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Abstract

Some individuals are susceptible to accelerated biological ageing, resulting in premature alterations in arterial structure and
function. Identifying early-onset vascular ageing characterised by arterial stiffening is vital for intervention and preventive
strategies. We stratified and phenotyped healthy children (5-9 yrs) and young adults (20-30 yrs) into their vascular ageing
extremes established by carotid-femoral pulse wave velocity (cfPWV) percentiles (i.e., healthy vascular ageing (HVA) and
early vascular ageing (EVA)). We compared anthropometric, cardiovascular, and metabolomic profiles and explored associa-
tions between cfPWYV and urinary metabolites. Children and adults in the EVA groups displayed higher levels of adiposity,
cardiovascular, and lifestyle risk factors (adults only) (all p <0.018). In adults, several urinary metabolites were lower in the
EVA group (all ¢<0.039) when compared to the HVA group, with no differences observed in children. In multiple regression
analysis (adults only), we found inverse associations between cfPWV with histidine (ad;. R*=0.038; f=-0.192; p=0.013)
and beta-alanine (adj. R?>=0.034; p=-0.181; p=0.019) in the EVA group, but with arginine (ad;. R?=0.021; p=-0.160;
p=0.024) in the HVA group. The inverse associations of beta-alanine and histidine with cfPWV in the EVA group is sug-
gestive that asymptomatic young adults who present with an altered metabolomic and less desired cardiovascular profile
in combination with unfavourable lifestyle behaviours may be predisposed to early-onset vascular ageing. Taken together,
screening on both a phenotypic and metabolic level may prove important in the early detection, prevention, and intervention
of advanced biological ageing.
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Introduction

Even in apparently healthy individuals, arterial changes
occur throughout the cardiovascular (CV) system where such
changes (thickening and stiffening of large arteries) (Lakatta
et al. 2003; Nagai et al. 1998) may be present in the absence
of hypertension (Pearson et al. 1997). Measures of arterial
stiffness, such as the gold standard carotid-femoral pulse
wave velocity (cfPWV) increase across the lifespan (Liang
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led to the concept of early vascular ageing (EVA) (Nilsson
et al. 2009).

Early vascular ageing is present in individuals who expe-
rience arterial stiffening as seen by heightened cfPWV
(=85th cfPWYV percentile) or with multiple risk factors
(i.e., hypertension (O’Rourke et al. 1999), obesity (Wildman
et al. 2003), smoking, and alcohol consumption (Charakida
et al. 2019)) associated with arterial stiffness (Bruno et al.
2020). Conceivably, identifying markers related to EVA,
ideally prior to the onset of CVD, may potentially aid in the
detection of premature arterial damage and further prompt
intervention and preventive strategies to address potentiat-
ing risk factors. This may, in part, delay a trajectory towards
EVA in young individuals who are at risk. The mechanisms
underlying the development of EVA, even in hypertensive
individuals, remain unclear and may involve risk factors that
influence normal metabolism and include a combination of
CV, socioeconomic, sociocultural, and/or epigenetic factors
(Nilsson 2015).

Metabolomics offers a powerful platform to investigate
metabolic changes that are associated with several patho-
physiological states (Newgard 2017). Significant correla-
tions have been reported between several metabolites (i.e.,
4-hydroxyproline, alanine, glutamine, glycine, histidine,
and serine) and central systolic blood pressure (cSBP) in
black South African adults (Mels et al. 2019), known to be
at higher risk for EVA (Schutte et al. 2020; Kruger et al.
2021). Another study in black South African boys found
an inverse association between beta-alanine and PWYV, sug-
gesting this metabolite may be partly involved in the early
onset of arterial stiffness in this population (Erasmus et al.
2018). Indeed, there have been several more studies proving
that metabolomics provides important insight into CVD (De
Beer et al. 2020; Nikolic et al. 2014; Tzoulaki et al. 2018).

Our study was, therefore, in part, motivated by the fact that
metabolomic studies in healthy children and young adults are
limited and warrants further exploration. To the best of our
knowledge, no single cross-sectional study has focussed on
early metabolomic changes related to arterial stiffness indi-
ces in a study comprising of both children and young adults.
Previous work from our research team highlighted associa-
tions between BP, left ventricular mass index and several
non-essential amino acids and recommended future studies
should investigate the relation between other measures of
CV structure and function (Mels et al. 2019; Erasmus et al.
2018). Thus, the latter formed the second part of the motiva-
tion for this current study. Healthy South African children
(5-9yrs) and young adults (20-30yrs) were stratified into low
cfPWV (healthy vascular ageing (HVA), i.e., < 15th cfPWV
percentile) and high cfPWV (EVA risk, i.e., > 85th cfPWV
percentile), and metabolomics profiles compared within each
age cohort. We further explored associations between cfPWV
and urinary metabolites in children and young adults.

Methodology

We included data of apparently healthy children (aged
5-9yrs) from the Exercise, Arterial Modulation and Nutri-
tion in Youth South Africa (ExAMIN Youth SA) study and
young adults (aged 20-30yrs) from the African Prospective
study on Early Detection and Identification of Cardiovas-
cular disease and Hypertension (African-PREDICT) study
who had complete CV and metabolomic datasets. We fur-
ther stratified both study populations according to different
vascular ageing profiles, i.e., HVA, and those at risk of EVA
as outlined in Fig. 1 (ExAMIN Youth SA: n=268; African-
PREDICT: n=372) (Bruno et al. 2020).

Fig.1 Sample size and stratifi-
cation of both study populations

used in this cross-sectional ExAMIN YOUTH African-PREDICT
study SA study study
children 5-9yrs adults 20-30yrs

Total sample

Total sample

n= 1065 - n=1202
Excluded | Excluded
cfPWV >15th - <85th percentile (n=778) cfPWV >15th - <85th percentile
Other racial groups (n=19) (n=830)
HVA EVA
cfPWV <15th percentile CfPWV 285th percentile| cfPWV <15th percentile cfPWV 285th percentile
n=128 n=140 n=197 n=175
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The study population and protocol for both the EXAMIN
Youth SA study (Kruger et al. 2020) and the African-
PREDICT study (Schutte et al. 2019) have been described
elsewhere. Briefly, the EXAMIN Youth SA study included
children of both sexes and all races residing within the Dr.
Kenneth Kaunda district who voluntarily (with parental
permission) wanted to participate. This study was designed
to investigate the relationship between body composition,
dietary intake, physical fitness, and physical activity, psy-
chosocial stress, CV function as well as urinary and sali-
vary biomarkers. There were no specific exclusion criteria;
however, children were excluded if no informed consent
from the parent was obtained or if the child did not feel
comfortable participating. For the current analysis, only
black and white children were included due to a lack of
statistical power in the group of children from other race
groups (Indian and coloured children; n=19).

Exclusion criteria for the African-PREDICT study,
included office blood pressure (BP) > 140/90 mmHg, or
with any self-reported diseases or risk factors that may
influence CV health, internal ear temperature > 37.5 °C,
human immunodeficiency virus, diabetes mellitus, liver
disease, cancer, tuberculosis, or renal disease as well as
the use of chronic medication. Pregnant and lactating
women were also excluded due to known influences of
hormones on CV health (O’Kelly et al. 2022).

Both studies were conducted in line with the ethical
principles of the Declaration of Helsinki (Carlson et al.
2004) and were approved by the Health Research Eth-
ics Committee of the North-West University. Addition-
ally, both the African-PREDICT (NCT03292094) and the
ExAMIN Youth SA (NCT04056377) studies are registered
at ClinicalTrials.gov. All participants, including their par-
ents (for the children participants), were fully informed
about the objectives of the study, and written informed
consent/assent was acquired from each participant.

Questionnaires

In the African-PREDICT study, basic demographic infor-
mation was collected with the use of a General Health and
Demographic Questionnaire. This questionnaire is seen
as a self-administered screening tool that was completed
prior to participation. The following information was
gathered from the questionnaire: age, sex, ethnicity, and
current lifestyle risk factors such as self-reported smok-
ing and alcohol consumption. In the statistical analyses,
age (years) was used as a continuous variable, while sex
(0=women; 1 =male), ethnicity (0=black; 1= white)
and lifestyle risk factors (0 =no; 1 =yes) were captured
as binary variables.

Anthropometric measures

All anthropometric procedures, including weight and height
were performed according to specific guidelines set out by
the International Society for the Advancement of Kinanthro-
pometry (ISAK) (Schutte et al. 2019; Stewart A et al. 2011).
Body mass index (BMI) (weight (kg)/square height (m?)) of
each participant was then calculated (SECA portable 213
stadiometer; SECA 813 electronic scale; Birmingham, UK).
Body mass index z-scores were used for the assessment of
body composition in children. Thresholds derived from a
child growth reference was used to classify the BMI z-scores
of children according to their age and sex (Cole et al. 2005).

