
 
 
 
 

 

 
 

 

 
 

 
 
 

 
 
 
 
 

Study of immune population infiltrated  
in white adipose tissue: Novel target genes  

in obesity and metabolic diseases 
 

Marjorie Reyes Farías 
 
 
 
 
 
 

 
 

 
 
 
Aquesta tesi doctoral està subjecta a la llicència Reconeixement- NoComercial – 
SenseObraDerivada  4.0. Espanya de Creative Commons. 
 
Esta tesis doctoral está sujeta a la licencia  Reconocimiento - NoComercial – SinObraDerivada  
4.0.  España de Creative Commons. 
 
This doctoral thesis is licensed under the Creative Commons Attribution-NonCommercial-
NoDerivs 4.0. Spain License.  
 



 
 

 
 



 
 

 
 



 
 

 
 

 

Programa de Doctorat en Alimentació i Nutrició 

Dpt. Bioquímica i Fisiologia 

 

 

 

Study of immune population infiltrated in white 

adipose tissue: Novel target genes in obesity and 

metabolic diseases. 

 

 

 

 

 

 

 

 

Marjorie Reyes Farias 

Barcelona, 2023 



 
 

 
 



 
 

 
 

 

Programa de Doctorat en Alimentació i Nutrició 

 

Study of immune population infiltrated in white 

adipose tissue: Novel target genes in obesity and 

metabolic diseases. 

 

Memòria presentada per Marjorie Reyes Farias per optar al títol de doctor 

per la Universitat de Barcelona 

 

 

 

David Sánchez Infantes   Laura Herrero Rodríguez  

 

 

 

Xavier Remesar 

 

 

Marjorie Reyes Farias 

Barcelona, 2023 



 
 

 
 



 
 

 
 



 
 

8 
 

"Lo que caracteriza al hombre de ciencia  

no es la posesión del conocimiento o  

de verdades irrefutables, sino la búsqueda  

desinteresada e incesante de la verdad." 

Karl Popper 



AGRADECIMIENTOS 

 

9 
 

AGRADECIMIENTOS 



RESUMEN 

 

10 
 

RESUMEN 

La obesidad es una condición crónica cuya incidencia se ha triplicado en las 

últimas cuatro décadas. Esta condición está asociada a una activación de la 

respuesta proinflamatoria de las células inmunes infiltradas en el WAT, lo que 

puede conducir a diferentes comorbilidades, afectando directamente la esperanza 

de vida. 

El WAT es órgano principal de almacenamiento de lípidos, pero también actúa 

como un órgano endocrino pudiendo responder a cambios metabólicos. Por lo 

tanto, cambios en este tejido puede conducir el desarrollo de comorbilidades 

asociadas a obesidad. El WAT se distribuye en dos depósitos: SAT y VAT, cada uno 

con sus propias funciones metabólicas. Se ha descrito que la SAT tiene un papel 

protector y se asocia inversamente con el desarrollo de IR y T2D. Al mismo tiempo, 

el VAT está relacionado con un empeoramiento del estado metabólico. 

Este tejido, está compuesto por una población heterogénea de células que 

incluyen preadipocitos, fibroblastos, células endoteliales, células madre y células 

inmunitarias que cambian según el estado metabólico. Las células inmunitarias 

regulan la función del WAT, que, en condición de obesidad, promueven la activación 

de la una señalización inflamatoria, hipóxica y fibrótica en este tejido. Debido a que 

los ATMs son la población inmune más abundante contribuyen en una proporción 

más alta a la alteración de la homeostasis en WAT en sujetos obesos. 

Actualmente existe poca información respecto a vías de señalización 

alteradas en VAT en respecto a SAT asociadas al desarrollo de enfermedades 

metabólicas. Por ello, el objetivo de este trabajo fue determinar dianas genéticas 
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que contribuyan a un peor pronóstico metabólico para encontrar su posible papel 

en el desarrollo de la obesidad. 

Nuestro trabajo muestra por primera vez que el fenotipo de ATMs tienen un 

perfil de expresión génica diferente según el depósito estudiado. Nuestro trabajo 

propone nuevas dianas implicadas en la obesidad y enfermedades metabólicas 

relacionadas. 
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ABSTRACT 

Obesity is a chronic condition with a multifactorial etiology whose incidence 

has tripled in the last four decades. This condition is associated with a low-grade 

inflammation caused by an activation of the proinflammatory response of the 

immune cells infiltrated in the white adipose tissue (WAT), which can lead to 

different comorbidities, directly affecting life expectancy. 

WAT is the main organ responsible for energy storage in the form of lipids, and 

due to its heterogeneous composition, it acts as an endocrine organ able to respond 

to metabolic changes. Therefore, obesity promotes changes in metabolism, leading 

to inflammatory, hypoxic, and fibrotic events in WAT that trigger the development 

of metabolic diseases. WAT is distributed into two depots: subcutaneous adipose 

tissue (SAT) and visceral adipose tissue (VAT), each one with its biochemical 

features and metabolic role. SAT has been reported to be protective in overall 

metabolism, while VAT has been linked to worsening metabolic status. However, 

little is known about which genes or pathways are altered in VAT compared to SAT, 

promoting the development of metabolic diseases. Thus, this work aimed to identify 

novel target genes contributing to a worse metabolic prognosis to find their 

potential role in obesity-related development with each depot and inflammatory 

state. 

First, we found that IL-16, a cytokine linked to airway pathologies, is expressed 

in human WAT and that its expression changes between SAT and VAT in patients 

with obesity. Bioinformatic analyses showed that this cytokine is related to 

activating pro-inflammatory pathways and T cells activation. Our in vitro models 
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showed that during adipogenesis and in mature adipocytes, IL-16 seems to 

modulate lipid metabolism, fibrosis, and inflammatory signaling, suggesting a role 

in obesity. 

Because adipose tissue macrophages (ATMs) are the most abundant immune 

cell population in WAT, we evaluated its phenotype in both SAT and VAT depots. We 

showed for the first time that the phenotype of macrophages infiltrated in human 

WAT has a different gene expression profile according to the depot. We described 

two target genes overexpressed in SAT compared to VAT in individuals with obesity: 

MYO1E and NCEH1, suggesting that these genes are related with the protective role 

of SAT in metabolism. Our results showed that silencing of Myo1e is associated 

with activating the inflammatory signalling from macrophages, reducing their 

migratory capacity. At the same time, Nceh1 knockdown is also related with a pro-

inflammatory profile of the cells and might have a role in lipid accumulation in 

obesity. 

In conclusion, this study proposes novel target genes involved in the 

development of obesity and its related metabolic diseases. 
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1. INTRODUCTION 

1.1 Obesity: Prevalence, causes and consequences 

Obesity is a chronic relapsing progressive disease with a multifactorial etiology 

[1, 2]. The worldwide incidence of this disease has tripled in the last four decades, 

becoming one of the most prevalent diseases worldwide [3]. In this context, the 

World Health Organization (WHO) reported that in 2016, 13% of the worldwide adult 

population was overweight or obese [4]. Additionally, the Organization for Economic 

Co-operation and Development (OECD) indicates that 56% of people over 15-years 

old has overweight and obesity [5]. Here in Spain, the European Health Survey 

registered that the prevalence of overweight and obesity reached 61.4% in men and 

46.1% in women [6].  

Obesity is characterized by the excessive or abnormal accumulation of 

adipose tissue in the body, caused by a long-term energy imbalance between calorie 

intake and expenditure [7]. Obesity is defined as an increase in body weight above 

20% of the ideal weight, according it age and sex [8]. However, in clinical practice, 

obesity degree is defined according to the Body Mass Index (BMI) [9]. BMI alloy to 

classify the weight of a person into different categories according to their nutritional 

status (Table 1). This index is calculated by dividing the weight of a person 

(expressed in kilograms) by its height (in meters squared) (kg/m2). 

Obesity is a significant risk factor for several chronic diseases, such as 

cardiovascular disease (CVD), insulin resistance (IR), type II diabetes (T2D), non-

alcoholic fatty liver disease (NAFLD), and degenerative disorders, including 
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dementia, airway disease, and some types of cancers [10-12]. In addition, adult 

obesity is related to a reduction in life expectancy [13-17].  

1.2 Adipose tissue classification and distribution 

Adipose tissue (AT) is classified into brown (BAT), pink, beige/brite, and white 

adipose tissue (WAT) [18-20] (Figure 1). BAT is a tissue mainly characterized by 

multilocular lipid droplets and a large number of mitochondria, which confer the 

ability to produce heat through non-shivering thermogenesis to maintain body 

temperature [21]. Beige/brite AT (or inducible BAT, iBAT) arises from WAT exposed 

to chronic cold exposure having an intermediate phenotype between BAT and WAT, 

which stores triglycerides and contributes to heat production [22].  

Pink adipose tissue, present during pregnancy and lactation phases, 

comprises milk-secreting alveolar cells with a high lipid droplet content and milk-

containing granules [23]. Similarly, this tissue could change into WAT and BAT post-

lactation [24]. 

 

Table 1. WHO classification of metabolic status according to BMI. 

Classification BMI (kg/m2) 

Underweight (severe thinness) < 16.0 

Underweight (moderate thinness) 16.0 – 16.9 

Underweight (mild thinness) 17.0 – 18.4 

Normal range 18.5 – 24.9 

Overweight (Pre-obese) 25.0 – 29.9 

Obese (Class I) 30.0 – 34.9 

Obese (Class II) 35.0 – 39.9 

Obese (Class III) ≥ 40.0 
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Finally, WAT is composed mainly of large adipocytes with a single lipid droplet 

and less mitochondria than BAT, which confers the capacity for energy storage, 

through the accumulation of lipids [25]. Although WAT is composed mainly of 

adipocytes, this organ is also a source of heterogeneous cell populations such as 

pre-adipocytes, fibroblasts, or immune cells [26]. For this reason, even though the 

primary function of WAT is lipid storage, it also has a crucial endocrine role, being 

able to respond to metabolic changes [27, 28]. Furthermore, in humans, WAT could 

be classified according to its distribution into two main depots: visceral WAT (VAT), 

which includes omental, mesenteric, retroperitoneal, gonadal, and pericardial WAT, 

and subcutaneous WAT (SAT), which is located under the skin. Both depots are 

broadly studied for their association with insulin resistance (IR) development and 

cardiometabolic risk [29, 30]. However, each depot has different biochemical 

features and metabolic functions. For example, it has been described that WAT 

distribution has a direct effect on overall metabolism [31, 32], and some studies 

 

Figure 1. Types of adipocytes. 

 (From Zinngrebe, et al. [20]) 
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demonstrate that a high VAT amount is associated with metabolic dysregulation 

[33, 34], promoting glucose intolerance and IR [35].  

Furthermore, in vitro assays have shown that adipocytes isolated from VAT 

have higher lipid synthesis and lipolysis than SAT adipocytes [36, 37]. Additionally, 

portal theory explains that all metabolites of VAT are released into the portal vein; 

therefore, an increase in VAT size could be responsible for metabolic complications 

associated with liver status [38, 39]. Consequently, increased VAT mass is an 

independent factor in metabolism deterioration, and the size of this depot is directly 

related with a poor prognosis of metabolic diseases [40]. On the other hand, some 

studies propose that an increase in SAT mass has a protective role and is inversely 

associated with glucose intolerance, IR, and risk of T2D diagnosis [35, 41]. A 

decrease in triglyceride accumulation in SAT results in increased lipid deposition in 

VAT, leading to metabolic complications [37, 42, 43].  

1.3 Changes of WAT during obesity development 

During obesity development, all depots increase in weight and size, strongly 

correlating with the metabolic status (Figure 2). In fact, in humans, the percentage 

of VAT in obese subjects strongly correlates with IR and poor glycemic control [41, 

44, 45]. In animal models, surgical removal of this tissue prevents IR and delays T2D 

development [46]. Furthermore, obese subjects have less SAT, contributing to 

further deterioration of insulin response and promoting T2D establishment [44, 47]. 

In addition, insulin-sensitive obesity is linked to a smaller VAT under the same BMI, 

suggesting SAT increase [48]. All that evidence indicates that both SAT and VAT 

contribute to the development of IR, however, their roles are contrary. While SAT 
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increase is associated with better metabolic status, VAT increase is linked with 

worsening metabolic status.  

 

1.4 Meta-inflammation: The onset of metabolic diseases 

WAT is a highly active organ involved in numerous metabolic, hormonal, and 

immune processes [49, 50]. It has been described that an increase in hypertrophy 

and hyperplasia causes local and systemic low-grade chronic inflammation, or 

meta-inflammation, that triggers the development of severe metabolic diseases [51, 

52].  

Adipokines, such as Adiponectin, Leptin, IL-6, TNF-α, or CCL2, among others, 

are secreted by the WAT and contribute to the structural and functional 

rearrangement of this tissue [53]. It is broadly described that in obesity, an increase 

 Normal weight Obesity 

                                                 

Figure 2. Changes in the distribution of adipose tissue changes with obesity. 

Distribution of WAT is associated with development of metabolic dysregulation. In 

obesity status an increase of SAT, VAT, and VAT/SAT ratio worsen the metabolic status 

observe in obese subjects. (From Reyes-Farias, et al. [26]) 
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in triglyceride accumulation in the adipocyte causes an enlargement of WAT and, 

consequently, a dysregulation in the secretion of adipokines In addition, the 

secretion of pro-inflammatory cytokines by WAT promotes the migration and 

infiltration of immune cells into the WAT that will that will also contribute to the 

inflammation process [54], thus, promoting a chronic and self-maintained low-grade 

inflammation associated with several obesity-related pathologies [55] (Figure 4).  

As previously evidenced, the number of adipocytes in the WAT of an individual 

remains mainly constant throughout life [56]. Therefore, an increase in WAT 

translates into an increase in the hypertrophy of adipocytes [57]. The consequent 

triglyceride release activates TRL4 receptors in macrophages, promoting a TNF-α 

secretion [57-59]. Both triglycerides and TNF-α are crucial to IR development 

because they inhibit the IRS-1 signaling cascade, affecting glucose uptake into the 

WAT [60-63]. Furthermore, WAT inflammation directly affects insulin sensitivity and 

is associated with T2D and CVD development. Thus, WAT increase promotes 

infiltration of pro-inflammatory immune cells, which secretes cytokines that 

promotes an inflammatory phenotype and worse prognosis in related metabolic 

illness [64, 65].  

1.4.1 ATMs: The main immune cells that control the meta-

inflammation 

Despite adipocytes are the main cell type present in WAT, immune cells play a 

broad role in both local and systemic metabolism. Processes like the expansion of 

adipose tissue mass or the activation of lipolysis lead to the recruitment and 

activation of immune cells in WAT [66].    
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Each WAT subpopulation changes according to its metabolic status. In this 

context, WAT-resident macrophages were the first immune cell population 

described to infiltrate the WAT. Interestingly, in 2003 some researchers found 

differences in WAT-infiltrated macrophages (ATM) and their surface markers 

between lean and obese subjects in mice and humans [67]. ATM could be broadly 

classified as M1, which has a pro-inflammatory phenotype, and M2, characterized 

by an immunosuppressive phenotype. Both subpopulations are present in WAT at 

different rates. M1 phenotype is predominantly found in dysfunctional/obese WAT 

and has a high proportion in subjects with metabolic complications [68]. In this 

context, hypertrophy of WAT increases CCL2 expression in adipocytes, secretion of 

adipokines, adipocyte death, and recruitment of macrophages [69]. On the other 

hand, M2 phenotype ATM promotes AT homeostasis, tissue remodeling, and insulin 

sensitivity, and they are predominantly found in healthy/lean WAT [68].  

Studies with human and animal models showed increased BMI accompanied 

by higher macrophage infiltration in WAT and a deterioration in insulin sensitivity 

[70]. Conversely, weight loss raises WAT macrophage recruitment at the initial step. 

However, the pro-inflammatory phenotype could be maintained or decreased 

according to interventions and models of study. [71-76].  

For this reason, an increase in adipose tissue due to obesity results in a 

hyperactive organ able to secrete several pro-inflammatory molecules, driving 

alterations in metabolic and endocrine functions, which contribute to the 

development of metabolic syndrome [133-135]. Furthermore, this pathology is 

characterized by low-grade chronic inflammation or meta-inflammation [136]. Thus, 
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in obesity status, the increased adipose tissue drives meta-inflammation, the 

beginning of the development of comorbidities associated with obesity [136, 137]. 

1.4.2 Lipid-laden macrophages and lipotoxicity 

As described above, obesity promotes the remodeling and release of lipids by 

adipocytes engulfed by ATM [77]. ATM lipid content correlates with BMI in human 

and animal models and is significantly more visceral than subcutaneous ATM [71, 

78, 79]. Fatty acid exposure promotes pro-inflammatory phenotype in ATM [80-82]. 

Extracellular free fatty acids (FFA) exert their effects in Toll-like receptor (TLR)-

dependent and -independent manner [83, 84]. On the other hand, intracellular FA 

promotes endoplasmic reticulum and oxidative stress, which exacerbates 

proinflammatory signaling in the macrophages [85, 86]. FFA also acts as danger-

associated molecular patterns (DAMP), leading to an NLRP3 inflammasome-

mediated inflammation [87, 88]. This pro-inflammatory environment FA translates 

into a pathogenic mechanism underlying lipotoxicity in obesity-associated diseases 

[89] (Figure 3).  
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1.4.3 MYO1E a regulatory protein related with macrophages pro-

inflammatory phenotype 

Myo1E is widely expressed in humans mostly in immune cells, like dendritic 

cells, macrophages and B lymphocytes, participate in the clathrin-mediated 

endocytosis [90-92] and plays an important role in the major histocompatibility 

complex II (MHCII) presentation process [93]. Although its role in macrophages is 

not completely described, there some evidence that participates in the phagosome 

 

Figure 3. Mechanisms of lipid handling of macrophages.  

