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Abstract

Background/Aims: To examine the associations between history of gestational diabetes 

mellitus (GDM) and breastfeeding with branched-chain amino acids (BCAA) and their 

metabolites in later life.

Methods and Results: 638 women (mean age 48.0 y) who had participated in the Bogalusa 

Heart Study and substudies of pregnancy history had untargeted, ultrahigh performance liquid 

chromatography-tandem mass spectroscopy conducted by Metabolon© on serum samples. 

Metabolites were identified that were BCAA or associated with BCAA metabolic pathways. 

History of GDM at any pregnancy (self-reported, confirmed with medical records when possible) 

as well as breastfeeding were examined as predictors of BCAA using linear models, controlling 

for age, race, BMI, waist circumference, and menopausal status. None of the BCAA differed 

statistically by history of either GDM or breastfeeding, although absolute levels of each of the 

BCAA were higher with GDM and lower with breastfeeding. Of the 27 metabolites on the leucine, 

isoleucine and valine metabolism subpathway, 1-carboxyethylleucine, 1-carboxyethyvaline, and 3-

hydroxy-2-ethylpropionate were higher in women with a history of GDM, but lower in women in 

women with a history of breastfeeding. Similar results were found for alpha-hydroxyisocaproate, 

1-carboxyethylisoleucine, and N-acetylleucine.

Conclusions: GDM and breastfeeding are associated in opposite directions with several 

metabolites on the BCAA metabolic pathway.
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Introduction

At least one in four, and likely more, women who develop diabetes during their pregnancies 

(gestational diabetes mellitus, GDM) will progress to type 2 diabetes (T2DM) in later life 

[1]. GDM is associated with a 40–60% increased risk of later cardiovascular disease (CVD) 

[2], and this increased risk appears to be present even among those who do not develop 

T2DM [3, 4]. Although GDM to T2DM progression shares many risk factors with overall 

T2DM epidemiology, some factors may differ. For instance, the Diabetes Prevention 

Program found the effect of metformin to be reduce the progression to diabetes by 40% in 

women with a history of GDM, while in similar women who did not have a history of GDM 

metformin did not reduce the progression to diabetes.[5]: Breastfeeding is protective against 

this progression: a systematic review of 13 cohort studies found that, compared to no 

lactation, history of lactation was associated with a pooled relative risk of 0.66, 0.58–0.90 

for progression to diabetes [6].

Branched chain amino acids (BCAA) are the most abundant of essential amino acids [7]. 

They have been implicated in the development of insulin resistance, type 2 diabetes, and 

cardiovascular disease, and have physiologic function in lipid and glucose metabolism and 

protein synthesis [7]. BCAA and other metabolites, including aromatic amino acids and C3 

and C5 acylcarnitines, have been associated with diabetes, insulin resistance, metabolic 

syndrome, and related complications [8–10].

While the long-term effects of GDM on BCAA have not been studied extensively, a possible 

role for BCAA in the prognosis of GDM during pregnancy has been investigated in a few 

cases. A targeted NMR metabolome study indicated that women with GDM had a metabolic 

profile during pregnancy associated with raised lipids and lipoprotein constituents in VLDL 

subclasses, greater triacylglycerol enrichment across lipoprotein articles, higher BCAA and 

aromatic amino acids and different fatty acid, ketone body, adipokine, liver and 

inflammatory marker profiles [11]. In another study, valine, leucine, and isoleucine were 

higher in women with GDM than in controls at both early 2nd and early 3rd trimester [11]. 

These higher BCAA levels in GDM women were also found 11 months postpartum in 

another study, although BCAA levels did not differ during pregnancy in this sample [12]. In 

women with a history of GDM, BCAA (isoleucine, leucine, and valine) were associated with 

an increased chance of progressing to T2DM[13].