Cardiovascular measures

In the EXAMIN Youth SA study, brachial BP was measured
in triplicate on the upper right arm at heart level with a vali-
dated automated oscillometric pediatric BP monitor (Omron
HBP-1100-E; OMRON HealthCare Co., LTD. Kyoto, Japan)
(El Assaad et al. 2003). Measurements were conducted five
times with 1-min intervals on the right arm. The three meas-
urements with the smallest variation were used to calculate a
mean. With the use of a Dinamap® ProCare 100 Vital Signs
Monitor, brachial BP of the African-PREDICT participants
was measured on the left arm, thereafter on the right arm
in duplicate followed by a repeated measure on the left arm
(GE Medical Systems, Milwaukee, USA). In this study,
the left BP measurement was used in the analyses. Systolic
blood pressure (SBP) and diastolic blood pressure (DBP)
were captured from each measurement. The mean arterial
pressure (MAP) was subsequently calculated from brachial
BP recordings. Mean arterial pressure was calculated using
the formula: (DBP)/(0.4*pulse pressure) (Kiers et al. 2008).

Pulse wave analysis in the EXAMIN Youth SA study
was performed using the validated oscillometric Mobilo-O-
Graph monitor (I.LE.M GmbH, Germany) and integrated with
ARCSolver software (Wassertheurer et al. 2010; Weiss et al.
2012). The appropriately sized pediatric BP cuff was placed
on the right upper arm of the children participant, from
which the cfPWV was measured while children remained
in a seated position. The African-PREDICT study made
use of the SphygmoCor XCEL device (AtCor Medical Pty.
Ltd., Sydney, New South Wales, Australia) to preform pulse
wave analysis in adult participants (Van Bortel et al. 2012).
Adults were required to remain in supine position, the right
carotid artery was located by means of palpation to identify
the strongest pulse point. The carotid pulse was measured
using a tonometer while the femoral pulse was measured by
a femoral cuff placed around the thigh of the participant.
The transit-distance method was used and 80% of the dis-
tance calculated and entered after which the cfPWV was
measured along the descending thoracic abdominal aorta
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using the foot-to-foot velocity method. In both the ExAMIN
Youth SA study and the African-PREDICT study, duplicate
measurements were taken and the mean value of the two
closet measures was used in subsequent analyses. Any meas-
urements not considered of sufficient quality were repeated
based on an operator index and additional quality indices
reflecting the degree of variation above acceptable limits
(Townsend et al. 2015).

Since cfPWYV is a recognised marker of EVA (Bruno et al.
2020), we used the measurement to stratify our sample popu-
lation according to different vascular ageing profiles, i.e.,
HVA (< 15th cfPWYV percentile), and those at risk of EVA
(=85th cfPWYV percentile).

Biochemical analyses

The ExAMIN Youth SA children were required to provide
a first void mid-stream urine sample in the privacy of their
own home with assistance from their parents. Children par-
ticipants were provided with sealable urine containers to col-
lect first urine samples on the day of participation. Children
participants were required to bring their urine sample on the
day of participation. Participants of the African-PREDICT
study were required to provide an early morning spot urine
sample at the Hypertension Research and Training Clinic
of the North-West University. All samples were prepared,
aliquoted into cryo-vials and stored in bio-freezers (=80 °C)
until analysed.

Metabolomic data collection

Metabolomics data were collected using a liquid chro-
matography—tandem mass spectrometry (LC-MS/MS)
method using an Agilent© system (1200 series LC front
end coupled to a 6410 series triple quadrupole mass ana-
lyser) with electrospray ionisation source operated in
positive ionisation mode (Chen et al. 2013). The methods
used to analyse the metabolomic data used in this cur-
rent study has been described elsewhere (Du Toit et al.
2022). Briefly, urine samples were randomised and ana-
lysed in batches of 20 samples per batch. Three quality
control urine samples and an additional in-house standard
mixture (consisting of all analysed metabolites) were ana-
lysed with each batch. The in-house standard mixture was
used to ensure data integrity. Urine samples of a predeter-
mined volume (corresponding to 0.25 pmoles creatinine,
to compensate for variation in urine concentrations) were
defrosted overnight at 4 °C after which an isotope mix-
ture comprising of several amino acid (lysine, valine, iso-
leucine, phenylalanine) and acylcarnities (acetylcarnitine,
octanoylcarnitine, octadecanoylcarnitine) isotopes (100
pL; 2.5 ppm; dissolved in acetonitrile), serving as internal
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standards, were added. Thereafter, the sample was vortex
mixed (15 s) and kept at — 20 °C for 20 min. The samples
were further centrifuged at 15,000 x g for 10 min and the
supernatant transferred to an Agilent glass vial. The sam-
ples were then dried under nitrogen (37 °C) and stored
(-80 °C) until analysis. Before analysis the samples were
defrosted and dried under nitrogen (37 °C, 25 min). After
the addition of 300 pL butanolic hydrochloric acid [4:1
(v/v) n-butanol:acetyl chloride], samples were incubated at
50 °C for 1 h and dried again under nitrogen (37 °C). The
dried residue was reconstituted in a final volume (100 pL)
of water:acetonitrile (50:50, v/v) containing 0.1% formic
acid. The samples were then centrifuged followed by the
transfer of the supernatant (70 pL) to an Agilent glass
vial containing a 250 pL pulled point glass insert. For the
separation of metabolites, a Zorbax SB-Aq 80 A Stable-
Bond column (Agilent©, 2.1 mmXx 100 mm X 1.8 p; cat#
828,700-914) with Zorbax Eclipse Plus C18 guard column
(Agilent©, 2.1 mm x 5 mm, 1.8 pm, cat# 821,725-901)
were used. The column was kept at 45 °C during the entire
run, with an injection volume of 0.3 pL. The chromato-
graphic gradient started at 95% solvent A (water with 0.1%
formic acid) with a flow of 0.3 mL/minute maintained for
0.2 min before the gradient were increased to 25% sol-
vent B (acetonitrile with 0.1% formic acid) at 2 min. The
gradient was kept constant for 5 min, after which it was
increased linearly to 90% solvent B at 7.5 min. These con-
ditions were maintained for 1.6 min, with the flow linearly
increased to 0.4 mL/min between 9 to 9.1 min. Thereafter,
the gradient was increased to 95% solvent B at 12 min
and kept constant for 1 min, followed by decreasing the
gradient to 5% solvent B at 13 min. A post run of 5 min
ensured equilibration of the column. Mass spectrometry
was operated in multiple reaction monitoring mode. Elec-
trospray ionisation source gas (nitrogen) temperature was
kept at 320 °C, with a flow rate of 10 L/minute. Nebuliser
pressure were kept at 30 psi and the capillary voltage at
3500 V. Regarding data prepossessing, a peak intensity
filter was applied to remove features with areas below the
limit of quantification (LOQ cut-off of area < 750). Metab-
olomics data were then normalised to the added isotope
internal standards. Furthermore, spectral data matrices
were individually inspected for each batch to ensure good
data quality. This included: manual data inspection; visual
inspection of multivariate data clustering (including qual-
ity control samples) via principal component analysis; uni-
variate inspection of metabolite intra- and inter-batch coef-
ficient of variance distributions, as well as scatter plots of
relative intensity vs. run order for both individual samples
and metabolites. Altogether, the data proved to be good
quality with no batch effects visible. Urinary metabolites
are reported as arbitrary units (AU).
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Statistical analyses

For statistical analyses, IBM® SPSS® version 27 (IBM Cor-
poration, Armonk, New York) and GraphPad Prism ver-
sion 5.03 for Microsoft® Windows (GraphPad Software,
San Diego, California, USA) were used to analyse and plot
the data. Variables were tested for normality using the Kol-
mogorov—Smirnov test and QQ-plots. Metabolomic varia-
bles were logarithmically transformed. Data was expressed
as mean + standard deviation if normally distributed and as
geometric mean with 5™ and 95" percentile boundaries for
skewed variables.

For comparisons between the groups, independent T tests
(adjustment for multiple comparisons were carried out to
lower the false discovery rate for all metabolites (¢ <0.05))
and analysis of covariance (ANCOVA) were used with
adjustments applied for MAP (when cfPWYV was a depend-
ent variable). Pearson and partial (adjusted for age, sex, eth-
nicity, and MAP) correlations were used to determine the
relationships of cfPWV and urinary metabolites. Standard
multiple regression analyses were conducted with cfPWYV as
a dependent variable and tested for associations with urinary

metabolites (adjustments made for age, sex, ethnicity, BMI
and MAP). Additionally, standard multiple regression analy-
ses were conducted to confirm associations between cfPWV
and urinary metabolites, with adjustments made for age, sex,
ethnicity, BMI, self-reported smoking, alcohol consumption
and MAP.

