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Summary 

Introduction 

Obesity is an important public health problem and it is characterized by an 

excessive accumulation of fat in the adipose tissue, which can occur through an 

increase in adipocyte volume (hypertrophy), number (hyperplasia), or a 

combination of both (hypertrophy–hyperplasia). Moreover, obesity is associated 

with oxidative stress and low-grade inflammation in the adipose tissue; and it is 

a risk factor for insulin resistance (IR), diabetes type 2 and others co-morbidities 

(Morigny et al. 2016).  

Adipose tissue is the main organ for energy storage. It contains adipocytes 

in addition to a wide population of cells, such as macrophages, fibroblasts, 

pericytes, blood cells, endothelial cells, smooth muscle cells, mesenchymal stem 

cells (MSCs) and adipose precursor cells. All of these cells are located in the 

stromal vascular fraction (SVF) and the cell composition and phenotype of the 

SVF are usually different depending on the location of the adipose tissue location 

and the adiposity (Wang et al. 2014). Adipogenesis is the process of cell 

differentiation by which preadipocytes become adipocytes and it has been 

intensively studied using different models of cellular differentiation. Adipose-

derived stem cells (ADSCs) are a multipotent population found in adipose tissue 

capable to be plastic adherent, show trilineage differentiation potential and 

express different clusters of differentiation. Moreover, ADSCs can differentiate 

into several lineages, including the adipocytes (Volz et al. 2016). The main 

advantages of ADSCs are their high expansion capacity, their ability to be 
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passaged a number times, and their possibility of being cryopreserved for long 

periods of time (Lee et al. 2014). In the last years, the differentiation of fibroblast 

cell lines into adipocytes has been extensively studied (Wang et al. 2014) and 

different cell culture models and protocols have become available to study 

adipocyte biology (see Chapter 1.Literature review below).  

On the other hand, three types of adipose depots exist in mammals, the 

white (WAT), the brown (BAT) and the beige or BRITE (bAT) adipose tissue. 

They have specificities related to cell composition, localization, pathways for 

homeostatic control, metabolic and endocrine capacities, responsiveness and roles 

(Lanthier et al. 2014). WAT is the principle site for safe energy storage, but it is 

also an endocrine organ that secretes cytokines and adipokines (Baraban et al. 

2016).  Among WAT, subcutaneous adipose tissue (SCAT) and visceral fat depots 

(VAT) depots represent 80% and 20% of total body fat storage, respectively. BAT 

is specialized in fat burning for heat generation and energy expenditure related 

to thermogenesis and to defend against cold and, eventually, obesity (Baraban et 

al. 2016). As brown adipocytes, beige adipocytes have numerous mitochondria 

and express high levels of UCP-1 and they only express the thermogenic genes 

(UCP-1 and others) in response to specific activation state (Harms et al. 2013). 

Concerning to obesity and its co-morbidities, for the last two decades, it 

has been reported different molecules and hormones as mediators implicated in 

metabolic processes associated with obesity. In this sense, natriuretic peptides 

(NPs) are a family of peptide hormones that it has been described as mediators of 

those metabolic processes through the interaction with NPs receptors (NPRs): 

NPR1/NPR-A, NPR2/NPR-B and NPR3/NPR-C (Gruden et al. 2014). NPR3 has 
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been classically considered as a clearance receptor that is involved in the 

degradation of NPs (Schlueter et al. 2014). However, different studies revealed 

that NPR3 might be involved in some metabolic processes. In this regard, it has 

been described that obesity is associated with decreased circulating levels of 

atrial natriuretic peptide (ANP) and brain natriuretic peptide (BNP), and also, 

NPR3 has been found to be up-regulated in WAT from obese adults and children 

(Gómez-Ambrosi et al. 2004, Aguilera et al. 2015). Additionally, it has been 

reported that NPR3 is coupled to the adenylate cyclase/cAMP system in various 

human tissues. Thus, it has been demonstrated its association with cAMP levels 

in different tissues, using the synthetic ligand C-ANP4–23, a ring-deleted analogue 

of ANP which specifically interacts with NPR3 (Anand-Srivastava et al. 1990). 

Regarding to oxidative stress, obesity leads to an excessive production of 

reactive oxygen species (ROS) in the adipose tissue, including hydrogen peroxide 

(H2O2), superoxide anion (O2-) and the hydroxyl radical (OH-). In particular, H2O2 

is one of the most abundant forms of ROS in adipocytes and the levels are 

regulated by different enzymes including catalase (CAT), glutathione 

peroxidases, superoxide dismutase and peroxiredoxins (Gough et al. 2011, 

Rupérez et al. 2014). Although H2O2 is an important signaling molecule at 

controlled levels, its increased production can determine metabolic alterations in 

adipocytes. Moreover, it is known that oxidative stress can activate the nuclear 

factor kappa-light-chain-enhancer of activated B cells (NF-κB) inflammation 

pathway (Sasaki et al. 2005). Additionally, ROS are also able to lower peroxisome 

proliferator-activated receptor-gamma (PPAR-γ) expression (Chen et al. 2006), 

which can itself regulate CAT expression in adipose tissue (Okuno et al. 2008). 
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CAT is one of the most important antioxidant enzymes in the cells, located in the 

peroxisomes. It degrades any H2O2 that exceeds the physiological levels. CAT 

expression was increased after caloric restriction in the adipose tissue of obese 

mice (Lijnen et al. 2012). However, its expression in mice hearts has also been 

observed to be increased after 30 weeks of high-fat feeding, possibly to 

compensate for the observed significant decrease in CAT-specific activity (Rindler 

et al. 2013). In humans, erythrocyte CAT activity has been shown to be decreased 

in obese adults (Amirkhizi et al. 2014) and was lower in children with insulin 

resistance and obesity (Rupérez et al. 2013). 

Background and aims of the study 

The research group “CTS-461-Nutritional Biochemistry. Therapeutic 

implications, BioNIT” focuses one of its research fields on obesity. First, the 

group reported some studies of the association of genetic variants with childhood 

obesity such as 11β-hydroxysteroid dehydrogenase type 1 (HSD11B1), 

neuropeptide Y (NPY) and fat mass and obesity (FTO) genes (PhD defended by 

Olza J. 2011) (Olza J et al. 2012). Subsequently, the research group studied the 

potential implications of SNPs for antioxidant defense system-related genes in 

the risk of obesity and metabolic syndrome features in children; a PhD thesis on 

that subject was defended by Rupérez AI (2014) (Rupérez et al. 2013, Rupérez et 

al. 2014). Additionally, the group demonstrated that VAT exhibits a differential 

gene expression between obese and normal-weight prepuberal children (Aguilera 

et al. 2015). Consequently, we obtained a grant by Junta de Andalucía (project 

number CTS-6770), which allowed for selecting some genes that may affect 

obesity and its metabolic complications such as inflammation and insulin 
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resistance. Therefore, natriuretic peptide 3 (NPR3) and catalase (CAT) genes 

were selected among others to study the putative role on adipocyte metabolism 

and its possible association with obesity. 

The present work was undertaken to determine the putative function of 

NPR3 (Chapter 2) and CAT (Chapter 3) genes on adipocyte metabolism, as well 

to study the specific mechanisms which might contribute to metabolic alterations 

related to obesity in human differentiated adipocytes.  

Material and methods 

In the present study, a commercial cell line of ADSCs was purchased from 

Lonza. ADSCs were cultured, expanded and differentiated into adipocytes 

according to the manufacturer’s recommendations (Lonza). Afterward, ADSCs 

were differentiated into mature adipocytes for 12 days and samples were taken at 

the different times (days 0, 5, 9 and 12), and adipogenesis was monitored and 

quantified via morphological examination of the cellular accumulation of lipid 

droplets at the different times (d0, d5, d9 and d12) by Oil Red O staining assay. 

Finally, all treatments were performed on differentiated adipocytes at day 10. 

Experiments for the study of NPR3 using C-ANP4-23 as synthetic 

lingand  

The synthetic ligand C-ANP4-23, an analogue peptide of the ANP and 

specific for NPR3, was first described by Maack et al. 1987. Since 1990 different 

studies have described the C-ANP4-23 effects and it is exclusive interaction with 

NPR3 in animal and human cells (Anand-Srivastava et al. 1990, Rutherford et al. 

1994, Ortego et al. 1999, Sellitti et al. 2001, Zhang et al. 2005, Gower et al. 2006, 
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Li et al. 2012, Almeida et al. 2014; Li et al. 2014). As previously described, C-

ANP4-23 is capable to modify the cAMP levels in human cells (Sellitti et al. 2001). 

However, C-ANP4-23 does not modify the cGMP levels and lipolysis (Anand 

Srivastava et al. 1990, Skowronska et al. 2010).  

In order to test the appropriate concentration and incubation time of C-

ANP4-23, the cells were treated with different concentrations (50 nM, 1 µM and 5 

µM) and incubation times (30 min, 4 h and 6 h) (Supplementary figure S3). The 

selected experimental conditions, based on the intracellular cAMP levels results, 

were 1 µM of C-ANP4-23 and 4 hours of incubation. Then, the cells were treated 

with 100 μM SQ22536, which is an adenylate cyclase system inhibitor, for 30 

min, in the presence or absence C-ANP4-23, as described below. The intracellular 

cAMP, cGMP and protein kinase A (PKA) activity levels were determined by 

ELISA and gene and protein expression were determined by qRT-PCR and 

Western blot, respectively, in the presence or absence of C-ANP4-23 in the human 

differentiated adipocytes. The levels of lipolysis and glucose uptake were also 

determined. 

Experiments for the study of CAT using the inhibitor 3-amino-1,2,4-

triazole (3-AT) 

Human differentiated adipocytes were incubated with the irreversible CAT 

inhibitor 3-amino-1,2,4-triazole (3-AT) (Margoliash et al. 1960). 3-AT can produce 

both an immediate reversible inhibition of the enzyme at rather high 

concentrations of the inhibitor (Heim, Appleman & Pyfrom, 1956) and a slowly 

developing irreversible inhibition of catalytic activity in the presence of a low and 
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constant concentration of hydrogen peroxide (Margoliash & Novogrodsky, 1958). 

Thus, the differentiated adipocytes were incubated with 2 mM and 10 mM 3-AT 

(for 24 hours) to test their effect on catalase activity. Thus, 3-AT was able to 

significantly inhibit catalase activity in a dose-dependent manner producing an 

analogous increase in H2O2 levels. However, 10 mM 3-AT was able to generate a 

significantly higher increase in H2O2 than 2 mM 3-AT. According to these results, 

the final chosen condition for the following experiments was 10 mM 3-AT for 24 

hours. The GPX and SOD activities were also determined. Gene expression of 

antioxidant enzymes, transcription factors, glucose and lipid metabolism were 

determined in the presence or absence of 3-AT in the human differentiated 

adipocytes. Moreover, NF-κB activation and increased tumor necrosis alpha 

(TNF-α) and interleukin (IL)-6 protein and gene expression levels were examined 

as main inflammation markers. Finally, glucose uptake and lipolysis assay were 

carried out in the presence or absence of 3-AT. 

All experiments were repeated at least three times. In each independent 

experiment, two replicates were performed. Data are expressed as the mean ± 

standard error of the mean (SEM). Significant differences were determined using 

the non-parametric Mann-Whitney U test; statistical significance was defined as 

*P<0.05; **P<0.01. Statistical analyses were performed using SPSS version 22, 

for Windows (SPSS, Chicago, IL, USA).  

Results and discussion 

Oil Red O staining assay showed that ADSCs were adequately 

differentiated into mature adipocytes, due to the significant increased of lipid 
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accumulation from d0 to d12. Additionally, leptin (LEP), adiponectin (ADIPOQ) 

and PPAR-γ gene expression were up-regulated during the adipogenic 

differentiation. As expected, we found that NPR3 and CAT gene expression and 

protein levels were significantly up-regulated on d5, d9 and d12 compared with 

day 0 (Supplementary figure S1).   

Regarding to NPR3 study, C-ANP4-23 treatment significantly increased the 

intracellular cAMP levels and the GLUT4 and 5’-AMP-activated-kinase (AMPK) 

mRNA leves were up-regulated. Western blot showed a significant increase in 

GLUT4 and phosphor-AMPKα levels in the C-ANP4-23-treated adipocytes. 

Importantly, the adenylate cyclase inhibitor SQ22536 abolished these effects. 

Additionally, C-ANP4-23 increased glucose uptake by 2-fold. Therefore, we have 

demonstrated that C-ANP4-23 effects were mediated throught cAMP increased 

levels enhancing glucose metabolism in human differentiated adipocytes (Figure 

1). 
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Figure 1. Conditions observed in the C-ANP4-23-treated adipocytes (Chapter 2). AC, 
adenylate cyclase; AMPK, AMP-activated kinase; ATP, adenosine triphosphate; cAMP, cyclic 
adenosine monophosphate; C-ANP4-23, C-atrial natriuretic peptide (4-23); GLUT4, glucose 
transporter 4; NPR3, natriuretic peptide receptor.  The black arrows indicate an increase or 
decrease in activity, expression or protein levels. The continuous blue lines indicate causal 
relationships between findings, and the dashed blue lines indicate potential relationships 
according to the revised literature. 

 

 Concerning to CAT study, the 3-AT treatment decreased CAT activity and 

increased intracellular H2O2 levels significantly. GPX activity was also reduced, 

and the gene expression levels of the antioxidant enzymes such as GPX and 

PRDXs were inhibited. Interestingly, this occurred along with lower mRNA levels 

of the transcription factors nuclear factor (erythroid 2-like 2) and forkhead box O 

1 (FOXO1), which are involved in redox homeostasis. However, SOD activity and 

expression were increased. Moreover, 3-AT led to NF-κB activation and increased 

TNF-α and IL-6 protein and gene expression levels, while lowering PPAR-γ 

mRNA and protein levels. These alterations were accompanied by an altered 
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glucose and lipid metabolism. Indeed, adipocytes treated with 3-AT showed 

reduced basal glucose uptake, reduced GLUT4 gene and protein expression, 

reduced lipolysis, reduced AMPK activation and reduced gene expression of 

lipases. Therefore, the increased H2O2 levels caused by 3-AT treatment impair 

the antioxidant defense system and the adipocyte metabolism in human 

differentiated adipocytes (Figure 2).  

 

 

 

 

 

 

 

 

Figure 2. Conditions observed in the 3-AT-treated adipocytes (Chapter 3). AMPK: 5'-
AMP-activated protein kinase; ATGL: adipose triglyceride lipase; CAT: catalase; FABP4: fatty-
acid binding protein 4; GLUT4: glucose transporter type 4; GPX: glutathione peroxidase; HSL: 
hormone sensitive lipase; IL-6: interleukin 6; NRF2: nuclear factor, erythroid 2-like 2; NF-κB: 
nuclear factor of kappa light polypeptide gene enhancer in B-cells 2; P: enzyme phosphorylation; 
PPARγ: peroxisome proliferator-activated receptor gamma; SOD: superoxide dismutase; TNF-α: 
tumor necrosis factor alpha. 

 

Conclusions 

We found that NPR3 and CAT genes are extensively involved in adipocyte 

metabolism. C-ANP4-23 enhances glucose metabolism and might contribute to the 
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development of new peptide-based therapies for metabolic diseases. CAT activity 

plays a significant role in the metabolic and redox homeostasis of adipocytes as 

intracellular levels of H2O2 impairs the antioxidant defense system and initiates 

inflammation exerting complex signaling functions.  

Limitations 

The main limitation of the present study is the morphology of the 

differentiated adipocytes from human ADSCs. This was not completely identical 

to that of mature adipocytes that exists in the adipose tissue.  

In relation to NPR3 study, the C-ANP4-23 effects on glucose metabolism 

might be different between isolated adipocytes and adipose tissue. 

Regarding to CAT, the degree to which we inhibited CAT (by 

approximately 70%) is higher than the inhibition of CAT activity observed in 

obese individuals (approximately 42%). Finally, the effects of 3-AT on the actions 

of insulin or other hormones upon other metabolic parameters and cellular 

responses was not fully elucidated in the present study, and thus, requires 

further research. 
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Resumen  
 

Introducción 

La obesidad es un problema importante de salud pública y se caracteriza 

por una acumulación excesiva de grasa en el tejido adiposo, que puede ocurrir por 

un aumento del volumen del adipocito (hipertrofia), número de éstos 

(hiperplasia), o bien, una combinación de ambos (hipertrofia-hiperplasia). 

Además, la obesidad se asocia con un estrés oxidativo y una inflamación de bajo 

grado en el tejido adiposo; y ésto es un factor de riesgo para el síndrome de 

resistencia a la insulina (IR), diabetes tipo 2 y otras co-morbilidades (Morigny et 

al. 2016).  

El tejido adiposo es el principal órgano de almacenamiento de energía. 

Contiene adipocitos y, además, una gran población de células como son los 

macrófagos, fibroblastos, pericitos, células sanguíneas, células endoteliales, 

células del músculo liso, células madre mesenquimales y células precursoras. 

Todas éstas células se encuentran localizadas en la fracción del estroma vascular 

(SVF) y la composición celular y fenotípica de las SVF son, normalmente, 

diferentes dependiendo de la localización y  de la adiposidad corporal (Wang et al. 

2014). La adipogénesis es el proceso de diferenciación celular mediante el cual los 

preadipocitos llegan a ser adipocitos y se ha estudiado intensamente, utilizando 

diferentes modelos de diferenciación celular. Las células madre mesenquimales 

derivadas del tejido adiposo (del inglés Adipose-derived stem cells, ADSCs) son 

una población multipotente encontrada en este tejido, capaces de ser adherentes, 

poseer un potencial trilineal de diferenciación y expresar diferentes marcadores 
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de diferenciación. Además, las ADSCs pueden diferenciarse hasta diferentes 

líneas celulares, incluyendo los adipocitos (Volz et al. 2016). La principal ventaja 

de las ADSCs son su alta capacidad de expansión, su capacidad para soportar un 

número elevado de pases y la posibilidad de ser congeladas durante largos 

períodos de tiempo (Lee et al. 2014). En los últimos años, se han estudiado muy a 

fondo el proceso de diferenciación de líneas celulares de fibroblastos hasta 

adipocitos (Wang et al. 2014) y  se dispone de diferentes modelos de cultivo 

celular y protocolos con el objeto de estudiar la biología del adipocito (ver Chapter 

1.Literature review, capítulo 1.Revisión bibliográfica más adelante).  

Por otro lado, existen tres tipos de tejido adiposo en los mamíferos, el tejido 

adiposo blanco (del inglés white adipose tissue, WAT), el tejido adiposo marrón 

(del inglés Brown adipose tissue, BAT) y el tejido adiposo beige o BRITE (del 

inglés beige adipose tissue, bAT). Éstos tipos de tejido se diferencian según la 

composición celular, localización, vías de señalización y control homeostático, 

capacidades metabólica y endocrina, funciones y respuestas (Lanthier et al. 

2014). El WAT es el principal lugar de reserva energética, pero es también un 

órgano endocrino que secreta citoquinas y adipocitoquinas (Baraban et al. 2016). 

