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Abstract: Elevated branched chain amino acids (BCAAs: valine, leucine, and isoleucine) are
well-established biomarkers of obesity-associated insulin resistance (IR). Mounting evidence suggests
that low- and middle-income countries are suffering from a “double burden” of both undernutrition
(growth stunting) and overnutrition (obesity) as these countries undergo a “nutrition transition”.
The purpose of this study was to examine if pre-pregnancy body mass index (BMI, kg/m2) and a daily
lipid-based micronutrient supplement (LNS, Nutriset) would lead to cross-sectional differences in
circulating levels of branched chain amino acids (BCAAs) in Guatemalan women experiencing short
stature during early pregnancy. Using data from an ongoing randomized controlled trial, Women
First, we studied women who were normal weight (NW, BMI range for this cohort = 20.1–24.1 kg/m2)
or overweight/obese (OW/OB, BMI range for this cohort = 25.6–31.9 kg/m2), and divided into two
groups: those who received daily LNS ≥ 3 months prior to conception through 12 weeks gestation
(+LNS), or no LNS (−LNS) (n = 9–10/group). BCAAs levels were obtained from dried blood spot card
samples (DBS) assessed at 12 weeks gestation. DBS cards provide a stable, efficient, and reliable means
of collecting, transporting, and storing blood samples in low resource or field settings. Circulating
maternal leptin, adiponectin, and insulin were determined by immunoassays from serum samples
collected at 12 weeks gestation. We found maternal pre-pregnancy body mass index (ppBMI) was
associated with higher circulating BCAAs (r2 = 0.433, p = 0.002) and higher leptin/adiponectin
ratio (r = 0.466, p = 0.044) in −LNS mothers at 12 weeks gestation. +LNS mothers demonstrated
no correlations between BCAAs or leptin/adiponectin ratio across ppBMI suggesting LNS may be
effective at improving metabolic status in OW/OB mothers during early pregnancy.
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1. Introduction

Mounting evidence suggests that mothers and children from low- and middle-income countries are
suffering from a “double burden” of both undernutrition (i.e., growth stunting or wasting) and obesity [1,2]
and obesity co-morbidities [3,4] that co-exist in this population [5]. This double burden is rapidly emerging
as countries undergo a “nutrition transition,” particularly in Latin America and the Caribbean as recently
reviewed by Popkin and Reardon [6]. Pregnancy is a particularly sensitive time period for both the mother
and developing fetus to be exposed to suboptimal nutrition [1,7–10]. The developmental origins of health
and disease hypothesis has established that intrauterine exposures contribute to the pathogenesis of obesity
and obesity co-morbidities in later life, and likely occurs in populations undergoing rapid transition [1].
More specifically, many retrospective and prospective studies have reported that maternal micronutrient
deficiencies (hidden hunger) and caloric excess in pregnancy predict an increased risk of obesity, diabetes,
and future death rate from coronary artery disease in the offspring [1,9,11–13]. Similarly, growth stunting in
the offspring is also associated with a wide range of harmful outcomes that include increased morbidity and
mortality, decreased economic status, and early onset of non-communicable diseases in later life [1,9,14,15].

Consequently, a “double burden” is particularly evident in populations that are challenged by
both short stature and obesity, exacerbating the risk for metabolic disease and transmission to the next
generation. More specifically, it has been previously reported that Guatemala has infant-stunting rates
as high as 53% (length-for-age Z-score < −2) and has been associated with short maternal stature [14,16].
Additionally, ≈30% of infants developed obesity by 3 months of age (weight-for-length Z-score > 2) [14].
Moreover, maternal micronutrient deficiency, or hidden hunger, during pregnancy has been associated
with increased obesity, adiposity, and metabolic disease in the offspring [1,17,18]. Conversely, maternal
micronutrient supplementation has been reported to improve metabolic outcomes in animals and
clinical studies [19–22]. These previous reports highlight the coexistence of under- and over-nutrition
contributing to detrimental metabolic health for both mothers and infants.

Branched chain amino acids (BCAAs) are comprised of the amino acids leucine, isoleucine, and valine
and are established biomarkers for obesity-associated insulin resistance in adult populations [23–25]
and are elevated in pregnant women with obesity [26]. Measurements of BCAAs, and other amino
acids, using dried blood spots (DBSs) has been employed for years as the primary means of screening
newborns for metabolic disorders [27]. Only more recently have DBSs, in combination with tandem mass
spectroscopy, been used for a variety of new applications [28]. DBS cards were chosen to be analyzed
because they provide a stable, efficient, and reliable means of collecting, transporting, and storing blood
samples [28], and may be a viable tool for low resource or field settings. Specifically, DBS collection
does not require a trained phlebotomist, can be easily collected in the field at room temperature, and can
be stored at room temperature for amino acid analyses as compared to serum collection and analyses.
The purpose of this study was to examine if pre-pregnancy body mass index (BMI, kg/m2) and a daily
lipid-based micronutrient supplement (LNS, Nutriset) would lead to differences in circulating levels of
branched chain amino acids (BCAAs) in Guatemalan women experiencing short stature during early
pregnancy using a cross-sectional study population from a larger randomized controlled trial. In the
present study, LNS was administered ≥3 months prior to conception and during early gestation (+LNS)
or not at all (−LNS). We hypothesized that BCAAs extracted from DBS would be elevated in OW/OB
women compared with NW women, and that LNS would decrease BCAA concentrations in the OW/OB
group as a sign of improved metabolic health.

2. Materials and Methods

This study was a secondary analysis that was part of a large, ongoing, randomized controlled trial
(RCT) called Women First (clinicaltrials.gov NCT01883193) which is investigating whether the timing
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of maternal nutritional intervention (lipid-based micronutrient supplement, LNS, Nutriset, Malaunay,
France) will impact fetal linear growth [29]. The National Institute for Child Health and Human
Development (NICHD) Global Network (GN) for Women’s and Children’s Research (http://gn.rti.org)
was used to identify four rural sites in low resource countries to participate in the Women First
study where growth stunting rates are high [29]. The sites for the primary trial are India (Belgaum,
Karnataka), Pakistan (Thatta, Sind Province), Democratic Republic of the Congo (DRC, Equateur
Province), and Guatemala (Chimaltenango Department).

