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Abstract

Introduction Studies have shown that systemic levels of branched-chain amino acids (BCAAs) and aromatic amino acids
(AAAys) are elevated in cardiometabolic diseases (CMDs) in populations resident in high income countries. However, little
is known about the association of BCAAs and AAAs with metabolic syndrome and its components in Asian Indian (AI)
and Black African (BA) populations.

Objective The aim of this study was to describe the association of BCAAs and AAAs with the metabolic syndrome, its
individual components and insulin resistance in Al and BA populations.

Methods Serum samples collected from Al (n=349) and BA (n=369) subjects were used to measure levels of BCAAs and
AAASs by ultra-pressure liquid chromatography tandem mass spectrometry (UPLC-MS/MS). Anthropometric, demographic
and cardiometabolic variables were measured in all subjects.

Results The sum of BCAAs and AAAs was higher in Als compared to BAs. The BCAAs and AAAs were positively asso-
ciated with insulin resistance, metabolic syndrome and its individual components. This was particularly the case for Al
subjects, in unadjusted regression models. However, these associations were non-significant after adjusting for co-variates,
particularly visceral adipose tissue (VAT). Triglyceride levels were significantly associated with valine and leucine levels
in BAs even after adjustment for co-variates. Lastly, we found that fasting circulatory BCAA and AAA levels are strongly
correlated with VAT in both populations.

Conclusion This study identified specific associations of serum valine and leucine levels with triglycerides in BAs. The
association of amino acids with CMDs was observed in Als, but was found to be the result of confounding by VAT. Further
studies are required to determine whether BCAAs and AAAs are aetiological factors in CMDs and how VAT modulates
their serum levels.

Keywords Metabolic syndrome - Visceral adipose tissue - Triglyceride levels - Ethnicity - Amino-acids

1 Introduction

Globally, 31% of deaths are due to non-communicable dis-
eases, with 17.9 million such deaths worldwide in 2016.
Over 75% of these deaths are from low and middle-income
countries (WHO 2014). In Africa, non-communicable dis-
eases were estimated to account for 43% of total deaths and
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Non-communicable diseases are among the top three causes
of death in South Africa (Wyk et al. 2016). Furthermore,
South Africa has high prevalence levels of CVD risk fac-
tors such as hypertension (38.9%; particularly in black South
Africans) and obesity (42% in women and 13.5% in men)
(Ng et al. 2014; Peer et al. 2013). A five year prospective
study showed that out of 478 black South Africans with
optimal blood pressure at baseline, 24% were hypertensive
after five years. This was mainly due to tobacco use and high
sodium intake (Schutte et al. 2012). The Asian Indian (AI)
population in South Africa has the highest risk of diabetes
when compared to their black African (BA), mixed ances-
try and white counterparts (Peer et al. 2018). Studies have
also shown that Als have a different body fat composition
than other populations, with higher levels of visceral adipose
tissue (Hsu et al. 2015; WHO Expert Consultation 2004).
With the worldwide increase in the burden of CVD and type
2 diabetes (T2D), early predictors of these diseases would
be beneficial for the development of effective intervention
programs.

The use of comprehensive metabolite profiling has
allowed scientists to investigate large numbers of metabolites
simultaneously to gain more knowledge on the aetiology of
metabolic diseases and in the search for novel biomarkers.
In a number of such studies, branched-chain amino acids
(BCAA: leucine, isoleucine and valine) and aromatic amino
acids (AAA: tyrosine and phenylalanine) were found to be
strongly associated with an increased risk of developing type
2 diabetes (Gingler et al. 2019; Tillin et al. 2015; Wang et al.
2011), and hypertriglyceridaemia (Mook-Kanamori et al.
2014) and incident CVD (Ruiz-Canela et al. 2016). These
amino acids have also been shown to distinguish metaboli-
cally unwell from metabolically healthy individuals (Batch
et al. 2013). In addition, a study in obese mice fed a diet low
in BCAAs have demonstrated weight loss and improvements
in insulin sensitivity in these animals (Cummings et al.
2018). It is therefore clear from these studies that BCAAs
and AAAs may be possible biomarkers of metabolic disease
and may also play a role in their aetiology.

The majority of the studies investigating the relation-
ship of BCAAs and AAAs with cardiometabolic diseases
(CMDs) have been performed in European, African-Amer-
ican and East Asian populations (Batch et al. 2013; Huff-
man et al. 2009; Ruiz-Canela et al. 2016; Wang et al. 2011).
Very few metabolic profiling studies have been undertaken
in Asian Indian (AI) and Black African (BA) populations,
despite the fact that both populations have high levels of
specific CMDs (Banerji et al. 1999; Reddy and Yusuf 1998;
Wild et al. 2004).

Among the small number of studies on BCAAs and
AAAs conducted in Al and BA populations, a study by Tai
et al. (2010) reported a significant association of BCAAs
and AAAs with insulin resistance, independent of body mass
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index (BMI) in Al subjects. In addition, Gogna et al. (2015)
showed a significant association of fatty acids, lactate,
valine, isoleucine and phenylalanine with BMI, independent
of T2D status in a South Indian Asian population. Elevated
levels of tyrosine, valine, norvaline and aminoadipic acid
were observed in obese BA women from South Africa when
compared to lean controls (Dugas et al. 2016).

To our knowledge, there are no metabolic studies compar-
ing the associations of BCAAs and AAAs, with metabolic
syndrome and its component disorders in Als and BAs.
Based on the current literature, we hypothesized that BCAAs
and AAAs will associate with CMD variables and that these
associations may differ across the ethnic groups, and that the
determinants of serum BCAAs and AAAs levels will include
anthropometric variables. Therefore, in the present study, we
sought to quantify BCAAs (leucine, isoleucine and valine)
and AAAs (tyrosine and phenylalanine) then describe the
association of the BCAAs and AAAs with CMD risk factors
i.e. high-density lipoprotein-cholesterol (HDL-c), triglycer-
ide (TG), diastolic and systolic blood pressure (BP), waist
circumference (WC), fasting glucose concentrations, insulin
resistance and the presence of the metabolic syndrome in BA
and Al populations, after adjusting for possible confound-
ers. We also sought to determine whether there were ethnic
differences in the associations of these amino acids with
the selected CMD risk factors and what were the principal
determinants of serum BCAA and AAA levels.

