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 Glut1 glucose transporter 1 
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 IRS-1 insulin receptor substrate 1 
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 Ndufb9 ADH:Ubiquinone oxidoreductase subunit B9 

 NE norepinephrine  
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 PC2 principal component 2 
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 PERK PKR-like ER kinase  
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 Ucp1 uncoupling protein 1 
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         ABSTRACT 

 

The development of metabolic diseases such as obesity and type 2 diabetes (T2D) is firmly 

correlated with the loss-of-function of white adipose tissue (WAT), in agreement with its 

regulatory role on energy balance and glucose homeostasis. By contrast, brown adipose tissue 

(BAT) mass and function inversely correlate with WAT accretion and insulin resistance. 

Recently, BAT has emerged as an endocrine organ secreting a myriad of molecules that are 

involved in health and disease. To gain insight into the contribution of BAT to glucose 

homeostasis, in a previous study from our lab we generated an adipocyte-specific mouse 

model devoid of PGC-1α/PGC-1β, the master regulators of mitochondriogenesis and brown 

adipocyte differentiation (PGC-1α/β-FAT-DKO mice). Adipose tissues from these mice 

displayed an impaired mitochondrial biogenesis and oxidative capacity. Despite being cold 

intolerant, they did not develop obesity or insulin resistance. When fed a high-fat diet (HFD) 

with a 45% of Kcal from fat, PGC-1α/β-FAT-DKO mice were prone to glucose intolerance 

despite preserving insulin sensitivity. 

To further explore glucose intolerance in PGC-1α/β-FAT-DKO mice, we subjected them to a 

diet with a higher content of fat (HFD60 or 60% Kcal from fat). PGC-1α/β-FAT-DKO mice 

gained more weight over time, which correlated with an accumulation of fat in BAT. 

Moreover, fat deposition in BAT was accompanied by the up-regulation of classical WAT 

markers, thereby indicating a process of “whitening” of the tissue. These mice preserved 

insulin sensitivity but developed severe glucose intolerance independently of body weight 

gain. However, basal and glucose-stimulated serum c-peptide levels were decreased in PGC-

1α/β-FAT-DKO mice. Altogether, these data pointed towards a pancreatic defect involving 

insulin secretion. 

Morphometric analysis of pancreatic islets by immunofluorescence and transmission electron 

microscopy did not reveal differences in β-cell mass, islet size or the maturation of β-cell 

insulin granules between PGC-1α/β-FAT-DKO and Wt control mice. Similarly, gene expression 

analysis of pancreatic islets did not unmask a dysregulation in the expression of genes 

encoding for proteins involved in the secretion of insulin in pancreatic β-cells. The assessment 

of insulin secretion directly on isolated pancreatic islets indicated that responsiveness to 

glucose was preserved in PGC-1α/β-FAT-DKO mice despite having lower serum insulin levels. 

Impaired glucose homeostasis in PGC-1α/β-FAT-DKO mice suggested the establishment of an 

adipose-pancreatic crosstalk. To study this relation, we performed a proteomic study of 

adipose tissues secretome. Untargeted proteomics revealed notable differences between Wt 

and PGC-1α/β-FAT-DKO mice in BAT but not in WAT. Targeted proteomics allowed us to 

discern the proteins differently secreted by BAT from PGC-1α/β-FAT-DKO mice that could 

exert an endocrine role on pancreas. In vitro analysis of resistin, however, did not clarify its 

contribution to the regulation of insulin secretion. 

Taking together, our data indicate that the lack of PGC-1s alters BAT endocrine function, 

ultimately leading to altered glucose homeostasis as a result of a, yet unmasked, pancreatic 

defect.
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         RESUM 

 

El desenvolupament de malalties metabòliques com ara la obesitat i la diabetis tipus 2 es 

relaciona fermament amb la pèrdua de funció del teixit adipós blanc, d’acord amb el seu rol 

en el balanç energètic i la homeòstasis de la glucosa. Pel contrari, la massa i la funció del teixit 

adipós marró es relacionen inversament amb la acreció del WAT i la resistència a la insulina. 

Recentment, el teixit adipós marró ha emergit com un òrgan endocrí capaç de secretar un 

conjunt de molècules involucrades en la salut i en la malaltia. Per aprofundir en la contribució 

del teixit adipós marró a la homeòstasis de la glucosa, en un estudi previ del nostre laboratori 

vam generar un model animal específic de teixit adipós en el qual vam suprimir els PGC-

1α/PGC-1β, reguladors primordials de la mitocondriogènesis i de la diferenciació del teixit 

adipós marró (ratolins PGC-1α/β-FAT-DKO). Els teixits adiposos d’aquests ratolins mostraven 

una biogènesis mitocondrial i funció oxidativa deteriorades. Tot i ser intolerants al fred, 

aquests animals no desenvolupaven obesitat o resistència a la insulina. Quan se’ls va 

alimentar amb una dieta rica en grassa (45% Kcal provinents de la grassa), els ratolins PGC-

1α/β-FAT-DKO mostraven una tendència a ser intolerants a la glucosa, encara que mantenien 

la sensibilitat a la insulina. 

Per tal d’aprofundir en l’estudi de la intolerància a la glucosa en els ratolins PGC-1α/β-FAT-

DKO, els vam alimentar amb una dieta amb un major contingut de grassa (60% Kcal provinents 

de la grassa). Els ratolins PGC-1α/β-FAT-DKO van guanyar més pes amb el temps de dieta, 

relacionant-se amb una acumulació de grassa en el teixit adipós marró. A més, la deposició 

de grassa en aquest teixit es va acompanyar d’una sobreexpressió de marcadors típics de 

teixit adipós blanc, indicant un procés de blanquejament del teixit. Aquests ratolins 

preservaven la sensibilitat a la insulina però van desenvolupar una severa intolerància a la 

glucosa, la qual era independent del pes corporal. No obstant, els nivells basals i estimulats 

per glucosa en sèrum del pèptid c estaven disminuïts en els ratolins PGC-1α/β-FAT-DKO. En 

conjunt, aquestes dades senyalaven cap a un defecte pancreàtic en la secreció d’insulina. 

L’anàlisi morfomètric dels illots pancreàtics per immunofluorescència i microscòpia 

electrònica de transmissió no van revelar diferències en la massa de cèl·lules beta, el nombre 

d’illots o la maduració dels grànuls d’insulina en les cèl·lules beta entre els ratolins PGC-1α/β-

FAT-DKO i els control. De forma similar, l’anàlisi de l’expressió gènica dels illots pancreàtics 

no va revelar una desregulació en la expressió de gens codificants per proteïnes involucrades 

en la secreció d’insulina en les cèl·lules beta pancreàtiques. L’avaluació de la secreció 

d’insulina directament en illots pancreàtics aïllats va mostrar que la resposta a la glucosa 

estava preservada en els ratolins PGC-1α/β-FAT-DKO tot i tenir menor nivells d’insulina en 

sèrum. 

La alteració en la homeòstasis de la glucosa en els ratolins PGC-1α/β-FAT-DKO suggeria la 

presencia d’una comunicació adiposa-pancreàtica. Per tal d’estudiar-la, vam dur a terme un 

estudi proteòmica del secretoma dels teixits adiposos. La proteòmica no dirigida va revelar 

diferències notables entre els ratolins control i els PGC-1α/β-FAT-DKO en el teixit adipós 

marró, però no en el blanc. La proteòmica dirigida ens va permetre discernir les proteïnes 
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diferentment secretades pel teixit adipós marró dels ratolins PGC-1α/β-FAT-DKO que podrien 

exercir un rol endocrí sobre el pàncrees. Els estudis in vitro de la resistina, no obstant, no van 

clarificar la contribució d’aquesta en la regulació de la secreció d’insulina.  

Les nostres dades indiques que la falta dels PGC-1s altera la funció endocrina del teixit adipós 

marró, alterant finalment la homeòstasis de la glucosa com a resultat d’un defecte pancreàtic 

encara per ésser descobert. 
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1.1. Obesity-related type 2 diabetes (T2D) 

In a world that concerns over malnutrition, obesity burden cannot be ignored. Considered 

now as an epidemic worldwide, obesity numbers are increasing sharply in middle- and high-

income countries. In this regard, worldwide obesity has almost tripled since 1975 (1). This 

trend implied that in 2016 there was a 13% of adults over 18 years who developed obesity 

and a 39% who were overweight. In the same dangerous direction, over 340 million children 

and teenagers aged 5-19 were overweight or obese in 2016 (1). Hence, obesity is a problem 

socially tolerated and its incidence is increasing dramatically nowadays. 

Far for being just an excessive accumulation of fat in adipose tissues, obesity is also 

considered a threat that can truly impair our health. In fact, obesity and overweight increase 

the risk for many serious diseases, like cardiovascular diseases, mental disorders, non-

alcoholic fatty liver disease (NAFLD), many types of cancer and type 2 diabetes (T2D) (2). For 

this reason, eating balanced calorie-controlled diets and burning the excess of energy by 

practising exercise is essential to prevent the development of obesity and its related diseases. 

One of the diseases that greater has grown with the rise of obesity is T2D. This disease 

represents more than 95% of all cases of diabetes and, in 2021, more than 500 million 

individuals suffered from it (Figure 1.1) (3). Also, T2D is a chronic disease that requires 

constant treatment and supervision, thereby promoting a high health expenditure by health 

care systems. 

Figure 1.1. Illustrative map of type 2 diabetes prevalence worldwide among adults in 2021. Image adapted 

from (3). 

Diabetes Mellitus (DM) is a chronic disease characterized by high sugar blood levels and 

impaired insulin secretion in response to glucose. Although T2D is the most prevalent type of 

diabetes and the one with a greater impact on health systems, it is not the only one. Originally 

known as insulin-dependent diabetes, Type 1 diabetes (T1D)  comprises 2% of all diabetic 
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cases worldwide, especially amongst teenagers. T1D is characterized by a defective insulin 

production, mainly due to the autoimmune destruction of pancreatic β-cells. The impairment 

of insulin secretion conditionate T1D individuals to administrate a daily dose of insulin to 

balance their blood sugar levels. Despite the contribution of genetic, epigenetic and 

environmental factors to the development of the disease, the precise mechanisms behind 

T1D development remain to be fully understood. Viral infections, birth weight, altered 

microbiome, T2D or certain genetic mutations, however, have been linked to the activation 

of the immune system driving the autoimmune response that ultimate destroys pancreatic β-

cells (4,5). A third common type of diabetes is gestational diabetes mellitus (GDM), which 

develops during pregnancy and usually disappears after giving birth. This condition affects 2% 

to 10% of pregnant women and is determined by a less efficient action of insulin due to an 

increase in body weight and the effect of hormones. After pregnancy, GDM can evolve 

towards T2D (6). 

1.1.1 Hallmarks of type 2 diabetes 

Pathophysiology of T2D is characterized by peripheral insulin resistance (IR) and the 

subsequent impairment of insulin secretion. IR comprises a deficient physiological response 

to insulin by the main regulators of glucose homeostasis (adipose tissues, liver and skeletal 

muscles) that impairs the capacity of these tissues to efficiently uptake glucose from blood. 

This incompetent insulin response results from a disruption in insulin signalling pathways in 

these tissues. The occurrence of both IR and defective insulin secretion appears to be driven 

by the adoption of modern lifestyles, characterized by hypercaloric diets and high rates of 

obesity and sedentarism (7), although genetic and epigenetic components also play a very 

relevant role.  

Normal glucose tolerance is maintained by a balance between glucose uptake and insulin 

secretion. However, in certain individuals, environmental and genetic factors, throughout 

mechanisms that are not fully understood, induce IR in insulin-sensitive tissues, being these 

tissues less capable to respond to insulin. As a result, this blocking of insulin signalling leads 

to decreased glucose uptake by these tissues, reduced hepatic synthesis of glycogen and 

enhanced gluconeogenesis (8). The outcome of this process is an increase in glucose blood 

levels. Aside from hyperglycaemia, IR prompts lipolysis in adipose tissues, which results in the 

uncontrolled liberation of free fatty acids (FFA), also known as non-esterified fatty acids 

(NEFA), to the blood (9). Hyperglycaemia, hyperlipidaemia and low-grade chronic body 

inflammation reinforce IR (see paragraph 1.1.2) and force pancreatic β-cells to produce more 

insulin to counteract the cellular effects of IR. This increment in insulin secretion by pancreatic 

β-cells occurs concomitantly to an increase in β-cell mass. Despite the normalization of 

glucose levels as a result of β-cell compensation, long-term IR eventually exhausts the 

capacity of these cells to reverse hyperglycaemia (10,11). At this moment, β-cells fail and start 

to die, which ultimately results in a disbalance of glycaemia and in the development of T2D. 

The description of the impaired β-cell insulin secretion in diabetic and insulin resistant 

individuals will be treated in detail in section 1.2.  
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1.1.2 Mechanisms behind the development of insulin resistance  

Many studies have provided plausible pathways by which IR appears in insulin-sensitive 

tissues. Yet, the molecular mechanisms that trigger the irresponsiveness of these tissues to 

insulin are not completely understood. Identifying these mechanisms is crucial for the design 

of new therapeutic strategies to prevent and treat T2D. So far, the main mechanisms 

identified are: lipotoxicity, endoplasmic reticulum (ER) stress, inflammation and 

mitochondrial dysfunction (Figure 1.2). However, other causes cannot be ruled out in the 

development of T2D. For instance, some recent studies have reported that gut microbiota is 

altered in diabetic individuals (12,13), opening the possibility for the transplantation of faecal 

microbiota to reverse IR and T2D. In this sense, faecal transplantation has proven to improve 

insulin sensitivity and the body mass index (BMI) in T2D patients through the colonization of 

their microbiota (14). 

