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Summary

SUMMARY

Introduction

According to the World Health Organization childhood obesity is nowadays a
global problem affecting a high number of low and middle-income countries, and
having a big impact for healthcare systems worldwide (Gupta et al. 2012; Han et al.
2010).

Obesity is a complex trait that stems from a complicated network of
contributory components, including genomic and environmental factors, the
aggregations of which increase the probability of disease. Studies in twins, no-twin
siblings, and adoptees have estimated that genetic components contribute from
40% to 70% to the inter-individual variation in common obesity (Elks et al. 2012).
It should also be emphasized that heritability estimates have been shown to
increase from early childhood through adolescence (Dubois et al. 2012). Genome-
wide and candidate gene association studies have successfully revealed a variety
of genetic loci associated with the more common form of obesity (reviewed by
Rankinen et al. 2006 and Xia & Grant 2013).

Obesity is characterized by an excessive accumulation of fat in adipose tissue,
which is accompanied by low-grade inflammation, adipokine secretion
dysregulation, hypoxia and oxidative stress (Fernandez-Sanchez et al. 2011).
Oxidative stress is defined as an imbalance between the reactive oxygen species
(ROS) scavenging and producing systems in the organism. The link between
obesity and enhanced oxidative stress might be due to the hyperglycemia, high
circulating free fatty acids, decreased antioxidant defenses and chronic
inflammation associated with obesity (Bondia-Pons et al. 2012, Furukawa et al.
2004).

The antioxidant defense system maintains ROS homeostasis in the organism.
It comprises both endogenous and exogenous antioxidants. Endogenous
antioxidants primarily include enzymes such as glutathione peroxidases (GPXs),
catalase (CAT), paraoxonases (PONs), superoxide dismutases (SODs) and
peroxiredoxins (PRDXs). These enzymes degrade ROS at different levels and in
different compartments inside and outside of the cells.

It is known that the presence of single nucleotide polymorphisms (SNPs) can
affect the functioning of antioxidant enzymes and increase the risk of certain
diseases, such as cancer (Da Costa et al. 2012). However, to our knowledge, the
impact of genetic variations in the genes associated with oxidative stress has not
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been fully studied within the context of obesity. Detailed studies in this field could
clarify the mechanisms involved in the development of the comorbidities of
obesity, such as metabolic syndrome and insulin resistance.

Rationale and aims of the study

The research group CTS-461 “Biochemistry of Nutrition. Therapeutical
implications” focuses one of its lines of work on childhood obesity through
different approaches including the study of novel obesity biomarkers, oxidative
stress markers and genetic variation analyses through candidate gene association
studies. The first approach in the study of the association of genetic variants with
childhood obesity was to observe SNPs from obesity-related genes such as 11(3-
hydroxysteroid dehydrogenase type 1 (HSD11B1), neuropeptide Y (NPY), fat mass
and obesity (FTO), among others. These genes were selected within those
previously found by our group to be overexpressed in visceral adipose tissue of
chidren at prepubertal age or those described in the literature as associated to fat
mass. Arising from this study, two articles have been published describing the
association of SNP rs3753519 from the HSD11B1 gene (Appendix I) and variants
rs16147 and rs16131 in the NPY gene (Appendix II) with higher childhood obesity
risk.

The aim of the present thesis was to identify genetic variants of genes related
to the antioxidant defense system that affect the risk of obesity in Spanish
prepubertal children, as well as to study their impact on oxidative stress status
and obesity metabolic complications such as insulin resistance, inflammation and
endothelial damage.

Methodology

The present study is a case-control, cross-sectional, multicentre study that
included a total of 193 obese (104 boys and 89 girls) and 191 normal-weight (110
boys and 81 girls) children recruited from primary care centers at three Spanish
hospitals: University Hospital “Reina Sofia” and Hospital “Valle de los Pedroches”,
both in Cérdoba; and Clinical University Hospital of Santiago de Compostela. The
study followed the Helsinki Declaration for Clinical Studies and permissions were
obtained from the Ethics Committee of all Centers.

Blood pressure and anthropometric measurements were performed and
blood samples were drawn after overnight fasting. A general biochemical analysis
was run at the participating hospitals. Plasma adipokines and biomarkers of
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inflammation and endothelial damage were measured by Luminex 200 equipment
using XMap technology. In addition, oxidized low-density lipoprotein (ox-LDL) and
fatty acid-binding protein 4 (FABP-4) were measured by ELISA and high-
sensitivity C-reactive protein (hsCRP) was determined with a turbidimetric assay.
The vitamins retinol, a-tocopherol and [3-carotene plasma levels were analyzed by
high-pressure liquid chromatography.

The antioxidant defense system was evaluated by assessing the total
antioxidant capacity of plasma (TAC), the activity of the antioxidant enzymes in
erythrocytes [CAT, SOD, glutathione reductase (GR) and GPX] and serum
paraoxonase 1 (PON1) activities measured with different substrates (paraoxon,
phenylacetate, dihydrocoumarin and diazoxon).

A list of 47 candidate genes related with oxidative stress was prepared and
492 SNPs were selected by using the National Center for Biotechnology
Information database (dbSNP). Tag SNP selection was done with the HapMap
database. For genotyping, the Illumina GoldenGate technology was used. After
obtaining the raw results, quality control steps were followed to remove poor
quality data. Then, a logistic regression analysis adjusted by sex and age was
conducted to study the association of each SNP with the risk of childhood obesity.
In the same way, a linear regression model adjusted by sex and age was applied to
study the association between the SNPs and the studied phenotypes. An additional
adjustment by body mass index (BMI) was conducted in order to better
characterize the observed associations. PLINK 1.07 software was used for the
bioinformatic analyses.

Results

Anthropometry and biomarker analysis

Obese children showed significantly higher weight, BMI, BMI z-score and
waist circumference. Systolic and diastolic blood pressures were also significantly
increased with obesity in these children. Fasting insulin and homeostasis model
assessment for insulin resistance index were significantly higher and quantitative
insulin sensitivity check index was significantly lower in obese children, whereas
fasting glucose values did not differ between obese and normal-weight children.
Total cholesterol, high-density lipoprotein cholesterol and apolipoprotein A-I were
significantly lower in obese children. On the contrary, triacylclycerols,
apolipoprotein B and FABP-4 were higher in the obese compared to normal-
weight children. Low-density lipoprotein was not significantly different between
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groups. Fasting plasma concentrations of resistin and leptin were significantly
higher in obese than in normal-weight subjects, by contrast decreased levels of
adiponectin were found in obese. Myeloperoxidase, active and total plasminogen
activator inhibitor 1 were significantly higher in the obese group compared to the
normal-weight group, whereas matrix metallopeptidase 9 was not. HsCRP,
interleukin 6, interleukin 8 and tumor necrosis factor alpha (TNF-a) were
significantly higher in the obese group compared to the normal-weight group,
whereas monocyte chemoattractant protein 1 (MCP-1) concentration did not show
any difference between groups. Liver transaminases alanine aminotransferase and
gamma-glutamil transferase were significantly higher in obese children, whereas
aspartate aminotransferase was lower.

Concerning oxidative stress status, ox-LDL was not significantly different
between the groups, whereas TAC was significantly lower in obese children. CAT
activity in erythrocytes was found to be significantly lower in obese children, but
no differences were observed between erythrocyte enzymatic activities of GR,
GPX, SOD or PON1 between obese and normal-weight children. The analyzed
vitamins a-tocopherol and (3-carotene were significantly lower in obese children,
with no differences found in retinol between groups.

Genotyping and association analyses

The association analysis showed that 19 SNPs out of the total of 492 analyzed
were associated with childhood obesity. A total of 7 SNPs increased childhood
obesity risk, whereas 12 SNPs conferred protection against it. The SNPs found are
located in the following genes: paraoxonase 1 (PON1), catalase (CAT), glutathione
peroxidases 4 (GPX4), 5 (GPX5) and 6 (GPX6), aldehyde oxidase 1 (A0X1),
peroxiredoxin 5 (PRDX5), oxidation resistance 1 (OXR1), oxidative stress
responsive 1 (OXSR1) and sirtuin 2 (SIRTZ2).

The main results from the linear regression analysis of SNPs negatively
associated with obesity and the studied phenotypes were the following:

e The variant rs854566 in PON1 gene was associated with lower obesity risk
and higher lactonase, arylesterase and diazoxonase activities and lower
paraoxonase activity of serum paraoxonase 1 in prepubertal children
(Chapter 3; Rupérez et al. 2013).

e SNPs rs475043 and rs494024 from the CAT gene were associated with a
lower childhood obesity risk as seen by their association with lower weight.
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e SNPsrs757228, rs3746165 and rs8102188 of the GPX4 gene were associated
with lower childhood obesity risk and lower values of oxidative stress
markers.

e The variants rs3731722 and rs1050887 from the AOX1 gene were associated
with lower obesity risk and lower values of leptin in prepubertal children.

e The SNP rs4930698 from the PRDX5 gene was found to be associated with
lower obesity risk and lower values biomarkers of inflammation and
endothelial damage in prepubertal children.

e The SNP rs1681887 from the OXR1 gene was associated with lower obesity
risk and lower values insulin resistance and oxidative stress biomarkers in
prepubertal children.

e The polymorphism rs4955408 from the OXSRI gene was negatively
associated with childhood obesity and its phenotypes and with lower insulin
resistance, endothelial damage and oxidative stress biomarkers.

The results from the linear regression analysis of SNPs positively associated
with obesity and the studied phenotypes are the following:

e Variants from the CAT gene promoter rs769214, rs7693316 and rs1049982
were associated with higher childhood obesity risk and obesity phenotypes
(Chapter 4; Rupérez et al. 2013).

e The variants rs28382586 and rs445870 from the GPX5 gene and rs406113
and rs11757000 from the GPX6 gene were associated with higher obesity risk
in prepubertal children.

Discussion

The continuing increase in the prevalence of obesity and its associated
metabolic disorders such as type 2 diabetes together with the evidence of obesity-
induced oxidative stress highlights the need of investigating the molecular
mechanisms linking oxidative stress and obesity.

Due to the absence of more information in this field, we were encouraged to
carry out this research in the present PhD thesis. We conducted a case-control
study in a group of prepubertal obese and normal-weight Spanish children in
which we studied the association between SNPs for antioxidant defense system
genes and the presence of obesity and metabolic traits involved in insulin
resistance, oxidative stress, inflammation and endothelial dysfunction.
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The phenotype analysis showed the expected findings concerning obesity-
related traits such as weight, BMI, WC, SBP and DBP, which were observed to be
increased in prepubertal obese children. Insulin resistance biomarkers, lipid
profile, adipokines and biomarkers of inflammation and endothelial damage such
as MPO (Olza et al. 2012-b) were also found to be altered in prepubertal obesity,
contributing to the presence of metabolic syndrome in children (Olza et al. 2011).
A novel finding was the fact that obese children showed a decreased antioxidant
defense as seen by lower erythrocyte CAT activity, lower TAC and lower levels of
B-carotene and a-tocopherol (Rupérez et al. 2013-b). These findings are in line as
those describing higher levels of oxidative stress markers such as
malondialdehyde, carbonyl groups and GPX activity and lower levels of GSH in
obese children. However, the same study found no differences in B-carotene and a-
tocopherol possibly due to the smaller number of subjects included in the study
(Codoner-Franch et al. 2010). In contrast, we observed no differences in PON1, GR,
GPX or SOD activities or in the oxidative stress marker ox-LDL. The young
character of this population could explain the absence of greater alterations in the
observed oxidative stress status. Nevertheless, the presence of the mentioned
changes in antioxidant defenses could indicate a possible origin of the enhanced
oxidative stress implicated in the metabolic complications of obesity.

The analysis of SNPs that can affect the functioning of antioxidant enzymes
and thus the risk of diseases such as obesity is a potential approach to elucidate
the mechanisms involved in the comorbidities of obesity. Although many studies
have been conducted to characterize the association between obesity-related SNPs
and childhood obesity (Yu et al. 2012; Wheeler et al. 2013), the studies of variants
in genes of antioxidant defense are almost inexistent. Some of the previous
findings include SNPs rs662 (Q192R) and rs854560 (L55M) from the PON1 gene,
which failed to show association with obesity in adolescents (Barath et al. 2006).
In another study the authors showed the Alal6Val SNP from the SOD2 gene to be
associated with obesity in children with non-alcoholic steatohepatitis (ElI-Koofy et
al. 2011). Here, we analyzed 492 SNPs for antioxidant defense genes of which 12
showed protection against obesity and 7 increased risk of obesity in prepubertal
children. None of the found SNPs had been previously published regarding their
association with obesity.

One of the main findings presented in this thesis is the protective role of the
variant rs854566 of the PON1 gene with respect to obesity (Rupérez et al. 2013-a).
This SNP also exhibited strong associations with serum PON1 activities, namely
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increased diazoxonase, lactonase and arylesterase activities. Despite these results,
serum PON1 activities were not found to be significantly different in prepubertal
obese children. Nevertheless, we demonstrated that lactonase activity is a reliable
indicator of PON1 function and should be used in future studies investigating the
role of PON1 in the development of obesity and cardiovascular disease.

In the same way, we described how the SNP rs769214 (-844A/G) of the CAT
gene promoter was associated with childhood obesity (Rupérez et al. 2013-b).
Although this variant was not associated with CAT activity, it was associated with
FABP-4 levels which could indicate a role of CAT in adipose tissue dysfunction
present in obesity.

A variety of SNPs were also found in three GPX genes, GPX4, GPX5 and GPX6.
In the GPX4 gene we found the SNPs rs757228, rs3746165 and rs8103188 in the
5’-UTR to be associated with lower obesity risk. Although these variants were
associated with obesity markers, as well as with higher TAC, none of them was
found to be associated with GPX activity in erythrocytes. Like ways, the SNP
rs757228 was not associated with GPX activity in a previous study by Zanon-
Moreno et al. (2013). Two SNPs from GPX5 (rs28382586 and rs445870) were
positively associated with obesity in children and the presence of the risk alleles of
these SNPs was also associated with an increase in obesity related phenotypes.
Concerning GPX6, two SNPs were found in this gene to be associated with a higher
childhood obesity risk, rs406113 and rs11757000. Further studies should be
carried out in order to understand the role of these variants on enzyme activity.

Two SNPs (rs3731722 and rs1050887) in the aldehyde oxidase 1 gene (A0OX1)
showed association with lower obesity and with lower BMI, WC, weight and leptin
in children. Regarding this variant, there is one previous study were Hartmann et
al. described how the SNP rs3731722 (also called H1297R) has an impact
increasing the metabolizing efficiency of AOX1 (Hartmann et al. 2012). Taken
together, this could mean that an enhanced detoxifying activity of AOX1 might
have an impact on metabolism and a role in the protection against obesity.

In a similar way, we found SNPs rs4930698 (PRDX5), rs1681887 (OXR1),
rs4955408 (OXSR1) and rs892034 (SIRTZ promoter) to be negatively associated
with obesity. It is known that SIRT2 mediates an inhibitory effect on adipocyte
differentiation (Jing et al. 2007). Thus, it could be hypothesized that the presence
of rs892034 in the promoter of SIRT2 could increase its expression in adipose
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tissue and inhibit differentiation, thus providing a possible explanation of this
SNP’s function protecting against obesity.

These results must be validated in larger and different populations in order to
ensure the quality of the findings. Future in vivo and in vitro studies on the
function of some of these variants in adipose tissue may help us to identify
potential antioxidant and protective roles for these enzymes in the protection
against the development of obesity and its co-morbidities.

Conclusion

The found SNPs in antioxidant defense system genes have an impact on
obesity risk in prepubertal Spanish children. Moreover, the presence of the SNPs
influences a variety of phenotypes associated with obesity, insulin resistance,
inflammation, endothelial damage and oxidative stress. This finding supports the
role of oxidative stress in the pathogenesis of obesity and its derived metabolic
complications.

Limitations of the study

Although our population under study was considerably big, a larger group of
subjects would have added strength to the observed findings. We did not validate
our findings in a different population. The majority of the observed SNPs do not
have a clear effect on genetic regulation or in the coded protein, indicating that
they are most probably marker SNPs and not causative SNPs. The observed
associations failed to remain significant after multiple testing Bonferroni analysis.
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RESUMEN GENERAL

Introduccion

Segun la Organizaciéon Mundial de la Salud la obesidad infantil es hoy en dia
un problema global que afecta a un gran nimero de paises, asi como un lastre para
los sistemas de salud en todo el mundo (Gupta et al. 2012; Han et al. 2010).

La obesidad es una enfermedad compleja fruto de la uniéon de factores
genéticos y ambientales, que en su conjunto incrementan la probabilidad de la
enfermedad. Estudios desarrollados con gemelos, hermanos no gemelos y
adoptados han permitido estimar que el componente genético contribuye desde
un 40% a un 70% a la variacidn interindividual de la obesidad comun (Elks et al.
2012). Asi mismo, se ha observado que la influencia genética aumenta desde la
infancia temprana hasta la adolescencia (Dubois et al. 2012). Gracias a los estudios
de escaneo de genoma completo y de genes candidatos se ha demostrado la
existencia de loci genéticos asociados con la forma mas comun de la obesidad
(revisado por Rankinen et al. 2006 y Xia & Grant 2013).

La obesidad se caracteriza por una acumulacién excesiva de tejido graso, que
va acompafiada por inflamacién de bajo grado, alteraciéon de la secrecién de
adipokinas, hipoxia y estrés oxidativo (Fernandez-Sanchez et al. 2011). El estrés
oxidativo se define como el desequilibrio entre la produccién y degradacién de
especies reactivas de oxigeno (reactive oxygen species ROS) en el organismo. Las
posibles causas de la relacién entre la obesidad y un mayor estrés oxidativo
pueden ser la hiperglucemia, un mayor nivel de 4cidos grasos libres circulantes,
una menor defensa antioxidante y la inflamacién crénica asociada a la obesidad
(Bondia-Pons et al. 2012, Furukawa et al. 2004).

El sistema de defensa antioxidante mantiene la homeostasis de ROS en el
organismo. Comprende antioxidantes enddgenos y exdgenos. Los antioxidantes
enddgenos son fundamentalmente enzimas como glutatién peroxidasas (GPXs),
catalasa (CAT), paraoxonasas (PONs), superéxido dismutasas (SODs) vy
peroxiredoxinas (PRDXs). Estas enzimas degradan las ROS a distintos niveles y
compartimentos dentro y fuera de las células.

La presencia de polimorfismos de un solo nucleétido (single nucleotide
polymorphisms SNPs) puede afectar al funcionamiento de las enzimas
antioxidantes y de ese modo incrementar el riesgo de algunas enfermedades como
el cancer (Da Costa et al. 2012). Sin embargo, el efecto de las variaciones genéticas
en genes relacionados con el estrés oxidativo no se ha estudiado en profundidad
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en el contexto de la obesidad. Estudios que investiguen estos aspectos son
necesarios para poder definir los mecanismos implicados en el desarrollo de las
comorbilidades de la obesidad como el sindrome metabdlico y la resistencia a la
insulina.

Fundamento y objetivos

El grupo de investigaciéon CTS-461 “Bioquimica de la Nutricion. Implicaciones
Terapéuticas” centra una de sus lineas de investigacién en el estudio de la
obesidad infantil mediante distintos métodos que incluyen el estudio de
biomarcadores de obesidad novedosos, marcadores de estrés oxidativo y analisis
de variaciones genéticas mediante estudios de asociacion de genes candidatos. En
un primer lugar, el estudio de la asociacion de variantes genéticas con la obesidad
se realizé en genes previamente relacionados con la obesidad como el 11f-
hidroxiesteroide deshidrogenasa tipo 1 (HSD11B1), neuropéptido Y (NPY), el gen
asociado a obesidad y masa grasa (del inglés fat mass and obesity associated, FTO),
entre otros. Estos genes se seleccionaron a partir de aquellos que se observaron
sobreexpresados en el tejido adiposo visceral de nifios prepiberes en un estudio
llevado a cabo por nuestro grupo, ademdas de los genes relacionados con masa
grasa que se encontraban descritos en la bibliografia. A partir de este estudio se
han publicado dos articulos que describen la asociaciéon del SNP rs3753519 del
gen HSD11B1 (Appendix, 1) y de las variantes rs16147 y rs16131 del gen NPY
(Appendix, II) con un mayor riesgo de obesidad en nifios.

El objetivo de la presente tesis fue identificar las variaciones genéticas
localizadas en genes del sistema de defensa antioxidante que afectaran al riesgo de
obesidad en nifios prepuberes espanoles, asi como estudiar su impacto sobre el
estrés oxidativo y las complicaciones metabélicas asociadas a la obesidad como
son la resistencia a la insulina, la inflamacién y el dafio endotelial.

Metodologia

Se trata de un estudio caso-control, transversal y multicéntrico que incluy6 un
total de 193 ninos obesos (104 niflos, 89 nifias) y 191 nifos normopeso (110
nifios, 81 nifas) reclutados en los centros de atencién primaria de tres hospitales
espafoles: Hospital Universitario Reina Sofia y Valle de los Pedroches, ambos de
Cordoba, y el Hospital Clinico Universitario de Santiago de Compostela. El
protocolo se realiz6 de acuerdo con la Declaracién de Helsinki y fue aprobado por
el comité de ética de cada uno de los centros participantes.
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A cada nifio se le realizaron las medidas antropométricas y se le tomo6 la
tension arterial y una muestra de sangre tras ayuno nocturno. El analisis
bioquimico general se realizé6 en cada uno de los hospitales participantes. El
andlisis de adipoquinas y biomarcadores de inflamaciéon y dafio endotelial se
realiz6 en el equipo Luminex 200 mediante la tecnologia XMap. Asi mismo, se
determinaron mediante ELISA las concentraciones de LDL oxidada (LDLox) y de
proteina de unién a 4acidos grasos 4 (FAPB-4), la proteina C reactiva (hsCRP) se
determiné mediante un andlisis turbidimétrico. La concentracién de vitaminas en
plasma (retinol, a-tocoferol y [-caroteno) se analiz6 mediante cromatografia
liquida de alta resolucién.

El sistema de defensa antioxidante se evalué mediante la determinacién de la
capacidad antioxidante total del plasma (TAC), la actividad de las enzimas
antioxidantes en eritrocitos [CAT, SOD, glutatién reductasa (GR) y GPX] y la
actividad paraoxonasa 1 (PON1) en suero mediante distintos sustratos (paraoxon,
fenilacetato, dihidrocumarina y diazoxo6n).

Mediante el uso de la base de datos dbSNP del Centro Nacional de Informacion
Biotecnolégica (NCBI) se elaboré una lista de 492 SNPs localizados en 47 genes
candidatos elegidos previamente. Los tag SNPs se eligieron utilizando la base de
datos HapMap. El genotipado fue realizado mediante la tecnologia GoldenGate de
[llummina. Tras la obtencidn de los primeros resultados, se siguieron una serie de
pasos para el control de calidad de los resultados. Posteriormente se realizé un
andlisis de regresion logistica ajustado por sexo y edad para el estudio de la
asociacion de cada SNP con el riesgo de obesidad infantil. Asi mismo, se realizé un
andlisis de regresion lineal ajustado por sexo y edad para observar el efecto de
cada SNP sobre los fenotipos estudiados. Adicionalmente, se ajusté este andlisis
por indice de masa corporal (IMC) con el fin de caracterizar mejor las asociaciones
observadas. Para estos analisis el software utilizado fue PLINK 1.07.

Resultados

Andlisis de antropometria y biomarcadores

En el grupo de los nifios obesos los valores del IMC, IMC z-score y la
circunferencia de cintura (CC) fueron mayores que en nifios normopeso. Las
tensiones arteriales sistolica (TAS) y diastélica (TAD) también mostraron un
aumento con la obesidad. Se observé que los niveles de insulina en ayunas, asi
como el valor del indice de resistencia a insulina estaban incrementados en nifios
obesos, mientras que el inice de sensibilidad a la insulina era menor en ninos
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obesos que en los normopeso. Los niveles de glucemia no mostraron diferencias.
En cuanto al perfil lipidico, los nifios obesos tenian menor concentraciéon de
colesterol total, colesterol HDL (lipoproteinas de alta densidad) y apolipoproteina
A-1, y mayor concentracién de triglicéridos, apolipoproteina B y FABP-4 que los
nifios normopeso. Las concentraciones de colesterol LDL (lipoproteinas de baja
densidad) no mostraron diferencias entre grupos. Los niveles de resistina y leptina
fueron mayores en nifios obesos. Asi mismo, las concentraciones de
mieloperoxidasa, del inhibidor del activador del plasmindgeno 1 activo y del total
estaban aumentadas en los nifios obesos, a diferencia de la concentracion de
metalopeptidasa 9, que no mostré diferencias significativas. Las interleukinas 6 y
8, 1a hsCRP y el factor de necrosis tumoral alfa estaban aumentados en el grupo de
los nifios obesos. La concentracién de la proteina quimiotactica de monocitos 1 no
mostro diferencias entre grupos. La concentracion de las transaminasas hepaticas
alanina aminotransferasa y gamma-glutamil transpeptidasa fue mayor en nifios
obesos, y la de aspartato transaminasa fue menor en nifios obesos frente a
normopesos.

En cuanto al estado del estrés oxidativo, las LDLox no mostraron diferencias,
mientras que la TAC fue significativamente menor en nifios obesos. La actividad
CAT se observé disminuida en eritrocitos de nifios obesos, y no se observaron
diferencias significativas en las actividades GR, GPX, SOD o PON1 entre grupos. Los
niveles de las vitaminas a-tocoferol y [-caroteno fueron significativamente
menores en nifios obesos, y no se observaron diferencias en la concentracién de
retinol.

Genotipado y andlisis de asociacion

El estudio de asociacién mostré que 19 SNPs del total de 492 analizados
estaban asociados a la obesidad infantil. Un total de 7 SNPs incrementaban el
riesgo de obesidad infantil, mientras que 12 SNPs conferian proteccidn contra ella.
Los SNPs estan localizados en los siguientes genes: paraoxonasa 1 (PON1), catalasa
(CAT), glutatidon peroxidasas 4 (GPX4), 5 (GPX5) y 6 (GPX6), aldehido oxidasa 1
(A0X1), peroxiredoxina 5 (PRDX5), resistencia a la oxidaciéon 1 (OXR1), respuesta
al estrés oxidativo 1 (OXSR1) y sirtuina 2 (SIRTZ2).

Los resultados principales que se observaron en el estudio de asociacion entre
los SNPs protectores frente a la obesidad y los fenotipos estudiados fueron los
siguientes:

e Lavariante rs854566 del gen PON1 se asocid a un menor riesgo de obesidad, a
mayor actividad lactonasa, arilesterasa y diazoxonasa, y a menor actividad
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paraoxonasa de PON1 sérica en nifios prepuberes (Chapter 3; Rupérez et al.
2013-a).

e Los SNPs rs475042 y rs494024 del gen CAT se asociaron a menor riesgo de
obesidad infantil y a menor peso.

e Los SNPs rs757228, rs3746165 y rs8102188 del gen GPX4 se asociaron a
menor riesgo de obesidad y a menores niveles de marcadores de estrés
oxidativo.

e Las variantes rs3731722 y rs1050887 del gen AOX1 se asociaron a menor
riesgo de obesidad y a menores valores leptina en nifios prepuberes.

e El SNP rs4930698 del gen PRDX5 se asocié a menor riesgo de obesidad y a
menores valores de biomarcadores de inflamacién y dano endotelial en nifios
prepuberes.

e El SNP rs1681887 del gen OXR1 se asocié a menor riesgo de obesidad y a
menores valores de marcadores de resistencia a la insulina y estrés oxidativo
en nifios prepuberes.

e El polimorfismo rs4955408 del gen OXSR1 se asocié negativamente a la
obesidad infantil y sus fenotipos, asi como a menor resistencia a la insulina,
dafio endotelial y estrés oxidativo.

El estudio de la asociaciéon entre los SNPs asociados a mayor riesgo de
obesidad y los fenotipos estudiados genero los siguientes resultados principales:

e Las variantes en el promotor del gen CAT rs769214, rs8693316 y rs1049982
se asociaron a un mayor riesgo de obesidad y a mayores valores de sus
fenotipos (Chapter 4; Rupérez et al. 2013).

e Las variantes rs28382586 y rs445870 del gen GPX5 y rs406113 yrs11757000
del gen GPX6 se asociaron a un mayor riesgo de obesidad en nifios
prepuberes.

Discusion

El aumento en la prevalencia de obesidad y sus alteraciones metabdlicas
asociadas como la diabetes de tipo 2 junto a la evidencia de estrés oxidativo
asociado a la obesidad hacen necesario el estudio en profundidad de los
mecanismos moleculares que conectan el estrés oxidativo con la obesidad.

Dada la ausencia de mas informacidén en este campo, nos dispusimos a llevar a
cabo el estudio descrito en la presente tesis doctoral. Para tal fin, realizamos un
estudio caso-control en un grupo de nifilos prepuberes espafioles obesos y
normopeso en los que estudiamos la asociaciéon entre la presencia de SNPs en
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genes del sistema de defensa antioxidante y el estado de obesidad y los valores de
un gran nimero de marcadores metabolicos implicados en la resistencia a la
insulina, el estrés oxidativo, la inflamacién y el dafio endotelial.

El andlisis de los fenotipos observados mostré los resultados esperados en
cuanto a marcadores relacionados con la obesidad como son el peso, el IMC, la CC,
o las TAS y TAD, que se observaron aumentados en nifios obesos prepuberes. Los
biomarcadores de resistencia a la insulina, de metabolismo lipidico, de inflamacién
y de dafio endotelial como el MPO (Olza et al. 2012-b) también se vieron alterados
con la obesidad en estos nifios, contribuyendo a la presencia de sindrome
metabolico (Olza et al. 2011). Un descubrimiento novedoso fue que los nifios
obesos mostraron un sistema de defensa antioxidante debilitado, indicado por
menores valores de actividad CAT, de TAC, de B-caroteno y de o-tocoferol
(Rupérez et al. 2013-b). Estos datos concuerdan con los de otro estudio en el que
se vieron mayores concentraciones de marcadores de estrés oxidativo como el
malondialdehido y los grupos carbonilo, asi como de actividad GPX, y menor
concentracion de glutation reducido (GSH) en nifios obesos. Sin embargo, en el
mismo estudio no se encontraron diferencias en los valores de 3-caroteno y de a-
tocoferol, posiblemente debido a que el estudio incluia un menor nimero de
sujetos (Codofier-Franch et al. 2010). En nuestro caso, no encontramos diferencias
en las actividades de PON1, GR, GPX o SOD, ni en el marcador de estrés oxidativo
LDLox. La edad temprana de nuestra poblacién en estudio podria ser una de las
causas de la ausencia de mayores alteraciones en el estado de estrés oxidativo. No
obstante, los cambios mencionados en el estado de defensa antioxidante podrian
ser el origen del incremento de estrés oxidativo observado en la obesidad y sus
complicaciones metabdlicas.

El andlisis de SNPs que puedan afectar al funcionamiento de enzimas
antioxidantes, y por tanto al riesgo de padecer enfermedades como la obesidad, es
un posible abordaje para aclarar los mecanismos implicados en las comorbilidades
de la obesidad. Aunque se han llevado a cabo muchos estudios para caracterizar la
asociacion entre SNPs y obesidad infantil, la mayoria se han concentrado en SNPs
de genes relacionados con la obesidad (Yu et al. 2012; Wheeler et al. 2013) y muy
pocos han estudiado SNPs de genes antioxidantes. Algunos de los resultados
descritos incluyen los SNPs rs662 (Q192R) y rs854560 (L55M) del gen PON1, que
no mostraron asociacién con obesidad en adolescentes (Barath et al. 2006). En
otro estudio los autores encontraron el SNP Alal6Val del gen SOD2 asociado a la
obesidad infantil en nifios con higado graso no alcohdélico (El-Koofy et al. 2011). En
nuestro estudio, analizamos 492 SNPs de genes del sistema de defensa
antioxidante, de los cuales 12 resultaron ser protectores frente a la obesidad y 7
incrementaron el riesgo de obesidad en nifios prepuberes. Ninguno de los SNPs
descritos se habia publicado previamente en lo que se refiere a su asociaciéon con
obesidad.
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Uno de los principales descubrimientos de la presente tesis es el caracter
protector de la variante génica rs854566 del gen PON1 en relacién con la obesidad
(Rupérez et al. 2013-a). Este SNP también se asocid a las actividades séricas de
PON1 determinadas, diazoxonasa, lactonasa y arilesterasa. A pesar de estos
resultados, las actividades PON1 no mostraron diferencias entre los grupos obeso
y normopeso. Aun asi, demostramos que la actividad lactonasa es un indicador
fiable de la funcién de PON1, e insistimos en que deberia ser utilizada en futuros
estudios que tengan el objetivo de investigar el papel de PON1 en el desarrollo de
la obesidad y la enfermedad cardiovascular.

Del mismo modo, describimos coémo el SNP rs769214 (-844A/G) del promotor
del gen CAT estaba asociado con la obesidad infantil (Rupérez et al. 2013-b).
Aunque esta variante génica no se asocio a la actividad CAT de eritrocitos, si
resultd estar asociada al FABP-4 en plasma, lo que podria indicar un posible papel
de CAT en la disfuncion del tejido adiposo presente en la obesidad.

También se encontraron un grupo de SNPs localizados en los genes GPX4,
GPX5 y GPX6. En el gen GPX4, los SNPs rs757228, rs3746165 y rs8103188 de la
regién 5’ se asociaron con menor riesgo de obesidad. Aunque estas variantes se
asociaron con marcadores de obesidad y a mayor TAC, ninguno se asocié con la
actividad GPX de eritrocitos. Del mismo modo, en un estudio reciente, el SNP
rs757228 tampoco se asocio a activida GPX (Zanon-Moreno et al. 2013). Dos SNPs
del gen GPX5 (rs28382586 y rs445870) mostraron estar asociados positivamente
con la obesidad y sus fenotipos relacionados. En cuanto al gen GPX6, dos SNPs
(rs406113 y rs11757000) mostraron asociacién con mayor riesgo de obesidad
infantil. Hacen falta mas estudios para poder entender el papel de estas variantes
en la actividad enzimatica.

En el gen aldehido oxidasa 1 (A0X1) se encontraron dos SNPs (rs3731722 and
rs1050887) asociados a menor obesidad infantil asi como a menor IMC, CC, peso y
leptina. En un estudio reciente, Hartmann et al. describieron como el SNP
rs3731722 (H1297R) provocaba un incremento en la eficacia metabdlica de AOX1
(Hartmann et al. 2012). Teniendo en cuenta ambos hechos, una posible hipdtesis
para un estudio posterior seria que una actividad detoxificante aumentada de
AOX1 podria tener un efecto sobre el metabolismo y un papel en la proteccién
frente a la obesidad.

De un modo similar, encontramos los SNPs rs4930698 (PRDX5), rs1681887
(OXR1), rs4955408 (OXSR1) y 1s892034 (promotor SIRT2) asociados
negativamente con la obesidad. Se sabe que SIRT2 tiene un efecto inhibidor sobre
la diferenciacion adipogénica (Jing et al. 2007). Por tanto, se podria hipotetizar que
la presencia del SNP rs892034 en el promotor de SIRTZ podria incrementar su
expresion en el tejido adiposo y asi inhibir la diferenciacién adipogénica,
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proporcionando una posible explicacién de su funcién protectora frente a la
obesidad.

Estos resultados deben ser validados en estudios con un mayor nimero de
individuos, y en distintas poblaciones para asegurar la calidad de los
descubrimientos. La realizacién de estudios in vivo e in vitro que investiguen la
funcién de estas variantes génicas en el tejido adiposo sera clave para elucidar el
papel de defensa antioxidante de estas enzimas en la protecciéon frente al
desarrollo de la obesidad y sus comorbilidades.

Conclusion

Los polimorfismos descritos localizados en genes del sistema de defensa
antioxidante ejercen un efecto sobre el riesgo de obesidad en nifios prepuberes
espafioles. Ademas, la presencia de estos SNPs influye sobre un gran nimero de
fenotipos asociados con la obesidad, la resistencia a la insulina, la inflamacién, el
dafio endotelial y el estrés oxidativo. Estos datos apoyan el papel del estrés
oxidativo en la patogénesis de la obesidad y sus complicaciones metabdlicas.

Limitaciones del estudio

A pesar del tamafio considerable de nuestra poblacién objeto de estudio, un
mayor numero de participantes habria incrementado la significacion de los
resultados. No hemos validado los resultados en otras poblaciones. La mayoria de
los SNPs observados no tienen un papel claro en la regulacién genética o en la
proteina codificada, indicando que son probablemente SNPs marcadores y no
SNPs causantes de la enfermedad. Las asociaciones observadas perdieron su
significancia tras el ajuste por comparaciones multiples de Bonferroni.
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INTRODUCTION
Childhood Obesity

Obesity is defined as an excessive accumulation of fat that causes a risk for
health. In adults, a body mass index (BMI) higher than 25 kg/m? indicates
overweight, and a BMI higher than 30 kg/m? indicates obesity. However, in
children, the criteria used to classify individuals as overweight and obese need to
take into account variations due to growth during normal development (Rolland-
Cachera 2011). The most accepted classification is from Cole et al. (Cole et al.
2000) who established reference tables indicating the equivalence between the 25
and 30 kg/m?2 cut-offs from adults and children of both genders (Figure 1).

Males Females
o0

Body mass index (kg/m?)
s
S

25
.

16
0 2 4 6 8 10 12 14 16 18 20 0 2 4 6 8 10 12 14 16 18 20
Age (vears) Aae (vears)

Figure 1. International cut off points for body mass index by sex for overweight and obesity, passing
through BMI 25 and 30 kg/m? at age 18 (data from Brazil, Britain, Hong Kong, Netherlands, Singapore,
and United States) (Cole et al. 2000).

According to the World Health Organization (WHO) childhood obesity is
nowadays a global problem affecting a high number of low and middle-income
countries, most of all in urban environments. In 2010, the prevalence of childhood
overweight was higher than 42 million, of which 35 million belonged to
developing countries (Gupta et al. 2012). Childhood obesity is currently a burden
for healthcare systems, with its rates increasing dramatically worldwide (Ebbeling
et al. 2002; Han et al. 2010) (Figure 2). In Spain, the ALADINO study was
conducted in 2011 in a cohort of 7659 children from 6 to 10 years, and it revealed
a prevalence of 26.1% for overweight and of 19.1% for obesity (Pérez-Farinds et
al. 2013).

32



Introduction

o = < 18 z4
Figure 2. World map of childhood obesity prevalence. Data from the International
Association for the Study of Obesity (IASO).1

Obesity is a complex trait that stems from a complicated network of
contributory components, including genomic and environmental factors, the
aggregations of which increase the probability of disease. The main environmental
cause of obesity is an imbalance between consumed and expended calories. In
general, the present population has tended to consume an excessive amount of
high caloric food. And with the same trend, people have evolved to a sedentary
lifestyle with low physical activity at work, transport and social everyday life.
However, lifestyle fails to explain by itself the whole etiology of obesity and
genetics seem to play an important role in the etiology of obesity.

Metabolic syndrome in children

Metabolic syndrome is defined as the cluster of anthropometric, physiological
and biochemical alterations that increase the risk of an individual to develop type
2 diabetes and cardiovascular diseases (Nelson & Bremer 2010). High blood
pressure, hipertriglyceridemia, low high-density lipoprotein (HDL)-cholesterol
and an altered glucose metabolism characterize this syndrome. Insulin resistance
is one of the key players together with adiposity, especially visceral fat (Figure 3).

1 http://www.iaso.org/resources/world-map-obesity/?map=children
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Metabolic syndrome

Visceral obesity

Insulin resistance

‘/} \ Additional risk factors

Glucose intolerance Low-grade inflammation
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Microalbuminuria Disturbances in

haemostasis and
fibrinolysis (PAI-1)

v

Cardiovascular disease
type 2 diabetes

Figure 3. Classical features and new components of metabolic syndrome and its core features insulin
resistance and visceral obesity (Van Gaal et al. 2006). PAI-1: plasminogen activator inhibitor-1.

However, in children there is currently a vigorous debate on the diagnosis and
phenotypic expression of metabolic syndrome, especially before puberty. Single
cut-off points cannot be used to define body composition or metabolic
abnormalities in children, because these change with age, sex, and pubertal stage.
To this date, published criteria for childhood metabolic syndrome differ in the
parameter chosen to evaluate excess adiposity. Some authors used BMI (Weiss et
al. 2004; Viner et al. 2005), while others selected waist circumference (WC) (Cook
et al. 2003; De Ferranti et al. 2004; Cruz et al. 2004) because of its strong
correlation with visceral adipose tissue. Also, there appeared to be no well-
established reference standards for plasma lipids. Due to these differences, the
frequencies of metabolic syndrome in children vary according to the criteria that
are used.

Despite of these issues, it is clear that obese children have an increased
chance of being obese in their adulthood and a higher risk of developing metabolic
syndrome, diabetes and cardiovascular disease at early ages. Indeed, oxidative
stress and metabolic syndrome alterations appear already in childhood, especially
in obese children (Codofier-Franch et al. 2011; Ford et al. 2008; Rupérez et al.
2013-a,b; Olza et al. 2011). For this reason, both prevention and treatment of
childhood obesity and its derived metabolic complications are key aspects where
we should take part in order to increase the quality of life of these children as well
as to avoid an overload of healthcare systems in the future.
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Oxidative stress in obesity

Oxidative stress is defined as an imbalance between the reactive oxygen
species (ROS) scavenging and producing systems in the organism. The link
between obesity and enhanced oxidative stress might be due to the
hyperglycaemia, high circulating free fatty acids (FFA), decreased antioxidant
defenses and chronic inflammation associated with obesity (Bondia-Pons 2012,
Furukawa 2004). The antioxidant defense system (ADS) maintains ROS
homeostasis in the cells (Figure 4). It comprises both endogenous and exogenous
antioxidants. Endogenous antioxidants primarily include enzymes such as
glutathione peroxidases (GPXs), glutathione reductase (GR), catalase (CAT),
paraoxonases (PONs), superoxide dismutases (SODs) and peroxiredoxins (PRDXs).
These enzymes degrade ROS at different levels and in different compartments
inside and outside of the cells.