Results

The general characteristics of both study populations
stratified by their vascular ageing profiles are presented in
Table 1. Children in the EVA risk group were slightly (by
6 months) older (p <0.001), and predominately of white
ethnicity (p <0.001). Adults in the EVA group were older
(»<0.001) (by 18 months), predominately male (» <0.001)
and of black ethnicity (»p=0.003). In young adults, those
stratified in the EVA risk group displayed similar charac-
teristics to the children in the EVA risk group, i.e., body
composition (height, waist circumference and BMI), and
BP (SBP, DBP and MAP) all higher in those in the EVA
risk groups when compared to those in the HVA groups (all

Table 1 General characteristics of the children and adult study population stratified according to cfPWV percentiles

African-PREDICT ExAMIN Youth SA
Lower 15th percentile  Upper 85th percentile  p value Lower 15th percentile ~ Upper 85th percentile  p value
(cfPWV >5.5 m/s) (cfPWV <7.2 m/s) (cfPWV >4.10 m/s) (cfPWV <4.80 m/s)
(n=197) (n=175) (n=128) (n=140)
Age (years) 239+3.13 2544298 <0.001 7.12+0.996 7.78+0.796 <0.001
Sex (male n (%)) 29 (14.7%) 147 (84.0%) <0.001 57 (44.5%) 68 (45.6%) 0.30
Ethnicity (black n (%)) 89 (45.2%) 105 (60.0%) 0.003 100 (78.1%) 77 (55.0%) <0.001
Anthropometry
Body height (cm) 164 +8.03 174 £9.05 <0.001 119+774 127+7.55 <0.001
Body weight (kg) 69.9+16.7 72.7+17.2 0.14 21.8+4.48 28.6+7.53 <0.001
Waist circumference  78.7+11.7 81.7+11.9 0.018 51.9+5.70 58.9+8.77 <0.001
(cm)
Bodzy mass index (kg/ 26.0+5.72 24.0+4.67 0.001 15.3+1.93 17.6+3.19 <0.001
m)
Body mass index - - - -0414 (-2.16; 1.29) 0.376 (-1.57; 2.16) <0.001
z-score
Blood pressure measures 0.417 3.08
Brachial SBP 111+£10 127+12 <0.001 94+8 111+£10 <0.001
(mmHg)
Brachial DBP 73+7 85+8 <0.001 60+6 69+8 <0.001
(mmHg)
Mean arterial pres- 88+8 102+9 <0.001 74+6 86+8 <0.001
sure (mmHg)
Cardiovascular measures
Pulse wave velocity ~ 5.17+0.34 7.75+0.94 <0.001 4.00+0.135 4.95+0.157 <0.001
(m/s)"
Self-reported
Smoking (yes/no) 28 (14.2%) 63 (36.0%) <0.001 - - -
Alcohol use (yes/no) 87 (44.2%) 110 (62.9%) <0.001 - - -
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p<0.018). In young adults (5.17 m/s vs 7.75 m/s) and chil-
dren (4.00 m/s vs 4.95 m/s), cfPWV was also significantly
different between the HVA and EVA groups (p <0.001).
Furthermore, in adults, self-reported smoking and alco-
hol consumption were higher in the EVA risk group (both
p<0.001).

Several urinary metabolites were compared across the
vascular ageing groups between both children and young
adults (Supplementary Table S1) while adjusting for multi-
ple comparisons (Fig. 2). In young adults, arginine, creatine,
proline, valine, aspartic acid, glutamic acid, lysine, threo-
nine, glycine, and serine (¢<0.039) were lower in the EVA
risk group when compared to the HVA group. Additionally
in young adults, when compared to the HVA group, free car-
nitine and propionylcarnitine (¢ <0.046) were higher in the

Metabolite levels (AU)

EVA risk group. No significant differences in metabolomic
profiles were observed in children.

In bivariate (Fig. 3 and Supplementary Table S2) and par-
tial regression (Supplementary Table S3) analyses (adjusted
for age, sex, ethnicity, and MAP), in young adults, both his-
tidine (r=-0.199, p=0.009) and beta-alanine (r=-0.183,
p=0.016) associated inversely with cfPWV in the EVA
risk group only. Arginine was the only metabolite found in
young adults to associate with cfPWYV in the HVA group
(r=-0.170, p=0.018), but only after adjustments for age,
sex, ethnicity, and MAP were applied.

In standard multiple regression analysis, we found consist-
ent inverse associations (Fig. 4, Supplementary Table S4 and
Table 2) of cfPWYV with histidine (adj. R?>=0.038; £=-0.192;
p=0.013) and beta-alanine (adj. R*>=0.034; p=-0.181;

Lower 15th PWV percentile ( n=197)
[l Upper 85th PWV percentile ( n=175)

Glutamic  Propionyl- Beta-alanine Histidine

Arginine Creatine Proline Valine Aspartic
acid acid carnitine
X *
700
100+
600
_ 804
=) S 500
< <
] * ")
2 60 : S 400-
2 K
-g 8 300
© 404 %
< 2
5 8 2004
= [}
20 =
1004
0 0

Lysine Threonine Free carnitine

Fig.2 A comparison of identified metabolomics (AU) (mean and SD)
in adults (African PREDICT study) between the lower 15th cfPWV
percentile and the upper 85th cfPWV percentile. Adjustment for mul-
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Fig.3 A scatterplot illustrating the bivariate correlation of cfPWV with histidine and beta-alanine in young adults (African-PREDICT) stratified
by cfPWYV percentiles (lower PWV ( HVA, i.e., < 15th cfPWYV percentile) and high PWV (EVA risk, i.e., > 85th cfPWV percentile))

Fig.4 Multiple regression
anaylses of carotid-femoral
pulse wave velocity with respec-
tive metabolites in A) lower 15"
cfPWYV percentile and B) upper
85 cfPWV percentile

A @ Lower 15th PWV percentile B @ Upper 85th PWV percentile
Adj. R?= 0.006; p=0.60 Adj. R%= 0.038; p=0.013
*
Histidine (AU) ——— Histidine(Ay) ———@——
Age (years) e E— Age (years) —r——
Sex 71— Sex R O
Ethnicity —_———— Ethnicity —t—
BMI (kg/m?) ———— BMI (kg/m?) | e
Brachial MAP (mmHg) —_— Brachial MAP (mmHg) B ——
T T T J T T T T T T T T d
-0.1 0.0 0.1 0.2 04 03 -02 -01 00 01 02 03 04
Pulse wave velocity (m/s) Pulse wave velocity (m/s)
Adj. R?= 0.005; p=0.85 Adj. R?= 0.034; p=0.019
*
Beta-alanine (AU) —e1— Beta-alanine (AU) —e—
Age (years) ———& Age (years) ———
Sex o — Sex p———1—
Ethnicity —_—— Ethnicity —
BMI (kg/m?) ——1— BMI (kg/m?) T
Brachial MAP (mmHg) —_— Brachial MAP (mmHg) e
r T T J r T T T T T T T J
-0.1 0.0 0.1 0.2 04 -03 02 01 00 01 02 03 04
Pulse wave velocity (m/s) Pulse wave velocity (m/s)

p=0.019) in young adults in the EVA risk group. Addition- Discussion

ally, in young adults, cfPWYV associated inversely with argi-

nine in the HVA (adj. R*=0.021; #=-0.160; p=0.024) group.  In this cross-sectional study, we found that children and
No significance was reached after multiple adjustments in the adults in the EVA risk group presented with a less desired

children.

CV profile with higher BP and cfPWV measures, while
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Table 2 Unadjusted standard multiple regression analyses with metabolites and cfPWYV in adults (African-PREDICT) stratified by cfPWV per-
centiles

Pulse wave velocity (m/s)

Lower 15th cfPWYV Percentile (n=197) Upper 85th cfPWYV Percentile (n=175)

Adjusted R? Std B (95% Cl) p value Adjusted R? Std p (95% Cl) p value
Histidine (AU) 0.002 —-0.058 (-0.071; 0.029) 0.41 0.035 -0.202 (-0.363; -0.057) 0.007
Beta-alanine (AU) 0.005 —0.002 (-0.050; 0.048) 0.98 0.024 -0.171 (-0.315; -0.023) 0.024
Arginine (AU) 0.021 —-0.160 (-0.089; —0.006) 0.024 0.006 —-0.106 (-0.293; 0.050) 0.16

n number of participants. Bold values denote statistical significance (p <0.05).

We additionally performed a standard multiple regression analyses to investigate whether the reported associations of cfPWV with histidine and
beta-alanine are influenced by lifestyle risk factors (Table 3), including self-reported smoking and alcohol consumption. The significant associa-
tions previously reported in adults in the EVA risk group (cfPWV and histidine: adj. R?=0.052; f#=—0.197; p=0.011; cfPWV and beta-alanine:
adj. R?=0.047; p=—0.187; p=0.019) remained robust.