Entre el WAT se distinguen el tejido adiposo subcutáneo (del inglés subcutaneous 

adipose tissue, SCAT) y depósitos viscerales representan el 80% y 20%, 

respectivamente, del almacenamiento de grasa del organismo.  El BAT está 

especializado en el consumo de grasa para la generación de calor y aumentar el 

gasto energético, relacionado con la termogénesis y defensa contra el frío y, 

eventualmente, la obesidad (Baraban et al. 2016). Al igual que los adipocitos 

marrones, los adipocitos beige tienen numerosas mitocondrias y expresan altos 
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niveles de la proteína desacoplante UCP1 y solamente expresan genes 

termogénicos (UCP1 y otros) en respuesta a una activación específica (Harms et 

al. 2013). 

En cuanto a las comorbilidades derivadas de la obesidad, en las últimas 

dos décadas, se han publicado diferentes moléculas y hormonas como mediadores 

implicados en procesos metabólicos asociados a dicha obesidad. En este sentido, 

los péptidos natriuréticos son una familia de hormonas peptídicas que han sido 

descritos como mediadores de esos procesos metabólicos, a través de la 

interacción con sus receptores (del inglés natriuretic peptide receptors NPRs): 

NPR1/NPR-A, NPR2/NPR-B y NPR3/NPR-C (Gruden et al. 2014). El receptor 3 

de los péptidos natriuréticos (NPR3) se ha considerado, clásicamente, como un 

receptor de aclaramiento que se encuentra involucrado en la degradación de 

dichos péptidos (Schlueter et al. 2014). Sin embargo, diferentes estudios han 

demostrado que el NPR3 podría estar implicado en algunos procesos metabólicos. 

En este sentido, se ha descrito que la obesidad se asocia con un descenso de los 

niveles circulantes del péptido natriurético atrial (ANP) y del péptido natriurético 

cerebral (BNP), y además, se ha observado una sobreexpresión del gen NPR3 en 

el WAT de personas con obesidad, tanto en adultos (Gómez-Ambrosi et al. 2004) 

como en niños (Aguilera et al. 2015). En este aspecto, diferentes estudios han 

demostrado que el NPR3 se encuentra acoplado al sistema adenilato ciclasa en 

varios tejidos humanos. Así, se ha asociado con los niveles de AMP cíclico (AMPc) 

en diferentes tejidos, utilizando un péptido sintético, el C-ANP4–23, análogo al 

ANP que interacciona específicamente con el NPR3 (Anand-Srivastava et al. 

1990). 
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En relación al estrés oxidativo, la obesidad conduce a una producción 

excesiva de especies reactivas de oxígeno (ROS) en el tejido adiposo, incluyendo el 

peróxido de hidrógeno (H2O2), el anión superóxido (O2-)  y el radical hidroxilo 

(OH-). En particular, el H2O2 es una de las formas más abundantes de los ROS en 

los adipocitos y los niveles están regulados por diferentes enzimas como son la 

catalasa (CAT), glutatión peroxidasa (GPX), superóxido dismutasa (SOD) y las 

peroxirredoxinas (PRDXs) (Gough et al. 2011, Rupérez et al. 2014). Aunque el 

H2O2 es una molécula de señalización importante a niveles controlados, un 

aumento en su producción puede determinar alteraciones metabólicas en los 

adipocitos. Además, se conoce que el estrés oxidativo puede activar la vía de 

inflamación del factor nuclear potenciador de las cadenas ligeras kappa de las 

células B activadas (NF-κB) (Sasaki et al. 2005). Igualmente, los ROS pueden 

también disminuir la expresión del receptor activado por proliferador de los 

peroxisomas-gamma (PPAR-γ) (Chen et al. 2006), que, a su vez, puede regular la 

expresión de CAT en el tejido adiposo (Okuno et al. 2008). La CAT es una de las 

enzimas antioxidantes más importantes en las células. Se encuentra localizada 

en los peroxisomas y degrada el H2O2 que excede los niveles fisiológicos. Se ha 

observado que la expresión de CAT aumenta tras una restricción calórica en el 

tejido adiposo de ratones obesos (Lijnen et al. 2012). Sin embargo, su expresión se 

encuentra aumentada en el corazón de ratones que han sido alimentados durante 

30 semanas con una dieta alta en grasa, posiblemente como mecanismo de 

compensación del descenso significativo observado en la actividad específica de 

CAT (Rindler et al. 2013). En humanos, se ha demostrado que la actividad de la 

CAT en los eritrocitos se encuentra disminuida en adultos obesos (Amirkhizi et 
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al. 2014) y, además, en niños con resistencia a la insulina y obesidad (Rupérez et 

al. 2013).  

Antecedentes y objetivos del estudio 

El grupo de investigación “CTS-461 Bioquímica de la nutrición. 

Implicaciones terapéuticas, BioNIT” centra una de sus principales líneas de 

investigación en el estudio de la obesidad. En principio, el grupo llevó a cabo 

algunos estudios de asociación de variantes genéticas (del inglés sigle nucleotide 

polymorphism, SNPs) con el riesgo de desarrollar obesidad infantil como son los 

genes 11β-hidroxiesteroide deshidrogenasa tipo 1 (HSD11B1), neuropéptido Y 

(NPY) y el gen asociado a la obesidad y masa grasa (del inglés fat mass and 

obesity associated, FTO) (Tesis doctoral defendida por Olza J. 2011) (Olza et al. 

2012). Posteriormente, el grupo de investigación estudió las implicaciones 

potenciales de algunos SNPs de genes relacionados con el sistema de defensa 

antioxidante, el riesgo de obesidad y algunas características del síndrome 

metabólico en niños; tesis defendida por Rupérez AI (2014) (Rupérez et al. 2013, 

Rupérez et al. 2014). Además, el grupo de investigación demostró que el tejido 

adiposo visceral muestra una expresión génica diferencial entre niños obesos y 

niños normopeso prepúberes (Aguilera et al. 2015). Consecutivamente, el grupo 

obtuvo un proyecto de la Junta de Andalucía (proyecto número CTS-6770), que 

permitió estudiar algunos genes seleccionados que pueden afectar a la obesidad y 

sus complicaciones metabólicas como son la inflamación y la resistencia a la 

insulina. De esta forma, se seleccionaron los genes NPR3 y CAT, entre otros, para 

estudiar su posible función en el metabolismo del adipocito y su asociación con la 

obesidad.  



Resumen 

30 

El presente trabajo fue diseñado para determinar la posible función de los 

genes NPR3 (Capítulo 2) y CAT (Capítulo 3) en el metabolismo del adipocito, 

además para estudiar el mecanismo específico por el cual podrían contribuir a las 

alteraciones metabólicas asociadas a la obesidad en adipocitos humanos 

diferenciados. 

Material y métodos 

En el presente estudio, se adquirió una línea celular comercial de células 

madre mesnquimales derivadas de tejido adiposo humano (ADSCs) de la firma 

Lonza. Las ADSCs se cultivaron, expandieron y diferenciaron hasta adipocitos 

siguiendo las recomendaciones del fabricante (Lonza). A continuación, las ADSCs 

se diferenciaron hasta adipocitos maduros durante 12 días y las muestras se 

recolectaron en diferentes tiempos (día 0, 5, 9 y 12) y la adipogénesis se comprobó 

y cuantificó mediante el ensayo de tinción con un colorante lipídico “Oil Red O”, 

examinando morfológicamente la acumulación de gotas de lípidos en las células a 

diferentes tiempos (d0, d5, d9 y d12). Finalmente, todos los tratamientos a 

posteriori  se realizaron en los adipocitos a día 10.  

Experimentos para el estudio del NPR3 mediante el ligando 

sintético C-ANP4-23  

El ligando sintético C-ANP4-23, un péptido análogo del ANP y específico 

para NPR3, fue el primero en ser publicado por Maack et al. 1987. Desde 1990 

diferentes estudios han descrito los efectos del C-ANP4-23 y su interacción 

exclusiva con el NPR3, tanto en células humanas como de animales (Anand-

Srivastava et al. 1990, Rutherford et al. 1994, Ortego et al. 1999, Sellitti et al. 
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2001, Zhang et al. 2005, Gower et al. 2006, Li et al. 2012, Almeida et al. 2014; Li 

et al. 2014). Como se ha explicado anteriormente, el C-ANP4-23 es capaz de 

modificar los niveles de AMPc en células humanas (Sellitti et al. 2001). Sin 

embargo, el C-ANP4-23 no modifica los niveles de GMPc ni de lipólisis (Anand 

Srivastava et al. 1990, Skowronska et al. 2010).  

Con el objeto de conocer la concentración apropiada y el tiempo de 

incubación del C-ANP4-23, las células fueron tratadas con diferentes 

concentraciones (50 nM, 1 µM and 5 µM) y tiempos (30 min, 4 h y 6 h) (Figura 

suplementaria S3). Las condiciones experimentales seleccionadas, basadas en los 

resultados de los niveles de AMPc, fueron 1 µM de C-ANP4-23 y 4 h de incubación. 

Seguidamente, las células se trataron con 100 µM de SQ22536, que es un 

inhibidor del sistema adenilato ciclasa, durante 30 minutos, en presencia y 

ausencia del C-ANP4-23, como se ha descrito anteriormente. Los niveles 

intracelulares de AMPc, GMPc y actividad de la proteína quinasa A (PKA) se 

determinaron mediante kits de ELISA y las evaluaciones de la expresión génica y 

proteica de algunos genes se llevaron a cabo mediante qRT-PCR y Western blot, 

respectivamente, en presencia o ausencia del C-ANP4-23 en adipocitos humanos 

diferenciados. Los niveles de lipólisis y captación de glucosa también se 

determinaron en dichas condiciones.  

Experimentos para el estudio de CAT utilizando el inhibidor 3-

amino-1,2,4-triazol (3-AT) 

Los adipocitos humanos diferenciados se incubaron con el inhibidor 

irreversible de la actividad de CAT 3-amino-1,2,4-triazol (3-AT) (Margoliash et al. 
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1960). El 3-AT puede producir tanto una inhibición reversible rápida de la 

enzima a concentraciones bastante altas del inhibidor (Heim, Appleman & 

Pyfrom, 1956), como una inhibición irreversible de desarrollo lento de la actividad 

catalítica a baja concentración y constante de peróxido de hidrógeno (Margoliash 

& Novogrodsky, 1958). Con el objeto de determinar la concentración apropiada, 

los adipocitos diferenciados se incubaron con 2 mM y 10 mM de 3-AT (durante 24 

h) y se determinó la actividad de la CAT. Así, el 3-AT inhibió de forma 

significativa la actividad enzimática de manera dosis-dependiente produciendo 

un aumento en los niveles de H2O2. Sin embargo, a 10 mM generó un aumento 

significativamente más alto de H2O2 que a 2 mM. De acuerdo con estos 

resultados, la condición finalmente elegida para el desarrollo de los experimentos 

fue la de 10 mM de 3-AT durante 24 horas.  

Se determinó también la actividad de la GPX y SOD. La expresión génica 

de enzimas antioxidantes, factores de transcripción, metabolismo glucídico y 

lipídico se determinaron en presencia y ausencia del 3-AT en adipocitos humanos 

diferenciados. Además, se determinó la activación del NF-κB y los niveles de 

expresión génica y proteica del factor de necrosis tumoral alpha (TNF-α) e 

interleucina 6 (IL-6). Finalmente, se llevaron a cabo ensayos de lipólisis y 

captación de glucosa en presencia y ausencia del 3-AT.  

Todos los experimentos fueron repetidos al menos tres veces. En cada 

experimento independiente, se realizaron dos réplicas. Los datos están 

expresados como la media ± error estándar de la media (E.E.M.). Las diferencias 

significativas entre medias se determinaron mediante el test no paramétrico de U 

de Mann-Whitney. La significancia estadística se definió como *P<0.05; **P<0.01. 
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Los análisis estadísticos se llevaron a cabo mediante el programa SPSS versión 

22, para Windows (SPSS, Chicago, IL, EEUU).  

Resultados y discusión 

El ensayo de tinción con Oil Red O mostró que las células ADSCs se 

diferenciaron correctamente hasta adipocitos maduros, debido al aumento 

significativo de la acumulación lipídica desde el d0 hasta el d12. Además, los 

genes leptina (LEP), adiponectina (ADIPOQ) y de PPAR-γ fueron 

sobreexpresados durante la diferenciación adipogénica. Como se esperaba, se 

encontró que la expresión génica y proteica de NPR3 y CAT fue 

significativamente más alta durante los días d5, d9 y d12 comparados con el día 0 

(Figura suplementaria S1).  

En cuanto al estudio del NPR3, el tratamiento con C-ANP4-23 aumentó de 

forma significativa los niveles intracelulares de AMPc y los niveles de expresión 

génica de GLUT4 y AMPK fueron más altos. Los resultados del Western blot 

mostraron un aumento significativo en los niveles de GLUT4 y phospho-AMPK-α 

en los adipocitos tratados con C-ANP4-23. Todos estos efectos no se observaron en 

presencia del inhibidor de la adenilato ciclasa SQ22536. Además, C-ANP4-23 

aumentó la captación de glucosa dos veces (Figura 1). En definitiva, hemos 

demostrado que los efectos de C-ANP4-23 fueron mediados a través del aumento de 

los niveles de AMPc, mejorando el metabolismo glucídico en adipocitos humanos 

diferenciados. 
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Figura 1. Condiciones observadas en los adipocitos tratados con C-ANP4-23 (Capítulo 2). 
AC, adenilato ciclasa; AMPK, proteína kinasa activada por AMP; ATP, adenosin trifosfato; cAMP, 
adenosín monofosfato cíclico; C-ANP4-23, C-péptido natriurético atrial (4-23); GLUT4, 
transportador de glucosa 4; NPR3, receptor 3 de los péptidos natriuréticos. Las flechas negras 
indicant un aumento o disminución en la actividad, expresión o niveles proteicos. Las líneas 
azules contínuas indicant una relación directa encontrada entre los hallazgos, y las líneas azules 
discontínuas indican la relación potencial existente de acuerdo a lo revisado en bibliografía. 

 

En cuanto al estudio de CAT, el tratamiento con 3-AT disminuyó la 

actividad catalasa y aumentó los niveles de H2O2 de forma significativa. La 

actividad de la GPX también se redujo y la expresión de los genes de enzimas 

antioxidantes como la GPX y PRDXs disminuyó. Curiosamente, esto ocurrió junto 

con niveles bajos de mRNA del factor de transcripción Nrf2 y FOXO1, que están 

involucrados en la homeostasis redox. Sin embargo, la actividad y expresión de la 

SOD aumentaron. Además, el 3-AT produjo una activación del NF-κB y aumento 

de los niveles de expresión génica y proteica de TNF-α y IL-6, mientras 

disminuyó los de PPAR-γ. Estas alteraciones se acompañaron por una alteración 
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en el metabolismo glucídico y lipídico. De hecho, los adipocitos tratados con el 3-

AT mostraron una reducción basal en la captación de glucosa, una expresión 

génica y proteica de GLUT4 disminuida, menor lipólisis, menor activación de la 

AMPK y reducción de la expresión génica de lipasas (Figura 2). En definitiva, el 

aumento de los niveles de H2O2 causado por el tratamiento con 3-AT produjo un 

daño en el sistema de defensa antioxidante y en el metabolismo de los adipocitos 

humanos diferenciados. 

 

 

 

 

 

 

 

Figura 2. Condiciones observadas en los adipocitos tratados con 3-AT (Capítulo 3). 
AMPK: 5'-proteín kinasa activada por AMP; ATGL: lipasa de triglicéridos; CAT: catalasa; FABP4:  
proteína de unión a ácidos grasos 4; GLUT4: transportador de glucosa 4; GPX: glutatión 
peroxidasa; HSL: lipasa sensible a las hormonas; IL-6: interleucina 6; NRF2: nuclear factor, 
factor nuclear eritroide-tipo2; NF-κB: factor nuclear potenciador de las cadenas ligeras kappa de 
las células B activas; P: fosforilación de enzima; PPARγ: receptor activado por proliferador de los 
peroxisomas gamma; SOD: superóxido dismutasa; TNF-α: factor de necrosis tumoral alpha. 

 

Conclusiones 

Los genes NPR3 y CAT están ampliamente involucrados en el metabolismo 

del adipocito. El C-ANP4-23 mejora el metabolismo glucídico y podría contribuir al 
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desarrollo de nuevas terapias basadas en péptidos para enfermedades 

metabólicas. La actividad de la CAT juega un papel importante en la homeostasis 

metabólica y redox de los adipocitos, de tal forma que los niveles altos de H2O2 

alteran el sistema de defensa antioxidante e inicia una inflamación ejerciendo 

funciones de señalización complejas.  

Limitaciones 

La principal limitación del presente estudio es la morfología de los 

adipocitos diferenciados a partir de las células ADSCs humanas. Estas no son 

completamente idénticas a los adipocitos maduros que existen en el propio tejido 

adiposo. 

En relación al estudio del NPR3, los efectos del C-ANP4-23 sobre el 

metabolismo glucídico podrían ser diferentes entre los adipocitos aislados y el 

tejido adiposo.  

En cuanto a la CAT, el grado mediante el cual la actividad CAT fue 

inhibida (aproximadamente un 70 %) es más alta que la inhibición de la actividad 

de CAT observada en individuos obesos (aproximadamente un 42 %). Finalmente, 

los efectos del 3-AT en las acciones de la insulina y otras hormonas bajo otros 

parámetros metabólicos y respuestas celulares, no fueron completamente 

clarificados en el presente estudio, y por tanto, se precisa de más investigación.  
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Introduction 
 

1.1. Obesity prevalence 

Obesity is one of the most important public health burdens both in developed 

and developing countries. According to the World Health Organization (WHO) 

obesity and overweight are defined as “abnormal or excessive fat accumulation 

that may impair health”. An increased consumption of highly caloric foods, 

without an equal increase in energy expenditure, mainly by physical activity, 

leads to an unhealthy increase in weight; and also, decreased levels of physical 

activity will result in an energy imbalance and lead to weight gain (WHO 2016). 

In fact, obesity is a disease with worldwide continuingly increasing prevalence 

and independently of age group, material status or origin (Lewandowska et al. 

2016). 

Worldwide obesity has more than doubled since 1980. In 2014, more than 1.9 

billion adults, 18 years and older, were overweight and of these over 600 million 

were obese. Thus, 30 % of adults aged 18 years and over were overweight in 2014, 

and 13 % were obese (Figure 1). In addition, 41 million children under the age of 

5 were overweight or obese in 2014 (WHO 2016).  
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Figure 1A. World map of obesity prevalence in male. Data are presented as mean Body 
Mass Index (kg/m2), ages +18 (age standarized estimate), 2014; World Health Organization 
(WHO). 

 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 1B. World map of obesity prevalence in female. Data are presented as mean Body 
Mass Index (kg/m2), ages +18 (age standarized estimate), 2014; World Health Organization 
(WHO). 
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Additionally, obesity is a risk factor for insulin resistance (IR) and 

development of type 2 diabetes, and also, diabetes is associated with 

complications such as cardiovascular diseases, non-alcoholic fatty liver disease 

(NAFLD), retinopathy, angiopathy and nephropathy, with consequently leads to 

higher mortality risks (Morigny et al. 2016). 

1.2. Etiology of obesity 

Obesity is the result of genetic, behavioral, environmental, physiological, 

social and cultural factors that result in energy imbalance and promote excessive 

fat deposition. The relative contribution of each of these factors has been studied 

extensively, and although genes play an important role in the regulation of body 

weight, the WHO on obesity concluded that behavioral and environmental factors 

(i.e. sedentary lifestyles combined with excess energy intake) are primarily 

responsible for the dramatic increase in obesity during the past two decades. 