The present study focused on a sub-cohort of rural, Guatemalan mothers (n = 39) ±LNS. Women
were categorized as pre-pregnancy normal weight (ppNW, BMI > 18.5–24.99 kg/m2) or overweight/obese
(ppOW/OB, BMI ≥ 25.00 kg/m2) according to the World Health Organization classification. ppBMI was
determined by weight and height obtained during an in-person study visit by on-site study personnel who
were trained to measure subject anthropometrics using an electronic scale and adult stadiometer. Women
were enrolled in the trial and they granted their informed consent for participation in accordance with the
principles described in the Declaration of Helsinki. Women were then randomized to a daily lipid-based
micronutrient supplementation (LNS) for≥3 months prior to conception and the first 12 weeks of gestation
(+LNS) or not at all (−LNS). Women who became pregnant prior to consuming the daily LNS for at least
3 months prior to conception were excluded from the study. Briefly, LNS is a commercially available
lipid-based micronutrient supplement and has been developed for low resource settings and previously
used in pregnant women in Malawi [30,31]. The nutrient composition is listed in Table S1 and has been
previously published [29]. Daily LNS compliance was monitored using: (i) bi-weekly collection of empty
LNS sachets performed by on-site study personnel, (ii) subjects marking off daily LNS compliance on
a provided calendar, and (iii) random independent audits by other personnel. LNS compliance was
determined by taking the total number of days subjects reported consuming LNS divided by the total
number of days requested to consume LNS and calculated as a percentage. Subjects were matched for age,
parity, pre-pregnancy (pp) height, and LNS compliance in +LNS groups (Table 1). Socioeconomic status
(SES) indicator score was calculated on a score from 1–6, with 6 indicating the highest SES status. Each SES
indicator equaled 1 and were tallied together to generate the SES indicator score. SES indicators included:
(1) electricity, (2) improved water source, (3) sanitation, (4) man-made flooring, (5) improved cooking
fuels, and (6) household assets (possessing more than one of television, telephone, bike, motorized bike or
scooter, or owns a car or truck). By design, ppBMI and body weight were significantly different from each
other prior to pregnancy and at 12 weeks gestation.

Table 1. Maternal characteristics prior to pregnancy and 12 weeks gestation.

BMI (<25) = NW BMI (≥25) = OW/OB p-Value

Maternal Characteristics −LNS (n = 10) +LNS (n = 9) −LNS (n = 10) +LNS (n = 10) LNS BMI LNS × BMI

Maternal Characteristics: Pre-Pregnancy

Age (years) 23.8 ± 1.4 23.8 ± 1.6 24.7 ± 1.3 25.7 ± 1.5 0.728 0.333 0.728
Parity 1.6 ± 0.2 1.4 ± 0.3 1.6 ± 0.3 1.5 ± 0.3 0.605 0.863 0.863

Ht (cm) 146 ± 1 145 ± 2 145 ± 1 142 ± 2 0.305 0.295 0.559
BW (kg) 47.6 ± 1.1 47.1 ± 1.5 60.8 ± 1.6 58.6 ± 1.6 0.384 <0.001 0.571

BMI (kg/m2) 22.3 ± 0.4 22.3 ± 0.4 28.8 ± 0.7 28.9 ± 0.6 0.935 <0.001 0.892
Compliance (%) 77.4 ± 5.6 72.8 ± 4.7 0.533 *

SES 3.6 ± 0.3 3.9 ± 0.4 4.0 ± 0.2 3.2 ± 0.5 0.466 0.679 0.125

Maternal Characteristics: 12 Weeks Gestation

Age (years) 24.0 ± 1.4 24.4 ± 1.8 25.1 ± 1.3 25.9 ± 1.4 0.680 0.399 0.906
BW (kg) 47.1 ± 1.1 47.9 ± 1.6 59.8 ± 1.2 58.1 ± 1.8 0.764 <0.001 0.407

BMI 22.1 ± 0.4 22.5 ± 0.5 28.4 ± 0.6 28.7 ± 0.8 0.536 <0.001 0.921

Maternal anthropometric data was collected from mothers prior to pregnancy and at 12 weeks gestation by on-site
study personnel. Data are shown as means ± standard error of the mean (SEM). LNS = lipid-based micronutrient
supplementation, NW = normal weight, OW/OB = overweight/obese, Ht = height, BW = body weight, BMI =
body mass index, and SES = socioeconomic status indicator score. Statistical differences were determined using a
two-way analysis of variance for all parameters except Compliance. * Student’s t-test was performed to determine
statistical differences for LNS Compliance. Significance was set at p ≤ 0.05 and is denoted in bold.
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2.1. Blood Collection and Amino Acid Profiling Using Dried Blood Spot Cards

Blood samples were collected at 12 weeks gestation by a trained phlebotomist using a venous
draw (30 mL). Women were not fasted at the time of the blood draw. Approximately 0.5 mL of whole
blood was applied to a Whatman 903 protein saver dried blood spot (DBS) cards (GE Healthcare Life
Sciences, Pittsburgh, PA, USA) and dried for at least 4 h in a dry location. DBS cards were then stored at
−20 ◦C and shipped on ice packs to the University of Colorado. The remaining whole blood was then
immediately processed to separate serum. Samples were place on ice for 30 min to allow for clotting
and centrifuged for 10 min at 2000× g. Serum was then transferred to cryovials and stored at −80 ◦C
on site until shipped on dry ice to the University of Colorado and stored at −80 ◦C until analyzed.
Serum was analyzed for total adiponectin (µg/mL, ALPCO, Salem, NH, USA), high molecular weight
adiponectin (µg/mL, ALPCO, Salem, NH, USA), leptin (ng/mL, Meso Scale Discovery, Rockville, MD,
USA), and insulin (µIU/mL, Meso Scale Discovery, Rockville, MD, USA) using commercially available
immunoassay kits. Quality controls that were provided in each respective kit, as well as a serum pool,
were used to ensure validity of each assay.

A semi-quantitative amino acid analysis was performed using DBS samples collected at 12 weeks
gestation. “Semi-quantitative” is used to denote tandem mass spectometry (MS/MS) analysis in
which multiple amino acids are measured simultaneously, using multiple corresponding internal
standards, and quantitated relative to each internal standard. Methods and quantitative results
may vary slightly from laboratory to laboratory and are not individually quantitated against a
standard curve; thus, cannot be considered absolutely quantitative. However, validation of sensitivity
and specificity relative to serum levels has been well established [28,32,33]. Relative differences
between individuals/groups measured in the same laboratory with the same internal standards
are considered biologically relevant. Briefly, two 3 mm punches were taken per subject using a
96-well plate method. Tandem mass spectroscopy electro spray ionization (MS/MS-ESI) was used
to quantitate 17 amino acids. The internal standard included 8.3 micromolar of 15N, 2-13C-glycine,
and 1.7 micromolar of 2H4-alanine, 2H8-valine, 2H3-leucine (co-elutes with isoleucine), 2H3-methionine,
2H5-phenylalanine, 15C6-tyrosine, 2H3-aspartate (co-elutes with asparagine), 2H3-glutamate (co-elutes
with glutamine), 2H2-ornithine•2HCl, 2H2-citrulline, and 2H4, 15C-arginine•HCl in methanol (dilution
1:150, Cambridge Isotope Laboratories, Tewksbury, MA, USA). MS/MS-ESI was performed using
API 2000 System (AB Sciex, Framingham, MA, USA), with Agilent 1100 series liquid chromatography
(LC) system (Santa Clara, CA, USA), and Perkin Elmer Series 200 (Waltham, MA, USA)auto-sampler
for 96-well microtiter plates. Software for analysis included Analyst v1.4.2 and ChemoView v2.0
(AB Sciex, Concord, ON, Canada). Data were analyzed for quality control using methods standard
to the Children’s Hospital Colorado Biochemical Laboratory. Amino acid analysis was based on
established MS/MS-ESI DBS analytic methods [32–34]. The lab itself is monitored and regulated by the
Center for Clinical Standards and Quality through the Clinical Laboratory Improvement Amendments
(CLIA). The laboratory is CLIA certified, and amino acid results from the dried blood spot methods
used here are reported clinically on a routine basis.