The Uptake of different lipid species, such as native LDL, oxidized LDL particles, or free 

fatty acids, is facilitated by different scavenger receptors (CD36, MARCO, SR-A1, 

CD206). Lipids are trafficked to lysosomes and endo-lysosomes, in which complex lipids 

are degraded into free cholesterol (FC) and fatty acids (FFA) by the lysosomal 

acid lipase (LAL). Then, FC and FFA are transported to the endoplasmic reticulum (ER), 

where the acyl-coenzyme cholesterol acyltransferase-1 (ACAT1) converts deleterious FC 

to cholesteryl esters (CE). TAG and CE are shuttled into budding lipid droplets (LD), which 

represent the major lipid storage mechanism. Upon energy demand, macrophages can 

either directly shuttle lysosomal-derived FFA to mitochondria or derive FC and FFA from 

LD, which is subsequently transported into the mitochondria via carnitine palmitoyl-

transferase I (CPT1). FC and FFA are further used as fuel for FAO and ATP production. 

Alternatively, lipid droplet-derived FC can be exported via ATP-binding cassette (ABC) 

transporters. (From Vogel, et al. [88]). 
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closure cups [94]. Additionally, in LPS-stimulated macrophages, MYO1E reduces 

cell spreading, chemokine secretion and antigen presentation [94] and  its deficiency 

is related with an increased secretion of CCL2 [93].  

1.4.4 NCEH1 alleviates lipid accumulation in foam cells. 

NCEH1 is a key regulator of hydrolysis of intracellular CE and in macrophages 

is expressed mainly in foam cells during atherosclerosis [95]. This enzyme 

participates in the reverse cholesterol transport, meaning that NCEH1 reduce the 

lipid droplet size in macrophages supporting the hydrolysis of CE and participating 

in the FC efflux from macrophages, stimulating the remotion of atherosclerotic 

lesions [96-98]. Currently, no evidence of the role of this enzyme in ATM or obese 

WAT has been reported. 

1.5 WAT remodeling: A hallmark of obesity-related pathologies 

One of the changes in adipose tissue in response to nutrient deprivation and 

excess is the remodeling of the WAT, which involves modifications in shape, size, 

structure, and composition due to a physiological, adaptive, or pathological 

mechanism [71, 99-103]. During remodeling, changes in adipocyte hypertrophy and 

hyperplasia have been observed, as well as in the extracellular matrix of the tissue 

and its angiogenesis [104]. However, Arner, et al. found that hypertrophy negatively 

correlates with hyperplasia of WAT independently of BMI [105]. They classified the 

subjects as having either hyperplasia or hypertrophy and found that the number of 

new adipocytes per year was 70% less in hypertrophic compared with hyperplasic 

classified subjects [105]. Impaired adipogenesis is present in hypertrophic obesity 

and contributes to the development of IR in obesity [106, 107]. Moreover, obesity-
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associated metabolic complications are linked to a decreased lifespan [108]. 

Metabolic interventions driving weight loss also increase life expectancy [109-111]. 

Additionally, rapamycin-treated, and knock-out mice with limited adipogenesis 

show an increase in lifespan [112-115].  

1.5.1 ECM: A driver of WAT-fibrosis 

Seminal studies demonstrated that in the late stages of obesity, there is an 

accumulation of extracellular matrix (ECM) proteins, and, consequently, WAT 

fibrosis, which is related to the pro-inflammatory phenotype observed in obesity 

[102, 116, 117]. An in vitro model of adipocytes treated with macrophages-

conditioned media shows increased gene expression of metalloproteinases 

(MMPs) [118]. Additionally, when transcriptomic analysis in AT from obese subjects 

was performed, it has found that an increase in ECM components (which decreased 

after bariatric surgery) was accompanied by an increased expression of some 

enzymes responsible for ECM degradation [119]. Both results indicate that WAT 

continuously undergoes fibrotic remodeling in response to weight changes in 

individuals [120]. Additionally, obese humans and murine models show that WAT 

collagen gene expression increases in obese subjects and correlates with insulin 

resistance, inflammatory markers, fibrotic size areas, and the number of infiltrated 

macrophages [121-125]. Moreover, collagen knock-out mice showed less AT 

fibrosis and inflammation and improved glucose metabolism [125].   

1.5.2 Apoptosis in WAT-remodeling 

It has been reported that adipocyte apoptosis and fibrosis are crucial events 

promoting WAT macrophage infiltration and obesity-associated metabolic diseases 
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[126, 127]. AT from mice fed with HFD showed more hypertrophy and inflammation, 

typically associated with a pro-apoptotic phenotype [127]. Moreover, in obese mice 

and humans, intrinsic apoptosis pathways were activated, and inhibition of 

adipocyte apoptosis in mice protects from macrophage infiltration and the 

development of fatty liver and IR [127]. WAT-macrophages infiltration is 

characterized by the presence of crown-like structures (CLS) surrounding dead 

adipocytes [128, 129] and promoting pro-inflammatory signaling, a hallmark of 

obesity-related diseases [130, 131]. However, the inducible elimination of 

adipocytes in a mouse model, through targeted activation of caspase-8, promotes 

the influx of alternative-activated M2 macrophages [132]. Altogether, adipocyte 

apoptosis might be the origin of AT macrophage infiltration, thus triggering obesity-

related diseases.  

1.5.3 WAT-mitochondrial dysfunction 

It has been described that mitochondria are responsible of the metabolic 

control of WAT, being the main source of ATP, similarly than other tissues [133]. 

WAT mitochondria participate in differentiation, lipogenesis, lipolysis, and fatty acid 

oxidation from adipocytes [134] (Figure 4). In this context, Forner et al., found that 

mitochondria from WAT express higher levels of proteins with lipogenic function 

and with ability to degrade xenobiotics [135]. 

In fact, mitochondria are responsible of the maintaining WAT function and 

health, being its dysfunction a hallmark of obesity [136]. Thus, obesity status is 

characterized by an altered mitochondrial metabolism in WAT, which is linked with 

impaired glucose homeostasis [137]. Animal models, show that obesity status is 

linked with a reduced WAT-OXPHOS, mainly in VAT depot [136]. This characteristic 
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is having been described such an adaptive mechanism to energy excess, adipocyte 

hypertrophy, and WAT enlargement during obesity development [134]. Additionally, 

an excessive expansion of WAT leads a local hypoxia, which switch the WAT-

mitochondrial activity from aerobic OXPHOS to anaerobic glycolysis, which in turns 

leads a loss of mitochondrial mass [138-141]. Because an overloading of fatty acids 

into WAT, this tissue also shows a diminution of de novo lipogenesis in obesity [142, 

143]. 

 

 

Figure 4. The physiological role of WAT-mitochondria.  

Mitochondria in adipocytes regulates adipocyte differentiation, lipid homeostasis, 

oxidative capacity, insulin sensitivity, adaptive thermogenesis, and browning of WAT. 

Peroxisome proliferator-activated receptor-γ (PPARγ); CCAAT-enhancer-binding protein 

(C/EBP); Perilipin (PLIN); Adipose triglyceride lipase (ATGL); Oxidative phosphorylation 

(OXPHOS); Glucose transporter type 4 (GLUT4); Uncoupling protein-1 (UCP1); PPARγ 

coactivator 1-α (PGC1α). (From Lee, et al. [125]) 
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1.5.4 IL-16: A new cytokine involved in obesity and its co-morbidities 

IL-16 is a pro-inflammatory cytokine that acts as a leukocyte 

chemoattractant factor secreted by several immune cell populations [144]. While 

the expression of the IL-16 pro-molecule is constitutive in T cells, mast cells, 

eosinophils, epithelial cells, fibroblasts, and dendritic cells [144], it requires 

processing and activation by caspase-3 cleavage [145].  

Although its role in the peripheral proinflammatory immune response has 

been widely studied [144, 146-149], there is little evidence of its role in adipose 

tissue. In this context, it has been described that overweight adolescents have 

higher plasma levels of IL-16 compared to normal weight controls. Also, IL-16 levels 

correlate significantly with weight, BMI, and waist circumference [150]. Moreover, 

children with autoimmune diabetes show a significant increase of IL-16 circulating 

levels [151]. Additionally, non-obese mice genetically prone to diabetes treated with 

an IL-16 neutralizing antibody protect from diabetes development [152]. 

Furthermore, when WAT expression was analyzed IL-16 is upregulated in obese 

compared with lean mice and caloric restriction further increased these levels [153]. 
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2. OBJECTIVES 

To identify new genes and metabolic pathways involved in the development of 

obesity-induced insulin resistance. 

1. To perform a transcriptomic analysis of WAT and WAT-macrophages in 

subjects with obesity according to anatomical location of WAT-depot. 

 

2. To identify candidate genes involved in metabolic changes between study 

groups. 

 

3. To determine the metabolic impact of candidate genes. 
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3. MATERIAL AND METHODS 

3.1 Human WAT samples 

SAT and VAT biopsies were collected from normal weight controls and obese 

patients. The samples were maintained in a solution composed by PBS + 1%FBS at 

room temperature, until its processing. For the development of this project, we work 

with two independent cohort of patients.  

The cohort 1 was composed by complete SAT and VAT from normal weight 

and obese subject (Table 2). Then an RNA-seq was performed to determine a 

possible target related with the function of its depot in obesity development. The 

cohort 2, was composed by WAT-infiltrated macrophages from SAT and VAT, from 

obese patients, and its posterior analysis using a Clariom D transcriptomic platform 

(Table 2).Table 2. Clinical data of cohorts of patients 

 
Cohort 1 Cohort 2 

 Control group 

(n=14) 

Patients with obesity 

(n=13) 

Patients with obesity 

(n=18) 

Age 48.6 ± 8.22 46.2 ± 10.09 50.7 ± 9.9 

Weight 64.9 ± 9.40 112.2 ± 12.02 112.1 ± 25.6 

BMI (kg/m2) 24.7 ± 2.55 43.5 ± 3.89 42.3 ± 6.7 

 

Table 2. Clinical data of cohorts of patients 

 
Cohort 1 Cohort 2 

 Control group 

(n=14) 

Patients with obesity 

(n=13) 

Patients with obesity 

(n=18) 

Age 48.6 ± 8.22 46.2 ± 10.09 50.7 ± 9.9 

Weight 64.9 ± 9.40 112.2 ± 12.02 112.1 ± 25.6 

BMI (kg/m2) 24.7 ± 2.55 43.5 ± 3.89 42.3 ± 6.7 
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3.1.1 RNA isolation of WAT 

Total RNA from SAT and VAT was isolated using Nucleospin RNA mini kit 

(Macherey-Nagel, 740955.250), according to manufacturer instructions. For thus, 

30-50 mg of each depot was disrupted using a TissueLyser at 50Hz for 2 min, with 

500 µl of RA1 Buffer + 5 µL of β-mercaptoethanol (Sigma-Aldrich, M3148). Then, the 

lysate was filtrate with the objective to reduce viscosity and clear the lysate by 

filtration through NucleoSpin Filter and centrifugated for 1 min at 11000g. Then, the 

eluted was mixed with 500 µl of 70% ethanol and mixed by vortex. This mix was 

loaded into NucleoSpin RNA Column and centrifugated 30 seg at 11000g and flow 

through was discarded. To inactive, the column was desalted using MBD buffer and 

centrifugated at 11000g for 1 min to dry the membrane. Next, column was treated 

with 95 µL of rDNase mix and incubated at room temperature for 15 minutes. To 

inactivate rDNase 200 µL of RAW2 buffer was added and the column was 

centrifugated for 30 seg at 11000g. A second wash was performed using 600 µL of 

RA3 buffer, and centrifugated again at 11000g for 30 seg. Finally, a third wash was 

performed adding 250 µl of the RA3 buffer and column was centrifugated during 2 

min at 11000g to dry the membrane completely. After those washes, the RNA was 

eluted using 50 µl of RNase-free H2O and centrifugated at 11000g for 1 min. The 

eluted RNA was storage at -80ºC until the RNA-seq were done. 

3.1.2 WAT-infiltrated macrophages isolation 

Immediately after surgical extraction, the isolation of SVF from SAT and VAT 

biopsies were performed in sterile conditions. First, SAT and VAT samples were 

washed with Hank’s Buffer (Capricorn Scientific, HBSS-2A), minced with scalpel, and 



MATERIAL AND METHODS 

 

48 
 

digested into 50 ml conical tubes with 5 mL of a collagenase digestion solution 

(Table 3). The digestion was performed at 37°C, for one hour with vortex every ten 

minutes. Once the tissue was totally digested, the digestion was stopped by putting 

the samples in ice. Then, solution that contains SVF was filtered through 100 µm 

filter and centrifuged at 500g for 5 minutes at 4ºC and the supernatant was 

discarded. The obtained pellet was washed twice by resuspension in 5 mL of 

PBS+FBS (Table 3) and centrifugation at 500g for 5 minutes at 4ºC. 

After those washes, the resulting pellet, that contains SVF, was resuspended 

in 500 µL of cold MACS buffer (Table 3), to proceed to magnetic labeling of CD11b+ 

cells. 

3.1.3 CD11b+ magnetic labeling and separation 

First, the cell suspension was centrifuged at 300g for 10 minutes and the 

supernatant was completely discarded. Second, the pellet was resuspended in 82 

µL of MACS buffer () and 2 µL was taken, diluted by adding 18 µl of MACS buffer 

and reserved at 4ºC to evaluate percentage of CD11b+ cells. Then, 20 µL of CD11b 

MicroBeads (Miltenyi, 130-126-725) was added to 80 µL of cell suspension, mixed 

and incubated for 15 minutes in ice. Next, the cells were washed by adding 2 mL of 

MACS buffer and centrifugated at 300g for 10 minutes at 4ºC. Then the pellet was 

resuspended in 500 µL of MACS buffer and maintained in ice.  
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Meanwhile, the separation column is prepared. For this, the LS column 

(Miltenyi, 130-042-401) was placed in the magnetic field, on the MidiMACS™ 

Separator (Miltenyi, 130-042-302), and rinsed with 3 mL of MACS buffer. Once the 

column reservoir is empty, the cell suspension was added into the column. When 

all the suspension passed, the column was washed by adding 3 mL of MACS buffer, 

twice. After that, the column was removed from the magnetic field, and placed onto 

a new 15 mL conical tube (collection tube). Then, 5 mL of MACS buffer was added 

and the fraction with the magnetically labeled cells was immediately flushed out 

applying the plunger supplied with the column. 20 µL of the eluted fraction was 

reserved in ice. 

Next, the CD11b+ fraction of cells was centrifuged at 300g for 7 minutes at 4ºC, 

4 mL of the supernatant was discarded, and the pellet was resuspended in the 

remaining volume, which was transferred into 1.5 mL conical tube (Eppendorf™, 

0030119460) and centrifuged at 11000g for 5 min, the resulting pellet was used to 

perform RNA extraction.  

Table 3. Solutions for SVF isolation and magnetic labeling 

Buffer Reagent Reference 
Final 

concentration 

PBS + FBS 

PBS 1x 
Sigma-Aldrich, 

P3813 
1X 

FBS 
Capricorn Scientific, 

FBS-12A 
2% 

Collagenase 

digestion 

solution 

Hanks’ Balanced Salt 

Solution (HBSS) 

Capricorn Scientific, 

HBSS-2A 

1X 

Collagenase NB 4 

Standard Grade 

SERVA, S1745401 1 mg/mL 

MACS buffer 

PBS 1x Sigma-Aldrich, 

P3813 

 

BSA Sigma-Aldrich, 

A8531 

0.5% 
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3.1.4 Evaluation of the enrichment of CD11b+ cells 

The reserved aliquots from SAT and VAT were labeled to quantify the viability 

and the number of infiltrated CD11b+ cells, respectively. For this purpose, 10 µL of 

cell sample was mixed with 48 µL of MACS Buffer, 2 µL of 7-AAD (Miltenyi, 130-111-

568) and 0.5 µL of CD11b (Miltenyi, 130-113-797), the prepared mix was incubated 

in darkness for 10 min and then 10 µL of CountBright counting beads (Invitrogen, 

C36950) was added. Data acquisition was performed in a FACSCanto™ II system 

(BD Biosciences) using the FACSDIVA™ software (BD Biosciences) and analyzed in 

FlowJo version X.0.7. (FlowJo LLC). 

3.1.5 RNA isolation from CD11b+ cells 

The obtained pellet after CD11b+ magnetic separation, was used to extract 

total RNA, using Single Cell RNA Purification Kit (Norgen Biotek Corp., 51800). For 

this, a mixture composed of 100 µL Buffer RL + 1 µL β-mercaptoethanol (Sigma-

Aldrich, M3148) was added to each pellet to lyse the cells. Then, 100 µL of 70% 

ethanol was added and the tubes were vortex. The mix of cell lysis and ethanol was 

transferred onto the column and centrifuged for 1 minute at 3500g and the flow 

through was discarded. Next, 400 µL of Wash Solution was added to the column 

and centrifuged for 2 minutes at 14000g, again discarding the flow trough.  

To eliminate DNA contamination, 115 µL of a mixture of DNase I + Enzyme 

Incubation Buffer was added, and the columns were centrifuge at 14000g for 1 

minute, to ensure that the entire DNase I solution passes through the column. Then 

the flow through was pipetted onto the top of the column and the columns was 

incubated for 15 minutes at 25-30ºC. 
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After, two washes with 400 µL of Wash Solution were perform, and the flow 

through was again discarded. Finally, the column was centrifuged for 2 minutes at 

14000g to thoroughly dry the resin. Once this was done, the RNA was eluted, for this 

12 µL of Elution Solution A was added onto the column and centrifuged for 1 minute 

at 200g, followed by a new centrifugation for 1 minute at 14000g. The eluted RNA 

was storage at -80ºC until the transcriptomic assays were done. 

3.2 Transcriptomic Assays 

3.2.1 RNA-Seq 

Before sequencing, the RNA integrity number (RIN) of each sample was 

determined using an Agilent Bioanalyzer 2100; samples with RIN ≥ 7.5 were used 

for RNA-sequencing. The cDNA library quality and quantity were further analyzed as 

previously described [154]. Libraries yielding satisfactory results were sequenced 

on an Illumina HiSeq 2000 sequencer (NIM Genetics, Madrid, Spain). The average 

reads per sample was 45 million; this level of coverage was previously shown to 

provide sufficient sequencing depth for gene expression quantification and 

transcript detection [155, 156]. Quality control of reads was performed using 

FastQC (version 0.11.8; https://bioinformatics.babraham.ac.uk/projects/fastqc). 

