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Cardiovascular diseases (CVDs) are a group of disorders that mainly include coronary,
cerebrovascular and rheumatic heart diseases [1]. CVDs are the primary cause of death worldwide, and
genetic and environmental factors seem to play a determinant role in this [1]. In fact, cardiovascular
diseases are strongly associated with certain lifestyle factors (i.e., diet and physical inactivity) [2,3] and
nutrition-related diseases (i.e., obesity and type 2 diabetes) [4]. Moreover, genome-wide association
studies have also identified numerous genomic loci that determine susceptibility to cardiovascular
events [5]. Therefore, nutrition and genetics seem to interact in predisposing an individual to
cardiovascular diseases [6]. The Special Issue “Nutrition, Genetics, and Cardiovascular Disease”
of the Journal of Cardiovascular Development and Disease provided a platform for the presentation of
recent advances in knowledge relating to nutrition, genetics and cardiovascular disease, from diverse
scientific disciplines, and it included four original articles, one narrative review and one systematic
review and meta-analysis.

The first original article investigated MT-CYB mutations in acute rheumatic fever and rheumatic
heart diseases among Senegalese patients. The authors of this study found a narrow link between
MT-CYB mutations and acute rheumatic fever and its complications, i.e., rheumatic heart diseases [7].
In the second original study, conducted in Uruguay on two separate cohorts (children, n = 682;
adolescents, n = 340), the authors tested potential associations between anthropometric parameters
(i.e., weight, height and body mass index (BMI)) in early life stages and the state of the cardiovascular
system in early childhood at the beginning of adulthood [8]. The authors found that the current
z-BMI showed the greatest capacity to explain variations in cardiovascular properties at 6 and 18 years.
However, body size at birth showed no association with arterial properties at 6 or 18 years of age [8].

In the third original study, conducted in Saudi Arabia, the authors tested differences in dietary
patterns (expressed in terms of adherence to the “Healthy Saudi” dietary guidelines) between two
groups of males: CVD group (N = 40) and non-CVD group (N = 40) [9]. The authors found higher
adherence scores for fruit, olive oil and non-alcoholic beer in the non-CVD patients [9]. The fourth
original study, conducted on 460 healthy Lebanese adults from the general population, focused on
detecting the association between the polymorphism rs2569190A > G in CD14 and CVD risk factors
such as hypercholesterolemia and hypertension [10]. The authors found no significant association
with hypertension. However, rs2569190G in CD14 was found to be associated with a higher risk of
developing hypercholesterolemia among the Lebanese population [10].

On the other hand, the first systematic review that was conducted in Lebanon using the “Preferred
Reporting Items for Systematic Reviews and Meta-Analyses” (PRISMA) guidelines in focused on
clarifying whether hookah smoking is associated with a higher risk of obesity among the general
population [11]. All the five included studies reported that hookah smoking increases the risk of
obesity among all ages and in both genders, and this was confirmed by the meta-analysis [11]. Finally,
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in the narrative review of the renin angiotensin system (RAS) (known to be an endocrine system
involved in blood-pressure regulation and body electrolyte balance) [12], the authors described the new
components of RAS, their tissue-specific expression and their alterations under pathological conditions,
which may facilitate development of more specific and personalized treatments [12].

In conclusion, the findings of the original articles and reviews of this Special Issue highlight
certain nutritional and genetic features that seem to play an important role in CVDs.
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Abstract: Acute rheumatic fever (ARF) is an autoimmune disease affecting the heart-valve
endocardium in its final stage. Although rare in developing countries, ARF persists in third-world
countries, particularly Senegal, where rheumatic heart diseases (RHDs) are the most common pediatric
cardiovascular pathology. This study aimed to investigate mutations in MT-CYB in ARF and RHD in
Senegalese patients. MT-CYB was amplified from blood samples from ARF patients at the Clinical of
Thoracic and Cardiovascular Surgery of Fann National University Hospital Centre, Dakar, Senegal
(control group, healthy individuals) and sequenced. More than half of the MT-CYB mutations
(58.23%) were heteroplasmic. Transitions (61.67%) were more frequent than transversions (38.33%),
and non-synonymous substitutions represented 38.33% of mutations. Unoperated RHD patients
harbored frequent MT-CYB polymorphisms (7.14 ± 14.70 mutations per sample) and accounted for
72.73% of mutations. Paradoxically, subjects undergoing valvular replacement harbored infrequent
polymorphisms (1.39 ± 2.97 mutations per patient) and lacked 36 mutations present in unoperated
subjects. A genetic differentiation was observed between these two populations, and the mutations in
operated subjects were neutral, while those in unoperated subjects were under positive selection.
These results indicate a narrow link (perhaps even causal) between MT-CYB mutations and ARF and
its complications (i.e., RHDs) and that these mutations are largely deleterious.

Keywords: acute rheumatic fever; rheumatic heart diseases; MT-CYB; mutation; Senegal

1. Introduction

Acute rheumatic fever (ARF) is a major cause of cardiac disease and premature death in numerous
regions worldwide [1]. ARF and rheumatic heart disease (RHD) have a high prevalence in developing
countries in contrast with developed countries where these diseases have largely regressed [2]. ARF
results in high morbidity and mortality rates worldwide and its incidence is the highest in Sub-Saharan
Africa [3]. ARF incidence in developing countries exceeds 50 per 100,000 children [4]. In Senegal, RHD
is the most prominent pediatric cardiovascular pathology [5].

Mutations in numerous genes, particularly those encoding immunity-related factors, are associated
with ARF and RHD [6]. Genes encoding pattern recognition receptors belonging to the innate immune
system, including ficolin [7], have been investigated. Genes encoding several cytokines including
TNF-α or IL-6/-10 were reported to promote or aggravate ARF in studies in Mexico [8,9], Turkey [10],
and Egypt [11].

On the other hand, it has been shown that the decrease in oxidative phosphorylation [12]
Khatami mainly affects energy-intensive tissues, such as muscles, brain, heart, liver, and kidneys.
This mechanism allows the production of ATP by the mitochondrial respiratory chain [13]. MT-CYB
encodes the cytochrome b protein, which is the only subunit of the respiratory complex III (one of
the five complexes of the respiratory chain), encoded by mitochondrial DNA, the others being of
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nuclear origin [13]. Cytochrome b plays a central role in the production of ATP [12] and as a catalytic
subunit binding to the substrate of quinone and facilitating the transmission of electrons to cytochrome
c [14]. Many mutations of MT-CYB, identified so far, are related to diseases such as stress intolerance,
myopathies, cardiomyopathies, and neuropathies. These mutations generally show a deficit of
enzymatic activity and a decrease in the number of certain subunits of complex III [13]. Mitochondrial
dysfunction is characteristic of heart failure [15].

Thus far, no study on the mitochondrial genome has focused on ARF and RHD, and genetic
investigations of these pathologies has not been carried out in Senegal. Hence, we hypothesized that
mitochondrial MT-CYB mutations influence the occurrence and/or complications in ARF. This study
aimed to investigate mutations in MT-CYB in ARF and RHD in Senegalese patients. The following
were the objectives of our study: (1) To investigate MT-CYB polymorphisms in ARF; (2) to evaluate
the genetic diversity of MT-CYB in ARF; (3) to determine the genetic structure of MT-CYB based on
populations; (4) to identify the type of MT-CYB mutations in ARF.

2. Materials and Methods

2.1. Study Population

Patients with ARF undergoing follow-up examination at the Clinic of Thoracic and Cardiovascular
Surgery of Fann National University Hospital Centre in Dakar, Senegal, were included herein.
The study was approved by the ethics and research committee of Cheikh Anta Diop University
(reference number: Protocol 0274/2018/CER/UCAD), and patients provided written informed consent
prior to their participation in the study in accordance with the tenets of the Declaration of Helsinki.
Some of these patients had undergone valvular replacement surgery, while others did not receive
surgical intervention. Healthy individuals were recruited as controls.

Patients were divided into three groups: First group, healthy individuals (control group); second
group, unoperated ARF patients; third group, operated ARF patients (n = 42 per group). In total,
126 blood samples obtained from each patient were stored in EDTA and labeled as Sg1, Sg2, etc.

2.2. Genetic Analysis

2.2.1. DNA Extraction and Amplification and Sequencing of MT-CYB

Genomic DNA was extracted using the DNase Blood Kit (Qiagen, South Korea) in accordance
with the manufacturer’s instructions. Polymerase chain reaction (PCR) was carried out to amplify
MT-CYB, since it is reportedly involved in cardiovascular pathologies [12,15–19]. PCR amplification of
MT-CYB was carried out at a reaction volume of 50 μL containing 2 μL of concentrated DNA and 48 μL
of the PCR mix comprising 29.8 μL of MilliQ water, 5 μL of buffer, 1 μL of supplementary MgCl2, 2 μL
of dATP, dCTP, dGTP, and dTTP, 5 μL of H15915, 5 μL of L14723, and 0.2 μL of Tap polymerase. L14723
(5’-ACCAATGACATGAAAAATCATGGTT-3’) and H15915 (5’-TCTCCATTTCTGGTTTACAAGAC-3’)
were the forward and reverse primers, respectively. The PCR program included the following
conditions: 94 ◦C for 3 min; 40 cycles (94 ◦C for 45 s; 52 ◦C for 1 min; 72 ◦C 1 min for 30 s); 72 ◦C for
10 min. PCR products were purified and sequenced. Sequencing reactions were performed using an
MJ Research PTC-225 Peltier thermocycler with the ABI PRISM kit and electrophoresed in an ABI 3730
XL sequencer.

2.2.2. Molecular Analyses

The chromatograms obtained after sequencing were submitted to the Mutation Surveyor software
(https://softgenetics.com) version 5.0 to identify mutations and to determine their nature (homoplasmic
or heteroplasmic) and their status (transition or transversion). Sequences of ARF with those of the
controls. Mutation Surveyor assigned a score for each mutation, thus indicating the level of confidence
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regarding the accuracy of the cited base. Only those mutations with a score of ≥20 were retained
(the probability that a cited base is false was 0.001; accuracy, 99%).

To determine the appropriate nucleotide position of our mutations in the mitochondrial genome,
we performed BLASTn analysis (NCBI; https://ncbi.nlm.nih.gov/) with our raw control sequence.
The position of each mutation and the corresponding amino acid was determined using BLASTx
2.8.0 [20], thus facilitating the identification of putative conserved domains [21].

To highlight the potential pathogenicity of non-synonymous mutations, we performed prediction
analysis using three different software for transparency and reliability:

• POLYPHEN-2 [22], which yields the following putative results: Probably damaging (p ≤ 5%),
potentially damaging (5 < p ≤ 10%), and benign (p > 10%);

• SIFT [23], which assigns a score between zero and one. Amino acid substitutions are predicted to
affect protein function when the score is ≤0.05 and to be tolerable when the score is >0.05;

• PROVEAN [24] wherein variants with a score of ≤–2.5 are predicted as deleterious and those with
a score of >–2.5 are considered neutral.

Non-synonymous MT-CYB mutations have been considered pathogenic if thus stipulated by at
least two prediction software; if these mutations are not reported as neutral polymorphisms and if they
are present in a conserved domain; heteroplasmy indicates high pathogenicity [25].

For further molecular analysis, we corrected and aligned sequences of ARF patients with those
of the controls, using BioEdit version 7.1.9 [26] using the CLUSTALW algorithm [27]. Thereafter,
we determined the following parameters underlying the genetic diversity of MT-CYB relative to each
population, on the basis of which the groups were assessed and differentiated:

• The population size n corresponding to the number of individuals;
• The number of sites N that define the size of sequences;
• The variable sites, invariable sites, non-informative variables, and informative variables,

the number of total mutations (Eta), thus elucidating MT-CYB polymorphisms in the
study population;

• The number of haplotypes and the haplotype diversity (Hd), to analyze the distribution of
individuals within a population;

• The nucleotide diversity (Pi) and the average number of nucleotide differences (k) that reflect
genetic differences within a population.

These parameters were determined using DNAsp 5.10.01 [28]. Other parameters elucidating the
genetic diversity are the following:

• The nucleotide frequencies: General and at each codon position;
• The nature of mutations (transitions and transversions);
• The rate of mutations (R);
• The rate of substitutions: Ks (synonymous) and Kns (non-synonymous).

These parameters were determined using Mega7 software version 7.0.26 [29], and the frequencies
of amino acids was determined at the best reading frame (no stop codon).

For analysis using Mega7, it was necessary to determine the model describing the best pattern of
substitution; hence, we used the following models:

• The HKY model [30] to control the population;
• The JC model [31] for unoperated ARF patients;
• The JC+G model [31] for operated ARF patients a gamma value of 0.06.
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We used the Kimura 2-parameter model [32] to determine the rate of mutations because preferential
models were unavailable for this analysis. The Nei-Gojobori modified model was used to estimate
substitution rates.

Thereafter, we defined the parameters of genetic diversity among populations, thus highlighting
MT-CYB polymorphisms in ARF patients. Using the DNAsp software, we estimated the following:

• The rate of nucleotide divergence representing the percentage of nucleotide-level differences in
each generation;

• The nucleotide diversity between two populations;
• The average number of nucleotide-level differences at each site between pairwise sequences.

Further, we evaluated genetic differences and structural differences in MT-CYB in accordance
with the study population. Using Mega7 version 7.0.26 [29], the genetic distances were determined,
which facilitated the estimation of the rates of allele replacement among the compared entities, using
the JC+G model (with G = 0.36), which was the most suitable model. To estimate genetic distances
within populations, we used the K2 model, which is suitable for this analysis, while the JC+G model
was not. Furthermore, we estimated the genetic distance between the control population and ARF
patients (operated and unoperated). For all analyses of genetic distances, the bootstrap method was
used with 1000 replicates and all reading frames were accounted for. Using Arlequin version 3.1 [33],
we estimated the genetic differentiation factor (Fst) between populations and performed analysis of
molecular variance (AMOVA) to determine the origin of the variants. These analyses were performed
considering polymorphic loci only and with 1023 permutations.

The Z-test for selection was performed using Mega7 in accordance with three different alternative
hypotheses, the null hypothesis being that H0: dN = dS. We then assessed the neutral selection
(H1: dN � dS), the positive selection (dN > dS), and the negative selection (dN < dS). We used the
Nei-Gojobori modified model [34], which differs from the original method of Nei-Gojobori in that
transitional and transversional substitutions were no longer considered to occur at the same frequency.
Thus, we calculated the ratio of transitions/transversions with the following formula [30]:

κ =
(πtπc + πaπg)

πyπr
α/β (1)

where πa, πc, πg, and πt are the nucleotide frequencies (of a, c, g, and t, respectively) estimated by their
proportions in all sequences: πy = πt + πc and πr = πa + πg; α and β are the number of transitions and
transversions, respectively, observed by considering all sequences in a pairwise manner.

2.3. Statistical Analyses

Data normality was assessed using XLSTAT 2018.3.50896 with the Shapiro-Wilk test with a rate of
significance level set to 5%. We then performed the Fisher test (for non-normally distributed data)
to establish an association between mutations and the state of the disease, always at a threshold
of 5%. Mean and standard deviation values for mutations were determined using MS Excel 2010
and compared using R commander (Rcmdr) implemented in RGui version 3.3.4 to assess differences
between operated and unoperated ARF patients.

Average amino acid frequencies of the controls and unoperated AFR patients and between the
controls and operated ARF patients were compared using the chi-square test in Rstudio version 1.1.447.
Since chi-square analysis is only feasible when the number of groups is <5, we used complementary
values (100-effective).
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3. Results

3.1. Evaluation of MT-CYB Polymorphisms

3.1.1. Analysis of MT-CYB Mutations

BLASTn analysis revealed 97% identity with MT-CYB and 5 gaps. BLASTx analysis revealed
98% identity (without gaps) with the cytochrome b (mitochondrion) [Homo sapiens] [35] and
[Homo sapiens subsp. ‘Denisova’] [36] and 97% identity (without gaps) with cytochrome b (mitochondrion)
[Homo heidelbergensis] [37] and [Homo sapiens neanderthalensis] [38].

Alignment of the chromatograms of ARF patients (operated and unoperated) with those of
the controls (Sg97) revealed 165-point mutations with a score of ≥20 or 60 different variants, in the
overall study population. Among them, 41.67% corresponded with homoplasmic mutations and
58.23% corresponded with heteroplasmic mutations. Transitions largely surpassed the transversions
(respectively 61.67% and 38.33%). Most mutations were present in unoperated ARF patients (72.73%)
wherein 7.14 ± 14.70 mutations on average were harbored per individual. Indeed, seven mutations
were present at high frequencies in ARF patients (G15849A, T15824C, A15784G, A15362T, A15323C,
G15314C, and A15308T). Synonymous (A15362T and A15323C) and missense (G15314C and A15308T)
mutations were exclusively present in unoperated ARF patients at frequencies of 67.86%, 67.86%,
42.86%, and 57.14%, respectively. The Fisher test revealed significant results for these mutations,
thus indicating their association with ARF. Overall, 36 mutations were absent in the operated ARF
patients. Thus, operated ARF patients harbored 1.39 ± 2.97 mutations on average. Differences in the
average mutation frequencies were significant (p = 0.031). The frequency for synonymous mutations
was 38.33% among the ARF patients. Among these amino acid substitutions, nine were pathogenic
according to the predictions of Polyphen-2, SIFT, and PROVEAN. All the pathogenic mutations were
absent in the operated patients, except for the missense substitutions K287P and N286P, present in all
positions of their corresponding codons and present in only one subject (Sg56). Most mutated sites were
detected through MITOMAP (https://www.mitomap.org/MITOMAP); however, the corresponding
bases differed from the those in the present sequences (Table 1).

3.1.2. Variability of Amino Acids

Transcription was carried out based on the second reading frame. Gly and Leu were the most
frequent amino acids in the protein. Asn and His were absent in the ARF patients and the controls.
Pro and Thr were absent in the controls but present at low frequencies in the ARF patients. However,
none of the P-values is significant (Table 2).

3.1.3. Determination of Genetic Diversity of MT-CYB

The analysis of the genetic diversity of the study population is summarized in Table 3. In the
study population, 12, 28, and 54 individuals belonged to the control, unoperated, and operated groups,
respectively. The sizes of the sequences were the same for each individual (492 bp). The unoperated
group differed from the other two groups and displayed the highest MT-CYB polymorphism frequency.
The nucleotide frequencies were similar in all groups. Cytosine was the least represented base with
a minimal frequency at the third codon position in contrast with thymine and guanine, which were
more frequent at this position. Adenine occurred mostly at the first codon position. In position 1,
no transversions occurred, and all mutations were transitions (conservation of the mutated base);
hence, the mutation rate (R) tended towards infinity.
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Table 2. Frequencies of amino acids according to populations.

Amino
Acids

Controls Operated Non-Operated
P-Value
C vs. O

P-Value
C vs. NOP

P-Value
O vs. NOP

Ala 0.67 0.68 0.69 0.999 0.999 0.999
Cys 4.72 4.68 4.74 0.997 0.999 0.996
Asp 0.00 0.00 0.00 1 1 1
Glu 3.89 3.96 3.96 0.996 0.997 0.999
Phe 2.67 2.70 2.69 0.998 0.999 0.999
Gly 21.40 21.20 21.06 0.987 0.978 0.999
His 0.00 0.00 0.00 1 1 1
Ile 2.67 2.68 2.67 0.999 1 0.992
Lys 2.00 1.93 2.07 0.996 0.996 0.998
Leu 20.68 20.73 20.71 0.997 0.998 1
Met 6.00 6.01 6.00 0.999 0.999 1
Asn 2.67 2.67 2.67 1 1 1
Pro 0.00 0.04 0.07 0.998 0.996 0.998
Gln 1.33 1.34 1.43 1 0.995 0.995
Arg 7.34 7.52 7.46 0.989 0.993 0.996
Ser 3.34 3.36 3.34 0.998 1 0.998
Thr 0.00 0.01 0.05 0.999 0.997 0.999
Val 10.01 9.91 9.89 0.994 0.993 0.999
Trp 8.62 8.57 8.58 0.997 0.998 0.999
Tyr 2.00 2.00 1.93 1 0.996 0.996

C: Controls, O: Operated, NOP: Unoperated.

Table 3. Parameters for genetic diversity of the study population.

Parameters Controls Unoperated Operated

Size of population n 12 28 54

Number of sites N 492 492 492

Non-variables sites 485 441 450

Variables sites 7 51 42

Non-informative variables sites 5 43 25

Informative variables sites 2 8 17

Number of total mutations Eta 7 52 52

Number of haplotypes 7 17 29

Haplotypic diversity hd 0.833 ± 0.100 0.923 ± 0.037 0.883 ± 0.039

Nucleotide diversity Pi 0.00314 ± 0.00071 0.00996 ± 0.00336 0.00645 ± 0.00129

The average number of nucleotide
differences k 1.545 4.902 3.173

Nucleotide frequencies T C A G T C A G T C A G
General 29.5 9.3 25.2 36.0 29.4 9.5 25.3 35.8 29.5 9.5 25.2 35.9

Position 1 21 9.8 27.4 21 9.7 42.1 27.4 21 9.8 42.0 27.3 42.1
Position 2 29 17.1 20.8 32.9 29 17.4 20.9 32.5 29 17.3 20.8 32.6
Position 3 38 1.2 12.7 47.7 38 1.4 12.8 47.5 38 1.3 12.7 47.6

Nature of
mutations

Transitions 100 46.92 34.91

Transversions 0 53.08 65.09

Rate of mutations R ∞ 0.88 0.54

Rate of synonymous substitutions
Ks 0.002 ± 0.001 0.011 ± 0.003 0.006 ± 0.003

Rate of non-synonymous
substitutions Kns 0.003 ± 0.002 0.007 ± 0.002 0.005 ± 0.002

3.1.4. Evaluation of the Differentiation and Genetic Structuring of MT-CYB in Accordance with the
Study Population

The genetic distance was the largest among unoperated ARF patients (0.011 ± 0.002) and the
lowest in the controls (0.003 ± 0.001). Genetic distances were greater between unoperated and operated
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ARF patients (0.009 ± 0.001) than between the controls and operated ARF patients (0.005 ± 0.001)
(Table 4).

Analysis of the genetic differentiation factor (Fst) revealed no genetic differentiation of MT-CYB
between the controls and patients (p = 0.58559). However, a genetic differentiation of MT-CYB between
operated and unoperated subjects was observed (p = 0.01466) (Table 5). Nevertheless, AMOVA (Table 6)
revealed that more than 98% of genetic variability between unoperated and operated ARF patients is
of an intra-population origin.

Table 4. Genetic distances within and among groups.

Controls Non-Operated Operated

Controls 0.003 ± 0.001

Non-operated 0.007 ± 0.001 0.011 ± 0.002

Operated 0.005 ± 0.001 0.009 ± 0.001 0.007 ± 0.001

In boldface: The highest genetic distances.

Table 5. Genetic differentiation factor.

Controls Unoperated Operated

Controls 0.87195 0.38416

Unoperated 0 0.01466

Operated 0.00128 0.01419

In italics, the p-values and in bold the significant p-value.

Table 6. Analysis of molecular variance.

Source of Variation Percentage Variation

Inter-populations 1.41855

Intra-population 98.58145

3.1.5. Evolution of MT-CYB Mutations

As shown in Table 7, the results of the Z selection test among groups were recorded. The non-significant
p-values (0.965, 0.483, and 1.000) among operated ARF patients indicate that their mutations follow a
neutral evolution. However, among unoperated ARF patients, the p-value, highly significant under
the neutrality hypothesis (0.015), highly significant under the hypothesis of positive selection, and not
significant under the hypothesis of negative selection, shows that MT-CYB mutations in the unoperated
patients are under positive selection.

Table 7. Results of the Z selection test (p-values).

Neutrality Positive Selection Negative Selection

Operated 0.965 0.483 1.000

Non-operated 0.015 0.008 1.000

In boldface: Significant p-values.

4. Discussion

This study attempted to identify MT-CYB mutations in Senegalese ARF patients. Since cardiac
tissues were not available for molecular analysis, mutations in this region were assessed in peripheral
blood. The present results show a high rate of MT-CYB polymorphisms in unoperated subjects
(72.73% of mutations). Unoperated ARF patients developed a cardiopathy following ARF; however,
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since they did not undergo valvular replacement, the disease was seemingly induced in them, and
MT-CYB mutations were detected in the cells involved in the autoimmune response in blood, similar
to T and B lymphocytes, and macrophages, since self-reactive T cells migrate from peripheral blood to
the heart and proliferate in the valves in response to stimulation by specific cytokines [6].

Two synonymous substitutions (Y206Y and S193S) associated with ARF (according to the Fisher test)
were observed at high frequencies (67.86%) and exclusively in the operated subjects. Despite the
absence of amino acid substitutions, the corresponding positions (A15362T and A15323C) may serve
as potential molecular markers if consistently present in individuals with ARF. Non-synonymous
substitutions T190A, F188I, and I185L, frequent in the unoperated group, are also associated with
the pathology. These sites were polymorphic in comparison with the control but monomorphic in
comparison with the Caucasian reference sequence. These mutations were detected on MITOMAP
but matched with different substitutions. The mutation T15301C (I185L) is associated with idiopathic
dilated cardiomyopathy [14] as being a synonymous substitution Leu-Leu. Three missense mutations
(S344T, L299F, and I298T), predicted to be pathogenic, have been reported in unoperated patients 2
and 1. The substitution of an aliphatic Leu with an aromatic Phe and that of nonpolar Ile with
a polar Thr affected protein structure and function. The substitution of Ser with Thr could have
been inconsequential, since they are both thiolated/hydroxylated and polar amino acids and the
mutation is homoplasmic (the predictions of this mutation are not formal; thus, mutation may be
benign). However, these mutations are in a conserved domain, playing a crucial role in cytochrome b
function and thus in the activity of complex III. The C-terminal domain contains the binding sites for
ubiquinone/ubiquinol [40,41] and is responsible for proton translocation outside the mitochondrial
membrane [42]. Furthermore, the L299F mutation has been reported in breast cancer; however,
it was a substitution from cytosine to thymine (according to the reference sequence) at position 15641,
whereas the mutation detected herein corresponds to the heteroplasmic substitution of guanine by
adenine (according to our control sequence). Both mutations were transitions occurring in the same
position. Several mutations were present in both unoperated and operated patients, including G15849A
and T15824C synonymous substitutions and the A15784G sense mutation. G15849A and T15824C
corresponding to substitutions T368I and T360A have been predicted to be non-pathogenic, although
they are polar Thr substitutions by non-polar Ile and Ala. These point mutations occur in a conserved
domain in mammals, but are outside the C-terminal domain, thus probably accounting for their benign
state. T15824C is present in breast cancer as A15824G, and A15784G has been reported in patients with
dilated idiopathic cardiomyopathy [16]. Most (60%) of the mutations were absent in operated patients.
Mutations present only in the latter were either synonymous or non-pathogenic, except for those
present in one patient (Sg56). More than half of the MT-CYB mutations were heteroplasmic (58.23%),
probably because polymorphonuclear mitochondrial genomes do not contain MT-CYB mutations
leading to a mixture of wildtype and mutated genomes or heteroplasmy in immune cells. Cells were
not isolated for DNA extraction; either of the hypotheses cannot be considered accurate. However,
the current speculation that heteroplasmic mutations are more likely to occur in pathogenic mutations
rather than in normal polymorphisms [16] is consistent with the present pathogenic mutations.

