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COVER: Image of differentiated 3T3-L1 adipocytes immunostained for peroxisome proliferator-

activated receptor γ (PPARγ, green) and with lipids stained with Oil red-O (red). Nuclei were 

visualized with Hoechst 33342 (blue). 
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the epoch of incredulity, it was the season of light, it was the season 

of darkness, it was the spring of hope, it was the winter of despair.” 

Charles Dickens, A Tale of Two Cities 
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Resumo 

A obesidade é um problema de saúde pública que leva a um aumento da morbilidade e 

mortalidade. É caracterizada por um aumento excessivo de tecido adiposo branco 

(WAT). Durante a obesidade ocorre hipertrofia dos adipócitos, levando ao 

desenvolvimento de hipóxia local no WAT. No entanto, o papel da hipóxia na regulação 

do tecido adiposo ainda é controverso. 

Desta forma, o primeiro objectivo desta tese foi investigar o papel da hipóxia na função 

dos adipócitos em pré-adipócitos de murganho (linha celular 3T3-L1) através da 

avaliação da acumulação lipídica, marcadores de pré-adipócitos e adipócitos, microRNA 

(miR)-27, alterações mitocondriais e autofagia. 

Os resultados mostram que o cloreto de cobalto (CoCl2), um mimético de hipóxia, 

aumenta a acumulação lipídica sem expressão do receptor activado pelo proliferador do 

peroxissoma γ2 (PPARγ2), perilipina e com diminuição da proteína factor de pré-

adipócito-1 (Pref-1). Além disso, o mimético de hipóxia induz a expressão dos 

microRNAs, miR-27a e miR-27b, que como já foi descrito inibem a expressão de 

PPARγ2. Observou-se ainda que o CoCl2 induz disfunção mitocondrial e aumenta a 

produção de espécies reactivas de oxigénio (ROS). O tratamento das células com 

glutationa, um agente antioxidante, previne a acumulação lipídica induzida por CoCl2. 

Por outro lado, o mimético de hipóxia aumenta a autofagia. Em conjunto estes 

resultados mostram que o CoCl2 bloqueia a diferenciação dos adipócitos, enquanto 

induz a autofagia e também estimula a acumulação de lípidos através de disfunção 

mitocondrial e acumulação de ROS. 

 

Durante o desenvolvimento da obesidade a expansão de WAT conduz também a uma 

desregulação e uma acumulação excessiva da matriz extracelular (ECM), levando à 

formação de fibrose. Por outro lado, alguns estudos mostraram que os inibidores da 

dipeptidil peptidase IV (DPP-IV), as gliptinas, previnem a fibrose no coração, fígado e 

rim em modelos animais. 

Desta forma, o segundo objectivo da presente tese foi investigar se o inibidor da DPP-

IV, a vildagliptina, previne a fibrose que ocorre no WAT num modelo de obesidade 

induzida por uma dieta rica em gordura (HFD) em murganhos C57BL/6 e também 

estudar os seus mecanismos, usando uma linha celular de pré-adipócitos, 3T3-L1. 

Murganhos C57BL/6 foram submetidos a uma dieta standard ou a uma dieta HFD (40% 

de gordura durante 7 semanas) e tratados com vildagliptina (30 mg/kg/day in water) 

durante 7 semanas. O peso corporal e a ingestão de alimentos foram avaliados duas 

vezes por semana. Os níveis de glicose no sangue e de triglicerídeos, colesterol total, 



xxii 

leptina e insulina no soro foram investigados e um teste de tolerância à glucose foi 

realizado. 

Os resultados mostraram que a vildagliptina melhora a resposta à glicose nos 

murganhos submetidos a HFD, e reduz os níveis séricos de triglicerídios, colesterol total 

e leptina, sem alterar os níveis séricos de insulina. A vildagliptina não altera o peso 

corporal, peso do WAT e o diâmetro dos adipócitos. Por outro lado, a vildagliptina previne 

o aumento da fibrose, conteúdo de colagénio e os níveis de actina do músculo liso α 

(αSMA) e fibronectina no WAT de murganhos submetidos a HFD. No estudo in vitro, a 

vildagliptina previne a deposição de ECM induzida por TGF-β1, prevenindo o aumento 

dos níveis de colagénio total, αSMA e fibronectina, através da activação do receptor 

NPY Y1. A inibição da DPP-IV por abordagens farmacológicas e genéticas deram origem 

a resultados semelhantes. Este estudo sugere assim que a vildagliptina inibe a 

deposição de ECM e a formação de fibrose no WAT num modelo de obesidade em 

murganhos induzido pela dieta e em pré-adipócitos 3T3-L1, pelo menos, parcialmente 

através do NPY e da activação dos receptores Y1. 

 

Em conclusão, com os resultados desta tese conseguimos uma melhor compreensão 

sobre o efeito da hipóxia na fisiologia do adipócito e do metabolismo lipídico. Por outro 

lado, a redução da fibrose pela vildagliptina poderá melhorar a expandibilidade do tecido 

adiposo no tratamento da obesidade e complicações associadas. 

  

 

Palavras-chave: obesidade, hipóxia, adipogénese, espécies reactivas de oxigénio, 

autofagia, fibrose, matriz extracelular, inibidores da DPP-IV, vildagliptina, NPY, receptor 

NPY Y1. 
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Abstract 

Obesity is one of the most immediate health threats in industrialized countries,  

increasing morbidity and mortality. It is characterized by an excessive increase of white 

adipose tissue (WAT). As adipocyte hypertrophy develops, local adipose tissue hypoxia 

may occur within WAT of obese humans and mice. However, its role in adipose tissue 

regulation is still controversial. 

Therefore, the first aim of this study was to investigate the role of hypoxia on adipocyte 

function in murine preadipocytes (3T3-L1 cell line) by evaluating lipid accumulation, 

preadipocyte and adipocyte markers, microRNA (miR)-27, mitochondrial changes and 

autophagy. 

The results show that the hypoxia mimetic cobalt chloride (CoCl2) increases lipid 

accumulation with no expression of peroxisome proliferator-activated receptor γ2 

(PPARγ2), perilipin and with decrease in preadipocyte factor-1 (Pref-1). Furthermore, 

using qPCR we observed that the hypoxia mimetic upregulates both miR-27a and miR-

27b, which are known to block PPARγ2 expression. CoCl2 induces mitochondrial 

dysfunction, and increases the production of reactive oxygen species (ROS). Moreover, 

an antioxidant agent, glutathione, prevents lipid accumulation induced by hypoxia 

mimetic indicating that ROS are responsible for hypoxia-induced lipid accumulation in 

these cells. Furthermore, we also observed that CoCl2 increases autophagy activity. 

These results demonstrate that CoCl2 blocks differentiation, while inducing autophagy 

and lipid accumulation through mitochondrial dysfunction and ROS accumulation. 

 

During the development of obesity the expansion of WAT leads also to a dysregulation 

and an excessive remodeling of extracellular matrix (ECM), leading to fibrosis formation. 

Moreover, dipeptidyl peptidase IV (DPP-IV) inhibitors (gliptins) were shown to prevent 

fibrosis in other tissues, such as heart, liver and kidney. 

Therefore, the second aim of this study was to investigate whether vildagliptin, a DPP-

IV inhibitor, can be beneficial in preventing fibrosis in WAT in a model of diet-induced 

obesity, high-fat diet (HFD)-fed C57BL/6 mice and also to study its mechanisms, using a 

3T3-L1 preadipocyte cell line. C57BL/6 mice were maintained on either a standard 

rodent chow diet or a HFD (40% fat for 7 weeks) and treated with vildagliptin (30 

mg/kg/day in water) for 7 weeks. Body weight and food intake were assessed twice a 

week. Blood glucose, serum triglycerides, total cholesterol, leptin and insulin levels were 

also assessed and an oral glucose tolerance test was performed. 

The results show that vildagliptin improves glucose response, reduces serum 

triglycerides, total cholesterol and leptin and has no effect on serum insulin. Vildagliptin 
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also has no effect in body weight, WAT weight and adipocyte diameter. However, 

vildagliptin prevents the increase of collagen content, α smooth muscle actin (αSMA) 

and fibronectin levels in WAT of HFD-fed mice. In the in vitro study, vildagliptin prevents 

ECM deposition-induced by TGFβ1, preventing collagen content, αSMA and fibronectin 

levels, through NPY and NPY Y1 receptor activation. Inhibition of DPP-IV by 

pharmacological and genetic approaches results in similar results. These results suggest 

that vildagliptin can prevent ECM deposition and fibrosis formation in WAT of a diet-

induced obesity mice model and 3T3-L1 preadipocytes at least partially through NPY 

and NPY Y1 receptor activation. 

 

Overall, these results deepen our knowledge about the effect of hypoxia in adipocyte 

physiology and in lipid metabolism. Moreover, the decrease in adipose tissue fibrosis by 

vildagliptin may improve adipose tissue expandability in the treatment of obesity and 

associate diseases. 

 

 

Keywords: obesity, hypoxia, adipogenesis, reactive oxygen species, autophagy, 

fibrosis, extracellular matrix, DPP-IV inhibitor, vildagliptin, NPY, NPY Y1 receptor. 
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1. General Introduction 

1.1 Obesity 

Obesity is a relevant public health problem. According to World Health Organization 

(WHO), worldwide obesity has more than doubled since 1980. In 2014, 39% of adults 

aged 18 years and over were overweight, and 13% were obese (Figure 1.1). According 

to WHO, overweight and obesity are defined as abnormal or excessive fat accumulation 

that presents a risk to health [1]. 

 

 

Figure 1.1 – Prevalence of obesity (body mass index ≥30 kg/m2) of population aged 18-plus 
in 2014. Data from World Health Organization. 

 

Although with some limitations the body mass index (BMI) is the more acceptable 

parameter to define levels of obesity. It is define as body weight (in kilograms) divided by 

the square of the height (in meters) [2]. A BMI of 30 or higher corresponds to an obese 

person [2]. 

Obesity is a major risk factor for several chronic diseases, including type 2 diabetes 

mellitus [3], cardiovascular diseases [4] and cancer [5] and it is closely linked to the 

metabolic syndrome with all the pathological consequences [6]. 

The fundamental cause of obesity is a long-standing energy imbalance between energy 

intake and energy expenditure [1]. In fact, obesity is a multifactorial and complex disorder 

with both genetic and non-genetic causes [1]. Most of monogenic causes of obesity affect 
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hypothalamic pathways and thereby the regulation of food intake, such as leptin and pro-

opiomelanocortin [7] or the receptors, such as leptin receptor [8,9] and melanocortin-4 

receptor [10]. However, monogenic cases are rare and genetic predisposition to obesity 

is in most of the cases polygenic [11,12]. 

Weight loss of 5-10% in obese people improves overall health, regarding obesity-related 

comorbidities [13,14]. The most effective way to ameliorate obesity is a change in 

lifestyle, which includes balanced healthy eating and regular physical activity [15]. 

However, long-term maintenance of these lifestyle changes is low [16]. Surgery is a very 

effective treatment with clinically significant and relatively sustained weight loss in 

subjects with morbid obesity associated with comorbidities [16]. However, it is an 

expensive therapy with risk of complications, being unsuitable as a solution for obesity 

epidemics [16] Pharmacological interventions might be suitable for patients with a BMI 

of 30 or greater or for patients with a BMI of 27 or greater but with other health 

complications [16]. Pharmacotherapy has different ways of action and has limited 

effectiveness, resulting usually in modest weight loss and adverse effects [16] (Table 

1.1). Overall, more research is needed to address the underlying causes of obesity 

and to obtain more effective treatments for obesity and associated comorbidities. 

 

Table 1.1 – Anti-obesity therapeutics approved by Food and Drug Administration (FDA) 
and European Medicine Agency (EMA). Adapted from [17]. 

Drug 
Brand 
(Manufacturer) 

Year 
approved 

Mechanism of action 
BW loss 

(%) 
Refs 

Orlistat 

Xenical® 
(Roche) 
Ali® 
(GlaxoSmithKline) 

1998 EMA 
1999 FDA 

Pancreatic and gastric 
lipase inhibitor 

5-11 [18] 

Lorcaserin 
Belviq® 
(Arena 
Pharmaceuticals) 

2012 FDA 
Serotonin agonist 
(5-HT2C receptor agonist) 

3-5 [19] 

Phentermine 
+ topiramate 

Qsymia® 
(Vivus) 

2012 FDA 

γ-Aminobutyric acid 
(GABA) receptor 
modulation + 
norepinephrine releasing 
agent 

9-11 [20] 

Naltrexone + 
bupropropion 

Contrave® 
(Takeda 
Pharmaceuticals) 
Mysimba® 
(Orexigen) 

2014 FDA 
2015 EMA 

Reuptake inhibitor  
of dopamine + 
norepinephrine and opioid 
antagonist 

<5 [21] 

Liraglutide 
Saxenda® 
(Novo Nordisk) 

2014 FDA 
2015 EMA 

Glucagon-like peptide-1 
(GLP-1) receptor agonist 

5-12 [22,23] 
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1.2 Adipose tissue 

Obesity is characterized by an increase of adipose tissue volume. Adipose tissue is 

composed mainly of adipocytes. Adipose tissue is a connective tissue, so it has high 

quantity of extracellular matrix (ECM) proteins. It consists also of a variety of other cell 

types, collectively known as stromal vascular fraction (SVF), which is also important for 

normal function of adipose tissue. Cells of SVF include immune cells (macrophages and 

mast cells), preadipocytes, vascular tissue cells, neural tissue cells and fibroblasts 

(Figure 1.2). 

 

 

Figure 1.2 – Composition of adipose tissue. Adipose tissue is composed of adipocytes, the 
main cellular component; preadipocytes, precursor cells; fibroblasts; vascular cells, from blood 
vessels; macrophages, immune cells; and extracellular matrix. Adapted from [24]. 

 

The different types of adipose tissue, their different functions and localizations in the 

body and also its adipogenic processes are tightly regulated in physiological and 

pathophysiological conditions. 

In obesity, several alterations occur in adipose tissue, namely in its architecture and 

function and thereby it becomes dysregulated [25]. Therefore, adipose tissue is very 

important in the development of obesity and is reviewed below. 

 

1.2.1 White and brown adipose tissue 

In mammals, adipose tissue is composed of two different types: white adipose tissue 

(WAT) and brown adipose tissue (BAT) [26]. WAT is both functionally and morphologically 

distinct from BAT. 

Adipocytes in WAT are larger and unilocular with one single large lipid droplet and a thin 

cytoplasm [26]. Due to WAT wide distribution throughout the body, it provides protection 

against mechanical impact and insulation [27]. Moreover, WAT regulates energy balance 

through its high capacity for storing excess energy in the body and releasing it when 
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needed [27]. However, WAT is more than a simple storage organ and has important 

endocrine functions, by secreting cytokines and other compounds [27]. 

The primary function of BAT is to generate body heat (thermogenesis) [28]. It is especially 

abundant in fetus and newborns and was thought to be absent in adults being considered 

irrelevant for energy expenditure. However, using positron emission tomography (PET) 

scanning, it was demonstrated that adults have several discrete areas of metabolically 

active BAT that have a more important role in human metabolism than it was previously 

appreciated [29]. In humans, BAT depots can be found in the supraclavicular, perirenal, 

paravertebral regions and in the neck [29]. Brown adipocytes are smaller than adipocytes 

of WAT and have numerous, but small, cytoplasmic lipid droplets and relatively abundant 

cytoplasm [28]. Brown adipocytes possess numerous mitochondria containing the 

uncoupling protein-1 (UCP-1), whose main function is related to heat release via 

oxidation of fatty acids (FAs) [28]. UCP-1 is found in the inner mitochondrial membrane 

and acts as a proton channel, allowing protons that have been pumped into the 

intermembrane space to return to the mitochondrial matrix. This mechanism decreases 

adenosine triphosphate (ATP) production, allowing it to be dissipated as heat [30]. 

More recently, the transdifferentiation from WAT to BAT has been reported in different 

species, including humans, forming a different type of adipocyte, referred to as beige or 

“brite” (brown in white) [31,32]. This is an intermediate type of adipocyte that has a 

distinct gene expression pattern from white or brown adipocytes [31,32] (Figure 1.3). 

 

 

Figure 1.3 – Morphology of brown, beige, and white adipocytes. Brown, beige and white 
adipocytes possess different uncoupling protein-1 (UCP-1) expression, mitochondria density and 
number and size of lipid droplets. Adapted from [33]. 

 

The major focus of this study will be on the biological activities associated with WAT. 

WAT is distributed throughout the body in different regions called depots (Figure 1.4). 

Adipose tissue can be classified based on their location that seems to contribute 
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differently to metabolic and cardiovascular risk [34,35]. The main WAT depots are 

subcutaneous adipose tissue (beneath the skin), and visceral adipose tissue (around 

internal organs) [30]. Subcutaneous adipose tissue can be divided in superficial and 

deep subcutaneous [30]. Visceral adipose tissue surrounds the inner organs and can be 

divided in omental (near the stomach and spleen), mesenteric (attached to the intestine), 

retroperitoneal (surrounding the kidney), gonadal (attached to the uterus and ovaries in 

females and epididymis and testis in men), and pericardial (near the heart) [30]. 

 

Figure 1.4 – Adipose tissue distribution throughout the body. The main white adipose tissue 
depots are subcutaneous and visceral. The latter can be divided in pericardial, omental, 

retroperitoneal, mesenteric and gonadal adipose tissue. Adapted from [30]. 
 

Visceral adipose depots have been associated with higher levels of lipolysis and lower 

rates of triglycerides (TAGs) storage [34,35]. Abdominal visceral adipose tissue 

increases the risk of obesity-related diseases, while subcutaneous adipose tissue seems 

to be protective through short-term and long-term storage of TAGs [34,35]. 

Subcutaneous WAT is protective while visceral WAT is associated with an increased risk 

of obesity-related diseases. WAT distribution is an important factor for the risk of obesity-

related diseases development.  

 

1.3 Adipogenesis 

Adipogenesis of white adipocytes refers to the process of differentiation of the precursor 

cells into mature adipocytes. Adipocytes have origin in mesenchymal stem cells (MSCs) 

that can also differentiate into chondrocytes, osteoblasts, and myocytes [36]. MSCs 
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differentiate into preadipocytes, and finally into mature adipocytes [37]. MSCs have the 

capacity to differentiate into lipid-storing adipocytes, changing from fibroblastic to round 

shape cells [37]. WAT expansion takes place rapidly after birth and results from an 

increase of both adipocyte size and number. The capacity of cells to differentiate into 

mature adipocytes is maintained throughout all lifespan [38]. The molecular events 

leading to the commitment of the embryonic stem cell precursor to the adipocyte lineage 

are not well known. However, the molecular and cellular events that occur from 

undifferentiated preadipocytes into fully differentiated adipocytes have been extensively 

studied in vitro [39]. 

During adipocyte differentiation, cells not only suffer changes in morphology, but also in 

the ECM and cytoskeletal components that are required for change in cell shape, 

adipocyte-specific gene expression and lipid accumulation [37]. Adipogenesis is a 

process regulated by a cascade of transcription factors and cell-cycle proteins regulating 

gene expression and leading to adipocyte development. This process comprises four 

main steps: growth arrest, mitotic clonal expansion, early differentiation and terminal 

differentiation [40]. When committed, preadipocytes reach confluence and proliferative 

preadipocytes become growth-arrested by contact inhibition [40]. Then in mitotic clonal 

expansion phase, cells re-enter the cell cycle after hormonal induction and undergo cell 

division [37,40]. Cells then stop proliferating again and undergo early and terminal 

adipocyte differentiation. Below are reviewed the main positive and negative regulators 

of this network that are represented in Figure 1.5. 

 

Figure 1.5 – Regulation of differentiation of preadipocytes into adipocytes. Adipogenesis is 
a highly regulated process by both positive and negative regulators. cAMP Response Element-
Binding Protein (CREB), Krüppel-Like Factor Family (KLF) 4, 5, 6 9 and 15, CCAAT/Enhancer-
Binding Proteins (C/EBP) α, β and δ and Sterol Regulatory Element-Binding Protein-1 (SREBP-
1) are some relevant transcriptional factors that induce adipogenesis. There are also other factors 
that inhibit adipocyte differentiation, namely GATA binding protein (GATA) 2 and 3, KLF 2, 3 and 
7 and also preadipocyte factor-1 (Pref-1). Adapted from [41]. 
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1.3.1. Factors Positively Regulating Adipogenesis 

Adipogenesis is a complex and tightly regulated process by a cascade of transcription 

factors and cell-cycle proteins regulating gene expression. This sequence of events 

includes activation of Peroxisome Proliferator-Activated Receptor γ (PPARγ), 

CCAAT/Enhancer-Binding Proteins (C/EBPs), Krüppel-Like Factor Family (KLF), Sterol 

Regulatory Element-Binding Protein-1 (SREBP-1) and cyclic adenosine monophosphate 

(cAMP) Response Element-Binding Protein (CREB) [40]. 

 

1.3.1.1 Peroxisome Proliferator-Activated Receptor γ 

PPARγ belong to a nuclear hormone receptor super family that acts as ligand inducible 

activated transcription factors and is known as the master regulator of adipogenesis [42]. 

A variety of genes are under control of PPARγ and are involved in FA metabolism, 

adipogenesis, and insulin sensitivity [43]. The PPARγ structure consists of a non-

conserved N-terminal regulatory domain, a highly conserved deoxyribonucleic acid 

(DNA) binding domain, a hinge region and a C-terminal ligand binding domain [44,45] 

(Figure 1.6). 

 

 

Figure 1.6 – Peroxisome Proliferator-Activated Receptor γ (PPARγ) has conserved 
structural and functional domains. The A/B domain is the hypervariable region that has the 
activation function-1 (AF-1) domain. Human PPARγ2 contains 28 additional amino acids in the 
amino terminal region that arise from differential promoter use and splicing. C-domain contains 
the DNA binding domain with two zinc-fingers. The D-domain (Hinge region) allows for 
conformational change following ligand binding. The hinge region is important for cofactor 
docking. The E/F region contains the ligand binding domain and the activation function-2 (AF-2) 
domain. Adapted from [46]. 

 
To bind DNA, PPARγ heterodimerizes with another nuclear receptor, Retinoid X 

Receptor and recruits transcriptional machinery, leading to the remodeling of chromatin 

and to increased transcription [47]. Because PPARγ has a ligand-binding domain with a 

promiscuous nature with a markedly open conformation, a wide range of molecules, such 

as FAs and prostaglandins have been reported to act as PPAR ligands, binding and 

activating PPARγ [48-50]. Additionally, synthetic full agonists of the receptor, named 

thiazolidinediones (TZDs), also activate PPARγ [51]. TZDs are currently used in the 
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treatment of hyperglycemia in patients with type 2 diabetes mellitus, improving insulin 

sensitivity, increasing glucose uptake and decreasing glycemia [51]. 

PPARγ is expressed in two isoforms: PPARγ1 and PPARγ2, which are generated by 

alternative promoter usage and splicing [52]. Both isoforms are identical peptides, 

although PPARγ2 has an extension of 28 amino acids at the N-terminus in humans [52]. 

While PPARγ1 is expressed in multiple other tissues, including intestine, kidney and liver, 

PPARγ2 is expressed almost exclusively in WAT and BAT [53,54]. PPARγ is the master 

regulator of adipocyte differentiation being necessary to adipogenesis [55-57]. The 

functional differences between these two PPARγ isoforms in adipocyte differentiation 

have also been described. A study showed that knockdown of PPARγ1 and 2 in 3T3-L1 

cells using artificial zinc finger repressor proteins inhibits adipogenic differentiation, but 

exogenous PPARγ2 restores adipogenesis, while exogenous PPARγ1 has no effect on 

adipogenesis [58]. In contrast, a study in PPARγ-null cells showed that both PPARγ1 and 

PPARγ2 can promote differentiation in fibroblasts, although PPARγ2 has a more robust 

effect [59]. 

 No factor has been described to induce adipogenesis in the absence of PPARγ and 

most of adipogenesis inducers seem to act at least partially through PPARγ activation. 

The importance of PPARγ in adipogenesis was first showed in 1994 in two independent 

studies [47,60]. These studies demonstrated that PPARγ is predominantly expressed in 

adipocytes and is increased during adipogenesis [47,60]. It was also shown that forced 

expression of PPARγ2 induces adipogenesis in fibroblasts in the presence of PPARγ 

agonists [55]. In addition, PPARγ-null embryonic stem cells fail to differentiate into 

adipocytes [61]. Adipose-specific PPARγ knockout mice have decreased fat pads 

[62,63]. Moreover, PPARγ silencing does not induce 3T3-L1 adipocyte dedifferentiation 

[64]. In contrast, overexpression of a dominant negative mutant PPARγ in mature 3T3-

L1 adipocytes results in dedifferentiation, with the decrease of lipid accumulation and 

adipogenic markers [65]. Dedifferentiation of adipocytes in the absence of PPARγ 

demonstrates the importance of PPARγ for both differentiation and maintenance of 

differentiated adipocytes.  

 

1.3.1.2 CCAAT/Enhancer-Binding Proteins 

C/EBPs belong to a family of basic leucine zipper transcription factors [66]. This family 

consists of six C/EBP isoforms, α, β, δ, γ, ε, and ζ, from which C/EBPs α, β, and δ were 

shown to promote adipocyte differentiation both in vitro and in vivo [66]. 

C/EBPα and PPARγ are very important in adipogenic differentiation program, in which 

PPARγ plays a dominant role [55]. C/EBPα is important in the terminal differentiation 
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process of adipocytes [67]. C/EBPα knockout mice are almost devoided of WAT and 

C/EBPα plays an important role in insulin sensitivity in vitro [68]. Several studies of gain 

and loss of function were performed to demonstrate the importance of C/EBPβ and 

C/EBPδ in adipogenesis. C/EBPβ and C/EBPδ are induced during an early phase of 

adipogenesis, and lead to a later induction of C/EBPα and PPARγ [67]. Mouse embryonic 

fibroblasts (MEFs) from C/EBPβ knockout mice show impaired adipogenesis [69]. 

C/EBPβ and δ-null embryonic fibroblasts were described to be unable to differentiate 

and do not express C/EBPα and PPARγ [70]. In contrast, an in vivo study showed that 

C/EBPβ and C/EBPδ-null mice express C/EBPα and PPARγ but have significantly 

reduced fat pads, suggesting C/EBPα and PPARγ are not sufficient for complete 

adipocyte differentiation in the absence of C/EBPβ and C/EBPδ [70]. 

 

1.3.1.3 The Krüppel-Like Factor Family 

Besides PPARγ and C/EBPα, several other transcription factors are involved in adipocyte 

differentiation regulation, namely the KLFs. The KLFs are a large family of zinc-finger 

transcription factors. KLF4, KLF5, KLF6, KLF9 and KLF15 are induced during 

adipogenesis in 3T3-L1 cell line and were described to promote adipocyte differentiation 

[71-74]. KLF4 is expressed in an early phase of adipocyte differentiation in 3T3-L1 

preadipocytes [71]. KLF4 knockdown in 3T3-L1 cells results in adipogenesis inhibition 

[71]. KLF5 is also expressed during the early phase of adipogenesis [75] and KLF5 

inhibition decreases adipogenesis in 3T3-L1 cell line [75]. Moreover, overexpression of 

KLF5 induces adipocyte differentiation [75]. In fact, KLF5 binds directly to the PPARγ2 

promoter and cooperate with C/EBPs to induce PPARγ2 expression [75]. In vivo studies 

showed that KLF5 knockout heterozygous mice have less fat mass and when challenged 

with high-fat diet (HFD) these mice gain less weight than wild type mice [75]. KLF6 

induces adipogenesis by repressing preadipocyte factor-1 (Pref-1), an important 

adipogenesis inhibitor. Pref-1 is suppressed by forced expression of KLF6 and silencing 

of KLF6 prevents adipogenesis [76]. KLF9 expression is upregulated in the middle stage 

through the later stage of differentiation [73] and its inhibition suppresses adipogenesis 

[73]. On the other hand, KLF9 overexpression is required for adipogenesis but it does 

not upregulate C/EBPα or PPARγ levels [73]. Furthermore, KLF15 expression is also an 

important regulator of the later phase of adipogenesis [74] and its inhibition leads to 

suppression of adipogenesis in 3T3-L1 preadipocytes [74]. Furthermore, KLF15 

overexpression in 3T3-L1 preadipocytes and ectopic expression of KLF15 in NIH 3T3 

cells induce PPARγ expression [74]. 
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1.3.1.4 Sterol Regulatory Element-Binding Protein 1 

The SREBP-1 was originally termed adipocyte determination and differentiation-

dependent factor 1 (ADD1) and is a basic helix-loop-helix regulatory molecule [77]. Three 

isoforms of SREBP were described: SREBP-1a, SREBP-1c, and SREBP-2 [78]. SREBP-

1c is the predominantly isoform expressed in WAT [79]. 