In this analysis, we explored how BCAA and BCAA-related metabolites differed in midlife 

women in the Bogalusa Heart Study based on history of GDM and breastfeeding. We 

hypothesized that BCAA would be higher in women with a history of GDM and lower in 

those with a history of breastfeeding. We also hypothesized that breastfeeding would serve 

as an effect modifier of the association between history of GDM and BCAA.
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Methods

Study population

The Bogalusa Heart Study is a series of studies of cardiovascular risk, in a semirural, biracial 

population (65% white and 35% black), founded by Dr. Gerald Berenson in 1973. This 

analysis combines results from two follow-up studies conducted in 2011–2016: Bogalusa 

Babies, which examined reproductive outcomes within the BHS, and BiCEPS (Brain, 

CognitivE and Physical performance Study), which links vascular risk factors across the 

lifespan with cognitive and physical performance. 1804 women participated in Bogalusa 

Babies. The most common reason for not participating in both studies was not being 

available to visit the clinic. In most cases, women completed both studies on the same day, 

although this was not a requirement. 741 of these women were included in BiCEPS and the 

metabolomic study (description of study population in Table 1). Compared to other Babies 

participants, women included in the analysis were more likely to be postmenopausal (58% 

vs. 44%), somewhat more likely to have smoked (23% vs. 20%, p=0.09), and less likely to 

have breastfed (35% vs. 42%) and to be black (37% vs. 44%); mean age at first pregnancy 

was slightly older (22.7 vs. 22.2, p=0.06) as was mean adult BMI (27.6 vs 26.7 kg/m2, 

p=0.03). Educational distribution was also somewhat different, with more high school 

graduates and fewer college+ graduates (p=0.04). There were no differences in self-reported 

GDM prevalence, parity, or age at interview. Eleven women had diabetes diagnosed before 

their last pregnancy and therefore were not at risk for GDM for at least one pregnancy; they 

were excluded from analyses of GDM. This analysis was limited to women with at least one 

previous pregnancy: n=631 with information on GDM and n=638 with information on 

breastfeeding.

Reproductive history

All reproductive history variables in this analysis were self-reported, although women were 

encouraged to consult a baby book, if they had one. During the interview, women were 

asked whether they had ever been pregnant, the outcome of each pregnancy, and pregnancy 

complications, including GDM. Reproductive history assessed included number of 

pregnancies, number of births, and adolescent pregnancy (<16 or <18 years at first 

pregnancy). Recall has generally been shown to be accurate for reports of GDM 

(specificity=98%, sensitivity=92%) [14]. In this study, for the subgroup of women for whom 

we were able to consult medical records (n=381), kappa for agreement between self-report 

and medical records was between 70 and 85 (depending on how incomplete medical records 

were treated) when clustering was not accounted for, and 80 to 91 when clustered kappas 

[15] were calculated. History of GDM was defined as the occurrence at any pregnancy, so if 

a woman had multiple pregnancies but reported GDM in only one, she was defined as 

having had a history of the complication. We also examined any history of diabetes during 

pregnancy, gestational or chronic, as a predictor.

For each pregnancy, the participant was asked if she breastfed and for how long; these were 

summarized as ever breastfeeding and >6 months total lifetime breastfeeding. Maternal self-

report of breastfeeding is generally reliable in the first few years [16, 17], although we are 

not aware of long-term studies of this.
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Metabolite Profiling

Untargeted, ultrahigh performance liquid chromatography-tandem mass spectroscopy 

(UPLC-MS/MS) was conducted by Metabolon© using BHS fasting serum samples that had 

been stored at −80°C since the 2013 to 2016 visit [18]. Rigorous quality assurance was 

conducted during metabolomics profiling which included the use of blanks, blind duplicates 

(5% of the BHS samples), and standard biochemical compounds which were integrated into 

every analyzed sample. Untargeted metabolomics profiling resulted in the detection and 

quantification of 1,466 metabolites. Prior to the statistical analysis, additional quality control 

and manipulation of the metabolite data was undertaken. Batch effects were assessed using 

principal components analysis, which revealed no evidence of clustering of metabolite data 

by run-days. Data filtering included the exclusion of 213 metabolites that were missing or 

below the detection threshold in more than 80% of samples and 51 metabolites with a 

reliability coefficient <0.3 based on blind duplicate analysis. Among the 1,202 metabolites 

passing quality control, 3 were BCAAs (valine, leucine, and isoleucine) and 27 were 

identified as on the leucine, isoleucine and valine metabolism subpathway according to 