Oxidative stress

Antioxidant defenses
Hyperglycaemia

Endogenous
GPXs, CAT,
PONs, SODs

PRDXs, GR, ..

Cirgulating FFA
Antioxidant Defenses

Chronic Inflammation
Exogenous

Vitamins, polyphenols, Se,
T,

Figure 4. Oxidative stress producing and scavenging systems. CAT: catalase;
FFA: free fatty acids; GPXs: glutathione peroxidases; GR: glutathione reductase;
PONs: paraoxonases; PRDXs: peroxiredoxins; SODs: superoxide dismutases.

Obesity is characterized by an excessive accumulation of fat in adipose tissue,
which is known to be accompanied by low-grade inflammation, adipokine
secretion disregulation, hypoxia and oxidative stress that affect peripheral tissues
(Fernandez-Sanchez et al. 2011; Bondia-Pons et al. 2012; Ouchi et al. 2011).

Oxidative stress is the imbalance between the production of reactive oxygen species and the
capacity to remove them or repair the provoked damage.
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It is hypothesized that oxidative stress is one of the links between fat
accumulation-derived alterations and the appearance of a cluster of health
problems including adipokine secretion alteration, inflammation and insulin
resistance, (Figure 5) (Furukawa et al. 2004; Houstis et al. 2006; Hotamisligil
2006).

Antioxidant T Energy intake
defense

R

Glycemia
FFA

Systemic
Oxidative

Stress
- ’ Insulin
J,Adlponectm resistance
TNFa Endothelial
T IL-6

dysfunction
Leptin

[T  Mitochondria

Endoplasmic reticulum

Peroxisome

Hypoxia Q

Hypertrofied adipocytes —_— NADPH oxidase complex

O
@ Monocyte

Figure 5. Scheme representing the origin of ROS and inflammation in the context of obesity. Obesity is
associated a high energy intake, which increases glycemia and circulating FFA. These increase ROS in
the cells due to the over-activation of mitochondrial electron transport chain and the endoplasmic
reticulum. The obesity associated fat accumulation leads to inflammation, hypertrophied adipocytes and
hypoxia. Moreover, oxidative stress worsens inflammation and alters adipokine secretion. Many of these
phenomens activate the monocyte infiltration in adipose tissue that worsens the inflammatory
proccesses. Hypoxia also increases glucose uptake, and thus mitochondrial function, further contributing
to ROS production. Through these mechanisms, ROS contribute to the development of insulin resistance,
systemic oxidative stress and endothelial damage. FFA: free fatty-acids; IL-6: interleukin 6, NADPH:
nicotinamide adenine dinucleotide phosphate; ROS: reactive oxygen species; TNFa: tumor necrosis
factor alpha.

Insulin resistance is the condition in which cells fail to respond to the normal actions of insulin,
impairing its proper use and leading to hyperglycemia and hyperinsulinemia.
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Genetics of obesity

As already mentioned before, genetics play an important role in the etiology
of obesity. There are certain genetic factors that provoke inter-individual
differences in obesity susceptibility, even in the same environment and lifestyle
(Lyon & Hirshhorn 2005). Thus, studies investigating the impact of these genetic
differences on disease susceptibility are essential. Studies in twins, no-twin
siblings, and adoptees have estimated that genetic components contribute from
40% to 70% to the inter-individual variation in common obesity (Elks et al. 2012).
It should also be emphasized that heritability estimates have been shown to
increase from early childhood through adolescence (Dubois et al. 2012). The
presence of monogenic or endogenous obesity in which a specific gene such as
melanocortin receptor (MC4R), propiomelanocortin (POMC), leptin receptor
(LEPR) or leptin (LEP) harbors mutations that interfere with the synthesis of the
resulting functional protein (Hinney et al. 2010) is also well known, although less
frequent. In addition, it is also hypothesized that transgenerational changes may
occur in obesity through epigenetic mechanisms; meaning that the mother’s
weight gain during pregnancy could predispose the children to overweight and
obesity.

However, the common obesity is considered a polygenic disease, and the
presence of a high number of small variations such as single nucleotide
polymorphisms (SNPs) spread across the genome in many genes is now
considered one of the main genetic components in the ethiology of obesity. More
than 400 positive associations have been observed between genetic variations and
obesity phenotypes (Figure 6). A total of 32 loci with genome-wide significance
have been found through genome-wide association studies (GWAS)(Vimaleswaran
et al. 2012; Fall et al. 2012), and, interestingly, candidate gene association studies
allowed for the discovery of 127 candidate genes (Wang et al. 2011; Rankinen et
al. 2006; Xia & Grant 2013).

Single nucleotide polymorphism DNA sequence variation of a single nucleotide which differs from
that of another individual or chromosome in the same position.
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Figure 6. Genome map of loci associated with obesity and its phenotypes (McCarthy 2010).

Genetic studies

Linkage studies

These studies are carried out with families and related individuals and allow
for the discovery of hot spots in the genome that show association to a certain
disease, without previous knowledge of a candidate gene. They have a low
resolution and are less efficient for finding genes affecting polygenic diseases such
as obesity, but are a good first approach which helps find candidate regions in the
genome.

Association studies

In these studies, the association between a disease and the presence of a
genetic marker is investigated in a population of non-related individuals. This
simplifies the recruitment process, although population stratification may occur.
Studies can be prospective (cohorts) or retrospective (case-control).

In case-control studies, subjects are recruited according to the presence of a
certain disease or phenotype. Whereas in cohort studies, individuals are recruited
first, and observed during a certain time in which the apparition of the disease is
checked for.
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Once the subjects are recruited, the study of the association of SNPs with the
disease starts (Figure 7). This step can be done through two different approaches:
the candidate gene studies and GWAS.

Patients \ - = / Non-patients
=y LT
# i >3

Patient DNA Non-patient DNA

¥ N

Compare
differences
to discover

SNPs associated
with diseases

Disease-specific SNPS Non-disease SNPS

Figure 7. Scientists compare DNA from thousands of patients to DNA from thousands of control
subjects, looking for differences ('SNPs’ or single nucleotide polymorphisms) between the two groups. ©
Pasieka, Science Photo Library.

Candidate gene association studies

This was the selected approach for the present PhD thesis. In this type of
studies, SNPs are chosen according to previous knowledge of biochemical
pathways that relate a gene with a disease. In other words, a previous hypothesis
is needed. These studies are highly valuable when the risk allele frequency or the
effect sizes are low, because the power of the association is increased due to the
previous election of the SNPs (as opposed as they being randomly spread across
the genome). In addition, they are useful for validation studies in different
populations.

Nevertheless, in order to obtain high quality reliable results, a series of steps in
the study design must be followed. These include the selection of SNPs from genes
of common pathways, missense SNPs and SNPs in linkage disequilibrium (LD),
the known frequencies in different populations and sample size during the

Missense SNP is a SNP located in the coding region of a gene that affects the amino acid of the
protein.

Linkage disequilibrium non-random association of alleles appreciated by the difference between
the observed and the expected combination of the alleles based on their frequencies.
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selection of the SNPs; and a exhaustive quality control and data analysis once the
genotyping is completed (Jorgensen et al. 2009).

Genome-wide association studies (GWAS)

GWAS examine the association of hundreds of thousands of SNPs spread all
along the genome. Large groups of individuals are needed in order to find
significant associations of the SNPs with a disease (Manolio 2010). Since the first
GWAS in 2005, more than 200 diseases have been studies with this method,
finding more than 4000 associations.

These studies are based in the LD principle, in which common SNPs are
inherited in blocks between generations, allowing for some of these SNPs to be
used as tag SNPs (Stram 2004). It is necessary to mention that from all the studied
SNPs only 12% are located in coding regions, 40% are intergenic and 40% intronic
(Figure 8). These data suggest that introns and intergenic regions definitely play
an important role in genetic regulation (Hardy 2009).

B [NTRONIC

W INTERGENIC
CODING REGIONS

B OTHER
Figure 8. Genomic location of SNPs described by GWAS.

Despite their potential, GWAS have also a series of negative aspects to be
considered. First of all, it is truly difficult to find the functional explanation of an
association between a SNP and a disease, because most of the times SNPs are
localized in unknown genes or genomic regions. Secondly, the found associations
usually differ between populations. And third, GWAS do not include SNPs with a
minor allele frequency (MAF) lower than 1%, thus missing a lot of genetic
information that affects complex diseases as obesity.
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BACKGROUND AND JUSTIFICATION

The research group CTS-461 “Biochemistry of Nutrition. Therapeutical
implications” focuses one of its lines of work on childhood obesity through
different approaches. These include novel obesity biomarkers analysis, oxidative
stress markers and genetic variation analysis through candidate gene association
studies. For all of these tasks, a population of more than 1000 obese and normal-
weight children have been recruited at the collaborating hospitals of “Reina Sofia”
and “Valle de los Pedroches”, both in Cérdoba, the “Clinical University Hospital” in
Santiago de Compostela and the “Clinical University Hospital Lozano Blesa” in
Zaragoza.

The first approach in the study of genetic variants affecting childhood obesity
risk was to observe SNPs from the most well known obesity-related genes. Arising
from this project, a previous PhD thesis was defended in the group (Olza J. 2011).
In addition, a series of articles were published and others are in progress. Those
publications are included in this thesis as additional publications (Appendix), as
this thesis focuses on ADS-related genes.

The main published findings regarding obesity-related SNPs, attached in the
Appendix, are the following. The novel SNP rs3753519 from the 11f-
hydroxysteroid dehydrogenase type 1 (HSD11B1) gene was found to be positively
associated with childhood obesity [0dds ratio (OR) = 1.97, 95% Confidence
Interval (CI) 1.23-3.16, p = 0.004] (Olza et al. 2012). Also, variants rs16147 and
rs16131 in the neuropeptide Y (NPY) gene where associated with higher
childhood obesity risk (OR = 1.38, 95%CI 1.08-1.78, p = 0.010; OR = 1.69, 95%CI
1.18-2.41, p = 0.004 respectively) (Olza et al. 2013). Previously known SNPs from
the fat mass and obesity (FTO) gene were validated in their association with
obesity in children, as well as with obesity biomarkers (Olza et al. submitted to
BMC Medical Genetics in 2013).

Following this research, the group obtained a grant (PI-0296/2007) to study
the potential implication of SNPs of ADS-related genes in the risk of obesity during
childhood. The present PhD thesis arises from that project, which allowed for the
identification of genetic variants that affect oxidative stress status and ultimately,
obesity and its metabolic complications.
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HYPOTHESIS

The starting hypothesis was that obese children show an altered ADS and
higher cellular oxidative stress, all related with early onset of obesity and
metabolic syndrome features in prepubertal obese children. In addition, we
hypothesized that the oxidative stress could have an underlying genetic cause due
to the presence of SNPs in ADS-related genes.

AIMS

The present study aimed to determine the frequency of 492 SNPs selected
from 47 genes related with the ADS and free radical metabolism, as well as to
study their association with obesity risk in a population of prepubertal Spanish
children.

General aims

[.  Toreview the current literature regarding the impact of SNPs for oxidative
stress related genes on obesity risk.

II. To obtain blood samples for plasma and serum analysis, as well as for
genomic DNA extraction.

[II.  To carry out a case-control association study in a cohort of 193 obese and
191 normal-weight healthy Spanish children.

IV.  To select from 2 to 15 SNPs per gene among the 47 candidate ADS-related
genes from the National Center for Biotechnology Information (NCBI)
database dbSNP and from the HapMap Project database until 492 SNPs
were reached.

V.  To determine the frequency of the selected SNPs.

Specific aims

I.  To study the observed differences of the analyzed biomarkers between the
obese and normal-weight children.

II.  To analyze the association of the presence of the selected SNPs with the
risk of obesity.

[II. To study the association between the selected SNPs and the main
phenotypes and features related with obesity, metabolic syndrome, insulin
resistance, oxidative stress, inflammation and endothelial damage.
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METHODOLOGY

Experimental design

This was a case-control, cross-sectional, multicentre study, in which a total of
384 prepubertal children aged between 3 and 13 were recruited from primary
care centers at three Spanish hospitals (University Hospital “Reina Sofia” and
Hospital “Valle de los Pedroches”, both in Cérdoba; and Clinical University Hospital
of Santiago de Compostela). Pubertal stage was assessed following Tanner
classification (Tanner 1962). The children were classified as obese or normal-
weight following Cole’s definition (Cole et al. 2000). A total of 193 children were
grouped as obese (104 boys and 89 girls) and 191 (110 boys and 81 girls) as
normal-weight healthy controls.

Inclusion criteria were: absence of disease related with nutritional status or
endogenous obesity and prepubertal stage. Exclusion criteria were: the presence
of disease or undernutrition and the use of medication that alters blood pressure
(BP) or glucose or lipid metabolism and pubertal stage.

Following an initial assessment at school or a primary-care center, children
who met the inclusion criteria were invited for a clinical examination at a
participating hospital. The parents or guardians of the children were informed
concerning the purpose and procedures of the study before written consent was
obtained; all of the children agreed to participate in the study. Sex hormone levels
were measured to confirm that the children were prepubertal.

The protocol was performed in accordance with the Declaration of Helsinki
(Edinburgh 2000, revised), the recommendations of the Good Clinical Practice of
the CEE (Document 111/3976/88, July, 1990) and the current Spanish regulations
dictating clinical investigations in human subjects (RD 223/04 on Clinical Assays).
The present study was approved by the Ethics Committee on Human Research of
the University of Granada, the Ethics Committee of the Reina Sofia University
Hospital of Cérdoba and the Bioethics Committee of the University of Santiago de
Compostela.

Anthropometry

After a detailed clinical history and an exhaustive physical examination,
anthropometric measurements were performed by a single examiner with the
children in bare feet and dressed in their underwear. Body weight (kg), height
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(cm) and WC (cm) were measured using standardized procedures and were used
to calculate the BMI of the children with the formula: weight (kg) /height (m2). The
BMI z-score was also calculated as the difference between the observed BMI value
and the mean BMI of the reference population, divided by the standard deviation
according to sex and age, the reference used was that from Sobradillo et al. (2004).
Children were classified as obese or normal-weight according to BMI, using the
age- and sex-specific cut-off points proposed by Cole et al. (Cole et al. 2000)
(linked to adult cutoffs of 25 and 30 kg/m?). In the same way, their prepubertal
stage was assessed by Tanner classification (Tanner 1962). Systolic and diastolic
BP was measured three times for each individual by the same examiner, according
to international recommendations.

Biochemical measurements

Blood samples were drawn from the antecubital vein after the children had
fasted overnight. A complete blood count and routine biochemical analyses were
performed at the Hospital laboratory. Serum from one EDTA-coated tube was
centrifuged 10 minutes at 4 °C and 1750 g and the plasma was frozen at -80 °C for
future analysis of specific biomarkers. The buffy coat containing white blood cells
was collected in a 1.5 ml tube and stored at -80 °C for DNA extraction.

In the general biochemical analysis the following parameters were measured:
glucose, insulin, triacylclycerols (TG), HDL-cholesterol, low density lipoprotein
(LDL)-cholesterol, total cholesterol, apolipoprotein A-I (ApoA-I), apolipoprotein B
(ApoB), aspartate aminotransferase (AST), alanine aminotransferase (ALT) and
gamma-glutamil transferase (GGT).

The homeostasis model assessment for insulin resistance index (HOMA-IR)
(Matthews et al. 1985) was calculated using fasting insulin and glucose levels
following the formula:

Glucose mmol X Insulin KU
l ml

22.5

HOMA — IR =

The corresponding value of QUICKI (Quantitative Insulin Sensitivity Check
Index) (Katz et al. 2000) was calculated according to the following formula:

1

QUICKI = poerll po-
log(Insulin T) + log(Glucose d—‘?)
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Adipokines and biomarkers of inflammation and endothelial
damage

Adipokines (adiponectin, resistin and leptin) and biomarkers of inflammation
(IL-6, IL-8, TNF-a and MCP-1) and endothelial damage [Matrix metallopeptidase 9
(MMP-9), myeloperoxidase (MPO) and total and active plasminogen activator
inhibitor 1 (PAI-1)] were measured by X-Map technology with LINCOplex kits (see
list below) using the Luminex® 200™ (Luminex Corporation) according to the
manufacturer’s instructions.

- Human Serum Adipokine Panel A (HADK1-61K-A-03; LINCOplex
Research): Adiponectin, resistin and active PAI-1.

- Human Cardiovascular Disease Panel 1 (HCVD1-67AK-06; LINCOplex
Research): MMP-9, MPO and total PAI-1.

- Human Serum Adipokine Panel B (HADK2-61K-B-07; LINCOplex
Research): IL-6, IL-8, MCP-1, leptin and TNF-a.

X-Map technology allows for the detection and analysis of up to 100 analytes
per well of a 96-well plate. This technology combines fluidics, optics and digital
signal processing. Color-coded tiny beads, called microspheres are each assigned a
specific reagent for the analytes that we wish to determine. Once the reaction
takes place between our sample and the reagents bound to the microsphere, the
flow-cytometer detects the color of the microsphere and the signal due to the
bound sample (Figure 9).

Oxidized LDL (Ox-LDL) particles were analyzed with an ELISA kit (BI-20042;
Biomedica Medizinprodukte) according to the manufacturer’s instructions. The
inflammation marker high-sensitivity C-reactive protein (hsCRP) was determined
with a turbidimetric immunoassay (Dade Behring).

Fatty acid-binding protein 4 (FABP-4) concentrations were measured using
ELISA (RD191036200R; BioVendor). Retinol, a-tocopherol and (-carotene levels
were analyzed by high-pressure liquid chromatography (HPLC), as described
previously (Garcia-Rodriguez et al. 2012).
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Figure 9. XMap technology standard protocol for LINCOplex kits (scheme by Alcald-Bejarano J). IL-6:
interleukin 6; MMP-9: matrix metalloproteinase 9; MPO: myeloperoxidase; PAI-1: plasminogen
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Antioxidant defense system evaluation

Plasma total antioxidant capacity (TAC) was assessed using the
spectrophotometric antioxidant assay kit (709001; Cayman).

Activity of the antioxidant enzymes in erythrocytes

Hemoglobin (Hb) concentration in the blood samples was determined
spectrophotometrically by the colorimetric cyanmethemoglobin method (Drabkin
1948), using Sigma Diagnostic reagents.

Catalase activity

CAT activity in erythrocytes was assayed by the spectrophotometric method
described by Aebi (Aebi 1984). After adjusting the Hb concentration to 1 g/1, 10 pL
of simple were added to 90 pl of phosphate buffer 50 mM, pH 7.0, in a 96-well
plate. Then, 50 ul of H20; 30 mM were added to the reaction and the decrease in
absorbance at 240 nm was monitored immediately during 40 s. CAT activity was
expressed as Kup (kU/g Hb).

Superoxide dismutase activity

SOD activity was determined following the xantine/xantine-oxidase method
for the generation of superoxide radicals, which oxidize cytrochrome c thus
generating a color that can be measured at 450 nm. The depletion of superoxide by
SOD is then measured to determine its activity (McCord et al, 1969). After
adjusting the Hb concentration to 1 g/l, the supernatant was extracted with
chloroform-ethanol. Then, 40 pl of supernatant were mixed with 240 pl of reagent
ferricytochrome c 50 pM, xantine 1 mM, NaHCO3; 20 mM, pH 10.0, EDTA 0.1 M in a
96-well plate. The mixture was incubated during 90 s and then 20 pl of xantine
oxidase 15 mU/ml were added. The absorbance was monitored at 450 nm during
3 min. Enzyme activity was expressed as U/mg Hb.

Glutathione reductase activity

GR activity was determined by measuring the oxidation rate of NADPH in the
presence of oxidized glutathione (GSSG) (Carlberg et al. 1985). After adjusting the
Hb concentration to 10 g/1, 30 pl of simple were added to 205 pl of GSSG 3.7 mM
(G-4376; Sigma) in phosphate buffer 147 mM, EDTA 0.47 mM, pH 7.2, in a 96-well
plate. The mixture was incubated during 5 min at 37 °C and then 40 pl NADPH
2.25 mM in NaHCO3; were added to each of the wells. Absorbance at 340 nm was
monitored during 5 min. GR activity was expressed as pmol/g Hb/min.
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Glutathione peroxidase activity

Erythrocyte GPX activity was determined by the coupled enzyme
spectrophotometric method with tert-butyl hydroperoxide (t-BOOH) as substrate
(Flohé et al. 1984). After adjusting the Hb concentration to 10 g/, 25 pl of sample
were added to 125 pl of phosphate buffer 100 mM, 1 mM EDTA, pH 7.4, 0.1 M
sodium azide, 25 pl GR enzyme (2.4 U/ml) (G-4751; Sigma) en in phosphate buffer
0.1 M, 25 pl GSH 10 mM (G-4251; Sigma) in phosphate buffer 0.1 M and 25 pl
NADPH 1.25 mM (N-1630; Sigma) in NaHCO3 buffer, in 96-well plates. The mixture
was incubated during 3 min at 37 °C. Then 25 pl t-BOOH 12 mM were added to
start the reaction. The decrease in absorbance at 340 nm was monitored during 5
min. GPX activity was expressed as mol/g Hb/min.

Determination of Paraoxonase 1 activities

Serum paraoxonase 1 (PON1) activity was determined by using four different
substrates (paraoxon, phenylacetate, dihydrocoumarin and diazoxon) to obtain
the best information on regards to this enzyme activity.

Paraoxonase activity was measured using 190 pl of paraoxon solution (1.0
mM) freshly prepared in 50 mM glycine buffer pH 10 containing 1 mM CaCl; with
10 pl of serum , incubating at 37 °C (Hernandez et al. 2004). The liberation of p-
nitrophenol upon enzymatic hydrolysis was measured spectrophotometrically at
405 nm. Hydrolysis of paraoxon was also determined in the presence of 1.0 M NacCl
at pH 10 (referred to as salt-stimulated paraoxonase) as this method has been
followed by some authors (data not shown in this thesis). Paraoxonase activity
was expressed in U/l using p-nitrophenol molar extinction coefficient =16
1/mmol cm.

Arylesterase was measured using phenylacetate as the substrate. The assay
mixture included 100 pl of a 1:50 dilution of serum, and a mixture of 1 ml of 8 mM
phenylacetate in water plus 1 ml of 100 mM Tris-acetate buffer pH 7.4 containing
10 mM CacCl. Initial rates of hydrolysis were monitored spectrophotometrically
following the formation of phenol at 270 nm at 25 °C (Junge et al. 1984).
Arylesterase activity was expressed as kU/ml using phenol molar extinction
coefficient e=1,48 1/mmol cm.

Hydrolysis of dihydrocoumarin (an aromatic lactone, referred to as lactonase
activity) was measured by the method described by Draganov et al. (Draganov et
al. 2000) with minor changes. The assay medium contained 1 mM substrate (from
a 100 mM stock solution, dissolved in methanol) in 50 mM Tris-HCI buffer pH 7.0
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containing 1 mM CaCly, in a final volume of 1 ml. The reaction was initiated by the
addition of 10 pl of serum and followed at 37 °C by monitoring the increase in UV
absorbance at 270 nm. Lactonase activity was expressed in U/ml, using the molar
extinction coefficient, e=1.30 I/mmol cm.

Diazoxonase activity was determined by a continuous spectrophotometric
assay. The assay contained 0.1 M Tris—HCI buffer pH 8.5, 2.0 M NaCl, 2.0 mM CaCls,
and 500 puM diazoxon (Techno Spec) in a volume of 1 ml and the reaction was
initiated by the addition of 5 pl of serum at 37 °C (Richter et al. 1999). The
appearance of 2-isopropyl-4-methyl-6-hydroxy pyrimidine (IMHP) was
continuously monitored at 270 nm. Rates of conversion of diazoxon to IMHP were
calculated based on the molar extinction coefficient of IMHP €=3.03 1/mmol cm
and diazoxonase activity was expressed as U/I.

Arylesterase, lactonase and diazoxonase enzyme assays were performed in a
Perkin-Elmer Lambda-2 spectrophotometer. PON1 paraoxonase and salt-
stimulated paraoxonase activities were performed in a multidetection microplate
reader (BIOT-TECH: Synergy HT). Samples were assayed in duplicate, and the
average value was used for analysis. Non-enzymatic hydrolysis for each substrate
was measured by using buffer, instead of serum, and was subtracted from the total
rate of hydrolysis.
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SNP selection and genotyping

SNP selection

A list of 47 candidate genes was elaborated after a literature review of genes
related with the ADS (Table 1). From this list, SNPs located in their area of the
genome were searched for according to the following criteria:

- Missense SNPs no matter their frequency in Caucasian population.

- Intronic SNPs with minor allele frequency (MAF) higher or equal to 0.05 in
Caucasian population.

- SNPs in 3’ and 5’ region, including SNPs in the promoter region, with MAF
higher or equal to 0.05 in Caucasian population.

- Tag SNPs were selected in order to optimize the process of genotyping,
with MAF equal or higher to 0.05 in Caucasian population, with an r2 equal
or higher to 0.8. However, concerning previously known SNPs from
important genes, we included them no matter their LD with the rest of
SNPs from the same gene.

A total of 492 SNPs (Table of genotyped SNPs, Appendix) were selected. The
selection of SNPs was done by using the National Center for Biotechnology
Information database dbSNP2z. Tag SNP selection was done with the HapMap
database3.

Table 1. Selected genes for the SNP search (alphabetic order).

Gene symbol Gene name

ALB albumin
AOX1 aldehyde oxidase 1
CAT catalase
CCL5 chemokine (c-c motif) ligand 5
Cccs copper chaperone for superoxide dismutase
CRP c-reactive protein
CYBA cytochrome b-245, alpha polypeptide
CYGB cytoglobin
DGKG diacylglycerol kinase, gamma 90kDa

DHCR24 24-dehydrocholesterol reductase
DUOX1 dual oxidase 1

Z http://www.ncbi.nlm.nih.gov/snp/
3 http://www.hapmap.org/
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Gene symbol Gene name

DUOX2 dual oxidase 2

GPX1 glutathione peroxidase 1
GPX2 glutathione peroxidase 2 (gastrointestinal)
GPX3 glutathione peroxidase 3 (plasma)
GPX4 glutathione peroxidase 4
GPX5 glutathione peroxidase 5
GPX6 glutathione peroxidase 6 (olfactory)
GPX7 glutathione peroxidase 7
GSR glutathione reductase
GSS glutathione synthetase
GSTZ1 glutathione s-transferase zeta 1
LPO lactoperoxidase
MGST3 microsomal glutathione s-transferase 3
MPO myeloperoxidase
NCEF2 neutrophil cytosolic factor 2
NOS2A nitric oxide synthase 2, inducible
NOX5 NADPH oxidase, ef-hand calcium binding domain 5
OXR1 oxidation resistance 1
OXSR1 oxidative stress responsive 1
PON1 paraoxonase 1
PON3 paraoxonase 3
PRDX1 peroxiredoxin 1

PRDX2 peroxiredoxin 2
PRDX3 peroxiredoxin 3
PRDX4 peroxiredoxin 4
PRDX5 peroxiredoxin 5
PRDX6 peroxiredoxin 6

PTGS1 prostaglandin-endoperoxide synthase 1 (cyclooxygenase-1)

PTGS2 prostaglandin-endoperoxide synthase 2 (cyclooxygenase-2b)
SCARA3 scavenger receptor class a, member 3

SEPP1 selenoprotein p

SIRT1 sirtuin 1

SIRT2 sirtuin 2

SOD1 superoxide dismutase 1, soluble

SOD2 superoxide dismutase 2, mitochondrial

S0OD3 superoxide dismutase 3, extracellular
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Sample genotyping
For the genotyping we used the Illumina GoldenGate technology in 96 sample
arrays using 250 ng of total genomic DNA as a sample.

Sample preparation

Genomic DNA was extracted from buffy coats using QIlAamp Blood kit
(Qiagen). A series of random samples were run in an electrophoresis of agarose gel
in order to check the integrity of the DNA.

Genotyping

Genotyping was performed using the GoldenGate protocol (Illumina) on 96-
well format Sentrix® arrays. In this technology two allele-specific oligo (ASO) and
one locus-specific oligo (LSO) are used for each SNP. Those oligos have specific
sequences which are complementary to genomic regions and to universal primers,
in addition, the LSO has a tagging sequence complementary to another oligo bound
to a magnetic bead.
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Figure 10. Genotyping method. A: Hybridization; B: Extension and ligation; C: Amplification with
universal primers P1/P2 y P3; D: Hybridization of the amplification products with the magnetic beads
in the array; E: Read of the relative binding of the two SNP-specific primers. Address: Bead-tagging
sequence; ASO: allele-specific oligo; LSO: locus-specific oligo; P1, P2, P3: primers and their
complementary sequences.
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First, the hybridization between ASOs, LSO and genomic DNA must take place
(Figure 10A). Then, extension and ligation (Figure 10B). Secondly, an amplification
step takes place with three kings of primers (P1/P2 complementary to the ASOs;
P3 complementary to the LSO) (Figure 10C). Then, the amplification products are
hybridized in the array containing the SNP-specific magnetic beads. The relative
binding of the SNP-specific primers is determined by a laser (Figure 10D), thus
giving the genotype raw results (Figure 10E).

Genotyping was performed externally at the CIC Biogune Center of Bilbao, and
the company Progenika provided the final raw results of the analysis.

Bioinformatic analysis

All the analysis from the raw genotyping results were performed with PLINK
1.07 software (Purcell et al. 2007)4.

Quality control analysis

In every association study the first thing to do is to “clean” the data base
removing low quality data. First, samples with low percentage of genotype results
(lower than 90%) were removed. In this step, we removed 26 samples from the
total 384 (6.8%). Second, the SNPs with a call rate (genotype results across the
total samples) lower than 90% were removed, in our case this was 45 SNPs from
the total of 492 (9.1%).

Hardy-Weinberg equilibrium

In population genetic studies, Hardy-Weinberg (HW) equilibrium
establishes that the genetic composition of a population remains in equilibrium
unless natural selection or other forces, such as mutations, take place (Mayo
2008). In our study, 5 SNPs showed deviation from equilibrium in the control
group, and were removed. These SNPs can be found in the “table of genotyped
SNPs” (Appendix).

Association study with obesity and phenotypes

For the association study, a logistic regression analysis was conducted with
PLINK software, and OR was obtained with the 95% CI, for each SNP. The analysis
was adjusted by sex and age. A total of 14 SNPs were found to be significantly

4 http://pngu.mgh.harvard.edu/~purcell/plink/
Hardy-Weinberg equilibrium states that a population’s genetic variation will remain constant
between generations in the absence of disturbance factors (i.e. mutations).
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associated with obesity. The Bonferroni correction method was used to counteract
the problem of multiple testing. After the correction no significant results were
found.

In the same way, a linear regression model adjusted by sex and age was
applied to study the association between the SNPs and the studied phenotypes. In
this case, we obtained the 8 coefficient, which indicates the number of units that
the phenotype increases or decreases per risk allele. An additional adjustment by
BMI was conducted in order to better characterize the observed associations. In
every case, p<0.05 was considered to in order to consider statistical significance.

Statistical analysis

All continuous variables were expressed as mean + standard error of the
mean (SEM). Normal distribution of clinical parameters data was assessed by the
Kolmogorov-Smirnov test. Insulin, HOMA-IR, total cholesterol, MMP-9 and tPAI-1
were logarithmically transformed to approximate normal distributions.
Homogeneity of variances was estimated using the Levene test. Mean comparisons
between obese and normal-weight children for continuous variables were
compared by Student’s t-test for unpaired samples. Correlations were estimated
using Pearson’s correlation coefficient for normally distributed variables and
Spearman’s for non-normally distributed variables. In every case statistical
significance was considered when p<0.05. For these analysis, SPSS 15.00 (SPSS
Inc.) was used.

The genotypic relative risk was assessed by comparing the obese group with
the control group and calculating the OR and the 95% CI using a logistic regression
analysis under the additive model implemented in PLINK after adjusting by age
and sex. Linear regressions in the entire population, or separately per case and
control group (data not shown in this thesis), were performed under the additive
model to estimate the associations of each SNP with phenotypic parameters
related with obesity and its complications.

Multiple testing can occur when one studies a set of statistical analysis simultaneously, in these
occasions errors may happen due to false positives.
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GENETICS OF OXIDATIVE STRESS IN OBESITY
Rupérez AL, Gil A., Aguilera C.M.

Department of Biochemistry and Molecular Biology II, Institute of Nutrition and
Food Technology, Centre for Biomedical Research, University of Granada, 18100
Armilla, Granada, Spain.

ABSTRACT

Obesity is a multifactorial disease characterised by the excessive
accumulation of fat in adipose tissue and peripheral organs. Its derived metabolic
complications are mediated by the associated inflammation, hypoxia and oxidative
stress. Oxidative stress is due to the excessive production of free radicals or
diminished antioxidant defences. Genetic variants such as single nucleotide
polymorphisms in antioxidant defence system genes could alter the efficacy of
these enzymes and ultimately the risk of obesity, thus, studies investigating the
role of genetic variations in genes related to oxidative stress could be useful for
better understanding the etiology of obesity and its metabolic complications. To
our knowledge, this is the first review to revise the impact of genetic variations in
oxidative stress genes including antioxidant enzymes, oxidative stress-producing
systems and transcription factors and their relationship on obesity risk and its
phenotypes.
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INTRODUCTION

Obesity is increasing dramatically and has already become a major clinical
challenge for health care systems worldwide (Shamseddeen et al. 2011). Obesity is
a multifactorial disease, influenced by both genetic and environmental factors. The
onset of obesity is due mainly to low energy expenditures (e.g., from exercise)
combined with high caloric intake. This leads to an excessive accumulation of fat in
the adipose tissue, accompanied by low-grade inflammation, hypoxia and
oxidative stress.

Oxidative stress is defined as an imbalance between the reactive oxygen
species (ROS) scavenging and producing systems in the organism. ROS include
molecules such as hydrogen peroxide (Hz0:), superoxide (0;-) and the hydroxyl
radical (OH-). The controlled production of these molecules is known to help
protect against microorganisms during infectious processes, as well as contribute
to normal functions in the cell, including proliferation, differentiation and
signalling (Gough et al. 2011). However, a non-physiological increase in ROS levels
from excessive caloric intake, inflammation or hypoxia, or a decrease in the
antioxidant capacity of the organism can lead to the aforementioned alterations.

The antioxidant defence system maintains ROS homeostasis in the cells. It
comprises both endogenous and exogenous antioxidants. Endogenous
antioxidants primarily include enzymes such as glutathione peroxidases (GPXs),
catalase (CAT), paraoxonases (PONs), superoxide dismutases (SODs) and
peroxiredoxins (PRDXs). These enzymes degrade ROS at different levels and in
different compartments inside and outside of the cells. In addition, some of these
enzymes require endogenous cofactors such as glutathione and lipoic acid in order
to perform their ROS scavenging activities. Exogenous antioxidants include
vitamins, carotenoids, polyphenols and trace elements such as selenium and zinc
(reviewed by Da Costa et al. 2012).

It is known that genetic variations, such as single nucleotide polymorphisms
(SNPs), can affect the functioning of antioxidant enzymes and increase the risk of
certain diseases, such as cancer (Da Costa et al. 2012). However, to our knowledge,
the impact of genetic variations in the genes associated with oxidative stress
regulation has not been fully studied nor reviewed in the context of obesity.
Detailed studies in this field could clarify the mechanisms involved in the
development of the comorbidities of obesity, such as metabolic syndrome and
insulin resistance. Thus, the aim of this review is to summarise the current
knowledge about the association of genetic variations in antioxidant defence
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system genes, oxidative stress producing systems and related transcription factors
with obesity risk and phenotypes.

In the future, the characterisation of these SNPs in obese patients could
contribute to the development of controlled antioxidant therapies that would be
potentially beneficial for the treatment of obesity-derived metabolic
complications.

METHODOLOGY

We conducted a systematic review of the literature by using PubMed
database. The following phrases were included in the process: 1) “obesity” AND
“polymorphism” AND “oxidative stress” limited to human studies gave 47 results;
2) “obesity” AND “polymorphism” AND “oxidative stress” limited to animal studies
gave 8 results; 3) “obesity” AND “gene expression” AND “adipose tissue” AND
“oxidative stress” limited to human studies gave 28 results; 4) “obesity” AND “gene
expression” AND “adipose tissue” AND “oxidative stress” limited to animal studies
gave 71 results; 5) “obesity” AND “mechanisms” AND “gene” AND “oxidative
stress” limited to human studies gave 31 results; and 6) “obesity” AND
“mechanisms” AND “gene” AND “oxidative stress” limited to animal studies gave
30 results. A total of 215 results in English were obtained and titles and abstracts
were revised to select a total of 73 articles that were read in full. Additional
articles not found in this search were identified by exploring references in key
articles.

OXIDATIVE STRESS IN OBESITY

The adipose tissue is an endocrine organ that produces a variety of molecules,
including adipokines, such as adiponectin and leptin, and cytokines, such as
tumour necrosis factor alpha (TNFa) and interleukins 1§ (IL-1f3) and 6 (IL-6)
(Balistreri et al. 2010; Trayhurn et al. 2004). It is well known that adipose tissue in
obese individuals undergoes many pathological changes due to the accumulation
of fat, such as inflammation, hypoxia and increased oxidative stress (Bondia-Pons
et al. 2012; Trayhurn 2013). Upon the accumulation of excessive fat, the adipokine
secretion profile becomes altered, and peripheral tissues are affected, contributing
to the appearance of health problems such as dyslipidemia, hypertension, insulin
resistance, diabetes and atherosclerosis (Figure 1.1).

The higher fat and carbohydrate intakes associated with obesity may be
responsible in part for the enhanced ROS production, due to the saturation of the
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electron transport chain. Free fatty acids (FFAs) have had this effect in mouse
models (Furukawa et al. 2004), and in humans, FFAs generate high H,0; levels in
the mitochondria (Anderson et al. 2009). Thus, the link between obesity and
enhanced oxidative stress might be due to the hyperglycaemia, high circulating
FFA, decreased antioxidant defences and chronic inflammation associated with
obesity. Indeed, in obese humans, indicators of cellular and systemic oxidative
stress have been found in many studies. Levels of plasma thiobarbituric acid
reactive substances (TBARS) and urinary 8-epi-prostaglandin F2a (8-epi-PGF2a)
were augmented in obese individuals (Furukawa et al. 2004; Keaney et al. 2003). A
study conducted in severely obese children found similar results, with higher 8-
isoprostane F2a and malondialdehyde (MDA) plasma concentrations, as well as
increased nitric oxide production, as reflected by higher nitrite, nitrate and
nitrotyrosine values, in obese children (Codofier-Franch et al. 2011). The activities
of antioxidant enzymes such as glutathione peroxidase and catalase have also been
observed to be lowered in obesity, as will be described below.
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Figure 1.1. Schematic diagram of the multifactorial character of obesity. These factors influence the
development of obesity and its associated comorbidities by altering adipokine secretion, hypoxia and
inflammation with associated oxidative stress. The presence of certain SNPs reviewed here can increase
the risk of obesity and its comorbidities, further worsening the metabolic profile. SNP: single nucleotide
polymorphism.
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In addition to ROS produced by caloric intake, cells also have ROS-producing
systems for physiological processes, such as the nicotinamide adenine
dinucleotide phosphate-oxidase (NADPH oxidase) complex that produces ROS in
response to insulin and cytokines (like TNFa) as part of a signal-transducing
system (Krieger-Brauer et al. 1995). The alteration of these systems can generate
additional quantities of ROS and contribute to higher oxidative stress levels.

The enhanced oxidative stress associated with obesity leads to the oxidation
of proteins, lipids and DNA, and eventually, to alterations in the modulation of
gene expression and signalling pathways (Finkel 2011). Indeed, these alterations
in cellular and tissue components contribute to chronic inflammation, and thus to
the development of diseases such as obesity and insulin resistance (Houstis et al.
2006). In fact, chronic oxidative stress is known to induce inflammation, and
obesity is considered a disease of chronic low-grade inflammation (Gregor et al.
2011).

The role of transcription factors in the development of obesity comorbidities
is gaining attention. Peroxisome proliferator activated receptor gamma (PPARYy)
and PPARY coactivator-1a (PGCla) are very well-known transcription factors in
the adipose tissue, and they are also implicated in cellular responses against
oxidative stress. In the present review, we will focus on the known variations in
these genes and their impact on the risk of obesity insulin resistance. Nuclear
erythroid factor 2-like 2 (NRF2), one of the most important transcription factors in
the oxidative stress response, will also be considered with respect to its role in
ROS responses and obesity.

ENZYMATIC ANTIOXIDANT DEFENCE GENES

Glutathione peroxidases

The GPX family is composed of at least six isoenzymes and constitutes one of
the main antioxidant defence systems, using glutathione to degrade hydrogen
peroxide (Margis et al. 2008). GPX1 is the most abundant isoenzyme, ubiquitous in
the intracellular fraction and formed by four 22-kDa subunits, each carrying one
selenocysteine.