Ectopic expression of a dominant-negative form of SREBP-1 that contains a point 

mutation within the DNA-binding domain inhibits adipocyte differentiation and expression 

of adipocyte-specific genes in 3T3-L1 preadipocytes [80]. Furthermore, the ectopic 

expression of SREBP-1 increases adipocyte differentiation in NIH 3T3 fibroblasts [80]. 

SREBP-1 was shown to be required for adipocyte differentiation. 

 

1.3.1.5 cAMP Response Element-Binding Protein 

CREB also seems to have a role in the control of adipogenesis. Differentiation-inducing 

compounds promote expression of CREB [81]. Moreover, CREB was shown to be 

sufficient to induce adipogenesis in 3T3-L1 preadipocytes and silencing of this protein 

suppresses adipocyte differentiation [81]. CREB was described to promote expression 

of C/EBPβ [82], and it was also demonstrated to bind and promote PPARγ2 gene 

transcription [83]. 

 

1.3.2 Factors Negatively Regulating Adipogenesis 

Several factors where described to inhibit adipogenesis in different models. These 

factors include KLFs, GATA binding protein (GATA) 2 and 3, and Pref-1. Regulation of 

these factors could be a good strategy in the treatment of obesity and obesity-associated 

diseases. 

 

1.3.2.1 The Krüppel-Like Factor Family 

Although some members of KLF family promote adipogenesis, others like KLF2, KLF3 

and KLF7 inhibit adipogenesis [84]. KLF2 is highly expressed in preadipocytes but its 

expression decreases during adipogenesis [85]. KLF2 overexpression in 3T3-L1 

preadipocytes inhibits lipid accumulation and PPARγ, C/EBPα and SREBP-1 expression 

[85]. KLF2 inhibits adipocyte differentiation by binding directly to PPARγ2 promoter, 

repressing its promoter activity [85]. KLF3 is highly expressed in 3T3-L1 preadipocytes 

and decreases during adipogenic stimulation [86]. Overexpression of KLF3 inhibits 3T3-

L1 preadipocyte differentiation [86]. Conversely, MEFs from KLF3 knockout mice show 

increased lipid accumulation compared to wild type [86]. The KLF7 protein is abundant 
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in 3T3-L1 preadipocytes and its expression decreases during adipogenesis, but their 

levels are restored at day 7 of differentiation [87-89]. KLF7 overexpression inhibits 

PPARγ, C/EBPα, adipocyte protein 2 (aP2), and adipsin [87], and also inhibits 

adipogenesis of human preadipocytes [87-89]. 

 

1.3.2.2 GATA2 and GATA3 

GATA2 and GATA3 belong to the GATA family of transcription factors that are zinc-finger 

DNA binding proteins involved in developmental processes [90]. GATA2 and GATA3 are 

expressed in preadipocytes of WAT and are decreased during adipogenesis [91]. Forced 

expression of GATA2 decreases adipogenesis and GATA2-null embryonic stem cells 

exhibit increased adipocyte differentiation [91]. Constitutive expression of GATA2 and 

GATA3 inhibits adipogenesis and cells are maintained at preadipocyte stage [91]. 

 

1.3.2.3 Preadipocyte Factor-1 

Pref-1 is a transmembrane protein that contains epidermal-growth-factor-like repeats 

and is activated by proteolytic cleavage [92]. Pref-1 is highly expressed in preadipocytes 

but the levels of this protein decrease during adipocyte differentiation and it is absent in 

mature adipocytes [92]. Constitutive expression of Pref-1 in 3T3-L1 cells by stable 

transfection downregulates PPARγ and C/EBPα and blocks adipocyte differentiation 

[92,93]. Moreover, decreasing Pref-1 expression by transfection of antisense RNA 

promotes adipocyte differentiation [94]. Pref-1 knockout mice exhibit an increase in 

adipose tissue mass [95]. Moreover, transgenic mice overexpressing Pref-1 in adipose 

tissue show a reduction in adipose tissue mass [96,97]. These studies show that Pref-1 

regulates adipogenesis negatively. 

The Pref-1 inhibitory effect on adipogenesis was demonstrated to occur through 

inhibition of insulin-like growth factor (IGF) receptor signaling of Extracellular Signal-

regulated Kinase-1 (ERK)–Mitogen-activated protein kinase (MAPK) activation [98]. 

Downregulation of Pref-1 induces IGF-1-dependent ERK activation [99]. Treatment of 

Pref-1-null MEFs with Pref-1 shows that Pref-1 inhibitory effects occur through ERK1/2–

MAPK pathway [100]. Furthermore, it was described that Sox9 downregulation is 

required for adipocyte differentiation and that Sox9 directly binds to the promoter regions 

of C/EBPβ and C/EBPδ blocking adipocyte differentiation. Furthermore, it was also 

demonstrated that Pref-1 inhibits differentiation of mesenchymal cells into adipocytes by 

induction of Sox9. Moreover, Sox9 is induced by ERK activation, and Sox9 induction is 

prevented by ERK activation inhibition [101]. These studies suggest that Pref-1 maintains 
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preadipocyte expression of Sox9 via ERK activation, which suppresses C/EBPβ and 

C/EBPδ expression by binding to their promoter regions. 

 

1.3.3 Other regulators of adipogenesis 

1.3.3.1 MicroRNAs 

MicroRNAs (miRNAs or miRs) are small single stranded non-coding ribonucleic acids 

(RNAs) that bind to regulatory sites of target messenger RNA (mRNA) and regulate their 

expression by translational repression or by targeting mRNA degradation, resulting in 

decreased protein production [102]. 

miRNAs are highly conserved and stable, and have multiple targets [103-105]. They 

regulate a wide range of biological processes, such as development, cell proliferation, 

differentiation, apoptosis and cell metabolism [106]. miRNA dysregulation has also been 

implicated in different human diseases [107]. 

miRNA biogenesis is a multiple step process that occurs in the nucleus and subsequently 

in the cytoplasm (Figure 1.7). Transcription of primary miRNA (pri-miRNA) from different 

genes is mostly catalyzed by RNA Polymerase II but can be also catalyzed by RNA 

Polymerase III [108,109]. Pri-miRNAs processing begins in the nucleus by Drosha and 

its cofactor, DiGeorge syndrome chromosomal region 8 (DGCR8), a RNA type III 

endonuclease, originating double stranded precursor miRNA (pre-miRNA) [110]. DGCR8 

function is to act in substrate recognition and as a molecular anchor to properly position 

Drosha’s catalytic site [110]. After processing pri-miRNA to pre-miRNA, it is transported 

to the cytoplasm by Exportin 5 [111]. In the cytoplasm pre-miRNA is processed by 

ribonuclease (RNase) III enzyme Dicer coupled to trans-activation response RNA-

binding protein (TRBP) near the terminal loop, creating a miRNA duplex [112]. The 

double stranded miRNA is loaded onto Argonaute2 (Ago2), generating the miRNA-

induced Silencing Complex (miRISC). Target RNAs are then identified and regulated by 

miRNA and miRISC proteins, by binding specific complementary base pairs [108,109]. 

miRNAs bind sequences in the 3’ untranslated region (UTR) or more rarely in the 5’ UTR 

of mRNAs and can target promoter regions or the coding-region of genes [102]. Total 

complementarity between the miRNA and target mRNA sequence cleaves the mRNA 

while absence of total complementarity prevents translation. Moreover, the target mRNA 

and the miRNA are able to regulate each other [108,109]. 
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Figure 1.7 - MiRNA biogenesis process. Pri-miRNA transcript is mostly synthesized by RNA 
Pol II and processed in the nucleus by Drosha coupled to DGCR8 leading to a pre-miRNA. Pre-
miRNA is exported to the cytoplasm by Exportin 5 and processed by Dicer coupled to TRBP into 
a double stranded mature miRNA. Ago2 integrates the mature miRNA in the miRISC, where 
miRNA-directed targeting of mRNAs takes place, and inhibits its processing by mRNA 
degradation or by translational repression. Abbreviations: Pri-miRNA, Primary RNA; Pre-miRNA, 
Precursor miRNA; RNA Pol II, RNA Polymerase II; DGCR8, DiGeorge syndrome chromosomal 
region 8; TRBP, Trans-activation response RNA-binding protein; Ago2, Argonaute2; miRISC, 
miRNA-induced Silencing Complex. Adapted from [113]. 
 

Some studies have already performed suppression of Drosha and Dicer demonstrating 

the importance of miRNAs in adipogenesis [114-116]. Several miRNAs have been 

implicated in adipogenesis since the first miRNA, miR-143, was shown to regulate this 

process [117]. Some miRNAs appear to increase adipocyte differentiation while others 

inhibit adipogenesis in various models, as summarized in Table 1.2. 
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Table 1.2 MicroRNAs that regulate adipogenesis. Adapted from [118]. 

microRNAs Target Function Experimental model Refs 

miR-8 TCF Pro-adipogenic MSCs [119] 

miR-17-92 Rb2/p130 Pro-adipogenic 3T3-L1 [114] 

miR-21 TGFBR2 Pro-adipogenic 3T3-L1, MSCs [120] 

miR-27a PPARγ Anti-adipogenic 3T3-L1, MSCs [121,122] 

miR-27b PPARγ Anti-adipogenic MSCs, hASCs [122,123] 

miR-29 PKB Anti-adipogenic 3T3-L1 [124] 

miR-31 C/EBPα Anti-adipogenic MSCs, hASCs [125,126] 

miR-103 PDK1 Pro-adipogenic 3T3-L1, MSCs, preadipocytes [127,128] 

miR-107  Pro-adipogenic 3T3-L1, MSCs, preadipocytes [128] 

miR-124 CREB Anti-adipogenic 3T3-L1 [129] 

miR-130 PPARγ Anti-adipogenic Primary human preadipocytes [130] 

miR-138 EID-1 Anti-adipogenic hASCs [131] 

miR-143 ERK5 Pro-adipogenic 3T3-L1, MSCs [117,132] 

miR-155 C/EBPβ Anti-adipogenic 3T3-L1 [133] 

miR-200  Pro-adipogenic MSCs [119,134] 

miR-204 
miR-211 

Runx2 Pro-adipogenic MSCs [135] 

miR-210 
TCF7l2 
Wntless 
CG32767 

Pro-adipogenic 3T3-L1 [136] 

miR-221 
miR-222 

 Anti-adipogenic 3T3-L1 [127] 

miR-320 PI3K Anti-adipogenic 3T3-L1 [137] 

miR-326 C/EBPα Anti-adipogenic MSCs [125] 

miR-335  Pro-adipogenic 3T3-L1, MSCs [138] 

miR-375 ERK1/2 Pro-adipogenic 3T3-L1 [139] 

miR-378  Pro-adipogenic 3T3-L1, MSCs [140,141] 

miR-448 KLF5 Pro-adipogenic 3T3-L1 [142] 

Abbreviations: TGFBR2, Transforming Growth Factor β Receptor 2; PPAR, Peroxisome Proliferator-
Activated Receptor; PKB, Protein kinase B; C/EBP, CCAAT/enhancer-binding protein; PDK1, 
Pyruvate dehydrogenase kinase 1; CREB, Cyclic AMP response Element-binding protein ; EID-1, 
EP300-interacting inhibitor of differentiation 1; ERK, Extracellular Signal-regulated Kinase; Runx2, 
Runt-related transcription factor 2; TCF7l2, Transcription factor 7-like 2; PI3K, Phosphatidylinositol 
3-kinase; KLF, Krüppel-like factor; hASC, Human Adipose-Derived Stem Cell; MSC, Mesenchymal 
Stem Cell. 
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1.3.3.1.1 MicroRNA miR-27 

The miR-27 family consists of miR-27a and miR-27b, which are transcribed from different 

chromosomes. miR-27a and miR-27b are two highly conserved isoforms that have 

identical seed sequences and differ in only one nucleotide [143]. 

Both miR-27a and miR-27b levels are elevated in adipose tissue of genetically obese ob 

⁄ob mice [122]. However, the levels of pri-miR-27a are downregulated in mature 

adipocytes of HFD-fed obese mice comparing to chow diet-fed lean mice [121]. 

Moreover, the microRNAs miR-27a and miR-27b were described to impair adipocyte 

differentiation [121,122,144].  

At the molecular level, it was demonstrated that miR-27a and miR-27b binds the 3’UTR 

of PPARγ mRNA and that both decrease during adipocyte differentiation of 3T3-L1 

preadipocytes [121,123]. However, in 3T3-L1 preadipocytes, overexpression of miR-27a 

and miR-27b also inhibits adipogenesis by inhibiting the expression of PPARγ mRNA but 

with no alteration in PPARγ protein levels [122]. Additionally, miR-27 was described to 

suppress adipogenesis by also targeting prohibitin [144]. Prohibitin increases during 

differentiation and its silencing inhibits adipogenesis in 3T3-L1 preadipocytes [145]. 

Overexpression of miR-27a and miR-27b decreases both mRNA and protein levels of 

prohibitin and impairs adipocyte differentiation [144]. 

 

1.3.3.2 Autophagy 

Autophagy is an intracellular degradation system that targets cytoplasmic substrates for 

lysosomal degradation [146]. Three types of mammalian autophagy have been 

described: chaperone-mediated autophagy, microautophagy and macroautophagy [147]. 

Chaperone-mediated autophagy targets specific proteins that contain a pentapeptide 

motif (KFERQ) [148]. This motif is recognized by a chaperone complex that transfers the 

proteins to the lysosomal through the receptor lysosome-associated membrane protein 2A 

(LAMP2A) [149]. The proteins are degraded in the lysosomal lumen. Microautophagy 

involves the direct engulfment of cytosolic cargo by invagination or evagination into the 

lysosomal lumen for degradation [150,151]. Macroautophagy, referred here as 

autophagy, is the best studied type of autophagy in which cells form a double-

membraned vesicle named autophagosome. Autophagosomes form around a portion of 

cytoplasm that engulfs proteins and organelles degrading them after fusion with the 

lysosome [152,153]. 

Autophagosome formation comprises several steps: induction of autophagosome 

formation; nucleation of the membrane; autophagosomal elongation; cargo selection; 

and autophagosome maturation and cargo degradation (Figure 1.8). 
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Figure 1.8 - The core molecular machinery of autophagy in mammalian cells. Autophagy 
induction: during cellular and metabolic stress the mTORC1 is inactivated, which allows ULK 
complex activation. Nucleation: ULK1 phosphorylates Ambra1, interacting with the class III PI3K 
(PIK3C3) complex. Then, the PIK3C3 complex generates phosphatidyl-inositol-3-phosphate 
(PI3P), which recruits Atg proteins to the site of autophagosome formation. Elongation: two 
ubiquitin-like processes are carried out. Atg7 and Atg10 mediate Atg5-Atg12 complex formation. 
This Atg5-Atg12 complex subsequently binds to Atg16L1, generating the Atg16L1 complex. LC3 
cleaved by Atg4 generates LC3-I, which is then conjugated to phosphatidylethanolamine (PE), to 
generate LC3-II, a process mediated by Atg7, Atg10 and the Atg16L1 complex. Maturation and 
cargo degradation: after the completion of autophagosome formation, the autophagic cargo is 
released into the lysosomal lumen by the fusion of the outer autophagosomal membrane with the 
lysosome, and the content is degraded. Abbreviations: mTORC, Mammalian target of rapamycin 
complex; Atg, Autophagy related genes; ULK, Unc-51 like kinase; FIP200, Focal adhesion kinase 
family-interacting protein of 200 kDa; PI3K, Phosphatidylinositol 3-kinase; Vps, Vacuolar protein 
sorting-associated protein; LC3B, Microtubule associated protein-1 light chain-3B. Adapted from 
[154]. 

 

Induction of autophagosome formation step can occur dependent or independently of 

mammalian target of rapamycin (mTOR) [154]. The mTOR is a multidomain 

serine/threonine kinase that forms the catalytic subunit of two structurally distinct 

complexes: the mTOR complex (mTORC) 1 and mTORC2 [155]. In nutrient-rich 

conditions, mTORC1 downregulates autophagy. Inversely, nutrient starvation inhibits 

mTORC1 inducing autophagy. Autophagy is regulated via mTOR by several signaling 
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molecules, such as insulin, phosphatidylinositol 3-kinase (PI3K) and protein kinase B 

(PKB), also known as Akt [156,157]. Autophagy can also be activated through an mTOR-

independent pathway by stimulation with the phosphatidylinositol-3-kinase class III 

(PI3KC3) or Autophagy related gene (Atg) 6, also known as Beclin-1. 

The nucleation step starts with the phagophore, which is a small portion of membrane, 

whose source is unclear. This step initiates with the interaction between the unc-51 like 

kinase (ULK) complex (ULK, Atg13 and Focal adhesion kinase family-interacting protein 

of 200 kDa (FIP200)) and the class III PI3K complex that contains the proteins Vacuolar 

protein sorting-associated protein (Vps) 34, Atg6, Atg14 and Vps15 (p150) [158,159]. 

The nucleation is followed by autophagosomal elongation step that consists of two 

ubiquitylation-like reactions. In the first reaction, Atg12 is conjugated to Atg5 by Atg7 

(ubiquitin-activating-enzyme (E1)-like) and Atg10 (ubiquitin-conjugating-enzyme (E2)-

like). Covalently bound Atg5-Atg12 also interacts non-covalently with Atg16L, forming 

Atg12-Atg5-Atg16L) [160,161], which is localized in the outer portion of the 

autophagosomal membrane [162]. In the second ubiquitylation-like reaction, microtubule 

associated protein-1 light chain-3B (LC3B), synthesized from the precursor, Pro LC3, is 

cleaved at its C-terminal by Atg4, a cysteine protease, forming LC3B-I [163]. LC3B-I 

conjugates with lipid phosphatidylethanolamine (PE) to form LC3B-II. The unconjugated 

form, LC3B-I, translocates from cytoplasm to the autophagosomal membrane, 

originating the conjugated form LC3B-II, which is very effective as an important 

autophagy marker. This process requires Atg7 (E1-like) and Atg3 (E2-like) [163,164]. The 

Atg proteins are released from the autophagosome after its formation is complete. 

In the cargo selection step, sequestosome 1 (SQSTM1, also called p62) mediates 

autophagy selectivity related to ubiquitinated substrates [165,166]. The p62 is a 

signaling-adaptor protein which has a multidomain structure that interacts with several 

proteins, including ubiquitinated proteins for ubiquitin-proteasome system (UPS) 

degradation and it also co-localizes with ubiquitinated protein aggregates, LC3B and 

lysosomes [167,168]. p62 also binds to LC3B during autophagosome formation, being 

both degraded by the autophagy pathway at late stages [169]. 

The autophagosome maturation and cargo degradation involves the sealing of the 

membrane and the fusion between autophagosomes and lysosomes, to form 

autolysosomes [170]. The contents of the two vesicles are mixed and the cargo is 

degraded. Because autophagosomes are associated with the microtubules network, this 

is a dynamic process regulated by the cytoskeleton. Autophagosome maturation and 

degradation requires the LAMP-2 and the guanosine triphosphatase (GTPase), Rab7 

[171]. After autolysosome formation, the inner membrane and cargo are degraded, 
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including LC3B-II, and are released to the cytosol, where they can activate mTOR 

[170,172]. 

Importantly, an increased number of autophagosomes may not correspond to an 

increase of autophagic activity but to a blockage in the autophagy pathway downstream 

of autophagosome formation [173]. 

 

1.3.3.2.1 Autophagy in adipose tissue 

Some studies suggest that autophagy has a relevant role in adipogenesis [174-176]. 

Autophagy increases during adipocyte differentiation in 3T3-L1 cell line and MEFs 

[175,176]. MEFs derived from adipose tissue-specific Atg5 knockout mice and from Atg7 

knockout mice show drastically reduced adipogenesis efficiency [175,176]. Additionally, 

the knockdown of Atg5 and Atg7 in 3T3-L1 preadipocytes impairs adipocyte 

differentiation by decreasing adipocyte markers [174]. These results were confirmed with 

pharmacological inhibitors, 3-methyladenine and chloroquine [174]. Newborn Atg5 

knockout mice show less subcutaneous adipocytes than wild-type, demonstrating that 

autophagy is relevant in adipose tissue development [176]. The importance of autophagy 

in adipogenesis in vivo was also confirmed in adipocyte-specific Atg7 knockout mice 

[174,175]. Adipocyte-specific Atg7 knockout mice are leaner, have decreased WAT mass 

and have adipocytes with features characteristic of brown adipocytes, smaller, containing 

multilocular lipid droplets and increased cytoplasmic volume [174,175]. These cells also 

have increased number of mitochondria and increased β-oxidation of FAs [174,175]. No 

weight gain occurs in these mice when fed a HFD, associated with increased 

thermogenesis and energy expenditure. Furthermore these mice exhibit improved insulin 

sensitivity, lower TAGs, cholesterol, and leptin levels [174]. 

Furthermore, human adipose tissue and adipocytes of obese individuals show increased 

autophagy [177]. However, functional consequence of increased autophagy in adipose 

tissue of obese individuals is not known. 

 

1.4 Metabolic function of adipose tissue 

Adipose tissue have an important function in energy storage and energy release [178]. 

In periods of negative energy balance, there is the release of FAs in order to suppress 

energetic needs of tissues [178]. In times of overnutrition, energy is stored in the form of 

TAGs in lipid droplets in adipocytes [178]. This process prevents ectopic lipid deposition 

and lipotoxicity in other tissues. Ectopic lipid accumulation causes severe deleterious 

effects to other tissues such as liver, muscle and pancreas. Lipid accumulation by liver 

and muscle can cause insulin resistance [179,180] and in the pancreas it is responsible 
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for β-cell death by apoptosis [181]. The energy storage function of adipose tissue is very 

important to prevent these lipotoxic insults. Energy storage, in the form of TAGs, is 

determined by the balance between lipogenesis and lipolysis (Figure 1.9). 

 

 

Figure 1.9 - Lipid metabolism in adipocytes. In mammals, adipocytes store excess energy in 
the form of TAGs in lipid droplets and release it when energy is needed. When there is excess of 
energy, insulin stimulates lipogenesis and through the action of LPL, triglycerides of lipoproteins 
are degraded in free FA. Then, free FA enter the cell and suffer several reactions, occurring 
esterification with glycerol-3-P, synthetizing TAGs that are stored in lipid droplets and protected by 
perilipin. When energy is needed, β-adrenergic stimulation induces lipolysis and TAGs are 
catabolized by HSL to generate free FA and glycerol that will be transported to other tissues and 
used in β-oxidation. Abbreviations: AC, adenylate cyclase; ACS, acyl-CoA synthase; β-AR, β-
adrenergic receptor; FA, fatty acid; GLUT, glucose transporter; HSL, hormone-sensitive lipase; 
IR, insulin receptor; LPL, lipoprotein lipase; PKA, protein kinase A; TAG, triglyceride. Adapted 
from [182]. 

 

1.4.1 Lipogenesis 

In response to overnutrition, adipocytes store excess energy as TAGs in a single lipid 

droplet in the cytoplasm [183]. TAGs are composed of three molecules of FAs and one 

of glycerol. Adipocytes can either synthesize FAs de novo or accumulate them from the 

dietary lipids [178]. 

To be accumulated from dietary lipids, they are transported in blood plasma as non-

esterified FAs bound to plasma albumin or as TAGs in lipoprotein transport particles, the 

chylomicrons [184] or very low density lipoproteins (VLDL) [185] and to a lesser extent 

low density lipoproteins (LDL) [186], to the adipose tissue [178]. In order to enter the cell, 

TAGs are digested by lipoprotein lipase (LPL) into FAs [187] and their uptake by 

adipocytes requires specific processes. The proteins fatty acid transport protein 1 
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(FATP1) and CD36 are implicated in the uptake of FAs by adipocytes [188,189]. 

Intracellularly, FAs are transported by fatty acid binding proteins (FABPs) into the acyl 

coenzyme A (CoA) synthase reaction site [190]. This enzyme catalyses the reaction of 

FAs with an acetyl-CoA, originating fatty acyl-CoA [191]. 

De novo lipogenesis is the synthesis of FAs from non-lipid substrates, mainly 

carbohydrates. Insulin stimulates the translocation of glucose transporter type (GLUT) 4 

to the membrane that takes up glucose into adipocytes [192]. During the FAs de novo 

synthesis, the acyl-CoA molecule comes from an acetyl-CoA molecule via acetyl-CoA 

carboxylase (ACC) and the multifunctional enzyme fatty acid synthase (FAS) [191]. 

Afterwards, this molecule reacts with glycerol-3-P, which is produced from glucose during 

glycolysis, originating the TAGs molecules on the endoplasmic reticulum [191]. TAGs are 

incorporated in lipid droplets that are protected by a protein named perilipin [193].  

Perilipin belongs to a family called PAT family that also includes adipocyte differentiation-

related protein (ADRP), S3-12, OXPAT, and tail-interacting protein 47 (TIP47) [194]. 

Perilipin has three isoforms in humans: perilipin A, perilipin B and perilipin C, that result 

from mRNA splicing of a single perilipin gene [195]. Perilipin A is the most abundant 

protein associated with the adipocyte lipid droplets. Perilipin A coats lipid droplets and is 

the main mechanism protecting TAGs from hydrolysis by lipases [196]. When energy is 

needed, perilipin from surface of lipid droplets is phosphorylated by cAMP-dependent 

protein kinase A (PKA). Then perilipin suffers a conformational change, allowing the 

action of lipases, leading to lipolysis [197]. Perilipin sequence has multiple consensus 

sites for the phosphorylation of serine residues by PKA. Perilipin A has five sites in 

humans [198] and six in rats and mice [195,199]. Perilipin besides preventing lipolysis it 

also facilitates this process. Perilipin knockout mice have significantly less fat mass and 

increased basal lipolysis [200,201]. Perilipin also provides a docking site for hormone-

sensitive lipase (HSL). Perilipin-null MEFs have adipophilin surrounding lipid droplets but 

HSL is not able to dock to it after the stimulation of β-adrenergic receptors (β-ARs) [202]. 

Moreover, perilipin expression is upregulated in obese humans and mice [203]. 

 

1.4.2 Lipolysis 

During fasting and exercise, lipolysis of TAGs is stimulated [204]. Lipolysis is a controlled 

process of hydrolysis of TAGs, via diacylglycerol (DAG) and monoacylglycerol (MAG) 

with consequent release of one glycerol and providing three FA molecules to be used as 

energy source by other tissues, such as heart and skeletal muscles [204]. The lipid 

droplets of TAGs are surrounded by a phospholipid monolayer with structural proteins 

and metabolic enzymes that are specific to the adipocyte [178]. TAGs hydrolysis is a 
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process driven by three enzymes: adipose triglyceride lipase (ATGL), HSL and 

monoacylglycerol lipase (MGL). The major signaling pathways activating lipolysis is β-

adrenergic stimulation induced by catecholamines. The β-ARs are Gs-protein coupled 

receptors, which activate adenylate cyclase that catalyses the formation of cAMP from 

ATP [205]. cAMP binds and activates PKA [205]. Subsequently, PKA phosphorylates 

serine hydroxyl groups of HSL, resulting in its activation and translocation from the 

cytosol to the lipid droplet. HSL begins to hydrolyze TAGs, DAGs, and MAGs [205]. As 

described above, Perilipin A is found in the outer surface of the lipid droplet preventing 

lipases from reaching TAGs, thus inhibiting lipolysis [196]. The presence and 

phosphorylation of perilipin is essential for HSL translocation and the lipolytic activity 

[202]. 

A second enzyme involved in the hydrolysis of TAGs is ATGL although the mechanisms 

that regulate it in response to β-adrenergic stimulation are not well known [206,207]. The 

other hydrolase located in adipocytes is MGL which is located in adipocytes that acts 

specifically on MAG, unlike ATGL and HSL [208]. FAs are transported in the bloodstream 

to energy-requiring tissues bound to albumin [209].  

 

1.5 Endocrine function 

WAT was first thought to be a relatively inert tissue, specialized in energy storage and 

release. The discovery of leptin, a satiety factor, in 1994 that is produced mainly by 

adipocytes changed the view about WAT physiological functions [210]. WAT was then 

recognized as a dynamic endocrine organ that is fundamental for regulating metabolism. 

Adipose tissue was identified to be responsible for synthesis and secretion of several 

other proteins, called adipokines. Adipokines are endocrine, paracrine, and autocrine 

factors that signal to several tissues, including hypothalamus, pancreas, liver, skeletal 

muscle and kidney. Adipokines have effects on multiple biological systems like regulation 

of lipid and carbohydrate metabolism, appetite, thermogenesis and blood pressure 

(Table 1.3). Some adipokines are reviewed briefly below. 
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Table 1.3 - Factors secreted by adipose tissue into the bloodstream and respective 
function/effect in their targets. 

