.
¥,

Und 11utrients MoPY

Article

Branched-Chain and Aromatic Amino Acids, Type 2 Diabetes,
and Cardiometabolic Risk Factors among Puerto Rican Adults

Sona Rivas-Tumanyan !

Liming Liang %, Katherine L. Tucker >(7, Kaumudi J. Joshipura ¢ and Shilpa N. Bhupathiraju

check for
updates

Citation: Rivas-Tumanyan, S.;
Pacheco, L.S.; Haslam, D.E.;
Morou-Bermudez, E.; Liang, L.;
Tucker, K.L.; Joshipura, K.J.;
Bhupathiraju, S.N. Branched-Chain
and Aromatic Amino Acids, Type 2
Diabetes, and Cardiometabolic Risk
Factors among Puerto Rican Adults.
Nutrients 2024, 16, 2562. https://
doi.org/10.3390/nu16152562

Academic Editor: Javier

Gomez-Ambrosi

Received: 20 June 2024
Revised: 17 July 2024
Accepted: 1 August 2024
Published: 4 August 2024

Copyright: © 2024 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 (https://
creativecommons.org/licenses /by /
4.0/).

, Lorena S. Pacheco 2(”, Danielle E. Haslam %3(, Evangelia Morou-Bermudez !,

2,3, %

Department of Surgical Sciences and the Office of the Assistant Dean for Research, School of Dental Medicine,
University of Puerto Rico, San Juan, PR 00936, USA; sona.tumanyan@upr.edu (S.R.-T.)

2 Department of Nutrition, Harvard T.H. Chan School of Public Health, Boston, MA 02115, USA

Channing Division of Network Medicine, Brigham and Women’s Hospital and Harvard Medical School,

181 Longwood Ave, Boston, MA 02115, USA

4 Department of Biostatistics, Harvard T.H. Chan School of Public Health, Boston, MA 02115, USA
Department of Biomedical and Nutritional Sciences and Center for Population Health, University of
Massachusetts, Lowell, MA 01854, USA

6 Dean, School of Public Health, Ahmedabad University, Central Campus, Navrangpura, Ahmedabad 380009,
Gujarat, India

Correspondence: nhsnb@channing.harvard.edu

Abstract: (1) Background: Branched-chain and aromatic amino acids (BCAAs/AAAs) have been
considered as markers of type 2 diabetes (T2D); however, studies on associations between these
metabolites and T2D and cardiometabolic traits in Hispanic populations are limited. The aim
of this study was to examine the associations between baseline BCAAs (isoleucine, leucine, va-
line)/ AAAs (phenylalanine, tyrosine) and prevalent and incident T2D, as well as baseline and
longitudinal (2 year) changes in cardiometabolic traits (measures of glycemia, dyslipidemia, in-
flammation, and obesity) in two large cohorts of adults of Puerto Rican descent. (2) Methods: We
included participants of the Boston Puerto Rican Health Study (BPRHS, n = 670) and San Juan
Overweight Adult Longitudinal study (SOALS, n = 999) with available baseline metabolite and
covariate data. T2D diagnosis was defined based on American Diabetes Association criteria. Mul-
tivariable logistic (for baseline T2D), Poisson (for incident T2D), and linear (for cardiometabolic
traits) regression models were used; cohort-specific results were combined in the meta-analysis
and adjusted for multiple comparisons. (3) Results: Higher baseline BCA As were associated with
higher odds of prevalent T2D (OR1sp BCAA score = 146, 95% CI: 1.34-1.59, p < 0.0001) and higher risk
of incident T2D (IRR1sp BCAA score = 1.24, 95% CI: 1.13-1.37, p < 0.0001). In multivariable longitu-
dinal analysis, higher leucine and valine concentrations were associated with 2-year increase in
insulin (beta 15p jeucine = 0.37 mcU/mL, 95% CI: 0.11-0.63, p < 0.05; beta 15p valine = 043 mcU/mL,
95% CI: 0.17-0.68, p < 0.01). Tyrosine was a significant predictor of incident T2D (IRR = 1.31, 95% CI:
1.09-1.58, p < 0.05), as well as 2 year increases in HOMA-IR (beta 15p tyrosine = 013, 95% CI: 0.04-0.22,
p <0.05) and insulin concentrations (beta 1sp tyrosine = 0.37 mcU/mL, 95% CI: 0.12-0.61, p < 0.05).
(4) Conclusions: Our results confirmed the associations between BCAAs and prevalent and incident
T2D, as well as concurrent measures of glycemia, dyslipidemia, and obesity, previously reported in
predominantly White and Asian populations. Baseline leucine, valine, and tyrosine were predictors
of 2 year increases in insulin, whereas tyrosine was a significant predictor of deteriorating insulin
resistance over time. Our study suggests that BCAAs and tyrosine could serve as early markers of
future glycemic changes in Puerto Ricans.

Keywords: branched-chain amino acids; aromatic amino acids; type 2 diabetes; Hispanic; cohort

1. Introduction

Diabetes is a prevalent chronic condition and is a major public health concern world-
wide. In the US alone, around 38.1 million adults (14.7%) were estimated to be affected
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by diabetes in 2021, with approximately 90-95% of them having type 2 diabetes (T2D) [1].
Among adults of Hispanic origin, Puerto Ricans were reported to have the highest preva-
lence of T2D (13.3%) in 20192021 [1], surpassing the prevalence among Blacks, Asians,
and non-Hispanic Whites. Studies have also shown that the prevalence of T2D risk factors
varies by racial and ethnic group [2].

Branched-chain amino acids (BCAAs: isoleucine, leucine, valine) are essential amino
acids, commonly present in protein-rich foods (e.g., red meat, poultry, eggs, fish, and
legumes). The aromatic amino acid group (AAA) includes phenylalanine, tyrosine, and
tryptophan, which are also frequently sourced from animal- and plant-based proteins.
Increases in fasting circulating BCAAs and phenylalanine and tyrosine have been previ-
ously linked to T2D risk [3-6]. Metabolomic studies have explored BCAA and aromatic
amino acids as markers of T2D; however, most were conducted in populations of Euro-
pean or Asian ancestry [7]. A recent meta-analysis of prospective cohort studies confirms
positive associations between all individual BCAAs, phenylalanine, tyrosine, and T2D
risk [6], with summary relative risk estimates ranging from 1.30 (95% CI: 1.16; 1.45) for
phenylalanine to 1.54 (95% CI: 1.36; 1.74) for isoleucine. To date, few studies on metabolites
(and particularly BCAAs and AAAs) and incident diabetes in Hispanic populations have
been conducted [8,9]. The number of prospective studies focusing on potential under-
lying mechanisms linking these metabolites and T2D among Hispanics is also limited.
Only a few [8,10,11] have examined associations between these metabolites and prospec-
tive changes in select cardiometabolic traits, focusing on glycemic changes [8], insulin
resistance [10], and anthropometric measures [11].

The goal of this study was to explore associations between BCAAs, AAAs, and T2D in
two prospective cohorts of Puerto Rican adults, as well as to explore the potential mecha-
nisms underlying these associations through analysis of associations with cardiometabolic
risk factors.

2. Materials and Methods
2.1. Study Population

The Boston Puerto Rican Health Study (BPRHS) is an ongoing prospective cohort
study of Puerto Rican adults recruited from communities in the Greater Boston Area. The
details of data collection and recruitment methods of the BPRHS have been published
previously [12]. Data were collected by bilingual interviewers during home visits at
baseline, 2 years, 3 years, and around 6 years. The primary goal of the original study was
to explore the association between psychosocial stress and presence and development of
allostatic load and health outcomes among Puerto Ricans.