Amino acid frequencies did not differ significantly upon pairwise group comparisons. However,
Pro and Thr were absent in the controls but present in ARF patients at low frequencies, indeed because
of the presence of missense mutations.

Differences in the degree of MT-CYB polymorphisms between operated and unoperated patients
suggest that valvular replacement suppressed gene mutations. This is corroborated by the results
of the genetic diversity of the study population, which facilitated the characterization and analysis
of differences between unoperated ARF patients and the other two groups in the study population.
Similarly, group comparisons in the study population revealed the genetic proximity of operated subjects
and the controls (Pi, k, and the genetic distances were low) and those genetic differences between the
operated and unoperated patients. These results may have been obtained because surgery eliminates
diseased valvular cells and simultaneously the source of the pathology. The proteins of valvular
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cells similar to those of Streptococcus pyogenes [43] are the targets of immune cells. Eradication of the
source of the pathology would lead to a correction between the mechanism underlying autoimmunity,
and the cells involved in the defense against Streptococcus of Group A and autoimmunity would
become functional again in the next generation. Selection analyses have indicated that mutations in the
operated subjects follow a neutral evolution, while those present in the unoperated patients are under
positive selection. These results are concurrent with previous findings; non-synonymous MT-CYB
mutations tend to consistently occur in unoperated patients. These variants have a deleterious effect on
the protein, and an increase in their frequency would further cause protein damage and simultaneously
aggravate the disease. Since these mutations generally do not occur in operated patients and those
persisting after valvular replacement are neutral (neither beneficial nor deleterious), the involvement
of MT-CYB mutations in ARF complications can be considered (RHD).

5. Conclusions

This study used a population genetics approach to investigate the association of MT-CYB mutations
with ARF and RHD in Senegalese patients. The present results confirmed our initial hypothesis.
Indeed, sixty polymorphic variants of MT-CYB were identified herein. Some of these mutations were
neutral, while other mutations were pathogenic, as revealed through their effects on cytochrome b
structure and function. Furthermore, the absence of more than half of these mutations in patients
with valvular replacement and genetic differentiation between the latter and unoperated patients
indicates MT-CYB polymorphisms, which are closely associated with ARF and RHD. These mutations
cause or result from abnormal activation of immune cells against autoantigens. A study combining
both immune assessment with a genetics approach would be interesting to clarify why only some
individuals infected with group A streptococcus develop an inadequate immune response leading
to ARF. A subsequent analysis of the protein would also provide useful insights into the role of
cytochrome b in ARF and RHD. In addition, DNA extraction in the same patient before and after
surgery could validate our results.
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Abstract: An association between nutritional characteristics in theearlylife stages and the state of
the cardiovascular (CV) system in early childhood itself and/or at the beginning of adulthood has
been postulated. It is still controversial whether changes in weight, height and/or body mass index
(BMI) during childhood or adolescence are independently associated with hemodynamics and/or
arterial properties in early childhood and adulthood. Aims: First, to evaluate and compare the
strength of association between CVproperties (at 6 and 18 years (y)) and (a) anthropometric data at
specific growth stages (e.g., birth, 6 y, 18 y) and (b) anthropometric changes during early (0–2 y),
intermediate (0–6 y), late (6–18 y) and global (0–18 y) growth. Second, to determine whether the
associations between CVproperties and growth-related body changes depend on size at birth and/or
at the time of CVstudy. Third, to analyze the capacity of growth-related body size changes to explain
hemodynamic and arterial properties in early childhood and adulthood before and after adjusting
for exposure to CV risk factors. Anthropometric, hemodynamic (central, peripheral) and arterial
parameters (structural, functional; elastic, transitional and muscular arteries) were assessed in two
cohorts (children, n = 682; adolescents, n = 340). Data wereobtained and analyzed following identical
protocols. Results: Body-size changes in infancy (0–2 y) and childhood (0–6 y) showed similar
strength of association with CV properties at 6 y. Conversely, 0–6, 6-18 or 0–18 ychanges were not
associated with CV parameters at 18 y. The association between CV properties at 6 yand body-size
changes during growth showed: equal or greater strength than the observed for body-size at birth,
and lower strength compared to that obtained for current z-BMI. Conversely, only z-BMI at 18 y
showed associations with CV z-scores at 18 y. Body size at birth showed almost no association
with CVproperties at 6 or 18 y. Conclusion: current z-BMI showed the greatest capacity to explain
variations in CV properties at 6 and 18 y. Variations in some CV parameters were mainly explained
by growth-related anthropometric changes and/or by their interaction with current z-BMI. Body size
at birth showed almost no association with arterial properties at 6 or 18 y.

Keywords: adolescents; arterial stiffness; birth weight; body-size trajectories; cardio-metabolic health;
children; growth; intima-media thickness; blood pressure
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1. Introduction

Childhood overweight or obesity have beenshown to be associated with an increase in the
prevalence of cardiovascular risk factors (CRFs), cardiovascular (CV) risk and development of CV
and metabolic diseases later in life [1–3]. This, together with the observed increase in the prevalence
of obesity during childhood has led to an increased interest in knowing the factors associated with
increased adiposity gain and the link between adiposity gain in early life-stages and future CV
alterations; fundamental steps to enable the development of adequate prevention, control and/or
treatment strategies. Several studies have been carried out in children and adolescents mainly with
the aim of analyzing the association between hemodynamic or arterial characteristics in childhood
or adolescence and: (1) body size at birth, (2) growth-related increases in body weight (BW), height
(BH), BW-for-BH (BWH), and/or body mass index (BMI), and/or (3) body size at the time of CV
evaluation. Results have been heterogeneous. Up to now the factors associated with body size
gain as well as the mechanisms underlying the association (impact) of body characteristics and
their growth-related changes with CV parameters are not fully known. The controversial findings
and lack of a clear understanding of the problem could be attributed to its inherent complexity
(e.g., age-related differential impact of body size gain, interaction among co-factors, dependence on
prior anthropometric conditions), as well as to characteristics and differences between studies designed
to address it (e.g., methodological approaches, publication bias, statistical analyses) [4–6].

Early accelerated BW gain (e.g., defined as an increase in BW-for-age z-score of at least 0.67 units
between 0 and 2 years old (y)) would be associated with detrimental CV changes in children and
adolescents [7,8]. In this regard, at least five interrelated issues should be clarified. First, the strength
of the association between CV characteristics (i.e., hemodynamic and arterial) and anthropometric
changes (e.g., early BW gain), along with their independence from birth weight and current body
conditions.An association between low birth weight (LBW) and CV alterationshas been described,
which would be reinforced by (or could even depend on) an accelerated BW gain in the postnatal
period and/or by associated excessive subsequent adipose gain expressed by an elevated BMI at
the time of CV evaluation [9]. Second, the magnitude of the interactions of anthropometric and
CV parameters respect to body size at birth and current BMI should be addressed [10]. Third,
the association between BW gain and CV parameters should be analyzed considering that it may
depend on the timing of growth-related body changes (e.g., acceleration) [7,8] and/or on thesubject’sage
(i.e., at the time of CVassessment) [6,11]. Fourth, as previous works reported that early growthpatterns
could be associated with the development or exposure to factors associated with increased CV risk
(CRFs’ clustering) [12], the real (independent) clinical meaning or CV impact of BW gain should
be determined, taking into account the exposure to CRFs. Fifth, the association between body size
gain, birth-size and/or current anthropometric conditions with hemodynamic or arterial parameters
could vary, depending on the: (a) arterial type (e.g., muscular vs. elastic); (b) site of evaluation and
hemodynamic parameters considered (e.g., peripheral vs. central); and (c) arterial pathway considered
(e.g., conductance vs. resistance) [13,14]. Recently, our group demonstrated that z-BMI variations in
children and adolescents are positively associated with peripheral (brachial) and central (aortic) blood
pressure levels (pBP and cBP, respectively); carotid, femoral and brachial artery diameters; carotid
(but not femoral or brachial) intima-media thickness (IMT); arterial stiffness and stiffness gradient.
Moreover, we found a “hierarchical order” among hemodynamic and arterial variations associated
with z-BMI. pBP was the variable with the greatest variations associated with z-BMI (particularly pBP
rather than cBP was associated with z-BMI). The stiffness of central (but not peripheral) arteries was
associated with z-BMI (a pBP-dependent association). In turn, variations in arterial diameters were
associated with z-BMI, without differences between the elastic and muscular arteries [13]. The above
highlights the importance of a comprehensive, multiparametric approach when evaluating the CV
system. If results obtained in an arterial segment and/or for a given parameter were generalized,
significant errors (biases) could be made.
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This work’s aims were: (1) to evaluate and compare the strength of association between
hemodynamic and arterial characteristics and (a) anthropometric data at specific growth stages
(e.g., birth, 6 y, 18 y) and (b) body size changes during early (e.g., 0–2 y), intermediate (0–6 y),
late (6–18 y) and global (0–18 y) growth; (2) to determine whether the association between CV
characteristics and growth-related body size changes depends on size at birth and/or at the time of
CV evaluation; and (3) to analyze the explanatory capacity of growth-related body size changes for
hemodynamic and arterial characteristics in early childhood (6 y) and at the beginning of adulthood
(18 y), before and after adjusting for body-size at birth, current BMI and/or exposure to CRFs.

2. Materials and Methods

2.1. Study Population

The study was carried out in the context of the Centro Universitario de Investigación, Innovación
y Diagnóstico Arterial (CUiiDARTE) Project [13–16]. The protocol was approved by the Institutional
Ethics Committee. Both parents’ consent and child’s assent were received before data collection.
Participants (or their guardians) signed a written consent prior to the evaluation. Subjects from two
cohorts, one of children (n = 682) and the other of adolescents (n = 340) were included (Table 1).
The children cohort, defined based on probabilistic, bi-stage and stratified sampling of subjects
attending public kindergartens in Montevideo, is part (subsample) of the longitudinal study “Patrón
de crecimiento, estadonutricional y calidad de la alimentaciónen la primerainfancia: análisis de
suimpactosobre la estructura y función vascular y el riesgo cardiovascular relativoenniñosuruguayos
(CUiiDARTE-Agencia Nacional de Investigación e Innovación(ANII), Ministerio de Desarrollo Social
(MIDES), United Nations Children’s Fund(UNICEF) that started in 2010 (first phase) and had in 2016
a second phase [15,16]. In turn, the adolescent cohort (subsample from Montevideo) belongs to a
longitudinal (four stages) study called “Estudio Longitudinal del Bienestaren Uruguay” (ELBU) aimed
at investigating multidimensional well-being [17] working with a national representative sample of
children (and their families) attending in 2004 the first grade of primary public schools in urban areas,
which account for 87% of the Uruguayan population.

Similar approaches were carried out on children and adolescents: clinical and anthropometric
evaluation, compilation (questionnaires) of data about lifestyle and family history (e.g., educational
level, socioeconomic conditions, nutritional factors) and non-invasive CV evaluation.

2.2. Anthropometric Evaluation

Anthropometric data (BW and BH) corresponding to ages ≤36 months (mos.) were obtained
from registers of the obligatory health-controlsfor children within those ages, established by the
Ministry of Health (Children cohort). BW and length at birth in the adolescent cohort were obtained by
documented self-report, during parents’ interviews. In turn, following standard procedures, trained
technicians obtained anthropometric data from children and adolescents (at participants’ home, school
and/or during the CV evaluation). BW and BH were measured with lightweight clothing and without
shoes. Standing BH was measured (subject’s head in the Frankfurt Plane position) using a portable
stadiometer and recorded to the nearest 0.1 cm. BW was measured with an electronic scale (model
841/843, Seca Inc., Hamburg, Germany; model HBF-514C, Omron Inc., Chicago, Illinois, USA) and
recorded to the nearest 0.1 kg. Two measurements were made and a third measurement was obtained
in case the first two readings differed by more than 0.5 cm or 0.5 kg. After aggregating records from our
technicians and those from health-controls, we obtained BW and BH data corresponding to: (1) birth, 6,
12, 18, 24, 36 and ~72 mos (~6 y) in the children cohort, and (2) birth, ~6 y, ~8 y, ~12 y and ~18 y in the
adolescents’ cohort. BMI was calculated as BW-to-squared BH ratio and converted into z-scores (z-BMI).
Standardized z-scores for BMI and BWH (up to 2 y), BW-for-age, BH-for-age and BMI-for-age were
obtained using World Health Organization software (Anthro-v.3.2.2; Anthro-Plus-v.1.0.4). The changes
or differences (Δ) in BWH z-score (ΔBWH z-score) between birth (0 y) and 24 mos. (0–2y, children
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cohort) were determined. In turn, the changes in z-BMI (ΔBMI z-score) between 0 and 6 y (0–6y,
both cohorts), 0 and 18 y (0–18y, adolescents cohort) and 6 and 18 y (6–18y, adolescents cohort) were
calculated. Changes were always determined as the difference between the latest (e.g., 18 y) and the
earliest (e.g., 0 y) z-score.

Table 1. Clinical, anthropometric and arterial parameters, of children and adolescent cohorts.

Children Cohort (n = 632) Adolescent Cohort (n = 340)

MV STD Min. p25th p75th Max. MV STD Min. p25th p75th Max.

Demographic, anthropometric and cardiovascular risk factors
Age (years) 6.02 0.3 5.07 5.80 6.26 6.66 18.2 0.50 17.0 17.8 18.5 20.7
Subjects (n, %female) 632 (49.5) 340 (53.2)
Body weight (kg) 22.31 4.67 14.00 19.20 24.35 46.50 64.4 14.2 40.2 55.0 70.0 120.0
Body height (m) 1.14 0.05 0.99 1.10 1.17 1.33 1.66 0.09 1.32 1.60 1.73 1.94
BMI (Kg/m2) 17.03 2.48 12.10 15.37 18.06 27.15 23.17 4.47 15.1 20.2 24.7 48.2
z-BMI (STD) 0.96 1.47 −2.60 0.06 1.62 7.37 0.36 1.16 -3.4 −0.4 1.0 4.8
z-BW for age (STD) 0.45 1.30 −2.39 −0.45 1.18 6.15 - - - - - -
z-BH for age (STD) −0.33 1.04 −3.43 −1.05 0.29 3.55 −0.41 0.88 −4.73 -0.90 0.13 2.39
Obesity (n, %) 108 (17.1) 26 (7.4)
Dyslipidemia (n, %) 1 (0.2) 18 (5.3)
Diabetes (n, %) 1 (0.2) 0 (0.0)
Hypertension (n, %) 27 (4.3) 18 (5.3)
CV Family background (n, %) 0 (0.0) 13 (3.9)
Current Smoke (n, %) 0 (0.0) 35 (10.4)
Anthropometric z-scores
z-BW for age at birth (STD) 0.02 0.95 −5.24 −0.56 0.68 2.95 −0.18 1.24 -5.19 −0.89 0.57 2.87
z-BH for age at birth (STD) −0.27 1.13 −4.91 −1.00 0.46 4.75 −0.35 1.52 -5.75 −1.15 0.46 4.82
z-BMI for age at birth (STD) 0.27 1.06 −3.59 −0.38 0.93 3.65 −0.01 1.72 −6.31 −1.00 0.96 5.56
z-BW for height 24 m. (STD) 0.59 1.26 −3.86 −0.20 1.29 4.76 - - - - - -
z-BW for age 24 m. (STD) 0.38 1.14 −2.83 −0.44 1.08 4.54 - - - - - -
z-BH for age 24 m. (STD) −0.15 1.11 −4.12 −0.92 0.60 3.30 - - - - - -
z-BMI for age 24 m. (STD) 0.66 1.29 −4.07 −0.15 1.40 5.42 - - - - - -
1st Wave: anthropometry
Age (years) - - - - - - 6.7 0.5 5.42 6.32 6.92 8.98
z-BW for age (STD) - - - - - - 0.39 1.01 −1.93 −0.27 1.06 3.56
z-BH for age (STD) - - - - - - −0.13 0.93 −3.19 −0.72 0.53 2.10
z-BMI for age (STD) - - - - - - 0.65 0.99 −1.81 −0.08 1.27 4.63
2nd Wave: anthropometry
Age (years) - - - - - - 8.1 0.4 6.82 7.77 8.38 10.27
z-BW for age (STD) - - - - - - 0.44 1.14 −2.40 –0.36 1.24 4.05
z-BH for age (STD) - - - - - - −0.10 0.98 −4.53 –0.69 0.51 2.07
z-BMI for age (STD) - - - - - - 0.66 1.16 −3.12 −0.17 1.36 4.99
3rd Wave: anthropometry
Age (years) - - - - - - 12.2 0.5 10.74 11.83 12.46 14.80
z-BW for age (STD) - - - - - - - - - - - -
z-BH for age (STD) - - - - - - –0.03 1.12 –3.46 –0.87 0.71 2.98
z-BMI for age (STD) - - - - - - 0.47 1.14 –3.17 –0.37 1.23 3.12
Aortic and peripheral blood pressure, hemodynamic and wave reflection parameters
Heart rate (beats/min) 91 11 66 84 99 134 69 12 43 61 76 132
pSBP (mmHg) 100 8 80 94 105 126 120 11 90 113 127 156
pDBP (mmHg) 59 7 50 54 62 86 64 7 48 60 68 100
pPP (mmHg) 41 7 24 36 46 77 56 11 21 48 63 90
pMBP (mmHg) 72 7 31 68 77 96 83 7 65 78 87 118
cSBP (mmHg) 83 6 64 78 87 100 102 9 83 96 107 135
cPP (mmHg) 22 4 7 19 25 43 37 8 18 31 43 61
CO (liter/min) 4.4 0.3 3.2 4.1 4.8 5.7 5.4 0.7 3.9 4.9 5.9 7.1
C.I. (liter/min/m2) 4.9 0.6 3.5 4.4 5.4 5.9 3.2 0.8 1.8 2.9 3.5 16.0
SVR (s.mmHg/mL) 1.10 0.10 0.86 1.04 1.19 1.41 1.05 0.15 0.78 0.93 1.16 1.47
AIx (%) 9.7 9.7 −16 3 17 37 –0.7 9.1 –28.0 –6 5 25
AIx@75 (%) 17.0 9.3 −10 11 23 43 –3.3 10.0 –34.0 –10 2 27
AP (mmHg) 2 2 −5 1 4 9 –1 4 –15 –2 2 8
PF (mmHg) 20 5 7 17 23 43 36 10 9 29 42 82
PB (mmHg) 10 4 3 9 11 78 14 3 4 12 16 26

20



J. Cardiovasc. Dev. Dis. 2019, 6, 33

Table 1. Cont.

Children Cohort (n = 632) Adolescent Cohort (n = 340)

MV STD Min. p25th p75th Max. MV STD Min. p25th p75th Max.

Structural arterial parameters, local and regional arterial stiffness
R-CCA SD (mm) 6.04 0.50 4.83 5.70 6.39 7.41 6.82 0.51 5.20 6.48 7.11 8.82
R-CCA DD (mm) 5.38 0.47 4.21 5.03 5.71 6.91 6.16 0.47 4.53 5.88 6.46 7.90
R-CCA IMT (mm) 0.421 0.028 0.370 0.405 0.431 0.537 0.494 0.039 0.380 0.473 0.512 0.631
L-CCA SD (mm) 5.92 0.46 4.84 5.59 6.22 7.48 6.75 0.46 5.46 6.41 7.07 8.18
L-CCA DD (mm) 5.25 0.43 4.25 4.96 5.53 6.99 6.11 0.44 4.90 5.76 6.40 7.56
L-CCA IMT (mm) 0.420 0.027 0.316 0.405 0.431 0.567 0.492 0.042 0.343 0.472 0.508 0.722
R-CFA SD (mm) 4.74 0.53 3.44 4.42 5.05 6.50 7.20 0.99 5.42 6.44 7.94 9.76
R-CFA DD (mm) 4.42 0.51 3.13 4.11 4.72 6.11 6.87 0.93 5.22 6.13 7.52 9.44
R-CFA IMT (mm) 0.331 0.032 0.282 0.313 0.346 0.411 0.409 0.063 0.320 0.373 0.448 0.645
L-CFA SD (mm) 4.72 0.50 3.51 4.36 5.01 6.37 7.30 1.02 4.69 6.48 8.08 10.26
L-CFA DD (mm) 4.40 0.50 3.29 4.06 4.71 5.98 6.97 0.98 4.48 6.18 7.68 9.75
L-CFA IMT (mm) 0.335 0.026 0.271 0.319 0.355 0.398 0.393 0.060 0.313 0.355 0.417 0.585
R-CCA EM (mmHg) 187 45 71 156 216 304 360 89 181 292 416 643
L-CCA EM (mmHg) 179 46 54 146 205 314 358 88 186 300 397 670
R-CFA EM (mmHg) 618 267 237 417 724 1555 1317 530 533 944 1565 3411
L-CFA EM (mmHg) 592 219 219 427 711 1561 1349 535 529 962 1639 3497
cfPWV (m/s) 4.81 0.76 2.88 4.28 5.25 7.72 6.10 0.75 4.02 5.61 6.57 8.20

MV: mean value. STD: standard deviation. Min., Max.: minimum and maximum values. z: z-score. p25th, p75th:
percentile 25 and 75. BW, BH: body weight and height. BMI: body mass index. CV: cardiovascular. pSBP, pDBP,
pPP, pMBP: peripheral systolic, diastolic, pulse and mean pressure. CO, C.I.: cardiac output and index. cSBP,
cPP: central systolic and pulse pressure. SVR: systemic vascular resistances. AIx, AIx@75: aortic augmentation
index without and with heart rate adjustment. AP: augmented pressure. PF and PB: forward and backward aortic
pressure component. R: Right. L: Left. CCA, CFA: common carotid and femoral artery. DD, SD: diastolic and
systolic diameter. EM: elastic modulus. IMT: intima-media thickness. cfPWV: carotid-femoral pulse wave velocity.

2.3. Clinical Evaluation

None of the included subjects were taking medications, had congenital, chronic or infectious
diseases at the moment of the CV study A brief clinical interview, together with the anthropometric
evaluation enabled to assess CRFs exposure. Hypertension, dyslipidemia and diabetes were considered
present if they had been previously diagnosed, in agreement with reference guidelines [18]. Subjects
<16 y who had brachial systolic and/or diastolic pBP (pSBP and pDBP) >95th percentile for sex, age and
BH during the study were considered with high BP levels (HBP); regardless previous diagnosis of
hypertension. For subjects aged ≥16 y, HBP levels were defined using cutoff values similar to those for
adults (pSBP ≥ 140 mmHg, pDBP ≥ 90 mmHg) [18]. Smokingwas defined as at least one cigarette/week
for as long as a month. A family history of CV disease (CVD) was defined by presence of first-degree
relatives with premature (<55 y in males; <65 y in females) CVD.

2.4. Cardiovascular Evaluation

CV studies were performed in children and adolescents (6 and 18 y, respectively) at the educational
centers and/or in CUiiDARTE non-invasive vascular laboratories. The same protocol was applied in
both cohorts (Figure 1) and was performed by experienced technicians using the same equipment.
In order to reach steady hemodynamic conditions, before starting CV evaluation the subjects hada
10 min rest in a supine position in a quiet, temperature-controlled room.

2.5. Peripheral and Central Pressure and Aortic Wave-Derived Parameters

Heart rate (HR), pSBP and pDBP were obtained at 5 min intervals (Hem-4030, OmronInc.,
Illinois, USA). Peripheral pulse pressure (pPP = pSBP − pDBP) and mean BP (MBP = pDBP + pPP/3)
were calculated. To assess cBP and aortic wave-derived parameters, radial artery BP waveforms
were recorded using applanation tonometry (SphygmoCor-CvMS, AtCor-Medical, Sidney Australia)
(Figure 1). Pressure signals were calibrated topDBP and MBP. A generalized transfer-function (GTF)
enabled us to obtain the correspondingcBP waves and central systolic, diastolic and pulse pressure levels
(cSBP, cDBP, cPP) [15,19] (Figure 1). Only adequate waveforms (visual inspection) and high-quality
recordings (operator index ≥85) were considered. By means of pulse wave analysis (PWA) the first
(P1) and second (P2) peaks in cBP wave were identified and their height (amplitude) and time were
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determined. Then, the difference between P2 and P1 was computed as central augmented pressure
(AP) and used to quantify central aortic augmentation index (Aix = AP/cPP). Since AIx depends on
HR, AIx adjusted to a 75 beats/minHR (AIx@75) was calculated. Forward and backward (Pf and
Pb) components of the aortic pulse wave were also quantified (Figure 1). AIx is a measure of the
contribution of reflections to cBP wave amplitude. It depends on the timing and magnitude of the
reflected (backward) wave and is influenced by the compliance and structure of vessels distal to the site
of measurement, as well as by the distance to the reflection sites. Greater Pb and/or AIx values indicate
increased reflections and/or earlier return of reflected waves due to increased arterial stiffness and/or
closer reflection sites. Systemic vascular resistance, cardiac output and index were quantified from
brachial pulse contour analysis (Mobil-O-Graph, I.E.M.-GmbH, Stolberg, Germany) [15,19]. Only high
quality records (index ≤2) and satisfactory waves (visual inspection) were considered. Subjects’ values
are the average of at least six consecutive records obtained in a single visit.