2.2. Statistical Analysis

Two-way ANOVA was used to assess differences between the baseline and 12 weeks gestation
subject characteristics and to test the relationship between BCAAs and ppBMI (BMI as a categorical
variable) and LNS, followed by Tukey’s post hoc testing for multiple comparisons. Data are presented
as means ± SEM. Pearson correlations were performed to test for associations between maternal ppBMI
and serum parameters at 12 weeks gestation. The false discovery rate (FDR) for amino acid analyses
was determined using the Benjamini–Hochberg procedure [35], with a significant false discovery rate
(FDR) set at p ≤ 0.05. Linear regression analysis was used to evaluate relationships between the amino
acids and maternal ppBMI. ppBMI was used as a continuous variable. To examine if LNS could alter
these relationships, data from the +LNS and −LNS groups were analyzed together using unadjusted
regression models that included parameters for the differences in the slopes and intercepts of the
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+LNS and −LNS regression lines. Residuals were examined to confirm compliance with regression
assumptions. Statistical significance was set at p ≤ 0.05. Statistical analyses were performed using
GraphPad Prism 7 (GraphPad Software, La Jolla, CA, USA) and R statistical computing software
(The R Foundation, Vienna, Austria) [36].

3. Results

3.1. Elevated BCAAs in OW/OB Mothers and Maternal ppBMI Positively Correlated with the
Leptin/Adiponectin Ratio at 12 Weeks Gestation in −LNS Groups

Circulating BCAAs were elevated in OW/OB not receiving LNS compared to NW as shown in
Figure 1A,B. Table 2 shows serum biomarkers of maternal metabolic health. A positive correlation
between maternal ppBMI and the leptin/total adiponectin ratio was found only in the −LNS group.
There were multiple correlations with other amino acids that can be found in Table S2. Analysis of
correlations between BCAA and serologic markers of insulin resistance and all other amino acids
are shown in Table S3. BCAA (either in sum or individually) did not correlate with serum metabolic
markers, but correlated positively with most of the other amino acids measured, with the exception of
glutamine, arginine, and argininosuccinate, in subjects without LNS supplementation.
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Figure 1. Branched chained amino acids levels (A) leucine + isoleucine and (B) valine. Data are
expressed as mean ± SEM. Statistical differences for branched chain amino acid levels were
determined using two-way ANOVA to examine differences due to maternal lipid-based micronutrient
supplementation (LNS) and pre-pregnancy BMI category. Tukey’s post hoc testing was performed
for multiple comparisons. Statistical significance was set at p ≤ 0.05. Different letter superscripts
denote significance.

Table 2. Regression analysis of serum parameters in relation to maternal pre-pregnancy body mass
index (ppBMI) at 12 weeks gestation was performed using Pearson correlations. “r-value (p-value)”
are listed, and color coded (green = positive) for direction of correlation if the p-value ≤ 0.05.

(−)LNS (+)LNS

Category Pathway Variable vs. ppBMI
r-Value (p-Value)

vs. ppBMI
r-Value (p-Value)

Serum NA Total Adiponectin (µg/mL) −0.323 (0.164) −0.312 (0.194)
Serum NA HMW Adiponectin (µg/mL) −0.107 (0.662) −0.39 (0.099)
Serum NA %HMW/Total Ratio 0.383 (0.095) −0.372 (0.117)
Serum NA Leptin (ng/mL) 0.143 (0.547) 0.492 (0.033)
Serum NA Insulin (µIU/mL) 0.194 (0.413) 0.266 (0.271)
Serum NA Leptin/Total Adipo Ratio 0.466 (0.044) 0.512 (0.025)
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3.2. Maternal ppBMI Correlated with the Leptin/Adiponectin Ratio Was Not Correlated with BCAAs in
+LNS Mothers

Significant interactions were observed between maternal ppBMI and LNS for total BCAAs and
valine alone (Figure 2). Slopes between LNS groups were significantly different from each other as
shown in Figure 2A–C (p values ≤ 0.05), suggesting LNS may alter BCAAs. Maternal ppBMI and
leptin/total adiponectin ratio were positively correlated despite LNS supplementation, while leptin
was positively correlated only in the group receiving LNS (Table 2). There was no correlation between
ppBMI and serum insulin. Maternal ppBMI correlations with other amino acids in subjects not
receiving LNS were absent in those on supplementation (Table S2). There were several significant
correlations between BCAA and maternal serum markers of metabolic health in women supplemented
with LNS versus those that were not (Table S3). Mothers supplemented with LNS demonstrated
negative correlations between BCAA (specifically leucine and isoleucine) and high molecular weight
adiponectin, and positive correlations with leptin and the leptin/total adiponectin ratio.
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Figure 2. Comparative regression analysis was used to assess associations between branched chain
amino acid concentrations and maternal pre-pregnancy BMI for (A) total branched amino acids,
(B) valine, and (C) isoleucine and leucine in mothers who consumed LNS (n = 19 mothers) or no
consumption of LNS (n = 20 mothers) at 12 weeks gestation. Significance was set at p ≤ 0.05.

4. Discussion

Obesity and type 2 diabetes are currently on the rise at alarming rates in low- and middle-income
countries that are undergoing a nutrition transition to a Westernized diet, such as Guatemala [1,4,14].
Unfortunately, these metabolic diseases are often exacerbated by other underlying health conditions
like stunted growth or a short stature. Growth stunting is associated with increased morbidity
and mortality, decreased economic status, and early onset of non-communicable diseases [1,9,14,15].
The present study is the first, to our knowledge, to assess cross-sectional differences in BCAAs and
other essential and nonessential amino acid levels between NW and OW/OB mothers during early
pregnancy in a low- and middle-income country. We found higher maternal pre-pregnancy body
mass indices (ppBMI) were associated with elevated BCAAs in un-supplemented mothers at 12 weeks
gestation. This is in agreement with previous reports in OW/OB subjects, and suggestive of insulin
resistance [23]. Moreover, we performed cross sectional analyses examining the differences between
mothers who consumed, or did not consume, LNS on BCAA levels and other serum metabolic
parameters at 12 weeks gestation. We found the ppBMI was not associated with BCAAs in the
+LNS group.

Amino acid concentrations were previously assumed to be uniform and remain relatively stable
during pregnancy [37–41]. The notion that BCAA levels may be elevated in relation to insulin
resistance during pregnancy arose in the 1980s [39,40], but differences in BCAAs and other amino
acid concentrations related to gestational diabetes mellitus (GDM) have been inconsistent in late
pregnancy and measurements in early pregnancy are limited [42]. The earliest time in pregnancy in
which amino acid profiles have been assessed is 12 weeks gestation [43]. Elevations in BCAA have also
been shown in women with GDM into the third trimester [44,45] and at delivery [46]. These elevations
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were positively correlated with neonatal umbilical cord vein levels [46,47], neonatal weight and
adiposity [44,46], and long-term offspring obesity risk in childhood [48]. Our findings are the first to
suggest that higher maternal ppBMI is correlated with higher circulating levels of BCAAs as early as
12 weeks gestation, and that this elevation may be modifiable. In the present study, implications of
BCAA elevations in relation to maternal ppBMI and maternal metabolic impairment were supported
by other serologic markers of insulin resistance including an elevated leptin/adiponectin ratio.