The San Juan Overweight Adult Longitudinal Study (SOALS) is a three-year prospec-
tive cohort of adult Puerto Ricans residing in San Juan metropolitan area, who were
overweight or obese, and free from previous diagnosis of T2D at baseline. The primary
goal of this study was to assess the bi-directional association between periodontitis and
T2D. SOALS cohort methods have previously been published [13].

For the current analyses, we included participants with available plasma BCAA and
AAA and covariate data at baseline (1 = 670 in BPRHS and 999 in SOALS).

2.2. T2D Assessment

Participants were categorized as having T2D at baseline or follow-up using the Ameri-
can Diabetes Association (ADA) criteria: having fasting glucose > 126 mg/dL, 2-h post-load
glucose > 200 mg/dL (available in SOALS only), or HbAlc > 6.5% [14]. In addition to
those criteria, participants were classified as having T2D if they reported a diagnosis by a
physician (SOALS) or were taking blood-sugar-lowering medications (BPRHS).

2.3. Metabolomic Profiling

In the BPRHS, fasting blood samples were collected during the home visits, cen-
trifuged, transported to the laboratory on dry ice, processed, and stored at —70 °C. In
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SOALS, the fasting blood samples were drawn in a laboratory setting, processed, and
stored at —80 °C. Blinded baseline plasma specimens from both cohorts were assayed by
Metabolon Inc. (Durham, NC, USA) [15]. Raw data were extracted, and peaks were identi-
fied and quantified as previously described [16], using area-under-the-curve. Metabolites
were identified using a reference library of more than 4500 purified standards for retention
time/index, mass-to-charge ratio, and chromatographic data. Data were normalized across
all samples and validated by Metabolon, Inc. A mix of pooled matrix sample and a cocktail
of quality control standards were included for quality assurance. Samples were randomized
across the platform run with QC samples evenly spaced among injections. Undetectable
metabolite values were imputed at a value equal to half the minimum of each measured
metabolite. Inverse normal transformation was used for all metabolite data.

2.4. Cardiometabolic Markers
2.4.1. Measures of Glycemia

In both cohorts, participants were requested to fast for 10 h prior to the study
visit [12,13,17]. In SOALS, plasma glucose and insulin concentrations were determined at
fasting and 30, 60, and 120 min after glucose load. Glucose levels were determined using a
Vitros System 250 instrument (intra-assay coefficient of variation (CV) = 1.21%, inter-assay
CV =3.06%). Plasma insulin concentrations were determined by an immuno-enzymometric
assay using a TOSOH analyzer (intra-assay CV = 1.49%; inter-assay CV = 4.42%) [18]. In
BPRHS, plasma glucose was measured using an enzymatic, kinetic reaction (OSCR6121;
Olympus America, Melville, NY, USA), with intra- and inter-assay CVs of 2% and 3.4%,
respectively. Serum insulin was measured using the Immulite 1000 Insulin Kit (LKIN1) on
the Immulite 1000 (Siemens Medical Solutions Diagnostics, Los Angeles, CA, USA) [12].
The homeostatic model assessment of insulin resistance (HOMA-IR) was calculated as
[fasting glucose (mg/dL) x fasting insulin (mg/dL)]/405] in both cohorts [19].

In SOALS, HbAlc was measured with an assay by a latex immunoagglutination inhi-
bition method using the DCA 2000+ Analyzer (Siemens Healthcare Diagnostics, Tarrytown,
NY, USA) [18]. In BPRHS, a whole blood hemolysate was analyzed by latex-enhanced
immunoturbimetric to determine the HbAlc, and by colorimetric, endpoint for hemoglobin,
on the Cobas FARA using the Roche Unimate HbA1c kit (Roche Diagnostics, Indianapolis,
Indiana) [12].

2.4.2. Measures of Dyslipidemia and Inflammation

In SOALS, triglyceride and high-density lipoprotein cholesterol (HDL-C) concentra-
tions were determined with an enzymatic assay by Roche Diagnostics (Indianapolis, IN,
USA) [18]. In BPRHS, HDL-C and triglycerides were analyzed using EDTA plasma with the
enzymatic endpoint reaction on the Olympus AU400e with Olympus Reagents (Olympus
America Inc., Melville, NY, USA) [12]. Low-density lipoprotein cholesterol (LDL-C) was
determined using the Friedewald equation [20]. High-sensitivity C-reactive protein (CRP)
was measured with the high sensitive latex turbidimetric method by Beckman Coulter
AU5421 K-assay (Beckman Coulter, Inc., Brea, CA, USA) in SOALS [18], using the Immulite
1000 High Sensitive CRP Kit (LKCRP1 on the Immulite 1000 (Siemens Medical Solutions
Diagnostics, Los Angeles, CA, USA) in BPRHS [12].

2.4.3. Body Composition Measures

Participants” height, weight, and waist circumference were measured 2-3 times and
later averaged [12,18]. Body mass index (BMI) was calculated using weight (kg), divided
by squared height (m).

2.5. Assessment of Covariates

Data on covariates were collected during in-person interviews and physical assess-
ments. Information was collected on age, sex, education, smoking status (never, past,
current), and alcohol use (grams per week), and physical activity was summarized in terms
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of metabolic equivalents of task (MET) per week in SOALS and a physical activity score in
BPRHS [21]. In SOALS, blood pressure was taken three times after 1-2 min intervals [22]
and later averaged. In BPRHS, blood pressure was measured in duplicate, at three time
points during the interview, and the second and third readings were averaged. Accultura-
tion was measured in BPRHS by a set of questions on language use in everyday activities.
The Perceived Stress Scale (PSS) instrument [23] was used to calculate the total PSS score in
BPRHS, with higher values representing higher levels of perceived stress. The American
Heart Association (AHA) diet score [24] was calculated for BPRHS participants, using data
from validated food frequency questionnaires [25].

2.6. Statistical Analysis

In BPRHS, 736 participants had information on circulating levels of BCAA and AAA
metabolites at baseline. Participants were sequentially excluded if they had missing data on
diabetes (1 = 26), or other covariates, including smoking (n = 1), BMI (n = 6), income (1 = 30),
PSS score (n = 1), waist circumference (n = 1), and alcohol intake (1 = 4), resulting in the
sample size of 670 for baseline cross-sectional analysis. The analysis on incident diabetes
was limited to 316 participants who were free from diabetes at baseline; 43 developed T2D
during the 5 years of follow-up.

In SOALS, 1191 participants completed the baseline and follow-up evaluation and had
information on baseline BCAA and AAA metabolites. We excluded those who were missing
data on confounders: smoking (1 = 1), income (n = 4), alcohol (n = 7), waist circumference
(n = 1), or physical activity (n = 1). Thus, analyses on cross-sectional associations between
the metabolites and prevalent diabetes, as well as cardiometabolic risk factors, were limited
to 999 participants. For the analysis on incident diabetes, we further excluded SOALS
participants who satisfied the definition of diabetes during the baseline evaluation (1 = 75),
resulting in the sample size of 924 participants; 68 developed T2D during 3 years of
follow-up.

Combined BCAA (isoleucine, leucine, valine) and BCAA_AAA (isoleucine, leucine,
valine, phenylalanine, tyrosine) scores were calculated as a weighted sum of the correspond-
ing normalized metabolite levels, weighted by multivariable-adjusted logistic regression
coefficients for the association between individual metabolites and T2D at baseline [26].