2 Methods
2.1 Study participants

Serum samples that had previously been collected from Al
(n=349) and BA (n=369) subjects recruited through the
Birth to Twenty Plus Cohort Study (BT20+) were used to
measure blood levels of BCAAs and AAAs. These samples
were obtained at the same time as data was collected on
socio-demographic, behavioural and anthropometric vari-
ables, as described below. The BT20+is a birth cohort of
more than 3200 children and their caregivers which began in
1990 and is representative of longstanding urban inhabitants
of Greater Johannesburg Metropolitan area (Richter et al.
2004). The BA population is indigenous to South Africa and
the AI population are the second or third generation of Als
who migrated to South Africa. Subjects were recruited via
the caregivers of the BT20 + study. Thus, caregivers were
randomly selected from this study cohort and then asked
whether they had family members interested in participat-
ing in the study. The following exclusion criteria was used:
pregnancy, breast-feeding, history of renal failure, age below
18 or above 70 and people with mixed ancestry or ethnic-
ity other than AI or BA (George et al. 2013, 2014). Ethical
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clearance for this study was obtained from the University of
Witwatersrand Human Research Ethics Committee (ethical
clearance no: M150669).

2.2 Socio-demographic, behavioral,
anthropometric and biochemical data
collection

Socio-demographic, behavioral and anthropometric data
were collected as previously described (George et al. 2013).
Briefly, a standardized questionnaire was used to collect
information on age, gender, smoking (yes/no), alcohol
consumption (yes/no) and education (high school graduate
or not). Body weight and height were measured using an
electronic scale and wall mounted stadiometer. The waist
circumference was measured with a soft measuring tape to
the nearest 0.5 cm at the level of the smallest girth above
the umbilicus in the standing position. Blood pressure (BP)
was measured thrice in the right arm, with the subject seated
and after 5 min rest using an automated sphygmomanometer
and the final reading was used. Abdominal visceral adipose
tissue (VAT) and subcutaneous adipose tissue (SCAT) were
determined by ultrasonography using a LOGIC ultrasound
system (USS) (GE Healthcare, Piscataway, NJ, USA) with a
2-5 MHz 3C-RS curved array transducer. Ultrasound VAT
thickness was defined as the distance (cm) from the perito-
neum to the vertebral bodies, and ultrasound SCAT thick-
ness was defined as the depth (cm) from the skin to the linea
alba. The scan depth was set at 15 cm for the VAT measure
and 9 cm for the SCAT measure to visualize the relevant ana-
tomic structures. Both measurements were obtained at the
site where the xiphoid line and waist circumference met and
a mean of two measurements were used as VAT or SCAT
thickness. A single trained operator took all measurements.

Data on fasting blood glucose, insulin resistance (meas-
ured using the HOMA-IR method), TGs, HDL-c, LDL-c
and systolic and diastolic BP have been described previ-
ously (George et al. 2013, 2016). Briefly, peripheral venous
blood was collected after an overnight fast of at least eight
hours. Fasting glucose, insulin and lipid profile measure-
ments (HDL-c, LDL-c, TGs) were performed on the auto-
mated Siemens ADVIA 1800 analyzer (Tarrytown, USA).
The sera from fasting blood samples were isolated into clear
plastic tubes and stored at — 80 °C until the time of BCAA
and AAA analysis.

2.3 Metabolic syndrome and insulin sensitivity
definition

Cardiometabolic abnormalities were defined according to
the harmonized definition of the metabolic syndrome, with
the metabolic syndrome diagnosed in subjects with three or

more of the following cardiometabolic risk factors (Alberti
et al. 2009);

fasting glucose > 5.6 mmol/L.

HDL-c < 1.0 mmol/L in men or < 1.3 mmol/L in women.
TGs > 1.7 mmol/L.

Waist circumference > 94 cm for BA males, > 90 cm for
Al males and >80 cm for BA and Al females.

e Systolic BP> 130 mmHg and/or diastolic BP >
80 mmHg.

Insulin sensitivity was determined using homeostatic
model assessment of insulin resistance index (HOMA-

IR) (Matthews et al. 1985) where HOMA-IR was equal to
Jasting insulin (uU /mL)Xfasting glucose (mmol/L)
22.5 ’

2.4 BCAAs and AAAs analysis

2.4.1 Chemicals and reagents

All chemicals and reagents used in this study were analyti-
cal HPLC grade quality. The BCAAs and AAAs standards
were obtained from Industrial Analytical (Johannesburg,
South Africa). The isotopic-labeled pL-leucine-D3 internal
standard with isotopic purity of 99.0% and pr-leucine and
pL-isoleucine standards were purchased from Dr. Ehren-
storfer GmbH (Augsburg, Germany), while methionine-D3
and homophenylalanine internal standards were purchased
from Phenomenex (Torrance, U.S.A). Lyophilized plasma
controls were purchased from Recipe (Munich, Germany).

2.4.2 Preparation of samples, standards, internal standards
and quality control samples

On the day of analysis, serum samples were thawed at
room temperature and then vortex mixed. A seven-point
calibration curve was prepared by diluting the stock solu-
tion (2.5 pmol/mL) with deionized water at a concentration
range of 16400 nmol/mL. A 100 uL of standards, controls
and serum samples were pipetted into microfuge tubes, fol-
lowed by the addition of 200 uL of internal standard mixture.
The isotopic-labeled pL-eucine-D3 was the internal reference
standard for leucine and isoleucine, methionine-D3 for valine
and homophenylalanine for tyrosine and phenylalanine.

2.4.3 BCAAs and AAAs extraction from biological samples
and standards

To extract the BCAAs and AAAs from serum samples,
600 uL of methanol was added to each tube containing
internal standard mixture and sample/standard then vor-
texed mixed. Thereafter, the samples/standards were centri-
fuged at at 3148xg for 10 min. An aliquot of 100 pL of the
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supernatant was transferred into their respective glass tubes
then dried down at 70 °C using the heating block then recon-
stituted with 50/50/0.1 (v/v/v) methanol/ deionized water/
formic acid and transferred to vials.