BCAAs have become reliable biomarkers for obesity [49–51] and obesity-induced insulin
resistance [23,52,53], and are considered one of the first signs of a metabolic syndrome [52,54–56].
Elevations in BCAA can be used to monitor glycemic control in established diabetes [57,58]. BCAAs
decline with weight loss following gastric bypass surgery [59–61], improved metabolic health in
obese individuals [58,62,63], and improved glycemic control in pregnancies of mothers with insulin
dependent diabetes [64]. Positive correlations of BCAAs with ppBMI in this study, and reduced
BCAAs in subjects who consumed LNS, suggest an improvement in metabolic health with LNS
supplementation. This is supported by markers of improved metabolic health in the +LNS group (lower
adiponectin and higher leptin and leptin/adiponectin ratio) that significantly correlated with BCAA
concentrations. Leptin was typically increased, and adiponectin levels were decreased, with obesity.
These differences were not seen in the un-supplemented group. Taken together, these findings suggest
that an important risk factor associated with the development of insulin resistance may be modifiable
by simple and affordable dietary means in low- and middle-income countries

Another notable aspect of this study regards the utilization of DBS cards that are cost effective,
can be collected in field settings, and can be easily transported and stored. In addition, a widely
available and standardized assay for amino acid screening was used in the present study and can
be used for both mother and infants. DBS cards are utilized throughout the United States in the
screening of newborns for inborn errors of metabolism and analysis of key amino acids in pathways
of energy and nutrient metabolism. While maternal BMI is a clear and measurable risk factor for
maternal–infant metabolic risk, DBS analysis of established amino acid biomarkers of metabolic
health offers a potentially stable and inexpensive means of assessing maternal metabolic status during
pregnancy. DBS samples are stable for long periods of time at room temperature, can be easily
transported and stored, and results can be generated in a high throughput fashion within minutes to
hours of receiving samples. This secondary analysis study is the first to demonstrate the potential
utility of DBSs in assessing metabolic health in mothers during pregnancy in a low resource setting.

There were limitations of the present study. Maternal amino acid profiles and serum parameters
were measured using nonfasted samples that can impact concentrations of amino acids and serum
parameters; however, all women were nonfasted. We did not have the capacity to analyze whether
elevations in BCAAs correspond to results from an oral glucose tolerance test. We only examined a
small sub-cohort of women from the Women First study as a secondary analysis, and likely did not
have the statistical power to detect associations for some variables. Moreover, potential confounders
were not controlled for in the unadjusted linear regression model which may limit the interpretability
of our results. However, our study groups were well-matched for several maternal characteristics
including socioeconomic status and LNS compliance, as shown in Table 1. This was an open trial
where both study personnel and participants were aware of being in the treatment group; there was not
a placebo supplement that would have aided in blinding the treatment. Mechanistic data are lacking to
suggest how each biomarker independently may differ relative to differences in maternal BMI, insulin
sensitivity, or nutritional status during pregnancy. Similarly, the LNS contained several micronutrients.
Determining which component(s) may be influencing alternations in BCAAs relative to maternal
ppBMI was not possible. Despite limitations, this study is unique, and the results are sufficiently
promising to expand these findings to other facets of the Women First study. Additional analyses of
maternal and infant samples and outcomes in the larger Women First study are currently underway
and may clarify the interactive differences between maternal BMI, nutritional supplementation,
and differences in serum amino acids.
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5. Conclusions

This study addresses a population experiencing the double burden of both stunted growth and
obesity and offers salient findings with regard to metabolic biomarkers in NW and OW/OB mothers
with and without preconception and early gestation LNS. In particular, this study adds to the mounting
literature implicating branched chain and other amino acids as markers of metabolic health in pregnancy
and suggests that differences are dynamic based on maternal nutritional status prior to and during
early pregnancy. Moreover, we are the first to utilize DBS samples to analyze whole blood amino acid
concentrations and use a maternal preconception and early gestation LNS to test for differences in metabolic
parameters at 12 weeks gestation in a low- and middle-income country. These preliminary findings may
inspire future analysis of other key analytes such as vitamins, minerals, and serum markers of maternal
health, to more deliberately monitor pregnancies and maternal health outcomes in low resource settings.

Supplementary Materials: The following are available online at http://www.mdpi.com/2072-6643/10/9/1282/
s1, Table S1: Nutrient Content of the Lipid-based Micronutrient Supplement (20 g), Table S2: Regression analysis
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(ppBMI), taken at 12 weeks (12 weeks) gestation. Table S3: Correlations between branched chain amino acids
±LNS and serum parameters and other amino acids at 12 weeks gestation.

Author Contributions: Conceptualization, S.J.B., P.R.B. and J.E.F.; Methodology, J.F.K. and T.L.H.; Formal Analysis,
S.J.B., P.R.B., M.E.K., L.V.M., A.P.P. and S.D.M.; Resources, A.G. and L.F.; Data Curation, M.E.K., A.P.P. and J.F.K.;
Writing—Original Draft Preparation, S.J.B. and P.R.B.; Writing—Review & Editing, M.E.K., L.V.M., A.P.P., J.F.K.,
J.E.W., S.D.M., T.L.H., A.G., J.E.F., K.M.H. and N.F.K.; Project Administration, K.M.H. and N.F.K.; Funding
Acquisition, K.M.H. and N.F.K.

Funding: This work is supported by the Bill & Melinda Gates Foundation OPPI 055867 (NFK, KMH), NIH & ODS
U10 HD076474 (NFK, KMH), and NIH K01 DK109077 (SJB).

Conflicts of Interest: The authors declare no conflict of interest.

References

1. Black, R.E.; Victora, C.G.; Walker, S.P.; Bhutta, Z.A.; Christian, P.; de Onis, M.; Ezzati, M.;
Grantham-McGregor, S.; Katz, J.; Martorell, R.; et al. Maternal and child undernutrition and overweight in
low-income and middle-income countries. Lancet 2013, 382, 427–451. [CrossRef]

2. Victora, C.G.; Rivera, J.A. Optimal child growth and the double burden of malnutrition: research and
programmatic implications. Am. J. Clin. Nutr. 2014, 100, 1611S–1612S. [CrossRef] [PubMed]

3. Norris, S.A.; Osmond, C.; Gigante, D.; Kuzawa, C.W.; Ramakrishnan, L.; Lee, N.R.; Ramirez-Zea, M.; Richter, L.M.;
Stein, A.D.; Tandon, N.; et al. Size at birth, weight gain in infancy and childhood, and adult diabetes risk in five
low- or middle-income country birth cohorts. Diabetes Care 2012, 35, 72–79. [CrossRef] [PubMed]

4. Ashwal, E.; Hadar, E.; Hod, M. Diabetes in low-resourced countries. Best Pract. Res. Clin. Obstet. Gynaecol.
2015, 29, 91–101. [CrossRef] [PubMed]