To explore associations between metabolites (exposures) and baseline and incident
diabetes outcomes, we considered the continuous normalized levels of each metabolite,
as well as their tertiles, defined based on the distribution among those free from diabetes
at baseline. We further explored associations between baseline metabolites and baseline
measures of glycemia (HOMA-IR, fasting insulin, glucose and hemoglobin Alc), dyslipi-
demia (HDL-C, LDL-C, triglycerides), inflammation (CRP), and anthropometric measures
(waist circumference, BMI, and weight) using linear regression models. In addition, we
examined associations with 2-year changes in cardiometabolic risk factors, adjusting for
baseline measures of the corresponding risk factors. Influential outliers, identified as
observations with the Cook’s Distance [27] value exceeding 0.5, were excluded from the
corresponding analysis.

Regression analysis was conducted using SAS statistical software version 9.4 (SAS
Institute, Cary, NC, USA). Estimates from two cohorts were combined using an inverse-
variance weighted fixed-effects meta-analysis using the meta package [28,29] within the
R statistical software (V.4.1.3, R Core Team, Vienna, Austria). p-values were adjusted for
multiple testing using the Benjamini-Hochberg False Discovery Rate (FDR) correction
method [30]; statistical significance was established at « = 0.05 level.

3. Results

Compared to SOALS, BPRHS participants were slightly older at baseline, more likely
to have less than 9th grade schooling, to be past or current smokers, and to use medications
for hypertension (Table 1).
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Table 1. Characteristics of the Boston Puerto Rican Health Study (BPRHS) and San Juan Overweight
Adult Longitudinal Study (SOALS) adults at baseline.

BPRHS (1 = 670) SOALS (1 =999)
Mean (£SD) or n (%) Mean (£SD) or n (%)

Age, years 57.2 (£7.41) 50.7 (£6.77)
Female 502 (74.9) 729 (73.0)
Total income, USD/dollars 18,003 (£18,221) -

<20,000 - 543 (54.4)

20,000-49,999 - 338 (33.8)

>50,000 - 118 (11.8)
Education

No schooling-7th to 8th grade 336 (50.2) 113 (11.3)

9th—12th grade 237 (35.4) 439 (43.9)

Some college or more 97 (14.5) 447 (44.7)
Smoking status

Never 315 (47.0) 639 (64.0)

Past 204 (30.5) 179 (17.9)

Current 151 (22.5) 181 (18.1)
Alcohol consumption

Never/abstainer 203 (30.3) 442 (44.2)

Past 197 (29.4) 113 (11.3)

Current 270 (40.3) 444 (44.4)
Multivitamin supplement use, yes 134 (20.0) -
Statin or lipid-lowering medication use, yes 295 (44.0) 85 (8.51)
Hypertension medication use, yes 376 (56.1) 267 (26.7)
BMI, kg /m? 32.2 (£6.67) 33.3 (£6.17)
Waist circumference, cm 102 (£14.9) 106 (+14.0)
LDL cholesterol, mg/dL 108 (+34.4) 123 (£32.7)
HDL cholesterol, mg/dL 45.2 (£12.4) 48.1 (£13.1)
Triglycerides, mg/dL 162 (+112) 149 (+83.7)
Glucose, mg/dL 120 (£50.2) 95.8 (+20.2)
Hemoglobin Alc, % 7.00 (+1.78) 5.80 (40.62)
HOMA-IR 6.06 (+9.99) 2.62 (+1.83)
Insulin, mcU/mL 18.8 (£26.2) 10.8 (£6.83)
C-reactive protein, mg/L 6.36 (£8.83) 5.92 (£6.32)
Type 2 diabetes, yes 354 (52.84) 75 (7.51)
Systolic blood pressure, mmHg 136 (+18.8) 129 (+£17.1)
Diastolic blood pressure, mmHg 81.5 (£10.7) 80.9 (£9.67)
Physical activity 31.4 (+4.40) 22.0 (£39.7)
Alcohol, g/d 4.05(+154) 2.36 (+5.82)
AHA diet score 8.70 (£2.04) -
Psychosocial stress score 23.4 (+9.67) -
Cultural acculturation score 22.6 (£21.2) -

LDL, low-density lipoprotein; HDL, high-density lipoprotein; AHA, American Heart Association.

3.1. BCAAs, AAAs, and Prevalent and Incident T2D

In cross-sectional analysis, participants in the highest tertile of the three BCAA metabo-
lites had a nearly four-times higher odds of diabetes (Table S1) compared to those in the
lowest tertile. In the combined meta-analysis, 1 SD increase in leucine was associated
with an OR of 2.07 for baseline diabetes (95% CI: 1.75; 2.45). Baseline T2D OR estimates
for 1 SD increase in isoleucine, valine, the combined BCAA score, and the BCAA-AAA
score were similar, ranging from 1.42 (for the BCAA-AAA score) to 1.94 (for isoleucine).
In the longitudinal analysis (Figure 1), all metabolites were significantly associated with
increased risk of incident T2D. The strongest associations were found for 1 SD increase
in baseline leucine (pooled IRR = 1.58, 95% CI: 1.29; 1.95, FDR-adjusted p < 0.001) and
isoleucine (pooled IRR = 1.58, 95% CI: 1.30; 1.92, FDR-adjusted p < 0.0001), followed by
valine (pooled IRR = 1.37, 95% CI: 1.14; 1.66, FDR-adjusted p < 0.01) and tyrosine (pooled
IRR =1.31, 95% CI: 1.09; 1.58, FDR-adjusted p < 0.05).
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Figure 1. Associations between branched-chain amino acids and aromatic amino acids, and incident
type 2 diabetes in the Boston Puerto Rican Health Study (BPRHS, n = 316) and San Juan Overweight
Adult Longitudinal Study (SOALS, n = 924). FDR-adjusted p-value: * p < 0.05; ** p < 0.01; *** p < 0.001;
t p <0.0001. Incidence rate ratio estimates were obtained from Poisson regression models, using the
log-transformed follow-up time as the offset variable. Branched-chain amino acid (BCAA) score is
a combined metabolite score including leucine, isoleucine, and valine, weighted according to the
strength of the association of each metabolite with T2D. Branched-chain amino acids and aromatic
amino acids (BCAA-AAA) score is a combined metabolite score including leucine, isoleucine, valine,
phenylalanine, and tyrosine, weighted according to the strength of the association of each metabolite
with T2D. BPRHS multivariable model adjusted for age, sex, education, income, smoking, alcohol
consumption, physical activity score, acculturation, perceived stress score, multivitamin use, anti-
hypertensive and lipid-lowering medication use, American Heart Association diet score, 2-year
change in waist circumference, and body mass index. SOALS multivariable model adjusted for
age, sex, education, income, smoking, alcohol consumption, physical activity, anti-hypertensive and
lipid-lowering medication use, 2-year change in waist circumference, and body mass index.
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3.2. BCAAs, AAAs, and Baseline Cardiometabolic Risk Factors

All BCAA metabolite levels were strongly and positively associated with baseline
measures of glycemia, such as fasting HOMA-IR, insulin, glucose, and HbAlc (Table S2).
Phenylalanine and tyrosine were positively associated with HOMA-IR and insulin; how-
ever, there were no associations between these aromatic amino acids and glucose and
glycosylated hemoglobin.

BCAAs and AAAs were negatively associated with baseline HDL-C (Table S2). Triglyc-
erides, on the other hand, were positively associated with all metabolites, with beta co-
efficient estimates for 1 SD increase in BCAAs associated with 18-20 mg/dL increase in
triglyceride concentration. The associations between BCAAs, aromatic amino acids, and
baseline LDL-C concentration were not consistent, ranging from no association (isoleucine,
tyrosine) to a positive association (valine). There were no meaningful associations be-
tween the tested metabolites and CRP, except for phenylalanine showing a weak positive
association (Table S2).

Valine, phenylalanine, and tyrosine showed a significant positive association with
baseline waist circumference, BMI, and weight. In pooled analysis, there were no asso-
ciations between isoleucine, leucine, and the anthropometric measures included in this
analysis (Table S2).

