-

pared with MPMGI offspring. Overall, these data suggest that an

HPLGI diet during pregnancy may affect—likely in an unfavourable

way—cardiometabolic risk factors and body composition in the off-

spring during the first 5 years of life. However, at this stage of life, it

remains unclear whether the observed differences between the two

groups are clinically relevant.

Our findings suggest that an HPLGI diet during pregnancy may

worsen offspring metabolic health, despite being generally viewed as

beneficial for non-pregnant individuals.22 One potential explanation is

that maternal excessive protein intake could disrupt insulin sensitivity

and glucose regulation, altering the metabolic environment during a

critical period of organ development which may lead to long-term

metabolic alterations in the offspring. However, the specific mecha-

nisms remain unclear and require further investigation. Fetal program-

ming during early gestation, particularly before gestational week

15, might be a crucial period when maternal diet and other environ-

mental factors can impact the development of metabolic pathways in

the offspring. Although our study did not specifically focus on this

TABLE 2 (Continued)

N HPLGI N MPMGI (HPLGI-MPMGI Estimate) p-value

Triceps skinfold, mm

6 months 55 9.6 (0.32) 59 10.2 (0.31) �0.57 (�1.42:0.29) 0.195

18 months 83 10.3 (0.26) 87 9.4 (0.26) 0.90 (0.18:1.62) 0.015

3 years 75 10.0 (0.28) 68 9.5 (0.29) 0.45 (�0.32:1.23) 0.258

5 years 65 9.8 (0.29) 59 9.5 (0.31) 0.31 (�0.51:1.14) 0.459

Fat mass, kg (5 years) 61 2.86 (1.71) 57 2.58 (1.32) 0.28 (�0.28:0.84) 0.323

Fat percentage, % (5 years) 61 13.7 (6.05) 57 12.6 (5.55) 1.14 (�0.98:3.27) 0.288

Fat-free mass, kg (5 years) 61 17.1 (1.66) 57 17.4 (1.83) �0.28 (�0.91:0.36) 0.390

Note: Data are presented as estimated means (SE) and the differences between groups are presented as estimated means (CI). Bold indicates significantly

different from the MPMGI group.

Abbreviations: HPLGI, high-protein low-glycaemic-index; MPMGI, moderate-protein moderate-glycaemic-index.

F IGURE 2 Distribution of BMI-for-age z-scores at birth,
6 months, 18 months, 3 years and 5 years of age in the HPLGI and
MPMGI maternal diet groups. HPLGI, high-protein low-glycaemic-
index; MPMGI, moderate-protein moderate-glycaemic-index.
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TABLE 3 Offspring biomarkers.

N HPLGI N MPMGI (HPLGI-MPMGI Estimate) p-value

Glucose (mmol/L)

Birth 72 5.58 (0.12) 55 5.15 (0.14) 0.43 (0.08:0.78) 0.017

3 years 64 5.05 (0.13) 54 5.03 (0.14) 0.02 (�0.34:0.38) 0.906

5 years 47 5.06 (0.15) 47 5.09 (0.15) �0.03 (�0.44:0.37) 0.870

Insulin (pmol/L)a

Birth 71 27.1 (22.0:33.4) 56 37.0 (29.0:47.2) 0.73 (0.53:1.01) 0.056

3 years 61 43.4 (34.7:54.4) 53 41.5 (32.6:52.8) 1.05 (0.76:1.45) 0.784

5 years 43 18.2 (13.9:23.8) 40 14.8 (11.2:19.6) 1.23 (0.84:1.79) 0.299

C-peptide (pmol/L)a

Birth 71 302 (264;346) 55 306 (263;357) 0.99 (0.74; 1.33) 0.901

3 years 63 378 (328;436) 53 365 (312;426) 1.04 (0.76;1.41) 0.736

5 years 45 215 (182;255) 40 182 (153;218) 1.18 (0.83;1.69) 0.181

Cholesterol (mmol/L)