5. Prentice, A.M. The double burden of malnutrition in countries passing through the economic transition.
Ann. Nutr. Metab. 2018, 72 (Suppl. 3), 47–54. [CrossRef]

6. Popkin, B.M.; Reardon, T. Obesity and the food system transformation in Latin America. Obes. Rev. 2018.
[CrossRef] [PubMed]

7. Black, R.E.; Allen, L.H.; Bhutta, Z.A.; Caulfield, L.E.; de Onis, M.; Ezzati, M.; Mathers, C.; Rivera, J.; Maternal
and Child Undernutrition Study Group. Maternal and child undernutrition: global and regional exposures
and health consequences. Lancet 2008, 371, 243–260. [CrossRef]

8. Bhutta, Z.A.; Ahmed, T.; Black, R.E.; Cousens, S.; Dewey, K.; Giugliani, E.; Haider, B.A.; Kirkwood, B.;
Morris, S.S.; Sachdev, H.P.; et al. What works? Interventions for maternal and child undernutrition and
survival. Lancet 2008, 371, 417–440. [CrossRef]

9. Victora, C.G.; Adair, L.; Fall, C.; Hallal, P.C.; Martorell, R.; Richter, L.; Sachdev, H.S.; Maternal and Child
Undernutrition Study Group. Maternal and child undernutrition: Consequences for adult health and human
capital. Lancet 2008, 371, 340–357. [CrossRef]

10. Dominguez-Salas, P.; Moore, S.E.; Baker, M.S.; Bergen, A.W.; Cox, S.E.; Dyer, R.A.; Fulford, A.J.; Guan, Y.;
Laritsky, E.; Silver, M.J.; et al. Maternal nutrition at conception modulates DNA methylation of human
metastable epialleles. Nat. Commun. 2014, 5, 3746. [CrossRef] [PubMed]

http://www.mdpi.com/2072-6643/10/9/1282/s1
http://www.mdpi.com/2072-6643/10/9/1282/s1
http://dx.doi.org/10.1016/S0140-6736(13)60937-X
http://dx.doi.org/10.3945/ajcn.114.084475
http://www.ncbi.nlm.nih.gov/pubmed/25411301
http://dx.doi.org/10.2337/dc11-0456
http://www.ncbi.nlm.nih.gov/pubmed/22100968
http://dx.doi.org/10.1016/j.bpobgyn.2014.05.009
http://www.ncbi.nlm.nih.gov/pubmed/25182507
http://dx.doi.org/10.1159/000487383
http://dx.doi.org/10.1111/obr.12694
http://www.ncbi.nlm.nih.gov/pubmed/29691969
http://dx.doi.org/10.1016/S0140-6736(07)61690-0
http://dx.doi.org/10.1016/S0140-6736(07)61693-6
http://dx.doi.org/10.1016/S0140-6736(07)61692-4
http://dx.doi.org/10.1038/ncomms4746
http://www.ncbi.nlm.nih.gov/pubmed/24781383


Nutrients 2018, 10, 1282 9 of 11

11. Barker, D.J. Fetal origins of coronary heart disease. BMJ 1995, 311, 171–174. [CrossRef] [PubMed]
12. Catalano, P.M. The impact of gestational diabetes and maternal obesity on the mother and her offspring.

J. Dev. Orig. Health Dis. 2010, 1, 208–215. [CrossRef] [PubMed]
13. Sharp, G.C.; Lawlor, D.A.; Richmond, R.C.; Fraser, A.; Simpkin, A.; Suderman, M.; Shihab, H.A.; Lyttleton, O.;

McArdle, W.; Ring, S.M.; et al. Maternal pre-pregnancy BMI and gestational weight gain, offspring DNA
methylation and later offspring adiposity: findings from the Avon Longitudinal Study of Parents and
Children. Int. J. Epidemiol. 2015, 44, 1288–1304. [CrossRef] [PubMed]

14. Berngard, S.C.; Berngard, J.B.; Krebs, N.F.; Garces, A.; Miller, L.V.; Westcott, J.; Wright, L.L.; Kindem, M.;
Hambidge, K.M. Newborn length predicts early infant linear growth retardation and disproportionately
high weight gain in a low-income population. Early Hum. Dev. 2013, 89, 967–972. [CrossRef] [PubMed]

15. Mook-Kanamori, D.O.; Steegers, E.A.; Eilers, P.H.; Raat, H.; Hofman, A.; Jaddoe, V.W. Risk factors and outcomes
associated with first-trimester fetal growth restriction. JAMA 2010, 303, 527–534. [CrossRef] [PubMed]

16. Hambidge, K.M.; Mazariegos, M.; Kindem, M.; Wright, L.L.; Cristobal-Perez, C.; Juarez-Garcia, L.;
Westcott, J.E.; Goco, N.; Krebs, N.F. Infant stunting is associated with short maternal stature. J. Pediatr.
Gastroenterol. Nutr. 2012, 54, 117–119. [CrossRef] [PubMed]

17. Ahmed, T.; Hossain, M.; Sanin, K.I. Global burden of maternal and child undernutrition and micronutrient
deficiencies. Ann. Nutr. Metab. 2012, 61 (Suppl. 1), 8–17. [CrossRef]

18. Rao, K.R.; Padmavathi, I.J.; Raghunath, M. Maternal micronutrient restriction programs the body adiposity,
adipocyte function and lipid metabolism in offspring: A review. Rev. Endocr. Metab. Disord. 2012, 13, 103–108.
[CrossRef] [PubMed]

19. Stewart, C.P.; Christian, P.; Schulze, K.J.; Leclerq, S.C.; West, K.P., Jr.; Khatry, S.K. Antenatal micronutrient
supplementation reduces metabolic syndrome in 6- to 8-year-old children in rural Nepal. J. Nutr. 2009, 139,
1575–1581. [CrossRef] [PubMed]

20. Carlin, J.; George, R.; Reyes, T.M. Methyl donor supplementation blocks the adverse effects of maternal high
fat diet on offspring physiology. PLoS ONE 2013, 8, e63549. [CrossRef] [PubMed]

21. Dahlhoff, C.; Worsch, S.; Sailer, M.; Hummel, B.A.; Fiamoncini, J.; Uebel, K.; Obeid, R.; Scherling, C.; Geisel, J.;
Bader, B.L.; et al. Methyl-donor supplementation in obese mice prevents the progression of NAFLD, activates
AMPK and decreases acyl-carnitine levels. Mol. Metab. 2014, 3, 565–580. [CrossRef] [PubMed]

22. Waterland, R.A.; Travisano, M.; Tahiliani, K.G.; Rached, M.T.; Mirza, S. Methyl donor supplementation prevents
transgenerational amplification of obesity. Int. J. Obes. (Lond.) 2008, 32, 1373–1379. [CrossRef] [PubMed]

23. Newgard, C.B.; An, J.; Bain, J.R.; Muehlbauer, M.J.; Stevens, R.D.; Lien, L.F.; Haqq, A.M.; Shah, S.H.; Arlotto, M.;
Slentz, C.A.; et al. A branched-chain amino acid-related metabolic signature that differentiates obese and lean
humans and contributes to insulin resistance. Cell Metab. 2009, 9, 311–326. [CrossRef] [PubMed]