2.6. Arterial Beat-to-Beat Diameter and Intima-Media Thickness (IMT)

Left and right common carotid and femoral arteries (CCA, CFA) were analyzed using ultrasound
(6–13 MHz, M-Turbo, SonoSite Inc., Bothell, WA, USA) and image sequences (30 s, B-Mode, longitudinal
views) were stored for off-line analysis. Beat-to-beat diameter waves were obtained using border
detection software. Systolic (SD) and end-diastolic (DD) diameters and IMT (far wall, end-diastolic)
values were obtained averaging at least 20 beats (Figure 1). CCA diameter and IMT were measured
one centimeter proximal to the bulb; CFA diameter and IMT were measured in the straight segment of
the penultimate centimeter proximal to the arterial bifurcation (Figure 1) [13].
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Figure 1. 1-A: Radial pulse wave obtained by applanation tonometry (SphygmoCor device); pSBP, pDBP,
pPP: peripheral systolic, diastolic and pulse pressure. GTF: general transfer function. 1-B: Aortic wave
derived using a GTF; augmented pressure (AP) and augmentation index (AIx) quantified from
time-domain pulse wave analysis (PWA). cSBP, cDBP, cPP: central systolic, diastolic and pulsepressure.
P1, P2: first and second pressure wave peaks. 1-C: Forward (Pf) and backward (Pb) components’
amplitude obtained from wave separation analysis (WSA). 2-A, 2-B: Methodological approach used to
assess common carotid (CCA) and femoral (CFA) artery diameter and intima-media thickness (IMT).
Z: acoustic impedance. 2-C: Software for IMT and diameter measurement (Hemodyn-4M). 3-A, 3-B:
Methodological approach used to assess carotid-femoral pulse wave velocity (cfPWV). Δx: CCA-to-CFA
distance. Δt1, Δt2: time delay between R (ECG) and CCA and CFA foot wave. Δt3: time delay between
arterial waves. 3-C: Software for cfPWV measurement (SphygmoCor device).

2.7. Local and Regional Arterial Stiffness

CCA and CFA pressure-strain elastic modulus (EM; local stiffness) were calculated as EM =
PP/(SD − DD)/DD; cPP and pPP were considered to quantify CCA EM and CFA EM, respectively.
Aortic regional stiffness was assessed by means of carotid-femoral pulse wave velocity (cfPWV)
(SphygmoCor-CvMS) (Figure 1). The SphygmoCor allowed us to obtain cfPWV from sequential
CCA and CFA wave recordings. cfPWV was calculated as the quotient between pulse wave travel
distanceand pulse transit time. Real cfPWV was obtained multiplying measured cfPWV by 0.8. cfPWV
values were obtained as the mean of three measurements.

2.8. Data Analysis and Statistics

A step-wise analysis was performed. First, CV variables were standardized and expressed as
z-scores. To this end, subjects not exposed to CRFs (i.e., hypertension, HBP, dyslipidemia, smoking,
diabetes, obesity or family history of CVD) were selected from each cohort (reference subgroups:
400 children, 153 adolescents) (Supplementary (S) Table S1). Working with the reference subgroups,
mean value (MV) and standard deviation (STD) were determined for each variable (considering
age and sex). Then, individual data were converted into z-scores (dimensionless numbers obtained

23



J. Cardiovasc. Dev. Dis. 2019, 6, 33

by subtracting the reference MV from an observation, dividing the result by the reference STD)
(Table S2) [13].

Second, Pearson product-moment correlations were obtained to quantify the strength of association
between CVz-scores and anthropometric variables: (1) at birth: BWH z-score (both cohorts); (2) at the
time of the CVstudy: current z-BMI (6 y for children, 18 y for adolescents); (3) growth-related changes:
(a) early: ΔBWHz-score 0–2y, (b) intermediate: ΔBMI z-score 0–6y, (c) late: ΔBMI z-score 6–18y and
(d) global: ΔBMI z-score 0–18y (Tables 2 and 3).

Third, statistical comparisons of the correlations’ strengths were done using two-tailed William’s
test, making statistical corrections for dependent (same cohort) and overlapping (correlations have a
variable in common) variables (e.g., when comparing the correlations “ΔBMI z-score 0–6y and z-pSBP”
and “current z-BMI and z-pSBP” in the children cohort) [20] (Tables 2 and 3). Comparisons between
cohorts were made considering William’s test for non-overlapping (no variables in common) and
independent (different cohort) variables (e.g., when comparing the R obtained for ΔBMI z-score 0–6y
and z-pSBP in children and adolescents) (Table 4).

Fourth, the association between CV z-scores and anthropometric changes during growth was
analyzed after statistical adjustment (partial correlations) for: (a) BWH z-score at birth; (b) BWH z-score
at birth and current z-BMI and (c) BWH z-score at birth and ΔBMI z-score 6-18y (Tables 5–8). Multiple
linear regression models (MLR; input: enter and forward), enabled to analyze the association between
standardized CV data (dependent variables) and (1) single, specific anthropometric changes (ΔBWH
z-score 0–2y, Δz-BMI 0–6y, Δz-BMI 0–18y and Δz-BMI 6–18y); (2) BWH z-score at birth; (3) current z-BMI,
and (4) the interactions between growth-related changes and birth size or current z-BMI (e.g., (Δz-BMI
0–6y*BWH at birth) and (Δz-BMI 0–6y*current z-BMI)). In other words, since an association between
postnatal growth and CV properties might be modified by birth or current body size, interaction
between these conditions and growth-related body size changes on CV characteristics was tested
adding two product terms (as continuous variables) to the model [21] (Tables S3–S12).

Fifth, using MLR models (input: enter and forward) we analyzed the association between
standardized CV variables at 6 and 18 y and anthropometric variables and CRFs (independent
variables) (Tables 8 and 9, Tables S13 and 14). A variance inflation factor (VIF) <5 was selected to
evaluate (discard) significant collinearity.

Analyses were done using MedCalc Statistical Software (v.18.5. MedCalc Inc., Ostend, Belgium);
Cocor Statistical Package (http://comparingcorrelations.org/) and IBM-SPSS Software (v.20, IBM-SPSS Inc.,
Chicago, IL, USA). A p < 0.05 was considered statistically significant.

3. Results

3.1. Arterial System at 6 and 18 y: Comparative Analysis of the Association between Birth or Current Body Size
and Early, Intermediate, Late or Global Growth-Related Body Size Changes

The association between CV z-scores at 6 y and (a) body size at birth and 6 y or (b) body size
changes during growing-up (0–2 or 0–6y) are shown in Table 2 (children cohort). Both, ΔBWH z-score
0–2y and Δz-BMI 0–6y, were associated with structural and hemodynamic parameters. Positive
associations were found between z-pSBP, z-pMBP, z-cSBP, z-cDBP and the ΔBWH z-score 0–2y and
Δ z-BMI 0-6y (p < 0.05). Negative associations were observed when z-AP, z-AIx and z-AIx@75 were
considered. z-Pf was positively associated with Δz-BMI 0-6y (statistical threshold, p = 0.053), but the
association with ΔBWH z-score 0–2 y did not reach significance (p = 0.09). The characteristics and
statistical significance of the associations between anthropometric changes and structural properties
varied, depending (among on other factors) on the structural parameter considered. No significant
associations were found between stiffness z-scores and ΔBWH z-score 0-2 y and Δz-BMI 0–6 y (Table 2)
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Unlike BWH at birth, current z-BMI (6y) was associated with hemodynamic and structural
parameters. Furthermore, whereas BWH at birth did not show significant associations with
hemodynamic variables, current z-BMI was associated (p < 0.05) with almost all of them (pBP,
cBPandwave-derived parameters) (Table 2).

Compared to ΔBWH z-score 0–2y and Δz-BMI 0–6y, current z-BMI levels (at 6 y) were more
strongly associated with CV z-scores. For example, R coefficients for the association between z-pSBP
and ΔBWH z-score 0–2y, Δz-BMI 0–6y and current z-BMI (6 y) were 0.16, 0.20 and 0.32, respectively
(p < 0.05). When compared, the association was stronger in case of z-BMI at 6 y (p = 0.019 and p = 0.009)
(Table 2). The strength of association between arterial parameters at 6 y and ΔBWH z-score 0–2y
and Δz-BMI 0–6y did not show statistical differences, with the only exception of z-Right CCA SD,
DD and IMT that showed stronger association with 0–6y changes (p = 0.026, p = 0.002 and p < 0.01,
respectively).

In adolescents, CVz-scores showed associations with current z-BMI, while almost no association
was observed between arterial parameters at 18 y and prior body size characteristics (i.e., BWH at birth
and Δz-BMI 0-6y) (Table 3). On the other hand, in case of variables associated with Δz-BMI 0–18y
(z-pSBP, z-pPP, z-CCA SD and DD) or BWH z-score at birth (z-Right CCA EM and z-Left CCA EM),
the comparative analysis (William’s test) showed that the strongest associations were obtained when
considering current z-BMI (18 y) (Table 3).

Jointly analyzing data from both cohorts it was observed that the strength of the associations
between CV z-scores and current z-BMI (6 or 18 y), were always greater than those obtained for any
change in body size between birth and the time of the study (0–2, 0–6 or 6–18 y) (Tables 2 and 3).

As mentioned, arterial properties at 6 y were associated with body size changes in that life period
(i.e., 0–2 and 0–6 y) whereas the CV properties in subjects 18 y showed almost no association with
prior (i.e., Δz-BMI 0–6, 6–18 and 0–18 y) anthropometric conditions (Table 4). When the cohorts were
statistically compared, it was observed that for the same “body change” (Δz-BMI 0–6 y), associations
were significant for almost all the studied variables when subjects were 6 y, but not when they were
18 y (Table 4).

Thus, as the subject’s age increases, the association between CV z-scores and prior anthropometric
changes (i.e., during childhood) decreases (Table 4).

3.2. Arterial Structure and Function at 6 y: Independent Association with ΔBWH z-Score 0–2 y

Associations between hemodynamic and structural parameters at 6 y and ΔBWH z-score 0–2 y
kept significant after controlling for BWH z-score at birth (Table 5). After adjusting for BWH z-score
at birth and current z-BMI only associations with z-cSBP (but not with z-pSBP, p = 0.103) remained
significant (R = 0.14, p = 0.041) (Table 5). Thus, the association between ΔBWH z-score 0-2 y and cSBP,
while weak, is independent of size at birth and at the time of CV study. AIx@75 (p = 0.009) and Pf
(p = 0.052) showed significant associations after controlling for body size at birth (Table 5).

As mentioned, significant positive associations were found between ΔBWH z-score 0–2 y and
structural parameters. Disregarding BWH z-scores at birth, ΔBWH z-score 0-2y values were positively
associated with z-IMT (both CCA) and z-diameters (both CFA, left CCA). Then, the greater the body
size change within the first 2 y, the higher the diameters and wall thickness (Table 5). The associations
between ΔBWH z-score 0–2 y and z-IMT remained significant after adjusting for BWH at birth and
current z-BMI (6 y). Then, regardless of nutritional status at birth and at the time of arterial evaluation,
z-IMT levels at 6 y are influenced by ΔBWH z-score 0–2y (Table 5).

There were no significant associations between ΔBWH z-score 0–2 y and stiffness z-scores, before
(zero-order correlations) and after (partial correlations) adjusting for BWH z-scores at birth and/or
current z-BMI (Table 5).
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3.3. Arterial Structure and Function at 6 and 18 y: Independent Association with Δz-BMI(Body Mass Index)
0–6 y

Table 6 shows correlations between CV z-scores (at 6 and 18 y) and Δz-BMI 0-6y. In children,
z-pSBP, z-pDBP, z-pMBP, z-cSBP, z-cDPB and z-cMBP correlated (positively) with Δz-BMI 0–6 y.
Associations remained significant after controlling for BWH at birth, but showed dependence on
current z-BMI. AIx and AIx@75 showed significant negative associations when controlling for BWH at
birth but when controlling for z-BMI at 6 y, positive correlations were observed (R=0.14, p = 0.034;
R=0.19, p = 0.005). Both z-CCA IMT were associated with Δz-BMI 0–6 y, with independence of BWH at
birth and current z-BMI. Similar results were observed for right and left CFA IMT and DD.

CV parameters (z-scores) at 18 ywere not associated (zero-order correlation) with Δz-BMI 0–6
y. However, several correlations became significant after adjusting for BWH z-scores at birth. Then,
body size changes within 0–6 y would contribute to explain CV characteristics at 18 y. Unlike the
observed at 6 y, CVparameters at 18 ywere not associated with Δz-BMI 0–6 y (except z-Pb and z-left
CCA IMT) after adjusting for body size at birth and current z-BMI (Table 6)

3.4. Arterial Structure and Function at 18 y: Independent Association with Δz-BMI 0–18 y and 6–18 y

Tables 7 and 8 show the association between CV z-scores and Δz-BMI 0–18 and 6–18 y. There
were no independent associations between CV properties at 18 y and overall (0–18 y) or late (6–18 y)
anthropometric (z-BMI) changes, being the only exceptions z-pPP (for Δz-BMI 0–18 y; p = 0.017) and
z-Right CCA SD (for Δz-BMI 6–18 y; p = 0.035). Then, global changes in body size from birth (0–18 y)
or childhood (6–18 y) until late in adolescence would not contribute to explain CV characteristics at the
beginning of adulthood, with independence of birth size or current z-BMI.

3.5. Hemodynamic and Arterial Properties at 6 and 18 y: Hierarchical Impact of Anthropometric Variables

MLRmodels allowed analyzing whether growth-related body size changes contribute to explain
CV properties, considering and comparing BWH z-score at birth, current z-BMI and the interaction
of variables (Supplementary Tables S3–S12). In children, cBP and pBP variables (z-SBP, z-DBP, z-PP,
z-MBP) were only explained by z-BMI, while wave-derived parameters were explained by z-BMI
(z-AIx@75, z-Pf, z-Pb), ΔBWH z-score 0–2 y (z-AIx, z-AP), Δz-BMI 0–6 y (z-AIx) and by Δz-BMI 0–6 y
and z-BMI interaction (z-AP). Structural variables were mainly explained by z-BMI; arterial stiffness
showed no association with body size parameters (Supplementary Tables S3–S6).

In the adolescents: (1) Δz-BMI 0–6 y showed explanatory capacity when interacting with current
z-BMI (both z-CFA IMT) (Supplementary Tables S7 and S8); (2) Δz-BMI 0–18 y showed explanatory
capacity when interacting with current z-BMI (z-cDBP, z-Right CFA diameters) or BWH z-score at birth
(z-cDBP, z-cPP) (Supplementary Tables S9 and S10) and (3) Δz-BMI 6–18 ydid not showsignificant
explanatory capacity for the studied variables (Supplementary Tables S11 and S12). Current z-BMI was
always the variable with the greatest explanatory power. The explanatory capacity of the interactions
between z-BMI (or z-BWH at birth) and Δz-BMI 0-6, 0–18 or 6–18 y was limited. Compared to current
z-BMI, intermediate (0–6 y), late (6–18 y) or global (0–18 y) body-size changes showed almost no
explanatory capacityfor interindividual variations in CV properties at 18 y.

The joint analysis of both cohorts showed that CV variables were mainly associated with current
(i.e., 6 or 18 y) z-BMI. Body-size changes showed little individual explanatory power and their
contribution was mainly relatedto the interaction with z-BMI at the time of CVevaluation.

3.6. Arterial Function at 6 and 18 y: Impact of Body Size Changes vs. Anthropometric and Cardiovascular Risk
Factors (CRFs)

Table 9 and Supplementary Table S13 show explanatory models for CV parameters in children.
pBP parameters were explained by current z-BMI, while cBP parameters and wave-derivedindexes
were mainly associated with z-pSBP. Then, early (0–2 y) or intermediate (0–6 y) body size changes
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contributed little to explain cBP or pBPvariations found at 6 y compared to the conditions associated
with CV risk (i.e., BMI and pSBP) at the time of the CV study.

Table 5. Associations between CV z-scores and z-BWHvariations between 0–2y (childrencohort,
n = 632).

Δ z-BWH (0–2y)

Zero-Order Partial 1 Partial 2

R p R p R p
Aortic and peripheral blood pressure, hemodynamic and wave reflection parameters
z-pSBP 0.16 0.026 0.26 <0.001 0.11 0.103
z-pDBP 0.13 0.064 0.21 0.003 0.10 0.136
z-pPP 0.05 0.474 0.09 0.197 0.02 0.756
z-pMBP 0.16 0.027 0.25 <0.001 0.12 0.082
z-cSBP 0.18 0.008 0.27 <0.001 0.14 0.041
z-cDBP 0.14 0.040 0.21 0.002 0.10 0.136
z-cPP 0.06 0.396 0.10 0.135 0.06 0.379
z-AIx −0.16 0.017 −0.12 0.085 −0.02 0.797
z-AIx@75 −0.16 0.020 −0.18 0.009 −0.06 0.419
z-AP −0.15 0.027 −0.09 0.167 −0.02 0.762
z-Pf 0.11 0.092 0.13 0.052 0.04 0.528
z-Pb 0.01 0.938 0.04 0.545 0.03 0.619
Structural arterial parameters, local and regional arterial stiffness
z-R-CCA SD 0.08 0.455 0.12 0.250 −0.06 0.595
z-R- CCA DD 0.07 0.506 0.11 0.277 −0.06 0.569
z-R-CCA IMT −0.29 0.004 0.34 0.001 0.27 0.008
z-L-CCA SD 0.12 0.092 0.26 <0.001 0.13 0.058
z-L-CCA DD 0.09 0.206 0.24 <0.001 0.12 0.088
z-L-CCA IMT 0.11 0.115 0.20 0.004 0.13 0.048
z-R-CFA SD 0.32 0.003 0.28 0.008 0.08 0.472
z-R-CFA DD 0.34 0.001 0.30 0.005 0.12 0.288
z-R-CFA IMT −0.23 0.338 −0.19 0.451 0.07 0.777
z-L-CFA SD 0.11 0.123 0.21 0.003 0.07 0.353
z-L-CFA DD 0.09 0.198 0.18 0.009 0.05 0.453
z-L-CFA IMT 0.08 0.617 0.00 0.991 −0.01 0.956
z-R-CCA EM 0.05 0.620 0.05 0.644 −0.03 0.750
z-L-CCA EM −0.03 0.746 0.05 0.528 −0.01 0.888
z-R-CFA EM 0.15 0.179 0.12 0.270 0.13 0.223
z-L-CFA EM −0.04 0.596 −0.02 0.796 −0.01 0.888
z-cfPWV 0.00 0.991 −0.02 0.827 −0.03 0.766

z: z-score. BW, BH: body weight and height. BMI: body mass index. SBP, DBP, PP, MBP: systolic, diastolic, pulse and
mean pressure (p: peripheral, c: central). AIx, AIx@75: aortic augmentation index without and with heart rate
adjustment. AP: augmented pressure. Pf, Pb: forward and backward pressure components. CCA, CFA: common
carotid and femoral artery. EM: elastic modulus. IMT: intima-media thickness. DD, SD: diastolic and systolic
diameter. cfPWV: carotid-femoral pulse wave velocity. R: Pearson coefficient. p < 0.05 (red) was considered
significant. Partial correlations controlling for: 1 BW-for-BH (length) z-score at birth; 2 BW-for-BH (length) z-score at
birth and z-BMI at the time of measurement (6 y).
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Table 6. Associations between CV z-scores and z-BMIvariations between 0–6 y(both cohorts).

Δ z-BMI (0–6y)

ChildrenCohort (n = 632) AdolescentCohort (n = 340)

Zero-order Partial 1 Partial 2 Zero-order Partial 1 Partial 2 Partial 3

R p R p R p R p R p R p R p
Aortic and peripheral blood pressure, hemodynamic and wave reflection parameters
z-pSBP 0.20 0.003 0.28 <0.001 −0.04 0.588 0.08 0.234 0.13 0.049 0.02 0.805 0.18 0.008

z-pDBP 0.16 0.019 0.22 0.001 0.03 0.621 −0.02 0.757 0.01 0.890 −0.08 0.239 0.04 0.558
z-pPP 0.06 0.389 0.09 0.195 −0.11 0.095 0.10 0.111 0.14 0.037 0.08 0.245 0.17 0.013

z-pMBP 0.19 0.005 0.26 <0.001 0.00 0.961 0.02 0.732 0.07 0.302 −0.05 0.483 0.11 0.097

z-cSBP 0.20 0.003 0.26 <0.001 −0.04 0.529 0.02 0.765 0.16 0.014 0.05 0.483 0.20 0.003

z-cDBP 0.16 0.017 0.21 0.001 −0.04 0.567 0.00 0.977 0.11 0.083 0.06 0.380 0.12 0.074

z-cPP 0.07 0.312 0.10 0.135 0.03 0.624 0.02 0.773 0.08 0.228 0.00 0.977 0.11 0.088

z-cMBP 0.18 0.005 0.24 <0.001 −0.02 0.718 −0.04 0.556 −0.03 0.636 −0.09 0.158 0.06 0.406
z-AIx −0.17 0.009 −0.13 0.045 0.14 0.034 0.02 0.744 0.03 0.676 0.04 0.555 0.04 0.519
z-AIx@75 −0.16 0.014 −0.17 0.009 0.19 0.005 −0.05 0.416 0.00 0.984 0.00 0.976 0.04 0.562
z-AP −0.14 0.030 −0.09 0.161 0.12 0.056 0.02 0.735 0.04 0.590 0.05 0.439 0.05 0.485
z-Pf 0.13 0.053 0.14 0.036 −0.09 0.173 0.06 0.397 0.07 0.322 0.02 0.820 0.08 0.228
z-Pb 0.00 0.949 0.02 0.747 0.00 0.956 0.11 0.096 0.24 <0.001 0.24 <0.001 0.23 0.001

Structural arterial parameters, local and regional arterial stiffness
z-R-CCA SD 0.24 0.016 0.29 0.003 0.05 0.639 0.09 0.146 0.12 0.066 0.00 0.968 0.17 0.011

z-R-CCA DD 0.22 0.024 0.28 0.005 0.02 0.838 0.08 0.208 0.13 0.054 0.01 0.917 0.18 0.008

z-R-CCA IMT 0.28 0.005 0.29 0.003 0.33 0.001 0.04 0.501 0.07 0.268 0.02 0.763 0.13 0.054

z-L-CCA SD 0.15 0.027 0.25 <0.001 −0.02 0.779 0.11 0.077 0.17 0.009 0.06 0.321 0.23 0.001

z-L-CCA DD 0.14 0.035 0.26 <0.001 0.03 0.623 0.10 0.121 0.20 0.002 0.09 0.189 0.26 <0.001

z-L-CCA IMT 0.14 0.043 0.20 0.002 0.13 0.044 0.12 0.069 0.17 0.007 0.13 0.048 0.24 <0.001

z-R-CFA SD 0.36 <0.001 0.33 0.002 −0.17 0.105 0.12 0.233 0.22 0.032 0.08 0.428 0.32 0.002

z-R-CFA DD 0.35 0.001 0.31 0.003 −0.18 0.094 0.11 0.281 0.18 0.075 0.05 0.645 0.28 0.007

z-R-CFA IMT −0.25 0.296 −0.21 0.397 0.74 <0.001 0.15 0.496 0.04 0.865 −0.10 0.645 0.12 0.607
z-L-CFA SD 0.14 0.034 0.22 0.001 −0.15 0.033 0.11 0.292 0.16 0.136 0.04 0.685 0.22 0.039

z-L-CFA DD 0.12 0.071 0.19 0.004 −0.15 0.032 0.09 0.407 0.15 0.164 0.03 0.769 0.20 0.056

z-L-CFA IMT 0.17 0.250 0.12 0.413 0.36 0.013 0.01 0.967 0.36 0.073 0.26 0.218 0.30 0.149
z-R-CCA EM 0.12 0.226 0.13 0.203 0.00 0.977 −0.05 0.485 0.08 0.229 −0.01 0.850 0.12 0.080
z-L-CCA EM 0.06 0.405 0.14 0.073 0.12 0.130 0.02 0.787 0.19 0.003 0.07 0.320 0.24 <0.001

z-R-CFA EM 0.07 0.493 0.04 0.741 0.06 0.581 −0.03 0.793 −0.15 0.144 −0.14 0.184 −0.21 0.042

z-L-CFA EM −0.06 0.407 −0.04 0.524 −0.09 0.214 −0.14 0.175 −0.08 0.436 −0.14 0.205 −0.12 0.241
z-cfPWV −0.03 0.775 −0.04 0.625 −0.15 0.083 0.01 0.912 0.05 0.475 0.04 0.560 0.04 0.566

z: z-score. BMI: body mass index. SBP, DBP, PP, MBP: systolic, diastolic, pulse and mean pressure (p: peripheral,
c: central). AIx, AIx@75: augmentation index without and with heart rate adjustment. AP: augmented pressure.
Pf,Pb: forward and backward pressure components. R: Right. L: Left. CCA, CFA: common carotid and femoral
artery. EM: elastic modulus. IMT: intima-media thickness. DD, SD: diastolic and systolic diameter. cfPWV:
carotid-femoral pulse wave velocity. R: Pearson coefficient. p < 0.05 (red text) was considered significant. Partial
correlations controlling for: 1 BW-for-BHz-score at birth; 2 BWH z-score at birth and z-BMI at the time of CV study;
3 BWH z-score at birth and z-BMI variation between 6 and 18 y.

Table 7. Associations between CVz-scores and z-BMI variations between 0–18y(adolescent cohort,
n = 340).

