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Abstract

Purpose—There is altered breastmilk composition among mothers with gestational diabetes and 

conflicting evidence on whether breastfeeding is beneficial or detrimental to their offspring’s 

cardiometabolic health. We aimed to investigate associations between breastfeeding and 

offspring’s cardiometabolic health across the range of gestational glycemia.

Methods—We included 827 naturally-conceived, term singletons from a prospective mother-

child cohort. We measured gestational (26-28weeks) fasting plasma glucose (FPG) and 2-hour 

plasma glucose (2hrPG) after an oral glucose tolerance test as continuous variables. Participants 

were classified into 2 breastfeeding categories (high/intermediate vs. low) according to their 

breastfeeding duration and exclusivity. Main outcome measures included magnetic resonance 

imaging (MRI)-measured abdominal fat, intramyocellular lipids (IMCL), and liver fat, quantitative 

magnetic resonance (QMR)-measured body fat mass, blood pressure, blood lipids, and insulin 

resistance at 6 years old (all continuous variables). We evaluated if gestational glycemia (FPG 

& 2hrPG) modified the association of breastfeeding with offspring outcomes after adjusting for 

confounders using a multiple linear regression model that included a ‘gestational glycemia x 

breastfeeding’ interaction term.

Results—With increasing gestational FPG, high/intermediate (vs. low) breastfeeding was 

associated with lower levels of IMCL (p-interaction=0.047), liver fat (p-interaction=0.033), and 

triglycerides (p-interaction=0.007), after adjusting for confounders. Specifically, at 2 standard 

deviations above the mean gestational FPG level, high/intermediate (vs. low) breastfeeding was 

linked to lower adjusted mean IMCL (0.39% of water signal [0.29,0.50] vs. 0.54% of water 

signal [0.46,0.62]), liver fat (0.39% by weight [0.20,0.58] vs. 0.72% by weight [0.59,0.85]), and 
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triglycerides (0.62mmol/L [0.51,0.72] vs. 0.86mmol/L [0.75,0.97]). 2hrPG did not significantly 

modify the association between breastfeeding and childhood cardiometabolic risk.

Conclusion—Our findings suggest breastfeeding may confer protection against adverse fat 

partitioning and higher triglyceride concentration among children exposed to increased glycemia 

in utero.
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Introduction

The World Health Organization (WHO) recommends exclusive breastfeeding for the 

first 6 months of life. Breastfeeding has been shown to protect against infections and 

improve child cognition. Breastfeeding also appears to protect against offspring obesity and 

cardiometabolic risk later in life [1, 2]. However, the findings on whether breastfeeding by 

mothers with gestational diabetes also protects their offspring against childhood obesity and 

adverse cardiometabolic risk are equivocal [3–8]. Impaired glucose regulation in mothers 

with gestational diabetes typically does not resolve immediately after delivery and could 

last weeks or months postpartum [9–12]. The concentrations of glucose and insulin found 

in breastmilk are influenced by maternal plasma glucose and insulin levels [13–15]. Studies 

have reported that mothers with diabetes or gestational diabetes had increased glucose [15] 

and insulin [16, 17] levels in breastmilk. Breastmilk glucose had been positively associated 

with offspring weight, fat mass, and lean mass, while higher insulin concentration in the 

milk had been linked to lower weight and lean mass [18]. Other than increased glucose 

and insulin, reduced breastmilk concentrations of hormones such as adiponectin [16] and 

nesfatin-1 [19] had been reported among mothers with gestational diabetes, which might 

increase appetite and promote weight gain [16, 20]. Alterations in macronutrient content, 

fatty acid composition, and other bioactive components of breastmilk from mothers with 

diabetes have also been reported [21, 22] and it is unclear how such complex changes 

in breastmilk composition programs the offspring’s cardiometabolic health later in life. 

Plagemann, et al. found that increased volume of breastmilk consumed from mothers with 

either type 1 diabetes or gestational diabetes was linked to risk of overweight at 2 years old 

[3], while other studies have shown a positive impact of breastfeeding on obesity among 

children of women with gestational diabetes [4–6, 23–25]. This might be due to the positive 

effect of breastfeeding on postpartum glucose control of women with gestational diabetes 

[26], which might in turn improve breastmilk composition. Given these mixed findings, 

there is an urgent need to provide clarity on whether longer breastfeeding is protective or 

detrimental to cardiometabolic health of offspring born to mothers with increased gestational 

glycemia.

Most of the works on breastfeeding among women with gestational diabetes had focused 

on the improvement in maternal metabolic health [26, 27]. There is a paucity of data on 

the potential impacts on childhood body composition and metabolic health. To the best 

of our knowledge, no previous studies have separately investigated associations between 

breastfeeding and offspring cardiometabolic health across the range of gestational fasting 
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plasma glucose (FPG) and 2-hour plasma glucose (2hrPG) levels after an oral glucose 

tolerance test, which might be important due to different pathophysiologies behind elevated 

FPG compared to elevated 2hrPG [28]. Furthermore, it is important to investigate FPG and 

2hrPG on a continuum because there is increasing evidence that maternal glycemia across 

the entire continuum is significantly associated with offspring adiposity, even if diagnostic 

criteria for gestational diabetes were not met [29–31]. Providing appropriate infant-feeding 

guidance to mothers for optimizing offspring cardiometabolic health is pertinent due to 

the rapid rise in the prevalence of increased gestational glycemia worldwide, especially 

in Asia [32]. Using a prospective, deeply phenotyped Asian mother-offspring cohort, we 

sought to elucidate whether gestational FPG and 2hrPG modify the associations between 

breastfeeding duration and cardiometabolic risk markers in prepubertal children (body fat 

partitioning, general adiposity, blood pressure and metabolic markers).