24. Newgard, C.B. Interplay between lipids and branched-chain amino acids in development of insulin resistance.
Cell Metab. 2012, 15, 606–614. [CrossRef] [PubMed]

25. Lynch, C.J.; Adams, S.H. Branched-chain amino acids in metabolic signalling and insulin resistance.
Nat. Rev. Endocrinol. 2014, 10, 723–736. [CrossRef] [PubMed]

26. Jacob, S.; Nodzenski, M.; Reisetter, A.C.; Bain, J.R.; Muehlbauer, M.J.; Stevens, R.D.; Ilkayeva, O.R.; Lowe, L.P.;
Metzger, B.E.; Newgard, C.B.; et al. Targeted metabolomics demonstrates distinct and overlapping maternal
metabolites associated with bmi, glucose, and insulin sensitivity during pregnancy across four ancestry
groups. Diabetes Care 2017, 40, 911–919. [CrossRef] [PubMed]

27. Moretti, F.; Birarelli, M.; Carducci, C.; Pontecorvi, A.; Antonozzi, I. Simultaneous high-performance
liquid chromatographic determination of amino acids in a dried blood spot as a neonatal screening test.
J. Chromatogr. 1990, 511, 131–136. [CrossRef]

28. Wagner, M.; Tonoli, D.; Varesio, E.; Hopfgartner, G. The use of mass spectrometry to analyze dried blood
spots. Mass Spectrom. Rev. 2016, 35, 361–438. [CrossRef] [PubMed]

29. Hambidge, K.M.; Krebs, N.F.; Westcott, J.E.; Garces, A.; Goudar, S.S.; Kodkany, B.S.; Pasha, O.; Tshefu, A.;
Bose, C.L.; Figueroa, L.; et al. Preconception maternal nutrition: A multi-site randomized controlled trial.
BMC Pregnancy Childbirth 2014, 14, 111. [CrossRef] [PubMed]

30. Arimond, M.; Zeilani, M.; Jungjohann, S.; Brown, K.H.; Ashorn, P.; Allen, L.H.; Dewey, K.G. Considerations
in developing lipid-based nutrient supplements for prevention of undernutrition: Experience from the
International Lipid-Based Nutrient Supplements (iLiNS) project. Matern. Child Nutr. 2015, 11 (Suppl. 4),
31–61. [CrossRef] [PubMed]

http://dx.doi.org/10.1136/bmj.311.6998.171
http://www.ncbi.nlm.nih.gov/pubmed/7613432
http://dx.doi.org/10.1017/S2040174410000115
http://www.ncbi.nlm.nih.gov/pubmed/25141869
http://dx.doi.org/10.1093/ije/dyv042
http://www.ncbi.nlm.nih.gov/pubmed/25855720
http://dx.doi.org/10.1016/j.earlhumdev.2013.09.008
http://www.ncbi.nlm.nih.gov/pubmed/24083893
http://dx.doi.org/10.1001/jama.2010.78
http://www.ncbi.nlm.nih.gov/pubmed/20145229
http://dx.doi.org/10.1097/MPG.0b013e3182331748
http://www.ncbi.nlm.nih.gov/pubmed/21866055
http://dx.doi.org/10.1159/000345165
http://dx.doi.org/10.1007/s11154-012-9211-y
http://www.ncbi.nlm.nih.gov/pubmed/22430228
http://dx.doi.org/10.3945/jn.109.106666
http://www.ncbi.nlm.nih.gov/pubmed/19549749
http://dx.doi.org/10.1371/journal.pone.0063549
http://www.ncbi.nlm.nih.gov/pubmed/23658839
http://dx.doi.org/10.1016/j.molmet.2014.04.010
http://www.ncbi.nlm.nih.gov/pubmed/25061561
http://dx.doi.org/10.1038/ijo.2008.100
http://www.ncbi.nlm.nih.gov/pubmed/18626486
http://dx.doi.org/10.1016/j.cmet.2009.02.002
http://www.ncbi.nlm.nih.gov/pubmed/19356713
http://dx.doi.org/10.1016/j.cmet.2012.01.024
http://www.ncbi.nlm.nih.gov/pubmed/22560213
http://dx.doi.org/10.1038/nrendo.2014.171
http://www.ncbi.nlm.nih.gov/pubmed/25287287
http://dx.doi.org/10.2337/dc16-2453
http://www.ncbi.nlm.nih.gov/pubmed/28637889
http://dx.doi.org/10.1016/S0021-9673(01)93278-9
http://dx.doi.org/10.1002/mas.21441
http://www.ncbi.nlm.nih.gov/pubmed/25252132
http://dx.doi.org/10.1186/1471-2393-14-111
http://www.ncbi.nlm.nih.gov/pubmed/24650219
http://dx.doi.org/10.1111/mcn.12049
http://www.ncbi.nlm.nih.gov/pubmed/23647784


Nutrients 2018, 10, 1282 10 of 11

31. Ashorn, P.; Alho, L.; Ashorn, U.; Cheung, Y.B.; Dewey, K.G.; Harjunmaa, U.; Lartey, A.; Nkhoma, M.; Phiri, N.;
Phuka, J.; et al. The impact of lipid-based nutrient supplement provision to pregnant women on newborn size
in rural Malawi: A randomized controlled trial. Am. J. Clin. Nutr. 2015, 101, 387–397. [CrossRef] [PubMed]

32. Chace, D.H.; DiPerna, J.C.; Mitchell, B.L.; Sgroi, B.; Hofman, L.F.; Naylor, E.W. Electrospray tandem mass
spectrometry for analysis of acylcarnitines in dried postmortem blood specimens collected at autopsy from
infants with unexplained cause of death. Clin. Chem. 2001, 47, 1166–1182. [PubMed]

33. Chace, D.H.; Kalas, T.A.; Naylor, E.W. Use of tandem mass spectrometry for multianalyte screening of dried
blood specimens from newborns. Clin. Chem. 2003, 49, 1797–1817. [CrossRef] [PubMed]

34. Chace, D.H.; Adam, B.W.; Smith, S.J.; Alexander, J.R.; Hillman, S.L.; Hannon, W.H. Validation of
accuracy-based amino acid reference materials in dried-blood spots by tandem mass spectrometry for
newborn screening assays. Clin. Chem. 1999, 45, 1269–1277. [PubMed]

35. Hochberg, Y.; Benjamini, Y. More powerful procedures for multiple significance testing. Stat. Med. 1990,
9, 811–818. [CrossRef] [PubMed]

36. R Core Team. R: A Language and Environment for Statistical Computing; R Foundation for Statistical Computing:
Vienna, Austria, 2017.