Consequently, obesity and its co-associated metabolic diseases results from a 

complex interaction between environmental and genetic factors. Thus, people 

with obesity have more cardiovascular and metabolic risk factors than people 

with normal weight. However, in the past few years, controversy has surrounded 

the idea that some individuals with obesity can be considered healthy with 

regards to their metabolic and cardiorespiratory fitness, which has been termed 

the ‘obesity paradox’ (Lavie et al. 2016).  

The inter-individual variations of genetic information such as the study of 

single-nucleotide polymorphisms (SNPs) and structural variants determine the 

patterns of DNA sequence associated with obesity. Furthermore, these SNPs can 

condition the metabolic response to nutritional events, which are studied by 
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nutrigenetics. Thus, different SNPs have been reported by genetic variations 

such as fat mass and obesity-associated (FTO), neuropeptide FF receptor 2 

(NPFFR2) or melanocortin 4 receptor (MC4R) (Hunt et al. 2011, Cordero et al. 

2015). Recently, a study by Wheeler et al., 2013 on paediatric obesity found new 

genetic variants involved in the early onset of obesity: leptin receptor (LEPR) and 

protein kinase C (PRKCH) (Wheeler et al. 2013). Technical development of high-

throughput techniques for massive approaches, such as genetic wide association 

studies (GWAS), provides valuable information for the understanding of obesity 

and associated co-morbidities on a genetic basis (Fall et al. 2014). GWAS for 

adiposity traits and obesity risk have identified at least 160 loci that contribute 

to body weight and fat distribution in adults and children of diverse ancestry. 

Shungin et al. (2015) identified 49 loci (33 new) associated with waist-to-hip ratio 

adjusted for body mass index (BMI), and an additional 19 loci newly associated 

with related waist and hip circumference measures (Locke et al. 2015, Shungin et 

al. 2015) Recently, Lu et al. 2016 have described new loci for body fat percentage 

that reveal a link between adiposity and cardiovascular disease risk. A meta-

analysis of data from more than 100,000 individuals identified 12 loci 

significantly associated with body fat %. Particularly striking is that two of the 

12 loci harbour genes (IRS1, GRB14) that influence insulin receptor signalling, 

and two other loci contain genes (IGF2BP1, PICK1) that are involved in the 

GH/IGF1 pathway, that in turn also relates to insulin receptor signalling  (Lu et 

al. 2016).  

Although gene code contains the information that could define the individual 

phenotype, there seems to be parallel translation machinery regulating the 
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expression of the information stored in the genome. The proposed molecular 

mechanism that could mediate this control is epigenetic (Cordero et al. 2015). 

Hences new approaches reaserching the epigenetic are laying the groundwork for 

the knowlegde of the etiology of the obesity. 

1.3. Adipose tissue and adipocyte biology 

Adipose tissue has been recognized as an active endocrine organ and a main 

energy store of the body (Kershaw et al. 2004). Excess adiposity and adipocyte 

dysfunction result in dysregulation of a wide range of adipose tissue-derived 

secretory factors, referred to as adipokines, which may contribute to the 

development of various metabolic diseases via altered glucose and lipid 

homeostasis as well as inflammatory responses. Additionally, excess fat 

accumulation promotes the release of free fatty acids (FFA) into the circulation 

from adipocytes, which may be a critical factor in modulating insulin sensitivity 

(Jung et al. 2015).  

Adipose tissue contains adipocytes in addition to a wide population of cells, 

such as macrophages, fibroblasts, pericytes, blood cells, endothelial cells, smooth 

muscle cells, mesenchymal stem cells (MSCs) and adipose precursor cells. All of 

these cells are located in the SVF and the cell composition and phenotype of the 

SVF are usually different depending on the location of the adipose tissue location 

and the adiposity (Wang et al. 2014).   

Adipose tissues secrete various hormones, cytokines, and metabolites such as 

adipokines that control systemic energy balance by regulating appetitive signals 

from the central nerve system as well as metabolic activity in peripheral tissues 

(Choe et al. 2016). Three types of adipose depots exist in mammals, commonly 
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classified following their colour appearance: the white (WAT), the brown (BAT) 

and the beige or BRITE (bAT) adipose tissue. They have specificities related to 

cell composition, localization, pathways for homeostatic control, metabolic and 

endocrine capacities, responsiveness and roles (Lanthier et al. 2014). WAT is the 

principle site for safe energy storage, but it is also an endocrine organ that 

secretes cytokines and adipokines (Baraban et al. 2016).  Among WAT, 

subcutaneous adipose tissue (SCAT) and visceral fat depots (VAT) depots 

represent 80% and 20% of total body fat storage, respectively. VAT is drained 

directly to the liver through the portal vein. As a result, FFA, adipokines and 

cytokines have a hepatic first pass and reach the liver at high concentration. 

Moreover, adipogenesis is relatively restrained and accommodation of excess fat 

depends on adipocyte hypertrophy, a form of storage rather associated with 

higher metabolic alterations and inflammation (Ibrahim et al. 2010, Lanthier et 

al. 2014). On the other hand, the enhanced capacity to store lipids 

subcutaneously by stimulation of adipogenesis rather than by hypertrophy does 

not cause inflammation and may protect against fat deposition in visceral 

locations and ectopic tissues. In addition, compared to SCAT, VAT is 

metabolically more active, with an increased lipolytic activity (Ibrahim et al. 

2010) and protein secretion. However, the majority of the studies on obesity and 

adipose tissue inflammation in humans, authors analyze the SCAT and not the 

VAT, because it is more readily accessible (Bradley et al. 2012, Lanthier et al. 

2014).  

Brown adipose tissue (BAT) is specialized in fat burning for heat generation 

and energy expenditure related to thermogenesis and to defend against cold and, 
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eventually, obesity. Brown adipocytes promote energy expenditure via 

mitochondrial uncoupling protein 1 (UCP-1). An intermediate type of adipocytes 

that expresses UCP-1 has also been described. This type of adipocyte is referred 

to as beige or “BRITE” (brown in white) adipocytes and regarded as a non-

classical/inducible brown adipocyte (Wu et al. 2012, Xu et al. 2015). As brown 

adipocytes, beige adipocytes have numerous mitochondria and express high 

levels of UCP-1. However, they do not originate from the same precursors than 

BAT and they only express the thermogenic genes (UCP-1 and others) in 

response to specific activation, while BAT expresses those genes in the basal 

state (Harms et al. 2013). Chronic cold exposure, agonists of the β-adrenergic 

receptor or peroxisome proliferator active receptor gamma (PPAR-γ) stimulates 

white to beige transformation (Lanthier et al. 2014).  

1.4. Hyperplasic and hypertrophic adipocytes 

The excessive accumulation of fat mass in WAT can occur through an increase 

in adipocyte volume (hypertrophy), number (hyperplasia), or a combination of 

both (hypertrophy–hyperplasia) (Figure 2). Adipocyte hypertrophy and 

hyperplasia are regulated by environmental and genetic factors (Spiegelman et 

al. 2001). 
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Figure 2. Characteristics of hypertrophic and hyperplasic adipocytes in obesity (Choe et 
al. 2016). FFA: Free fatty acids. 

 

 Recently, it has been suggested that adipocyte hypertrophy per se results in 

abnormal adipocyte function and leads to IR (Kim et al. 2015). WAT from people 

with obesity, hypertrophic adipocytes show necrotic-like abnormalities. An 

increase of dead adipocytes in obesity will impede adipose tissue function and 

induce inflammation by secreting of pro-inflammatory cytokines such as tumor 

necrosis factor α (TNFα), inter-leukin (IL)-6, IL-8, and monocyte chemoattractant 
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protein-1 (MCP-1) (Jernas et al. 2006). This elevation of pro-inflammatory 

cytokines leads to serine phosphorylation of insulin receptor substrate-1 (IRS-1) 

via NF-κB and Jun N-terminal kinase signaling, resulting in the development of 

IR (Hirosumi et al. 2002). Additionally, adipocyte hypertrophy induces local 

adipose tissue hypoxia due to a relative deficiency of vasculature and the 

expression levels of angiogenic factors and inflammatory response-associated 

genes are up-regulated (Trayhurn et al. 2012). On the other hand, lipolysis is 

elevated in hypertrophic adipocytes, increasing the leakage of FFA. Large 

amounts of FFA released from the obese adipose tissue are taken up by other 

tissues, such as the liver and muscle, which can cause ectopic lipid accumulation 

and lipotoxicity (Rutkowski et al. 2015). Moreover, adipocyte hypertrophy also 

impairs insulin-dependent glucose uptake because of a defect in glucose transport 

4 (GLUT4) trafficking (Kim et al. 2015, Choe et al. 2016).  

Regarding to hyperplasia expansion of adipose tissue, adipocyte precursor 

cells must differentiate into adipocytes through the adipogenesis process. Several 

studies suggest that de novo differentiation of small adipocyte could ameliorate 

IR in obesity by providing additional capacity to store excess energy. Although 

the implications of adipocyte hyperplasia in the adipose tissue function are not 

fully understood, the regulation of hyperplasic adipocytes may exert beneficial 

effects against adipocyte hypertrophy and subsequent IR (Choe et al. 2016).  

1.5. Adipogenesis process 

Adipogenesis is the process of cell differentiation by which preadipocytes 

become adipocytes and it has been one of the most intensively studied models of 

cellular differentiation. WAT is capable of massive expansion and contraction in 
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response to chronic alterations in energy balance, accounting for as little as 5% 

body mass in extremely lean athletes or as much as 60% body mass in morbidly 

obese individuals. On a cellular level, WAT expansion is driven by both 

hypertrophy and hyperplasia of adipocytes, as it was described above (Cawthorn 

et al. 2012).  

Adipose-derived stem cells (ADSCs) are a population of mesenchymal stem 

cells (MSCs) found in adipose tissue. MSCs are defined by the Minimal Criteria 

of the International Society for Cellular Therapy whereafter these cells have to 

be plastic adherent, show trilineage differentiation potential and express cluster 

of differentiation (CD) 73, CD90 and CD105 (Dominici et al. 2006, Volz et al. 

2016). Up to date, different methods for ADSCs isolation exists such as the 

purification of the SFV, from endothelial and hematopoietic cells by fluorescent-

activated cell sorting (FACs) or magnetic-activated cell sorting (MACs) and 

exclusion of CD31 and CD45-positive cells. Most of researcher directly plate the 

SVF assuming the target cells to been riched by plastic adherence for 6 hours and 

following culture adherence 6 hours and following culture (Volz et al. 2016). 

Moreover, ADSCs are multipotent and can be differentiated into several 

lineages, like the adipogenic, chondrogenic and osteogenic lineage. The in vitro 

adipogenic differentiation of MSCs has been discovered before the existence of 

stem cells in adipose tissue was shown. It is well understood at the molecular 

level and initiated by various partly interdependent differentiation factors. Thus, 

PPAR-γ and CCAAT-enhancer binding protein alpha (C/EBP-α) are considered as 

the central regulators of adipogenesis and are induced early in the differentiation 

process (Rosen et al. 2000). The transcription of PPAR-γ and C/EBP-α is in turn 
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activated by the factors C/EBP-β and –delta which are mediating the 

transcription of adipogenic genes like GLUT4 or fatty acid binding protein 4 

(FABP4) consecutive to adipogenic stimuli (Petersen et al. 2008). C/EBP-β is 

known to be activated via mitogen activated protein kinases (MAPK), glycogen 

synthase 3-β as well as through cyclic adenosine monophosphate (cAMP). The 

latter is additionally able to activate PPAR-γ via protein kinase A (PKA) (Zhang 

et al. 2004, Volz et al. 2016) (Figure 3). Furthermore, sterol regulatory element-

binding transcription factor 1c (SREBP1c) is another key transcription factor 

that stimulates the expression of lipogenic genes, including acetyl-CoA 

carboxylase, fatty acid synthase, and saturated fatty acid dehydrogenase. It has 

been reported that activation of SREBP1c provides endogenous PPAR-γ ligands 

and consequently increases adipogenesis (Choe et al. 2016). 

Figure 3. Molecular mechanism of adipogenesis and its common in vitro inducers. 

PPAR-γ and C/EBP-α are the main modulators of adipogenesis and their activation finally results 

in the transcription of adipogenic genes (Volz et al. 2016).AKT, PKB protein kinase B; cAMP, 

cyclic adenosine monophosphate; CEBP, CCAAT-enhancer binding protein alpha; FABP4. Fatty 
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acid binding protein 4; GLUT4, glucose transporter 4; GS3K-β, glycogen synthase kinase 3 beta; 

IBMX, 3-isobutyl-1-methylxanthine; IGF, insulin-like growth factor-1; MAPK, mitogen-activated 

protein kinase; PIK3, phosphatidylinositol 3 kinase; PKA, protein kinase A; PPARγ, peroxisome 

proliferator-activated receptor gamma. 

 

1.6. Obesity and natriuretic peptides 

Natriuretic peptides (NPs) have been revealed to be key mediators of 

metabolic processes and have been implicated in the development of diabetes. 

NPs are a family of peptide hormones that are predominantly secreted from the 

heart and that exert a variety of physiological functions by interacting with NP 

receptors (NPRs) (Gruden et al. 2014, Li et al. 2014, Schlueter et al. 2014) 

(Figure 4). The NP family comprises three members, atrial natriuretic peptide 

(ANP), brain natriuretic peptide (BNP), and C-type natriuretic peptide (CNP). 

These peptides are secreted as pro-hormones and are then cleaved by proteases 

into their biologically active forms and corresponding inactive peptides at 

equimolar ratios; and ANP and BNP are predominantly secreted by 

cardiomyocytes, whereas CNP is mainly produced by the central nervous system, 

the endothelium, the bone, and the reproductive system (Gruden et al. 2014). 
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Figure 4. Potential link between NPs, obesity, insulin resistance, and diabetes. Obesity 
and insulin resistance are associated with both impaired ANP and BNP cardiac release and 
overexpression of the clearance NPR-C or NPR3, leading to reduced NP-mediated beneficial 
effects on target organs of metabolism (Grunden et al. 2014).ANP, atrial natriuretic peptide; 
BNP, brain natriuretic peptide; NPR-C, natriuretic peptide receptor C. 

 
There are three NPRs: NPR1 or NPR-A and NPR2 or NPR-B are membrane 

guanylyl cyclase receptors that are primarily responsible for the metabolic 

activity of NPs; and, NPR3 or NPR-C has been classically considered as a 

clearance receptor that is involved in the degradation of NPs (Schlueter et al. 

2014). NPR3 can bind to all NPs; it displays the highest affinity for ANP and the 

lowest affinity for BNP (Potter et al. 2006) (Figure 5).  
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Figure 5. The natriuretic peptides exert their effects through transmembrane 
receptors: NPR-A/NPR1, NPR-B/NPR2, and NPR-C/BNPR3. NPR-A and NPR-B are guanylyl 
cyclases, which catalyse the synthesis of cGMP from GTP. The NPR-C/NPR3 lacks guanylyl 
cyclase activity; instead, receptor activation is coupled to AC or PLC (Zois et al. 2014). AC, 
adenylate cyclase; ANP, atrial natriuretic peptide; ATP, adenosine triphosphate; BNP, brain 
natriuretic peptide; cAMP, cyclic adenosine monophosphate ; cGMP, cyclic guanosine 
monophosphate; CNP, C-type natriuretic peptide; eNOS, endothelial nitric oxide synthase; GTP, 
guanosine triphosphate; NO, nitric oxide; NPR-A, natriuretic peptide receptor A; NPR-B, 
natriuretic peptide receptor B;  NPR-C, natriuretic peptide receptor C; P, phosphorilation; PKG, 
protein kinase G; PLC, phospholipase C; PLN, perilipin. 

 
Obesity is associated with decreased circulating levels of ANP and BNP, and a 

negative linear relationship between BMI and NP plasma values has been 

consistently reported in epidemiological studies (Gruden et al. 2014). NPRs are 

expressed in different human tissues, including adipose tissue, where NPs can 

stimulate lipolysis, modulate adipokine secretion, and promote white adipocyte 

browning (Gruden et al. 2014, Sarzani et al. 1996, Moro et al. 2013, Bordicchia et 

al. 2012). Additionally, the expression levels of NPR3 in adipose tissue have been 
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observed to be considerably increased in obese adults (Gómez-Ambrosi et al. 

2004, Baranova et al. 2005) and obese children (Aguilera et al. 2015). Moreover, 

insulin increases NPR3 expression in subcutaneous adipose tissue in subjects 

with moderate obesity and normal glucose tolerance (Pivovarova et al. 2012). 

Several studies have revealed that the plasma levels of NPs are decreased in 

patients with obesity or type 2 diabetes (Moro et al. 2013, Wang et al. 2007) and 

this decrease may be primarily due to impaired NP release (Omar et al. 2009). 

Another possible explanation is that the up-regulation of NPR3 increases NP 

clearance from the circulation (Dessì-Fulgheri et al. 1997) although the ablation 

of NPR3 in mice did not affect the circulating levels of NPs (Pivovarova et al. 

2012 and Matsukawa et al. 1999). It has been reported that NPR3 is coupled to 

the adenylate cyclase/cAMP system through a 37-amino acid intracellular region 

of NPR3 that is expressed in various human tissues (Schenk et al. 1987, 

Sengenes et al. 2005). Studies using the synthetic ligand C-ANP4–23, a ring-

deleted analogue of ANP, which specifically interacts with NPR3, have shown 

decreased cAMP levels in the anterior pituitary, the aorta, the brain striatum, 

and the adrenal cortex, as well as in rat vascular smooth muscle cells and 

cultured adipocytes (Anand-Srivastava et al. 1990, Crilley et al. 1997). However, 

incubation in C-ANP4-23 increased the cAMP levels in human thyrocytes (Sellitti 

et al. 2001). In addition, in cultured adipocytes, molecules that increase the 

intracellular cAMP levels have been demonstrated to increase the activity of 5’ 

adenosine monophosphate (AMP)-activated protein kinase (AMPK), a critical 

regulator of energy homeostasis and a therapeutic target for the treatment of 

type 2 diabetes (Yin et al. 2003, Hutchinson et al. 2005).  
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1.7. Obesity, oxidative stress and inflammation  

As it has been previously described, obesity 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 

(H2O2), superoxide anion (O2-) and the hydroxyl radical (OH-). The controlled 

production of these molecules is known to help protect against microorganisms 

during infections processes, as well as contribute to normal function in the cell, 

including proliferation, differentiation and signaling. Nevertheless, 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. In particular, one of the most abundant forms of 

ROS in adipocytes is H2O2, the levels of which are heavily regulated by different 

enzymes that include catalase (CAT), glutathione peroxidases (GPX), superoxide 

dismutase (SOD) and peroxiredoxins (PRDXs) (Figure 6). Although H2O2 is an 

important signaling molecule at controlled levels, its increased production can 

determine metabolic alterations in adipocytes (Gough et al. 2011, Rupérez et al. 

2014). 
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Figure 6. Effects of different antioxidant enzymes on oxidative metabolism in 
adipocytes.  CAT, catalase; GPX, glutathione peroxidase; GSH, glutathione; GSSG, glutathione 
disulfide; H2O2, peroxide of hydrogen; NADPH, nicotinamide adenine dinucleotide phosphate; 
PRDX, peroxiredoxin; SOD, superoxide dismutase; vit, vitamine.  