3.2.2 Clariom D assay 

The total quantity and integrity of RNA extracted was evaluated using 

Bioanalyzer system. RNA of each sample was undergone to microarray 

hybridization using Affymetrix (Thermofisher) arrays (Clariom-D Assay, human; 

https://bioinformatics.babraham.ac.uk/projects/fastqc
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https://www.thermofisher.com/order/catalog/product/902922#/902922), 

processed on an Applied Biosystems GeneChip 3000 system. 

Sample processing was performed by the High Technology Unit (UAT) facility 

at Vall d'Hebron Institut de Recerca (VIHR), selecting those samples with RNA 

concentrations ≥3 µg and RIN >7. Cohort of patients was clusterized by glycemia 

levels, initially we group the samples such healthy (Glycemia≤100 mg/dL) and 

unhealthy (Glycemia>100mg/dL). 

Experimental design for hybridization processing: 4 batches of 8-12 samples 

each with balancing among different batches between all four conditions: 

subcutaneous healthy (SUB.HEA), subcutaneous unhealthy (SUB.UNH), visceral 

healthy (VIS.HEA), and visceral unhealthy (VIS.UNH).  

To validate the selected genes in the transcriptomic analyses, in vitro 

experiments were performed. 

3.3 In vitro assays 

3.3.1 Reagent preparation 

3.3.1.1. IL-16 stock solution 

Mouse IL-16 recombinant protein (Invitrogen, RP-8610) was prepared at 100 

ng/µL concentration. Briefly, the entire lyophilized content of the vial was 

resuspended in 100 µL of a solution of 0.1% BSA in a sterile condition, aliquoted in 

smaller volumes, and stored at -20ºC. 

https://www.thermofisher.com/order/catalog/product/902922#/902922
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3.3.1.2. Dexametashone stock solution 

Dexamethasone (Sigma Aldrich, D4902) was prepared in ethanol (Merck, 

1.07017.2511) at 0.25 mM concentration. For this purpose, 98.115 mg of 

dexamethasone was dissolving in 1 mL of ethanol, aliquoted into smaller volumes 

and then stored at -20ºC. 

3.3.1.3. 3-isobutyl-1-methylxanthine (IBMX) stock solution 

IBMX (Sigma Aldrich, I7018) was prepared in DMSO at 0.5 M concentration. 

Briefly, 111.12 mg of IBMX was dissolved in 1 mL of DMSO (Sigma Aldrich, 

D2438), aliquoted into smaller volumes and then stored at -20ºC. 

3.3.1.4. Palmitate-BSA 10mM stock solution 

Because palmitate, a long-chain FFAs, has low solubility in aqueous solutions, 

it was conjugated to bovine serum album (BSA) [157], in 5:1 ratio at a concentration 

of 10 mM. For this purpose, 1.3 g of defatted BSA (Sigma-Aldrich, A6003) were 

dissolved on a beaker in 9 mL of a 0.9% NaCl solution (Sigma-Aldrich, S7653) by 

stirring and heating in a water bath to 35-45ºC. Simultaneously, 27.88g of sodium 

palmitate (Sigma-Aldrich, P9767) were dissolved in 1 mL of a 0.1N NaOH solution 

(PanReac-AppliChem, 211687.1211), heated at 80°C until a clear solution was 

obtained. Next, the palmitate in NaOH solution was added drop by drop into the BSA 

solution, this step should be performed under stirring at 40ºC, to avoid the formation 

of aggregates. Finally, the obtained solution, that contains Palmitate-BSA 

conjugated (PA), was filtered through 0.45 µm syringe filters (Merck Millipore, 

SLHUD33RB), aliquoted in smaller volumes and stored at -20ºC.  
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For control group, a BSA solution was prepared at the same concentration than 

in PA solution, adding 1 mL of 0.1N NaOH in 9 mL of a 0.9% NaCl solution. 

3.3.1.5. Oil-Red-O stock solution 

Stock solution was prepared by adding 300 mg of Oil Red O powder (Sigma 

Aldrich, O0625) to 100 ml of 2-propanol (Alfa Aesar, 36644). The solution was 

protected from light and stirred overnight. The final solution was filter through 

Whatman paper, to remove dye precipitates. 

3.3.1.6. LPS and IL-4 stock solution 

Both LPS (Sigma-Aldrich, L2880) and lyophilized IL-4 (PeproTech, 200-04) 

stocks solutions were prepared in sterile milliQH2O. LPS was prepared at 5 mg/mL, 

while IL-4 at 10 mg/mL concentration. Then, each stock solution was subsequently 

aliquoted into small volumes and stored at -20°C. 

3.3.1.7. siRNA stock solutions 

Lyophilized siRNAs for Nceh1 (Dharmacon™, L-058031-01-0005), Myo1e 

(Dhamacon™, L-055283-01-0005) and Non-targeting pool (Dharmacon™, D001810-

01-05) were resuspended in RNAse-free water in a final concentration of 20 μM in a 

sterile condition, aliquoted in smaller volumes, and stored at -20ºC.  

3.3.1.8. Nile red stock solution 

Nile red (Sigma Aldrich, 72485) stock was prepared at 1 mg/mL in DMSO 

(Sigma Aldrich, D2438), aliquoted into smaller volumes and then stored at -20ºC. 
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3.4 Cell Culture 

All procedures carried out in the cell culture room were performed under a 

laminar flow hood. Cell lines were grown at 37°C with an atmosphere of 95% air, 5% 

CO2. All the reagents used during cell culture procedures was heated to 37ºC in a 

water bath before its use. 

3.4.1 Cell counting 

Cells were counted using Countess® Automated Cell Counter (Life 

Technologies, C10227). Accordingly, 10 μL of cell suspension and 10 μL of Trypan 

Blue Stain (Life Technologies, T10282) were gently mixed. Then, 10 μL of the mix 

were added into a Cell counter chamber slide (Life Technologies, C10228) and this 

was introduced in the equipment. The total amount of cells per mL, the number of 

live cells and the number of dead cells, as well as the percentage of viability was 

obtained. 

3.5 In vitro obesity model of adipocytes 

3.5.1 3T3-L1 maintenance 

3T3-L1 cell line (CL-173, ATCC) at passage 7, was provided by Dr. David 

Sebastian (Institute for Research in Biomedicine). Cells were seeded, subcultured 

and stored at passage 10.  All the experiments were done with cells between 

passages 13 and 15. Cells were washed with sterile PBS 1X (Sigma-Aldrich, D1408 

(diluted with sterile milliQH2O)) in each media renewal. 
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To seed, freeze 3T3-L1 fibroblasts were resuspended in growth medium (Table 

4) and seeded in 75cm2 flasks (Corning®, 430641). Subcultures of the cells were 

done when flasks reached 70-80% confluence for this, plated cells were washed 

with sterile PBS 1X and incubated with 3 mL of Trypsin – 0.53 mM EDTA (Life 

Technologies, 25300-062) for 5 min at 37ºC. Once all the cells were lifted, 7 mL of 

growth media was added to trypsin action, the total volume was mixed, transferred 

into a new 15 mL conical tube (Fisher Scientific, 431042) and centrifuged at 1200g 

for 5 min. The supernatant was discarded, and the pellet resuspended in fresh 

growth media. Thereafter, cells were counted and, then seeded at a concentration 

of 2x103 cells/cm2 in growth media to subculture them, or frozen at 1x106 cell/mL 

in freezing medium (Table 4). 

3.5.2 3T3-L1 differentiation to mature adipocyte phenotype 

To obtain a matures adipocytes from 3T3L1, cells were plated into 12-well 

plate and grown to 100% confluency, renewing the growth medium every other day. 

Two days after 100% confluence, induction medium was added, and cells were 

incubated for 48h. After that time, induction medium was changed for 

differentiation medium (Table 4) and cells were incubated for an additional 48h. 

Finally, after this time, differentiation media was changed for maintenance medium 

(Table 4) until the cells acquired a mature adipocyte phenotype.  
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3.5.3 IL-16 treatment 

IL-16 was used at concentration 1,10 and 100 ng/mL during 3T3-L1 

differentiation to evaluate the effect of this cytokine during in vitro adipogenesis. 

Moreover, differentiated adipocytes was treated for 24h with the same 

concentrations of IL-16. 

Table 4. 3T3-L1 culture media 

Medium Reagent Reference 
Final 

concentration 

Growth 

medium 

DMEM Gibco™, 41966-029  

Newborn Calf Serum 

(CBS) 
Gibco™, 1803780 10% 

Penicillin-Streptomycin 

antibiotics (P/S) 

Sigma-Aldrich, 

15140-122 
1% 

Maintenance 

medium 

DMEM Gibco™, 41966-029  

Fetal Bovine Serum 

(FBS) 
Gibco™, 10270-106 10% 

Penicillin-Streptomycin 

antibiotics (P/S) 

Sigma-Aldrich, 

15140-122 
1% 

Induction 

medium 

Maintenance medium   

Insulin 
Sigma-Aldrich, 

I9278 
10 µg/mL 

Dexamethasone 
Sigma-Aldrich, 

D4902 
0.25 µM 

IBMX 
Sigma-Aldrich, 

I7018 
500 µM 

Differentiation 

medium 

Maintenance medium   

Insulin 
Sigma-Aldrich, 

I9278 
10 µg/mL 

Freezing 

Medium 

CBS Gibco™, 1803780 90% 

DMSO 
Sigma-Aldrich, 

D2438 
10% 
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3.5.4 Mature adipocyte palmitate treatment 

To simulate an in vitro obesity condition, mature adipocytes were treated with 

palmitate. For this, PA 10 mM, was diluted in maintenance medium at 1 mM 

concentration. Then, mature adipocytes were treated for 24h with this media. 

3.5.5 Adipocyte lipid staining using Oil Red-O 

To stain lipid accumulation in 3T3-L1 cells, plated cells were carefully washed 

with PBS 1X, avoiding disruption of the cell monolayer. Next cells were fixed with 

500 µl of PFA 4% (Sigma-Aldrich, 47608 (diluted in PBS 1X)) and incubated for 30 

minutes at room temperature. During this step, a fresh Oil Red-O working solution 

was prepared mixing 3 parts of the Oil Red-O stock solution with 2 parts of distilled 

water and incubated for 10 minutes at room temperature, protected from light. Then 

the working solution was filtered through syringe filter unit (Merck, SLHV033RB), to 

discard any precipitate.  

Once the cell monolayer was fixed, it was washed twice with distilled water 

and, then incubated for 5 minutes with 500 µl of a 60% isopropanol solution. Next, 

500 µl of Oil Red-O working solution was added and incubated for 15 minutes to 

stain intracellular lipids. After, the staining solution was removed, and the cell 

monolayer was washed three times with distilled water. Cell monolayer was 

photographed using a microscope (Leica DM IL LED, Leica Biosystems) to check 

the lipid vesicles in mature adipocytes. In addition, the staining was quantified by 

extracting the stain with 1000 µL of 100% isopropanol, 200 µL of this solution were 

placed in a 96-well plate (Greiner Bio-one, 655101) to read the absorbance at 492 

nm in Varioskan LUX equipment (Thermo Scientific ). 
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3.6 In vitro macrophages experiments 

3.6.1 RAW264.7 maintenance 

RAW264.7 cells (ATCC ref# TIB-71) at passage 8 were obtained from our 

laboratory (Regulation of lipid metabolism in obesity and diabetes group).  

Cells were seeded, subcultured and stored at passage 10.  All the experiments 

were done with cells between passages 12 and 13. In each media renewal, cells 

were washed with sterile PBS 1X (Sigma-Aldrich, D1408 (diluted with sterile 

milliQH2O)). 

To seed, freeze RAW264.7 macrophages were resuspended in growth 

medium, which contain DMEM (Gibco™, 41966-029), 10%FBS (Gibco™, 10270-106) 

and 1%P/S (Sigma-Aldrich, 15140-122). The cell suspension was seeded in 100mm 

plate dish (Corning®, 430167). When cells reached 70-80% confluence, they were 

harvested and expanded in more plates. Briefly, plated cells were washed with 

sterile PBS 1X and 5 mL of growth medium was added, then cells were mechanically 

lifted using a cell scraper (SPL Life Science, 90020), cell suspension was transferred 

into a 15mL conical tube (Fisher Scientific, 431042) and centrifuged at 1200g for 5 

min. The supernatant was discarded, and the pellet resuspended in fresh growth 

media. Thereafter, cells were counted and seeded at a concentration of 1x106 

cells/plate in growth media to subculture them, or frozen at the same concentration 

in FBS with 10%DMSO (Sigma-Aldrich, D2438). For the experiments, cells were 

seeding in 12-well plates at 2x105 cells/well. 
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3.6.2 Gene silencing using siRNAs 

The day before silencing, 2x105 cells per well were seeded in 12-well plates, 

with 1mL of growth media, and were cultured for 24h. The transduction was 

performed using Lipofectamine™ RNAiMAX, according to manufacture instructions. 

For this purpose, cells were washed with sterile PBS 1X and 900 µL of transduction 

media were added in each well (Table 5). Cells were then transducted with 25 nM 

of siRNA or non-targeting pool, as a Scrambled control. For this, siRNAs Media and 

Lipofectamine Media was prepared (Table 5) and incubated for 20 min at room 

temperature. Thereafter, siRNA media was added drop by drop to the Lipofectamine 

Media. The final mix of siRNA attached to lipofectamine was added to the wells and 

the total volume was mixed gently by rocking the plate and cells were incubated 

cells for 24h. After incubation, the medium was removed, and cells were washed 

with sterile PBS 1X and treated for the next experiments. 

 

Table 5. siRNA silencing media 

Media Name 
Volume 

(μL) 
Reagent Reference 

Transduction 

Medium 

855 OptiMEM 
Gibco™, 

31985070 

45 Fetal Bovine Serum (FBS) 
Gibco™, 10270-

106 

siRNAs Medium 

1.25 siRNAs or Non-targeting pool  

50 OptiMEM 
Gibco™, 

31985070 

Lipofectamine 

Medium 

3 Lipofectamine™ RNAiMAX 
Thermo Fisher, 

13778075 

50 OptiMEM 
Gibco™, 

31985070 
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3.6.3 LPS and IL-4 treatment 

Macrophages were treated in 12-well plates, with LPS (60 ng/mL) diluting 

stock solution of each activating molecule in starvation medium composed by 

DMEM + 1% P/S and 0.05% BSA. Then, 1mL of the corresponding medium mix was 

added to each well, a control only with starvation medium was added to each 

experiment. Cells were incubated during 2, 4 and 8 h.  

3.6.4 Palmitate treatment 

Macrophages were treated in 12-well plates, with 1 mM of PA. Briefly, 10 mM 

stock solution of PA-BSA was diluted in DMEM + 1% P/S and pH was adjusted at 

7.4. Then medium was filtered and 1mL was added to each well, using as control 

medium with the same volume of BSA diluted in DMEM + 1% P/S. Cells were 

incubated during 2, 4 and 8 h. 

3.6.5 Wound healing assay 

After 24h of Myo1e silencing, the medium was removed, the cells were washed 

with sterile PBS 1X and cell monolayer were cross-shape scratched with a 10 μL 

micropipette tip attached to a glass pipette. Thereafter, cells were washed again 

with sterile PBS 1X, to remove detached cells and then 1 mL of RAW264.7 growth 

media, but with 5% FBS, was added. Each well was photographed to record scratch 

distance and then incubated for 24h at 37°C in a humidified, 5% CO2 incubator. Each 

well was photographed again the next day, in the same site that day before to 

quantify cell migration after 24h. The photograph was taken with ZOE™ fluorescent 

cell imager (Biorad). The obtained images were analyzed by ImageJ software (REF) 
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and the MRI wound healing tool plugin [158]. These experiments were repeated with 

4 replicates per group. 

3.6.6 Lipid dye using Nile red 

First, treated cells were fixed with 500 µl of PFA 4% (REF, (diluted in PBS 1X)) 

and incubated for 30 minutes at room temperature. A fresh Nile red working 

solution was prepared during this step, diluting stock solution 1/10 in PBS 1x. Then, 

cells were incubated with 0.5 mL of working solution for 30 minutes at room 

temperature, protected from light. Finally, the staining solution was removed, and 

three PBS 1x washes were performed. The last wash was kept, and a photograph 

was taken using a fluorescence microscope to check the lipid vesicles into 

macrophages. Lipid accumulation was quantified usin ImageJ (REF). 

3.7 Molecular biology techniques 

3.7.1 RNA extraction and quantification 

RNA extraction was performed using the Chomczynsky method [134] using 

Trizol™ Reagent (Invitrogen, 15596026), according to manufacturer indications. 

Briefly, 500 μL of Trizol™ reagent were added to each well and plates were gently 

shaken for 5 min to dissolve the cell monolayer and allow the complete dissociation 

of the nucleoproteins complex, then the volume was transferred into 1.5 mL conical 

tubes (Fisher Scientific, 15537741). Next, 100 μL of chloroform (Merck, 102445) 

was added, the tubes were shaken for 15 seconds and subsequently incubated for 

3 min at room temperature followed by a centrifugation for 15 minutes at 12000g 

at 4ºC. After this, the aqueous phase, of each sample, was transferred into a new 
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1.5 mL conical tube and RNA was precipitated by adding 250 μL of isopropanol 

(Merck. 100995) and 1 µL of GlycoBlue® (ThermoFisher, AM9515). To increase 

RNA yield, samples were left to precipitate overnight at -20°C, and then centrifuged 

for 10 min at 12000g at 4°C. Hereafter, the supernatant was discarded, and the 

pellet was washed twice with 75% ethanol (Sigma-Aldrich, 1.00983 (Diluted in DEPC 

water)), making a vortex each time and centrifuged for 5 min at 12000g at 4ºC. 