Materials and methods

Study population

This sub-study included 827 mother-offspring dyads from the prospective cohort study, 

Growing Up in Singapore Towards healthy Outcomes (GUSTO). From June 2009 to October 

2010, pregnant women in their first trimester from KK Women’s and Children’s Hospital 

(KKH) and National University Hospital (NUH) who were Singapore citizens/permanent 

residents aged at least 18 years, of homogenous parental ethnic background, planned to 

deliver in KKH or NUH and reside in Singapore for the next 5 years, and willing to donate 

birth tissues at delivery, were recruited. Women receiving chemotherapy, on psychotropic 

drugs, or having type 1 diabetes, were excluded. For this sub-study, we also excluded 

women who conceived through in vitro fertilization, delivered preterm infants, delivered 

twins, used donor breastmilk, received insulin treatment for gestational diabetes, or were 

lacking data on gestational glycemia or breastfeeding (Supplementary figure 1). Written 

informed consent and approval from the National Healthcare Group Domain Specific 

Review Board and SingHealth Centralized Institutional Review Board were obtained.

Exposure

Breastfeeding practices and duration were captured using interviewer-administered 

questionnaires administered from postnatal visit week 3, every quarter from month 3 to 

month 18 (with monthly breastfeeding practices within the 3-month interval recorded at 

each postnatal visit), and yearly from year 2 up to year 4. During each interview, the 

mothers were asked if they were exclusively breastfeeding (only breastmilk is given but 

the baby may also receive oral rehydration solution, medicines, and vitamin or mineral 

drops), predominantly breastfeeding (breastmilk is given as the predominant source of 

nourishment but water, water-based drinks, oral rehydration solution, medicines, and 

vitamin or mineral drops may be given), partially breastfeeding (sometimes breastmilk 

is given while other times formula milk is given), or not breastfeeding. We classified 

participants into 3 categories according to their breastfeeding duration and exclusivity – 

“high breastfeeding” (exclusively/predominantly breastfed till 4 months and at least partially 

breastfed till 6 months), “low breastfeeding” (exclusively formula-fed before 3 months), 

“intermediate breastfeeding” (breastfed beyond 3 months but did not meet the criteria for 
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high breastfeeding) [33]. Due to limited sample size in the “high breastfeeding” group, we 

grouped participants from the “high” and “intermediate” categories together, forming the 

“high/intermediate breastfeeding” group (infants received breastmilk for at least 3 months) 

and “low breastfeeding” group (infants were exclusively formula-fed before age 3 months). 

As a sensitivity analysis, we also explored grouping participants into 3 categories based on 

breastfeeding intensity in the first 3 months after birth: Exclusive/predominant breastfeeding 

vs. mixed feeding (a combination of breastfeeding and formula feeding) vs. exclusive 

formula feeding.

Effect modifier

At the 26-28wk pregnancy visit, all mothers, not just those with suspected gestational 

diabetes, were invited to undergo a 75g 2-hour oral glucose tolerance test [7]. FPG and 

2hrPG were measured by colorimetry [Advia 2400 Chemistry system (Siemens Medical 

Solutions Diagnostics, Deerfield, IL, USA) and Beckman LX20 Pro analyser (Beckman 

Coulter, USA)]. Mothers diagnosed with gestational diabetes (n=131) according to the 

1999 WHO criteria (FPG ≥7.0mmol/L or 2hrPG ≥7.8mmol/L) were placed under either a 

diet treatment (88.6%), insulin treatment (6.4%), or no treatment (5%). The minority of 

participants placed under insulin treatment were excluded from the study due to potential 

significant biological effects of insulin treatment which might confound the findings. 

Gestational FPG and 2hrPG were each independently assessed as a measure of gestational 

glycemia and used as a continuous variable.

Outcomes: Cardiometabolic risk markers in 6-year-old offspring

Due to differential rates of consent for different cardiometabolic measures to be taken, 

outcome measures were available in different subsets of the 827 included children. All 

measured outcome variables were taken as continuous variables. Standing height (SECA 

213 stadiometer) and weight (SECA 803 Weighing Scale) were measured using standardized 

protocols [7], and were used to calculate BMI. Sex- and age-standardized z-scores of BMI 

(z-BMI) was calculated using the WHO child growth standards [34]. To measure overall 

adiposity, Quantitative Magnetic Resonance (QMR) (EchoMRI-Adolescent Humans Body 

Composition Analyzer, EchoMRI Corporation, Singapore) with a low magnetic field (0.007 

Tesla) was performed [35]. We calculated body fat % using the following formula: [total 

body fat (kg) / total body weight (kg)]*100%.