 

Concerning to inflammation, it is known that oxidative stress can activate 

the NF-κB inflammation pathway. Serine phosphorylation at various sites of the 

NF-κB p65 subunit has been shown to be important for the transcription of 

various inflammatory mediators, including TNF-α and IL-6 (Sasaki et al. 2005). 

Additionally, ROS are also able to lower PPAR-γ expression (Chen et al. 2006), 

which can itself regulate CAT expression in adipose tissue (Okuno et al. 2008). In 

fact, in obese individuals, treatment with rosiglitazone, a PPAR-γ agonist, 

increased CAT protein levels in adipose tissues (Ahmed et al. 2010). Along with 

this finding, it has been observed that oxidative stress can lead to a down-
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regulation of adiponectin and GLUT4 gene expressions in adipose tissue 

(Furukawa et al. 2004, Anderson et al. 2009, Rudich et al. 1998). 

On the other hand, H2O2 has been shown to inhibit AMP-stimulated 

protein kinase A (PKA) activity, thus reducing lipolysis in adipocytes (Vázquez-

Meza et al. 2013). Regarding AMPK, it has been shown to be activated as a 

consequence of lipolysis, in parallel with an increase in oxidative stress (Gauthier 

et al. 2008). Furthermore, oxidative stress can inhibit the expression of lipase 

genes by activating inflammation and reducing PPAR-γ expression. 

The cellular responses to oxidative stress, nuclear factor (erythroid 2-like 

2) (Nrf2) and forkhead box O (FOXO1) play important roles in maintaining 

intracellular redox homeostasis by inducing the expression of antioxidant 

enzymes (Kim et al. 2010, Higuchi et al. 2013). Moreover, it has been reported 

that ROS can modulate the Wnt/β-catenin pathway and that low levels of 

oxidative stress favor the interaction of β-catenin with FOXO1 to protect the cell 

against oxidative damage (Korswagen et al. 2006). Among antioxidant enzymes, 

CAT is one of the most important in the cells and it is located in the peroxisomes. 

It degrades any H2O2 that exceeds the physiological levels. CAT expression was 

increased after caloric restriction in the adipose tissue of obese mice. However, its 

expression in mice hearts has also been observed to be increased after 30 weeks 

of high-fat feeding, possibly to compensate for the observed significant decrease 

in CAT-specific activity (Rindler et al. 2013). Similarly, a high-fat diet 

significantly decreased the expression of CAT in adipose tissue from mice (Coate 

et al. 2010). In humans, it has been reported that erythrocyte CAT activity has 
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been shown to be decreased in obese adults (Amirkhizi et al. 2014). Likewise, 

Ahmed et al. (2010) observed a higher CAT protein levels after rosiglitazone 

treatment, a drug to increase insulin sensivity, for 14 days in adipose tissue from 

obese adults (Ahmed et al. 2010). On the other hand, it has been demonstrated 

that CAT erythrocyte activity was lower in children with insulin resistance and 

obesity (Rupérez et al. 2013).   
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Aims of the study 
 

Background and justification 

The research group “CTS-461-Nutritional Biochemistry. Therapeutic 

implications, BioNIT” focuses one of its research fields on childhood obesity 

through different approaches. The first approach in the study of genetic variants 

affecting childhood obesity risk was to observe SNPs from obesity-related genes 

associated with childhood obesity such as 11β-hydroxysteroid dehydrogenase type 

1 (HSD11B1), neuropeptide Y (NPY), fat mass and obesity (FTO) (PhD thesis 

defended by Olza J. 2011) (Olza J et al. 2012). Afterward, the research group 

studied the potential implications of SNPs for antioxidant defense system-related 

genes in the risk of obesity and metabolic syndrome features in children, a PhD 

thesis was defended by Rupérez A.I. (2014) (Rupérez et al. 2013, Rupérez et al. 

2014).  

Additionally, the CTS-461 group demonstrated that visceral adipose tissue 

(VAT) exhibits a differential gene expression between obese and normal-weight 

prepubertal children. A total of fifteen obese and sixteen normal-weight children 

undergoing abdominal elective surgery were selected. RNA was extracted from 

VAT biopsies, microarrays experiments were performed (six obese and five 

normal-weight samples) and a validation by quantitative PCR (qPCR) was 

carried out on an additional ten obese and ten normal-weight VAT samples. As 

validated by qPCR, expression was up-regulated in genes involved in lipid and 

amino acid metabolism (CES1, NPR3 and BHMT2), oxidative stress an



Aims of the Study 

62 

extracellular matrix regulation (TNMD and NQO1), adipogenesis (CRYAB and 

AFF1) and inflammation (ANXA1); by contrast, only CALCRL gene expression 

was confirmed to be down-regulated. This study demonstrates that some genes 

influence the pathogenesis of childhood obesity, as well as that may be candidate 

genes in the etiology of obesity (Aguilera et al. 2015).  

Subsequently, the research group obtained a grant by Junta de Andalucía 

(project number CTS-6770; Secretaría General de Universidades, Investigación y 

Tecnología. Consejería de Economía, Innovación y Ciencia) to study the role of 

some genes related to insulin resistance signalling, inflammation and 

extracellular matrix in cultured human adipose tissue-derived mesenchymal 

stem cells (Implicaciones biológicas de genes de las vías de señalización de la 

insulina, inflamación y matriz extracelular en cultivos de células madre 

mesenquimales de tejido adiposo humano). The present PhD thesis derives from 

that research project, which allowed for selecting some candidate genes that may 

affect obesity and its metabolic complications, such as inflammation and IR. 

Therefore, natriuretic peptide 3 (NPR3) and catalase (CAT) genes were selected 

to study their putative role on adipocyte metabolism and its possible association 

with obesity. 

The expression levels of NPR3 in adipose tissue have been observed to be 

considerably up-regulated in obese children (Aguilera et al. 2015), which may 

have and antilipolytic effect through receptor inhibition of lipolysis mediated by 

natriuretic peptides. Moreover, several studies have revealed that the plasma 

levels of NPs are decreased in patients with obesity or type 2 diabetes (Moro et al. 
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2013, Wang et al. 2007) and this decrease may be primarily due to impaired NP 

release. 

CAT activity is responsible for the degradation of excessive amounts of 

H2O2, has been shown to be decreased in obese adults (Amirkhizi et al. 2014) as 

well as in children with obesity and insulin resistance (Rupérez et al. 2013, Shin 

et al. 2006). Moreover, obese and type 2 diabetic mice have lower CAT expression 

and higher H2O2 levels in adipose tissue; and, in addition to its 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 (Rupérez 

et al. 2013).  

Hypothesis 

 The initial hypothesis was that NPR3 and CAT genes could be implicated 

in the development of obesity and its complications. Furthermore, we 

hypothesized that NPR3 gene could be involved on glucose metabolism in 

adipocytes; and CAT gene might contribute to mechanism by which catalase 

activity contributes to the deleterious effects of oxidative stress and inflammation 

in adipose tissue. 

Aims 

General aim 

The present work was undertaken to determine the putative function of NPR3 

and CAT genes on adipocyte metabolism, as well to study the specific mechanism 
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for which they could contribute to metabolic alterations related to obesity in 

human differentiated adipocytes.  

Specific aims 

1. To review the literature to update the different human cell culture models 

available for studying the in vitro adipogenic differentiation process 

related to obesity and its co-morbidities in the last five years.  

2. To acquire a suitable commercial cell model human adipose-derived stem 

cells (ADSCs) and to carry out properly the adipogenic differentiation 

according to the manufacture protocols.  

3. To test the adipogenic differentiation of ADSC into adipocytes through the 

well knows oil red O staining assay at the different times (d0, d5, d9 and 

d12). 

4. To determine NPR3 and CAT gene and protein expression during the 

adipogenic differentiation at the different times (d0, d5, d9 and d12). 

5. To study the mechanism by which NPR3 and CAT genes might contribute 

to metabolic alterations such as inflammation, insulin resistance or 

oxidative stress.  

6. To study the role of the synthetic ligand C-ANP4–23, a ring-deleted 

analogue of ANP and which specifically interacts with NPR3, on glucose 

metabolism in human differentiated adipocytes. 

7. To study the contribution of catalase activity to the protection against the 

progression of inflammation, oxidative stress and adipocyte metabolism 

dysfunction by using the irreversible CAT inhibitor 3-amino-1,2,4-triazole 

(3-AT) in human differentiated adipocytes.  



 

65 

 

 

 

 

 

 

 

 

 

 

 
 
 
 
 
 
 
 

Materials and methods 
 



 

66 

 
 
 
 
 
 



                                                                                                      Material and Methods  

67 

Materials and methods 
 

Materials 

ADSCs were purchased directly from Lonza (Poietics™ Normal 

ADSCs, Lonza, PT-5006, Lot 0F4505, Switzerland). These commercially 

available ADSCs are isolated from normal (non-diabetic) adult 

subcutaneous lipoaspirates collected during elective surgical liposuction 

procedures. ADSCs have been reported to differentiate into many different 

lineages, including chondrogenic, osteogenic, adipogenic and neural 

lineages. Adipogenesis media and reagents were also obtained from Lonza. 

Oil Red O was acquired from Sigma (234117, Sigma-Aldrich, St. Louis, MO, 

USA). C-ANP4–23 (H3134), ANP (H2095) and CNP-22 (H1296) were 

purchased from Peninsula Laboratories (Bachem AG, Switzerland). An 

adenylate cyclase inhibitor (SQ22536, T2678), adenosine 3′,5′-cyclic 

monophosphate (cAMP) (A9501) and 3-amino-1,2,4-triazole (3-AT) (A8056) 

were acquired from Sigma (Sigma-Aldrich, St. Louis, MO, USA). The rabbit 

anti-GLUT4 antibody (H-61) and TNF-α antibody (SC-52746) were acquired 

from Santa Cruz Biotechnology (Santa Cruz, CA, USA); the goat anti-

adiponectin antibody (AF1065) was obtained from R&D Systems (R&D, Inc. 

USA), the rabbit anti-PPAR-γ (D69), phosphor-NF-kB p65 (Ser536), the 

rabbit anti-total AMPKα (D5A2) and rabbit anti-phospho-AMPKα (Thr172) 

antibodies were acquired from Cell Signaling Technologies (Beverly, MA, 

USA), and the mouse anti-α-tubulin antibody (T5158) and horseradish 
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peroxidase-conjugated immunoglobulin were purchased from Sigma. Unless 

otherwise indicated, all other chemicals were purchased from Sigma. 

Cell culture  

ADSCs were cultured, expanded and differentiated into adipocytes 

according to the manufacturer’s recommendations (Lonza). Briefly, ADSCs 

were grown and expanded in appropriate sterile plastic dishes in complete 

Advanced-Dulbecco’s modified eagle medium (DMEM) (Gibco, Life 

Technologies, Spain) supplemented with 2 mM L-glutamine (25030, Gibco), 

10 % fetal bovine serum (FBS, PT-9000 H, Lonza), 100 U ml-1 of penicillin 

and 100 µg ml-1 of streptomycin (10378-016, Gibco). The cells were 

incubated at 37ºC in a humidified atmosphere containing 5 % CO2. The cell 

culture medium was replaced twice per week, and the cells were passaged a 

maximum of 6 times. To induce differentiation, the cells were seeded in 35-

mm dishes at a density of 30 000 cells/cm2 and cultured in preadipocyte 

growth medium (PGM) consisting of Preadipocyte Basal Medium-2 (PT-

8002, Lonza) supplemented with 10 % FBS, 2 mM L-Glutamine (PT-9001 H, 

Lonza) and 0.1 µg ml-1 Gentamicin Sulfate Amphotericin-B (PT-4504, 

Lonza). At 90 % confluency, the growth medium was replaced with 

differentiation medium (PGM supplemented with dexamethasone (DEX), 3-

isobutyl-1-methylxanthine (IBMX), indomethacin and h-insulin, PT-9502, 

Lonza). ADSCs were differentiated for 12 days and samples were taken at 

the different times (days 0, 5, 9 and 12).  

Oil Red O staining assay 
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Adipogenesis was monitored and quantified via morphological 

examination of the cellular accumulation of lipid droplets at the different 

times (d0, d5, d9 and d12) by Oil Red O staining assay. Oil Red O stock was 

prepared by dissolving 500 mg Oil Red O in 100 mL of isopropanol at room 

temperature and subsequently filtered with a filter paper. For a working 

solution, the stock was diluted in distilled water (3:2, v/v). Cells were 

washed twice with phosphate buffer saline (PBS) and fixed with 4% 

formaldehyde in PBS for 30 min. Subsequently, the cells were washed once 

with PBS and then twice with 60% isopropanol. When cells were completely 

dried, they were incubated with Oil Red O working solution at room 

temperature for 10 min, after which they were washed thrice with PBS and 

imaged using a light microscopy. To yield a quantitative measure of lipid 

accumulation, the optical density of the eluted Oil-Red O stain was 

quantified with 100 % isopropanol, and the optical density at 550 nm were 

measured using a microplate reader (BioTek HTX, Fischer Scientific, USA). 

Experiments for the study of NPR3 using C-ANP4-23 as synthetic 

lingand  

In order to test the appropriate concentration and incubation time of 

C-ANP4-23, the cells were treated with different concentrations (50 nM, 1 µM 

and 5 µM) and incubation times (30 min, 4h and 6h) (Supplementary figure 

S3). The selected experimental conditions, based on the intracellular cAMP 

levels results, were 1 µM of C-ANP4-23 and 4 hours of incubation. 

Subsequently, the cells were treated with 100 μM SQ22536 for 30 min, in 

the presence or absence C-ANP4-23, as described below. The appropriate 
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concentration and incubation time of SQ22536 were obtained from the 

available literature (Santangelo et al. 2011). All treatments were performed 

on differentiated adipocytes at day 10. 

Experiments for the study of CAT using the inhibitor 3-amino-1,2,4-

triazole (3-AT) 

In relation to characterize the toxicity of 3-AT in human 

differentiated adipocytes, we monitored the cellular viability in adipocytes 

exposed for 24 h to increasing concentrations of 3-AT (0, 2, 6, 10, 50 and 100 

mM) using a Neubauer chamber and trypan blue (4%), and no toxicity was 

observed for the tested range of 3-AT (Supplementary figure S6). Then, 

taking into consideration this information as well as the available literature 

(Mukherjee et al. 1982, May et al. 1982, Kumar et al. 2010), we chose the 

concentrations of 2 mM and 10 mM 3-AT to test their effect on catalase 

activity in human differentiated adipocytes. 3-AT was able to significantly 

inhibit catalase activity in a dose-dependent manner producing an 

analogous increase in H2O2 levels (Results section, chapter 3). However, 10 

mM 3-AT was able to generate a significantly higher increase in H2O2 than 

2 mM 3-AT. According to these results, the final chosen condition for the 

following experiments was 10 mM 3-AT for 24 hours. 

 

 

 

Figure 7.3-amino-1,2,4-triazole (3-AT) chemical structure. 
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Intracellular cAMP and cGMP level determination 

Human differentiated adipocytes were incubated in the presence or 

absence of C-ANP4–23, and the intracellular cAMP and cGMP levels were 

determined using the commercial cAMP (ADI-900-163, Enzo Life Science, 

Switzerland) and cGMP (ADI-900-164, Enzo Life Science, Switzerland) 

ELISA kits. In additional experiments, the cells were incubated in SQ22536 

prior to treatment with or without C-ANP4–23, followed by determination of 

the intracellular cAMP levels using the aforementioned kit. 

Protein kinase A (PKA) activity assay  

Human differentiated adipocytes were incubated in the presence or 

absence of C-ANP4–23, and Protein kinase A (PKA) activity was determined 

using the PKA kinase activity kit (ADI-EKS-390A, Enzo Life Science, 

Switzerland). Moreover, the cells were incubated in SQ22536 prior to 

treatment with or without C-ANP4–23, followed by determination of PKA 

activity using the aforementioned kit. 

Additionally, human differentiated adipocytes were incubated in the 

presence or absence of 10 mM 3-AT for 24 hours and cell lysates were 

obtained with PLB as previously described. Then, Protein kinase A (PKA) 

activity was determined after incubating the cell lysates with or without 

cAMP (0.1 mM) for 15 min. 

Lipolysis assay 
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The total level of glycerol, the final product of lipolysis, was measured 

in cell supernatants using a colorimetric assay (Free Glycerol Reagent, 

F6428, Sigma-Aldrich, St. Louis, MO, USA). In the study of C-ANP4–23, the 

cells were treated with 1μM C-ANP4–23 and with 1μM ANP as a positive 

control during 4 hours, and the cell supernatants were harvested. Similarly, 

the cells were treated with 3-AT (10 mM) for 24 h and the cell supernatants 

were harvested. Then, the cell supernatants were incubated in the reagent 

at room temperature for 15 min in a 96-well plate, and the optical density 

was measured using a microplate reader (BioTek HTX) at 550 nm.  

Catalase activity assay 

Human differentiated adipocytes were incubated in the presence or 

absence of 3-AT (2 mM and 10 mM) for 24 hours, and the catalase activity 

was determined in cell lysates using a colorimetric assay (K033-H1, Arbor 

assays, Michigan, USA). Briefly, the cells were harvested lysed with protein 

lysis buffer (PLB) containing 10 mM Tris-HCl (pH 7.5), 150 mM NaCl, 2 

mM EDTA, 1% Triton X-100, 10% glycerol and protease inhibitor cocktail 

(Thermo Scientific, Massachusetts, USA) and placed on ice for 20 min. Then, 

the cell lysate was centrifuged (30 min, 13000 ×g, 4ºC), and the supernatant 

was used to determine the protein concentration with the Protein Assay Kit 

II (Bio-Rad Laboratories, California, USA), performed according to the 

manufacturer’s instructions. A bovine catalase standard was used to 

generate a standard curve for the assay. Next, hydrogen peroxide was added 

to the supernatant and incubated at room temperature for 30 minutes. The 

HRP reacts with the substrate in the presence of hydrogen peroxide to 
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convert the colorless substrate into a pink-colored product. All samples were 

read off from the standard curve and the activity of catalase in each sample 

was calculated after making the appropriate corrections for dilutions, using 

the software available with the plate reader. The results were presented as 

units of catalase activity per mg protein. Sensitivity was determined as 

0.052 U/mL and the limit of detection was determined as 0.062 U/mL. 

Intracellular H2O2 determination 

The generation of intracellular H2O2 in the presence or absence of 3-

AT (2 mM and 10 mM) for 24 hours by adipocytes was measured in cell 

lysates using the OxiSelect fluorometric assay (Cell Biolabs, San Diego, CA, 

USA). Cell lysates were incubated, and the fluorescence was measured with 

a microplate reader in standard 96-well fluorescence black microtiter plates 

using an excitation wavelength of 530 nm and a detection wavelength of 590 

nm. Intracellular H2O2 results were expressed as µM of H2O2. 

Superoxide dismutase and glutathione peroxidase activities assays 

SOD and GPX activities were determined spectrophotometrically in 

cell lysates of adipocytes in the presence or absence of 3-AT (10 mM) for 24 

hours, using two commercial kits (K028-H1 for SOD, Arbor assays, 

Michigan, USA; 703102 for GPX, Cayman Chemical, Michigan, USA). 