Lipotoxicity refers to the cellular stress derived from the accumulation of lipid intermediates, 

such as diacylglycerols (DAGs) and ceramides, in liver, skeletal muscle and adipose tissues 

(15,16). In physiological conditions, excess of dietary fatty acids enter the cells and are 

esterified to form fatty acyl-CoAs that are successively transferred to a glycerol backbone to 

finally produce triglycerides. The storage of excessive energy under the form of triglycerides 

mainly occurs in adipose tissues, but almost all tissues can store triglycerides, although much 

lower amounts. Chronic exposure to an overload of lipids, as it occurs in obesity, impairs 

storing capacity of adipocytes and other cell types (hepatocytes, muscle cells, etc.) leading to 

the intracellular accumulation of intermediates of lipid metabolism, such as DAGs and 

ceramides.   

Intracellular accumulation of DAG has been shown to trigger the activation of isoforms of the 

protein kinase C (PKC), PKCδ and PKCθ, which phosphorylate and inhibit insulin receptor 

substrate 1 (IRS-1). The inhibition of IRS-1 reduces the recruitment of phosphatidylinositol 3-

kinase (PI-3K) and causes the inhibition of the downstream insulin signalling pathway. By its 

side, ceramides induce IR through the activation of another isoform of PKC, PKCζ, which in 

turn inhibits serine/threonine kinase 1 (AKT) and impairs insulin signalling (17,18). 

Empiric observations have also detected an activation of the immune system and a chronic 

elevation of pro-inflammatory cytokines in obese insulin resistant individuals and type 2 

diabetic subjects (19,20). This chronic low-grade inflammation has been identified as another 

mechanism that generates IR. Indeed, in obese individuals, hypertrophic and dying adipocytes 

recruit adipose tissue macrophages (ATMs), which are characterized by the secretion of pro-

inflammatory cytokines, such as interleukin 6 (IL-6), tumour necrosis factor alpha (TNFα) or 

the C-C motif chemokine ligand 2 (CCL2) (21,22). These adipokines can directly affect insulin-

sensitive tissues and induce IR through the activation of inflammatory pathways that are 

mediated by the c-Jun N-terminal kinase (JNK1) and the inhibitor of NF-κB kinase (IKKβ) (23). 

These kinases act by phosphorylating the insulin receptor at inhibitory residues, resulting in 

the impairment of proper insulin signalling. Moreover, pro-inflammatory cytokines also 

disbalance lipidaemia, thereby aggravating lipotoxicity in insulin-responding tissues. In 

addition, these cytokines promote lipolysis in adipocytes via a decrease in stabilizing proteins 
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from lipids droplets. The released FFA can activate toll-like receptors 4 (TLR4) and magnify the 

immune response (17).  

ER stress has been also proposed as a mechanism involved in the onset of IR. ER is an 

important organelle that orchestrates the synthesis, folding and trafficking of a wide range of 

proteins. Under stress conditions, including the rapid increase of incorrectly folded proteins 

or viral infections, cells activate a homeostatic mechanism named unfolded protein response 

(UPR), aimed at reducing the pathogenic accumulation of proteins. In mammals, UPR is based 

on three ER transmembrane stress sensors: PKR-like ER kinase (PERK), inositol requiring 

enzyme 1 (IRE-1) and activating transcription factor 6 (ATF6) (16). Altogether, these sensors 

down-regulate the transcription of proteins, increase the folding ability of ER resident 

chaperones and facilitate the removal of misfolded proteins, all in aims to re-establish ER 

homeostasis (24). If UPR is insufficient to deal with unfolded or misfolded proteins, the cell 

ultimately undergoes apoptosis via activation of JNK1. 

UPR helps the cell to adapt to the stress created by the abnormal protein accumulation, but 

when it is unproperly and steadily activated, it may lead to cellular dysfunction. In this regard, 

some studies have proven that UPR is activated in diabetic rodents and humans or in 

individuals that have IR (25,26). Although the exact link between UPR and IR remains 

uncertain, two mechanisms have proposed. The first mechanism involves the activation of 

JNK1 pathway via IRE-1, what results in the phosphorylation of IRS-1 at inhibitory residues 

(27). The second mechanism involves the activation of the PERK/eIF2/ATF3 signalling 

pathway, which ultimately leads to the inhibition of AKT and the impairment of the insulin 

signalling (28). Moreover, some other studies support that ER stress can also be induced by 

intracellular FFAs (29), providing an additional mechanism by which lipids can induce 

lipotoxicity and IR. 

Finally, many studies have claimed that mitochondrial dysfunction also constitutes a major 

mechanism triggering IR. These organelles are known as the powerhouse of the cell, as they 

generate up to 90% of the energy required for the cell in the form of adenosine triphosphate 

(ATP) under aerobic conditions. Mitochondria oxidate different substrates, such as glucose, 

fatty acids or amino acids, which serve as sources of metabolic energy when required. 

However, in certain pathological conditions, such as in obesity, the number of mitochondria 

is reduced and their oxidative function impaired. In this situation, tissues have less capacity 

to oxidise lipids, amongst other nutrients, and this therefore causes the accumulation of 

intracellular lipid species. As previously described, these intermediates can cause lipotoxicity, 

blocking the insulin-signalling pathway and leading to the development of IR (17).  

The hypothesis of mitochondrial dysfunction as a trigger of IR stems from studies reporting 

that muscle, adipose tissue and liver from insulin resistant or T2D individuals have reduced 

expression of mitochondrial genes involved in fatty acid oxidation and oxidative 

phosphorylation pathways. This reduction in gene expression is also accompanied by a 

decrease in mitochondrial mass and oxidative activity in these tissues (30,31). Moreover, data 

from transmission electron microscopy (TEM) have revealed that insulin resistant and diabetic 

subjects have less and smaller mitochondria in insulin-sensing tissues than healthy individuals 

(30,32). Number and size of mitochondria depend on mitochondrial biogenesis but also in 
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mitochondrial dynamics, which involves fission and fusion of mitochondria in order to adapt 

to new nutritional and physiological stimuli. In this sense, abnormal mitochondrial dynamics 

has been observed in T2D individuals (33,34).  

Akin to the reduction in the mitochondrial function and dynamics, mitochondria are also 

related to the development of IR through the production of reactive oxygen species (ROS). 

Insulin stimulation leads to a spike in the production of hydrogen peroxide, which facilitate 

the autophosphorylation of the insulin receptor for the normal insulin downstream signalling 

cascade (35). However, when the generation of ROS is too high inside the cell, the opposite 

effect occurs and insulin signalling is blocked. In this regard, nutrient overload, inefficient 

oxidation of lipids, inflammation and ER stress in the context of T2D promote the excessive 

generation of ROS. In this situation, ROS activates IKKβ, PKC and JNK1 protein kinases, which 

in turn phosphorylate IRS-1/2 and inhibit their association with the insulin receptor, 

ultimately leading to the development of IR.  

 

Figure 1.2. Scheme of the principal mechanisms that promote IR. IRS, Insulin Receptor Substrate; JNK1, c-Jun 
N-terminal Kinase 1; IKKβ, Inhibitor of NF-κB Kinase; PKC, Protein Kinase C; TNF-α, Tumor Necrosis Factor α; 
TNFR, TNF-α Receptor; IL-6, Interleukin 6; IL-6R, IL-6 Receptor; ATM, Adipose Tissue Macrophages; ROS, Reactive 
Oxidative Species. Figure adapted from (17). 

However, the role of mitochondrial dysfunction in the development of IR is highly 

controversial and several studies have provided data that argue against it.  

To study how mitochondrial dysfunction leads to IR and alters glucose homeostasis, a mouse 

model of impaired mitochondria was previously generated in our laboratory (36). For this, 

crucial regulators of mitochondria, the PPARG co-activators 1 alpha and 1 beta (PGC-1α and 

PGC-1β co-activators, respectively) were specifically depleted in adipose tissues (PGC-1α/β-

FAT-DKO). These co-activators are members of the PGC-1 family (section 1.3.2.3) and they are 
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crucial to orchestrate mitochondrial function and biogenesis in high energy demanding 

tissues such as liver, skeletal muscle and adipose tissue.  

Consistent with the role of PGC-1s, mice lacking both co-activators exhibited a 30-50% 

reduction in the basal expression of mitochondrial genes in WAT (Figure 1.3, A), as well as a 

decreased level in mitochondrial proteins. Examined by high-resolution respirometry, altered 

mitochondria in WAT from PGC-1α/β-FAT-DKO mice displayed a lower respiratory capacity. 

In a similar way, BAT from PGC-1α/β-FAT-DKO mice showed a down-regulation of 

mitochondrial genes (Figure 1.3, B) and a reduction in mitochondrial protein levels. These 

alterations were associated with an accumulation of triglycerides in brown adipocytes, 

leading to the acquisition of a WAT-like phenotype. 
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Figure 1.3. Mitochondrial gene expression in adipose tissues. Expression of genes from the OxPhos system in 

WAT (A) and in BAT (B) from Wt and PGC-1α/β-FAT-DKO. Nd2, NADH Dehydrogenase 2; Ndufb9, 

NADH:Ubiquinone Oxidoreductase Subunit B9; Sdhb, Succinate Dehydrogenase Subunit B; Uqcrq10, Ubiquinol-

Cytochrome C Reductase Subunit 10; Cycs, Cytochrome C; Coxii, Cytochrome C Oxidase II; Coxiv, Cytochrome C 

Oxidase IV; Cox7a1, Cytochrome C Oxidase Subunit 7A1; Atp5b, ATP Synthase F1 Subunit Beta. Data obtained 

from (36). 

Despite mitochondrial biogenesis was blunted in the adipose tissues from PGC-1α/β-FAT-DKO 

mice, body weight was preserved when these mice were fed with an obesogenic high-fat diet 

(HFD) (45% Kcal from fat). In agreement with this, weights of major organs such as WAT, BAT, 

liver and muscle were not altered. When glucose homeostasis was assessed, it was observed 

that PGC-1α/β-FAT-DKO mice were prone to glucose intolerance (Figure 1.4, A), but insulin 

sensitivity was preserved (Figure 1.4, B). 

A) 

B) 
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Figure 1.4. Analysis of glucose homeostasis by glucose and insulin tolerance tests. Evaluation of glucose 
clearance during the course of A) glucose and B) insulin tolerance tests (GTT and ITT, respectively) in Wt and 
PGC-1α/β-FAT-DKO mice fed a HFD (45% Kcal from fat). Mice of 8 weeks of age were fed a HFD for 3 months 
and then GTT and ITT were performed. Both tests were done intraperitoneally, with a dose of 2g glucose/kg 
mice for GTT and 0.9 U insulin/kg mice for ITT. Data obtained from (36). 

These data indicated that adipose-specific mitochondrial dysfunction is not sufficient to 

promote IR in a context of diet-induced obesity, although some level of glucose intolerance 

was present. 

 

1.2 The crucial role of pancreas in the regulation of glucose homeostasis 

1.2.1 Physiology of pancreas 

The pancreas is an organ with crucial functions in nutrient digestion and metabolism by means 

of two different pancreatic compartments referred as exocrine and endocrine pancreas (37) 

(Figure 1.5). The exocrine part of the pancreas is composed by numerous clusters of acinar 

cells that secrete enzymes for the digestion such as lipase and trypsin. The endocrine part is 

formed by pancreatic islets containing a variety of hormone-secreting cells that principally 

control glucose homeostasis. Although the exocrine part accounts for more than 95% of 

pancreas, both compartments are ubiquitously distributed through the organ. 

Anatomically, pancreas is divided into head, body and tail by an arbitrary line. Histologically, 

its parenchyma has a lobular structure consisting of numerous clusters of acinar cells and, 

amongst them, pancreatic islets are distributed (38) (Figure 1.5).  

1.2.1.1 Pancreatic islet structure and cell composition 

Pancreatic islets are highly vascularized and innervated mini-organs that orchestrate the 

endocrine secretion of pancreatic hormones. In mice, the number of pancreatic islets can 

scale up to 5000 (39). In comparison, healthy humans contain, approximately, from 3.2 to 

14.8 million of pancreatic islets. Regarding their size, most islets have an area between 1000 

and 10,000 μm2, and contain, in average, 1500 cells (40,41). 

A) B) 
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Five different types of endocrine cells compose pancreatic islets: α-cells, which secrete 

glucagon; β-cells, which secrete insulin; δ-cells, which secrete somatostatin; γ-cells, which 

secrete pancreatic polypeptide (PP); and ε-cells, which secrete ghrelin (42). Unlike pancreatic 

islets from mice, which have a β-cell core and a peripheral area containing the other 

endocrine cell types, human islets from adult individuals comprise a more homogeneous 

distribution of cells (Figure 1.5).  In terms of relative cell composition, 60% to 80% of cells are 

β-cells in mouse islets, followed by 15% to 20% of α-cells, less than 10% of δ-cells and 1% of 

the remaining γ-cells and ε-cells. By contrast, human islets contain less β-cells (50%), more α-

cells (40%) and a similar percentage of δ-cells (10%), γ-cells and ε-cells (1%) (42). 

Notwithstanding the different contribution of each cell to total pancreatic cell population, 

both human and rodent pancreatic islets from the same pancreas display a high range of 

heterogeneity between them. Hereof, recent studies support the idea that cell composition 

varies depending on the location, size or even the function of the islet (43,44). In fact, it 

appears that small islets are composed mainly of β-cells, whereas large islets show a mix of 

cell populations (43). Similarly, some reports indicate an uneven distribution of human islets 

through the pancreas, which is plausible to be related to functional differences between 

pancreatic islets (45). 