Δ z-BMI (0–18y)

Zero-Order Partial 1 Partial 2

R P R p R p
Aortic and peripheral blood pressure, hemodynamic and wave reflection parameters
z-pSBP 0.14 0.021 −0.14 0.682 −0.19 0.595
z-pDBP 0.02 0.798 −0.03 0.923 0.37 0.291
z-pPP 0.14 0.016 −0.13 0.712 −0.73 0.017
z-pMBP 0.08 0.206 −0.07 0.836 0.21 0.558
z-cSBP 0.07 0.226 0.27 0.419 0.31 0.388
z-cDBP 0.03 0.613 −0.10 0.777 0.02 0.962
z-cPP 0.05 0.394 0.61 0.045 0.57 0.084
z-AIx 0.02 0.682 −0.06 0.851 0.23 0.527
z-AIx@75 0.00 0.948 −0.13 0.704 0.13 0.720
z-AP 0.02 0.741 −0.08 0.818 0.16 0.668
z-Pf 0.06 0.308 0.05 0.895 0.16 0.660
z-Pb 0.06 0.309 0.15 0.658 0.15 0.679

Δ z-BMI (0–18y)

Zero-Order Partial 1 Partial 2

R P R p R p
Structural arterial parameters, local and regional arterial stiffness
z-R-CCA SD 0.15 0.015 0.07 0.846 0.23 0.517
z-R-CCA DD 0.14 0.021 0.04 0.902 0.25 0.494
z-R-CCA IMT 0.03 0.604 0.15 0.667 −0.26 0.468
z-L-CCA SD 0.13 0.034 0.11 0.755 0.07 0.844
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Table 7. Cont.

z-L-CCA DD 0.12 0.054 0.08 0.820 0.10 0.789
z-L-CCA IMT 0.06 0.283 −0.05 0.895 0.06 0.878
z-R-CFA SD 0.08 0.418 0.01 0.967 0.20 0.575
z-R-CFA DD 0.08 0.437 −0.08 0.806 0.18 0.615
z-R-CFA IMT 0.17 0.390 0.31 0.354 −0.16 0.656
z-L-CFA SD 0.11 0.244 −0.02 0.948 0.12 0.750
z-L-CFA DD 0.10 0.307 −0.17 0.622 0.10 0.784
z-L-CFA IMT −0.15 0.445 0.08 0.813 0.13 0.731
z-R-CCA EM 0.02 0.788 0.38 0.254 0.33 0.359
z-L-CCA EM 0.06 0.296 0.37 0.267 0.44 0.208
z-R-CFA EM 0.02 0.821 −0.31 0.358 −0.37 0.298
z-L-CFA EM −0.05 0.630 −0.52 0.105 −0.29 0.409
z-cfPWV 0.01 0.802 −0.29 0.387 0.32 0.367

z: z-score. BW, BH: body weight and height. BMI: body mass index. SBP, DBP, PP, MBP: systolic, diastolic, pulse and
mean pressure (p: peripheral, c: central). AIx, AIx@75: augmentation index without and with heart rate adjustment.
AP: augmented pressure. Pf, Pb: forward and backward pressure components. CCA, CFA: common carotid and
femoral artery. EM: elastic modulus. IMT: intima-media thickness. DD, SD: diastolic and systolic diameter. cfPWV:
carotid-femoral pulse wave velocity. R: Pearson coefficient. p < 0.05 (red) was considered significant. Partial
correlations controlling for: 1 BW-for-BH (length) z-score at birth; 2 BW-for-BH z-score at birth and z-BMI at the
time of CV study.

Table 8. Associations between CV z-scores and z-BMI variations between 6–18 y (adolescent cohort,
n = 340).

Δ z-BMI (6–18y)

Zero-Order Partial 1 Partial 2

R p R p R p
Aortic and peripheral blood pressure, hemodynamic and wave reflection parameters
z-pSBP 0.09 0.172 −0.29 0.453 −0.24 0.566
z-pDBP 0.07 0.286 −0.31 0.419 −0.23 0.591
z-pPP 0.04 0.478 0.04 0.918 0.01 0.980
z-pMBP 0.09 0.162 −0.35 0.357 −0.27 0.521
z-cSBP 0.05 0.461 −0.22 0.565 −0.65 0.079

z-cDBP −0.01 0.818 −0.42 0.260 −0.42 0.305
z-cPP 0.06 0.301 0.12 0.749 −0.51 0.193
z-AIx 0.03 0.602 −0.56 0.114 −0.51 0.200
z-AIx@75 0.09 0.159 −0.53 0.142 −0.45 0.264
z-AP 0.02 0.744 −0.56 0.114 −0.49 0.219
z-PF 0.02 0.707 −0.14 0.725 −0.31 0.453
z-PB −0.08 0.211 −0.20 0.598 −0.37 0.364
Structural arterial parameters, local and regional arterial stiffness
z-R-CCA SD 0.10 0.123 −0.55 0.123 −0.74 0.035

z-R-CCA DD 0.09 0.129 −0.38 0.308 −0.59 0.120
z-R-CCA IMT 0.12 0.060 0.20 0.600 −0.14 0.747
z-L-CCA SD 0.10 0.100 −0.18 0.651 −0.23 0.583
z-L-CCA DD 0.09 0.136 −0.10 0.804 −0.11 0.791
z-L-CCA IMT 0.09 0.150 −0.01 0.975 −0.33 0.418
z-R-CFA SD 0.18 0.057 0.14 0.722 0.13 0.754
z-R-CFA DD 0.18 0.069 0.10 0.795 0.30 0.475
z-R-CFA IMT 0.19 0.363 0.28 0.473 −0.34 0.415
z-L-CFA SD 0.11 0.273 −0.04 0.927 −0.14 0.748
z-L-CFA DD 0.10 0.322 −0.11 0.776 0.01 0.988
z-L-CFA IMT −0.26 0.190 −0.28 0.470 −0.52 0.184
z-R-CCA EM 0.06 0.317 0.26 0.503 −0.20 0.631
z-L-CCA EM 0.06 0.345 0.13 0.746 −0.21 0.619
z-R-CFA EM −0.10 0.308 0.12 0.759 0.66 0.075

z-L-CFA EM −0.09 0.351 −0.20 0.604 0.37 0.365
z-cfPWV −0.03 0.621 −0.63 0.068 −0.35 0.390

z: z-score. BW, BH: body weight and height. BMI: body mass index. SBP, DBP, PP, MBP: systolic, diastolic, pulse and
mean pressure (p: peripheral, c: central). AIx, AIx@75: augmentation index without and with heart rate adjustment.
AP: augmented pressure. Pf, Pb: forward and backward pressure components. CCA, CFA: common carotid and
femoral artery. EM: elastic modulus. IMT: intima-media thickness. cfPWV: carotid-femoral pulse wave velocity.
DD, SD: diastolic and systolic diameter. R: Pearson coefficient. p < 0.05 (red) was considered significant. Partial
correlations controlling for: 1 BW-for-BH (lenght) z-score at birth; 2 BW-for-BH z-score at birth and z-BMI at the
time of CV study (18 y).
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Table 9. Multiple regression analysis between CVvariables (dependent) and anthropometric and
CRFsvariables (independent) in children cohort (n = 632).

Dependent Independent Variables βu SE βs p VIF AdjR2

Aortic and peripheral blood pressure, hemodynamic and wave reflection parameters

z-pSBP Constant −0.069 0.097 0.477 0.071
Current z-BMI 0.245 0.062 0.276 <0.001 1.00

z-pDBP Constant −0.114 0.108 0.296 0.038
Current z-BMI 0.203 0.069 0.208 0.004 1.00

z-pPP - – – – – – –

z-pMBP Constant −0.112 0.107 0.295 0.065
Current z-BMI 0.247 0.068 0.255 <0.001 1.00

z-cSBP
Constant 0.001 0.054 0.985 0.500
z-pSBP 0.643 0.048 0.707 <0.001 1.00

z-cDBP
Constant −0.033 0.068 0.625 0.223
z-pSBP 0.438 0.060 0.477 <0.001 1.00

z-cPP
Constant 0.045 0.071 0.527 0.104
z-pSBP 0.296 0.063 0.330 <0.001 1.00

z-AIx
Constant −0.059 0.072 0.414 0.099
z-pSBP −0.293 0.064 −0.323 <0.001 1.00

z-AIx@75
Constant −0.036 0.073 0.627 0.082
z-pSBP −0.270 0.066 −0.295 <0.001 1.00

z-AP
Constant −0.07 0.07 0.336 0.082
z-pSBP −0.23 0.06 −0.25 <0.001 1.00
z-BWH at birth −0.17 0.07 −0.17 0.018 1.00

z-Pf
Constant 0.069 0.073 0.343 0.149
z-pSBP 0.361 0.065 0.386 <0.001 1.00

z-Pb
Constant −0.028 0.077 0.720 0.035
z-pSBP 0.189 0.069 0.201 0.007 1.00

Structural arterial parameters, local and regional arterial stiffness

z-R-CCA SD
Constant −0.222 0.127 0.084 0.173
Current z-BMI 0.335 0.089 0.399 <0.001

z-pSBP −0.205 0.091 −0.238 0.027

z-R-CCA DD
Constant −0.209 0.128 0.107 0.141
Current z-BMI 0.325 0.090 0.385 0.001 1.05
z-pSBP −0.200 0.092 −0.231 0.033 1.05

z-R-CCA IMT
Constant −0.147 0.146 0.317 0.117
ΔBWH z-score (0–2y) 0.404 0.115 0.513 0.001 1.93
z-BWH at birth 0.334 0.159 0.306 0.039 1.93

z-L-CCA SD
Constant −0.121 0.096 0.207 0.100
Current z-BMI 0.249 0.061 0.326 <0.001 1.00

z-L-CCA DD
Constant −0.071 0.086 0.414 0.099
z-BMI 0.339 0.080 0.467 <0.001 1.22
Δz-BMI (0–6y) * current z-BMI −0.050 0.023 −0.239 0.032 1.22

z-L-CCA IMT
Constant −0.118 0.123 0.340 0.029
z-BMI 0.180 0.078 0.190 0.024 1.00

z-R-CFA SD
Constant −0.077 0.127 0.545 0.169
Δz-BMI (0–6y) 0.347 0.090 0.411 <0.001 1.00

z-R-CFA DD
Constant −0.086 0.127 0.498 0.157
Δz-BMI (0–6y) 0.347 0.090 0.410 <0.001 1.00

z-R-CFA IMT
Constant 0.378 0.242 0.144 0.259
Δz-BMI (0–6y) −0.751 0.319 −0.562 0.036 1.00
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Table 9. Cont.

Dependent Independent Variables βu SE βs p VIF AdjR2

z-L-CFA SD
Constant −0.161 0.113 0.157 0.034
Current z-BMI 0.176 0.073 0.202 0.018 1.00

z-L-CFA DD
Constant −0.138 0.112 0.219 0.027
Current z-BMI 0.159 0.073 0.185 0.030 1.00

z-L-CFA IMT
Constant −0.046 0.175 0.796 0.222
z-pSBP −0.448 0.147 −0.499 0.005 1.00

z-R-CCA EM
Constant 0.028 0.108 0.794 0.07
z-pSBP 0.264 0.100 0.29 0.010 1.00

z-L-CCA EM
Constant 0.068 0.085 0.429 0.03
z-pSBP 0.160 0.075 0.18 0.034 1.00

z-R-CFA EM - - - - - - -

z-L-CFA EM - - - - - - -

z-cfPWV - - - - - - -

βu and βs: un- and standardized coefficients. R: Pearson coefficient. Adj R2: adjusted squared R. SE: Standard
Error. VIF: variance inflation factor. z-: z-score. BMI: body mass index. SBP, DBP, PP, MBP: systolic, diastolic,
pulse and mean pressure (p: peripheral, c: central). AIx, AIx@75: augmentation index without and with heart rate
adjustment. AP: augmented pressure. Pf,Pb: forward and backward pressure components. CCA, CFA: common
carotid and femoral artery. EM: elastic modulus. IMT: intima-media thickness. DD, SD: diastolic and systolic
diameter. cfPWV: carotid-femoral pulse wave velocity. p < 0.05 was considered statistically significant. Variables
entered in the model (forward method): z-BMI, z-BWH at birth, ΔBWH z-score 0–2y, Δ-zBMI0–6y, Sex (1: female,
0: male), z-pSBP, Hypertension (yes:1, no: 0). Interaction between growth parameters and z-BMI and z-BWH at
birth were entered in the model if they showed significant association (p < 0.005) in the multiple linear regression.
Only significant (p < 0.05) variables entered in the model are shown.

Explanatory variables for variations in structural parameters showed heterogeneity. At 6 y
inter-individual variations in CCA SD and DD were associated with current z-BMI and z-pSBP. When
considering CFA z-diameters or z-IMT levels the explanatory variables were: (a) current z-BMI (for
z-left CCA IMT, CFA diameter), (b) Δz-BMI 0-6y (for z-Right CFA IMT and diameters), (c) ΔBWH
z-score 0–2 y (for z-Right CCA IMT) and (d) BWH z-score at birth (for z-Right CCA IMT). Stiffness
variations were not associated with anthropometric variations (Table 9). For the adolescents cohort
(Table 10, Supplementary Table S14), the independent variables that remained significant in all the
models (p < 0.05) were z-pSBP and current z-BMI (Table 10). Then, at 18 y nor BWH z-score at birth, nor
the bodily changes during growth (early, intermediate, late or global), explained the CV interindividual
variations (with the only exception being the interaction between current z-BMI and Δz-BMI 0-6 y for
z-Right CCA IMT) (Table 10).

From the joint analysis of data from both cohorts and considering the exposure to CRFs, it can be
asserted that: (1) current z-BMI was the variable mostly associated with CV characteristics; (2) the
older the subject, CV properties (e.g., arterial structure) are less explained by changes in body size
during the early growth phases.
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Table 10. Multiple regression analysis between CVvariables (dependent) and anthropometric and
CRFsvariables (independent) in adolescent cohort (n = 340).

Dependent Variable Independent Variables βu SE βs p VIF Adj R2

Aortic and peripheral blood pressure, hemodynamic and wave reflection parameters

z-pSBP Constant 0.259 0.08 0.001 0.049
z-BMI 0.210 0.07 0.209 0.002 1.00

z-pDBP - - - - - - -

z-pPP Constant 0.203 0.08 0.011 0.025
z-BMI 0.164 0.07 0.160 0.017 1.00

z-pMBP Constant 0.201 0.08 0.010 0.027
z-BMI 0.164 0.07 0.165 0.014 1.00

z-cSBP
Constant 0.024 0.05 0.663 0.424
z-BMI 0.587 0.05 0.653 <0.001 1.00

z-cDBP
Constant 0.039 0.07 0.591 0.178
z-pSBP 0.422 0.06 0.426 <0.001 1.00

z-cPP
Constant −0.036 0.06 0.136
z-pSBP 0.259 0.05 0.313 <0.001 1.04
z-BMI 0.120 0.05 0.141 0.030 1.04

z-Aix
Constant 0.077 0.07 0.297 0.019
z-pSBP −0.126 0.06 −0.138 0.043 1.00

z-Aix@75 - - - - - - -

z-AP
Constant 0.071 0.07 0.324 0.019
z-pSBP −0.139 0.06 −0.154 0.024 1.00

z-Pf
Constant 0.015 0.07 0.829 0.098
z-pSBP 0.270 0.06 0.313 <0.001 1.00

z-Pb
Constant 0.070 0.07 0.334 0.060
z-pSBP 0.219 0.06 0.245 <0.001 1.00

Structural arterial parameters, local and regional arterial stiffness

z-R-CCA SD
Constant 0.080 0.08 0.309 0.097
z-BMI 0.327 0.07 0.311 <0.001 1.00

z-R-CCA DD
Constant −0.111 0.11 0.313 0.118
z-BMI 0.325 0.07 0.308 <0.001 1.02
Sex 0.335 0.15 0.143 0.029 1.02

z-R-CCA IMT
Constant 0.086 0.084 0.308 1.00 0.035
Δz-BMI 0–6y * current z-BMI 0.134 0.045 0.200 0.003

z-L-CCA SD
Constant 0.052 0.08 0.493 1.02 0.069
z-BMI 0.255 0.06 0.263 <0.001 1.02

z-L-CCA DD
Constant −0.113 0.10 0.267 0.101
z-BMI 0.252 0.06 0.267 <0.001

Sex 0.298 0.14 0.139 0.036 1.00

z-L-CCA IMT
Constant 0.129 0.09 0.131 0.033
z-BMI 0.196 0.07 0.182 0.008 1.00

z-R-CFA SD

Constant 0.286 0.11 0.013 0.239
z-BMI 0.343 0.10 0.331 0.001 1.03
Smoking −0.609 0.22 −0.275 0.006 1.02
z-pSBP −0.222 0.10 −0.223 0.025 1.01

z-R-CFA DD

Constant 0.249 0.12 0.035 0.184
z-BMI 0.294 0.10 0.281 0.006 1.03
Smoking −0.669 0.22 −0.299 0.004 1.02
z-pSBP −0.201 0.10 −0.200 0.047 1.01

z-R-CFA IMT
Constant 0.643 0.23 0.011 0.444
z-BMI 0.594 0.18 0.559 0.004 1.02
Sex –1.067 0.39 −0.453 0.014 1.02

z-L-CFA SD
Constant 0.140 0.12 0.229 0.066
z-BMI 0.303 0.12 0.278 0.010 1.00
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Table 10. Cont.

Dependent Variable Independent Variables βu SE βs p VIF Adj R2

z-L-CFA DD
Constant 0.077 0.12 0.513 0.065
z-BMI 0.304 0.12 0.275 0.011 1.00

z-L-CFA IMT
Constant 0.175 0.231 0.456
Hypertension 5.293 1.083 0.694 0.000 1.002 0.557
Dyslipemia 2.836 1.083 0.372 0.016 1.002

z-R-CCA EM
Constant −0.061 0.07 0.377 0.099
z-BMI 0.213 0.06 0.233 0.001

z-pSBP 0.149 0.06 0.168 0.012

z-L-CCA EM
Constant −0.267 0.12 0.030 0.147
z-pSBP 0.356 0.11 0.334 0.002 1.00

z-R-CFA EM
Constant −0.267 0.12 0.030 0.111
z-pSBP 0.356 0.11 0.334 0.002 1.00

z-L-CFA EM
Constant −0.403 0.11 0.001 0.060
z-pSBP 0.251 0.10 0.267 0.015 1.00

z-cfPWV
Constant −0.055 0.07 0.401 0.069
z-pSBP 0.224 0.06 0.263 <0.001 1.00

βu and βs: un- and standardized coefficients. R: Pearson coefficient. Adj R2: adjusted squaredR. SE: Standard Error.
VIF: variance inflation factor. z-: z-score. BMI: body mass index. SBP, DBP, PP, MBP: systolic, diastolic, pulse and
mean pressure (p: peripheral, c: central). AIx, AIx@75: augmentation index without and with heart rate adjustment.
AP: augmented pressure. Pf, Pb: forward and backward pressure components. CCA, CFA: common carotid and
femoral artery. EM: elastic modulus. IMT: intima-media thickness. DD, SD: diastolic and systolic diameter. cfPWV:
carotid-femoral pulse wave velocity. p < 0.05 was considered statistically significant. Variables entered in the
model (forward method): z-BMI, BWH at birth, Δ-zBMI0–6y, Sex (1: female, 0: male), z-pSBP, Hypertension (1: yes,
0: no), Dislypemia (1: yes, 0: no), Smoking (1: yes, 0: no), Sedentarism (1: yes, 0: no). Interactions between growth
parameters and z-BMI or z-BWH were entered in the model if they showed significant association in multiple linear
regressions. Only significant (p < 0.05) independent variables entered in the models are shown.

4. Discussion

To our knowledge, this is the first study to describe the association of growth-related changes in
body size during early, intermediate, late, or global growth with hemodynamic (central and peripheral)
and arterial (structural and functional) properties in early childhood and beginning of adulthood,
adjusting for characteristics at birth, at the time of the CV study and for CRFs exposure. Associations
were assessed considering three interrelated comparative analysis: (1) strength and (2) independence
of the associations and (3) explanatory power of anthropometric parameters and factors associated
with CV risk. Our main findings were:

• First, growth-related body size changes (0–2 and 0–6 y) were associated with interindividual
variations (z-score) in CV properties at 6 y. Conversely, CV z-scores variables at 18 y were not
associated with body size changes (0–6, 6–18 or 0–18 y) (Tables 2 and 3). Thus, as the subject’s
age increases, the association between CV properties and prior body size changes (i.e., during
childhood) decreases (Table 4).

• Second, the strength of association between growth-related body changes and CV properties at 6 y
was: (a) equal or greater than that observed for body size at birth and (b) lower than the obtained
for current z-BMI (at 6 y). Most of the associations between ΔBWH z-score 0–2 y or Δz-BMI 0–6 y
and the CV properties at 6 y were independent of the BWH z-score at birth (Tables 5 and 6). Then,
in 6 y children the “hierarchical order” among explanatory variables for CV variations would be:
current z-BMI > ΔBWH z-score 0–2 y or Δz-BMI 0–6 y> BWH z-score at birth (Table 2). On the
contrary, only current z-BMI showed significant association with CV properties at 18 y (Table 3).
In summary, while current z-BMI showed the strongest association, body size at birth showed
almost no association with CV properties, regardless of subjects’ age at the time of the CV study
(Tables 2 and 3).

• Third, in general terms, current z-BMI was the anthropometric parameter with the greatest
explanatory capacity for CV variations observed at 6 y. Though, variations in some CV parameters
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were mainly explained by growth-related body changes and/or by their interaction with current
z-BMI (Tables S4 and S6). Similar results were observed when the associations were analyzed
considering the exposure to CRFs (e.g., hypertension, dyslipidemia) (Table 9). In turn, current
z-BMI was the anthropometric variable with the greatest explanatory capacity for CV conditions
and variations at 18 y.In summary, body size changes during childhood and/or adolescence
contributed to explain arterial variations through the interaction with current z-BMI or BWH
z-score at birth (Tables S8, S10 and S12). Among factors associated with CV risk, z-BMI and/or
z-pSBP were the main explanatory variables for CV z-scores (Table 10).

The explanatory capacity of growth-related body changes was reduced or lost with, as the age at
which the CV system was evaluated increased. In this regard, at least two issues must be analyzed.
On the one hand, the impact (association) of anthropometric changes on the CV properties evaluated
at a given age, would vary, depending on the period of “body change or gain” considered (e.g., 0–2 y
vs. 0–6 y). On the other hand, the association between CV properties and the anthropometric changes
observed in a given period (e.g., 0–6 y) could depend on the age at which the CV system is evaluated
(e.g., 6 vs. 18 y, like in this work). Studies suggested that BW gain patterns in very early infancy
(e.g., 0–6 postnatal mos.) [22–24] would be particularly important as determinants of future pBP
levels, while other studies showed that BW gain during childhood would be a stronger predictor of
pBP [25,26]. The exact “timing of the BW gain” associated with middle or long-term CV risk is still
debated, highlighting the need for additional research to clarify and/or reconcile mixed findings. In this
work, in general terms we did not find differences in the strength of association when comparing
0–2 vs. 0–6 y data, but some CV characteristics assessed at 6 y showed greater association with 0–6 y
anthropometric changes. Evelein et al. (2013) reported that postnatal BW for length gain (0-3 mos.) was
associated with carotid IMT (but not stiffness) in children (5 y) [21]. However, when data about growth
in later infancy (3–6, 6–9 and 9–12 mos.) were considered, no associations with arterial properties
were found [21]. Skilton et al. (2013) reported that BW gain, BH-adjusted-BW gain and ΔBWH z-score
0-18 mos. were positively associated with carotid IMT assessed at 8 y [27]. Unfortunately, the impact
of changes in different periods was not analyzed. Linhares et al. (2015) found that the “adverse”
long-term effect of accelerated growth in infancy varied depending on the time of growth acceleration.
Particularly, carotid IMT at ~30 y was associated with 2–4 y BW-gain, rather than with early BW gain [7].
Additionally, Vianna et al. (2016), found that the relative BW-gain between 2 and 4 y was associated
with increased aortic stiffness (evaluated by cfPWV) at ~30 y, whereas birth weight, BW-gain within
the first 2 years of life (0–2 y) and linear growth (length/height gain) in childhood were not associated
with cfPWV [28]. Pais et al. (2016) assessed PWV in children (8–9 y) and analyzed data considering
and categorizing growth trajectories. The highest arterial stiffness levels were observed in groups with
accelerated body growth during childhood, with adequate early growth pattern [29].

The dependence on the age at the time of CV study ascribed to the association between an
anthropometric parameter and CV properties has been previously described, mainly for birth weight.
About this, body size at birth has been associated with pBP levels, andit was reported that the relation
becomes progressively stronger with increasing age, being hypothesized that the initiating process
occurs in uterus and amplifies throughout life [11,30,31], satisfying theories that seek to explain the
detriment of the CV system related to low birth weight and/or catch-up growth [32]. It was even
postulated that interactions between increased arterial stiffness, increased pPP, stretching of vascular
smooth muscles and synthesis of collagen may contribute to the amplification phenomenon through a
feedback loop [33]. By contrast, Lule et al. analyzed data from studies that measured pBP at different
ages and did not find an age-related increase in the strength of the association between birth weight
and pBP [6]. Furthermore, the relationship between birth weight and later pBP varied depending
on the age of the participants: neonates showed consistent positive association; mainly negative
associations were seen in children, and studies in adolescents showed inconsistent results [6]. Then,
as age increases, the positive association observed in neonates could become negative, non-existent or
even positive, which is in agreement with our findings. This could be explained, at least in theory
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by the fact that as age increases the exposure-time to already present factors capable of impacting
on the CV system also increases. As age increases, subjects could become exposed to factors (i.e.,
CRFs) capable of modifyingCV properties. Then, the association between anthropometricchanges and
CVproperties could be modified by exposure to co-factors.

As mentioned in 6 y children the “hierarchical order” among explanatory variables for CV
variations would be: current z-BMI >ΔBWH z-score 0–2 y or Δz-BMI 0–6 y> BWH z-score at birth
(Table 2). Conversely, only current z-BMI showed significant association with arterial properties at 18 y
(Table 3). Birth weight showed almost no association with CV properties, disregard of the subjects’ age
at the time of the CV study (Tables 2 and 3), and most of the associations between ΔBWH z-score 0–2 y
or Δz-BMI 0–6 y and CV characteristics at 6 ywere independent of birth conditions (Tables 5 and 6).
Then, the association between body-size changes during infancy or childhood and the CV system at
6 y, would not depend on having been born with low, normal or elevated BWH. When current z-BMI
was considered some associations between bodily changes in childhood and CV properties at 6 y were
no longer significant. In adolescents, the associations between body changes and CV variables were
always dependent on z-BMI at the time of CV study (Tables 6–8).