Samples were harvested with PLB, diluted in the buffer diluents and then 

added to the wells with the rest of the reagents. The SOD activity assay was 

performed according to the manufacturer’s instructions. The absorbance 

was measured at 450 nm and the results were expressed in terms of the 



Material and Methods  

74 

units of SOD activity per mg protein. Sensitivity was determined as 0.044 

U/mL and the limit of detection was determined as 0.0625 U/mL. GPX 

activity was measured indirectly by a coupled reaction with glutathione 

reductase (GR). Oxidized glutathione (GSSG), produced upon reduction of 

cumene hydroperoxide by GPX, and is recycled to its reduced state by GR 

and NADPH. The oxidation of NADPH to NADP+ is accompanied by a 

decrease in absorbance at 340 nm. Thus, the rate of decrease is directly 

proportional to the GPX activity in the sample. The results were expressed 

in nmol/min/mg protein. Sensitivity was determined as 0.02 of decreased 

absorbance per minute and the limit of detection was determined as 50 

nmol/min/mL. 

GSH/GSSG ratio detection assay 

Reduced and oxidized glutathione GSH/GSSG ratio of cell lysates was 

measured with a fluorometric kit (ab138881, Abcam, Cambridge, UK). GSH 

and total glutathione were determined by changes in fluorescence intensity, 

and GSSG concentration was calculated using total glutathione – GSH. The 

results were expressed as GSH/GSSG ratios in the presence or absence of 3-

AT (10 mM) for 24 h in human differentiated adipocytes. 

Quantitation of intracellular IL-6 protein levels   

The intracellular IL-6 levels were determined in cell lysates in the 

presence or absence of 10 mM 3-AT for 24 hours. Samples were harvested 

with PLB, diluted in the buffer diluents and then added to the wells with 

the rest of the reagents. IL-6 was determined using a MILLIplexTM kit 
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(HADK2MAG-61K-05), with the Luminex 200 multiplex assay system built 

on xMAP technology (Millipore, USA). Results were calculated as pg per mg 

protein and, the bars were represented as units of IL-6 adjusted to control, 

taken as %.  

Glucose uptake assays 

Glucose uptake was determined using a colorimetric assay kit 

(MAK083, Sigma-Aldrich). Briefly, ADSCs were differentiated in 12-well 

plates as described above. Differentiated adipocytes were washed twice with 

PBS and then starved in serum-free medium overnight. Then, the cells were 

washed 3 times with PBS and glucose-starved via incubation in KRPH 

buffer (5 mM Na2HPO4, 20 mM HEPES, pH 7.4, 1 mM MgSO4, 1 mM CaCl2, 

137 mM NaCl and 4.7 mM KCl) containing 2 % BSA for 40 min. Glucose 

uptake was assessed in the presence or absence of C-ANP4-23 with 1 mM 2-

deoxy-D-glucose in KRPH for 20 min at 37 °C and 5 % CO2. As a positive 

control, the cells were stimulated with insulin (1 μΜ) for 20 min. Moreover, 

glucose uptake assay was assessed in the presence or absence of 3-AT for 

the CAT study. The results are expressed in pmol/well.  

RNA isolation and qRT-PCR 

Total RNA was extracted from cells using the PeqGOLD HP Total 

RNA kit (Peqlab, Germany). Isolated RNA was treated with Turbo DNase 

(Ambion, Life Technologies, Carlsbad, CA, USA). The final RNA 

concentration and quality were determined using a NanoDrop2000 device 

(NanoDrop Technologies, Winooski, Vermont, USA). Total RNA (500 ng) 
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was transcribed into cDNA using the iScript cDNA Synthesis Kit (Bio-Rad 

Laboratories, California, USA). Differential gene expression of natriuretic 

peptide receptor 3 (NPR3), peroxisome proliferator-activated receptor 

gamma (PPARγ), leptin (LEP), adiponectin (ADIPOQ), catalase (CAT), 

hormone sensitive lipase (HSL), adipose triglyceride lipase (ATGL), 

adipocyte fatty acid-binding protein (FABP4), perilipin (PLIN) and 

uncoupled protein 1 (UCP1) expression levels were determined via qPCR 

using glyceraldehyde 3-phosphate dehydrogenase (GAPDH) as a reference 

gene, and the quantification was performed using the Pfaffl method (Pfaffl 

et al. 2001). The specific primers for NPR3, PPARγ, LEP, ADIPOQ, CAT, 

HSL, ATGL, FABP4, PLIN, UCP1 and GAPDH were designed using 

Primer3 (http://bioinfo.ut.ee/primer3-0.4.0/) (Table 1). Hypoxanthine-

guanine phosphoribosyltransferase-1 (HPRT1) was used for 3-AT treatment 

experiments, as GAPDH is not a suitable reference gene when glucose 

metabolism is altered. Primers for GLUT4, IL-6, TNF-α, NFKB2 and tumor 

necrosis factor receptor superfamily, member 1A (TNFRSF1A), glutathione 

peroxidase 4 (GPX4), peroxiredoxin 1 (PRDX1), peroxiredoxin 3 (PRDX3), 

peroxiredoxin 5 (PRDX5), catenin beta 1 (CTNNB1), FOXO1, Nrf2 

(NFE2L2), superoxide dismutase 1, soluble (SOD1), natriuretic peptide 

receptor 1 (NPR1) and natriuretic peptide receptor 2 (NPR2) were acquired 

from Bio-Rad Laboratories, California, USA. The qPCR was performed with 

an ABI Prism 7900 instrument (Applied Biosystems, Foster City, CA, USA) 

using SYBR Green PCR Master Mix (Applied Biosystems, Foster City, CA, 

USA). Quantification was performed using the Pfaffl method (Pfaffl et al. 
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2001). Results are expressed as fold changes calculated using the 2^-ΔΔCt 

method. 

 

 

 

 

 

 

Figure 8.Diagram of polimerase chain reaction (PCR). The PCR process 
generally consists of a series of temperature changes that are repeated 40 times. These cycles 
normally consist of three stages: the first, at around 95 °C, allows the separation of the 
nucleic acids double chain; the second, at a temperature of around 50-60 °C, allows the 
binding of the primers with the DNA template; the third, at between 68 - 72 °C, facilitates the 
polymerization carried out by the DNA polymerase. Due to the small size of the fragments 
the last step is usually omitted in this type of PCR as the enzyme is able to increase either 
number during the change between the alignment stage and the denaturing stage.  

 

Differential gene expression in human differentiated adipocytes after 

incubation in C-ANP4-23 was determined via Human PCR Arrays (Bio-Rad 

Laboratories, California, USA). Each array comprised primer pairs that 

were specific to nineteen selected genes related to the insulin, inflammation, 

adipogenesis and lipolytic signalling pathways. GAPDH and HPRT1 were 

used as reference genes. qPCR was performed in an ABI-7500H (Applied 

Biosystems, University of Granada, Spain). The data were analysed using 

PrimePCR analysis software, version 1.0 (Bio-Rad Laboratories, California, 
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USA). Bio-Rad’s PrimePCR assays make the minimum information for 

publication of quantitative real-time-PCR experiments (MIQE) compliance 

easy. Statistical validation of reference genes stability was calculated in 

each sample. Bio-Rad recommends using a <0.5 value, which is the most 

stable expression in the tested samples. The results are expressed as the 

fold–change in expression and were calculated using the 2^-ΔΔCt method.  

 

 

Figure 9.Amplification plot and melting-dissotiation curve of a real-time 
PCR by using Sybr green in a ABI-7900HT instrument. The temperatures and the 
timings used for each cycle depend on a wide variety of parameters, such as: the enzyme used 
to synthesize the DNA, the concentration of divalent ions and deoxyribonucleotides (dNTPs) 
in the reaction and the bonding temperature of the primers.  
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Table 1. Forward and reverse primer sequences used in the qPCR assays. 

Gene Primer sequence 

  Forward Reverse Size (bp) 

CAT 5’-GCCTGGGACCCAATTATCTT-3’ 5’-GAATCTCCGCACTTCTCCAG-3’ 203 

HSL 5’CTTCTGGAAAGCCTTCTGGAACATCACCGA-3’ 5’-CTGAGCTCCTCACTGTCCTGTCCTTCAC-3’ 249 

ATGL 5’-GACGAGCTCATCCAGGCCAATGTCTG-3’ 5’-GATGGTGTTCTTAAGCTCATAGAGTGGCAGG-3’ 141 

PPARγ 5’-CTCGAGGACACCGGAGAGG-3’ 5’-CACGGAGCTGATCCCAAAGT-3’ 121 

FABP4 5’-GCTTTTGTAGGTACCTGGAAACTT-3’ 5’-ACACTGATGATCATGTTAGGTTTGG-3’ 125 

PLIN 5’-CTCTCGATACACCGTGCAGA-3’ 5’-TGGTCCTCATGATCCTCCTC-3’ 207 

GAPDH 5’GAGTCAACGGATTTGGTCGT-3’ 5’-TTGATTTTGGAGGGATCTCG-3’ 238 



Material and Methods  

80 

HPRT1 5’GAGATGGGAGGCCATCACATTGTAGCCCTC-3’ 5’CTCCACCAATTACTTTTATGTCCCCTGTTGACTGGTC3’  

NPR3 5’-GGAGACCGATATGGGGATTT-3’ 5’-CACTGCCGATTCTTCTAGGC-3’  

LEP 5’-GTTGCAAGGCCCAAGAAGCCCA-3’ 5’-CAGTGTCTGGTCCATCTTGGATAAGGTCAGG-3’  

ADIPOQ 5’-GGCCGTGATGGCAGAGAT-3’ 5’-CCTTCAGCCCGGGTACT--3’  

UCP1 5’-TGGAATAGCGGCGTGCTTG-3’ 5’-CTCATCAGATTGGGAGTAG-3’  

CAT, Catalase; HSL, Hormone sensitive lipase; ATGL, Adipose triglyceride lipase; PPARγ, Peroxisome proliferator-activated 

receptor gamma; FABP4, Fatty acid binding protein 4, adipocyte; PLIN, Perilipin; GAPDH, Glyceraldehyde 3-phosphate 

dehydrogenase; HPRT1, Hypoxanthine-guanine phosphoribosyltransferase-1; LEP, Leptin; ADIPOQ, Adiponectin; UCP1, 

Uncoupled protein 1.
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Western blot assays 

The cells were harvested in 10 mM Tris-HCl (pH 7.5), 150 mM NaCl, 2 mM 

EDTA, 1 % Triton X-100, 10 % glycerol and protease inhibitor cocktail (Thermo 

Scientific) and were placed on ice for 20 min. After centrifugation (30 min, 13 000 

g, 4ºC), the protein content in the supernatant was determined using the Protein 

Assay Kit II (Bio-Rad Laboratories, California, USA). Samples containing 2.5 µg 

of protein were mixed with 3X SDS-PAGE sample buffer (100 mM Tris-HCl, pH 

6.8, 25% SDS, 0.4 % bromophenol blue, 10 % β-mercaptoethanol and 2 % 

glycerol), separated via SDS-PAGE using a TGX Any kD gel (Bio-Rad 

Laboratories, California, USA) and transferred to a nitrocellulose membrane 

(Bio-Rad Laboratories, California, USA) (Figure 9). After incubation in blocking 

buffer (5 % non-fat milk and 1 % Tween 20 in Tris-buffered saline (TBS), the 

membranes were probed with the following antibodies: anti-GLUT4 (1:100 in 5 % 

non-fat milk), anti-total AMPKα, anti-phosphorylated AMPKα (phospho-AMPKα 

T172) (both 1:1000 in 5 % BSA), anti-catalase (1:2000 in 5% non-fat milk), anti-

adiponectin (1:500 in 5% bovine serum albumin, BSA), anti-PPAR-γ (1:1000 in 

5% BSA), anti-TNFα (1:100 in 5% BSA), anti-phospho-NF-kB p65 (Ser536) (1:500 

in 5% BSA) and anti-α-tubulin (internal control; 1:4000 in 5 % non-fat milk). 

Immunoreactive signals were detected via enhanced chemiluminescence 

(SuperSignal West Dura Chemiluminescent Substrate, 34075, Thermo Scientific, 

Europe), and the membranes were digitally imaged and analysed using ImageJ 

software for densitometric analysis. The results are expressed as the fold-change 

in expression relative to the control.  
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Figure 10.Western blot equipment from Bio-rad 

Statistical analysis  

All experiments were repeated at least three times. In each independent 

experiment, two replicates were performed. Data are expressed as the mean ± 

standard error of the mean (SEM). Significant differences in the levels of gene 

and protein expressions, intracellular cAMP, catalase activity, intracellular 

H2O2, SOD activity, GPX activity, gene and protein expression, lipolysis and 

glucose uptake were determined using the non-parametric Mann-Whitney U test; 

statistical significance was defined as *P<0.05; **P<0.01. Statistical analyses 

were performed using SPSS version 22, for Windows (SPSS, Chicago, IL, USA).  
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Discussion  

Firstly, the adipogenic differentiation was checked by Oil Red O staining 

assay from ADSCs into adipocytes at the different days (d0, d5, d9 and d12). We 

observed a significant increased of lipid accumulation from d0 to d12, and the d10 

was selected for the subsequent experiments. According to previous reports (Wu 

et al. 1999, Vater et al. 2011), gene expression of adipogenic markers such as 

LEP, ADIPOQ and PPAR-γ were up-regulated significantly during the adipogenic 

differentiation (Supplementary figure S1). Moreover, we tested NPR3 and CAT 

expression in human ADSCs and differentiated adipocytes by analyzing gene and 

protein expression on different days during adipogenic differentiation. As 

expected, we found that NPR3 (Supplementary figure S2) and CAT 

(Supplementary figure S5) gen expression and protein levels were significantly 

up-regulated on d5, d9 and d12 compared with day 0.   

Analogue to atrial natriuretic peptide (C-ANP4-23) effects on adipocyte 

metabolism  

Maack et al. 1987 was the first to describe C-ANP4-23 as a specific peptide 

for NPR3 with no affinity for NPR1 or NPR2 (Maack et al. 1987, Li et al. 2014). 

To this date, the main reported relevance of C-ANP4–23 has been the improvement 

of endothelial migration, proliferation and angiogenesis in bovine and human 

endothelial cells (Almeida et al, 2014, Li et al, 2014). Anand-Srivastava et al. 

showed that NPR3 was coupled to adenylyl cyclase activity via inhibitory 

guanine nucleotide regulatory proteins (Gi) (Anand-Srivastava et al. 2005). Two 

different subtypes of NPR3 with molecular mass of 67 and 77 kDa have been 
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identified. The 77-kDa protein is implicated in ligand internalization as a 

clearance receptor, endocytosis and degradation; whereas the 67-kDa protein is 

coupled to adenylyl cyclase system (Anand Srivastava et al. 2005). Anand-

Srivastava demonstrated the inhibition of adenylate cyclase by C-ANP4-23 in rat 

cells (1990). However, Sellitti et al. (2001) reported the possibility that the 

binding of C-ANP4-23 to NPR3 activates rather than inhibits the adenylyl cyclase 

system. This was explained by the hypothesis that NPR3 coupling to adenylate 

cyclase (inhibition vs stimulation) might be restricted to certain cell types, 

possibly because some cells express enzymes (e.g., kinases) that are capable of 

modifying the intracellular NPR3 domain (Sellitti et al. 2001). Our results show 

that the intracellular cAMP levels increase rather than decrease in human 

adipocytes after treatment with C-ANP4-23. Indeed, the adenylyl cyclase inhibitor 

SQ22536 suppressed the C-ANP4-23-induced increase in the cAMP levels.  

On one hand, it has been demonstrated that elevated intracellular cAMP 

levels in rat cultured adipocytes stimulate AMPK activity, which plays an 

important role in the regulation of glucose uptake (Omar et al. 2009, Bolsoni-

lopes et al. 2014). Upon activation, AMPK promotes GLUT4 expression and 

translocation to the plasma membrane and glucose uptake independent of insulin 

(Govers et al. 2014, Bolsoni-lopes et al. 2014). Correspondingly, we observed 

significantly higher levels of activated AMPK (phospho-AMPKα-Thr172) after 

treatment with C-ANP4-23. Indeed, we have found that C-ANP4-23 increases 

glucose uptake by 2-fold in adipocytes and up-regulates GLUT4 gene and protein 

expression. Importantly, such increase in GLUT4 protein expression and 

activation of AMPK induced by C-ANP4-23, was prevented by inhibition of 
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adenylate cyclase systems with SQ22536. Although many of the downstream 

effects of cAMP are mediated by PKA, exchange proteins directly activated by 

cAMP have been shown to mediate signals downstream of cAMP independent of 

PKA (Omar et al. 2009). The exact mechanism by which C-ANP4-23 increases 

glucose uptake in human differentiated adipocytes was not completely elucidated 

here, however, our findings suggested that this effect is mediated by 

cAMP/AMPK activation. 

On the other hand, it has been reported that catecholamines stimulate the 

adenylate cyclase system/cAMP and inhibit glucose uptake in adipocytes through 

the dissociation of mTOR complex. However, this fact is due to products of 

lipolysis which inhibit glucose uptake (Mullins et al. 2014). As we have shown, 

incubation with C-ANP4-23 did not increase the lipolysis levels in adipocytes 

neither the intracellular cGMP levels, in agreement with previous studies 

showing that C-ANP4-23 does not increase cGMP levels (Anand Srivastava et al. 

1990, Skowronska et al. 2010). In contrast, ANP increased cGMP and lipolysis 

levels acting via NPR1 (Potter et al. 2006, Moro et al. 2013, Kumar et al. 1997). 

Additionally, a relationship between NPs and inflammation in adipose 

tissue has been reported. Adipocytes secrete adipokines and cytokines that are 

implicated in the chronic low-grade inflammation and insulin resistance 

associated with obesity, and ANP inhibits the secretion of factors involved in 

inflammation (Moro et al. 2006). We explored whether C-ANP4-23 affects the 

inflammatory pathway in human adipocytes by analysing the expression of 

different genes involved in the inflammatory system, such as interleukin 1-β 

(IL1B), caspase 1 (CASP1), nuclear factor of kappa light polypeptide gene 
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enhancer in B-cells 2 (p49/p100) (NFKB2), toll interacting protein (TOLLIP2), 

tumour necrosis factor receptor superfamily, member 1A (TNFRSF1A) and 

interleukin-1 receptor-associated kinase 4 (IRAK4). We found that IL1B and 

CASP1 were significantly down-regulated after C-ANP4-23 treatment. However, 

we were unable to determine the protein levels of these two genes in the cell 

lysates. The NLRP3 inflammasome controls the activation of CASP1 and 

promotes the maturation of IL-1β (Haneklaus et al. 2015, Schroder et al. 2010). 

Therefore, C-ANP4-23 might be involved in the inflammatory process independent 

of glucose metabolism by inhibiting the inflammasome in adipocytes. Further 

studies are needed to fully characterise the role of C-ANP4-23 in the inflammatory 

process in adipocytes. 