In close association with endocrine cells, pancreatic islets also contain capillaries, neuronal 

projections, immune cells and fibroblasts (46). These different cell populations are suggested 

to modulate the function of pancreatic islets. In this sense, vascular cells and neuronal 

processes are known to establish interactions with endocrine cells that coordinate the 

secretion of hormones in response to stimuli (46). To the same extent, resident immune cells 

in islets, which mainly belong to T cell and macrophage lineages, play crucial roles in the 

development and function of endocrine cells.  In fact, early infiltration of macrophages is 

believed to promote islet plasticity and regeneration of pancreatic β-cells (47), whereas 

resident T cells are involved in the maintenance of islet cell homeostasis (48). 

As previously introduced, pancreatic islets contain five types of endocrine cells that secrete 

hormones to control metabolism. Their specific functions are described below: 

• β-cells: these are the cells that produce insulin. β-cells are the first endocrine cells to 

differentiate during human pancreatic morphogenesis, followed by α- and δ-cells 

differentiation (49). During the development of the endocrine lineage, β-cell identity is 

acquired by the expression of crucial transcriptional regulators such as MAF BZIP 

transcription factor A (Mafa), neurogenin 3 (Ngn3), pancreatic and duodenal homeobox 1 

(Pdx1), NK6 homeobox 1 (Nkx6.1) and insulin (Ins) (50). Therefore, differentiation is the 

main cellular driver that form pancreatic β-cells during pancreatic embryology (51). In 

adulthood, by contrast, β-cell mass is maintained mainly by replication, although 

neogenesis of pancreatic precursors and differentiation into fully functional pancreatic β-

cells are still present (52,53). In the same way, trans-differentiation from pancreatic acinar 

cells, hepatocytes or other endocrine cells can also replace β-cell pool (54).  
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• α-cells: these cells are in charge of secreting glucagon, a hormone that opposes the action 

of insulin in the control of glucose homeostasis. Glucagon commands the mobilization of 

fuels (i.e., glucose and fatty acids) to different organs and tissues to supply nutrients to 

cells for their catabolic reactions. Differentiation and secretory function of these cells 

depend on the expression of selective markers, including MAF BZIP transcription factor B 

(Mafb), iroquois homebox 1 and 2 (Irx1/2), aristaless related homeobox (Arx), neuronal 

differentiation 1 (Neurod1) and glucagon (Gcg). Pancreatic α-cells are intermingled with 

β-cells in human islets, thereby enhancing the bidirectional regulation between both 

populations (55). Moreover, they have the potential to transdifferentiate into β-cells (56). 

• δ-cells: being the third most prevalent cell type in pancreatic islets, δ-cells are negative 

regulators of insulin, glucagon and polypeptide secretion (57). δ-cell fate is determined by 

the expression of paired box 4 (Pax4) and is maintained by the expression of 

hematopoietically expressed homeobox (Hhex) (58). Akin to α-cells, δ-cell can also 

transdifferentiate into β-cells (59). 

• γ- and ε-cells: polypeptide and ghrelin, respectively, are the hormones secreted by these 

pancreatic cells. γ-cells make up 1-2% of total islet cell population and are more 

concentrated in the head of the pancreas. These cells have an important role in the 

pancreas-gut-brain axis in terms of intestinal function and satiety. In this regard, 

postprandial secretion of PP by pancreatic and intestinal endocrine cells causes a negative 

effect on energy balance, as it decreases food intake and gastric emptying and increases 

energy expenditure, via parasympathetic vagus nerve (60). Moreover, they inhibit 

glucagon secretion at low glucose concentrations, despite not affecting insulin secretion 

(61). Regarding ε-cells, ghrelin is increased during fasting and inhibits insulin secretion, 

both in human and rodents. At the same time, ghrelin is thought to be a regulator of 

glucagon, PP and somatostatin release (40). 
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Figure 1.5. Illustrative image of a mouse and a human pancreatic islet being surrounded by exocrine acinus. 
Mouse pancreatic islet contains β-cells in the centre of the islet, whereas the other endocrine cells are found in 
the periphery. Contrary, human pancreatic islet consists of a mix of endocrine cells homogenously distributed 
throughout the islet. Both types of islets are composed by endocrine, immune and vascular cells. 

1.2.2 Pancreatic islet regulation of glucose homeostasis 

Glucose blood levels are constantly maintained in a specific range in order to supply cells of 

the body with the energy and the nutrients required for their functions. Low glucose levels, 

called hypoglycaemia, starve cells, whereas an excess of glucose, or hyperglycaemia, can be 

toxic. In the fasting state, glucose blood levels from healthy individuals are below 100 mg/dL. 

However, after eating a meal, this value almost doubles (62). Pancreas regulates glycaemic 

levels to adapt to different stimuli and conditions through the secretion of glucagon and 

insulin, which act in an opposite and a balanced manner. 

1.2.2.1 Control of insulin secretion in pancreatic β-cells 

In β-cells, insulin is stored inside secretory vesicles in a crystalline form and forming a complex 

with zinc. This hormone is firstly synthesized as preproinsulin and then converted to 

proinsulin in the rough endoplasmic reticulum (RER) (Figure 1.6). In this moment, some RER 

cargo proteins, zinc and calcium are packed with insulin in its route to Golgi (63). However, it 

is in Golgi where more packaging events occur. In this organelle, proinsulin is sorted into 

immature granules, which are emanated from trans-golgi network (TGN) to continue with the 

subsequent granule maturation. To accomplish this task, immature granules become more 

acidic by means of an ATP-dependent proton pump. Acidification process facilitates the 

conversion of proinsulin to insulin and c-peptide by endoproteases PC1/3 and PC2 and 
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carboxypeptidase E (64). At this moment, insulin secretory granules exist as large dens-core 

structures with a clear region or halo surrounding the core. The dense core is generated by a 

condensation process involving calcium, zinc and the recently formed insulin. Mature insulin 

granule is finally generated when undesirable components yet found in the granule are 

packed and excreted in the form of a clathrin-coated bud (64).  

Upon the stimulation by glucose or other secretagogues, such as certain amino acids and 

hormones, secretory granules containing insulin are released by β-cells. However, before the 

stimulation phase, there is a primary signal for insulin secretion that prepares the body for 

the incoming shot of glucose. This basal insulin signal is triggered by neurotransmitters 

released in response to the smell or sight of food and incretins, peptides released by gut when 

food is present (62). These potentiators of insulin secretion, like amino acids, fatty acids and 

incretins, can act at resting glucose blood levels, set at 4-5 mM in human and 7-10 mM in 

mouse. After a meal, however, glucose is the main trigger of insulin secretion, and all the 

other stimuli just potentiate it. In this regard, in both human and mice, insulin secretion is 

half-maximal at 10-12 mM glucose and saturates at concentrations of glucose above 20 mM 

(62). 

Insulin secretion pathway starts when glycaemia increases and glucose is uptaken by 

pancreatic β-cells (Figure 1.7). In mice, the transport of glucose is mediated by the glucose 

transporter 2 (GLUT2) receptor, whereas GLUT1 is the predominant receptor in human β-cells 

(65). Once inside the cell, glucose is phosphorylated by glucokinase or hexokinase IV, in a 

process that is the rate-limiting step in insulin secretion. Following phosphorylation, glucose 

is metabolized through glycolytic pathways. Most of the glucose transported into the cell that 

enters glycolysis proceeds into the Krebs cycle and is fully oxidized, with just a small 

percentage used for glycogen synthesis and others (66). The resulting net raise in intracellular 

ATP inhibits potassium channels located in the cell membrane and changes cell membrane 

potential. Specifically, the closure of K+ channels leads to an increase in cell potential, which 

enough to fire a depolarization response in the cell membrane. This, in turn, promotes the 

opening of voltage-gated calcium channels (VGCC) and the entrance of calcium ion (Ca2+) 

inside β-cells. Intracellular elevation of Ca2+ concentration facilitates, then, the mobilization 

of the secretory insulin granules to cell membrane (62). β-cell exocytosis and insulin secretion 

are finally achieved by a highly regulated process that triggers the fusion of insulin granules 

with cell membrane. This process involves the interaction of proteins from both 

compartments, including: ras-related protein 3 and 27 (Rab3, Rab27), regulating synaptic 

membrane exocytosis family (Rim), syntaxin family (Stx), vesicle associated membrane protein 

family (Vamp) and syntaxin binding protein family (Munc). When glycaemia is further 

normalized, glucose metabolism inside β-cell is diminished and potassium channels return to 

their normal potential state, thereby decreasing insulin secretion (62). 

Stimulation of insulin secretion by glucose adopts a biphasic pattern in terms of duration and 

intensity (Figure 1.6). In this regard, glucose elicits a 1st phase secretion, lasting less than 10 

minutes, followed by a 2nd phase secretion, sustained up 2 hours in time. Moreover, 2nd phase 

has a lower peak in secreted insulin than the 1st phase (62,64). The biphasic secretion 

responds to the nature of different pools of secretory granules inside β-cells and not to a 
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change in the metabolic signal. In contrast, both phases are shaped by the biphasic rise in 

cytoplasmic calcium concentration ([Ca2+]). In this sense, 1st phase is characterized by a rapid 

elevation of [Ca2+] that mobilize insulin granules ready to be secreted, whereas 2nd phase 

requires more signals to participate and demands the mobilization of granules stored inside 

β-cell (62,64). 

Mature insulin granules can be found in two different pools: readily releasable pool (RRP) and 

the reserve pool (RP), which accounts for 1st and 2nd insulin secretion phases respectively 

(Figure 1.6). In a normal β-cell, there are approximately 10,000 secretory insulin granules, but 

only a fraction (1-2%) of them, the RRP, is immediately available for release (67). In contrast 

to RP granules, RRP granules are biochemically prepared for release, as they are close or 

docked to cell membrane and are highly responsive to calcium and ATP signalling pathways. 

Under a stimulatory dose of glucose, these granules rapidly secrete their insulin content to 

control glucose homeostasis in the first minutes after the sugar ingestion. In turn, glucose 

promotes the replenishment of docked RRP granules and the mobilization of newcomers 

granules from the RP, a process that requires more time and new ATP production to be 

accomplished (64).  

 

 

 

 

 

 

 

 

 
 

Figure 1.6. Illustration of the process of insulin maturation inside secretory granules and its release in the 1st 
and 2nd insulin secretion phases. Proinsulin is generated from preproinsulin in the RER and transported into 
Golgi apparatus. There, proinsulin is sorted into immature granules and subsequently matured to insulin by 
proconvertases 1, 2 and 3, which are activated by the acidic pH created by an ATP-dependent proton pump. 
Afterwards, insulin is concentrated into secretory granules by adding zinc, calcium and after excreting non-
desirable compounds. Mature insulin granules are then prepared to be secreted (RRP) or stored within the cell 
(RP). RRP insulin granules account for the 1st phase insulin secretion and RP granules for the 2nd phase. RER, 
Rough Endoplasmic Reticulum; PCs, Proconvertases 1, 2 and 3; Zn2+, Zinc ion; Ca2+, Calcium ion; RP, Reserve Pool 
insulin granules and RRP, Ready-Releasable Pool insulin granules. Figure adapted from (64). 

1.2.2.2 Modulators of β-cell insulin secretion 

Glucose is the main inducer of insulin secretion in pancreatic β-cells. However, the amino acid 

leucine, certain drugs (e.g., sulfonylureas) and non-esterified fatty acids (albeit only weakly) 

can also be initiators of insulin release. Other agents, by contrast, are capable only to 

potentiate or inhibit insulin secretion in the presence of a substimulatory glucose 
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concentration (3 mM or above), but they cannot induce directly insulin secretion on their 

own. For this reason, they are referred as modulators of insulin secretion. There exist many 

of them, being either nutritional signals (fatty acids, amino acids), hormonal signals (leptin, 

prolactin, growth hormone, insulin, glucagon, glucagon-like peptide 1 (GLP-1), gastric 

inhibitory peptide (GIP), somatostatin or neural signals (acetylcholine, adrenaline) (Figure 

1.7).  

Amino acids are molecules capable to increment insulin secretion. Different from leucine, 

which is capable to induce insulin secretion by itself, other amino acids only potentiate the 

release of insulin triggered by glucose. In this sense, it is known that arginine, lysine, alanine 

and glutamate can be transported into β-cell and contribute to overall cell membrane 

depolarization and aperture of Ca2+ channels (64). By contrast, leucine directly initiates insulin 

secretion by serving as a metabolic fuel and as an allosteric activator of glutamate 

dehydrogenase for Krebs cycle (68). 

NEFA exerts both stimulatory and inhibitory actions in pancreatic β-cells, as an acute 

exposure promotes insulin secretion, but a chronic exposure seems to inhibit the process. The 

mechanisms accounting for NEFA potentiation of insulin secretion include stimulation of 

exocytosis and elevation of Ca2+ levels once NEFA bind to their receptors (69). Chronically 

elevated NEFA, by contrast, seem to inhibit insulin secretion by decreasing insulin 

biosynthesis, β-cell glucose sensitivity and glucose-stimulated insulin secretion (70). 

Moreover, they can increase the basal rate of insulin secretion, thereby exhausting β-cell 

insulin stores, which cannot be replenished on time by proinsulin conversion (71). Long-chain 

fatty acids (LCFA) are the main saturated NEFA that impairs insulin secretion when chronically 

exposed, due to the induction of mitochondrial dysfunction and ER stress. By contrast, 

unsaturated fatty acids or short-chain saturated fatty acids do not reduce insulin secretion 

(72).  