The dependence (or independence) of the association between CV parameters and growth–related
anthropometric changes on bodysize at birth and/or on current z-BMI has been previously assessed, with
dissimilar findings. A positive association was observed between BW gain or adiposity accumulation
during childhood and later pBP levels [23,34–37]. However, the extent to which birth size modifies the
associations between postnatal growth and future pBP levels and/or arterial properties remains unclear.
Belfort et al. (2007) found that infants who were thinner at birth were more susceptible to adverse
effects on pBP at 3 y of accelerated BWH gain within the first 6 postnatal mos. [22]. Whether the
finding is extensive to mid-childhood when BP is highly correlated with adult BP [38] is to be clarified.
Leunissen et al. (2012) showed that regardless of birth-size, adiposity accumulation during childhood is
a risk factor for later (~20 y) development of high BP levels [37]. Accordingly, Kelishadi’s review (2014)
concludes that early growth, rather than birth weight, would be important as a determinant of later BP
levels [32]. Supporting a BMI-independent association between body size changes and CV properties,
Thiering et al. studied children (n = 1127, age≤10 y) and reported that higher BW peak (velocity)
in infancy was associated with an increase in pSBP and pDBP after confounders adjustment [39].
In contrast, it has been proposed that the association between BMI at adiposity peak and BP at 6 y
would be mediated by current BMI [40]. Marinkovic et al. (2017) observed that infant peak BW
velocity and BMI at adiposity peak associationwith childhood pSBP and pDBP (at 6 y), which could be
explained by current BMI [12].

Our results support the proposal that the association between anthropometric parameters and pBP
depends on current BMI, at the same time as they provide original information showing that unlike what
was described for pBP, the association between growth-related body size changes (0–2 y) and cBP at 6 y
would not depend on current z-BMI. This is further supported by the fact that reflection parameters,
which are main determinants of the differences between cBPand pBP, also showed associations not
explained by current BMI (Tables 5 and 6). It is to note that compared to pBP, the cBP would be of
greater value in terms of association with CVchanges and risk prediction [41].

As stated above, the association between growth-related body-size changes and arterial thickness
has been previously described [21,27,42]. Our results provide additional information, showing that
at 6 y, the association between body size gain and thickness is independent of body size at birth and
current z-BMI at 6 y, and that it is statistical significant for both carotid (elastic) and femoral (muscular)
arteries. In turn, Evelein et al. (2013) described interaction between birth size and postnatal weight for
length by analyzing the impact on arterial stiffness (i.e., distensibility and arterial elastic modulus).
The thinner the children were at birth, the lower the distensibility (greater the elastic modulus) with
increasing weight for length gain [21]. Then, the impact of birth-size and or growth-related changes
would vary depending on the CV properties considered.
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Finally, as mentioned, current z-BMI was the anthropometric parameter with the greatest
explanatory capacity (power) for the CV variations observed at 6 and 18 y. However, interindividual
variations in some hemodynamic and arterial parameters at 6 and 18 y were mainly explained by
growth-related body changes and/or by their interaction with current z-BMI (Tables S4 and S6 for
children; Tables S8, S10 and S12 for adolescents). Similar results were observed when the associations
were analyzed taking into account the exposure to CRFs (Tables 9 and 10). In children, body change
during growth, independently or by means of an interaction with current z-BMI, allowed to explain
to a greater extent some CV characteristics (i.e., arterial thicknesses and diameters). In other words,
disregard of birth size, exposure to CRFs and/or z-pBP, arterial wall thickness and/or diameters at
6 y could be explained by body growth between 0–2 or 0–6 y. Thus, although CV properties at 6 y
would be associated with current z-BMI, knowing the history of BW gain could contribute to a better
understanding of the CV characteristics of a specific child. Two children with similar z-BMI, could
present CV differences associated with their “history” of body size changes (e.g., between 0–2 or
0–6y). Furthermore, for variables such as wall thickness in children, the history of weight gain would
havegreater explanatory capacity than current z-BMI or factors with recognized impact on the CV
system (e.g., CRFs). In adolescents, the history of BW gain would not be a primary explanatory variable
for CVvariables (i.e., for IMT), but due to variables interactions it could contribute or complement data
obtained from current z-BMI and/or BP.

5. Strengths and Limitations

This work has several strengths that should be considered. First, the population-based prospective
cohort design, including a large number of subjects studied from early life. Repeated measures
during growth-period enabled us to study the impact of growth profiles or patterns on CV properties,
assessed at two specific times: early childhood (6 y) and onset of adulthood (18 y). Second, we used
our own specific “reference populations” to define CV z-scores (Supplementary Tables S1 and S2).
Third, many potential confounders were considered in order to isolate the effect of BW gain in the
statistical models. Fourth, taking into account that the impact of body change on the CV system may
depend on the period in which it occurs, we studied different periods of body gain (0–2, 0–6, 0–18,
6–18 y). Fifth, the relationship between BW gain and adult pBP is one of the most studied, based
on the “fetal origin” hypothesis, but pBP is a particular variable and does not inform about central
hemodynamic conditions, or about structural and/or functional arterial changes (e.g., associated with
early vascular aging or atherosclerosis development). Thus, we designed an integral approach in
which multiple CV parameters (e.g., pBP, cBP, arterial diametersand thicknesses, local and regional
stiffness) and different arterial pathways (i.e., elastic and muscular) were evaluated. Sixth, unlike most
works that analyzed the associations between body changes and the CV system considering a single
age, we studied children and young adults. Up to now, most studies included premature, small for
gestational age, obese and/or hypertensive subjects and data about the CVimpact of growth-related
bodychanges in healthy pediatric and/or adolescent populations werescarce. In this work, healthy
children and adolescents were studied.

Some limitations should be considered. First, we did not have information about blood biomarkers
measured by our technicians. Therefore data about some conditions (i.e., existence of dyslipidemia)
was obtained from reference physicians, registers and/or self-reports. Second, although we adjusted
for several potential confounders, residual confounding factors may persist, as in any observational
study. Third, in this work we chose to use change in BWH z-score or z-BMI between two time points
as growth-indicators. This approach is a simple practical (clinical) method for quantifying a “change”;
although more detailed growth patterns could be derived from longitudinally collected anthropometric
measures in both cohorts. Fourth, we did not perform an analysis discriminating by sex; despite
we are aware of data suggesting that the impact of childhood growth on the CV system may differ
between boys and girls [12]. Fifth, we included subjects born at term and preterm, but as most of
them belonged to the first condition (98% and 92% inchildren and adolescent cohorts, respectively)
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the results should be assigned to term-born subjects. Sixth, comparative analysis of the associations
between anthropometric data and CV (hemodynamic and/or arterial) variables measured at 6 and 18 y
was done considering two different cohorts, instead of a single cohort followed for more than 20 years.
Although obtaining similar data for different cohorts could be considered as strength of the work, as a
limiting factor it should be noted that for some variables data were not obtained in both cohorts and
some aspects of the associations could only be evaluated in one of them. Finally, we did not analyze
growth considering body composition (e.g., fat mass) and its changes as was previously done [43].

6. Conclusions

Body-size changes in infancy (0–2 y) and childhood (0–6 y) showed similar strength of association
with respect to CV properties assessed at 6 y. Conversely, changes between 0–6, 6-18 or 0–18 y were not
associated with CV parameters evaluated at 18 y.

The association between CV characteristics at 6 yand body-size changes during growth showed:
(a) equal or greater strength than the observed for body-size at birth, and (b) lower strength with
respect to that obtained when considering current z-BMI at 6 y. In 6 y children variables capable
of explaining CV variations showed a “hierarchical order”. Conversely, only z-BMI at 18 y showed
significant associations with arterial z-scores at 18 y. Body size at birth showed almost no association
with arterial characteristics at 6 or 18 y. The associations between ΔBWH z-score 0–2 y or Δz-BMI 0–6 y
and CV properties at 6 y were mostly independent of body-size at birth. When current z-BMI was
taken into account some associations between body changes in childhood and CV properties at 6 y
were no longer significant. In adolescents, the associations between growth-related body changes and
CV properties were dependent on z-BMI at the time of CVstudy.

Current z-BMI was the anthropometric parameter with the greatest capacity to explain the
variations in CV properties at 6 y. However, interindividual variations in some hemodynamic and
arterial parameters were mainly explained by growth-related anthropometric changes and/or by their
interaction with current z-BMI. Similar findings were observed when the associations were analyzed
taking into account the exposure to factors associated with CV risk. Current z-BMI at 18 y was the
anthropometric variable with the greatest capacity to explain CV variations at 18 y. Body-size changes
during childhood and/or adolescence contributed to explain arterial variations through the interaction
with current z-BMI or BWH z-score at birth.

Supplementary Materials: The following are available online at http://www.mdpi.com/2308-3425/6/3/33/s1.
Table S1. Clinical, anthropometric hemodynamic, structural and stiffness parameters forchildren and adolescent
reference subgroups; Table S2. Hemodynamic, structural and stiffness parameters z-score, forchildren and
adolescent Cohorts; Table S3. Multiple linear regression analysis between CVparameters z-scores (dependent
variables) and anthropometric parameters (independent variables), children cohort (n = 632); Table S4. Multiple
linear regression analysis between CV parameters z-scores (dependent variables) and anthropometric parameters
(independent variables), children cohort (n = 632); Table S5. Multiple linear regression analysis between CV
parameters z-scores (dependent variables) and anthropometric parameters (independent variables), children
cohort (n = 632); Table S6. Multiple linear regression analysis between CV parameters z-scores (dependent
variables) and anthropometric parameters (independent variables), children cohort (n = 632); Table S7. Multiple
linear regression analysis between CV parameters z-scores (dependent variables) and anthropometric parameters
(independent variables), adolescent cohort (n = 340); Table S8. Multiple linear regression analysis between CV
parameters z-scores (dependent variables) and anthropometric parameters (independent variables), adolescent
cohort (n = 340); Table S9. Multiple linear regression analysis between CV parameters z-scores (dependent
variables) and anthropometric parameters (independent variables), adolescent cohort (n = 340); Table S10. Multiple
linear regression analysis between CV parameters z-scores (dependent variables) and anthropometric parameters
(independent variables), adolescent cohort (n = 340); Table S11. Multiple linear regression analysis between CV
parameters z-scores (dependent variables) and anthropometricparameters (independent variables), adolescent
cohort (n = 340); Table S12. Multiple linear regression analysis between CV parameters z-scores (dependent
variables) and anthropometric parameters (independent variables), adolescent cohort (n = 340); Table S13. Multiple
linear regression analysis between CV parameters z-scores (dependent variables) and anthropometric parameters
and CVRFs (independent variables), children cohort (n = 632) (Enter Method); Table S14. Multiple linear regression
analysis between CV parameters z-scores (dependent variables) and anthropometric parameters and CVRFs
(independent variables), adolescent cohort (n = 340) (Enter Method)
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cBP central (aortic) blood pressure
CCA common carotid artery
CFA common femoral artery
cfPWV carotid-femoral pulse wave velocity
CRFs cardiovascular risk factors
CV cardiovascular
CVD cardiovascular disease
DD diastolic arterial diameter
EM pressure-strain arterial elastic modulus
HBP high blood pressure levels
HR heart rate
IMT intima-media thickness
LBW low birth weight
MLR multiple linear regression models
mos. Months
MV mean value
Pb amplitude of the cBP backward component
pBP peripheral (brachial) blood pressure
pDBP peripheral (brachial) diastolic blood pressure
Pf amplitude of the cBP forward component
pMBP peripheral (brachial) mean blood pressure
pPP peripheral (brachial) pulse pressure
pSBP peripheral (brachial) systolic blood pressure
PWA pulse wave analysis
SD systolic arterial diameter
STD standard deviation
VIF variance inflation factor
y years old
z z-score
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Abstract: Cardiovascular disease (CVD) is a major public health problem in Saudi Arabia. Dietary
intake plays a major role in CVD incidence; however, the dietary intake status in Saudi nationals with
CVD is unknown. We aimed to investigate whether the dietary patterns of Saudi males, using the
Saudi dietary guidelines adherence score, in parallel with the measurement of a selective number
of cardiovascular disease-related biomarkers, are contributing factors to CVD risk. Demographics,
dietary adherence score, and blood biomarker levels were collected for 40 CVD patients and forty
non-CVD patients. Fasting blood glucose (p = 0.006) and high-density lipoprotein levels (p = 0.03)
were significantly higher in CVD patients. The adherence score to the Saudi dietary guidelines was
not significantly different between the CVD and non-CVD patients; however, the specific adherence
scores of fruit (p = 0.02), olive oil (p = 0.01), and non-alcoholic beer (p = 0.02) were significantly higher
in the non-CVD patients. The differences in CVD family history (p = 0.02) and adherence scores to
specific groups/foods between the CVD and non-CVD patients may contribute to CVD risk in Saudi
males. However, as the sample size of this study was small, further research is required to validate
these findings.

Keywords: dietary intake; nutrition; cardiovascular disease

1. Introduction

Cardiovascular disease (CVD) is considered a major public health problem in Saudi Arabia [1,2].
with an estimated 46% of all deaths attributed to CVD, and a 36% higher death rate in men compared to
women [1]. The risk factors of CVD are characterized as modifiable factors such as diet, physical activity,
obesity, and smoking, or non-modifiable factors such as aging, family history, and ethnicity [3–5].
The most important modifiable risk factor for CVD is diet [6–9]. Studies showed that a diet high in fruits,
vegetables, whole grains as the major source of carbohydrates, and non-hydrogenated unsaturated fats
as the main form of dietary fat, with adequate omega-3 fatty acids (monounsaturated fatty acid and
polyunsaturated fatty acid), may reduce the risk of CVD [9–13]. Vitamins, minerals, fiber, and phenolic
compounds are the main protective components found in fruit, vegetables, and whole grains with
a functional role in reducing oxidative stress, inflammation, blood pressure, and improving insulin
sensitivity and the lipoprotein profile [14–16]. In contrast, a diet containing a high intake of saturated
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fats, and refined and processed carbohydrates is linked with an increased CVD risk as a result of raised
levels of blood glucose, total cholesterol, and low-density lipoprotein (LDL) cholesterol [17–22].

However, it is important to note that most of these nutritional studies evaluated the intake of a
single nutrient, or small number of nutrients or food items in relation to risk of CVD. As individuals
do not eat a single food or isolated nutrient, many researchers argued the importance of considering a
holistic approach, investigating dietary patterns (combination of nutrients) rather than nutrient-based
studies, when assessing health consequences [23–25]. Moreover, diet has a synergistic effect as it
is a complex mixture of nutrients (within-food or across-food combinations), which could induce
antagonistic effects on optimal health [23–25].

Dietary guidelines are a useful tool in public health policy, which can help reduce risk and prevent
non-communicable diseases. Studies on dietary guideline adherence demonstrated their effectiveness
in reducing the risk of disease, including CVD in multiple countries [24,26,27].

Current CVD research is dominated by studies that were conducted on Western populations with
a paucity of research investigating the link between CVD and diet in Saudi Arabia [28,29]. Furthermore,
to our knowledge no study used a holistic approach to consider the association of adherence to Saudi
dietary guidelines with risk of CVD. We hypothesized that the non-adherence to the Saudi dietary
guidelines could increase the risk of CVD in Saudi males.

2. Material and Methods

2.1. Study Design and Participants

A cross-sectional design study was performed at King Abdulaziz University Hospital (KAUH) in
Jeddah, Saudi Arabia. Patients were recruited from the medical ward, surgical ward, and coronary
care unit at KAUH. The inclusion criteria for CVD patients consisted of male cardiac patients, aged
between 30–80 years old, as the prevalence of CVD among Saudi population increases after 30 years
old [30]. The inclusion criteria for the non-CVD patients included male patients, in the same age range,
who were free of CVD and had been admitted to the hospital for minor clinical conditions, including
abdominal pain, eye surgery, and fever. Patients with liver, kidney, or respiratory disease, or any type
of cancer diagnosis were excluded from recruitment to either group. Ethical approvals were obtained
from the Faculty of Medicine Research Committee at King Abdulaziz University (Reference no. 307-14).
All patients gave informed written consent.

2.2. The Saudi Dietary Guidelines

The message of the Saudi dietary guidelines is to follow a healthy diet including variety, balance,
and moderation [31]. The main goals of these guidelines are (1) to improve health by promoting
healthy eating options and encouraging physical activities; (2) to promote valuable food that high
in nutrients such as foods rich in protein, fiber, vitamins, and minerals, and reduce foods of poor
nutritional value such as foods high in salt, sugars, saturated fats, and hydrogenated fat; (3) to support
the normal growth and development of infants, children, and adolescents; (4) to decrease the diseases
related to diet in the Saudi community; and (5) to support physical activity.

To communicate the recommended food groups and serving sizes, the Saudi dietary guidelines
are graphically represented in the form of a palm tree with the food groups distributed in the trunk and
leaves of the palm in proportion to their recommended level of intake. The largest food group of bread
and cereals was placed in the bottom big leaf of the palm and represents the most important source
of carbohydrates (6–11 servings/day). Vegetables (3–5 servings/day) and fruits (2–4 servings/day)
come next as they are high in vitamins and minerals. Milk and its products (2–4 servings/day) are the
third largest group, which are essential sources of protein and calcium. The smallest group constitutes
meat and beans (2–4 servings/day), and they are considered as sources of protein. Fat and sugar
were in the smallest upper leaves of the palm (representing lower quantities); this shows the need
to minimize their intake. Water was also added to the healthy food palm, due to the hot weather of
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Saudi Arabia. As regular physical activity is essential, together with a balanced diet, the healthy food
palm also recommends individuals to exercise for 30–60 min daily according to the individual’s health
status [31].

2.3. The Saudi Dietary Guideline Score

The score of adherence was given according to the Saudi dietary guidelines [31]. The ratings of
the consumption of each food group (from 0 to 5 or the reverse) was adapted from Panagiotakos et al.
(2006) [24]. The dietary adherence score included non-refined cereals and bread (whole bread, rice,
pasta, and other grains), fruit, vegetables, legumes, fish, olive oil, non-alcoholic beer, meat and meat
products, poultry, full-fat dairy products, sweets, and oils.

For the intake of food items assumed to be close to the Saudi dietary guidelines or higher
(non-refined cereals, fruits, vegetables), we allocated a score of 0 when the individual stated no
consumption, a score of 1 when they stated consumption of 1–4 servings/month, a score of 2 for
5–8 servings/month, a score of 3 for 9–12 servings/month, a score of 4 for 13–18 servings/month,
and a score of 5 for more than 18 servings/month. Moreover, we included legumes, fish, and olive
oil in this group after separating them from the meat and oil groups. Originally excluded from the
Saudi guidelines, non-alcoholic beer was also added due to its health benefits for heart disease [32].
In contrast, for the intake of food items assumed to be limited in Saudi dietary guidelines (i.e., rare
or monthly intake; meat and meat products, poultry, and full-fat dairy products), we allocated the
scores on a reverse scale (i.e., 5, when individuals stated no intake, to 0, when they stated almost daily
intake). Hence, the scores ranged from 0 to 60. Higher values of score show better adherence to the
Saudi dietary guidelines (Table 1).

Table 1. The Saudi dietary guideline score.

No. Food Groups Frequency of Consumption (Servings/Month)

Never 1–4 5–8 9–12 13–18 >18

1 Non-refined cereals and bread a 0 1 2 3 4 5
2 Fruit b 0 1 2 3 4 5
3 Vegetable 0 1 2 3 4 5
4 Legumes 0 1 2 3 4 5
5 Fish 0 1 2 3 4 5
6 Olive oil 0 1 2 3 4 5
7 Non-alcoholic beer 0 1 2 3 4 5
8 Meat and meat products 5 4 3 2 1 0
9 Poultry 5 4 3 2 1 0

10 Full-fat dairy products 5 4 3 2 1 0
11 Sweets 5 4 3 2 1 0
12 Oils 5 4 3 2 1 0

a Whole-grain bread, rice, pasta etc. b Fresh (e.g., apple, oranges, banana, grapes, etc.) and dried fruit, including
dates.

2.4. Procedure and Data Collection

An interview-administered survey consisting of four sections (demographics, anthropometrics,
medical history, and a dietary assessment by food frequency questionnaire (FFQ)) was completed for
each patient.

2.5. Demographics and Medical History

Personal information, including date of birth, gender, marital status, any medical diagnoses,
and family history of cardiovascular diseases (whether at least one first-degree relative had CVD)
was collected from the hospital electronic system at KAUH. Data regarding the education level,
employment status, and tobacco use was collected during the interview process.
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2.6. Anthropometric Measurements

The anthropometric measurements, including height, weight, waist circumference (WC), and
body mass index (BMI) were performed according to standard procedures and carried out in the
patient’s ward. Patients were weighed in light clothing, without shoes, using a calibrated scale to
the nearest 0.1 kg measured in kilograms. Height was measured to the nearest 0.1 cm. The BMI was
computed as the fraction of weight to the squared height, with consideration for the cut-off for older
adults (65 years old and older). The WC was taken at the level of the narrowest point between the
lowest costal border and the iliac crest by the research team.

2.7. Estimation of Habitual Dietary Intake

The dietary intake was assessed using a 60-item food frequency questionnaire (FFQ). For each
food item, patients were asked how frequently it was consumed during the last year on a daily,
weekly, or monthly basis, along with the portion sizes. Food intake was grouped into food groups
(milk and dairy products, fruits, vegetables, meats, rice, breads, beverages, legumes, and sweets).
The average servings of each item consumed per week were calculated using Microsoft Excel version
1808 (Redmond, WA, USA).

2.8. Assessment of Blood Variables

Blood data were collected from the patients’ records for the lipid profile (high-density lipoprotein
(HDL), low-density lipoprotein (HDL), total cholesterol (TC), and triglycerides (TG)); blood glucose
(fasting blood glucose (FBG) and glycated hemoglobin (HbA1c)); hemoglobin (HGB) and hematocrit
(HCT); cardiac enzymes (aspartate aminotransferase (AST), creatine kinase (CK), lactate dehydrogenase
(LDH), and cardiac troponin I (CTN-I)); and electrolytes (sodium (Na), potassium (K), and chloride
(Cl)), according to the hospital policy.

2.9. Sample Size Calculation

This is a preliminary study to identify factors of interest and to develop a study protocol for a
larger-scale study. No power calculation was conducted in this study due to the absence in Saudi
literature of endpoints similar to the hypothesis proposed in this study. The data of this study serve as
preliminary data to determine the needed sample size to achieve the aim of the study. We aimed to
include 80 patients (40 with CVD and 40 without CVD disease).

2.10. Statistical Analysis

The statistical analysis was carried out using SPSS (version 23, SPSS, Inc, Chicago, IL, USA, 2015).
A normality test was run on all data to determine if each dataset was well modeled by a normal
distribution. Descriptive statistics are presented as medians and inter-quartile ranges (IQRs).

Linear regression models were performed using the diet score as an independent variable, with
age, smoking history, educational level, diabetic history, and family history of CVD as covariates.
Systolic blood pressure, serum total cholesterol, LDL, HDL, triglycerides, waist circumference, and
body mass index were utilized as outcome variables. The results were presented as b-coefficients and
standard error of the coefficient. Bonferroni correction was used due to multiple comparisons.

In addition, comparisons between the non-CVD patients and CVD patients were performed using
a Mann–Whitney test for non-normally distributed data, and by paired t-test or two-sample t-test
for normally distributed data. A chi-square test was used to compare the employment status and
education level between the groups.

48



J. Cardiovasc. Dev. Dis. 2019, 6, 17

3. Results

3.1. Subject Characteristics

Eighty male patients were recruited for the study, aged between 30 and 80 years old. The
demographic data for all individuals are presented in Table 2. There were no significant differences
between non-CVD and CVD patients in terms of their age, education, or employment. However,
there was a difference between non-CVD and CVD patients in terms of their family history, with
significantly more CVD patients having at least one first-degree relative with CVD (p = 0.02; Table 3).
The anthropometric characteristics, including blood pressure, weight, and BMI, were not significantly
different between non-CVD and CVD patients (Table 4). The median BMI for both non-CVD and
CVD patients was within the overweight cut-off range, with a value of 27.2 kg/m2 (IQR 23.4–31.1)
for the non-CVD patients and 25.7 kg/m2 (IQR 23.4–27.7) for the CVD patients. The median waist
circumference was within the normal range (< 102 cm) for both non-CVD (95.0 cm; IQR 85.8–100.0)
and CVD patients (94.0 cm; IQR 90.0–98.3).

Table 2. Demographic data of the study participants.

Demographic Variable

All Patients
(n = 80)

Non-CVD Patients
(n = 40)

CVD Patients
(n = 40) p-Value *

n % n % n %

Age (years) 30–55 36.0 45.0 21.0 52.5 15.0 37.5
0.0956–80 44.0 55.0 19.0 47.5 25.0 62.5

Marital
Status

Married 73.0 91.3 34.0 85.0 39.0 97.5
0.05Single 7.0 8.8 6.0 15.0 1.0 2.5

Education

None 6.0 7.5 1.0 2.5 5.0 12.5

0.13
Elementary 12.0 15.0 7.0 17.5 5.0 12.5

Intermediate 8.0 10.0 2.0 5.0 6.0 15.0
High School 32.0 40.0 20.0 50.0 12.0 30.0
University 22.0 27.5 10.0 25.0 12.0 30.0

Employment Employed 34.0 42.5 13.0 32.5 21.0 52.5
0.07Non-Employed 46.0 57.5 27.0 67.5 19.0 47.5

n: number of patients; CVD: cardiovascular disease. * p-value between non-CVD and CVD patients.

Table 3. Family and smoking history of the study participants.

Variables

All Patients
(n = 80)

Non-CVD Patients
(n = 40)

CVD Patients
(n = 40) p-Value *

n % n % n %

Family
History

Negative 54.0 67.5 32.0 80.0 22.0 55.0
0.02Positive 26.0 32.5 8.0 20.0 18.0 45.0

Diabetic
Yes 36.0 45.0 9 22.5 27 67.5

0.06No 44.0 55.0 31 77.5 13 32.5

Smoking

Never 29.0 36.3 18.0 45.0 11.0 27.5

0.2
Former >3 years 28.0 35.0 11.0 27.5 17.0 42.5
Former <3 years 7.0 8.8 2.0 5.0 5.0 12.5

Current 16.0 20.0 9.0 22.5 7.0 17.5

n: number of patients; CVD: cardiovascular disease. * p-value between non-CVD and CVD patients.
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3.2. Habitual Dietary Intake

The score of total adherence to the Saudi dietary guidelines was not significantly different between
the non-CVD and CVD patients (Table 5); however, there were differences in adherence to dietary
intake of some individual food groups. The specific adherence scores of fruit (p = 0.02), olive oil
(p = 0.01), and non-alcoholic beer (p = 0.02) groups were significantly higher in the non-CVD patients
(Table 5).