To assess body fat partitioning, abdominal subcutaneous adipose tissue (SAT) and visceral 

adipose tissue (VAT) were obtained by abdominal MRI using the Siemens Skyra 3T MR 

scanner performed using a water-suppressed HASTE sequence (repetition time: 1000 ms, 

echo time: 95 ms) [36]. SAT and VAT compartments were identified using a fully automated 

segmentation algorithm [37] and volumes of each fat compartment were calculated by 

multiplying the image resolution by the sum of the voxels (a three-dimensional pixel). 

Intramyocellular lipids (IMCL) in the soleus muscle was assessed by proton magnetic 

resonance spectroscopy (1H-MRS) performed by the point-resolved spectroscopy (PRESS) 

sequence (with TR=2000ms, TE =33ms and Nacq=24) following T1-weighted axial 

localization. LC-Model [38] was used to quantify the water and lipid spectra, with T2 

correction of peaks using T2 values reported in literature [39] and normalization of 
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intramyocellular lipid (IMCL) peak area to the water peak from a water-unsuppressed scan. 

Liver fat was assessed by 1H-MRS using a PRESS sequence with respiratory gating (TR/

TR=30/2000ms, Signal Averages=4), to account for respiratory motion. Area of the water 

resonance (4.7 ppm) and lipid resonances (0.5-3 ppm) in the liver spectrum were quantified 

using LC-Model [38] with T2 correction of the water and lipid peaks [40] to estimate 

liver fat percentage by weight using validated methods reported in literature [41, 42]. A 

correction factor of 0.914 was used to account for the fact that lipid peaks between 0.5-3ppm 

represent 91.4% of the total lipid peak area [43].

Peripheral systolic blood pressure (SBP) and diastolic blood pressure (DBP) were measured 

in duplicate from the right upper arm (Dinamap CARESCAPE V100, GE Healthcare, 

Milwaukee, WI) according to standardized protocols [44]. Venous plasma glucose was 

measured after an overnight fast using the hexokinase enzymatic method (Abbott Architect 

c8000 analyzer at KKH and Beckman AU5800 analyzer at NUH). Concentrations of 

fasting insulin were measured using a sandwich immunoassay (Beckman DXL800 analyzer, 

Beckman Coulter), triglycerides and total cholesterol using the colorimetric method 

(Beckman AU5800 analyzer, Beckman Coulter), and HDL using the enzymatic method 

(Beckman AU5800 analyzer, Beckman Coulter). LDL level was calculated as: Total 

cholesterol (mmol/L) – HDL (mmol/L) – triglycerides (mmol/L) / 2.2 [45]. We also 

calculated homeostasis model assessment of insulin resistance (HOMA-IR) using the 

following formula: [fasting insulin (mU/L) * fasting glucose (mmol/L)] / 22.5 [46].

Covariates

Maternal age, highest educational attainment, ethnicity, and self-reported pre-pregnancy 

weight were collected at recruitment through interviewer-administered questionnaires. 

Gestational age (in weeks) was calculated based on first trimester ultrasound scans 

conducted by trained ultrasonographers.

At the 26-28 week antenatal study visit, maternal height was measured using a calibrated 

stadiometer (SECA213 Stadiometer, SECA Corp, Hamburg, Germany). Interviewer-

administered tobacco exposure questionnaires and objectively measured plasma cotinine 

by liquid chromatography-tandem mass spectrometry as previously described [47] were 

used to classify mothers into three tobacco exposure groups: No exposure (no self-reported 

tobacco exposure and no detectable cotinine), exposure (self-reported tobacco exposure 

but no detectable cotinine), and exposure with detectable cotinine (self-reported tobacco 

exposure and detectable cotinine).

Infant birthweight, sex, and parity were obtained from medical records. Cohort-specific 

birthweight percentiles, adjusted for sex and gestational age, were derived [48]. We 

classified an infant as small-for-gestational-age (SGA) if the infant had a birthweight less 

than the 10th centile for gestational age.

Statistical analysis

All analyses were performed using the Stata16.0 software (StataCorp LP, TX) with 

statistical significance set at p < 0.05. We evaluated the association between breastfeeding 

(dichotomously categorized as high/intermediate vs. low) and each of the child 
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cardiometabolic risk markers (z-BMI, body fat %, SAT, VAT, IMCL, liver fat, SBP, DBP, 

triglycerides, HDL, LDL, HOMA-IR) measured as continuous variables across the range of 

gestational FPG using multiple linear regression models with an interaction term (gestational 

FPG x breastfeeding). All models were adjusted for the following confounders: maternal 

age, education, ethnicity, pre-pregnancy BMI, tobacco exposure, child birth size, and 

child sex. To investigate the influence of breastfeeding intensity, the regression analysis 

described above was repeated using breastfeeding intensity in the first 3 months after birth 

(3 category variable: exclusive/predominant breastfeeding vs. mixed feeding vs. exclusive 

formula feeding) in place of the original breastfeeding classification (high/intermediate vs. 

low).

To visualize these regression models, we used the margins command to estimate the 

adjusted means (adjusted for confounders) of each cardiometabolic outcome for the high/

intermediate and low breastfeeding groups, over the entire range of FPG measured in this 

study population. We plotted these using the marginsplot command. For outcomes where we 

found a statistically significant interaction between FPG and breastfeeding, we also plotted 

the adjusted mean and 95% confidence interval of the outcomes stratified by breastfeeding 

categories at the following discrete FPG levels: mean, mean+SD and mean+2SD. We 

repeated the analyses using 2hrPG in place of FPG.