Cellular and extracellular GPX activity was shown to be lower in the adipose
tissue of obese rats (Asayama et al. 2001). In a study carried out with obese mice,
the mRNA expression of GPX1 was increased after caloric restriction (Lijnen et al.
2012). Moreover, in another study involving obese mice, the expression of GPX3
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was found to be selectively decreased in adipose tissue and plasma; the same
effect was achieved by treating mice with either both TNFa or hypoxia. The use of
antioxidants and the anti-diabetic drug rosiglitazone both succeeded in restoring
GPX3 expression in adipose tissue, improving the insulin resistance phenotype and
attenuating the inflammatory gene expression pattern (Lee et al. 2008). Another
study that supports GPX3 activity against obesity showed that oestrogen receptor
a activates GPX3 transcription and that this mediates its fat mass reducing effects
(Lundholm et al. 2008).

Regarding genetic variations, SNPs associated with obesity and insulin
resistance have only been described for the GPX1 gene (Figure 1.2, Table 1.1). The
GPX1 gene harbours a well-known missense polymorphism (C to T substitution) at
nucleotide 594 that results in the substitution of leucine for proline at codon 198
of the protein (Pro198Leu; rs1050450). Many studies have shown the Leu allele to
be associated with worse outcomes for oxidative stress, central obesity and insulin
resistance, with some sex-related differences. Male Leu allele (T) carriers had
higher metabolic syndrome prevalence, demonstrating higher waist-hip ratios,
triglycerides (TAG), insulin, homeostasis model assessment of (-cell function
(HOMA-f) and systolic and diastolic blood pressures (Kuzuya et al. 2008). Women
carrying the same allele showed higher body fat mass, insulin and homeostasis
model assessment of insulin resistance (HOMA-IR). In an intervention study, the
authors showed that nutritional supplementation with selenium from Brazil nuts
was associated with higher DNA damage in Leu carriers (Cominetti et al. 2011).
Carriers of the Leu allele have also been shown to have significantly higher levels
of lipoperoxides and MDA in low-density lipoproteins (LDL) (Shuvalova et al.
2010).

It was shown that the combination of Pro198Leu SNP with the copy number
variant (CNV) Alas/Ala¢ at codon7-11 decreases the activity of the enzyme by 40%
in vitro (Hamanishi et al. 2004). In the same study, it was demonstrated that the
combination of two other SNPs (-602A/G, 2C/T) decreased the transcriptional
activity of GPX1 by 25%.

These data suggest that the Leu allele is associated with lower GPX activity
and a subsequent higher oxidative stress from ROS, thus generating worse
outcomes in obesity-associated phenotypes.
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Catalase

CAT is one of the most important antioxidant enzymes in the cell, located in
the peroxisomes. It degrades any hydrogen peroxide that exceeds the
physiological levels. CAT expression was increased after caloric restriction in
obese mice (Lijnen et al. 2012), and its erythrocyte activity was lower in children
with insulin resistance and obesity (Shin et al. 2006; Ruperez et al. 2013).

[ts genetic variation has traditionally been studied for diseases other than
obesity. Due to this fact, our group recently published a study conducted on obese
children that showed the association of some SNPs located in the CAT promoter
with obesity (Ruperez et al. 2013) (Figure 1.2, Table 1.1). We found that the
presence of the rare SNP variants rs769214 (-844A/G), rs7943316 (-89T/A) and
rs1049982 (-20C/T) was significantly and positively associated with prepubertal
obesity. All of these SNPs were in linkage disequilibrium (LD) and formed a
haplotype that had been previously described as associated with lower CAT
expression in human cell lines under high oxidative stress (Wang et al. 2010). The
association between these SNPs and the principal insulin resistance and obesity
markers was also studied, and we found that SNP rs769214 is associated with
significantly higher weight, body mass index (BMI) z-score and adipocyte fatty
acid-binding protein (A-FABP), as well as with a higher plasma insulin
concentration (not significant), without any observed effect on erythrocyte
catalase activity. Another variant investigated was the SNP -262C/T in the 5’ UTR
region of the CAT gene. Several studies demonstrated that the T allele was
associated with lower CAT enzyme activity (Ahn et al. 2005; Nadif et al. 2005;
Bastaki et al. 2006), whereas those results were rejected by others (Forsberg et al.
L).

These results suggest that CAT activity and expression are involved in the
defence mechanisms against obesity-derived metabolic complications. The
presence of the described SNPs could lead to lower CAT transcriptional activity
and thus to lower CAT expression levels and activity in the cell. This would further
contribute to cellular oxidative stress and its effects on cell dysfunction by altering
signalling cascades or increasing the damage to macromolecules by oxidation.

Paraoxonases

The PON family consists of three antioxidant isoenzymes. PON1 and PON3
are expressed mainly in the liver and kidneys and are found bound to high-density
lipoproteins (HDL) in the circulation. They inhibit the lipid peroxidation of the LDL
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and HDL particles in plasma. PON2 is a more ubiquitous membrane-bound form
that is found in a variety of tissues. Regarding alterations in PON expression in
obesity, only one study has been conducted, in pigs, where PON3 mRNA expression
in fat tissue was positively correlated with subcutaneous, visceral and total body
fat weight, indicating a role for PON3 in obesity (Labrecque et al. 2009).

PON1 activity is known to be influenced by environmental factors such as age,
diet or medications, but the main cause of variation is genetics (Costa 2011). Two
missense SNPs in the PON1 gene, Q192R (rs662) and L55M (rs854560), have been
traditionally studied (Figure 1.2, Table 1.1). Individuals with the 192RR genotype
have higher paraoxon-degrading activity (Adkins et al 1993), while 55LL
individuals exhibit increased serum PON1 concentrations (Garin et al. 1997). A
study conducted in Portuguese women showed an association of the R allele with a
higher risk of obesity (Veiga et al. 2011), whereas a study in Mexican adults
revealed no association between the variant and risk of obesity (Martinez-Salazar
et al. 2011). Another study failed to find any association of the SNP with obesity in
adolescents (Barath et al. 2006). Our group recently published a study carried out
in prepubertal children that also confirmed the lack of an effect of Q192R on
childhood obesity risk (Rupérez et al. 2013). In this study, we described a novel
PON1 SNP, rs854566, that was found to be associated with protection from obesity
in children, perhaps due to an increase in PON1 lactonase activity, although PON1
activities did not show any differences between obese and normal-weight subjects
(Figure 1.2).

Peroxiredoxins

PRDXs are a family of six thioredoxin-dependent peroxidases that degrade
H20; in the cell. Recent studies have clearly shown that PRDXs contribute to ROS
signalling, regulating cell proliferation, differentiation and apoptosis. PRDX3 is
located exclusively in the mitochondria, where it scavenges up to 90% of the H20:
produced in this organelle, followed by scavenging by GPX1 and GPX4 (Cox et al
2010). Taking into account that mitochondrial respiration is the principal ROS
producer, PRDX3 is considered highly important in terms of antioxidant defences
and redox status regulation.

PRDX3 levels have been observed to be decreased in the adipose tissue of
obese mice and humans (Huh et al. 2012). In the same study, PRDX3 knock-out
mice exhibited increased fat mass as well as increased adipogenic and lipogenic
gene expression in adipose tissue. Additionally, increased superoxide levels and

67



CHAPTER 1. Literature review

protein carbonylation were observed in mitochondria, together with defects in
mitochondrial biogenesis. In addition, adiponectin was downregulated, and
plasminogen activator inhibitor (PAI) was upregulated, in accordance with the
presence of impaired glucose tolerance and insulin resistance observed in PRDX3
knock-down adipocytes.

The impact of PRDX3 genetic variations on obesity has been investigated in
only one nutrigenomic study, in which it was found that four SNPs in the PRDX3
gene and the haplotype they formed were associated with higher BMI and obesity
in Japanese people, when combined with a high-fat diet (HFD) (Hiroi et al. 2011)
(Figure 1.2, Table 1.1). The SNPs rs3740562 (A/G), rs2271362 (C/T), rs7768
(G/C) and rs3377 (A/C) were significantly associated with BMI after a multiple
testing Bonferroni correction, whereas rs1553850 (A/T) was not. The haplotypes
A-A-T-G-A and T-G-C-C-C also showed a significant association with decreased and
increased BMI, respectively. As a HFD induces ROS production, Hiroi et al
investigated its possible role in these associations. The study of the interactions
between the genotypes and haplotypes and dietary fat intake revealed that these
genetic associations could only be observed in the group with the high-fat intake.
Moreover, the association of the genotypes with higher BMI was observed only in
the high-fat intake group. Altogether, these findings indicated a role for PRDX3
genetic variations and fat intake in the modulation of BMI and obesity risk.

More studies are needed to investigate the effects of these and other SNPs on
enzyme levels and activities to elucidate the link between their presence and a
higher risk of obesity.

Superoxide dismutases

The three members of the SOD family are the first line of defence against ROS,
eliminating the strong superoxide radical and producing H;0; that can then be
degraded by CAT, GPXs and PRDXs (Zelko et al. 2002). CuZn-SOD (SOD1) is a
homodimer localised in the cytosol, Mn-SOD (SOD2) is a tetramer localised in the
mitochondria, and the extracellular tetramer CuZn-SOD (SOD3 or EC-SOD) is
localised exclusively in extracellular spaces. MnSOD is one of the most important
antioxidant enzymes because most superoxide is produced in the mitochondria.

EC-SOD levels have been observed to increase in the white and brown adipose
tissue and in the plasma of obese mice. In the same study, TNFa and IL-1f levels
were also observed to be higher in white adipose tissue, which could be
interpreted as an adaptation by the adipose tissue to the enhanced oxidative stress
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associated with obesity (Nakao et al. 2000). However, in a study of type 2 diabetic
patients, EC-SOD levels were shown to be reduced and inversely related to BMI
and HOMA-IR (Adachi et al. 2004).

The best-known SODZ SNP is rs4880 (C/T). It is located in the second exon,
and its presence generates a change in the 16t amino acid in the mitochondrial
targeting sequence of the protein from alanine to valine (Shimoda-Matsubayashi et
al. 1996) (Figure 1.2, Table 1.1). The Val-MnSOD variant has been associated with
the arrest of MnSOD in the inner membrane and lower MnSOD homotetramer
formation in the mitochondrial matrix, together with a lower efficiency of the
enzyme in dismutating superoxide into H20: (Sutton et al. 2003). Strikingly, both
alleles in their homozygous form have been found to be associated with an
increased risk for a variety of diseases, perhaps due to the increased superoxide or
hydrogen peroxide levels in ValVal and AlaAla subjects, respectively. However,
only the Val allele was found to be associated with a higher risk of obesity in the
elderly (Montano et al. 2009). In addition, the presence of the ValVal genotype was
related to higher levels of pro-inflammatory cytokines, such as IL-1, IL-6, TNF-a
and interferon gamma (IFN-y), and lower levels of IL-10 (Montano et al. 2012). In
contrast, Val allele carriers from a healthy cohort showed lower baseline levels of
DNA damage (Caple et al. 2010). Another study found that the ValVal genotype
was more frequent among obese children with non-alcoholic steatohepatitis than
those without the disease, although this difference was not significant (El-Koofy et
al. 2011).

These findings indicate that the role of superoxide in the origin of the
metabolic complications of obesity should be investigated.

THE ROS PRODUCER: NADPH oxidase

One of the most important ROS producers in cells is the NADPH oxidase
complex, which generates Oz, and subsequently other ROS such as H20;, during
the phagocyte respiratory burst (DeCoursey et al. 2005). However, its activity is
not limited to phagocytes, as other cells use NADPH oxidase-generated ROS as
signalling mechanisms. It is known that insulin and cytokines act on this enzymatic
complex, stimulating H20, production and providing a link between ligand binding
and the intracellular redox state contributing to intracellular signalling cascades
(Krieger-Brauer et al. 1995). This complex is formed from 6 subunits: p22phox
and gp91phox, which form cytochrome bsss; p47phox; p67phox; p40phox; and rac.
This enzymatic complex generates free radicals from oxygen and NADPH.
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The SNP -930A/G in the promoter of the p22phox subunit gene was found to
be associated with higher p22phox expression and NADPH oxidase activity in
phagocytic cells from hypertensive patients carrying the GG genotype (San José et
al. 2004) (Figure 1.2, Table 1.1). The higher NADPH oxidase activity resulted in
higher ROS production, which in turn increased the risk of insulin resistance
(Eriksson 2007). Along these lines, the GG genotype was associated with higher
HOMA-IR and insulin but not with obesity in a cohort of obese and normal weight
Spanish subjects (Ochoa et al. 2008). Another SNP in the p22phox subunit is
242C/T (Figure 1.2). Japanese type 2 diabetic patients carrying the T allele of this
SNP showed a significantly lower intima media thickness (IMT) and lower 8-
hydroxy-2'-deoxyguanosine (8-OHdG) values (not significant), whereas the non-
diabetic T allele carriers were protected against insulin resistance, exhibiting
lower HOMA-IR and fasting plasma insulin values (Hayaishi-Okano et al. 2003).
However, another study reported that the CC genotype conferred protection
against diabetes mellitus and obesity and was associated with lower fasting
plasma glucose levels and waist circumference in hypertensive patients (Schreiber
et al. 2012). Other studied SNPs include rs7195830 (C allele) and rs12709102 (T
allele), which were associated with a higher risk of obesity in women (Kim et al.
2012).

All of these findings taken together indicate that higher NADPH oxidase
activity and the concomitant ROS production could act in modulating the insulin
signalling pathway. The genetic variations in the genes of NADPH oxidase subunits
should be further investigated to better understand their impact on enzymatic
activity and the consequences on insulin signalling. This phenomenon could be a
link between obesity and insulin resistance. Knowing the genotype of obese
patients could help in treating them against further damaging metabolic
complications.

ROS RESPONSE MECHANISMS: TRANSCRIPTION FACTORS

PPARY

The nuclear hormone transcription factor PPARy regulates adipogenic
differentiation and lipid metabolism. Its expression is increased in the adipose
tissue of obese individuals (Vidal-Puig et al. 1997; Berhouma et al. 2013). It binds
to lipophilic ligands such as poly-unsaturated fatty acids (PUFAs), prostaglandin
derivatives and oxidised fatty acids (Zielekiak et al. 2008). Some studies have
shown that PPARYy plays a role in the regulation of the antioxidant response to
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ROS, although the results are inconsistent. In a study in mice, it was shown that the
adipose tissue-specific loss of an allele of PPARy, with the subsequent loss of
activity, was associated with more resistance to paraquat-induced oxidative stress.
This was at least partially mediated through the upregulation of ROS scavenging
genes, including GPX1, glutathione reductase, PRDX3, SOD2 and CAT, and the
upregulation of the ROS responding transcription factor FOX03A in adipose tissue
(Luo et al. 2008). This study concluded that reduced PPARYy activity in adipose
tissue has beneficial effects. However, in another study, the authors showed that
the activation of PPARYy by its ligands decreased TNFa or glucocorticoid-induced
ROS production in human adipocytes (Houstis et al. 2006). In a previous study,
Itoh et al. hypothesised that oxidative stress could exert some of its effects on
intracellular signalling through PPARy, and indeed, they showed that PPARy
expression was downregulated by H20; and lysophosphatidyl choline, which is the
major constituent of oxidised LDL (ox-LDL), and TNFa (Itoh et al. 1999).

The best-known SNP in the PPARy gene is rs1801282, which generates an
amino acid change in the protein at codon 12 from proline to alanine (Pro12Ala)
(Figure 1.2, Table 1.1). The effect of this SNP has been investigated in many
previous studies, with inconsistent results. The presence of the Ala allele was
shown to decrease receptor-mediated transcription activity and to be associated
with a lower BMI and increased insulin sensitivity (Deeb et al. 1998). However, in
a recent meta-analysis that included almost 50,000 subjects, the authors showed
that individuals carrying the Ala allele have an increased BMI (+0.065 kg/m2), with
a stronger effect in Caucasians (Galbete et al. 2012).

Although it is becoming clear that PPARy has a role in ROS clearance from
adipose tissue, this paradox has yet to be investigated, to clarify whether the
activation of PPARy decreases ROS production or increases ROS scavenging.
Moreover, the association of the Ala allele with obesity needs to be clarified in a
controlled experimental setting while carefully studying ROS production.

PGCla

PGCla is a transcriptional co-activator of PPAR o and y and controls
mitochondrial biogenesis, adaptive thermogenesis, oxidative metabolism and
glucose homeostasis. In these ways, it increases the oxidative metabolism that will
lead to oxidative stress. However, PGCla also induces the expression of ROS
detoxifying enzymes, thus allowing for enhanced oxidative metabolism while
controlling the associated ROS production (Austin et al. 2012; Valle et al. 2005).
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The PGC1a locus harbours the SNP rs8192678, which results in an amino acid
substitution of glycine to serine at position 482 (Gly482Ser) (Figure 1.2, Table
1.1). Fanelli et al. found that the Gly482Ser variant was associated with HOMA-IR
in obese non-diabetic subjects (Fanelli et al. 2005). In another study, the
Gly482Ser variant was significantly associated with a lower BMI, waist and hip
circumference and total body fat, but only in women (Esterbauer et al. 2002). This
SNP was not found to be associated with obesity or type 2 diabetes in overweight
non-diabetic Chinese individuals, but it was associated with high insulin, HOMA-IR
and waist-hip ratios, as well as with TBARS in hyperglycaemia (Weng et al. 2010).
Because adiponectin is under the transcriptional control of PPARy, a target of
PGC1a, Okauchi et al. studied the effects of the Gly482Ser variant on adiponectin
plasma levels and found lower adiponectin concentrations in type 2 diabetic men,
but not in women, carrying the polymorphism (Okauchi et al. 2008). In this study,
they ruled out the possibility that this variant is a functional polymorphism, and
they suggested that the causative SNP could be in LD with the common Gly482Ser
variant. Along these lines, a previous functional study had already determined that
neither the Gly482Ser nor Trp612Met variants of PGC1a affected the functionality
of the protein regarding its co-activator activity on PPARy2 (Nitz et al. 2007). A
study conducted on the Gly482Ser polymorphism showed a basal association for
the SerSer genotype with higher HOMA-IR and insulin concentrations, but an
intervention with an 8-week low-calorie diet reduced the risk level to that of non-
carriers (Goyenechea et al. 2008).

These results indicate that the Gly482Ser variant has an effect on obesity-
associated comorbidities such as insulin resistance, although it is most likely
another SNP that is responsible for these effects.

Nrf2

The transcription factor NRF2 regulates cellular responses to oxidative stress
and other endogenous and exogenous stresses. Its role in obesity, type 2 diabetes
and metabolic syndrome has already been investigated in many studies using
animal models (reviewed by Chartoumpekis et al. 2013). NRF2 is regulated mainly
through its binding to Kelch-like ECH-associated protein 1 (KEAP1) in the
cytoplasm, which leads to its proteasomal degradation. The NRF2/KEAP1 pathway
responds to oxidative stress via the control of several antioxidant defence gene
expressions harbouring the Antioxidant Response Element (ARE) sequence in
their promoter (Figure 1.2).
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Along with its role in the response against oxidative stress, NRF2 also
modulates adiposity and adipogenesis. In fact, protein levels of NADPH quinone
oxidoreductase (NQO1), which is under the transcriptional control of NRF2,
increase during the initial stages of the adipogenic differentiation process (days 1-
3). Moreover, in addition to NQO1, NRF2 and KEAP1, mRNA levels are also
increased in differentiated adipocytes (days 11-14) (Vomhof-DeKrey et al. 2012).
This finding has been further confirmed by Hou et al, who found that the lack of
NRF2 in 3T3-L1 cells blocked adipogenic differentiation by suppressing
CCAAT /enhancer-binding protein beta (CEBPB) expression, which is needed to
trigger the differentiation process (Hou et al. 2012). In contrast, Chartoumpekis et
al. observed lower NRF2 abundance in the nucleus during adipogenesis, which
they hypothesised could lead to the higher ROS levels needed for the
differentiation process (Chartoumpekis et al. 2011-a).

Among the in vivo studies on the role of NRF2 in obesity, the main conclusion
from knock-out studies in mice is that the targeted disruption of NRF2 decreases
adipose tissue mass and protects mice from long-term HFD-induced obesity
(Chartoumpekis et al. 2011-b; Pi et al. 2010). NRF2 knock-out mice are partially
protected from HFD-induced obesity and insulin resistance. This effect may be due
to the effect of fibroblast growth factor 21 (FGF21); the mRNA levels of FGF21 in
the liver and white adipose tissue were elevated in NRF2 knock-out mice. The
opposite effect, i.e.,, lower FGF21 mRNA levels, was observed when NRF2 was
over-expressed (Chartoumpekis et al. 2011-b). In another study, Shin et al
observed the same effects of the NRFZ2 knock-out. However, they also tested the
pharmacological activation of NRF2 by 2-cyano-3,12-dioxooleana-1,9-dien-28-
imidazolide (CDDO-Im) and observed that it also protected from obesity by
facilitating higher energy expenditure (Shin et al. 2009). One of the main questions
arising from these findings concerns which tissue is responsible for the NRF2
effect. One experiment with myeloid cells showed that deficiency in this tissue did
not protect mice from HFD-induced adipose tissue inflammation and insulin
resistance (Meher et al. 2012). As ChartoumpeKis et al. state in their review, Cre-
loxP system experiments with tissue-specific knock-out models would help further
clarify this issue. To our knowledge, only one study of NRF2 in humans has been
published, demonstrating how the NRF2 pathway was enriched in individuals with
high-fat percentages (Das et al. 2011).

Many SNPs have been described for the NRFZ gene in both mice and humans
(Cho et al. 2013), although the association of NRFZ SNPs and obesity has not been
studied. However, other diseases, such as pulmonary disease, breast cancer, and
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gastrointestinal and autoimmune disorders, have shown different associations
with NRF2 SNPs (reviewed by Cho et al. 2013). The SNP at position -178C/A
conferred lower promoter activity in carriers of the A allele (Marzec et al. 2007).
Interestingly, all evidence indicates that promoter and intronic SNPs are the ones
that most show associations with the conditions studied, with no exonic SNP
described so far.
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Figure 1.2. The effects of the main known SNPs of the antioxidant defence system genes in the cell on
obesity. Orange and green boxes indicate higher or lower obesity risk associated with the SNP,
respectively. Red and green arrows matching the colour of an allele of the SNP indicate higher or lower
enzyme activity associated with that allele. Question marks indicate conflicting results. Long thin green
arrows indicate activation. CAT: catalase; CuZn-SOD: copper-zinc superoxide dismutase; ETC: electron
transport chain; GPX: glutathione peroxidase; GSH: reduced glutathione; GSSG: oxidized glutathione;
HDL: high-density lipoprotein; HFD: high-fat diet; Mn-SOD: manganese superoxide dismutase; NADPH:
nicotinamide adenine dinucleotide phosphate; NRF2: nuclear erythroid factor 2 like 2; Oz*: superoxide;
PGCla: peroxisome proliferator-activated receptor y coactivator-1a; PON1: paraoxonase 1; PPARy:
peroxisome proliferator activated receptor gamma; PRDX3: peroxiredoxin 3; TNFa: tumour necrosis
factor alpha.
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CONCLUSIONS

The study of genetic variants in antioxidant defence genes, as well as in the
genes of enzymes involved in the generation of ROS, could assist in better
understanding the role of antioxidant defences in protecting against obesity and
its derived metabolic complications. There are data supporting the fact that
obesity occurs along with enhanced ROS production, either due to misbalanced
ROS scavenging systems or to enhanced oxidative stress production in cells. These
effects can be due to excessive caloric intake and saturation of the electron
transport chain, as well as to free radical generation from cellular systems such as
the NADPH oxidase complex, in response to the altered insulin or cytokine
production that is characteristic of obesity.

This review summarises the studies that have been carried out to unravel the
role of genetic variants in antioxidant defence enzymes and other important
oxidative metabolism mediators in increasing the risk of obesity or its close
comorbidities, such as insulin resistance.

More studies of the genetic variation in the antioxidant defence system are
needed to clarify the associations reviewed here, as well as more functional
studies concerning these SNPs and their possible impact on enzyme expression
levels and activities.

LIMITATIONS

The present review has included only antioxidant enzymes and transcription
factors of high importance with known genetic variations that affect their function
and oxidative stress status. NRF2 was an exception, lacking any SNP associated
with obesity, but it was included due to its importance in the regulation of ROS
response mechanisms.
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Table 1.1. SNPs from oxidative stress-related genes and their impact on obesity outcomes.

Gene Analysed Other Alleles  Outcome Reference
variant (dbSNP) designations 1/2
GPX1 rs1050450 594C/T Cc/T Leu male carriers have higher waist-hip ratio, TAG, insulin, HOMA-B, Kuzuya 2008
Pro198Leu SPB, DPB
Leu female carriers have higher body fat mass, insulin and HOMA-IR
Leu carriers show higher DNA damage after Se supplementation Cominetti 2011
Leu carriers have higher lipoperoxides and MDA in LDL Shuvalova 2010
GPX1 AIaS/AIa6 + 40% decrease in GPX1 activity Hamanishi 2004
Pro198Leu
GPX1 -602A/G + 2C/T 25% decrease in transcriptional activity Hamanishi 2004
CAT rs769214 -844A/G A/G Associated with prepubertal obesity, higher weight, BMI z-score, A- Ruperez 2013
FABP
CAT rs7943316 -89T/A A/T Associated with prepubertal obesity Ruperez 2013
CAT rs1049982 -20C/T C/T Associated with prepubertal obesity Ruperez 2013
CAT -844G/-89A/- Lower CAT expression under high oxidative stress conditions Wang 2010
20T
CAT rs1001179 -262C/T c/T Lower CAT activity Ahn 2005, Nadif
2005, Bastaki 2006
No effect on CAT activity Forsberg L
PON1 rs662 Q192R G/A 192RR individuals show higher activity degrading paraoxon Adkins 1993
R allele associated with higher obesity risk Veiga 2011
No association with obesity in Mexican adults Martinez-Salazar
2011
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Gene Analysed Other Alleles  Outcome Reference
variant (dbSNP) designations 1/2

PON1 rs662 Q192R G/A No association with obesity in adolescents Barath 2006
No association with obesity in prepubertal children Rupérez 2013

PON1 rs854560 L55M A/T 55LL have increased serum PON1 concentrations Garin 1997

PON1 rs854566 G/A Protection against prepubertal childhood obesity and lactonase Rupérez 2013
activity

PRDX3 rs3740562* A/G Associated with higher BMI in Japanese adults when combined with Hiroi 2011
high-fat diet

PRDX3 rs2271362* Cc/T Associated with higher BMI in Japanese adults when combined with Hiroi 2011
high-fat diet

PRDX3 rs7768* G/C Associated with higher BMI in Japanese adults when combined with Hiroi 2011
high-fat diet

PRDX3 rs3377* A/C Associated with higher BMI in Japanese adults when combined with Hiroi 2011
high-fat diet

S0OD2 rs4880 Alal6Val C/T Val variant associated with MnSOD arrest in the inner mitochondrial Sutton 2003
membrane and lower dismutase efficiency
Val allele associated with higher obesity risk in elderly Montano 2009
Val allele show higher levels of IL-1, IL-6, TNFa, IFNy and lower levels Montano 2012
of IL-10
Val allele carriers show lower DNA damage levels Caple 2010

p22phox rs9932581 -930A/G A/G GG carriers have higher p22phox expression and NADPH oxidase San Jose 2004

activity

GG carriers have higher HOMA-IR and insulin but not higher obesity
risk

Ochoa 2008
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Gene Analysed Other Alleles  Outcome Reference
variant (dbSNP) designations 1/2
p22phox  rs4673 242C/T C/T T allele type 2 diabetic carriers have lower IMT and 8-OHdG values, Hayaishi-Okano
non-diabetic carriers have lower HOMA-IR and insulin 2003
CC carriers protected against diabetes and obesity, with lower plasma  Schreiber 2012
glucose levels and WC in hypertensive patients
p22phox  rs7195830 c/T C allele associated with higher obesity risk in women Kim 2012
p22phox  rs12709102 T/C T allele associated with higher obesity risk in women Kim 2012
PPARy rs1801282 Prol2Ala C/G Ala allele decreases receptor mediated transcriptional activity and is Deeb 1998
associated with lower BMI and increased insulin sensitivity
Ala allele associated with increased BMI (+0.065 kg/m2 per allele) Galbete 2012
PGCla rs8192678 Gly482Ser G/A Ser allele associated with HOMA-IR in obese subjects Fanelli 2005
Ser variant associated with lower BMI, waist and hip circumference Esterbauer 2002
and total body fat in women
Not associated with obesity or T2D in overweight Chinese subjects but Weng 2010

associated with high insulin, HOMA-IR and waist-hip ratio, as well as
TBARS, in patients with hyperglycaemia

Ser male diabetic carriers have lower adiponectin plasma levels

Ser carriers have higher HOMA-IR and insulin concentrations, but 8-
week low calorie diet reduces the risk

Okauchi 2008

Goyenechea 2008

* And their haplotype; Alleles; 1: major, 2: minor. CAT: catalase; GPX: glutathione peroxidase 1; p22phox: cytochrome b-245 alpha
polypeptide; PON1: paraoxonase 1; PRDX3: peroxiredoxin 3; PGCla: peroxisome proliferator-activated receptor y coactivator-1a; PPARy:
peroxisome proliferator activated receptor gamma; SOD2: manganese superoxide dismutase.
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RESULTS

General characteristics of the population under study

Table 2.1 shows the anthropometric and blood pressure values of the obese

and normal-weight children. Obese children showed significantly higher values of
weight, BMI, BMI z-score and WC. SBP and DPB were also significantly increased
with obesity in these children.

Table 2.1. Anthropometry and blood pressure in normal-weight and
obese children.

Variable Normal-weight Obese P

Sex (male/female) 110/81 104/89

Age (v) 8.9+0.1 8.7+0.1 0.127
Weight (kg) 29.2+0.4 51.3+0.9 <0.001
BMI (kg/m?) 16.60+0.11 26.94+0.26 <0.001
BMI z-score -0.22+0.04 3.57+0.11 <0.001
WC (cm) 58.3+0.5 81.3+0.9 <0.001
SBP (mmHg) 95+1 110+1 <0.001
DBP (mmHg) 58+1 69+1 <0.001

BMI: body mass index; DBP: diastolic blood pressure; SBP: systolic blood pressure; WC:
waist circumference.

Regarding insulin resistance biomarkers (Table 2.2), fasting insulin and

HOMA-IR were significantly higher and QUICKI was significantly lower in obese
children, whereas fasting glucose values did not differ between obese and normal-
weight children.

90

Table 2.2. Insulin resistance biomarkers in normal-weight and obese

children.

Variable Normal-weight Obese P
Glucose (mg/dL) 83+1 84+1 0.846
Insulin (mU/L) 5.2+0.2 10.3£0.5 <0.001
QUICKI 0.390+0.002 0.351+0.002 <0.001
HOMA-IR 1.08+0.04 2.14+0.11 <0.001

HOMA-IR: homeostasis model assessment for insulin resistance; QUICKI: quantitative
insulin sensitivity check index.
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Liver transaminases ALT and GGT were significantly higher in obese children,
whereas AST was lower (Table 2.3).

Table 2.3. Hepatic enzymes in normal-weight and obese children.

Variable Normal-weight Obese P
AST (U/L) 25.4+0.5 22.9+0.5 <0.001
ALT (U/L) 17.4+0.7 22.2+0.7 <0.001
GGT (U/L) 9.1+0.3 11.9+0.4 <0.001

ALT: alanine aminotransferase; AST: aspartate aminotransferase; GGT: gamma-
glutamil transferase.

Plasma lipid metabolism biomarkers (Figure 2.1 A) also showed differences
between groups. Total cholesterol, HDL-C and ApoA-I were significantly lower in
obese children. On the contrary, TG, ApoB and FABP-4 were higher in the obese
compared to normal-weight children. LDL-C was not significantly different
between groups.

Fasting plasma concentrations of resistin and leptin were significantly higher
in obese than in normal-weight subjects, by contrast decreased levels of
adiponectin were found in obese children (Figure 2.1 B). Inflammation and
endothelial damage biomarkers also showed differences between the groups.
Regarding endothelial damage biomarkers, MPO, active PAI-1 and total PAI-1 were
significantly higher in the obese group compared to the normal-weight group,
whereas MMP-9 was not (Figure 2.1 C). The inflammation markers hsCRP, IL-6, IL-
8 and TNF-a were significantly higher in the obese group compared to the normal-
weight group, whereas MCP-1 concentration did not show any difference between
groups (Figure 2.1 D).
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Figure 2.1. A: Lipid metabolism biomarkers;vB: Adipokines; C: Endothelial damage biomarkers; D: Inflammation biomarkers in obese and normal-weight children.
Y axis: units indicated in the X-axis. X axis: Parameters (units). ALT: alanine aminotransferase; ApoA1: apolipoprotein A-I; ApoB: apolipoprotein B; AST: aspartate
aminotransferase; FABP-4: fatty acid-binding protein 4; GGT: gamma-glutamil transferase; HDL-C: high-density lipoprotein cholesterol; hsCRP: high sensitivity C-
reactive protein; IL-6: interleukin 6; IL-8: interleukin 8; LDL-C: low-density lipoprotein cholesterol; MCP-1: monocyte chemoattractant protein-1; MMP-9: Matrix
metallopeptidase 9; MPO: myeloperoxidase; PAI-1: plasminogen activator inhibitor 1; TG: triacylclycerols. TNF-a: tumor necrosis factor alpha. *p<0.05; **p<0.01;
**p<0.001.
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Figure 2.2 shows the difference in oxidative stress-related markers between
obese and normal-weight children. CAT activity in erythrocytes was found to be
significantly lower in obese children, but no differences were observed between
erythrocyte enzymatic activities of GR, GPX, SOD or PON1 between obese and
normal-weight children (Figure 2.2 A and B). Regarding plasmatic markers of
oxidative stress, ox-LDL was not significantly different between the groups,
whereas TAC was significantly lower in obese children (Figure 2.2 C). The
analyzed vitamins a-tocopherol and (3-carotene were significantly lower in obese
children, with no differences found in retinol between groups (Figure 2.2 D and E).

A B
250 25
200 204
1504 15
1004 oy 104
50 54
0 04
N ) N A N D D 3}
o N2 \Z 2 & & O
d_% \0\ \@ \(0 \Q\ o\ &\ o\&\ Q,b
,be'?’ 'bee oS 0(" ,bez Y ) 0\&
& & °? o2 & N N o8
> + o8 < + ° o
[} o xS @ o <& <&
2 o v S & )
PN > & 2 AN &
R v N Q < 4
v © &

C D E
2.5 4 0.39 .Normal-weight

. Obese

Figure 2.2. A and B: antioxidant enzyme’s activities; C: Oxidative stress markers in plasma; D and E:
Vitamins in obese and normal-weight children. Y axis: units indicated in the X-axis. X axis: Parameters
(units). GPX: glutathione peroxidase; GR: glutathione reductase; ox-LDL: oxidized LDL; SOD:
superoxide dismutase; TAC: total antioxidant capacity. ***p<0.001.
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Genotyping results

Genotype frequency

those from HapMap in Caucasians, which indicates the accurateness of the

genotyping.

Association with obesity

The genotyping results from all the selected SNPs from antioxidant defense
system-related genes are shown in the “Table of genotyped SNPs” (Appendix).
From these data it can be observed that the retrieved frequencies are similar to

The association analysis showed that 19 SNPs from the total of 492 analyzed
were associated with childhood obesity (Table 2.4). The same results can be
observed in a different way in Figure 2.3, which shows the positive associations
(OR>1) which increase obesity risk in red, and the negative associations (OR<1)

which confer protection against obesity in green.

Figure 2.3. Graph representing the Odds Ratio of SNPs significantly associated with obesity. Green lines
indicate negative (protective) associations, whereas red lines indicate positive (risk) associations. CI:

SNP ID

rs4930698 (PRDXS)
rs1050887 (A0X1)
rs3731722 (A0OX1)
rs1681887 (OXR1)
rs854566 (PON1) -
rs8103188 (GPX4) -
rs475043 (CAT)
rs4955408 (OXSR1)
rs757228 (GPX4) -
rs494024 (CAT)
rs3746165 (GPX4)
r$892034 (SIRT2) -
rs7943316 (CAT) -
rs1049982 (CAT)
rs769214 (CAT)
rs445870 (GPX5) -
rs11757000 (GPX6)
rs28382586 (GPX5)
rs406113 (GPX6)

0

Obesity Risk (Odds Ratio 95% Cl)

confidence interval; SNP ID: official code of the SNP (gene).
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Table 2.4. SNPs significantly associated with childhood obesity.

SNP Gene Chr ChrPosition Riskallele MAF Ref MAF Function OR P*
rs4930698 PRDX5 11 63841639 C 0.114 0.080 5'-UTR 0.391 0.002
rs1681887 OXR1 8 107743689 G 0.167 0.166 tag SNP 0.561 0.006
rs406113 GPX6 6 28591461 C 0.285 0.352 missense 1.562 0.009
rs11757000 GPX6 6 28592848 G 0.175 0.147 3'-UTR 1.544 0.051
rs854566 PON1 7 94786685 A 0.150 0.183 tag SNP 0.615 0.016
rs8103188 GPX4 19 1054465 G 0.433 0.444 5'-UTR 0.696 0.026
rs757228 GPX4 19 1052992 G 0.475 0.497 5'-UTR 0.729 0.048
rs3746165 GPX4 19 1053211 G 0.475 0.499 5'-UTR 0.736 0.055
rs445870 GPX5 6 28602306 G 0.354 0.330 tag SNP 1.452 0.027
rs28382586 GPX5 6 28600461 C 0.136 0.147 5'-UTR 1.544 0.051
rs769214 CAT 11 34416293 G 0.299 0.346 5'-UTR 1.418 0.035
rs1049982 CAT 11 34417117 A 0.292 0.347 5'-UTR 1.408 0.039
rs7943316 CAT 11 34417048 T 0.275 0.349 5'-UTR 1.382 0.050
rs475043 CAT 11 34450377 G 0.458 0.342 3'-UTR 0.714 0.035
rs494024 CAT 11 34421324 A 0.412 0.345 tag SNP 0.734 0.051
rs3731722 A0X1 2 201242634 G 0.033 0.036 missense 0.415 0.047
rs1050887 A0X1 2 201244175 A 0.050 0.036 3'-UTR 0.415 0.047
rs4955408 OXSR1 3 38227410 A 0.321 0.295 tag SNP 0.722 0.050
rs892034 SIRT2 19 44060838 A 0.466 0.458 5'-UTR 0.745 0.050

*P statistical significance of the additive model (adjusted by sex and age). AOX1: aldehyde oxidase 1; CAT: catalase; Chr: chromosome; GPX4:
glutathione peroxidase 4; GPX5: glutathione peroxidase 5; GPX6: glutathione peroxidase 6; MAF: minor allele frequency; MAF Ref: MAF from
HapMap for Caucasian population; OR: odds ratio; OXR1: oxidation resistance 1; OXSR1: oxidative stress responsive 1;; PON1: paraoxonase 1;
PRDXS5: peroxiredoxin 5; SIRTZ2: sirtuin 2.
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Association of gene-specific SNPs with obesity related phenotypes and
other biomarkers

Paraoxonase 1 (PON1)

The results from the association analysis of PONI SNPs are included in
Chapter 3 as a publication part of this thesis. Nevertheless, the main significant
findings regarding its association with phenotypes are summarized in Table 2.5,
were it can be observed that the presence of the minor allele of rs854566 is
associated with lower BMI, WC, weight and PON1 paraoxonase activity. In
addition, this SNP is associated with higher PON1 lactonase, diazoxonase and
arylesterase activities. The association of this genetic variant and the different
PON1 activities remained significant after the additional adjustment by BMI,
indicating an independent effect on the enzyme’s activities and obesity.

Table 2.5. Significant associations of rs854566 SNP from PON1
gene with obesity related phenotypes.

Lower Upper

Phenotype BETA 95%CI  95%CI P
BMI (kg/m?2) -1.319 -2426  -0.212  0.02007
WC (cm) -0.536 -0.934  -0.137 0.00878
Weight (kg) -3.031 -5.579  -0.484 0.02027
Paraoxonase (U/I) -56.100 -95.160 -17.040 0.00563*
Arylesterase (kU/ml) 14.880 7.173 22.590 0.00023*
Lactonase (U/ml) 0.757 0.247 1.266  0.00425*
Diazoxonase (U/1) 1.271 0.718 1.823 0.00001*

*Associations remain significant after an additional adjustment by BMI. BMI:
body mass index; WC: waist circumference.
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Catalase (CAT)

The results from the association of CAT SNPs with obesity and its phenotypes
are included as publication in this thesis, in Chapter 4. The main significant results
are shown in Tables 2.6 to 2.10. We observed that the previously known SNP
rs769214 was associated with higher BMI, BMI z-score, weight, ApoB and FABP-4,
all markers of obesity. In the same way, SNPs rs7943316 and rs1049982, in LD
with the mentioned SNP, showed very similar associations with the same

phenotypes.

Table 2.6. Significant associations of rs769214 SNP from CAT
gene with obesity related phenotypes.

Lower

Upper

Phenotype BETA 95%CI  95%CI P
BMI (kg/m?) 1.217 0.301 2.132  0.00958
BMI z-score 0.429 0.098 0.759 0.01144
Weight (kg) 2.935 0.829 5.040 0.00661
ApoB (mg/dl) 2.969 0.090 5.848  0.04405
FABP-4 (ng/ml) 4.835 1.088 8.582 0.01332

ApoB: apolipoprotein B; BMI: body mass index; FABP-4: fatty acid-

binding protein 4; WC: waist circumference.

Table 2.7. Significant associations of rs7943316 SNP from

CAT gene with obesity related phenotypes.