3.3. BCAAs, AAAs, and Longitudinal Changes in Cardiometabolic Risk Factors

In the longitudinal analysis, all three BCAAs were associated with an increase in
fasting insulin and glucose concentrations over time, but not with changes in insulin
resistance (as measured by AHOMA-IR) or HbAlc (Table 2). Furthermore, after FDR
adjustment, leucine and valine remained significantly associated with increases in insulin
over time (pooled beta coefficient for leucine: 0.37 mcU/mL, 95% CI: 0.11-0.63; for valine:
0.43 mcU/mL, 95% CI: 0.17-0.68). Tyrosine showed a positive association with both insulin
and HOMA-IR changes after FDR adjustment.

Table 2. Pooled beta coefficients (95% confidence intervals) for longitudinal changes in car-
diometabolic trait measures, according to 1 SD increase in baseline branched-chain and aromatic
amino acids in the Boston Puerto Rican Health Study (BPRHS) and San Juan Overweight Longitudinal
Study (SOALS).

2 YEAR CHANGES IN GLYCEMIC MEASURES

Metabolite A HOMA-IR A Insulin, mcU/mL A Glucose, mg/dL A H}/)Alc,
Isoleucine 0.07 0.28 0.89 0.02
(—0.03; 0.17) (0.03; 0.54) (0.22; 1.56) (—0.001; 0.04)
Leucine 0.09 0.37 0.78 0.02
(—0.008; 0.19) (0.11; 0.63) * (0.09; 1.46) (—0.004; 0.04)
Valine 0.09 0.43 0.67 0.01
(—0.003; 0.19) (0.17; 0.68) ** (0.02; 1.33) (—0.01; 0.03)
. 0.04 0.24 0.01 0.01
Phenylalanine (—0.05; 0.14) (—0.01; 0.48) (—0.63; 0.65) (—0.01; 0.03)
Torosine 0.13 0.37 0.36 0.01
y (0.04; 0.22) * (0.12; 0.61) * (—0.28; 1.00) (—0.01; 0.03)
0.04 0.18 0.36 0.01
a
BCAA score (~0.001; 0.08) (0.06; 0.30) * (0.06; 0.67) (~0.003; 0.02)
0.04 0.19 0.30 0.01

BCAA-AAA score P

(0.01; 0.08) (0.08; 0.30) ** (0.03; 0.58) (—0.003; 0.01)
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Table 2. Cont.

2 YEAR CHANGES IN DYSLIPIDEMIA AND INFLAMMATION MEASURES

. A HDL—-C, A LDL-C, A Triglycerides, A CRP,
Metabolite mg/dL mg/dL mg/dL mg/L
lsoleucine ~0.19 —0.03 1.62 —0.05
(—0.41; 0.03) (—0.78; 0.73) (—0.22; 3.46) (—0.24; 0.14)

Leucine —0.28 013 1.62 —0.08
(—0.51; —0.05) (—0.90; 0.65) (—0.27;3.51) (—0.28; 0.11)

Valine —0.24 0.02 131 0.01

(—0.46; —0.02) (—0.74; 0.77) (—0.5;3.13) (—0.17; 0.20)

. —0.21 024 0.33 —0.11
Phenylalanine (—0.42; 0.01) (—0.97; 0.50) (—1.43;2.09) (—0.30; 0.08)

Torosine 0.04 ~0.26 —0.18 —0.07
y (—0.18; 0.25) (—0.99; 0.48) (—1.95; 1.58) (—0.25; 0.11)

. —0.15 0.01 0.90 —0.01
BCAA score (—0.27; —0.03) (—0.38; 0.40) (—0.03; 1.83) (—0.11; 0.08)

—0.14 —0.02 0.77 —0.01

_ b

BCAA-AAA score (—0.25; —0.03) (—0.38; 0.34) (—0.09; 1.63) (—0.10; 0.07)

2 YEAR CHANGES IN ANTHROPOMETRIC MEASURES

Metabolite A Waist A BMI A Weight,
Circumference, cm kg
Isoleucine 0.10 —0.09 —0.15
(—0.20; 0.39) (—0.17; —0.01) (—0.38; 0.09)
Leucine 0.16 ~0.08 —0.07
(—0.14; 0.47) (—0.16; 0.005) (—0.31; 0.18)
Valine 0.15 —0.03 0.05
(—0.14; 0.44) (—0.11; 0.05) (—0.18; 0.29)
Phenylalanine 0.37 —0.06 —0.04
(0.08; 0.65) (—0.14; 0.02) (—0.27; 0.19)
Torosine 0.30 —0.02 ~0.12
y (0.02; 0.58) (—0.10; 0.06) (—0.35; 0.12)
0.08 —0.04 —0.04
a
BCAA score (—0.06; 0.22) (—0.08; 0.0002) (—0.18; 0.09)
0.09 —0.04 —0.05
_ b
BCAA-AAA score (—0.04; 0.22) (—0.08; —0.001) (—0.18; 0.08)

FDR-adjusted p-value: * p < 0.05; ** p < 0.01. Estimates were highlighted in bold if the p-value was <0.05 before
the FDR adjustment. Values represent unit change in outcome per SD increase in metabolite. ® Branched-chain
amino acid score is a combined metabolite score including leucine, isoleucine, and valine, weighted according to
the strength of the association of each metabolite with T2D. ? Branched-chain amino acid and aromatic amino
acid score is a combined metabolite score including leucine, isoleucine, valine, phenylalanine, and tyrosine,
weighted according to the strength of the association of each metabolite with T2D, weighted according to the
strength of the association of each metabolite with T2D. BPRHS multivariable models adjusted for baseline
levels of the corresponding measure and participant’s age, sex, education, income, smoking, physical activity,
alcohol consumption, acculturation, perceived-stress score, multivitamin use, antihypertensive and lipid-lowering
medication use, American Heart Association diet score, baseline body mass index, and baseline diabetes status.
SOALS multivariable models adjusted for baseline levels of the corresponding measure and participant’s age,
sex, education, income, smoking, physical activity, alcohol consumption, anti-hypertensive and lipid-lowering
medication use, baseline body mass index, and baseline diabetes status. Additionally for glycemic, dyslipidemia,
and inflammation measures in both cohorts, the models included 2-year changes in waist circumference. Models
for changes in anthropometric measures additionally adjusted for baseline waist circumference. Abbreviations:
HbAlc, hemoglobin Alc. HDL-C, high-density lipoprotein cholesterol. LDL-C, low-density lipoprotein cholesterol.
CRP, c-reactive protein. BMI, body mass index.

Leucine and valine appeared to be negatively associated with changes in HDL-C; how-
ever, the associations were no longer statistically significant after FDR adjustment. There
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were no associations between BCAAs, AAAs, and longitudinal changes in triglycerides or
CRP (Table 2).

Phenylalanine and tyrosine were associated with increased waist circumference over
time, and isoleucine appeared to be negatively associated with increased BMI, but only
prior to FDR adjustment. There were no associations between the metabolites and changes
in anthropometric measurements after FDR adjustments.

4. Discussion

This study was designed to take a deeper look at the relationship between BCAAs,
AAAs, and cardiometabolic risk through analysis of cross-sectional and longitudinal asso-
ciations with clinical outcomes (using the ADA definition of T2D), as well as prognostically
relevant risk factors, such as markers of glucose and lipid metabolism, inflammation, and
obesity. In the analysis of two prospective cohorts among individuals of Puerto Rican
descent, we confirmed strong cross-sectional and longitudinal associations between the
BCAA and AAA metabolites and T2D, as well as cross-sectional positive associations with
baseline markers of glucose metabolism, with further suggestion of a potential association
of these metabolites with increases in fasting insulin and glucose over time.