Finally, the pellet was vaccum dry using a SpeedVac at ‘low power’ (Savant 

SpeedVac® Plus SC110A Concentrator) and resuspended in 30 µL nuclease-free 

water. The resuspended RNA was then heated for 10 min at 56ºC in a heat block 

before its quantification. Then, the samples were stored at -80ºC. 

For RNA quantification, 2 µL of resuspended RNA sample was added into 

Nanodrop ND-1000 Spectrophotometer to obtain concentration and purity of RNA 

samples. 

3.7.2 cDNA synthesis by reverse transcription 

cDNA retrosynthesis was performed from 1000 ng of RNA samples using M-

MLV reverse transcriptase (Invitrogen, 28025-013). To this, 10 µL of 100 ng/µL of 

each RNA sample was combined with 2 µL of Mix 1 (Table 6) and samples were 

incubated for 5 minutes at 65ºC and then immediately chilled on ice. After, 7 µL of 

Mix 2 (Table 6) was added and samples were incubated at 37ºC for 2 minutes. 

Finally, 1 µL of M-MLV RT enzyme (Invitrogen, 28025-013) was added and samples 

were incubated 2 minutes at 37ºC, 10 minutes at 25ºC, 50 minutes at 37ºC and 15 

minutes at 70ºC. 
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Once retrosynthesis was done, the resulting cDNA was diluted 1:20 with 

nuclease-free water at a 2.5 ng/µl concentration. In each reverse transcription 

performed, two negative controls were included: RT1, a pool of RNA samples with 

nuclease-free water instead of MMLV RT and RT2, where nuclease-free water was 

used instead of sample. 

3.7.3 Quantitative real-time polymerase chain reaction 

To quantify gene expression for each sample a quantitative real-time 

polymerase chain reaction (qRT-PCR) was performed. For this purpose, 8 µL of 

Mastermix (Table 7) was mixed with 2 µL of diluted cDNA samples in 384-well plate 

(Fisher scientific, 04729749001) additionally, a qRT-PCR negative control with 

nuclease-free water instead of sample was included. 

The qRT-PCR was carried out on LightCycler® 480 Instrument II (Roche, 

05015243001) and the gene expression was normalized by Ppia, housekeeping 

gene and expressed as relative quantification respect to the control group, using 2 -

ΔΔCt method [159]. The list of used primers can be found on Supplementary Table 1 

(Table S1). 

Table 6. Reagents used in retrosynthesis. 

 Reagent Reference 
Volume for 

each sample 

Mix 1 

Oligo d(T)16 (50 µM) Invitrogen, 100023441 0.5 µL 

Random Hexamer (50 µM) Invitrogen, 100026484 0.5 µL 

10 mM dNTPs Mix Invitrogen, 100004893 1 µL 

Mix 2 

5X First-Strand buffer Invitrogen, Y02321 4 µL 

0.1M DTT Invitrogen, Y00147 2 µL 

RNAseOUT™ (40 U/µL) Invitrogen, 100000840 1 µL 
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3.8 Bioinformatics analysis 

3.8.1 Cohort 1 

To complete WAT, gene expression was quantified in TPM units (transcripts 

per million) using Salmon version 1.1.0 [160] with the additional parameters “– 

seqBias – gcBias – validateMappings”. GENCODE version 31 (GRCh38.p12) was 

used as the reference genome [161] and indexed using default parameters. This 

resulted in 175775 transcripts corresponding to 35183 genes. Differential 

expression analysis was separately conducted for SAT and VAT, between controls 

and patients with obesity using DESeq2 version 1.24.0 [162]. For each gene and 

transcript isoform, log2 fold change (log2(FC)) values were calculated, and unpaired 

Wald’s test were used to evaluate differential expression. A gene was differentially 

expressed between the groups when it met the criteria of log2(FC) > |0.585| (i.e., FC 

= |1.5|) and adjusted p-value < 0.05 with Benjamini-Hochberg correction. All the 

bioinformatics analysis were performed by Dr. Rubén Cereijo (Universitat de 

Barcelona). 

Table 7. qPCR Master Mix 

Reagent Reference 
Volume for 

each sample 

LightCycler 480 SYBR Green I 

Master 
Roche, 4887352001 5 µL 

Primer mix (For + Rev) 10 uM  0.5 µL 

Nuclease-free H2O Invitrogen, 100004893 2.5 µL 
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3.8.2 Cohort 2 

To WAT-infiltrated macrophages, whole transcriptomic profiling data were 

generated using Clariom D. For exploratory purposes, standard analysis with default 

settings was run with the Transcript Analysis Console (TAC v4.0) software from 

Affymetrix Thermofisher. Bioinformatic analysis was performed using the R open-

source statistical analysis software by High Content Genomics and Bioinformatics 

Facility (IGTP). Raw data files in .cel format were used as input for processing with 

the oligo package which performs background subtraction, probe set level 

summarization and normalization using up to date genome annotation from 

Bioconductor.  

Quality control was performed using the arrayQualityMetrics package. Principal 

component analysis was used to explore data consistency and possible presence 

of outliers before and after normalization. All samples were included in subsequent 

differential expression analysis using the limma package at the gene level taking 

the average of all probe sets for a particular gene and focusing on known genes 

(with assigned gene symbols). Five contrasts were performed.  

Inference of biological functions affected was performed using Gene ontology 

(GO) enrichment analysis using GOrilla web tool (with default settings) [163] and 

Gene Set Enrichment Analysis (GSEA) [164]. For GO analysis, unranked significant 

gene lists (using |FC|>1.2 and padj<0.05 as cutoff thresholds) of the different 

overlapped subsets were compared to the background list of all genes profiled by 

microarray hybridization. In case of GSEA analysis, permutation-based testing using 

log2intensity values, with a FDR>0.05 and grouping assignments to compute 
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enrichment and gene list ranked by log2FoldChange is tested for significance in 

enrichment were performed. The following gene set collections were analyzed: 

  H – Hallmark collections (robust gene sets for major signaling processes) 

  C2 – Curated gene perturbation (CGP) and Canonical Pathway (CP) gene set 

collections (including Reactome, KEGG and wikipathways). 

  C3 – Gene sets sharing transcription factor binding site to their promoters (TFT) 

  C5 – Gene Ontology, including: biological process (GOBP), molecular function 

(GOMF), cellular component (GOCC), as well as human pathologies (HP). 

  C7 – Immunology gene set collection 

  C8 – Cell types, based on single cell gene expression profiling datasets. 

3.9 Statistical analysis 

The statistical analyses performed indicate a comparison between controls 

and treatments of each experimental model. Two-way ANOVA was performed when 

more than two groups were compared, followed by uncorrected Fisher LSD. 

Student’s t test statistical analysis was used when two groups were compared. 

Statistically significant differences were considered when the level of confidence 

was above 95% (p-value < 0.05). Figures represent data expressed as mean ± 

standard error of mean (SEM). The number of samples per group used in each 

experiment is specified in each figure legend. All statistical analyses and figures 

have been generated using the GraphPad Prism 9.5.1 (GraphPad Software).



RESULTS 

 

68 
 

4. RESULTS 

As mentioned above, two cohorts of patients were used to develop this work 

(Table 2). 

4.1 Cohort 1 

The first cohort were composing by healthy subjects and patients with obesity. 

SAT and VAT extracted to perform a complete tissue RNAseq transcriptomic 

analysis. When clinical parameters were compared between control and obese 

subjects from Cohort 1, both groups did not present significant differences in age 

or fasting glycemia levels (Table 8). However, as expected, there are substantial 

differences in weight and BMI. Surprisingly, we also found significant differences in 

total cholesterol and HbA1c levels. 

 

4.1.1 RNA-seq of WAT 

The raw transcriptomic data from SAT and VAT of obese patients and controls 

were analyzed using the Salmon tool [160] and carried out by Dr. Rubén Cereijo. This 

Table 8. Comparison of clinical data of control and obese subject from cohort 1. 

 Normal weight Obese  

 Mean SD N Mean SD N p-value 

Age (years) 48,6 8,22 14 46,2 10,09 13 ns 

Weight (Kg) 64,9 9,4 14 112,2 12,02 13 **** 

BMI (kg/m2) 24,7 2,55 14 43,5 3,89 13 **** 

Glucose (mg/dL) 92,7 15,43 14 106,5 23,5 13 ns 

Total cholesterol (mg/dL) 190 33,6 14 158 18 13 ** 

HbA1c (mmol/mol) 31,5 1,79 14 44,9 11,17 13 *** 

Data were analyzed by unpaired t-test. BMI, Body Mass Index. *p<0.05, **p<0.01, 

***p<0.001, ****p<0.0001. 
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tool allows for quantifying transcripts from RNA-seq data. Next, the DESeq2 and 

PCAtools packages from R were used to obtain the principal component analysis 

(PCA) to simplify the dimensions and determine if the transcriptomics output of the 

clustering of the samples according to BMI, WAT-depot or the interaction of BMI 

and WAT-depot [162, 165] (Figure 5A-C).  Surprisingly, the PCA plots showed that 

the transcriptome of the samples does not vary according to the BMI (Figure 5A). 

However, there is a cluster when using the WAT-depot as grouping criteria (Figure 

5B), which is maintained when evaluated with the interaction of BMI (Figure 5C). 

 

 

A B 

      
C 

 

Figure 5. PCA plots from SAT and VAT RNA-

seq.  

The figure displays a two-dimensional scatter 

plot of the first principal components (PCs) of 

the data. Each point represents an RNA-Seq 

sample. Samples with similar gene expression 

profiles are clustered together. Sample groups 

are indicated by using different colors as 

indicated in the legend provided. A, PCA plot 

according to BMI. B, PCA plot according to 

WAT-depot. C, PCA plot according to 

interaction of BMI and WAT-depot. 
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 Then we evaluated genes of biological interest in the database described in the 

literature to validate the results. For this purpose, a preliminary expression of ITLN1, 

ITLN2, ADIPOQ, and LEP was evaluated (Figure 6A-D).  
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Figure 6. Validation of the RNA-seq outcome.  

Gene expression of genes of biological interest described in the literature. Levels of 

mRNA (transcripts per million [TPM] aggregated on the gene level, produced with 

Salmon). Data are represented as mean±SEM. Data were analyzed by two-way ANOVA 

followed by Tukey post-hoc. *p<0.05, **p<0.01, ***p<0.001, ****p<0.0001. 
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Differential expression results show that ITLN1 and ITLN2 are differentially 

expressed between SAT and VAT (Figure 6A-B), ADIPOQ and LEP between control 

and obese patients (Figure 6C-D), indicating that results are biologically consistent. 

Then we proceeded to perform further analyses. 

4.1.2 IL-16 as a novel gene induced in obesity and related with COVID 

prognosis in patients 

Then we begin the analysis of the data to find our target gene. Within the 

criteria used to select a target gene to study, we searched the literature for genes of 

high biological interest in obesity which were poorly described in the literature to 

determine the role of using in vitro assays. In this context, an association between 

obesity and the worst prognosis of the COVID disease began to be described [166-

168]. Additionally, a positive correlation between the severity of the disease and the 

plasmatic levels of IL-16 was described [169-171]. Given the pandemic’s impact, we 

decided to evaluate the expression of IL-16 in our cohort. Surprisingly, the 

expression of IL-16 was increased in VAT from obese patients compared to its 

standard weight counterpart (Figure 7A).  

Before carrying out other assays, the literature was searched for information 

associating IL-16 and metabolism or WAT. In this context, the little evidence that 

exists in this regard associates this cytokine with obesity in adolescents [150], the 

presence of childhood diabetes [151], and the remodeling of adipose tissue under 

conditions of caloric restriction in an animal model [153]. For this reason, we 

decided to determine the serum levels of this interleukin before and after bariatric 

surgery (Figure 7B), observing higher circulating levels of IL- in obese compared with 



RESULTS 

 
 

72 
 

normal-weight subjects (Figure 7B). Additionally, these values are increased at 6-

months and restored at 12-months after bariatric intervention (Figure 7B).  

 

4.1.3 IL-16 gene expression is related with markers of inflammation 

and immune cell activation 

To determine which signaling pathways could be related to IL-16 in WAT, 

correlations were made between the expression levels of this gene and the rest of 

the genes obtained from RNA-seq. For this, a Shapiro-Wilk analysis was performed 

to determine normality in the expression values of each gene, and later a Pearson 

or Spearman analysis was was performed as appropriate (Table S2). All the genes 

that have a moderate correlation coefficient (≥0.6) and a significant p-value (<0.05) 

were selected. To obtain a deeper analysis, this list of the genes was processed 
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Figure 7 . SAT and VAT IL-16 gene expression and serum levels.  

A, Levels of transcripts per million [TPM]. B, Plasma levels of IL-16 before and after 

bariatric surgery and comparison with normal weight subject. Data are represented as 

mean±SEM. Data were analyzed by ordinary one-way ANOVA followed by uncorrected 

Fisher LSD, different letters indicate statistically significant difference at p<0.05 within 

each compared group. 
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using GOrilla analysis [154], to find the process involved in IL-16 signalling. Genes 

correlating positively with IL-16 mainly engage in immune signalling and cell 

activation (Figure 8A and Table S2). An Azimuth analysis was performed to identify 

the cell identity of genes that correlate with IL-16 [163], indicating that these genes 

are mainly described in T lymphocytes (Figure 8B and Table S2). 

 

A 
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Figure 8. Pathways enriched in genes that correlate with IL-16.  
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To identify the function and role of the selected targets, we decided to use in 

vitro assays with murine cell lines. For this purpose, we used 3T3-L1 murine 

adipocyte to study the IL-16 potential role over adipose tissue. 

To identify the function and role of the selected targets, we decided to use in 

vitro assays with murine cell lines. For this purpose, we used 3T3-L1 murine 

adipocyte to study the IL-16 potential role over adipose tissue.  

4.2 Evaluation of IL-16 over adipogenesis and mature adipocytes 

4.2.1 Differentiation of 3T3-L1 towards adipocytes and 

characterization of the mature phenotype 

Briefly 3T3-L1 cell line was cultured, and hormonal differentiation was induced. 

Then, the time where a mature adipocyte phenotype is observed was evaluated. For 

this purpose, lipid accumulation and gene expression of differentiation markers 

during the differentiation process (Figure 9) were evaluated. As can be seen, lipid 

accumulation (Figure 9A) and gene expression of Plin1, Glut4, and Pref1 show 

significant changes at day 4 of differentiation (Figure 9B). However, other markers 

such as AdipoQ, Pparg, and Fabp4 begin to show significance from day 7 of 

differentiation (Figure 9B).  
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To determine with greater certainty the day of differentiation where there are 

significant changes in the adipocytes markers, a multivariate analysis (MANOVA) 

was then performed to combine all variables resulting from gene expression and 

lipid accumulation (Table 9) with a Dunnet post to compare each differentiation 

time with the day 0. This analysis indicates again that the adipocytes have a mature 

phenotype from day 4. Because the differentiation protocol uses 3 different culture 

media, it has been decided to work with day 7 adipocytes, which no longer have a 

culture medium with hormonal stimulation.  
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Figure 9. Lipid accumulation and differentiation markers of 3T3-L1.  

3T3-L1 were differentiated to evaluate mature phenotype. A.Lipid accumulation were 

determined using Oil Red O assay. B, Levels of mRNA. Data are represented as Fold 

Change (arbitrary units (A.U.)), relative to day 0 of differentiation, and expressed as 

mean±SEM; n=3-4. Data were analyzed by ordinary one-way ANOVA followed by 

uncorrected Fisher LSD, *p<0.05, **p<0.01, ***p<0.001, ****p<0.0001. 

Table 9. Manova analysis of gene expression and lipid accumulation markers. 

Contrast Estimate Lower Upper p-value 

Day 4 105.330 33.20815 177.4518 0.0097 

Day 7 166.914 50.46846 283.3595 0.0103 

Day 9 275.016 166.95209 383.0799 0.0013 

Day 12 349.959 135.14478 564.7732 0.0064 

 



RESULTS 

 
 

76 
 

4.2.2 IL-16 modulates the expression of genes related with fibrosis, and 

metabolism 

To evaluate the effect of IL-16 over in vitro adipogenesis, this cytokine was 

added during differentiation at every change of culture medium. Briefly, the 3T3-L1 

cell line was cultured and treated to promote differentiation (Section 3.5.2). In this 

case, cells were collected at different differentiation times to evaluate changes at 

the gene expression level produced by adding IL-16. On this occasion, 1 ng/mL 

and 10 ng/mL of IL-16 were used. It can be observed that the addition of IL-16 

doesn’t affect the lipid accumulation profile during the differentiation process, 

compared with no treated group (Figure 10). 

 

Next, to evaluate if the addition of IL-16 affects the gene expression in the 

adipogenesis process, the expression of AdipoQ and Pref1 was assessed (Figure 

11). Although the addition of IL-16 during the adipogenesis process does not affect 

the expression of AdipoQ (Figure 11A), it affects the expression of Pref1 at day 12 

of differentiation (Figure 11B).  
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Figure 10. Effect of IL-16 over lipid 

accumulation during adipogenesis.  

3T3-L1 differentiated in presence of 1 

or 10 ng/mL of IL-16 and lipid 

accumulation were determined using 

Oil Red O assay. Data are represented 

as Fold Change (arbitrary units 

(A.U.)), relative to day 0 of 

differentiation and expressed as 

mean±SEM; n=4. Data were analyzed 

by ordinary one-way ANOVA followed 

by uncorrected Fisher LSD, *p<0.05. 
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Because Pref1 gene expression is related to adipose tissue fibrosis [116], the 

expression of fibrosis gene markers was measured. For this purpose, we evaluate 

the expression of ColA6 and Hif1a when IL-16 was added to the adipogenesis 

process. We found that 10 ng/mL of IL-16 promotes the expression of ColA6 on 

days 9 and 12 (Figure 12A). However, no changes in Hif1a expression were 

observed (Figure 12B). 
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Figure 11. Effect of IL-16 over differentiation markers of 3T3-L1.  

3T3-L1 were differentiated in presence of 1 or 10 ng/mL of IL-16. A, AdipoQ. B, Pref1. 