Table 3 Adjusted standard multiple regression analyses with metabolites and pulse wave velocity in adults (African-PREDICT) stratified by
cfPWYV percentiles with adjustments made for priori covariates

Pulse wave velocity (m/s)

Lower 15th cfPWYV Percentile (n=197) Upper 85th cfPWYV Percentile (n=175)

Adjusted R? Std B (95% Cl) p value Adjusted R? Std B (95% Cl) p value
Histidine (AU) 0.004 —0.036 (-0.036; 0.039) 0.63 0.052 —0.197 (-0.363; —0.047) 0.011
Beta-alanine (AU) 0.005 —0.015 (-0.057; 0.047) 0.84 0.047 —0.187 (-0.328; -0.030) 0.019

Variables included in the model were: age, sex, ethnicity, BMI, MAP, smoking and alcohol consumption. n number of participants. Bold values

denote statistical significance (p <0.05).

adults were further found to have higher lifestyle risk
factors such as smoking and alcohol consumption, when
compared to those in the HVA group. Several metabo-
lites (arginine, creatine, proline, valine, aspartic acid, glu-
tamic acid, lysine, threonine, glycine, and serine) known
to impact vascular function either through vasodilation
(Craig et al. 2020), increasing vascularity (Durante 2020),
protein synthesis (Gwin et al. 2020), muscle growth and
repair (Gwin et al. 2020) and/or improving cardiac remod-
elling (Wang et al. 2016) were found to be lower in the
adult EVA risk group when compared to the HVA group.
Additionally, we found both histidine and beta-alanine
to inversely associate with cfPWYV in the adult EVA risk
group only. These associations remained significant after
adjustment for several important confounders known to be
associated with vascular health, including demographics
(age, sex and ethnicity), adiposity (BMI), and lifestyle risk
factors (smoking and alcohol consumption), suggesting
alterations in normal metabolism are associated with EVA.
For adults, it is clear that the spread in cfPWYV is larger
when compared to the children. And perhaps the lower
variance in cfPWYV in the children may explain why we
also did not see anything in the metabolomics data.

@ Springer

On a metabolic level, in young apparently healthy adults,
we found several metabolites to be lower in those partici-
pants in the EVA risk group, when compared to those in
the HVA group, potentially contributing to the increase
in BP and cfPWYV, we observed in this group. Lower con-
centrations of both non-essential (arginine, proline, aspar-
tic acid, glutamic acid, glycine, and serine) and essential
(valine, lysine, and threonine) amino acids were found in
this group, which is comparable to numerous studies in dis-
eased populations such as those with hypertension (Wang
et al. 2015), atherosclerosis (Tuel et al. 2009) and stroke
(Jung et al. 2011). Arginine, glutamic acid (glutamate), and
glycine modulate nitric oxide (NO) concentrations (Fig. 5),
a potent vasodilator (Prasad et al. 1999; El Hafidi et al. 2006;
Vasdev et al. 2009; Toba et al. 2010). Decreased synthesis
and bioavailability of NO in early life has been implicated
in the potential increased risk for future large artery stiff-
ness and hypertension development in later life (Craig et al.
2020, 2021). In addition, former studies portrayed arginine,
glutamic acid, and glycine as cardioprotective amino acids
(Jennings et al. 2015) and dietary intake of these amino acids
can lower BP (Dong et al. 2011; Stamler et al. 2009; Czi-
raki et al. 2020). The mechanisms by which these amino
acids reduce BP is by either acting as a vasodilator aiding



Early vascular ageing phenotypes and urinary targeted metabolomics in children and young adults:... 1057

Nitrate ——» Nitrate <« Nitrite

(extracellular)
151

v
Carbamoyl-P\_/'&z

L-Ornithine
A
o * Urea

Putrescine
5

- - - - Dashed arrows denote
metabolites and enzymes not
shown in scheme.

Numbers denote the following enzymes:

; v
L-Citruline «——2—— L-Arginine — L-Ornithine <--------- L-Glutamate

“----» Nitric oxide <

- ; 1 :
Spermiding ----------eeeen- +» (B-alanine ‘—_2, Anserine |4

iz L-Histidine === -ceco...!
Carnosine

1) carnosine synthase; 2) carnosine dipeptidase; 3) anserinase; 4) L-histidine N-methyltransferase 5) spermidine synthase;

6) ornithine decarboxylase; 7) arginase; 8) ornithine carbamoyltransferase; 9) nitric oxide synthase; 10) arginine deiminase;

11) glycine hydroxymethyltransferase; 12) glutamate--glyoxylate aminotransferase; 13) glycine dehydrogenase; 14) carbamoyl-phosphate synthase;
15) nitrite reductase; 16) nitrate reductase; 17) nitrate-nitrite transport system substrate-binding protein; 18) glutamate dehydrogenase .

Ammoni
13

. 1 -
Serine «— Glycine 18
12l

A

1-Methylhistidine

ﬂs

Fig.5 Illustration of the metabolic pathways involved in the main
findings of this study. The urinary metabolite pathway scheme was
derived from KEGG pathways showing the link between several
essential and non-essential amino acids in this study (arginine, gly-
cine, serine, glutamate, beta-alanine, histidine, carnosine) and nitric

in the production of NO (arginine) (Cziraki et al. 2020);
by strengthening the antioxidant capacity (glutamic acid/
glutamate) (Zhao et al. 2019) and/or by participating in the
reduction of free radical formation thus increasing NO bio-
availability (glycine) (El Hafidi et al. 2006) (Fig. 5). Serine
is also known to have BP lowering effects through aiding in
vasodilation (Mishra et al. 2008). Both glycine, a primary
amino acid in collagen—and serine are required for colla-
gen biosynthesis (Nigdelioglu et al. 2016), and the cardio-
protective effects of collagen in reducing arterial stiffness,
increasing NO, and lessening markers related to vascular
damage have been well described (Kouguchi et al. 2013).
Branched chain amino acids such as valine are important
biomarkers that have been shown to significantly associate
with carotid intima media thickness, BMI, waist circumfer-
ence, and BP, risk factors for coronary artery disease and
diabetes (Yang et al. 2014; Wang et al. 2011). Furthermore,
sufficient levels of another essential amino acid, lysine is
known to prevent atherosclerotic plaque build-up in arteries,

oxide, suggesting the plausible influence these amino acids have on
nitric oxide bioavailability (i.e., homeostatic regulation of nitric oxide
may be altered if the identified amino acids are found in low quanti-
ties thus resulting in vascular dysfunction)

by obstructing lipoprotein attachment in the arterial walls,
therefore reducing BP (Pauling 1991). Taken together, lower
levels of both the non-essential and essential amino acids in
this group could have potentially resulted in those presenting
with increased BP and CV measures, ultimately resulting in
those stratified in the EVA risk group most susceptible to
early onset vascular ageing.

The most prominent finding of our study is the inverse
associations we found between measures of arterial stiffness
and both a non-essential (beta-alanine) and essential (histi-
dine) amino acid in the adult EVA risk group, even though
both these amino acids were found comparable between the
groups. Studies have shown beta-alanine and 1-methylhisti-
dine, a derivative of histidine, to be cardioprotective via the
synthesis of the dipeptide carnosine (Wu et al. 2003; McCa-
rty et al. 2014; Ivanov et al. 2007). Carnosine is known for
its’ versatile antioxidant activity by serving efficiently as an
electron donor, preventing lipid peroxidation (Kohen et al.
1988; Pavlov et al. 1993) and in skeletal and cardiac muscle,

@ Springer



1058

A.Craig et al.

amplifies the impact of cytoplasmic calcium on muscular
contraction (Dutka and Lamb 2004). The inverse association
we report between cfPWYV and beta-alanine in the EVA risk
group is in line with a previous study which included chil-
dren from the Arterial Stiffness in Offspring Study (ASOS)
(Erasmus et al. 2018). Although this study did not look at
the potential risk for the development of EVA, it confirmed
the inverse association between PWV and beta-alanine in
black boys (Erasmus et al. 2018)—a population well known
for early onset arterial stiffness (Mokwatsi et al. 2017). In
brief, it was, therefore, suggested that the benefits of beta-
alanine are due to carnosine, its derivative (McCarty et al.
2014). The inverse association between cfPWV and beta-
alanine are, therefore, suggestive of a reduced bioavailabil-
ity of carnosine which, may in part, be involved in early
onset arterial stiffness (Erasmus et al. 2018). Carnosine has
also been shown to improve the lipid profile and inhibit the
development of atherosclerosis (brown et al. 2014). The pre-
vious study by Erasmus et al. (2018), as in ours, observed
that beta-alanine levels did not differ between the stratified
groups (Erasmus et al. 2018). Taken together, it is sugges-
tive that even when beta-alanine levels are comparable, a
lessened cardioprotective effect of its derivative, carnosine
may pre-exist (Erasmus et al. 2018).