2.4.4 Liquid chromatography and mass spectrometry
analysis

The BCAASs valine, leucine and isoleucine and the AAAs
tyrosine and phenylalanine were meeasured using the
Acquity Ultra-Performance Liquid Chromatography
(UPLC) system coupled with triple quadruple mass spec-
trometer (TQS) from Waters (Massachusetts, USA). Separa-
tion of the BCAAs and AAAs was achieved using a Waters
UPLC BEH C18 column (1.7 pm, 2.1 X 100 mm) and
eluted with mobile phases consisting of 0.1% formic acid
in water (mobile phase A) and 0.1% formic acid in metha-
nol (mobile phase B). A gradient at a flow rate of 300 uL/
min was used such that mobile phase B was at 2% for the
first 2 min, then increased to 10% over 2 min then reduced
back to 2% for 1 min. The detection was performed with
positive electronic spray ionization (ESI+) in multiple reac-
tion monitoring (MRM) mode at a source temperature of
400 °C, capillary voltage of 2500 V and nebulizer gas at
7Bar. Data were collected and processed using the Target
Lynx in-house software program. The ion transitions (m/z)
for valine, leucine, isoleucine, tyrosine and phenylalanine
were 118>72.1, 132.1>43.1, 132.1>69.2, 182> 136 and
166> 120.1, respectively. The ion transitions (m/z) for the
internal standards methionine-D3, pL-leucine-D3 and homo-
phenylalanine were 153 > 107.1, 135> 46.1 and 180>91.1,
respectively. Leucine and isoleucine were quantified by
correcting the peak height as previously described by Yang
et al. (2013). The limit of quantitation (LOQ) and the limit
of detection (LOD), respectively for the amino acids were
7.21 and 2.16 pmol/mL for valine; 3.61 and 1.03 pmol/mL
for isoleucine; 5.09 and 1.53 pmol/mL for leucine, 292 and
87.6 pmol/mL for tyrosine and 295 and 88.3 pmol/mL for
phenylalanine.

2.5 Statistical analysis

Statistical analyses were carried out using the Stata software
package version 14.2 (StatCorp, College Station, TX, USA).
A p-value of <0.05 was considered statistically significant.
Non-normally distributed data were reported as median and
interquartile range (IQR) and for normally distributed data
as mean + SD. We performed t-tests for normally distributed
data and the Wilcoxon rank-sum test for non-normally dis-
tributed data when comparing demographic, biochemical
and anthropometric characteristics between the BA and Al
groups.

@ Springer

Ethnic specific regression models were developed
where metabolic syndrome and each of the metabolic syn-
drome components plus HOMA-IR, were the dependent
variables. The metabolic syndrome model used logistic
regression analysis where all other models used linear
regression. Each of these models was run independently
for each BCAAs and AAAs and the sum of BCAAs and
AAAs as independent variables in a univariate model
which was then adjusted for possible confounding vari-
ables i.e. age, gender, BMI, smoking status, education
status, alcohol consumption, VAT, SCAT, fasting insulin
(excluded from the HOMA-IR models) within a multivari-
ate regression model. These variables were chosen as they
have been shown to be associated with serum BCAA or
AAA levels and have been reported to be risk factors for
CMDs (Fiehn et al. 2010; Flores-Guerrero et al. 2019;
Huffman et al. 2009; Hulshof et al. 2003; Lee et al. 2016;
Ruiz-Canela et al. 2016; Sesso et al. 2008; Tai et al. 2010;
Tillin et al. 2015; Tomoda et al. 2012; Wang et al. 2011).

In models where the amino acid beta coefficient was
reduced to non-significance following adjustment, forward
regression analysis was performed to determine which of
the covariates attenuated the amino acid effect.

Linear multivariate regression models were also set up
to identify the determinants of the serum amino acid lev-
els and the independent variables used were the same as
the covariates listed above. The p-values within all the
multivariate regression models were adjusted for multiple
testing using the Benjamini—Hochberg procedure (a false
discovery rate (FDR) of 0.05 was applied).

Forward regression models were used to determine fac-
tors that may attenuate significant ethnic associations with
amino acid levels. In these models the dependent variable
was any amino acid that showed significant differences
between the ethnic groups and ethnicity was used as an
independent variable. Co-variables that showed significant
differences between the ethnic groups and were feasible
confounders were added to the model in a stepwise fashion
and their effect on the ethnic group beta and associated
p-values, was noted.

The kernel density estimation test was used to test for
the normality of the dependent variables’ residuals and if
found to be non-normally distributed, the dependent vari-
able was transformed. Multicollinearity was checked in
each multivariate model using the variance inflation factor
(VIF). Variables with VIF > 5 were considered collinear,
but no such variables were identified. The missing data
for the valine, leucine, isoleucine, tyrosine and phenyla-
lanine levels were 3 (0.005%), 4 (0.006%), 6 (0.008%), 1
(0.001%) and 2 (0.003%), respectively. Therefore these
samples were omitted from the analyses.
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The datasets generated during and/or analysed during the
current study are available from the corresponding author on
reasonable request.

3 Results

3.1 Demographic, biochemical and anthropometric
characteristics of participants

Data is presented for BA (n=369) and Al (n=349) for
whom we have complete data. The Als were slightly older
than the BAs (p=0.029) and had significantly higher WC
(p=0.0002), SCAT, fasting glucose, fasting insulin, TGs,
LDL-c, leptin and HOMA-IR (p <0.0001 for all). In addi-
tion, Als had a higher number of high school graduates
when compared to BAs (p=0.018). However, BAs had sig-
nificantly higher systolic and diastolic blood pressure, adi-
ponectin and alcohol consumption when compared to Als
(p<0.0001 for all). There was no significant difference for
gender, HDL-c, BMI, VAT and smoking prevalence between
the two groups (see Table 1). Data on gender differences of
these variables in this study population have been reported
previously (George et al. 2013).