Phenotype BETA ;g;"crl g;’;gl P
BMI (kg/m?) 1.137 0219 2055 0.01570
BMI z-score 0.407 0075 0738  0.01667
Weight (kg) 2.761 0.650  4.872 0.01078
FABP-4 (ng/ml) 4525 0751 8299 0.02114

BMI: body mass index; FABP-4: fatty acid-binding protein 4; WC: waist

circumference.
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Table 2.8. Significant associations of rs1049982 SNP from
CAT gene with obesity related phenotypes.
Lower Upper

Phenotype BETA 9501 95%c1 T
BMI (kg/m?) 1200 0283 2117 001075
BMI z-score 0424 0093 0755 001255
Weight (kg) 2019 0808 5030 0.00704
ApoB (mg/dI) 2960 0.090 5848  0.04405
FABP-4(ng/ml) 4835 1088 8582 0.01332

ApoB: apolipoprotein B; BMI: body mass index; FABP-4: fatty acid-
binding protein 4; WC: waist circumference.

As a novel finding, we observed the negative association of SNPs rs475043
and rs494024 with obesity, and their association with lower weight and higher
HDL-C. SNP rs494024 was also associated with higher ApoA-I levels.

Table 2.9. Significant associations of rs475043 SNP from
CAT gene with obesity related phenotypes.

Lower Upper
Phenotype  BETA  g500c1 9500c1 P
Weight (kg) -2.225 -4.266  -0.183 0.03336

HDL-C (mg/dl) 2.308 0.027 4.589  0.04808
HDL-C: high-density lipoprotein cholesterol.

Table 2.10. Significant associations of rs494024 SNP from
CAT gene with obesity related phenotypes.
Lower Upper

Phenotype BETA 95%CI  95%CI P
Weight (kg) -2.147 -4.181  -0.113 0.03930
ApoA-I (mg/dl) 4.398 0.242 8.555  0.03882
HDL-C (mg/dl) 2.352 0.081 4.623  0.04310

ApoA-I: apolipoprotein A-I; HDL-C: high-density lipoprotein cholesterol.

98



CHAPTER 2. General results

Glutathione peroxidases (GPXs)

The GPXs’ SNPs included in this thesis belonged to GPX1 to GPX7. From all the
analyzed SNPs, we found associations in SNPs of GPX4, GPX5 and GPX6.

In the GPX4 gene we found the SNPs rs757228, rs3746165 and rs8103188 in
the 5’-UTR to be associated with lower obesity risk (Table 2.4). When we observed
their association with obesity phenotypes and the rest of the analyzed biomarkers
we confirmed the protection against obesity (Table 2.11-2.13). The three SNPs
were significantly associated with lower BMI, BMI z-score, WC and weight.
Moreover, the protective allele of each of these SNPs was associated with lower
DBP, SBP and leptin; and with a higher TAC. In the case of rs8103188 the minor
allele was also associated with higher HDL-C, lower TG and higher a-tocopherol.
None of these SNPs was found to be associated with GPX activity in erythrocytes.
Like ways, SNP rs757228 was not associated with GPX activity in a previous study
by Zanon-Moreno et al. (2013).

Table 2.11. Significant associations of rs757228 SNP from
GPX4 gene with obesity related phenotypes.
Lower Upper

Phenotype BETA  g500c1 95%c1 T
BMI (kg/m2) 1190 -2075 -0305  0.00880
BMI z-score 0430 -0.749  -0111  0.00870
WC (cm) 2902 -5254  -0550 0.01615
Weight (kg) 3060 -5.093  -1.027  0.00339
DBP (mmHg) 2248 -4187  -0309  0.02373
SBP (mmHg) 3757 -6073  -1442  0.00161
Leptin (ug/1) 2214 4321 -0106  0.04027

TAC (mM Trolox) 0.177 0.048 0.306  0.00755*
*Associations remain significant after an additional adjustment by BMI.
BMI: body mass index; DBP: diastolic blood pressure; SBP: systolic blood
pressure; TAC: total antioxidant capacity; WC: waist circumference.
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Table 2.12. Significant associations of rs3746165 SNP from
GPX4 gene with obesity related phenotypes.
Lower Upper

Phenotype BETA 95%CI  95%CI P
BMI (kg/m?) -1.181 -2.069 -0.293  0.00956
BMI z-score -0.426 -0.747 -0.106  0.00951
WC (cm) -2.889 -5.249 -0.529 0.01696
Weight (kg) -3.059 -5.098 -1.019  0.00350
DBP (mmHg) -2.303 -4.248 -0.359  0.02087
SBP (mmHg) -3.782 -6.104  -1.459 0.00155
Leptin (pg/1) -2.194 -4.308 -0.079  0.04277
TAC (mM Trolox) 0.180 0.050 0.309 0.00680*

*Associations remain significant after an additional adjustment by BMI
BMI: body mass index; DBP: diastolic blood pressure; SBP: systolic blood
pressure; TAC: total antioxidant capacity; WC: waist circumference.

Table 2.13. Significant associations of rs8103188 SNP from GPX4 gene
with obesity related phenotypes.

Lower Upper

Phenotype BETA 95%CI  95%CI P
BMI (kg/m?2) -1.352 -2.250  -0.453 0.00340
BMI z-score -0.519 -0.843  -0.195 0.00181
WC (cm) -3.198 -5.593  -0.802 0.00931
Weight (kg) -3.060 -5.129  -0.991 0.00399
DBP (mmHg) -3.093 -5.046  -1.140 0.00207
SBP (mmHg) -3.608 -5.956  -1.260 0.00280
HDL-C (mg/dl) 2.681 0.370 4993  0.02358
TG (mg/dl) -5.226 -10.120 -0.336  0.03691
Leptin (pg/1) -3.413 -5.541 -1.284 0.00182
TAC (mM Trolox) 0.140 0.008 0.271  0.03785
a-tocopherol (ug/mg TG) 10.450 0.388 20.510 0.04256

BMI: body mass index; DBP: diastolic blood pressure; HDL-C: high-density lipoprotein
cholesterol; SBP: systolic blood pressure; TAC: total antioxidant capacity; TG:
triacylclycerols; WC: waist circumference.
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Two SNPs from GPX5 were positively associated with obesity in children. The
presence of the risk allele of SNP rs28382586 was associated with an increase in
BMI z-score and WC (Table 2.14). In the same way, SNP rs445870 was associated

with higher BMI, BMI z-score and leptin (Table 2.15).

Table 2.14. Significant associations of rs28382586 SNP from
GPX5 gene with obesity related phenotypes.

Lower Upper
Phenotype  BETA  g5o0c1 9591 P
BMI z-score 0.469 0.026 0913 0.03891
WC (cm) 3.601 0.361 6.841 0.03008

WC: waist circumference

Table 2.15. Significant associations of rs445870 SNP from
GPX5 gene with obesity related phenotypes.

Phenotype BETA ;(5)0‘/}::; ([; SPOI/:)%I; P
BMI (kg/m?2) 1.005 0.071 1.940 0.03570
BMI z-score 0.412 0.075 0.748  0.01700
Leptin (pg/1) 2.561 0.350 4.772  0.02380

BMI: body mass index.
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Concerning GPX6, two SNPs were found in this gene to be associated with a
higher childhood obesity risk, rs406113 and rs11757000. SNP rs406113 was
found to be associated with higher BMI, BMI z-score and leptin (Table 2.16),
whereas rs11757000 was observed to be associated with higher BMI z-score and
WC (Table 2.17).

Table 2.16. Significant associations of rs406113 SNP from
GPX6 gene with obesity related phenotypes.
Lower Upper

Phenotype BETA 95%CI  95%CI P
BMI (kg/m?2) 1.197 0.257 2.137  0.01304
BMI z-score 0.475 0.137 0.814 0.00624
Leptin (ug/1) 2.558 0.328 4.789  0.02519

BMI: body mass index.

Table 2.17. Significant associations of rs11757000 SNP from
GPX6 gene with obesity related phenotypes.
Lower Upper

Phenotype BETA 95%CI  95%CI P
BMI z-score 0.469 0.026 0.913 0.03891
WC (cm) 3.601 0.361 6.841 0.03008

BMI: body mass index; WC: waist circumference.
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Aldehyde oxidase 1 (A0X1)

AOX1 is a cytosolic drug-metabolizing enzyme localized in many tissues
(Garattini et al. 2009). Its main function is to oxidize a broad range of aldehydes
and drug metabolites. Two SNPs in the aldehyde oxidase 1 gene (AOX1) showed
association with lower obesity in children. Confirming the observed association
with the disease, SNPs rs3731722 and rs1050887 were also associated with lower
BMI, WC, weight and leptin, all markers of obesity (Tables 2.18 and 2.19).
Surprisingly, the association between the presence of these SNPs and WC
remained significant after additional adjustment by BMI, indicating an
independent effect of the SNPs on WC. Hartmann et al. described how the SNP
rs3731722 (also called H1297R) has an impact increasing the metabolizing
efficiency of AOX1 (Hartmann et al. 2012).

Table 2.18. Significant associations of rs3731722 SNP from
AO0X1 gene with obesity related phenotypes.

Lower Upper

Phenotype BETA 95%CI  95%CI P
BMI (kg/m?) -2.632 -4937  -0.327 0.02584
WC (cm) -9.478 -15.420 -3.540 0.00191*
Weight (kg) -6.755 -12.050 -1.459 0.01288
Leptin (ug/1) -6.349 -11.800 -0.900 0.02297

*Associations remain significant after an additional adjustment by BMI.
BMI: body mass index; WC: waist circumference.

Table 2.19. Significant associations of rs1050887 SNP from
AOX1 gene with obesity related phenotypes.

Lower Upper

Phenotype  BETA  o9500c1 950601 F
BMI (kg/m?) 2632 -4937 0327 0.02584
WC (cm) 9478 -15420 -3.540 0.00191*
Weight (kg) 6755  -12.050 -1459 0.01288
Leptin (ug/l)  -6349  -11.800  -0.900 0.02297

*Associations remain significant after an additional adjustment by BMI.
BMI: body mass index; WC: waist circumference.
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Peroxiredoxin 5 (PRDX5)

PRDX5 is located in peroxisomes, mitochondria and cytosol (Wood et al.
2003). SNP rs4930698 from the PRDX5 gene was observed to be negatively
associated with obesity, protecting against it in children. In the same way, it
showed a negative association with BMI, WC and weight (Table 2.20). Moreover,
the presence of the protective allele was associated with lower values of MPO and

hsCRP, markers of endothelial damage and inflammation.

Table 2.20. Significant associations of rs4930698 SNP from
PRDX5 gene with obesity related phenotypes.

Phenotype BETA ;‘(5);2(:; g 5p0/poecl; P
BMI (kg/m?2) -1.890 -3.491 -0.288 0.02131
WC (cm) -5.161 -9.479 -0.844 0.01971
Weight (kg) -4.823 -8.503 -1.143 0.01062
MPO (ug/1) -8.017 -15.020 -1.015 0.02546
hsPCR (mg/1) -1.251 -2.373 -0.128 0.02971

BMI: body mass index; hsCRP: high-sensitivity C-reactive protein; MPO:
myeloperoxidase; WC: waist circumference.
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Oxidation resistance 1 (OXR1)

OXR1 is involved in the protection against cellular oxidative stress. In this
study, the SNP rs1681887 from the intron region of the oxidation resistance 1
gene (OXR1) was found to be negatively associated with childhood obesity. The
results of the significant found associations with the analyzed biomarkers are
shown in Table 2.21. In this table we can observe how the association is confirmed
by the presence of lower BMI, BMI z-score, WC and weight linked to the presence
of the protective allele. Surprisingly, we also observed that the minor allele was
associated with lower SBP, HOMA-IR and insulin values; and with higher QUICK]I,
B-carotene, a-tocopherol and GPX and GR activities in erythrocytes. In fact, the
associations between rs1681887 and GPX and GR activities remained significant
after an additional adjustment by BMI.

Table 2.21. Significant associations of rs1681887 SNP from OXR1 gene
with obesity related phenotypes.

Lower Upper

Phenotype BETA  g5ec1 95%c1 P
BMI (kg/m?) -1.387 -2.535  -0.240 0.01833
BMI z-score -0.488 -0.903  -0.074 0.02140
WC (cm) -3.348 -6.388  -0.307 0.03163
Weight (kg) -2.976 -5.620  -0.332  0.02803
SBP (mmHg) -3.126 -6.139  -0.112 0.04286
HOMA-IR -0.277 -0.523  -0.032 0.02744
Insulin (mU/1) -1.289 -2.351  -0.227 0.01790
QUICKI 0.008 0.001 0.016  0.02411
GPX (mol/g Hb/min) 0.003 0.000 0.007  0.04487*
GR (umol/g Hb/min) 0.592 0.137 1.047 0.01119*
B-carotene (ug/mg TG) 0.526 0.098 0.955 0.01666
a-tocopherol (ug/ mg TG) 14.060 1.226 26.890 0.03246

*Associations remain significant after an additional adjustment by BMI. BMI: body mass
index; GPX: glutathione peroxidase; GR: glutathione reductase; HOMA-IR: homeostasis
model assessment for insulin resistance; SBP: systolic blood pressure; TG:
triacylclycerols; QUICKI: quantitative insulin sensitivity check index; WC: waist

circumference.
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Oxidative stress responsive 1 (OXSR1)

OXSR1 is a Serine-Threonine protein kinase which responds to environmental
stresses such as osmotic stress (Chen et al. 2004). The SNP rs4955408 in the
oxidative stress responsive 1 gene (OXSR1) was also found to be negatively
associated with obesity. As in the previous variants, this SNP was also associated
with lower BMI, BMI z-score, WC, weight and leptin, thus confirming the observed
association with childhood obesity (Table 2.22). In addition, we observed this SNP
to be associated with protection against insulin resistance by lower HOMA-IR and
insulin values and higher QUICKI. In addition, the presence of the protective allele
was associated with higher B-carotene, a-tocopherol and TAC values, indicating
lower oxidative stress risk; and with lower active PAI-1 and MPO, markers of
endothelial damage.

Table 2.22. Significant associations of rs4955408 SNP from OXSR1
gene with obesity related phenotypes.

Lower Upper

Phenotype BETA 95%CI  95%CI P
BMI (kg/m?) -1.251 -2.171 -0.332  0.00799
BMI z-score -0.433 -0.765 -0.101 0.01104
WC (cm) -3.607 -6.072 -1.142  0.00439
Weight (kg) -2.610 -4.730  -0.489 0.01636
HOMA-IR -0.283 -0.479  -0.087 0.00494
Insulin (mU/1) -1.302 -2.149  -0454 0.00281
Leptin (pg/1) -2.684 -4.867  -0.502 0.01643
QUICKI 0.007 0.002 0.013  0.01281
TAC (mM Trolox) 0.155 0.020 0.290 0.02464
B-carotene (pug/mg TG) 0.362 0.017 0.708  0.04063
a-tocopherol (ug/mg TG) 11.580 1.268 21.890 0.02839
a-PAI-1 (pg/1) -1.412 -2.788  -0.036  0.04513
MPO (pg/1) -4.283 -8.324  -0.242  0.03850

a-PAI-1: active plasminogen activator inhibitor 1; BMI: body mass index; HOMA-IR:
homeostasis model assessment for insulin resistance; MPO: myeloperoxidase; TAC:
total antioxidant capacity; TG: triacylclycerols; QUICKI: quantitative insulin

sensitivity check index; WC: waist circumference.
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Sirtuin 2 (SIRT2)

SIRT2 is a class I protein of the sirtuin family localized mainly in the
cytoplasm. It is the most abundant sirtuin in adipocytes and it mediates an
inhibitory effect on adipocyte differentiation (Jing et al. 2007). The SNP rs892034
in the promoter region of the SIRT2 gene was observed to be associated with
lower childhood obesity risk. After analyzing its effect on the studied biomarkers
we observed that its association was not confirmed by lower BMI or other obesity
related phenotypes (Table 2.23). However, the presence of the minor allele was
associated with higher HDL-C and a-tocopherol; and with lower IL-8 and MMP-9,
markers of inflammation and endothelial damage, respectively. Additional studies
could be useful to elucidate the functional effect of this SNP. A higher SIRTZ
expression in adipose tissue might inhibit differentiation, thus providing a
possible explanation of this SNP’s function protecting against obesity.

Table 2.23. Significant associations of rs892034 SNP from SIRTZ gene
with obesity related phenotypes.

Lower Upper

Phenotype BETA  o56c1 95%c1 P
HDL-C (mg/dL) 2461 0299 4623  0.02631
IL-8 (ng/L) 0381 0735 -0.027 0.03568
MMP-9 (ug/L) 12300 21540 -3.053  0.00952

a-tocopherol (ug/ mg TG) 11.620 2.266 20.960 0.01539
HDL-C: high-density lipoprotein cholesterol; IL-8: interleukin 8; MMP-9: matrix
metalloproteinase 9; TG: triacylclycerols.
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Abstract

Changes in paraoxonase 1 (PON1) activities have been observed in a variety of diseases involving oxidative stress, such as CVD. However,
its role in obesity has not been fully established. In the present study, we aimed (1) to genotype sixteen PONI SNP, (2) to measure serum
PONT1 activities and (3) to correlate these findings with the incidence of childhood obesity and related traits. We conducted a case—control
study of 189 normal-weight and 179 obese prepubertal children, and we measured four different PON1 activities: lactonase; paraoxonase;
arylesterase; diazoxonase. Although none of these activities was significantly different between the obese and normal-weight children,
lactonase activity was found to be positively correlated with HDL-cholesterol and ApoAl levels and negatively correlated with
myeloperoxidase and fatty acid-binding protein 4 levels. Among the sixteen genotyped PONI SNP, only the intronic SNP 1s854566
exhibited a significant association with obesity (OR 0-61, 95% CI 0-41, 0-91; P=0:016). This genetic variant was also associated with
increased diazoxonase, lactonase and arylesterase activities and decreased paraoxonase activity. Other genetic variants exhibited different
association patterns with serum activities based on their location within the PON7 gene, and SNP that were located within the promoter
were strongly associated with lactonase, arylesterase and diazoxonase activities. The functional variant Q192R exhibited the greatest effect
on paraoxonase activity (P=5-88 X 10~ %). In conclusion, SNP rs854566 was negatively associated with childhood obesity and with
increased serum PONI activities in prepubertal children. We determined that lactonase is a reliable indicator of PON1 activities and
should be included in future studies of PON1 function.

Key words: Paraoxonase 1 gene: Genetic polymorphisms: Obesity: Children

In humans, paraoxonase 1 (PON1) is primarily expressed in the
liver and can be detected circulating in the plasma in associ-
ation with HDL'”. PONT1 is involved in the metabolism of
lipoprotein phospholipids and inhibits the lipid peroxidation
of LDL and HDL™?. Changes in PON1 activities have been
shown to lead to a variety of diseases that involve oxidative
stress, including CVD, Alzheimer’s disease, chronic renal fail-
ure, the metabolic syndrome and chronic liver impairment®.
With the prevalence of obesity and metabolic disorders, such
as type 2 diabetes, being on the rise, these conditions will prob-
ably remain the major contributors to cardiovascular mortality
and morbidity in the twenty-first century. A growing body of
evidence that suggests that obesity-induced oxidative stress
plays an important role in adults and children has emerged in

the past few years. Recently, our group has demonstrated
elevated levels of plasma myeloperoxidase (MPO) in prepuber-
tal obese children, and we detected that the expression of this
enzyme was correlated with biomarkers for inflammation and
cardiovascular risk, such as high-sensitivity C-reactive protein,
matrix metalloproteinase-9 and resistin”. Taken together,
these findings highlight the need to investigate the molecular
mechanisms linking metabolic stress, obesity and, ultimately,
CVD. Furthermore, the finding that PON1 is expressed in the
interstitial space of adipose tissue® suggests a role for the
PONI1 enzyme in these disorders.

Relatively little work has been conducted to address the role
of PON1 in obesity, and the small number of studies that have
been carried out are not always in agreement. For example,

Abbreviations: HDL-C, HDL-cholesterol; LD, linkage disequilibrium; MPO, myeloperoxidase; ox-LDL, oxidised LDL; PON1, paraoxonase 1.
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decreased levels of paraoxonase and arylesterase activities
have been observed in obese adulis®” ®
although another study has observed no changes in paraoxo-
nase activity in adults with the metabolic syndrome or
obesity”. However, the lack of a strong link between PON1
activities and oxidative stress could be due to differences in
measurement techniques and data analysis between these
studies. For example, the actual physiological substrates of
PON1 are unclear, and the available methods for testing
PONI activities use a variety of synthetic substrates, including
paraoxon (paraoxonase activity), phenylacetate (arylesterase
activity) and diazoxon (diazoxonase activity). Although less
commonly reported in the literature, researchers have also
tested PONI lactonase activity using a variety of lactones,
such as dihydrocoumarin. This activity has been proposed to
be responsible for oxidised-lipid hydrolysis, HDL-mediated
macrophage  cholesterol  efflux” and  homocysteine—
thiolactone hydrolysis’”. Due to these technical
measurements of PON1 activities will probably differ depend-
ing on the specific substrate used'*'®. Another issue is that
serum PONI1 activities are strongly affected by enzymatic
genotype as well as by exogenous factors, such as age, diet
and drug, alcohol and tobacco use?. Of these factors, gen-
etics are the main determinant of PONI1 variability, and
PON1 activities can differ by as much as a factor of 40
across a population of healthy individuals from the same
ethnic group". Although nearly 200 SNP have been
described for PON1 “m, it is common for authors to state
only two known coding polymorphisms in this gene: Q192R
(1s062) and L55M (1s854560). To date, no strong links have
been observed between the presence of these SNP and obes-
ity, and although a number of association studies have been
performed’ ', the findings of these studies are inconsistent.
With this in mind, we carried out a comprehensive association
study in obese prepubertal children that had additional PON7
SNP as well as the previously characterised missense
variations. In addition, we measured serum PONI1 activities
using four different substrates (dihydrocoumarin, paraoxon,
phenylacetate and diazoxon) and correlated these results
with a wide variety of plasma biomarkers, including markers
for oxidative stress, insulin resistance, obesity and cardiovas-
cular risk, to determine their association with PON1 activities
and genetic variability.

and children

issues,

Experimental methods
Study population

In the present case—control study, we recruited 179 obese
children (95 males and 84 females) and 189 normal-weight
children (109 males and 80 females), aged 4—13 years, from
two Spanish cities (Cordoba and Santiago de Compostela).
Childhood obesity was defined according to Cole et al.*”.
To be included in the study, it was required that the children
were prepubertal and were not suffering from nutritional dis-
eases or endogenous obesity. Children who were suffering
from disease or malnutrition, currently in puberty or using
medications to alter blood pressure, glucose levels or lipid

metabolism were excluded from the study. Following an initial
assessment at school or a primary-care centre, children who
met the inclusion criteria were invited for a clinical examin-
ation at a participating hospital. The parents or guardians of
the children were informed concerning the purpose and pro-
cedures of the study before written consent was obtained; all
of the children agreed to participate in the study. Sex hormone
levels were measured to confirm that the children were prepu-
bertal (data not shown). The protocol was performed in
accordance with the Declaration of Helsinki (Edinburgh
2000, revised), the recommendations of the Good Clinical
Practice of the CEE (Document 111/3976/88, July, 1990) and
the current Spanish regulations dictating clinical investigations
in human subjects (RD 223/04 on Clinical Assays). The present
study was approved by the Ethics Committee on Human
Research of the University of Granada, the Ethics Committee
of the Reina Soffa University Hospital of Coérdoba and
the Bioethics Committee of the University of Santiago de
Compostela.

Anthropometric and biochemical measurements

Anthropometric measurements were performed by a single
examiner with the children in bare feet and dressed in their
underwear. Body weight (kg), height (cm) and waist circum-
ference (cm) were measured using standardised procedures
and were used to calculate the BMI of the children. Obesity
was defined according to BMI, using the age- and sex-specific
cut-off points proposed by Cole et al.*” (linked to adult cut-
offs of 25 and 30kg/m?). Blood pressure was measured three
times for each individual by the same examiner, according to
international recommendations. Blood samples were drawn
from the antecubital vein after the children had fasted
overnight. Biochemical analyses and measurements of specific
biomarkers, including adiponectin, leptin, oxidised LDL
(ox-LDL) and high-sensitivity ~C-reactive protein, were
performed as described previously®”. The levels of MPO,
matrix metalloproteinase-9 and both the total and active
forms of plasminogen activator inhibitor-1 were measured as
described previously”. Plasma total antioxidant capacity
was assessed using the spectrophotometric antioxidant assay
kit from Cayman (catalogue no. 709001). Fatty acid-binding
protein 4 concentrations were measured using ELISA (catalo-
gue no. RD191036200R; BioVendor). Quantitative insulin
sensitivity check index and homeostasis model assessment
for insulin resistance scores were calculated using plasma
glucose and insulin levels. Retinol, a-tocopherol and B-carotene
levels were analysed using HPLC, as described previously'*?.

DNA isolation and genotyping

Genomic DNA was extracted using the QIAamp Blood kit
(Qiagen). Based on their location with respect to the PON1
gene, a total of sixteen SNP were selected from the HapMap
and NCBI databases. First, each missense variation was
selected. Then, SNP were selected from the promoter
3 untranslated region (UTR) and 5'UTR. All SNP had minor
allele frequencies greater than 0-05 in the Caucasian
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population. Table S1 (available online) describes the main
characteristics of the SNP included in the present study.

Genotyping was performed using the Illumina GoldenGate
Assay (Illumina), as described previously?. The success rates
for genotyping were >95% for nearly all of the SNP, with the
exception of rs705379, which was excluded from further anal-
ysis. The Hardy—Weinberg equilibrium for each SNP was
determined with the exact test using the PLINK software pro-
gram (version 1.07; http://pngu.mgh.harvard.edu/~ purcell/
plink)?”. The Hardy—Weinberg equilibrium P values were
greater than 0-05 in both the obese and normal-weight
groups for all the SNP, and the observed allele frequencies
of the SNP in the present study were similar to those reported
in the HapMap database for Caucasians (Table S1, available
online). Linkage disequilibrium (LD) was analysed using the
Haploview 4.2 software program (http://www.broad.mit.
edu/mpg/haploview/)?.

Determination of paraoxonase 1 activities

Serum PON1 activities were determined using four different
substrates  (dihydrocoumarin, paraoxon, phenylacetate and
diazoxon), as described previously'*>*>. Arylesterase, diazoxonase
and lactonase enzyme assays were performed using a Lambda-2
spectrophotometer (Perkin Elmer Inc.). PON1 paraoxonase
activity was determined using a multidetection microplate reader
(BioTek Synergy HT; BioTek Instruments Inc.). The samples
were assayed in duplicate, and the average value was used for
further analysis. The non-enzymatic hydrolysis rate for each
substrate was measured by substituting serum for buffer, and this
value was subtracted from the total rate of hydrolysis.

Statistical analyses

All of the statistical analyses were performed using either the
PLINK or SPSS software program (version 15.0.1; SPSS, Inc.).
The normal distribution of the clinical parameter data was
assessed using the Kolmogorov—Smirnov test. Normally
distributed continuous variables are expressed as means with
their standard errors, and non-normally distributed variables
are expressed as medians and ranges. The values of glucose,
TAG, leptin, a-tocopherol, B-carotene and ox-LDL were logar-
ithmically transformed to approximate normal distributions;
the values of insulin, homeostasis model assessment for insulin
resistance and adiponectin were transformed using the square-
root transformation technique, and the quantitative insulin
sensitivity check index was inversely transformed. Mean com-
parisons between continuous variables for the obese and
normal-weight children were performed using Student’s ¢ test
for unpaired samples. The paraoxonase activity could not be
transformed to a normal distribution due to its bimodal nature;
therefore, the Mann—Whitney Utest was applied.

Genotypic relative risk was assessed by comparing the obese
group with the normal-weight group and by calculating the OR
and the 95% CI using a logistic regression analysis under an
additive model adjusted for age and sex. A meta-analysis was
performed to discard population stratification due to the two
cities the children were recruited from.

Results
Patient characteristics

Table 1 summarises the demographic, clinical and biochemical
characteristics of the study population. As expected, the obese
children had significantly greater values for weight, BMI, BMI
z-score, waist circumference, leptin and fatty acid-binding
protein 4 and significantly lower adiponectin levels. Metabolic
syndrome parameters, such as systolic and diastolic blood
pressure, TAG, insulin and homeostasis model assessment
for insulin resistance values, were significantly higher in the
obese children, whereas the quantitative insulin sensitivity
check index, HDL-cholesterol (HDL-C) and ApoAl values
were lower in this group. The levels of the cardiovascular
risk biomarkers MPO, active plasminogen activator inhibitor-
1 and total plasminogen activator inhibitor-1 were significantly
increased in the obese children, whereas no difference was
observed for that of matrix metalloproteinase-9 compared
with that in the normal-weight group. The levels of the
oxidative stress biomarkers ox-LDL, retinol and a-tocopherol
were not significantly different between the groups, whereas
those of B-carotene and total antioxidant capacity were
lower in the obese children. Inflammation was also detected
in the obese group, as indicated by greater high-sensitivity
C-reactive protein values.

Paraoxonase 1 activities in childhood obesity and
their correlations with metabolic, cardiovascular
risk and oxidative stress biomarkers

None of the PON1 activities differed between the obese and
normal-weight children (Table S2, available online).

Lactonase activity showed significant correlations with the
levels of the greatest number of analysed biomarkers com-
pared with the other PON1 activities (Table 2). Lactonase
activity was positively correlated with the levels of several
biomarkers involved in lipid metabolism, including total
cholesterol, LDL-cholesterol, HDL-C and ApoAl. Moreover,
lactonase activity was positively correlated with the levels of
several antioxidant molecules, including retinol and a-toco-
pherol, and it was negatively correlated with those of fatty
acid-binding protein 4 and MPO, which have recently been
described as biomarkers for CVD risk.

With respect to the activities of the other enzymes, total
cholesterol, HDL-C and ApoAl levels were correlated with
diazoxonase (r 0-174, P<0:001; » 0-247, P<0:001; » 0-121,
P=0022, respectively) and arylesterase (r 0-232, P<0-001;
r 0-222, P<0-001; r 0-225, P<0-001, respectively) activities.
In addition, retinol levels were positively correlated with
lactonase and arylesterase ( 0-130, P= 0-014) activities. How-
ever, paraoxonase activity was not significantly correlated with
any of the tested biomarker levels or anthropometric measure-
ments; similar results were observed in both the experimental
and control groups (data not shown). No significant
correlations were observed between any of the PON1 activi-
ties and weight, BMI, BMI z-score, waist circumference, DBP,
glucose, insulin, quantitative insulin sensitivity check index,
homeostasis model assessment for insulin resistance, TAG,
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Table 1. Demographic, clinical and biochemical characteristics of the children included in the present study

(Mean values with their standard errors)

Normal weight

Variables Mean SEM Mean SEM P*
Sex (n)
Male 109
Female 80

Age (years) 8-9 0-1 8.6 0-1 0-106
Weight (kg) 291 0-4 51.0 1-0 <0-001
BMI (kg/m?) 16-61 0-11 26-85 0-28 <0-001
BMI z-score -0-19 0-04 352 0-11 <0-001
WC (cm) 58.2 0-5 81-0 1-0 <0-001
SBP (mmHg) 96 1 110 1 <0-001
DBP (mmHg) 58 1 69 1 <0-001
Gilucose (mg/l) 830 10 840 10 0-778
Insulin (pmol/l) 35-88 1.38 71.76 345 <0-001
QUICKI 0-390 0-003 0-351 0-002 <0-001
HOMA-IR 1-08 0-04 217 0-11 <0-001
Total cholesterol (mg/l) 1720 20 1660 20 0-052
TAG (mg/l) 540 10 760 30 <0-001
HDL-C (mg/l) 650 10 520 10 <0-001
LDL-C (mg/l) 940 20 970 20 0-227
ApoA1 (mg/l) 1510 20 1330 20 <0-001
ApoB (mg/l) 670 10 720 10 0-005
FABP-4 (ng/ml) 954 0-60 27-23 1-47 <0-001
Adiponectin (mg/l) 27-81 0-81 22.57 0-84 <0-001
Leptin (ng/l) 4.15 0-29 22.70 1.03 <0-001
ox-LDL (mg/l) 2.057 0-213 2-045 0-191 0-502
Retinol (p.g/ml) 0-247 0-005 0-254 0-005 0-351
a-Tocopherol (n.g/ml) 7-965 0-129 7-907 0-160 0-776
B-Carotene (p.g/ml) 0-148 0-009 0-086 0-004 <0-001
TAC (mm-Trolox) 2-18 0-05 1.79 0.07 <0-001
hsCRP (mg/l) 0-986 0-285 3-520 0-286 <0-001
MMP-9 (ng/l) 83-21 372 94-40 558 0-815
MPO (p.g/l) 13-84 1-43 2463 2.60 <0-001
Active PAI-1 (g/l) 4.73 0-26 12.70 0-78 <0-001
Total PAI-1 (ng/l) 18-54 0-95 2984 1.56 <0-001

WC, waist circumference; SBP, systolic blood pressure; DBP, diastolic blood pressure; QUICKI, quantitative insulin sensitivity check index;
HOMA-IR, homeostasis model assessment for insulin resistance; HDL-C, HDL-cholesterol; LDL-C, LDL-cholesterol; FABP-4, fatty
acid-binding protein 4; ox-LDL, oxidised LDL; TAC, total antioxidant capacity; Trolox, 6-hydroxy-2,5,7,8-tetramethylchroman-2-carboxylic
acid; hsCRP, high-sensitivity C-reactive protein; MMP-9, matrix metalloproteinase-9; MPO, myeloperoxidase; PAI-1, plasminogen activator

inhibitor-1.
*Student’s t test.

a-tocopherol, B-carotene, total antioxidant capacity, ox-LDL,
high-sensitivity C-reactive protein, adiponectin or leptin
values (data not shown).

We also examined the relationship between the different
enzymatic activities within our cohort. Lactonase activity was
closely associated with both arylesterase (r 0-895, P<0-001)
and diazoxonase (r 0-673, P<0-001) activities. Arylesterase
activity was also associated with diazoxonase activity
(r 0-787, P<0-001). However, paraoxonase activity was only
weakly correlated with lactonase activity (r 0-172, P=0-001).

Association of paraoxonase 1 SNP with the incidence
of childhood obesity and related traits

The results of the logistic regression analysis and the SNP
allele frequencies are given in Table 3. The only SNP that
showed an association with obesity was rs854566, which
showed a negative association (OR 0-61, 95% CI 0-41, 0-91;
P=0-016) under the additive model of inheritance. This associ-

ation was not significant after Bonferroni correction for mul-
tiple testing (data not shown). Other models of inheritance
such as recessive model did not add strength to this association.
Population stratification was discarded by conducting a meta-
analysis using the individual association results from each of
the examined populations (Cordoba and Santiago de Compos-
tela) (Q = 0-906, I = 0:00). The missense SNP Q192R and L55M
were distributed equally among the study group populations,
and they did not show any association with obesity.
Phenotypic associations between the Q192R, L55M and
1s854506 SNP and the anthropometric measurements as well
as the biomarkers for metabolic, oxidative stress and cardio-
vascular risk are given in Table S3 (available online). The
associations between SNP rs854566 and BMI, BMI z-score
and weight were significant (P<0-05), although these associ-
ations lost their significance when the samples were divided
into obese and normal-weight groups (data not shown).
None of the oxidative stress biomarkers (ox-LDL, total antioxi-
dant capacity, retinol, a-tocopherol and B-carotene) was
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Table 2. Correlations between serum paraoxonase 1
lactonase activity and metabolic, cardiovascular risk and

oxidative stress biomarkers

Biomarkers r P

Weight (kg) —0-057 0-274
BMI (kg/m?) —0-062 0-240
BMI z-score —0-073 0-162
WC (cm) 0-005 0-923
SBP (mmHg) —-0-075 0-167
DBP (mmHg) -0-077 0-154
Gilucose (mg/l) 0-034 0-525
Insulin (pmol/l) —0-075 0-160
QUICKI —0-056 0-300
HOMA-IR —0-073 0-174
Total cholesterol (mg/l) 0-248 <0-001
TAG (mg/l) —-0-037 0-480
HDL-C (mg/l) 0-235 <0-001
LDL-C (mg/l) 0-131 0-013
ApoA1 (mg/l) 0-254 <0-001
ApoB (mg/l) 0-078 0-138
FABP-4 —0-227 0-033
Adiponectin (mg/l) 0-079 0-137
Leptin (p.g/l) —0-024 0-650
ox-LDL (mg/l) —0-043 0-410
Retinol (png/ml) 0-259 <0-001
a-Tocopherol (pg/ml) 0-167 0-001
B-Carotene (p.g/ml) 0-075 0-158
TAC (mm-Trolox) —0-042 0-426
hsCRP (mg/l) —0-006 0-915
MMP-9 (ng/l) —0-063 0-230
MPO (p.g/l) —0-110 0-037
Active PAI-1 (.g/l) 0-012 0-826
Total PAI-1 (ng/l) 0-005 0-923

WC, waist circumference; SBP, systolic blood pressure; DBP,
diastolic blood pressure; QUICKI, quantitative insulin sensitivity
check index; HOMA-IR, homeostasis model assessment for
insulin resistance; HDL-C, HDL-cholesterol; LDL-C, LDL-choles-
terol; FABP-4, fatty acid-binding protein 4; ox-LDL, oxidised
LDL; TAC, total antioxidant capacity; Trolox, 6-hydroxy-2,5,7,8-
tetramethylchroman-2-carboxylic acid; hsCRP, high-sensitivity
C-reactive protein; MMP-9, matrix metalloproteinase-9; MPO,
myeloperoxidase; PAI-1, plasminogen activator inhibitor-1.

n

significantly associated with the examined SNP, which was
also true for the insulin resistance and cardiovascular risk
biomarkers.

Effects of paraoxonase 1 SNP on paraoxonase 1 activities

All of the examined SNP showed a certain effect on PON1
activities, with the exception of rs3735590, which is located
in the 3'UTR (Table 4). The remaining SNP showed different
association patterns that varied according to their position
within the PONT gene and according to their LD values. The
LD analysis (Fig. 1) identified three blocks defined by high
r? values between the SNP.

SNP located in the promoter region (1s854571, rs854572,
1rs854573, 15705382, 15757158 and rs13236941) were strongly
associated with lactonase, arylesterase and diazoxonase activi-
ties, whereas their associations with paraoxonase activity were
much weaker; only SNP 15854572 and rs757158 showed
significant associations with paraoxonase activity. Block 3
corresponds to the SNP located in the promoter region.

The intronic SNP 1s854566, which was negatively associated
with obesity, showed significant effects on all of the tested
PONT activities. The presence of the protective allele (A) was
highly associated with increased diazoxonase, lactonase and
arylesterase activities and more weakly associated with
decreased paraoxonase activity. This SNP was not included in
any block due to its weak LD values with neighbouring SNP.

With respect to the missense mutations, 15662 (Q192R)
showed the greatest effect on paraoxonase activity, which
was highly significant (8= 1315, 95% CI 1150, 147'9;
P=588% 10773, This variant was also excluded from the
LD blocks due to its weak LD values (+* < 0-28) with the
other SNP. With respect to rs854560 (L55M), individuals with
the 55LL genotype showed greater diazoxonase, lactonase,
arylesterase and paraoxonase activities. The intronic SNP
15705378 shared the same associations as rs854560 due to

Table 3. Logistic regression analysis of the PON7 SNP and obesity under the additive model of inheritance

(Odds ratios and 95 % confidence intervals)

Obese Normal weight MAF
SNP Allele 1/allele 2 1 12 22 11 12 22 Obese Normal weight OR* 95% Cl P (additive model)t
rs13236941 G/A 135 40 2 137 38 5 0-124 0-133 0-95 0-62, 1-48 0-829
rs757158 G/A 75 79 23 72 80 29 0-353 0-381 0-89 0-66, 1-20 0-451
rs705382 G/C 86 78 13 88 70 23 0-294 0-320 090  0-67,1-24 0-517
rs854573 A/G 109 63 5 108 63 10 0-206 0-229 0-88 0-61, 1-27 0-498
rs854572 G/C 70 81 26 68 78 35 0-376 0-409 0-88 0-66, 1-18 0-382
rs854571 G/A 97 74 6 97 7 13 0-243 0-268 0-87 062,124 0-451
rs854566 G/A 126 50 1 112 59 10 0-147 0-218 0-62 0-41, 0-91 0-016
rs705378 C/A 60 90 27 68 83 30 0-407 0-395 1.04 077,141 0-796
rs854560 A(Leu)/T(Met) 60 90 27 68 83 30 0-407 0-395 1.04 077,141 0-796
s3917527 AG 165 12 0 161 20 0 0-034 0-055 057 027,121 0-143
rs662 A(GIn)/G(Arg) 90 72 15 85 79 16 0-288 0-308 0-90 0-65, 1-24 0-518
rs854552 A/G 117 53 7 112 57 12 0-189 0-224 0-80  0-56, 1-14 0-217
rs854551 G/A 132 4 4 132 42 7 0-138 0-155 0-87  0-58,1-30 0-488
rs3735590 G/A 161 16 0 156 25 0 0-045 0-069 0-60  0-31,1.18 0-138
rs854550 G/A 133 40 44 133 4 7 0-136 0-152 0-86 0-57, 1-29 0-472

MAF, minor allele frequency; allele 1/2, major/minor allele.

* Adjusted for sex and age.

1 From the logistic regression analysis.
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their high LD (72 1) value. These two SNP correspond to
block 2.