37. Fitch, W.L.; King, J.C. Plasma amino acid, glucose, and insulin responses to moderate-protein and
high-protein test meals in pregnant, nonpregnant, and gestational diabetic women. Am. J. Clin. Nutr.
1987, 46, 243–249. [CrossRef] [PubMed]

38. Ghadimi, H.; Pecora, P. Free amino acids of cord plasma as compared with maternal plasma during pregnancy.
Pediatrics 1964, 33, 500–506. [PubMed]

39. Metzger, B.E.; Phelps, R.L.; Freinkel, N.; Navickas, I.A. Effects of gestational diabetes on diurnal profiles of
plasma glucose, lipids, and individual amino acids. Diabetes Care 1980, 3, 402–409. [CrossRef] [PubMed]

40. Potter, J.M.; Green, A.; Cullen, D.R.; Milner, R.D. Amino acid profiles in early diabetic and non-diabetic
pregnancy. Diabetes Res. Clin. Pract. 1986, 2, 123–126. [CrossRef]

41. Persson, B.; Pschera, H.; Lunell, N.O.; Barley, J.; Gumaa, K.A. Amino acid concentrations in maternal
plasma and amniotic fluid in relation to fetal insulin secretion during the last trimester of pregnancy in
gestational and type I diabetic women and women with small-for-gestational-age infants. Am. J. Perinatol.
1986, 3, 98–103. [CrossRef] [PubMed]

42. Zimmer, D.M.; Golichowski, A.M.; Karn, C.A.; Brechtel, G.; Baron, A.D.; Denne, S.C. Glucose and amino
acid turnover in untreated gestational diabetes. Diabetes Care 1996, 19, 591–596. [CrossRef] [PubMed]

43. Bentley-Lewis, R.; Huynh, J.; Xiong, G.; Lee, H.; Wenger, J.; Clish, C.; Nathan, D.; Thadhani, R.; Gerszten, R.
Metabolomic profiling in the prediction of gestational diabetes mellitus. Diabetologia 2015, 58, 1329–1332.
[CrossRef] [PubMed]

44. Kalkhoff, R.K.; Kandaraki, E.; Morrow, P.G.; Mitchell, T.H.; Kelber, S.; Borkowf, H.I. Relationship between
neonatal birth weight and maternal plasma amino acid profiles in lean and obese nondiabetic women and in
type I diabetic pregnant women. Metabolism 1988, 37, 234–239. [CrossRef]

45. Park, S.; Park, J.Y.; Lee, J.H.; Kim, S.H. Plasma levels of lysine, tyrosine, and valine during pregnancy are
independent risk factors of insulin resistance and gestational diabetes. Metab. Syndr. Relat. Disord. 2015,
13, 64–70. [CrossRef] [PubMed]

46. Sandler, V.; Reisetter, A.C.; Bain, J.R.; Muehlbauer, M.J.; Nodzenski, M.; Stevens, R.D.; Ilkayeva, O.; Lowe, L.P.;
Metzger, B.E.; Newgard, C.B.; et al. Associations of maternal BMI and insulin resistance with the maternal
metabolome and newborn outcomes. Diabetologia 2017, 60, 518–530. [CrossRef] [PubMed]

47. Lowe, W.L., Jr.; Bain, J.R.; Nodzenski, M.; Reisetter, A.C.; Muehlbauer, M.J.; Stevens, R.D.; Ilkayeva, O.R.;
Lowe, L.P.; Metzger, B.E.; Newgard, C.B.; et al. Maternal BMI and glycemia impact the fetal metabolome.
Diabetes Care 2017, 40, 902–910. [CrossRef] [PubMed]

48. Perng, W.; Gillman, M.W.; Fleisch, A.F.; Michalek, R.D.; Watkins, S.M.; Isganaitis, E.; Patti, M.E.; Oken, E.
Metabolomic profiles and childhood obesity. Obesity 2014, 22, 2570–2578. [CrossRef] [PubMed]

49. She, P.; Van, H.C.; Reid, T.; Hutson, S.M.; Cooney, R.N.; Lynch, C.J. Obesity-related elevations in plasma
leucine are associated with alterations in enzymes involved in branched-chain amino acid metabolism. Am. J.
Physiol. Endocrinol. Metab. 2007, 293, E1552–E1563. [CrossRef] [PubMed]

50. Lackey, D.E.; Lynch, C.J.; Olson, K.C.; Mostaedi, R.; Ali, M.; Smith, W.H.; Karpe, F.; Humphreys, S.;
Bedinger, D.H.; Dunn, T.N.; et al. Regulation of adipose branched-chain amino acid catabolism enzyme

http://dx.doi.org/10.3945/ajcn.114.088617
http://www.ncbi.nlm.nih.gov/pubmed/25646337
http://www.ncbi.nlm.nih.gov/pubmed/11427446
http://dx.doi.org/10.1373/clinchem.2003.022178
http://www.ncbi.nlm.nih.gov/pubmed/14578311
http://www.ncbi.nlm.nih.gov/pubmed/10430794
http://dx.doi.org/10.1002/sim.4780090710
http://www.ncbi.nlm.nih.gov/pubmed/2218183
http://dx.doi.org/10.1093/ajcn/46.2.243
http://www.ncbi.nlm.nih.gov/pubmed/3303897
http://www.ncbi.nlm.nih.gov/pubmed/14166529
http://dx.doi.org/10.2337/diacare.3.3.402
http://www.ncbi.nlm.nih.gov/pubmed/7190092
http://dx.doi.org/10.1016/S0168-8227(86)80012-2
http://dx.doi.org/10.1055/s-2007-999842
http://www.ncbi.nlm.nih.gov/pubmed/3516172
http://dx.doi.org/10.2337/diacare.19.6.591
http://www.ncbi.nlm.nih.gov/pubmed/8725857
http://dx.doi.org/10.1007/s00125-015-3553-4
http://www.ncbi.nlm.nih.gov/pubmed/25748329
http://dx.doi.org/10.1016/0026-0495(88)90101-1
http://dx.doi.org/10.1089/met.2014.0113
http://www.ncbi.nlm.nih.gov/pubmed/25419905
http://dx.doi.org/10.1007/s00125-016-4182-2
http://www.ncbi.nlm.nih.gov/pubmed/27981358
http://dx.doi.org/10.2337/dc16-2452
http://www.ncbi.nlm.nih.gov/pubmed/28637888
http://dx.doi.org/10.1002/oby.20901
http://www.ncbi.nlm.nih.gov/pubmed/25251340
http://dx.doi.org/10.1152/ajpendo.00134.2007
http://www.ncbi.nlm.nih.gov/pubmed/17925455


Nutrients 2018, 10, 1282 11 of 11

expression and cross-adipose amino acid flux in human obesity. Am. J. Physiol. Endocrinol. Metab. 2013,
304, E1175–E1187. [CrossRef] [PubMed]

51. Goffredo, M.; Santoro, N.; Trico, D.; Giannini, C.; D’Adamo, E.; Zhao, H.; Peng, G.; Yu, X.; Lam, T.T.;
Pierpont, B.; et al. A branched-chain amino acid-related metabolic signature characterizes obese adolescents
with non-alcoholic fatty liver disease. Nutrients 2017, 9, E642. [CrossRef] [PubMed]

52. McCormack, S.E.; Shaham, O.; McCarthy, M.A.; Deik, A.A.; Wang, T.J.; Gerszten, R.E.; Clish, C.B.;
Mootha, V.K.; Grinspoon, S.K.; Fleischman, A. Circulating branched-chain amino acid concentrations
are associated with obesity and future insulin resistance in children and adolescents. Pediatr. Obes. 2013,
8, 52–61. [CrossRef] [PubMed]