GLP-1 and GIP are considered incretins, hormones released from the gut in response to the 

ingestion of food that modulate insulin secretion. GLP-1 is released from the enteroendocrine 

L-cells, whereas GIP is released by the enteroendocrine K-cells of the proximal small intestine 

and accounts for most of the incretin effect. Both hormones stimulate β-cell electrical activity 

and enhance exocytosis of insulin granules. They do so through the interaction of GLP-1 and 

GIP receptors with Gs protein-coupled receptors, triggering an elevation of intracellular 3’,5’-

cyclic adenosine monophosphate (cAMP) and Ca2+ levels. GIP also promotes the closure of K+ 

channels. In a similar way, glucagon released by α-cells also enhances insulin secretion by a 

cAMP-dependent mechanism and inhibits K+ channels (62). 

In contraposition to the stimulatory role of the previous modulators of insulin secretion, 

somatostatin, epinephrine and leptin act as inhibitors agonists of the β-cell secretory 

function. Somatostatin is a hormone locally released by pancreatic δ-cells and also by the gut. 

This hormone inhibits insulin secretion by supressing the inward depolarizing current and by 

activating a repolarizing current (62). At the same time, it also supresses insulin release by 

disrupting normal exocytosis (73). Epinephrine inhibits electrical activity and exocytosis in β-

cells by a mechanism resembling that of somatostatin (62). As an example of crosstalk with 

other organs, adipose tissues-secreted leptin is believed to exert an inhibitory effect on 
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insulin secretion. Leptin promotes potassium channel trafficking to the cell membrane and 

increases its activity, which in turn decreases Ca2+ intracellular levels and decreases insulin 

secretion (74). 

 

Figure 1.7. Illustration of the mechanism of insulin secretion and its modulation by different molecules in 
pancreatic β-cells. Glucose increases ATP though TCA cycle and the OxPhos system, leading to the closure of 
ATP-dependent potassium channels. This closure drives cell membrane depolarization, causing the opening of 
VGCC channels and the entrance of Ca2+ inside the cell. Elevation of intracellular Ca2+ by glucose and other 
molecules promotes the mobilization (RP) and the secretion (RPP) of insulin granules. Different modulators can 
potentiate or, by contrast, inhibit insulin secretion. GLUT1/2, Glucose-Transporter 1/2; TCA, Tricarboxylic Acid 
cycle; ATP, Adenosine Triphosphate; VGCC, Voltage-Gated Calcium Channel; FFA, Free fatty acids; FFAR, FFA 
receptor; GLP-1, Glucagon-Like Peptide-1; GIP, Gastric Inhibitory Polypeptide; cAMP, cyclic Adenosine 
Monophosphate; AR, Adrenaline Receptor; SST, Somatostatin; SSTR, Somatostatin Receptor; RP, Reserve Pool 
insulin granules and RRP, Ready-Releasable Pool insulin granules. 

1.2.2.3 Regulation of glucose homeostasis by insulin and glucagon 

Pancreas regulates glycaemic levels to adapt to different stimuli and conditions through the 

secretion of, principally, glucagon and insulin. During sleep, exercise or in between meals, 

when glycaemic levels are low, glucagon is released from α-cells to restore glucose levels. To 

this aim, glucagon directly promotes hepatic glycogenolysis, which breaks down stored 

glycogen and increases glucose output. At the same time, this hormone enhances 

gluconeogenesis to increment the production of glucose for prolonged fasting and decreases 

glycolysis. Hence, glucagon boosts glucose production to fulfil energetic requirements in 

tissues like liver, adipose tissue and skeletal muscle (Figure 1.8). In the same extent, glucagon 

provides lipids to demanding tissues by increasing lipolysis in adipose tissues and their 

oxidation in liver. In a paracrine way, glucagon seems to regulate positively insulin secretion 

(75,76). Although seems counterintuitive, glucagon may up-regulate insulin secretion under 

high glucose concentrations to prevent an overshoot of glycaemia when recovering from a 

blood glucose drop (77). 
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During the fed state, insulin is secreted by pancreatic β-cells to reduce glycaemia and 

promote glucose uptake and storage (Figure 1.8). Insulin action relies primarily on the 

regulation of the main glucose responding tissues: liver, skeletal muscle and adipose tissue. 

In liver, insulin prompts the usage of glucose and the storage of the remaining in the form of 

glycogen. Also, excess of glucose is converted into fatty acids and triglycerides (TAG). 

Inversely, insulin down-regulates the net glucose production by inhibiting gluconeogenesis, 

and by reducing the breakdown of glycogen into glucose (78,79). Given the fact that 70% of 

blood glucose is directed to skeletal muscle to fulfil its high energy requirements, insulin 

triggers the rapid uptake and oxidation of glucose by this tissue. As in liver, uptaken glucose 

is converted to glycogen to be stored. Moreover, insulin promotes the anabolic synthesis of 

proteins to increase muscle mass, whereas inhibits proteolysis (80). Adipose tissue is mainly 

responsible for the storage of nutrients in the form of triglycerides in lipid droplets. Hence, 

insulin boosts lipogenesis in this tissue, at the same time that reduces the secretion of FFA by 

preventing lipolysis (80). 

Aside from the well-known functions in triggering glucose uptake and oxidation, insulin has 

also other major physiological roles. Indeed, insulin is believed to be important in the bone 

development and maintenance (81), in kidney homeostasis (82), in the regulation of satiety 

and neural function in brain and in the functioning of endothelium vasculature (80). 

 
Figure 1.8. Schematical representation of the pathways regulated by insulin and glucagon in the main glucose-
responding tissues (liver, adipose tissue and skeletal muscle). During the fed state, insulin promotes the storage 
of energy in the form of glycogen, proteins or triglycerides. In the fasting state, glucagon mobilizes the energy 
stores and supplies these tissues with glucose and fatty acids. TAG, Triglycerides; FFA, Free-Fatty Acids. 

1.2.3 Pancreatic islet pathology in T2D 

T2D is characterized by a reduction in β-cell capacity to secrete insulin and restore 

normoglycaemia (sections 1.1.1 and 1.1.2). In non-diabetic obese individuals, IR is 

counterbalanced by an increase in insulin secretion. β-cells adapt to IR not only through an 

increment in insulin production and release, but also they undergo a process of hyperplasia 
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and hypertrophy that is aimed at increasing circulating insulin levels. In diabetic individuals, 

though, there is a reduction in β-cell mass, which is principally caused by an increase in β-cell 

apoptosis. This reduction in β-cell mass is accompanied by a decrease in total pancreatic islet 

mass (83). However, many studies suggest that this reduction in β-cell mass is not sufficient 

to account for the diminished insulin secretion observed in diabetic patients. In fact, reports 

indicate that β-cell mass is only reduced by a maximum of 40% in diabetic individuals (84). 

Hence, even if T2D results in a mild decrease in insulin content and β-cell mass, this reduction 

is unlikely to be the main cause behind the impairment of insulin secretion. 

In parallel to a decrease in β-cell mass, the course of diabetes has been also linked to an 

impaired-cell function, represented as a failure of β-cell to respond normally to a stimulated 

dose of glucose. Data from patients indicate 27% reduction in acute insulin response during 

the transition from normal to impaired glucose tolerance and 51% reduction in diabetic 

individuals (85). Although not completely understood, β-cell dysfunction appears to be 

caused by a defective response to glucose, which is translated into an impairment in insulin 

granules mobilization and secretion. In agreement with this, it is suggested that oxidative 

metabolism is reduced in T2D patients, thereby lowering the amounts of ATP necessary to 

depolarize the β-cell (86). Moreover, in diabetic individuals there is a loss of the biphasic 

insulin secretion. Specifically, 1st phase insulin release is absent in response to glucose, 

replaced by a slow insulin secretion process that resembles that from 2nd phase. The principal 

cause of the loss of biphasic response is a drop in β-cell electrical activity, manifested as a 

reduction in the stimulatory capacity of the sugar. However, the response is fully retained 

with other secretagogues like incretins or amino acids (62). Concomitant with a lower 

electrical activity, insulin secretory granules are also affected in T2D. In this regard, proinsulin-

insulin ratio is increased in dysfunctional β-cells, which derives in a major secretion of 

secretory granules containing proinsulin instead of mature insulin (62). In addition to the 

alteration in the secretory granule content, the mobilization and exocytosis of these vesicles 

are also impaired in T2D individuals. On one side, there is a reduction in the rate of successful 

docking events, therefore reducing the number of insulin granules ready to be secreted (87). 

On the other side, the expression of proteins involved in the fusion of secretory granules with 

cell membrane is decreased in diabetic individuals. These proteins include STX1A, 

synaptosome associated protein 25 (SNAP25), MUNC13 and synaptotagmin, and their down-

regulation may involve a diminished capacity of insulin granules to fuse and secrete insulin 

(62). 

Impaired β-cell function and decreased β-cell mass in the context of T2D are believed to be 

induced mainly by glucotoxicity and lipotoxicity. As explained, chronic hyperglycaemia 

exhausts insulin from secretory granules, thereby diminishing the amount of hormone 

secreted in response to a new dose of glucose. Regarding lipotoxicity, it has been shown that 

prolonged exposure to high levels of fatty acids promotes the conversion of proinsulin to 

insulin. Furthermore, hyperglycaemia and hyperlipidaemia exert a negative effect on β-cell 

function and β-cell mass by inducing an ER stress and promote inflammation (83,88). 

Together with β-cell function and mass, α-cell function also appears to be affected in the 

context of T2D. In contrast to insulin secretion, glucagon secretion is increased in the fed state 
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in diabetic individuals (89). By contrast, glucagon secretion is impaired in hypoglycaemic 

conditions. It is unclear the exact mechanism that drives this increase, but it is believed that 

indirectly paracrine regulation by insulin is blunted in T2D. Hyperglycaemia might also have 

detrimental effects directly on α-cell. In this sense, it is though that hyperglycaemia impairs 

α-cell mitochondrial function, causes intracellular acidification and dysregulate potassium 

channels, thereby affecting glucagon secretion (90). 

 

1.3 Adipose tissues 

Far from its role as a lipid store, adipose tissue (AT) is gaining insight for its major role in 

nutrient homeostasis and as a regulator of metabolism. Currently, AT is classified into WAT 

and BAT (Figure 1.9), both of which exert different but coordinated functions to regulate 

glucose homeostasis and energy balance. Adipocytes are the structural units that compose 

primarily adipose tissues, and they are surrounded by the stromal vascular fraction (SVF), 

which is formed by other cell types such as pre-adipocytes, immune cells, fibroblasts and 

endothelial cells (91). 

 

 
Figure 1.9. WAT and BAT morphology. White adipocytes contain a big lipid droplet with a nucleus in the lateral 
region. Brown adipocytes contain multiple small lipid droplets and a large number of mitochondria, which gives 
them a brownish aspect. Haematoxylin/eosin-stained images are obtained from (114). 

1.3.1 White adipose tissue 

White adipose tissue is the most abundant form of adipose tissue and it is widespread 

throughout the body. Apart from cushioning body parts exposed to mechanical stress and 

providing insulation in cold conditions, it has notorious functions in metabolism. White 

adipocytes possess a single, large lipid droplet that occupies most of the cell, and a relative 

low number of mitochondria and other organelles in the remaining space (91) (Figure 1.9). 

Despite its ubiquitous distribution, WAT accumulates in discrete locations, named depots. In 

this regard, anatomical location allows the differentiation of subcutaneous, beneath the skin, 

and visceral depots, located in the peritoneal cavity (Figure 1.10). In terms of quantity, 

subcutaneous white adipose tissue accounts for 80% of total WAT, although, in pathological 

White adipose tissue Brown adipose tissue 
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conditions such as obesity, the contribution of visceral WAT is much higher than that from 

subcutaneous WAT (92).  

Remarkably, beyond their different anatomical localization, subcutaneous and visceral WAT 

depots exhibit notable functional differences and differential pathological implications. In 

mice, subcutaneous WAT is distributed in the posterior inguinal depot and in the anterior 

axillary or interscapular depot. In humans, subcutaneous fat is found in posterior lumbar, 

epidural, buttock and gluteal regions. More than any other depot, subcutaneous WAT is 

displayed as a metabolic “sink” for the lipid storage. This tissue primarily adapts to circulant 

lipids by generating new adipocytes (hyperplasia) and, in a lesser proportion, by expanding 

existing adipocytes (hypertrophy) (93). Visceral WAT represents less than 20% of overall 

adipose tissue in lean individuals, although it plays a capital role in the regulation of 

metabolism (94). In humans, visceral WAT is represented in the mesenteric, omental, 

retroperitoneal, perirenal, epicardial and mediastinal depots. In a similar way, mice contain 

mesenteric, retroperitoneal, perirenal, mediastinal and perigonadal visceral depots, but 

omental depot is barely present. In contrast to subcutaneous WAT, visceral adipocytes are 

more prone to undergo hypertrophy when exposed to an excess dose of lipids (92). 

Subcutaneous and visceral WAT depots display differential roles in the regulation of glucose 

homeostasis and energy balance. In this sense, visceral adiposity correlates with IR and an 

increased risk of cardiometabolic diseases, even in normal-weight individuals (93). By 

contrast, expansion of subcutaneous WAT is associated to a more favourable metabolic 

profile and insulin sensitivity (92). The reasons behind these discrepancies are complex and 

not fully understood, but they seem to be related to a differential response to overnutrition. 