SNP located in the PONI 3UTR (rs854550, rs854551 and
1s854552) comprise block 1, and they were highly associated
with paraoxonase activity and weakly associated with lacto-
nase, arylesterase and diazoxonase activities. The intronic
SNP 153917527 was only associated with paraoxonase activity,
and it was also excluded from the LD blocks.

Discussion

Many previous studies have investigated the association
between PON1 genetic variations and the risk for certain dis-
eases or changes in PON1 activities in the context of certain
diseases; however, no study has considered both variables
simultaneously. To date, this is the first study to demonstrate
genetic associations between PON1 polymorphisms and pre-
pubertal childhood obesity. Furthermore, the present study
has used both intronic and exonic polymorphisms and four
different substrates to measure serum PONI1 activities. An
association between obesity and the PONT SNP rs854566 has
not been reported previously, and we found that it was nega-
tively associated with childhood obesity and also affected all
four of the measurements of PON1 activities. Children carrying
the minor allele of SNP 15854566 had higher diazoxonase, lac-
tonase and arylesterase activities and lower paraoxonase
activity. In contrast, the genetic variants Q192R and L55M
were not significantly associated with childhood obesity,
although they did exert effects on PON1 activities. To the
best of our knowledge, three previous studies have tested
for genetic associations between the PONT gene and obesity.
One study conducted on adolescents has reported no associ-
ation between obesity and the Q192R polymorphism“m.
Another study conducted on obese Portuguese women has
shown a positive association between the Q192R genotype
and disease risk’”. Lastly, a recent study conducted on
obese Mexican adults has identified a positive association
between the 55LL genotype and obesity’”. However, these
findings are inconsistent with those of the present study. It
is likely that the complex nature of obesity, which depends
on both genetic and environmental factors, is the cause for
the unclear relationship between PONI genetic variations,
PON1 activities and childhood obesity. The importance of
conducting the present study in prepubertal children should
be noted as this population should have lower exposure
levels to toxins (e.g. tobacco, alcohol and drugs) than adults
and is much less likely to have chronic diseases that might
affect PON1 activities.

PONTI activities were not found to be significantly altered in
the obese group based on any of the metrics that we used.
One study has reported lowered paraoxonase activity in

obese adults”, whereas no changes in paraoxonase and ary-

lesterase activities have been observed in another study™.
The previous study that was conducted on children reported
only measured paraoxonase and arylesterase activities,
which were observed to be lower in fifty-nine obese children
(11-95 (sEM 1-61) years) than in fifty-one normal-weight chil-

dren (12-:00 (sEm 3-91) years)(g). However, the fact that this

*Variable change per minor allele, under the additive model adjusted for sex and age.
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Fig. 1. Linkage disequilibrium diagram of the studied variants with the exon—intron scheme of the PON1 gene. The r? values between the genotyped SNP are
shown in each cell; black cells correspond to r? 1.00. Block definition followed the four-gamete rule using the Haploview software.

population was not defined as entirely prepubertal, as well as
the relatively low sample size, could explain the divergent
results. Furthermore, the fact that lactonase activity had
never been measured in obese children is significant and
should be addressed.

Interestingly, we determined a negative correlation between
lactonase activity and the level of MPO, which is considered to
be a reliable biomarker for endothelial dysfunction and CVD
risk™”. Moreover, we observed a negative correlation between
lactonase activity and the level of FAPB-4, a biomarker that has
been linked to insulin resistance, the metabolic syndrome,
hypertriacylglycerolaemia and atherosclerosis®®. Therefore,
the lack of any relationship between paraoxonase activity
and the levels of these biomarkers supports the hypothesis
that measuring other PON1 activities, rather than the paraox-
onase activity, is more physiologically relevant for determining
PON1 function®. Similarly, lactonase, arylesterase and
diazoxonase activities were correlated with HDL-C, total
cholesterol and ApoAl levels, whereas paraoxonase activity
was not. In this line, a recent study®” has shown that aryles-
terase activity is a more powerful indicator of cardiovascular
risk than paraoxonase activity. Considering the present results
and the previously published evidence, we propose that lacto-
nase activity is a good indicator of PON1 function and that it
should be used in further studies investigating the role of
PONTI in the development of obesity and CVD.

Although the protective effects of SNP rs854566 on child-
hood obesity need to be validated, it should be noted that
this allele was associated with increased lactonase activity,

which itself was positively correlated with HDL-C, ApoA1, reti-
nol and a-tocopherol levels and negatively correlated with
fatty acid-binding protein 4 and MPO levels. These relation-
ships support a protective role for SNP 1s854566 by linking
the antioxidant and anti-inflammatory functions of PON1
with protection from the development of obesity and CVD.
Indeed, it is known that HDL has anti-inflammatory and anti-
oxidant functions in vivo, and it is believed from previous
studies carried out in animal models that PON1 contributes
to these functions’**®. However, although lactonase activity
is most probably responsible for the antioxidant effects of
PON1U9112” e did not observe significant correlations
with ox-LDL levels. The present findings are consistent with
those of Carlson et al®”, who reported no association
between ox-LDL levels and arylesterase activity.

PON1 is expressed in the interstitial space of adipose
@ Mature adipocytes have been reported to express
cluster of differentiation 36 (CD36), which can recognise and
bind to ox-LDL; these molecules are then endocytosed®” and
can modulate adipose tissue mass by stimulating adipocyte pro-
liferation and differentiation®. However, the function of PON1
in adipose tissue is unknown. Although we did not identify any
relationship between PON1 activities and ox-LDL levels in the
plasma, more studies should be performed to describe the
effect of PON1 on ox-LDL levels in adipose tissue and to deter-
mine whether PON1 plays a role in adipocyte differentiation
and proliferation during the development of obesity.

Several limitations in the present study should be noted.
The negative association between the PONI SNP 1s854566

tissue
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and childhood obesity identified in the present study requires
further validation in a larger population. Another potential
limitation is that the measurements were only carried out
under fasting conditions at a single time point. We, therefore,
were unable to determine the variability and prognostic value
of changing levels over time and of the impact of dietary or
therapeutic interventions on serum PON1 activities.

Conclusion

The present results suggest a protective role for SNP 1s854566
with respect to obesity. This SNP also exhibits strong
associations with serum PON1 activities, namely increased dia-
zoxonase, lactonase and arylesterase activities. Despite these
results, serum PONI1 activities were not found to be
significantly different in prepubertal obese children. Neverthe-
less, we demonstrate that lactonase activity is a reliable indi-
cator of PON1 function and should be used in future studies
investigating the role of PON1 in the development of obesity
and CVD. Future in vivo and in vitro studies on the function
of PONI in adipose tissue may help us to identify potential
antioxidant and protective roles for PON1 in the protection
against the development of obesity and its co-morbidities.

Supplementary material

To view supplementary material for this article, please visit
http://dx.doi.org/10.1017/S0007114513001967
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1 Table S1. Characteristics of the genotyped SNPs.

MAF
SNP BP Major Minor Location MAF Normal- Hw
allele allele Hapmap P-value
weight
rs13236941 94793756 G A 5'UTR 0.153 0.124 0.324
rs757158 94793464 G A 5'UTR 0.408 0.353 0.431
rs705382 94793157 G C S'UTR 0.297 0.294 0.128
rs854573 94792799 A G S'UTR 0.195 0.206 0.834
rs854572 94792632 G C 5'UTR 0.441 0.376 0.166
rs854571 94792555 G A 5'UTR 0.267 0.243 1.000
rs705379 94791831 A G 5’ UTR 0.409 EA EA
rs854566 94786685 G A Intron 1 0.117 0.147 0.518
rs705378 94784507 C A Intron 2 0.374 0.407 0.641
rs854560 94784020 A T Missense, Exon3  0.397 0.407 0.641
rs3917527 94778194 A G Intron 5 0.050 0.034 1.000
1662 94775382 A G Missense, Exon 6 0.358 0.288 0.861
rs854552 94765860 A G 3'UTR 0.268 0.189 0.203
rs854551 94765613 G A 3'UTR 0.203 0.138 0.150
rs3735590 94765431 G A 3'UTR 0.051 0.045 1.000
rs854550 94765178 G A 3'UTR 0.216 0.136 0.141
2 BP: base pair position; CHISQ: Chi-square statistic; EA: excluded from analysis; HW:

3 Hardy Weinberg; MAF: minor allele frequency.
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Table S2. Association of SNPs Q192R, L55M and rs854566 with anthropometric, insulin resistance, oxidative stress and obesity biomarkers.

rs854566

QI192R

L55M

B(95% CI)

P

B(95% CI)

P

B(95% CI)

P

Weight (kg)
BMI

BMI Z-score
WC (cm)

SBP (mmHg)
DBP (mmHg)
Glucose (mg/dL)
Insulin (mU/L)
QUICKI
HOMA-IR

Total cholesterol (mg/dL)

TAG (mg/dL)
HDL-c (mg/dL)
LDL-c (mg/dL)
ApoAl (mg/dL)
ApoB (mg/dL)
FABP-4 (ng/mL)

Adiponectin (mg/L)

Leptin (pg/L)

-3.03(-5.58, -0.48)
-1.32(-2.43,-0.21)
-0.536(-0.934, -0.137)

-4.36(-8.74, 0.02)
-0.21(-3.15, 2.72)
-1.55(-3.98, 0.88)
0.28(-1.05, 1.56)
-0.89(-2.05, 0.27)

0.007(-0.001, 0.014)

-0.14(-0.38, 0.09)
1.47(-4.22,7.16)
-3.56(-9.72, 2.60)
1.08(-1.79, 3.95)
0.20(-4.69, 5.09)
-1.06(-6.28, 4.17)
-0.56(-4.06, 2.94)
-1.70(-5.62, 2.22)
0.83(-1.38, 3.03)
-2.33(-4.96, 0.30)

0.020
0.020
0.009
0.052
0.886
0.213
0.683
0.133
0.096
0.096
0.751
0.258
0.461
0.936
0.692
0.754
0.378
0.464
0.083

-0.41(-2.57, 1.75)
-0.25(-1.18, 0.69)

-0.154(-0.492, 0.184)

-1.34(-5.05, 2.36)
0.92(-1.55, 3.42)
1.02(-1.05, 3.09)
0.59(-0.52, -1.70)
-0.18(-1.16, 0.79)

-0.002(-0.008, 0.004)

-0.02(-0.23, 0.18)
-0.93(-5, 72, 3.86)
-0.48(-5.67, 4.71)
0.21(-2.20, 2.63)
-0.49(-4.60, 3.61)
0.74(-3.68, 5.16)
0.53(-2.42, 3.48)
0.88(-2.74, 4.50)
0.83(-1.38, 3.03)
-1.53(-3.75, 0.68)

0.712
0.608
0.371
0.478
0.464
0.335
0.299
0.711
0.753
0.662
0.499
0.856
0.862
0.813
0.742
0.725
0.635
0.464
0.176

-0.27(-2.28, 1.73)
-0.18(-1.05, 0.69)

0.015(-0.300, 0.330)

0.14(-3.30, 3.56)
-1.34(-3.62, 0.95)
-0.98(-2.88, 0.91)
-0.19(-1.23, 0.84)
0.23(-0.68, 1.14)

0.0003(-0.005, 0.006)

0.06(-0.13, 0.24)
-0.81(-5.26, 3.64)
-0.81(-5.64, 4.01)
-0.72(-2.97, 1.52)
0.26(-3.56, 4.08)
0.45(-3.64, 4.55)
-0.45(-3.19, 2.28)
-1.06(-4.21, 2.09)
-0.39(-2.13, 1.34)
0.89(-1.19, 2.97)

0.789
0.691
0.924
0.936
0.252
0.312
0.712
0.619
0.957
0.959
0.950
0.741
0.529
0.893
0.828
0.746
0.511
0.657
0.401



ox-LDL (mg/L) 0.161(-0.361, 0.684)  0.545 -0.157(-0.600, 0.286)  0.487 0.207(-0.202, 0.616)  0.322
Vitamin A (ug/mL) -0.006(-0.02,0.007)  0.382 -0.007(-0.017, 0.004)  0.212 0.004(-0.006, 0.014)  0.404
a-tocopherol(pg/mL) -0.08(-0.46, 0.30) 0.669 0.06(-0.26, 0.38) 0.715 -0.06(-0.36, 0.23) 0.672
B-carotene (jg/mL) 0.01(-0.007, 0.03) 0.220 -0.01(-0.02, 0.01) 0.190 0.002(-0.01, 0.01) 0.833
TAC (mM Trolox) -0.08(-0.24, 0.08) 0.349 0.08(-0.06, 0.21) 0.277 0.08(-0.05, 0.20) 0.248
hsCRP (mg/L) -0.23(-1.01, 0.56) 0.571 -0.36(-1.02, 0.30) 0.289 0.20(-0.41, 0.80) 0.522
MMP-9 (ug/L) 4.55(-7.72, 16.83) 0.467 -1.88(-12.19,8.42)  0.720 0.27(-9.33, 0.87) 0.957
MPO (ug/L) -2.21(-7.06, 2.65) 0.374 1.55(-2.53, 5.63) 0.458 -0.79(-4.58, 3.01) 0.685
Active PAI-1 (ug/L) -1.54(-3.20, 0.11) 0.069 0.81(-0.59, 2.20) 0.258 0.08(-1.22, 1.38) 0.905
Total PAI-1 (ug/L) -2.44(-5.80, 0.92) 0.159 1.42(-1.39, 4.24) 0.223 -0.21(-2.84, 2.43) 0.814

O 0 9 N W

DBP: diastolic blood pressure; FABP-4: fatty acid binding protein 4; HDL-C: high-density lipoprotein cholesterol; HOMA-IR: homeostasis
model assessment for insulin resistance; hsCRP: high-sensitivity C-reactive protein; LDL-C: low-density lipoprotein cholesterol; ox-LDL:
oxidized LDL; SBP: systolic blood pressure; TAC: total antioxidant capacity; QUICKI: quantitative insulin sensitivity check index; WC: waist
circumference. Insulin, cholesterol and HOMA-IR were logarithmically transformed, and QUICKI was inversely transformed to reach a normal
distribution.

f: variable change per minor allele, adjusted by sex and age under the additive model.
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Table S3. Association of SNPs with PON1 activities.

13
Lactonase Arylesterase Diazoxonase Paraoxonase
SNP B(95% CI) P B(95% CI) P B(95% CI) P B(95% CI) P

rs13236941  0.96(0.51,1.41)  3.86x10” 11.58(5.55,17.60)  1.97x10™ 0.64(0.22,1.06)  3.28x107 1.54(-27.57, 30.64) 0.917
rs757158 1.16(0.87,1.46)  7.78x10™  14.67(10.68, 18.65) 3.76x10™"2 0.94(0.66,1.22)  1.50x10™"° 21.68(1.82, 41.54) 0.033
rs705382 1.29(0.98,1.59)  2.11x10™"°  17.01(12.94,21.09) 5.84x10™" 1.10(0.81,1.39)  5.60x10™" -1.90(-22.87, 19.07) 0.859
rs854573 1.23(0.87,1.59)  9.07x10™""  15.86(11.02,20.69) 4.55x10"° 1.09(0.75,1.43)  8.18x10""  -4.42(-28.48, 19.64) 0.719
rs854572 1.22(0.94,1.50)  5.93x10"®  15.50(11.68,19.32) 2.78x10™" 1.03(0.77,1.30)  3.52x107" 21.51(2.20, 40.83) 0.030
rs854571 1.22(0.87,1.57)  2.06x10""  14.94(10.28, 19.60) 1.02x10” 0.98(0.65,1.31)  1.09x10™® 2.99(-20.14, 26.12) 0.800
rs854566 1.03(0.63, 1.42)  4.68x107 14.44(9.21,19.66)  1.15x107 1.20(0.84,1.56)  1.93x10"°  -37.77(-63.05, -12.50)  3.68x10
rs705378 -0.88(-1.19,-0.57)  3.44x10®*  -9.48(-13.66,-5.29) 1.25x107 -0.91(-1.19,-0.62)  1.22x10°  -74.07(-92.68, -55.46) 7.57x10™"*
rs854560 -0.88(-1.19,-0.57)  3.44x10°  -9.48(-13.66,-5.29) 1.25x107 -0.91(-1.19,-0.62)  1.22x10°  -74.07(-92.68, -55.46) 7.57x10™"*
rs3917527  -0.16(-0.92, 0.61) 0.691 -4.98(-15.29,5.32)  0.344 -0.28(-1.00, 0.43) 0.436 67.54(20.17, 114.90)  5.49x107
rs662 -0.20(-0.55, 0.14) 0.250 -7.94(-12.52,-3.37)  7.50x10™ -0.35(-0.67, -0.03) 0.031 131.50(115.00, 147.90) 5.88x10™*
rs854552 0.60(0.23,0.97)  1.51x107 6.92(1.98,11.85)  6.35x107 0.52(0.18,0.86)  3.24x107 55.66(33.02,78.30)  2.18x10°
rs854551 0.82(0.40, 1.24)  1.40x10™ 9.96(4.33,15.59)  5.90x10™ 0.77(0.38,1.16)  1.17x10™ 58.98(33.03, 84.93)  1.14x10°
rs3735590  -0.09(-0.78, 0.59) 0.787 2.36(-11.47,6.45)  0.612 -0.18(-0.82, 0.46) 0.583 29.93(-12.87, 72.74) 0.174
rs854550 0.80(0.38,1.22)  2.26x10™ 9.75(4.09, 15.41)  8.23x107 0.77(0.38,1.16)  1.37x10™ 57.48(31.36,83.60)  2.11x107

14 B: variable change per minor allele, adjusted by sex and age under the additive model.
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Abstract

Catalase (CAT) is a peroxisomal antioxidant enzyme that is up-regulated upon oxidative stress. Previous studies
have found associations between some single nucleotide polymorphisms (SNPs) located in the CAT promoter
region in a variety of metabolic diseases. This is the first study that analyzesthe association between erythrocyte
CAT activity and candidate CAT SNPs with childhood obesity. The association study showed a significant
positive association of the promoter variant —844A /G with childhood obesity and biomarkers of obesity such as
weight, body mass index (BMI), BMI Z-Score, and adipocyte fatty acid-binding protein, along with a tendency
toward significance with insulin resistance biomarkers. In addition, CAT erythrocyte activity was found to be
significantly lower in obese children, and it was significantly correlated with obesity and insulin resistance
biomarkers. No association was found between erythrocyte CAT activity and the SNP —844A/G. However,
further in vitro and in vivo studies are needed to fully understand the role’ of CAT activity and SNPs in the
development of insulin resistance in the setting of obesity. We hypothesize that CAT plays a role in early
metabolic complications of ‘obesity. Antioxid. Redox-Signal. 00, 000-000.

Introduction
Innovation

BESITY Is A complex multifactorial disease that results

from the interaction between an individual’s environ-
ment and genetic background. Childhood obesity is becoming
a major health concern in first-world countries and is nowa-
days a major risk factor for cardiovascular disease, type 2
diabetes, and metabolic syndrome in adulthood.

In recent years, oxidative stress has gained importance in
the setting of obesity. Markers of oxidative stress have been
associated with adult obesity, and it is known that oxidative
damage and inflammation are present in children at the onset
of obesity (2). The oxidative stress is also due to the alteration
of the antioxidant defence system, which includes vitamins
and antioxidant enzymes. One of the most important en-
dogenous antioxidant enzymes is catalase (CAT), a peroxi-

Previous studies have shown catalase (CAT) to be in-
volved in metabolic diseases, including glucose disorders.
The present study investigated the role of CAT genotypes
and activity in prepubertal childhood obesity for the first
time. Erythrocyte CAT activity was decreased in obese
children and significantly correlated with insulin resis-
tance biomarkers. Moreover, the single nucleotide poly-
morphism (SNP) —844A/G in the promoter of the CAT
gene was associated with childhood obesity. Although the
SNP —844A/G was not associated with CAT activity, it
was associated with adipocyte fatty acid-binding protein
levels, which could indicate a role of CAT in adipose tissue
dysfunction present in obesity.

'Department of Biochemistry and Molecular Biology II, Institute of Nutrition and Food Technology, Centre of Biomedical Research,
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3Unit of Investigation in Nutrition, Growth and Human Development of Galicia, Paediatric Department, Clinic University Hospital of
Santiago, University of Santiago de Compostela, Santiago de Compostela, Spain.
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somal antioxidant enzyme that degrades hydrogen peroxide
into oxygen and water, which is known to be up-regulated
upon oxidative stress. CAT activity has been found to be
lower in nonobese children presenting insulin resistance de-
fined as high values of homeostasis model assessment for
insulin resistance (HOMA-IR) (8).

The study of single nucleotide polymorphisms (SNPs)
could be an additional approach in the study of oxidative
stress implications in obesity. Genes traditionally linked with
obesity have been the most widely studied in the search for
common genetic variations that may be implicated in the
development of this disease. However, the studies including
genes of antioxidant enzymes have been fewer. None of the
previous studies has observed the association between anti-
oxidant enzymes SNPs and obesity.

The CAT gene is located on chromosome 11p13 and con-
tains 13 exons. To this moment, CAT SNPs have been related
to a variety of diseases and conditions other than obesity;
however, it is clear that they could play a role in glucose
disorders (5). Interestingly, the A allele of the —844A/G
polymorphism (rs769214) was associated with lower renu-
trition efficiency in the elderly, possibly through the creation
of a PAX6-binding site on the CAT promoter that impacts its
transcription, and subsequently, the processing of progluca-
gon and proinsulin (4). It has also been reported that the
haplotype —844G; —89A; —20T in the 5UTR region of the
CAT gene is associated with a lower expression rate under
oxidative stress damage as seen in a luciferase assay con-
ducted in four human cell lines (9). These previous studies
have proved that SNPs in the CAT gene may be a risk factor of
metabolic diseases, but no studies have been conducted in
order to study their association with the presence of obesity or
its biomarkers.

Therefore, the aim of this study was to analyze the associ-
ation of these known CAT SNPs along with representative
SNPs from the whole CAT gene with childhood obesity in a
cohort of prepubertal Spanish children. In addition, we
wanted to analyze the main biomarkers related to obesity,
insulin resistance, and oxidative stress and to study their as-
sociation with erythrocyte CAT activity and SNPs in the set-
ting of childhood obesity.

Anthropometric and biochemical characteristics
of the study population

Characteristics of the study population are shown in
Table 1. As expected, weight, body mass index (BMI), BMI
Z-score, and waist circumference (WC) were significantly
higher in obese children compared with the normal-weight
controls.

The antioxidant defence status was affected in obese chil-
dren, as CAT activity in erythrocytes as well as plasma total
antioxidant capacity (TAC) were found to be significantly re-
duced in obese children. In addition, serum vitamin concen-
trations of o-tocopherol and f-carotene were lower in obese
children; whereas no changes were observed in retinol. The
oxidative stress biomarker oxidized low-density lipoprotein
(ox-LDL) showed no differences between the two groups.

Insulin resistance and metabolic syndrome features
showed the expected differences between obese and normal-
weight children. Plasma adiponectin concentrations were
significantly lower in obese children when compared with the
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TABLE 1. ANTHROPOMETRIC AND BIOCHEMICAL
CHARACTERISTICS OF THE CHILDREN

Variable Normal-weight Obese P
Sex (male/female) 110/81 105/89
Age (years) 8.9+0.1 8.7+0.1 0.127
Weight (kg) 29.2+04 51.3£0.9 <0.001
BMI (kg/m?) 16.60£0.11 26.94+026 <0.001
BMI Z-score -0.22+0.04 357+£0.11 <0.001
WC (cm) 58.3+£0.5 81.3+09  <0.001
SBP (mmHg) 95+1 110+1 <0.001
DBP (mmHg) 58+1 69+1 <0.001
Glucose (mg/dl) 83+1 84+1 0.846
Insulin (mU/L) 52£0.2 10.3+£05 <0.001
QUICKI 0.390+0.002 0.351£0.002 <0.001
HOMA-IR 1.08+0.04 2.14+0.11 <0.001
Adiponectin (mg/L) 27.87+£0.81 " 2241+0.79 <0.001
Leptin (ug/L) 4.13+£0.29. 22.69+0.98 <0.001
TAG (mg/dl) 54+1 75+3 <0.001
Total cholesterol 172+2 165+2 0.017
(mg/dl)
HDL-C (mg/dl) 65+1 52+1 <0.001
LDL-C (mg/dl) 9412 96+2 0.422
ApoAl (mg/dl) 151+2 133+2 <0.001
ApoB (mg/dl) 67+1 7241 0.006
A-FABP (ng/ml) 9.60£0.59..27.14+1.45 <0.001
ox-LDL (mg/L) 2.073+£0.152 1.912+0.136  0.429
Catalase (Kyp) 1043 90+2 <0.001
GR (umol/g Hb/min)  3.624+0.195 3.472+0.123  0.507
GPX (mol/g Hb/min) :0.018+0.001 0.019+0.001  0.575
TAC (mM Trolox) 2.18+0.05 1.76£0.06 <0.001
Retinol. (ug/ml) 0.247+0.005 0.256+0.005 0.158
a-Tocopherol 0.162+0.005 0.124+0.004 <0.001
(ug/mL mg TAG)
p-carotene 3.044+0.192 1.358+0.078 <0.001
(ug/L mg TAG)
hsCRP (mg/L) 1.004+0.283 3.546%+0.279 <0.001

Data shown as mean +SEM.

p, Student’s t-test p-value.

A-FABP, adipocyte fatty acid-binding protein; ApoA1l, apolipo-
protein Al; ApoB, apolipoprotein B; BMI, body mass index; DBP,
diastolic blood pressure; GPX, glutathione peroxidase; GR, glutathi-
one reductase; HDL-C, high-density lipoprotein cholesterol; HOMA-
IR, homeostasis model assessment for insulin resistance; hsCRP,
high-sensitivity C-reactive protein; LDL-C, low-density lipoprotein
cholesterol; ox-LDL, oxidized LDL; QUICKI, quantitative insulin
sensitivity check index; SBP, systolic blood pressure; SEM, standard
error of the means; TAC, total antioxidant capacity; TAG, triglyc-
erides; WC, waist circumference.

normal-weight children, and oppositely leptin concentrations
were higher.

Correlation of erythrocyte CAT activity with obesity,
insulin resistance, and oxidative stress biomarkers
in plasma

CAT activity in erythrocytes was found to be negatively
correlated with obesity biomarkers as weight (r=-0.120,
p=0.019), BMI (r=-0.160, p=0.002), and BMI Z-Score (r=
—-0.168, p=0.001). In addition, CAT activity was correlated
with insulin resistance biomarkers by showing a negative
correlation with insulin (r=-0.112, p=0.031) and HOMA-IR
(r=—0.104, p=0.046), and a positive correlation with quanti-
tative insulin sensitivity check index (QUICKI) (r=0.110,
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p=0.035). Moreover, CAT activity was negatively correlated
with plasma leptin (r= —0.221, p <0.0001), a biomarker that is
intimately related with obesity and insulin resistance. With
regard to oxidative stress biomarkers, CAT activity was found
to be positively correlated with plasma f-carotene values
(r=0.112, p=0.030), but not with retinol, a-tocopherol, or
TAC. No significant correlation was found between erythro-
cyte CAT activity and plasma adipocyte fatty acid-binding
protein (A-FABP).

These significant correlations between erythrocyte CAT
activity and obesity, insulin resistance, and oxidative stress
biomarkers show that an altered antioxidant defence status,
including diminished CAT activity, could be involved in
obesity and its complications as early as in infancy. Moreover,
previous findings of reduced CAT activity in children with
insulin resistance (8) are in line with these results, further
supporting a possible role of oxidative stress in the develop-
ment of insulin resistance associated with obesity.

Association of CAT SNPs with childhood obesity

We found the SNP —844G (rs769214) that was previously
associated with higher renutrition efficiency in the elderly (4) to
be associated with a higher risk of childhood obesity in our
study population. In addition, two neighbour polymorphisms;,
—89A (rs7943316) and —20T (rs1049982), which form a hap-
lotype with —844G, showed a highly similar associationdue to
strong linkage disequilibrium (LD) between the. variants
(D’=1.00; *=1.00) (Fig. 1). Population stratification was dis-
carded by conducting a meta-analysis with the individual as-
sociation results from each of the studied populations
(Cérdoba and Santiago de Compostela) (*=0.00). The results
from the logistic regression analysis, adjusted for sex and age,
as well as SNPs’ allele frequencies and Hardy-Weinberg (HW)
p-values are shown in Table 2. The following analyses were
conducted considering the SNP —844A /G and not the haplo-

£ UTR 3UTR

rs769214
rs7943316
lsiﬁ-\!{B&?
5525938
rs484024
Is76E18
rs12269088
152073058
54755374
212803540
rs7104301

FIG. 1. Linkage disequilibrium diagram of the studied
variants with the exon-intron scheme of the catalase gene.
The 7* values between the genotyped single nucleotide poly-
morphisms are shown in each cell, black cells correspond to
*=1.00. Block definition followed the four gamete rule.

type, because the individual association results were stronger
than the haplotype association results (data not shown).

Association of the SNP — 844A/G with obesity
and insulin resistance biomarkers

The association of the SNP —844A/G with some of the
analyzed biomarkers is shown in Figure 2. The presence of
one risk allele was linked to an increase of 2.9 kg in weight or
0.43 U of BMI Z-Score in children. Insulin resistance markers
showed a tendency toward significance, individuals with
one risk allele had higher insulin (0.83mU/L per risk al-
lele, p=0.058) and HOMA-IR values (0.17 U per.risk allele,
p=0.085); whereas lower QUICKI (-0.01 units per risk al-
lele, p=0.073). This finding could indicate a role of CAT in
the progress of insulin resistance and obesity in children.

Individuals carrying the variant —844G. showed signifi-
cantly higher plasma A-FABP levels, with an increase of
4.84ng/ml per risk allele (p=0.013). We hypothesize that this
association could be due to the effect of this variant in adipose
tissue. The haplotype —844G; —89A; —20T that we describe in
the present study was previously shown to be associated to
lower CAT expression in cell lines under high oxidative stress
(9). As already described by previous studies (2), obese indi-
viduals show ‘an enhanced oxidative stress in their adipose
tissue. This stress could be observed as leading to a decrease of
CAT expression in adipose tissue of the individuals carrying
the risk haplotype in the present study. In addition, it is known
that oxidative stress enhances adipocyte differentiation in ad-
ipose tissue, and that in this process the expression of A-FABP,
a well-known adipose tissue marker, is enhanced (6). In this
way, the decrease of CAT activity in adipose tissue would
further increase the oxidative stress already present in obesity
and alter the expression of A-FABP. The relationship between
CAT genetic variations and circulating A-FABP further sup-
ports the link between the adipose tissue alterations and
the development of obesity in the presence of an imbalanced
redox state. Furthermore, the fact that the correlation between
—844A /G and plasma A-FABP is not found to be paralleled by
the correlation between erythrocyte CAT activity and A-FABP
could be due to a depot-specific effect of the genotype at the
initial stages of adipose tissue dysfunction in obesity.

No association was found between any of the studied SNPs
and the antioxidant enzymes’ activities (CAT, glutathione
reductase [GR] and glutathione peroxidase [GPX]). Likewise,
no association was found between the SNPs and the analyzed
vitamins or TAC. The absence of association between
—844A/G and CAT activity in erythrocytes does not differ
from the previous studies conducted on this genetic variant,
which found no association of erythrocyte CAT activity with
the variant (4).

Conclusion

The importance of studying CAT genetic variants in met-
abolic diseases other than obesity has been highlighted in
previous studies (5). In the present study, we show that CAT
activity and its SNPs seem to play a role in various aspects of
the metabolic alterations which take place in obesity. Here, we
show for the first time that the previously studied CAT SNP
—844A/G is associated with a higher childhood obesity risk
along with increased weight, BMI, BMI Z-Score, and A-FABP
values. In addition, in this study, we show for the first time
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TABLE 2. LocisTic REGRESSION ANALYSIS OF CAT SINGLE NUCLEOTIDE POLYMORPHISMS WITH OBESITY
UNDER THE ADDITIVE MODEL OF INHERITANCE
Obese  Normal-weight MAF
Usual Allele 1/ —

SNP ID designation  Allele 2 11 12 22 11 12 22 Risk allele Obese Normal-weight HW p OR (95% CI)  p
rs564250 G/A 11753 7 117 59 5 A 0.299 0.326 0.864 1.00 (0.68, 1.46) 0.987
1s769214  —844A/G A/G 658923 84 81 16 G 0.503 0.448 0.414 1.42 (1.03, 1.96) 0.035
rs7943316 —89T/A T/A 6589 23 82 83 16 A 0.503 0.459 0.298 1.38 (1.00, 1.91) 0.050
rs1049982 —20C/T C/T 658923 83 81 16 T 0.503 0.450 0.414 1.41 (1.02, 1.95) 0.039
1s525938 A/G 738420 8 81 14 G 0.475 0.448 0.400 1.29 (0.93, 1.79) 0.127
rs494024 G/A 877020 68 89 24 A 0.396 0.492 0.727 0.73 (0.54, 1.00) 0.051
rs769218 G/A 8677 14 102 68 11 A 0.435 0.376 0.790 1.30 (0.93, 1.83) 0.126
1512269988 A/G 166 11 0 167 14 0 G 0.062 0.077 1.000 0.77 (0.34, 1.77) 0.542
152073058 A/G 87814 91 79 11 G 0.441 0.437 0.354 1.11 (0.80, 1.56) 0.529
154755374 A/C 132 43 2 137 41 3 C 0.243 0.227 0.816 1.03(0.66, 1.61) 0.892
rs12803540 A/G 124 46 5 139 36 4 G 0.263 0.201 0.381: 1.35 (0.89, 2.07) 0.160
rs7104301 +33078A/G A/G 847914 91 79 11 G 0.446 0.437 0.202 < 1.13 (0.81, 1.59) 0.467

Values of the statistically significant associations are shown in bold.
Allele 1/2, major/minor allele; CI, confidence interval; HW, Hardy-Weinberg; MAF, minor allele frequency; OR; odds ratio (adjusted for
sex and age); p, p-value of the logistic regression analysis; SNP, single nucleotide polymorphism.

that CAT activity in erythrocytes is decreased in obese chil-
dren and it is significantly correlated with obesity, insulin
resistance, and oxidative stress phenotypes.

Despite the previous associations found between SNP
—844A/G and other disease states or phenotypes, the associ-
ations that we describe here need to be validated in larger
cohorts of obese children. Furthermore, studies with human
adipocyte models will be crucial to better understand the
association of CAT polymorphisms with the development of
insulin resistance and the possible alterations of adipose tissue,
including a higher expression of markers such as A-FABP.

Notes

Study population

This is a case-control study in which we recruited 194 obese
children (105 male and 89 female) and 191 normal-weight
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children (110 male and 81 female) of Caucasian ethnicity, aged
3-13, in two cities of Spain (Cérdoba and Santiago de Com-
postela). Childhood. obesity was defined according to Cole
et al. (3). The inclusion criteria were prepubertal state, absence
of disease related with nutritional status, and absence of en-
dogenous obesity. The exclusion criteria were disease, under-
nutrition, pubertal stage, and the use of medication that alters
blood pressure or glucose or lipid metabolism. After initial
assessments at schools or primary care centres, children ful-
filling the inclusion criteria were invited for a clinical exami-
nation in the appropriate participating hospital. The parents or
guardians were informed about the purpose and procedures of
the study before written consent was obtained, and all children
gave their assent. Sex hormones were measured to confirm the
prepubertal stage (data not shown). The protocol was per-
formed in accordance with the Declaration of Helsinki (Edin-
burgh 2000, revised) and following the recommendations of
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FIG. 2. Values of weight (A), body mass index (BMI) Z-Score (B), adipocyte fatty acid-binding protein (A-FABP) (C),
glucose (D), insulin (E), and erythrocyte catalase (CAT) activity (F) of each genotype of the CAT gene variant —844A/G:
AA (open), AG (gray), GG (solid). p, p-values from the linear regression association analysis adjusted for sex and age.
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the Good Clinical Practice of the CEE (Document 111/3976/88
July 1990) and the legal in-force Spanish regulation that regu-
lates Clinical Investigation in human beings (RD 223/04 about
Clinical Assays) and was approved by the Ethics Committee on
Human Research of the University of Granada, the Ethics
Committee of the Reina Sofia University Hospital of Cérdoba,
and the Bioethics Committee of the University of Santiago de
Compostela.

Anthropometric and biochemical measurements

Anthropometric measurements were taken by a single ex-
aminer with the children barefooted and in their underwear.
Body weight (kg), height (cm), and WC (cm) were measured
using standardized procedures, and BMI and BMI Z-Score
were calculated. Obesity was defined according to BMI, using
the age- and sex-specific cut-off points proposed by Cole et al.
(linked to adult cut-offs of 25 and 30kg/ mz) (3). Blood pres-
sure was measured thrice by the same examiner following
international recommendations. Blood samples were drawn
via the antecubital vein after the children had fasted over-
night.

Biochemical analyses were performed at the participating
University Hospital Laboratories following internationally
accepted quality control protocols. Specific biomarkers were
analyzed using LINCOplexTM kits with human monoclonal
antibodies (Linco Research). Adiponectin was measured
using the kit catalogue # HADKI1-61K-A, and leptin was
analyzed using the kit catalogue # HADK2-61K-B. ox-LDL
was quantified by using an enzyme-linked immunosorbent
assay (ELISA) kit (Biomedica Medizinprodukte GmbH & Co
KG). High-sensitivity C-reactive protein was determined with
a particle-enhanced turbidimetric immunoassay. Plasma TAC
was assessed by using the spectrophotometric commercial
antioxidant assay kit from Cayman (Cat. No. 709001; Cay-
man). A-FABP plasma concentrations were measured by
ELISA (Cat. No. RD191036200R; BioVendor). Erythrocyte
activities of the antioxidant enzymes CAT and GR were as-
sayed spectrophotometrically. Erythrocyte'GPX activity was
determined spectrophotometrically by ‘the coupled enzyme
procedure with tert-butyl hydroperoxide as substrate. He-
moglobin concentration in the blood samples was determined
spectrophotometrically by the colorimetric cyanmethe-
moglobin method, using Sigma Diagnostic reagents. QUICKI
and HOMA-IR were calculated using plasma glucose and
insulin values. Retinol and o-tocopherol were analyzed
by high-pressure liquid chromatography (HPLC) coupled to
an electrochemical detector after extraction with 1-propanol.
p-Carotene was also determined after extraction with 1-
propanolin an HPLC system attached to a multi-wavelength
ultraviolet detector set at 450 nm. All compounds were iden-
tified by predetermining the retention times of individual
standards.

DNA isolation and genotyping

Genomic DNA was extracted using the QlAamp Blood kit
(Qiagen). A total of 13 SNPs in the CAT gene were selected
from the HapMap and NCBI databases based on their loca-
tion. In addition to previously known SNPs, each missense
variation was selected and then, others located in the pro-
moter, 3’'UTR and 5'UTR regions, all with a minor allele fre-
quency higher than 0.05 in the Caucasian population.

Genotyping was performed with the Illumina GoldenGate
(Illumina) protocols on 96-well format Sentrix® arrays. Two
hundred fifty nanograms of sample DNA were used per
assay. Typing of the 13 SNPs resulted in genotype success
rates of >95%, except for SNP rs1001179 that was excluded
from further analysis. HW equilibrium for each SNP was ex-
amined by the exact test using PLINK version 1.07 software
(7). The HW equilibrium p-values were greater than 0.05 in
both obese and normal-weight groups for all SNPs, and the
allele frequencies of the SNPs observed in the current study
were similar to those reported in HapMap for Caucasians
(data not shown). LD was analyzed with Haploview 4.2
software (1).

Statistical analysis

All statistical analyses were performed using either PLINK
or SPSS (version:15.0.1). Normal distribution of clinical pa-
rameter data was assessed. Mean comparisons between obese
and normal-weight children for continuous variables were
performed using the Student’s t-test for unpaired samples.
Correlations were tested using the Pearson’s correlation
coefficient test.

The genotypic relative risk was assessed by comparing the
obese group with the normal-weight-group and calculating
the odds ratio.and the 95% confidence interval using logistic
regression analysis under an additive model adjusted for age
and sex. A meta-analysis was performed to discard popula-
tion stratification from the two cities of recruitment. The asso-
ciation of the SNPs with obesity, insulin resistance, metabolic
syndrome, and oxidative stress biomarkers was analyzed using
a linear regression model adjusted for age and sex.
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Conclusions

1

Obese prepubertal Spanish children show a significantly altered profile of
adipokines and biomarkers of obesity, insulin resistance, lipid metabolism,
inflammation and endothelial damage when compared to the normal-
weight group.

Obese prepubertal Spanish children show significant lower erythrocyte
catalase activity as well as lower total antioxidant capacity, $-carotene and
a-tocopherol in plasma when compared to their normal-weight
counterparts.

The variant rs854566 in paraoxonase 1 gene is associated with lower
obesity risk and higher lactonase, arylesterase and diazoxonase activities
and lower paraoxonase activity of serum paraoxonase 1 in prepubertal
children.

Variants from the catalase gene promoter rs769214, rs7693316 and
rs1049982 are associated with higher childhood obesity risk and with
higher body mass index, body mass index z-score, weight and fatty acid-
binding protein 4.

A series of polymorphisms for glutathione peroxidases 4, 5 and 6, aldehyde
oxidase 1, peroxiredoxin 5, oxidation resistance 1, oxidative stress
responsive 1 and sirtuin 2 genes were also observed to be associated with
childhood obesity and its phenotypes.