Results

Cohort description

Of 1000 participants who fulfilled the inclusion criteria for this study, we had 827 

mother-offspring dyads with both gestational glycemia and breastfeeding data available 

(Supplementary figure 1). Among the participants, gestational FPG levels ranged from 2.9 

mmol/L to 7.9 mmol/L while 2hrPG levels ranged from 2.9 mmol/L to 12.1 mmol/L. 

Included participants were classified into the “low breastfeeding” (n = 409) and “high/

intermediate breastfeeding” (n = 418) groups. Table 1 & Supplementary Table 1 show 

the maternal/offspring characteristics and offspring cardiometabolic assessments at age 

6y, respectively, stratified by the breastfeeding levels. Mothers in the high/intermediate 

breastfeeding group were more likely to be older, of higher education attainment, of Chinese 

ethnicity, have no tobacco exposure, have lower pre-pregnancy BMI, and less likely to have 

small-for-gestational-age offspring compared to mothers in the low breastfeeding group.

Effect modification by FPG

Associations between the 2 breastfeeding groups and child cardiometabolic risk markers 

across the range of gestational FPG can be visualized in Figure 1 and Supplementary 

Figure 2. There was a significant negative interaction term between gestational FPG 

and breastfeeding for IMCL (p-interaction=0.047), liver fat (p-interaction=0.033), and 

triglycerides (p-interaction=0.007) (Table 2). This can be visualized in Figure 1 with a 

significantly more negative gradient in the graph for the high/intermediate breastfeeding 

group compared to the reference low breastfeeding group, which shows lowered 

cardiometabolic risk markers in the high/intermediate (vs. low) breastfeeding group when 

there is increased gestational glycemia. With increasing gestational FPG, high/intermediate 
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(vs. low) breastfeeding was linked to decreasing levels of IMCL (-0.14% of water signal per 

mmol/L increase in FPG [-0.27, 0.00]), liver fat (-0.25% by weight per mmol/L increase in 

FPG [-0.48, -0.02]), and triglycerides (-0.21mmol/L per mmol/L increase in FPG [-0.37, 

-0.06]). Specifically, at an elevated gestational FPG level 2 standard deviations above 

the mean (FPG mean + 2SD = 5.19mmol/L), high/intermediate (vs. low) breastfeeding 

was linked to lower adjusted mean IMCL (0.39% of water signal [0.29,0.50] vs. 0.54% 

of water signal [0.46,0.62]), liver fat (0.39% by weight [0.20,0.58] vs. 0.72% by weight 

[0.59,0.85]), and triglycerides (0.62mmol/L [0.51,0.72] vs. 0.86mmol/L [0.75,0.97]) (Figure 

2). We detected no significant interactions between gestational FPG and breastfeeding for all 

other outcomes.

In sensitivity analysis using breastfeeding intensity categories in place of the 

original breastfeeding classification, findings on increased breastfeeding and lowered 

cardiometabolic risk markers were consistent. There were significant negative interaction 

terms between gestational FPG and breastfeeding intensity (mixed feeding vs. exclusive 

formula feeding) on several cardiometabolic risk markers: z-BMI (p-interaction<0.001), 

IMCL (p-interaction=0.038), and liver fat (p-interaction=0.018) (Supplementary Table 2). 

There was also a significant negative interaction term between gestational FPG and 

breastfeeding intensity (exclusive/predominant breastfeeding vs. exclusive formula feeding) 

for z-BMI (p-interaction=0.011). These mean that with increasing gestational FPG, mixed 

feeding (vs. exclusive formula feeding) was linked to decreasing levels of z-BMI (-1.48SDS 

per mmol/L increase in FPG [-2.16, -0.79]), IMCL (-0.17% of water signal per mmol/L 

increase in FPG [-0.33, -0.01]), and liver fat (-0.33% by weight per mmol/L increase in FPG 

[-0.60, -0.06]), while exclusive/predominant breastfeeding (vs. exclusive formula feeding) 

was linked to decreasing levels of z-BMI (-1.29SDS per mmol/L increase in FPG [-2.28, 

-0.30]).

Effect modification by 2hrPG

Associations between breastfeeding and childhood cardiometabolic risk markers were not 

altered over the range of gestational 2hrPG, with no statistically significant interaction 

terms reported (Table 3). In sensitivity analysis using breastfeeding intensity categories in 

place of the original breastfeeding classification, findings were generally consistent, with 

no significant interaction terms except for a significant negative interaction term between 

gestational 2hrPG and breastfeeding intensity (mixed feeding vs. exclusive formula feeding) 

on z-BMI (p-interaction=0.013). This means that with increasing gestational 2hrPG, mixed 

feeding (vs. exclusive formula feeding) was linked to decreasing levels of z-BMI (-0.47SDS 

per mmol/L increase in 2hrPG [-0.84, -0.10]).