In this sense, visceral WAT is more prone to immune cell infiltration and inflammatory 

cytokine production than subcutaneous fat (95). Inflammation in visceral depot is the result 

of the hypertrophic growth in this tissue, whereas hyperplasia observed in subcutaneous WAT 

negatively correlates with the development of this pathological condition. In turn, larger 

adipocytes undergo higher lipolysis rates, thereby releasing fatty acids that contribute to IR 

in distant organs (96). 

Regardless of the anatomical location, WAT main function involves the storage of lipids in the 

form triglycerides in lipid droplets. In a fasted state, stimulatory signals (i.e., norepinephrine, 

glucagon) promote lipolysis in the lipid droplets, thereby releasing free fatty acids that reach 

circulation in order to supply fuel to other tissues. By contrast, in the fed state, the excess of 

nutrients not used are uptaken by WAT and re-stored. In particular, metabolites resulting 

from the metabolism of glucose and amino acids in adipocytes are used to esterify fatty acids 

with glycerol to form triglycerides by de novo lipogenesis, a process regulated by insulin (92). 

In addition to its role as an energy storage depot, WAT is nowadays recognized as an 

endocrine organ. Through the secretion of a variety of molecules that exert signalling 

functions, WAT regulates nutritional homeostasis and energy balance, and modulates other 

physiological function, like reproduction or immunity. Secreted molecules by WAT are 

typically peptide hormones (usually referred as adipokines), although bioactive lipids 

(lipokines) and RNA molecules with signalling function have also been identified (97).  
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The most well-known adipokines are leptin, adiponectin and resistin. Leptin is exclusively 

expressed in adipocytes and circulating levels positively correlate with adiposity (97). The role 

of this hormone is the suppression of appetite and the promotion of energy expenditure (98). 

Hence, both in rodents and humans, lack of leptin or leptin receptor directly induces obesity 

and IR (99). Leptin supresses the appetite by repressing the orexigenic pathways in the 

hypothalamus and stimulating the anorexigenic pathways (98). Leptin also prompts the 

burning of energy by downregulating insulin signalling pathways in pancreas, liver and 

adipose tissues. Contrary, adiponectin, an adipocyte-specific hormone, has insulin-sensitizing 

and anti-inflammatory properties (100). In fact, adiponectin levels are decreased in obese 

rodents and humans (100). This hormone enhances glucose uptake and oxidation by liver and 

muscle, as well as it inhibits glucose production. In pancreas, adiponectin preserves insulin 

secretion and β-cell mass (97). Differently from leptin and adiponectin, resistin is secreted by 

adipocytes and adipose tissue macrophages in mice, but only by circulant monocytes and 

tissue macrophages in humans (101). It has been shown that resistin plasma levels correlate 

with obesity, and its presence favours the development of IR (93,97).  

Aside from the typical adipose hormones previously described, white adipocytes also secrete 

many other hormones that are usually tight related with obesity and IR. Although they are 

not exclusively secreted by WAT, their secretion is modulated in this tissue under pathological 

conditions. For instance, the expression of retinol-binding protein 4 (RBP4), the main plasma 

carrier for retinol, is especially high in visceral WAT from adults with obesity and IR. In visceral 

WAT, RBP4 drives adipocyte hypertrophy and inflammation. This factor induces tissue-

specific IR in skeletal muscle and adipocytes, but it also promotes systemic IR (97). Similarly, 

fatty acid-binding protein 4 (FABP4), which it is highly released from adipocytes of obese and 

T2D individuals, increases gluconeogenesis in liver and promotes lipolysis in AT, thereby 

favouring the development of IR (97). In addition, vaspin, an insulin-sensitizing protease 

inhibitor, is more secreted by WAT from obese individuals and promotes IR (97). Contrary to 

the hormones up-regulated in WAT from obese and T2D individuals, other endocrine factors 

are down-regulated in white fat from these subjects. This is the case of omentin or adipsin. 

Omentin, an adipokine derived from the stromal vascular fraction of WAT, enhances insulin-

stimulated glucose uptake in adipocytes, promotes weight loss and has anti-inflammatory 

effects. However, its expression in WAT and its serum levels are reduced in obese and diabetic 

subjects (93). In the case of adipsin (also known as complement factor D), a modulator of 

inflammatory status, its circulant levels in obese mice decline over time, suggesting a 

protective role in obesity. In this sense, it boosts glucose-dependent insulin secretion in 

murine pancreatic β-cells. By contrast, studies in humans indicate a proinflammatory role of 

adipsin and an increment in its circulating concentration in obese individuals (97). 

Noteworthy, WAT from obese individuals prone to develop T2D is also the major source of 

classical pro-inflammatory cytokines, such as IL-6, TNF-α and interleukin 1 beta (IL-1β) (93). 

As previously described (see section 1.1.2), the levels of these adipokines are positively 

correlated with adiposity, insulin levels, weight gain and IR. IL-6 is released from adipocytes 

subjected to high lipolysis rates, TNF-α is mainly secreted by pro-inflammatory macrophages 

that infiltrate WAT (93) and IL-1β is mostly produced by adipose macrophages and it promotes 

IR in adipose tissues (102).  
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Figure 1.10. Distribution pattern of WAT depots in human and mice. Both species consist of white fat under 
the skin, subcutaneous WAT, and inside the internal cavities or visceral WAT. The main difference between 
species is that perigonadal WAT is only found in mice. Image obtained from (92). 

1.3.2 Brown adipose tissue  

Oppositely to white fat, BAT main function is the production of heat to maintain body 

temperature through a process known as non-shivering adaptive thermogenesis. BAT consists 

of brown adipocytes containing multilocular lipid droplets and an abundant number of 

mitochondria (Figure 1.9), which confers this tissue a brownish colour and a great oxidative 

capacity. Brown fat is highly vascularized and innervated by the sympathetic nervous system 

(103,104). Neglected for a long time in adult humans, BAT was considered almost exclusive 

from new-borns and small mammals such as rodents. However, relatively recent studies 

demonstrated by 18F-fluorodeoxyglucose (18F-FDG)-PET/CT that functional brown fat is also 

present in adult humans (105-107). 

BAT is anatomically distributed in very specific depots. In mice, BAT is found in interscapular, 

cervical, axillary, perirenal, mediastinal and mammary regions (108). In adult humans, this 

tissue is located in neck, supraclavicular, axillary, paravertebral, periaortic and suprarenal 

regions (109,110). BAT allocation along the principal blood vessels facilitates the rapid 

diffusion of heat generated through the body. 

1.3.2.1 “Beige” adipocytes in white adipose tissue 

In rodents, prolonged cold exposure or adrenergic signalling induce the appearance of 

clusters of UCP-1+ cells adopting a brown fat-like morphology amongst white adipocytes, in a 

process called “browning”. These cells, called “beige” or “brite” adipocytes, are found in much 

higher numbers in subcutaneous WAT rather than in visceral WAT (91). Despite the similarity 

with brown adipocytes, beige adipocytes share the same progenitor as white adipocytes, and 

are transdifferentiated directly from mature white cells or after the differentiation of the 

common precursor (111,112). Akin to brown adipocytes, beige adipocytes are capable of 

producing heat when it is required. Once heat production is no longer necessary, beige 



37 

 

adipocytes undergo a conversion back to an energy-storing white adipocyte, highlighting a 

remarkable adaptation capacity (91).  

1.3.2.2 Non-shivering thermogenesis 

As previously mentioned, the main function of BAT is the generation of heat by means of non-

shivering thermogenesis (Figure 1.11). At thermoneutral conditions, 23°C in humans and 28-

30°C in mice, extra heat production is no necessary to sustain body temperature (113), as 

basal metabolism is sufficient to maintain it. However, at lower temperatures, generation of 

heat by specialized means is required. Given the fact that shivering thermogenesis by skeletal 

muscle is limited in time, BAT non-shivering thermogenesis raises as an efficient and long-

lasting source of heat (114). In order to accomplish this mission, BAT contains a large number 

of mitochondria expressing uncoupling protein 1 (Ucp1). This protein is unique from brown 

fat and its function and regulation are the same in rodents and humans (115). The presence 

of UCP1 provides singular characteristics to BAT mitochondria, as oxidation of substrates is 

not coupled to ATP synthesis in this organelle. As in normal ATP synthesis, the energy derived 

from the electron transport chain through the mitochondrial complexes is used to pump 

protons out of the mitochondrial matrix into the inter-membrane space. However, in this case 

proton gradient generated between compartments is not used by ATP-synthase to form ATP, 

but by UCP1 to dissipate energy in the form of heat (114). 

Non-shivering thermogenesis is mainly regulated by the central nervous system (Figure 1.11). 

When faced a cold environment, the decrease in body temperature is sensed by the 

paraventricular and ventromedial nuclei of hypothalamus, which in turn innervate BAT 

through sympathetic nerve fibers (114). Sympathetic terminals release norepinephrine, which 

promotes brown adipocytes differentiation and activation through β1- and β3-

adrenoreceptors. In brown cells, norepinephrine stimulation of β-adrenoreceptors activates 

G stimulatory (Gs) proteins, leading to the production of intracellular cAMP via the activity of 

adenylate cyclase (AC). Cyclic AMP acts as a second messenger that activates protein kinase 

A (PKA), a downstream effector that triggers the pathways required for the thermogenic 

response. On the one hand, it phosphorylates the hormone sensitive lipase (HSL) and perilipin 

from the lipid droplets, thereby prompting lipolysis to supply fatty acids for the production of 

heat. On the other hand, PKA up-regulates the expression of the thermogenic genes Ucp1 and 

cAMP responsive element binding protein (Creb) in collaboration with the PGC-1α 

transcriptional co-activator. In the same extent, long-term cold stimulation increases the 

expression of genes from the electron transport chain, tricarboxylic acid cycle (TCA) and beta-

oxidation to increment the thermogenic capacity (114). To this aim, circulant nutrients such 

as glucose, amino acids, glutamate and NEFA are also uptaken by BAT to supply energy (116).  

Non-shivering thermogenesis is modulated by a variety of factors and hormones (115). Insulin 

inhibits lipolysis and negatively affects thermogenesis, whereas glucagon administration 

increases whole-body oxygen consumption in rodents and humans. Regarding incretins, GLP-

1 peptide has been shown to stimulate BAT activity and WAT browning, although the paper 

of GIP remains unclear. Importantly, thyroid hormones are crucial for BAT thermogenic 

function through the regulation of thermogenic genes (114).  
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Figure 1.11. Overview of the signalling pathways that control non-shivering thermogenesis in BAT. Cold 
stimulus drives, through the effect of norepinephrine, the thermogenic response in brown adipocytes. This 
response accounts for the mobilization of circulatory fuels, the lipolysis of triglycerides from lipid droplets and 
the up-regulation of thermogenic genes. AC, Adenylate Cyclase; NE, Norepinephrine; cAMP, cyclic Adenosine 
Monophosphate; PKA, Protein Kinase A; CREB, cAMP Responsive Element Binding protein; PGC-1, PPARγ co-
activator 1; UCP1, Uncoupling Protein 1; OxPhos, Oxidative Phosphorylation; TAG, Triglycerides; NEFA, Non-
esterified Fatty Acids; TCA, Tricarboxylic Acid cycle. Image adapted from (111,115,116). 

1.3.2.3 BAT development: the role of Pparg co-activators 1 (PGC-1s) 

Both white and brown adipocytes arise from progenitor cells of the embryonic mesoderm, 

sharing the developmental origin with other tissues such as skeletal muscle or bone. At this 

point, the expression of specific morphogens commits mesodermal stem cells to the 

formation of BAT and muscle instead of WAT or bone (117). In this regard, the activation of 

the hedgehog and wingless and int (WNT)-signalling pathways, together with the 

participation of members from the bone morphogenetic proteins (BMPs) (BMP4/7) and FGF 

(FGF16/19) families, differentiate mesodermal progenitors to fibroblast-like brown 

adipogenic progenitors, which give raise to BAT and skeletal muscle cells. In mouse, these 

progenitors clearly originate brown fat cells at day 15.5 of the embryonic development. To 

differentiate from muscle cells, fibroblast-like adipogenic progenitors are subjected to a 

transcriptional control by zinc finger proteins (ZFPs) members such as Zfp423, which positively 

regulates the commitment of progenitors to the adipogenic lineage. For this, Zfp423 enhances 

the expression of the Pparg gene, a master regulator of adipogenesis. In turn, the expression 

of Pparg is also promoted by the expression of the early B-cell factor 2 (EBF2) in differentiating 

brown adipocytes. But, most importantly, PPARγ is tightly regulated by PGC-1α throughout 

the differentiation into adipocytes, as PGC-1α is the main driver of the Pparg expression 

(Figure 1.12). Together with the tandem PGC-1α-PPARγ, PR/SET domain 16 (PRDM16) is also 

crucial to specify the differentiation of brown adipocytes. Apart from interacting with the 

family of CCAAT/enhancer-binding proteins (C/EBPs), which are essential to form mature 

adipocytes, PRDM16 down-regulates the expression of myogenic transcription factors such 
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as myf5, myoD and myogenin. Hence, the differentiation of brown adipocytes is principally 

driven by PRDM16 and the PGC-1α, which controls PPARγ. 