Adipokine Function/Effect 
Levels in 
response 
to obesity 

Refs 

Leptin Regulates food intake and energy expenditure ↑ [211] 

Adiponectin 
Regulates glucose and lipid metabolism, insulin 
sensitivity and food intake 

↓ [212] 

Visfatin Insulin-mimetic effects ↑ [213] 

Resistin 
Regulates inflammation, increases insulin 
resistance 

↑ [214] 

Adipsin Enhances fat storage ↑ [215] 

Vaspin 
Improves glucose tolerance, insulin sensitivity, and 
reduces food intake 

↑ [216] 

Omentin 
Enhances insulin-stimulated signals and glucose 
uptake but not insulin-mimetic 

↓ [217] 

RBP-4 
Reduces insulin sensitivity, impairs insulin action in 
muscle 

↑ [218] 

Apelin 
Regulates feeding behavior, involved in stimulating 
gastric cell proliferation 

↑ [219] 

DPP-IV Plays a major role in glucose metabolism ↑ [220] 

TNF-α Pro-inflammatory, inhibits insulin signaling ↑ [221] 

IL-6 
Pro-inflammatory, lipolytic, reduces insulin 
sensitivity 

↑ [222] 

TGFβ 
Regulates cell growth, cell proliferation, cell 
differentiation and apoptosis 

↑ [223] 

PAI-1 
Inhibits endothelial plasminogen activator, blocking 
fibrinolysis 

↑ [224] 

↑ : increase, ↓ : decrease; abbreviations: RBP-4, Retinol-binding protein 4; DPP-IV, Dipeptidyl 
peptidase IV; TNF-α, Tumor necrosis factor-α; IL, Interleukin; TGFβ, Transforming growth factor β; 
PAI-1, Plasminogen activator inhibitor-1. 

 

Leptin 

Leptin is a 16 kDa polypeptide that contains 167 amino acids and is primarily secreted 

by adipocytes [225]. Leptin is also secreted in low levels by placenta, skeletal muscle, 

gastric and mammary epithelium and the brain [226]. Leptin is encoded by the ob gene 

and exerts its effects by binding to its receptor in several peripheral tissues [210]. Leptin 

is a major satiety signal and suppresses food intake through activation of leptin receptor 

in the hypothalamus, reducing the release of orexigenic peptides, neuropeptide Y (NPY) 

and agouti-related protein, resulting in reduced food intake [227]. Leptin also modulates 

reproduction, angiogenesis, immunoresponse, blood pressure and osteogenesis [226]. 

Mice deficient in leptin (ob/ob) and mice deficient in the leptin receptor (db/db) show an 

increase of food consumption due to the disruption of leptin signaling, leading to an 

obese phenotype [228,229].  
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Adiponectin 

Adiponectin was discovered in 1995 by four independent groups, shortly after the 

discovery of leptin, and it was originally named Acrp30, AdipoQ, apM1, and GBP28 [230-

233]. Adiponectin is a 30 kDa polypeptide that contains 244 amino acids and is secreted 

primarily by WAT but is also secreted to a lesser extent by myocytes and skeletal muscle 

[231]. Adiponectin has a N-terminal collagen-like domain and a C-terminal globular 

domain that mediates multimerization [231]. This protein circulates in trimeric, hexameric 

and higher order complexes in plasma and exerts its effects through two adiponectin 

receptors, AdipoR1 and AdipoR2 [234]. AdipoR1 acts through AMP-activated protein 

kinase (AMPK) phosphorylation and is mainly expressed in the muscle, while AdipoR2 

acts through activation of PPARα, and is mainly expressed in the liver [234]. Adiponectin 

plasma levels are negatively correlated to fat mass, obesity, and type 2 diabetes mellitus, 

both in humans and animal models [231,235,236]. Adiponectin was reported to improve 

whole-body insulin sensitivity in models of genetic and diet-induced obesity [237,238], 

and genetic deletion of adiponectin in mice causes insulin resistance [239,240]. Other 

properties of adiponectin include insulin sensitizing, cardioprotective, satiety, anti-

inflammatory, anti-atherogenic and hepatoprotective effects [241-243]. 

 

Resistin 

Resistin was first described in 2001 [244]. Resistin, also known as FIZZ3, is a 12.5 kDa 

polypeptide rich in cysteines that contains 108 amino acids [244]. Resistin acts in several 

tissues, including WAT, liver and muscle. It has been reported that neutralization of 

resistin with antibodies in an obese mouse model restores insulin sensitivity [244]. 

Intraperitoneal injections of resistin causes glucose intolerance in normal mice [244]. 

Moreover, mice lacking resistin show low blood glucose levels after fasting, due to a 

reduced hepatic glucose production [245]. This study indicates that resistin acts by 

increasing hepatic gluconeogenesis. Moreover, resistin induces adipogenesis in 3T3-L1 

preadipocyte cell line [246]. Resistin silencing decreases lipid accumulation with no 

alteration in PPARγ expression in 3T3-L1 preadipocyte cell line [247]. Resistin is also 

positively associated with cardiovascular risk [248]. 

 

Omentin 

Omentin is primarily expressed in visceral rather than in subcutaneous adipose tissue 

[249,250]. It acts as an insulin sensitizer rather than insulin mimetic, resulting in positive 

effects in glucose uptake [249]. Omentin was described to improve glucose uptake in 

human adipose tissue [249]. Omentin levels are reduced in obesity and insulin resistance 

[217].  
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Retinol-binding protein 4 

Retinol-binding protein 4 (RBP-4) is a member of the lipocalin superfamily [251]. RBP-4 

is associated with insulin resistance [251]. Serum levels of RBP-4 are elevated in obese 

humans and rodents [251]. Moreover, overexpression of RBP-4 and injections of 

recombinant RBP-4 in mice leads to the development of insulin resistance [251]. 

Additionally, RBP-4 knockout mice that were fed a HFD are resistant to obesity [251]. 

 

1.6 Adipose tissue changes in obesity 

Adipose tissue is a tissue with high plasticity, having the ability to expand throughout the 

entire lifespan [38]. The expansion of adipose tissue that occurs in obesity has been 

described to be related to several dysfunctions such as ectopic lipid accumulation, insulin 

resistance, mitochondrial dysfunction, altered adipokine profile, inflammation, hypoxia 

and fibrosis [25] (Figure 1.10). 

 

 

Figure 1.10 – Schematic overview of “healthy” and “unhealthy” expansion of adipose 
tissue during obesity development. In “unhealthy” expansion of adipose tissue, there is a 
switch from an anti-inflammatory state to a pro-inflammatory state, it occurs a decrease in 
angiogenesis, contributing to hypoxia and it is also observed fibrosis formation. Adapted from 
[17]. 

 

Adipose tissue expansion occurs by hyperplasia (increase in adipocyte number) and 

hypertrophy (increase in adipocyte volume) [25]. Adipose tissue is the main storage 
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compartment in the body having an important function in releasing stored energy when 

needed but also to store energy in the form of TAGs in times of overnutrition. In obesity, 

when energy intake exceeds adipose tissue storage capacity, it becomes saturated and 

unable to store more lipids, increasing lipolysis [252]. This dysfunction leads to ectopic 

deposition of lipids in non-adipose tissues, such as the liver, skeletal muscle and 

pancreas [252]. Moreover, ectopic accumulation in the liver leads to hepatic steatosis, 

which is associated with hepatic insulin resistance, through the inability of insulin to 

activate hepatic glycogen synthesis and suppress hepatic glucose production [179]. 

Moreover, ectopic accumulation in the muscle is also associated with insulin resistance 

and is a good predictor for insulin resistance in lean nondiabetic offspring of type 2 

diabetic patients [180,253]. Furthermore, FAs were also shown to induce pancreatic β-

cell death by apoptosis [181]. 

Obesity also impairs mitochondria in adipose tissue [254]. Mitochondria is important in 

adipogenesis, FA synthesis and esterification, and lipolysis [254]. Mitochondria 

dysfunction decreases ATP production, and leads to overproduction of reactive oxygen 

species (ROS) [255,256]. 

Low-grade, chronic inflammation in WAT also occurs in obesity. Macrophage infiltration 

in obese WAT has been described in humans and mice [257]. Moreover, it was shown 

an increase of M1 classically activated pro-inflammatory macrophages and decrease of 

M2 alternatively activated macrophage fraction [258]. There is also a major alteration in 

adipokine profile. Inflammatory cytokines are highly upregulated in adipose tissue of 

obese subjects, such as monocyte chemoattractant protein 1 (MCP-1) leading to 

massive macrophage infiltration, tumor necrosis factor-α (TNF-α), interleukin (IL)-1β, IL-

6 and C-reactive protein [25,259]. There is also a concomitant reduction in anti-

inflammatory factors, such as IL-10 and adiponectin [25,259]. 

Angiogenesis is an important process during adipose tissue enlargement. In obesity, 

adipocytes become very large and the vasculature of adipose tissue is unable to grow 

along to provide oxygen to adipocytes, leading to local adipose tissue hypoxia. Hypoxia 

results in stabilization of hypoxia-inducible factor-1α (HIF-1α), the main regulator of 

hypoxic response [260]. Overexpression of HIF-1α in adipocytes stimulates fibrosis and 

local inflammation [261].  

The ECM is a non-cellular component of all tissues that provides a scaffold that is very 

important in the expandability of WAT. It is well known that, unhealthy expansion of WAT 

leads to a dysregulation of ECM, and an excessive synthesis and accumulation of ECM, 

leading to fibrosis formation [25,262]. Fibrosis formation contributes to the WAT 

dysfunction that occurs in obesity, because it might hinder WAT growth and it contributes 

to increased lipotoxicity, ectopic lipid accumulation and insulin resistance [25,262]. In 
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fact, mice lacking collagen VI, an important component of WAT ECM, have increased 

weight gain and fat depots but improved local inflammation, and whole-body glucose and 

lipid homeostasis [263]. 

Some of these alterations that occur in adipose tissue in obesity are described in more 

detail below. 

 

1.6.1 Adipose tissue hypoxia 

Hypoxia was reported to occur in WAT in obese mice and humans [264-266]. Hypoxia is 

associated with several dysfunctions in WAT, such as altered adipokine profile, 

inflammation, fibrosis, and altered glucose and lipid metabolism [260].  

 

1.6.1.1 Vasculature in adipose tissue 

White adipose is a highly plastic tissue which expands and reduces its size throughout 

all life span [38]. WAT is also a very active metabolic organ and both expansion and 

metabolic processes of WAT require an efficient blood supply [267,268]. WAT is a high-

vascularized tissue with a dense capillary network with every adipocyte surrounded by 

at least one capillary. Moreover, adipose tissue expansion requires angiogenesis, which 

is the formation of new blood vessels that is needed for tissue growth [269]. Vasculature 

has several important roles in WAT (Figure 1.11). Adipose vasculature is important in the 

transport of lipids, growth factors and cytokines, nutrients and oxygen [269]. Vasculature 

also contributes to WAT expansion by being a source of adipocyte progenitor cells [270]. 

Vasculature is also involved in the transport and infiltration of immune cells, such as 

macrophage cells, contributing to the inflammatory state, typically observed in obese 

condition but it also contributes to remove waste products from WAT, such as metabolic 

products [269].  
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Figure 1.11 – Functions of adipose tissue vasculature. Vasculature of adipose tissue is 
important in providing lipids, growth factors, cytokines, nutrients and O2; it also provides 
progenitor cells for adipocyte differentiation; transports immune cells and removes waste 
products. Adapted from [271]. 

 

1.6.1.2 Hypoxia hypothesis 

Hypoxia as a main contributor for the link between obesity and inflammation was first 

proposed by Trayhurn, in 2004 [272]. Localized hypoxia was suggested to develop in 

expanding adipocytes furthest removed from blood supply [272]. Some 

arguments can provide circumstantial support for hypoxia in WAT in obesity [272]. 

Reduction of capillary density [266,273], accompanied by larger blood 

vessels [273] was observed in obese mice, which can contribute to hypoxia. An inverse 

relationship between adipose tissue blood flow and fat cell size was observed in dogs 

[274]. The high increase of adipocyte size in obesity, up to 140–180 µM of diameter 

[275], may decrease the ability of oxygen to reach the cells, because the oxygen diffusion 

distance is 100-120 µM [276]. Therefore, oxygen may not be able to reach the cells, 

causing hypoxia. Furthermore, the WAT mass is increased in the obese state but the 

total blood flow and cardiac output does not rise to match the WAT increasing needs 

[264,277-280]. Moreover, in obese subjects there is no increase in postprandial blood 

flow to WAT as occurs in lean subjects [281,282]. 

Direct evidence of adipose tissue hypoxia in obesity was observed in different studies in 

obese animal models – genetically obese ob/ob, KKAy mice, and HFD induced obese 

mice [264,265,283-285]. Hypoxia was demonstrated in adipose tissue in these studies 

by employing O2 microelectrodes, measuring the interstitial partial pressure of oxygen 
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(pO2) [265,283-285]. Adipose hypoxia was also demonstrated by staining adipose tissue 

of obese mice with the chemical hypoxic probe, pimonidazole hydrochloride, which 

reacts with proteins in a low-oxygen environment leading to the generation of new protein 

adducts [264,265,283]. Another method to evaluate hypoxia is to study hypoxia-

responsive genes such as HIF-1α [265,283]. Lactate concentration was also used as an 

indirect indicator of hypoxia in adipose tissue [264].  

There are also studies in humans that are consistent with the results in rodents, 

indicating that hypoxia develops in growing adipocytes in adipose tissue. Two studies 

showed a lower pO2 in subcutaneous [277] and visceral adipose tissue [266] in obese 

individuals compared to lean individuals. However, one study showed that pO2 is 

elevated in obese patients but it was also observed a reduction in blood flow and 

impaired capillarization [282]. Another study did not observe evidences of hypoxia, 

despite the reduced delivery and consumption of O2 and increased lactate release [286]. 

 

1.6.1.3 Hypoxia signaling pathways 

Hypoxia-inducible factor-1 (HIF-1) is a heterodimeric transcription factor that mediates 

the cellular response to hypoxia [287] (Figure 1.12). Factor nuclear κ B (NFκB) 

transcription factor pathway is also involved in hypoxia response in adipose tissue 

[288,289]. NFκB binds the inhibitory protein inhibitor kappa B (IκB) in the cytoplasm being 

inactivated [289]. Several stress-mediated pathways lead to the degradation of IκB, 

activating NFκB [289]. HIF-1 has received more attention and is better studied. HIF-1 is 

a heterodimer composed of two subunits: α and β. The hypoxia-inducible factor-1β (HIF-

1β) is a constitutively expressed aryl hydrocarbon receptor nuclear translocator and is 

not sensitive to O2 [290]. HIF-1α expression is upregulated during hypoxia and can be 

considered a hypoxia sensor [290]. Under normal conditions of O2, HIF-1α is 

continuously synthesized but is rapidly degraded via the ubiquitin pathway [290]. Under 

hypoxia, HIF-1α is stabilized and translocated to the nucleus, where it binds to HIF-1β to 

form the active transcription factor [290]. HIF-1 binds to hypoxia response elements 

(HRE) on target genes and activate transcription [290]. HIF-1 transcriptionally activates 

a wide number of genes, involved in glucose and energy metabolism, cell proliferation, 

apoptosis and angiogenesis [291]. 

 



Introduction 

55 

 

Figure 1.12 – Regulation of hypoxia-inducible factor-1 (HIF-1). In the presence of oxygen, 
prolyl hydroxylase domains (PHD), and factor inhibiting HIF, (FIH) inactivate HIF-1α. PHD 
enzymes hydroxylate a prolyl residue in the amino- and the carboxy-terminal oxygen-dependent 
degradation domains and promote von Hippel-Lindau tumor suppressor (pVHL)-dependent 
proteolysis. FIH hydroxylates an asparaginyl residue in the carboxy-terminal activation domain, 
which blocks CREB binding protein (CBP)/p300 co-activator recruitment and results in the 
inactivation of HIF-1α-subunit transcriptional activity. These processes lead to degradation of HIF-
1α subunits via the ubiquitin (ub) pathway. In hypoxia, PHD and FIH are inactive so there is no 
degradation of HIF-1α subunits that is translocated to the nucleus and heterodimerizes with HIF-
1β, and binds to hypoxia-response elements (HRE) in the regulatory regions of target genes, 
allowing the formation of a transcriptionally active complex. Adapted from [292]. 

 

Several studies using human and mouse preadipocytes and adipocytes were performed 

to investigate their molecular and cellular response to reduced O2 tension. HIF-1α is 

increased in adipocytes in cell-culture studies in response to low O2 or with incubation of 

chemical hypoxia mimetic agents, namely cobalt chloride (CoCl2) and deferoxamine 

[293,294]. Both chemical hypoxia mimetic agents act by stabilizing HIF-1 even in 

normoxia by inhibiting prolyl hydroxylase domain (PHD) enzymes [293,294]. CoCl2 and 

deferoxamine are often used to mimic hypoxia. CoCl2 inhibits PHD enzymes, which are 

oxygen sensors through replacement of Fe2+ with Co2+. Fe2+ is an essential cofactor that 

along with PHD degrades HIF-1α. So these enzymes are then unable to mark HIF-1α for 

degradation. Deferoxamine has a similar effect on the iron pool [295]. These hypoxia 

mimetics only mimic HIF-1 accumulation, therefore they are the most widely used 

hypoxia mimetics and are frequently used to study alterations in gene expression 

regulated by HIF-1 [295-299]. 
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Several studies were performed to investigate the effect of hypoxia on selected genes 

and proteins, namely adipokines and adipogenesis regulators. In murine cell models 

under hypoxia or hypoxia mimetic treatment, several genes were observed to be 

increased namely, genes encoding leptin, vascular endothelial growth factor (VEGF), 

matrix metalloproteinase (MMP)-2 and MMP-9, plasminogen activator inhibitor-1 (PAI-

1), IL-6 and macrophage migration inhibitory factor (MIF) and decreased genes encoding 

adiponectin [264,283,300,301]. It was also observed an increase of protein levels of 

leptin, VEGF, PAI-1 and a decrease in adiponectin [300,301]. Similar results were 

observed in human adipocytes [302]. 

Hypoxia and hypoxia mimetic agents were described to block adipocyte differentiation 

by decreasing the expression of several regulators of adipogenesis. The positive 

regulators, PPARγ, the isoforms C/EBPα, β and δ and also SREBP-1c are all inhibited 

in vitro following adipogenic stimulation, indicating adipocyte differentiation inhibition by 

hypoxia [264,298,303,304]. Moreover, Pref-1, an inhibitor of adipogenesis that is 

expressed in preadipocytes, is not altered in preadipocytes submitted to hypoxia and 

induced to differentiate [304]. 

 

1.6.1.4 Glucose metabolism and insulin resistance 

Oxygen is a major regulator of cell metabolism and gene expression. Low oxygen 

induces physiological adaptations in adipocytes. It also reduces oxidative 

phosphorylation and Krebs cycle rates leading to a shift to anaerobic metabolism 

[276,305]. 

Hypoxia is described to increase glucose uptake both in human subcutaneous 

preadipocytes [306] and 3T3-L1 adipocytes [307]. These alterations were described to 

be blocked by inhibiting facilitative GLUTs with cytochalasin B [306]. GLUTs are a wide 

group of membrane proteins that facilitate the transport of glucose across the plasma 

membrane. GLUT1, which is ubiquitous and responsible for basal glucose uptake by 

most cells, was shown to be upregulated by hypoxia in murine and human adipocytes 

[306,308]. In contrast, prolonged exposure to hypoxia downregulates GLUT4 and 

GLUT8 [308,309]. Moreover, HIF-1β knockdown mice and 3T3-L1 adipocytes showed a 

decrease in GLUT1 and GLUT4 [310]. 

In accordance to the anaerobic shift that occurs in response to hypoxia, it was observed 

the upregulation of genes encoding enzymes involved in glycolytic pathways, including 

hexokinase 1 and 2, glucose-6-phosphate isomerase, phosphofructokinase, and 

aldolase C [311-313]. In accordance to these results, an increase of lactate production, 

an end product of glycolysis, was also observed in human and murine cells subjected to 
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hypoxia [300,314]. Moreover, an increase of lactate production in WAT of obese animals 

was also described [264]. The expression of the lactate transporters, monocarboxylate 

transporter 1 (MCT1) and monocarboxylate transporter 4 (MCT4), are upregulated in 

human fat cells exposed to hypoxia [314]. Lactate has several important functions as a 

signaling molecule, contributing to insulin resistance in skeletal muscle, increase of 

inflammation and decrease of lipolysis [315,316].  

Several studies suggest that hypoxia has a role in the development of type 2 diabetes 

mellitus in obesity. Hypoxia alters the expression of several adipokines. It decreases 

adiponectin [283] and upregulates leptin and IL-6 [300,302,308]. Adiponectin is involved 

in insulin sensitivity so the decrease of this protein contributes to insulin resistance 

[236,237]. On the other hand, leptin is involved in insulin action inhibition and IL-6 is 

involved in insulin resistance [317]. Another action of hypoxia that might contribute to 

insulin resistance is GLUT4 downregulation, inhibiting the insulin-stimulated uptake of 

glucose through this transporter [308]. Moreover, 3T3-L1 adipocytes under hypoxia show 

insulin signaling inhibition as revealed by a decrease in the phosphorylation of insulin 

receptor [285,318]. Adipocyte-specific disruption of HIF-1 in HFD-fed mice improves 

insulin sensitivity and decreases adiposity [319]. 

 

1.6.1.5 Lipid metabolism 

The increased glucose utilization through the glycolytic pathway in hypoxia accompanies 

a decrease in aerobic metabolism, decreasing oxidation of glucose through the citric acid 

cycle [276,305]. Hypoxia induces strong alterations in lipid oxidation and lipolysis in 

adipocytes [311,313]. Hypoxia was described to have no effect on basal lipolysis [300]. 

However, other studies described an increase of basal lipolysis and a decrease of FAs 

uptake in adipocytes in response to hypoxia [285,320]. Hypoxia was also described to 

attenuate lipogenesis [320]. These results show that hypoxia impairs the buffering 

capacity of adipocytes and contributes to the increase of plasma free FAs and lipotoxicity 

that occurs in obesity [320,321]. In accordance, it was described a decrease in several 

genes encoding proteins involved in mitochondrial metabolism and oxidative 

phosphorylation, namely cytochrome b, cytochrome c oxidase subunit Va, and ATP 

synthase, in human adipocytes subjected to hypoxia [322]. Moreover, hypoxia inhibits 

peroxisome proliferator-activated receptor γ coactivator-1α (PGC-1α) in human 

adipocytes, a protein involved in mitochondrial biogenesis [311,313]. Hypoxia and 

hypoxia mimetic agents were described to decrease ATP production, mitochondrial 

membrane potential and nicotinamide adenine dinucleotide (NADH) dehydrogenase 

activity in 3T3-L1 adipocytes [322]. 
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1.6.1.6 Fibrosis 

Fibrosis consists of an excessive accumulation of ECM components [323]. ECM is a very 

important component in the architecture and function of WAT, so changes in ECM may 

induce WAT dysfunction [263,324,325]. Fibrosis has been described to occur in WAT in 

obesity and a link between hypoxia and fibrosis has been proposed [326]. 

The study of the effect of hypoxia on global gene expression in human adipocytes 

showed the increase of genes that encode ECM proteins, including COL13A1 (encodes 

collagen type XIII α) and LOX (encodes the enzyme lysyl oxidase, which initiates the 

cross-linking of collagen and elastin) [311]. A proteomic study of the secretome of human 

adipocytes showed that a hypoxia mimetic induces alterations associated with ECM 

protein dysregulation [327]. However, mice lacking Hif-1β in WAT show no alteration in 

fibrosis in WAT [310]. Respiratory hypoxia in mice (10% O2) was reported to increase 

genes that encode for ECM proteins in WAT, namely COL13A1 and COL1A1 (encodes 

collagen type 13α1 and 1α1) [261]. Adipocyte-specific disruption of HIF-1 decreases 

expression of fibrosis related genes in HFD-fed mice [319]. Furthermore, treatment of 

HFD-fed mice with a selective HIF-1α inhibitor, PX-478, effectively inhibited HIF-1α and 

reduced fibrosis in WAT [284]. Similar results were obtained in adipose tissue-specific, 

doxycycline-inducible dominant negative HIF-1α mice [284]. Moreover, a transgenic 

model with overexpression of a constitutively active form of HIF-1α shows fibrosis 

formation in WAT [261]. 

The major effects of hypoxia on the key functions of white adipocytes are summarized in 

figure 1.13. 
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Figure 1.13 – Schematic illustration of the major effects of hypoxia on white adipocyte 
functions. Hypoxia is associated with several dysfunctions such as altered adipokine profile, 
inflammation, fibrosis, insulin resistance, mitochondrial dysfunction, increased glucose uptake, 
decreased lipogenesis and FAs uptake, and lipolysis was described to be increased or not altered. 
Abbreviations: TNF-α, Tumor necrosis factor-α; IL, Interleukin; HIF-1, Hypoxia-inducible factor-1; 
PPAR, Peroxisome Proliferator-Activated Receptor; HRE, hypoxia-response elements; GLUT, 
Glucose transporter type; FA. Fatty acid. Adapted from [328]. 

 

1.6.2 Adipose tissue fibrosis 

1.6.2.1 Extracellular matrix properties and functions 

ECM is the non-cellular component of a tissue that has an important role in maintaining 

the architecture of the tissue and in other important biological functions, such as 

morphogenesis, differentiation and homeostasis [329]. ECM is composed of two main 

macromolecules: proteoglycans and fibrous proteins [325] (Figure 1.14). 
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Figure 1.14 – Adipocyte extracellular matrix (ECM) proteins. ECM of adipose tissue is 
composed of a basal membrane formed by collagen IV and laminin; and it is also composed of 
the interstitial matrix formed by fibronectin, several collagens, elastin and secreted protein acidic 
and rich in cysteine (SPARC). Adapted from [330]. 

 

Proteoglycans are glycosaminoglycans that attach to proteins that fill most of the 

extracellular space forming a hydrated gel that provide mechanical support [331]. Fibrous 

proteins include structural proteins such as collagens and also adhesion proteins, such 

as fibronectin, laminin and elastin [325]. 

Collagen is the most abundant fibrous protein and provide strength, regulate cell 

adhesion, support chemotaxis and migration, and direct tissue development [332]. 

Several isoforms of collagen exist but type I, III and VI are the most associated with 

fibrosis [333]. Collagen associates with elastin and provide recoil to tissues that undergo 

repeated stretch [332]. 

Another important fibrous protein is fibronectin that directs the organization of ECM and 

has an important role in cell attachment and function [334]. 

Basal lamina is composed of type IV collagen and laminin [334]. Basal lamina has a 

structural function but it is also involved in cell polarity, metabolism, and migration and 

promote cell survival, proliferation, or differentiation [334]. 

The ECM is essential for wound healing and regeneration. ECM composition varies 

between different tissues and has several different functions besides structural support. 

These functions include anchorage for cells, intercellular communication, and is also 

involved in the most basic functions of cells, from cell proliferation, adhesion and 

migration, to cell differentiation and cell death [325]. Cell-to-ECM communication is 

regulated by specific heterodimeric transmembrane receptors named integrins [335]. 
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Different integrins expression determine which ECM substrate can bind to the cell and 

further regulate the downstream signaling events. Integrins are directly linked to the 

cytoskeleton [335]. Any changes in the ECM can interact with integrins having an impact 

on cell movement during development and proliferation, differentiation, apoptosis and 

gene induction [335]. 

Proteoglycans can sequester several molecules, including MMPs and growth factors. 

MMPs are proteolytic enzymes that degrade components of the ECM [336]. Specific 

members of MMP family degrade specific components of ECM, helping in maintaining 

ECM structure, release of active molecules and it can also facilitate cell migration and 

produce activated substrates [336]. One important activated substrate of MMP-2 and 

MMP-9 is the transforming growth factor β (TGFβ) [337,338]. TGFβ isoforms are 

multifunctional cytokines that play a central role in wound healing and in tissue repair 

[339]. TGFβ stimulates the production of various ECM proteins and inhibits their 

degradation [323]. However, in pathological situations excessive TGFβ contributes to 

tissue fibrosis by promoting the synthesis of collagen I [323]. 

 

1.6.2.2 Extracellular matrix and adipose tissue development 

WAT has a high capacity to adapt its size according to the energetic needs of the body. 

ECM was shown to be important in normal adipocyte differentiation and development of 

WAT. 

ECM network of WAT was first described in 1963 [340]. Since then, it was shown that 

ECM of WAT is composed by different collagen fibrils as well as various classes of 

adhesion proteins, such as fibronectin, laminin, elastin and proteoglycans [341,342]. 

Although several isoforms of collagen were described in WAT, the most expressed is 

collagen VI [263,341]. 

The importance of ECM in adipocyte differentiation was demonstrated. It was shown that 

fibronectin expression decreases during 3T3-F442A [343] and 3T3-L1 adipocytes [344] 

adipogenesis. In an in vivo study, it was observed that fibronectin is not expressed in 

differentiated adipocytes whereas collagen IV, laminin and heparan sulfate are 

detectable around single adipocytes in subcutaneous WAT [334]. However, type I-VI 

collagens, laminin and fibronectin increase in differentiating adipocytes compared with 

undifferentiated cells [345]. 3T3-L1 preadipocytes cultures on a fibronectin-rich matrix 

are inhibited to differentiate [346], while culturing human preadipocytes on a matrigel 

(mainly composed of basement membrane components) or laminin (the main basement 

membrane component) leads to increased adipocyte differentiation [347]. 
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1.6.2.3 Extracellular matrix remodeling and fibrosis in obesity 

Fibrosis is defined as an excessive accumulation of ECM components, which is a result 

of degradation impairment and an excess synthesis of fibrillar components. Fibrosis 

occurs as a result of a reparative process where dead or injured cells are replaced. 