Isoleucine, leucine, and valine (and their derivatives, to some extent) have been
studied extensively in relation to T2D risk in prospective observational cohorts [3-6] as well
as in studies using Mendelian randomization methods [31,32]. The existing literature is
consistent in identifying these metabolites as markers for prevalent, as well as incident, T2D
in populations of European and Asian [6], and to a lesser extent, Hispanic descent [4,8,9,33].
A recent meta-analysis [6] confirmed significant associations between individual BCAAs,
AAAs, and prevalent and incident T2D, and it reported a summary of the relative risk
estimates that were very similar to our findings: 1.54 (95% CI: 1.36; 1.74) for isoleucine, 1.40
(95% CI: 1.29; 1.52) for leucine, 1.40 (95% CI: 1.25; 1.57) for valine, 1.30 (95% CI: 1.16; 1.45)
for phenylalanine, and 1.35 (95% CI: 1.22; 1.49) for tyrosine.

While T2D disproportionally affects Hispanic populations, this report is one of the
few focusing primarily on Puerto Rican adults. Our previous studies have focused on
network-derived metabolic clusters in relation to baseline diabetes status [16], as well
as incident diabetes [9], in these two cohorts. In these studies, the combined cluster of
13 metabolites of BCAA and AAA metabolism was associated with progression to incident
diabetes (pooled IRR = 1.87, 95% CI: 1.28; 2.73). A recent analysis on serum metabolites and
glycemic changes in the Hispanic Community Health study/Study of Latinos (SOL), which
includes several Hispanic subgroups (Dominican, Central and South American, Cuban,
Mexican, and Puerto Rican), reported similar results on the effect of these metabolites on
incident diabetes risk, with the adjusted RR for the BCAA/AAA /g-glutamyl amino acid
(GGAA) cluster estimated at 1.57 (95% CI: 1.26-1.95), with some variation across Hispanic
background subgroups [8].

The current literature does not provide a consensus regarding the biological mecha-
nisms linking BCAAs to cardiometabolic risk factors, nor the direction of these associations.
Increased leucine has been hypothesized to lead to insulin resistance through activation of
the Target of Rapamycin (TOR) complex 1 pathway, with modulation of beta cell prolifera-
tion and insulin secretion [34] and disruption of insulin signaling in skeletal muscle [35].
In addition, earlier undetected changes in insulin resistance have been postulated to af-
fect BCAA levels [36], possibly through hyperglycemia-led suppression of adipose tissue
expression of genes involved in branched-chain amino acid oxidation, which in turn can
contribute to increased levels of BCAA [37]. Notably, the gut microbiome, in particular Pre-
votella and Bacteroides species, have been proposed as mediators between the biosynthesis
of BCAAs and insulin resistance [38]. Recent studies suggest that changes in gut microbiota
in obesity, in particular the reduction of species of Bacteroides involved in fermentation
of AAAs and abundance of other Bacteroidetes that participate biosynthesis of BCAAs,
may play a pivotal role in production of BCAAs and AAAs, as well as in subsequent in-
sulin resistance [39]. Regardless of the pathways explaining these associations, BCAAs are
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viewed as an early marker of pre-clinical metabolic changes, as well as being the underlying
mechanisms connecting the gut microbiome with obesity and insulin resistance [39].

Our results from the cross-sectional analysis on BCAAs and markers of glucose
metabolism are consistent with the body of literature from other populations, demon-
strating strong positive associations. Our longitudinal analysis, on the other hand, suggests
that BCAA contribute to 2 year increases in fasting insulin (FDR-adjusted p < 0.05 for
leucine, valine, tyrosine, BCAA score, and BCAA-AAA score) and glucose (p < 0.05 only
prior to FDR adjustment), but not in HOMA-IR, the combined measure of insulin resistance.
Changes in HOMA-IR, however, were associated with baseline tyrosine levels (beta = 0.13,
95% CI: 0.04; 0.22, FDR-adjusted p < 0.05) and the combined BCAA-AAA metabolite score
(beta = 0.04, 95% CI: 0.01; 0.08, p < 0.05 prior to FDR adjustment). In a recent study by Chai
et al. [8], one of the few studies conducted in Hispanic populations, the combined module
of 38 metabolites of BCAA, AAA, and GGAA metabolism was associated with changes in
cardiometabolic risk factors, such as HOMA-IR (beta = 3.35, 95% CI: 0.32; 6.38, p = 0.03) and
fasting glucose (beta = 1.79, 95% CI: 0.49; 3.09, p < 0.01), but not insulin (beta = 3.14, 95%
CI: —0.44; 6.72, p = 0.09). This study, however, did not report on estimates for individual
BCAAs and AAAs in relation to cardiometabolic traits. In addition, Chai et al. [8] focused
on six-year changes in risk factors (vs. two-year changes in BPRHS/SOALS), which could
also potentially explain the differences in our findings.

Like previous cross-sectional reports [40], we found significant associations between
assessed BCAAs, AAAs, and lower HDL-C, as well as higher triglycerides. C-reactive
protein, a marker of inflammation, was associated with phenylalanine only.

Previous studies have demonstrated higher BCAAs among obese vs. healthy-weight
individuals in cross-sectional settings [41,42], with a linear trend reported between BMI
categories and BCAA [43]. In a five-year follow-up study among Mexican American healthy
women, Zhao et al. [11] reported significant associations between baseline leucine level
and weight gain (defined as an increase in BMI by at least one category) in both training
(HR for weight gain = 2.23, 95% CI: 1.31, 3.80, p < 0.0001) and testing cohorts (HR = 1.54,
95% CI:1.09, 5.23, p = 0.025). In our study, cross-sectional associations with anthropometric
measures were strong for valine, phenylalanine, and tyrosine, as well as the combined
BCAA and BCAA-AAA scores. Nevertheless, longitudinal associations were attenuated
after FDR adjustment, suggesting that overweight/obesity is more likely to contribute to
increased BCAA levels, rather than the other way around. Recent studies suggest that
changes in gut microbiota in obesity, in particular the reduction of Bacteroides involved
in fermentation of AAAs and abundance of Bacteroidetes that participate biosynthesis
of BCAAs, may play a pivotal role in production of BCAAs and AAAs, as well as in
subsequent insulin resistance [39].

Our study has several strengths. The current analysis is one of the few to evaluate
several potential mechanisms to explain the predictive role BCAAs and AAAs in devel-
opment of T2D, through evaluation of cross-sectional and longitudinal associations with
measures of glucose metabolism, dyslipidemia, inflammation, and obesity. We assessed
the targeted metabolites individually, as well as in combination scores, which allows for
testing for differential effects of these metabolite pathways. Availability of data on potential
confounders allowed for the adjustment for multiple risk factors in our regression analysis.
Our analysis included two cohorts of adults of Puerto Rican descent, which limits potential
variability of effect estimates by racial/ethnic background.

5. Conclusions

In this analysis of two cohorts of Puerto Ricans, we found strong associations between
baseline BCAA and AAA metabolites and T2D at baseline and follow-up, confirming their
potential prognostic role in diabetes development among Puerto Ricans. Our longitudinal
analysis of cardiometabolic risk factors showed that baseline leucine, valine, and tyrosine
were predictors of two-year change increases in insulin concentration, whereas tyrosine
was also a predictor of deteriorating insulin resistance over time (HOMA-IR). Our study
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suggests that BCAAs (particularly leucine and valine) and tyrosine could serve as early
markers of future glycemic changes in Puerto Ricans.