Discussion

We found breastfeeding to be associated with improvements in several cardiometabolic 

biomarkers (decreased IMCL, liver fat, and triglycerides) in children at the age of 6 years 

whose mothers had elevated levels of gestational FPG. These cardiometabolic biomarkers 

have been linked to cardiometabolic risk in adults as well as children [49, 50]. These 

changes occurred without significant alterations in BMI, which is regarded as a practical, 
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albeit crude, proxy for adiposity and cardiometabolic risk. Despite emerging evidence 

linking increased gestational glycemia with altered breastmilk composition [16, 20–22], 

we did not find breastfeeding to be significantly associated with any adverse cardiometabolic 

risk biomarkers among children born to mothers with elevated gestational glycemia (FPG 

or 2hrPG) across the numerous cardiometabolic biomarkers investigated and sensitivity 

analyses performed in this study; on the contrary, breastfeeding is associated with a 

protective effect. Hence, our results support the current breastfeeding recommendations to 

encourage breastfeeding, even among mothers with increased gestational glycemia.

Our findings contradict studies which suggested that breastmilk from mothers with pre-

existing diabetes or gestational diabetes might be detrimental to the offspring’s obesity and 

cardiometabolic risk. Among 112 offspring of mothers with either type 1 diabetes (n=83) 

or gestational diabetes (n=29), increased volume of diabetic breastmilk (vs. nondiabetic 

banked donor breastmilk) consumed in the first 7 days after birth was associated with 

increased risk of overweight at 2 years old [3], Differences in our findings might be due to 

differences in the metabolic status of mothers, since our cohort does not include mothers 

with type 1 diabetes, as well as differences in the racial/ethnic groups between the two 

study populations. Additionally, there were differences in exposures investigated, where we 

compared breastfeeding to formula feeding rather than nondiabetic banked donor breastmilk 

which is less accessible, and we studied breastfeeding duration and intensity over a longer 

period of time (≥3 months). Our findings also contradict earlier reports which suggested that 

breastmilk from mothers with pre-existing diabetes or gestational diabetes might have an 

altered composition and be detrimental to the offspring’s obesity and cardiometabolic risk. 

There could be several explanations behind this. Firstly, although a few studies have found 

that breastmilk from mothers with pre-existing diabetes or gestational diabetes had increased 

glucose [15] and insulin levels [16, 17], this association might be dependent on postpartum 

glycemic control and other factors. For instance, van Beusekom and colleagues (1993) 

reported no associations between well-controlled maternal diabetes and glucose levels in 

breastmilk [51]. Secondly, the association between glucose levels in breastmilk and infant 

adiposity or later obesity risk is unclear. Although a study had reported increased infant 

adiposity [18] as a result of consuming breastmilk with increased glucose levels, another 

study reported no associations [52]. In fact, increased glucose or insulin in the colostrum or 

breastmilk might protect the offspring of mothers with gestational diabetes from postpartum 

hypoglycemia which they are vulnerable to [53]. Thirdly, although breastmilk from mothers 

with gestational diabetes had decreased adiponectin which might increase appetite and had 

been associated with increased infant growth in the first three months [16], other studies 

suggest that there might be a reversal in associations beyond early infancy. Specifically, 

studies have associated decreased adiponectin with decreased skinfold thickness, decreased 

risk of overweight, and slower growth up to 2 years of age [54–56]. These studies suggest 

that decreased adiponectin in breastmilk from mothers with gestational diabetes might 

eventually be linked to reduced obesity risk later in life, which offspring of mothers with 

gestational diabetes are vulnerable to. Taken together with our findings, breastmilk from 

mothers with pre-existing diabetes or gestational diabetes seems to be “personalized” to the 

offspring’s nutritional needs by protecting offspring of mothers with diabetes or gestational 

diabetes against early postpartum hypoglycemia and increased obesity risk which they are 
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particularly vulnerable to. More studies need to be done in this nascent field to understand 

the complex alterations in breastmilk composition among mothers with different metabolic 

status and their role in programming offspring’s cardiometabolic health.

Similar to two other Asian cohort studies which reported no association between 

breastfeeding and childhood BMI among offspring born to mothers with gestational diabetes 

[7, 8], we did not find high/intermediate breastfeeding to be linked to significantly altered z-

BMI among offspring of mothers with elevated gestational glycemia. However, there might 

be protective effects for cardiometabolic risk markers despite no significant associations 

with BMI, which we have shown in the current study.

Our findings were consistent with studies which also found that longer breastfeeding 

duration or exclusivity among mothers with gestational diabetes was associated with 

decreased offspring metabolic risk, though ours is the first to report decreased IMCL 

and liver fat and to report findings across the continuum of gestational FPG and 2hrPG 

separately. In a retrospective study involving 60 overweight or obese Hispanic children of 

mothers with self-reported gestational diabetes, infants breastfed for at least 1 month had 

decreased risk of being diagnosed with prediabetes or metabolic syndrome from 8-13 years 

old [57]. Another retrospective study with 89 children exposed to diabetes in utero reported 

that longer duration of breastfeeding (≥6 breastmilk months) was associated with lower 

VAT and SAT at 6-13 years, which suggests decreased metabolic risk [58]. Similarly, in 

564 offspring (84 exposed to gestational diabetes) from the Exploring Perinatal Outcomes 

among Children study, longer duration of breastfeeding (≥6 breastmilk months) attenuated 

the association between gestational diabetes and increased VAT and SAT [59]. Several 

studies have also linked breastfeeding to reduced risk of overweight/obesity in offspring 

born to mothers with gestational diabetes [5, 6, 23–25]. For instance, Vandyousefi et al. have 

shown a negative association between breastfeeding and childhood obesity (2-5y) in more 

than 800 children exposed to gestational diabetes in utero [5].