53. Connelly, M.A.; Wolak-Dinsmore, J.; Dullaart, R.P.F. Branched chain amino acids are associated with insulin
resistance independent of leptin and adiponectin in subjects with varying degrees of glucose tolerance.
Metab. Syndr. Relat. Disord. 2017, 15, 183–186. [CrossRef] [PubMed]

54. Adams, S.H. Emerging perspectives on essential amino acid metabolism in obesity and the insulin-resistant
state. Adv. Nutr. 2011, 2, 445–456. [CrossRef] [PubMed]

55. Butte, N.F.; Liu, Y.; Zakeri, I.F.; Mohney, R.P.; Mehta, N.; Voruganti, V.S.; Goring, H.; Cole, S.A.;
Comuzzie, A.G. Global metabolomic profiling targeting childhood obesity in the Hispanic population.
Am. J. Clin. Nutr. 2015, 102, 256–267. [CrossRef] [PubMed]

56. Zhao, X.; Han, Q.; Liu, Y.; Sun, C.; Gang, X.; Wang, G. The relationship between branched-chain amino
acid related metabolomic signature and insulin resistance: A systematic review. J. Diabetes Res. 2016,
2016, 2794591. [CrossRef] [PubMed]

57. Trico, D.; Prinsen, H.; Giannini, C.; de Graff, R.; Juchem, C.; Li, F.; Caprio, S.; Santoro, N.; Herzog, R.I.
Elevated alpha-hydroxybutyrate and BCAA levels predict deterioration of glycemic control in adolescents.
J. Clin. Endocrinol. Metab. 2017, 102, 2473–2481. [CrossRef] [PubMed]

58. Shah, S.H.; Crosslin, D.R.; Haynes, C.S.; Nelson, S.; Turer, C.B.; Stevens, R.D.; Muehlbauer, M.J.; Wenner, B.R.;
Bain, J.R.; Laferrere, B.; et al. Branched-chain amino acid levels are associated with improvement in insulin
resistance with weight loss. Diabetologia 2012, 55, 321–330. [CrossRef] [PubMed]

59. Tan, H.C.; Khoo, C.M.; Tan, M.Z.; Kovalik, J.P.; Ng, A.C.; Eng, A.K.; Lai, O.F.; Ching, J.H.; Tham, K.W.;
Pasupathy, S. The effects of sleeve gastrectomy and gastric bypass on branched-chain amino acid metabolism
1 year after bariatric surgery. Obes. Surg. 2016, 26, 1830–1835. [CrossRef] [PubMed]

60. Lips, M.A.; Van Klinken, J.B.; van Harmelen, V.; Dharuri, H.K.; Ac’t Hoen, P.; Laros, J.F.; van Ommen, G.J.;
Janssen, I.M.; Van Ramshorst, B.; Van Wagensveld, B.A.; et al. Roux-en-Y gastric bypass surgery, but not
calorie restriction, reduces plasma branched-chain amino acids in obese women independent of weight loss
or the presence of type 2 diabetes. Diabetes Care 2014, 37, 3150–3156. [CrossRef] [PubMed]

61. Magkos, F.; Bradley, D.; Schweitzer, G.G.; Finck, B.N.; Eagon, J.C.; Ilkayeva, O.; Newgard, C.B.; Klein, S.
Effect of Roux-en-Y gastric bypass and laparoscopic adjustable gastric banding on branched-chain amino
acid metabolism. Diabetes 2013, 62, 2757–2761. [CrossRef] [PubMed]

62. Barcelo, A.; Bauca, J.M.; Pena-Zarza, J.A.; Morell-Garcia, D.; Yanez, A.; Perez, G.; Pierola, J.; Toledo, N.; de la
Pena, M. Circulating branched-chain amino acids in children with obstructive sleep apnea. Pediatr. Pulmonol.
2017, 52, 1085–1091. [CrossRef] [PubMed]

63. Barcelo, A.; Morell-Garcia, D.; Salord, N.; Esquinas, C.; Perez, G.; Perez, A.; Monasterio, C.; Gasa, M.;
Fortuna, A.M.; Montserrat, J.M.; et al. A randomized controlled trial: branched-chain amino acid levels and
glucose metabolism in patients with obesity and sleep apnea. J. Sleep Res. 2017, 26, 773–781. [CrossRef] [PubMed]

64. Reece, E.A.; Coustan, D.R.; Sherwin, R.S.; Tuck, S.; Bates, S.; O’Connor, T.; Tamborlane, W.V. Does
intensive glycemic control in diabetic pregnancies result in normalization of other metabolic fuels? Am. J.
Obstet. Gynecol. 1991, 165, 126–130. [CrossRef]

© 2018 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
article distributed under the terms and conditions of the Creative Commons Attribution
(CC BY) license (http://creativecommons.org/licenses/by/4.0/).

http://dx.doi.org/10.1152/ajpendo.00630.2012
http://www.ncbi.nlm.nih.gov/pubmed/23512805
http://dx.doi.org/10.3390/nu9070642
http://www.ncbi.nlm.nih.gov/pubmed/28640216
http://dx.doi.org/10.1111/j.2047-6310.2012.00087.x
http://www.ncbi.nlm.nih.gov/pubmed/22961720
http://dx.doi.org/10.1089/met.2016.0145
http://www.ncbi.nlm.nih.gov/pubmed/28437198
http://dx.doi.org/10.3945/an.111.000737
http://www.ncbi.nlm.nih.gov/pubmed/22332087
http://dx.doi.org/10.3945/ajcn.115.111872
http://www.ncbi.nlm.nih.gov/pubmed/26085512
http://dx.doi.org/10.1155/2016/2794591
http://www.ncbi.nlm.nih.gov/pubmed/27642608
http://dx.doi.org/10.1210/jc.2017-00475
http://www.ncbi.nlm.nih.gov/pubmed/28482070
http://dx.doi.org/10.1007/s00125-011-2356-5
http://www.ncbi.nlm.nih.gov/pubmed/22065088
http://dx.doi.org/10.1007/s11695-015-2023-x
http://www.ncbi.nlm.nih.gov/pubmed/26729279
http://dx.doi.org/10.2337/dc14-0195
http://www.ncbi.nlm.nih.gov/pubmed/25315204
http://dx.doi.org/10.2337/db13-0185
http://www.ncbi.nlm.nih.gov/pubmed/23610059
http://dx.doi.org/10.1002/ppul.23753
http://www.ncbi.nlm.nih.gov/pubmed/28672086
http://dx.doi.org/10.1111/jsr.12551
http://www.ncbi.nlm.nih.gov/pubmed/28513068
http://dx.doi.org/10.1016/0002-9378(91)90240-R
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction 
	Materials and Methods 
	Blood Collection and Amino Acid Profiling Using Dried Blood Spot Cards 
	Statistical Analysis 

	Results 
	Elevated BCAAs in OW/OB Mothers and Maternal ppBMI Positively Correlated with the Leptin/Adiponectin Ratio at 12 Weeks Gestation in -LNS Groups 
	Maternal ppBMI Correlated with the Leptin/Adiponectin Ratio Was Not Correlated with BCAAs in +LNS Mothers 

	Discussion 
	Conclusions 
	References