Supplementary Materials: The following supporting information can be downloaded at https://www.
mdpi.com/article/10.3390/nul6152562/s1. Table S1. Pooled odds ratios (95% confidence intervals)
for prevalent type 2 diabetes by branched-chain amino acids and aromatic amino acids in the Boston
Puerto Rican Health Study (BPRHS, n = 670) and San Juan Overweight Adult Longitudinal Study
(SOALS, n =999). Table S2. Pooled beta coefficients (95% confidence intervals) for cardiometabolic
traits at baseline, according to 1 SD increase in branched-chain and aromatic amino acids in the Boston
Puerto Rican Health Study (BPRHS) and San Juan Overweight Adult Longitudinal Study (SOALS).

Author Contributions: Conceptualization, K.J.J. and S.N.B.; data curation, S.R.-T. and D.E.H.; formal
analysis, S.R.-T. and L.S.P; funding acquisition, K.].J. and S.N.B.; investigation, S.R.-T., L.S.P, D.E.H.,
K.L.T,, K]J. and S.N.B.; methodology, S.R.-T. and L.S.P.; project administration, S.N.B.; resources,
K.J.J. and S.N.B,; software, S.R.-T., L.S.P. and D.E.H.; supervision, K.J.J. and S.N.B.; validation, S.R.-T.,
L.S.P. and D.E.H.; writing—original draft, S.R.-T.; writing—review and editing, S.R.-T., L.S.P, D.E.H.,
EM.-B,,KL.T, L.L,, KJJ. and S.N.B. All authors have read and agreed to the published version of
the manuscript.

Funding: This work is supported by the National Institutes of Health (NIH), grant numbers R01
DK120560, R01 DE020111, P50 HL105185, P01 AG023394, U54 GM133807, K01 DK136968, T32
DK007703-26, T32 CA009001-39, and the Harvard Chan Yerby Fellowship at Harvard T.H. Chan
School of Public Health.

Institutional Review Board Statement: The study was conducted in accordance with the Declaration
of Helsinki and approved by the Institutional Review Board (or Ethics Committee) of the University
of Puerto Rico (approval number 2290034105, last approval date: 13 March 2024); parent study
protocols were approved by Tufts Medical Center and Northeastern University (BPRHS) and of the
University of Puerto Rico (SOALS) Institutional Review Boards.

Informed Consent Statement: Informed consent was obtained from all SOALS and BPRHS participants.

Data Availability Statement: Data are available upon reasonable request, following approval of the
analysis plan from the study investigators. For more information on requesting data from the BPRHS
(https:/ /www.uml.edu/Research/UML-CPH /Research /bprhs/, accessed on 20 June 2024) and SOALS
(http:/ /soals.rem.upr.edu/, accessed on 20 June 2024), please refer to their respective websites.

Acknowledgments: The authors would like to thank all SOALS and BPRHS participants and staff for
their contribution to science.

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

Abbreviations

AAA, aromatic amino acid; ADA, American Diabetes Association; AHA, American Heart
Association; BCAA, branched-chain amino acid; BMI, body mass index; BPRHS, Boston Puerto Rican
Health Study; CI, confidence interval; CRP, C-reactive protein; CV, coefficient of variation; FDR, false
discovery rate; GGAA, g-glutamyl amino acid; HbAlc, glycated hemoglobin %; HDL-C, high-density
lipoprotein cholesterol; HOMA-IR, homeostatic model assessment for insulin resistance; HR, hazard
ratio; IRR, incidence rate ratio; LDL-C, low-density lipoprotein cholesterol; MET, metabolic equiva-
lent of task; OR, odds ratio; PSS, Perceived Stress Scale; SD, standard deviation; SOALS, San Juan
Overweight Adult Longitudinal Study; T2D, type 2 diabetes.

References

1.

Centers for Disease Control and Prevention. National Diabetes Statistics Report Website. Available online: https://www.cdc.gov/
diabetes/php/data-research/?CDC_AAref_Val=https:/ /www.cdc.gov/diabetes/data/statistics-report/index.html (accessed on
15 July 2024).

Koyama, A K,; Bullard, K.M.; Onufrak, S.; Xu, E; Saelee, R.; Miyamoto, Y.; Pavkov, M.E. Risk Factors Amenable to Primary
Prevention of Type 2 Diabetes Among Disaggregated Racial and Ethnic Subgroups in the U.S. Diabetes Care 2023, 46, 2112-2119.
[CrossRef] [PubMed]


https://www.mdpi.com/article/10.3390/nu16152562/s1
https://www.mdpi.com/article/10.3390/nu16152562/s1
https://www.uml.edu/Research/UML-CPH/Research/bprhs/
http://soals.rcm.upr.edu/
https://www.cdc.gov/diabetes/php/data-research/?CDC_AAref_Val=https://www.cdc.gov/diabetes/data/statistics-report/index.html
https://www.cdc.gov/diabetes/php/data-research/?CDC_AAref_Val=https://www.cdc.gov/diabetes/data/statistics-report/index.html
https://doi.org/10.2337/dci23-0056
https://www.ncbi.nlm.nih.gov/pubmed/38011520

Nutrients 2024, 16, 2562 12 of 13

10.

11.

12.

13.

14.
15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

Sun, Y,; Gao, H.-Y; Fan, Z.-Y.; He, Y; Yan, Y.-X. Metabolomics Signatures in Type 2 Diabetes: A Systematic Review and Integrative
Analysis. . Clin. Endocrinol. Metab. 2020, 105, 1000-1008. [CrossRef] [PubMed]

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]

Long, J.; Yang, Z.; Wang, L.; Han, Y.; Peng, C.; Yan, C.; Yan, D. Metabolite Biomarkers of Type 2 Diabetes Mellitus and Pre-Diabetes:
A Systematic Review and Meta-Analysis. BMC Endocr. Disord. 2020, 20, 174. [CrossRef] [PubMed]

Morze, ].; Wittenbecher, C.; Schwingshackl, L.; Danielewicz, A.; Rynkiewicz, A.; Hu, F.B.; Guasch-Ferre, M. Metabolomics and
Type 2 Diabetes Risk: An Updated Systematic Review and Meta-Analysis of Prospective Cohort Studies. Diabetes Care 2022, 45,
1013-1024. [CrossRef] [PubMed]

Guasch-Ferré, M.; Hruby, A.; Toledo, E.; Clish, C.B.; Martinez-Gonzélez, M.A.; Salas-Salvado, J.; Hu, F.B. Metabolomics in
Prediabetes and Diabetes: A Systematic Review and Meta-Analysis. Diabetes Care 2016, 39, 833-846. [CrossRef] [PubMed]

Chai, J.C.; Chen, G.C; Yu, B,; Xing, J.; Li, J.; Khambaty, T.; Perreira, K.M.; Perera, M.].; Vidot, D.C.; Castaneda, S.F,; et al. Serum
Metabolomics of Incident Diabetes and Glycemic Changes in a Population With High Diabetes Burden: The Hispanic Community
Health Study/Study of Latinos. Diabetes 2022, 71, 1338-1349. [CrossRef] [PubMed]

Rivas-Tumanyan, S.; Pacheco, L.S.; Haslam, D.E.; Liang, L.; Tucker, K.L.; Joshipura, K.J.; Bhupathiraju, S.N. Novel Plasma
Metabolomic Markers Associated with Diabetes Progression in Older Puerto Ricans. Metabolites 2022, 12, 513. [CrossRef]
[PubMed]

Zhang, C.; Wang, S.; Wu, Y.; Guo, Y.; Wang, X. Baseline Serum BCAAs Are Related to the Improvement in Insulin Resistance in
Obese People After a Weight Loss Intervention. Diabetes Metab. Syndr. Obes. 2023, 16, 179-186. [CrossRef]