The Wilcoxon rank-sum test was performed to compare
the BCAAs and AAAs between the two ethnic groups. The
sum of BCAAs and AAAs (expressed as median (IQR))

were significantly higher in Als than BAs (538 (459, 675)
versus 506 (441, 615) nmol/mL; p=0.0001). The BCAAs
and AAAs responsible for this were leucine (p=0.02), iso-
leucine (p <0.0001) and tyrosine (p <0.0001) (see Fig. 1).
When each individual amino acid was expressed as a per-
centage of the sum of amino acids the following results
were obtained (data expressed as median (interquartile
range): isoleucine levels (10.3% (8.04, 14.0) versus 11.2%
(8.33, 14.9), p<0.0001) and tyrosine levels 14.7% (11.6,
18.7) versus 15.8% (12.5, 19.6), p<0.0001) were both sig-
nificantly lower in BAs than in Als. Valine (30.4% (22.9,
40.7) versus 29.7% (21.7, 41.6)) and leucine (27.5% (20.6,
34.6) versus 26.3% (21.5, 33.2)) were higher in the Al
population than in the BA population but lacked statistical
significance. In contrast, phenylalanine levels were higher
in BAs when compared to Als (16.5% (13.4, 20.4) versus
15.2% (12.5, 18.3)) but lacked statistical significance.

Forward regression analyses were performed with each
of these amino acids as the dependent variable and ethnic-
ity as the independent variable to identify variables that
may be causing the differences in BCAA and AAA levels
between the ethnic groups. The association of the sum
of BCAAs and AAAs with ethnicity was attenuated by
fasting insulin and SCAT whereas isoleucine and tyrosine
were significantly associated with ethnicity independent of
any of the variables in Table 1 (see Table S1).

Table 1 Demographic,

. . . Variables BAs and Als BA (n=369) Al (n=349) p-value for eth-
biochemical and anthropometric nic differences
characteristics of BA and Al
populations Age (years) 43.0+13.1 420+13.1 43.0+12.9 0.0290

Gender, male [n (%)] 345 (47.4) 181 (48.0) 164 (47.0) 0.7280
Body mass index (kg/m?) 26.5(22.5,31.3) 26.2(21.7,31.7) 26.7 (23.3,31.0) 0.3870
Waist circumference (cm) 93.1+15.8 90.9+16.0 95.4+16.0 0.0002
VAT thickness (cm) 5.00+1.92 5.04+1.83 4.82+3.55 0.5234
SCAT thickness (cm) 2.68 (1.87,3.70) 2.32(1.59,3.42) 3.93(3.59,4.27) <0.0001
Fasting glucose (mmol/L) 5.05 (4.70,5.50) 4.90 (4.60, 5.40) 5.20 (4.80,5.70) <0.0001
Fasting insulin (mU/L) 10.3 (6.64,16.4) 7.77 (4.88,12.2) 13.7(9.24,20.4) <0.0001
HOMA-IR 2.47(1.43,395) 1.83(1.10,2.88) 3.23(2.13,5.01) <0.0001
Triglycerides (mmol/L) 1.02 (0.70, 1.58)  0.85(0.62,1.27) 1.26 (0.83,1.85) <0.0001
HDL-c (mmol/L) 1.27 (1.08, 1.53)  1.28 (1.08, 1.53) 1.26 (1.07, 1.53) 0.8096
LDL-c (mmol/L) 2.69+0.96 2.41+0.90 2.99+0.93 <0.0001
Systolic BP (mmHg) 126 (115, 139) 131 (120, 146) 123 (113, 135) <0.0001
Diastolic BP (mmHg) 81.0 (74.0,89.0) 83.0(76.0,93.0) 80.0(73.0,87.0) <0.0001
High school graduate [n (%)] 139 (19.4) 59.0 (16.0) 80.0 (23.0) 0.0180
Smokers [n (%)] 182 (25.4) 102 (27.7) 80.0 (23.3) 0.1801
Alcohol consumers [n (%)] 153 (21.5) 138 (37.6) 15.0 (4.36) <0.0001

Data are presented as mean + SD, median (interquartile range) or n (%)

VAT visceral adipose tissue, SCAT subcutaneous adipose tissue, HDL-c high density lipoprotein-cholesterol,
LDL-clow density lipoprotein-cholesterol

p-values were generated using Students t-test for normally distributed data and the Wilcoxon rank-sum test
for non-normally distributed data
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Comparison of BCAA and AAA levels between Black Africans and Asian Indians
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Fig. 1 Boxplot graphs representing the serum BCAAs and AAAs
concentrations by ethnicity. The sum of BCAAs and AAAs, iso-
leucine and tyrosine were significantly higher in Als than in BAs.

3.2 Association of BCAAs and AAAs with metabolic
syndrome components, insulin resistance
and the metabolic syndrome

When looking at the individual metabolic syndrome com-

ponents and HOMA-IR in univariate regression analysis,
the sum of BCAAs and AAAs and individual BCAAs and
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Data are presented as median (interquartile range) *p<0.0001.
BCAAsbranched chain amino acids, AAAs aromatic amino acids

AAAs were significantly associated with fasting glucose,
fasting triglycerides, systolic and diastolic BP and HOMA-
IR in the Al population (Table 2). Tyrosine levels were sig-
nificantly associated with all but one metabolic syndrome
component (fasting triglycerides) and phenylalanine levels
were associated with only diastolic BP in the Al population
(see Table 2). In the BA population, the sum of BCAAs and
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Table 2 Regression analyses of the association of BCAAs and AAAs with metabolic syndrome components and insulin resistance in Asian Indi-