Data are represented as relative mRNA level (arbitrary units (A.U.)), relative to day 0 of 

differentiation, and expressed as mean±SEM; n=4. Data were analyzed by ordinary one-

way ANOVA followed by uncorrected Fisher LSD, *p<0.05, **p<0.01, ***p<0.001, 

****p<0.0001. 



RESULTS 

 
 

78 
 

 

Finally, to evaluate the effect of lipid and glucose metabolism gene expression 

during adipogenesis, Cd36, Plin1, Fabp4 and Glut4 were measured (Figure 13). 

Adding IL-16 promotes the expression of genes associated with lipid and glucose 

metabolism. Both doses of IL-16 (1 ng/mL and 10 ng/mL) reduce the expression of 

Cd36, Fabp4 and Plin1 at the latter stages of differentiation, thus at days 9 and 12 

(Figure 13A-C). However, it promotes the expression of Glut4 (Figure 13D) at the 

early stages of differentiation (days 4 and 7). 
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Figure 12. Effect of IL-16 over fibrosis gene markers of 3T3-L1.  

3T3-L1 were differentiated in presence of 1 or 10 ng/mL of IL-16. A, AdipoQ. B, Pref1. 

Data are represented as relative mRNA level (arbitrary units (A.U.)), relative to day 0 of 

differentiation, and expressed as mean±SEM; n=4. Data were analyzed by ordinary one-

way ANOVA followed by uncorrected Fisher LSD, *p<0.05, **p<0.01, ***p<0.001, 

****p<0.0001. 
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4.2.3 IL-16 modulates inflammation, lipid metabolism and fibrosis 

gene expression in mature adipocytes 

Since there is no evidence of IL-16 levels in adipose tissue, a first 

approximation was made with different concentrations of IL-16 to determine which 

concentration range induced a change in gene expression in mature adipocytes. To 

start, canonical markers of adipocytes were measured (Figure 14). No changes are 

observable in Adipoq gene expression (Figure 14A). Meanwhile, Leptin and Pref1 

show a decrease in its expression at 1 and 10 ng/mL of IL-16 (Figure 14B-C). 
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Figure 13. Effect of IL-16 over lipid and glucose metabolism gene markers of 3T3-L1.  

3T3-L1 were differentiated in presence of 1 or 10 ng/mL of IL-16. A, AdipoQ. B, Pref1. Data 

are represented as relative mRNA level (arbitrary units (A.U.)), relative to day 0 of 

differentiation, and expressed as mean±SEM; n=4. Data were analyzed by ordinary one-

way ANOVA followed by uncorrected Fisher LSD, *p<0.05, **p<0.01, ***p<0.001, 

****p<0.0001. 
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To assess whether the addition of IL-16 affects the pro-inflammatory signaling 

of adipocytes, the expression of Ccl2, Tnfa, and Il6 were evaluated (Figure 15). First, 

it is observed that only the highest dose of IL-16 produces a significant increase in 

the expression of Ccl2 (Figure 15A) and a downregulation in the expression of Tnfa 

(Figure 15B). Gene expression of Il6 is decreased with the 10 ng/mL and this effect 

was loosened with 100 ng/mL of IL-16 (Figure 15C).  
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Figure 14. Adipocyte differentiation markers.  

3T3-L1 mature adipocytes were treated with increasing doses of IL-16. A, Adipoq. B, 

Pref1. Data are represented as relative mRNA level (arbitrary units (A.U.)), relative to dose 

0 ng/mL of IL-16, and expressed as mean±SEM; n=4. Data were analyzed by ordinary 

one-way ANOVA followed by uncorrected Fisher LSD, *p<0.05, **p<0.01, ***p<0.001, 

****p<0.0001. 
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Then, genes associated with lipid metabolism were determined to evaluate the 

IL-16 role over mature adipocytes. For this, the gene expression Pparg, Pgc1a, Plin1 

and Cd36 were measured (Figure 16). First, Pparg gene expression increases with 

100 ng/mL of IL-16 (Figure 16A). Plin1 and Cd36 show a dose response effect 

(Figure 16B-C). Additionally, the Glut4 expression was evaluated, and a significant 

reduction was observed with the dose of 10 ng/mL (D). 
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Figure 15. Inflammation markers of adipocytes treated with IL-16.  

3T3-L1 mature adipocytes were treated with increasing doses of IL-16. A, Ccl2. B, Tnfa. 

C, Il6. Data are represented as relative mRNA level (arbitrary units (A.U.)), relative to dose 

0 ng/mL of IL-16, and expressed as mean±SEM; n=4. Data were analyzed by ordinary 

one-way ANOVA followed by uncorrected Fisher LSD, *p<0.05, **p<0.01, ***p<0.001, 

****p<0.0001. 
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To assess the role of IL-16 on adipocyte remodeling, Hif1a, Vegf, Col4a, Mmp9 

and Timp1 genes were measured (Figure 17). It can be observed that IL-16 

decreases significatively the expression of Hif1a and Vegf in a dose-dependent 

manner (Figure 17A-B). Similarly, in a less thoughtful way, Col4a and Col6a 

expression also decreases with the addition of IL-16, up to a dose of 10 ng/mL, the 

effect that is reversed when using the dose of 100 ng/mL (Figure 17C). Since 

changes in genes associated with ECM remodeling are observed, it was decided to 
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Figure 16. Genes related with lipid and glucose metabolism.  

3T3-L1 mature adipocytes were treated with increasing doses of IL-16. A, Pparg. B,, Plin1. 

C, Cd36. C, Glut4. Data are represented as relative mRNA level (arbitrary units (A.U.)), 

relative to dose 0 ng/mL of IL-16, and expressed as mean±SEM; n=4. Data were analyzed 

by ordinary one-way ANOVA followed by uncorrected Fisher LSD, *p<0.05, **p<0.01, 

***p<0.001, ****p<0.0001. 
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evaluate the expression of Mmp9 and its inhibitor Timp1. IL-16 promotes Mmp9 and 

decreases Timp1 expression, increasing the dose-dependent Mmp9/Timp1 ratio in 

mature adipocytes (Figure 17D-F and Figure S1). 

 

 
Figure 17. Remodeling markers of adipocytes treated with IL-16.  

3T3-L1 mature adipocytes were treated with increasing doses of IL-16. A, Hif1a. B, Vegf. 

C, Col4a.D, Col6a. E, Mmp9. F, Timp1. Data are represented as relative mRNA level 

(arbitrary units (A.U.)), relative to dose 0 ng/mL of IL-16, and expressed as mean±SEM; 

n=4. Data were analyzed by ordinary one-way ANOVA followed by uncorrected Fisher 

LSD, *p<0.05, **p<0.01, ***p<0.001, ****p<0.0001. 
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4.3 Evaluation of IL-16 on an in vitro obesity model 

4.3.1 Induction of obesity signalling on 3T3-L1 mature adipocytes 

using palmitate 

It has been described that in obese patients, there is a high level of FFAs in 

circulation, one of the molecules that associate obesity with the development of co-

morbidities [172]. Palmitate (C16:0) is one of the most abundant FFAs in plasma 

and in vitro models, enhancing adipocyte differentiation and hypertrophy of mature 

phenotype, mimicking the obesity signaling in vitro models [173-175]. For this, 

mature adipocytes on day 7 were treated with 1 mM of Palmitate conjugated to BSA 

(PA) for 24h, according to previous results in our laboratory [176]. Additionally, 

inflammation markers were measured through qPCR (Figure 18). It can be observed 

that PA treatment promoted the inflammatory gene expression, increasing Ccl2, Il6 

and Tgfb and decreasing Leptin expression without affecting AdipoQ gene levels 

(Figure 18). 
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Figure 18. Inflammation and hypertrophy markers on Adipocytes treated with PA.  
Mature adipocytes were treated for 24 hours with PA and gene expression were 

measured. Data are represented as mean±SEM. Data were analyzed by unpaired t-test. 

*p<0.05, **p<0.01, ***p<0.001, ****p<0.0001. 
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Then, Oil-Red O and secreted glycerol were measured for lipid accumulation 

and lipolysis, respectively (Figure 19). Treatment with 1mM PA on mature 

adipocytes increases both, lipid accumulation (Figure 19A) and glycerol secretion 

(Figure 19B).  

 

Then, we decide to treat mature adipocytes simultaneously with IL-16 and PA 

to simulate an obesity context. 

4.3.2 IL-16 blunts the PA-induced lipid accumulation and lipolysis 

To evaluate the effect of IL-16 in obesity context, mature adipocytes were 

treated simultaneously with 1,10 and 100 ng/mL oof IL-16 and PA (1mM) for 24h, 

using as control cells without PA treatment. Then, lipid accumulation and glycerol 

release were measured (Figure 20). 
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Figure 19. Hypertrophic and lipolytic effect of PA-treatment over mature adipocytes.  

Mature adipocytes were treated for 24 hours with PA. A, Lipid accumulation was 

measured by Oil-Red O staining. B, Glycerol secretion. Data are represented as 

mean±SEM. Data were analyzed by unpaired t-test. *p<0.05, **p<0.01, ***p<0.001, 

****p<0.0001. 
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First, we could observe that PA treatment promotes lipid accumulation and 

lipolysis, effect partially reverted with the presence of IL-16. Furthermore, 10 ng/mL 

of IL-16 blunts significatively the PA-induced lipid accumulation (Figure 20A), and 

reduce the glycerol released (Figure 20B). The highest dose de IL-16 show an effect 

comparable with control group (Figure 20). 

 

4.3.3 IL-16 modulate the PA signaling over mature adipocytes 

Because an interaction of PA and IL-16 were observed in the lipid profile of 

mature adipocytes a gene expression were measured. First, we evaluate the effect 

of IL-16 over adipocytes differentiation gene markers in an obesity context (Figure 

21). We could observe that PA addition decrease significatively the expression of 

AdipoQ (Figure 21A) and Pref1 (Figure 21C) and the addition of IL-16 blunts the PA 
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Figure 20. Hypertrophic and lipolytic effect of IL-16 in obesity context. 

Mature adipocytes were treated for 24 hours with PA and IL-16. A, Lipid accumulation was 

measured by Oil-Red O staining. B, Glycerol secretion. Data are represented as mean±SEM. 

Data were analyzed by two-way ANOVA followed by uncorrected Fisher LSD. *p<0.05, 

**p<0.01, ***p<0.001, ****p<0.0001. 
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effect, and rise the expression of AdipoQ, Leptin and Pref1 in a dose dependent 

manner. 

 

Then, the pro-inflammatory signaling was evaluated. First, PA promotes the 

expression of Ccl2 and Il6, the addition of IL-16 increases the effect of PA, rising 

significatively the expression of Ccl2 and Il6 in a dose dependent manner (Figure 

22). The expression of Tnfa also was evaluated failing to detect its levels (data not 

shown).  
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Figure 21. Effect of IL-16 on adipocyte markers in PA-treated adipocytes.  
3T3-L1 mature adipocytes were treated simultaneously with PA and increasing doses of IL-
16. A, AdipoQ. B, Leptin. C, Pref1. Data are represented as relative mRNA level (arbitrary units 
(A.U.)), relative to control group and expressed as mean±SEM; n=4. Data were analyzed by 
two-way ANOVA followed by uncorrected Fisher LSD, *p<0.05, **p<0.01, ***p<0.001, 
****p<0.0001. 
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Then, genes associated with lipid and glucose metabolism were determined to 

evaluate the IL-16 effect in cells with an obesity context. For this, the gene 

expression Pparg, Plin1, Cd36 and Glut4 were measured. IL-16 (Figure 23).  

It has been observed that PA addition decrease the expression of Pparg, Plin1, 

Cd36, and Glut4 (Figure 23A-D) like reported previously [177]. When IL-16 effect was 

evaluated we observed that 1 ng/mL and 10 ng/ml doses can blunt the effect of PA 

on Pparg expression (Figure 23A), in Plin1, Cd36 and Glut4 IL-16 inhibits the effect 

of PA in a dose-dependent manner (Figure 23B-D).  
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Figure 22. Effect of IL-16 on inflammatory markers in PA-treated adipocytes.  
3T3-L1 mature adipocytes were treated simultaneously with PA and increasing doses of 
IL-16. A, Ccl2. B, Il6. Data are represented as relative mRNA level (arbitrary units (A.U.)), 
relative to control group and expressed as mean±SEM; n=4. Data were analyzed by two-
way ANOVA followed by uncorrected Fisher LSD, *p<0.05, **p<0.01, ***p<0.001, 
****p<0.0001. 
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Figure 23. Effect of IL-16 on genes related with lipid and glucose metabolism. 
3T3-L1 mature adipocytes were treated simultaneously with PA and increasing doses of 
IL-16. A, Pparg. B, Plin1. C, Cd36. D, Glut4. Data are represented as relative mRNA level 
(arbitrary units (A.U.)), relative to control group and expressed as mean±SEM; n=4. Data 
were analyzed by two-way ANOVA followed by uncorrected Fisher LSD, *p<0.05, 
**p<0.01, ***p<0.001, ****p<0.0001. 
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4.4 Cohort 2 

The second cohort were composing by patients with obesity underwent to 

bariatric surgery (Table 10). SAT and VAT extracted to perform an isolation of 

CD11b+ cells and then, RNA isolation to perform a Clariom D transcriptomic 

analysis.  

 

4.4.1 WAT-resident macrophages enrichment 

To evaluate the CD11b+ enrichment before the transcriptomic analysis, a Flow 

cytometry was performed (Section 3.1.4). After SVF isolation the viability was over 

90% (Figure 24B), and around 3% correspond to CD11b+ cells (Figure 24C). After the 

MACS enrichment, the purity of CD11b+ cells correspond over 95% (Figure 24D). 

Table 10. Clinical data of cohort 2 

 Patients with obesity 

(n=18) 
Age 50.7 ± 9.9 
Weight 112.1 ± 25.6 
BMI (kg/m2) 42.3 ± 6.7 
Glycemia (mg/dL) 103.2 ± 21.0 
Total cholesterol (mg/dL) 191.1 ± 48.0 
HbA1c (mmol/mol) 39.5 ± 6.0 
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4.4.2 WAT-resident macrophages showed a different pattern of gene 

expression in a depot-dependent manner 

The raw Clariom D outcome data from SAT- and VAT-macrophages of obese 

patients were analysed by High Content Genomics and Bioinformatics Unit at IGTP. 

 

Figure 24. Percentage of CD11b cell enrichment. 
CD11b+ cells were isolated from VAT and SAT, and Flow cytometry was performed to 

evaluate the enrichment of this cell population before RNA isolation. Here is a 

representative example of one sample. Cell viability was evaluated with 7-AAD dye, and 

then the CD11b-enrichment was checked in both SVF, before MACs procedure, and in 

CD11b+ fraction. After MACS enrichment, the CD11b+ population was over 90%. 
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First, an exploratory analysis was performed, and sample clustering, dimension 

reduction, and differential expression analysis were carried out. 

A hierarchical clustering analysis was achieved for gene-level analysis sample 

clustering (Figure 25). It shows that samples do not group by tissue or health status, 

suggesting that interindividual gene expression differences are more substantial 

than indicated by the variables of interest. 

 

 

Figure 25. Hierarchical clustering analysis of all samples. 
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A Principal Component Analysis (PCA) was done for gene-level dimension 

reduction analysis (Figure 26). It shows that samples tend to group by tissue than 

by glycemia levels. Therefore, a paired analysis is indicated when assessing 

differences in gene expression to consider inter-individual variability. However, we 

did not observe any consistent pattern differentiating treatments among individual 

samples (no spatial grouping trends can be seen).  

 

Then, a gene-level differential expression was evaluated using a Limma 

statistical analysis (Table 11). The analysis is represented using a volcano plot for 

each comparison. When depot differences were evaluated, significance in gene 

expression between visceral and subcutaneous samples was founded, 

independently of glycemic levels (Table 11). However, no significant differences 

were observed in the latter three comparisons (Table 11).  

 

 

Figure 26. Principal component analysis (PCA) plot of all samples.  

Color coded by tissue and sign coded for health status. 
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As shown in Figure 27A-B, the omentin gene (ITLN1) is the top visceral 

biomarker, in agreement with the literature and tissue-specific gene expression 

databases (https://gtexportal.org/home/gene/ITLN1). In contrast, the neurotrophic 

tyrosine kinase receptor 2 (NTRK2) is the top subcutaneous biomarker (see 

https://gtexportal.org/home/gene/NTRK2), independently of the glycemic levels of 

the patients.  

Table 11.  Summary of limma differential expression analysis results 

 
Comparison 

VIS vs SUB 

in HEA 

VIS vs SUB 

in UNH 

HEA vs 

UNH in VIS 

HEA vs 

UNH in SUB 
Interaction 

Numerator 

(1st condition) 
VIS.HEA VIS.UNH VIS.UNH SUB.UNH 

VIS.HEA - 

SUB.HEA 

Denominator 

(2nd condition) 
SUB.HEA SUB.UNH VIS.HEA SUB.HEA 

VIS.UNH - 

SUB.UNH 

DE Genes 

 

|FC|>1.2 

Padj<0.05 

TOTAL 288 156 0 0 0 

UP (over expressed in 

numerator or under 

expressed in denominator) 

43 25 0 0 0 

DOWN (over expressed in 

denominator or under 

expressed in numerator) 

245 131 0 0 0 

 

https://gtexportal.org/home/gene/ITLN1
https://gtexportal.org/home/gene/NTRK2
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After all those analyses, a heatmap of the top 100 genes differentially 

expressed in each of the five comparisons was generated (Data not shown). 

Moreover, a statistical analysis was performed comparing SAT and VAT gene 

expression to find the gene that changes between both depots (Data not shown). 

Among the genes that show a significant difference between SAT and VAT, an 

Azimuth analysis was performed to identify macrophage-related genes [178] (Table 

12). 

A B 

    

Figure 27. Volcano plot summaries of Limma differential expression analysis 

results. 

Significance using as cutoff criteria padj1.2 is showed as blue highlighted genes. A, 

comparison between SUB and VIS samples from patients with glycemia ≤100 mg/dL. B, 

comparison between SUB and VIS samples from patients with glycemia >100 mg/dL. 
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Then, a functional enrichment analysis was carried out, taking two approaches. 