General conclusion

We found single nucleotide polymorphisms in the antioxidant defense system
genes paraoxonase 1, catalase, glutathione peroxidases 4, 5 and 6, aldehyde
oxidase 1, peroxiredoxin 5, oxidation resistance 1, oxidative stress responsive 1
and sirtuin 2 which were associated with obesity in prepubertal Spanish children.
This finding supports the role of oxidative stress in the pathogenesis of obesity
and its derived metabolic complications.
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Conclusiones

1 Los nifios obesos prepuberes espafioles muestran un perfil alterado de
adipoquinas y biomarcadores de obesidad, resistencia a la insulina,
metabolismo lipidico, inflamacién y dafio endotelial comparados con el
grupo normopeso.

2 Los ninos obesos prepuberes espafioles muestran menor actividad catalasa
en eritrocitos y menor capacidad antioxidante total, B-carotenos y a-
tocoferol en plasma comparados con los nifios controles.

3 La variante rs854566 del gen paraoxonasa 1 se asocia a un menor riesgo
de obesidad y a mayor actividad lactonasa, arilesterasa y diazoxonasa y a
menor actividad paraoxonasa de la paraoxonasa 1 en suero en nifios
prepuberes.

4 Las variantes génicas del promotor del gen catalasa rs769214, rs7693316
y rs1049982 se asocian a un mayor riesgo de obesidad y a mayor indice de
masa corporal, z-score del indice de masa corporal, peso y proteina de
union a acidos grasos 4.

5 Una serie de polimorfismos localizados en genes de glutatiéon peroxidasas
4, 5y 6, aldehido oxidasa 1, peroxiredoxina 5, resistencia a la oxidacién 1,
respuesta a estrés oxidativo 1 y sirtuina 2 también se mostraron asociados
a la obesidad infantil y sus fenotipos.

Conclusion general

Encontramos una serie de polimorfismos de un solo nucleétido en los genes
relacionados con el sistema de defensa antioxidante paraoxonasa 1, catalasa,
glutation peroxidasas 4, 5 y 6, aldehido oxidasa 1, peroxiredoxina 5, resistencia a
la oxidacion 1, respuesta a estrés oxidativo 1 y sirtuina 2 asocidados a la obesidad
en nifios espafioles prepuberes. Este hecho apoya el papel que juega el estrés
oxidativo en la patogénesis de la obesidad y sus complicaciones metabdlicas.
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A gene variant of 113-hydroxysteroid dehydrogenase type 1
is associated with obesity in children

J Olza’, M Gil-Campos?, R Leis®, Al Rupérez', R Tojo®, R Cariete?, A Gil' and CM Aguilera’

BACKGROUND: The 118-hydroxysteroid dehydrogenase type 1 (11B-HSD1) enzyme catalyses the regeneration of active cortisol
from inert cortisone and plays a critical role in tissue-specific corticosteroid reactions; therefore, 113-HSD1 is a key molecule
associated with the development of obesity. Despite evidence for its role in obesity, no genetic polymorphisms have been
significantly associated with the disease per se.

OBJECTIVE: The aim of this study was to evaluate whether HSD71B1 gene variants, which have never been studied before,

are associated with obesity and its related traits, as well as its relation to biomarkers of inflammation, liver damage and
cardiovascular disease in a cohort of Spanish children.

DESIGN: We performed a prospective case-control study.

SUBJECTS: A total of 534 children were examined and classified as being obese (n=292) or normal weight (n = 242).
Anthropometric and biochemical measurements related to obesity, including inflammation, liver damage and cardiovascular disease,
were determined. Genomic DNA was extracted and 10 HSD11B1 gene single-nucleotide polymorphisms (SNPs) were genotyped.
RESULTS: A novel SNP, rs3753519, was strongly associated with obesity and this SNP was the only statistically significant HSD11B1
gene SNP remaining after a Bonferroni correction (odds ratio = 1.97 for allelic effect, 95% confidence interval 1.23-3.16; P= 0.004
and Bonferroni corrected P=0.046). In addition, this SNP was significantly and positively associated with increased body mass index
(BMI), BMI z-score, weight, waist circumference, plasma y-glutamyl transpeptidase and plasma active plasminogen activator
inhibitor 1. The SNP was negatively associated with plasma adiponectin and cortisol after adjusting for sex and age. None of the
inflammation biomarkers tested were associated with the risk allele.

CONCLUSION: These data, which link an HSD11B1 genotype with both disease prevalence and its related phenotypes, strongly

support a role for the rs3753519 polymorphism in the pathogenesis of pediatric-onset obesity.

International Journal of Obesity advance online publication, 7 February 2012; doi:10.1038/ijo.2012.4

Keywords: 11B-hydroxysteroid dehydrogenase type 1; genetic polymorphisms; children

INTRODUCTION

Cortisol, which is the major glucocorticoid in humans, plays an
important role in regulating fuel metabolism, energy partitioning
and body fat distribution. In addition to the hypothalamic-
pituitary-adrenal axis controlling cortisol levels in the blood,
intracellular cortisol levels in tissues can be controlled by local
enzymes. For example, 11B-hydroxysteroid dehydrogenase type 1
(11B-HSD1) catalyses the regeneration of active cortisol from inert
cortisone, thereby amplifying cortisol levels and glucocorticoid
receptor activation in adipose tissue, the liver and other tissue
types.! The 11B-HSD1 is controlled by complex tissue-specific
regulation. There is evidence that 113-HSD1 adjusts local cortisol
concentrations independently of plasma cortisol concentrations
and this enzyme may be involved in obesity and its related
complications.>”* Decreased cortisol levels in the liver secondary
to reduced 11B-HSD1 expression and activity have been
identified;’>”” in contrast, increased 11B-HSD1 mRNA levels and
enzyme activity have been observed in adult adipose tissue® '
and in children."!

Controversy exists regarding whether there is a comparable
increase in 11B-HSD1 mRNA levels in subcutaneous and omental

fat> The mechanism of this dysregulation in human obesity
remains uncertain; however, studies in animals have demon-
strated a role for 11B-HSD1 in obesity. Mice overexpressing
11B-HSD1 in adipocytes demonstrate increased levels of adipose
tissue corticosterone (the active metabolite in mice), hyperphagia,
greater weight gain (particularly when fed a high-fat diet),
increased accumulation of visceral adipose tissue, insulin resis-
tance and increased expression of lipoprotein lipase in omental
fat.'? Conversely, 11B-HSD1 inhibition ameliorates the metabolic
consequences of obesity, increases insulin sensitivity and reduces
blood glucose levels in obese and diabetic mice.'®>™'®

Despite evidence for a role of 118-HSD1 in obesity, HSD11B1
gene polymorphisms significantly associated with the disease or
its complications have yet to be identified. HSD11B1 gene variants
have been reported to be associated with type 2 diabetes'” and
hypertension'® but not with obesity per se in adults. A weak
association of the rs2236905 HSD11B1 single-nucleotide poly-
morphism (SNP) with metabolic syndrome in a Japanese
population was recently found.'® There is also one study that
has reported a positive association of the ins4436A SNP in the
HSD11B1 gene with body mass index (BMI) and insulin resistance

"Department of Biochemistry and Molecular Biology I, Institute of Nutrition and Food Technology, Centre of Biomedical Research, University of Granada, Granada, Spain;
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Table 1. Description of the HSD71B1 SNPs analysed and genotypic information of the Spanish children tested

Position® MAF Alleles (M/m) HWE P-value® Call rate (%)
rs2235543 5" upstream 0.124 (@2) 0.4837 100
rs12565406 5" upstream 0.062 G/T 1 99.8
rs10082248 5" upstream 0.059 G/A 1 99.8
rs4844880 5 upstream 0.140 T/A 1 100
rs846910 5" upstream 0.043 G/A 1 99.6
rs3753519 5" upstream 0.084 G/A 1 99.8
rs4844488 Intron 3 0.032 A/G 1 99.8
rs846906 Intron 3 0.137 (@2) 0.1996 75.0
rs6672256 Intron 3 0.194 T/A 0.8143 99.6
rs9430012 Intron 3 0.196 G/C 04776 98.5
Abbreviations: Call rate, rate of successful genotyping; HWE, Hardy - Weinberg equilibrium; MAF, minor allele frequency; SNP, single nucleotide polymorphism.
2SNP position on gene variant 1 (NM_005525.2). ®P-value of the control group.

in obese children.?® Thus, the objective of the current study was to
evaluate whether the unstudied variations in the HSD11B1 gene
are associated with obesity and features of metabolic syndrome
in a cohort of Spanish children.

MATERIALS AND METHODS
Study design

This study was designed as a case-control multicentre study in children.
We recruited 292 (149 male and 143 female) obese children and 242 (135
male and 107 female) normal-weight children. All participants were
Caucasian, aged 6-15 years, from two cities in Spain (that is, Cordoba,
located in the south, and Santiago de Compostela, located in the north) and
from primary care centres and schools. Childhood obesity was defined
according to Cole et al?' The inclusion criteria were (1) the absence of
disease related to nutritional status and (2) the absence of endogenous
obesity. The exclusion criteria were (1) the presence of disease or
undernutrition and (2) the use of medication that alters blood pressure,
glucose or lipid metabolism. After the assessments made during the first
visit to a school or primary care centre, the parents of children fulfilling the
inclusion criteria were invited to bring their children to the pediatric unit of
their local hospital for a clinical examination. The parents or guardians were
informed about the purpose and procedures of the study before written
consent was obtained. All children also provided consent. The protocol was
performed in accordance with the Declaration of Helsinki Principles
(Edinburgh 2000, revised) and followed the recommendations of both
the Good Clinical Practice of the CEE (Document 111/3976/88 July, 1990)
and the legal in-force Spanish Regulation that Regulates Clinical Investiga-
tion in Human Beings (RD 223/04 about Clinical Assays). The protocol was
also approved by the ethics committees at all participating institutions.

Anthropometric and biochemical measurements

Anthropometric measurements were recorded by a single examiner with
the children barefoot and in their underwear. Body weight (kg), height
(cm) and waist circumference (cm) were measured using standardised
procedures, and the BMI was calculated as weight (kg) divided by the
square of the height (m?). Obesity was defined according to the BMI
using the age- and sex-specific cutoff points proposed by Cole et al.?'
(linked to the adult cutoffs of 25 and 30kgm™2). Blood pressure was
measured three times by the same examiner using a mercury sphygmo-
manometer and following international recommendations. Blood samples
were drawn via the antecubital vein after the patient had fasted overnight.
Biochemical analyses were performed at the participating University
Hospital Laboratories following internationally accepted quality control
protocols.?

Other cardiovascular risk and inflammatory biomarkers were analysed
using three different LINCOplex kits with the appropriate human
monoclonal antibodies (Linco Research, MO, USA) on a Luminex 200
System (Luminex Corporation, Austin, TX, USA). The concentrations of
soluble intercellular adhesion molecule 1 (sICAM-1), soluble endothelial
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selectin (sE-selectin), myeloperoxidase (MPO), matrix metalloproteinase-9
(MMP-9) and total plasminogen activator inhibitor 1 (PAI-1) were measured
using the LINCOplex kit with the catalogue number HCVD1-67-AK.
Adiponectin, resistin and active PAI-1 were measured using the LINCOplex
kit with the catalogue number HADK1-61K-A. Finally, interleukin-6 (IL-6),
interleukin-8 (IL-8), tumour necrosis factor-o. (TNF-x) and monocyte
chemotactic protein-1 (MCP-1) were analysed using the LINCOplex kit
with the catalogue number HADK2-61K-B. C-reactive protein (CRP) was
determined with a particle-enhanced turbidimetric ultrasensitive immu-
noassay (Dade Behring Inc., Deerfield, IL, USA).

DNA isolation and genotyping

Genomic DNA was extracted from buffy coats using the QlAamp Blood kit
(Qiagen, Valencia, CA, USA). A total of 10 SNPs in the HSD11B1 gene were
selected from the HapMap and NCBI (National Center for Biotechnology
Information) databases. The inclusion of an SNP in this analysis was based
on its location. We first selected every SNP resulting in a missense variation
and then selected other SNPs located in the promoter, 3’ untranslated
region and 5’ untranslated region with a minor allele frequency >0.05 in
the Caucasian population and minimum pairwise linkage disequilibrium of
»=0.8 for the selection of TagSNPs. HSD11B1 is transcribed from two
promoters, resulting in two different transcripts (variant one, mRNA
NM_005525, and variant two, mRNA NM_181755). Table 1 depicts the gene
position in variant one of the 10 SNPs studied.

Genotyping was performed using the lllumina GoldenGate protocol
(Ilumina, San Diego, CA, USA) in 96-well Sentrix arrays. Per assay, 250 ng of
sample DNA was used. The genotyping of the 10 SNPs resulted in a
genotype success rate of >95%, except for rs846906 (75%), which was
excluded from the downstream analyses. The Hardy-Weinberg equili-
brium for each SNP was examined with Fisher’s exact test using PLINK
version 1.07 software (available at http://pngu.mgh.harvard.edu/~purcell/
plink). The Hardy - Weinberg equilibrium P-values were >0.05 in the case
and control subjects for all SNPs (Table 1). The allelic frequencies of the
SNPs observed in this study were similar to those reported in the HapMap
for Caucasians (data not shown).

Statistical analyses

All statistical analyses were performed using either PLINK or SPSS
(Statistical Package for the Social Sciences, version 15.0.1, Chicago, IL,
USA). All continuous variables were expressed as the mean £ s.e.m. The
normal distribution of the clinical parameter data was assessed with the
Kolmogorov-Smirnov test. The insulin, the homeostatic model assessment
for insulin resistance (HOMA-IR), total cholesterol, MMP-9 and total PAI-1
values were logarithmically transformed to approximate normal distribu-
tions. The homogeneity of variances was estimated using the Levene’s test.
The continuous variables in the obese and normal-weight children were
compared using Student’s t-test for unpaired samples. The genotypic
relative risk was assessed by comparing the obese with the control group
and calculating the odds ratio and 95% confidence interval (95% Cl) using
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logistic regression analysis under the additive model implemented in
PLINK after adjusting for age and sex. Additional association analyses were
performed independently of the recruitment city, and the homogeneity of
both populations was assessed by a meta-analysis using the PLINK
software. Linear regressions for the entire population or for each case and
control group were performed using an additive model to estimate the
associations of each SNP with the phenotypic parameters related to
obesity and biomarkers of inflammation, liver damage and cardiovascular
disease.

RESULTS

Patient characteristics

Table 2 displays the clinical characteristics of both the obese and
control subjects. Weight, height, BMI, BMI z-score and waist
circumference were significantly higher in the obese compared
with the normal-weight children. Other biomarkers related to
metabolic syndrome were different between both groups. Systolic
and diastolic blood pressure, plasma triacylglycerols, apolipopro-
tein B, insulin and HOMA-IR were higher in the obese children. The
plasma total cholesterol, high-density lipoprotein-cholesterol and
apolipoprotein A-1 were all lower in the normal-weight children.
Fasting plasma glucose and low-density lipoprotein-cholesterol
concentrations did not differ between the two groups. Fasting
plasma concentrations of resistin and leptin were significantly
higher in the obese than in the normal-weight subjects; in
contrast, reduced adiponectin and cortisol levels were observed in
the obese children. The liver enzymes y-glutamyl transpeptidase
(GGT) and alanine transaminase (ALT) concentrations were
significantly higher in the obese children; however, aspartate
transaminase (AST) levels were lower in the obese population.
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Table 2. Anthropometric and biochemical parameters of the children Table 3. Cardiovascular and inflammation characteristics of the
children
Normal weight Obese P-value
Normal weight Obese P-value
n 242 292
Sex (M/F) 135/107 149/143 0.273 CRP (mgl™") 0.95+0.23 3.43+0.25 <0.001
Age (years) 9.7310.2 943102 0.172 IL-6 (ngl™") 4.50+0.53 6.95+0.75 0.012
Weight (kg) 329+07 559+1.0  <0.001 IL-8 (ngl™") 1.57+0.11 2.16+0.15 0.003
Height (m) 1.37£0.01 1.41£0.01 0.001 TNF-a (ngl™") 3.06+£0.11 4.01+0.13 <0.001
BMI (kgm ~?) 17.14£0.13 27.56+0.24 <0.001 MCP-1 (ngl™") 110.5+3.67 110.7 £3.50 0.965
BMI z-score —0.17£0.04 349+£0.08 <0.001 MMP-9 (ug ()] 79.99+3.15 88.42 +3.90 0.636
Waist circumference (cm) 60.210.5 840109  <0.001 MPO (ugl™") 1310+ 1.16 21.51+1.70 <0.001
Systolic BP (mm Hg) 971 1M+ <0.001 sE-selectin (ugl™") 22.93+0.76 31.26+1.05 <0.001
Diastolic BP (mm Hg) 6011 6911 <0.001 SICAM-1 (mgl™") 0.153 £ 0.004 0.175 £ 0.005 <0.001
Glucose (mgdl™") 8410 85t1 0.772 SVAM-1 (mg1™") 1.14£0.02 1.07 £ 0.02 0.024
Insulin (mU1~") 595023  11.46+051 <0.001 Active PAI-1 (ugl™") 5.16£0.27 11.96 £ 0.57 <0.001
HOMA-IR 1.26 £ 0.05 243+0.12 <0.001 Total PAI-1 (ugl™") 18.95+0.85 27.23+£1.01 <0.001
Triacylglycerols (mgdl~") 55+1 75+2 <0.001
ApoA1 (mg d|’1) 15042 132+1 <0.001 Abbreviations: CRP, C-reactive protein; IL, interleukin; MCP, monocyte
ApoB (mg d|’1) 67+1 71+1 0.008 chemotactic protein; MMP, matrix metalloproteinase; MPO, myeloperoxidase;
Cholesterol (mg di ) 17142 165+2 0.012 PAI, plasminogen activator inhibitor; sE-selection, soluble endothelial
HDL-c (mg dl’l) 64+ 1 5141 <0.001 selection; sICAM, soluble intercellular adhesion molecule; sVAM, soluble
LDL-c (mg d|’1) 94+2 97+ 1 0.144 vascular adhesion molecule; TNF, tumour necrosis factor. The P-values
Adiponectin (mgl™") 28284077 22574066 <0.001 <0.05 are shown in bold.
Resistin (ug|™") 9.65+0.33 11.71+£0.34 <0.001
Leptin (ugl™") 430%0.26 2291+0.86 <0.001
Cortisol (nmoll~") . 362.71+9.75 286.70£9.00 <0.001
;T_STt?Btlef%"e (wg!™ 1g:§2ig:gz Zggzig:gg <g'_€g31 Cardiovascular risk and inflammatory biomarkers were different
AST (UI") 23.70+0.48 21.23+040 <0.001 between the two groups (Table 3). The sICAM-1, sE-selection, MPO
GGT (UIT") 839+0.27 10.84+029 <0.001 and active PAI-1 levels were all significantly higher in the
— - - - - obese compared with the normal-weight group. Similarly,
Abbreviations: AL'I", alanine transamlnase{ Apo, apolipoprotein; AST, plasma levels of CRP, IL-6, IL.-8 and TNF-o. were higher in the
aspartate transaminase; BMI, body mass index; BP, blood pressure; b h MCP-1 and MMP-9 levels were the same in
F, female; GGT, y-glutamyl transpeptidase; HDL-c, high-density obese group; however, a
lipoprotein-cholesterol; HOMA-IR, homeostatic model assessment for both groups.
insulin resistance; LDL-c, low-density lipoprotein-cholesterol; M, male.
The P-values <0001 are shown in bold. Association of HSD71B1 gene SNPs with obesity

The results of the association analyses of the nine SNPs are
displayed in Table 4. In our study, five of the nine SNPs were
nominally associated with obesity in children after adjusting
for age and sex using an additive model; however, rs3753519
was the SNP most strongly associated with obesity, and it was
the only statistically significant after Bonferroni correction (odds
ratio=1.97 for allelic effect, 95% Cl 1.23-3.16; P=0.004 and
Bonferroni corrected P = 0.045). A meta-analysis was performed by
combining the results from the two recruitment cities. There was a
high level of homogeneity between these two populations for
rs3753519 (Q Cochrane’s statisticc, P=0.882). A consistent
association of this SNP with obesity was identified after the
meta-analysis (odds ratio = 2.05, P=0.003).

Association of rs3753519 with obesity-related traits

We further examined the associations of rs3753519 with obesity-
related quantitative traits (Table 5). This SNP was significantly
(P<0.05) associated with increased BMI, BMI z-score, weight, waist
circumference and decreased adiponectin and cortisol levels after
adjusting for sex and age when linear regression analyses were
performed on the entire population. Children carrying allele A had
increases in their BMI, weight and waist circumference of
24kgm™2 (95% Cl 1.21-3.64), 5kg (95% Cl 1.93-8.15) and
5.1cm (95% Cl 0.36-9.92) per allele, respectively. In contrast,
reductions in plasma adiponectin 2.62mgl™" (95% Cl —5.15 to
—0.09) and cortisol 42.8nmoll™" (95% Cl —77.24 to —8.52)
concentrations were found per risk allele. However, when linear
regression analyses were performed separately per case or on the
control children, only the association of the risk allele with BMI
remained significant in the case group (P=0.010) B 1.12 (95% CI
0.25-1.99) after adjusting for age and sex. Following a Bonferroni
correction, only the associations of rs3753519 with weight, BMI
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Table 4. Genotypic distribution of the HSD71B7 SNPs and their association with obesity in children

SNP Allele 1/allele 2 Case Control Risk allele Risk allele frequency OR (95% Cl) P-value P corr*
11 12 22 11 12 22 Case Control

rs2235543 (@2y 217 64 10 194 46 1 T 0.144 0.099 1.51 (1.03-2.18) 0.031 0313
rs12565406 G/T 253 35 2 214 27 O T 0.067 0.056 1.21 (0.73-2.01) 0.465 1
rs10082248 G/A 251 36 3 220 21 0 A 0.072 0.044 1.72 (1.01-2.95) 0.046 0.464
rs4844880 T/A 211 68 12 187 51 3 A 0.158 0.118 1.36 (0.96-1.93) 0.080 0.803
rs846910 G/A 262 27 1223 17 0 A 0.050 0.035 1.44 (0.78-2.65) 0.249 1
rs3753519 G/A 233 52 5 214 27 0 A 0.107 0.056 1.97 (1.23-3.16)  0.004 0.046
rs4844488 A/G 269 21 0 228 13 0 G 0.036 0.027 1.33 (0.65-2.73) 0.432 1
rs6672256 T/A 172 109 9 168 65 7 A 0.219 0.165 1.48 (1.07-2.04) 0.017 0.176
rs9430012 G/C 170 109 9 166 62 8 C 0.221 0.165 1.48 (1.07-2.04) 0.018 0.181

Abbreviations: Cl, confidence interval; OR, odds ratio; SNP, single-nucleotide polymorphism. The OR for each SNP was adjusted for age and sex using the
additive model. *P-values after Bonferroni corrections. SNP associated with obesity after Bonferroni correction (P-values <0.05) are shown in bold.

Table 5. Association of rs3753519 with obesity-related traits in children

AA AG GG B (95% Cl) P-value P corr*
n 5 79 449
Age (years) 8713 95103 9.6%0.1 —0.01 (—0.07 to 0.06) 0.879 1
Height (m) 1.40+0.08 1.39+£0.02 1.39+0.01 —0.01 (—0.02 to 0.00) 0.118 1
Weight (kg) 59.24+7.69 48.14+2.15 44.79+0.87 5.04 (1.93 to 8.14) 0.001 0.019
BMI (kgm ~ 2) 30.67 +2.02 24.27+0.73 2249+0.28 2.39 (1.21 to 3.65) <0.001 0.003
BMI z-score 4.6910.87 230+0.24 1.71+£0.10 0.77 (0.32 to 1.22) <0.001 0.008
Waist circumference (cm) 924+5.1 759+2.0 724%08 5.14 (0.37 to 9.92) 0.035 0.369
Systolic BP (mm Hg) 177 104+2 105+1 0.95 (—2.21 to 4.12) 0.555 1
Diastolic BP (mm Hg) 71%7 6512 6411 1.35 (—1.24 to 3.94) 0.306 1
Glucose (mgdl™") 765 84+1 8510 —1.45 (—2.94 to 0.03) 0.056 0.559
Insulin (muU1~") 1256 £4.63 9.55+0.80 8.811£0.35 0.05 (—0.00 to 0.11) 0.068 0.507
HOMA-IR 2471097 1.99+0.17 1.88+0.08 0.04 (—0.01 to 0.10) 0.141 1
Triacylglycerols (mgdl™") 102+26 6413 66+ 2 2.17 (—4.66 to 9.00) 0.534 1
ApoA1 (mg d 127+ 11 1373 141 %1 —4.30 (—10.13 to 1.53) 0.149 1
ApoB (mgdl™") 7747 67+2 69+ 1 —1.51 (—5.10 to 2.79) 0.567 1
Cholesterol (mgdI™) 159+7 162+3 169+ 1 —0.02 (—0.03 to —0.00) 0.045 0.662
HDL-c (mgdl b 44+3 57+2 57%1 —1.35 (—4.51 to 1.82) 0.405 1
LDL-c (mg di=") 94+t6 913 96+ 1 —4.14 (—9.49 to 1.22) 0.131 1
Testosterone (ug () 0.36+0.08 0.41+0.10 0.43+0.05 0.06 (—0.14 to 0.25) 0.585 1
Adiponectin (mg )} 17.68 £ 2.36 2343+1.30 25.57£0.56 —2.63 (—5.16 to —0.10) 0.042 0.609
Resistin (ug 177 10.57 £ 3.06 10.77 £0.65 10.78 £0.27 —0.02 (—1.23 to 1.19) 0.973 1
Leptin (ugl™") 22151241 15.71£1.55 14.19£0.70 2.12 (—0.98 to 5.22) 0.181 1
Cortisol (nmol1~") 279.9+64.2 292.3+147 3265176 —42.88 (—77.24 to —8.52) 0.015 0.120

*P-values after Bonferroni corrections. The P-values <0.05 are shown in bold.

Abbreviations: Apo, apolipoprotein; BMI, body mass index; BP, blood pressure;
homeostatic model assessment for insulin resistance; LDL-c, low-density lipoprotein-cholesterol. The B-coefficients represent the change in the absolute
trait values of each additional risk allele. General linear models were used to examine associations, adjusted for age and sex and assuming an additive effect.

Cl, confidence interval; HDL-c, high-density lipoprotein-cholesterol; HOMA-IR,

and BMI z-score remained significant (Table 5). No significant
association of this SNP was linked to any other quantitative trait of
obesity in either the case or control groups.

Association of rs3753519 with biomarkers of inflammation,
cardiovascular risk and liver damage
To investigate the effect of the risk allele A of rs3753519 on the
plasma biomarkers of inflammation and other obesity complications,
such as cardiovascular risk and non-alcoholic fatty liver disease,
additional linear regression analyses were performed (Table 6). In the
entire population, none of the inflammation biomarkers (IL-6, IL-8,
TNF-o, MCP-1 and CRP) displayed an association with the risk allele
after adjusting for sex and age, nor were any of the biomarkers
significant when the case and control groups were analysed
separately.

The liver enzyme GGT, which is a marker of non-alcoholic fatty
liver disease, was significantly increased in the children carrying
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allele A (1.03UI7" (95% CI 0.03-2.02) P=0.040 per allele). In
contrast, transaminase concentrations (ALT and AST) did not show
any association with the risk allele. Among the analysed
biomarkers for cardiovascular risk (sICAM-1, sE-selectin, MPO,
MMP-9 and active and total PAI-1), only the concentration of
active PAI-1 was associated with allele A in the studied population
(P=0007) P 244ugl™" (95% Cl 025-1.99); however, this
significance was not upheld after a Bonferroni correction (Table 6).
These associations were not observed when the linear regression
analyses were conducted separately on the control or case groups
(data not shown).

DISCUSSION

In this study, we identified a strong association of the rs3753519
HSD11B1 SNP with obesity in Spanish children. The risk of obesity
in children carrying the minor allele, ‘allele A", was nearly double
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Table 6. Association of the HSD71B1 SNP, rs3753519, with biomarkers of inflammation, cardiovascular risk and liver damage in children
AA AG GG B (95% Cl) P-value P corr*
n 5 79 449
ALT (UITY) 20+3 22+1 2210 —6.68 (—2.57 to 1.22) 0.485 1
AST (UITY) 15+2 19+%1 19+0 —0.83 (—2.25 to 0.59) 0.254 1
GGT (UIT) 12£3 11%0 10£0 1.03 (0.03 to 2.03) 0.045 0.551
CRP (mgl™") 3.93+061 3.22+0.58 2.11+0.19 0.79 (—0.71 to 2.29) 0.302 0.257
IL-6 (ngl™") 2.05+0.63 6.24+1.48 5.88+0.51 —0.21 (—2.55 to 2.13) 0.859 1
IL-8 (ng 177 1.20+0.54 1.98+0.21 1.89+0.11 —0.02 (—0.49 to 0.45) 0.933 1
TNF-o (ng1™") 3.61+0.67 3.92+0.27 3.51+0.10 0.32 (-0.12 to 0.75) 0.156 1
MCP-1 (ngl™") 111.60 + 15.01 116.44+7.69 109.64 +2.70 5.20 (—7.25 to 17.64) 0.413 1
MMP-9 (ug [} 92.26 £ 19.45 86.81+7.73 83.7912.72 —0.00 (—0.06 to 0.06) 0.991 1
MPO (ug () 17.25+7.07 20.57+2.63 17.19£1.19 248 (—2.85 to 7.81) 0.363 1
sE-selectin (ugl™") 30.40+13.83 27.73+£1.98 27.18+0.73 0.56 (—2.85 to 3.98) 0.746 1
SICAM-1 (mgl™") 0.178 £0.024 0.160 + 0.007 0.165 £ 0.003 —0.00 (—0.02 to 0.01) 0.679 1
sVAM-1 (mg ) 0.96 £ 0.20 1.07 £ 0.04 1.11+£0.02 —0.05 (—0.13 to 0.024) 0.182 1
Active PAI-1 (ugl™") 21.89+8.48 9.83£1.03 8.56+0.38 2.44 (0.65 to 4.22) 0.008 0.062
Total PAI-1 (ng [} 31.40+6.33 24.52+1.90 23.16+0.80 0.04 (—0.03 to 0.11) 0.254 1
Abbreviations: ALT, alanine transaminase; AST, aspartate transaminase; Cl, confidence interval; CRP, C-reactive protein; GGT, y-glutamyl transpeptidase;
IL, interleukin; MCP, monocyte chemotactic protein; MMP, matrix metalloproteinase; MPO, myeloperoxidase; PAIl, plasminogen activator inhibitor;
sE-selection, soluble endothelial selection; sICAM, soluble intercellular adhesion molecule; sVAM, soluble vascular adhesion molecule; SNP, single-nucleotide
polymorphism; TNF, tumour necrosis factor. The B-coefficients represent the change in absolute trait values of each additional risk allele. General linear
models were used to examine associations, adjusting for age and sex, and with the assumption of an additive effect. *P-values after Bonferroni correction.
The P-values <0.05 are shown in bold.

versus non-carriers. Furthermore, after adjusting for sex and age,
the presence of this variant in our cohort was associated with
increased BMI, BMI z-score, weight and waist circumference and
decreased plasma fasting adiponectin levels. These data, which
link the HSD11B1 genotype with both disease prevalence and its
related phenotypes, strongly support the role of the HSD11B1
gene in the pathogenesis of obesity.

Despite observing a significant association of the allelic risk
presence with common obesity-related phenotypes (BMI, weight,
waist circumference and adiponectin) in the entire population, we
failed to show these associations when the analyses were
performed separately in the control and case groups (except for
BMI in the case group). This may have been because of the
relatively small sample size and narrow range of the tested
quantitative traits in both the case and control groups. Never-
theless, the robust effect of the rs3753519 HSD11B1 variant in
obesity was evident, demonstrating a significant association with
BMI in the obese group despite the relatively small sample size.
However, additional association studies with a larger independent
Caucasian population are necessary to validate our current
findings and investigate the associations of this SNP with
obesity-related quantitative traits.

The regulation of HSD11B1 expression is highly tissue specific and
involves the use of two alternative promoters: a distal promoter, P1,
and a proximal promoter, P2.%* In a recent study, transcription from
P2 predominated in human liver, lung and subcutaneous adipose
tissues, whereas transcription from P1 predominated in human
tumour cell lines.?* rs3753519 is located in the P2 promoter exactly
2679 nucleotides 5’ to the transcriptional start codon; therefore, this
SNP may affect the transcription rate of the HSD11B1 gene.
Although the functional consequences of this polymorphism were
assessed using several different web tools for expression quantita-
tive trait loci and transcription factor binding sites, there were no
positive results (data not shown). Polymorphisms in the P2 promoter
region (rs846910) and an intronic enhancer (rs12086634) have been
associated with type 2 diabetes and/or hypertension in three
different populations, although not with obesity per se.'”'®%* The G
allele of rs12086634 has been associated with lower 11B-HSD1
transcriptional activity in vitro;?® however, no functional conse-
quences of the allelic variation rs846910 have been found in vitro.””
Another polymorphism in the P2 promoter located two nucleotides
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5’ to the translation initiation site (rs13306421) has shown functional
consequences on 11B-HSD1 enzyme activity in vitro by producing
higher enzyme expression and activity levels;?”  however,
the presence of this variant has not been detected in the
Caucasian population, and its association with disease has not
been published.

In the present study, the previously reported association of
rs846910 with diabetes and hypertension-related phenotypes was
not found, and its association with obesity was not significant
despite being in linkage disequilibrium with the polymorphism
153753519 (D'=1; r*=0.495 calculated with Haploview 4.2
software available at www.broad.mit.edu/mpg/haploview/). The
reason for this lack of a clear association between 113-HSD1
genetic variability and obesity has yet to be reported. Despite
evidence of its effect in animal and human obesity, this lack
of association may be because neither of the SNPs investi-
gated were functional, and the weak associations found with
obesity-related phenotypes could be attributable to a linkage
disequilibrium with a functional locus.

The reduction in plasma cortisol concentrations associated with
the presence of rs3753519 risk allele A, which was identified in the
present study, may indicate an effect of this variant on gene transcrip-
tion and enzyme activity. Lower hepatic 118-HSD1 activity (assessed
by the urinary tetrahydrocortisol + 5a-tetrahydrocortisol/tetrahydro-
cortisone ratio) has been reported in obese children®® and is
supported by the finding that the activation of oral cortisone to
cortisol is impaired in obesity.5 However, there is no consensus on
plasma cortisol levels in obese subjects. It should be noted that the
interpretation of plasma cortisol values is complicated by cortisol
being secreted episodically;?® thus, a single spot value may be
unrepresentative. This problem can be obviated by measuring the
24-h mean plasma cortisol concentrations or 24-h integrated
plasma concentration.° Only studies using one of these parameters
should be accepted for the critical evaluation of plasma cortisol
concentrations in obesity. Decreased plasma cortisol concentrations
have been found in obese individuals using these parameters, and
this is likely because of the subnormal responsiveness to feedback
stimulation in the hypothalamic - pituitary -adrenal axis.>® Although
the method of measuring plasma cortisol concentrations used in
this study is a limitation, the plasma cortisol concentrations were
analysed under the same conditions in all subjects (that is, in the
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morning at 0800-0830h after an overnight fast). Therefore, the
decreased cortisol concentrations found in obese children could
support this hypothesis.

Independent of plasma cortisol concentration, tissue glucocorti-
coid dysregulation has been described in common obesity.
Decreased cortisol levels in the liver secondary to reduced
11B-HSD1 activity> 7 and increased 11B-HSD1 mRNA levels and
activity in adipose tissue have been reported.®”'® However, the
underlying mechanisms for the emerging tissue-specific expression
patterns are poorly understood. Recently, it has been proposed
that several key regulators of lipid metabolism and inflammation,
including peroxisome proliferator-activated receptor o and v, liver
X receptor and CCAAT/enhancer-binding proteins, participate in
regulating HSDT1B1 expression.? In this study, no associations
between the HSD11B1 variant and circulating lipids or inflammation
biomarkers were identified. Therefore, although tissue concentra-
tions should be assessed, these results could rule out this hypothesis,
at least in children. The association of rs3753519 with increased
concentrations of the liver enzyme GGT, which is a classical marker
of fatty liver disease, as well as decreased concentrations of
adiponectin, which is a marker of adipose tissue alteration, and
increased concentrations of active PAI-1, a marker of cardiovascular
disease, could imply a possible role for this variant in the aetiology of
obesity. We conclude that the rs3753519 gene polymorphism in
HSD11B1 is associated with susceptibility to pediatric-onset obesity
and its complications; however, this finding should be replicated in
an independent cohort.
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Variants in the neuropeptide Y (NPY) gene have been associated with obesity and its traits. The objective
of the present study was to evaluate the association of single nucleotide polymorphisms (SNPs) in the
NPY gene with obesity, metabolic syndrome features, and inflammatory and cardiovascular disease (CVD)
risk biomarkers in Spanish children. We recruited 292 obese children and 242 normal-body mass index
(BMI) children. Height, weight, BMI, waist circumference, clinical and metabolic markers, adipokines, and
inflammatory (PCR, IL-6, IL-8 and TNF-a) and CVD risk biomarkers (MPO, MMP-9, sE-selectin, sVCAM,
sICAM, and PAI-1) were analyzed. Seven SNPs in the NPY gene were genotyped. The results of our
study indicate that anthropometric measurements, clinical and metabolic markers, adipokines (leptin
and resistin), and inflammatory and CVD risk biomarkers were generally elevated in the obese group.
The exceptions to this finding included cholesterol, HDL-c, and adiponectin, which were lower in the
obese group, and glucose, LDL-c, and MMP-9, which did not differ between the groups. Both rs16147
and rs16131 were associated with the risk of obesity, and the latter was also associated with insulin
resistance, triacylglycerols, leptin, and HDL-c. Thus, we confirm the association of rs16147 with obesity,
and we demonstrate for the first time the association of rs16131 with obesity and its possible impact on

the early onset of metabolic syndrome features, mainly triacylglycerols, in children.

© 2013 Elsevier Inc. All rights reserved.

1. Introduction

Neuropeptide Y (NPY) is a peptide that acts as a neurotransmit-
ter or neuromodulator. It has been implicated in several human
diseases including obesity, alcoholism, schizophrenia, and depres-
sion, each of which might be considered to have behavioral or

Abbreviations: NPY, neuropeptide Y; SNP, single nucleotide polymorphism;
TAG, triacylglycerols; LDL-c, low-density lipoprotein-cholesterol; BP, blood pres-
sure; BMI, body mass index; CVD, cardiovascular diseases; IOTF, International
Obesity Task Force; PAI, 1 plasminogen activator inhibitor-1; IL, interleukin; TNF-
«, tumor necrosis factor alpha; sICAM-1, soluble intercellular adhesion molecule
1; sE-selectin, soluble endothelial selectin; MPO, myeloperoxidase; MMP-9, matrix
metalloproteinase 9; CRP, C reactive protein; MAF, minor allele frequency; LD, link-
age disequilibrium; HOMA-IR, homeostasis model assessment for insulin resistance;
OR, odds ratio; CI, confidence interval; VLDL, very low density lipoproteins.
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psychiatric components [3]. The role of NPY in the hypothalamic
control of energy balance is well established. When this potent
orexigenic neuropeptide is chronically administered to the central
nervous system, it leads to an increase in food intake, body weight,
and adiposity in rats [25,29]. The obesity induced by NPY is due not
only to hyperphagia but also to increased accumulation of lipids
in white adipose tissue, inhibition of thermogenesis in brown adi-
pose tissue, stimulation of hyperinsulinemia, and hypersecretion of
corticosteroids [1,21]. Although there is extensive evidence of the
key role of NPY in energy regulation in rats, evidence in humans is
limited.

The first studies showing a positive association of an NPY gene
variant (-8801/D) with obesity were those performed by Bray et al.
[2] in Mexican-American families. Additionally, there have been
many studies examining the functional Leu7Pro polymorphism
(rs16139). This SNP has been associated with a large number of con-
ditions related to obesity and metabolic syndrome traits, including
increased body mass index (BMI) in adults [6], development of obe-
sity in young adults [28], risk of hypertension [11], high plasma
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low-density lipoprotein-cholesterol (LDL-c) in children and adults
[9,22], and elevated plasma triacylglycerols (TAG) [10]. This vari-
ant has been associated with metabolic syndrome in patients with
coronary artery disease [15]. This SNP has also been shown to cor-
relate with high birth body weight in preschoolers [10], the risk
of an accelerated atherosclerotic process or carotid atherosclerosis
in adults [11,17], and the risk of type 2 diabetes mellitus in adults
[18,26].

Other studies of SNPs in the NPY gene have reported an associ-
ation of rs16147 and rs16135 with ischemic stroke [12,13,31] and
the onset of atherosclerosis [23]. Additionally, rs16147 has been
associated with being overweight [8] and dietary fat intake and
changes in blood pressure (BP) [32]. However, there are only two
studies that have investigated the association of rs16147 with obe-
sity; one study found no association of this variant with obesity in
two different cohorts of adults [30], and the other demonstrated a
significant effect of this variation on age-dependent body weight
and BMI during childhood and adolescence in a German popula-
tion [7]. No associations so far have been reported for rs16131.
Thus, the objective of the present study was to evaluate whether
some variants in the NPY gene, including rs16131, rs16139, and
rs16147, are associated with obesity, metabolic syndrome features,
and inflammatory and cardiovascular disease (CVD) risk biomark-
ers in a cohort of Spanish children.