ans and Black Africans

Dependent variable Ethnic group Independent variable Univariate models p-value Multivariate models* p-value™
B-coefficient (95% CI) B-coefficient (95% CI)
Log fasting glucose Al BCAAs and AAAs 0.0932 (0.0437; 0.1427) 0.0002 0.0453(0.00301; 0.0936) 0.0660
Valine 0.1101 (0.0124; 0.2079) 0.0273 0.0625 (= 0.0319; 0.157) 0.1937
Leucine 0.2678 (0.1201; 0.4155) 0.0004 0.1044 (—0.0394; 0.2481) 0.1541
Isoleucine 0.3923 (0.1251; 0.6594) 0.0041 0.19 (—0.0674; 0.4475) 0.1473
Tyrosine 0.4319 (0.1216; 0.7423) 0.0065 0.2638 (—0.029; 0.5565) 0.0773
Log fasting triglycerides Al BCAAs and AAAs 0.2114 (0.074; 0.3488) 0.0027 0.0148 (—0.1194; 0.1489) 0.8285
Valine 0.3161 (0.0568; 0.5755) 0.0170 0.0765 (—0.1724; 0.3253) 0.5460
Leucine 0.5061 (0.1112; 0.9009) 0.0122 —0.0657 (—0.4433; 0.3119) 0.7324
Isoleucine 0.8683 (0.1574; 1.5793) 0.0168 —0.0459 (—0.7219; 0.6301) 0.8938
BA BCAAs and AAAs 0.2782 (0.127; 0.4294) 0.0003 0.204 (0.0674; 0.3406) 0.0035
Valine 0.4952 (0.1865; 0.8038) 0.0017 0.4109 (0.1309; 0.691) 0.0041
Leucine 0.7671 (0.3405; 1.1936) 0.0005 0.5974 (0.2115; 0.9832) 0.0025
Recip-systolic BP Al BCAAs and AAAs —0.0012 (—0.0018;—-0.0006)  0.0001 —0.004 (—0.0009; 0.0001) 0.1365
Valine —0.0015 (- 0.0026; —0.0004)  0.0078 —0.0006 (—0.0016; 0.0004) 0.2364
Leucine —0.0027(—0.0044; —0.001) 0.0016 —0.0004 (—0.0019; 0.0011) 0.6195
Isoleucine —0.0054 (—0.0084; —0.0024)  0.0005 —0.0019 (-0.0047; 0.0008) 0.1605
Tyrosine —0.0052(—0.0089; —0.0016)  0.0052 —0.0022 (-0.0055; 0.0010) 0.1805
Log diastolic BP Al BCAAs and AAAs 0.0539 (0.0203; 0.0876) 0.0018 0.0096 (—0.0233; 0.0425) 0.5674
Leucine 0.1185 (0.0215; 0.2155) 0.0168 —0.0132 (—0.1063; 0.0798) 0.7798
Isoleucine 0.1907 (0.0166; 0.3648) 0.0319 —0.0115 (—0.1774; 0.1544) 0.8917
Tyrosine 0.3133 (0.1035; 0.5231) 0.0035 0.1588 (—0.0404; 0.358) 0.1178
Phenylalanine 0.3215 (0.0832; 0.5599) 0.0083 0.1125 (- 0.104; 0.3291) 0.3074
Sqrt HOMA-IR Al BCAAs and AAAs 0.6119 (0.246; 0.9778) 0.0011 0.0432 (- 0.2999; 0.3862) 0.8047
Leucine 1.8882 (0.8336; 2.9427) 0.0005 0.6158 (—0.3505; 1.5822) 0.2108
Isoleucine 2.2548 (0.3534; 4.1562) 0.0203 0.305 (—1.4352; 2.0452) 0.7305
Tyrosine 4.3456 (2.0839; 6.6074) 0.0002 1.3022 (—0.7763; 3.3806) 0.2186

Only amino acids that were significantly associated with metabolic syndrome components in univariate models are shown

BCAAs and AAAs sum of branched chained and aromatic amino acids, Sgrtsquare root, Recip reciprocal, CI confidence interval

*Multivariate models were adjusted for age, gender, BMI, VAT, SCAT, fasting insulin, alcohol consumption, smoking and education

*P-values were adjusted for FDR and remained unchanged

AAAs, valine and leucine levels were associated with fast-
ing triglycerides (see Table 2, univariate models). We then
adjusted for possible confounding variables in each model
(see Table 2, multivariate models). In the BA population,
valine, leucine, and the sum of BCAAs and AAAs remained
significantly associated with fasting triglycerides. In the Al
population, the sum of BCAAs and AAAs plus individual
BCAAs and AAAs all lost their significant associations with
the metabolic syndrome components and HOMA-IR.
Forward stepwise regression analyses were performed
in order to determine which variables within the multivari-
ate regression models were responsible for attenuating the
relationship of the BCAAs and AAAs with the individual
components of metabolic syndrome and HOMA-IR in the
Al population. Table 3 shows the univariate and forward
regression models for the sum of the BCAAs and AAAs as
an example; VAT was the principle confounding variable
in all these regression models whilst BMI was a secondary
confounder in the diastolic BP and HOMA-IR models and

age was a secondary confounder in the diastolic BP model
(Table 3). In forward regression models that included each
of the individual amino acids as independent variables,
similar results were found to those shown in Table 3 with
VAT being the principle confounding variable with age,
BMI, SCAT and fasting insulin acting as additional con-
founders (Table S2-S6). In models including tyrosine, BMI
is a more prominent confounder when compared to VAT
(Table S2-S6).

In univariate regression analyses the sum of BCAAs and
AAAs and each individual BCAA and AAA were all signifi-
cantly associated with metabolic syndrome in Als (see uni-
variate models, Table S7) but not in BAs (data not shown).
However, after adjusting for possible confounding variables,
none of the amino acids remained significantly associated
with metabolic syndrome within the AI population (see
multivariate models, Table S7). The forward regression
models shown in Table S8 demonstrate that VAT was the
principal variable that was attenuating the association of
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Table 3 Forward stepwise regression analyses for the sum of BCAAs and AAAs in Asian Indians