Catalase activity and 3-AT-treated adipocytes effects on adipocyte 

metabolism 

The mechanisms involved in H2O2 synthesis and degradation were affected 

in 3-AT-treated adipocytes. We observed higher SOD activity, responsible for the 

conversion of superoxide ions into H2O2, and significantly lower GPX activity, 

and both events were paralleled by analogous changes in SOD1 and GPX4 gene 

expression. These results are in line with those of Than et al. 2014 who found 

lower GPX and CAT protein expression levels in the presence of TNF-α-induced 

ROS in human adipocytes. The divergent results regarding SOD and GPX 

activities may seem counterintuitive. However, SOD appearsto be the first line of 

defense against ROS in cells because it has been found augmented in different 

situations as a mechanism of protection (Andreeva et al. 2014, Adachi et al. 2009, 

Barbosa et al. 2003), even along with lower CAT activity (Comim et al. 2009). 
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Other studies have also observed similar results where SOD activity was 

increased, while CAT (Djordjevic et al. 2011) and GPX (Sinha et al. 2009) 

activities were decreased. Moreover, SOD expression has been observed to be 

increased by TNF-α in a mechanism involving NF-κB activation (Sugino et al. 

2002). Although we cannot rule out the possibility of partial inhibition of GPX by 

3-AT (Doni et al. 1983), most of the studies using 3-AT report a specific inhibition 

of catalase (Bhuyan et al. 1977, Bagnyukova et al. 2005). Additionally, the 

expression levels of PRDX1, PRDX3 and PRDX5, which are enzymes that are 

also involved in H2O2 clearance, were significantly reduced after treatment with 

3-AT, which could contribute to increase H2O2 levels. Indeed, PRDX3 is expressed 

in mature adipocytes and has been observed to be decreased in obesity (Huh et al. 

2012, Brinkmann et al. 2013). In fact, Huh et al., 2012 demonstrated that PRDX3 

deficiency leads to impaired glucose metabolism and decreased adiponectin 

levels. 

To elucidate the cause of the general decrease in antioxidant enzyme gene 

expression, we studied Nrf2 and FOXO1, two transcription factors responsible for 

the maintenance of redox homeostasis (Kensler et al. 2007, Higuchi et al. 2013), 

as well as β-catenin, which is involved in oxidative stress responses (Atashi et al. 

2015). Interestingly, we found that their expression levels were inhibited in 3-AT-

treated adipocytes. First, our results agree with a recent study that found that 

H2O2 lowers NRF2 expression (Yeh et al. 2015). Moreover, the inflammatory 

response present in adipocytes treated with 3-AT could also explain the reduced 

NRF2 expression because it has been widely demonstrated that Nrf2 and NF-κB 

behave antagonistically (Jin et al. 2008). Indeed, a similar situation is observed 
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in chronic kidney disease in which Nrf2 is inactive, while NF-κB triggers 

inflammation (Pedruzzi et al. 2012). Additionally, the lack of Nrf2 in obese mice 

resulted in severe metabolic syndrome (Xue et al. 2013). The reduced NRF2 

expression could explain the lower mRNA levels of the antioxidant enzymes 

GPX4, CAT, and PRDXs, which are under transcriptional control by Nrf2 

(Kensler et al. 2007, Kim et al. 2010). Regarding SOD1, its transcription is also 

regulated by other factors, which include TNF-α (Sugino et al. 2002), as 

mentioned above, and could be increased as a mechanism of protection against 3-

AT-induced oxidative stress. Second, the lower FOXO1 mRNA levels could also 

explain the inhibition of the gene expression of antioxidant enzymes that is 

observed in 3-AT-treated adipocytes (Higuchi et al. 2013). Moreover, the gene 

expression of β-Catenin (CTNNB1), necessary for FOXO1 transcriptional 

activation (Essers et al. 2005), was inhibited by 3-AT treatment. A similar 

situation was observed in a previous study, which showed that ROS inhibits the 

Wnt/β-Catenin pathway and that this effect can be repaired by CTNNB1 

overexpression (Atashi et al. 2015). Interestingly, CTNNB1 expression is also 

inhibited in mesenchymal stem cells from infants born to obese mothers (Boyle et 

al. 2015). 

The oxidative stress derived from 3-AT treatment led to two main events 

thatcould be the cause of the effects found in the present study. On one hand, 3-

AT treatment triggered inflammation. On the other hand, the generated 

oxidative stress affected PPARγ expression, a transcription factor with important 

regulatory functions in oxidative stress and adipocyte metabolism 
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Regarding inflammation, the oxidative stress caused by 3-AT led to the 

activation of NF-κB and to the subsequent increase in transcription and protein 

synthesis of TNF-α and IL-6, which is in agreementwith previous studies (Barnes 

et al. 1997). Indeed, it has been shown that there is a relationship between TNF-

α, oxidative stress and insulin resistance (D'Alessandro et al. 2015). 

Regarding PPARγ, we found its expression and protein levels to be 

significantly reduced after 3-AT treatment. In line with this finding, a previous 

study showed that H2O2 treatment significantly decreased the mRNA abundance 

of PPARγ in adipocytes, even suggesting that PPARγcould mediate the actions of 

H2O2 (Chen et al. 2006). Similarly, ROS exposure led to lower PPARγ expression 

in murine adipocytes (Furukawa et al. 2004), and treatment with PPARγ 

agonists increased CAT protein levels in adipose tissues of obese individuals 

(Ahmed et al. 2010) and in 3T3-L1 cells (Okuno et al. 2008). 

Both inflammation and inhibition of PPARγ expression derived from the 3-

AT treatment had a clear impact on the adipocyte’s metabolism, approaching to 

the situation found in obese adipose tissue. 

We observed a significantly lower basal glucose uptake in 3-AT-treated 

adipocytes, which was accompanied by lower GLUT4 gene and protein 

expression. However, the insulin-stimulated glucose uptake results indicate that 

insulin resistance is not present in the studied conditions. Nevertheless, our 

results are in line with those of Rudich et al., who observed that GLUT4 

translocation was inhibited by ROS in 3T3-L1 murine adipocytes (Rudich et al. 

1998). Furthermore, it has been shown that impaired PPARγ action is associated 
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with insulin resistance (Lehrke et al. 2005). Additionally, adiponectin, the 

insulin-sensitizing adipokine found atlow circulating levels in obesity (Han et al. 

2007) that has been observed to increase GLUT4 expression (Wu et al. 2003, 

Chang et al. 2015), was found atlower levels in 3-AT treated cells. Because 

adiponectin expression is enhanced by PPARγ agonists (Stefan et al. 2002), the 

decreased PPARγ gene expression and the increased H2O2 concentrations could 

partially explain the lower adiponectin and glucose uptake levels observed in the 

3-AT-treated cells. Indeed, similar results from other studies have shown that 

oxidative stress decreases the secretion of adiponectin (Rudich et al. 1998, Than 

et al. 2014, Soares et al. 2005, Monickaraj et al. 2013). However, another cause 

for the reduced glucose uptake could be TNF-α because it has been observed to 

cause a reduction in GLUT4 expression in 3T3-L1 adipocytes (Stephens et al. 

1997). In fact, artificially induced oxidative stress increased TNF-α production 

and provoked insulin resistance through reduced GLUT4 expression in 

adipocytes (Yang et al. 2009). Moreover, CAT prevented TNF-α-induced insulin 

resistance in 3T3-L1 adipocytes (Houstis et al. 2006). 

We observed reduced lipolysis in 3-AT-treated adipocytes. To fully 

characterize the agents involved inregulation of lipolysis, PKA activity, AMPK 

activation and expression oflipase genes were determined. It has been shown that 

H2O2 oxidizes PKA cysteine residues, interfering with cAMP activation of the 

enzyme and thus reducing lipolysis (Little et al. 1980, Vázquez-Meza et al. 2013). 

However, we did not find differences in cAMP-stimulated PKA activity between 

control and 3-AT-treated adipocytes. In contrast, the reduced AMPK activation is 

in agreementwith our lipolysis results. In fact, the decreased AMPK activation 
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could actually be due to the existing inflammation (Gauthier et al. 2011) and to 

the lower adiponectin and lipolysis levels, which lead to AMPK phosphorylation 

(Tomas et al. 2002, Gauthier et al. 2008). In addition, the reduced lipolysis could 

also be derived from the lower gene expression levels of lipases HSL and ATGL. 

This could be explained by the lower PPARγ expression because HSL (Yajima et 

al. 2007) and ATGL (Kershaw et al. 2007) are two of its transcriptional targets. 

Indeed, in a similar study, PPARG2 knockout adipocytes were shown to exhibit 

reduced lipolysis (Rodriguez-Cuenca et al. 2012). Finally, although our results 

contradict with previous studies in which TNF-α has been shown to activate 

lipolysis (Chen et al. 2009), this could be due to inflammation being at early 

stages because we did not observe changes in NFKB2 and TNFRSF1A expression 

in 3-AT-treated adipocytes (Sethi et al. 2000).  
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Conclusions 

1-Human adipose-derived stem cells (ADSCs) are fully differentiated into 

mature adipocytes and the adipogenic differentiation has been validated by Oil 

Red O staining assay and PPAR-γ, leptin and adiponectin gene expression at 

different times (day 0, day 5, day 9 and day 12).  

2-The analogue to atrial natriuretic peptide (C-ANP4-23), which is specific 

for natriuretic peptide receptor 3 (NPR3), enhances glucose metabolism in 

human differentiated adipocytes. These effects were mediated by the 

intracellular cyclic adenosine monophosphate (cAMP) increased levels, the up-

regulation of glucose transporter 4 (GLUT4) and 5’-AMP-activated protein kinase 

(AMPK) activation.  

3-The catalase (CAT) activity is important for the redox homeostasis of 

human differentiated adipocytes. Thus, the 3-amine-1,2,4-triazole (3-AT) 

treatment lowered CAT activity, increased intracellular hydrogen peroxide 

(H2O2) levels significantly and antioxidant enzymes such as glutathione 

peroxidase GPX and peroxiredoxins (1, 3 and 5) were also inhibited in the 

adipocytes. Additionally, nuclear factor-(erythroid-derived-2)-like-2 (Nrf2) and 

Forkhead box protein O1 (FOXO1) mRNA levels, which are involved in redox 

homeostasis, were also down-regulated in the 3-AT-treated cells.  

4-The 3-AT treatment leads to nuclear factor kappa-light-chain-enhancer 

or activated B cells (NF-κB) activation and increases tumor necrosis factor(TNF)-

α and interleukin(IL)-6 protein and gene expression levels, while lowering 

peroxisome proliferator-activated receptor(PPAR)-γ mRNA and protein levels, 
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which led to lower glucose uptake and lipolysis. These findings suggest an 

important role of CAT in the protection of adipocytes against the oxidative stress 

and metabolic complications observed in obesity through the regulation of H2O2 

levels, which exerts complex signaling functions. 

General conclusion 

Our results indicate that NPR3 and CAT genes are extensively involved in 

the adipocyte metabolism and its derived complications. Thus, C-ANP4-23 

enhances glucose metabolism through the GLUT4 up-regulation and AMPK 

activation; and the CAT activity plays a significant role in the metabolic 

homeostasis of adipocytes due to impair on the antioxidant defense system, 

iniciate inflammation and glucose and lipid metabolism alterations observed in 

the 3-AT-treated cells. These findings support the role of several genes in the 

adipocyte metabolism and its putative association with obesity.  
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Conclusiones 

1-Las células madre mesenquimales derivadas de tejido adiposo humano 

(ADSCs) se diferencian completamente hasta adipocitos maduros. La 

diferenciación adipogénica se validó mediante la tinción con Oil Red O y 

mediante la expresión génica de PPAR-γ, leptina y adiponectina en diferentes 

tiempos (día 0, día 5, día 9 y día 12). 

2-El análogo al péptido natriurético atrial (C-ANP4-23), que es específico 

para el receptor 3 de los péptidos natriuréticos (NPR3), mejora el metabolismo 

glucídico en adipocitos humanos diferenciados. Estos efectos fueron mediados a 

través del aumento de los niveles de AMP cíclico, la sobreexpresión del 

transportador de glucosa 4 (GLUT4) y la activación de la proteína quinasa 

activada por AMP (AMPK).  

3-La actividad de la catalasa (CAT) es importante para la homeostasis 

redox de adipocitos humanos diferenciados. De este modo, el tratamiento con el 3-

amino-1,2,4-triazol (3-AT) disminuye la actividad de CAT, aumenta los niveles de 

peróxido de hidrógeno de forma significativa y enzimas antioxidantes como son la 

glutatión peroxidasa y peroxirredoxinas (1, 3 y 5) son inhibidas en los adipocitos. 

Además, los niveles de expresión génica de factores de transcripción involucrados 

en la homeostasis redox, como el Nrf2 y el FOXO1, se encuentran también 

disminuídos en las células tratadas con 3-AT.  

4-El tratamiento con 3-AT conlleva la activación del factor nuclear 

potenciador de las cadenas ligeras kappa de las células B activas (NF-κB) y 

aumento del factor de necrosis tumoral (TNF)-α e interleucina 6 (IL-6), mientras 
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que disminuye la expresión del PPAR-γ, el cual a su vez, produce una menor 

captación de glucosa y menor lipólisis. Estos hallazgos sugieren un papel 

importante de la CAT en la protección de los adipocitos contra el estrés oxidativo 

y complicaciones metabólicas en la obesidad a través de la regulación de los 

niveles de H2O2, que ejerciendo funciones de señalización complejas.  

Conclusión general 

Nuestros resultados indican que los genes NPR3 y CAT están 

inmensamente involucrados en el metabolismo del adipocito y sus complicaciones 

derivadas. Así, C-ANP4-23 mejora el metabolism glucídico a través del aumento 

del GLUT4 y la activación de la AMPK; y la actividad de CAT juega un papel 

significativo en la homeostasis metabólica de los adipocitos debido al daño en el 

sistema de defensa antioxidante, el inicio de inflamación y las alteraciones en el 

metabolismo glucídico y lipídico observadas en las células tratadas con 3-AT. 

Estos hallazgos apoyan la función de los genes NPR3 y CAT en el metabolismo 

del adipocito y su posible asociación con la obesidad. 
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Future perspectives 

Currently, we are working with others candidate genes associated with 

obesity in human differentiated adipocytes such as tenomodulin (TNMD) and 

calcitonin receptor like-receptor (CALCRL). TNMD was found to be up-regulated 

in obese children; however, CALCRL gene expression was confirmed to be down-

regulated (Aguilera et al. 2015). We have previously shown that TNMD 

expression is higher during the adipogenic differentiation human adipose-derived 

tissue stem cells (ADSCs). Recently, it has been reported that TNMD promotes 

adipocyte differentiation in 3T3-L1 cells (Senol-Cosar et al. 2016). Therefore, our 

main objective is elucidating the putative role of TNMD on adipogenesis, glucose 

and lipid metabolism in the human differentiated adipocytes from ADSCs.  

Additionally, a collaboration with the Prof. Dr. Mariana Fátima Fernández 

is going on to assess the impact of low levels of bisphenol A (BPA), as well as its 

proposed substitutes bisphenol F (BPF) and bisphenol S (BPS) on adipogenic 

differentiation and lipid metabolism of human adipose-derived stem cells 

(ADSCs). Preliminary results were presented in the 2nd Paris Workshop on 

Endocrine Disruptors Effects on Wildlife and Human Health, Paris, France. The 

communication were “entitled Bisphenol A and congeners proposed as substitutes 

promote adipogenesis of human ADSC at environmentally relevant doses”. 

Finally, I will apply for a post-doctoral fellowship. 

 

 

 

 



 

168 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

169 

 

 

References 

 

 



 

170 

 



References 

171 

References 

Adachi T, Toishi T, Wu H, Kamiya T, Hara H. Expression of extracellular superoxide 
dismutase during adipose differentiation in 3T3-L1 cells. Redox Rep. 2009; 14(1): 34-40.  

Aguilera C, Gomez-Llorente C, Tofe I, Gil-Campos M, Cañete R, Gil A. Genome-wide 
expression in visceral adipose tissue from obese prepubertal children. Int J Mol Sci 2015; 
16,7723e7737. 

Ahmed M, Neville MJ, Edelmann MJ, Kessler BM, Karpe F. Proteomic analysis of human 
adipose tissue after rosiglitazone treatment shows coordinated changes to promote glucose 
uptake. Obesity 2010; 18(1):27–34.  

Almeida SA, Cardoso CC, Orellano LA, Reis AM, Barcelos LS, Andrade SP. Natriuretic 
peptide clearance receptor ligand (C-ANP4-23) attenuates angiogenesis in a murine sponge implant 
model. Clin. Exp. Pharmacol. Physiol 2014; 41, 691e697. 

Amirkhizi F, Siassi F, Djalali M, Shahraki SH. Impaired enzymatic antioxidant defense in 
erythrocytes of women with general and abdominal obesity. Obes Res Clin Pract 2014; 8(1): 26–
34. 

Anand-Srivastava MB, Sairam MR, Cantin M. Ring-deleted analogs of atrial natriuretic 
factor inhibits adenylate cyclase/cAMP system. Possible coupling of clearance atrial natriuretic 
factor receptors to adenylate cyclase/cAMP signal transduction system. J Biol Chem 1990; 265, 
8566e8572. 

Anand-Srivastava MB. Natriuretic peptide receptor-C signaling and regulation. Peptides 
2005; 26:1044–1059.   

Anderson EJ, Lustig ME, Boyle KE, Woodlief TL, Kane DA, Lin CT, et al. Mitochondrial 
H2O2 emission and cellular redox state link excess fat intake to insulin resistance in both rodents 
and humans. Journal of Clinical Investigation 2009; 119(3):573–81.  

Andreeva ER, Lobanova MV, Udartseva OO. Response of Adipose Tissue Derived Stromal 
Cells in Tissue-Related O2 Microenvironment to Short-Term Hypoxic Stress. Cells Tissues Organs 
2014; 200(5): 307–315.  

Atashi F, Modarressi A, Pepper MS. The Role of Reactive Oxygen Species in Mesenchymal 
Stem Cell Adipogenic and Osteogenic Differentiation: A Review. Stem Cells and Development. 
Stem Cells Dev. 2015; 24(10): 1150-63.  

Bagnyukova TV, Vasylkiv OY, Storey KB, Lushchak VI. Catalase inhibition by amino 
triazole induces oxidative stress in goldfish brain. Brain Res. 2005; 1052 (2): 180-6. 

Baraban E, Chavakis T, Hamilton BS, Sales S, Wabitsch M, Bornstein SR, Ehrhart-
Bornstein M. Anti-inflammatory properties of bone morphogenetic protein 4 in human adipocytes. 
International Journal of Obesity 2016; 40, 319–327. 

Baranova A, Collantes R, Gowder SJ, Elariny H, Schlauch K, Younoszai A, et al. Obesity-
related differential gene expression in the visceral adipose tissue. Obes Surg 2005; 15, 758e765. 



References 

172 

Barbosa DS, Cecchini R, El Kadri MZ, Rodríguez MA, Burini RC, Dichi I. Decreased 
oxidative stress in patients with ulcerative colitis supplemented with fish oil omega-3 fatty acids. 
Nutrition 2003; 19(10): 837-42.  

Bhuyan KC, Bhuyan DK. Regulation of hydrogen peroxide in eye humors. Effect of 3-
amino-1H-1,2,4-triazole on catalase and glutathione peroxidase of rabbit eye. Biochim 
BiophysActa. 1977; 497(3): 641-51. 

Bolsoni-lopes A, Festuccia WT, Chimin P, Farias TS, Torres-Leal FL, Cruz MM et al. 
Palmitoleic acid (n-7) increases white adipocytes GLUT4 content and glucose uptake in 
association with AMPK activation. Lipids Health Dis. 2014; 13: 199.  