Birth 72 1.61 (0.06) 56 1.67 (0.07) �0.06 (�0.25:0.12) 0.498

3 years 62 3.77 (0.06) 54 3.75 (0.07) 0.02 (�0.17:0.21) 0.844

5 years 46 3.71 (0.08) 40 3.46 (0.08) 0.25 (0.03:0.47) 0.027

HDL (mmol/L)

Birth 72 0.63 (0.03) 56 0.67 (0.03) �0.04 (�0.11:0.04) 0.350

3 years 62 1.19 (0.03) 54 1.28 (0.03) �0.09 (�0.17:-0.02) 0.018

5 years 46 1.38 (0.03) 40 1.41 (0.03) �0.03 (�0.12:0.06) 0.525

LDL (mmol/L)

Birth 72 0.65 (0.05) 56 0.66 (0.06) �0.02 (�0.16:0.13) 0.840

3 years 62 2.17 (0.05) 54 2.14 (0.06) 0.03 (�0.12:0.19) 0.689

5 years 46 2.30 (0.06) 40 2.03 (0.07) 0.27 (0.09:0.45) 0.003

TG (mmol/L)a

Birth 72 0.53 (0.48;0.58) 56 0.48 (0.43;0.53) 1.10 (0.90;1.26) 0.190

3 years 62 0.85 (0.77;0.94) 54 0.73 (0.65:0.81) 1.16 (1.01;1.34) 0.044

5 years 46 0.55 (0.49;0.62) 40 0.49 (0.43;0.55) 1.14 (0.97;1.35) 0.123

IGF-1 (ng/mL)

Birth 71 55.97 (3.04) 54 56.26 (3.48) �0.29 (�9.29:8.68) 0.950

3 years 18 68.78 (5.89) 20 78.21 (5.61) �9.43 (�25.24;6.37) 0.247

5 years 45 95.51 (3.78) 40 93.94 (4.02) 1.57 (�9.19;12.3) 0.776

IGFBP-3 (ug/mL)

Birth 71 1.70 (0.06) 55 1.72 (0.07) �0.02 (�0.21;0.17) 0.847

3 years 18 3.04 (0.12) 20 3.39 (0.12) �0.34 (�0.67;-0.01) 0.046

5 years 45 3.86 (0.08) 40 3.85 (0.08) 0.01 (�0.22;0.24) 0.917

CRP (mg/L)a

Birth 72 0.16 (0.13;0.20) 56 0.16 (0.13;0.21) 0.98 (0.60;1.59) 0.891

3 years 60 0.37 (0.29;0.47) 54 0.37 (0.29;0.48) 1.00 (0.60;1.67) 0.998

5 years 46 0.34 (0.26;0.45) 40 0.28 (0.21;0.37) 1.23 (0.68;2.22) 0.321

Note: Data are presented as estimated means (SE), and the differences between groups are presented as estimates (CI).

Abbreviations: CRP, C-reactive protein; HDL, high-density lipoprotein; HPLGI, high-protein low-glycaemic-index; IGF-1, insulin-like growth factor-1;

IGFBP-3, insulin-like growth factor binding protein 3; LDL, low-density lipoprotein; MPMGI, moderate-protein moderate-glycaemic-index; TG,

triglycerides.
aUnfitted models were log-transformed and estimates, and 95% CI were back-transformed and expressed as estimated median (95% CI). The differences

between groups are presented as a ratio (%). Bold indicates significantly different from the MPMGI group.
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window, it is plausible that maternal nutrition or metabolic profile

before conception and in early pregnancy plays an important role.23

There are only a limited number of dietary intervention studies during

pregnancy where long-term follow-up of the offspring are performed.

However, dietary interventions implemented during pregnancy facili-

tate improved maternal dietary habits and limit GWG but suggest to

not affect offspring obesity during the first 5 years of life.24 In obser-

vational studies with mother–child dyads, the association between

pre-pregnancy BMI and GWG with offspring BMI z-score is apparent

at birth25 and may also manifest beyond the initial 5 years of age.26–

28 We did not find an effect of lower GWG with birth weight; how-

ever, we believe the lack of difference is greatly caused by the control

group managing to limit their GWG while consuming a healthy diet.