Zhao, H.; Shen, ].; Djukovic, D.; Daniel-MacDougall, C.; Gu, H.; Wu, X.; Chow, W.-H. Metabolomics-identified Metabolites
Associated with Body Mass Index and Prospective Weight Gain among Mexican American Women. Obes. Sci. Pract. 2016, 2,
309-317. [CrossRef]

Tucker, K.L.; Mattei, J.; Noel, S.E.; Collado, B.M.; Mendez, J.; Nelson, J.; Griffith, J.; Ordovas, ].M.; Falcon, L.M. The Boston Puerto
Rican Health Study, a Longitudinal Cohort Study on Health Disparities in Puerto Rican Adults: Challenges and Opportunities.
BMC Public Health 2010, 10, 107. [CrossRef] [PubMed]

Pérez, C.M.; Murioz, F.; Andriankaja, O.M.; Ritchie, C.S.; Martinez, S.; Vergara, J.; Vivaldi, J.; Lépez, L.; Campos, M.; Joshipura,
K.J. Cross-Sectional Associations of Impaired Glucose Metabolism Measures with Bleeding on Probing and Periodontitis. J. Clin.
Periodontol. 2017, 44, 142-149. [CrossRef] [PubMed]

American Diabetes Association Standards of Medical Care in Diabetes--2011. Diabetes Care 2011, 34, S11-S61. [CrossRef] [PubMed]
Evans, A.M.; DeHaven, C.D.; Barrett, T.; Mitchell, M.; Milgram, E. Integrated, Nontargeted Ultrahigh Performance Liquid
Chromatography/Electrospray Ionization Tandem Mass Spectrometry Platform for the Identification and Relative Quantification
of the Small-Molecule Complement of Biological Systems. Anal. Chem. 2009, 81, 6656—-6667. [CrossRef] [PubMed]

Haslam, D.E; Liang, L.; Wang, D.D.; Kelly, R.S.; Wittenbecher, C.; Pérez, C.M.; Martinez, M.; Lee, C.-H.; Clish, C.B.; Wong,
D.T.W,; et al. Associations of Network-Derived Metabolite Clusters with Prevalent Type 2 Diabetes among Adults of Puerto
Rican Descent. BM] Open Diabetes Res. Care 2021, 9, €002298. [CrossRef] [PubMed]

Andriankaja, O.M.; Joshipura, K.; Munioz, F; Dye, B.A.; Hu, EB.; Pérez, CM. Impact of Impaired Glucose Metabolism on
Periodontitis Progression over Three Years. Dent. J. 2022, 10, 10. [CrossRef]

Joshipura, K.J.; Mufioz-Torres, EJ.; Dye, B.A.; Leroux, B.G.; Ramirez-Vick, M.; Pérez, C.M. Longitudinal Association between
Periodontitis and Development of Diabetes. Diabetes Res. Clin. Pract. 2018, 141, 284-293. [CrossRef]

Matthews, D.R.; Hosker, ].P.; Rudenski, A.S.; Naylor, B.A.; Treacher, D.E; Turner, R.C. Homeostasis Model Assessment: Insulin
Resistance and Beta-Cell Function from Fasting Plasma Glucose and Insulin Concentrations in Man. Diabetologia 1985, 28, 412—419.
[CrossRef]

Friedewald, W.T.; Levy, R.L; Fredrickson, D.S. Estimation of the Concentration of Low-Density Lipoprotein Cholesterol in Plasma,
Without Use of the Preparative Ultracentrifuge. Clin. Chem. 1972, 18, 499-502. [CrossRef]

Centers for Disease Control and Prevention. National Health and Nutrition Examination Survey (NHANES): Anthropometry Procedures
Manual; Centers for Disease Control and Prevention: Atlanta, GA, USA, 2007; pp. 15-16.

Pickering, T.G.; Hall, ].E.; Appel, L].; Falkner, B.E.; Graves, J.; Hill, M.N.; Jones, D.W.; Kurtz, T.; Sheps, S.G.; Roccella, E.J.
Recommendations for Blood Pressure Measurement in Humans and Experimental Animals. Circulation 2005, 111, 697-716.
[CrossRef]

Cohen, S.; Kamarck, T.; Mermelstein, R. A Global Measure of Perceived Stress. J. Health Soc. Behav. 1983, 24, 385. [CrossRef]
[PubMed]

Bhupathiraju, S.N.; Lichtenstein, A.H.; Dawson-Hughes, B.; Hannan, M.T.; Tucker, K.L. Adherence to the 2006 American Heart
Association Diet and Lifestyle Recommendations for Cardiovascular Disease Risk Reduction Is Associated with Bone Health in
Older Puerto Ricans. Am. J. Clin. Nutr. 2013, 98, 1309-1316. [CrossRef] [PubMed]

Tucker, K.L.; Bianchi, L.A.; Maras, J.; Bermudez, O.I. Adaptation of a Food Frequency Questionnaire to Assess Diets of Puerto
Rican and Non-Hispanic Adults. Am. ]. Epidemiol. 1998, 148, 507-518. [CrossRef] [PubMed]

Bhupathiraju, S.N.; Guasch-Ferré, M.; Gadgil, M.D.; Newgard, C.B.; Bain, J.R.; Muehlbauer, M.].; Ilkayeva, O.R.; Scholtens, D.M.;
Hu, EB.; Kanaya, A.M.; et al. Dietary Patterns among Asian Indians Living in the United States Have Distinct Metabolomic
Profiles That Are Associated with Cardiometabolic Risk. J. Nutr. 2018, 148, 1150-1159. [CrossRef] [PubMed]


https://doi.org/10.1210/clinem/dgz240
https://www.ncbi.nlm.nih.gov/pubmed/31782507
https://doi.org/10.1155/2016/2794591
https://www.ncbi.nlm.nih.gov/pubmed/27642608
https://doi.org/10.1186/s12902-020-00653-x
https://www.ncbi.nlm.nih.gov/pubmed/33228610
https://doi.org/10.2337/dc21-1705
https://www.ncbi.nlm.nih.gov/pubmed/35349649
https://doi.org/10.2337/dc15-2251
https://www.ncbi.nlm.nih.gov/pubmed/27208380
https://doi.org/10.2337/db21-1056
https://www.ncbi.nlm.nih.gov/pubmed/35293992
https://doi.org/10.3390/metabo12060513
https://www.ncbi.nlm.nih.gov/pubmed/35736445
https://doi.org/10.2147/DMSO.S388117
https://doi.org/10.1002/osp4.63
https://doi.org/10.1186/1471-2458-10-107
https://www.ncbi.nlm.nih.gov/pubmed/20193082
https://doi.org/10.1111/jcpe.12662
https://www.ncbi.nlm.nih.gov/pubmed/27978601
https://doi.org/10.2337/dc11-S011
https://www.ncbi.nlm.nih.gov/pubmed/21193625
https://doi.org/10.1021/ac901536h
https://www.ncbi.nlm.nih.gov/pubmed/19624122
https://doi.org/10.1136/bmjdrc-2021-002298
https://www.ncbi.nlm.nih.gov/pubmed/34413117
https://doi.org/10.3390/dj10010010
https://doi.org/10.1016/j.diabres.2018.04.028
https://doi.org/10.1007/BF00280883
https://doi.org/10.1093/clinchem/18.6.499
https://doi.org/10.1161/01.CIR.0000154900.76284.F6
https://doi.org/10.2307/2136404
https://www.ncbi.nlm.nih.gov/pubmed/6668417
https://doi.org/10.3945/ajcn.112.056267
https://www.ncbi.nlm.nih.gov/pubmed/24047918
https://doi.org/10.1093/oxfordjournals.aje.a009676
https://www.ncbi.nlm.nih.gov/pubmed/9737563
https://doi.org/10.1093/jn/nxy074
https://www.ncbi.nlm.nih.gov/pubmed/29893901