The first one is a gene ontology (GO) enrichment analysis using the GOrilla web tool 

(using default settings) [163], and the second one, is a Gene Set Enrichment Analysis 

(GSEA) [164]. 

Three GO types were performed: Biological process (BP), molecular function 

(MF), and cellular component (CC). This approach suggests that VAT-resident 

macrophages show increased complement and humoral immune response activity, 

whereas SAT-resident macrophages have enhanced cellular response and 

extracellular matrix functional activities. Furthermore, when glycemia levels are 

incorporated into the analysis, the exocytic pathway and steroid-related lipid 

metabolism appear more enriched in genes significantly upregulated on SAT only 

in the HEA group but not in UNH (Table 13). 

Table 12. Genes differentially expressed on SAT compared with VAT and associated 
with macrophages signature. 

Term 
Overlap 

(%) 
Genes 

Classical 

Monocyte 

100 FCN1; VCAN; SELL; FPR1; S100A12; MNDA; S100A9; MYO1F; 

S100A8; ZFP36L2 

Proliferating 

Macrophage 

81.8 ANLN; TPX2; RHEB; UBE2C; CDK1; NUSAP1; BIRC5; KPNA2; 

TYMS 

OLR1+ Classical 

Monocyte  

80 
SRGN; CXCL8; CCL20; IL1B; G0S2; CXCL3; CXCL2; EREG 

CD14+ 

Monocyte 

75 FCN1; MS4A6A; VCAN; CSF3R; IL1B; G0S2; CD300E; S100A12; 

CTSD; S100A9; CD99; S100A8 

Macrophage 
75 C1QB; CYP27A1; C1QA; MARCO; MSR1; APOC1; GPD1; ACP5; 

OLR1 

CD16+ 

Monocyte  

65 FCN1; IFITM3; TCF7L2; IFITM2; LST1; MS4A7; YBX1; RHOC; AIF1; 

SAT1; FCGR3A; PTPRC; RPS19 

Monocyte  60 FCN1; SERPINA1; PSAP; MNDA; AIF1; S100A9 

Nonclassical 

Monocyte  

50 
SPN; FCGR3A; LST1; NAAA; AIF1 

Intermediate 

Monocyte  

20 
FCN1; AIF1 
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With the information obtained with the help of the High Content Genomics and 

Bioinformatics Unit and after an exhaustive bibliographic search, we proceeded to 

select MYO1e (Myosin IE) and NCEH1 (Neutral Cholesterol Ester Hydrolase 1) as 

genes to study, both upregulated in SAT compared with VAT (Figure 28).  

Table 13. Up-regulated significant GO terms enriched in subsets of genes. GOrilla Hyper 
Geometric (HG) statistics with padj <0.05 was used. 

Comparison GO BP GO MF GO CC 

Genes 

upregulated in 

VAT-derived 

macrophages 

• regulation of complement activation, classical 

pathway 

• negative regulation of complement activation, 

classical pathway 

• negative regulation of serine-type endopeptidase 

activity 

• negative regulation of serine-type peptidase activity 

• regulation of complement activation 

• regulation of protein activation cascade 

• negative regulation of humoral immune response 

mediated by circulating immunoglobulin 

• regulation of serine-type endopeptidase activity 

• regulation of serine-type peptidase activity 

• negative regulation of complement activation 

• negative regulation of protein activation cascade 

- - 

Genes 

upregulated in 

SAT-derived 

macrophages 

• extracellular matrix organization 

• extracellular structure organization 

• platelet degranulation 

• movement of cell or subcellular component 

• developmental process 

• cellular developmental process 

• regulation of multicellular organismal process 

• regulation of developmental process 

• regulation of multicellular organismal development 

• response to organic substance 

• response to amyloid-beta 

• response to chemical 

• amyloid fibril formation 

• regulated exocytosis 

• regulation of extrinsic apoptotic signaling pathway 

via death domain receptors 

• intestinal cholesterol absorption 

• regulation of cell differentiation 

• response to organonitrogen compound 

• intestinal lipid absorption 

• cell motility 

• negative regulation of cellular process 

• mechanoreceptor differentiation 

• exocytosis 

• negative regulation of hydrolase activity 

• cell adhesion 

• cellular response to chemical stimulus 

• biological adhesion 

• response to nitrogen compound 

• secretion 

• secretion by cell 

• locomotion 

• response to stimulus 

• cell differentiation 

• cellular response to oxygen-containing compound 

• cellular response to organic substance 

• regulation of extrinsic apoptotic signaling pathway 

• response to acid chemical 

• retinoid metabolic process 

• regulation of localization 

• negative regulation of endopeptidase activity 

• regulation of anatomical structure morphogenesis 

• diterpenoid metabolic process 

• cell activation 

• cellular response to organonitrogen compound 

• extracellular matrix binding 

• collagen binding 

• extracellular matrix structural 

constituent 

• growth factor binding 

• protein-containing complex binding 

• protease binding 

• collagen-containing extracellular matrix 

• extracellular matrix 

• platelet alpha granule membrane 

• extracellular region part 

• cell surface 

• extracellular exosome 

• extracellular space 

• extracellular vesicle 

• extracellular organelle 

• vesicle 

• plasma membrane 

• organelle lumen 

• intracellular organelle lumen 

• membrane-enclosed lumen 

• plasma membrane part 

• growth cone filopodium 

• collagen type VI trimer 

• extracellular region 

• sarcolemma 

• cytoplasmic vesicle part 

• endoplasmic reticulum lumen 

• focal adhesion 

• cell-substrate adherens junction 

• cell-substrate junction 

• membrane 

• adherens junction 

Genes 

upregulated 

in SAT-derived 

macrophages 

in HEA group 

• mitotic nuclear envelope disassembly 

• membrane disassembly 

• nuclear envelope disassembly 

• lipid metabolic process 

- 

• extracellular exosome 

• extracellular vesicle 

• extracellular organelle 

• extracellular region part 

• cyclin B1-CDK1 complex 

• vacuolar part 

• vesicle 
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4.5 Induction of obesity-related profile on RAW264.7 macrophages 

using palmitate 

WAT-resident macrophages are exposed to adipocytes and are exposed to 

secretion products from adipocytes. Therefore, in obesity, ATMs are exposed to a 

higher concentration of FFAs. In this regard, it is broadly described that palmitate 

treatment promotes a pro-inflammatory response in macrophages like obesity 

context [179, 180]. As discussed above, palmitate acts on macrophages by 

activating different pathways that increase the expression of inflammatory 

cytokines, thus inducing differentiation to M1 and generating a gene expression 

profile like obese WAT-resident macrophages [181-183]. 

To standardize the best PA treatment condition, macrophages were treated 

with concentrations of 0.25mM, 0.5 mM, and 1 mM of PA at 2, 4, and 8 hours, and 

the expression of the Tnfa, Il1b, and Ccl2 was measured as a parameter of M1 

polarization [184], and Nceh1 and Myo1e measured to evaluate if we can see a 

change in the expression due to the action of palmitate (Figure 29). It can be 

A  B 

SAT VAT

7

8

9

10

MYO1e

Depot

G
e
n

e
 e

x
p

re
s
s
io

n

✱ ✱ ✱ ✱

SAT VAT

7

8

9

10

11

12

NCEH1

Depot

G
e
n

e
 e

x
p

re
s
s
io

n

✱ ✱ ✱ ✱

 

Figure 28. Normalized gene 
expression of NCEH1 and MYO1e in 
ATM from VAT and SAT.  

A. Gene expression of MYO1e. B, Gene 

expression of NCEH1. Data are 

represented as intensities of counts 

normalized by limma. Individual values 

are represented. Data were analyzed by 

paired t-test. SAT, subcutaneous 

adipose tissue. VAT, visceral adipose 

tissue. *p<0.05, **p<0.01, ***p<0.001, 

****p<0.0001. 
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observed that 4h promotes the most significant changes at the gene expression 

level of the markers used (Figure 29A-E).  

  

To more accurately determine the optimal conditions of palmitate treatment, 

a predictive statistical analysis was performed using the FlexPlot tool of the Jamovi 

2.3.9 software, to optimize the range of concentrations and time to work (Figure 

30). As can be seen, concentrations between 0.5 mM and 1 mM at 4 hours induced 

the most significant increase in the pro-inflammatory phenotype of the cells (Figure 
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Figure 29. Gene expression profile of 

macrophages treated with PA.  

Data are represented as relative mRNA level 

(arbitrary units (A.U.)), relative to control 

group at the same concentrations and 

times, and expressed as mean±SEM. A, 

Tnfa. B, Ccl2. C, Il1b. D, Nceh1. E, Myo1e. 

Data were analyzed by two-way ANOVA 

followed by uncorrected Fisher LSD, 

*p<0.05, **p<0.01, ***p<0.001, 

****p<0.0001. 
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30A-C). Moreover, Myo1e and Nceh1 are upregulated at the same condition (Figure 

30D-E). Therefore, the condition chose to perform the following analysis treatment 

with 0.75 mM of PA for 4 hours.  

 

Next, a test was carried out with the selected conditions (0.75mM PA for 4h) 

to validate the results obtained by the predictive analysis. As observed, 0.75 mM of 

PA at 4 hours induces a significant increase in the expression of Ccl2, Tnfa, Il1b and 

Tlr4 pro-inflammatory genes and on target genes Nceh1 and Myo1e (Figure 31). 

       

       

 

Figure 30. FlexPlot predictive analysis. 

Time and concentrations of PA treatment 

were used as paneled variables and PA as 

predictor variable. Results are grouped by 

time in columns and concentration in 

rows. A, TNFa as outcome variable. B, Il1b 

as outcome variable. C, Ccl2 as outcome 

variable. D, Nceh1 as outcome variable. E, 

Myo1e as outcome variable. Data is 

shown as mean±SEM (n=4). 
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4.6 Induction of M1 and M2 profile on RAW264.7 macrophages 

using LPS and IL-4. 

To analyze whether the expression of the target genes is associated with the 

polarization of macrophages towards the M1 or M2 phenotype, it was decided to 

treat the macrophages with LPS and IL-4 to induce the M1 and M2 phenotype. 

Briefly, RAW264.7 macrophages were treated with LPS at 60 ng/mL or IL-4 at 40 

ng/mL, according to what was described in the literature [185, 186]. In addition, 

assays were performed at 2, 4, and 8 h to evaluate changes in the expression of 

Nceh1 and Myo1e and the expression of M1/M2 polarization markers (Figure 32).  

As observed, LPS treatment induces the expression of Tnfa, Il1b, and Ccl2, pro-

inflammatory genes linked with the M1 phenotype (Figure 32A-C). However, 

contrary to what was expected, the expression of Tlr4 is diminished with the LPS 

treatment at times studied (Figure 32D).  
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Figure 31. Gene expression profile of macrophages treated with 0.75mM PA for 4h.  

Data are represented as relative mRNA level (arbitrary units (A.U.)), relative to control 

group and expressed as mean±SEM. Data were analyzed by unpaired t-test. *p<0.05, 

**p<0.01. 
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Figure 32. M1 and M2 polarization markers of RAW264.7.  

Data are represented as relative mRNA level (arbitrary units (A.U.)), relative to control 

group. Data represent mean±SEM (n≥3/group in each experiment). Data were analyzed 

by ordinary one-way ANOVA followed by uncorrected Fisher LSD, *p<0.05, **p<0.01, 

***p<0.001, ****p<0.0001. 
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On the other hand, IL-4 treatment promotes the gene expression of Arg1 and 

Cd206, two markers of the M2 phenotype (Figure 32E-F). This result indicates that 

cells can respond to LPS and IL-4 and induce gene expression of M1/M2 

polarization markers [187]. 

Next, to evaluate the best time of treatment to analyze all the gene expressions 

in RAW264.7, a MANOVA was performed, with a Dunnet post hoc to compare each 

differentiation time with the control group (Table 14). The results indicate that the 

differentiation markers are significant 2 hours after stimulation with LPS or IL-4, 

maintained at 4 and 8 hours. However, when observing the target genes, there are 

only significant differences after 4 hours of treatment with LPS in Myo1e (Figure 

32H). Therefore, it was decided to work with that treatment time in the following 

experiments. 

 

4.7 Transfection stability and silencing efficiency on RAW264.7 

To determine the role of Nceh1 and Myo1e in macrophage polarization and the 

pathways involved, it has been decided to silence both genes using siRNAs. 

Therefore, transfection stability was assessed using TYE563 fluorescent control 

Table 14. MANOVA analysis of polarization markers for the time of treatment with 
LPS or IL-4. 

Time Contrast Estimate Lower Upper p-value 

2 
LPS 24.618 12.226 37.010 0.0036 

IL-4 11.237   2.850 19.624 0.0182 

4 
LPS 24.618 12.243 36.993 0.0180 

IL-4 11.237   2.862 19.612 0.0040 

8 
LPS 350.201 98.924 601.478 0.0048 

IL-4 87.797 46.756 128.838 0.0190 
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(Figure 33). For this, the cells were transfected with 25nM of TYE563 and were 

photographed at 24h (Figure 33A) and 48h (Figure 33B) post-transfection. 

Additionally, it was tested to observe the fluorescence at 72h; however, the cells 

were dead (not shown).  

 

As can be seen, there is a fluorescent signal up to 48 hours post-transfection. 

Therefore, the chosen silencing method allows siRNA incorporation for 48 hours. 

Once the stability of the transfection was evaluated, the effect of silencing over the 

Raw264.7 phenotype was tested. The gene markers between vehicle and non-

targeting siRNAs (Scramble) were compared for this. Thus, gene expression of 

Nceh1, Myo1e, Ccl2, Tnfa and Il1b gene expression was measured to evaluate the 

Raw264.7 phenotype was performed. Surprisingly, transfection with siRNA 

Scramble decreases Il1b gene expression (Figure 34). Considering this effect, the 

following tests will be carried out only by comparing the impact between the siRNA 

target and the scramble siRNA. 

   

Figure 33. Transfection efficiency and stability in RAW264.7.  

Cells were transfected with TYE563 fluorescent dye and fluorecence was observed. A. 

24h post transfection. B, 48h post transfection.   

A B 

 

A B 



RESULTS 

 
 

105 
 

 

Finally, the silencing efficiency of Myo1e and Nceh1 was tested after 24h and 

48h of transfection (Figure 35).  The cells were transfected with a 25nM of siRNA 

pool for Nceh1 and Myo1e, using a non-targeting pool (Scramble) as a control at the 

same concentration (Figure 35). As can be seen at 24h post-transfection, a 

significant silencing of Myo1e (~44% silencing, Figure 35A) and Nceh1 (~76% 

silencing, Figure 35B) is achieved. However, at 48h, silencing is diminished, losing 

significance in the case of Myo1e (Figure 35A). 
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Figure 34. Silencing effect over phenotype.  

Raw264.7 cells were transfected or not with scramble siRNA. Data are represented as 

relative mRNA level (arbitrary units (A.U.)), relative to vehicle. Data is representative of 

two independent experiments. Data represent mean±SEM (n=4/group in each 

experiment). Data were analyzed by paired t-test, *p<0.05, **p<0.01. 
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Figure 35. Silencing efficiency of siRNAs.  

Raw264.7 cells were transfected with Myo1e or Nceh1 siRNAs and gene expression of 

these genes were evaluated.  A, Myo1e. B, Nceh1. Data are represented as relative mRNA 

level (arbitrary units (A.U.)), relative to control group. Data is representative of three 

independent experiments. Data represent mean±SEM (n=3-4/group in each experiment). 

Data were analyzed by ordinary one-way ANOVA followed by uncorrected Fisher LSD, 

*p<0.05, **p<0.01, ***p<0.001, ****p<0.0001. 
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4.7.1 Myo1e silencing does not affects the gene expression profile of 

LPS-treated RAW 264.7 cells 

To evaluate the silencing of Myo1e in the differentiation process towards M1 

or M2 phenotype, RAW264.7 cells were transfected with Scramble siRNA (non-

targeting) as a control or with Myo1e siRNAs. Then, cells were treated for 4h 

(according to section 4.6) with 60 ng/mL LPS to differentiate to M1 [188]. 

DMEM+0.05% BSA was used as a control. First, Myo1e silencing was effective in all 

treatments, with a significant decrease in those transfected with siMyo1e compared 

to those transfected with siScramble (Figure 36A). Silencing of Myo1e, reduce the 

expression of Cd206 in LPS-treated group (Figure 36E). No other differences were 

observed. No differences were observed with the addition of IL-4 (Figure S2). 
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Figure 36. M1 polarization markers of RAW264.7 transfected with Myo1e siRNA.  

Cells were transfected and then, treated with medium (control), 60 ng/mL LPS for 4 h. 

Data are represented as relative mRNA level (arbitrary units (A.U.)), relative to control 

group. Data represent mean±SEM (n=4). Data were analyzed by ordinary one-way 

ANOVA followed by uncorrected Fisher LSD, *p<0.05, **p<0.01, ***p<0.001, 

****p<0.0001. 
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4.7.2 Myo1e silencing affects the proinflammatory profile of palmitate-

treated RAW 264.7 cells 

The Myo1e gene was silenced in RAW264.7 macrophages, and then cells were 

treated with PA 0.75 mM for 4h (according to section 4.5.) Because LPS is a pro-

inflammatory stimulus that increases obesity and acts synergistically with PA [189, 

190], we also decided to stimulate with PA 0.75 mM + 60 ng/mL LPS (PA+LPS). 

Myo1e silencing only increases Il1b gene expression (Figure 37D). However, 

Ccl2 expression substantially increases in silenced cells treated with PA or PA+LPS 

(Figure 37B). Furthermore, there is a significant increase between the untreated and 

the silenced groups treated with PA+LPS (Figure 37B). Myo1e silencing blunt the 

PA-LPS-induced expression of Tnfa (Figure 37C), and the Il1b increases observed 

control group (Figure 37D). Moreover, Il1b expression decreases with PA-BSA and 

PA+LPS in silenced groups (Figure 37D). 
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Figure 37. Phenotype of RAW264.7 cells transfected with Myo1e siRNA. 