Metabolon documentation. In addition, levels of isoleucine, valine, and leucine were 

summed to create a total BCAA index. We also examined the pattern identified by Perng et 

al. [19–21] as associated with childhood obesity and birthweight for gestational age which 

incorporates BCAA as well as related metabolites. The factors making up this BCAA 

pattern were summed, both weighted as listed in their appendix, and unweighted. 

Metabolites were standardized (mean 0, SD 1) for analysis. BCAA were normally 

distributed; other metabolites on the pathway with a substantial skew were log-transformed. 

Metabolites below the limit of detection were imputed as 1/2 the LOD; if more than 10% of 

the sample met this criterion (n=8), a sensitivity analysis was run deleting those observations 

(supplementary material).

Reproductive history was examined as a predictor with metabolites as outcomes; linear 

models were used. Initial analysis controlled only for age; subsequent analysis also 

controlled for race, BMI and waist circumference at time of metabolite measurement, mean 

BMI at prior adult visits, and menopausal status. Prior adult BMI was missing for 88 

participants (11.8%), so multiple imputation was used to impute values for missing 

covariates [22]. These analyses were separated due to concerns for their possible role as 

intermediates, but as results were very similar regardless, only the fully adjusted models are 

presented. Due to the metabolomic differences that have been found around menopause [23, 

24], interactions with menopausal status were examined; none were significant. Statistical 

analyses were performed in SAS (version 9.4; SAS Institute, Cary, NC). To assess the effect 

of multiple comparisons, results were examined for significance after correction for false 

discovery rate (q=0.05). In addition, metabolites were compared for their effect size (beta) 

and precision (width of confidence interval) as other indicators of strength of association.

The metabolomics analysis project was approved by the Tulane University IRB.

Results

The study population was two-thirds white and one-third black, with the majority post-

menopausal (Table 1). Diabetes diagnosis was associated with higher levels of BCAA 
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(standardized beta for leucine, 0.7160 (SE 0.10), p<0.01; isoleucine, 0.7220 (SE 0.10), 

p<0.01; valine 0.5516 (SE 0.10), p<0.01), and history of GDM was associated with higher 

likelihood of diabetes (OR 5.88, 95% CI 3.38–10.24). None of the BCAA was statistically 

significantly different among women with a history of GDM (Table 2), or a history of 

breastfeeding. No interactions were found between GDM and breastfeeding (GDM and 

breastfeeding were not correlated, p for association=0.65). The BCAA pattern identified by 

Perng et al. [19, 20] was not associated with neither GDM nor breastfeeding, either as a 

weighted (beta for GDM 0.12, 95% CI −0.30, 0.53; ever breastfed beta −0.15, 95% CI 

−0.41, 0.11) or unweighted (beta for GDM 0.18, 95% CI −0.51, 0.87; ever breastfed beta 

−0.24, 95% CI −0.67, 0.18) score.

27 metabolites were quantified as part of the leucine, isoleucine and valine metabolism 

subpathway (Table 3). In general, metabolites that were higher after GDM or diabetes during 

pregnancy were lower with a history of breastfeeding. Results were consistent whether the 

associations were assessed by effect size, precision, or statistical strength. Most strongly 

associated with GDM were 1-carboxyethylleucine, 1-carboxyethyvaline, 3-hydroxy-2-

ethylpropionate, and alpha-hydroxyisocaproate, all of which were higher in women with 

history of GDM. History of breastfeeding was inversely associated with levels of 1-

carboxyethylisoleucine, 1-carboxyethylleucine, 2-hydroxy-3-methylvalerate, alpha-

hydroxyisovalerate, N-acetylleucine, and 1-carboxyethylvaline. 3-hydroxy-2-

ethylpropionate was positively associated with history of breastfeeding. These associations 

hel for overall diabetes, with additional positive associations with 1-carboxyethylisoleucine, 

3-methyl-2-oxovalerate, 4-methyl-2-oxopentanoate, and with breastfeeding longer than 6 

months, with an additional inverse association with alpha-hydroxyisocaproate. However, no 

associations were statistically strong enough to meet the FDR threshold.