2. Materials and methods
2.1. Study design

This is a case-control multicenter study in children. We
recruited 292 (149 male and 143 female) obese children and 242
(135 male and 107 female) normal-BMI children, all of them of
European-Caucasian heritage and aged 5-15 years between May
2007 and May 2010 in two cities in Spain (Cordoba and Santiago
de Compostela). Childhood obesity was defined according to the
International Obesity Task Force (IOTF) reference for children [5].
The inclusion criteria were European-Caucasian heritage and the
absence of congenital metabolic diseases. The exclusion criteria
were non-European-Caucasian heritage, the presence of congenital
metabolic diseases (e.g., diabetes or hyperlipidemia), undernutri-
tion, and the use of medication that alters BP, glucose or lipid
metabolism. After the initial assessments were completed at the
school or primary care center, the children fulfilling the inclusion
criteria were invited for a clinical examination at the appropri-
ate participating hospital. The parents or guardians were informed
about the purpose and procedures of the study before written con-
sent was obtained, and all children gave their assent. The study
was compliant with the Declaration of Helsinki (Edinburgh 2 000
revised) and followed the recommendations of the Good Clinical
Practice of the CEE (Document 111/3976/88 July 1990), and the
legally enforced Spanish regulation, which regulates the clinical
investigation of human beings (RD 223/04 about clinical trials). The
Ethics Committee on Human Research of the University of Granada,
the Ethics Committee of the Reina Sofia University Hospital of Cor-
doba, and the Bioethics Committee of the University of Santiago de
Compostela approved the study.

2.2. Anthropometric and biochemical measurements

The anthropometric measurements were taken by a single
examiner at each hospital. The children were barefoot and in their
underwear when the measurements were taken. Body weight (kg)
was measured using a standard beam balance. Height (cm) was
measured using a precision stadiometer. BMI, defined as weight
(kg) divided by the square of height (m?), was calculated. Waist

circumference was measured by applying an inelastic tape hor-
izontally midway between the lowest rib margin and the iliac
crest of the standing child at the end of a gentle expiration. BP
was measured three times by the same examiner using a mercury
sphygmomanometer and following international recommenda-
tions [16]. The blood samples were drawn via the antecubital vein
after the patient had fasted overnight. The biochemical analyses
were performed at the participating University Hospital Laborato-
ries following internationally accepted quality control protocols.

2.3. Adipocytokines, inflammation, and CVD risk biomarkers

The adipocytokines and inflammatory and CVD risk biomark-
ers were analyzed using three different LINCOplex™ Kkits with
human monoclonal antibodies (Linco Research, MO, USA) on a
Luminex® 200™ System (Luminex Corporation, TX). The three
kits were the following: (1) Adiponectin (CV: 7.9%), resistin (CV:
6.0%), and active plasminogen activator inhibitor-1 (PAI-1) (CV:
6.6%) (Cat. HADK1-61K-A); (2) interleukin (IL)-6 (CV: 7.8%), IL-
8 (CV: 7.9%), leptin (CV: 7.9%), and tumor necrosis factor alpha
(TNF-a) (CV: 7.8%) (Cat. HADK2-61K-B); and (3) soluble intercellu-
lar adhesion molecule-1 (sSICAM-1) (CV: 7.9%), soluble endothelial
selectin (sE-selectin) (CV: 11.2%), myeloperoxidase (MPO) (CV:
12.3%), matrix metalloproteinase-9 (MMP-9) (CV: 6.8%), and total
PAI-1 (CV: 11.8%) (Cat. HCVD1-67AK). C reactive protein (CRP) (CV:
4%)levels were determined with a particle-enhanced turbidimetric
immunoassay (Dade Behring Inc., Deerfield, IL).

2.4. DNA isolation and genotyping

Genomic DNA was extracted from buffy coats using the QIAamp
Blood kit (Qiagen, Valencia CA, USA). A total of seven SNPs in dif-
ferent regions of the NPY gene were selected from the HapMap
and NCBI databases and were among those with a minor allele fre-
quency (MAF) higher than 0.05 and a minimum pair wise linkage
disequilibrium (LD) of r2 =0.8 for the Caucasian population. Geno-
typing was performed with the Illumina GoldenGate (Illumina, San
Diego, CA, USA) protocol on 96-well format Sentrix® arrays. Two
hundred and fifty nanograms of DNA sample were used per assay.

The genotyped SNPs had genotype success rates of >95%, with
the exception of rs16148 (84.5%), which was excluded from fur-
ther analyses. The Hardy-Weinberg equilibrium for each SNP was
examined; rs16479 and rs16139 were excluded from the study
because they did not reach equilibrium in the normal-BMI group.
For this reason, we can neither confirm nor refute the association of
the widely studied rs16139 with obesity and/or its traits in our pop-
ulation. The allele frequencies of the SNPs examined in the current
study were similar to those reported for Caucasians in the HapMap
(data not shown).

2.5. Statistical analysis

All continuous variables were expressed as the mean + SEM.
Normality distribution was assessed by the Kolmogorov-Smirnov
test. Insulin, homeostasis model assessment for insulin resis-
tance (HOMA-IR), total cholesterol, MMP-9, and total PAI-1 were
logarithmically transformed, as they did not follow normality.
Homogeneity of variances was estimated using the Levene test.
Mean comparisons between obese and normal-BMI children
for continuous variables were compared by Student’s t-test for
unpaired samples. The genotypic relative risk was assessed by com-
paring the obese group with the normal-BMI group and calculating
the odds ratio (OR) and the 95% confidence interval (CI) using logis-
tic regression analysis under an additive model adjusted by age
and sex. Linear or logistic regressions in the entire population were
performed under an additive model to estimate the association
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of each SNP with phenotypic parameters related to obesity and
biomarkers of inflammation and CVD risk. Haploview software
version 4.2 was used with the default setting to assess LD between
SNPs. The statistical analyses were performed with PLINK (version
1.07; Cambridge, MA) and SPSS (version 15.0.1; Chicago, IL).

3. Results
3.1. Children characteristics

Table 1 shows the characteristics of the obese and normal-BMI
subjects. The anthropometric measurements (height, weight, BMI,
BMI z-score, and waist circumference) as well as most of the clinical
and metabolic markers (systolic and diastolic BP, insulin, HOMA-
IR, and TAG) were significantly higher in the obese group than in
the normal-BMI children. In contrast, total cholesterol and HDL-c
levels were lower in the obese subjects, and glucose and LDL-c lev-
els did not differ between the groups. The hepatic enzyme levels of
alanine transaminase and y-glutamyl transpeptidase were higher
in the obese group, but the level of aspartate transaminase were
lower. Adiponectin was also found at lower amounts in the obese
group. Leptin, resistin, and inflammatory (PCR, IL-6, IL-8, and TNF-
o) and CVD risk biomarkers (MPO, sE-selectin, SICAM-1, and PAI-1)
were higher in the obese group than in the normal-BMI group, with
the exception of MMP-9 levels, which did not significantly differ
between the two groups.

3.2. Association of NPY gene SNPs with obesity

The association between the four analyzed NPY SNPs and obesity
in children is shown in Table 2. Three out of the four SNPs were
nominally associated with obesity after age and sex adjustment
under an additive model. However, only the rs16131 and rs16147
SNPs remained statistically significant after Bonferroni correction
(OR=1.69 for allelic effect, 95% CI: 1.18-2.41, P=0.004, Bonferroni
corrected P=0.016 and OR =1.38 for allelic effect, 95% CI: 1.08-1.78,
P=0.010, Bonferroni corrected P=0.040, respectively). No LD was
observed between rs16147 located in the promoter region and the
other studied intronic SNPs (rs16131 r2=0.173, rs16178 1% =0.409,
and rs16135 r2=0.002) in our population. Additionally, we found
the LD in Caucasian Population for the NPY SNPs in the HapMap
data, and we found that the functional Leu7Pro variant, rs16139,
was not in LD with rs16131, rs16178 or rs16135. No data were
available for rs16147.

3.3. Association of rs16147 with obesity-related traits

The rs16147 variant was associated with increased weight, BMI,
and BMI z-score, as shown in Table 3. This SNP was also associated
with lower levels of HDL-c; children carrying the T allele had a
decrease of 0.06 mmol/L (95% CI: —0.10, —0.01) of HDL-c per allele.
After an additional adjustment by BMI, the association with HDL-c
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Table 1
Anthropometric and biochemical parameters of the studied children.
Normal-BMI Obese P

N 242 292

Anthropometric characteristics
Sex (M/F) 135/107 149/143 0.273
Age (y) 9.73+0.2 9.43+0.2 0.172
Weight (kg) 329+0.7 55.9+1.0 <0.001
Height (m) 1.37+0.01 1.41+0.01 0.001
BMI (kg/m?) 17.14+0.13 27.56+0.24 <0.001
BMI z-score —0.17+0.04 3.49+0.08 <0.001
Waist circumference (cm) 60.2+0.5 84.0+0.9 <0.001

Clinical and metabolic biomarkers
Systolic BP (mm Hg) 97+1 111+1 <0.001
Diastolic BP (mm Hg) 60+1 69+1 <0.001
Glucose (mmol/L) 4.66+0.02 4.72+0.06 0.772
Insulin (pmol/L) 41.32+1.60 79.59+3.54 <0.001
HOMA-IR 1.26+£0.05 243+0.12 <0.001
Triacylglycerols (mmol/L) 0.62+£0.01 0.85+0.02 <0.001
Cholesterol (mmol/L) 4.43+0.05 4.27+0.05 0.012
HDL-c (mmol/L) 1.66+0.03 1.32+0.03 <0.001
LDL-c (mmol/L) 2.43+0.05 2.51+0.03 0.144
ALT (pkat/L) 0.28 +0.00 0.35+0.00 <0.001
AST (pka/L) 0.40+0.00 0.35+0.00 <0.001
GGT (uka/L) 0.14+0.00 0.18+0.00 <0.001

Adipocytokines
Adiponectin (mg/L) 28.28+0.77 22.57+0.66 <0.001
Resistin (ug/L) 9.65+0.33 11.71+0.34 <0.001
Leptin (pg/L) 430+0.26 22.91+0.86 <0.001

Inflammatory biomarkers
C-reactive protein (nmol/L) 4.57+0.67 18.95+1.52 <0.001
IL-6 (ng/L) 4.50+0.53 6.95+0.75 0.012
IL-8 (ng/L) 1.57+0.11 2.16+0.15 0.003
TNF-« (ng/L) 3.06+0.11 4.01+0.13 <0.001

Cardiovascular disease risk biomarkers
MMP-9 (ug/L) 79.99+3.15 88.42+3.90 0.636
MPO (pg/L) 13.10+1.16 21.51+1.70 <0.001
sE-Selectin (jg/L) 22.93+0.76 31.26+1.05 <0.001
SICAM-1 (mg/L) 0.153+0.004 0.175+0.005 <0.001
Active PAI-1 (pg/L) 5.16+0.27 11.96+0.57 <0.001
Total PAI-1 (pg/L) 18.95+0.85 27.23+1.01 <0.001

M: male; F: female; BMI: body mass index; BP: blood pressure; HOMA-IR: homeo-
stasis model assessment for insulin resistance; HDL-c: high-density lipoprotein
cholesterol; IL: interleukin; ALT: alanine transaminase; AST: aspartate transami-
nase; GGT: gamma-glutamyl transpeptidase; TNF-a: tumor necrosis factor alpha;
MMP-9: metalloproteinase-9; MPO: myeloperoxidase; sICAM-1: soluble intra-
cellular adhesion molecule-1, PAI-1: plasminogen activator inhibitor-1. The
P-values <0.05 are shown in bold.

was lost. No significant association of this SNP was observed with
the other biomarkers studied.

3.4. Association of rs16131 with obesity-related traits

The rs16131 polymorphism was associated with increased
height, weight, BMI, and BMI z-score (Table 4). It was also asso-
ciated with higher insulin, HOMA-IR, TAG, and, leptin and lower
HDL-c. Children carrying the risk allele had increases of 0.42 pmol/L
(95% CI: 0.07, 0.69) of insulin, 0.06 (95% CI: 0.01, 0.10) of HOMA-
IR, 0.08 mmol/L (95% CI: 0.02, 0.14) of TAG, and 3.29 p.g/L (95% CI:

Table 2

Genotypic distribution of the NPY analyzed polymorphism and its association with obesity in children.
Polymorphism  Position Allele 1/allele2  Case Control Risk allele OR (95%IC) P Pcorr.”

11 12 22 11 12 22 Risk allele  Case  Control

rs16147 Promoter  C/T 69 128 82 70 123 43 T 0.526 0.444 1.38(1.08-1.78) 0.010 0.040
1516478 Intron 1 C/T 146 112 22 116 104 14 T 0.280 0.285 0.98(0.74-1.29) 0867 1
1516135 Intron 2 q/T 237 49 3 214 23 2 T 0.096 0.058 1.77(1.10-2.85) 0.019  0.078
rs16131 Intron 3 AlG 207 66 17 192 48 1 G 0.171 0.104 1.69(1.18-2.41) 0.004 0.016

Abbreviations: CI, confidence interval; OR, odds ration; SNP, single-nucleotide polymorphism. The OR for each SNP was adjusted by age and gender using an additive model.

* Pvalues after Bonferroni correction.
The P-values <0.05 are shown in bold.
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Table 3
Association of the rs16147 SNP in the NPY gene with obesity related traits and with biomarkers of inflammation and cardiovascular disease risk in children.
cC TC TT B (95%IC) P p

N 139 251 125

Anthropometric characteristics
Height (m) 1.39+0.01 1.39+0.01 1.39+0.01 —0.003(—0.01, 0.00) 0.121 0.548
Weight (kg) 45.0+1.6 443+1.2 481+1.6 2.21(0.43, 4.00) 0.016 0.598
BMI 22.37+0.52 22.36+0.39 24.22+0.53 1.03(0.30, 1.76) 0.006 -
BMI z-score 1.57+0.18 1.68+0.13 2.39+0.20 0.38(0.12, 0.64) 0.004 -
Waist circumference (cm) 71.95+1.55 7217 +£1.07 76.08 +1.39 1.84(—0.90, 4.58) 0.189 0.860

Clinical and metabolic biomarkers
Systolic BP (mmHg) 104+2 105+1 106+1 1.55(-0.27,3.37) 0.096 0.870
Diastolic BP (mmHg) 64+1 65+1 65+1 0.42(-1.07,1.91) 0.584 0.447
Glucose (mmol/L) 4.72+0.06 4.66 +0.02 4.72+0.06 0.01(—0.04, 0.06) 0.684 0.667
Insulin (pmol/L) 61.05+4.58 64.03 +3.61 59.24+2.99 0.14(-0.07, 0.42) 0.169 0.986
HOMA-IR 1.88+0.16 1.96+0.12 1.80+0.09 0.02(—0.01, 0.06) 0.178 0.988
Triacylglycerol (mmol/L) 0.75+0.03 0.75+0.02 0.73+0.02 —0.003(—0.05, 0.04) 0.897 0.245
Cholesterol (mmol/L) 4.33+0.05 4.35+0.05 4.30+0.08 —0.00003(—0.0003, 0.0003) 0.691 0.999
HDL-c (mmol/L) 1.50+0.03 1.48+0.03 1.40+0.03 —0.06(—0.10, —0.01) 0.018 0.233
LDL-c (mmol/L) 94+0.05 95+0.05 96 +0.05 0.04(—0.04, 0.12) 0.329 0.358

Adipocytokines
Adiponectin (mg/L) 25.36+0.93 24.71+0.77 26.21+1.11 0.36(—1.02, 1.80) 0.628 0.208
Resistin (pg/L) 10.68 +0.42 10.66+0.37 11.16+0.52 0.28(—0.40, 0.97) 0.417 0.782
Leptin (pg/L) 13.98+£1.46 13.82+0.86 16.42+1.11 1.26(-0.50, 3.02) 0.160 0.300

Inflammatory biomarkers
C-reactive protein (nmol/L) 21.24+3.71 21.14+2.57 24.86+3.14 1.52(-3.33,6.38) 0.537 0.783
IL-6 (ng/L) 6.14+1.00 5.78 +0.61 6.09+1.22 —0.05(-1.43,1.32) 0.941 0.750
IL-8 (ng/L) 1.90+0.22 1.89+0.14 1.88+0.18 -0.05(—0.32,0.23) 0.744 0.487
TNF-a (ng/L) 3.45+0.16 3.54+0.13 3.78+0.21 0.12(-0.13,0.37) 0.346 0.739

Cardiovascular disease risk biomarkers
MMP-9 (pg/L) 82.07 +4.47 86.99 +3.95 80.74+5.28 —0.01(—0.05, 0.02) 0.395 0.394
MPO (pg/L) 17.71+£2.06 18.17+1.57 17.23+2.43 —0.43(—3.52, 2.66) 0.785 0.435
sE-Selectin (ug/L) 26.46+1.22 27.95+0.96 26.58 +1.66 0.09(—1.83, 2.00) 0.931 0.569
sICAM-1 (mg/L) 0.165 +0.007 0.167 +0.004 0.162 +0.005 —0.003(—0.01, 0.01) 0.478 0.275
Active PAI-1 (pg/L) 8.15+0.74 9.33+0.56 8.92+0.66 0.48(—0.55, 1.51) 0.357 0.743
Total PAI-1 (ug/L) 22.16+1.20 25.05+1.19 21.51+1.34 —0.01(-0.05, 0.03) 0.653 0.228

B Coefficients represent the change in absolute traits values of each additional risk allele. General linear models were used to examine associations with the assumption of
an additive effect. P adjusted by age and sex. P* adjusted by age, sex and BMI. The P-values < 0.05 are shown in bold. CI: Confidence interval; BMI: body mass index; BP: blood
pressure; HOMA-IR: homeostasis model assessment for insulin resistance; HDL-c: high-density lipoprotein cholesterol; IL: interleukin; TNF-«:: tumor necrosis factor alpha;
MMP-9: metalloproteinase-9; MPO: myeloperoxidase; sSICAM-1: soluble intracellular adhesion molecule-1, PAI-1: plasminogen activator inhibitor.

0.88, 5.70) of leptin and an HDL-c decrease of 0.08 mmol/L (95%
CI: —0.15, —0.02) per allele. After an additional adjustment by BMI,
only TAG showed a trend of association with this SNP (P=0.072).
We performed a multiple regression analysis of the metabolic syn-
drome components and rs16131, and the plasma concentration of
TAG was the only component independently associated with this
polymorphism (8 =1.007, 95% CI: 1.002-1.013, P=0.012).

4. Discussion

In the present study, we validate the association between the
NPY rs16147 genotype and BMI in Spanish children, observing
higher BMI values in TT homozygotes as compared with het-
erozygous C allele carriers. Moreover, we find for the first time a
significant association of the intronic rs16131 SNP with higher BMI,
insulin, HOMA-IR, TAG, and leptin and lower HDL-c.

The rs16147 variant, located in the promoter region of the gene,
is shown in our study to be associated with obesity and lower lev-
els of HDL-c. These findings correspond well with the recent work
of Hohmann et al., who also found an association of this variant
with BMI development from infancy to adulthood [7]. Hohmann
et al. also provided evidence of a significant age dependence of
this association, indicating that the NPY effect increased with age
and was more pronounced in older age groups than in younger
ones. Our results are in concordance with these findings, as they
show association from eight years onwards, and our cohort of chil-
dren is between 5 and 15 years old, with a mean of 9.6 years. More
evidence of the influence of this SNP on obesity has been demon-
strated in post-mortem brain and lymphoblastoid cell lines that
show higher NPY expression in risk allele carriers (T) of rs16147

[33]. As NPY leads to an increase in food intake as well as the num-
ber of meals consumed per day and directly stimulates adipocyte
growth in mice, the higher BMI scores of T allele carriers in the
present study suggests there may be a corresponding increase in
NPY expression levels.

Interestingly, in the present study, rs16131 was not only associ-
ated with the same features as rs16147 but also with higher levels
of TAG, insulin, HOMA-IR, and leptin, most of which are features
of metabolic syndrome. It has been suggested that NPY may be
involved in the development of insulin resistance [24], and our
results add further support to this hypothesis. In fact, our results
show that plasma concentration of TAG was the only metabolic
syndrome component independently associated with the rs16131
polymorphism. This finding suggests that the rs16131 variant
of the NPY gene, rather than being involved in the regulation of
energy intake, might be related to the action of this neuropeptide
on the key organs involved in the synthesis and use of TAG, such
as liver and adipose tissue. Van den Hoek et al. [27] demonstrated
that the cerebroventricular administration of NPY in rats induces
insulin resistance through the activation of the sympathetic nerve
endings reaching the liver. Furthermore, Ruohonens et al. [20]
demonstrated in transgenic DBH-NPY mice that an overexpression
of NPY in the central nervous system and noradrenergic neurons
of the brain causes an increase in adiposity and the hepatic
accumulation of TAG, generating hyperinsulinemia and glucose
metabolism dysfunction over time; these changes were indepen-
dent of NPY concentrations in the hypothalamus. Additionally,
it has been demonstrated that an intact hepatic sympathetic
innervation and arcuate nucleus are also necessary to maintain
VLDL (very low density lipoproteins)-TAG secretion during fasting,
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Table 4
Association of the rs16131 SNP in the NPY gene with obesity related traits and with biomarkers of inflammation and cardiovascular disease risk biomarkers in children.
AA AG GG B (95%IC) P p

N 399 114 18

Anthropometric factors
Height (m) 1.39+0.01 1.38+0.01 1.40+0.02 —0.01(-0.01, —0.001) 0.034 0.219
Weight (kg) 45.1+0.9 452+1.7 54.2+3.0 2.97(0.55, 5.40) 0.017 0.551
BMI 22.59+0.30 23.01+0.60 27.36+1.01 1.40(0.41, 2.39) 0.006 -
BMI z-score 1.73+0.11 1.90+0.20 3.59+0.41 0.47(0.12,0.82) 0.008 -
Waist circumference (cm) 72.64+0.88 73.49+1.46 81.50+2.95 0.62(-3.13,4.37) 0.747 0.800

Clinical and metabolic biomarkers
Systolic BP (mmHg) 105+1 105+1 107 +4 0.71(-1.78, 3.20) 0.578 0.404
Diastolic BP (mmHg) 64+1 65+1 64+3 0.62(—1.41,2.64) 0.550 0.627
Glucose (mmol/L) 4.72+0.02 4.66 +0.06 4.83+0.11 0.01(-0.05, 0.08) 0.657 0.657
Insulin (pmol/L) 61.12+2.50 62.02+5.28 88.13+9.58 0.42(0.07, 0.69) 0.015 0.225
HOMA-IR 1.88+0.08 1.86+0.16 2.73+0.31 0.06(0.01,0.10) 0.018 0.243
Triacylglycerol (mmol/L) 0.72+0.01 0.81+0.05 0.84+0.07 0.08(0.02, 0.14) 0.009 0.072
Cholesterol (mmol/L) 4.35+0.03 4.35+0.08 4.17+0.18 —0.0001(—0.001, 0.0003) 0.527 0.803
HDL-c (mmol/L) 1.50+0.03 1.42+0.03 1.30+0.08 —0.08(—0.15, —0.02) 0.009 0.128
LDL-c (mmol/L) 2.46+0.03 2.51+0.08 2.46+0.16 0.04(-20.07,0.15) 0.480 0.521

Adipocytokines
Adiponectin (mg/L) 25.18+0.57 24.86+1.21 25.81+3.37 —0.25(-2.12, 1.70) 0.799 0.635
Resistin (pg/L) 10.60+0.27 11.61+0.64 9.68 +0.56 0.41(-0.53, 1.36) 0.392 0.758
Leptin (pg/L) 13.72+0.74 15.99+1.34 22.20+2.28 3.29(0.88, 5.70) 0.008 0.412

Inflammatory biomarkers
C-reactive protein (nmol/L) 21.91+3.14 19.14+2.29 33.24+4.48 —0.19(-6.38,6.76) 0.675 0.459
IL-6 (ng/L) 5.85+0.55 6.67+1.15 2.52+045 —-0.30(-2.17,1.57) 0.750 0.554
IL-8 (ng/L) 1.85+0.11 2.04+£0.22 1.81+0.23 0.07(-0.31,0.44) 0.730 0.982
TNF-a (ng/L) 3.47+£0.10 3.79+0.18 4.16+0.57 0.26(0.08, 0.59) 0.139 0.383

Cardiovascular disease risk biomarkers
MMP-9 (pg/L) 82.87+2.94 88.45+5.50 84.72+16.46 —0.002(—0.05, 0.04) 0.927 0913
MPO (pg/L) 17.42+1.21 19.28+2.74 12.74+2.46 —0.28(—4.44, 3.88) 0.895 0.514
sE-Selectin (ug/L) 27.58+0.81 26.35+1.35 26.32+4.01 —1.30(—3.98, 1.39) 0.345 0.050
sICAM-1 (mg/L) 0.163 +0.004 0.168 +0.006 0.171+0.014 0.002(-0.01, 0.01) 0.681 0.955
Active PAI-1 (pg/L) 8.60+0.43 9.33+0.79 11.70+1.63 1.01(-0.38, 2.41) 0.155 0.819
Total PAI-1 (pg/L) 23.11+0.81 23.07+1.72 32.15+5.86 0.02(—0.04, 0.07) 0.549 0.910

B Coefficients represent the change in absolute traits values of each additional risk allele. General linear models were used to examine associations with the assumption of
an additive effect. P adjusted by age and sex. P* adjusted by age, sex and BMI. The P-values < 0.05 are shown in bold. CI: Confidence interval; BMI: body mass index; BP: blood
pressure; HOMA-IR: homeostasis model assessment for insulin resistance; HDL-c: high-density lipoprotein cholesterol; IL: interleukin; TNF-«: tumor necrosis factor alpha;
MMP-9: metalloproteinase-9; MPO: myeloperoxidase; sICAM-1: soluble intracellular adhesion molecule-1, PAI-1: plasminogen activator inhibitor-1.

and the increased release of hypothalamic NPY maintains this
lipoprotein secretion via the sympathetic input to the liver. This
mechanism is important during fasting; however, it could play a
pathophysiological role in conditions characterized by a constantly
high level of NPY activity, as is found in animal models of obesity
and hypertriglyceridemia [4]. Moreover, a recent study by Rojas
et al. [19] demonstrated that the effects of NPY on feeding and/or
weight gain are relatively dissociable from the effects on hepatic
VLDL-TAG secretion. Although functional studies of the rs16131
variant are necessary, it is possible that this SNP, located in the third
intron of the gene, tagged a causal novel variant that interacts with
NPY function, potentially leading to an increase in plasma TAG and
an early onset of metabolic syndrome. It has been demonstrated
that high sympathetic activity and low parasympathetic activity
significantly correlate with components of metabolic syndrome,
including hypertriglyceridemia [14]. However, further studies in
larger populations will be necessary to validate this association.
Our study has several strengths and limitations to highlight.
Among the strengths of this study are the high quantity of biomark-
ers measured in the children and the method of SNP selection; we
selected SNPs from a candidate gene to design a case—control asso-
ciation study as a complementary strategy to the genome-wide
association studies for the identification of gene variants associ-
ated with obesity and its comorbidities. One limitation is that the
sample size of the current study is relatively small for a genetic
association study. Because these types of studies are capable of
producing false positive results, the obesity association of rs16131
reported here must currently be viewed as a preliminary result,
which requires further validation in a larger number of indepen-
dent samples. Another limitation of this study is that a number

of environmental factors known to influence body weight in chil-
dren were not taken into account. Furthermore, information on our
cohort’s nutrition and level of physical activity, which are factors
strongly associated with body-weight regulation, was not available.

5. Conclusion

We confirm the association of rs16147 with obesity in a cohort
of Spanish children. Our results suggest that the rs16131 risk allele
influences the early onset of obesity and metabolic syndrome fea-
tures, particularly the elevation of plasma TAG. The question of how
these polymorphisms actively play a role in obesity and metabolic
syndrome remains unanswered.

Competing interests

The authors declare that they have no competing interests.

Acknowledgements

This work was supported by the Plan Nacional de Investi-
gacion Cientifica, Desarrollo e Innovacién Tecnoldgica (I+D+1),
Instituto de Salud Carlos IlI-Fondo de Investigacién Sanitaria [PI
020826, PI051968], the Conserjeria de Innovacién y Ciencia, Junta
de Andalucia [P06-CTS 2203] and the Ministerio de Universidades
y Tecnologia, Instituto de Salud Carlos I1I, Fondo de Investigaciones
Sanitarias, Redes tematicas de investigacion cooperativa RETIC [Red
SAMID RD08/0072/0028].



J. Olza et al. / Peptides 45 (2013) 22-27 27

References

[1] Billington CJ, Briggs JE, Grace M, Levine AS. Effects of intracerebroven-
tricular injection of neuropeptide Y on energy metabolism. Am ] Physiol
1991;260:R321-7.

[2] Bray MS, Boerwinkle E, Hanis CL. Sequence variation within the neuropeptide
Y gene and obesity in Mexican Americans. Obes Res 2000;8:219-26.

[3] Brothers SP, Wahlestedt C. Therapeutic potential of neuropeptide Y (NPY)
receptor ligands. EMBO Mol Med 2010;2:429-39.

[4] Bruinstroop E, Pei L, Ackermans MT, Foppen E, Foppen E, Borgers A],

et al. Hypothalamic neuropeptide Y (NPY) controls hepatic VLDL-triglyceride

secretion in rats via the sympathetic nervous system. Diabetes 2012;61:

1043-50.

Cole TJ, Bellizzi MC, Flegal KM, Dietz WH. Establishing a standard defini-

tion for child overweight and obesity worldwide: international survey. BM]

2000;320:1240-3.

Ding B, Kull B, Liu Z, Mottagui-Tabar S, Thonberg H, Gu HF, et al. Human

neuropeptide Y signal peptide gain-of-function polymorphism is associated

with increased body mass index: possible mode of function. Regul Pept
2005;127:45-53.

Hohmann S, Buchmann AF, Witt SH, Rietschel M, Jennen-Steinmetz C, Schmidt

MH, et al. Increasing association between a neuropeptide Y promoter polymor-

phism and body mass index during the course of development. Pediatr Obes

2012;7:453-60.

[8] Jaakkola U, Kakko T, Juonala M, Lehtimadki T, Viikari ], Jddskeldinen AE, et al.

Neuropeptide Y polymorphism increases the risk for asthma in overweight

subjects; protection from atherosclerosis in asthmatic subjects - the cardio-

vascular risk in young Finns study. Neuropeptides 2012;46:321-8.

Karvonen MK, Koulu M, Pesonen U, Uusitupa MI, Tammi A, Viikari J, et al.

Leucine 7 to proline 7 polymorphism in the preproneuropeptide Y is associ-

ated with birth weight and serum triglyceride concentration in preschool aged

children. J Clin Endocrinol Metab 2000;85:1455-60.

[10] Karvonen MK, Pesonen U, Koulu M, Niskanen L, Laakso M, Rissanen A, et al.
Association of a leucine (7)-to-proline (7) polymorphism in the signal peptide
of neuropeptide Y with high serum cholesterol and LDL cholesterol levels. Nat
Med 1998;4:1434-7.

[11] Karvonen MK, Valkonen VP, Lakka TA, Salonen R, Koulu M, Pesonen U, et al.
Leucine7 to proline7 polymorphism in the preproneuropeptide Y is associated
with the progression of carotid atherosclerosis, blood pressure and serum lipids
in Finnish men. Atherosclerosis 2001;159:145-51.

[12] Kim NS, Oh SM, Ko MM, Cha MH, Kang BK, Bang OS. Association of the C-399T
promoter polymorphism of neuropeptide Y with susceptibility to ischemic
stroke. Clin Biochem 2009;42:1699-704.

[13] Lee C, Kong M. An interactive association of common sequence variants
in the neuropeptide Y gene with susceptibility to ischemic stroke. Stroke
2007;38:2663-9.

[14] Licht CM, Vreeburg SA, van Reedt Dortland AK, Giltay EJ, Hoogendijk W],
DeRijk RH, et al. Increased sympathetic and decreased parasympathetic activ-
ity rather than changes in hypothalamic-pituitary-adrenal axis activity is
associated with metabolic abnormalities. J Clin Endocrinol Metab 2010;95:
2458-66.

[15] Masoudi Kazemabad A, Jamialahmadi K, Moohebati M, Mojarrad M, Manshadi
RD, Akhlaghi S, et al. Neuropeptide Y Leu7Pro polymorphism associated with
the metabolic syndrome and its features in patients with coronary artery dis-
ease. Angiology 2013;64:40-5.

[16] McCrindle BW. Assessment and management of hypertension in children and
adolescent. Nat Rev Cardiol 2010;7:155-63.

[5

[6

[7

[9

[17] Niskanen L, Karvonen MK, Valve R, Koulu M, Pesonen U, Mercuri M, et al.
Leucine 7 to proline 7 polymorphism in the neuropeptide Y gene is associated
with enhanced carotid atherosclerosis in elderly patients with type 2 diabetes
and control subjects. ] Clin Endocrinol Metab 2000;85:2266-9.

[18] Nordman S, Ding B, Ostenson CG, Karvestedt L, Brismar K, Efendic S, et al.
Leu7Pro polymorphism in the neuropeptide Y (NPY) gene is associated with
impaired glucose tolerance and type 2 diabetes in Swedish men. Exp Clin
Endocrinol Diabetes 2005;113:282-7.

[19] Rojas JM, Stafford JM, Saadat S, Printz RL, Beck-Sickinger AG, Niswender KD.
Central nervous system neuropeptide Y signaling via the Y1 receptor partially
dissociates feeding behavior from lipoprotein metabolism in lean rats. Am ]
Physiol Endocrinol Metab 2012;303:E1479-88.

[20] Ruohonen ST, Pesonen U, Moritz N, Kaipio K, Roytta M, Koulu M, et al. Trans-
genic mice overexpressing neuropeptide Y in noradrenergic neurons. Diabetes
2008;57:1517-25.

[21] Sainsbury A, Rohner-Jeanrenaud F, Cusin I, Zakrzewska KE, Halban PA, Gail-
lard RC, et al. Chronic central neuropeptide Y infusion in normal rats: status of
the hypothalamo-pituitary-adrenal axis, and vagal mediation of hyperinsuli-
naemia. Diabetologia 1997;40:1269-77.

[22] Salminen M, Lehtimaki T, Fan YM, Vahlberg T, Kivela SL. Leucine 7 to proline 7
polymorphism in the neuropeptide Y gene and changes in serum lipids during
a family-based counselling intervention among school-aged children with a
family history of CVD. Public Health Nutr 2008;11:1156-62.

[23] Shah SH, Freedman NJ, Zhang L, Crosslin DR, Stone DH, Haynes C, et al. Neuro-
peptide Y gene polymorphisms confer risk of early-onset atherosclerosis. PLoS
Genet 2009;5:€1000318.

[24] Singhal NS, Lazar MA, Ahima RS. Central resistin induces hepatic insulin resis-
tance via neuropeptide Y. ] Neurosci 2007;27:12924-32.

[25] Stanley BG, Kyrkouli SE, Lampert S, Leibowitz SF. Neuropeptide Y chronically
injected into the hypothalamus: a powerful neurochemical inducer of hyper-
phagia and obesity. Peptides 1986;7:1189-92.

[26] Ukkola O, Kesaniemi YA. Leu7Pro polymorphism of PreproNPY associated with
an increased risk for type Il diabetes in middle-aged subjects. Eur ] Clin Nutr
2007;61:1102-5.

[27] van den Hoek AM, van Heijningen C, Schréder-van der Elst JP, Ouwens DM,
Havekes LM, Romijn JA, et al. Intracerebroventricular administration of neu-
ropeptide Y induces hepatic insulin resistance via sympathetic innervation.
Diabetes 2008;57:2304-10.

[28] van Rossum CT, Pijl H, Adan RA, Hoebee B, Seidell JC. Polymorphisms in the
NPY and AGRP genes and body fatness in Dutch adults. Int ] Obes (Lond)
2006;30:1522-8.

[29] VettorR, ZarjevskiN, Cusin I, Rohner-Jeanrenaud F, Jeanrenaud B. Induction and
reversibility of an obesity syndrome by intracerebroventricular neuropeptide
Y administration to normal rats. Diabetologia 1994;37:1202-8.

[30] Yeung EH, Zhang C, Chen J, Bowers K, Hu FB, Kang G, et al. Polymorphisms in
the neuropeptide Y gene and the risk of obesity: findings from two prospective
cohorts. ] Clin Endocrinol Metab 2011;96:E2055-62.

[31] Yu JT, Yu NN, Gao SS, Song JH, Ma T, Wang ND, et al. Neuropeptide Y
polymorphisms and ischemic stroke in Chinese population. Clin Chim Acta
2010;411:242-5.

[32] Zhang X, Qi Q, Liang ], Hu FB, Sacks FM, Qi L. Neuropeptide y promoter poly-
morphism modifies effects of a weight-loss diet on 2-year changes of blood
pressure: the preventing overweight using novel dietary strategies trial. Hyper-
tension 2012;60:1169-75.

[33] Zhou Z, Zhu G, Hariri AR, Enoch MA, Scott D, Sinha R, et al. Genetic varia-
tion in human NPY expression affects stress response and emotion. Nature
2008;452:997-1001.