A multi-individual meta-analysis demonstrated that maternal obe-

sity is associated with a higher risk of children with overweight or

obesity throughout childhood, with a stronger association at later

ages. The risk ratio of children being overweight or obese was 2.43 in

early childhood (2–5 year) and 4.47 in late childhood (10–18 year),

in children born to mothers with obesity compared to mothers with

normal body weight. This risk increased further for higher BMI classes

of maternal obesity.26 Moreover, excessive GWG increased the risk

of being overweight in early childhood (2–5 year) by 39% and in late

childhood (10–18 year) by 72%. Therefore, it seems that pre-preg-

nancy BMI increases the risk for the offspring having overweight or

obesity to a much greater extent than GWG. These observations

could potentially explain why we did not find a significant difference

in BMI z-score during the first 5 years of life, given our two groups of

women were similar in pre-pregnancy BMI. Moreover, our study was

limited by the use of indirect measures of body composition in the

offspring. As a result, the observed null findings could be influenced

by the lower sensitivity of these proxy measures. Future long-term

follow-up should incorporate more sensitive and direct assessments,

such as DEXA or MRI, to better evaluate fat distribution and meta-

bolic health outcomes in the offspring. However, longitudinal tracking

of body composition may be difficult as not all methodologies are

appropriate for newborns and young infants, as compared to children

aged 3–5 years.

Glycaemic index in maternal diet is positively associated with off-

spring adiposity and offspring insulin resistance, especially if the fetus

is exposed to gestational diabetes mellitus (GDM).29 Maternal diet

during pregnancy alters the intra-uterine environment and can affect

the mechanisms regulating glucose homeostasis in the offspring, that

is, insulin sensitivity and insulin secretion. Since glucose crosses the

placenta while insulin cannot, maternal hyperglycaemia during preg-

nancy increases glucose levels in the developing fetus, thereby trig-

gering an increase in insulin secretion. In infants born to mothers with

GDM, the prevalence of hypoglycaemia in response to hyperinsuline-

mia at birth is well-documented.30 Notably, in our study, HPLGI off-

spring exhibited significantly greater glucose levels and a trend

toward decreased insulin levels at birth.

Dietary protein modulates glucose metabolism and insulin secre-

tion in males and non-pregnant females, and the amount and type of

protein (and its amino acid composition) may influence relevant meta-

bolic outcomes. Ingestion of protein alone increases secretion of both

insulin and glucagon and increases glucose turnover rates (both

endogenous glucose production and peripheral glucose uptake) with-

out affecting net glucose levels.31 Sufficient maternal protein intake

during pregnancy is crucial for fetal growth and development. Both

excessive and inadequate maternal protein intakes can lead to adverse

pregnancy outcomes, including impaired fetal growth.32 Nevertheless,

increased exposure to protein during fetal development is speculated

to influence the future offspring protein requirements and appetite

regulation, and has been suggested to ‘upregulate’ offspring protein

requirements contributing to calorie overconsumption and weight

gain.33 Additionally, high-protein intake during infancy (from birth to

2 year) is associated with later obesity outcomes,34–36 suggesting a

long-term risk for overweight and obesity in offspring with prolonged

exposure to high-protein levels during early life.

There is some uncertainty regarding the physiological and clinical

relevance of differences in traditional metabolic risk factors early in

life. For example, in studies with breastfed infants compared with for-

mula-fed infants (age < 1 year), those who were exposed to an exoge-

nous provision of cholesterol through breast milk had higher total

cholesterol levels compared with formula-fed infants.37 Yet, in adult-

hood, total cholesterol levels were lower among individuals who were

breastfed for a longer period.37 It thus seems that offspring with pro-

longed exposure to breastmilk become adults with a healthier meta-

bolic profile compared with adults who were not breastfed. This

observation suggests the presence of a protective mechanism that

may confer resistance against unfavourable lipid (and glucose) metab-

olism in later life. This protective mechanism may arise from prepara-

tory adaptations that occur during infancy; however, the mechanisms

are unclear. In our study, we did not find any significant difference in

breastfeeding duration between the two groups (Table S2). Offspring

under the age of 2 years are advised to consume a high-fat and low-

protein diet to mitigate the risk of childhood obesity.34,36,38 We found

that offspring of mothers who consumed the HPLGI diet during preg-

nancy had higher total and LDL-cholesterol and lower HDL-choles-

terol levels between the ages of 3 and 5 years, compared with

offspring born to mothers who consumed the MPMGI diet.