PGC-1 family is composed by PGC-1 related co-activator (PRC), PGC-1β, PGC-1α and the short 

isoforms NT-PGC-1α and PGC-1α4. As any of these members possess histone acetyl 

transferase activity to modify gene expression, they serve as docking platforms for other 

proteins with histone acetyl transferase capacity (118), such as lysine acetyltransferase 2A 

(KAT2A). Despite the lack of the carboxy-terminal region, the truncated NT-PGC-1-α isoform 

retains the full capacity to enhance energetic metabolism as PGC-1α (119). PGC-1α4, by its 

side, shares the same sequence as the NT-PGC-1-α isoform and it is originated from an 

alternative promoter located upstream of the Ppargc1a gene (118). 

PGC-1 co-activators integrate environmental and physiological signals in order to regulate 

transcription factors related to the energetic metabolism. Specifically, PGC-1α and PGC-1β 

respond to environmental cues that signal high energy demands (e.g., fasting, exercise, cold) 

by increasing mitochondrial biogenesis and function and fulfil the energy requirements. In 

this sense, PGC-1α regulates hepatic gluconeogenesis, muscular slow-twitch fiber conversion 

and adaptative thermogenesis in BAT (118). By its side, induction of PGC-1β is principally 

relevant in the liver, as this co-activator enhances de novo hepatic lipogenesis, resulting in an 

increase in the synthesis of fatty acids, triglycerides and cholesterol (120). PRC displays a 

similar expression pattern across different tissues and its role in adults remains unclear (121). 

In fact, in vitro studies indicate that PRC expression is elevated in proliferating cells. During 

cell proliferation, PRC member orchestrates mitochondrial biogenesis and function in 

association with the same transcription factors as PGC-1α (122,17).  

Adipose tissues differ in the expression level of PGC-1s. Whereas BAT, a mitochondria-rich 

tissue, consists of high expression of PGC-1α and PGC-1β, WAT exhibits a lower expression of 

these co-activators. PGC-1α controls different mitochondrial pathways in BAT such as 

oxidative phosphorylation, tricarboxylic acid cycle or fatty acid oxidation, but it is only 

required for the regulation of non-shivering thermogenesis (Figure 1.12). Upon cold exposure, 

PGC-1α capitalizes the thermogenic response by inducing the expression of Ucp1 and 

deiodinase-2 (Dio2), the enzyme that produces T3 hormone (123). Moreover, it enhances the 

activity of some transcription factors (thyroid hormone receptor, PPARγ, PRDM16, and 

others) that drive the thermogenic response (123). In WAT, by contrast, PGC-1α is not 

essential for mitochondrial gene expression, although it is needed for the differentiation of 

beige adipocytes in this tissue (124). 

Due to the redundant role in mitochondrial biogenesis and function of both PGC-1α and PGC-

1β co-activators, one of them can compensate the lack-of-function of the other. Hence, 

deletion of both co-activators results in higher metabolic alterations. For instance, PGC-1α 

activity is dispensable for the adaptation of muscle to exercise maybe through the 

compensation of PGC-1β (125). In a similar way, brown adipose PGC-1β expression may 

compensate the lack of PGC-1α-related regulation of mitochondria under housing 

temperature conditions. However, loss of both co-activators leads to a severe reduction in 

mitochondrial biogenesis and function (126) (see section 1.1.2). Functional redundancy of 

PGC-1 co-activators also plays an important role in the differentiation of beige and brown 
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adipocytes. In this sense, PGC-1α alone seems to be dispensable for the differentiation of 

these cells, but deletion of both co-activators causes a total loss of cell differentiation and 

mitochondria biogenesis (126). 

PGC-1 co-activators orchestrate the increase in the mitochondrial biogenesis and function by 

increasing mitochondrial mass and gene expression through the regulation of essential 

nuclear and mitochondrial transcription factors such as NRFs, PPARs and ERRs (127) (Figure 

1.12). Nuclear respiratory factors 1 and 2 (NRF1/2) are transcription factors implicated in the 

regulation of the subunits of the OxPhos system, as well as in the import and assembly of 

mitochondrial proteins (128,129). Moreover, NRF1/2 also regulate the expression of 

mitochondrial transcription factor A (TFAM) and mitochondrial transcription factor B1 and 

B2 (TFB1M and TFB2M), which are essential factors involved in the replication and 

transcription of mitochondrial DNA (mtDNA) (130). Peroxisome-proliferator-activated 

receptors α and δ (PPARα and PPARδ) are responsible for the regulation of mitochondrial 

genes involved in lipid transport and oxidation (131,132). Estrogen-related receptors α and γ 

(ERRα and ERRγ) are known to be critical in many aspects of mitochondrial biogenesis. In this 

sense, ERRα regulates the expression of genes from the OxPhos system, tricarboxylic acid 

cycle and fatty acid oxidation. Moreover, this factor also controls the transcription of genes 

related to mitochondrial dynamics and mtDNA replication and transcription via TFAM 

activation. ERRγ binds, by its side, to the same regulatory elements than ERRα and, therefore, 

it regulates mitochondrial biogenesis in a similar way (127). 

Many studies have highlighted the relation existing between mitochondrial dysfunction and 

the development of IR and type 2 diabetes (reviewed in section 1.1.2). In this regard, 

individuals suffering from IR and type 2 diabetes exhibit a decrease in mitochondrial mass and 

gene expression in different organs such as skeletal muscle and adipose tissue. The alteration 

in the mitochondrial parameters in these tissues has been also associated to a reduction in 

the expression levels of both PGC-1α and PGC-1β. This data leads to the notion that PGC-1s 

reduced activity contributes to the development of IR that precedes T2D (133,134). In fact, 

some polymorphisms in the Ppargc1a gene have been linked to T2D (135-137). In line with 

this, it has been observed that adipose tissue-specific PGC-1α deletion in mice fed a HFD 

resulted in IR in parallel to a decrease in mitochondrial gene expression (138). In opposition 

to this data, an adipose-specific PGC-1α knockout model generated in our laboratory has not 

exhibit signals of mitochondrial dysfunction or IR (124). Similarly, loss-of-function of PGC-1 

co-activators in skeletal muscle has led to conflicting results. Some studies indicate that 

reduced expression of PGC-1α in muscle of T2D individuals is associated with the disruption 

of glucose homeostasis (139,140). In other studies, however, specific deletion of PGC-1α, 

PGC-1β or both co-activators simultaneously do not correlate with IR despite showing 

mitochondrial dysfunction (125). Tissue-specific overexpression of PGC-1 co-activators have 

not clarified neither their contribution to the onset of IR and T2D. In this sense, whereas PGC-

1α overexpression is correlated with IR in some studies (141), other reports claim for the 

opposite (142). In a preliminary study from our laboratory (see section 1.1.2; 36), adipose-

specific deletion of both PGC-1α and PGC-1β resulted in impaired mitochondrial function in 

this tissue. Although a certain grade of glucose intolerance was observed, insulin sensitivity 

was preserved in these mice. 
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Figure 1.12. PGC-1s regulation of brown adipocyte differentiation and functions. PGC-1s are crucial for the 
differentiation of brown adipocytes, as well as for their thermogenic function and for the regulation of 
mitochondrial biogenesis. ZFPs, Zinc Finger Proteins; C/EBPs, CCAAT/Enhancer-Binding Proteins; PRDM16, 
PR/SET Domain 16; PPARγ, Peroxisome Proliferator-Activated Receptor γ; PGC-1s, PPARγ Co-activators 1; 
NRF1/2, Nuclear Respiratory Factors 1 and 2; PPARα/δ, Peroxisome Proliferator-Activated Receptors α and δ; 
ERRα/γ, Estrogen-Related Receptors α and γ; TFAM, Mitochondrial Transcription Factor A; UCP1, Uncoupled 
Protein 1. Image adapted from (117,118). 

1.3.2.4 Brown adipose tissue and the control of glucose homeostasis and energy 

balance 

Given the amount of energy expended during the thermogenic process, it is evident that BAT 

activation plays an important role in the energy balance. In fact, numerous studies indicate 

that the amount of BAT is inversely correlated with the BMI, whereas individuals with 

detectable brown fat show a lower index of obesity and a higher energy expenditure (143-

145). Parallelly, obesity is also associated with a reduction in BAT thermogenic capacity (146). 

BAT activity is proven to reduce hyperlipidaemia and counteract obesity, thereby improving 

insulin sensitivity and lowering the risk to develop T2D (147,148). The amelioration in whole-

body glucose homeostasis and insulin sensitivity is driven also in healthy individuals after cold 

exposure (149). On one side, brown fat is a highly oxidative tissue that uptakes and burns 

lipids in a rapid and efficient manner. Therefore, it promotes triglycerides and fatty acids 

clearance from plasma to replenish intracellular reserves or oxidize them to carry on 

thermogenesis (149). In a similar way, circulant glucose is also decreased to supply energy to 

this tissue (150). The role of BAT as a glucose sink contributes to the glycaemic control and 

the improvement of glucose homeostasis. This effect is amplified by the hypolipidemic action 

of BAT, what contributes to prevent ectopic accumulation of lipids in insulin-sensitive tissues, 

therefore reducing lipotoxicity, a process with detrimental actions on insulin sensitivity.  

 

 



42 

 

1.3.2.5 BAT as a secretory organ 

The fact that traditionally WAT cytokines such as leptin are poorly secreted by BAT, have 

contributed to neglect the secretory capacity of brown fat for a long-time. Nowadays, 

however, a myriad of BAT secreted adipokines are being discovered. The uncovering of these 

molecules is gaining attention for their role as regulators of metabolism. However, to date, 

none of these molecules are found to be exclusively secreted by BAT, and therefore they are 

referenced as preferentially secreted by BAT in comparison to WAT or other tissues (151). 

Moreover, despite some factors are secreted by non-adipose cells such as immune or vascular 

cells from the SVF of BAT, some studies have provided evidence that activated brown 

adipocytes directly secrete factors that can act as batokines in mice (152-154). In humans, by 

contrast, information about BAT secretome is still scarce and, therefore, most conclusions are 

provided by studies made with rodents. Nevertheless, recent reports have also highlighted 

the importance of several human batokines in health and disease (155). 

Akin to other secretory tissues, it has been observed that, in rodents, most BAT secrete factors 

have autocrine and paracrine actions. On one side, BAT secretes molecules that promote its 

activity and functioning. In this sense, neuroregulin 4 (NRG4) (151), nerve growth factor 

(NGF) (156) and fibroblast growth factor 2 (FGF2) (157) released from BAT target nerve 

endings promote their outgrowth, thereby increasing sympathetic innervation in this tissue 

to fulfil its thermogenic function. Apart from enhancing its own innervation, BAT also secretes 

factors to prompt its vascularization. In this regard, bone morphogenesis protein 8b (BMP8b) 

secreted by brown adipocytes, which sensitises these cells to the noradrenergic stimulus via 

NRG4 induction, also favours the growth of capillaries in this tissue (151). Similarly, vascular 

endothelial growth factor A (VEGFA) is secreted by brown adipocytes to promote 

vascularization (158).  

On the other side, BAT also secretes factors with the potential to impact brown adipocyte 

differentiation and commitment. Specially, BMPs have strong effects on these pathways. 

BMP7, which is produced by the SVF of BAT, is capable to induce brown adipogenesis trough 

the activation of PRDM16 and PGC-1α. BMP7 also enhances mitochondrial activity and lipid 

metabolism in fully activated brown adipocytes. Moreover, BMP7 promotes BAT recruitment 

and therefore induces weight loss by increasing energy expenditure (159). BMP4 promotes 

the differentiation of brown-like adipocytes in WAT (160). Differentiation of BAT is also 

inhibited by factors secreted by this tissue. In this regard, the secretion of the growth 

differentiation factor 8 (GDF8) or myostatin by BAT, negatively regulates brown adipocytes 

differentiation and thermogenic function, as well as inhibits the browning of WAT (161). 

Follistatin, another BAT adipokine induced when faced cold temperatures, counteracts 

myostatin effects by inhibiting this factor and allowing the differentiation of brown 

adipocytes (160). 

Importantly, BAT secreted factors can directly regulate the immune system within the tissue. 

IL-6, considered a pro-inflammatory cytokine, exerts the opposite effects in BAT. In this tissue, 

its up-regulated when stimulated with cold, and then it activates the alternative anti-

inflammatory M2 macrophages (162). Moreover, IL-6 promotes brown adipocytes activity 

and WAT browning (160). Similarly, the chemokine C-X-C motif chemokine ligand-14 
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(CXCL14) is secreted by brown adipocytes in response to noradrenergic stimulation and it 

promotes the recruitment and activation of M2 macrophages (151). 

BAT also secretes molecules with the potential to act in an endocrine way. Nevertheless, 

studies addressing the endocrine role and physiological impact of batokines are not 

conclusive and information is scarce. By far, the most well-known endocrine factor secreted 

by BAT is FGF-21. BAT secretes FGF-21 when stimulated by cold. In this situation, FGF-21 

promotes glucose uptake and oxidation in glucose-sensing tissues, thereby improving 

glycaemia and lipidaemia (163,164). Moreover, FGF-21 enhances insulin sensitivity by 

expanding subcutaneous adipose tissue (165) and prevents the onset of diet-induced 

diabetes by activating the thermogenesis and the browning of WAT via PGC-1α (166, 167). In 

humans, it has been observed that cold exposure increases the plasma levels of FGF21, 

suggesting that enhanced BAT activity may improve glucose homeostasis by means of 

increasing FGF-21 (168). Finally, FGF-21 also has a strong cardioprotective effect (151). 

Despite the proven actions of FGF21, most of circulating FGF21 has a hepatic origin and, 

therefore, the contribution of FGF21 secreted by BAT to whole physiology has been 

questioned. Aside from FGF-21, many other factors secreted by BAT, some of which have an 

autocrine or paracrine effect, also target distant tissues. In this sense, myostatin secretion by 

BAT is known to negatively affect muscle insulin sensitivity, growth and functioning (161). 