Discussion

GDM is a strong predictor of later-life diabetes and has been rising in recent years [25]. For 

these reasons, protective factors (such as breastfeeding) and mechanistic indicators (such as 

metabolites) are of great interest. In this analysis, we explored how long-term metabolism 

might be altered in women with GDM, whether breastfeeding was associated with related 

changes, and whether the two interacted, by examining levels of BCAA and related 

metabolites in a cohort of women an average of 23 years after first pregnancy.

Principal findings

We did not find significantly higher levels of BCAA in women with a history of GDM, nor 

significantly lower of BCAA with history of breastfeeding, nor was there interaction 

between the two. It may be that the women in this study were still too young to be at high 

risk of diabetes. The number of cases of GDM was also relatively small, so power was 

limited. Several BCAA-related metabolites were examined. One noticeable fact was that 

metabolites that were significantly higher in those with a history of diabetes in pregnancy 

were usually lower in women with a history of breastfeeding. For instance, 1-

carboxyethylleucine, 1-carboxyethylvaline, and 1-carboxyethylisoleucine were all lower 

with breastfeeding and higher with history of GDM or diabetes during pregnancy. The 
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carboxyethyl-modified amino acids are poorly characterized overall, though 

carboxyethylvaline peptides of β-hemoglobin have been suggested as markers for severity of 

diabetes [26]. While a lower risk of diabetes with history of breastfeeding has been found in 

women without a history of GDM [27–29]; studies differ on whether this effect is stronger in 

women with a history of GDM or not [30, 31]. Our results do not support a stronger effect 

among women with GDM, ss we found no interaction between the two. BCAA have been 

shown to be elevated prior to development of diabetes rather than as a consequence of it, so 

it may be that the lower levels of metabolites after breastfeeding reflect a long-term 

metabolic shift. Generally, relationships were stronger with those with any history of 

diabetes and a longer period of breastfeeding; as this includes the women who developed 

diabetes at the youngest ages and who breastfed the longest, this was expected.

Strengths and weaknesses

Limitations of the study include a relatively small number of women with a history of GDM 

and lack of clinical confirmation in many cases. We do not have a replication cohort, 

although this study serves as a replication for some other studies. A single measurement 

means that up or downregulation of pathways over time cannot be examined. The time frame 

of the study can be considered a strength or a limitation; while it is long enough to ensure 

that any metabolic alterations were maintained for an extended period after pregnancy, many 

women were not yet at the age of peak T2DM diagnosis, which occurs between 45 and 64. 

Samples had been stored from 1–4 years at −80° before analysis; any degradation due to 

storage would be non-differential as participants’ samples were stored for similar lengths of 

time and there is no reason to think that variation in the length is correlated with participant 

characteristics.

Comparison to other studies

We are unaware of other studies that have tackled this precise question; most related studies 

have addressed metabolites during or shortly after pregnancy. A previous study found no 

association between GDM and BCAA in either maternal or cord blood during pregnancy 

[32]. Some other variables showed no association with either GDM or breastfeeding, even 

though one might be expected. We found no associations with isobutyrylcarnitine, which has 

been found to be higher in pregnant women with GDM [33], nor with tiglylcarnitine, which 

has been associated with metabolic syndrome [34]. Also, the BCAA-related profile found to 

be associated with GDM and childhood obesity was not associated with the outcomes 

studied here [20]. Other metabolites have been associated with diabetes and related 

phenotypes: alpha-hydroxyisocaproate was lower in those who had breastfed and higher in 

those with a history of diabetes in pregnancy; this metabolite can be detected in low 

quantities in the urine of diabetics [35]. Higher alpha-hydroxyisovalerate was lower with 

breastfeeding in this analysis and has been associated with visceral fat mass [36] and 

isolated post-challenge diabetes [37]. 4-methyl-2-oxopentanoate has been shown to affect 

insulin gene expression and is higher in those with a history of diabetes [38].