However, if the damage and this reparative process persist, then cells are activated and 

secrete ECM components, such as collagens, to replace the normal parenchymal tissue, 

leading to fibrosis formation [329]. 

During the development of obesity, WAT suffers several modifications as a result of 

hypertrophy and hyperplasia. WAT expansion leads to ECM remodeling with degradation 

of the existing ECM and the production of new ECM components (Table 1.4). 

In HFD-fed mice, it was shown WAT remodeling, with increased collagen deposition 

observed by Gomori trichrome staining [348]. Collagens, specifically collagen I, II, III, IV, 

V and VI are highly upregulated in adipose tissue of obese and diabetic db/db mice 

[263,349]. Upregulation of collagen VI was observed in ob/ob mice. The transcriptomic 

signature of WAT of obese subjects was evaluated in two different studies and 

overexpression of many ECM components was reported in obese compared to lean WAT 

[324,350]. One of these studies describes alterations in 40 genes that encode 

components of the ECM or molecules involved in ECM remodeling and regulation, 

including several collagens [324]. Collagen IV, V and XII are increased in obese subjects, 

while collagen I is decreased [324]. Other study also described an increase in collagen 

V in WAT of obese individuals with a decrease in elastin [273]. Fibrotic areas in WAT are 

also increased in obese individuals [326,351], specifically, increased collagen VI which 

is associated with BMI and negatively associated with insulin sensitivity [326]. Other 

study also showed that WAT of obese subjects, when compared with lean individuals, 

has higher levels of collagens I, III and VI, and this omental WAT fibrosis is negatively 

correlated with omental adipocyte diameters and TAG levels [352]. Adipocyte size was 

also demonstrated to correlate inversely with transcript levels of COL1A1, COL6A1 

(encode for collagen I and VI) in visceral adipose tissue and with fibrosis measured by 

Sirius Red staining in visceral and subcutaneous adipose tissue [353]. Moreover, 

subcutaneous WAT fibrosis correlates negatively with fat mass loss after bariatric surgery 

[351,352]. Several collagen genes were also evaluated and similar results were shown. 

COL6A3 expression (encoding for collagen VI) is correlated with BMI and fat mass [354]. 

In obese subjects, transcript levels of COL3A1, COL5A2 and COL6A3 (encode for 

collagen II, V and VI, respectively) are lower in omental and subcutaneous adipose tissue 

in individuals with metabolic syndrome compared to the healthy obese [355]. In contrast 

with these results, COL6A3 expression was reported to be lower in obesity in 
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subcutaneous and omental WAT, whereas weight loss increased COL6A3 expression in 

subcutaneous WAT [356]. Secreted protein acidic and rich in cysteine (SPARC) is a 

matrix-associated protein that regulates cell shape, cell-cycle progression, and synthesis 

of ECM [357]. SPARC was described to be upregulated in WAT in several mouse models 

of obesity: GTG mice, ob/ob mice, AKR mice [357] and db/db mice and in humans [358]. 

Thrombospondin-1 (TSP1) is an ECM glycoprotein that influences cell adhesion, motility, 

and growth [359]. TSP1 was described to be upregulated in WAT of ob/ob mice and 

C57Bl/6 mice fed a HFD [360]. TSP1 is also associated with obesity and insulin 

resistance in humans [359]. Osteopontin (OPN), an ECM protein, was also reported to 

be increased in WAT of obese individuals [361,362] and mice [362,363]. 

HFD upregulates MMP-3, 12, 14 and tissue inhibitor of metalloproteinase 1 (TIMP1) 

expression in adipose tissue of db/db mice [349]. MMP-3, 11, 12, 13, 14 and TIMP1 are 

upregulated while MMP-7, 9, 16, 24 and TIMP4 are downregulated in adipose tissue 

from ob/ob and diet-induced obese mice [364]. Two genetic models of obesity (ob/ob 

and db/db mice) and a diet-induced model of obesity (AKR mice) show increase of MMP-

2, 3, 12, 14, 19, and TIMP1 and decrease in MMP-7 and TIMP3 [365]. TIMP2 expression 

is downregulated in HFD-fed mice [366]. Adipocyte size was shown to be inversely 

correlated with MMP-2, MMP-14, and TIMP1 transcript levels, and positively correlated 

with MMP-9 in visceral adipose tissue [353]. Moreover, MMP-9 is upregulate in obese 

subjects [367]. It was observed an increase of several integrins, namely integrins β1 and 

β3 in obese humans [324,368,369] and β1, β2 and β3 obese mice [368,369]. 

Fibroblasts are the main cells producing ECM components but the precise contribution 

of each cell type of WAT to ECM alterations is not known. In vitro studies suggest that 

preadipocytes in contact with pro-inflammatory macrophages overexpress several ECM 

components, namely collagen I, tenascin-C, fibronectin and its receptor α2β1 integrin, 

and activin A [370]. Adipocytes can also contribute to fibrosis formation based on the 

relationship described between adipocyte and pericellular fibrosis surrounding 

adipocytes [352]. 
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Table 1.4 - The extracellular matrix (ECM), ECM modifiers and ECM receptors alteration 
in adipose tissue in obesity. Adapted from [371]. 

Proteins Mice Human Refs 

ECM 

  

  
  

Collagens I, III, IV, V, VI ↑ ↑ [263,273,349] 

SPARC ↑      ↑ [357,358] 

Osteopontin ↑      ↑ [362,363] 

Thrombospondin-1 ↑      ↑ [359,360] 

MMP-2, 3, 11, 12, 13, 14,19 ↑  [364,365] 

ECM 
modifiers 

MMP-7, 16, 24 ↓  [364] 

MMP-9 ↓      ↑ [364,367] 

TIMP1 ↑  [364] 

TIMP2 ↓  [366] 

TIMP3 ↓  [365] 

TIMP4 ↓  [364] 

ECM 
receptors 

β1, β3 integrins  ↑ [324] 

β2 integrin ↑ ↑ [368,369] 

↑ : increase, ↓ : decrease; abbreviations: ECM, Extracellular matrix; SPARC, Secreted protein acidic and 
rich in cysteine; MMP, Metalloproteinase; TIMP, Tissue inhibitor of metalloproteinase. 

 

1.6.2.4 Modulation of extracellular matrix components in obese mouse models 

The adipose tissue expandability hypothesis states that WAT has a limited expandability 

for any given individual [372]. During adipose tissue expansion, WAT can reach its 

storage capability limit [372], and lipids that cannot be stored in adipose tissue are 

accumulated in ectopic depots like skeletal muscle, heart, liver and pancreas, causing 

lipotoxic insults and cardiometabolic derangements, including insulin resistance and 

inflammation, leading to obesity-associated diseases [372]. The mechanisms that 

determine adipose tissue expandability are not known, but ECM remodeling is of great 

importance because if there is an excessive ECM and fibrosis formation there is an 

inadequate expansion ability of adipocytes. Fibrosis formation was described to occur in 

WAT in obesity but the impact of ECM alterations are not well understood and only few 

studies focused on the effect of specific ECM proteins in carbohydrate and lipid 

metabolism (Table 1.5). 
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Table 1.5 Phenotype of mice lacking extracellular matrix (ECM) and ECM modifiers. 

Mice Phenotype Refs 

ECM 

  
  
  

Collagen V-/- 
Resistant to HFD-induced weight gain, hyperglycemic 
and insulin resistant. 

[373] 

Collagen VI-/- 
Increased adipocyte cell size, decreased blood 
triglycerides, glycemia, WAT inflammation, liver 
triglycerides in ob/ob mice. 

[263] 

SPARC-/- 
Increased adipocyte size and number, subcutaneous 
and epididymal adipose tissue weight with no alterations 
in body weight gain. 

[374] 

OPN-/- 
Improved insulin sensitivity, reduced WAT inflammation 
with no alterations in adipose tissue and body weight. 

[363] 

TSP1-/-  
Resistant to HFD-induced insulin resistance and WAT 
inflammation. 

[375] 

ECM 
modifiers 

t-PA-/- 
Increased HFD-induced adipocyte diameter, 
subcutaneous weight and body weight gain. 

[376] 

u-PA/- 
No alterations in body weight gain and in adipose tissue 
development. 

[376] 

MMP-14+/− Lower body weight gain and adipose tissue weight. [377] 

MMP-14-/− Lipodystrophy. [378] 

TIMP1-/- 
Increased adipocyte size and number, body weight and 
adipose tissue weight. 

[379] 

TIMP2-/- 
Obese with normal glucose tolerance and insulin 
sensitivity. 

[366] 

ECM, Extracellular matrix; SPARC, Secreted protein acidic and rich in cysteine; OPN, Osteopontin; TSP1. 
Thrombospondin-1; t-PA, tissue-type plasminogen activator; u-PA, urokinase-type plasminogen activator; 
MMP, Metalloproteinase; TIMP, Tissue inhibitor of metalloproteinase. 
 

In fact, the absence of collagen V in mice (Female Col5a3–/– mice) induces resistance 

to HFD–induced weight gain [373], and male and female Col5a3–/– mice are 

hyperglycemic and insulin resistant [373]. Moreover, the absence of collagen VI results 

in increased expansion of individual adipocytes but improves the metabolic phenotype 

in ob/ob mice, including the increase of glucose and lipid clearance [263]. These mice 

also show reduced inflammation in adipose tissue [263]. Furthermore, SPARC-null mice 

were reported to have a great reduction in collagen and have a larger epididymal fat pad 

and an increased number and size of adipocytes [374]. Obese mice lacking OPN show 

no differences in body composition or energy expenditure but display improved insulin 

sensitivity and decreased WAT inflammation [363]. Despite HFD-fed TSP1 knockout 

mice develop obesity, they are protected against inflammation and insulin resistant 

associated with obesity [375]. 

Moreover, tissue-type plasminogen activator (t-PA) deficient mice fed a HFD have higher 

body weight, subcutaneous adipose tissue and adipocyte diameter [376]. However, 
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urokinase-type plasminogen activator (u-PA) deficient mice in HFD showed no 

differences in weight gain and adipose tissue development [376]. Mice in HFD and 

treated with a synthetic MMP inhibitor show lower body weight gain, lower WAT weight 

and higher number of adipocytes but smaller [380]. Moreover, MMP-14+/− mice have 

lower weight gain and decreased fat pads [377]. Another study showed that the absence 

of matrix metalloproteinase MMP-14 causes an increase in collagen content and 

lipodystrophy in mice by impairing WAT development [378]. Furthermore, mice lacking 

TIMP1 show increased body weight and adipose tissue weight accompanied by 

increased adipocyte number and size [379]. Chow-fed TIMP2 knockout mice are obese 

maintaining normal glucose tolerance and insulin sensitivity. Obesity is exacerbated 

when fed a HFD with hyperglycemia, hyperinsulinemia, and hyperleptinemia [366].  

All together, these data are consistent with the notion that increased collagen restricts 

expansion of adipocytes and that decreased collagen allows higher adipocyte expansion 

resulting in metabolic improvements. 

 

1.6.2.5 Underlying mechanisms of fibrosis formation in white adipose tissue 

As previously mentioned, hypoxia and HIF-1α are thought to significantly contribute to 

fibrogenic progression [261,273]. However, several studies also demonstrated that the 

increased deposition of ECM components that lead to fibrosis in the adipose tissue in 

obesity is associated with inflammation and insulin resistance. 

Obesity is associated with a low-grade inflammation in adipose tissue, with infiltration of 

macrophages [381], neutrophils [382], lymphocytes [383], and mast cells [384] promoting 

a local pro-inflammatory environment. Adipose tissue macrophages are known to 

undergo a phenotypic switch from an anti-inflammatory M2 state to a pro-inflammatory 

M1 polarization state [258]. M2 macrophages express IL-10 or arginase, increasing the 

anti-inflammatory profile, while M1 macrophages express TNF-α, TGFβ, IL-1β, IL-6 or 

inducible nitric oxide synthase (iNOS), increasing the inflammatory profile and 

contributing to insulin resistance [258]. M1 macrophages were observed in a crown-like 

structure surrounding necrotic adipocytes in human and mice [385]. 

COL6A3 expression was described to be associated with adipose tissue macrophage 

chemotaxis and inflammation [354]. Moreover, others showed that Collagen VI-null mice 

have reduced inflammation in epididymal adipose tissue [263]. These studies suggest 

that collagen VI and ECM contribute to adipose tissue inflammation [263,354]. Inversely, 

inflammatory preadipocytes exhibit overexpression of ECM genes [370]. Moreover, 

transcriptomic studies in subcutaneous WAT in obese human subjects, driven by the 

analysis of transcriptional interactions, reported that a pro-inflammatory environment can 
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lead to excessive synthesis of ECM components [324]. A strong relationship linking 

inflammatory processes to ECM remodeling components and fibrosis formation is well 

established. However, the time-course of the events and a causal relationship between 

inflammation and fibrosis is not yet fully established in the context of obesity. 

 

1.7 Dipeptidyl peptidase IV 

Dipeptidyl peptidase IV (DPP-IV; EC 3.4.14.5), also known as CD26, is a 766 amino 

acids and 110 kDa glycoprotein [386]. DPP-IV was first characterized by Hopsu-Havu 

and Glenner in 1966 in rat liver homogenates [387]. DPP-IV belongs to the prolyl 

oligopeptidase family, a group of atypical serine proteases able to hydrolyze the prolyl 

bond. 

DPP-IV is a type II transmembrane protein that consists of a short N-terminal cytoplasmic 

domain (6 residues) that is linked to the cell membrane by a single hydrophobic segment, 

a transmembrane domain (22 residues) and a large C-terminal extracellular domain (738 

residues) [386] (Figure 1.15). The extracellular domain of DPP-IV is composed of a 

glycosylation domain, a cysteine-rich domain, and a catalytic domain [388]. This enzyme 

is a membrane-bound protein that contains a noncleavable signal sequence in contrast 

to classical secreted proteins that cleave off the signal sequence [388]. The signal 

sequence is located at the N-terminal that serves as a membrane anchor and targets 

them to the rough endoplasmic reticulum [388]. 

DPP-IV can also be found as a soluble circulating form (sDPP-IV) that lacks the 

cytoplasmic and transmembrane domain [389]. sDPP-IV is cleaved from the cell 

membrane and released into the circulation in a process called shedding that involves 

MMPs [390]. sDPP-IV exhibit intact enzymatic and cysteine-rich region and have both 

enzymatic and non-enzymatic functions with paracrine and endocrine effects [220]. 

DPP-IV exists as a monomer and a dimer and can also form tetramers between two 

soluble DPP-IV and two membrane-bound DPP-IV proteins [391]. Dimerization is 

needed for catalytic function of this enzyme and is the most common form [391]. 

DPP-IV is an ubiquous multifunctional enzyme that has the catalytic function of cleaving 

N-terminal dipeptides from proteins containing proline or alanine in the penultimate 

position [392]. Besides this catalytic function, DPP-IV also has non-enzymatic functions, 

such as being a binding partner for numerous peptides, including adenosine deaminase 

(ADA) and ECM proteins, it also has cell surface co-receptor activity to mediate viral 

entry, and regulates intracellular signal transduction coupled to the control of cell 

migration and proliferation [393]. Dysregulation of DPP-IV has been implicated in several 
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diseases, such as cancer, inflammatory diseases as well as in obesity and diabetes [394-

397]. 

 

 

Figure 1.15 – Dipeptidyl peptidase IV (DPP-IV) has two forms: membranar and soluble. Both 
have an extracellular domain composed by a catalytic region (substrates and inhibitors binding 
site), a cystein-rich region (adenosine deaminase, collagen and fibronectin binding site) and a 
glycosylated region. The membranar DPP-IV has also a transmembranar and a cytoplasmic 
domain. Adapted from [220]. 
 

1.7.1 Non-enzymatic function of dipeptidyl peptidase IV 

DPP-IV binds several ligands in the cysteine-rich region and it provides different 

functions to this enzyme. DPP-IV binding partners include ADA [398], fibronectin [399], 

and collagen [400] that are reviewed briefly below. 

 

Adenosine deaminase 

DPP-IV binds ADA and this DPP-IV interaction is the most studied one. It was suggested 

that tetramerization of DPP-IV and proper glycosylation is a mechanism for ADA binding 

control [401]. ADA is an enzyme involved in purine metabolism. ATP or ADP is initially 

converted to AMP to produce adenosine which is then converted to inosine by ADA [402]. 

DPP-IV-ADA interaction preserves enzymatic function of both molecules [401]. DPP-IV-

ADA complex activates plasminogen-2 that leads to the increase of plasmin levels, 

leading to degradation of ECM proteins and activation of MMPs [403,404]. This indicates 

an involvement of DPP-IV and ADA interaction in tissue remodeling [395]. Only the ADA 

bound to DPP-IV on the cell surface was functional and was more resistant to the 

inhibitory effect of elevated extracellular adenosine [405,406]. 
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ECM proteins: Fibronectin and Collagen 

DPP-IV binds ECM components, preferentially fibronectin and collagens I and III 

[399,400]. Due to its interaction with ECM proteins, such as collagen and fibronectin, 

DPP-IV can be considered a cell adhesion molecule. DPP-IV was reported to bind 

fibronectin using nitrocellulose binding assays in rat hepatocytes. It was shown that DPP-

IV plays a role in interaction of hepatocytes with ECM and in matrix assembly [407]. Both 

interaction of DPP-IV with fibronectin and collagen are independent of its enzymatic 

activity because the binding site is located at the C-terminal portion of the molecule, 

separated from the catalytic site [399,400]. It is thought that the ability of DPP-IV to 

interact with the ECM can influence the biology and clinical behavior of tumors [399,408-

410]. Several studies report that DPP-IV affects the invasiveness of many tumor cells. 

However, different results were observed in different cancers. 

A positive correlation between DPP-IV expression and metastasis development was 

observed in primary colorectal cancer, thyroid cancer and gastrointestinal stromal tumors 

in humans [408,411,412]. Additionally, CD26-positive cells show higher adhesion to 

fibronectin and type I collagen than CD26-negative cells in primary colorectal cancer 

[408]. Moreover, serum DPP-IV is positively associated with colorectal cancer, and is 

significantly higher in patients with metastatic colorectal disease [413]. Treatment with 

peptides that inhibit DPP-IV interaction with fibronectin decreased pulmonary metastasis 

of tumor cells [399]. DPP-IV inhibition by using an anti-DPP-IV antibody decreases 

binding to collagen and fibronectin and inhibits tumor growth in renal cell carcinoma 

[409]. 

In contrast with these studies, DPP-IV present in lung endothelial cells specifically binds 

to fibronectin in breast cancer cell surface, and this interaction inhibits tumor metastasis 

in animal models [414]. DPP-IV overexpression decreases the invasive potential of 

ovarian carcinoma cell lines [408] and prostate cancer cells [415]. Furthermore, inhibition 

of DPP-IV promotes metastasis in prostate cancer [410]. 

DPP-IV was shown to be associated with decreased cancer invasiveness in some 

cancers, while in others DPP-IV is associated with increased cancer progression. These 

contrary results might occur due to the pleiotropic effects of DPP-IV. 

 

1.7.2 Enzymatic (catalytic) function of dipeptidyl peptidase IV 

DPP-IV exhibits catalytic activity by cleaving peptides at the N-terminal region proline or 

alanine in the penultimate position [392]. The substrates of DPP-IV include several types 

of molecules, including incretins, neuropeptides and chemokines as described in Table 

1.6. The action of DPP-IV on its substrates can lead to inactivation of peptides, change 
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of receptor specificity, and can also enhance substrate activity. There are several 

predicted DPP-IV substrates but only some have been proved to be cleaved by DPP-IV, 

in vivo. 

 
Table 1.6 – Incretins, neuropeptides and chemokines cleaved by dipeptidyl peptidase-IV (DPP-
IV) and consequences. 

DPP-IV Substrates Consequences Refs 

Incretins Glucagon-like peptide 1 Substrate inactivation [416] 

Glucagon-like peptide 2 Substrate inactivation [417] 

Gastric inhibitory peptide Substrate inactivation [416] 

Neuropeptides Neuropeptide Y Change of receptor affinity  [418] 

Peptide YY Change of receptor affinity  [418] 

Endomorphin Change of receptor affinity  [419] 

Substance P Substrate inactivation [420] 

β-casomorphin Substrate inactivation [421] 

Vasoactive intestinal peptide Substrate inactivation [422] 

Pituitary adenylate-cyclase-activating 
polypeptide 

Substrate inactivation [422] 

Chemokines Stromal cell-derived factor-1α Substrate inactivation [423] 

Monokine induced by γ interferon Substrate inactivation [424] 

Interferon-inducible protein-10 Substrate inactivation [424] 

Regulated on activation, normal T-cell 
expressed and secreted 

Change of receptor affinity  [425] 

LD78β 
Enhanced substrate 
activity 

[426] 

Macrophage inflammatory protein-1β Change of receptor affinity  [427] 

Eotaxin Substrate inactivation [428] 

Interferon-inducible T-cell α 
chemoattractant 

Substrate inactivation [429] 

 

1.7.2.1 Incretins 

One of the most important DPP-IV substrates are incretins that have an important role in 

maintaining glucose homeostasis [430]. Incretins, such as glucagon-like peptide-1 (GLP-

1) and gastric inhibitory polypeptide (GIP), are released from the gut after food intake, 

and are responsible for 60% of insulin secretion that occurs [431]. Incretins can bind to 

receptors in pancreas to stimulate insulin secretion and also to suppress glucagon 

release as a response to increased blood glucose [431,432]. One of the major 

characteristics of these incretins is that plasma levels return to baseline within a couple 

of minutes because they are rapidly inactivated by DPP-IV [433]. 
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GLP-1 is an incretin hormone secreted from intestinal L-cells to the blood stream. GLP-

1 delays gastric emptying, being a regulator of satiety and appetite [434]. This peptide 

appears to be responsible for the majority of the incretin effects on pancreatic β-cell 

function and is responsible for an important part of the insulin response to glucose [430]. 

Some conflicting results describe the effect of GLP-1 in adipocyte differentiation and 

lipolysis. GLP-1 was described to stimulate adipogenesis in 3T3-L1 preadipocytes and 

primary preadipocytes through glucagon-like peptide 1 receptor (GLP-1R) [435,436]. 

However, GLP-1 was shown to inhibit adipogenesis in human bone marrow-derived 

MSCs [437]. On the other hand, treatment of differentiated 3T3-L1 and human primary 

adipocytes with GLP-1 stimulates lipolysis through GLP-1R [438]. In contrast, 

subcutaneous injections of GLP-1 in adipose tissue in humans and GLP-1 treatment of 

human primary adipocytes have no lipolytic effect [439]. Intracerebroventricular infusion 

of GLP-1 in mice decreases fat storage via direct modulation of adipocyte metabolism, 

independently of food intake but this effect is blunted in obese mice [440]. Moreover, 

GLP-1 agonist, liraglutide, is described to decrease appetite, visceral adiposity and body 

weight in humans, rats and mice [441-444]. 

GIP is synthesized by K cells, which are found in gastrointestinal tract. It is transported 

in blood stream and bind to G-protein-coupled receptors found on β-cells in the pancreas 

leading to increased cAMP [445]. Circulating GIP levels are decreased in type 2 diabetes 

mellitus patients and are negatively associated with the severity of insulin 

resistance[446]. Besides being insulinotropic, another important role of GIP is to regulate 

adipocytes function. The GIP receptor (GIPR), is increased during adipocyte 

differentiation [447-449]. GIP was described to promote adipogenesis and glucose 

uptake [447,449]. GIP stimulates LPL activity and TAGs accumulation in the presence of 

insulin in 3T3-L1 and human adipocytes [450]. Moreover, GIP stimulates lipolysis 

[451,452] but attenuates isoproterenol-induced lipolysis [452]. Other study demonstrated 

that GIP inhibits lipolysis in 3T3-L1 adipocytes [453]. GIP was also demonstrated to lower 

plasma free FAs, although it does not reduce plasma TAGs in humans [453]. 

Furthermore, mice lacking the GIPR, mice lacking GIP and mice treated with a GIPR 

antagonist when fed a HFD are protected against obesity and insulin resistance [454-

458]. GIP administration during hyperinsulinemic-hyperglycemic clamp increases 

adipose tissue blood flow, glucose uptake, and free FA re-esterification, leading to lipid 

accumulation in abdominal subcutaneous adipose tissue [459]. 
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1.7.2.2 Non-incretin substrates 

Neuropeptide Y 

NPY is a 36 amino acid peptide that can be metabolized by DPP-IV, from NPY1-36 to 

NPY3-36 [418]. NPY is a neuropeptide highly expressed in hypothalamus but it is also 

expressed in peripheral tissues, including adipose tissue [460,461]. 

NPY regulates energy balance, food intake, memory, and learning [462]. NPY levels are 

increased in obesity [461]. Hypothalamic NPY overexpression causes hyperphagia and 

obesity in rats [463] and knockdown of NPY in the hypothalamus ameliorates these 

alterations [464]. NPY was described to suppress glucose-induced insulin secretion 

[465], to stimulate adipogenesis [466,467] and to have an anti-lipolytic effect in 3T3-L1 

preadipocytes [468,469]. 

When NPY is cleaved by DPP-IV, the resulting cleavage product has different affinity to 

NPY receptors, altering its biological functions. NPY will be discussed with more detail 

in section 1.8. 

 

Substance P 

Substance P is metabolized by DPP-IV in vivo [470]. DPP-IV sequentially convert 

substance P1-11 to substance P3-11 and substance P5-11 [470]. It is a member of the 

tachykinin neuropeptide family and can act as a neurotransmitter and as a 

neuromodulator. Substance P is also associated with inflammatory processes. Although 

it was described that substance P has an orexigenic effect in mice [471] it was also 

reported that substance P is associated with development of obesity and type 2 diabetes 

mellitus [472]. However, another study demonstrated that substance P is decreased in 

diabetic patients [473],  

Substance P was described to increase viability, reduce apoptosis, and stimulate 

proliferation of human mesenteric preadipocytes [474]. In 3T3-L1 preadipocytes, 

substance P treatment decreases lipid accumulation, increases adipokine secretion, 

decreases differentiation and blocks insulin-mediated action [475]. 

 

1.7.3 Dipeptidyl peptidase in adipose tissue 

Most clinical studies focus mainly in DPP-IV inhibitors effect on GLP-1 metabolism and 

glucose homeostasis. However, DPP-IV was demonstrated to have also other important 

roles in the periphery, namely in adipose tissue. 

DPP-IV was described to be expressed in both human omental adipose tissue [476] and 

also in visceral and epididymal adipose tissue [468]. DPP-IV is also expressed in 
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preadipocytes and adipocytes in mice and humans [397,467] and DPP-IV is upregulated 

as adipocytes differentiate [397,477]. In contrast, other studies reported that DPP-IV 

expression is upregulated during human adipocyte dedifferentiation in vitro [478] and 

DPP-IV expression is decreased during 3T3-L1 adipocyte differentiation [479]. Moreover, 

adipose tissue explants from obese subjects release more sDPP-IV than adipose tissue 

explants of lean subjects and sDPP-IV is decreased after weight lost [397,480]. 

Moreover, DPP-IV was demonstrated to be increased both in subcutaneous and visceral 

adipose tissue of obese individuals and its levels are positively correlated with adipocyte 

size and all parameters of the metabolic syndrome [397,480,481]. In contradiction with 

this result, DPP-IV expression was described to be decreased in subcutaneous adipose 

tissue of obese individuals [468]. Moreover, DPP-IV activity is increased in plasma but 

decreased in visceral adipose tissue in obese rats fed a HFD [482]. 

Other studies investigated the effect of DPP-IV in adipocyte differentiation and adiposity. 

DPP-IV treatment stimulates lipid accumulation and PPARγ2 expression through 

cleavage of NPY, indicating that it stimulates 3T3-L1 adipocyte differentiation [467]. 

Moreover, HFD-fed mice lacking DPP-IV shows protection against obesity, insulin 

resistance and increased adiposity [483]. This protection is associated with reduced food 

intake and increased energy expenditure [483]. In addition, the lack of DPP-IV leads to 

activation of the PPAR pathway and down-regulation of SREBP-1 expression, thereby 

increasing lipid oxidation and reducing lipogenesis [483]. HFD-fed DPP-IV-deficient rats 

gain more weight and visceral fat mass [484]. Moreover, the adipose tissue of these rats 

shows a higher adipocyte maturation and increased expression of enzymes involved in 

TAGs uptake and synthesis, namely LPL and FAS [484]. These animals also exhibit 

reduced adipose tissue inflammation and improved insulin resistance [484]. Several 

DPP-IV knockout rodent models show increased glucose tolerance, lower plasma 

glucose, and increased plasma insulin and GLP-1 [485-488]. These results suggest that 

DPP-IV activation might be responsible for hyperglycemia and lipid metabolism, which 

are characteristic of diabetic and obese subjects [485-488]. A role of DPP-IV in insulin 

signaling was described in a study that showed that treatment of human adipocytes with 

DPP-IV results in insulin-stimulated Akt phosphorylation, showing insulin-signaling 

impairment [397]. These studies use whole-body knockout animals but to study the 

specific role of DPP-IV in adipose tissue, it would be important to study adipose tissue-

specific knockout models. 
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1.7.4 Dipeptidyl peptidase inhibitors 

DPP-IV inhibitors, also called gliptins, are a class of oral antidiabetic drugs used in the 

treatment of type 2 diabetes mellitus [489]. Type 2 diabetes mellitus is characterized by 

hyperglycemia and insulin resistance. The main targets of DPP-IV inhibitors as 

antidiabetic agents are incretins. The predominant incretins are GLP-1 and GIP. The 

mechanism of action of DPP-IV inhibitors is illustrated in Figure 1.16. 