Some other factors secreted by BAT have endocrine effects, such as angiopoietin-like 8 

(ANGPTL8), which enhances pancreatic β-cell replication (160) or insulin-like growth factor-

binding protein 2 (IGFBP2), which promotes bone remodelling (161).  

1.3.2.6 BAT recruitment and activation as a therapeutic strategy for obesity and 

diabetes 

The relevance of BAT in the control of glucose homeostasis has opened a door to the 

development of therapeutic strategies based on enhancing BAT activity and mass for the 

treatment of obesity and diabetes. For instance, BAT activation through cold exposure in 

humans has been associated to improvements in body composition (169). However, this 

method of activation of BAT is uncomfortable and requires the strong commitment of 

patients, which it is not always easy. For this reason, the transplantation of BAT from healthy 

individuals to recipients suffering from obesity and T2D is gaining attention as a possible 

efficient mechanism to counteract these pathologies. In fact, some studies have investigated 

the potential of BAT transplantation to prevent obesity. In one study, BAT transplantation in 

recipient mice fed a HFD reduced body weight and adiposity in these mice, concomitantly to 

an improvement in glucose tolerance and insulin sensitivity (170). In another study made in a 

HFD mouse model, it was confirmed that transplanted BAT prevented weight gain and 

increased energy expenditure in recipient mice (171). In a similar way, transplantation of 

subcutaneous WAT in which browning was present resulted in an amelioration on glucose 

homeostasis in these mice (172). 

The beneficial effects seen with BAT transplantation are not restricted to its thermogenic 

capacity. In fact, transplanted BAT usually involutes and loses part of its thermogenic capacity, 

but it still ameliorates body weight and glucose homeostasis in the recipients. Therefore, 

other additional factors seem to be behind the positive effects that transplanted BAT exerts 
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on energy balance and glucose homeostasis. In this regard, some studies have observed that 

the levels of some BAT secreted factors such as IL-6 and FGF-21 are modulated in recipients 

(173), thereby suggesting that batokines are likely to mediate the positive effects observed 

after the transplantation of BAT. 

Some batokines have been identified or postulated as possible factors mediating BAT 

beneficial effects, as is the case of FGF-21, IL-6, IGF-1, NRG4 and VEGFA (174). Circulating FGF-

21 levels are increased in mice after BAT transplantation (173). 
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         HIPOTHESIS AND OBJECTIVES 

 

 

Previous studies in our laboratory aimed at defining the contribution of impaired 

mitochondrial function to the development of obesity and insulin resistance showed that 

mice with reduced mitochondrial mass as a result of the lack of co-activators PGC-1α and PGC-

1β in adipose tissues did not exhibit changes in body weight or insulin sensitivity when fed a 

high fat diet with a 45% of the Kcal from fat. However, these mice exhibited a tendency 

towards the development of glucose intolerance and presented lower fasting insulin levels, 

pointing towards a defect in the pancreatic function. Moreover, adipose tissues, both white 

and brown, are known to control the activity of distant tissues by secreting a variety of 

molecules, including proteins, generically known as adipokines. Considering the mild glucose 

intolerance previously observed and the evidences pointing at a defect in β-cell function as 

the underlying cause of the glucose intolerance developed, I propose the hypothesis that lack 

of PGC-1s co-activators in adipocytes alters their endocrine function and disrupts the crosstalk 

between adipose tissues and pancreas, leading to β-cell failure and the development of 

glucose intolerance.  

To prove this hypothesis and identify the molecules involved in the adipose tissues- 

pancreatic crosstalk, I propose the following objectives: 

 

Objective 1. To precisely define the effects that impaired mitochondrial function in adipose 

tissues has on glucose homeostasis in mice lacking PGC-1 co-activators in adipose tissues. 

 

Objective 2. To identify the mechanism causing pancreatic β-cells dysfunction in adipocyte-

specific PGC-1α/β knockout mice. 

 

Objective 3. Identify the protein or proteins secreted by white and brown adipose tissues that 

mediate the adipose-pancreatic crosstalk.  
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3.1 Animal studies 

3.1.1 Description of adipose-specific PGC-1α/β double knockout mouse model 

Adipose-specific PGC-1α/β double knockout mice (PGC-1α/β-FAT-DKO mice) were previously 

generated in the laboratory (36) by means of the Cre/loxP recombination system. With this 

gene editing technique, a specific genetic locus of interest is flanked with two loxP motifs, a 

target nucleotide sequence consisting of 34 bp 

(ATAACTTCGTATANNNTANNNTATACGAAGTTAT). These regions are recognized by the Cre 

recombinase enzyme, allowing the deletion of the genes only in those cells expressing Cre.  

To obtain PGC-1α/β-FAT-DKO mice, mice with exons 4-5 of Ppargc1a and Ppargc1b genes 

flanked by loxP sites (Ppargc1aflox/flox /Ppargc1bflox/flox) were crossed with transgenic mice that 

overexpress Cre recombinase under the adipose-specific promoter of AdipoQ gene (AdipoQ-

Cre mice) (Figure 3.1)   
 

 

 

 

 

 

 

 

Figure 3.1. Scheme of PGC-1α/β-FAT-DKO mice generation. Deletion of Ppargc1a and Ppargc1b was performed 
by Cre recombinase, which recombines loxP sites flanking exons 4 and 5 of these genes. Cre recombinase was 
expressed under the control of adiponectin promoter and, therefore, recombination was specific from adipose 
tissue (36). 

3.1.2 Mice genotyping 

At 21 days postpartum, mice were weaned, earring and genotyped to differentiate between 

Wt and PGC-1α/β-FAT-DKO mice. For this, a small piece of tail was digested and DNA was 

isolated. Then, a polymerase chain reaction (PCR) was performed in order to identify 

Ppargc1a and Ppargc1b Wt and floxed alleles. A second PCR determined the presence of the 

AdipoQ-Cre transgene. These procedures are explained in detail below. 

3.1.2.1 DNA extraction 

Total DNA was extracted from the mice tails by Proteinase K (PK) (Canvax) digestion, which 

disrupts the tissue and facilitates the release of nucleic acids. For this, 1-2 mm of tail were cut 

and digested overnight at 40°C with constant shaking in 500 μL of PK digestion buffer (0.5% 

SDS, 0.1 M NaCl, 0.05 M Tris-HCl pH 8, 3 mM EDTA, 3U/mL PK). Then, DNA was isolated by 

chloroform-ethanol extraction and precipitation. To do this, 75 μL of 8 M potassium acetate 

and 500 μL of chloroform were added to the digestion mix, followed by a vortex of the 

samples. Once vortexed, samples were stored at 80°C for one hour. Then, samples were 

centrifuged at 13,000 rpm for 5 min at room temperature to recover the DNA-containing 

aqueous phase. Nucleic acids were precipitated with 1 mL of 100% ethanol and samples were 

+ AdipoQ-Cre + AdipoQ-Cre 

loxP loxP 

3 4 5 6 

3 6 

Floxed alleles 

KO alleles 

loxP loxP 

3 4 5 6 

3 6 

PGC-1α PGC-1β 
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centrifuged at 13,000 rpm for 5 min at 4°C. With this, we obtained a small DNA pellet. Samples 

were subsequently washed with 500 μL of 70% ethanol, air-dried and re-suspended in miliQ 

water. For better resuspension, samples were incubated at 40°C during 10 min with constant 

shaking. Concentrations were measured with a NanoDrop ND-2000 spectrophotometer and 

the purity of the samples was determined based on 260/280 and 260/230 ratios. Pure and 

uncontaminated DNA samples show a 260/280 ratio of 1.8 and a 260/230 ratio of 2.0-2.2 

approximately. 

3.1.2.2 PCR 

To identify mice carrying loxP motifs flanking Ppargc1a and Ppargc1b genes, specific primers 

flanking loxP sites between exons 3 and 6 were used. Similarly, the presence of the AdipoQ-

Cre transgene was also determined. 

To amplify the target DNA, a mix containing 100-200 ng of DNA, forward and reverse specific 

primers (Table 3.1), Taq DNA polymerase enzyme and a specific buffer was prepared (final 

concentration is resumed in Table 3.2).  

 Sequence 

Ppargc1a floxed allele 
Forward primer 
Reverse primer 

 
      CACGCTTCATCCCATCTCTGT 

CAATTGTCAGCTCCCAACTGTCT 

Ppargc1b floxed allele 
Forward primer 
Reverse primer 

 
    GGCTACCGTGCTGCACTGTT 
ACAGATGCCCTTTAAGGTGACATA 

Cre transgene 
Forward primer 
Reverse primer 

 
   GACGAAATCCATCGCTCGACCAG 
GACATGTTCAGGGATCGCCAGGCG 

 

Table 3.1. Specific primers used for genotyping. Sequences of primers used to detect Ppargc1a/Ppargc1b floxed 
alleles and Cre transgene. Expected fragments lengths are also indicated. 

Component Final concentration 

Water  

10X PCR buffer 2 mM MgCl2 

dNTP mix (10 mM each) 200 μM (of each 
dNTP) 

Forward primer (10 μM) 0.52 μM 

Reverse primer (10 μM) 0.52 μM 

Taq DNA polymerase (5U/μL) 0.05 U/μL 
 

Table 3.2. Master mix composition for PCR amplification. Final concentrations are indicated. 

A GenAmp PCR System 2400 (Perkin Elmer) thermocycler was used for the reaction, which 

took place in optimized times and temperatures for each of the genes amplified (Table 3.3). 
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A. Ppargc1a/Ppargc1b genotyping 

Step Temperature Time Cycles 

Denaturation/Activation 94°C 2 min 1 

Denaturation 94°C 30 sec  
35 Annealing 60°C 30 sec 

Extension 72°C 45 sec 

Final extension 72°C 5 min 1 

Cooling 4°C ∞ 1 
 

B. Cre genotyping 

Step Temperature Time Cycles 

Denaturation/Activation 94°C 5 min 1 

Denaturation 94°C 45 sec  
30 Annealing 64°C 45 sec 

Extension 72°C 45 sec 

Final extension 72°C 10 min 1 

Cooling 4°C ∞ 1 
 

Table 3.3. PCR steps to genotype Ppargc1a/Ppargc1b (A) and Cre (B) genes.  

3.1.2.3 Agarose gel electrophoresis 

DNA amplification products were separated by size in agarose gel containing Tris-Acetate-

EDTA (TAE) buffer (40 mM Tris, 20 mM acetic acid, 1 mM EDTA). Percentage of agarose to 

resolve Cre amplified DNA was set to 1%, whereas for Ppargc1a and Ppargc1b it was 

necessary 2% of agarose. The DNA intercalating agent ethidium bromide was added to stain 

nucleic acids, which were visualized using an UV transilluminator. 

The size of the amplicons expected in each PCR reactions is as follows: 

Ppargc1a: 

487 bp band → Ppargc1a+/+ mouse 

487 and 555 bp bands → Ppargc1aflox/+ mouse 

555 bp band → Ppargc1aflox/flox mouse 

Ppargc1b:  

166 bp band → Ppargc1b+/+ mouse 

166 and 234 bp bands → Ppargc1bflox/+ mouse 

234 bp band → Ppargc1bflox/flox mouse 

AdipQ-Cre: 

596 bp → Cre+ mouse 

No band → Cre- mouse 
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Figure 3.2. Gel electrophoresis of DNA amplified products. Ppargc1a and Ppargc1b genotypes to identify loxP 
flanked regions (left) and Cre genotype showing the Adiponectin-Cre transgene (right). 

3.1.3 Mice housing conditions 

Unless indicated differently, mice were bred and raised at 21°C on a 12 h light/dark cycle in 

the conventional clean area of Vall d’Hebron Research Institute (VHIR) animal facility. 

For mouse breeding, adult Ppargc1aflox/flox/Ppargc1bflox/flox/adipoQ-Cre- (Wt) females were 

mated with adult Ppargc1aflox/flox/Ppargc1bflox/flox/adipoQ-Cre+ (PGC-1α/β-FAT-DKO) males. 

This breeding strategy resulted on a heterogeneous offspring of 

Ppargc1aflox/flox/Ppargc1bflox/flox/adipoQ-Cre- (Wt) and Ppargc1aflox/flox/Ppargc1bflox/flox/ 

adipoQ-Cre+ (PGC-1α/β-FAT-DKO) mice. 

Three weeks after birth, mice were weaned and separated in cages according to their sex. 

Mice were distributed in cages containing 4-6 individuals/cage, placing the same number of 

Wt and PGC-1α/β-FAT-DKO mice within the same cage whenever possible. Mice were fed ad 

libitum to food and water. Depending on the experiment, mice were given a standard 

laboratory diet (Chow) (SAFE 150 Scientific Diets; 21% calories from proteins, 12.6% calories 

from fat, 66.4% calories from carbohydrates) or a (HFD) (Research Diets; 20% calories from 

protein, 60% calories from fat, 20% calories from carbohydrates).  

All procedures involving animals were conducted according to the European Union Ethical 

Guidelines and approved by the Animal Experimentation and Ethics Committee of Vall 

d’Hebron Research Institute (ID 68/16 CEEA). 

3.1.4 Assessment of glucose homeostasis 

 3.1.4.1 Measurement of body weights 

Body weights from mice were measured once a week to follow body weight gain. The 

measure was obtained the same week, at the same time and under the same environmental 

conditions. 

3.1.4.2 Basal glucose levels 

Basal glucose levels of mice were measured after 5-6 h of fasting from the tail vein’s blood 

using a glucometer (Contour XT, Bayer). 