Bordicchia M, Liu D, Amri EZ, Ailhaud G, Dessi-Fulgheri P, Zhang C, et al. Cardiac 
natriuretic peptides act via p38 MAPK to induce the brown fat thermogenic program in mouse 
and human adipocytes. J Clin Invest 2012; 122, 1022e1036. 

Boyle KE, Patinkin ZW, Shapiro AL, Baker PR 2nd, Dabelea D, Friedman JE. 
Mesenchymal Stem Cells from Infants Born to Obese Mothers Exhibit Greater Potential for 
Adipogenesis: The Healthy Start Baby BUMP Project. Diabetes 2015; db150849. 

Bradley D, Conte C, Mittendorfer B, Eagon JC, Varela JE, Fabbrini E, Gastaldelli 
A, Chambers KT, Su X, Okunade A, Patterson BW, Klein S. Gastric bypass and banding equally 
improve insulin sensitivity and β cell function. J Clin Invest. 2012; 122(12):4667-74. 

Brinkmann C, Brixius K. Peroxiredoxins and sports: new insights on the antioxidative 
defense. J Physiol Sci. 2013; 63(1):1-5.  

Chang E, Choi JM, Park SE, Rhee EJ, Lee WY, Oh KW, et al. Adiponectin deletion 
impairs insulin signaling in insulin-sensitive but not insulin-resistant 3T3-L1 adipocytes. Life 
Sci. 2015; 132: 93-100. 

Chen B, Lam KS, Wang Y, Wu D, Lam MC, Shen J, et al. Hypoxia dysregulates the 
production of adiponectin and plasminogen activator inhibitor-1 independent of reactive oxygen 
species in adipocytes. Biochem Biophys Res Commun 2006; 341(2):549–56. 

Choe SS, Huh JY, Hwang IJ, Kim JI, Kim JB. Adipose tissue remodeling: its role in 
energy metabolism and metabolic disorders. Front Endocrinol (Lausanne) 2016; 7:30. . 

Coate KC, Huggins KW.Consumption of a high glycemic index diet increases abdominal 
adiposity but does not influence adipose tissue pro-oxidant and antioxidant gene expression in 
C57BL/6 mice. Nutr Res. 2010; 30(2):141-50. 

Comim CM, Cassol-Jr OJ, Constantino LC, Constantino LS, Petronilho F, Tuon L, et 
al.Oxidative variables and antioxidant enzymes activities in the mdx mouse brain. Neurochem 
Int. 2009; 55(8): 802-5.  

Cordero P, Li J, Oben JA. Epigenetics of obesity: beyond the genome sequence. Curr Opin 
Clin Nutr Metab Care 2015; 18(4): 361-6.  

Crilley C, Garcia R. Effects of atrial natriuretic factor on glucose metabolism in isolated 
adipocytes. Regul Pept 1997; 68(2):125-30. 



References 

173 

D'Alessandro ME, Selenscig D, Illesca P, Chicco A, Lombardo YB. Time course of adipose 
tissue dysfunction associated with antioxidant defense, inflammatory cytokines and oxidative 
stress in dyslipemic insulin resistant rats. Food Funct. 2015; 6(4):1299-309. 

Dessì-Fulgheri P, Sarzani R, Tamburrini P, Moraca A, Espinosa E, Cola G, et al. Plasma 
atrial natriuretic peptide and natriuretic peptide receptor gene expression in adipose tissue of 
normotensive and hypertensive obese patients. J Hypertens 1997; 15,1695e1699. 

Djordjevic D, Cubrilo D, Macura M, Barudzic N, Djuric D, Jakovljevic V. The influence of 
training status on oxidative stress in young male handball players. Mol Cell Biochem. 2011; 
351(1-2): 251-9.  

Dominici M, LeBlanc K, Mueller, I, Slaper-Cortenbach I, Marini F, Krause D, et al. 
Minimal criteria for defining multipotent mesenchymal stromal cells. The International Society 
for Cellular Therapy position statement. Cytotherapy 2006; 8(4), 315-317.  

Doni MG, Piva E. Glutathione peroxidase blockage inhibits prostaglandin biosynthesis in 
rat platelets and aorta. Haemostasis. 1983; 13(4): 240-3. 

Essers MA, de Vries-Smits LM, Barker N, Polderman PE, Burgering BM, Korswagen HC. 
Functional interaction between beta-catenin and FOXO in oxidative stress signaling. Science. 
2005; 308(5725): 1181-4. 

Fall T, Ingelsson E. Genome-wide association studies of obesity and metabolic syndrome. 
Mol Cell Endocrinol 2014; 382: 740–757. 

Furukawa S, Fujita T, Shimabukuro M, Iwaki M, Yamada Y, Nakajima Y, et al. Increased 
oxidative stress in obesity and its impact on metabolic syndrome. J Clin Invest 2004; 114(12): 
1752–1761. 

Gauthier MS, Miyoshi H, Souza SC, Cacicedo JM, Saha AK, Greenberg AS, et al. AMP-
activated Protein Kinase is activated as a consequence of lipolysis in the adipocyte: potential 
mechanism and physiological relevance. J Biol Chem 2008; 283(24): 16514–16524. 

Gauthier MS, O'Brien EL, Bigornia S, Mott M, Cacicedo JM, Xu XJ, et al. Decreased 
AMP-activated protein kinase activity is associated with increased inflammation in visceral 
adipose tissue and with whole-body insulin resistance in morbidly obese humans. Biochem 
Biophys Res Commun. 2011; 404(1): 382-7. 

Gómez-Ambrosi J, Catalán V, Diez-Caballero A, Martinez-Cruz LA, Gil MJ, García-
Foncillas J, et al. Gene expression profile of omental adipose tissue in human obesity. FASEB J 
2004; 18, 215e217. 

Gough, D.R.; Cotter, T.G. Hydrogen peroxide: a Jekyll and Hyde signalling molecule. Cell 
Death Dis 2011; 2:e213. 

Govers R. Molecular mechanisms of GLUT4 regulation in adipocytes. Diabetes Metab 
2014; 40: 400-410. 

Gower WR Jr1, Carter GM, McAfee Q, Solivan SM. Identification, regulation and anti-
proliferative role of the NPR-C receptor in gastric epithelial cells. Mol Cell Biochem. 2006; 293(1-
2): 103-18 



References 

174 

Gruden G, Landi A, Bruno G. Natriuretic peptides, heart, and adipose tissue: new 
findings and future developments for diabetes research. Diabetes Care 2014; 37, 2899e2908. 

Han SH, Quon MJ, Kim AJ, Koh KK. Adiponectin and Cardiovascular Disease Response 
to Therapeutic Interventions Seung Hwan Journal of the American College of Cardiology. 2007; 
49(5): 531-8. 

Haneklaus M, O’ Neill LA. NLRP3 at the interface of metabolism and inflammation. 
Immunol Rev 2015; 265: 53-62. 

Harms M, Seale P. Brown and beige fat: development, function and therapeutic potential. 
Nat Med 2013; 19(10):1252e63. 

Appleman D, Heim Wg, Pyfrom Ht. Effects of 3-amino-1, 2, 4-triazole (AT) on catalase and 
other compounds. Am J Physiol. 1956; 186(1):19-23. 

Higuchi M, Dusting GJ, Peshavariya H, Jiang F, Hsiao ST, Chan EC, et al. 
Differentiation of human adipose-derived stem cells into fat involves reactive oxygen species and 
Forkhead box O1 mediated upregulation of antioxidant enzymes. Stem Cells Dev 2013; 22(6): 
878–88. 

Hirosumi J, Tuncman G, Chang L, Gorgun CZ, Uysal KT, Maeda K, et al. A central role 
for JNK in obesity and insulin resistance. Nature 2002; 420:333–6. doi:10.1038/nature01137. 

Houstis N, Rosen ED, Lander ES. Reactive oxygen species have a causal role in multiple 
forms of insulin resistance. Nature. 2006; 440(7086): 944-8. 

Huh JY, Kim Y, Jeong J, Park J, Kim I, Huh KH, et al. Peroxiredoxin 3 is a key molecule 
regulating adipocyte oxidative stress, mitochondrial biogenesis, and adipokine expression. 
Antioxid Redox Signal. 2012; 16(3):229-43. 

Hunt SC, Hasstedt SJ, Xin Y, et al. Polymorphisms in the NPY2R gene show significant 
associations with BMI that are additive to FTO, MC4R, and NPFFR2 gene effects. Obesity (Silver 
Spring) 2011; 19:2241–2247. 

Hutchinson DS, Chernogubova E, Dallner OS, Cannon B, Bengtsson T. Beta-
adrenoceptors, but not alpha-adrenoceptors, stimulate AMP-activated protein kinase in brown 
adipocytes independently of uncoupling protein-1. Diabetologia 2005; 48(11):2386-95.  

Ibrahim MM. Subcutaneous and visceral adipose tissue: structural and functional 
differences. Obes Rev. 2010; 11(1):11-8. 

Jernas M, Palming J, Sjoholm K, Jennische E, Svensson PA, Gabrielsson BG, et al. 
Separation of human adipocytes by size: hypertrophic fat cells display distinct gene expression. 
FASEB J 2006; 20:1540–2.  

Jin W, Wang H, Yan W, Xu L, Wang X, Zhao X, et al. Disruption of Nrf2 enhances 
upregulation of nuclear factor-kappaB activity, proinflammatory cytokines, and intercellular 
adhesion molecule-1 in the brain after traumatic brain injury. Mediators Inflamm. 2008; 725174.  



References 

175 

Jung UJ, Choi MS.Obesity and its metabolic complications: the role of adipokines and 
the relationship between obesity,inflammation, insulin resistance, dyslipidemia and nonalcoholic 
fatty liver disease. Int J Mol Sci. 2014; 15(4):6184-223. 

Kensler TW, Wakabayashi N, Biswal S. Cell survival responses to environmental stresses 
via the Keap1-Nrf2-ARE pathway. Annu Rev Pharmacol Toxicol 2007; 47: 89-116. 

Kershaw EE, Schupp M, Guan HP, Gardner NP, Lazar MA, Flier JS. PPAR-γamma 
regulates adipose triglyceride lipase in adipocytes in vitro and in vivo. Am J Physiol Endocrinol 
Metab. 2007; 293(6): 1736-45. 

Kershaw, E.E.; Flier, J.S. Adipose tissue as an endocrine organ. J. Clin. Endocrinol. 
Metab. 2004, 89, 2548–2556. 

Kim J, Cha YN, Surh YJ. A protective role of nuclear factor-erythroid 2-related factor-2 
(Nrf2) in inflammatory disorders. Mutat Res 2010; 690(1–2): 12–23.  

Kim JI, Huh JY, Sohn JH, Choe SS, Lee YS, Lim CY, et al. Lipid-overloaded enlarged 
adipocytes provoke insulin resistance independent of inflammation. Mol Cell Biol 2015; 35:1686–
99.  

Korswagen HC. Regulation of the Wnt/beta-catenin pathway by redox signaling. Dev Cell 
2006; 10 (6):687–8.  

Kumar N, Solt LA, Wang Y, Rogers PM, Bhattacharyya G, Kamenecka TM, et al. 
Regulation of adipogenesis by natural and synthetic REV-ERB ligands. Endocrinology 2010; 
151(7):3015–25.  

Kumar R, Cartledge WA, Lincoln TM, Pandey KN. Expression of guanylyl cyclase-A/atrial 
natriuretic peptide receptor blocks the activation of protein kinase C in vascular smooth muscle 
cells. Role of cGMP and cGMP-dependent protein kinase. Hypertension 1997; 29: 414-421.  

Lanthier N, Leclercq IA. Adipose tissues as endocrine target organs. Best Pract Res Clin 
Gastroenterol. 2014; 28(4):545-58. 

Lavie CJ, Sharma A, Alpert MA, De Schutter A, Lopez-Jimenez F, Milani RV, Ventura 
HO.Update on Obesity and Obesity Paradox in Heart Failure. Prog Cardiovasc 
Dis. 2016;58(4):393-400. 

Lee, M.J; Fried, S.K. Optimal Protocol for the Differentiation and Metabolic Analysis of 
Human Adipose Stromal Cells. Methods Enzymol. 2014, 538, 49–65. 

Lehrke M, Lazar MA. The many faces of PPAR-gamma. Cell. 2005; 123(6): 993-9. 

Levin ER. Natriuretic peptide C-receptor: more than a clearance receptor. Am J Physiol 
1993; 264 (4 Pt 1), E483eE489. 

Lewandowska E, Zieliński A.White adipose tissue dysfunction observed in obesity. Pol 
Merkur Lekarski. 2016; 40(239):333-6. 

 



References 

176 

Li Y, Madiraju P, Anand-Srivastava MB. Knockdown of natriuretic peptide receptor-A 
enhances receptor C expression and signalling in vascular smooth muscle cells. Cardiovasc Res. 
2012; 93: 350-359.  

Li Y, Sarkar O, Brochu M, Anand-Srivastava MB. Natriuretic peptide receptor-C 
attenuates hypertension in spontaneously hypertensive rats: Role of nitroxidative stress and Gi 
proteins. Hypertension 2014; 63: 846–855.  

Lijnen H.R., Van Hul M., Hemmeryckx B. Caloric restriction improves coagulation and 
inflammation profile in obese mice. Thromb. Res. 2012; 129:74–79. 

Little SA, de Haën C. Effects of hydrogen peroxide on basal and hormone-stimulated 
lipolysis in perifused rat fat cells in relation to the mechanism of action of insulin. J Biol Chem. 
1980; 255(22): 10888-95. 

Locke AE, Kahali B, Berndt SI, Justice AE, Pers TH, Day FR, Powell C, Vedantam 
S, Buchkovich ML, Yang J, et al. Genetic studies of body mass index yield new insights for obesity 
biology. Nature. 2015; 518(7538):197-206.  

Lu Y, Day FR, Gustafsson S, Buchkovich ML, Na J, Bataille V, Cousminer DL, Dastani 
Z, DrongAW, EskoT.New loci for body fat percentage reveal link between adiposity and cardiomet
abolic disease risk. Nat Commun. 2016; 7:10495.  

Maack T, Suzuki M, Almeida FA, Nussenzveig D, Scarborough RM, McEnroe GA et al. 
Physiological role of silent receptors of atrial natriuretic factor. Science 1987; 238:675–678.   

Margoliash E, Novogrodsky A. A study of the inhibition of catalase by 3-amino-1:2:4:-
triazole. Biochem J. 1958; 68(3):468-75. 

Margoliash E, Novogrodsky A, Schejter A. Irreversible reaction of 3-amino-1,2,4-triazole 
and related inhibitors with the protein of Catalase. Biochem. J. 1960; 74: 339-350.  

Matsukawa N, Grzesik WJ, Takahashi N, Pandey KN, Pang S, Yamauchi M, et al. The 
natriuretic peptide clearance receptor locally modulates the physiological effects of the natriuretic 
peptide system. Proc Natl Acad Sci USA 1999; 96, 7403e7408. 

May JM. The effect of insulin-stimulated pentose phosphate cycle activity on cellular 
glutathione content in rat adipocytes. Horm Metabol Res 1982; 14: 634–637. 

Monickaraj F, Aravind S, Nandhini P, Prabu P, Sathishkumar C, Mohan V, et al. 
Accelerated fat cell aging links oxidative stress and insulin resistance in adipocytes. J Biosci. 
2013; 38(1): 113-22. 

Morigny P, Houssier M, Mouisel E, Langin D. Adipocyte lipolysis and insulin resistance. 
Biochimie. 2016; 125: 259-66.  

Moro C, Lafontan M. Natriuretic peptides and cGMP signaling control of energy 
homeostasis. Am J Physiol Heart Circ Physiol 2013; 304, H358eH368. 

Moro C, Polak J, Hejnova J, Klimcakova E, Crampes F, Stich V et al. Atrial natriuretic 
peptide stimulates lipid mobilization during repeated bouts of endurance exercise. Am J Physiol 
Endocrinol Metab. 2006; 290 : E864–E869.  



References 

177 

Mukherjee SP, Mukherjee C. Similar activities of nerve growth factor and its homologue 
proinsulin in intracellular hydrogen peroxide production and metabolism in 
adipocytes.Transmembrane signaling relative to insulin-mimicking cellular effects. Biochem 
Pharmacol 1982; 31(20): 3163–3172.  

Mullins GR, Wang L, Rajea V, Sherwooda SG, Rebecca C. Catecholamine-induced 
lipolysis causes mTOR complex dissociation and inhibits glucose uptake in adipocytes. PNAS 
2014; (111):17450–17455.   

Okuno Y, Matsuda M, Kobayashi H, Morita K, Suzuki E, Fukuhara A, et al. Adipose 
expression of catalase is regulated via a novel remote PPARgamma-responsive region. Biochem 
Biophys Res Commun 2008; 366(3): 698–704. 

Olza J, Gil-Campos M, Leis R, Rupérez AI, Tojo R, Cañete R, Gil A, Aguilera CM. A gene 
variant of 11β-hydroxysteroid dehydrogenase type 1 is associated with obesity in children. Int J 
Obes (Lond). 2012; 36(12):1558-63. 

Omar B, Zmuda-Trzebiatowska E, Manganiello V, Göransson O, Degerman E,. Regulation 
of AMP-activated protein kinase by cAMP in adipocytes: roles for phosphodiesterases, protein 
kinase B, protein kinase A, Epac and lipolysis. Cell Sig. 2009; 21, 760e766. 

Ortego J, Coca-Prados M. Functional expression of components of the natriuretic 
peptide system in human ocular nonpigmented ciliary epithelial cells. Biochem Biophys Res 
Commun. 1999; 258(1): 21-8 

Pedruzzi LM, Stockler-Pinto MB, Leite M Jr, Mafra D. Nrf2-keap1 system versus NF-kB: 
The good and the evil in chronic kidney disease? Biochimie. 2012; 94(12): 2461-6. 

Petersen RK, Madsen L, Pedersen LM, Hallenborg P, Hagland H, Viste K, et al. Cyclic 
AMP  (cAMP)-mediated stimulation of adipocyte differentiation requires the synergistication of 
Epac- and cAMP-dependent protein kinase-dependent processes. Mol Cell Biol. 2004; 28(11), 
3804-3816. 

Pfaffl MW. A new mathematical model for relative quantification in real-time RT-PCR. 
Nucleic Acids Res 2001; 29(9): e45. 

Pivovarova O, Gögebakan Ö, Klöting N, Sparwasser A, Weickert MO, Haddad I, et al. 
Insulin up-regulates natriuretic peptide clearance receptor expression in the subcutaneous fat 
depot in obese subjects: a missing link between CVD risk and obesity? J. Clin. Endocrinol. Metab 
2012; 97, 731e739. 

Potter LR, Abbey-Hosch S, Dickey DM. Natriuretic peptides, their receptors, and cyclic 
guanosine monophosphate-dependent signaling functions. Endocr Rev 2006; 27, 47e72. 

Racette SB, Deusinger SS, Deusinger RH. Obesity: overview of prevalence, etiology, and 
treatment. Phys Ther. 200383(3):276-88. 

Rindler PM, Plafker SM, Szweda LI, Kinter M. High dietary fat selectively increases 
catalase expression within cardiac mitochondria. J Biol Chem 2013, 288, 1979–1990. 