Meaning of the study

Generally, metabolites earlier in the metabolic pathways were more strongly associated with 

the outcomes than those further down the pathways (for instance, the first three metabolites 

Harville et al. Page 6

Nutr Metab Cardiovasc Dis. Author manuscript; available in PMC 2021 October 30.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



in the leucine precursor-product order are N-acetylleucine, 4-methyl-2-oxopentanoate, and 

alpha-hydroxyisocaproate; 3-methyl-2-oxovalerate and alpha-hydroxyisovalerate, steps 2 

and 3 in the isoleucine pathway, were also significant; N-acetylisoleucine did not reach the 

p-value threshold but was similar in magnitude to the effect seen for N-acetylleucine). This 

is consistent with the women with a history of GDM but not active diabetes having milder 

disturbances, rather than the whole pathway being disturbed, as would be seen with T2DM. 

Other metabolites identified as associated with history of diabetes during pregnancy or 

breastfeeding include 3-methyl-2-oxovalerate, which was higher in those with a history of 

diabetes during pregnancy, consistent with previous research indicating that it is a predictive 

biomarker of impaired fasting glucose [39]. It is produced in the initial step in the oxidative 

process of isoleucine, and is often one of the more responsive members of the pathway. 3-

hydroxy-2-ethylpropionate was also higher in those with a history of diabetes in pregnancy, 

but was unusual in also being higher in those who had breastfed. This metabolite is part of 

the R-pathway of isoleucine metabolism; levels reflects shunting of BCAAs away from 

mitochondrial metabolism and can be co-incident with diabetes.[40] Although it did not 

meet the FDR threshold, N-acetylleucine was also higher in those with a history of diabetes 

during pregnancy and lower in those with a history of breastfeeding. However, given the lack 

of a replication cohort and confirmation in an independent cohort, the results remain 

exploratory, and no clinical meaning can be assigned to them.

Unanswered questions and future research

In conclusion, we did not find that BCAA levels were higher in those with a history of GDM 

or lower in those with a history of breastfeeding, but did find this pattern with some 

metabolites, particularly the 1-carboxyethyl metabolites of the BCAAs. Such findings 

increase support for the idea that breastfeeding is beneficial for long-term metabolic health, 

and suggest one possible mechanism. Future studies should attempt to replicate these results 

in an independent sample, and, if replicated, explore whether BCAA or its metabolites can 

be used as clinically useful individual or combined predictors.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Highlights

• Branched chain amino acids (BCAA; leucine, isoleucine, and valine) and 

their metabolites have been associated with diabetes.

• At least one in four women who develop gestational diabetes will progress to 

type 2 diabetes; breastfeeding is protective against this progression.

• In midlife, BCAA levels were not significantly different in women with a 

history of gestational diabetes or breastfeeding.

• Gestational diabetes and breastfeeding were associated in opposite directions 

with levels of several metabolites on the BCAA metabolic pathway.
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Table 1.

Bogalusa Heart Study participants with metabolomics and pregnancy data

N %

race

black 232 36.9

white 397 63.1

menopausal status

premenopausal 249 39.7

postmenopausal 378 60.3

ever smoked

yes 362 57.5

no 268 42.5

total gravidity

1 89 14.2

2 256 40.8

3+ 282 45.0

total parity

1 123 19.6

2 289 46.1

3+ 215 34.3

any fertility issues 56 8.9

history of low birthweight 114 18.2

history of preterm birth 93 14.7

history of GDM 64 10.2

ever breastfed 210 34.5

mean median SD min max

age at interview 48.1 48.7 5.1 35.0 56.7

age at first pregnancy 22.7 21.4 5.2 14.0 45.8

BMI 31.7 31.1 7.7 17.9 66.6
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