Silenced cells were treated with BSA (control), PA-BSA 0.75 μM or PA-BSA 0.75 μM plus 

60 ng/mL LPS for 4 h. A, Myo1e.  B, Ccl2. C, Tnfa. D, Il1b. Data are represented as relative 

mRNA level (arbitrary units (A.U.)), relative to control group Data is representative of two 

independent experiments. Data represent mean ± SEM (n ≥ 3/group in each experiment). 

Data were analyzed by ordinary one-way ANOVA followed by uncorrected Fisher LSD, 

*p<0.05, **p<0.01, ***p<0.001, ****p<0.0001. 
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4.7.3 Myo1e silencing reduces macrophage migration 

Because Myo1e is related to immune cell migration and tissue infiltration, a 

scratch assay was performed in silenced RAW264.7 cells to evaluate the effect of 

this knockdown on macrophage migration. For this, transfected cells were vertically 

scratched using a 200µl pipet tip and photographed at time 0. After 24h of 

incubation in starvation media, cells were photographed to observe cell closure 

(Figure 38). Images were analyzed using Wound Healing Size Tool (ImageJ/Fiji), 

and % of cell closure was calculated. After 24h of incubation, the results show that 

the silencing of Myo1e reduces the % of cell closure from 40.5% to 11.3%, which 

means the migration capacity of macrophages is decreased by ~72%, compared 

with the scrambled group (Figure 38C).  
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Figure 38. Scratch assay in RAW264.7 with Myo1e 

downregulated.  

Cells were transfected and growth at 100% 

confluency, and then a scratch was performed. A, 

0h after scratch. B, 24h after scratch. C, % of cell 

closure. Data is representative of two independent 

experiments. Data represent mean ± SEM 

(n=4/group in each experiment). Data were 

analyzed by paired t-test, *p<0.05, **p<0.01, 

***p<0.001, ****p<0.0001. 
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4.7.4 Nceh1 silencing affects the profile of LPS treated RAW 264.7 cells 

Similarly, in Myo1e, the effect of Nceh1 silencing was evaluated. For this 

purpose, the Nceh1 gene was silenced in the RAW264.7 cell line, and then cells were 

treated with PA at 0.75 mM and PA at 0.75 mM plus 60 ng/mL LPS, for 4h. First, 

Nceh1 silencing increases Ccl2 and Il1b gene expression (Figure 39C-D). However, 

the addition of LPS itself reduce the expression of Nceh1 like siNceh1 treatment (A), 

promoting an increase in Tnfa, Ccl2 and Il1b expression (Figure 39B-D). No 

differences were observed with the addition of IL-4 (Figure S3). 
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Figure 39. M1 polarization markers of RAW264.7 transfected with Nceh1 siRNA.  

Cells were transfected and then, treated with medium (control), 60 ng/mL for 4 h. Data 

are represented as relative mRNA level (arbitrary units (A.U.)), relative to control group. 

Data represent mean±SEM (n=4). Data were analyzed by ordinary one-way ANOVA 

followed by uncorrected Fisher LSD, *p<0.05, **p<0.01, ***p<0.001, ****p<0.0001. 
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4.7.5 Nceh1 silencing affects the proinflammatory profile of palmitate-

treated RAW 264.7 cells 

To check the effect of Nceh1 over palmitate-induced gene expression. The 

Nceh1 gene was silenced in RAW264.7 macrophages using siRNAs, and then cells 

were treated with PA 0.75 mM for 4h or PA 0.75 mM + 60 ng/mL LPS (PA+LPS) 

(According to section 4.5). 

In the first place, a Nceh1 silencing of 75% was achieved (Figure 40A). 

However, the silencing only promotes the expression of Il1b in the control group 

(Figure 40D) and blunts the PA+LPS-induced Tnfa expression (Figure 40C). 

Furthermore, the downregulation of Nceh1 can reverse the PA+LPS-induced Il1b 

expression (Figure 40D). 
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Because Nceh1 is a critical enzyme that suppresses lipid droplet formation by 

removing cholesterol in macrophage foam cells [96, 191]. Genes related to 

macrophages lipid metabolism were measured (Figure 41). The downregulation of 

Nceh1 promotes the expression of Cd36 in the control group at the same level as 

the PA stimulus (Figure 41A). Similarly, Lcn2 expression is increased by Nceh1 

silencing, like the effect of PA+LPS (Figure 41C). Finally, the expression of Cpt1a is 
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Figure 40. Phenotype of RAW264.7 with Nceh1 downregulation.  

RAW264.7 cells were transfected with siNceh1 and treated with BSA (control), PA-BSA 

0.75 μM or PA-BSA 0.75 μM plus 60 ng/mL LPS for 4 h. A, Myo1e.  B, Ccl2. C, Tnfa. D, Il1b. 

Data are represented as relative mRNA level (arbitrary units (A.U.)), relative to control 

group. Data represent mean ± SEM (n ≥ 3). Data were analyzed by ordinary one-way 

ANOVA followed by uncorrected Fisher LSD, *p<0.05, **p<0.01, ***p<0.001, 

****p<0.0001. 
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increased by silencing in the control group, but the treatments can reverse this 

effect (Figure 41D).  
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Figure 41. Effect of the downregulation of Nceh1 over FFA regulated genes in 

RAW264.7.  

Cells were transfected with siNceh1 and treated with BSA (control), PA-BSA 0.75 μM or 

PA-BSA 0.75 μM plus 60 ng/mL LPS for 4 h. A, Myo1e.  B, Ccl2. C, Tnfa. D, Il1b. Data are 

represented as relative mRNA level (arbitrary units (A.U.)) relative to the control group. 

Data represent mean ± SEM (n ≥ 3). Data were analyzed by ordinary one-way ANOVA 

followed by uncorrected Fisher LSD, *p<0.05, **p<0.01, ***p<0.001, ****p<0.0001. 
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4.7.6 Nceh1 downregulation promotes lipid accumulation in RAW264.7 

macrophages 

Because the silencing of Nceh1 affects some genes related to lipid 

metabolism, a functional assay was performed. Briefly, cells were transfected with 

siNceh1 and then were treated with PA for 4h, and lipid accumulation was evaluated 

using Nile red dye [192]. First, PA treatment promotes lipid accumulation in 

macrophages (Figure 42C-D, Figure 43). However, Nceh1 silencing increases the 

accumulation (Figure 42A) and also decrease the size of lipid vesicles (Figure 42B) 

in macrophages when treating them with PA. 

 

  
 

  
Figure 42. Fluorescent images of lipid accumulation in Nceh1-knockdown 

RAW264.7.  

Cells were transfected, and treated with 0.75mM of PA, for 4 hours. A, Scramble+BSA 

(Control). B, Scramble+PA. C, siNceh1+BSA. D, siNceh1+PA. Data is representative of 

triplicates.  
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Figure 43. Quantification of lipid droplets from the Nile red assay. 

Quantification of lipid accumulation thought Nile red Assay. A total of 9 images per 

treatment were quantified, with three images of each triplicate. Data represent mean ± 

SEM. Data were analyzed by ordinary one-way ANOVA followed by uncorrected Fisher 

LSD, *p<0.05, **p<0.01, ***p<0.001, ****p<0.0001. 
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5. DISCUSSION 

 
WAT is an organ comprising large adipocytes with a single lipid droplet and 

few mitochondria content. This morphology confers WAT, the capacity for energy 

storage and homeostasis in response to nutritional demand [18].  

SAT and VAT have been widely studied for their association with the 

development of IR and cardiometabolic risk [29, 30]. However, each depot has 

different biochemical features and metabolic functions. It has been demonstrated 

that an increased VAT mass is an independent factor in metabolic deterioration, and 

the size of this depot is directly associated with a poor prognosis in metabolic 

diseases [29-34, 40]. On the other hand, an increase in SAT mass has a protective 

role, which is inversely associated with glucose intolerance, IR, and risk of T2D 

diagnosis [33, 35-37, 41, 45, 47]. Therefore, changes in AT distribution are relevant 

to understanding its role in metabolism. 

Obesity is characterized by the excessive accumulation of body fat in WAT, 

mostly due to an imbalance between energy intake and expenditure. Hence, an 

increase in VAT and SAT mass leads to a rise in the BMI associated with developing 

obesity-related co-morbidities [42]. However, the development of co-morbidities is 

mainly linked to WAT distribution [193].  

In this context, the percentage of VAT in obese subjects strongly correlates 

with IR and poor glycemic control [41, 44, 45], and in animal models, surgical 

removal of this tissue prevents IR and delays the development of T2D [46]. 

Furthermore, obese subjects have less SAT, contributing to further deterioration of 

the insulin response and promoting the establishment of T2D [44, 47]. In addition, 
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insulin-sensitive obesity is linked to a smaller VAT depot at the same BMI, 

suggesting increased SAT [48]. All this evidence indicates that both SAT and VAT 

contribute to the development of IR, but with contrasting roles.  

Moreover, the infiltration of immune cells in each depot is associated with 

different metabolic outcomes [194]. ATMs represent the most abundant immune 

cell infiltrated in WAT and regulate several physiological processes, such as WAT-

remodeling and insulin sensitivity [195]. ATMs can be broadly classified as M1, 

which has a pro-inflammatory phenotype, and M2, characterized by an 

immunosuppressive phenotype. Both subpopulations are present in AT in different 

proportions, being M1-phenotype predominantly found in obese WAT and in high 

proportions in subjects with metabolic complications [68]. While M2-phenotype is 

responsible for WAT homeostasis, tissue remodeling, and insulin sensitivity and 

they are predominantly found in lean WAT [68, 196]. 

In obesity, there is a similar infiltration of ATMs in VAT and SAT [70, 197]. 

However, BMI correlates with the number of M1-phenotype cells and inversely with 

the M2-phenotype on SAT, but not in VAT [198, 199]. Moreover, animal models 

demonstrated that M2 infiltration if VAT exerts a protective role of HFD and obesity-

induced comorbidities [196, 200] 

 

5.1 IL16 gene is induced in obese VAT and its secretion changes 

after bariatric surgery 

In cohort 1, the expression of IL-16 was increased in VAT from obese patients 

compared to its standard weight counterpart (Figure 7A). 
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We also found that bariatric surgery promotes a change in IL-16 plasma levels 

(Figure 7B). In this regard, obese animal models that underwent caloric restriction 

show a first increase in IL-16 secretion and a reduction in adipocyte size [153]. 

Additionally, the authors found that, in obese animals, the levels of IL-16 are higher 

than their lean counterparts [153]. 

Taken all together, we could suggest that IL-16 is secreted by enlarged VAT in 

obese subjects, and its rise after bariatric surgery is due to the remodeling of VAT, 

which ends in a reduction of VAT adipocyte size and infiltrated immune cell 

population. However, evaluating, and correlating plasma IL-16 levels with adipocyte 

size before and after bariatric surgery would be necessary. 

5.2 In vitro addition of IL-16 modulates adipogenesis and affects the 

phenotype of mature adipocytes 

It has been described that VAT is linked with an increased metabolic risk [201-

203]. For this reason, searching for new targets in its pathological role is essential.  

In this context, our work shows that in vitro addition of IL-16 over 3T3-L1 cells 

during adipogenesis promotes the expression of fibrosis-related genes, such as 

Pref1 and ColA6. This effect is accompanied by a reduction in the expression of lipid 

metabolism genes (Cd36, Fabp4, and Plin1) at the latter stages of differentiation. 

These results agree with Divoux et al., where found that collagen accumulation in 

WAT is accompanied by a decrease in perilipins [116]. Additionally, fibrotic WAT 

shows increased lipolysis [204, 205], which plays a crucial role in obesity-associated 

diseases [206, 207]. Lipolysis is regulated by MAPK/ERK (MEK)1/2 and ERK1/2 
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pathways [208] and can be activated by Pref-1 [209], leading to a downregulation of 

Perilipins [210]. Thus, the IL-16-induced Pref1, accompanied by a decrease in Plin1 

at the latter stages of adipogenesis, suggests that IL-16 activates lipolysis signaling. 

Therefore, our results suggest that IL-16 participates, during the adipogenesis, 

in the pathological role of VAT on obesity development, promoting fibrosis and 

mismanagement of lipids of this depot. 

In mature adipocytes, the treatment with 1ng/mL and 10 ng/mL, but not 

100ng/mL, of IL-16 during 24h decreased the expression of Leptin and Pref1 (Figure 

14). Leptin expression is regulated by the nutritional status of an individual, thus, 

during weight loss, leptin levels decrease [211]. The circulating levels of this 

adipokine correlate positively with the adipocyte size, and the administration of 

Leptin promotes lipid mobilization [212]. On the other hand, Pref-1 is a negative 

regulator of adipogenesis and is related to fibrosis in adipose tissue [104, 116]. Thus 

a decrease in this gene expression could indicate that IL-16 prevents WAT-fibrosis. 

Our results suggest that IL-16 at low doses promotes lipid metabolism and WAT-

remodeling.  Although we expected to see a greater effect with the higher dose, 

surprisingly, we did not see an impact on gene expression, which can be explained 

by the fact that this high dose probably produces signaling that internalizes the 

receptors through which IL-16 exerts its effect, which can be promoting resistance 

to this cytokine [116].  

When pro-inflammatory markers were studied, a significant increase in Ccl2 

expression was observed with 100 ng/mL of IL-16 (Figure 15A). It is broadly known 

that secretion of CCL2 promotes the infiltration of macrophages into WAT, its levels 
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are linked with the development of obesity-related diseases [213]. Thus our results 

indicate that this cytokine promotes pro-inflammatory signaling in mature 

adipocytes. However, the same dose reduces the Tnfa expression (Figure 15B). 

TNF-α is a pro-inflammatory cytokine whose expression correlates with adiposity in 

human subjects and promotes WAT-lipolysis [214]. Finally, a reduction of Il6 was 

also observed with 10 ng/mL of IL-16. Based on this, it has been described that Il6 

expression decreases without changes in macrophage infiltration or CLS during 

weight loss [215]. Additionally, the expression of this cytokine is regulated by Tnfa, 

and its expression regulates the activity of LPL [216]. Thus the IL-16-induced 

reduction observed in Il6 could suggest that IL-16 regulates lipid metabolism 

through the Tnfa-Il6 axis. 

Then, when lipid metabolism was studied, the highest dose of IL-16 promoted 

the expression of Pparg (Figure 16A). In this context, mice HFD-feed show increased 

Pparg expression in WAT [217], suggesting that IL-16 promotes lipid accumulation 

in vitro. Then, a dose-dependent effect was observed in Plin1 and Cd36 gene 

expression with the addition of IL-16, being significant in the doses of 10 ng/mL and 

100 ng/mL (Figure 16B-C). It has been described that a reduced Plin1 is linked with 

an increased pro-inflammatory response in lean WAT; thus, this lipid droplet-binding 

protein help to maintain metabolic homeostasis [218].  Similarly, adipocyte Cd36 

has a metabolically protective role [219]; downregulation of Cd36 helps prevent 

hyperlipidemia and insulin resistance [220]. Finally, 10 ng/mL decreases the 

expression of Glut4 (Figure 16D), suggesting a role of IL-16 in glucose metabolism 

signaling. Together those results indicate that IL-16 promotes lipid accumulation, 
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pro-inflammatory, and glucose signaling, which could be the beginning of the 

development of metabolic diseases in mature adipocytes. 

Because pro-inflammatory signaling was altered by IL-16 treatment on mature 

adipocytes, the next step was evaluating markers of hypoxia fibrosis and WAT-

remodeling (Figure 17). Surprisingly, a decrease in the gene expression of Hif1a and 

Vegf was observed as dose-dependent (Figure 17A-B). HIF-1α is a transcription 

factor that contributes to chronic inflammation in obesity [221, 222]; inhibition of 

HIF-1α in adipocytes leads a reduced WAT-fibrosis and inflammation in cell and 

animal models [223]. Moreover, the overexpression of Vegf protects against diet-

induced obesity and insulin resistance [224]. Thus a reduction of Vegf could be 

linked with the establishment of obesity and insulin resistance. Similarly, in a less 

thoughtful way, Col4a expression also decreases with the addition of IL-16, up to a 

dose of 10 ng/mL, the effect that is reversed when using the dose of 100 ng/mL 

(Figure 17C). Since changes in genes associated with ECM remodeling are 

observed, it was decided to evaluate the expression of Mmp9 and its inhibitor Timp1. 

IL-16 promotes Mmp9 and decreases Timp1 expression, significantly increasing the 

dose-dependent Mmp9/Timp1 ratio (Figure S1). All those results suggest that IL-16 

inhibits hypoxia but increases the remodeling and insulin resistance in mature 

adipocytes, which is linked to Glut4 expression. 

5.3 IL-16 blunts the PA-induced signalling 

First, the induction of obesity signaling was studied by adding 1 mM PA (Figure 

18). We found that PA promotes the expression of pro-inflammatory genes, 

according to described previously in the literature [175, 225-227], and promotes lipid 
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accumulation and glycerol release (such lipolysis parameter) (Figure 20). Those 

results indicate that PA treatment will be used as an in vitro obesity induction in 

mature adipocytes.  

Then, the concomitant effect of adding PA and IL-16 was evaluated. IL-16 at 

10 ng/mL dose blunt the PA-induced lipid accumulation and glycerol release (Figure 

20). In that sense, it has been described that PA simulates in vitro obesity context in 

adipocytes cell line where treating this lipid promotes adipocyte hypertrophy, insulin 

resistance, and lipolysis [228, 229]. When gene expression was evaluated, we found 

that PA-treated mature adipocytes showed a decreased AdipoQ, Leptin, and Pref-1, 

similar to those described previously by Ceja-Galicia et al. [228].  

Then the effect of IL-16 was evaluated in this in vitro obesity model.  The 10 

ng/mL dose of IL-16 blunts significatively the PA-induced lipid accumulation and 

glycerol release (Figure 20). When gene expression was evaluated, similar results 

were found. IL-16 increases AdipoQ, Leptin, and Pref1 expression in a dose-

dependent manner (Figure 21). These results suggest that IL-16 can blunt 

hypertrophy and lipolysis in an obesity context. Thus, this cytokine may be involved 

in a metabolic improvement of adipocytes in obesity.  