 

 

Figure 1.16 – Mechanism of action of dipeptidyl peptidase IV (DPP-IV) inhibitors in 
glycemic control. DPP-IV inhibition prevents the enzymatic inactivation of glucagon-like peptide-
1 (GLP-1) and gastric inhibitory polypeptide (GIP). Then, GLP-1 and GIP increase insulin 
secretion and inhibit glucagon secretion by the pancreas, resulting in increased glucose uptake 
and decreased glucose output. Adapted from [490]. 

 

GLP-1 and GIP have very short half-time life, being rapidly metabolized by DPP-IV [433]. 

GLP-1 and GIP, unlike other insulinotropic agents, stimulate insulin release from the 

pancreatic islets in a glucose dependent manner [431]. GLP-1 has several actions that 

contribute to its glucose-lowering effects, namely suppression of post-prandial glucagon 

release, delay gastric emptying, enhancement of β-cell mass and increase of satiety 

[431,434,491]. DPP-IV inhibitors prevent the inactivation of incretins by DPP-IV, 

increasing their half-time life. Enhanced endogenous GLP-1 and GIP activity ultimately 

results in the potentiation of insulin secretion by pancreatic β-cells and subsequent 

lowering of blood glucose levels, HbA1c, glucagon secretion and liver glucose production 

[431,492]. DPP-IV inhibitors also have effects on pancreatic β-cells, including increased 

β-cell survival and expansion of β-cell mass [493]. DPP-IV inhibitors do not pass the 

blood–brain barrier and do not alter gastric emptying or satiety [494]. Importantly, these 

inhibitors are associated with low risk of hypoglycemia and weight loss or neutrality and 

are well tolerated [495]. 

Several inhibitors are already commercially available and are listed in Table 1.7. 
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Table 1.7 – Dipeptidyl peptidase IV inhibitors approved for the treatment of type 2 diabetes. 

Inhibitor Brand (Manufacturer) 
Year 
approved 

Type of action 
Recommended 
dose 

Refs 

Sitagliptin 

Januvia® (Merck & Co.); 
Tesavel® (Merck & Co.); 
Xelevia® (Merck & Co.); 
Ristaben® (Merck & Co.) 

2006 
(FDA) 
2007 
(EMA) 

Reversible non-
covalent bond 

100 mg QD [496] 

Vildagliptin 
Galvus® (Novartis); Jalra® 
(Novartis); Xiliarx® 
(Novartis) 

2007 
(EMA) 

Reversible 
covalent bond 

50 mg BID [497] 

Saxagliptin Onglyza® (AstraZeneca) 

2009 
(FDA) 
2009 
(EMA) 

Reversible 
covalent bond 

5 mg QD [498] 

Linagliptin 
Trajenta® (Boehringer 
Ingelheim) 

2011 
(FDA) 
2011 
(EMA) 

Reversible non-
covalent bond 

5 mg QD [499] 

Gemigliptin 
Zemiglo® (LG Life 
Sciences) 

2012 
(Korea) 

Reversible non-
covalent bond 

50 mg QD [500] 

Anagliptin 
Suiny® (Sanwa Kagaku 
Kenkyusho Co.) 

2012 
(Japan) 

Reversible bond 200 mg QD [501] 

Alogliptin 
Nesina® (Takeda); 
Vipidia® (Takeda) 

2013 
(FDA) 
2013 
(EMA) 

Reversible non-
covalent bond 

25 mg QD [502] 

Teneligliptin 
Tenelia® (Mitsubishi 
Tanabe Pharma 
Corporation) 

2012 
(Japan) 

Reversible 
covalent bond 

20 mg QD [503] 

Trelagliptin Zafatek® (Takeda) 
2015 
(Japan) 

Reversible non-
covalent bond 

100 mg QW [504] 

Omarigliptin Marizev® (Merck & Co.) 
2015 
(Japan) 

Reversible bond 25 mg QW [505] 

Evogliptin Suganon® (Dong A-ST) 
2016 
(Korea) 

Reversible non-
covalent bond 

5 mg QD [506] 

Abbreviations: FDA, Food and Drug Administration; EMA, European Medicines Agency; QD, once daily; 
BID, twice daily; QW, once weekly. 
 

Five DPP-IV inhibitors have been approved by Food and Drug Administration (FDA) 

and/or European Medicine Agency (EMA): sitagliptin, vildagliptin, saxagliptin, linagliptin 

and alogliptin. Five other DPP-IV inhibitors were approved in Japanese and Korean 

markets. Our work will focus on vildagliptin that was one of the first DPP-IV inhibitors to 

be approved. 

All the inhibitors have the same mechanism of action but differ in pharmacodynamics 

and pharmacokinetics [489]. DPP-IV inhibitors are competitive reversible inhibitors with 

similar efficacy (70–90%) but different potency with an in vitro half maximal inhibitory 
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concentration (IC50) of 1, 19, 62, 50, and 24 nM for linagliptin, sitagliptin, vildagliptin, 

saxagliptin and alogliptin, respectively [507]. 

Besides the role of DPP-IV inhibitors in lowering glucose levels, several other pleiotropic 

effects of these drugs have been described, such as in lipid profile, blood pressure and 

on inflammation. The effects of DPP-IV inhibitors in adipose tissue and also its effects 

on fibrosis formation in non-adipose tissue are reviewed in sections 1.7.5. and 1.7.6, 

respectively. 

 

1.7.4.1 Vildagliptin 

Vildagliptin (Galvus®, Jalra®, Xiliarx®), also known as LAF237, was first approved for 

treatment of type 2 diabetes mellitus patients in 2007 and is commercialized in more than 

100 countries [508]. The structure of vildagliptin is represented in Figure 1.17. Vildagliptin 

is a selective inhibitor of DPP-IV that is indicated in the European Union for the treatment 

of type 2 diabetes more commonly used in combination with metformin, and more rarely 

as monotherapy [508]. This DPP-IV inhibitor binds reversibly and covalently DPP-IV. 

Vildagliptin functions as a substrate for DPP-IV with a dissociation half-life of 55 minutes 

[508]. This drug has an in vitro IC50 of 62 nM and a Ki value of 10 nM [507]. 

 

 

Figure 1.17 – Chemical structure of vildagliptin. Vildagliptin is a cyanopyrrolidine-based 
dipeptidyl peptidase-IV inhibitor. 
 

1.7.5 Effect of dipeptidyl peptidase inhibition on adipose tissue and obesity  

DPP-IV inhibitors have important effects in adipose tissue (Table 1.8). 
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Table 1.8 – Dipeptidyl peptidase IV inhibition effects in adipose tissue in several models 
of obesity. 

Models Inhibitor Inhibitor effect Refs 

In vivo 
studies 

Zucker 
diabetic rats 

FE 999011 
Improved glucose tolerance and reduced 
circulating free FAs and TAGs levels. 

[509] 

HFD-fed mice Sitagliptin 

Reduced fasting blood glucose without 
changes in body weight and epididymal and 
retroperitoneal fat mass; increased number 
of small adipocytes; reduced number of the 
very large adipocytes; reduced inflammation 
in the adipose tissue and pancreatic islet. 

[510] 

HFD-fed mice Des-fluoro-sitagliptin 
Decreased weight gain and improved 
glucose and insulin levels after an oral 
glucose tolerance test. 

[511] 

HFD-fed mice Sitagliptin 
Increased insulin sensitivity, decreased 
body weight, and adipocyte hypertrophy.  

[512] 

HFD-fed mice Teneligliptin 
Improved insulin resistance, reduced body 
weight and adipocyte hypertrophy. 

[513] 

HFD-fed mice Des-fluoro-sitagliptin 
Decreased serum glucose and insulin 
levels, attenuated epididymal adiposity, and 
decreased serum leptin levels. 

[514] 

Wild type 
mice 

Vildagliptin 

Reduced levels of cholesterol and 
triglycerides, reduced hepatic expression of 
genes important for cholesterol synthesis 
and FA oxidation 

[515] 

Gck+/-mice Des-fluoro-sitagliptin 
Ameliorated linoleic acid-induced adipose 
tissue hypertrophy and prevented 
inflammation and fatty liver. 

[516] 

HFD-fed mice Llinagliptin 
Increased insulin sensitivity, reduced liver 
fat content, and lower expression of the 
macrophage marker F4/80. 

[517] 

In vitro 
studies 

3T3-L1 
preadipocytes 

Vildagliptin 
Reduced lipid accumulation by inhibiting 
adipogenesis, through NPY cleavage and 
NPY Y2 receptor activation  

[467] 

3T3-L1 
preadipocytes 

Sitagliptin No effect on adipocyte differentiation. [479] 

HFD, High-fat diet; FA, Fatty acid; TAG, Triglyceride; NPY, Neuropeptide Y. 

  

Several studies showed that treatment with DPP-IV inhibitors decreases blood glucose 

and improves insulin sensitivity in Zucker diabetic rats and HFD-fed mice [509-

511,513,514,517]. Additionally, circulating free FAs and TAGs levels are also decreased 

after DPP-IV inhibitors, FE 999011 and vildagliptin, treatment in Zucker diabetic rats and 

wild type mice [509,515]. 

Moreover, C57Bl/6J mice fed a high-fat and treated with sitagliptin show no body weight 

and epididymal and retroperitoneal fat mass changes [510]. It was also described that 

sitagliptin treatment increases the number of small adipocytes and reduces the number 
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of the very large adipocytes [510]. In contrast, mice fed a HFD when treated with different 

DPP-IV inhibitors show decreased body weight [511-513], adiposity [514], and adipocyte 

hypertrophy [512,513]. Vildagliptin treatment also reduces the hepatic expression of 

genes important for cholesterol synthesis and FA oxidation, namely phospho-mevalonate 

kinase, acyl-coenzyme dehydrogenase medium chain, mevalonate 

(diphospho)decarboxylase, and Acyl-CoA synthetase [515]. DPP-IV inhibitors prevent 

adipose tissue inflammation and fatty liver in C57BL/6 mice fed a HFD [510,517] and β-

cell-specific glucokinase haploinsufficient (Gck(+/-)mice, a model of non-obese type 2 

diabetes mellitus [516]. 

DPP-IV inhibitor effects were also evaluated in humans. Besides the antidiabetic effects 

of DPP-IV inhibitors, other effects were observed in adipose tissue. DPP-IV inhibition 

with vildagliptin increases postprandial lipid mobilization and oxidation in patients with 

type 2 diabetes mellitus [518]. This effect was suggested to occur through sympathetic 

activation rather than a direct effect on metabolic status [518]. Sitagliptin improved 

glycemic control, and reduces intrahepatic lipid content and total body fat in overweight 

Japanese patients with type 2 diabetes mellitus [519]. However, clinical trials with 

vildagliptin, sitagliptin and saxagliptin, reported no significant changes in body weight 

[520].  

However, it was reported that DPP-IV inhibitors regulate adipocyte differentiation [467]. 

The effect of DPP-IV inhibitor, vildagliptin, in adipogenesis was studied in vitro in a murine 

preadipocyte cell line, 3T3-L1 cells [467]. Vildagliptin reduces lipid accumulation by 

inhibiting adipogenesis, through NPY cleavage and subsequent NPY Y2 receptor 

activation without affecting lipolysis [467]. In contrast, it was described that DPP-IV 

inhibitor, sitagliptin, has no effect on adipocyte differentiation as seen by Oil Red-O assay 

[479]. 

 

1.7.6 Role of dipeptidyl peptidase IV inhibitor in fibrosis in non-adipose tissues 

Besides the already described beneficial effects of DPP-IV inhibitors, other protective 

effects were demonstrated in heart, liver, kidney and pancreas. DPP-IV was found to 

prevent fibrosis in several organs, including cardiac, hepatic, and kidney fibrosis both in 

vitro and in vivo (Table 1.9). 
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Table 1.9 – Effects of dipeptidyl peptidase IV inhibitors in fibrosis in the liver, heart and 
kidney in different animal models. 

Tissue Animal model 
DPP-IV inhibitor 
treatment 

Effect in 
fibrosis 

Refs 

Liver STZ-treated mice fed a HFD Linagliptin ↓ [521] 

Porcine serum mouse model Sitagliptin ↓ [522] 

Heart Pressure-overloaded cardiac 
hypertrophy mouse model 

Vildagliptin ↓ [523] 

Type 2 diabetes GK mouse model Sitagliptin ↓ [524] 

Isoproterenol-infused rat model Vildagliptin ↓ [525] 

Ischemia-reperfusion injury mouse 
model 

Sitagliptin ↓ [526] 

 db/db mouse model Sitagliptin ↓ [527] 

Western diet-induced obesity mice MK0626 ↓ [528] 

Experimental autoimmune myocarditis 
mouse model 

Linagliptin ↓ [529] 

5/6-nephrectomized mouse model Linagliptin ↓ [529] 

STZ-treated rats Sitagliptin ↓ [530] 

Kidney Zucker rats Sitagliptin ↓ [531] 

STZ-treated mice Linagliptin ↓ [532] 

STZ-treated rats Vildagliptin ↓ [533] 

Endothelial nitric oxide synthase 
knockout mice 

Linagliptin ↓ [534] 

Unilateral ureteral obstruction mouse 
model 

Gemigliptin ↓ [535] 

Apolipoprotein knockout mice Sitagliptin ↓ [536] 

↓ : decrease; abbreviations: STZ, Streptozotocin; HFD, High-fat diet. 
 

Liver Fibrosis 

Two independent cohort studies showed that circulating DPP-IV activity is positively 

associated with liver fibrosis severity in populations with diabetes and/or obesity [537]. 

Another study reported that linagliptin treatment of HFD-fed mice treated with 

streptozotocin (STZ) decreases liver fibrosis, by lowering collagen deposition and α-
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smooth muscle actin (αSMA) expression (ECM proteins-synthesizing activated cells 

marker). In this study, the decrease of liver fibrosis by linagliptin is independent of GLP-

1 effects on blood glucose [521]. Moreover, it was also demonstrated that sitagliptin 

prevents liver fibrosis in a rat model of liver fibrosis, by decreasing TGFβ1, TIMP1 and 

αSMA-positive cells [522]. Furthermore, in vitro studies using activated hepatic stellate 

cells demonstrated a decrease of TGFβ1 and α1(I)-procollagen [522]. In both of these 

studies it was also observed an amelioration of liver inflammation and steatosis [521]. 

 

Cardiac Fibrosis 

A cardiac hypertrophy mouse model, induced by transverse aortic constriction, shows 

cardiac fibrosis and vildagliptin improves glucose tolerance and reduces fibrosis [523]. 

Others showed that sitagliptin reduces cardiac fibrosis in a rat model of type 2 diabetes 

(GK) [524]. Moreover, an in vitro study showed that GLP-1 reduces fibrosis of 

cardiomyocytes and cardiac fibroblasts [524]. This study also suggests that the 

cardioprotective effects induced by sitagliptin may occur via GLP-1 activation [524]. An 

isoproterenol-infused rat model exhibits perivascular fibrosis, cardiac hyperthrophy and 

inflammation that are prevented by the treatment with vildagliptin [525]. Ischemia-

reperfusion injury in mice treated with sitagliptin and also mice lacking DPP-IV were also 

studied. Both sitagliptin-treated mice and DPP-IV lacking mice show reduction of cardiac 

fibrosis [526]. Treatment with sitagliptin improves myocardial fibrosis and oxidative stress 

in db/db mice, a model of diabetes and obesity [527]. Other study showed that the 

treatment with the DPP-IV inhibitor, MK0626, also reduces fibrosis in another mouse 

model of obesity, western diet induced obesity [528]. Moreover, an experimental 

autoimmune myocarditis model in Balb/c mice treated with linagliptin exhibits 

suppressed cardiac fibrosis [538]. The mRNA levels of heart tissue fibrosis markers are 

increased in a rat model of chronic renal failure, 5/6-nephrectomized and are normalized 

by linagliptin [529]. It was also observed an increase of GLP-1 that is suggested to be 

involved in linagliptin cardioprotective effects. In Diabetic type 1 rats, sitagliptin reduces 

cardiac fibrosis but has no effect in plasma glucose, suggesting that this cardioprotective 

effect is GLP-1-independent [530]. 

 

Kidney fibrosis 

In Zucker rats, a model of type 2 diabetes mellitus, sitagliptin has anti-fibrotic, anti- 

inflammatory and anti-apoptotic effect in the kidney [531]. Linagliptin decreases renal 

fibrosis in STZ-induced type 1 diabetic mice model and vildagliptin has the same effect 

in a STZ-induced type 1 diabetic rat model [532,533]. Treatment of endothelial nitric 

oxide synthase knockout mice with linagliptin has an antifibrotic effect in the kidney, 
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independently of glucose lowering [534], suggesting that this protective effect is GLP-1 

independent. A mouse model of renal fibrosis, subjected to unilateral ureteral obstruction, 

when treated with the DPP-IV inhibitor gemigliptin shows decreased renal fibrosis and 

inflammation, independent of mechanisms mediated by GLP-1 because GLP-1 and 

GLP-1 receptors are not altered by DPP-IV inhibitor treatment [535]. Sitagliptin reverts 

the renal dysfunction and structural damage induced by dyslipidemia in dyslipidemia-

related kidney injury in apolipoprotein knockout mice, including renal fibrosis [536]. 

 

Taking all these studies into account, it is clear that DPP-IV plays an important role in 

adipose tissue metabolism and that DPP-IV inhibitors have a beneficial effect in obesity 

and obesity-associated complications. In Figure 1.18 is represented a schematic 

overview of the impact of DPP-IV inhibitors in obesity-relevant organs/tissues, including 

adipose tissue. Moreover, some studies suggested GLP-1 action to be responsible for 

the metabolic response to DPP-IV inhibition, derived from sympathetic nervous system 

activation or directly from adipose tissue [509,518], but DPP-IV has many substrates 

besides GLP-1 that can play a role in DPP-IV inhibitor effects. The underlying 

mechanisms of these effects are not well known and more studies are required. 

 

 

Figure 1.18 – Schematic overview of protective actions of dipeptidyl peptidase-IV (DPP-IV) 
inhibitors in obesity-relevant tissues, namely adipose tissue, liver, heart, pancreas and 
liver. Adapted from [220]. 

 

1.8 Neuropeptide Y 

NPY was first isolated from porcine brain and sequenced by Tatemoto and colleagues in 

1982 [539]. NPY belongs to NPY family or ‘‘PP-fold’’ family which also includes peptide 

YY (PYY) and pancreatic polypeptide (PP), with whom shares 70 and 50% homology, 

respectively [539-541]. NPY is one of the most conserved neuropeptide among species 

[541]. NPY consists of 36 amino acid residues with a total of five tyrosine residues 
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including one at its amino and other one at its carboxyl terminal [542] (Figure 1.19). The 

carboxyl terminal of NPY is responsible for its biological activity, while the amino terminal 

is involved in receptor affinity. NPY is one of the most abundant and widespread peptides 

in the central nervous system, mainly in hypothalamus in the brain. NPY is also highly 

expressed in peripheral nervous system and in peripheral tissues [460,542]. Among 

other functions, NPY is involve in the regulation of food intake and energy expenditure, 

control of learning and memory, locomotion, reproduction, thermoregulation and 

circadian rhythm [462]. 

 

 

Figure 1.19 – Structure of neuropeptide Y (NPY). NPY is composed of 36 amino acid residues, 
from which five are tyrosine residues (Tyr). Adapted from [541]. 
 

Like all polypeptides and proteins, NPY becomes active after the processing of a 

precursor peptide that is synthesized in ribosomes and transported into the lumen of the 

endoplasmic reticulum and then to the Golgi complex (Figure 1.20). The precursor 

peptide of NPY is pre-pro-neuropeptide Y, a 97 amino acid precursor [97]. The 28 amino 

acids signal peptide of Prepro-NPY is cleaved by signal peptidase enzyme producing 

pro-NPY. Afterwards, proconverting enzymes, prohormone convertase (PC) 1/3 and/or 

PC2, process 69 amino acids pro-NPY by cleaving the 30 amino acids peptide called the 

C-terminal flanking peptide of NPY (CPON). NPY1-39 is further cleaved by 

carboxypeptidase like enzyme and amidated by peptidyl-glycine α-amidating mono-

oxygenase to originate the mature and biological active form NPY1-36 or simply NPY 

[543]. Although this peptide is already in its biologically active form it can be further 

cleaved by aminopeptidase P or DPP-IV to originate NPY2-36 and NPY3-36, respectively. 

In addition, the NPY3-36 can be further cleaved into NPY3-35 by enzyme kallikrein but it 

does not bind to any of NPY receptors. Because these different peptides have different 

selectivity to NPY receptors, they also have different functions [540,543]. 
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Figure 1.20 – Scheme of synthesis and processing of neuropeptide Y (NPY). The steps of 
the process and enzymes involved are represented. Adapted from [544]. 

 

NPY activates G-proteins coupled receptors [542,545]. NPY receptors are Gi/Go coupled 

receptors that when activated inhibit the action of adenyl cyclase. Inhibition of adenyl 

cyclase leads to decreased cAMP levels, preventing PKA activation. Activation of NPY 

receptors also increases intracellular calcium levels [546]. 

All NPY family members, NPY, PP and PYY, bind to the same family of NPY receptors. 

To date seven different NPY receptors (Y1-Y8) have been described in vertebrates. Five 

of these receptors are present in mammals (Y1, Y2, Y4, Y5 and y6) and only Y1, Y2, Y4 and 

Y5 receptors are functional in all mammals, while the y6 receptor is non-functional in 

several mammals. Subtypes Y1, Y2 and Y5 preferentially bind NPY and PYY, whereas the 

Y4 binds preferentially to PP [547,548]. The Y1 receptor was the first NPY receptor to be 

cloned [549]. The Y1 receptor has high affinity to NPY1-36 and PYY, but its affinity is largely 

decreased as the N-terminal of the peptide is cleaved by peptidases [550]. Cleaving the 

C-terminal on the other hand does not affect NPY affinity for this receptor. The Y2 receptor 

was first cloned in 1995 [551]. The Y2 receptor has high affinity for NPY and PYY, but it 

is resistant to N-terminal deletions in contrast with Y1 receptor [550]. Y4 receptor was first 

cloned in 1995 and binds preferentially PP, while NPY and PYY have lower affinity 

[552,553]. The cloning of Y5 receptor was first described in 1996 [554]. Like Y1 and Y2 

receptors, Y5 receptor has higher affinity for NPY and PYY than for PP. Similarly to Y2 

receptor, it maintains its high affinity for both N-terminal truncated NPY and PYY, such 

as NPY3-36 and PYY3-36 [554] (Figure 1.21). 
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Figure 1.21 – NPY1-36 and NPY3-36 affinity for NPY receptors: Y1, Y2, Y4, and Y5 receptors. 
Abbreviations: NPY, Neuropeptide Y; DPP-IV, Dipeptidyl Peptidase IV. Adapted from [489]. 

 

1.8.1 Neuropeptide Y in adipose tissue 

NPY regulates adipose tissue functions through NPY released from nerve endings but 

also through local synthesis of NPY in adipose tissue. Different studies provided 

evidence that NPY is secreted by adipocytes isolated from human and mouse abdominal 

subcutaneous fat. NPY and some of its receptors are synthesized in human [555], pig 

[556] and mouse [461] adipose tissue and also in 3T3-L1 preadipocyte cell line [461,557]. 

NPY levels are increased in visceral WAT in an early-life programmed rat model of 

increased visceral adiposity [461]. Moreover, NPY is increased in visceral adipose tissue 

in obese Zucker rats [461]. 

Several studies investigated the effect of NPY in adipose tissue in different models. Local 

intra-fat injections of NPY in mice and monkeys stimulate adipose tissues weight and 

volume by 50%, demonstrating that NPY can promote de novo adipose tissue formation 

[558]. Moreover, NPY improves long-term human fat graft survival and vascularity in the 

athymic mice, which was shown to occur through increased cell survival and not through 

increased adipose tissue formation [558]. 

Furthermore, some studies also evaluated the involvement of different NPY receptors in 

NPY effects in adipose tissue. Conditional knockdown of Y2 receptor in peripheral tissues 

(including WAT) results in protection against diet-induced obesity, reduced weight gain 

and adiposity and amelioration in glucose tolerance [559]. Genetically obese B6.V-

Lepob/J mice show upregulated plasma NPY levels and upregulated NPY and Y2 

receptor expression in subcutaneous abdominal fat, compared with control C57BL/6J 
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mice. Moreover, the weight and volume of adipose tissue in both obese and lean mice 

are increased with subcutaneous abdominal fat-delivered NPY treatment. The NPY-

induced adipose tissue weight and volume are prevented with injections with an Y2 

receptor antagonist (BIIE0246). The Y2 receptor antagonist also decreases vascularity 

and increases apoptosis in the abdominal fat pads [466]. Mice treated with local 

administration of Y2 receptor antagonist in WAT, germline Y2 knockout mice, and also 

mice with conditional Y2 knockdown in WAT show reduced stress-induced abdominal fat 

[466]. The results of this study suggest that the increase of adipogenesis and 

angiogenesis occur through Y2 receptor activation [466]. In mice, stress activates Y2 

receptor in a glucocorticoid-dependent manner in abdominal fat, adipogenesis and 

angiogenesis, leading to obesity and metabolic syndrome, that is prevented by intra-fat 

inactivation of Y2 receptor [560]. 

Furthermore, some in vitro studies evaluated NPY effect in proliferation and 

differentiation of adipocytes and the receptor involved. NPY treatment induces 

proliferation of 3T3-L1 preadipocytes, and this effect is prevented by Y2 receptor 

antagonist [466,561] and also by Y5 receptor antagonist [561]. NPY was also observed 

to stimulate preadipocyte proliferation but this effect occurred through Y1 receptor [461]. 

All these in vitro studies observed that NPY stimulates preadipocyte proliferation but the 

NPY receptor involved is still controversial. Regarding the effect of NPY in adipocyte 

differentiation, no alterations were observed in lipid accumulation and PPARγ in NPY-

treated 3T3-L1 preadipocytes [461]. In contrast, NPY mimics the effects of insulin by 

increasing lipid accumulation that is prevented with Y2 receptor antagonist [466]. 

Moreover, other study showed that NPY stimulates lipid accumulation and PPARγ2 

through Y2 and Y5 receptors [561]. 

Several studies reported an inhibitory effect of NPY on lipolysis [468,469,562-567]. 

However, in one study it was reported that NPY has no effect on lipolysis in non-

stimulated conditions but increases β-adrenergic-induced stimulation of lipolysis [568]. 

The inhibitory effect of NPY on lipolysis were shown to occur mainly through Y1 receptor 

[569] or through both Y1 and Y2 receptors activation [555]. 

All together, these studies show that NPY has hyperplasic, adipogenic and antilipolytic 

effects in adipose tissue. These effects were described to occur mainly through Y1 and/or 

Y2 receptors but Y5 receptors have also been implicated in these processes. 
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2. Main objectives 

Obesity is characterized by an excessive increase of WAT. During the development of 

obesity, adipocytes become hypertrophic, which leads to a reduction of oxygenation 

causing local hypoxia in WAT [264,265,277,283]. Hypoxia has a high impact in WAT 

homeostasis, contributing to adipose tissue dysfunction in obesity.  

Oxygen is critical for energy homeostasis and cell differentiation. In addition, hypoxia 

regulates adipocyte differentiation, inhibiting PPARγ2 expression [298,570]. However, 

the effect of hypoxia on lipid accumulation in adipocytes is controversial and its impact 

on adipocyte physiology is not fully understood. 

Besides the development of hypoxia, other adipose tissue dysfunctions occur as a 

consequence of hypertrophy of adipocytes in obesity. The increase of adipocyte size 

leads to increased deposition of ECM components, causing fibrosis formation in adipose 

tissue in obesity [326]. Alterations of specific components of ECM were described to 

have a high impact in adipose tissue metabolism [263]. Another study reported that 

fibrosis in subcutaneous WAT is negatively associated with fat mass loss after bariatric 

surgery [352].  

DPP-IV inhibitors are used as oral drugs for the treatment of type 2 diabetes mellitus. 

Besides the effect of DPP-IV inhibitors on glucose control, these drugs also exhibit other 

protective effects in other non-adipose tissues, namely in preventing fibrosis in several 

organs, such as heart, liver and kidney, both in vitro and in vivo [522,528,532]. 