Interestingly, longer duration of breastfeeding was associated with improvements in several 

cardiometabolic risk markers at elevated gestational FPG, but not 2hrPG. We propose 2 

potential explanations for the lack of significant associations with 2hrPG. First, in our 

cohort, most mothers who were diagnosed with gestational diabetes (based on the WHO 

1999 criteria, which was in use at the time of study recruitment) had elevated gestational 

2hrPG (≥7.8mmol/L), rather than elevated gestational FPG (≥7mmol/L). These women were 

placed on a diet treatment, which could have attenuated the associations between 2hrPG 

and offspring cardiometabolic outcomes. The second potential explanation is that protective 

effects of breastfeeding compared to formula feeding for offspring cardiometabolic health 

might be more easily detected in the “metabolically unhealthier” group, which is the group 

prone to greater metabolic risk. We found that the benefit of longer duration of breastfeeding 

was not as obvious at lower levels of FPG and only became more obvious with increasing 

gestational FPG, which represents poorer maternal metabolic health. Similarly, larger effect 

sizes for gestational FPG compared to gestational 2hrPG suggest that in our cohort, the 

former might be more indicative of maternal metabolic health and transmission of metabolic 

risk to the offspring. These are supported by previous studies which have also found 

larger effect sizes for gestational FPG compared to gestational 2hrPG on neonatal overall 

Ong et al. Page 10

Eur J Nutr. Author manuscript; available in PMC 2023 February 01.

 E
urope PM

C
 Funders A

uthor M
anuscripts

 E
urope PM

C
 Funders A

uthor M
anuscripts



adiposity, neonatal abdominal adiposity, and abdominal adiposity at age 4.5 years [29, 

60]. Furthermore, Schaefer-Graf et al. found that being in the 4th quartile (vs. 1st quartile) 

of fasting glucose level during pregnancy was the best predictor of postpartum diabetes 

mellitus (21-fold increased odds ratio), followed by the severity of glucose intolerance (3- to 

4-fold increased odds ratio) [61].

Our study has several strengths and limitations. To the best of our knowledge, the current 

study is the first to investigate the effects of breastfeeding on offspring cardiometabolic 

profile over the range of FPG and 2hrPG values in an Asian cohort. First, we assessed 

objectively measured cardiometabolic markers in childhood, many of which could indicate 

an adverse cardiometabolic phenotype, undetected by conventional measures such as weight 

and BMI. Assessing ectopic fat deposition to the intra-abdominal tissue, liver, and muscles 

enables detection of early “adipose tissue overflow” which is especially pertinent in South 

Asians who are at higher cardiometabolic risk [62]. Second, we examined the associations 

over a continuous range of gestational glycemia, rather than using a discrete cut-off, as the 

effects of gestational glycemia on child outcomes exist on a continuum [31, 60, 63]. We 

also investigated gestational FPG and 2hrPG as separate markers of gestational glycemia 

which may be pathophysiologically distinct [28]. Third, the prospective design of our cohort 

and frequent administration of breastfeeding questionnaires reduced recall bias. Fourth, 

we collected an extensive range of sociodemographic and clinical confounders to reduce 

confounding biases. However, our study is limited by the lack of information on the 

postpartum glucose control of mothers, breastmilk composition, or volume of breastmilk 

consumed, which might be potential mediators and shed light on the potential mechanisms 

at play. We are also limited by the lack of sample size to classify participants into more 

specific categories of breastfeeding duration and intensity. Gestational glycemia might 

not be sufficiently characterized by measurement only at one timepoint (26-28 weeks of 

gestation) and future studies measuring gestational glycemia at multiple timepoints might be 

useful. Missing exposure and outcome data due to differential rates of consent and loss to 

follow up could lead to potential selection bias and relatively small sample sizes for many 

of the outcomes might cause us to be underpowered to detect significant interactions. Due to 

the observational study design, it is difficult to infer causality and to exclude the possibility 

of residual confounding from unmeasured confounders such as environmental conditions 

and food insecurity. Findings in our multi-ethnic Asian cohort might not be generalizable to 

other populations and other racial/ethnic groups.