Appendix

SNP Gene chr Chr  Risk MAF - Function OR Reason
position allele Ref excluded
rs7688274 ALB 4 74487522 G 0.383 0.401 5-UTR 0909 0.534
rs3756066 ALB 4 74488552 A 0408 0402 5-UTR 0921 0.587
rs3775485 ALB 4 74494685 T 0417 0422 tagSNP 0963 0.803
rs11538228 ALB 4 74494930 G  0.000 0.000 missense MAF
rs7678298 ALB 4 74503292 A 0.165 0.141 tagSNP 0.833 0.385
rs17593621 AO0X1 2 201157141 G  0.208 0.275 5-UTR 0.811 0.224
rs12621063 AO0X1 2 201157687 A  0.142 0.172 5-UTR 1.288 0.205
rs2072034  AOX1 2 201157979 G 0150 0.176 5-UTR 1.306 0.180
rs16833793 AO0X1 2 201158132 A 0136 0.136 5-UTR 0949 0.810
rs1527944  AOX1 2 201164490 A  0.248 0.217 tagSNP 1.029 0.877
rs2463489  AO0X1 2 201168561 A  0.150 0.176 tagSNP 1307 0.178
rs4674211  AOX1 2 201169086 C 0.102 0.136 tagSNP 0.949 0.810
rs6742109  AOX1 2 201174977 A 0438 0416 tagSNP 0954 0.756
rs2293528 A0X1 2 201177394 G 0.332 tag SNP CALL
rs35128788 AO0X1 2 201182080 C ND 0.000 missense MAF
rs6753383 AO0X1 2 201192310 A 0.319 0.342 tagSNP 0.812 0.201
rs35217482 AO0X1 2 201207801 T ND 0.000 missense MAF
rs2256977 A0X1 2 201208428 A 0.469 0.449 tagSNP 0.896 0.482
rs17533238 A0X1 2 201209676 G 0.158 0.156 tagSNP 1.320 0.198
rs41309768 AO0X1 2 201209936 T ND 0.000 missense MAF
rs2470900 AO0X1 2 201211143 A 0.075 0.084 tagSNP 1.068 0.806
rs2465663 A0X1 2 201211421 G 0.279 tag SNP CALL
rs2540069 A0X1 2 201228843 A 0.341 0.299 tagSNP 1.268 0.156
rs3815502 A0X1 2 201234165 C 0.230 0.151 tagSNP 1.196 0.448
rs35345784 AO0X1 2 201235894 T ND 0.000 missense MAF
rs3731722  AOX1 2 201242634 G  0.033 0.036 missense 0.415 0.047
rs2540066  AOX1 2 201243320 G 0473 0441 tagSNP 1.174 0.294
rs1050887  AO0X1 2 201244175 A  0.050 0.036 3-UTR 0.415 0.047
rs2715906  AO0X1 2 201244708 A 0492 0401 3-UTR 1305 0.082
rs564250 CAT 11 34415437 A 0169 0.190 5-UTR 0997 0.987
1s769214 CAT 11 34416293 G 0.299 0.346 5-UTR 1418 0.035
rs1001179 CAT 11 34416807 A  0.248 5-UTR CALL
rs7943316 CAT 11 34417048 T 0275 0.349 5-UTR 1382 0.050
rs1049982 CAT 11 34417117 A  0.292 0.347 5-UTR 1408 0.039
rs525938 CAT 11 34420169 G 0301 0.325 tagSNP 1.289 0.127
rs494024 CAT 11 34421324 A 0412 0.345 tagSNP 0.734 0.051
rs769218 CAT 11 34427255 A  0.195 0.272 tagSNP 1302 0.126
rs12269988  CAT 11 34429350 G 0.058 0.035 tagSNP 0.774 0.542
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rs2073058 CAT 11 34434649 G 0.230 0.289 tagSNP 1.114 0.529
rs4755374 CAT 11 34443180 0.124 0.131 tagSNP 1.031 0.892
rs12803540  CAT 11 34449323 0.071 0.141 tagSNP 1354 0.160
rs7104301 CAT 11 34450214 0.233 0.291 3-UTR 1133 0.467
rs475043 CAT 11 34450377 0.458 0.342 3-UTR 0.714 0.035
rs2280789 CCL5 17 31231116 0.102 0.141 tagSNP 0.710 0.109
rs2107538 CCL5 17 31231893 0.095 0.175 3-UTR 0.793 0.221
rs28912068 CCL5 17 31233084 0.143 3’-UTR CALL
rs503250 Cccs 11 66128642 0.438 0461 tagSNP 1.019 0.902

rs1205 CRP 1 157948857 0.341 0.323 tagSNP 1.115 0.507
rs1130864 CRP 1 157949715 0.309 0.338 tagSNP 0904 0.529
rs34340208  CRP 1 157950117 ND  0.000 missense MAF
rs34200896  CRP 1 157950216 ND  0.000 missense MAF
rs34672691  CRP 1 157950415 ND 0.000 missense MAF
rs3091244 CRP 1 157951289 0.048 0.365 3-UTR  0.894 0.455
rs2794521 CRP 1 157951720 0.348 0.000 3’-UTR MAF

rs7195830 CYBA 16 87237213
rs1049254 CYBA 16 87237329
rs4673 CYBA 16 87240737
rs11547387 CYBA 16 87241034
rs3794624 CYBA 16 87244575

0.402 0.366 tagSNP 0.833 0.248
0.517 0.371 missense 0.812 0.188
0.342 0.389 missense 1.053 0.751

ND 0.022 missense 1.036 0.945
0.398 0.303 tagSNP 0.865 0.408

>0 0 =32 k0 > > > > 02 2> > > > 02> 2> 2> 02>0=-2>2>2>0->00000

rs8854 CYBA 16 87246366 0.079 0.041 3-UTR 0.736 0.407
rs8189 CYGB 17 72035386 0.367 tag SNP CALL
rs4648336 CYGB 17 72038233 0.128 0.123 tagSNP 1.011 0.962
rs9902524 CYGB 17 72041153 0.175 tag SNP CALL
rs4647879 CYGB 17 72042640 0.283 0.218 tagSNP 1.038 0.839
rs2280209 DGKG 3 187347934 0358 0.341 3-UTR 1.196 0.239
rs9835936 DGKG 3 187348937 0.475 0483 3-UTR 0928 0.603
rs13089860 DGKG 3 187349309 0362 0.337 3-UTR 1.209 0.211
rs6444109 DGKG 3 187349977 0327 0.337 3-UTR 1209 0.211
rs2575 DGKG 3 187350085 0.475 0483 3-UTR 0928 0.603
rs2574 DGKG 3 187350244 0.483 0499 3-UTR 1.007 0.964
rs3732940 DGKG 3 187350331 0.150 0.158 3-UTR 0.781 0.208
rs34284245 DGKG 3 187388761 ND  0.000 missense MAF
rs3213770 DGKG 3 187469292 0.000 0.000 missense MAF
rs2193587 DGKG 3 187472790 0.142 0.232 missense 0.984 0926
rs1004588 DGKG 3 187489312 0.480 missense CALL
rs35545745 DGKG 3 187498552 0.000 0.000 missense MAF
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rs7617588 DGKG 3 187562684 G 0.133 0.176 5-UTR 0.711 0.086
rs669181  DHCR24 1 55087676 A 0308 0.330 5-UTR 0900 0.502
rs7373 DHCR24 1 55088199 C 0.308 0.332 tagSNP 0.923 0.609
rs7374 DHCR24 1 55088910 G 0302 0.332 tagSNP 0918 0.584
rs1138030 DHCR24 1 55090273 A  0.181 0.240 tagSNP 0.930 0.660
rs12025718 DHCR24 1 55100528 G  0.210 0.312 tagSNP 0.825 0.217
rs608458  DHCR24 1 55109538 C 0.270 0.404 tagSNP 0.793 0.121
rs601902  DHCR24 1 55122611 A  0.119 0.085 tagSNP 1.148 0.601
rs2274941 DHCR24 1 55125958 C 0.417 0367 3-UTR 0978 0.883
rs6588537 DHCR24 1 55126781 A  0.112 0.084 3-UTR 1.122 0.669
rs4927176 DHCR24 1 55126923 G 0408 0486 3-UTR 0.802 0.130
rs1365242 DUOX1 15 43208010 C 0.458 0478 5-UTR 1.000 0.998
rs1648281 DUOX1 15 43209050 G  0.242 0.224 5-UTR 1.013 0.943
rs17595239 DUOX1 15 43211181 A 0.229 0.196 tagSNP 1.013 0.942
rs2292464 DUOX1 15 43221785 A 0438 0.497 tagSNP 0987 0.928
rs16939743 DUOX1 15 43230188 G 0.000 0.007 missense 1.616 0.603
rs16939752 DUOX1 15 43231425 G 0.117 0.141 missense 1.170 0.464
rs2458236 DUOX1 15 43233448 G 0.258 0.356 missense 0.770 0.105
rs2292466 DUOX1 15 43235364 A 0.000 0.000 missense MAF
rs7169193 DUOX1 15 43244419 T 0.438 tag SNP CALL
rs1648312 DUOX1 15 43244641 G 0.375 0.489 tagSNP 0.864 0.322
rs2292467 DUOX1 15 43244750 A 0.258 0.354 3-UTR  0.765 0.100
rs1648311 DUOX1 15 43244811 A 0.290 3’-UTR CALL
rs269868 DUuoX2 15 43179367 G 0.017 0.081 missense 0.703 0.212
rs2277611 DUOX2 15 43179698 T 0.000 0.000 missense MAF
1s269866 DUOX2 15 43181698 G 0389 0.370 tagSNP 0.865 0.338
rs8028305 DUOX2 15 43185715 A ND  0.000 missense MAF
rs2467827 DUOX2 15 43190991 T ND missense CALL
rs2001616 DUOX2 15 43191358 G  0.036 0.086 missense 0.659 0.140
rs1050450 GPX1 3 49369838 A  0.194 0.254 3-UTR 1294 0.227 HW
rs8179169 GPX1 49370702 G 0.022 0.000 missense MAF
rs3811699 GPX1 49371364 G  0.194 0315 3-UTR 1.211 0.212
rs3448 GPX1 49371755 A 0.300 0.227 3-UTR 0936 0.716
rs12172810 GPX2 14 64475135 A  0.177 0191 5-UTR  1.010 0.960
rs11623705 GPX2 14 64475475 A  0.142 0.084 5-UTR 1.099 0.730
rs17880492 GPX2 14 64476096 T  0.004 tag SNP CALL
rs2412065 GPX2 14 64477410 G  0.235 0.190 tagSNP 1.018 0.928
rs2737844 GPX2 14 64478262 A 0.310 0.324 tagSNP 0.940 0.695
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rs1800669 GPX2 14 64478957 T 0.050 0.027 tagSNP 1.655 0.285

rs17102360 GPX2 14 64480073 G 0.050 0.046 3-UTR 1.674 0.170
rs2296327 GPX2 14 64480300 A 0.225 0.170 3-UTR 1.181 0.387
rs4902347 GPX2 14 64480953 A 0.150 0.078 3-UTR  1.192 0.542
rs2042236 GPX3 5 150378308 A 0.058 0.120 5-UTR 1479 0.085
rs1946234 GPX3 5 150379403 C 0.058 0.123 5-UTR 1312 0.219
rs1946236 GPX3 5 150379484 T 0.058 0.123 5-UTR 1312 0.219
rs8177406 GPX3 5 150379827 G 0.067 0.123 5-UTR 1312 0.219
rs8177409 GPX3 5 150380043 T 0.059 0.123 5-UTR 1312 0.219
rs8177412 GPX3 5 150380280 G 0.129 0.120 tagSNP 1431 0.119
rs4958872 GPX3 5 150382527 G 0.283 0.293 tagSNP 0.993 0.967
rs8177427 GPX3 5 150383204 A 0.217 0.193 tagSNP 0.824 0.307
rs8177431 GPX3 5 150384189 G 0.358 0.358 tagSNP 1.119 0.461
rs8177445 GPX3 5 150387208 C 0.000 0.000 missense MAF
rs11548 GPX3 5 150387976 A 0.050 0.060 tagSNP 1454 0.257
rs2070593 GPX3 5 150388133 A 0.108 0.157 tagSNP 1364 0.130
rs4661 GPX3 5 150388508 T 0.050 0.000 3’-UTR MAF
rs757228 GPX4 19 1052992 G 0.475 0497 5-UTR 0.729 0.048
rs757229 GPX4 19 1053114 C 0.468 5-UTR CALL
rs3746165 GPX4 19 1053211 G 0.475 0499 5-UTR 0.736 0.055
rs8103188 GPX4 19 1054465 G 0.433 0444 5-UTR 0.696 0.026
rs8178967 GPX4 19 1055047 A 0.000 0.000 missense MAF
rs4851 GPX4 19 1057635 A ND 0.194 missense 1.225 0.352 HW
rs2075710 GPX4 19 1057845 A 0.194 0.250 3-UTR 0.933 0.699
rs2074451 GPX4 19 1058035 A 0.500 0.465 3-UTR 1.143 0.401
rs2074452 GPX4 19 1058160 A 0.258 0.277 3-UTR 0948 0.761
rs377514 GPX5 6 28599929 G 0.093 0.129 5-UTR 0965 0.878
rs28382586  GPX5 6 28600461 C 0.136 0.147 5-UTR 1544 0.051
rs28382587  GPX5 6 28600558 A 0.091 5-UTR CALL
rs28745594  GPX5 6 28600624 A 0.068 5’-UTR CALL
rs28382590 GPX5 6 28601564 G 0.088 5’-UTR CALL
rs445870 GPX5 6 28602306 G 0.354 0.330 tagSNP 1452 0.027
rs769188 GPX5 6 28607545 G 0.000 0.000 tag SNP MAF
rs380879 GPX5 6 28608428 C 0.080 0.124 tagSNP 1.046 0.850
rs451774 GPX5 6 28610529 G 0.314 3’-UTR CALL
rs35604709 GPX6 6 28579276 A 0.091 0.078 3-UTR 1.021 0.944
rs9468385 GPX6 6 28579591 A 0.159 0.126 tagSNP 0966 0.883
rs35701070 GPX6 6 28580151 C 0.000 0.000 missense MAF
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rs34955392 GPX6 6 28580232 G 0.000 missense CALL
rs35394555 GPX6 6 28581510 G  0.024 0.008 missense 0.410 0.314
rs35062161 GPX6 6 28586534 A  0.068 missense CALL
rs406113 GPX6 6 28591461 C 0.285 0.352 missense 1.562 0.009
rs6921021 GPX6 6 28591569 G  0.167 0.137 3-UTR 1.084 0.723
rs11757000 GPX6 6 28592848 G  0.175 0.147 3-UTR 1.544 0.051
rs1416093 GPX7 1 52839622 A  0.182 0.264 5-UTR 0946 0.749
rs6588431 GPX7 1 52840174 A 0367 0388 5-UTR 0985 0.924
rs11810754 GPX7 1 52840502 A  0.294 0394 5-UTR 1.005 0973
rs1047635 GPX7 1 52847120 C 0.433 0.443 tagSNP 0979 0.889
rs4451503 GPX7 1 52847568 C 0.238 0.000 3-UTR MAF
rs2020916 GSR 8 30666320 A 0.025 0.000 missense MAF
rs2253409 GSR 8 30666508 G  0.258 0.197 tagSNP 0.870 0.483
rs8190997 GSR 8 30673453 G 0.000 0.000 missense MAF
rs8190976 GSR 8 30677141 A 0.000 0.003 missense >> 0.999
rs8190955 GSR 8 30685166 T 0.000 0.000 missense MAF
rs2978663 GSR 8 30685487 G 0.358 tag SNP CALL
rs1125853 GSR 8 30688177 C 0.172 0.194 tagSNP 0947 0.781
rs8190884 GSR 8 30704770 A ND missense CALL
rs1002149 GSR 8 30705280 A 0.183 0.157 3-UTR  0.823 0.362
rs17309872 GSS 20 32979449 A 0.050 0.042 5’-UTR 1.822 0.131
rs725521 GSS 20 32979732 A 0.353 0.454 5-UTR 0.781 0.097
rs34852238 GSS 20 32980408 A 0.000 0.408 missense 0.976 0.875
rs11905938 GSS 20 32983459 A ND 0.000 missense MAF
rs2236270 GSS 20 32986816 A 0412 0.402 tagSNP 1.078 0.631
rs34239729  GSS 20 32988287 A  0.000 0.000 missense MAF
rs7265992 GSS 20 32989068 A  0.150 0.098 tagSNP 1.351 0.241
rs6088655 GSS 20 32991499 A 0376 0.455 tagSNP 0.789 0.114
rs6060124 GSS 20 33000558 A  0.263 0.201 tagSNP 1.287 0.165
rs6088660 GSS 20 33006557 A  0.314 0.224 tagSNP 1.294 0.152
rs3761144 GSS 20 33007736 C 0.388 0474 3-UTR 0.806 0.144
rs34174778  GSS 20 33007938 C 0.119 0.063 3-UTR 1.829 0.056
rs35552264  GSS 20 33008634 A  0.119 3’-UTR CALL
rs13041792  GSS 20 33008716 A  0.217 0.235 3-UTR 0.862 0.419
rs2193594  GSTZ1 14 76855774 G  0.267 0.291 5-UTR 1.076 0.653
rs7160188  GSTZ1 14 76856114 G  0.267 0.279 5-UTR  1.081 0.637
rs8177539  GSTZ1 14 76857512 A  0.119 0.052 tagSNP 0.891 0.721
rs3759733 GSTZ1 14 76858591 A 0438 0.380 tagSNP 0966 0.821
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rs2363643  GSTZ1 14 76858661 A 0.283 0.323 tagSNP 1.073 0.657
rs8177551  GSTZ1 14 76859876 0.095 0.050 tagSNP 0.842 0.609
rs7972 GSTZ1 14 76862990 0.083 0.090 tagSNP 1.094 0.732
rs2287396  GSTZ1 14 76863945 0.190 0.170 tagSNP 1.052 0.796
rs1046428  GSTZ1 14 76864036 0.167 0.232 missense 1.146 0.447
rs8004558  GSTZ1 14 76861793 0.075 0.061 tagSNP 0.673 0.209
rs2234955  GSTZ1 14 76865273 0.000 0.000 missense MAF
rs731346 GSTZ1 14 76866394 0.482 0.414 tagSNP 0.895 0.476
rs8177573  GSTZ1 14 76866511 0.071 0.066 tagSNP 0.666 0.183
rs1017186  GSTZ1 14 76867722 0.158 0.240 3-UTR 1.133 0.470
rs8178281 LPO 17 53672192 0.044 0.008 tagSNP 2132 0.388
rs8178289 LPO 17 53674929 0.168 0.212 tagSNP 0.718 0.076
rs8178307 LPO 17 53678677 0.225 0.154 tagSNP 1.191 0421
rs8178318 LPO 17 53679987 0.000 0.001 missense 0.000 0.999
rs8178338 LPO 17 53682931 0.013 0.000 missense MAF
rs2301870 LPO 17 53687326 0.058 0.134 missense 0.762 0.203
rs8178373 LPO 17 53693153 0.058 0.021 tagSNP 0.710 0.527
rs8178377 LPO 17 53694057 0.053 0.057 tagSNP 1.081 0.805

O Q> 00> 3> > >0 > > 2> 00200808 > >3 > >2>0002>00>>> >0

rs8178401 LPO 17 53698534 ND  0.000 missense MAF
rs8178406 LPO 17 53699442 0.339 0.352 tagSNP 0.983 0.909
rs8178408 LPO 17 53699856 ND  0.000 missense MAF
rs8178412 LPO 17 53700313 0.004 0.000 missense MAF
rs7549530 MGST3 1 163865270 0.127 0.158 5-UTR 1.216 0.351
rs6426925 MGST3 1 163865478 0.276 0.260 5-UTR 1.196 0.308
rs10737515 MGST3 1 163866084 0.490 0468 5-UTR 0955 0.769
rs6694924 MGST3 1 163866175 0.267 0.251 5-UTR 1.162 0.392
rs10918223 MGST3 1 163866273 0.438 0486 5-UTR 0936 0.676
rs10800118 MGST3 1 163866398 0.482 5’-UTR CALL
rs12040685 MGST3 1 163866482 0.438 0479 5-UTR 0924 0.615
rs4147591 MGST3 1 163866603 0.267 0.256 5-UTR 1.150 0.425
rs4147592 MGST3 1 163866770 0.475 0485 5-UTR 0970 0.845
rs4147593 MGST3 1 163866891 0.483 0483 5-UTR 0982 0910
rs4147594 MGST3 1 163867230 0.460 0.483 tagSNP 0982 0907
rs9333372 MGST3 1 163867390 0.102 0.104 tagSNP 0.629 0.072
rs4147597 MGST3 1 163869076 0.277 0.299 tagSNP 1.071 0.686
rs10800120 MGST3 1 163871934 0.424 0420 tagSNP 1.063 0.701
rs6686643 MGST3 1 163883212 0.265 0.241 tagSNP 0.897 0.524
rs1878076 MGST3 1 163883944 0.341 0.349 tagSNP 1.023 0.890
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rs1802088 MGST3 1 163886899 T ND missense CALL
rs11799886 MGST3 1 163887416 A 0.167 0.163 tagSNP 1.031 0.876
rs4147610 MGST3 1 163890586 G 0.136 0.129 tagSNP 1.307 0.237
rs7534359 MGST3 1 163890817 G 0.267 0.313 tagSNP 0.929 0.662
rs8133 MGST3 1 163891423 T 0.438 tag SNP CALL
rs4147611 MGST3 1 163891647 A 0.136 0.116 3’-UTR 1.630 0.059
rs2759 MPO 17 53703105 G 0.008 0.045 missense 0.920 0.816
rs35702888 MPO 17 53703207 C 0.000 missense CALL
rs35670089 MPO 17 53704235 T 0.000 0.000 missense MAF
rs7208693 MPO 17 53712817 A 0.040 0.081 missense 1.108 0.661
rs2856856 MPO 17 53713013 G ND missense CALL
rs2243828 MPO 17 53713883 G 0.267 0.300 3-UTR 0.875 0.397
rs2107545 MPO 17 53715117 G 0.333 0.321 3-UTR 0930 0.637
rs796860 NCF2 1 181791478 C 0.075 0.149 tagSNP 0.874 0.525
rs35012521 NCF2 1 181798987 T 0.022 missense CALL
rs13306575 NCF2 1 181799060 T 0.000 0.000 missense MAF
rs17849502 NCF2 1 181799203 A 0.048 0.048 missense 1.474 0.291
rs35937854 NCF2 1 181802712 C 0.000 0.000 missense MAF
rs13306581 NCF2 1 181802981 T 0.000 0.000 missense MAF
rs2274064 NCF2 1 181809010 G 0.442 missense CALL
rs12753665 NCF2 1 181812684 A 0.314 0.313 tagSNP 1.104 0.520
rs10797888 NCF2 1 181813655 G 0.085 0.063 tagSNP 0.812 0.519
rs11578964 NCF2 1 181822402 A 0.420 0.397 tagSNP 0983 0.909
rs11588654 NCF2 1 181823018 G 0.309 0.346 tagSNP 0.907 0.517
rs2274065 NCF2 1 181826327 C 0.100 0.056 tagSNP 1.074 0.832
rs12066019 NCF2 1 181828183 A 0.093 0.049 3’-UTR 1481 0.278
rs12096702 NCF2 1 181828320 G 0.121 0.049 3’-UTR 1481 0.278
rs12450521 NOS2A 17 23107519 A 0.167 0.198 5-UTR 0989 0.953
rs7406657 NOS2A 17 23107817 C 0.181 0.211 5-UTR 1.047 0.806
rs28944201 NOS2A 17 23111317 T 0.000 0.000 missense MAF
rs2297514  NOS2A 17 23117442 C 0.407 tag SNP CALL
rs28944173 NOS2A 17 23117670 G 0.000 0.000 missense MAF
rs2297518 NOS2A 17 23120724 A 0.167 0.170 missense 1.084 0.700
rs11080344 NOS2A 17 23128638 G 0.394 0390 tagSNP 1.052 0.751
rs3729508 NOS2A 17 23133157 A 0.492 0.487 tagSNP 0911 0.536
rs3730017 NOS2A 17 23133229 T 0.008 0.000 missense MAF
rs944725 NOS2A 17 23133698 A 0.375 0.342 tagSNP 1.160 0.349
rs3794764  NOS2A 17 23135555 A 0.195 0.193 tagSNP 0976 0.898
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rs8072199 NOS2A 17 23140975 A  0.500 0.419 tagSNP 1.197 0.237
rs3794766  NOS2A 17 23146048 0.199 0.191 tagSNP 1.213 0.323
rs3730013 NOS2A 17 23150045 0.327 0.303 tagSNP 0.850 0.315
rs10459953 NOS2A 17 23151645 0.457 0.000 tag SNP MAF
rs2779248 NOS2A 17 23151959 0.300 0.356 tagSNP 0.884 0.438
rs2779249 NOS2A 17 23152708 0.225 0.262 3-UTR 0.891 0.494
rs8078340 NOS2A 17 23153339 0.083 0.127 3-UTR 0.637 0.059
rs11857675 NOX5 15 67007966 0.050 0.057 5-UTR 1205 0.576
rs16952661 NOX5 15 67015403 0.054 0.045 tagSNP 1352 0421
rs3743093 NOX5 15 67025499 0.456 0.390 tagSNP 0.861 0.337
rs311886 NOX5 15 67095177 0.050 0.056 tagSNP 1.019 0.955
rs12443247 NOX5 15 67104323 0.100 0.099 tagSNP 0930 0.762
rs11072064 NOX5 15 67104871 0.322 0.280 tagSNP 0918 0.617

A
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rs34097994 NOX5 15 67107717 G 0.000 0.000 missense MAF
rs34406284 NOX5 15 67114791 A 0.000 0.000 missense MAF
rs12907196 NOX5 15 67115280 G 0.458 0.432 missense 0916 0.570
rs2277553 NOX5 15 67122121 A 0.000 0.000 missense MAF
rs2277552 NOX5 15 67126841 T 0.004 missense CALL
rs7167318 NOX5 15 67127237 G 0.000 0.000 missense MAF
rs7168025 NOX5 15 67136067 G 0.000 0.000 missense MAF
rs35290845 NOX5 15 67136540 T 0.109 0.105 3-UTR 0.802 0.386
rs3101531 OXR1 8 107737708 A 0.100 0.108 5-UTR 0916 0.722
rs2282509 OXR1 8 107739104 G 0.417 0420 5-UTR 1340 0.060
rs2282510 OXR1 8 107739317 A 0.409 0441 5-UTR 0.849 0.252
rs1676420 OXR1 8 107741226 A 0.392 0.415 tagSNP 1356 0.056
rs1681887 OXR1 8 107743689 G 0.167 0.166 tagSNP 0.561 0.006
rs3101534 OXR1 8 107751837 A 0.242 0.247 tagSNP 1.027 0.882
rs17259107 OXR1 8 107752773 A 0.066 0.052 tagSNP 1342 0.377
rs28921397 OXR1 8 107760689 G 0.000 0.000 missense MAF
rs1681886 OXR1 8 107761056 G 0.239 0.249 tagSNP 1.278 0.155
rs3102433 OXR1 8 107764824 A 0.216 0.224 tagSNP 0.880 0.499
rs10089890 OXRI1 8 107766983 G 0.175 0.147 tagSNP 1.106 0.629
rs3134127 OXR1 8 107779021 A 0.128 0.110 tagSNP 0923 0.744
rs1484418 OXR1 8 107787834 T 0.000 0.000 missense MAF
rs28921419 OXRI1 8 107788001 C 0.029 0.000 missense MAF
rs28921420 OXRI1 8 107788469 G 0.000 missense CALL
rs3016494 OXR1 8 107821025 A 0.164 0.163 tagSNP 1.126 0.572
rs28924694 OXR1 8 107828733 G 0.119 0.137 tagSNP 1.108 0.638

173



Appendix

SNP Gene pog?tzon al:ll::z I\l/::: MAF  Function — OR eijlaustti):d
rs6983111 OXR1 8 107834190 A  0.242 0.244 3-UTR 1.062 0.737
rs9839010 OXSR1 3 38181910 G 0383 0441 5-UTR 0.838 0.252
rs9835496  OXSR1 3 38206148 T  0.083 0.126 tagSNP 0.756 0.206
rs4955408 OXSR1 3 38227410 A 0321 0.295 tagSNP 0.722 0.050
rs272576 OXSR1 3 38233183 A  0.110 0.054 tagSNP 1.207 0.577
rs1384006 OXSR1 3 38236041 A 0455 0.444 tagSNP 0.803 0.152
rs156260 OXSR1 3 38236811 A  0.200 0.203 tagSNP 1.121 0.542
rs2650093  OXSR1 3 38238096 NA 0.000 0.000 missense MAF
rs6599079  OXSR1 3 38246885 A 0.092 0.130 missense 0.743 0.176
rs149822 OXSR1 3 38249538 G 0.085 0.130 tagSNP 1.144 0.531
rs35295772 OXSR1 3 38264178 A 0.023 0.000 missense MAF
rs2588458 OXSR1 3 38266468 NA 0.000 0.000 missense MAF
rs4955394 OXSR1 3 38268467 C 0.050 0.068 tagSNP 0.870 0.619
rs2011 OXSR1 3 38271821 A  0.283 0.312 tagSNP 0924 0.639
rs854549 PON1 7 94764521 A  0.381 5-UTR CALL
rs854550 PON1 7 94765178 A  0.216 0.144 3-UTR 0.862 0.472
rs3735590  PON1 7 94765431 A  0.051 0.057 tagSNP 0.603 0.138
rs854551 PON1 7 94765613 A  0.203 0.147 tagSNP 0.867 0.488
rs854552 PON1 7 94765860 G  0.268 0.207 tagSNP 0.799 0.217
rs662 PON1 7 94775382 G 0.358 0.298 missense 0.899 0.518
rs3917527  PON1 7 94778194 G  0.071 0.045 tagSNP 0.570 0.143
rs13306698 PON1 7 94778718 G 0.000 0.001 missense >> 0.999
rs854560 PON1 7 94784020 T  0.397 0.401 missense 1.041 0.796
rs705378 PON1 7 94784507 A 0374 0.401 tagSNP 1.041 0.796
rs854566 PON1 7 94786685 A  0.150 0.183 tagSNP 0.615 0.016
rs705379 PON1 7 94791831 G 0.409 3’-UTR CALL
rs854571 PON1 7 94792555 A 0.267 0.256 3-UTR 0.874 0451
rs854572 PON1 7 94792632 C 0.441 0393 3-UTR 0.878 0.382
rs854573 PON1 7 94792799 G  0.195 0.218 3-UTR 0.882 0.498
rs705382 PON1 7 94793157 C 0.297 0.307 3-UTR 0901 0.517
rs757158 PON1 7 94793464 A 0408 0367 3-UTR 0.891 0451
rs13236941 PON1 7 94793756 A 0.153 0.129 3-UTR  0.953 0.829
rs2057682  PON3 7 94828700 C 0.075 0.088 tagSNP 0977 0931
rs17883013 PON3 7 94831270 A 0.009 0.000 missense MAF
rs17878827 PON3 7 94834668 A  0.005 0.000 missense MAF
rs11768074 PON3 7 94838527 A  0.119 tag SNP CALL
rs2375003  PON3 7 94839469 T  0.000 0.000 missense MAF
rs6977389  PON3 7 94857291 A  0.467 0454 tagSNP 1.084 0.590
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position allele Ref excluded
rs10487131 PON3 7 94857997 T 0.267 0.217 tagSNP 1.076 0.681
rs10487132 PON3 7 94858241 0.447 0.450 tagSNP 0973 0.853
rs740264 PON3 7 94859739 0.216 0.224 tagSNP 0946 0.753
rs2072200  PON3 7 94864096 0.272 0.225 3-UTR 1.079 0.664
rs11764079 PON3 7 94864165 0.254 0.247 3-UTR 0963 0.830
rs11770903 PON3 7 94864263 0.250 0.219 3-UTR 0981 0914
rs17882539 PON3 7 94864344 0.205 0.228 3-UTR 0964 0.833
rs11767787 PON3 7 94864689 0.241 0.228 3-UTR 0964 0.833
rs12728919 PRDX1 1 45748836 0.091 0.099 5-UTR 0.839 0.489
rs7903 PRDX1 1 45749059 0.442 0489 5-UTR 0945 0.712
rs1044717  PRDX1 1 45749174 0.350 0.300 5-UTR 1396 0.049
rs34034070 PRDX1 1 45753989 0.024 0.000 missense MAF
rs2356559  PRDX1 1 45754099 0.305 0.307 tagSNP 1357 0.064
rs12133294 PRDX1 1 45761351 0.364 0.487 3’-UTR 0.954 0.756
rs34012472 PRDX2 19 12771725 0.009 0.000 missense MAF
rs1205171 PRDX2 19 12772340 0.175 0.131 5-UTR 0.958 0.833

rs17522918 PRDX1 1 45760161 0.159 0.094 tagSNP 0.993 0977

rs713358 PRDX1 1 45760854 0.250 3’-UTR CALL
rs34577345 PRDX2 19 12772709 0.000 0.000 missense MAF
rs12151144 PRDX2 19 12773396 0.097 tag SNP CALL
rs3377 PRDX3 10 120917534 0.370 0.493 tagSNP 1.206 0.241

rs7768 PRDX3 10 120917783 0.250 0.317 3-UTR 1.280 0.134
rs36064375 PRDX3 10 120918744 0.000 0.000 missense MAF
rs11554902 PRDX3 10 120921926 0.000 0.000 missense MAF
rs34698541 PRDX3 10 120926529 0.000 0.000 missense MAF
rs1553850 PRDX3 10 120928814 0.367 0.420 tagSNP 1.113 0.497
rs3824825 PRDX3 10 120929061 0.409 3’-UTR CALL
rs2532625 PRDX4 23 23594129 0.058 0.066 5-UTR NA
rs3795220 PRDX4 23 23594244 0.408 0.357 5-UTR HW
rs525497 PRDX4 23 23594917 0.217 0.219 5-UTR NA
rs513573 PRDX4 23 23599558 0.385 0.379  tag SNP NA
rs576656 PRDX4 23 23601896 0.438 0.457 tag SNP NA
rs499692 PRDX4 23 23602086 0.386 0.399 tag SNP HW

rs4930698 PRDX5 11 63841639
rs28364831 PRDX5 11 63841724
rs9787810 PRDX5 11 63841874
rs11551857 PRDX5 11 63845667
rs1047206  PRDX5 11 63845792

0.114 0.080 5-UTR 0391 0.002
0390 0.335 5-UTR 0923 0.622
0.410 0.335 5-UTR 0923 0.622
0.000 0.000 tagSNP MAF
0.147 0.196 3-UTR 1.076 0.698

O O P 0 000> 02> 00 2>02>2>02>02>2022>02>2>02>02>202>202>000
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rs646153 PRDX5 11 63846164 T 0.400 0.000 3’-UTR MAF
rs4382766 ~ PRDX6 1 171711699 G  0.295 0.205 5-UTR 1.107 0.581
rs11576174 PRDX6 1 171712301 A  0.136 0.179 5-UTR 1.168 0.450
rs7314 PRDX6 1 171724222 G  0.233 0.222 tagSNP 1.077 0.692
rs33951697 PRDX6 1 171724949 A  0.227 0.183 3-UTR  1.047 0.827
rs10306108 PTGSI 9 124171301 G  0.067 0.063 5-UTR  1.102 0.744
rs1330344 PTGSI 9 124171509 G  0.182 0.219 5-UTR 0960 0.821
rs10306110 PTGSI 9 124172132 G  0.071 0.063 5-UTR  1.102 0.744
rs7866582  PTGSI 9 124178516 C 0.155 0.152 tagSNP 1.155 0475
rs3842789  PTGS1I 9 124180062 A  0.000 0.000 missense MAF
rs10306140 PTGSI 9 124180968 T  0.024 0.000 missense MAF
rs10306148 PTGSI 9 124183205 G  0.172 0.134 tagSNP 1257 0.286
rs10306114 PTGS1 9 124172343 G 0.050 0.063 5-UTR  1.102 0.744
rs1236913 PTGS1 9 124173300 T 0.058 missense CALL
rs3842792 PTGS1 9 124183528 C 0.000 0.000 missense MAF
rs5789 PTGS1 9 124183794 A 0.050 0.038 missense 1.265 0.548
rs3842798  PTGS1 9 124185564 G 0.250 0.176 tagSNP 1.326 0.149
rs5791 PTGS1 9 124188612 G 0.000 0.000 missense MAF
rs10985630 PTGS1 9 124188825 T 0.000 0.000 missense MAF
rs12238505 PTGS1 9 124191705 T 0.068 0.050 tagSNP 1.294 0.443
rs5792 PTGS1 9 124192328 G 0.000 missense CALL
rs5794 PTGS1 9 124192442 A 0.017 0.014 missense 0.401 0.193
rs10306194 PTGS1 9 124197019 A 0.142 0.193 tagSNP 1.107 0.583
rs4648310 PTGSZ 1 184907148 G 0.109 0.032 5’-UTR 1962 0.137
rs4648308 PTGS2 1 184907240 A 0.167 0.193 5-UTR 0.860 0.421
rs4648306  PTGS2 1 184907327 A  0.174 0.000 5-UTR MAF
rs689467 PTGS2 1 184907896 C 0.065 0.039 5-UTR 0.535 0.119
rs2206593  PTGS2 1 184909052 A  0.045 0.000 tagSNP MAF
rs5275 PTGS2 1 184909681 G  0.371 0.314 tagSNP 0.885 0.450
rs3218625 PTGS2 1 184910164 A  0.009 0.000 missense MAF
rs5273 PTGS2 1 184910391 C 0.000 0.000 missense MAF
rs5272 PTGS2 1 184910460 G  0.000 0.000 missense MAF
rs4648279  PTGS2 1 184911127 C 0.000 0.000 missense MAF
rs2066826  PTGS2 1 184912550 A  0.150 0.157 tagSNP  0.883 0.546
rs3218622  PTGS2 1 184912628 A  0.004 0.000 missense MAF
rs20417 PTGS2 1 184916944 G  0.181 0.195 3-UTR 0.788 0.209
rs689466 PTGS2 1 184917374 G  0.142 0.212 3-UTR 0993 0.971
rs485902 SCARA3 8 27545878 G 0.455 0.447 5’-UTR 1.021 0.890
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rs35775626 SCARA3 8 27546030 G 0.136 0.154 5-UTR 0926 0.712
rs530324 SCARA3 8 27547105 G  0.409 0459 5-UTR 1.000 1.000
rs472707 SCARA3 8 27547573 C 0.341 0304 5-UTR 1.126 0.482
rs10503815 SCARA3 8 27559479 A 0.102 0.041 tagSNP 0942 0.878
rs17057494 SCARA3 8 27564204 G  0.118 0.134 tagSNP 0.898 0.633
rs2582370 SCARA3 8 27564462 A 0332 0430 tagSNP 1.069 0.652
rs34791518 SCARA3 8 27571995 A 0.000 0.011 missense 0962 0.957
rs17467992 SCARA3 8 27552600 A  0.450 0.406 tagSNP 0969 0.839
rs500048 SCARA3 8 27553709 A 0.270 0.346 tagSNP 1.112 0.488
rs33930667 SCARA3 8 27572580 C 0.000 0.000 missense MAF
rs3735754 SCARA3 8 27572874 T  0.009 0.000 missense MAF
rs17057523 SCARA3 8 27584365 G 0.098 0.087 missense 0.975 0.925
rs35928641 SCARA3 8 27584617 T  0.023 missense CALL
rs35915165 SCARA3 8 27584761 A ND 0.000 missense MAF
rs489395 SCARA3 8 27584979 G 0.318 0.396 3’-UTR 1.071 0.645
rs35590810 SCARA3 8 27585085 A 0.091 0.086 3-UTR 0.906 0.732
rs1036706 SCARA3 8 27585203 A 0.091 0.082 3-UTR 0.909 0.743
rs1036708 SCARA3 8 27585558 C 0.116 0.085 tagSNP 1.014 0.960
rs518570 SCARA3 8 27585845 A 0.364 0.332 3’-UTR 1.048 0.766
rs518732 SCARA3 8 27585906 A 0.286 0.271 3’-UTR 1.018 0.907 HW
rs485609 SCARA3 8 27586295 G 0.267 0.258 tagSNP 1.025 0.887
rs1036710 SCARA3 8 27586394 A 0.117 0.085 tagSNP 1.014 0.960
rs1036711 SCARA3 8 27586546 A 0.091 0.087 3-UTR 0979 0.937
rs6413428  SEPP1 5 42836481 G 0.233 0.299 tagSNP 1.059 0.739
rs28919926 SEPP1 5 42836623 T 0.000 0.000 missense MAF
rs28919925 SEPP1 5 42836785 C 0.000 0.000 missense MAF
rs28919923 SEPP1 5 42836892 A  0.000 0.000 missense MAF
rs3877899  SEPP1 5 42837025 A 0.233 0.299 missense 1.059 0.739
rs13168440 SEPP1 5 42839872 G 0.186 0.210 tagSNP 0912 0.622
rs28919895 SEPP1 5 42842837 T  0.013 0.000 missense MAF
rs28919882 SEPP1 5 42849205 G 0.071 0.077 3-UTR 1473 0.193
rs12778366 SIRT1 10 69313085 G  0.129 0.095 5-UTR 1.645 0.060
rs3758391  SIRT1 10 69313348 A  0.241 0.295 5-UTR 1.069 0.680
rs35706870 SIRT1 10 69313623 C 0.079 0129 5-UTR 0.711 0.147
rs3740051  SIRT1 10 69313965 G  0.044 5-UTR CALL
rs932658 SIRT1 10 69314223 T  0.237 5-UTR CALL
rs2236319  SIRT1 10 69319226 G  0.044 0.057 tagSNP 0923 0.810
rs2224573 SIRT1 10 69335393 A 0.288 0.307 tagSNP 1.079 0.636
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rs35224060 SIRT1 10 69346303 G ND 0.000 missense MAF
rs2234975  SIRT1 10 69348084 A  0.180 0.118 tagSNP 1.122 0.628
rs2394443  SIRT1 10 69314347 C 0300 0.299 5-UTR 1.054 0.760
rs35671182 SIRT1 10 69314494 A  0.000 0.000 missense MAF
rs892034 SIRT2 19 44060838 A 0466 0458 5-UTR 0.745 0.050
rs2015 SIRT2 19 44061209 C  0.375 0471 tagSNP 1.308 0.080
rs34321258 SIRT2 19 44066146 A ND  0.004 missense 0.511 0.586
rs9941448  SIRT2 19 44070644 A  0.088 0.089 tagSNP 1.129 0.651
rs11667030 SIRT2 19 44071870 A  0.345 0.444 tagSNP 1.098 0.551
rs45535036 SIRT2 19 44075988 T ND  0.007 missense 0.228 0.189
rs10410544 SIRT2 19 44077372 A  0.442 0390 tagSNP 0.894 0.456
rs4802998  SIRT2 19 44079556 G  0.415 0.345 tagSNP 0.868 0.351
rs11575003 SIRT2 19 44079682 G  0.077 0.079 tagSNP 1.013 0.964
rs2053071 SIRT2 19 44082771 G 0.350 0.380 3’-UTR 0.974 0.863
rs4803006 SIRT2 19 44083387 A 0.417 0.345 3’-UTR 0911 0.544
rs12979755 SIRT2 19 44083657 A 0.417 0.345 3’-UTR 0911 0.544
rs4998557 SoDp1 21 31956763 A 0.124 0.115 tagSNP 1.195 0.436
rs2070424 SoDp1 21 31961191 G 0.076 0.061 tagSNP 1.249 0.463
rs4817420 SoDp1 21 31962242 A 0.237 0.366 tagSNP 0996 0.981
rs2842980 S0D2 6 160020106 A 0.283 0.210 5-UTR 0.880 0.477
rs5746141 S0D2 6 160022700 A 0.073 0.059 tagSNP 0.695 0.266
rs5746138 S0D2 6 160022842 G 0.065 0.000 3’-UTR MAF
rs5746136 S0D2 6 160023074 A 0.275 0.344 tagSNP 0982 0.909
rs5746129 S0D2 6 160025933 T 0.004 0.000 missense MAF
rs2855116 S0D2 6 160026115 C 0.438 0427 tagSNP 1.149 0.372
rs11575993 SOD2 6 160029241 C ND missense CALL
rs4987023 SoD2 6 160033683 A  0.000 0.000 missense MAF
rs5746096  SOD2 6 160033880 A ND  0.001 missense >> 0.999
rs2758346  SOD2 6 160035411 A 0451 0443 3-UTR 1.076 0.631
rs13306703 SOD3 4 24404611 A  0.076 0.094 5-UTR 1266 0.357
rs8192287  SOD3 4 24405666 A  0.058 0.042 5-UTR 1.441 0.319
rs699473 SoD3 4 24405901 G 0307 0390 5-UTR 1.012 0.942
rs2536512 SoD3 4 24410413 A 0.383 missense CALL
rs17879876 SOD3 4 24410512 NA ND  0.000 missense MAF
rs1799895 SoD3 4 24410932 G 0.033 missense CALL
rs2855262 SoD3 4 24411074 A 0383 0.388 3-UTR 1.076 0.6386
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Legend

SNP: Single nucleotide polymorphism ID code in dbSNP.
Chr: Chromosome.
Chr position: Chromosome position according to the reference value from dbSNP.
MAF Ref: minor allele frequency in Caucasians obtained in dbSNP from HapMap data,
when HapMap data were not available, any other source was accepted.
MAF: minor (risk) allele frequency.
Function: localization in the gene or reason included.
- Missense: there is a change of amino acid in the coded protein due to the presence
of the SNP in the genome.
- Tag SNP: these SNPs are chosen due to their LD with many others.
- 3-UTR: 3’ region of the gene.
- 5-UTR: 5’ region of the gene.
OR: odds ratio of the association with childhood obesity adjusted by sex and age, under an
additive model of inheritance.
P: significance of the association with childhood obesity adjusted by sex and age.
Reason excluded: SNPs excluded from the analysis.
- MAF: low minor allele frequency.
- CALL: call rate of the SNP under 90% of the samples.
- HW: hardy Weinberg equilibrium was not kept in the control group.
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