Carotid-femoral PWV was also found to inversely associ-
ate with histidine in the adult EVA risk group. Our findings
on the association of PWV with histidine is in accordance
with a prior study that found an inverse association with
central SBP and histidine in black men (Mels et al. 2019),
considering the link between arterial stiffness and central
BP has previously been established (Kohara et al. 2009).
However, due to differences in study designs, these results
may not be directly comparable. Histidine can be metabo-
lised to form glutamate (Fig. 5), that binds to an important
N-methyl-D-aspartate receptor (NMDAR) (Holecek 2020).
Stimulation of NMDAR causes calcium ions and protein
kinase C-mediated activation of NO synthase (NOS) lead-
ing to the formation of NO (Gunasekar et al. 1995). As
discussed above, NO is a vital component in normal vas-
cular function (Prasad et al. 1999) and this association con-
sequently suggests that the inverse association between a
marker of arterial stiffness and histidine may indicate that a
decrease in histidine may consequently lead to a decreased
formation of NO (Fig. 5), with consequent increased vaso-
constriction (Tsai et al. 2006). The link between NO and
arterial stiffness has previously been established (Craig et al.
2020, 2021). Taking into consideration the numerous CV
functions that these amino acids exert (Mels et al. 2019),
our results, therefore, suggest that a reduced bioavailability
thereof, may have adverse effects on the vascular system
(i.e., endothelial dysfunction (Clapp et al. 2004)) of those
stratified in the EVA risk group, therefore, increasing arterial
stiffness among those most susceptible.

@ Springer

We also report an inverse association between cfPWV
and arginine in the HVA group. Another potential target to
attenuate vascular ageing is the arginine metabolic path-
way (Fig. 5) (Prasad et al. 1999). As arginine is a sub-
strate for NOS, arginine not only has vital NO-dependent
effects (vasodilatory and antithrombotic) but also several
NO-independent effects that aid in the maintenance of CV
health (Cziraki et al. 2020). Due to the latter, arginine has
become a popular dietary supplement (Dong et al. 2011),
although the CV benefits from long-term supplementa-
tion remain unknown. Arterial stiffness is regulated by the
endothelium through the release of NO and, therefore, as
expected, a decrease in the availability of particular sub-
strates (i.e., arginine), is one of the proposed mechanisms
implicated in the pathophysiology of altered endothelial
function (Gokce et al. 2004). Seeing that central pressure
is also known to reflect central arterial stiffness (Litwin
et al. 2019), the inverse association we report between
cfPWYV and arginine is comparable to a previous study
from our research unit that reported inverse associations
between central BP and another NO substrate and homo-
logue of arginine, namely plasma homoarginine (Craig
et al. 2021). The inverse association between cfPWV and
arginine, therefore, suggests a beneficial effect arginine
exerts on vascular function, through increased NO bio-
availability. Again, we speculate that dietary intake may
play a role in arginine concentrations, however, further
investigation is warranted.

Lastly, a comparison between the vascular ageing pro-
files, found that, in children and adults alike, body composi-
tion (waist circumference by >4%), BP (BP by > 12%) and
CV (cfPWYV by > 19%) measures were higher in the EVA
risk group when compared to the HVA group. Accordingly,
we expected those participants in the EVA risk group to
have higher BP and CV measures, than those in the HVA
group, as elevated BP exhibits arterial changes (Kotsis et al.
2011). Adults stratified in the EVA risk group also consist-
ently showed a higher percentage of participants who smoke
(by >21%) and consume alcohol (by > 18%). This, therefore,
suggests, based on a phenotypic profile, participants strati-
fied in the EVA risk group, who are potentially susceptible
to early onset vascular ageing, are those who generally have
higher levels of adiposity, BP, and frequent unfavourable
lifestyle behaviours.

To conclude, several essential and non-essential amino
acids known to aid in vascular function were lower in those
in the EVA risk group when compared to the HVA group.
In the EVA risk group, we found both beta-alanine and his-
tidine to inversely associate with arterial stiffness, while in
the HVA group, arginine inversely associated with arterial
stiffness. Our results, therefore, suggest that young appar-
ently healthy individuals may be predisposed to the devel-
opment of EVA, and this may potentially be extrapolated
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among those with an altered metabolomic profile, potential
heightened CV risk and resultant NO dysregulation.

Strengths, limitations and recommendations

This explorative study must be interpreted within the context
of its strengths and limitations. This study was well planned
and executed under strict conditions. Populations included
participants from the North West Province of South Africa
and are not representative of the population as a whole. This
study is limited by its cross-sectional design; hence, we were
unable to investigate precise mechanisms and causal rela-
tionships. This study also lacked the use of flow-mediated
dilation to assess endothelial function and was limited as
carnosine was not a metabolite measured. Moreover, due
to the hypothesis-generating nature of this study, our find-
ings of specific metabolites associating with arterial stiff-
ness indices relating to NO should be investigated in future
studies. Such studies should also consider dietary behaviour
which may influence BP. The study was conducted under
highly controlled conditions in a well-equipped research
facility; however, future studies are warranted to explore
specific metabolites through highly targeted assays to verify
our hypothesis that certain metabolites can be seen as poten-
tiating factors to identify high-risk individuals.
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Acknowledgements The authors are grateful towards all individuals
participating voluntarily in both the EXAMIN Youth SA and African-
PREDICT studies. The dedication of the support and research staff
as well as students at the Hypertension Research and Training Clinic
at the North-West University (Potchefstroom campus) are also duly
acknowledged.

Author contributions All authors conceived and/or designed the work
that led to the submission, revised the paper, approved the final ver-
sion, agreed to be accountable for all aspects of the work. AC carried
out the data analyses and generated tables, interpreted the data, did
the literature search, and the writing of the paper. RK, LFMG, RL and
CMCM interpreted the data and made a significant contribution in the
interpretation of the results.

Funding Open access funding provided by North-West University.
ExAMIN Youth SA study: The research is part of an ongoing research
project financially supported by the South African Medical Research
Council (SAMRC) Extra Mural Unit and the National Research Foun-
dation (NRF) of South Africa for Competitive Support for Y-Rated
Researchers (Unique Identification No: 112141), the NRF Equipment
Related Training and Travel Grant (Unique Identification Number:
109905) and the South African Research Chairs Initiative (SARChI)
of the Department of Science and Technology and NRF of South
Africa (Unique Identification No: 86895). Research reported in this
article was supported by the SAMRC under a Self-Initiated Research
Grant. In addition, we would like to thank International Atomic Energy
Agency (IAEA) for financial support. The African-PREDICT study:
The research funded in this manuscript is part of an ongoing research
project financially supported by the SAMRC with funds from National
Treasury under its Economic Competitiveness and Support Package;

the SARChI of the Department of Science and Technology and NRF
of South Africa (GUN 86895); SAMRC with funds received from the
South African National Department of Health, GlaxoSmithKline R&D
(Africa Non-Communicable Disease Open Lab grant), the UK Medical
Research Council and with funds from the UK Government’s Newton
Fund; as well as corporate social investment grants from Pfizer (South
Africa), Boehringer-Ingelheim (South Africa), Novartis (South Africa),
the Medi Clinic Hospital Group (South Africa) and in kind contribu-
tions of Roche Diagnostics (South Africa). Any opinion, findings, and
conclusions or recommendations expressed in this material are those
of the authors, and therefore, the NRF does not accept any liability in
this regard.

Data availability All data supporting the findings of this study are
available within the paper and its Supplementary Information.

Declarations

Conflict of interest The authors report that they have no conflict of
interest.

Open Access This article is licensed under a Creative Commons Attri-
bution 4.0 International License, which permits use, sharing, adapta-
tion, distribution and reproduction in any medium or format, as long
as you give appropriate credit to the original author(s) and the source,
provide a link to the Creative Commons licence, and indicate if changes
were made. The images or other third party material in this article are
included in the article's Creative Commons licence, unless indicated
otherwise in a credit line to the material. If material is not included in
the article's Creative Commons licence and your intended use is not
permitted by statutory regulation or exceeds the permitted use, you will
need to obtain permission directly from the copyright holder. To view a
copy of this licence, visit http://creativecommons.org/licenses/by/4.0/.