In conclusion, greater breastfeeding exposure was linked to reduced childhood 

cardiometabolic risk (reduced ectopic fat accumulation and lower triglycerides) in children 

who were exposed to increased levels of gestational FPG. This suggests that breastfeeding 

might have some metabolically protective effects in this vulnerable group of children who 

are at increased cardiometabolic risk. Our findings provide an impetus for more intensive 

investigations on breastfeeding as a potential modifiable factor to reduce cardiometabolic 

risk among offspring of mothers with increased gestational glycemia, and to reduce the 

intergenerational transmission of cardiometabolic risk.
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Fig. 1. 
Adjusted mean cardiometabolic risk markers at 6 years old for the 2 breastfeeding groups, 

over the range of gestational fasting plasma glucose measured. Models were adjusted 

for maternal age, maternal education, ethnicity, tobacco exposure, pre-pregnancy BMI, 

child birth size, and child sex. 95% confidence interval bands were shown. Only models 

with statistically significant interaction terms are shown. Abbreviations: FPG = fasting 

plasma glucose; z-BMI = body mass index z-score; SDS = standard deviation score; SAT 

= subcutaneous adipose tissue; VAT = visceral adipose tissue; IMCL = intramyocellular 

lipid; SBP = systolic blood pressure; DBP = diastolic blood pressure; HDL = high-density 

lipoproteins; LDL = low-density lipoproteins; HOMA-IR = homeostasis model assessment 

of insulin resistance
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Fig. 2. 
Adjusted mean cardiometabolic risk markers at 6 years old for the 2 breastfeeding groups, at 

3 different levels of gestational fasting plasma glucose (mean, mean + 1SD, mean + 2SD), 

with 95% confidence intervals shown. Models were adjusted for maternal age, maternal 

education, ethnicity, tobacco exposure, pre-pregnancy BMI, child birth size, and child sex. 

Only models with significant interaction terms were shown. Abbreviations: FPG = fasting 

plasma glucose; SD = standard deviation; IMCL = intramyocellular lipid
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Table 1
Demographic and clinical characteristics of participants.

Abbreviations: SD = standard deviation; ppBMI = pre-pregnancy body mass index; FPG = fasting plasma 

glucose; 2hrPG = 2-hour plasma glucose after a 75g oral glucose tolerance test; GDM = gestational diabetes 

mellitus; SGA = small-for-gestational-age

All (n = 827) Low breastfeeding (n = 409) High/intermediate breastfeeding (n 
= 418)

n % / mean ± SD n % / mean ± SD n % / mean ± SD p

Maternal characteristics

Maternal age (yr) 827 31.1 ± 5.1 409 30.1 ± 5.4 418 32.0 ± 4.7 <0.001

Maternal education <0.001

  University 288 35.2% 60 14.8% 228 55.2%

  Post-secondary 280 34.2% 166 41.0% 114 27.6%

  Secondary or lower 250 30.6% 179 44.2% 71 17.2%

Ethnicity <0.001

  Chinese 467 56.5% 200 48.9% 267 63.9%

  Malay 212 25.6% 144 35.2% 68 16.3%

  Indian 148 17.9% 65 15.9% 83 19.9%

Parity 0.839

  Primiparous 357 43.2% 178 43.5% 179 42.8%

  Multiparous 470 56.8% 231 56.5% 239 57.2%

Tobacco exposure <0.001

  No exposure 427 54.2% 142 37.2% 285 70.2%

  Exposure 223 28.3% 139 36.4% 84 20.7%

  Exposure with detectable 
cotinine

138 17.5% 101 26.4% 37 9.1%

Maternal height (cm) 815 158.2 ± 5.6 402 157.9 ± 5.7 413 158.4 ± 5.6 0.163

ppBMI (kg/m2) 763 22.7 ± 4.4 377 23.2 ± 5.0 386 22.1 ± 3.6 <0.001

FPG (mmol/L) 827 4.33 ± 0.43 409 4.35 ± 0.46 418 4.31 ± 0.40 0.188

2hrPG (mmol/L) 827 6.41 ± 1.38 409 6.24 ± 1.38 418 6.57 ± 1.35 <0.001

GDM status 0.196

  No GDM 696 84.2% 351 85.8% 345 82.5%

  GDM 131 15.8% 58 14.2% 73 17.5%

Child characteristics

Sex 0.801

  Female 402 48.6% 197 48.2% 205 49.0%

  Male 425 51.4% 212 51.8% 213 51.0%

Gestational age (wk) 827 39.1 ± 1.0 409 39.0 ± 1.0 418 39.1 ± 1.0 0.084

Birthweight (kg) 827 3.14 ± 0.40 409 3.12 ± 0.40 418 3.17 ± 0.39 0.042

Birth size 0.046

  Not SGA 736 89.0% 355 86.8% 381 91.1%

  SGA 91 11.0% 54 13.2% 37 8.9%

Eur J Nutr. Author manuscript; available in PMC 2023 February 01.



 E
urope PM

C
 Funders A

uthor M
anuscripts

 E
urope PM

C
 Funders A

uthor M
anuscripts

Ong et al. Page 20

Table 2

Association between gestational fasting plasma glucose and breastfeeding with cardiometabolic risk markers 

at age 6 years, with low breastfeeding as the reference group. Models were adjusted for maternal age, maternal 

education, ethnicity, tobacco exposure, pre-pregnancy BMI, child birth size, and child sex. Abbreviations: 

FPG = fasting plasma glucose; z-BMI = body mass index z-score; SDS = standard deviation score; SAT = 

subcutaneous adipose tissue; VAT = visceral adipose tissue; IMCL = intramyocellular lipid; SBP = systolic 

blood pressure; DBP = diastolic blood pressure; HDL = high-density lipoproteins; LDL = low-density 

lipoproteins; HOMA-IR = homeostasis model assessment of insulin resistance

N Main effect: FPG b 
(95% CI)