Surprisingly, this cytokine also promotes the expression of Ccl2 and Il6 in PA-

treated adipocytes (Figure 22). It has been demonstrated that Ccl2 gene expression 

is regulated by Leptin [230], so its increment could be related to the changes in 

Leptin gene expression. Moreover, Ccl2 is an important factor that promotes 

macrophage infiltration and lipid transportation on SAT of animal models [231]. On 

the other hand, it has been described that in adipocytes, IL-6 induces the release of 
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FFA and leptin and blunt obesity-associated metabolic complications [39]. Taking 

all those results together, we could conclude that IL-16 promotes the expression of 

IL-16 and Leptin, inducing lipolysis and dampening obesity-related signaling. 

When the effect of IL-16 on lipid and glucose metabolism was evaluated, we 

found that IL-16 at 1 ng/mL and 10 ng/ml damp the PA-induced diminution of Pparg 

(Figure 23A). Pparγ is crucial for mature adipocyte supervenience, energy storage, 

and adiposity [232, 233]. The activation of Pparγ improves insulin sensitivity [233]. 

Thus IL-16 could be acting in these phenomena through increased Pparg 

expression. In this sense, the effect observed in Plin1, Cd36, and Glut4 supports that 

IL-16 ameliorates the PA-induced changes in lipid and glucose metabolism genes. 

All those results suggest that IL-16 is a cytokine responsible for maintaining 

homeostasis in the adipocytes when these cells are in an obesity context. 

5.4 MYO1e and NCEH1 genes are downregulated on VAT-ATMs 

compared with SAT-ATMs 

Clariom D transcriptomic array shows increased MYO1E and NCEH1 gene 

expression on SAT-ATMs compared with VAT-ATMs from obese subjects (Figure 

28).  

In macrophages, Myo1E is involved in the phagosome closure cups [94]. 

Furthermore, in LPS-stimulated macrophages, MYO1E reduces cell spreading, 

chemokine secretion, and antigen presentation [94], and its deficiency is related to 

increased secretion of CCL2 [93]. Thus, the increased observation of SAT could be 
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associated with a less pro-inflammatory phenotype in the SAT- compared with VAT-

infiltrated macrophages. 

On the other hand, NCEH1 is involved in reducing atherosclerotic lesions [96-

98]. Thus, the results could suggest that SAT-macrophages show an increase in the 

reverse cholesterol transport compared with VAT.  

Those results suggest that the protective role of SAT in obesity could be 

explained partially by the higher expression of MYO1E and NCEH1 on SAT- 

compared with VAT-macrophages [41, 234, 235]. Our results show the first evidence 

that the phenotype of macrophages infiltrating adipose tissue is depot dependent. 

This can be associated with a better prognosis in the metabolic state of the subject. 

In this sense, it has been described that ATMs activation is related to the metabolic 

niche [236]. Thus, our results suggest that SAT promotes a less pathogenic 

activation of WAT-infiltrated macrophages. 

5.5 Myo1e silencing affects the in vitro gene expression profile in M1 

macrophages and reduces the migration capacity of 

macrophages 

First, the best condition of Myo1e gene expression increase was searched. We 

found that 60 ng/mL of LPS and 0.75mM of PA at 4 hours increase the expression 

of Myo1e and promote a pro-inflammatory gene expression (Figure 31 andFigure 

32). Then, the effect of Myo1e silencing through siRNAs was evaluated. We found 

that siMyo1e alone doesn’t affect the gene expression and that the treatment with 

LPS only affected the expression of Cd206 (Figure 36). In that sense, it has been 
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described that WAT CD206+ cells are mainly anti-inflammatory macrophages (M2 

phenotype) and are involved in controlling adiposity and systemic insulin sensitivity 

due to the secretion of TGF-β1 [237]. Mice with reduced numbers of CD206+ cells 

show an improved insulin sensitivity linked with a higher number of smaller 

adipocytes [237]. Thus, this result could suggest that silencing of Myo1e might 

promote the M1 phenotype in macrophages, which could be involved in insulin 

sensitivity. However, further studies are necessary to evaluate the effect in WAT of 

Myo1e ablation. 

When the PA effect was evaluated, we found that Ccl2 gene expression was 

significantly increased by PA and PA+LPS treatment in siMyo1e groups, compared 

with Scrambled control (Figure 37B), suggesting that the silencing of Myo1e 

promotes the macrophages recruitment signaling in WAT. In this context, Wenzel 

et al. reported that CCL2 was significantly elevated in the supernatants of LPS-

stimulated macrophages from Myo1e−/− mice compared to WT controls [93].  

Next, siMyo1e blunt the PA- and PA+LPS-induced increase of Tnfa expression, 

significantly decreasing the expression in the PA+LPS group treated with siMyo1e 

(Figure 37C). Based on this, animal models with a deficiency of TNF-α expression 

from ATMs show a decreased WAT amount and enhanced insulin sensitivity [238]. 

Similarly, in vitro studies demonstrated that neutralizing TNF-α inhibits the 

inflammatory signaling in 3T3-L1 and induces fatty acid lipolysis [239]. Thus, the 

observed decrease because of Myo1e silencing suggests that Myo1e regulates the 

inflammatory signaling and lipid metabolism in macrophages. 

In the Il1b expression, we found that both PA and PA+LPS can blunt the 

increase induced by siMyo1e (Figure 37D). According to this, it has been described 
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that IL-1β is the main cytokine involved in immune cells WAT-infiltration in obesity 

[240], and its secretion contributes to the development of insulin resistance [87, 

240]. The expression and secretion of IL-1 β are regulated by NLRP3-inflammasome 

activation, an immune cell sensor. Thus, our findings are the first evidence to link 

Il1b with Myo1e expression, suggesting that Myo1e might be involved in 

downregulating the inflammasome in WAT. 

Then a functional study was performed to evaluate the effect of Myo1e 

knockdown; a significant reduction in the migration capacity was founded when 

Myo1e was silenced (Figure 38C).  Previously it has been reported that ATMs from 

Myo1e−/− show a reduction in TLR4-driven macrophage spreading [93]. Thus, our 

finding was supported by this study. 

5.6 Nceh1 silencing affects the in vitro gene expression profile in M1 

macrophages and promotes lipid accumulation 

As previously described (Section 5.4), NCEH1 is responsible for the hydrolysis 

of intracellular cholesterol ester and contributes to the FC efflux from macrophages 

[95-98]. Thus, we evaluate the effect of its silencing in macrophages. Knockdown of 

Nceh1 promotes the expression of Ccl2 and Il1b (Figure 39). In this regard, it has 

been described that Nceh1 reduces the ER-stress in macrophages and 

inflammatory signaling [241, 242]. Thus, the knockdown effect of Nceh1 in 

Raw264.7 cells is comparable with the previously described [241, 242]. Surprisingly, 

adding LPS decreases Nceh1 expression similarly to siNceh1 treatment (Figure 39). 

The treatment with LPS promotes the pro-inflammatory phenotype in macrophages 

and is the gold standard for obtaining M1 macrophages in vitro [187, 243]. However, 
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this treatment promotes a higher pro-inflammatory response in the Tnfa and Ccl2 

gene expression. This suggests that Nceh1 is a crucial gene to control macrophage 

polarization through pro-inflammatory phenotype. However, its role and pathway 

should be studied. 

When silenced cells were treated with PA to simulate an obesity context, we 

found that in silenced cells, the Tnfa and Il1b expression was dampening in PA and 

PA+LPS groups, going to reverse the PA+LPS-induced Il1b expression (Figure 40).  

Accordingly, TNF-α could function through two receptors with opposite 

signaling pathways; while TNFR1 promotes apoptosis and anti-inflammatory 

process, TNFR2 activates proliferation and inflammation pathways [244]. Thus, 

further experiments are necessary to clarify the Nceh1 role in the Tnf-α signaling. 

On the other hand, IL1β is secreted in an inflammatory context [245], and its 

expression is regulated by FFA. Thus, the reduction observed in silenced cells could 

suggest an alteration in the lipid metabolism of the macrophages.  

Next, we decided to measure the expression of Cd36, Plin1, Lcn2, and Cpt1a 

and evaluate the effect of Nceh1 knockdown (Figure 41Figure 41). Cd36 is a receptor 

able to bind lipids in ATMs, contributes to WAT inflammation, and is responsible for 

internalizing lipids into the cells and forming foam cells [242, 246, 247]. Thus, 

siNceh1 cells do not show changes in their expression in response to PA, nor 

PA+LPS suggesting an effect on lipid handling in macrophages in response to PA. 

Plin1 promotes a pro-inflammatory phenotype in macrophages and allows a stable 

accumulation of lipids in these cells [248]. The increment observed in Nceh1 

silenced groups and for the PA treatments suggest an increment in lipid 
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accumulation. Cpt1a has a protective role on macrophages and is responsible for 

transporting long-chain FA into the mitochondria promoting FAO and inhibiting lipid 

accumulation in macrophages [249]. Thus, Nceh1 silencing promotes this 

expression suggesting a protective role in a control situation. However, when the 

cells were treated with PA or PA+LPS, this gene expression was reduced, 

suggesting that the knockdown of Nceh1 affects the lipid handling in response to 

PA stimulus. Lcn2 regulates M1-macrophage polarization in obesity because its 

expression is activated by FFA [250]. Lcn2 contributes to lipid accumulation in foam 

cells in atherosclerosis [251]. Macrophages Nceh1-silenced show a significant 

increase in its expression, suggesting an activation in the lipid accumulation 

pathways, preventing cells from responding to PA or PA+LPS stimulus. Taking all 

those results together, we could suggest that siNceh1 promotes an increase in pro-

inflammatory and lipid accumulation pathways in macrophages. In this regard, 

siNceh1-treated cells have higher lipid accumulation with smaller vesicles in PA-

treated macrophages (Figure 43). Thus, these results validate our gene expression 

results. 

Together we could conclude that Nceh1 is a crucial gene in ATMs to regulate 

lipid metabolism and fight against lipotoxicity in an obesity context.  
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6. CONCLUSSIONS 

1. IL-16 mRNA expression is higher in VAT from obese patients and its 

plasmatic levels changes after bariatric surgery. Moreover, its expression 

correlates with markers of inflammation and immune cell activation. 

 

2. In vitro assays demonstrate that addition of IL-16 significantly decrease 

gene expression related with inflammation, lipid metabolism and adipose 

tissue remodeling, in mature adipocytes. During adipogenesis IL-16 affects  

Pref1 expression and genes related with lipid metabolism. 

 
3. IL-16 blunts PA-induced lipid accumulation and changes in gene expression 

controlling the homeostasis in an obesity context. 

 
4. Our results show the first evidence that the phenotype of human ATMs 

have a different gene expression profile according to the depot. 

 
5. SAT-ATMs express more MYO1E and NCEH1 compared with VAT-ATMs, 

suggesting a protective role in SAT. 

 
6. Silencing of Myo1e and Nceh1 alters LPS- and PA-induced gene expression. 

 
7. Myo1e seems to be an essential gene in ATMs migration during obesity. 

 
8. Nceh1 downregulation promotes lipid accumulation in macrophages 

treated with PA. 
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9. SUPPLEMENTARY INFORMATION 

Table S1. Used primers in this work. 

GENE FOR (3' --> 5') REV (3' --> 5') 

Adipoq GCAGAGATGGCACTCCTGGA CCCTTCAGCTCCTGTCATTCC 

Arg1 CTCCAAGCCAAAGTCCTTAGAG AGGAGCTGTCATTAGGGACATC 

Ccl2 GCAGGTGTCCCAAAGAAGCT CAGCACAGACCTCTCTCTTGA 

Cd206 5’GTGGGGACCTGGCAAGTATC 5’CACTGGGGTTCCATCACTCC 

Cd36 TTGTACCTATACTGTGGCTAAATGAGA CTTGTGTTTTGAACATTTCTGCTT 

Col4a1 TTAAAGGACTCCAGGGACCAC CCCACTGAGCCTGTCACAC 

Col6a1 GTCCACGTGCTCTTGCATC GCAAGGATGAGCTGGTCAA 

Cpt1a GACTCCGCTCGCTCATTC AAGGCCACAGCTTGGTGA 

Fabp4 GGATGGAAAGTCGACCACAA TGGAAGTCACGCCTTTCATA 

Glut4 GATGACCGTGGCTCTGCT GCTCTGCCACAATGAACCA 

Hif1a GCACTAGACAAAGTTCACCTGAGA CGCTATCCACATCAAAGCAA 

Il1b GCCCATCCTCTGTGACTCAT AGGCCACAGGTATTTTGTCG 

Il6 GATGGATGCTACCAAACTG CCAGGTAGCTATGGTACTCCAGAA 

Lcn2 CCATCTATGAGCTACAAGAGAACAAT TCTGATCCAGTAGCGACAGC 

Lep AGAAGATCCCAGGGAGGAAA  TGATGAGGGTTTTGGTGTCA 

Mmp9 ACGACATAGACGGCATCCA GCTGTGGTTCAGTTGTGGTG 

Nceh1 GCCCTGGCTAGTGCAAAGAT GGCACGGATGACATCATGGA 

Pgc1a GAAAGGGCCAAACAGAGAGA GTAAATCACACGGCGCTCTT 

Plin1  AACGTGGTAGACACTGTGGTACA  TCTCGGAATTCGCTCTCG 

Pparg CGCTGATGCACTGCCTATGA AGAGGTCCACAGAGCTGATTCC 

Ppia TGCCAAGACTGAATGGCTGG ATTCCTGGACCCAAAACGCT 

Pref1 CGGGAAATTCTGCGAAATAG TGTGCAGGAGCATTCGTACT 

Timp1 GCAAAGAGCTTTCTCAAAGACC AGGGATAGATAAACAGGGAAACACT 

Tlr4 GGACTCTGATCATGGCACTG CTGATCCATGCATTGGTAGGT 

Tnfa CTGTAGCCCACGTCGTAGC TTTGAGATCCATGCCGTTG 

Vegf AAGACAGAACAAAGCCAGAAAA AGAGGTCTGGTTCCCGAAA 
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Table S2. Correlation of IL16 gene expression with inflammation markers. 

GENE COEFF. p-VALUE 

AARS2 0.7982 4.58E-19 

ABAT 0.6819 2.41E-12 

ABCA7 0.7762 1.72E-17 

ABCB1 0.6750 4.82E-12 

ABCC10 0.7608 1.71E-16 

ABCC4 0.7344 6.12E-15 

ABHD16A 0.7011 3.16E-13 

ABHD17AP5 0.6093 1.57E-09 

ABHD17C 0.6008 3.03E-09 

ABI3 0.7436 1.84E-15 

ABRACL 0.8207 6.76E-21 

ACAP1 0.7793 1.05E-17 

ACD 0.7909 1.59E-18 

ACHE 0.8025 2.12E-19 

ACIN1 0.7003 3.45E-13 

ACRBP 0.6919 8.54E-13 

ACSL6 0.8105 4.92E-20 

ACSM1 0.6041 2.36E-09 

ACSM3 0.6447 8.29E-11 

ACSS1 0.8603 7.99E-25 

ACTB 0.6336 2.18E-10 

ACTL10 0.7692 4.97E-17 

ACTL6A 0.7015 3.03E-13 

ACTR5 0.8213 6.03E-21 

ACY3 0.8075 8.56E-20 

ACYP1 0.6198 6.87E-10 

ADAM19 0.8242 3.31E-21 

ADAM1A 0.7789 1.11E-17 

ADAM28 0.7405 2.76E-15 

ADAM8 0.6757 4.51E-12 

ADAMDEC1 0.7027 2.64E-13 

ADAMTS7P4 0.7967 5.88E-19 

ADAT2 0.7118 9.45E-14 

ADCY7 0.7166 5.39E-14 

ADCY9 0.6458 0.00E+00 
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ADD3 0.6009 5.15E-09 

ADGRA3 0.6091 2.20E-09 

ADGRB1 0.6622 1.67E-11 

ADGRG5 0.7648 9.60E-17 

ADGRL4 -0.6363 0.00E+00 

ADIRF -0.6504 0.00E+00 

ADM2 0.8128 3.14E-20 

ADNP 0.6994 0.00E+00 

ADORA2A 0.8060 1.12E-19 

ADPGK 0.6896 1.08E-12 

ADTRP 0.7985 4.33E-19 

AEBP2 0.7175 0.00E+00 

AFTPH 0.7190 4.03E-14 

AGAP2 0.7584 2.42E-16 
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Figure S1. MMP9/TIMP1 ratio 
3T3-L1 mature adipocytes were treated with increasing doses of IL-16. Data are 

represented as relative mRNA level (arbitrary units (A.U.)), relative to dose 0 ng/mL of IL-

16, and expressed as mean±SEM; n=4. Data were analyzed by ordinary one-way ANOVA 

followed by uncorrected Fisher LSD, *p<0.05, **p<0.01, ***p<0.001, ****p<0.0001. 
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Figure S2. M1 and M2 polarization markers of RAW264.7 transfected with Myo1e 

siRNA.  

Cells were transfected and then, treated with medium (control), 60 ng/mL LPS or 40 

ng/mL IL-4 for 4 h. Data are represented as relative mRNA level (arbitrary units (A.U.)), 

relative to control group. Data represent mean±SEM (n=4). Data were analyzed by 

ordinary one-way ANOVA followed by uncorrected Fisher LSD, *p<0.05, **p<0.01, 

***p<0.001, ****p<0.0001. 
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Figure S3. M1 and M2 polarization markers of RAW264.7 transfected with Nceh1 

siRNA.  

Cells were transfected and then, treated with medium (control), 60 ng/mL LPS or 40 

ng/mL IL-4 for 4 h. Data are represented as relative mRNA level (arbitrary units (A.U.)), 

relative to control group. Data represent mean±SEM (n=4). Data were analyzed by 

ordinary one-way ANOVA followed by uncorrected Fisher LSD, *p<0.05, **p<0.01, 

***p<0.001, ****p<0.0001. 

 