References

Brown BE, Kim CH, Torpy FR et al (2014) Supplementation with
carnosine decreases plasma triglycerides and modulates athero-
sclerotic plaque composition in diabetic apo E(-/-) mice. Ath-
erosclerosis 232(2):403—409. https://doi.org/10.1016/j.atheroscle
rosis.2013.11.068

Bruno RM, Nilsson PM, Engstrom G et al (2020) Early and supernor-
mal vascular aging - clinical characteristics and associations with
incident cardiovascular events. Hypertension 76(5):1616—1624.
https://doi.org/10.1161/HYPERTENSIONAHA.120.14971

Carlson RV, Boyd KM, Webb DJ (2004) The revision of the Declara-
tion of Helsinki: past, present and future. Br J Clin Pharmacol
57(6):659-713. https://doi.org/10.1111/.1365-2125.2004.02103.x

Charakida M, Georgiopoulos G, Dangardt F et al (2019) Early vascular
damage from smoking and alcohol in teenage years: the ALSPAC
study. Eur Heart J 40(4):345-353. https://doi.org/10.1093/eurhe
artj/ehy524

Chen Y, Shen G, Zhang R et al (2013) Combination of injection vol-
ume calibration by creatinine and MS signals’ normalization to
overcome urine variability in LC-MS-based metabolomics stud-
ies. Anal Chem 85:7659-7665. https://doi.org/10.1021/ac401400b

Clapp BR, Hingorani AD, Kharbanda RK et al (2004) Inflammation-
induced endothelial dysfunction involves reduced nitric oxide
bioavailability and increased oxidant stress. Cardiovasc Res
64(1):172-178. https://doi.org/10.1016/j.cardiores.2004.06.020

Cole TJ, Faith MS, Pietrobelli A, Heo M (2005) What is the best meas-
ure of adiposity change in growing children: BMI, BMI %, BMI

@ Springer


https://doi.org/10.1007/s00726-023-03293-2
http://creativecommons.org/licenses/by/4.0/
https://doi.org/10.1016/j.atherosclerosis.2013.11.068
https://doi.org/10.1016/j.atherosclerosis.2013.11.068
https://doi.org/10.1161/HYPERTENSIONAHA.120.14971
https://doi.org/10.1111/j.1365-2125.2004.02103.x
https://doi.org/10.1093/eurheartj/ehy524
https://doi.org/10.1093/eurheartj/ehy524
https://doi.org/10.1021/ac401400b
https://doi.org/10.1016/j.cardiores.2004.06.020

1060

A.Craig et al.

z-score or BMI centile? Eur J Clin Nutr 59(3):419-425. https://
doi.org/10.1038/sj.ejecn. 1602090

Craig A, Mels CMC, Schutte AE, Tsikas D, Kruger R (2020) Nitric
oxide-related markers link inversely to blood pressure in
black boys and men: the ASOS and African-PREDICT stud-
ies. Amino Acids 52(4):639-648. https://doi.org/10.1007/
$00726-020-02842-3

Craig A, Mels CMC, Tsikas D et al (2021) Central systolic blood
pressure relates inversely to nitric oxide synthesis in young
black adults: the African-PREDICT study. ] Hum Hypertens
35(11):985-993. https://doi.org/10.1038/s41371-020-00453-9

Cziraki A, Lenkey Z, Sulyok E et al (2020) L-arginine-nitric oxide-
asymmetric dimethylarginine pathway and the coronary circula-
tion: Translation of basic science results to clinical practice. Front
Pharmacol 11:569914. https://doi.org/10.3389/fphar.2020.569914

De Beer D, Mels CM, Schutte AE, Louw R, Delles C, Kruger R (2020)
Left ventricular mass and urinary metabolomics in young black
and white adults: The African-PREDICT study. Nutr Metab Car-
diovasc Dis 30(11):2051-2062. https://doi.org/10.1016/j.numecd.
2020.06.004

DongJY, Qin LQ, Zhang Z et al (2011) Effect of oral L-arginine sup-
plementation on blood pressure: a meta-analysis of randomized,
double-blind, placebo-controlled trials. Am Heart J 162:959-965.
https://doi.org/10.1016/j.ahj.2011.09.012

Du Toit WL, Kruger R, Gafane-Matemane LF, Schutte AE, Louw R,
Mels CMC (2022) Urinary metabolomics profiling by cardiovas-
cular risk factors in young adults: the African prospective study
on early detection and identification of cardiovascular disease and
hypertension study. J Hypertens 40(8):1545-1555. https://doi.org/
10.1097/HJH.0000000000003182

Durante W (2020) Amino acids in circulatory function and health.
Adv Exp Med Biol 1265:39-56. https://doi.org/10.1007/
978-3-030-45328-2_3

Dutka TL, Lamb GD (2004) Effect of carnosine on excitation-con-
traction coupling in mechanically-skinned rat skeletal muscle. J
Muscle Res Cell Motil 25:203-213. https://doi.org/10.1023/b:jure.
0000038265.37022.¢c5

El Assaad MA, Topouchian JA, Asmar R (2003) Evaluation of two
devices for self-measurement of blood pressure according to the
international protocol: the Omron M5-1 and the Omron 705IT.
Blood Press Monit 8(3):127-133. https://doi.org/10.1097/00126
097-200306000-00006

El Hafidi M, Perez I, Banos G (2006) Is glycine effective against ele-
vated blood pressure? Curr Opin Clin Nutr Metab Care 9:26-31.
https://doi.org/10.1097/01.mc0.0000196143.72985.9a

Erasmus D, Mels CMC, Louw R, Lindeque JZ, Kruger R (2018) Uri-
nary Metabolites and Their Link with Premature Arterial Stiffness
in Black Boys: The ASOS Study. Pulse 6:144—153. https://doi.org/
10.1159/000492155

Gokce N (2004) L-arginine and hypertension. J Nutr
134(10):2807S-2811S. https://doi.org/10.1093/jn/134.10.2807S

Gunasekar PG, Kanthasamy AG, Borowitz JL et al (1995) NMDA
receptor activation produces concurrent generation of nitric oxide
and reactive oxygen species: implications for cell death. J Neuro-
chem 65:2016-2021. https://doi.org/10.1046/j.1471-4159.1995.
65052016.x

Gwin JA, Church DD, Wolfe RR, Ferrando AA, Pasiakos SM (2020)
muscle protein synthesis and whole-body protein turnover
responses to ingesting essential amino acids, intact protein, and
protein-containing mixed meals with considerations for energy
deficit. Nutrients 12:2457. https://doi.org/10.3390/nul12082457

Holecek M (2020) Histidine in health and disease: metabolism, physio-
logical importance, and use as a supplement. Nutrients 12(3):848.
https://doi.org/10.3390/nu12030848

@ Springer

Ivanov V, Roomi MW, Kalinovsky T, Niedzwiecki A, Rath M (2007)
Anti-atherogenic effects of a mixture of ascorbic acid, lysine, pro-
line, arginine, cysteine, and green tea phenolics in human aortic
smooth muscle cells. J Cardiovasc Pharmacol 49:140-145. https://
doi.org/10.1097/FJC.0b013e3180308489

Jennings A, MacGregor A, Welch A, Chowienczyk P, Spector T, Cas-
sidy A (2015) Amino acid intakes are inversely associated with
arterial stiffness and central blood pressure in women. J Nutr
145(9):2130-2138. https://doi.org/10.3945/jn.115.214700

Jung JY, Lee HS, Kang DG, Kim NS, Cha MH, Bang OS et al (2011)
1H-NMR-based metabolomics study of cerebral infarction.
Stroke 42:1282-1288. https://doi.org/10.1161/STROKEAHA.
110.598789

Kiers HD, Hofstra JM, Wetzels JF (2008) Oscillometric blood pres-
sure measurements: differences between measured and calculated
mean arterial pressure. Neth ] Med 66(11):474—479. https://doi.
org/10.1038/s41371-021-00512-9

Kohara K (2009) Central blood pressure, arterial stiffness and the heart
in hypertensive patients. Hypertens Res 32:1056—1058. https://
doi.org/10.1038/hr.2009.171

Kohen R, Yamamoto Y, Cundy KC et al (1988) Antioxidant activity
of carnosine, homocarnosine, and anserine present in muscle
and brain. Proc Natl Acad Sci USA 85:3175-3179. https://doi.
org/10.1073/pnas.85.9.3175

Kotsis V, Stabouli S, Karafillis I, Nilsson P (2011) Early vascu-
lar aging and the role of central blood pressure. J] Hypertens
29(10):1847-1853. https://doi.org/10.1097/HJH.0b013e3283
4a4dof

Kouguchi T, Ohmori T, Shimizu M et al (2013) Effects of a chicken
collagen hydrolysate on the circulation system in subjects with
mild hypertension or high-normal blood pressure. Biosci Biotech-
nol Biochem 77(4):691-696. https://doi.org/10.1271/bbb.120718

Kruger R, Monyeki MA, Schutte AE et al (2020) The Exercise, Arterial
Modulation and Nutrition in Youth South Africa Study (ExAMIN
Youth SA). Front Pediatr 8:212. https://doi.org/10.3389/fped.
2020.00212

Kruger R, Gafane-Matemane LF, Kagura J (2021) Racial differences of
early vascular aging in children and adolescents. Pediatr Nephrol
36(5):1087-1108. https://doi.org/10.1007/s00467-020-04593-5

Lakatta EG, Levy D (2003) Arterial and cardiac aging: major share-
holders in cardiovascular disease enterprises: Part I: aging arter-
ies: a ‘set up’ for vascular disease. Circulation 107:139-146.
https://doi.org/10.1161/01.cir.0000048892.83521.58