Main effect: Breastfeeding 
b (95% CI)

Interaction: FPG x 
Breastfeeding b (95% CI)

p-interaction

Adiposity

   z-BMI (SDS) 573 0.32 (0.02, 0.62) 1.94 (-0.08, 3.96) -0.43 (-0.89, 0.04) 0.072

   Body fat % 258 2.57 (0.58, 4.55) 11.16 (-2.58, 24.90) -2.49 (-5.63, 0.65) 0.119

   SAT (cc) 281 11.59 (-126.47, 
149.65)

-221.64 (-1,114.14, 670.86) 50.02 (-155.49, 255.53) 0.632

   VAT (cc) 284 6.54 (-17.02, 30.11) -14.00 (-167.62, 139.62) 2.14 (-33.20, 37.48) 0.905

   IMCL (% of water signal) 267 0.09 (0.01, 0.16) 0.56 (-0.03, 1.15) -0.14 (-0.27, 0.00) 0.047

   Liver fat (% by weight) 271 0.16 (0.03, 0.30) 0.97 (-0.03, 1.98) -0.25 (-0.48, -0.02) 0.033

Cardiovascular Markers

   SBP (mmHg) 477 0.56 (-1.65, 2.77) 1.09 (-14.18, 16.36) -0.17 (-3.69, 3.35) 0.926

   DBP (mmHg) 477 0.09 (-1.45, 1.63) 5.59 (-5.05, 16.23) -1.33 (-3.78, 1.12) 0.288

Metabolic Markers

   Triglycerides (mmol/L) 267 0.09 (-0.02, 0.20) 0.86 (0.20, 1.52) -0.21 (-0.37, -0.06) 0.007

   HDL (mmol/L) 267 0.03 (-0.08, 0.15) 0.17 (-0.50, 0.83) -0.04 (-0.19, 0.11) 0.606

   LDL (mmol/L) 267 -0.19 (-0.47, 0.10) -0.31 (-1.94, 1.33) 0.07 (-0.31, 0.44) 0.731

   HOMA-IR (units) 266 0.12 (-0.10, 0.35) 0.69 (-0.62, 1.99) -0.13 (-0.43, 0.17) 0.398
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Table 3

Association between gestational 2-hour glucose and breastfeeding with cardiometabolic risk markers at age 

6 years, with low breastfeeding as the reference group. Models were adjusted for maternal age, maternal 

education, ethnicity, tobacco exposure, pre-pregnancy BMI, child birth size, and child sex. Abbreviations: 

2hrPG = 2-hour plasma glucose after a 75g oral glucose tolerance test; z-BMI = body mass index z-score; 

SDS = standard deviation score; SAT = subcutaneous adipose tissue; VAT = visceral adipose tissue; IMCL 

= intramyocellular lipid; SBP = systolic blood pressure; DBP = diastolic blood pressure; HDL = high-

density lipoproteins; LDL = low-density lipoproteins; HOMA-IR = homeostasis model assessment of insulin 

resistance

N Main effect: 2hrPG b 
(95% CI)

Main effect: Breastfeeding 
b (95% CI)

Interaction: 2hrPG x 
Breastfeeding b (95% CI) p-interaction

Adiposity

  z-BMI (SDS) 573 -0.01 (-0.12, 0.09) 0.13 (-0.83, 1.09) -0.01 (-0.15, 0.14) 0.937

  Body fat % 258 0.24 (-0.49, 0.97) -0.75 (-7.69, 6.19) 0.14 (-0.93, 1.22) 0.796

  SAT (cc) 281 7.95 (-36.15, 52.05) -26.65 (-424.36, 371.06) 2.79 (-58.17, 63.75) 0.928

  VAT (cc) 284 2.88 (-4.55, 10.30) -18.00 (-86.08, 50.08) 1.95 (-8.46, 12.36) 0.713

  IMCL (% of water signal) 267 0.01 (-0.02, 0.04) 0.08 (-0.22, 0.37) -0.02 (-0.06, 0.03) 0.457

  Liver fat (% by weight) 271 0.02 (-0.04, 0.07) -0.04 (-0.54, 0.45) -0.01 (-0.09, 0.06) 0.749

Cardiovascular Markers

  SBP (mmHg) 477 -0.64 (-1.42, 0.14) -5.12 (-12.01, 1.78) 0.86 (-0.19, 1.90) 0.110

  DBP (mmHg) 477 -0.19 (-0.73, 0.36) 0.51 (-4.30, 5.33) -0.10 (-0.83, 0.64) 0.799

Metabolic Markers

  Triglycerides (mmol/L) 267 0.01 (-0.02, 0.04) -0.02 (-0.32, 0.27) -0.01 (-0.05, 0.04) 0.824

  HDL (mmol/L) 267 0.01 (-0.02, 0.05) 0.14 (-0.15, 0.43) -0.02 (-0.07, 0.02) 0.301

  LDL (mmol/L) 267 -0.04 (-0.12, 0.05) -0.25 (-0.96, 0.47) 0.04 (-0.07, 0.14) 0.510

  HOMA-IR (units) 266 0.03 (-0.03, 0.10) 0.55 (-0.01, 1.11) -0.07 (-0.15, 0.02) 0.128
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