 

Taking this into account, our work focused in two main objectives: 

1 – To investigate the role of hypoxia in adipogenesis and adipocyte function using 3T3-

L1 preadipocytes as an in vitro model. 

2 – To evaluate the impact of vildagliptin, a DPP-IV inhibitor, on fibrosis formation in 

adipose tissue of HFD-induced obese mice and to investigate the possible underlying 

mechanisms using 3T3-L1 preadipocytes. 
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3.1 Abstract  

Hypoxia occurs within adipose tissue of obese human and mice. However, its role in 

adipose tissue regulation is still controversial. The aim of the present work is to study the 

role of hypoxia in adipocyte function by evaluating lipid accumulation, PPARγ2 

expression, microRNAs, mitochondrial changes and autophagy in murine preadipocytes 

(3T3-L1 cell line). 

Our results show that the hypoxia mimetic cobalt chloride (CoCl2, 100 μM) increases lipid 

accumulation with no expression of PPARγ2. Furthermore, using quantitative real-time 

PCR (qPCR) we observed that the hypoxia mimetic increases microRNAs miR-27a and 

miR-27b, which are known to block PPARγ2 expression. In contrast, the hypoxia mimetic 

cobalt chloride induces mitochondrial dysfunction, and increases production of ROS and 

autophagy. Moreover, an antioxidant agent, glutathione, prevents lipid accumulation 

induced by hypoxia mimetic indicating that ROS are responsible for lipid accumulation 

induced by hypoxia in these cells. 

All these results taken together suggest that hypoxia mimetic blocks differentiation, 

induces autophagy and increases lipid accumulation through mitochondrial dysfunction 

and ROS accumulation. 
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3.2 Introduction 

Obesity is characterized by an excessive increase of WAT, which is associated with an 

oxygenation reduction of the adipose tissue in mice and humans [264,265,277,283]. 

Adipocytes become hypertrophic during the development of obesity, becoming larger 

than the diffusion distance limit of oxygen [275,571]. Therefore, oxygen is not able to 

reach the cells causing local hypoxia in expanding adipocytes. Cellular response to 

hypoxia is manifested by the activation of HIF-1, a heterodimeric transcription factor that 

is considered a molecular oxygen sensor [287]. HIF-1 mediates the cellular response to 

hypoxia, regulating several target genes that encode for proteins involved in 

angiogenesis, cell proliferation, apoptosis and energy metabolism [572]. It is clear that 

hypoxia is an important condition that regulates WAT homeostasis, being a major 

contributor for adipose tissue dysfunction in obesity. 

The formation of adipose tissue is dependent on preadipocyte differentiation to 

adipocytes, which are mature cells specialized in lipid accumulation. This differentiation 

process is called adipogenesis and it is driven by the coordinated expression of various 

transcription factors, such as the PPARγ2 [57]. Given the importance of oxygen levels 

for energy homeostasis and cell differentiation, hypoxic condition regulates adipocyte 

differentiation [298,570]. The effect of hypoxic status on lipid accumulation is 

controversial, since there are conflicting reports, which describe hypoxia as both 

increasing and decreasing cytoplasmic lipid accumulation [298,303,304,573]. It has been 

demonstrated that hypoxia inhibits adipogenesis through decreasing PPARγ2 

expression [298,570]. In addition, HIF-1 suppresses FA β-oxidation and this 

mechanism is responsible for adipose tissue expansion attenuation [574]. Furthermore, 

most of the studies about the role of hypoxia on adipocytes describe its effect either on 

lipid accumulation or on PPARγ expression. However, hypoxia may also lead to changes 

in other intracellular pathways, in particular mitochondrial dysfunction, production of 

ROS, and also the formation of microRNAs, which can modify differentiation and lipid 

accumulation within adipocytes. In fact, it has been reported that microRNAs modulate 

adipocyte differentiation [117,130]. The miR-143 induces preadipocytes 3T3-L1 

differentiation and the miR-130 is involved in the blockage of PPARγ expression 

[117,130,575]. In addition, miR-27a and miR-27b levels are higher in adipose tissue of 

obese ob/ob mice than in lean animals [122]. However, it was also described that miR-

27a is down-regulated in mature adipocytes of HFD-fed obese mice comparing to normal 

chow diet-fed lean mice [121]. Although there are some works about the effect of miRs 

on adipocyte differentiation, the effect of hypoxia on miRs regulation in adipose tissue is 

not well known. 
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Autophagy is known to be necessary to normal adipocyte differentiation [176]. Moreover, 

it is known that hypoxia can induce autophagy in other non-adipose cells [576,577] but 

few works report the effect of autophagy in adipose tissue [176]. Using either the 3T3-L1 

cell line or MEFs, it was shown that normal adipogenesis is associated with increased 

autophagic activity [174,176], but autophagy is increased in the adipose tissue of obese 

individuals [177]. 

The aim of this work is to evaluate the role of hypoxia mimetic, cobalt chloride, on the 

normal physiology of adipocytes, by determining lipid accumulation, PPARγ2 expression, 

miRNA expression, mitochondrial changes and autophagy. We hypothesized that lipid 

accumulation in adipocytes, induced by hypoxia mimetic, is due to mitochondrial 

dysfunction and autophagy increase. 
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3.3 Materials and Methods 

3.3.1 Cell culture 

3T3-L1, a murine preadipocyte cell line (American type Culture Collection – LGC 

Promochem) was plated in 22.1 cm2 flasks and were maintained in Dulbecco’s Modified 

Eagle Medium with high glucose (4.5 g/L D-glucose) (DMEM-HG; Sigma) with phenol 

red, supplemented with 10% (vol/vol) heat-inactivated fetal bovine serum, 100 U/mL 

penicillin, 100 μg/mL streptomycin, 2.5 mM l-glutamine and 1.5 g/L NaHCO3 at 37 °C and 

5% CO2/air. 

 

3.3.2 Cell Differentiation protocol 

Preadipocytes were plated in 24-well plates (25000 cells/well) until they reached 

confluence (day 0). After 2 days, the medium was removed and replaced by DMEM-HG 

supplemented with a cell differentiation cocktail: 3-isobutyl-1-methylxanthine (IBMX, 0.5 

mM) and dexamethasone (0.25 μM) (day 2) (Sigma). After 3 days (day 5), the culture 

medium was changed to DMEM-HG without the differentiation cocktail. Every 2 days, 

the medium was renewed until day 9. 

 

3.3.3 Experimental Conditions 

For the positive control it was used insulin (1 μg/mL) (Sigma). To evaluate the effect of 

hypoxia mimetic on adipogenesis, 3T3-L1 preadipocytes were treated with CoCl2 (100 

µM) or deferoxamine mesylate (DFO) (100 µM) (Sigma), hypoxia mimetic agents. Our 

group has also previously demonstrated, by immunofluorescence against HIF-1 

(Abcam), that cells treated with CoCl2 100 µM or DFO express HIF-1 in the nucleus, 

and thereby confirming that those CoCl2 and DFO can act as hypoxia mimetic agents. 

Mitochondrial complex I inhibitor, rotenone (1 µM) or glutathione (GSH) (50 µM) (Sigma) 

were added to the medium (without insulin) to evaluate their effect on adipocyte 

differentiation. 

 

3.3.4 Lipid accumulation quantification by Oil red-O staining 

Seven days after induction of preadipocyte differentiation, cells were washed twice with 

phosphate buffered saline (PBS) and fixed with p-formaldehyde (4% in PBS) for 30 

minutes at room temperature. Cells were then washed twice with PBS, once with distilled 

water, and stained with Oil Red-O dye (6:4, 0.6% Oil red-O dye in water) (Sigma) for one 

hour before being washed three times with water. Finally, Oil red-O staining was 

dissolved in 200 μL of isopropanol, and the absorbance measured at 500 nm.  
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3.3.5 Oil Red-O fluorescent staining 

Prior to the permeabilization step of immunofluorescence protocol, cells were washed 

twice with PBS and fixed with p-formaldehyde (4% in PBS) for 30 minutes at room 

temperature. Cells were then washed twice with PBS and stained with Oil Red-O dye 

(6:4, 0.6% Oil red-O dye in water) for one hour before being washed three times with 

PBS.  

 

3.3.6 Immunofluorescence 

Following fixation with p-formaldehyde (4% in PBS) and permeabilization with Triton-

X100 (1% in PBS), nonspecific binding was blocked with 3% bovine serum albumin 

(BSA) and 0.2% Tween20 in PBS. Cells were incubated overnight at 4 ºC with the 

following primary antibodies, anti-PPARγ (1:500) (Santa Cruz Biotechnology), anti-

perilipin A (1:100) (Cell Signalling) or anti-Pref-1 (1:500) (Abcam). After rinsing with PBS, 

the cells were incubated with the appropriate secondary antibody (Molecular Probes, 

Invitrogen) for 1 hour (1:200), at room temperature. All antibodies were prepared in 

blocking solution (PBS containing 3% of BSA). Nuclei were labeled with Hoechst 33342 

(1 μg/ml) (Molecular Probes, Invitrogen) for 3 minutes, after incubation with the 

secondary antibody and coverslips were mounted on glass slides. Cells were visualized 

using the laser scanning microscope LSM 510 META (Zeiss, Jena, Germany). 

 

3.3.7 Mitotracker and Mitosox 

For direct labeling of mitochondria, cells were stained with 500 nM MitoTracker Red 

CMXRos (Molecular Probes, Invitrogen) for 30 minutes, and fixed with p-formaldehyde 

(4% in PBS). Alternatively, for detection of superoxide in the mitochondria of live cells, 

cells were stained with 5 µM MitoSOX (Molecular Probes, Invitrogen) for 10 minutes at 

37 ºC. Cells were counterstained with Hoechst 33342 (1 μg/ml) for 3 minutes. Coverslips 

were mounted on glass slides, the cells were visualized using a fluorescence microscope 

(Carl Zeiss Axio Observer Z1) and the images were acquired with the Carl Zeiss Zen 

software or in a laser scanning microscope LSM 510 META (Zeiss, Jena, Germany). 

 

3.3.8 Western blotting 

Cells were rinsed twice with ice-cold PBS and then lysed with RIPA buffer (50 mM Tris-

HCl pH 8, 150 nM NaCl, 1% Triton X-100, 0.5% sodium deoxycholate, 0.1% sodium 

dodecysulphate (SDS)) containing 100 µM phenylmethylsulfonyl fluoride (PMSF), 1 mM 
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dithiothreitol (DTT), 1 µg/mL quimostatin, 1 µg/mL leupeptin, 1 µg/mL antiparin, 5 µg/mL 

pepstatin A and 1 mM ortovanadate, pH 7.4. Lysates were centrifuged at 12,000 x g, for 

15 minutes at 4 °C. Protein concentration was determined by the Bradford assay 

(Biorad). The same amount of protein were separated by electrophoresis in the presence 

of SDS-polyacrylamide gel electrophoresis (SDS-PAGE). Following electrophoresis, 

proteins were transferred electrophoreticaly to polyvinylidene fluoride (PVDF) 

membranes for 90 minutes at 750 mA. The membranes were blocked with 5% (m/vol) 

non-fat milk in Tris-buffered saline (TBS-T; 137 mM NaCl, 20 mM Tris·HCl, pH 7.6) 

containing 0.1% Tween 20 for 60 minutes at room temperature. Membranes were 

incubated overnight at 4 ºC with the primary antibody. The primary antibodies were used 

as follows: rabbit anti-PPARγ (1:500), anti-perilipin (1:500), anti-Pref-1 (1:1,000), anti-

LC3B (1:1000) (Cell Signalling) or anti-p62 (1:1000) (Cell Signalling) in 1% (m/v) of non-

fat milk in TBS-T. After washing for 30 minutes in TBS-T, membranes were incubated 

with an alkaline phosphatase-conjugated anti-rabbit or anti-mouse antibody (1:20000) 

diluted in a solution of 1% (m/v) of non-fat milk in TBS-T, for 30 minutes at room 

temperature. Membranes were washed with TBS-T for 30 minutes and immunoreactive 

bands were detected by chemifluorescence with enhanced chemifluorescence (ECF) 

substrate (GE Healthcare) in a VersaDoc Imaging System (Bio-Rad). To control for 

protein loading, membranes were probed with anti-β-actin antibody (1:10000). Band 

intensity was quantified by Quantity One (Biorad). 

 

3.3.9 Quantitative real-time PCR for PPARγ2 

Total RNA was isolated according to the manufacturer’s instructions using commercially 

available kit (Macherey-Nagel). Total RNA amount was quantified by optical density (OD) 

measurements using a ND-1000 Nanodrop Spectrophotometer (Thermo Scientific), and 

the purity was evaluated by measuring the ratio of OD at 260 and 280 nm. 

Complementary DNA (cDNA) was then obtained by conversion of total RNA with iScript 

Selected cDNA Synthesis kit (Bio-Rad) according to manufacturer’s instructions. cDNA 

was stored at -20 ºC. qPCR was performed in the StepOnePlus Real-Time PCR 

thermocycler (Applied Biosystems, Life Technologies Corporation, USA) using 96-well 

microtiter plates and SsoAdvanced SYBR Green Supermix (Bio-Rad). Primers for mouse 

PPARγ2 and β-actin were designed using PrimerBlast Software. Primers for PPARγ2 

(forward/reverse): 5’GCCTATGAGCACTTCACAAGAAAT3’ and 

5’GGAATGCGAGTGGTCTTCCA3’. Primers for β-actin (forward/reverse): 

5’CAGCAAGCAGGAGTA3’ and 5’GGTGTAAAACGCAG 3’. Appropriate negative 

controls were also prepared. All reactions were performed in duplicate and according to 
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the manufacturer’s recommendations: 95 ºC for 30 sec, followed by 45 cycles at 95 ºC 

for 5 sec and 60 ºC for 30 sec. The amplification rate for each target was evaluated from 

the cycle threshold (Ct) numbers obtained with cDNA dilutions, with correction for β-actin 

levels. The mRNA fold increase or fold decrease with respect to control samples was 

determined by the Pfäffl method. 

 

3.3.10 Lactate measurements 

Lactate was measured in cell supernatants using a Lactate Colorimetric Assay Kit 

(Abcam), according to the manufacturer's protocol. Data were normalized in terms of 

protein concentration determined by the Bradford assay (Biorad). 

 

3.3.11 Determination of ATP content 

Cells were disrupted with lysis buffer on ice. Extracts were centrifuged at 13000 x g for 

10 minutes at 4 °C and supernatants were collected. ATP was measured using the ATP 

Bioluminescence assay kit CLS II (Roche Diagnostics GmbH, 1699 695, Mannheim, 

Germany), according to the manufacturer's protocol. Light emission was recorded for 30 

seconds by a photon counting luminometer. Relative ATP levels were normalized in 

terms of protein concentration determined by the Bradford assay (Biorad). 

 

3.3.12 Reactive oxygen species measurements 

Cells were washed twice with PBS, and incubated with a cell-permeant indicator for ROS 

(5 µM H2DCFDA, Invitrogen) in PBS for 30 minutes at 37 °C. The fluorescent signal was 

read at excitation of 492 nm and emission of 517 nm in a microplate reader. ROS levels 

were normalized in terms of protein concentration determined by the Bradford assay 

(Biorad). 

 

3.3.13 Quantitative real-time PCR for miRNA 27a and 27b analysis 

Total RNA was isolated using the miRCURY RNA Isolation Kit - Cell & Plant content 

(Exiqon, Vedbaek, Denmark) according to the manufacturer’s instructions. Total RNA 

amount was quantified by OD measurements using a ND-1000 Nanodrop 

Spectrophotometer (Thermo Scientific), and the purity was evaluated by measuring the 

ratio of OD at 260 and 280 nm. After RNA quantification, cDNA conversion for miRNA 

quantification was performed using the Universal cDNA Synthesis Kit (Exiqon, Vedbaek, 

Denmark). For each sample, cDNA for miRNA detection was produced from 20 ng total 

RNA according to the following protocol: 60 minutes at 42 ºC followed by heat-
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inactivation of the reverse transcriptase for 5 minutes at 95 ºC. The cDNA was diluted 80 

times with the nuclease free water before quantification by qPCR. The primers were 

mmu-miR-27a (target sequence): UUCACAGUGGUAAGUUCCGC and mmu-miR-27b 

(target sequence): UUCACAGUGGCUAAGUUCUGC. 

qPCR was performed in an iQ5 thermocycler (Bio-Rad, CA, USA) using 96-well microtitre 

plates. For miRNA quantification the miRCURY LNA Universal RT microRNA PCR 

system (Exiqon, Vedbaek, Denmark) was used in combination with pre-designed 

microRNA LNA PCR primers (Exiqon, Vedbaek, Denmark) for miR-27a, miR-27b and 

miR-103 (reference gene) according to the manufacturer’s recommendations. Briefly, for 

each reaction, 10 µL of SYBR Green master mix and 2 µL of PCR primer mix were added 

to 8 µL of diluted cDNA template. All reactions were performed in duplicate at a final 

volume of 20 µL per well, using the iQ5 Optical System Software (Bio-Rad, CA, USA). 

The reaction conditions consisted of polymerase activation/denaturation and well factor 

determination at 95 ºC for 10 minutes, followed by 40 amplification cycles at 95 ºC for 10 

seconds and 65 ºC for 1 minute (ramp-rate 1.6 ºC/s). A melting curve protocol was started 

immediately after amplification and consisted of 1 minute heating at 55 ºC followed by 

80 steps of 10 seconds, with a 5 ºC increase at each step. Threshold values for Ct 

determination were generated automatically by the iQ5 Optical system software (Bio-

Rad, CA, USA). The amplification efficiency for each primer pair and the threshold values 

for Ct determination were determined automatically by the iQ5 Optical System Software 

(Bio-Rad). Relative mRNA quantification was performed according to Pfäffl method. 

 

3.3.14 Statistical analysis 

Results are expressed as mean ± standard error of the mean (SEM). Data were analyzed 

using one-way analysis of variance (ANOVA), or t-test, as indicated in figure legends. A 

value of p<0.05 was considered significant. Prism 6.0 (GraphPad Software, San Diego, 

CA) was used for all statistical analysis. 
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3.4 Results 

3.4.1 Hypoxia mimetic agent CoCl2 induces lipid accumulation without PPARγ2 

expression 

Adaptation to low oxygen is mediated by the transcription factor HIF-1α [287]. Hypoxia 

stabilizes HIF-1α, which induces the expression of several genes [287,572]. Hypoxia (1% 

O2), CoCl2 and DFO can stabilize HIF-1α through inhibition of HIF-1α hydroxylation by 

prolyl and arginyl hydroxylases [293,294]. Therefore, CoCl2 and DFO are widely used as 

hypoxia mimetics [293,294]. We used both CoCl2 and DFO, as hypoxia mimetics, to 

evaluate the impact of hypoxia in adipocyte differentiation. As expected, we observed 

that both CoCl2 and DFO increase HIF-1α immunoreactivity in the nucleus of 3T3-L1 

preadipocytes (data not shown). The effect of hypoxia mimetic in adipocyte differentiation 

was evaluated by measuring PPARγ, a transcription factor critical in the differentiation 

process, and also lipid accumulation, characteristic of mature adipocytes. CoCl2 

decreases PPARγ mRNA levels by 88.6 ± 7.3%, compared to control (Figure 3.1A). By 

Western blotting, we observed that the adipogenic marker PPARγ2 is present in 

adipocytes incubated with insulin but it is not detected when preadipocytes are submitted 

to hypoxic mimetic conditions (Figure 3.1B). As expected, insulin (1 μg/mL)-treated 

preadipocytes differentiate into adipocytes as showed by the two well-known adipogenic 

markers: increase of cytoplasmic lipid droplets coupled with PPARγ staining in the nuclei 

(Figure 3.1C). Hypoxic mimetic conditions (CoCl2) increases cytoplasmic lipid droplet 

accumulation but no nuclear PPARγ staining is observed (Figure 3.1C). Moreover, these 

lipid droplets are smaller, more numerous, and have a diffuse pattern compared to lipid 

droplets in adipocytes under control conditions (Figure 3.1D). Lipid accumulation was 

measured by Oil red-O staining and hypoxia increases lipid accumulation by 63.2 ± 

10.5%, compared to control (Figure 3.1E).  
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Figure 3.1 – Hypoxia mimetic inhibits PPARγ2 expression but induces lipid accumulation. 
3T3-L1 preadipocytes were induced to differentiate and were treated with insulin (1 μg/mL) or 
cobalt chloride (100 μM) for seven days. (A) qPCR to determine the expression of PPAR2 mRNA. 
n =3 *p<0.05 compared to control. One-way ANOVA was used as statistical test. (B) 
Representative image of western blotting for PPARγ and β-actin (loading control). (C and D) 
Representative images of immunofluorescence for PPAR (green) performed after Oil red-O that 
stains the lipid droplets (red). Nuclei were stained with Hoechst 33342 (blue). Scale bar: 20 μm. 
(E) Oil red-O staining to quantify lipid accumulation. n =9 ***p < 0.001, significantly different from 
control group. One-way ANOVA was used as statistical test. 
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Because hypoxia mimetic induces lipid accumulation without differentiation we 

investigated perilipin expression, which is an adipocyte-specific protein that coats lipid 

droplets. Adipocytes differentiated with insulin (1 μg/mL) show an increase in perilipin 

expression, while in hypoxic mimetic conditions perilipin is not detected (Figure 3.2A and 

B). Since lipid droplets are present in these adipocytes with no PPARγ or perilipin 

expression, we decided to evaluate whether preadipocytes under hypoxia mimetic 

condition are arrested in the preadipocyte state. To address that, we evaluated the 

expression of the preadipocyte marker Pref-1 [92]. As expected, we observed, by 

western blotting and immunofluorescence, that insulin decreases Pref-1 

immunoreactivity (Figure 3.2C and D). Hypoxia mimetic conditions also inhibit Pref-1 

expression (Figure 3.2C and 2D), suggesting that hypoxia mimetic does not arrest 

preadipocytes in an undifferentiated state. 
 

 
Figure 3.2 – Hypoxia mimetic inhibits perilipin and Pref-1 protein levels. 3T3-L1 
preadipocytes were induced to differentiate and were treated with insulin (1 μg/ml) or cobalt 
chloride (100 μM) for seven days. (A and C) Representative images of immunofluorescence for 
(A) perilipin (green) or (C) Pref-1 (green). Nuclei were stained with Hoechst 33342 (blue). Scale 
bar: 20 μm. (B and D) Representative image of western blotting for (B) perilipin or (D) Pref-1 and 
β-actin (loading control). 
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3.4.2 Adipocyte differentiation is blocked by miR-27a and miR-27b induction 

It has been reported that miR-27a and miR-27b are downregulated during adipogenesis 

and that their overexpression impairs adipocyte differentiation by inhibiting PPARγ 

expression [121-123]. We hypothesized that hypoxia mimetic inhibits adipocyte 

differentiation by miR-27a and miR-27b increase, which in turn inhibits PPARγ2 

expression. To test whether inhibition of PPARγ2 expression by the hypoxia mimetic 

CoCl2 is modulated by miR-27a and miR-27b expression, we measured the levels of 

miR-27a and miR-27b under hypoxic mimetic conditions. As shown in Figure 3, both 

microRNAs are increased when cells are under hypoxic mimetic conditions (CoCl2: 341.7 

± 32.2 and 446.0 ± 55.8% of control, respectively; Figure 3.3). These results show that 

hypoxia increases miR-27a and miR-27b, which probably will impair adipocyte 

differentiation. 

 

 

Figure 3.3 – Hypoxia mimetic increases mir-27a and mir-27b expression. 3T3-L1 
preadipocytes were induced to differentiate and were treated with insulin (1 μg/ml) or cobalt 
chloride (100 μM) for seven days. Real-time PCR for miR-27a and miR-27b was performed. The 
control miR was considered the miR103. Results are expressed as the ratio miR-27a/miR103 or 
miR-27b/miR103 levels. n=3 *p<0.05 compared to control. One-way ANOVA was used as 
statistical test. 

 

3.4.3. Mitochondrial dysfunction and reactive oxygen species are responsible for 

lipid accumulation induced by hypoxia mimetic 

Hypoxia may induce other cellular dysfunctions in preadipocytes, such as mitochondrial 

dysfunction [578]. In agreement, we observed that hypoxic mimetic condition decreases 

the number of normal and energized mitochondria and induces a disrupted mitochondrial 

network with fewer interconnections (Figure 3.4A). We also observed that hypoxic 

mimetic condition increases lactate production by 40.7 ± 5.3% (Figure 3.4C), decreases 

the cellular ATP content by 66.5 ± 4.0% (Figure 3.4D) and also increases the production 

of ROS by 110.2 ± 7.9%, compared to control (Figure 3.4E). 
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Figure 3.4 – Hypoxia mimetic induces mitochondrial dysfunction. 3T3-L1 preadipocytes 
were induced to differentiate and were treated with cobalt chloride (100 μM) for seven days. (A) 
Mitochondrial network was evaluated by using MitoTracker Red CMXRos stained (red). (B) 
Mitochondrial superoxide production was evaluated by using MitoSOX Red (red). Hoechst 33342 
labels the nuclei (blue). A representative image is showed in this figure. Scale bar: 20 μm (C) The 
lactate production was quantified. (D) Intracellular ATP was evaluated. (E) The release of reactive 
oxygen species (ROS) to the medium was evaluated. Values were normalized by amount of 
protein. n=3-4 **p<0.01 compared to control. t-test was used as statistical test. 

 

To establish a link between mitochondrial dysfunction and adipogenesis, cells were 

treated with an inhibitor of mitochondrial complex I, rotenone (1 µM). As also seen in 

hypoxic mimetic conditions, rotenone increases lipid accumulation by 48.4 ± 7.2%, 

compared to control, without the adipocyte differentiation markers, PPARγ2 and perilipin 

(Figure 3.5). Taken together, these results suggest that mitochondrial inhibition caused 

by hypoxia mimetic condition is contributing to lipid accumulation increase. 
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Figure 3.5 – Mitochondrial dysfunction is involved on lipid accumulation and PPARγ 
inhibition induced by hypoxia mimetic. 3T3-L1 preadipocytes were induced to differentiate and 
were treated with insulin (1 μg/ml) or rotenone (1 μM) for seven days. (A) Oil red-O staining to 
quantify lipid accumulation. n =8 ***p < 0.001, significantly different from control group. One-way 
ANOVA was used as statistical test. (B) Representative image of western blotting for PPARγ and 
β-actin (loading control). (C) Representative images of immunofluorescence for PPAR (green) 
performed after Oil red-O that stains the lipid droplets (red). Nuclei were stained with Hoechst 
33342 (blue). Scale bar: 20 μm (D) Representative image of western blotting for perilipin and β-
actin (loading control). 

 

In order to investigate whether ROS production was due to mitochondrial dysfunction, 

we evaluated the production of superoxide by mitochondria using MitoSOX Red. 

MitoSOX Red selectively targets mitochondria, being oxidized by superoxide but not by 

other ROS and reactive nitrogen species. We observed that CoCl2 increases superoxide 
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production by mitochondria when compared to control (Figure 3.4B). This provides direct 

evidence that CoCl2-induced ROS production is derived from mitochondria. To further 

study the contribution of ROS to lipid accumulation induced by hypoxia mimetic, we 

treated cells with CoCl2 in the presence or absence of glutathione which is an antioxidant, 

reducing ROS availability. We observed that glutathione prevents 37.8 ± 3.2% lipid 

accumulation induced by CoCl2 (Figure 3.6). This result suggests that ROS production is 

responsible for lipid accumulation induced by hypoxia mimetic. 

 

 

Figure 3.6 – Reactive oxygen species are responsible for hypoxia-induced lipid 
accumulation that occurs in 3T3-L1 preadipocytes. 3T3-L1 preadipocytes were induced to 
differentiate and were treated with cobalt chloride (100 μM) in the presence or absence of 
glutathione (50 μM) for seven days. (A) Oil red-O staining to quantify lipid accumulation. n =4 **p 
< 0.01, significantly different from control group; #p < 0.05, ##p<0.01, significantly different from 
CoCl2. One-way ANOVA was used as statistical test. 

 

3.4.4 Hypoxia mimetic induces autophagy 

Autophagy is a physiological protective mechanism that is also described to occur as a 

consequence of cell stress. Autophagy can be induced in response to a hypoxic condition 

[576,577]. Moreover, ROS was also shown to mediate autophagy induction [579]. To 

investigate whether hypoxia regulates autophagy in 3T3-L1 preadipocyte cell line, we 

measured the protein levels of the transient autophagosomal membrane-bound form of 

LC3B (LC3B-II) and p62, widely used as markers for monitoring the autophagic process 

[173]. Hypoxia mimetic (CoCl2) decreases LC3B-II levels by 65.7 ± 10.2% (Figure 3.7A) 

and also decreases p62 levels by 49.8 ± 6.0% (Figure 3.7B), when compared to control. 