Liang X, Su S, Hao G, Snieder H, Treiber F, Kapuku G, Wang X (2019)
Determinants of pulse wave velocity trajectories from youth to
young adulthood: the Georgia Stress and Heart Study. J Hypertens
37(3):563-571. https://doi.org/10.1097/HJH.0000000000001933

Litwin M, Obrycki L, Niemirska A, Sarnecki J, Kulaga Z (2019) Cen-
tral systolic blood pressure and central pulse pressure predict left
ventricular hypertrophy in hypertensive children. Pediatr Nephrol
34:703-712. https://doi.org/10.1007/s00467-018-4136-7

McCarty MF, DiNicolantonio JJ (2014) p-Alanine and orotate as sup-
plements for cardiac protection. Open Heart 1:¢000119. https://
doi.org/10.1136/openhrt-2014-000119

Mels CMC, Delles C, Lour R, Schutte AE (2019) Central systolic
pressure ad a nonessential amino acid metabolomics profile: the
African Prospective study on the Early Detection and Identifi-
cation of Cardiovascular disease and Hypertension. J Hypertens
37(6):1157-1166. https://doi.org/10.1097/HJH.0000000000
002040

Mishra RC, Tripathy S, Quest D, Desai KM, Akhtar J, Dattani ID et al
(2008) L-Serine lowers while glycine increases blood pressure in
chronic L-NAME-treated and spontaneously hypertensive rats.
J Hypertens 26:2339-2348. https://doi.org/10.1097/hjh.0b013
e328312c8a3


https://doi.org/10.1038/sj.ejcn.1602090
https://doi.org/10.1038/sj.ejcn.1602090
https://doi.org/10.1007/s00726-020-02842-3
https://doi.org/10.1007/s00726-020-02842-3
https://doi.org/10.1038/s41371-020-00453-9
https://doi.org/10.3389/fphar.2020.569914
https://doi.org/10.1016/j.numecd.2020.06.004
https://doi.org/10.1016/j.numecd.2020.06.004
https://doi.org/10.1016/j.ahj.2011.09.012
https://doi.org/10.1097/HJH.0000000000003182
https://doi.org/10.1097/HJH.0000000000003182
https://doi.org/10.1007/978-3-030-45328-2_3
https://doi.org/10.1007/978-3-030-45328-2_3
https://doi.org/10.1023/b:jure.0000038265.37022.c5
https://doi.org/10.1023/b:jure.0000038265.37022.c5
https://doi.org/10.1097/00126097-200306000-00006
https://doi.org/10.1097/00126097-200306000-00006
https://doi.org/10.1097/01.mco.0000196143.72985.9a
https://doi.org/10.1159/000492155
https://doi.org/10.1159/000492155
https://doi.org/10.1093/jn/134.10.2807S
https://doi.org/10.1046/j.1471-4159.1995.65052016.x
https://doi.org/10.1046/j.1471-4159.1995.65052016.x
https://doi.org/10.3390/nu12082457
https://doi.org/10.3390/nu12030848
https://doi.org/10.1097/FJC.0b013e3180308489
https://doi.org/10.1097/FJC.0b013e3180308489
https://doi.org/10.3945/jn.115.214700
https://doi.org/10.1161/STROKEAHA.110.598789
https://doi.org/10.1161/STROKEAHA.110.598789
https://doi.org/10.1038/s41371-021-00512-9
https://doi.org/10.1038/s41371-021-00512-9
https://doi.org/10.1038/hr.2009.171
https://doi.org/10.1038/hr.2009.171
https://doi.org/10.1073/pnas.85.9.3175
https://doi.org/10.1073/pnas.85.9.3175
https://doi.org/10.1097/HJH.0b013e32834a4d9f
https://doi.org/10.1097/HJH.0b013e32834a4d9f
https://doi.org/10.1271/bbb.120718
https://doi.org/10.3389/fped.2020.00212
https://doi.org/10.3389/fped.2020.00212
https://doi.org/10.1007/s00467-020-04593-5
https://doi.org/10.1161/01.cir.0000048892.83521.58
https://doi.org/10.1097/HJH.0000000000001933
https://doi.org/10.1007/s00467-018-4136-7
https://doi.org/10.1136/openhrt-2014-000119
https://doi.org/10.1136/openhrt-2014-000119
https://doi.org/10.1097/HJH.0000000000002040
https://doi.org/10.1097/HJH.0000000000002040
https://doi.org/10.1097/hjh.0b013e328312c8a3
https://doi.org/10.1097/hjh.0b013e328312c8a3

Early vascular ageing phenotypes and urinary targeted metabolomics in children and young adults:... 1061

Mokwatsi GG, Schutte AE, Kruger R (2017) Ethnic differences
regarding arterial stiffness of 6-8-year-old black and white boys.
J Hypertens 35:960-967. https://doi.org/10.1097/HJH.00000
00000001267

Nagai Y, Metter EJ, Earley CJ (1998) Increased carotid artery intimal-
medial thickness in asymptomatic older subjects with exercise-
induced myocardial ischemia. Circulation 98:1504-1509. https://
doi.org/10.1161/01.¢ir.98.15.1504

Newgard CB (2017) Metabolomics and metabolic diseases: where do
we stand? Cell Metab 25(1):43-56. https://doi.org/10.1016/j.cmet.
2016.09.018

Nigdelioglu R, Hamanaka RB, Meliton AY et al (2016) Transforming
Growth Factor (TGF)-p Promotes de Novo Serine Synthesis for
Collagen Production. J Biol Chem 291(53):27239-27251. https://
doi.org/10.1074/jbc.M116.756247

Nikolic SB, Sharman JE, Adams MJ, Edwards LM (2014) Metabo-
lomics in hypertension. J Hypertens 32:1159-1169. https://doi.
org/10.1097/HJH.0000000000000168

Nilsson PM (2015) Early vascular ageing a concept in development.
Euro Endocrinol 11(1):26-31. https://doi.org/10.17925/EE.2015.
11.01.26

Nilsson PM, Boutouyrie P, Laurent S (2009) Vascular aging a tale
of EVA and ADAM in cardiovascular risk assessment and pre-
vention. Hypertension 54:3—-10. https://doi.org/10.1161/HYPER
TENSIONAHA.109.129114

O’Kelly AC, Michos ED, Shufelt CL, Vermunt JV, Minissian MB et al
(2022) Pregnancy and Reproductive Risk Factors for Cardiovascu-
lar Disease in women. Circ Res 130(4):652—672. https://doi.org/
10.1161/circresaha.121.319895

Olsen MH, Angell SY, Asma S et al (2016) A call to action and a
lifecourse strategy to address the global burden of raised blood
pressure on current and future generations: the lancet commission
on hypertension. Lancet 388:2665-2712. https://doi.org/10.1016/
S0140-6736(16)31134-5

O’Rourke MF, Mancia G (1999) Arterial stiftness. J Hypertens 17:1-4.
https://doi.org/10.1097/00004872-199917010-00001

Pauling L (1991) Case report: Lysine/ascorbate-related amelioration of
angina pectoris. J Orthomolecular Med 6:144-146

Pavlov AR, Revina AA, Dupin AM et al (1993) The mechanism of
interaction of carnosine with superoxide radicals in water solu-
tions. Biochim Biophys Acta 1157:304-312. https://doi.org/10.
1016/0304-4165(93)90114-n

Pearson JD, Brant MCH (1997) Age-associated changes in blood pres-
sure in a longitudinal study of healthy men and women. J Gerontol
A Biol Sci Med Sci 52:177-183. https://doi.org/10.1093/gerona/
52a.3.m177

Prasad A, Andrews NP, Padder FA, Husain M, Quyyumi AA (1999)
Glutathione reverses endothelial dysfunction and improves nitric
oxide bioavailability. ] Am Coll Cardiol 34:507-514. https://doi.
org/10.1016/s0735-1097(99)00216-8

Schutte AE, Gona PN, Delles C, Uys AS, Burger A, Mels CMC et al
(2019) The African Prospective study on the Early Detection
and Identification of Cardiovascular Disease and Hypertension
(African-PREDICT): Design, recruitment and initial examination.
Eur J Prev Cardiol 26(5):458-470. https://doi.org/10.1177/20474
87318822354

Schutte AE, Kruger R, Gafane-Matemane LF, Breet Y, Strauss-Kruger
M, Cruickshank JK (2020) Ethnicity and arterial stiffness. Arte-
rioscler Thromb Vasc Biol 40(5):1044—1054. https://doi.org/10.
1161/ATVBAHA.120.313133

Stamler J, Brown 1J, Daviglus ML et al (2009) Glutamic acid, the main
dietary amino acid, and blood pressure: the INTERMAP study
(international collaborative study of macronutrients, micronutri-
ents and blood pressure. Circulation 120:221-228. https://doi.org/
10.1161/CIRCULATIONAHA.108.839241