Table 5. The score of the adherence to the Saudi dietary guidelines.

All Patients
(n = 80)

Non-CVD Patients
(n = 40)

CVD Patients
(n = 40) p-Value *

Mean SD Mean SD Mean SD

Non-refined cereals and bread 1.2 2.1 1.5 2.3 1.0 1.9 0.29
Fruit 4.9 0.4 5.0 0.0 4.8 0.5 0.02

Vegetable 4.9 0.5 5.0 0.0 4.9 0.7 0.15
Legumes 3.6 1.6 3.6 1.6 3.6 1.7 0.98

Fish 2.8 1.6 2.7 1.6 3.0 1.5 0.37
Olive oil 2.7 2.1 3.2 2.1 2.1 2.0 0.01

Non-alcoholic beer 0.8 1.5 1.3 1.8 0.4 0.9 0.01
Meat and meat products 1.5 1.4 1.5 1.4 1.5 1.5 0.93

Poultry 1.5 1.6 1.2 1.5 1.8 1.6 0.06
Full-fat dairy products 0.1 0.6 0.1 0.3 0.2 0.7 0.17

Sweets 2.5 2.1 2.4 2.2 2.7 2.1 0.76
Oils 0.7 1.7 0.7 1.8 0.7 1.7 0.80

Total adherence to Saudi
dietary guidelines 27.3 6.0 28.1 6.6 26.5 5.4 0.23

CVD: cardiovascular disease. * p-value between non-CVD and CVD patients.

Moreover, we evaluated the effect of the Saudi diet on various health outcomes such as systolic
blood pressure, serum cholesterol, low-density lipoprotein, high-density lipoprotein, triglycerides,
waist circumference, and body mass index. Table 6 shows the results of multiple linear regression
after adjusting for age, smoking history, educational level, diabetic history, and family history of CVD.
There were only significant associations found between the total adherence to Saudi dietary guideline
score and serum total cholesterol and LDL.

Table 6. The association between different clinical and anthropometric factors (dependent) and total
adherence to Saudi dietary guideline score (independent). Results of multiple linear regression analysis.

β-Coefficient ± SE p-Value

Model 1: Systolic blood pressure −0.284 ± 0.508 0.579
Model 2: Serum cholesterol −0.071 ± 0.023 0.004

Model 3: Low-density lipoprotein −0.072 ± 0.028 0.012
Model 4: High-density lipoprotein −0.021 ± 0.011 0.074

Model 5: Triglycerides −0.032 ± 0.018 0.077
Model 6: Waist circumference −0.308 ± 0.229 0.183

Model 7: Body mass index −0.087 ± 0.102 0.399

All models were adjusted for age, smoking history, educational level, diabetic history, and family history of CVD.
SE: Standard error.

3.3. Blood Variables

There were no significant differences in the lipid profile measurements of total cholesterol,
triglycerides, or LDL between the non-CVD and CVD patients (Table 7). However, the HDL was
significantly higher in the CVD patients compared to the non-CVD patients (p = 0.03). The HDL was
1.1 mmol/L (IQR 1.0–1.5) in the CVD patients and 1.0 mmol/L (IQR 0.6–1.1) in the non-CVD patients.
There was no difference in hematological profile, with the exception of the median fasting blood
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glucose level, which was raised in all patients (normal range <5.6 mmol/L), but significantly higher
(p = 0.006) in the CVD patients (7.5 mmol/L; IQR 6.2–11.7) than the non-CVD patients (6.1 mmol/L;
IQR 5.1–7.2). In terms of the electrolyte and cardiac enzyme levels (Table 7), all biomarkers were
non-significant between the non-CVD and CVD patients, with the exception of the potassium level
(p = 0.03), which was within normal range (3.6–5.2 mmol/L) for all patients, but significantly higher
in the CVD patients 4.1 mmol/L (IQR 3.5–4.4) than the non-CVD patients 3.7 mmol/L (IQR 3.5–4.0).
In contrast, the chloride level was also within the normal range for all patients (98–106 mmol/L) but
significantly lower (p = 0.05) in the CVD patients (99.0 mmol/L; IQR 94.8–102.0) compared to the
non-CVD patients (101.0 mmol/L; IQR 98.0–104.0).

Table 7. Cardiovascular-related biomarkers.

Biomarkers
All patients Non-CVD Patients CVD Patients p-Value *

Median IQR Median IQR Median IQR

Lipids
TC (mmol/L) 4.0 (n = 80) 3.0–4.6 4.0 (n = 40) 3.4–4.6 3.7 (n = 40) 3.0–4.6 0.7
TG (mmol/L) 1.3 (n = 80) 0.8–1.7 1.3 (n = 40) 0.8–1.9 1.2 (n = 40) 0.9–1.6 0.5

LDL (mmol/L) 2.7 (n = 46) 1.9–3.4 3.0 (n = 18) 2.3-3.6 2.6 (n = 28) 1.9-3.2 0.2
HDL (mmol/L) 1.1 (n = 42) 0.8–1.3 1.0 (n = 17) 0.6–1.1 1.1 (n = 25) 1.0–1.5 0.03

Hematological
FBG (mmol/L) 6.5 (n = 80) 5.5–9.6 6.1 (n = 40) 5.1–7.2 7.5 (n = 40) 6.2–11.7 0.006

HbA1c (mmol/L) 7.4 (n = 80) 5.8–8.9 6.3 (n = 40) 5.4–7.4 8.2 (n = 40) 6.1–9.0 0.1
HGB (g/dl) 12.0 (n = 80) 10.0–13.6 12.3 (n = 40) 9.0–14.0 12.0 (n = 40) 10.3–13.1 0.7

HCT (%) 35.4 (n = 80) 30.1–40.5 36.5 (n = 40) 27.5–41.0 35.2 (n = 40) 31.8–39.3 0.8

Electrolytes
Na (mmol/L) 137.0 (n = 80) 134.0–139.0 138.0 (n = 40) 135.0–140.0 137.0 (n = 40) 131.0–139.0 0.9
K (mmol/L) 3.9 (n = 80) 3.5–4.2 3.7 (n = 40) 3.5–4.0 4.1 (n = 40) 3.5–4.4 0.03
Cl (mmol/L) 99.5 (n = 80) 97.0–103.0 101.0 (n = 40) 98.0–104.0 99.0 (n = 40) 94.8–102.0 0.05

Cardiac Enzymes
AST (U/L) 27.0 (n = 69) 19.0–41.3 26.0 (n = 29) 19.0–45.0 28.5 (n = 40) 19.0–40.5 0.12
CK (IU/L) 109.0 (n = 52) 52.0–214.0 95.5 (n = 12) 49.5–171.8 116.0 (n = 40) 63.0–249.0 0.4
LDH (U/L) 244.5 (n = 51) 191.8–304.0 215.0 (n = 11) 176.5–250.0 255.0 (n = 40) 212.0–310.0 0.1

CTN–I (ug/L) 0.1 (n = 49) 0.0–0.6 0.1 (n = 09) 0.0–0.3 0.1 (n = 40) 0.0–0.6 0.4

TC = total cholesterol; TG = triglycerides; LDL = low-density lipoprotein; HDL = high-density lipoprotein; FBG =
fasting blood glucose; HbA1 = glycated hemoglobin; HGB = hemoglobin; HCT = hematocrit; Na = sodium; K =
potassium; Cl = chloride; AST = aspartate aminotransferase; CK = creatine kinase; LDH = lactate dehydrogenase;
CTN-I = cardiac troponin I. * p-value between non-CVD and CVD patients.

4. Discussion

This study was performed to test the hypothesis that the dietary patterns of Saudis may play a
role in increasing the risk of CVD. To our knowledge, this is the first study that assesses the dietary
intake using the adherence score to the Saudi dietary guidelines and its relationship to CVD in Saudi
males living in Jeddah. As such, the data obtained from this study may be considered an important
preliminary step in gaining an increased understanding of variables in the Saudi population that may
affect their risk of CVD.

This study found a number of significant differences between the non-CVD and CVD patients
that align with previously published studies. Firstly, the present study found that a family history
of CVD was significantly higher in the CVD patients. This indicates the strong effect of genetics as a
factor that could increase the risk of CVD. Studies showed that a family history is associated with an
increase in CVD mortality across long-term follow-up [33].

Secondly, the evaluation of dietary habits using the adherence score to the Saudi dietary guidelines
revealed that fruit, olive oil, and non-alcoholic beer were more highly consumed in the non-CVD
patients than in the CVD patients. These food items are rich in polyphenols and dietary fiber, nutrients
for which high levels of intake were previously associated with a decreased risk of developing CVD [34].
Moreover, we found that the consumption of non-refined cereals and breads was particularly low
relative to recommendation. The high intake of refined carbohydrate is reported to increase the risk
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of type 2 diabetes and CVD [35]. The Saudi dietary guidelines are well publicized; however, more
effort may be needed on education and promotion of the guidelines to reduce the risk of diseases
including CVD.

Olive oil is the main source of fat in the Mediterranean diet and is linked with a lower mortality for
CVD [18]. An olive-oil-rich diet is associated with enhanced lipoprotein metabolism and a reduction
in oxidative damage, inflammation, blood pressure, endothelial dysfunction, and thrombosis [36].
A study by Guasch-Ferre et al, demonstrated that olive-oil intake, in particular the extra-virgin variety,
decreased the risk of mortality and cardiovascular disease for individuals from Spain who were at
high CVD risk [37]. Furthermore, a study by Carnevale et al. reported that olive oil advanced the
post-prandial glucose and lipid profile in patients with impaired fasting glucose [38].

A study carried out by Woodside et al. found a strong correlation between the intake of fruits and
vegetables and a reduction in the risk of developing coronary heart disease (CHD) [22]. Vegetables and
fruits are a good source of nutrients, including vitamins, minerals, dietary fiber, and other biologically
active compounds. These compounds have important mechanisms of action, including enhancing the
immune system, reducing platelet aggregation, modulating cholesterol synthesis, reduction of blood
pressure, and antioxidant, antibacterial, and antiviral effects [39].

The higher non-alcoholic beer consumption among the non-CVD patients may indicate that
non-alcoholic beer could have a positive effect on heart health. It was reported that non-alcoholic
beer can inhibit blood coagulation and platelet activation, which benefits the cardiovascular system
without the negative effects of alcohol [32]. Despite the differences between non-CVD and CVD
patients in their dietary habits, the lipid profile biomarkers, including total cholesterol, triglycerides,
and LDL, were not significantly different. This is in contrast with the reported study by Rossouw,
who showed that cholesterol levels are correlated with the risk of CHD, even at “normal” levels of
cholesterol, in both men and women of all ages [40]. In addition, unpredictably, the levels of HDL
were significantly higher in the CVD patients. The reason underlying this association is unknown,
but one plausible explanation could be due to medications that were prescribed to CVD patients to
control blood pressure, hyperlipidemia, and cardiac disease. These types of medications, such as
niacin and atorvastatin, are known to enhance the lipid profile, and they were reported to increase
HDL [41]. The current study also did not detect any significant differences between the non-CVD and
CVD patients in the anthropometric measurements of weight, waist circumference, and BMI. This is in
contrast with Alissa et al., who reported a strong significant relationship between BMI and the CVD
risk in Saudi participants [29]. The inconsistency between these results could be due to differences
in the sample size, which was smaller in this preliminary study. This study is the first to assess the
adherence to the Saudi dietary guidelines among CVD male patients in Saudi Arabia. Currently, there
is no validated food frequency questionnaire available specifically for the Saudi population; therefore,
in this study, efforts were made to include food items that are more representative of the typical
components of the Saudi diet. Furthermore, the analysis of adherence to the Saudi dietary guidelines
was performed in parallel with the collection of blood biomarkers. As such, the data generated by
this pilot study offer a unique insight into Saudi CVD populations, which may help in the planning
and design of future studies to validate these findings. Further studies are now recommended to
assess the association between the adherence to the Saudi dietary guidelines and the risk of CVD on a
larger population sample. Moreover, as not all biomarker data of all for our patients were found in
the patients’ electronic system, the sample size calculation for future studies needs to consider the
missing biomarker data of patients in the hospital electronic records when determining the power of
their studies to allow for examining a more complete dataset of biomarkers.

5. Conclusions

The data from this preliminary study report a number of significant differences between non-CVD
and CVD patients in terms of intake of particular food groups and CVD family history. These factors
could be important contributors to the CVD risk in the Saudi population. Further research is now
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needed, using a larger sample size, in order to validate these findings and increase insight into the risk
factors of the Saudi lifestyle that are associated with CVD.
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Abstract: Many studies have assessed the implication of cluster of differentiation 14 (CD14) molecules and
its single nucleotide polymorphism rs2569190A>G with different complex diseases, such as diabetes and
cardiovascular diseases (CVDs). In this study, we investigated the association of rs2569190A>G in CD14
with cardiovascular disease risk factors (hypercholesterolemia and hypertension) in 460 individuals
from the general Lebanese population (Middle Eastern multiethnic population). Using a multiple
logistic regression model adjusted for six covariates (under additive and recessive assumptions), we
found that the G allele of rs2569190 in CD14 was associated with increased levels of total cholesterol
(OR = 3.10, p = 0.009), low-density lipoprotein cholesterol (OR = 3.87, p = 0.003), and decreased levels
of high-density lipoprotein cholesterol (OR = 0.38, p = 0.001). In contrast, no significant relationship
was found with hypertension. Thus, we concluded that rs2569190G in CD14 is associated with a higher
risk of developing hypercholesterolemia.

Keywords: hypercholesterolemia; cluster of differentiation 14; rs2569190A>G; single nucleotide
polymorphisms; association analysis

1. Introduction

According to the World Health Organization, cardiovascular diseases (CVDs) represent the most
significant cause of death in humans globally [1]. Around 18 million people died because of CVDs
in 2016, representing 31% of all deaths worldwide, most of which occur in low- and middle-income
countries [1]. In addition to modifiable risk factors such as high cholesterol and triglyceride levels,
diabetes, and high blood pressure (BP) levels [2], several studies have revealed an important impact
of the innate immune system on the development or the progression of many CVDs [3]. The innate
immune system present in multicellular living organisms gives an immediate defense capability against
foreign bodies and pathogenic organisms such as viruses, bacteria, and fungi at first exposure [4].
This system depends on the recognition of pathogens by several families of extracellular receptors,
such as the cluster of differentiation 14 (CD14), which is responsible for triggering innate immune
responses and was first identified as marker of monocytes, before being defined as a coreceptor of
toll-like receptors [5].

Many studies have assessed the role of CD14, especially at the molecular level, and established a
link between the gene product and its single nucleotide polymorphisms (SNPs) with different complex
diseases such as diabetes [6] and CVDs [7]. For example, the SNP rs2569190 in the promoter region of
CD14 has been found to be implicated in coronary artery disease through changing protein levels [8,9].
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Furthermore, the A allele has been reported to be functional and enhances CD14 expression, and thus
the host sensitivity, for exogenous or endogenous lipopolysaccharides [10]. More importantly, soluble
CD14 levels have shown strong, independent correlations with traditional cardio-metabolic risk factors
and with subclinical measures of vascular disease (carotid wall thickness, ankle-brachial index, and
body mass index) [7]. Based on all of the above, we hypothesize that rs2569190 in CD14 could be
associated with CVD risk factors such as hypercholesterolemia and hypertension (HTN). Therefore,
the goal of our study was to investigate the association of rs2569190 in CD14 with CVD risk factors in
individuals from the general Lebanese population.

2. Materials and Methods

2.1. Study Population

The institutional review board of the Lebanese University approved the recruitment procedure
and the genetic protocols (2182/28, on 16 December 2015). This cross-sectional study involved 460
unrelated Lebanese participants who were apparently healthy (free of chronic diseases; cardiovascular
or cancer) individuals.

2.2. Clinical and Biological Data Collection

All measurements, including demographic, clinical, and biochemical measurements, were assessed
as described previously [11]. Nuclear DNA was extracted from whole-blood samples according to
the manufacturer’s recommendations (QIAamp DNA blood mini kit, Qiagen, Hilden, Germany).
Very briefly, 4 μg of total DNA from 200 μL of whole human blood was extracted through lysis and
continuous spinning. A KASP genotyping assay (LGC group, Berlin, Germany) was used to genotype
rs2569190A>G in CD14. Hypercholesterolemia was defined as an elevation of total cholesterol (Tchol)
and/or low-density cholesterol (LDL-C) levels. Tchol and LDL-C were considered high if their values
were ≥150 and ≥100 mg/dL, respectively. High-density cholesterol (HDL-C) levels were considered
low if their values were ≤50 and ≤40 mg/dL in females and males, respectively. HTN was defined as
systolic blood pressure ≥130 mmHg or diastolic ≥85 mmHg.

2.3. Statistical Analyses

SPSS statistical software version 24.0 [12] was used to perform all our statistical analyses except the
power analysis. GPower 3.1.9.4 software [13] was used for the power analysis. Continuous variables
were presented as mean value ± standard deviation, and categorical ones were shown as numbers
and percentages. A chi-squared goodness-of-fit test was performed to determine if the genotypes of
rs2569190A>G in CD14 were in Hardy–Weinberg equilibrium (HWE).

To study the association between rs2569190A>G in CD14 and hypercholesterolemia and HTN, a
multivariate logistic regression model was used while correcting for different confounding factors (age,
gender, body mass index, marital status, smoking, and physical activity). This analysis was performed
under the assumption of additive (AA vs. GA vs. GG) and recessive models (AA and GA vs. GG).
The sample size needed to reach a statistical power of at least 0.90 in a two-sided test with α = 0.05 and
an effect size of 0.2 was 409 individuals.

3. Results

3.1. Characteristics of the Studied Participants

The demographic characteristics of the study participants are shown in Table 1. The group of
participants comprised 292 females (63.5%) and 168 males (36.5%). The mean age was 40.6 years
old, and approximately 70% of the participants were married (Table 1). In addition, one-fourth of
participants were smokers, and only a minority practiced physical exercise once per week (Table 1).
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Table 1. Demographic characteristics of the study participants.

Characteristics Participants (n = 460)

Age 40.60 ± 14.16

Gender n (%)

Male 168 (36.5)

Female 292 (63.5)

Smoking status n (%)

Nonsmoker 332 (72.2)
Past smoker 6 (1.3)

Current smoker 122 (26.5)

Marital Status n (%)

Single 121 (26.3)
Married 321 (69.8)
Divorced 18 (3.9)

Physical Activity n (%)

<1 per week 345 (75.0)
1 per week 52 (11.3)
≥2 per week 63 (13.7)

Values are arithmetic mean ± SD for continuous variables. Categorical variables are shown as numbers (n) and
percentages (%). n: sample size.

Moreover, the clinical and genetic characteristics are shown in Table 2. Approximately 75% of the
participants had high total cholesterol and LDL-C levels, and around half had low HDL-C.

Table 2. Clinical and genetic characteristics of the study participants.

Characteristics Participants (n = 460)

BMI (Kg/m2) 25.71 ± 4.98

Total cholesterol (mg/dL) 181.41 ± 40.94
High total cholesterol levels n (%) 351 (76.3)

LDL-C (mg/dL) 117.39 ± 33.52
High LDL-C levels n (%) 347 (75.4)

HDL-C (mg/dL) 45.53 ± 14.61
Low HDL-C levels n (%) 270 (58.7)

Triglycerides (mg/dL) 145.96 ± 124.34
High triglycerides levels n (%) 174 (37.8)

SBP (mmHg) 132.07 ± 15.89

DBP (mmHg) 67.82 ± 9.12

Hypertension n (%) 255 (55.4)

MAF of rs2569190G in CD14 0.41

AA n (%) 158 (34.3)

GA n (%) 224 (48.7)

GG n (%) 78 (17.0)

Values are arithmetic mean ± SD for continuous variables. Categorical variables are shown as number (n) and
percentages (%). n: sample size. BMI: body mass index, LDL-C: low-density lipoprotein cholesterol, HDL-C:
high-density lipoprotein cholesterol, SBP: systolic blood pressure, DBP: diastolic blood pressure, MAF: minor allele
frequency, CD14: cluster of differentiation 14.
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3.2. Association of rs2569190A>G in CD14 with Hypercholesterolemia

Our calculations showed that the minor allele in our population was the allele G, with a frequency
of 0.41 (Table 2). In addition, the allelic frequencies were consistent with HWE (p = 0.86). Interestingly,
the G allele of rs2569190 in CD14 was associated with increased levels of Tchol (OR = 3.04, p = 0.016,
Table 3) and LDL-C (OR = 3.83, p = 0.006, Table 3) and decreased levels of HDL-C (OR = 0.36, p = 0.001,
Table 3). Similar results were also seen with a recessive genetic model. Age was positively associated
with an increase in Tchol levels (OR = 2.06 and p = 0.011, Table 3) and LDL-C levels (OR = 2.22 and
p = 0.004, Table 3). Similarly, smoking was significantly associated with an increase in Tchol levels (OR
= 2.18, p = 0.021, Table 3) and LDL-C (OR = 1.88, p = 0.050, Table 3) and a decrease in HDL-C (OR = 0.41,
p = 0.001, Table 3). Participants that practiced physical exercise once per week had decreased Tchol
(OR = 0.27 and p = 0.001, Table 3), LDL-C (OR = 0.28 and p = 0.001, Table 3), and HDL-C (OR = 0.40
and p = 0.017, Table 3) levels.

Table 3. Multiple logistic regression analysis with hyperlipidemia and hypertension.

Variables
Total Cholesterol LDL-Cholesterol HDL-Cholesterol Hypertension

OR (95% C.I.) p OR (95% C.I.) p OR (95% C.I.) p OR (95% C.I.) p

rs2569190 AA 1 1 1 1
GA 0.97 (0.57–1.63) 0.900 0.98 (0.59–1.64) 0.939 0.89 (0.56–1.43) 0.636 0.89 (0.56–1.40) 0.607
GG 3.04 (1.23–7.48) 0.016 3.83 (1.48–9.88) 0.006 0.36 (0.19–0.67) 0.001 0.67 (0.36–1.24) 0.203

rs2569190 AA and
GA 1 1 1 1

GG 3.10 (1.33–7.23) 0.009 3.87 (1.58–9.51) 0.003 0.38 (0.22–0.67) 0.001 0.72 (0.41–1.25) 0.186

Age

<40 1 1 1 1
≥40 2.06 (1.18–3.59) 0.011 2.22 (1.28–3.86) 0.004 1.58 (0.99–2.51) 0.056 0.73 (0.47–1.16) 0.181

Gender

Male 1 1 1 1
Female 1.21 (0.69–2.12) 0.503 0.98 (0.56–1.71) 0.931 1.17 (0.72–1.90) 0.523 0.46 (0.29–0.75) 0.002

BMI

<25 1 1 1 1
25–29.9 0.63 (0.34–1.15) 0.132 0.51 (0.28–0.93) 0.027 2.64 (1.50–4.65) 0.001 0.74 (0.44–1.26) 0.267
≥30 1.15 (0.56–2.34) 0.704 1.19 (0.58–2.43) 0.638 1.02 (0.57–1.80) 0.956 1.40 (0.78–2.51) 0.256

Marital status

Single 1 1 1 1
Married 0.60 (0.31–1.15) 0.124 0.83 (0.44–1.56) 0.566 0.75 (0.43–1.30) 0.306 0.70 (0.41–1.22) 0.206
Divorced 0.76 (0.21–2.76) 0.681 1.06 (0.29–3.83) 0.935 2.06 (0.57–7.47) 0.271 0.33 (0.10–1.07) 0.065

Smoking status

Non smoker 1 1 1 1
Past smoker 0.71 (0.11–4.62) 0.720 0.72 (0.11–4.72) 0.735 0.63 (0.11–3.67) 0.607 0.17 (0.03–1.13) 0.067

Current smoker 2.18 (1.12–4.21) 0.021 1.88 (0.99–3.53) 0.050 0.41 (0.24–0.68) 0.001 0.74 (0.45–1.22) 0.233

Physical activity

<1 per week 1 1 1 1
1 per week 0.27 (0.13–0.58) 0.001 0.28 (0.13–0.60) 0.001 0.40 (0.19–0.85) 0.017 0.99 (0.48–2.04) 0.971
≥2 per week 0.69 (0.33–1.41) 0.304 1.27 (0.59–2.74) 0.536 0.57 (0.30–1.11) 0.100 0.90 (0.48–1.70) 0.752

OR: odds ratio, C.I: confidence interval, BMI: body mass index.

4. Discussion

The results of the current study indicated that rs2569190A>G in CD14 was associated with
increased levels of Tchol and LDL-C and decreased levels of HDL-C. This might point to a possible
role for CD14 in the pathophysiology of hypercholesterolemia.

Human CD14 is located on the long arm of chromosome 5 (q23-31), which encodes the membrane
(m)CD14, binds to lipopolysaccharides, and activates various TLRs and downstream proinflammatory
pathways [14]. Additionally, CD14 exists in a soluble form (s)CD14 [15]. In response to interleukin-6,
its expression is increased; therefore, it is regarded as an acute phase protein [16]. Of interest, Reiner et
al. reported that (s)CD14 was positively correlated with LDL-C and HTN and negatively correlated
with HDL-C [7]. When combined with our results, the above suggests that the CD14 gene and protein
might be implicated in CVDs.
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Increasing experimental evidence is suggesting that rs2569190A>G in the CD14 promoter could
contribute to the genetic etiology of human atherosclerosis [17,18]. This SNP was shown to be functional
and increase the transcriptional activity of CD14 [10], which leads to higher (m)CD14 protein levels
and an increased risk of myocardial infarction [17,18].

The current study is not the first to find a link between elements of the innate immune system
(CD14) and CVD risk factors, since activated innate immune system elements and dysfunction in
metabolic pathways could lead to the chronic inflammation and pathologic conditions associated
with CVDs [19]. Benachour et al. reported that the expression of the antimicrobial peptide LL-37
(a component of the immune system) was positively correlated with CVD risk factors such as systolic
BP and triglyceride levels, and negatively with plasma levels of HDL-C, in a sample of 90 apparently
healthy men [20]. Another component of the innate immune system that has a noteworthy association
with CVD risk factors is the human formyl peptide receptor 1 (FPR1) [21]. We have previously identified
that, in 1012 French middle-aged adults equally divided between healthy and hypertensive individuals,
FPR1 C32T (rs5030878) is associated with increased BP levels [21].