These results suggest an increase of autophagic clearance in this hypoxia mimetic 

condition. 
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Figure 3.7 – Hypoxia mimetic-treatment induces autophagy. 3T3-L1 preadipocytes were 
induced to differentiate and were treated with cobalt chloride (100 μM) for seven days. Whole-cell 
extracts were assayed for (A) LC3B or (B) p62 and β-actin (loading control) immunoreactivity by 
Western blotting. n=4-6 **p<0.01 compared to control. t-test was used as statistical test. 
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3.5 Discussion  

The present work shows that the hypoxia mimetic, CoCl2 (100 μM) induces lipid 

accumulation without expression of PPARγ2, perilipin or the preadipocyte marker, Pref-

1. In addition, the absence of PPARγ2 expression can be related to an increase of 

microRNAs miR-27a and miR-27b that was described to inhibit PPARγ2. Since we 

observed that CoCl2 induces mitochondrial dysfunction and increased ROS production, 

we suggest that the lipid droplets induced by hypoxia mimetic condition could be a 

consequence of the mitochondrial dysfunction and, consequently, lead to inhibition or 

dysfunction of adipocyte differentiation and can be prevented by an antioxidant agent, 

glutathione. Furthermore, hypoxia and ROS have been reported as inducers of 

autophagy [576,577,579]. We observed that hypoxia mimetic is also responsible for 

autophagy induction in these cells. 

Most works that studied the effect of hypoxia on adipocyte differentiation described the 

effect of hypoxia in PPARγ expression [573] or in lipid accumulation [573], and use very 

different hypoxic treatment durations. Our results are in agreement with other works that 

have shown PPARγ2 expression inhibition by hypoxia or hypoxia mimetics, suggesting 

that hypoxia inhibits adipocyte differentiation [285,298,303,304,570,580]. However, other 

studies showed that hypoxia or hypoxic mimetic also inhibits lipid accumulation 

[298,304,570]. Our results are in agreement with a study that shows that CoCl2 induces 

cytoplasmic lipid accumulation in 3T3-L1 preadipocytes [573]. Increased lipid 

accumulation was also described in bone marrow stromal cells under hypoxic conditions 

[581]. Another group showed similar results in human bone marrow stromal cells, hMSC-

TERT [303], where hypoxia induces an atypical nature of lipid accumulation with no 

change in marker genes characteristic of mature adipocytes, such as PPARγ2 [303]. The 

authors suggest that adipogenesis may occur through PPARγ2–dependent and -

independent pathways [303]. Moreover, it was described that adipocyte-derived 

exosomes from hypoxic conditions, which contain lipogenic enzymes, promote lipid 

accumulation in non-stressed, normoxic cells [582]. 

Moreover, we hypothesized that the inhibition of PPARγ2 in hypoxic mimetic conditions 

most probably occurs due to an increase of specific miRNAs. In fact, it has been 

previously described that some miRNAs regulate adipogenesis: the mir-143 induces 

differentiation of murine 3T3-L1 and human preadipocytes [117,575], while miR-27 and 

miR–130 families inhibit this process [121-123,130]. In addition, miR-27a overexpression 

in 3T3-L1 preadipocytes suppresses PPARγ expression and adipocyte differentiation 

[121,122]. Another family member, miR-27b, is down-regulated during adipocyte 

differentiation, and binds to the 3’UTR of PPARγ while repressing PPARγ2 protein levels 
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[123]. miR-27 was also shown to have a role in repressing adipogenic lineage 

commitment in C3H10T1/2 cells [583]. Interestingly, in mature adipocytes from obese 

mice lower miR-27a expression was found, compared to mature adipocytes of lean mice, 

indicating that down-regulation of miR-27a is necessary for adipocyte hypertrophy [121]. 

On the other hand, it was also described that expression levels of both miR-27a and 

miR-27b are significantly increased in the adipose tissue of ob/ob mice, as compared 

with the genetically matched lean mice [122]. In addition, it has also been reported that 

hypoxia induces a 2-fold and 1.5-fold increase of miR-27a and miR-27b levels, 

respectively [122]. These results suggest that miR-27 functions by inhibiting PPARγ 

expression and, consequently, preventing adipocytes from entering into the stage of 

differentiation [122]. From these observations, we evaluated the effect of the hypoxia 

mimetic CoCl2 on miR-27a and miR-27b expression and observed that the expression of 

these microRNAs miR-27a and miR-27b increase and may consequently inhibit PPARγ2 

expression. These results may explain the fact that preadipocytes treated with CoCl2 

have an increase in cytoplasmic lipid droplet accumulation without increasing PPARγ2. 

We have further investigated other mechanisms that could explain the lipid droplet 

accumulation induced by hypoxia mimetic condition. Since some studies have already 

showed that alterations in mitochondrial function lead to an increase in lipid accumulation 

[584,585], we studied the putative role of mitochondrial changes on lipid droplet 

accumulation induced by hypoxia mimetic. In fact, as with CoCl2, we also observed that, 

rotenone, an inhibitor of mitochondrial electron transport of complex I, increases lipid 

droplet accumulation in adipocyte cytoplasm without nuclear PPARγ2 expression. 

Furthermore, we also observed that the antioxidant glutathione prevents the lipid 

accumulation induced by CoCl2. Mitochondrial dysfunction induced by hypoxia mimetic 

is also strongly supported by the decrease in mitochondrial network, increase in lactate 

release in the medium, decrease in ATP production and increased ROS production 

induced by CoCl2. One of the initial steps in the response of cells to hypoxia is adaptation 

at the mitochondrial level by reducing the amount of the high O2-consuming process of 

oxidative phosphorylation [571]. As a consequence, there is a switch to anaerobic 

glycolysis for energy production [571]. A decrease in ATP production and increase in 

lactate production then occur [571]. The increase of ROS was described to modulate 

adipocyte differentiation [586,587]. The high levels of ROS in adipocytes have already 

been shown in adipocytes isolated from obese mice [588,589], and also during the 

differentiation of 3T3-L1 preadipocytes into adipocytes [587]. Others have also shown 

that mitochondrial dysfunction in adipocytes leads to increased TAG storage [584,585]. 

Moreover, the glutathione prevention of hypoxia-induced lipid accumulation is in 

agreement with a study in other cell model, in which the inhibition of mitochondrial 
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oxidative damage induces lipid-β-oxidation recovery accompanied by a decrease on FA 

incorporation into triglycerides [590]. 

Autophagy constitutes an important protective mechanism that allows cells to 

eliminate damaged components to maintain nutrient and energy homeostasis. Moreover, 

several forms of stress can also activate autophagy. Hypoxia has been described as a 

stimulus for the induction of autophagy in other cell types [576,577]. Autophagy has also 

been described to occur as a consequence of ROS production [579]. Taking this into 

account we investigated the effect of hypoxia and consequent ROS production in 

adipocytes. In the present study, increased autophagic activity was detected in 

adipocytes under hypoxia mimetic treatment. To the best of our knowledge, this is the 

first study to report the effects of hypoxia on autophagy induction in adipocytes. The role 

of autophagy on adipocytes development and function were studied by others [175,176]. 

During adipocyte differentiation of 3T3-L1 cell line or primary MEFs, others observed 

increased autophagy [176]. Moreover, MEFs derived from Atg5 and Atg7 knockout mice 

exhibit drastically reduced adipogenesis efficiency [175,176]. The knockdown of Atg5 

and Atg7 in 3T3-L1 preadipocytes also decreases the markers of adipocyte 

differentiation, which was confirmed by studies with pharmacological inhibitors, 3-

methyladenine and chloroquine [174]. Newborn Atg5 knockout mice have less 

subcutaneous adipocytes than wild-type, suggesting that autophagy is important for 

adipose tissue development [176]. The importance of autophagy in adipogenesis in vivo 

was confirmed in adipocyte-specific Atg7 knockout mice [174,175]. These mutant mice 

are leaner, have decreased WAT mass and have adipocytes with features characteristic 

of brown adipocytes, smaller, containing multilocular lipid droplets, increased number of 

mitochondria and increased cytoplasmic volume [174,175]. Furthermore, in obesity, 

human adipose tissue and adipocytes show increased autophagy [177]. Functional 

consequence of increased autophagy in adipose tissue of obese people is not known. 

Taking these results together, the present study both extends our understanding of the 

effect of hypoxia on adipocyte biology and lipid metabolism, providing a possible 

explanation for hypoxic lipogenesis. It highlights the importance of preadipocyte 

response to hypoxia, mitochondrial dysfunction and ROS leading to autophagy and also 

to lipid accumulation, which might impair adipocyte metabolism and also compromise 

their normal function, which can be partially reversed by antioxidant treatment. These 

conclusions need to be further studied for its in vivo implications and to validate the 

results with hypoxic conditions (<1% O2). 
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4.1 Abstract  

Expansion of WAT in obesity promotes adipose tissue ECM changes, leading to fibrosis. 

The ECM alterations have high impact on WAT physiology and may change obesity 

progression and response to diet regimen or therapeutical approaches. Since DPP-IV 

inhibitors prevent fibrosis in other tissues, such as heart, liver and kidney, the objective 

of this study was to assess whether vildagliptin, a DPP-IV inhibitor, has beneficial effects 

in preventing fibrosis in adipose tissue in a mouse model of obesity. The mechanisms 

underlying fibrosis inhibition by vildagliptin were studied using an in vitro model of 

adipose tissue fibrosis: 3T3-L1 cell line of mouse adipocytes treated with TGFβ1. 

In HFD-fed mice, vildagliptin reduces blood glucose, and serum triglycerides, total 

cholesterol and leptin and has no effect on serum insulin, body weight, adipose tissue 

weight, and adipocyte diameter. Moreover, vildagliptin prevents fibrosis in adipose tissue 

of HFD mice. In the in vitro study, vildagliptin prevents ECM deposition, through NPY and 

NPY Y1 receptor activation. 

Taken together, these results suggest that vildagliptin prevents fibrosis formation in 

adipose tissue in obese mice, at least partially through NPY and NPY Y1 receptor 

activation. Moreover, the decrease in adipose tissue fibrosis by vildagliptin may improve 

adipose tissue expandability in the treatment of obesity and associate diseases. 
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4.2 Introduction 

Obesity is one of the most common health problems in developed countries and is 

characterized by an increase of WAT volume. WAT expansion prevents the ectopic lipid 

accumulation [591]. The ability of WAT expansion is dependent of ECM. Moreover, ECM 

remodeling is a crucial event to the main WAT biological functions , such as adipogenesis 

and also for maintenance of tissue architecture [325]. However, in obesity it occurs 

excessive ECM deposition in adipose tissue, leading to fibrosis [326]. Fibrosis is 

characterized by deposition of ECM components, mainly collagens, which lead ultimately 

to organ dysfunction [323]. Several profibrotic factors have been implicated in the 

development of fibrosis but the most important and potent profibrotic factor is TGFβ1 

[323]. TGFβ1 is an important player in fibrosis development and the decrease of this 

factor prevents fibrosis [323]. 

Furthermore, it was also described that subcutaneous WAT fibrosis decreases fat mass 

loss induced by surgery [352]. Moreover, it was demonstrated that collagen VI-null ob/ob 

mice show ameliorations in glucose and lipid metabolism [263]. Alterations in ECM may 

have high impact in adipose tissue metabolism [329]. 

DPP-IV is a multifunctional enzyme, which is involved in cell cycle regulation [592], cell 

differentiation [593], adhesion [395], immunomodulation [594] and apoptosis [595]. DPP-

IV is expressed ubiquitously, including in visceral, epididymal [468] and omental adipose 

tissue [476]. DPP-IV is a so-called “moonlighting protein” as it functions as a serine 

protease, a receptor, a costimulatory protein, and as an adhesion molecule for collagen 

and fibronectin [393]. DPP-IV cleaves peptides at the N-terminal region after X-proline 

or X-alanine, such as substance P, chemokines, NPY, PYY, GLP-1, GLP-2 and GIP 

[392,489]. DPP-IV inhibitors mainly act to activate insulin secretion, inhibit glucagon 

secretion, improve β-cell mass, and to lower glucose [596]. For this reason, several DPP-

IV inhibitors are used as oral drugs for the treatment of type 2 diabetes mellitus [596]. 

Besides DPP-IV inhibitors action in lowering glucose, they have also been shown to have 

a protective role in other non-adipose tissues [597,598]. DPP-IV inhibitors were 

demonstrated to have a protective effect in preventing fibrosis in several organs, such 

as heart, liver and kidney, both in vitro and in vivo [522,528,532]. DPP-IV inhibitor 

sitagliptin reduces local inflammation in adipose tissue of obese mice [510]. Vildagliptin 

inhibits adipogenesis in 3T3-L1 preadipocyte cell line [467]. However, DPP-IV inhibitors 

were demonstrated to be weight neutral in humans [599]. The role of DPP-IV and its 

inhibition is not known in the pathogenesis of fibrosis in adipose tissue in obesity. The 

DPP-IV inhibitors as inhibitors of fibrosis in other tissues led us to hypothesize that it also 

happens in adipose tissue. Thus, the aim of this study was to clarify the role of DPP-IV 
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inhibition in adipose tissue fibrosis in a mouse model of diet-induced obesity and using 

also a 3T3-L1 preadipocyte cell line. 
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4.3 Materials and Methods 

4.3.1 In vivo experiments 

All experimental procedures were performed in accordance with the European Union 

Directive 86/609/EEC for the care and use of laboratory animals. In addition, animals 

were housed in a licensed animal facility (international Animal Welfare Assurance 

number 520.000.000.2006) and the CNC animal experimentation board approved the 

utilization of animals for this project. Moreover, people coordinating the animals studies 

have received appropriate education (FELASA course) as required by the Portuguese 

authorities. 

 

4.3.2 Animals 

8-weeks old adult male C57BL/6 mice were purchased from Charles River Laboratories 

and randomly divided into four groups. Mice were housed under a 12h light/dark cycle in 

a temperature/humidity controlled room with ad libitum access to water and food. Mice 

were divided into four groups and treated for seven weeks: two groups were maintained 

in normal chow diet (8% fat), one group with and the other without vildagliptin treatment 

(30 mg/kg/day in water). The animals of the other two groups were maintained in a high 

fat diet (LabDiet - Western diet for rodents) with 40% fat, also one group with and the 

other without vildagliptin treatment (30 mg/kg/day in water). Body weight, water and food 

consumption were measured twice a week for a total of 7 weeks. 

 

4.3.3 Intraperitoneal Glucose Tolerance Test 

Intraperitoneal glucose tolerance test (ipGTT) was performed at the sixth week of HFD. 

The test was performed after an overnight fast (12h). The next morning mice were 

weighted and glycemia levels were measured using the FreeStyle Precision Neo 

glucometer (Abbot) (Time 0). Glucose administration was performed via injection (2.0 

g/kg, using a 20% glucose solution in saline 0.9% NaCl) into the peritoneal cavity. 

Glycemia levels were measured at 15, 30, 60, 90 and 120 minutes after glucose 

administration. 

 

4.3.4 Tissue collection 

At week 7, mice were sacrificed with a lethal dose of halothane (2-bromo-2-chloro-1, 1, 

1-trifluoroethane) followed by decapitation. Liver and WAT (epididymal fat pad) were 

collected. The WAT was weighted and, afterwards, samples were collected, immediately 
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frozen in dry ice and kept at -80⁰C. Blood was collected; the serum was separated by 

centrifugation (2000 g, 15 minutes) and stored at -20⁰C. 

 

4.3.5 Serum Triglycerides and Cholesterol determination 

Serum triglyceride and cholesterol levels were quantified using the automatic 

biochemical analyzer Integra 800 (Roche). 

 

4.3.6 Serum leptin and insulin quantification 

Serum levels were measured for leptin and insulin with commercially available ELISA 

kits from EMD Millipore. All ELISA-based measurements were performed according to 

manufacturers’ instructions. 

 

4.3.7 Tissue preparation for histological processing 

Mice were sacrificed with an overdose of avertin (2.5 times of 14 µl/g, 250 mg/kg, 

intraperitoneally). Transcardial perfusion with phosphate solution and fixation with 4% 

paraformaldehyde were performed. The epididymal adipose tissue and liver were 

collected and postfixed in 4% paraformaldehyde and cryoprotected by incubation in 25% 

sucrose/phosphate buffer. After that, dry tissues were embedded in paraffin, and 

subsequently cut into 3 µm-thick sections in a microtome. 

 

4.3.8 Hematoxylin and eosin staining 

For histological analysis of paraffin sections, epididymal adipose tissue and liver were 

stained with hematoxylin and eosin (HE). Slides were kept for 30 min at 68°C to melt the 

paraffin. After 2 baths in xylene for 3 and 2 minutes, slides were transferred to a glass 

coplin jar containing 100% ethanol for 4 minutes and 95% for 2 minutes and rinsed 2 

times with distilled water for 30 seconds. Slides were stained in hematoxylin Gill III for 5 

minutes and bathed 2 times in distilled water for 2 and 1 minutes. After that, slides were 

stained with eosin for 1 minute and dehydrated with a fast rinse in H2O, 95% and 100% 

of ethanol in H2O. Glass slides were then mounted. 

 

4.3.9 Adipocyte diameter quantification 

Epididymal adipose tissue sections were stained with HE. The tissue was visualized 

using a fluorescence microscope (Axioskop 2 Plus, Zeiss, Jena, Germany) and the 

images were acquired with Axiovision software (release 4.7). Axiovision software was 
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used to measure adipocyte diameter, which is represented as the average adipocyte 

diameter (in µm). Adipocyte diameter was measured from four groups of mice (>100 

cells/group). 

 

4.3.10 Hydroxyproline quantification 

Hydroxyproline measurement was done using a modified protocol that was described 

elsewhere [600]. Briefly, 20 mg of frozen fat or 3T3-L1 cells were heated in 6 N HCl at 

110°C overnight in sealed tubes. The samples were then heated at 110°C until dried. 

Each sample was incubated with chloramine-T (Sigma Aldrich) at room temperature for 

exactly 20 min and then with p-dimethylaminobenzaldehyde (Fisher Scientific) at 60°C 

for 15 min. The absorbance was read at 540 nm and the concentration was determined 

by the standard curve created with cis-4-hydroxy-L-proline (Sigma-Aldrich). 

 

4.3.11 Viral Vectors Production 

Lentiviral vectors encoding for a negative short hairpin RNA (LV-PGK-EGFP-H1-shRNA 

control) and a short hairpin RNA targeting DPP-IV (LV-PGK-EGFP-H1-shRNA DPP-IV) 

were produced in HEK293T cell line with a four-plasmid system, as previously described 

[601]. Lentiviral particles were suspended in sterile 1% BSA) in PBS. Concentrated viral 

stocks were stored at -80 ºC, until use. 

 

4.3.12 Engineering of short hairpin RNA 

A negative short hairpin RNA (shRNA) (control) and shRNA targeting mouse DPP-IV 

were created. For each one, a pair of oligomers was designed. The sequences of each 

pair of oligomers used were: shRNA control (top 5’ 

GATCCCCCAACAAGATAAGAGCACCAATTCAAGAGATTGGTGCTCTTCATCTTGTT

G3TTTTTA 3’ / bot 5’ AGCTTAAAAACAACAAGATGAAGAGCACCAATCTCTTGAATT 

GGTGCTCTTCATCTTGTTGGGG 3’) and shRNA DPP-IV (top 5’ 

GATCCCCATAAGATCATCAGCGACAAAGTTCAAGAGACTTTGTCGCTGATGATCTTA

TTTTTTA 3’ / bot 5’ AGCTTAAAAAATAAGATCATCAGCGACAAAGTCTCTTGAACTTTG 

TCGCTGATGATCTTATGGG 3’). Each pair of oligomers were annealed and inserted in 

linearized (with BglII and HindIII restriction enzymes) pENTR/pSUPER+ (AddGene 575-

1). The H1-shRNA cassette was then transferred, with LR clonase recombination 

system, into SIN-cPPT-PGK-EGFP-WHV-LTR gateway vector. 
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4.3.13 Cell culture of 3T3-L1 preadipocyte cell line 

3T3-L1 preadipocytes were obtained from the American type Culture Collection, through 

LGC Promochem. Cells were maintained in Dulbeccos Modified Eagles Medium with 

phenol red and supplemented with 2.5 mM L-glutamine, 4.5 g/L glucose, 1.5 g/L 

NaHCO3, 10% heat-inactivated fetal bovine serum (45 ºC, 30 min), 100 U/mL penicillin, 

100 U/mL streptomycin, and 0.25 lg/mL amphotericin B, at 37 ºC with humidified 

atmosphere containing 5% CO2. At 80% confluence, cells were split by 1:10 using trypsin 

solution (37ºC, 5 min) and subcultured in 22.1 cm2 polystyrene culture plates.  

For infected cells: Cells were plated in a six-well plate and 24 hours later were infected 

with lentiviral vectors encoding for negative shRNA control (LV-PGK- EGFP-H1- 

shcontrol) or for shRNA targeting DPP-IV (LV-PGK- EGFP-H1-shDPP-IV) with infectious 

media. At 2 weeks post-infection, cells were plated and induced to differentiate. 

 

 

4.3.14 Preadipocyte differentiation  

Preadipocytes were plated in 24-well plates (25000 cells/well) until they reached 

confluence (day 0). After 2 days, the medium was removed and replaced by DMEM-HG 

supplemented with a differentiation cocktail: IBMX (0.5 mM) and dexamethasone (0.25 

μM) (day 2). After 3 days (day 5), the differentiation cocktail was removed and the culture 

medium changed to DMEM-HG. Every 2 days, the medium was renewed until day 9. The 

control conditions are cells that were incubated at day 2 with DMEM-HG, together with 

IBMX (0.5 mM) and dexamethasone (0.25 μM); after that, the cells were incubated every 

two days with DMEM-HG without any drug. To evaluate the effect of a fibrotic inducer, 

3T3-L1 preadipocytes were treated with TGFβ1 (2.5 µg/ml), vildagliptin (2 nM), NPY (100 

nM), NPY Y1 receptor agonist (Leu31Pro34NPY, 100 nM), NPY Y2 receptor agonist 

(NPY13-36, 100 nM) or the NPY Y5 receptor agonist (NPY19-23(Gly1, Ser3, Gln4. Thr6, 

Ala31, Aib32, Gln34)PP, 100 nM) and NPY neutralizing antibody (6 µg/ml). 

 

4.3.15 Immunofluorescence 

Following fixation and permeabilization, nonspecific binding was blocked with 3% BSA. 

Cells were incubated with the following primary antibodies, anti-αSMA (1:500), anti-

Fibronectin (1:1000) or anti-collagen VI (1:500) overnight, at 4ºC. After rinsing with PBS, 

the cells were incubated with the appropriate secondary antibodies for 1 hour (1:200, 

anti-rabbit or anti-mouse IgGs conjugated with Alexa Fluor 488 or Alexa Fluor 594), at 

room temperature. All antibodies were prepared in blocking solution (PBS containing 3% 
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of BSA). Nuclei were labeled with Hoechst 33342 (1 μg/ml) for 3 minutes, after incubation 

with the secondary antibodies. Coverslips were mounted on glass slides, the cells were 

visualized using a fluorescence microscope (Carl Zeiss Axio Observer Z1) and the 

images were acquired with Carl Zeiss Zen software. Fluorescence was quantified using 

FIJI (Fiji is Just ImageJ) software (National Institutes of Health) and averaged per image. 

Five images were analyzed for each condition, and data are representative of at least 

three independent experiments. 

 

4.3.16 Protein quantification and sample preparation  

Cells were rinsed twice with ice-cold PBS and then lysed with RIPA buffer (50 mM Tris-

HCl, pH 7.4; 150 mM NaCl; 5 mM EDTA; 1% Triton X-100; 0.5% deoxycholate; 0.1% 

SDS; 200 µM PMSF; 1 mM DTT, 1 mM Na3VO4; 10 mM NaF), supplemented with mini 

protease inhibitor cocktail tablet (Roche, Germany). Lysates were centrifuged at 12000 

x g, for 15 minutes at 4 °C. Protein concentration was determined by the Bradford assay 

(Biorad) and denatured with the SDS buffer (0.5 M Tris, 30% glycerol, 10% SDS, 0.6 M 

DTT, 0.012% bromophenol blue). After heating for 5 min at 95 ºC, the samples were 

frozen at -20 ºC until use. 

Adipose tissue was sonicated at 4°C in RIPA buffer (50 mM Tris-HCl, pH 7.4; 150 mM 

NaCl; 5 mM EDTA; 1% Triton X-100; 0.5% deoxycholate; 0.1% SDS; 200 µM PMSF; 1 

mM DTT, 1 mM Na3VO4; 10 mM NaF), supplemented with mini protease inhibitor 

cocktail tablet (Roche, Germany). Lysates were centrifuged at 1000 x g, for 5 minutes at 

10°C and the supernatant collected and centrifuged at 3300 x g, for 5 minutes at 4 °C. 

Protein concentration was determined by the Bradford assay (Biorad) and denatured 

with the SDS buffer (0.5 M Tris, 30% glycerol, 10% SDS, 0.6 M DTT, 0.012% 

bromophenol blue). After heating for 5 min at 95ºC, the samples were frozen at -20 ºC 

until use. 

 

4.3.17 Western blotting 

Samples were separated in a 4–10% SDS-PAGE followed by electrophoretic transfer 

onto PVDF membranes. The membranes were blocked with 5% non-fat milk in TBS-T 

(137 mM NaCl, 20 mM Tris, 0.1% Tween 20, pH 7.6) and incubated overnight at 4ºC with 

a rabbit polyclonal anti-αSMA (1:500), anti-fibronectin (1:1000), anti-β-actin antibody 

(1:10000) or anti-β-tubulin antibody (1:10000) diluted in blocking solution. After three 

washes with TBS-T, the membranes were incubated for 1 h, at room temperature, with 

an alkaline phosphatase-linked secondary antibody, specific to rabbit or mouse 
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immunoglobulin G (1:20000, Amersham Biosciences, GE Healthcare, UK). 

Immunoreactive bands were visualized using ECF substrate in the Versa-Doc 3000 

imaging system (Bio-Rad, USA). Densitometry of the bands was quantified using 

Quantity One Software (Bio-Rad, USA). 

 

4.3.18 Statistical analysis 

Results are expressed as mean SEM. Data were analyzed using one-way ANOVA or 

two-way ANOVA, as indicated in figure legends. A value of p<0.05 was considered 

significant. Prism 6.0 (GraphPad Software) was used for all statistical analysis. 
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4.4 Results 

4.4.1 Vildagliptin has no effect on body weight of HFD mice, but reduces serum 

triglycerides and total cholesterol 

8-week-old C57BL/6 mice were given a standard chow diet or a HFD and were treated 

with vildagliptin for 7 weeks. Table 4.1 shows some measured parameters for each 

group. All parameters analyzed (body weight gain, food intake, serum triglycerides and 

total cholesterol) are not different in vildagliptin-treated chow diet mice, when compared 

to non-treated mice. 

 

Table 4.1 – Parameters measured in mice fed a Chow or HFD with or without vildagliptin 
treatment for 7 weeks. Mean ± SEM, n=4-14 *p<0.05; **p<0.01; ***p<0.001 compared to Chow 
group. #p<0.05; ##p<0.01 compared to HFD group. One-way ANOVA was used as statistical test. 

 Chow Chow+V HFD HFD+V 

Body weight change (%) 18.9 ± 1.7 20.6 ± 1.1 34.0 ± 2.6*** 37.7 ± 2.4*** 

Food Intake/mice/day (calories) 9.1 ± 0.2 8.5 ± 0.1 17.7 ± 0.02*** 16.6 ± 0.3***;# 

Serum Triglycerides (mg/dL) 72.9 ± 4.3 86.1 ± 8.9 184.9 ± 9.1*** 141.2 ± 10.5***;## 

Serum Cholesterol (mg/dL) 127.9 ± 31.1 138.6 ± 38.9 334.8 ± 35.5** 162.3 ± 25.4# 

Serum Insulin (ng/dL) 0.47 ± 0.15 0.30 ± 0.09 2.26 ± 0.84* 1.51 ± 0.54 

Serum Leptin (ng/dL) 1.6 ± 0.3 2.7 ± 0.8 19.2 ± 4.6*** 10.8 ± 1.8**;# 

 

The mean body weight of all mice assigned to either the HFD or standard chow diet with 

or without vildagliptin treatment was not different at the beginning of the study. As 

expected, HFD mice have a significantly increase in percentage weight gain in 

comparison with chow diet-fed mice, which is not altered with vildagliptin treatment (Table 

4.1 and Figure 4.2A). The HFD has higher energy content than the chow diet (4.49 kcal/g 

vs 2.268 kcal/g); the increased body weight of mice fed HFD is associated to an 

increased energy intake in comparison to mice fed a chow diet (Table 4.1). In vildagliptin-

treated mice total energy intake levels tend to be slightly decreased, compared with HFD 

group without treatment (Table 4.1). Despite the maintenance of body weight increase, 

vildagliptin-treated mice fed with HFD have reduced serum triglycerides and total 

cholesterol levels (Table 4.1) thereby ameliorating the metabolic parameters of animals 

fed a HFD. 