Nutrients 2024, 16, 2562 13 of 13

27.
28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

Cook RD Detection of Influential Observation in Linear Regression. Technometrics 1977, 19, 15-18. [CrossRef]

Balduzzi, S.; Riicker, G.; Schwarzer, G. How to Perform a Meta-Analysis with R: A Practical Tutorial. Evid. Based Ment. Health
2019, 22, 153-160. [CrossRef] [PubMed]

DerSimonian, R.; Laird, N. Meta-Analysis in Clinical Trials. Control. Clin. Trials 1986, 7, 177-188. [CrossRef] [PubMed]
Benjamini, Y.; Yekutieli, D. The Control of the False Discovery Rate in Multiple Testing under Dependency. Ann. Stat. 2001, 29,
1165-1188. [CrossRef]

Lotta, L.A.; Scott, R.A.; Sharp, S.J.; Burgess, S.; Luan, J.; Tillin, T.; Schmidt, A.F; Imamura, F.; Stewart, .D.; Perry, ] R.B.; et al.
Genetic Predisposition to an Impaired Metabolism of the Branched-Chain Amino Acids and Risk of Type 2 Diabetes: A Mendelian
Randomisation Analysis. PLoS Med. 2016, 13, €1002179. [CrossRef]

Porcu, E.; Gilardi, F,; Darrous, L.; Yengo, L.; Bararpour, N.; Gasser, M.; Marques-Vidal, P.; Froguel, P.; Waeber, G.; Thomas, A.;
et al. Triangulating Evidence from Longitudinal and Mendelian Randomization Studies of Metabolomic Biomarkers for Type 2
Diabetes. Sci. Rep. 2021, 11, 6197. [CrossRef]

Moon, J.; Kim, O.; Jo, G.; Shin, M.-]. Alterations in Circulating Amino Acid Metabolite Ratio Associated with Arginase Activity
Are Potential Indicators of Metabolic Syndrome: The Korean Genome and Epidemiology Study. Nutrients 2017, 9, 740. [CrossRef]
[PubMed]

Melnik, B.C. Leucine Signaling in the Pathogenesis of Type 2 Diabetes and Obesity. World ]. Diabetes 2012, 3, 38. [CrossRef]
[PubMed]

Krebs, M.; Krssak, M.; Bernroider, E.; Anderwald, C.; Brehm, A.; Meyerspeer, M.; Nowotny, P; Roth, E.; Waldhausl, W.; Roden,
M. Mechanism of Amino Acid-Induced Skeletal Muscle Insulin Resistance in Humans. Diabetes 2002, 51, 599-605. [CrossRef]
[PubMed]

De Bandt, J.P.; Coumoul, X.; Barouki, R. Branched-Chain Amino Acids and Insulin Resistance, from Protein Supply to Diet-
Induced Obesity. Nutrients 2022, 15, 68. [CrossRef] [PubMed]

Stan¢akova, A.; Civelek, M.; Saleem, N.K.; Soininen, P.; Kangas, A.].; Cederberg, H.; Paananen, J.; Pihlajaméki, ].; Bonnycastle,
L.L.; Morken, M.A; et al. Hyperglycemia and a Common Variant of GCKR Are Associated with the Levels of Eight Amino Acids
in 9,369 Finnish Men. Diabetes 2012, 61, 1895-1902. [CrossRef] [PubMed]

Pedersen, H.K.; Gudmundsdottir, V.; Nielsen, H.B.; Hyotylainen, T.; Nielsen, T.; Jensen, B.A.H.; Forslund, K.; Hildebrand, E; Prifti,
E.; Falony, G.; et al. Human Gut Microbes Impact Host Serum Metabolome and Insulin Sensitivity. Nature 2016, 535, 376-381.
[CrossRef]

Ejtahed, H.-S.; Angoorani, P.; Soroush, A.-R.; Hasani-Ranjbar, S.; Siadat, S.-D.; Larijani, B. Gut Microbiota-Derived Metabolites in
Obesity: A Systematic Review. Biosci. Microbiota. Food Health 2020, 39, 65-76. [CrossRef] [PubMed]

Hamaya, R.; Mora, S.; Lawler, PR.; Cook, N.R.; Ridker, PM.; Buring, J.E.; Lee, LM.; Manson, J.E.; Tobias, D.K. Association of
Plasma Branched-Chain Amino Acid With Biomarkers of Inflammation and Lipid Metabolism in Women. Circ. Genom. Precis.
Med. 2021, 14, E003330. [CrossRef]

Moore, S.C.; Matthews, C.E.; Sampson, ].N.; Stolzenberg-Solomon, R.Z.; Zheng, W.; Cai, Q.; Tan, Y.T.; Chow, W.-H; Ji, B.-T.; Liu,
D.K,; et al. Human Metabolic Correlates of Body Mass Index. Metabolomics 2014, 10, 259-269. [CrossRef]

Newgard, C.B.; An, J.; Bain, ].R.; Muehlbauer, M.].; 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]

Hamaya, R.; Mora, S.; Lawler, P.R.; Cook, N.R.; Buring, J.E.; Lee, LM.; Manson, ].E.; Tobias, D.K. Association of Modifiable
Lifestyle Factors with Plasma Branched-Chain Amino Acid Metabolites in Women. J. Nutr. 2022, 152, 1515-1524. [CrossRef]
[PubMed]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.


https://doi.org/10.1080/00401706.1977.10489493
https://doi.org/10.1136/ebmental-2019-300117
https://www.ncbi.nlm.nih.gov/pubmed/31563865
https://doi.org/10.1016/0197-2456(86)90046-2
https://www.ncbi.nlm.nih.gov/pubmed/3802833
https://doi.org/10.1214/aos/1013699998
https://doi.org/10.1371/journal.pmed.1002179
https://doi.org/10.1038/s41598-021-85684-7
https://doi.org/10.3390/nu9070740
https://www.ncbi.nlm.nih.gov/pubmed/28704931
https://doi.org/10.4239/wjd.v3.i3.38
https://www.ncbi.nlm.nih.gov/pubmed/22442749
https://doi.org/10.2337/diabetes.51.3.599
https://www.ncbi.nlm.nih.gov/pubmed/11872656
https://doi.org/10.3390/nu15010068
https://www.ncbi.nlm.nih.gov/pubmed/36615726
https://doi.org/10.2337/db11-1378
https://www.ncbi.nlm.nih.gov/pubmed/22553379
https://doi.org/10.1038/nature18646
https://doi.org/10.12938/bmfh.2019-026
https://www.ncbi.nlm.nih.gov/pubmed/32775123
https://doi.org/10.1161/CIRCGEN.121.003330
https://doi.org/10.1007/s11306-013-0574-1
https://doi.org/10.1016/j.cmet.2009.02.002
https://doi.org/10.1093/jn/nxac056
https://www.ncbi.nlm.nih.gov/pubmed/35259270

	Introduction 
	Materials and Methods 
	Study Population 
	T2D Assessment 
	Metabolomic Profiling 
	Cardiometabolic Markers 
	Measures of Glycemia 
	Measures of Dyslipidemia and Inflammation 
	Body Composition Measures 

	Assessment of Covariates 
	Statistical Analysis 

	Results 
	BCAAs, AAAs, and Prevalent and Incident T2D 
	BCAAs, AAAs, and Baseline Cardiometabolic Risk Factors 
	BCAAs, AAAs, and Longitudinal Changes in Cardiometabolic Risk Factors 

	Discussion 
	Conclusions 
	References