Dependent variable Univariate model

Independent variable =~ Forward regression model

B-coefficient or OR (95% CI) p-value p-coefficient or OR (95% CI) p-value
Log fasting glucose 0.0932 (0.0437; 0.1427) 0.0002 BCAAs and AAAs 0.0502 (=0.0002; 0.1006) 0.0510
VAT 0.0123 (0.008;0.0170) <0.0001
Log fasting triglycerides 0.2114 (0.074; 0.3488) 0.0027 BCAAs and AAAs 0.0378 (—=0.0945; 0.1702) 0.5742
VAT 0.0502 (-0.0001; 0.0002) <0.0001
1/systolic BP —0.0012 (-0.0018; —0.0006) 0.0001 BCAAs and AAAs —0.005 (=0.0011; 0.0001) 0.0817
VAT —0.0002 (-0.0002; -0.0001)  <0.0001
Log diastolic BP 0.0539 (0.0203; 0.0876) 0.0018 BCAAs and AAAs 0.0138 (=0.0196; 0.0473) 0.4167
VAT 0.0112 (0.0081; 0.0143) <0.0001
BCAAs and AAAs 0.0297 (-=0.0023; 0.0618) 0.0689
Age 0.0017 (0.0012; 0.0022) <0.0001
BCAAs and AAAs 0.0325 (—0.0005; 0.0655) 0.0537
BMI 0.0030 (0.0020; 0.0040) <0.0001
Sqrt HOMA-IR 0.6119 (0.2460; 0.9778) 0.0011 BCAAs and AAAs 0.0610 (—0.2840; 0.4059) 0.7283
VAT 0.1559 (0.1241; 0.1878) <0.0001
BCAAs and AAAs 0.2589 (-0.0716; 0.5893) 0.1242
BMI 0.0520 (0.0417; 0.062) <0.0001

Only the forward regression analyses where co-variates significantly attenuated the regression coefficients of the sum of BCAAs and AAAs are

shown

OR odds ratio, Sqrtsquare root, VAT visceral adipose tissue, BMIbody mass index, CIconfidence interval

*Data presented as OR (95% confidence interval)

the amino acids with metabolic syndrome. These results
were as expected given the attenuation of the relationship
of the BCAAs and AAAs with the individual components
of the metabolic syndrome by VAT, as shown in the forward
regression models in Tables 2 and S3-S6.

3.3 BCAAs and AAAs multivariate regression
analyses

The forward stepwise regression analyses described above
clearly show that VAT is a strong correlate of BCAAs
and AAAs. Therefore, to confirm this association, and to
isolate important determinants of serum BCAA and AAA
levels, we developed multivariate regression models for
each ethnic group (Table 4) and for the groups combined
(Table 5) in which the sum of BCAAs and AAAs and each
individual BCAA and AAA were dependent variables.
Age, gender, BMI, SCAT, VAT, fasting insulin, alcohol
consumption, smoking and education were selected as
independent variables as they have been previously shown
to be associated with blood levels of BCAAs and AAAs
(Fiehn et al. 2010; Flores-Guerrero et al. 2019; Huffman
et al. 2009; Hulshof et al. 2003; Lee et al. 2016; Ruiz-
Canela et al. 2016; Sesso et al. 2008; Tai et al. 2010; Tillin
et al. 2015; Tomoda et al. 2012; Wang et al. 2011). These
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analyses demonstrated that the sum of BCAAs and AAAs
and a majority of the individual BCAAs and AAAs were
significantly associated with VAT in both the Al and BA
populations (see Tables 4, 5).

Age showed a negative association with valine in BAs
(Table 4). Thus, we tested whether age modifies the effect
of VAT and SCAT on valine levels in BAs (Table S9).
Using the likelihood ratio test, we found that age is not an
effect modifier of VAT (p=0.3871) or SCAT (p=0.1241).
Females had a higher sum of BCAAs and AAAs and valine
levels in the Al population (Table 4). Subcutaneous adi-
pose tissue correlated positively with valine in both popu-
lations, in addition, SCAT correlated positively with the
sum of BCAAs and AAAs in the BA group (Table 4). The
BMI correlated positively with tyrosine in the Al group.
Smoking was associated with a higher sum of BCAAs and
AAAs in the Al population, whilst alcohol consumption
correlated negatively with isoleucine in the Al group and
with the sum of BCAAs and AAAs and with tyrosine in
the BA group. Education correlated positively with isoleu-
cine levels in the BA population (Table 4). Fasting insulin
correlated with leucine levels in the Al group. When the
ethnic groups were combined, associations not found in
the individual ethnic groups were observed for VAT with
tyrosine and phenylalanine levels were higher in females
(Table 5).
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Table 4 Linear regression analysis of the BCAAs and AAAs associations in Als and BAs

Dependent variable ~ Asian Indians Black Africans
Independent  B-coefficient (95% CI) p-value Independent B-coefticient (95% CI) p-value
variable variable

Log BCAAs and VAT 0.0559 (0.0327; 0.0792) <0.0001 VAT 0.0289 (0.0096; 0.0483) 0.0035

AAAs Gender —0.0913 (-0.1670;-0.0156) 0.0183 SCAT 0.0460 (0.0123; 0.0796) 0.0075

Smoking 0.09403 (0.0054; 0.1827) 0.0374 Alcohol —0.0592 (-0.1241;0.0056)  0.0735

Log valine VAT 0.0846 (0.0457; 0.1234) <0.0001  SCAT 0.0872 (0.0295; 0.1450) 0.0032
SCAT 0.0640 (0.0104; 0.1176) 0.0195 Age —0.0055 (-=0.0098; 0.0013) 0.0111
Gender —-0.2412 (-0.3673;-0.1151)  0.0002

Log leucine VAT 0.0559 (0.0250; 0.0868) 0.0004 VAT 0.0323 (0.0072;0.0574) 0.0188
Insulin 0.0025 (—0.0003; 0.0055) 0.0839 Education 0.1407 (0.0289; 0.2526) 0.0138

Log isoleucine VAT 0.0825 (0.0450; 0.1200) <0.0001 Education 0.1571 (0.0121; 0.3021) 0.0338
Alcohol —0.2077 (-0.4508;0.0354)  0.0938

Log tyrosine BMI 0.0137 (0.0038; 0.0235) 0.0068 Alcohol —0.1023 (—0.1888; 0.0158)  0.0206

Log phenylalanine - - - VAT 0.0305 (0.0076; 0.0536) 0.0092

Only independent variables that were associated with the amino acids after false discovery rate (FDR) correction are shown.