 

 

 



DPP-IV inhibition prevents fibrosis in adipose tissue of obese mice. 
 

125 

4.4.2 Vildagliptin decreases blood glucose and improves glucose tolerance 

Vildagliptin-treated mice fed a chow diet compared to non-treated mice have no 

difference in fasting blood glucose (Figure 4.1A; chow diet: 140.2 ± 5.5 mg/dL and chow 

diet with vildagliptin: 131.8 ± 4.1 mg/dL) as well as on glucose kinetics measured by 

ipGTT (Figure 4.1B-C; area under the curve (AUC): chow diet, 24431.5 ± 1046.3 a.u.; 

chow diet with vildagliptin, 21639.0 ± 944.2 a.u.). Fasting glucose levels in HFD mice are 

increased by 54.9 ± 9.2 mg/dL, when compared to chow diet mice. Vildagliptin reverts 

this effect (29.1 ± 7.0 mg/dL, in HFD treated with vildagliptin compared to untreated HFD 

mice; Figure 4.1A). When challenged with an ipGTT, HFD mice treated with vildagliptin 

demonstrate improved glucose clearance for the duration of the challenge, when 

compared with non-treated HFD mice (Figure 4.1B-C; AUC: HFD, 36005.5 ± 1863.7 a.u.; 

HFD with vildagliptin, 30253.3 ± 1655.2 a.u.). Serum insulin levels significantly increase 

in HFD mice in comparison with chow diet, but no significant alterations were observed 

in vildagliptin-treated mice (Table 4.1). Serum leptin levels are also significantly 

increased in HFD mice but this increase is, as expected, prevented with vildagliptin 

treatment (Table 4.1). 

 
Figure 4.1 – Vildagliptin decreases blood glucose and improves glucose tolerance. (A) 
Fasting blood glucose, (B) blood glucose during intraperitoneal glucose tolerance test, Two-way 
ANOVA was used as statistical test, (C) area under the curve (0-120 minutes) of blood glucose 
of intraperitoneal glucose tolerance test in Chow and HFD group with and without vildagliptin 
treatment (V). n=9-13 *p<0.05; **p<0.01; ***p<0.001 compared to Chow group. #p<0.05; ##p<0.01 
compared to HFD group. One-way ANOVA was used as statistical test. 
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4.4.3 Vildagliptin does not alter epididymal adipose tissue weight nor adipocyte 

diameter 

As expected, epididymal adipose tissue weight is significantly higher in the HFD group 

than in the chow group. And in vildagliptin-treated group, the epididymal adipose tissue 

weight does not change (Figure 4.2B; Chow: 443.7 ± 27.2 mg; Chow with vildagliptin: 

443.0 ± 46.1 mg; HFD: 1036.9 ± 199.3 mg; HFD with vildagliptin: 1206.2 ± 167.9 mg). In 

agreement, adipocyte diameter is increased in HFD group when compared to chow diet 

mice and vildagliptin does not change this parameter (Figure 4.2C-D; Chow: 52.0 ± 3.3 

µm; Chow with vildagliptin: 59.9 ± 2.9 µm; HFD: 74.3 ± 4.7 µm; HFD with vildagliptin: 

77.4 ± 4.7 µm). 

 

 

Figure 4.2 – Vildagliptin has no effect on body weight gain, epididymal white adipose tissue 
and adipocyte diameter. (A) Cumulative body weight gain presented as percentage of initial 
weight (n=10-14), Two-way ANOVA was used as statistical test, (B) epididymal adipose tissue 
weight (n=7-10), (C) representative image of hematoxylin and eosin staining in epididymal 
adipose tissue (n=3; Scale bar: 50 μm), (D) adipocyte diameter in Chow and HFD group with and 
without vildagliptin treatment (V) (n=3). *p<0.05; **p<0.01; ***p<0.001 compared to Chow group. 
One-way ANOVA was used as statistical test. 
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4.4.4 Vildagliptin prevents fibrosis markers in adipose tissue of HFD mice 

Increased collagen and matrix deposition are key features of fibrosis that occur in 

adipose tissue of obese mice [326]. Since hydroxyproline is a major component of 

collagen, the measurement of this modified amino acid can be used as an indicator of 

collagen content [600]. We observed that total collagen is increased in adipose tissue of 

mice fed a HFD when compared to chow-fed mice, but these levels decrease in 

vildagliptin-treated HFD mice in comparison with non-treated mice (Figure 4.3A; Chow: 

0.457 ± 0.092 µg/mg tissue; Chow+V: 0.508 ± 0.158 µg/mg tissue; HFD: 1.008 ± 0.186 

µg/mg tissue; HFD+V: 0.528 ± 0.107 µg/mg tissue). By western blotting assay we 

evaluated the expression of αSMA and fibronectin, two pro-fibrotic proteins. We observed 

that adipose tissue of HFD-fed mice has significantly higher αSMA and fibronectin levels, 

we observe an increase of 202.7 ± 34.1% and 128.8 ± 22.4%, respectively, compared to 

adipose tissue of chow diet-fed mice (Figure 4.3B-C). Vildagliptin treatment is able to 

decrease the levels of αSMA and fibronectin in adipose tissue of mice fed a HFD, by 

134.4 ± 42.1% and 88.6 ± 13.7%, respectively (Figure 4.3B-C). These results suggest 

that vildagliptin decreases fibrosis formation in WAT of HFD-induced obese mice. 

Obesity is often associated with ectopic lipid accumulation due to incapacity of lipid 

accumulation in adipose tissue and thereby hepatic steatosis can occur. Analysis of livers 

from control mice on HFD reveal an increase in lipid content compared with mice fed 

regular chow diet (Figure 4.3D). Moreover, livers from vildagliptin-treated mice on HFD 

show lower levels of lipid droplet accumulation when compared to livers from non-treated 

HFD mice (Figure 4.3D). 
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Figure 4.3 – Vildagliptin prevents fibrosis formation in the adipose tissue of HFD mice. (A) 
Hydroxyproline quantification (n=3-8), (B and C) αSMA or fibronectin and β-actin (loading control) 
immunoreactivity by Western blotting (n=5-7), (D) representative image of hematoxylin and eosin 
staining in liver (Scale bar: 100 μm) in Chow and HFD group with and without vildagliptin treatment 
(V). *p<0.05; ***p<0.001 compared to Chow group. #p<0.05; ##p<0.01 compared to HFD group. 
One-way ANOVA was used as statistical test. 
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4.4.5 Vildagliptin prevents collagen and matrix markers deposition in TGFβ1-

stimulated 3T3-L1 cell line 

In order to clarify the mechanism through which vildagliptin can prevent fibrosis in 

adipose tissue, we first evaluated whether vildagliptin was able to prevent collagen and 

matrix deposition in vitro. We used a preadipocyte cell line, 3T3-L1, and mimicked 

pathological conditions in which fibrosis is induced by treating cultures with 2.5 ng/ml of 

TGF-β1 [602]. After 7 days of treatment with the fibrosis inducer, we observed an 

increase in αSMA and fibronectin levels by 60.8 ± 12.9% and 64.6 ± 12.1%, in 

comparison with control cells, respectively (in Figure 4.4C and G). Moreover, vildagliptin 

significantly decreases the levels of αSMA and fibronectin by 63.2 ± 8.8 and 57.3 ± 

16.6%, respectively, in comparison with TGF-β1-treated cells (Figure 4.4C and G). We 

also evaluated the levels of αSMA, fibronectin and collagen VI by immunofluorescence 

(Figure 4.4A-B, E-F and I-J). TGF-β1 increases the immunoreactivity of αSMA and this 

increase is prevented by vildagliptin (Figure 4.4A-B; Control: 100.0 ± 16.2%; TGF-β1: 

345.6 ± 22.6%; TGF-β1 and vildagliptin: 128.7 ± 18.6%). Furthermore, in TGF-β1-treated 

cells, fibronectin immunoreactivity is increased by 73.9 ± 5.9%, which is prevented by 

treatment with vildagliptin by 57.1 ± 10.4% (Figure 4.4E-F). Similar results were obtained 

when we analyzed collagen VI. Immunoreactivity of this protein is increased by TGF-β1 

but vildagliptin is able to prevent this increase (Figure 4.4I-J; Control: 100.0 ± 5.3%; TGF-

β1: 158.0 ± 7.7%; TGF-β1 and vildagliptin: 69.2 ± 8.6%). Total collagen content was 

evaluated by determination of hydroxyproline. We also observed a significant increase 

of total collagen content in cells treated with TGF-β1 by 82.7 ± 6.8%. Vildagliptin is able 

to inhibit TGF-β1–induced total collagen stimulation by 61.5 ± 7.3% (Figure 4.4K). To 

better understand the direct effect of DPP-IV inhibition, by vildagliptin, in ECM deposition 

and remodeling, we silenced DPP-IV using a shRNA targeting DPP-IV. Fibrosis was 

induced in 3T3-L1 cells with TGFβ1 and DPP-IV was genetically silenced. We evaluated, 

by western blotting, the protein levels of αSMA and fibronectin. As expected, we 

observed that TGFβ1 increases αSMA by 112.7 ± 21.1% and fibronectin by 74.7 ± 9.5% 

(Figure 4.4D and H). The DPP-IV silencing significantly decreases both αSMA and 

fibronectin levels by 91.6 ± 14.5% and by 62.7 ± 6.1%, respectively (Figure 4.4D and H). 

We further studied total collagen content, and we observed that TGFβ1 increases by 

54.5 ± 3.3% the total collagen and when DPP-IV was silenced the levels of total collagen 

decrease 51.5 ±7.2 (Figure 4.4L). In conclusions, our results suggest that inhibition of 

DPP-IV by vildagliptin and by genetic tools prevents collagen and matrix deposition in 

TGFβ1-treated 3T3-L1 cells. 
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Figure 4.4 – Vildagliptin and DPP-IV silencing prevent fibrosis formation. 3T3-L1 
preadipocytes were induced to differentiate and were treated with TGFβ1 (2.5 ng/ml) in the 
presence or absence of vildagliptin (V, 2nM) for seven days. (A, E, I) Representative images of 
immunofluorescence for αSMA (red), Fibronectin (green) and Collagen VI (green). Nuclei were 
stained with Hoechst 33342 (blue). Scale bar: 20 μm (B, F, J) Quantification of αSMA, Fibronectin 
and Collagen VI immunofluorescence immunoreactivity. (C, G) αSMA or fibronectin and β-tubulin 
(loading control) immunoreactivity by Western blotting. (K) Hydroxyproline quantification. n=3-10 
*p<0.05; ***p<0.001 compared to control. #p<0.05; ###p<0.001 compared to TGFβ1. One-way 
ANOVA was used as statistical test. 3T3-L1 preadipocytes were infected with lentivirus encoding 
a negative short hairpin RNA (control condition) or a short hairpin RNA targeting DPP-IV. (D, H) 
αSMA or fibronectin and β-tubulin (loading control) immunoreactivity by Western blotting. (L) 
Hydroxyproline quantification. n=4-7 **p<0.01; ***p<0.001; compared to control of control shRNA. 
#p<0.05; ###p<0.001; compared to TGFβ1-treated control shRNA. One-way ANOVA was used as 
statistical test. 

 

4.4.6 Vildagliptin abrogates the TGFβ1-induced alterations in ECM through NPY Y1 

receptor activation 

To further clarify the underlying mechanisms of the relationship between DPP-IV inhibitor 

vildagliptin and its anti-fibrotic role, we next investigated whether NPY has an effect on 

ECM. This hypothesis was based in the fact that NPY is a substrate of DPP-IV, and it is 

implicated in the regulation of fibrosis in a swine model of chronic myocardial ischemia 

and hypercholesterolemia [603]. 

To study the effect of NPY on ECM, cells were treated with NPY (100 nM) in the presence 

of TGFβ1. We observed, by western blotting, that NPY significantly decreases the levels 

of αSMA and fibronectin induced by TGFβ1, 47.6 ± 7.8% and 40.1 ± 10.5%, respectively, 

when compared to TGFβ1 alone (Figure 4.5A-B). NPY also decreases total collagen 

content in TGFβ1-treated cells by 79.1 ± 6.9% (Figure 4.5 C). Moreover, in order to study 

whether vildagliptin effect occurs through NPY receptor activation by NPY released, cells 

were treated with TGFβ1 and vildagliptin in the presence of a neutralizing NPY antibody, 

NPY05 [604]. It was observed that when NPY effect is neutralized, the inhibitory effect 

of vildagliptin on αSMA, fibronectin and total collagen in TGFβ1-treated cells is partially 

reverted by 54.0 ± 13.4%, 33.3 ± 2.8% and 65.1 ± 15.9%, respectively (Figure 4.5D-F). 

To evaluate which NPY receptors were involved in this anti-fibrotic effect induced by NPY, 

preadipocytes were incubated with TGFβ1 in the presence of NPY Y1 receptor agonist 
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(Leu31Pro34NPY, 100 nM), NPY Y2 receptor agonist (NPY13-36, 100 nM) or the NPY Y5 

receptor agonist (NPY19-23(Gly1, Ser3, Gln4. Thr6, Ala31, Aib32, Gln34)PP, 100 nM). 

We observed that NPY Y1 receptor agonist decreases αSMA, fibronectin, total collagen 

upregulation induced by TGFβ1 (Figure 4.5G-I). NPY Y2 receptor agonist or the NPY Y5 

receptor agonist do not change the levels of αSMA, fibronectin and total collagen (Figure 

4.5G-I). These results show that NPY prevents ECM deposition by NPY Y1 receptor 

activation. These results suggest that vildagliptin anti-fibrotic effect occurs partially 

through preserving NPY that will activate NPY Y1 receptors. 
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Figure 4.5 – DPP-IV inhibitor prevents fibrosis through NPY and NPY Y1 receptor activation. 
3T3-L1 preadipocytes were induced to differentiate and were treated with TGFβ1 (2.5 ng/ml) in 
the absence or presence of (A-C) NPY; (D-F) vildagliptin (V, 2 nM) with or without NPY 
neutralizing antibody (NPY05, 6 µg/ml) for seven days; (G-I) NPY Y1 receptor agonist 
(Leu31Pro34NPY, 100 nM), NPY Y2 receptor agonist (NPY13-36, 100 nM) or the NPY Y5 receptor 
agonist (NPY19-23(Gly1, Ser3, Gln4. Thr6, Ala31, Aib32, Gln34)PP, 100 nM). (A, D, G) αSMA or 
(B, E, H) fibronectin and β-tubulin (loading control) immunoreactivity by Western blotting. ((C, F, 
I) Hydroxyproline quantification. n=4-7 *p<0.05; **p<0.01; ***p<0.001 compared to control. 
#p<0.05; ##p<0.01; ###p<0.001 compared to TGFβ1. +p<0.05; ++p<0.01 compared to TGFβ1+V. 
One-way ANOVA was used as statistical test. 
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4.5 Discussion 

Obesity is associated with an excessive increase of WAT. It has been described an 

excessive ECM remodeling, that leads to fibrosis formation in adipose tissue in obesity 

[326]. Adipose tissue fibrosis limits normal expansion of the tissue, leading to metabolic 

complications in obesity. Vildagliptin is a selective and competitive inhibitor of DPP-IV 

that is currently being used in the treatment of type 2 diabetes [596]. Moreover, there is 

evidence that DPP-IV inhibitors have other effects besides glycemic control, such as 

hypolipidemic effect [605]. Some studies have already described that DPP-IV inhibitors 

are able to prevent fibrosis formation in the liver, kidney and heart [522,528,532]. Taking 

this into account, in this study we investigated the potential effect of DPP-IV inhibitor, 

vildagliptin, in the prevention of fibrosis in adipose tissue of obese mice, induced by HFD. 

In this work, HFD induced an increase of body and epididymal adipose tissue weight and 

also an increase of adipocyte diameter. HFD-fed mice also showed, as already described 

[606], an increase of fasting blood glucose, impaired glucose tolerance, an increase in 

serum cholesterol, triglycerides, insulin and leptin and also an increase of fat 

accumulation by the liver. Moreover, we observed epididymal adipose tissue fibrosis in 

HFD mice. These results are in agreement with “the adipose tissue expandability theory” 

proposed by Vidal-Puig and Virtue, which consists in the idea that WAT storage capacity 

may become saturated resulting in excess of fat that is released to non-adipose tissues 

[252]. WAT fibrosis increases rigidity of adipose tissue matrix limiting adipose tissue 

expansion, thereby decreasing its capability of lipid storage contributing to serum lipids 

and ectopic lipid accumulation in the liver and thus contributing to metabolic syndrome 

[591]. 

Moreover, we found that vildagliptin, besides improving glycemic control, also improves 

other serum parameters such as triglycerides, cholesterol and leptin in HFD-fed mice. 

Vildagliptin also improves lipid accumulated by the liver of HFD mice. The effect of 

vildagliptin in glycemic control is known to occur through the increase of half-life time of 

GLP-1 and GIP, which are known to potentiate insulin secretion by pancreatic β-cells, 

lowering blood glucose levels, HbA1c, glucagon secretion and liver glucose production 

[492]. Some of the other effects, namely triglycerides, cholesterol and leptin decrease 

can be explained by the improvement of glycemic control due to inhibition of DPP-IV 

[597]. Several studies described that DPP-IV inhibitors improve blood cholesterol and 

triglycerides, both in humans [607-609] and rodents [597,610]. 

Moreover, although there were no significant differences in body weight change nor 

adipose tissue mass we observed a decrease in fibrosis in WAT of obese mice treated 

with vildagliptin. These findings represent the first evidence, to our knowledge, that DPP-
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IV inhibition prevents fibrosis in adipose tissue in a diet-induced obesity rodent model. 

This antifibrotic role of vildagliptin in non-adipose tissues has already been described by 

others [521,538]. This antifibrotic role will putatively decrease the stiffness of the tissue 

and thereby improve adipocyte ability to store lipids, and can be a cause for the 

amelioration of other parameters that we observed in this study, such as decrease in 

serum triglycerides and cholesterol and also ectopic lipid accumulation in the liver. All of 

these parameters are hallmarks of metabolic syndrome, so amelioration of these 

parameters suggests that vildagliptin could have an important role in obesity 

complications and thereby contributes to health improvement. In fact, it was already 

observed that collagen VI deficient ob/ob and HFD-fed mice also have less adipose 

tissue fibrosis [263]. These mice have more fat mass with improved insulin sensitivity, 

suggesting that adipose tissue fibrosis may be an important determinant of insulin 

sensitivity [263]. The inhibition of fibrosis in WAT decreases its rigidity and this might 

facilitate weight loss. In obese patients, subcutaneous adipose tissue revealed 

persistence of fibrosis two years after bariatric surgery [395] and adipose tissue fibrosis 

is even found negatively associated with weight loss induced by bariatric surgery [352]. 

All of these studies are important reinforcements for the role of fibrosis on adipose tissue 

homeostasis and its consequences during obesity process.  

Regarding the mechanisms underlying the antifibrotic effect of vildagliptin in adipose 

tissue fibrosis, we could hypothesize that it occurs as a consequence of increased GLP-

1 levels and consequently improved insulin response and glycemic control [596]. 

However, several studies showed that DPP-IV inhibitors are able to prevent fibrosis 

independently of glycemia and GLP-1 in the liver [521], in the heart [530] and in the 

kidney [535]. Moreover, fibrosis prevention could also be explained by anti-inflammatory 

effects of DPP-IV inhibitors and GLP-1 that were both described to prevent inflammation 

in WAT [510,611]. It is widely recognized that obesity is an inflammatory state and fibrosis 

is perceived by many as a process secondary to tissue inflammation [324]. But in fact 

little is known about this triad and the causal relationships between adipose tissue 

fibrosis and inflammation remain to be defined. 

To better understand the putative mechanism underlying vildagliptin and fibrosis 

prevention in adipose tissue of obese mice, we used an in vitro model of 3T3-L1 

preadipocytes and showed that both vildagliptin and a genetic approach of silencing 

DPP-IV suppress TGFβ1-mediated stimulatory effects on the profibrotic markers: αSMA, 

fibronectin and collagen VI and total collagen deposition. These results are in agreement 

with two studies that show that DPP-IV inhibitors have antifibrotic effects also in vitro in 

other cell types [522,612]. DPP-IV inhibitor, sitagliptin, decreases platelet derived growth 

factor-BB-mediated upregulation of TGFβ1 and α1(I)-procollagen in activated hepatic 
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stellate cells [522]. Inhibitors of DPP-IV-like activity abrogate TGFβ1-induced collagen 

and fibronectin in normal and keloid-derived skin fibroblasts [612]. Inhibition of DPP-IV 

was performed through pharmacological and genetic approaches. Genetic silencing of 

DPP-IV resulted in similar results to those obtained with vildagliptin, a DPP-IV inhibitor. 

These results show that the anti-fibrotic effects that we obtained with vildagliptin occur 

specifically through inhibition of catalytic function of DPP-IV, and not through non-

specific, off-target effects. In fact, one study showed GLP-1-independent protective 

effects of a DPP-IV inhibitor in fibrosis in the kidney [535]. DPP-IV has several other 

substrates, such as NPY [418]. DPP-IV removes N-terminal dipeptide changing the 

receptor sub-type specificity from Y1 (NPY1–36) to Y2/Y5 (NPY3–36) [550]. Moreover, NPY 

has an important role in the development of adipose tissue. NPY was shown to increase 

proliferation and differentiation of adipocytes through NPY Y2 and NPY Y5 receptors 

[561]. It has been demonstrated that inhibition of DPP-IV facilitates the anti-lipolytic 

effects of NPY through Y1 receptor [468]. Taking into account the NPY relevance in 

adipose tissue function, we hypothesized that NPY might be a possible DPP-IV substrate 

responsible for the antifibrotic role of vildagliptin. In this study, we showed that the 

vildagliptin effect occur partially through its action in NPY that in turn activates NPY Y1 

receptor. These results are in agreement with the “expandability theory”. If vildagliptin 

acts through NPY Y1 receptor to inhibit fibrosis, this fibrotic inhibition might allow 

adipocytes to expand and accumulate lipids, thereby inhibiting lipolysis. A role of NPY in 

fibrosis has been previously described. It was shown that local infiltration of NPY in a 

swine model of chronic myocardial ischemia and hypercholesterolemia reduces fibrosis 

[603]. Moreover, NPY overexpression reduces the development of cardiac fibrosis in 

other rat model [613]. Another study observed that mouse lacking NPY Y1 receptor also 

has a larger volume fraction of myocardial fibrosis [614], corroborating the previous 

result.  

In summary, this study establishes that a DPP-IV inhibitor significantly protects against 

adipose tissue fibrosis formation and several other dysfunctions associated with obesity.  

The antifibrogenic activity of vildagliptin activity in vitro and in vivo adds more possibilities 

to the range of possible therapeutic applications of DPP-IV inhibitors. 
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5. Concluding remarks 

Adipose tissue of obese mice and humans expands modifying its homeostasis and 

hypoxia and fibrosis may occur in WAT of obese mice and humans [264,265,326]. 

Hypoxia and fibrosis were also shown to be underlying mechanisms of adipose tissue 

dysfunctions [263,320]. 

In the present work we evaluated the effect of hypoxia in the function of adipocytes in 

vitro. Our results show that hypoxia mimetic, CoCl2, blocks adipocyte differentiation, by 

increasing miR-27a and miR-27b. However, hypoxia mimetic induces autophagy and 

increases lipid accumulation through mitochondria dysfunction and ROS production. 

Several studies described that hypoxia blocks PPARγ2, inhibiting adipocyte 

differentiation [298,570]. Our results are in agreement with these studies as we observed 

that hypoxia mimetic downregulates PPARγ2, perilipin and Pref-1, showing that hypoxia 

blocks adipocyte differentiation. Moreover, we observed that 3T3-L1 cells under hypoxia 

mimetic treatment increases miR-27a and miR-27b that are described to block adipocyte 

differentiation, by binding the 3’UTR of PPARγ mRNA [123]. Modulation of miR-27a and 

miR-27b in hypoxic preadipocytes might provide important clues about hypoxia role on 

adipogenesis and improve adipocyte function. 

However, it was not clear the effect of hypoxia on lipid accumulation. We observed that 

CoCl2 induces lipid accumulation that occurs through the increase of ROS production 

that is inhibited by an antioxidant, glutathione. Hypoxia favors anaerobic metabolism 

[571], like glycolysis, leading to a decrease in ATP and increase in lactate production . 

The action of antioxidants might be important to improve adipocyte function and survival. 

Furthermore, we also observed that CoCl2 increases autophagy in 3T3-L1 preadipocytes 

as it was previously described in other cell types [576,577]. Autophagy is known to be 

increased in adipose tissue in obesity [177] and is needed to normal adipogenesis 

[175,176]. However, the functional role of autophagy in adipose tissue in obesity and in 

hypoxia-response in adipocytes should be further investigated. 

Furthermore, we studied the effect of a DPP-IV inhibitor, vildagliptin, in fibrosis of adipose 

tissue in HFD-fed obese mice and its mechanisms in vitro. We showed that vidagliptin 

improves glucose response as expected but also decreases serum triglycerides, 

cholesterol and leptin and improves ectopic lipid accumulation by the liver. These effects 

of vildagliptin were already described by others both in human and mice and might occur 

as consequence of improved glucose homeostasis [597]. Moreover, we observed that 

vildagliptin prevents fibrosis formation in adipose tissue of HFD-fed mice. This can occur 

by an effect of vildagliptin in ECM of adipose tissue or it can be a consequence of the 

improved lipid and glucose metabolism and decreased inflammation that was already 
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described in WAT [510,611]. We studied the mechanisms of vildagliptin in fibrosis in 3T3-

L1 preadipocytes and showed that this DPP-IV inhibitor prevents ECM remodeling in this 

cell line, through NPY Y1 receptor activation. The protective effect of DPP-IV inhibitors in 

fibrosis in non-adipose tissues was already described, however, to the best of our 

knowledge this is the first time that a protective effect of a DPP-IV inhibitor in fibrosis in 

adipose tissue is described. 

 

Taking these results together, the present study extends our understanding of the effect 

of hypoxia on adipocyte biology and lipid metabolism. Moreover, we provide a possible 

explanation for hypoxic lipogenesis, namely the importance of preadipocyte response to 

mitochondrial dysfunction and ROS leading to autophagy and also to lipid accumulation. 

In addition, we also demonstrated that vildagliptin can prevent adipose tissue fibrosis in 

obesity, showing that DPP-IV inhibitors might be an important class of drugs in the 

treatment of obesity and also in obesity-related diseases. 
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1.3.3.1.1 MicroRNA miR-27 

The miR-27 family consists of miR-27a and miR-27b, which are transcribed from different 

chromosomes. miR-27a and miR-27b are two highly conserved isoforms that have 

identical seed sequences and differ in only one nucleotide [143]. 

Both miR-27a and miR-27b levels are elevated in adipose tissue of genetically obese ob 

⁄ob mice [122]. However, the levels of pri-miR-27a are downregulated in mature 

adipocytes of HFD-fed obese mice comparing to chow diet-fed lean mice [121]. 

Moreover, the microRNAs miR-27a and miR-27b were described to impair adipocyte 

differentiation [121,122,144].  

At the molecular level, it was demonstrated that miR-27a and miR-27b binds the 3’UTR 

of PPARγ mRNA and that both decrease during adipocyte differentiation of 3T3-L1 

preadipocytes [121,123]. However, in 3T3-L1 preadipocytes, overexpression of miR-27a 

and miR-27b also inhibits adipogenesis by inhibiting the expression of PPARγ mRNA but 

with no alteration in PPARγ protein levels [122]. Additionally, miR-27 was described to 

suppress adipogenesis by also targeting prohibitin [144]. Prohibitin increases during 

differentiation and its silencing inhibits adipogenesis in 3T3-L1 preadipocytes [145]. 

Overexpression of miR-27a and miR-27b decreases both mRNA and protein levels of 

prohibitin and impairs adipocyte differentiation [144]. 

 

1.3.3.2 Autophagy 

Autophagy is an intracellular degradation system that targets cytoplasmic substrates for 

lysosomal degradation [146]. Three types of mammalian autophagy have been 

described: chaperone-mediated autophagy, microautophagy and macroautophagy [147]. 

Chaperone-mediated autophagy targets specific proteins that contain a pentapeptide 

motif (KFERQ) [148]. This motif is recognized by a chaperone complex that transfers the 

proteins to the lysosomal through the receptor lysosome-associated membrane protein 2A 

(LAMP2A) [149]. The proteins are degraded in the lysosomal lumen. Microautophagy 

involves the direct engulfment of cytosolic cargo by invagination or evagination into the 

lysosomal lumen for degradation [150,151]. Macroautophagy, referred here as 

autophagy, is the best studied type of autophagy in which cells form a double-

membraned vesicle named autophagosome. Autophagosomes form around a portion of 

cytoplasm that engulfs proteins and organelles degrading them after fusion with the 

lysosome [152,153]. 

Autophagosome formation comprises several steps: induction of autophagosome 

formation; nucleation of the membrane; autophagosomal elongation; cargo selection; 

and autophagosome maturation and cargo degradation (Figure 1.8). 
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