It is noteworthy to mention that a Hardy–Weinberg equilibrium for rs2569190 was found despite
the participants belonging to the Middle Eastern population, where consanguinity rates are higher
than in European populations. This might be explained by the fact that the majority of the studied
individuals came from a northern large city (not villages), making mating less consanguineous and
more random.

5. Conclusions

In conclusion, our results indicate that rs2569190A>G in CD14 is positively associated with
increased Tchol and LDL-C and negatively correlated with HDL-C. This link with hypercholesterolemia
might highlight that rs2569190A>G in CD14 could be implicated in the pathophysiology of
hypercholesterolemia. Further studies are needed in order to highlight its possible role in the
pathogenesis of CVDs.
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Abstract: The American Heart Association has published a scientific statement on the effect of hookah
smoking on health outcomes; nevertheless, hookah smoking continues to be popular worldwide,
especially among the young. Recent reports mention a potential link between hookah smoking and
obesity; however, uncertainties still surround this issue. The aim of the current study was to conduct
a systematic review to clarify whether hookah smoking is associated with a higher risk of obesity
among the general population. This study was conducted in compliance with the preferred reporting
items for systematic reviews and meta-analyses (PRISMA) guidelines, and data were collated by
means of a meta-analysis and a narrative synthesis. Of the 818 articles retrieved, five large-population
and low-bias studies comprising a total of 16,779 participants met the inclusion criteria and were
reviewed. All included studies reported that, regardless of gender, hookah smoking increases the
risk of obesity among all ages and observed an association between the two after a correction for
several confounders or reported a higher prevalence of obesity among hookah smokers. This was
confirmed by the meta-analysis. Therefore, hookah smoking seems to be associated with a higher risk
of obesity. Public health policymakers should be aware of this for the better management of obesity
and weight-related comorbidities.

Keywords: obesity; hookah; overweight; shisha; abdominal obesity; weight management; treatment

1. Introduction

The hookah, also known as a water pipe, narghile, arghile, or shisha, was invented in the 16th
century as an attempt to purify smoke through water [1]. Nowadays hookah smoking is becoming
popular in developing countries as well as in Western countries, especially among the young [2–4].
In fact, many hookah smokers consider this practice less harmful than smoking cigarettes because
of the misconception that inhaling smoke containing fruit flavours, (i.e., apple, orange, grapes, etc.)
through hookah water is less toxic [5]. Strong evidence supports the association between hookah
smoking and several chronic diseases as well as a high risk of cancer [6–14] to the extent where it is
considered a serious public health problem. This caused the American Heart Association to issue
a scientific statement on hookah smoking and the increased risk of cardiovascular disease [15].

On the other hand, obesity is another increasing health problem. It is becoming one of the
most serious conditions worldwide, known to be associated with several comorbidities that lead
to an increase in disability, morbidity, and mortality [16–21]. Recently, reputable magazine reports

J. Cardiovasc. Dev. Dis. 2019, 6, 23; doi:10.3390/jcdd6020023 www.mdpi.com/journal/jcdd63
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have mentioned a potential association between obesity and hookah smoking; however, this is still
uncertain [22]. Moreover, to the best of our knowledge, no systematic review considering this issue as
a primary outcome has yet been conducted in order to provide a valid interpretation of the evidence
published to date based on a systematic review and a meta-analysis. In light of these considerations,
we hypothesised an association between hookah smoking and a higher risk of obesity and aimed to
systematically review the published literature on this topic in accordance with the PICO process [23],
as detailed below:

P—Population: adolescents and adults of both genders [24]; I—Intervention: active hookah
smoking; C—Comparison: hookah-smoking group vs. nonsmoking group (when available) or
hookah-smoking group vs. cigarette-smoking group (when available); and O—Outcome: obesity,
however defined, based on international guidelines, (e.g., BMI, BMI percentiles, waist circumference,
body fat percentage, etc.).

2. Methods

The current study was completed according to the Preferred Reporting Items for the Systematic
reviews and Meta-Analyses (PRISMA) guidelines [25,26] and registered in the PROSPERO registry,
York, UK—Association between smoking shisha, obesity, and related comorbidities: a systematic
review (CRD42019129389) [27].

2.1. Inclusion and Exclusion Criteria

All studies evaluating hookah smoking and obesity were included, provided they met the
following criteria: (i) they were written in English, (ii) they were original articles, and (iii) they
related to prospective or retrospective observational (analytical or descriptive), experimental, or
quasi-experimental controlled or noncontrolled studies. Reviews or non-original articles (e.g., case
reports, editorials, letters to editors, or book chapters) were excluded.

2.2. Information Source and Search Strategy

The literature search was designed and performed independently in duplicate by two of the
authors: the principal and the senior investigator. The PubMed/MEDLINE database was systematically
screened using the following MeSH terms: #1 = Obesity, #2 = Hookah, #3 =Water pipe, #4 = Narghile,
#5 = Arghile, and #6 = Shisha, together with the combinations #1 AND #2 OR #3 OR #4 OR #5 OR #6.
In addition, a manual search was carried out to retrieve other articles that had not been identified via
the initial search strategy. The publication date was not considered as an exclusion criterion for the
purposes of this review.

2.3. Study Selection

Two authors independently screened the resulting articles for their methodologies and
appropriateness for inclusion. All the included studies underwent a risk-of-bias assessment according
to the 10-item quality assessment checklist for prevalence studies adapted by Hoy and colleagues,
in which a total score of 0–3 indicates a low risk of bias, a score of 4–6 indicates a moderate risk of
bias, and a score of 7–9 indicates a high risk of bias [28]. Consensus discussions were used to resolve
disagreements between reviewers.

2.4. Data Collection Process and Data Items

The title and abstract of each paper were firstly assessed by two independent authors for language
suitability and subject-matter relevance, and the studies selected were assessed in terms of their
appropriateness for inclusion and the quality of the method. Those studies passing both rounds of
screening are shown in Table 1.
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2.5. Data Synthesis

The studies that met the inclusion criteria have been presented as a narrative synthesis [29,30].
Subsequently, a meta-analysis was conducted, detecting the association between hookah smoking and
the risk of obesity, however expressed, using Review Manager 5 (RevMan 5.3. Copenhagen, Denmark)
software developed by and for the Cochrane collaboration [31]. A random effects model was used to
calculate the pooled relative risk and the 95% CI.

3. Results

The initial search retrieved 818 papers. After the first round of screening (titles and abstracts),
408 papers were excluded on the following grounds: They were not in English or did not study humans,
or the abstracts and full texts were not available. The second round of screening excluded articles (n =
326) that represented an inappropriate type of paper, were not an original research article, (e.g., reviews,
letters to editors, book chapters, and case reports), or were not related to smoking or obesity and related
comorbidities. Of the remaining 84 articles dealing with smoking and health status, a further 79 papers
were excluded on the following grounds: They were on smoking but not on hookahs, they considered
health outcomes other than obesity and related comorbidities (e.g., cancer, respiratory diseases, acute
effects of hookah-smoking such as heart rate, etc.), or other factors, (e.g., they were conducted in clinical
settings rather than in the general population). Thus, at the end of the screening process, five articles
were available for systematic review, narrative synthesis, and meta-analysis (Figure 1). According to
the quality assessment checklist for prevalence studies (n = 5), these studies had a low risk of bias
(mean score of 1.2 points) (Table 2).
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Figure 1. The flowchart summarizing the study selection procedure.
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3.1. Narrative Synthesis

In 2012, Shafique et al. [32] conducted a cross-sectional population-based study to investigate the
association between hookah smoking and metabolic syndrome as a primary outcome. The sample
included 2032 individuals, of which 325 were current hookah smokers. Metabolic syndrome was
significantly higher among the current hookah smokers (33.1%) compared to nonsmokers (14.8%); the
former were three times more likely to have metabolic syndrome compared with nonsmokers after an
adjustment for confounders. Moreover, the definition of obesity was based on waist circumference.
For abdominal obesity, the authors used a South Asian-specific cutoff of ≥90 cm waist circumference
for males and of ≥80 cm for females [33]. In fact, hookah smokers had a significantly greater waist
circumference (84.7 ± 12.6 vs. 80.6 ± 11.8; p < 0.01), and a logistic regression analysis showed that
hookah smokers were significantly more likely to show abdominal obesity (OR 1.93, 95% CI 1.52–2.45).

In 2015, Ward et al. [34] conducted a population-based household study among 2536 adults
(age ≥ 18 years) and examined the associations between hookah smoking and BMI and obesity status
(BMI ≥ 30 kg/m2). Of the total sample 2134 had never smoked a hookah, 116 were former smokers,
251 were current non-daily smokers, and 35 were current daily smokers. The mean BMI of the entire
sample was 30.2 ± 6.3 kg/m2. The authors found that daily hookah smokers had a BMI nearly 2 units
greater than nonsmokers and had nearly three times the risk of obesity.

In 2018, Saffar Soflaei et al. [35] published a large population study with a total of 9840 subjects
living in the city of Mashad (Iran), allocated to five different groups: nonsmokers (n = 6742), ex-smokers
(n = 976), cigarette smokers (n = 864), hookah smokers (n = 1067), and cigarette and hookah smokers
(n = 41). The authors found a significant association between hookah smoking (not cigarette-smoking)
and obesity. They concluded that, in contrast to the common belief that the hookah eliminates the
toxicity of tobacco compared with cigarettes, the adverse effects of hookah smoking could be even
greater than those of cigarette smoking. In fact, in this study, the prevalence of obesity was significantly
higher in hookah smokers compared with nonsmokers and even cigarette smokers.

In 2018, Alomari et al. [36] studied the associations between obesity and hookah smoking among
2313 adolescents of both genders at public schools in grades seven to 10 in Jordan using a cross-sectional
design. The BMI percentile z-scores were calculated to determine weight-status categories, and obesity
was defined as the 95th percentile or greater. Of the entire sample, 279 (12.1%) were obese. The authors
found that body weight and age- and gender-specific BMI were higher for hookah smokers compared
to nonsmokers and that those who smoked a hookah weekly had double the odds of being obese
compared to nonsmokers (OR = 2.14; 95% CI = 1.08–4.21; p = 0.028). They concluded that hookah use
and dual use are associated with greater obesity, BMI, and body weight among Jordanian adolescents.

In 2018, Hasni et al. [37] undertook a small population study that aimed to compare the biochemical
and metabolic profiles of hookah smokers and nonsmokers in 58 young males aged between 25 and
45 with no known history of metabolic or cardiovascular diseases. Abdominal obesity was defined
based on the International Diabetes Federation (IDF) criteria, i.e., WC ≥ 94 cm [38], and obesity was
defined as BMI ≥ 30 kg/m2. The mean BMI in hookah smokers was significantly higher than that of
nonsmokers (28.2 ± 3.6 vs. 26.5 ± 2.6; p = 0.046), and there was a higher prevalence of obesity (37.9%
vs. 6.9%; p = 0.04) and a higher prevalence of abdominal obesity (79.3% vs. 59.6%; p = 0.08) among
hookah smokers.

3.2. Meta-Analysis

The meta-analysis results estimating the overall risk ratios for obesity in hookah smokers compared
to nonsmokers are presented in Figure 2. The random effect weighted pooled risk for obesity in
hookah smokers indicated an increased risk of obesity of approximately 38%, compared to nonsmokers
(RR = 1.38; 95% CI = 1.02–1.87; p = 0.04). The heterogeneity analysis revealed a moderate variability
(I2 = 53%).
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Figure 2. The forest plot for the risk of obesity with hookah-smoking.

4. Discussion

The aim of the current systematic review was to provide benchmark data on the association
between hookah smoking and obesity. Five studies, comprising a total of 16,779 adolescent and
adult participants and age range between 13–75 years and conducted in Iran, Syria, Jordan, Pakistan,
and Tunisia, met the inclusion criteria and were reviewed, revealing one major finding: All five
studies included in our systematic review showed a higher prevalence of obesity and/or a higher
association between obesity (abdominal obesity, BMI percentile ≥ 95th, or BMI ≥ 30 kg/m2) and hookah
smoking than the corresponding values for nonsmokers and cigarette smokers (when comparisons
were available) regardless of gender and among all ages. This finding is considered to be strong and
robust because (i) data were derived from well-conducted, large-sample, population-based studies
with a low risk of bias; (ii) the finding was not contradicted in any of the included studies; (iii) the
same finding has also been reported in clinical samples (i.e., not the general population) [39]; and (iv)
this finding was confirmed by a meta-analysis.

4.1. Clinical Implications

Our findings have some implications, especially for the general population. Firstly, it is important
to discuss the association between hookah smoking and obesity among young adults, perhaps through
educational interventions in schools and universities and in work settings [40,41]. In addition, the
common public belief that hookah smoking may be healthy, since hookah smoke contains fruit flavours
and the water in the bottom of the hookah can eliminate the toxicity of tobacco compared with
cigarettes, should be contradicted. On the contrary, we found that the adverse effects of hookah
smoking could be even greater than those of cigarette smoking. In fact, several types of cancer (e.g.,
lung cancer) have been linked to hookah smoking [42]. Moreover, it causes coronary artery disease [39],
an increased heart rate and high blood pressure [43], respiratory diseases [10], dental problems [44],
and osteoporosis [45], as well as infections when sharing a hookah [45].

It is unclear why smoking hookah is associated with obesity; we speculate that the potential
mechanisms behind this association may be multiple. However, two factors may have a major impact.
Firstly, smoking a hookah requires sitting, and a hookah-smoking session may last for two hours.
Some individuals may repeat the session two or three times a day [46], and this unavoidably facilitates
a sedentary lifestyle (unlike cigarettes), which reduces energy expenditure [47]. Also, the hookah is
smoked during social events where smokers spend time together and talk as they pass the mouthpiece
around in environments (e.g., restaurants and coffee shops) rich in eating stimuli, which could increase
the exposure to and consumption of high-calorie foods [47]. All in all, it has been shown that hookah
smoking is associated with less healthy lifestyle habits in both men and women [48].

4.2. Strengths and Limitations

This systematic review has certain strengths. To the best of our knowledge, this is the first
systematic review to investigate the association between hookah smoking and obesity. Despite the fact
that few studies met the inclusion criteria and were included in our systematic review, the finding
is considered to be strong, with definite evidence for the association between hookah smoking and
obesity. This needs to be underlined due to the increasing trend of this smoking habit, especially
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among young people. However, this systematic review also has certain limitations. In particular, our
results should be interpreted with caution with regard to the association between hookah smoking and
obesity, since the cross-sectional design of the studies included in our systematic review indicates only
simple associations at best and does not provide solid information regarding any causal relationships
between conditions [49]. In other words, these studies lack evidence to determine whether hookah
smoking may lead to obesity, since very few studies have longitudinally investigated the “real” effects
of hookah smoking [50]. Moreover, the included studies in our systematic review were conducted only
in low-middle income countries (i.e., Middle East); therefore, our findings may not be generalized on
a global scale. Finally, none of the included studies clearly examined if the average number of sessions
(i.e., per day or week) or years (i.e., months and years) of hookah smoking are related to a higher risk of
obesity. All these shortcomings in the current research indicate the need to design longitudinal studies
to clarify the real effect of hookah smoking on the onset and progression of obesity and weight-related
comorbidities, especially in Western countries (i.e., US and Europe).

5. Conclusions

Despite the scarcity of studies, the preliminary findings indicate a high prevalence of obesity in
hookah smokers. Public health policymakers should be aware of this for the better management of
obesity and other diseases related to hookah smoking.
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Abstract: In its classical view, the renin angiotensin system (RAS) was defined as an endocrine system
involved in blood pressure regulation and body electrolyte balance. However, the emerging concept
of tissue RAS, along with the discovery of new RAS components, increased the physiological and
clinical relevance of the system. Indeed, RAS has been shown to be expressed in various tissues where
alterations in its expression were shown to be involved in multiple diseases including atherosclerosis,
cardiac hypertrophy, type 2 diabetes (T2D) and renal fibrosis. In this chapter, we describe the
new components of RAS, their tissue-specific expression, and their alterations under pathological
conditions, which will help achieve more tissue- and condition-specific treatments.

Keywords: renin-angiotensin-aldosterone system; tissue; expression; physiology

1. Introduction

In its classical view, RAS was defined as an endocrine system involved in blood pressure regulation
and body electrolyte balance. However, RAS is now considered a “ubiquitous” system that is expressed
locally in various tissues and exerts multiple paracrine/autocrine effects involved in tissue physiology
and homeostasis [1]. Indeed, RAS plays key roles in cellular growth, proliferation, differentiation,
migration, and apoptosis, in addition to extracellular matrix (ECM) remodeling and inflammation [2].

Alterations in RAS expression were shown to be involved in multiple diseases including
atherosclerosis, cardiac hypertrophy, type 2 diabetes, and renal fibrosis [2–4]. On the other hand,
RAS-blocking agents, such as angiotensin converting enzyme (ACE) inhibitors and AT1 receptor
blockers (ARBs), have been shown to be effective in the management of hypertension-related
cardiovascular diseases and end-organ damage [5]. Therefore, it is necessary to know the components
of RAS, their tissue-specific expression, and how they may change under pathological conditions.
In this review, we discuss classical and novel components of RAS, their role in local tissue physiology,
and their changes under specific pathological conditions. A better understanding of local tissue RAS
expression and regulation will help achieve more tissue- and condition-specific treatments.

2. An Overview of RAS

In its classical view, RAS includes successive enzymatic reactions resulting in the conversion of
the “inactive” substrate angiotensinogen (AGT), into the active peptide angiotensin II (Ang-II) which
binds to its specific membrane receptors and elicits cellular effects [2] (Figure 1 and Table 1). AGT is a
glycoprotein continuously produced by the liver. In addition, it is differentially expressed in multiple
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other tissues, including heart, blood vessels, kidneys, and adipose tissue [2]. AGT production can be
induced by several stimuli, including inflammation, insulin, estrogen, glucocorticoids, thyroid hormone,
and Ang-II [6].

Figure 1. RAS components. Colors correspond to different arms of RAS: Orange, Angiotensin-I; pink,
Angiotensin-(1–12); red, Angiotensin-II; green, Angiotensin-(1–7); Blue, Angiotensin III/VI; violet,
Alamandine. Proteins are represented by the corresponding official gene symbols. The figure was
adapted from Nehme et al. 2015 [7].

In the plasma, AGT is converted into the decapeptide angiotensin-I (1–10) (Ang-I) by renin
(Figure 1 and Table 1), a tightly regulated enzyme produced by the juxtaglomerular cells (JG) [8].
In fact, this step is considered the rate limiting step of Ang-II release in the circulation [8]. Renin is
synthesized as an inactive enzyme that is cleaved by microsomes to produce prorenin [9]. Prorenin is
then either released as inactive precursor or converted by a variety of proteases into active intracellular
renin that is stored in granules of the JG cells. Active renin is released into the circulation by JG cells
via an exocytic process and upon a stimulus [8,10] by different mechanisms including Ang-II negative
feedback [10].

Ang-I is further processed by angiotensin-converting enzyme (ACE), a membrane-bound
exopeptidase, to release the vasoactive octapeptide angiotensin II (1–8) (Ang-II) (Figure 1 and Table 1).
Besides Ang-II production, ACE can degrade a number of vasodilating peptides including Ang-(1–7),
bradykinin, and kallikrein, thus playing a central role as a vasopressor enzyme [2,8]. Moreover,
ACE can activate cellular signaling when bound to its inhibitors (ACEIs) and bradykinin, leading to
increased ACE and COX2 production [11].
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Table 1. Extended renin-angiotensin-aldosterone system components.

Gene Symbol Gene Description Gene ID

ACE * angiotensin I converting enzyme (peptidyl-dipeptidase A) 1 1636
ACE2 angiotensin I converting enzyme (peptidyl-dipeptidase A) 2 59272
AGT * angiotensinogen (serpin peptidase inhibitor, clade A, member 8) 183

AGTR1 * angiotensin II receptor, type 1 185
AGTR2 angiotensin II receptor, type 2 186
ANPEP alanyl (membrane) aminopeptidase 290

ATP6AP2 ATPase, H+ transporting, lysosomal accessory protein 2 10159
CMA1 chymase 1, mast cell 1215
CPA3 carboxypeptidase A3 (mast cell) 1359
CTSA cathepsin A 5476
CTSD cathepsin D 1509
CTSG cathepsin G 1511
DPP3 dipeptidyl-peptidase 3 10072
EGFR epidermal growth factor receptor 1956

ENPEP glutamyl aminopeptidase (aminopeptidase A) 2028
IGF2R insulin-like growth factor 2 receptor 3482
KLK1 kallikrein 1 3816

LNPEP leucyl/cystinyl aminopeptidase 4012
MAS1 MAS1 oncogene 4142
MME membrane metallo-endopeptidase 4311
NLN neurolysin (metallopeptidase M3 family) 57486
PREP prolyl endopeptidase 5550
REN * renin 5972

RNPEP arginyl aminopeptidase (aminopeptidase B) 6051
THOP1 thimet oligopeptidase 1 7064

AKR1C4 aldo-keto reductase family 1, member C4 1109
AKR1D1 aldo-keto reductase family 1, member D1 6718
CYP11A1 cytochrome P450, family 11, subfamily A, polypeptide 1 1583
CYP11B1 cytochrome P450, family 11, subfamily B, polypeptide 1 1584

CYP11B2 * cytochrome P450, family 11, subfamily B, polypeptide 2 1585
CYP17A1 cytochrome P450, family 17, subfamily A, polypeptide 1 1586
CYP21A2 cytochrome P450, family 21, subfamily A, polypeptide 2 1589

GPER G protein-coupled estrogen receptor 1 2852
HSD11B1 hydroxysteroid (11-beta) dehydrogenase 1 3290

HSD11B2 * hydroxysteroid (11-beta) dehydrogenase 2 3291
NR3C1 nuclear receptor subfamily 3, group C, member 1 (glucocorticoid receptor) 2908

NR3C2 * nuclear receptor subfamily 3, group C, member 2 (Mineralocorticoid receptor) 4306

* Classical RAS components.

Ang-II is a biologically active peptide that mediates its effects via the angiotensin-II type 1 receptor
(AT1R) [12] (Figure 1). Ang-II was originally known as a circulating hormone that regulates blood
pressure and electrolyte balance by acting on vascular contraction, aldosterone secretion, renal sodium
handling, sympathetic activity, and vasopressin release [2]. However, molecular studies have shown
that AT1R activation can exert long-term genetic effects, in addition to rapid short term effects at the
cellular level [13]. Like most other GPCRs, AT1R undergoes rapid desensitization and internalization
after agonist stimulation to avoid extensive chronic activation [2].

One of the major effects of Ang-II is the stimulation of aldosterone synthase, CYP11B2, expression
in the adrenal cortex [14] (Figure 1 and Table 1). Aldosterone has emerged as an essential regulator
of blood pressure in mammals, and has been associated with a variety of diseases in humans [15].
Aldosterone acts in a variety of tissues through its mineralocorticoid receptor (MR) to influence
extracellular fluid volume, blood pressure and salt exchange, but may also lead to pathological
consequences, mainly tissue fibrosis and oxidative stress [16].
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3. The Concept of Tissue RAS

Several lines of evidence support the concept of extended RAS that includes multiple synonymous
enzymatic pathways for the generation of different angiotensin peptides which exert their effects in a
tissue- and condition-specific manner [17]. These pathways may explain the dual role of RAS as not
only a circulating hormone, but also a tissue-specific regulatory system serving autocrine, paracrine,
and even intracrine functions.

The first demonstration of the presence of a local tissue RAS was in 1971, where a renin-like
activity was found in the brain of dogs and which was independent of renin found in the kidney and
plasma [18]. This finding was then supported by the identification of Ang-I-like peptides in dog brain
with variable molecular weights [19]. Since then, local angiotensin pathways and their physiological
importance were elucidated in different tissues including the heart, blood vessels, kidney, brain,
adipose tissue, adrenal gland, pancreas, liver, reproductive system, lymphatic tissue, placenta and
the eye (Table 2) [2,20,21]. In these tissues, local RAS acts independently from systemic RAS in a
paracrine and autocrine manner, but may still interact with systemic RAS to exert endocrine effects [2].
A study conducted by Lau et al. showed a local angiotensin-generating system in the exocrine pancreas.
Their data showed the existence of an islet angiotensin-generating system that has an important role in
physiological regulation of glucose-induced insulin secretion [22]. In addition, recent studies have
reported the expression of renin and angiotensinogen genes and identified their products at many local
tissue sites, which further supports the concept of multiple tissues synthesizing RAS components [23].
In fact, multiple studies have described tissue RAS and reported its role in various tissues such as
cardiac, vascular and renal tissues, which have the majority of ACE in the body. It seems that tissue
RAS has long-term effects on cardiovascular function and structure, while its alteration can cause
pathologic conditions [24].

Table 2. The physiological and pathophysiological role of RAS in different tissues.

Tissue Physiological Role of RAS Associated Diseases

Blood vessel Vasomotor regulation, oxidative
metabolism Hypertension, atherosclerosis

Heart Vasomotor tone, fibrotic regulation,
oxidative metabolism

Heart failure, cardiac hypertrophy and
fibrosis

Kidney Blood pressure regulation Chronic kidney disease
CNS Sympathetic regulation of blood pressure Hypertension

Adipose tissue Adipogenesis Insulin resistance and obesity
Eye Aqueous humor dynamics Glaucoma and diabetic retinopathy

Liver Glucose metabolism Glucose intolerance and fibrosis

3.1. Angiotensin-I

Apart from Renin, several enzymes were found to cleave angiotensinogen into Ang-I, such as
cathepsin D (CTSD), cathepsin G (CTSG), and tonins [25] (Figure 1). In addition, studies have
shown that three main receptors can be bound and activated by renin, which are: renin-binding
protein (RnBP), mannose 6-phosphate/insulin-like growth factor II (M6P/IGFII) receptor and the
renin/prorenin receptor (R/PR) [26] (Figure 1 and Table 1). Although RnBP is known to be a renin
inhibitor, the latter two are known to increase renin catalytic activity and activate intracellular
signaling [20]. R/PR binding is supposed to induce full non-proteolytic activation of prorenin by a
conformational change, through which prorenin active site is exposed [26]. The interaction between
R/PR and prorenin is species-specific, which may explain the lack of rat prorenin activation by human
R/PR [27].
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The concept of local RAS was initially challenged by the fact that renin was considered the
rate-limiting specific enzyme to cleave AGT into Ang-I [28]. However, renin mRNA and/or activity
was detected in several extra-renal tissues, including the vascular wall [29], cardiac [30], adipose [31],
and eye tissues [32]. In addition, M6P/IGFII receptor, encoded by the IGF2R gene, contribute to the
uptake and activation of M6P-containing prorenin from the circulation at different tissues and in a
variety of cells including cardiomyocytes [33], fibroblasts, VSMCs, and ECs [26,33]. On the other hand,
the P/PR was shown to be expressed and active in diverse tissues, including the kidney, vascular wall,
brain, and the eye. Alterations in R/PR are associated with pathologies such as glomerulosclerosis,
diabetes, hypertension, neovascularization and inflammation [26].