BCAAs and AAAs sum of branched chained and aromatic amino acids, VAT visceral adipose tissue, SCAT subcutaneous adipose tissue, BMIBody

Mass Index, CIconfidence interval

Alcohol consumption was coded as 0=non-consumer, 1 =consumer, gender was coded as 0=female and 1=male, education was coded as
0=non-high school graduate and 1 =high school graduate and smoking was coded as 0 =non-smoker and 1 =smoker

Table 5 Linear regression
analysis of the BCAAs and
AAAs associations in Als and
BAs together

4 Discussion

This study shows that the concentrations of BCAAs and
AAAs are higher in Al than in BA subjects. We have also

Dependent variable Independent variable B-coefficient (95% CI) p-value
Log BCAAs and AAAs VAT 0.0391 (0.0245; 0.0537) <0.0001
SCAT 0.0292 (0.0135; 0.0060) 0.0135
Log valine Gender —0.0964 (—0.1844; —0.0083) 0.0319
VAT 0.0557 (0.0309; 0.0805) <0.0001
SCAT 0.0670 (0.0277; 0.1062) 0.0009
Log leucine Insulin 0.0028 (0.0002;0.0054) 0.0321
VAT 0.0411 (0.0221; 0.0602) <0.0001
Log isoleucine VAT 0.0471 (0.0230; 0.0712) 0.0001
Ethnicity 0.1461 (0.0624; 0.2298) 0.0006
Alcohol —0.0643 (- 0.1620; 0.0333) 0.1965
Log tyrosine Alcohol —0.1062 (-0.1807;—0.0318) 0.0052
Ethnicity 0.0781 (0.0143; 0.1419) 0.0166
VAT 0.0134 (—0.0049; 0.0318) 0.1522
Log phenylalanine Gender —0.0668 (—0.1264; —0.0072) 0.0280
VAT 0.0282 (0.0114; 0.0450) 0.0010

Only independent variables that were associated with the amino acids after false discovery rate (FDR) cor-

rection are shown

BCAAs and AAAssum of branched chained and aromatic amino acids, VAT visceral adipose tissue,
SCAT subcutaneous adipose tissue, CI confidence interval

Alcohol consumption was coded as 0=non-consumer, 1 =consumer, gender was coded as 0=female and
1 =male and ethnicity was coded as 0=Black Africans and 1= Asian Indians

observed that the association of amino acids with the
metabolic syndrome and its individual components in Als

is largely due to confounding by visceral fat. However,
in the BA population a positive association between total
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amino acids and triglyceride levels was observed even
after adjusting for visceral fat and other possible con-
founding variables. In both population groups, visceral
fat was found to be a significant determinant of serum
amino acid levels.

The ethnic differences in the levels of CVD risk factors
observed in the current investigation are in agreement with
previous studies performed in sub-Saharan Africa (Ferris
et al. 2005; Gémez-Olivé et al. 2017; Naran et al. 2018).
Thus, Als are more insulin resistant and have a more ath-
erogenic lipid profile than BA subjects (Ferris et al. 2005;
Goémez-Olivé et al. 2017; Naran et al. 2018), whilst the lat-
ter population group have a very high prevalence of hyper-
tension (Bonds et al. 2003; Lloyd-Sherlock et al. 2014).

Previous studies have shown that males have higher
BCAAs and AAAs than females, particularly in Japanese
and Chinese populations (Lee et al. 2016; Takashina et al.
2016; Xie et al. 2014; Yamada et al. 2015) and in a Finn-
ish population (Wiirtz et al. 2012). However, in the cur-
rent study females had a higher sum of amino acids and
higher valine levels in the Al population. These differences
between the studies may be due to population-specific fac-
tors such as diet or genetics. The gender differences in the
levels of BCAAs and AAAs observed in the current study
could be explained by differences in amino acid metabo-
lism. Thus, previous studies indicate that sex hormones
such as oestrogen contributes to the lower oxidation of
amino acids (Kobayashi et al. 1997; Lamont et al. 2003;
Xie et al. 2014). Gender was adjusted for in each of the
multivariable regression models set up to investigate the
relationship of the amino acids with cardiometabolic out-
comes. In none of these models, as assessed using for-
ward regression analysis, was gender found to modulate
the effect of BCAAs or AAAs on the dependent variable.
These data therefore suggest that gender has no effect on
the association of these amino acids with any of the car-
diometabolic variables.

No previous studies have compared serum levels of
BCAA and AAA between AI and BA populations. The
current study demonstrated that the sum level of amino
acids and isoleucine and tyrosine were higher in the Al
population. One study has shown that BCAA and AAA
levels were higher in Al compared to European men (Tillin
et al. 2015). The higher sum level of serum amino acids in
the Al population was associated with both higher SCAT
and fasting insulin levels, but with the latter variable hav-
ing the stronger effect. This may be related to greater
insulin resistance in the Al population leading to reduced
protein anabolism (Chevalier et al. 2005).

Within univariate regression models significant associa-
tions were observed between amino acid levels and the meta-
bolic syndrome and its components in the Al group. How-
ever, in multivariable regression models, these associations
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were attenuated by the inclusion of visceral fat. Multivari-
ate linear regression models created to determine the main
effectors of BCAAs and AAAs serum levels confirmed a
strong association of visceral fat with amino acids in both
populations. To our knowledge, this is the first study to
adjust for visceral fat in multivariate regression models that
relate cardiometabolic variables to serum amino acid levels.
There are a number of studies that have observed significant
correlations of BCAAs and/or AAAs with various CMD
variables (Fiehn et al. 2010; Huffman et al. 2009; Lee et al.
2016; Ruiz-Canela et al. 2016; Tai et al. 2010; Tillin et al.
2015; Wang et al. 2011). However, none of these studies
examined possible confounding from visceral fat levels. In
agreement with our observation of the association of vis-
ceral fat with serum amino acid levels is a study by (Yam-
akado et al. 2012) which showed that the levels of BCAAsS,
tyrosine, tryptophan, glycine, glutamine and alanine were
correlated with visceral adipose tissue area in Japanese par-
ticipants The significant association of BCAAs and AAAs
with body adiposity, whether defined by visceral fat or BMI,
suggests that adipose tissue is able to modulate BCAAs and
AAAs serum levels however, the mechanisms involved are
not known. One possibility may be via down regulation of
the BCAA catabolic enzymes namely, branched chain ami-
notransferase (BCAT?2) and branched chain ketoacid dehy-
drogenase complex (BCKDHC). These enzymes were found
to be reduced in the subcutaneous fat of the obese sibling in
monozygotic twins that were discordant for BMI (Pietildinen
et al. 2008). Furthermore, studies have shown that BCAA
catabolic-enzyme levels were lower in visceral fat from sub-
jects with metabolic syndrome compared to healthy controls
(Lackey et al. 2013) and in obese compared to lean subjects
(Pakiet et al. 2019).