Stewart A, Marfell-Jones M (2011) International standards for anthro-
pometric assessment. International Society for the Advancement
of Kinanthropometry, Lower Hutt, New Zealand

Teul J, Ruperez FJ, Garcia A, Vaysse J, Balayssac S, Gilard V et al
(2009) Improving metabolite knowledge in stable atherosclerosis
patients by association and correlation of GC-MS and 1H NMR
fingerprints. J Proteome Res 8:5580-5589. https://doi.org/10.
1021/pr900668v

Toba H, Nakamori A, Tanaka Y et al (2010) Oral L-histidine exerts
antihypertensive effects via central histamine H3 receptors and
decreases nitric oxide content in the rostral ventrolateral medulla
in spontaneously hypertensive rats. Clin Exp Pharmacol Physiol
37:62-68. https://doi.org/10.1111/j.1440-1681.2009.05227 .x

Townsend RR, Wilkinson IB, Schriffrin EL, Avolio AP, Chirinos JA,
Cockcroft JR et al (2015) Recommendations for Improving and
Standardising Vascular Research on Arterial Stiffness: A Scien-
tific Statement From the American Heart Association. Hyperten-
sion 66(3):698-722. https://doi.org/10.1161/HYP.0000000000
000033

Tsai AG, Cabrales P, Manjula BN, Acharya SA, Winslow RM, Intag-
lietta M (2006) Dissociation of local nitric oxide concentration
and vasoconstriction in the presence of cell-free hemoglobin oxy-
gen carriers. Blood 108(10):3603-3610. https://doi.org/10.1182/
blood-2006-02-005272

Tzoulaki I, Iliou A, Mikros E, Elliott P (2018) An overview of meta-
bolic phenotyping in blood pressure research. Curr Hypertens Rep
20:78. https://doi.org/10.1007/s11906-018-0877-8

Van Bortel LM, Laurent S, Boutouyrie P, Chowienczyk P, Cruickshank
JK, De Backer T et al (2012) Expert consensus document on the
measurement of aortic stiffness in daily practice using carotid-
femoral pulse wave velocity. J Hypertens 30(3):445-448. https://
doi.org/10.1097/HJH.0b013e32834£a8b0

Vasdev S, Singal P, Gill V (2009) The antihypertensive effect of
cysteine. Int J Angiol 18:7-21

Wang TJ, Larson MG, Vasan RS et al (2011) Metabolite profiles and
the risk of developing diabetes. Nat Med 17(4):448-453. https://
doi.org/10.1038/nm.2307

Wang L, Hou E, Wang L, Wang Y, Yang L, Zheng X et al (2015)
Reconstruction and analysis of correlation networks based on
GC-MS metabolomics data for young hypertensive men. Anal
Chim Acta 854:95-105. https://doi.org/10.1016/j.aca.2014.11.009

Wang W, Zhang F, Xia Y et al (2016) Defective branched chain amino
acid catabolism contributes to cardiac dysfunction and remod-
eling following myocardial infarction. Am J Physiol Heart Circ
Physiol 311(5):H1160-H1169. https://doi.org/10.1152/ajpheart.
00114.2016

Wassertheurer S, Kropf J, Weber T et al (2010) A new oscillometric
method for pulse wave analysis: comparison with a common tono-
metric method. J] Hum Hypertens 24:498-504. https://doi.org/10.
1038/jhh.2010.27

Weiss W, Gohlisch C, Harsch-Gladisch C et al (2012) Oscillometric
estimation of central blood pressure: validation of the mobil-O-
graph in comparison with the SphygmoCor device. Blood Press
Monit 17:128-131. https://doi.org/10.1097/MBP.0b013e3283
53ff63

Wildman RP, Mackey RH, Bostom A, Thompson T, Sutton-Tyrrell K
(2003) Measures of obesity are associated with vascular stiffness
in young and older adults. Hypertension 42(4):468-473

Willum-Hansen T, Staessen JA, Torp-Pedersen C (2006) Prognostic
value of aortic pulse wave velocity as index of arterial stiffness in
the general population. Circulation 113:664-670. https://doi.org/
10.1161/CIRCULATIONAHA.105.579342

Wu H-C, Shiau C-Y, Chen H-M, Chiou T (2003) Antioxidant activities
of carnosine, anserine, some free amino acids and their combina-
tion. J Food Drug Anal 11:148-153

@ Springer


https://doi.org/10.1097/HJH.0000000000001267
https://doi.org/10.1097/HJH.0000000000001267
https://doi.org/10.1161/01.cir.98.15.1504
https://doi.org/10.1161/01.cir.98.15.1504
https://doi.org/10.1016/j.cmet.2016.09.018
https://doi.org/10.1016/j.cmet.2016.09.018
https://doi.org/10.1074/jbc.M116.756247
https://doi.org/10.1074/jbc.M116.756247
https://doi.org/10.1097/HJH.0000000000000168
https://doi.org/10.1097/HJH.0000000000000168
https://doi.org/10.17925/EE.2015.11.01.26
https://doi.org/10.17925/EE.2015.11.01.26
https://doi.org/10.1161/HYPERTENSIONAHA.109.129114
https://doi.org/10.1161/HYPERTENSIONAHA.109.129114
https://doi.org/10.1161/circresaha.121.319895
https://doi.org/10.1161/circresaha.121.319895
https://doi.org/10.1016/S0140-6736(16)31134-5
https://doi.org/10.1016/S0140-6736(16)31134-5
https://doi.org/10.1097/00004872-199917010-00001
https://doi.org/10.1016/0304-4165(93)90114-n
https://doi.org/10.1016/0304-4165(93)90114-n
https://doi.org/10.1093/gerona/52a.3.m177
https://doi.org/10.1093/gerona/52a.3.m177
https://doi.org/10.1016/s0735-1097(99)00216-8
https://doi.org/10.1016/s0735-1097(99)00216-8
https://doi.org/10.1177/2047487318822354
https://doi.org/10.1177/2047487318822354
https://doi.org/10.1161/ATVBAHA.120.313133
https://doi.org/10.1161/ATVBAHA.120.313133
https://doi.org/10.1161/CIRCULATIONAHA.108.839241
https://doi.org/10.1161/CIRCULATIONAHA.108.839241
https://doi.org/10.1021/pr900668v
https://doi.org/10.1021/pr900668v
https://doi.org/10.1111/j.1440-1681.2009.05227.x
https://doi.org/10.1161/HYP.0000000000000033
https://doi.org/10.1161/HYP.0000000000000033
https://doi.org/10.1182/blood-2006-02-005272
https://doi.org/10.1182/blood-2006-02-005272
https://doi.org/10.1007/s11906-018-0877-8
https://doi.org/10.1097/HJH.0b013e32834fa8b0
https://doi.org/10.1097/HJH.0b013e32834fa8b0
https://doi.org/10.1038/nm.2307
https://doi.org/10.1038/nm.2307
https://doi.org/10.1016/j.aca.2014.11.009
https://doi.org/10.1152/ajpheart.00114.2016
https://doi.org/10.1152/ajpheart.00114.2016
https://doi.org/10.1038/jhh.2010.27
https://doi.org/10.1038/jhh.2010.27
https://doi.org/10.1097/MBP.0b013e328353ff63
https://doi.org/10.1097/MBP.0b013e328353ff63
https://doi.org/10.1161/CIRCULATIONAHA.105.579342
https://doi.org/10.1161/CIRCULATIONAHA.105.579342

1062 A.Craig et al.

Yang R, Dong J, Zhao H et al (2014) Association of branched-chain signalling pathway in parkinsonian cell model. Environ Health
amino acids with carotid intima-media thickness and coronary Prev Med 24:4. https://doi.org/10.1186/s12199-018-0757-5
artery disease risk factors. PLoS ONE 9:¢99598. https://doi.org/
10.1371/journal.pone.0099598 Publisher's Note Springer Nature remains neutral with regard to

Zhao Y, Wang Q, Wang Y et al (2019) Glutamine protects against oxi- jurisdictional claims in published maps and institutional affiliations.

dative stress injury through inhibiting the activation of PI3K/Akt

@ Springer


https://doi.org/10.1371/journal.pone.0099598
https://doi.org/10.1371/journal.pone.0099598
https://doi.org/10.1186/s12199-018-0757-5

	Early vascular ageing phenotypes and urinary targeted metabolomics in children and young adults: the ExAMIN Youth SA and African-PREDICT studies
	Abstract
	Introduction
	Methodology
	Questionnaires
	Anthropometric measures
	Cardiovascular measures
	Biochemical analyses
	Metabolomic data collection
	Statistical analyses

	Results
	Discussion
	Strengths, limitations and recommendations

	Anchor 14
	Acknowledgements 
	References