In fact, renin is considered the rate limiting enzyme for the generation of Ang-I in plasma, whereas in
tissues, enzymes other than renin are thought to regulate Ang-I generation [34]. Of importance is
CTSD, which is a ubiquitous lysosomal aspartyl protease [35] that was shown to provide an alternative
angiotensin production pathway after myocardial infarction, and hence falsely increase clinical plasma
renin activity determinations [36]. Cathepsin D knockdown by siRNA led to more than a two-fold
reduction in intracellular and extracellular Ang-I and Ang-II production by VSMCs under both normal
and high glucose concentrations [37]. Interestingly, however, silencing of tissue plasminogen activator
(tPA) gene, previously associated with Ang-II production [38], moderately increased intracellular
Ang-I and Ang-II levels in VSMCs only under high glucose concentrations, while strongly decreased
Ang-I and Ang-II levels in the media [37]. However, a consensus on the renin-compensatory activity
of CTSD has not been reached yet due to the low specificity and efficiency of CTSD, which has been
found to only metabolize AGT under acidic conditions [39,40].

Despite the importance of this rate limiting step in RAS, little effort has been made to further
support local Ang-I generation from renin or renin-like enzymes. Therefore, further studies should be
performed to identify local mechanisms involved in angiotensinogen cleavage, either through renin
recruitment from the circulation, or through local renin-independent enzymatic reactions.

3.2. Angiotensin (1–12)

One of the recent important discoveries in RAS is the identification of the Angiotensin (1–12)
peptide (Ang-(1–12)), which may serve as an alternative precursor for the production of bioactive
angiotensin peptides, independent from Ang-I production [41]. Ang-(1–12) was first isolated by Nagata
et al. from rat small intestine, and was shown to induce constriction of aortic strips ex vivo and to raise
blood pressure in rats when infused intravenously [41]. Both the vasoconstrictor and pressor responses
to Ang-(1–12) were abolished by ACE inhibitors (ACEI) and AT1R blockers (ARBs), which suggest
a renin-independent pathway for angiotensin peptides production [41,42]. Despite the differences
in amino acid sequence of rat and human Ang-(1–12), Ferrario et al. showed cardiac production of
Ang-(1–12) in a rat model expressing human AGT [43].

In addition, compelling evidence suggests that Ang-(1–12) is a major source for local Ang-II
production in the central nervous system. Endogenous neutralization of Ang-(1–12) using antibodies
directed against the C-terminal end of Ang-(1–12) into a lateral cerebral ventricle of (mRen2)27
transgenic hypertensive rats prompted blood pressure reduction that was associated with a transient
anti-dipsogenic behavior [44]. Central effects of Ang-(1–12) were later shown to be mediated via the
Ang-II/AT1R axis in the solitary tract nucleus and hypothalamic arcuate nucleus [45–47]. Ang-(1–12)
was also shown to be present abundantly in a wide range of rat organs and tissues, including heart
ventricular myocytes, small intestine, spleen, kidneys, and liver [41]. Lower levels were also found
in the medial layer of intracoronary arteries and vascular endothelium [48]. Despite the increase in
plasma renin activity following low-salt feeding, the levels of Ang-I, Ang-II, and Ang-(1–12) in plasma
and various tissues remained unchanged [49], which suggests that Ang-(1–12) metabolism is regulated
in a manner that is independent of circulating renin activity.

Studies on Ang-(1–12) clearly demonstrate species-specific, tissue-specific, and condition-specific
metabolism that favors one pathway or enzyme, over the others [17]. For instance, Jessup et al.
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showed that Ang-(1–12) immunoreactivity was detected in both the heart and kidney of spontaneously
hypertensive rats (SHR) and Wistar–Kyoto (WKY) rats. However, tissue measurements by
radioimmunoassay showed higher cardiac and lower renal levels of Ang-(1–12) in SHR, compared with
WKY rats [48]. It was shown that Ang-(1–12) was cleaved by ACE to generate both Ang-I and Ang-II
in rat serum, independent of renin participation [50]. On the other hand, the same team showed
that Ang-(1–7) and Ang-(1–4) were the main products of Ang-(1–12) metabolism in renal cortical
membranes of rats, which were abolished by neprilysin inhibition [50]. In addition, myocytes of
WKY rats were shown to sequester Ang-(1–12) in culture, which was mainly metabolized by ACE
and membrane metallo-endopeptidase (MME) [51]. Interestingly, the uptake and metabolism were
higher in cardiomyocytes obtained from SHR rats with a predominant effect of chymase in these
cells [52]. On the other hand, chymase was shown to be the major enzyme contributing to Ang-(1–12)
cleavage in an isolated heart model of cardiac ischaemia-reperfusion injury in Sprague–Dawley rats [53].
ACEI, however, but not chymostatin, inhibited circulatory Ang-(1–12) production in both SHR and
WKY rats42.

Ang-(1–12) production and metabolism have raised concerns about the possible role of this peptide
in mitigating the effects of renin and ACE inhibitors in the treatment of heart failure, which warrant
further studies to identify tissue-specific RAS metabolic targets for disease treatment.

3.3. Angiotensin-II

In addition to the ACE-dependent cleavage of Ang-I, Ang-II can also be produced by the direct
cleavage of AGT by cathepsin G [54], tonin, and kallikrein, or through Ang-I cleavage by chymase and
cathepsin G216 (Figure 1 and Table 1). Of importance, chymase, a serine protease that is highly specific
to the Phe8-His9 bond [17] of Ang-I, was shown to be more active than ACE in generating Ang-II in
human heart [55] and diabetic kidneys [56].

In addition to AT1R (Figure 1 and Table 1), Ang-II also acts through AT2R, a seven transmembrane
receptor that acts mainly through Gi and tyrosine phosphatases to exert inhibitory actions on cellular
responses mediated by AT1R, mainly by inhibiting cell growth and proliferation while promoting cell
differentiation, in addition to vasodilation and reducing blood pressure [57].

Ang-II was thought for a long time to be only a circulating peptide, exerting its effects through
endocrine mechanisms. However, many studies identified Ang-II in several tissues and showed that it
was produced locally independent of systemic RAS. The first demonstration of tissue Ang-II was in
the arterial wall in sheep in 1980 [58]. Studies quantifying tissue Ang-II synthesis, using radiolabeled
angiotensin, revealed that Ang-II in the heart, kidney, and adrenal gland [59,60] almost completely
originates from local synthesis, both under normal and pathological conditions [60,61]. ACE was
shown to be expressed in multiple tissues, including vascular endothelium, renal proximal tubular
endothelium, heart, lung, small intestine, colon, activated macrophages, and several regions of the
brain [62], where physiologic effects of ACE are the result of tissue rather than circulating ACE
activity [63].

ACE is generally considered the main Ang-II-forming enzyme in the circulation. However,
in tissues, various serine proteases were shown to play a role in Ang-II generation [53]. Not only
chymase, but also trypsin [64] and kallikrein [65] serine proteases were shown to generate Ang-II
in vitro and in vivo in ischemic dog hearts, ischemic human hearts, and even in normal healthy
individuals during exercise [66]. In fact, chymase has been a focus of interest because of its specificity
and potency in the human cardiovascular system [55,67].

Ang-II may exert local paracrine or autocrine effects through its locally expressed AT1 and
AT2 receptors (Figure 1 and Table 1). AT1R was found to be expressed in several adult tissues,
including blood vessels, heart, kidney, adrenal glands, and liver [2]. On the other hand, AT2R is
mainly expressed in fetal tissue and decreases through fetal development [2] to be restricted to certain
tissues, mainly the heart, vessels, brainstem, liver, and kidney [68]. At the tissue level, AT1R and
AT2R exert opposite effects; therefore, the final local effects of Ang-II are defined by the combined net
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result obtained from the activation of both receptors. For instance, AT1R induces vasoconstriction and
sodium retention in the kidney whereas AT2R promotes vasodilation and natriuresis [69]. On the other
hand, in the gastrointestinal tract, AT2R opposes the actions of AT1R in sodium and water absorption,
which contributes to the regulation of the finely tuned sodium transport in this tissue [70]. In general,
AT2R stimulates protein dephosphorylation, which counterbalances protein phosphorylation induced
by AT1R, thus, affecting the signaling pathways inside the cell, leading mainly to opposite cellular
actions [69]. Despite this general “antagonistic” view of AT2R, certain studies on cardiac myocytes
showed that its overexpression may complement, rather than antagonize, the AT1R effects in cellular
hypertrophy [71,72]. Similarly, AT1R and AT2R synergistically act to induce adipogenesis and lipid
storage in adipose tissue, wherein AT1R inhibit lipolysis, while AT2R induces the expression of
lipogenic enzymes [73]. Interestingly, this adds a new level of complexity to RAS in which the
effects of the system depend not only on the “inter-molecular” balance between the antagonistic arms,
but also on the “intra-molecular” balance of the levels of the same molecule in certain cells under
specific conditions.

Ang-II is the most studied pathway in RAS and additional research on it would open new avenues
in understanding the complexity of the system and inter-pathway interactions.

3.4. Angiotensin-(1–7)

Ang-(1–7) was first discovered in rat brains in 1983 by Tonnaer and his colleagues [74]. However,
at that time, it was thought to be an inactive peptide. The importance of Ang-(1–7) emerged in
1988 when it was found to be the major Ang-I-derived peptide in the presence and absence of ACE
inhibition [75]. Ang-(1–7) was initially thought to exert its hypotensive effects in a bradykinin-dependent
manner [76]. However, it was later demonstrated that Ang-(1–7) opposes the vasoconstrictive and
proliferative actions of AT1R-mediated Ang-II actions [2,17]. In fact, the discovery of Ang-(1–7)
and its effects lead to the belief that RAS local actions are mainly driven by the balance between
the vasoconstrictor/proliferative and vasodilator/anti-proliferative actions of Ang-II and Ang-(1–7),
respectivley [2].

Ang-(1–7) can be formed by different enzymes and pathways (Figure 1 and Table 1). The most
potent and well known Ang-(1–7)-generating enzyme is ACE2 (angiotensin-I converting enzyme
2), which can generate Ang-(1–7) directly from Ang-II, or indirectly from Ang-I through Ang-(1–9)
intermediate [77,78]. In fact, the former pathway is more favorable because the affinity of ACE2 to
Ang-II is 400-folds greater than that to Ang-I [79]. Ang-(1–9) can be generated from Ang-I by the action
of ACE2, cathepsin A (CTSA) [80], or carboxypeptidase A3 (CPA3), and then cleaved to form Ang-(1–7)
by ACE [77], ACE2, or neprilysin (MME) (Figure 1 and Table 1). Alternatively, Ang-(1–7) can also be
formed directly from Ang-I by prolylendopeptidase (PREP), thimet Oligopeptidase 1 (THOP1), [81] and
Neurolysin (NLN) or from Ang-II cleavage by ACE2, PREP, and prolylcarboxipeptidase (PRCP) [2,79]
(Figure 1 and Table 1).

In fact, ACE2 levels and the ACE/ACE2 ratio is generally considered a reference for Ang-(1–7)
production. However, ACE2 is restricted to certain tissues and cells such as endothelial cells of the
heart, kidneys, and testes [82]. In addition, the contribution of alternative enzymes in the production
of Ang-(1–7) should be considered. For instance, metallopeptidase activity accounts for almost all Ang
(1–7) production in atrial homogenate preparations, whereas Ang-II was produced equally by ACE
and chymase while cathepsin A was responsible for 65% of the liberated Ang (1–9) [80]. This indicates
that local angiotensin peptides production depends as well on the activity of “alternative” enzymes at
the tissue level.

Ang-(1–7) exerts its effects mainly through the Mas receptor (MasR) (Figure 1 and Table 1).
MasR was first described as Ang-(1–7) receptor in 2003, where its deletion abolished the binding
of Ang-(1–7) to mouse kidneys, accompanied with the loss of Ang-(1–7)-induced relaxation [83].
By binding to MasR, Ang-(1–7) may induce many effects, antagonizing those of Ang-II/AT1R,
such as vasodilation, inhibition of cell growth, anti-thrombosis, and anti-arrhythmogenic effects [84].
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In addition, it was shown that MasR may antagonize AT1R in vitro and in vivo by forming a
hetero-dimer with the AT1R, thus blocking the latter’s activity [85]. Moreover, Ang-(1–7) can act on
the AT2R (Figure 1 and Table 1), which exerts very similar effects to those induced by MasR [86].
In addition, emerging evidences raised controversies on the specificity of MasR to Ang-(1–7). Recently,
MasR was shown to be stimulated by multiple other molecules such as Neuropeptide FF, Alamandine,
Angiotensin III, Angiotensin IV, and Angioprotectin. Similarly, independent studies demonstrated
the absence of MAS1 activation after Ang-(1–7) treatment in human mammary arteries from patients
undergoing coronary revascularization surgery, splanchnic vessels from cirrhotic liver of human and
rats and aorta from Sprague–Dawley rats [87].

Ang-(1–7) is present in the circulation, in addition to several other tissues and organs including
the heart, blood vessels, kidney and liver [88], where it exerts local paracrine and autocrine actions.
The alteration in circulatory and tissue Ang-(1–7) levels were shown to be associated with several
diseases, including hypertension preeclampsia, hypertrophic myocardial disease, cognitive heart
disease, myocardial infarction (MI), chronic kidney disease (CKD), and hepatic cirrhosis [2].
For instance, ACE2−/− mice developed age-dependent cardiomyopathy with increased oxidative
stress, neutrophilic infiltration, inflammatory cytokine, and collagenase levels, mitogen-activated
protein kinase (MAPK) activation and pathological hypertrophy [89]. These effects were inhibited
by irbesartan, an AT1R blocker (ARB), which indicates a critical role for ACE2 in the suppression
of Ang-II-mediated heart failure. In addition, a recent study suggested an important role for the
ACE/ACE2 imbalance in the pathogenesis of severe acute pancreatitis where the ratio of pancreatic
ACE2 to ACE expression was significantly reduced and paralleled the severity of the disease [90].
In another study, a reduction in ACE/ACE2 ratio was shown to be associated with acute respiratory
distress syndrome, which was prevented by Ang-(1–7) or ARB treatment [91]. Recent studies have
supported a metabolic role for the Ang-(1–7)/MasR arm in the liver and its counter-regulatory action to
Ang-II/AT1R that interferes in several steps of intracellular insulin signaling arm in the pathophysiology
of liver diseases [92]. Indeed, Ang-(1–7) has been shown to ameliorate glucose tolerance and to enhance
insulin sensitivity, while Mas receptor has been described as an essential component of the insulin
receptor signaling pathway [93]. Of interest, ACE2 treatment has been shown to ameliorate liver
fibrosis through reduction of hepatic Ang-II levels concomitant with increased concentrations of
Ang-(1–7) in liver tissue [94–96]. Moreover, Ang-(1–7)/MasR axis agonists may also play a role in the
treatment of CKD by controlling the inflammatory response and fibrosis in kidney tissue [97].

Of note, high concentrations of Ang-(1–7) exerts biphasic effects on Na+-, K+-ATPase activity in a
dose dependent manner by inducing similar effects to those induced by Ang-II at high concentrations,
independent of MasR and AT2R, probably through the AT1R [98]. However, in the presence of
Ang-II, Ang-(1–7) antagonized the stimulatory effects of Ang-II on Na+, K+-ATPase activity through
a A779-sensitive receptor [99]. On the other hand, Ang-(1–7) infusion or MasR deficiency enhanced
renal damage in models of renal insufficiency by aggravating the inflammatory response through
NF-κB [100]. In contrast, another study showed that Ang-(1–7) suppressed inflammation by inhibiting
the NF-κB pathway in rats with permanent cerebral ischaemia [101].

Taken together, these studies suggest that Ang-(1–7) exerts cell-specific effects based on its
concentrations, available receptors, angiotensin peptides, and the physiological state of the tissue.

3.5. Angiotensin-III/-IV

Arterial concentration of Ang-III (hexapeptide 2–8) was first documented in 1980 in sheep,
and accounted for 42% of that of Ang-II [58]. Ang-III is generated from Ang-II by the removal of
the first amino terminus aa by Aminopeptidase A (ENPEP) [8] (Figure 1 and Table 1). In addition,
it can be generated from Ang-I by a two-steps pathway involving ENPEP and ACE, respectively [102].
Studies have shown that Ang-III exerts similar, but less potent, actions as compared to Ang-II [2,103],
by acting on AT1R and AT2R, with higher affinity to the former [104]. Indeed, Ang-III was shown to
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increase blood pressure, vasopressin and aldosterone release, in addition to inducing inflammatory
genes expression [2,103].

Ang-III in turn can be converted into Ang-IV (pentapeptide 3–8) by the action of the
aminopeptidase N (ANPEP) [105], and possibly aminopeptidase B (RNPEP) [106] (Figure 1 and
Table 1). Ang-IV acts through its Angiotensin type 4 receptor (AT4R), which is the insulin-regulated
membrane aminopeptidase (IRAP). The latter is a type II integral membrane spanning protein
belonging to the M1 family of aminopeptidases that is expressed in several tissues, including the brain,
adrenal gland, kidney, lung, liver, and heart [107] (Figure 1 and Table 1).

Recent studies have shown that certain local Ang-II-mediated effects could be attributed to Ang-III.
For example, Padia et al. showed that the conversion of Ang-II to Ang-III is critical for AT2R-mediated
natriuresis in Sprague–Dawley rats [104]. Similarly, in Wistar rats, the Ang-II-mediated enhancement
in baroreceptor heart reflex was abrogated in the presence of ENPEP inhibitor, indicating that Ang-III
is the active angiotensin peptide involved in central blood pressure regulation [108]. On the other
hand, Handa et al. showed that intrarenal injection of Ang I, Ang-II, or Ang-III induce dose-dependent
vasoconstriction in Sprague–Dawley rats. However, Ang-IV or Ang-(3–10) injection produced a
dose-dependent rapid vasoconstriction, lasting for seconds, followed by a transient vasodilatation,
lasting for minutes [109]. This indicates that RAS induces peptide-specific effects at the tissue level.

The major effects of AT4R activation are thought to be in the brain where it can enhance learning
and memory [107]. However, the mechanism by which Ang-IV exerts its effects through IRAP is still
not clear [110]. One suggestion is that Ang-IV inhibits the catalytic activity of IRAP, thereby extending
the half-life of its neuropeptide substrates. Another suggestion is that it may modulate glucose uptake
by modulating GLUT4 trafficking. Others suggest that it may act directly on cellular mechanisms by
inducing cellular signaling after its binding [110]. Ang-IV in the brain was also shown to be implicated
in regulating blood pressure by acting on the AT1R [111], which was shown to mediate several Ang-IV
effects. Indeed, Ang-IV mediates pressure and renal vasoconstrictor effects in mice via AT1a receptor
whereas AT4R is not involved [112]. Finally, Ang-IV-mediated non-prostaglandin renal vasodilatory
activity was found to be linked to renal vascular AT1R [109].

The Ang-III/Ang-IV axes have added a new level of complexity to the system and identified
novel mechanisms by which Ang-II may exert its effects. This needs to be further studied to elucidate
possible flows in the interpretation of the effects of Ang-II agonists and to identify possible mechanisms
that would improve Ang-II antagonists’ mode of action.

3.6. Angiotensin A/Alamandine/MrgD

Ang-A is a recently discovered angiotensin peptide detected in the plasma of patients with
end-stage renal disease, where Ang-A/Ang-II ratio was found to be higher compared to healthy
individuals [113]. Ang-A is an octapeptide with the sequence Ala-Arg-Val-Tyr-Ile-His-Pro-Phe,
which can be produced from Ang-II by conversion of the first amino acid, aspartic acid, into alanine [113].
Ang-A can bind to AT1R and AT2R with equal affinity as Ang-II [114]. Intravenous and intrarenal
administration of Ang A induced dose-dependent increase in blood pressure and renal vasoconstrictor
responses in normotensive and spontaneously hypertensive rats [114,115]. In isolated perfused rat
kidney, Ang-A induced smaller vasoconstrictive effects compared to Ang-II, which were inhibited
using AT1R inhibitor, but not AT2R inhibitor [113,114].

In fact, the importance of Ang-A is increasing due to its junctional position in the system.
Despite its vasoconstrictive and pro-proliferative actions, Ang-A is also a precursor of alamandine,
a recently discovered peptide identified in rats, mice, and humans [116]. Alamandine can also
be produced from Ang-(1–7) by ACE2 and was shown to produce several physiological actions
that resemble those produced by Ang-(1–7) including vasodilation, antifibrotic, antihypertensive,
and CNS effects, independent of MasR and AT2R [116]. The effects of alamandine were shown to be
mediated through the activation of a specific receptor, the member D of Mas1-related G-protein-coupled
receptor (MasDR) [116], which has been recently demonstrated to also be an alternative receptor to
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Ang-(1–7) [117]. Interestingly, alamandine was shown to exert opposite effects in central nervous system
where microinjection of alamandine into the rostral ventrolateral medulla of rats induced a vasopressor
effect, whereas its administration into the caudal ventrolateral medulla elicited a vasodilatory effect.
Of importance, similar effects were obtained after Ang-(1–7) injection [116]. On the other hand,
in control but not diseased blood vessels, alamandine enhanced acetylcholine-mediated vasodilation in
normal thoracic aorta and the iliac artery, whereas it reduced it in the renal artery [118]. Interestingly,
these effects were absent in blood vessels from atherogenic rabbits, which also showed a reduced
vasoconstrictive response toward Ang-A.

The finding of MasDR receptor has added another level of complexity into RAS, especially with
regards to the anti-inflammatory Ang-(1–7) axis. This warrants further studies that may explain
additional interactions and would balance between the different axes of RAS.

3.7. Other Angiotensin Peptides

Ang-(1–9) was considered for a long time as an intermediate peptide with no biological significance.
However, recent evidence suggests that Ang-(1–9) can exert several effects in vivo and in vitro
independent of Ang-(1–7)-mediated MasR activation, possibly through AT2R [2]. Indeed, a new
study showed that Ang-(1–9) exerts beneficial cardiovascular effects via the AT2R in hypertensive rats
independent of blood pressure modulation, where it ameliorated structural alterations (hypertrophy
and fibrosis) and oxidative stress in the heart and aorta and improved cardiac and endothelial
function [2]. These effects were inhibited by an AT2R antagonist, but not a MasR one. On the contrary,
in another study on rats, Ang-(1–9) enhanced thrombosis, decreased plasma concentrations of tissue
plasminogen activator (tPA), and increased the levels of its inhibitor (PAI-1) through indirect activation
of AT1R [119]. These effects were reversed by selective antagonists to AT1R, but not to that of Ang-(1–7).

Ang-(3–7) is an angiotensin peptide that was shown to bind to AT4R, with lower affinity
compared to Ang-IV, leading to important effects in the brain and kidney [2]. Ang-(3–7) can be
produced by cleavage of Ang-(1–7), Ang-II, or Ang-IV by aminopeptidases or carboxypeptidases [2].
Administration of Ang (3–7) intracerebroventricularly (i. c. v.) significantly enhanced learning and
behavioral activity in rats [120]. Co-treatment withthe ARB, losartan, only affected learning ability,
without altering the behavioral activity. This suggests that Ang (3–7) is an active peptide that exerts its
effects through different receptors, one of which is AT1R [120]. Moreover, Ang-(1–7) induced inhibitory
effects on the energy-dependent solute transport in proximal tubules of the rat kidney [121] were shown
to be mediated by the metabolism of Ang-(1–7) into Ang (3–7), by binding to AT4R [121]. Such results
may raise questions about the previously described “direct” effects of certain angiotensin peptides.

4. Conclusion and Future Directions

The concept of tissue RAS could be defined as a specific combination of RAS enzymes that are
locally expressed in a tissue, which results in the production of a specific quantitative and qualitative
combination of peptides that can bind to their corresponding locally expressed receptors, thus leading
to a locally balanced paracrine/autocrine effect that plays a role in tissue physiology and homeostasis.
A change in local RAS expression will consequently lead to alterations in the balance obtained, and thus,
to pathophysiological consequences (Figure 2). In this regard, studies on RAS need to be shifted
from the one peptide-one pathway approach, toward a more general approach that considers the
tissue-specific pathways and their respective local and systemic interactions. Indeed, the knowledge
obtained from the former approach may lead to misleading conclusions that rely on the used model,
with a lack of information on other pathways that may balance the effect of the pathway in question.
Therefore, for a better understanding of the “real” global physiological effects of RAS, it is necessary to
measure the different components of RAS in a specific tissue, under specific physiological conditions.
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Figure 2. A specific combination of locally expressed RAS enzymes in a tissue results in the production
of a specific combination of peptides that can bind to their corresponding receptors, leading to a locally
balanced paracrine/autocrine effect that plays a role in tissue physiology and homeostasis. A change in
local balance of RAS components will consequently lead to pathophysiological consequences.

Using transcriptomics meta-analysis, we have recently established the atlas of tissue RAS,
which includes the transcriptional maps of RAS in 23 normal human tissues [7,122]. The maps provide
information on the favored pathways of RAS in each tissue, but also on the co-expression of RAS genes,
which may provide the basis for the discovery of potential regulatory mechanisms involved in the
global expression of RAS components at the tissue level. In this regard, we have recently created the
transcriptional maps of RAS in normal and atherosclerotic vascular wall showing the differences in
angiotensin metabolism between both tissues [123]. Also, by analyzing the promoters of co-expressed
genes, we identified potential transcription factors that could play a role in the global expression of RAS
components in atheroma. Therefore, the atlas needs to be extended and studied at the protein level.
In addition, RAS maps should be established from studies on each tissue under pathophysiological
conditions, which will help understand the way the system is altered in each tissue under specific
conditions, and thus, a better understanding of the mechanisms by which the system is involved in
local tissue pathophysiology.
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