Both insulin and insulin-like growth factor (IGF)-1 are involved in

receptor-mediated regulation of placental growth and nutrient trans-

port. Dysregulation of this process, as seen in women with diabetes

or GDM, leads to elevated plasma amino acid levels, enhancing

placental and fetal growth.39 In our study, women consumed a high-

protein diet during pregnancy, which likely increased amino acid avail-

ability and other growth-related factors for the placenta and fetus.

Therefore, this mechanism may potentially explain the link between

maternal protein intake and adverse metabolic outcomes in offspring.

Maternal protein intake may therefore help explain the effect of the

HPLGI diet on offspring metabolic markers, which would imply that

the recommendation for limited protein consumption from infancy to

2 years of age may need to be extended to cover the fetal life as well

(i.e. pregnancy).

To follow the HPLGI diet, a simple tool is to reduce carbohydrate

intake or increase fat intake. It has been reported that maternal fat

intake and lipid metabolism may affect early childhood blood lipid pro-

file and adiposity. Elevated maternal fat intake during pregnancy could

MOGENSEN ET AL. 9 of 12



contribute to altered fetal fat accumulation and adverse early child-

hood outcomes.40–42 We found the HPLGI group consuming signifi-

cantly more protein, less carbohydrate and more fat in gestational

week 21 (Table 1). However, this difference in macronutrient intake

did not lead to significant changes in maternal biomarkers, except for

TG, which was lower in the HPLGI group in gestational week

28 (Table S2). Nevertheless, further research is needed to investigate

the long-term health outcomes of the maternal diet in the offspring.

Our study is a unique follow-up of offspring born to women who

participated in a dietary RCT; however, it is not without limitations.

Excluding participants who did not complete the intervention may

introduce bias, as those who dropped out could differ significantly

from those who completed the study, particularly in terms of motiva-

tion, response to the treatment or baseline characteristics. To address

this limitation, we conducted a sensitivity analysis, which revealed no

significant differences in maternal characteristics. Despite the differ-

ence in protein intake and glycaemic index between the two diets,

both contained a relatively high amount of protein compared with the

average Danish diet (�15 E% protein).43 Furthermore, although diet

composition can influence offspring cardiometabolic health,34,38 our

dataset lacked information on offspring energy intake and macronutri-

ent composition but data on breastfeeding and introduction to solid

foods were available. However, given that the women were random-

ized during pregnancy, it is improbable that there was a systematic

difference in offspring diet between the two groups. While our study

highlights possible unfavourable effects of an HPLGI diet during preg-

nancy on offspring metabolic health, the power calculation of the

APPROACH study was based on the effect of the intervention on

maternal GWG, which is a limitation of the follow-up study. More-

over, over the course of the follow-up study, the dropout was 30%,

but compared favourably with other studies which have a dropout

rate of 30%–50%.44–46 Despite these limitations, our study provides

valuable insights and highlights the importance of further research to

elucidate the complex interplay between maternal diet and offspring

health and later risk for cardiometabolic disease. The potentially unfa-

vourable consequences of an HPLGI diet during pregnancy on the

metabolic profile of the offspring underscore the need for careful con-

sideration in formulating dietary recommendations for pregnant

women.

In conclusion, our study found that an HPLGI diet during preg-

nancy did not significantly affect offspring BMI z-scores during the

first 5 years of life. However, while our data suggest early metabolic

changes in offspring, it is premature to conclude that these will lead

to adverse long-term health outcomes. Further longitudinal studies

are necessary to assess whether these early effects result in metabolic

disorders like obesity or insulin resistance in later life. Therefore, our

findings should be seen as preliminary and highlighting potential risks

that warrant further exploration.
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