Our findings demonstrated that the association of serum
triglyceride levels with total amino acids, valine and leu-
cine remained significant after adjusting for co-variates,
including visceral fat. However, this was only true for the
BA population. Similar to our findings, a longitudinal study
showed that baseline levels of BCAAs, arginine, proline,
phenylalanine, and lysine were significantly associated with
an increased risk of hypertriglyceridemia over a seven year
period (Mook-Kanamori et al. 2014). Furthermore, serum
BCAA levels had a significant association with high triglyc-
eride levels after adjusting for age, gender, systolic blood
pressure, diastolic blood pressure, fasting plasma glucose,
BMI and smoking in a study performed in a Chinese popula-
tion (Yang et al. 2016). The mechanism by which circula-
tory BCAAs may modulate triglyceride levels is not fully
understood (Newgard 2012).

The present study demonstrates positive associations of
body adiposity with serum BCAAs and AAAs independ-
ent of age and gender. A number of studies have observed
similar associations (Dugas et al. 2016; Gogna et al. 2015;
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Huffman et al. 2009; Newgard et al. 2009; Ribeiro et al.
2019; Yamakado et al. 2012) and have also shown that
BCAAs are responsive to therapeutic interventions that
lead to weight loss and improvements in metabolic control
(Pakiet et al. 2019; Shah et al. 2012). Thus, both gastric
bypass surgery (Pakiet et al. 2019) and diet-induced weight
loss (Shah et al. 2012) are associated with improvements in
insulin sensitivity as well as a decrease in the serum levels of
BCAAs. Furthermore, it has been shown that obese mice fed
a diet containing reduced levels of BCAAs lose weight and
show improvements in glucose tolerance and insulin sensi-
tivity (Cummings et al. 2018), whilst mice fed a diet high
in BCAAs become obese, hyperphagic and have a reduced
lifespan (Solon-Biet et al. 2019).

Considering that BCAAs are essential amino acids that
cannot be synthesized de novo, dietary protein intake may
be a determinant of systemic amino acid levels. One of the
limitations of the current study is that protein intake was
not assessed; however, fasting blood samples were used for
the estimation of serum amino acid levels. Furthermore, in
a study by Tai et al. (2010), fasting BCAA and AAA levels
were significantly higher in subjects in the upper tertile for
HOMA-IR compared to those in the lowest tertile despite
both groups having similar levels of dietary protein intake.
This suggests that factors other than diet may be more
important in modulating serum BCAA and AAA levels.

Several other limitations of this investigation should be
noted. Firstly, our study was cross-sectional and therefore
we could only assess associations between variables and not
attribute causality. Secondly, we did not investigate the pos-
sible mechanisms by which the amino acids are modulated
by visceral fat and how triglycerides are linked to BCAAs
and AAAs. Lastly, the construction of the multivariable
regression models for metabolic syndrome, its components
and HOMA-IR were based on the hypothesis that BCAAs
and AAAs were aetiological factors, as suggested by data
from the literature (Cummings et al. 2018; Mook-Kanamori
et al. 2014; Tillin et al. 2015; Wang et al. 2011; Ruiz-Canela
et al. 2016). Similarly, the multivariable regression models
that were used to isolate the determinants of BCAA and
AAA serum levels were developed based on the hypoth-
esis that the determinants would be largely anthropomet-
ric, as suggested by previous studies (Lackey et al. 2013;
Pietildinen et al. 2008; Yamakado et al. 2012). It is possible
that these hypotheses may not be correct and data from the
current study should be interpreted with this in mind. The
public health implications of this study are restricted by its
cross-sectional format however, the strong associations of
BCAA and AAAs with cardiometabolic risk factors, even
though confounded by visceral fat, suggest that these amino
acids should be analysed in future longitudinal studies as
possible disease biomarkers. Further studies are required
to definitively characterize both the determinants and the

cardiometabolic consequences of circulatory BCAA and
AAAs. The strengths of this study include the measurement
of a wide range of possible confounding factors and the
assessment of abdominal subcutaneous and visceral fat lev-
els. Furthermore, BCAAs and AAAs were measured using
a highly sensitive and accurate methodology i.e. UPLC
separation followed by triple quadruple mass spectrometry.
In addition, the selection process for recruiting subjects
involved random selection of subjects from a pre-existing
study population who were then asked to provide details
of family members who may be willing to participate in
the study. It is presumed that each individual would select
the family member for different reasons and therefore this
process would provide subjects with a minimal level of bias.

5 Conclusion

Previous studies have shown the association of BCAAs and
AAAs with obesity and related cardiometabolic variables
(Newgard et al. 2009; Tai et al. 2010; Tillin et al. 2015;
Wang et al. 2011). However, our study demonstrates that
amino acids are significantly associated with visceral fat,
which acts as a confounder in the relationship between these
amino acids and CMD risk factors. We have also shown
that triglyceride levels are the only metabolic syndrome
component associated with the sum of BCAAs and AAAs,
valine and leucine in BAs after adjusting for all possible con-
founding variables. It is possible that visceral fat indirectly
elevates fasting serum amino acid levels by attenuating their
catabolism as observed in a previous investigation (Lackey
et al. 2013; Pietildinen et al. 2008). Our data strongly suggest
that all studies investigating the association of BCAAs and
AAAs with CMD risk factors and end points should adjust
for visceral obesity.
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