Rodriguez-Cuenca S, Carobbio S, Vidal-Puig A. Ablation of Pparg2 impairs lipolysis and 
reveals murine strain differences in lipolytic responses. FASEB J. 2012; 26(5): 1835-1844. 



References 

178 

Rosen ED, Spiegelman BM. Molecular regulation of adipogenesis. Annu Re Cell Dev Biol 
2000; 16: 145-171.  

Rudich A, Tirosh A, Potashnik R, Hemi R, Kanety H, Bashan N. Prolonged oxidative 
stress impairs insulin-induced GLUT4 translocation in 3T3-L1 adipocytes. Diabetes 1998; 47(10): 
1562–9. 

Rupérez AI, Gil A, Aguilera CM. Genetics of Oxidative Stress in Obesity. Int J Mol Sci 
2014, 15, 3118-3144.  

Rupérez AI, Olza J, Gil-Campos M, Leis R, Mesa MD, Tojo R, Cañete R, Gil A, Aguilera 
CM. Are Catalase -844A/G Polymorphism and Activity Associated with Childhood Obesity? 
Antioxid Redox Signal 2013, 19, 1970–1975. 

Rupérez AI, Olza J, Gil-Campos M, Leis R, Mesa MD, Tojo R, Cañete R, Gil Á, Aguilera 
CM. Association of genetic polymorphisms for glutathione peroxidase genes with obesity in 
Spanish children. J Nutrigenet Nutrigenomics. 2014; 7(3):130-42. 

Rutherford RA, Matsuda Y, Wilkins MR, Polak JM, Wharton J. Identification of renal 
natriureticpeptide receptor subpopulations by use of the non-peptide antagonist, HS-142-1. Br J 
Pharmacol. 1994; 113(3):931-9. 

Rutkowski JM, Stern JH, Scherer PE. The cell biology of fat expansion. J Cell Biol 2015; 
208:501–12.  

Santangelo C, Varì R, Scazzocchio B, Filesi C, D’Archivio M, Giovanni C, et al. 
CCAAT/enhancer-binding protein-b participates in oxidized LDL-enhanced proliferation in 3T3-
L1 cells. Biochimie 2011; 93, 1510e1519. 

Sarzani R, Dessì-Fulgheri P, Paci VM, Espinosa E, Rappelli A. Expression of natriuretic 
peptide receptors in human adipose and other tissues. J. Endocrinol. Invest. 1996; 19, 581e585. 

Sasaki CY, Barberi TJ, Ghosh P, Longo DL. Phosphorylation of RelA/p65 on serine 536 
defines an IkB independent NF-kB pathway. J Biol Chem. 2005; 280(41):34538–47. 

Schenk DB, Phelps MN, Porter JG, Fuller F, Cordell B, Lewicki JA. Purification and 
subunit composition of atrial natriuretic peptide receptor. Proc Natl Acad Sci USA 1987; 84, 
1521e1525. 

Schlueter N, de Sterke A, Willmes DM, Spranger J, Jordan J, Birkenfeld A. Metabolic 
actions of natriuretic peptides and therapeutic potential in the metabolic syndrome. Pharmacol 
Ther 2014; 144, 12e27. 

Schroder K, Tschopp J. The inflammasomes. Cell 2010; 140:821– 832. 

Sellitti DF, Perrella G, Doi SQ, Curcio F. Natriuretic peptides increase cAMP production 
in human thyrocytes via the natriuretic peptide clearance receptor (NPR-C). Regul. Pept. 2001; 
97, 103e109. 

Sengenes C, Moro C, Galitzky J, Berlan M, Lafontan M. Natriuretic peptides: a new 
lipolytic pathway in human fat cells. Med Sci Paris 2005; 21, 29e33. 



References 

179 

Sethi JK, Xu H, Uysal KT, Wiesbrock SM, Scheja L, Hotamisligil GS. Characterisation of 
receptor-specific TNFalpha functions in adipocyte cell lines lacking type 1 and 2 TNF receptors. 
FEBS Lett. 2000; 469(1): 77-82. 

Shin MJ, Park E. Contribution of insulin resistance to reduced antioxidant enzymes and 
vitamins in non obese Korean children. Clin Chim Acta. 2006; 365(1–2): 200–205.  

Shungin D, Winkler TW, Croteau-Chonka DC, Ferreira T, Locke AE, Mägi R, Strawbridge 
RJ, Pers TH, Fischer K, Justice AE, et al. New genetic loci link adipose and insulin biology to 
body fat distribution. Nature. 2015; 518(7538):187-96. 

Sinha S, Ray US, Tomar OS, Singh SN. Different adaptation  patterns  of  antioxidant  
system  in  natives  and  sojourners  at  high altitude. Respiratory Physiology & Neurobiology 
2009; 167(3): 255-260.  

Skowronska, M., Zielinska, M., Albrecht, J. Stimulation of natriuretic peptide receptor C 
attenuates accumulation of reactive oxygen species and nitric oxide synthesis in ammonia-treated 
astrocytes. J. Neurochem 2010; 115 (4), 1068e1076. 

Soares AF, Guichardant M, Cozzone D, Bernoud-Hubac N, Bouzaïdi-Tiali N, Lagarde M, 
et al. Effects of oxidative stress on adiponectin secretion and lactate production in 3T3-L1 
adipocytes. Free Radical Biology and Medicine. 2005; 38(7): 882–889.  

Spiegelman BM, Flier JS. Obesity and the regulation of energy balance. Cell 2001; 
104:531–43. 

Stefan N, Stumvoll M. Adiponectin - its role in metabolism and beyond. Horm Metab Res. 
2002; 34(9): 469-74.  

Stephens JM, Lee J, Pilch PF. Tumor Necrosis Factor-α-induced Insulin Resistance in 
3T3-L1 Adipocytes Is Accompanied by a Loss of Insulin Receptor Substrate-1 and GLUT4 
Expression without a Loss of Insulin Receptor-mediated Signal Transduction. J Biol Chem. 1997; 
272(2): 971–976. 

Sugino N, Karube-Harada A, Sakata A, Takiguchi S, Kato H. Nuclear factor-kappa B is 
required for tumor necrosis factor-alpha-induced manganese superoxide dismutase expression in 
human endometrial stromal cells. J Clin Endocrinol Metab. 2002; 87(8): 3845-50. 

Than A, Zhang X, Leow MK, Poh CL, Chong SK, Chen P. Apelin attenuates oxidative 
stress in human adipocytes. J Biol Chem. 2014; 289(6): 3763-74. 

Tomas E, Tsao TS, SahaAK, Murrey HE, Zhang CcCc, Itani SI et al. Enhanced muscle fat 
oxidation and glucose transport by ACRP30 globular domain: acetyl-CoA carboxylase inhibition 
and AMP-activated protein kinase activation. Proc Natl Acad Sci U S A. 2002; 99(25): 16309-13.  

Trayhurn P. Hypoxia and adipose tissue function and dysfunction in obesity. Physiol Rev 
2013; 93:1–21.  

Vater, C., Kasten, P., Stiehler, M.,. Culture media for the differentiation of mesenchymal 
stromal cells. Acta Biomater 2011; 7, 463e477. 



References 

180 

Vázquez-Meza H, Zentella de Piña M, Pardo JP, Riveros-Rosas H, Villalobos-Molina R, 
Piña E. Non steroidal anti-inflammatory drugs activate NADPH oxidase in adipocytes and raise 
the H2O2 pool to prevent cAMP-stimulated protein kinase a activation and inhibit lipolysis. BMC 
Biochemistry. 2013; 14:13 

Volz AC, Huber B, Kluger PJ. Adipose-derived stem cell differentiation as a basic tool for 
vascularized adipose tissue engineering. Differentiation. 2016; 92(1-2):52-64. 

Wang QA, Scherer PE, Gupta RK. Improved methodologies for the study of adipose 
biology: insights gained and opportunities ahead. Journal of Lipid Research. 2014; 55, 605-624. 

Wang TJ, Larson MG, Keyes MJ, Levy D, Benjamin EJ, Vasan RS. Association of plasma 
natriuretic peptide levels with metabolic risk factors in ambulatory individuals. Circulation 2007; 
115, 1345e1353. 

Wheeler E, Huang N, Bochukova EG, et al. Genome-wide SNP and CNV analysis 
identifies common and low-frequency variants associated with severe early-onset obesity. Nat 
Genet 2013; 45:513–517. 

Wu J, Bostrom P, Sparks LM, Ye L, Choi JH, Giang AH, Khandekar M, Virtanen KA, 
Nuutila P, Schaart G. et al. Beige adipocytes are a distinct type of thermogenic fat cell in mouse 
and human. Cell 2012; 150, 366–376.  

Wu X, Motoshima H, Mahadev K, Stalker TJ, Scalia R, Goldstein BJ. Involvement of 
AMP-activated protein kinase in glucose uptake stimulated by the globular domain of adiponectin 
in primary rat adipocytes. Diabetes 2003; 52 (6) 1355–1363. 

Wu, Z., Rosen, E.D., Brun, R., Hauser, S., Adelmant, G., Troy, A.E., et al. Crossregulation 
of C/EBPa and PPARg controls the transcriptional pathway of adipogenesis and insulin 
sensitivity. Mol. Cell. 1999; 151e158. 

Xu S, Chen P, Su L. Regulatory networks of non-coding RNAs in brown/beige 
adipogenesis. Biosci Rep 2015; 35, e00262. 

Xue P, Hou Y, Chen Y, Yang B, Fu J, Zheng H, et al. Adipose deficiency of Nrf2 in ob/ob 
mice results in severe metabolic syndrome. Diabetes. 2013; 62(3): 845-54. 

Yajima H, Kobayashi Y, Kanaya T, Horino Y. Identification of peroxisome-proliferator 
responsive element in the mouse HSL gene. BiochemBiophys Res Commun. 2007; 352(2): 526-31. 

Yeh CH, Ma KH, Liu PS, Kuo JK, Chueh SH. Baicalein Decreases Hydrogen Peroxide-
Induced Damage to NG108-15 Cells via Upregulation of Nrf2. J Cell Physiol 2015; 230(8): 1840-
51. 

Yin W, Mu J, Birnbaum MJ. Role of AMP-activated protein kinase in cyclic AMP-
dependent lipolysis in 3T3-L1 adipocytes. J Biol Chem 2003; 278, 43074e43080. 

Zhang JW, Klemm DJ, Vinson C, Lane MD. Role of CREB in transcriptional regulation of 
CCAAT/enhaner-binding protein beta gene during adipogenesis. J Biol Chem 2004; 279(6), 4471-
4478. 



References 

181 

Zhang M, Tang H, Shen G, Zhou B, Wu Z, Peng Z, et al. Atrial natriuretic peptide induces 
an acrosome reaction in giant panda spermatozoa and enhances their penetration of salt-stored 
porcine oocytes. Theriogenology. 2005; 64(6): 1297-308.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

182 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

183 

 

Appendix 

 



 

184 

 

 

 

 

 

 

 

 

 

 

 

 



           Appendix           

185 

Supplementary data 

 

Supplementary Figure S1. Oil Red O staining of human adipose-derived stem cells at day 0 

(d0) and during the adipogenic differentiation at days 5, 9 and 12 (d5, d9 and d12). (a) Optical 

microscopy images. (b) Quantification of lipid content from Oil Red O staining (absorbance at 520 

nm). All values are expressed as means ± SEM of three independent experiments. Significant 

differences were identified using the non-parametric Mann-Whitney U test; *P< 0.05; * P<0.01.  
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(c, d, e) Leptin (LEP), peroxisome proliferator-activated receptor gamma (PPARG) and 

adiponectin (ADIPOQ) expression during adipogenic differentiation. The LEP, PPARG and 

ADIPOQ mRNA levels were normalised to those of glyceraldehyde 3-phosphate dehydrogenase 

(GAPDH), and the data from three independent experiments are presented as the fold–change, 

which was calculated using the Pfaffl method. The white bars represent the ADSCs at day 0 (d0) 

and during the adipogenic differentiation at days 5, 9 and 10 (d5, d9 and d10). All values are 

expressed as means ± s.e.m. of three independent experiments. Significant differences were 

analysed using the Mann-Whitney U test; d0 vs d9 and d10 *P < 0.05; d0 vs d5 #P < 0.05; d0 vs 

d9 and d10 **P<0.01. 
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Supplementary Figure S2. Natriuretic peptide receptor 1 (NPR1), natriuretic peptide receptor 

2 (NPR2) and natriuretic peptide receptor 3 (NPR3) expression during adipogenic 

differentiation.(a) The NPR1 mRNA levels were normalised to those of glyceraldehyde 3-

phosphate dehydrogenase (GAPDH), and the data from three independent experiments are 

presented as the fold–change, which was calculated using the Pfaffl method.(b) The NPR2 mRNA 

levels were normalised to those of GAPDH, and the data from three independent experiments are 

presented as the fold–change, which was calculated using the Pfaffl method. (c) The NPR3 

mRNA levels were normalised to those of GAPDH, and the data from three independent 

experiments are presented as the fold–change, which was calculated using the Pfaffl method. The 

white bars represent the human adipose-derived stem cells (ADSCs) at day 0 (d0) and during the 

adipogenic differentiation at days 5, 9 and 10 (d5, d9 and d10). Significant differences were 

analysed using the Mann-Whitney U test. The data are presented as the means ± s.e.m.; *P < 

0.05.  

 

 

 

Supplementary Figure S3. Effects of C-atrial natriuretic peptide (C-ANP4-23) on the 

intracellular cyclic adenosine monophosphate (cAMP), on the intracellular cyclic guanosine 

monophosphate (cGMP) levelsand effects of atrial natriuretic peptide (ANP) on cGMP levels in 

human differentiated adipocytes at day 10.(a) Intracellular cAMP levels at different 

concentrations of C-ANP4-23(50 nM, 1 µM and 5 µM) and incubation times (30 minutes, 4h and 

6h). (b) Intracellular cGMP levels at different concentrations of C-ANP4-23 (50 nM, 1 µM and 5 

µM) and incubation times (30 minutes, 4h and 6h).(c) Intracellular cGMP levels after incubation 

with ANP (1 µM for 4 h). The data are presented as the mean ± s.e.m. of three independent 

experiments. Significant differences were analysed using the Mann-Whitney U test; *P<0.05.  
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Supplementary Figure S4. Effects of C-type natriuretic peptide-22 (CNP-22) on intracellular 

cyclic adenosine monophosphate (cAMP),intracellular cyclic guanosine monophosphate (cGMP) 

levels, lipolysis levels, glucose transporter (GLUT4) and 5'AMP-activated protein kinase catalytic 

subunit alpha (AMPKα)protein expression. (a)Intracellular cAMP levels after the treatment with 

CNP-22 (1 μM, 4 h).(b) Intracellular cGMP levelsafter the treatment with CNP-22 (1 μM, 4 

h).(c)Glycerol levels (µM) in total cell supernatants after treatment with CNP-22 (1 μM, 4 

h).(d)GLUT4 protein levels after treatment with CNP-22 (1 μM, 4 h). The cell lysates were 

prepared and then analysed by Western blot using a specific antibody against GLUT4 as 

described in the Methods section. (e) Ratio phosphor-AMPKα/total-AMPKαafter treatment with 

CNP-22(1 μM, 4 h). The cell lysates were prepared and then analysed by Western blot using 

specific antibodies against total AMPKα and phospho-AMPKα (Thr172) as described in the 

Methods section. The data are presented as the relative to no treatment fold-change, and the bars 

represent the means ± s.e.m. of three separate experiments. Significant differences were analysed 

using the Mann-Whitney U test. 
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Supplementary Figure S5 

 

Supplementary Figure S5. A: Catalase (CAT) mRNA levels normalized to those of 

glyceraldehyde 3-phosphate dehydrogenase (GAPDH) and presented as fold change, calculated 
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using the Pfaffl method. B: CAT protein levels from cell lysates analyzed by Western blot using a 

specific antibody against CAT, normalized to the internal control (α-tubulin) and expressed as 

fold change. C: CAT activity of cell lysates during adipogenic differentiation. All values are 

expressed as means ± SEM of three independent experiments. Significant differences were 

identified using the non-parametric Mann-Whitney U test; * P< 0.05. 

 

Supplementary Figure S6 

 

Supplementary Figure S6. Effect of increasing concentrations of 3-amino-1,2,4-triazole (3-AT) 

on cell viability after a 24 h incubation. Cell viability was determined using a Neubauer chamber 

and trypan blue (4%).  
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Abbreviations 

3-AT: 3-amino-1,2,4-triazole  

ADIPOQ: adiponectin 

ADSCs: Adipose-derived stem cells 

AMPK: 5’-adenosin monophosphate-activated protein kinase 

ANP: atrial natriuretic peptide 

ATGL: adipose triglyceride lipase  

BAT: brown adipose tissue 

BNP: brain natriuretic peptide 

C/EBP: CCAAT-enhancer binding protein  

cAMP: cyclic adenosine monophosphate 

C-ANP4–23: C-atrial natriuretic peptide-(4-23) 

CASP1: caspase 1 

CAT: catalase 

CD: cluster of differentiation 

cGMP: cyclic guanosin monophosphate  

CNP: C-type natriuretic peptide 

CTNNB1: catenin beta 1  

DMEM: Dulbecco’s modified eagle medium 

FABP4: fatty acid binding protein 4  

FBS: fetal bovine serum 

FFA: free fatty acid 

FOXO1: forkhead box O 1 

FTO: fat mass and obesity-associated 

GAPDH: Glyceraldehyde 3-phosphate dehydrogenase 

GLUT4: glucose transporter 4 
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GPX: glutathione peroxidases   

GWAS: genetic wide association studies 

HPRT1: Hypoxanthine-guanine phosphoribosyltransferase-1 

HSL: hormone-sensitive lipase 

IBMX: 3-isobutyl-1-methylxanthine 

IL: interleukin  

IL1B: interleukine 1-β 

IR: insulin resistance 

IRAK4: interleukin-1 receptor-associated kinase 4 

LEP: leptin 

LEPR: leptin receptor 

MAPK: mitogen activated protein kinases 

MCP-1: monocyte chemoattractant protein-1 

MSC: mesenchymal stem cell 

NAFLD: non-alcoholic fatty liver disease 

NFKB2: nuclear factor of kappa light polypeptide gene enhancer in B-cells 
2 (p49/p100) 

NF-κB: nuclear factor kappa-light-chain-enhancer of activated B cells 

NP: natriuretic peptide 

NPR: natriuretic peptide receptor 

NPR1: natriuretic peptide receptor 1 

NPR2: natriuretic peptide receptor 2 

NPR3: natriuretic peptide receptor 3 

Nrf2: nuclear factor (erythroid 2-like 2)  

PBS: phosphate buffer saline 

PKA: protein kinase A 

PLB: protein lysis buffer 
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PLIN: perilipin 

PPAR-γ: peroxisome proliferator-activated receptor gamma 

PRDX: peroxiredoxin 

ROS: reactive oxygen species  

SNP: single nucleotide polymorphism  

SOD: superoxide dismutase  

SREBP1c: sterol regulatory element-binding transcription factor 1c  

SVF: stromal vascular fraction 

TNFRSF1A: tumor necrosis factor receptor superfamily, member 1A  

TNF-α: tumor necrosis factor α 

TOLLIP2: Toll interacting protein 

UCP-1: uncoupled protein 1 

VAT: visceral adipose tissue 

WAT: white adipose tissue 

WHO: World Health Organization 
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