57 

 

3.1.4.3 Intraperitoneal glucose tolerance test 

Intraperitoneal glucose tolerance tests (IpGTT) were performed in mice fasted for 6 h. Mice 

were tilted with their head toward the ground and injected with a load of D-glucose (G8644, 

Sigma) in their peritoneal cavity by means of a 25G needle and a syringe. Dose of glucose was 

different between mice fed a standard Chow diet (2 g/kg) and those fed a HFD diet (1-2 g/kg). 

A drop of blood from the tail was obtained and glucose levels were determined by using a 

glucometer (Contour XT, Bayer) at 0, 5, 15, 30, 60, 90 and 120 min after the intraperitoneal 

injection. 

3.1.4.4 Oral glucose tolerance test 

Oral glucose tolerance tests (OGTT) were performed in mice fasted for 6 h. Mice received 2.5 

g/kg body weight of D-glucose (G8644, Sigma) solution delivered by oral gavage. Blood 

glucose levels were determined from the tail at 0, 5, 15, 30, 60, 90 and 120 min after glucose 

administration, as described in section 3.1.4.3. 

3.1.4.5 Intraperitoneal insulin tolerance test 

Intraperitoneal insulin tolerance tests (IpITT) were conducted to determine whole body 

insulin sensitivity. After fasting mice for 5 h, an insulin bolus was administered 

intraperitoneally to mice. Actrapid human insulin from Novo Nordisk® dissolved in saline 

solution (0.1-0.2U/mL) was used and injected to Chow (0.85 U/kg) and HFD (1 U/kg) fed mice. 

Glucose levels were measured in blood at 0, 5, 15, 30, 60, 90 and 120 min post-injection, as 

described in section 3.1.4.3. 

3.1.5 Serological analysis 

Blood from Wt and PGC-1α/β-FAT-DKO mice was collected from the tail of 5 h fasted mice. A 

small cut in the tip of the tail was done for the extraction of blood with a Microvette capillary 

tube (Sarstedt). Extracted blood was stored on ice and, prior to serum collection, kept at room 

temperature for 30 min. Then, blood samples were centrifuged at 3000 rpm for 10 min at 4°C. 

Serum was collected and stored at -20°C for further use. 

3.1.5.1 Cholesterol determination 

Total cholesterol was quantified with commercial kit based on the Trinder colorimetric 

method (FAR diagnostics). In this protocol, esterified cholesterol is firstly hydrolysed into free 

cholesterol and fatty acid by cholesterol esterase. Then, free cholesterol is oxidized into 

cholestene-3-one by cholesterol oxidase, forming hydrogen peroxide. When peroxidase is 

present, hydrogen peroxide reacts with hydroxybenzoate and 4-aminoantipyrine producing a 

coloured complex. The intensity of colour can be measured at λ= 550 nm, being proportional 

to the concentration of total cholesterol present in the specimen. A cholesterol solution (200 

mg/dL) was used as a standard and absorbance was read with a Spectra Max 340 

spectrophotometer. 
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3.1.5.2  Non-esterified fatty acids (NEFA) determination 

FFA were assessed colorimetrically with the NEFA-HR kit (Wako Chemicals GmbH). In this 

method, NEFA are converted to Acyl-CoA, AMP and pyrophosphoric acid by Acyl-CoA 

synthetase, in the presence of coenzyme A and adenosine 5-triphosphate disodium salt. Next, 

Acyl-CoA is transformed to 2,3-trans-Enoyl-CoA and hydrogen peroxide by Acyl-Coa oxidase. 

When peroxidase is present, hydrogen peroxide contributes to the oxidative condensation of 

3-Methyl-N-Ethyl-N-(β-Hydroxyethyl)-Aniline with 4-aminoantipyrine, producing a 

blue/purple pigment that can be measured at λ= 550 nm. In this final reaction, absorbance is 

proportional to NEFA concentration in the sample. 1 mmol/L NEFA solution was used as a 

standard and absorbance was read with a Spectra Max 340 spectrophotometer. 

3.1.5.3 Triglycerides determination 

Triglycerides were evaluated using a commercial kit based on the Trinder colorimetric method 

(FAR diagnostics). The technique relies on the generation of products from TAG hydrolysis 

and in their later quantification. Firstly, triglycerides are converted into glycerol and fatty 

acids by lipoprotein-lipase. Glycerol is then transformed into glycerol-3-phosphate by glycerol 

kinase, and this product is oxidized by glycerol-phosphate-oxidase into hydroxyacetone 

phosphate, producing hydrogen peroxide. When peroxidase is present, hydrogen peroxide 

reacts with ethyl-sulphopropyl-toluidine and 4-aminophenazone to form a coloured complex, 

whose intensity of colour at λ= 550 nm is directly proportional to TAG concentration. The 

coloured product was measured colorimetrically using a Spectra Max 340 spectrophotometer 

and a TAG solution (200 mg/dL) was used as a standard. 

3.1.5.4 Insulin and C-peptide determination 

Insulin and C-peptide were quantified in serum from fasted mice at basal state (no glucose 

administered) and during the course of both an intraperitoneal and an oral GTT (at 0, 5 and 

15 min). Insulin was determined by using an Ultra-Sensitive Mouse Insulin ELISA Kit (Crystal 

Chem) and C-peptide with Mouse C-peptide ELISA Kit (Crystal Chem). 

3.1.5.5 Measurement of Adiponectin, Fstl1, glucagon, haptoglobin, leptin, MCP-3, 

SPARC and resistin 

Adiponectin was determined in serum by ELISA using Mouse Adiponectin ELISA Kit (Crystal 

Chem). Follistatin Like-1 (FSTL1) was measured with Mouse FSTL1 ELISA Kit (Ray Bio®). 

Glucagon was evaluated with Mouse Glucagon ELISA Kit (Crystal Chem). Haptoglobin was 

assayed with Mouse Haptoglobin ELISA Kit (Crystal Chem). Leptin was quantified with Mouse 

Leptin ELISA Kit (Crystal Chem). Monocyte Chemoattractant Protein 3 (MCP-3) was assessed 

by Mouse MCP-3 Instant ELISA Kit (Invitrogen). Secreted Protein Acidic And Cysteine Rich 

(SPARC) was evaluated with Mouse SPARC ELISA Kit (Novus Biologicals) and resistin was 

determined by ELISA Mouse Resistin ELISA Kit (Thermo Scientific). All quantifications were 

performed in serum from 6 h fasted mice.  
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3.1.6 Acute cold exposure 

For acute cold exposure experiments, 8-week-old Wt and PGC-1α/β-FAT-DKO mice were first 

acclimated at thermoneutrality (28-30°C) for 2 weeks. After the acclimation period, mice were 

individually caged with free access to food and water but with no environmental enrichment 

elements or bedding. A control group was maintained at thermoneutrality throughout the 

duration of the experiment, whereas cold-exposed mice were kept at 4°C for a maximum of 

5 h.  Core body temperature was monitored every hour for a period of 5 h, starting at 2 PM, 

with a rectal probe. Mice whose temperature dropped below 25°C were euthanized and they 

were not included for the experiment. After cold treatment, survivor mice were weighed and 

euthanized by cervical dislocation to obtain their tissues.  

3.1.7 Tissue collection 

After each experiment, mice were euthanized by cervical dislocation. Tissues and organs, 

including inguinal and gonadal WAT, BAT, liver, thymus, pancreas and soleus and 

gastrocnemius muscles were collected, weighed and quickly frozen in liquid nitrogen in order 

to analyse RNA, DNA and protein. For histological analysis, a piece of fresh tissue of 

approximately 0.5 cm3 was collected and fixed for 12-24 h (depending on the tissue) with 4% 

paraformaldehyde (PFA) for posterior processing (see section 3.3). 

 

3.2 Gene expression analysis 

In order to quantify gene expression from tissue samples, total RNA was isolated by 

isopropanol precipitation or with a column-based purification kit. Then, isolated RNA was 

reverse transcribed to complementary DNA (cDNA) and quantified by real time-quantitative 

PCR (RT-qPCR). 

3.2.1 Total RNA isolation 

To prevent degradation of RNA by RNases, RNase-free solutions and material were used. 

Solutions were prepared using 0.1% diethyl pyrocarbonate (DEPC) treated water, a chemical 

that irreversibly inactivates RNases and other enzymes by modifying -NH, -SH and -OH groups.  

3.2.1.1 RNA isolation of adipose tissues and pancreatic islets by organic extraction 

with NZyol   

Total RNA was isolated from samples by means of NZYol (Nzytech) reagent. NZYol contains 

phenol and ammonium thiocyanate that aid in disrupting cells and exposing cellular 

components while preserving RNA integrity. In association with chloroform, NZYol separates 

homogenized samples into organic and RNA-containing aqueous phases. 

RNA was extracted from 50-100 mg of tissue. Tissue samples were homogenized in 0.5-1 mL 

of NZYol reagent, using a rotor-stator homogenizer (Ultra-Turrax IKA T25) or a hand-held mini-

homogenizer for tissues containing elevated RNA concentrations, such as BAT (MiuLab, MT-

13K). In order to separate phases, 200 μL of chloroform per mL of NZYol were added, followed 

by a 20 min centrifugation at 13,000 rpm and 4°C. RNA remained in the upper aqueous phase, 
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while DNA and proteins were retained in the interphase and in the lower organic phase. Then, 

the aqueous phase was recovered and transferred to a new tube, and one volume of 

isopropanol was added to precipitate RNA. After 10 min of centrifugation at 13,000 rpm and 

4°C, the pelleted RNA was washed with 1 mL of 75% ethanol. The RNA pellet was again 

recovered through a centrifugation of 5 min at 9,500 rpm and 4°C. Then, RNA pellet was dried 

out and dissolved in RNase-free water. Finally, samples were incubated for 10 min at 55-60°C 

with constant shaking to dissolve the RNA in water. RNA samples were stored at -20°C for 

further analysis. 

3.2.1.2 RNA isolation from fatty tissues with GeneJet RNA Purification Kit 

Excessive amount of lipids from tissues containing high amount of fat (i.e., WAT) can interfere 

with RNA isolation and subsequent enzymatic reactions. Hence, RNA extraction from WAT 

was performed by using a kit based on silica gel column (GeneJet RNA Purification Kit). 

Tissues were firstly disrupted in 1 ml of NZYol with a homogenizer. To eliminate most part of 

the lipids, samples were centrifuged for 10 min at 12,000 rpm and 4°C. The fatty layer on the 

top was discarded and 200 μL of chloroform/mL NZYol were added and samples centrifuged 

at 12,000 rpm and 4°C during 10 min. The aqueous phase containing the RNA was then 

transferred to a new tube and mixed with one volume of 70% ethanol. Following, the mix was 

transferred to a RNA spin column from the Kit to extract RNA. The column was washed 

according to manufacturer’s instructions and RNA was finally eluted by adding RNase-free 

water onto the column. RNA samples were stored at -20°C for further analysis. 

3.2.2 RNA quality control  

Following RNA isolation from samples, RNA concentration and purity were determined by UV 

absorption in a NanoDrop ND-2000 spectrophotometer. RNA concentration in the solution is 

evaluated by the Optical Density (OD) at 260 nm, in which an A260 of 1.0 is translated to 40 

μg/mL of RNA. 

The purity of the isolated RNA is determined by comparing the absorbance of RNA to the 

absorbances of other molecules present in the samples, that is, proteins, phenol and other 

contaminants.  

To assess RNA integrity of isolated RNA, 400 ng of RNA were run on a 1.2% agarose gel in TAE. 

The intercalating agent ethidium bromide was used to visualize the RNA. Total RNA samples 

migrated in the agarose gel at 90 V for 20 min, allowing the detection of the 5S, 18S and 28S 

rRNAs subunit bands (Figure 3.3). By contrast, if RNA is degraded, the bands do not appear 

and a RNA smear is visualized instead. 5S rRNA band is lost when RNA extraction method is 

performed using silica gel columns, as it is not retained in the filter of the column and 

therefore it is eluted.  
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Figure 3.3 RNA electrophoresis to check its integrity. The presence of well-defined 28S and 18S bands indicates 
that the RNA is not degraded. 5.8S subunit is also visible when RNA is obtained by the NZyol method. 

3.2.3 Reverse transcription 

To quantify gene expression by RT-qPCR, mRNA must be first transcribed into cDNA. The 

reaction is performed by reverse transcriptase (RT) enzyme, which is able to create a single-

stranded DNA from a RNA template. For our studies, we used oligo(dT) primers (Invitrogen) 

targeting the poly(A) tail as a primer for reverse transcription which was performed with a 

commercial kit (SuperScript II Reversa Transcriptase, Invitrogen). In the first step, 200-400 ng 

of RNA were mixed with 0.12 mM Oligo(dT)12-18 primers and DEPC-treated water. The 

resulting mix was heated at 65°C for 10 min to break RNA secondary structure and then chilled 

to 4°C to allow primer annealing. Next, a master mix containing the reverse transcriptase 

enzyme was added to the samples (Table 3.4) and incubated at 42°C for 50 min to allow cDNA 

extension, followed by an incubation at 70°C for 15 min to inactivate RT.  Finally, DEPC water 

was added to samples containing 400 ng of DNA to get all concentration at 10 ng/μL. Samples 

were then stored at -20°C until required for RT-qPCR. 

Component Final concentrations 

Buffer 5x 1x 

DTT (0.1 M) 10 mM  

dNTP mix (10 mM) 0.5 mM  

SuperScript II RT (200 U/µL) 2.5 U/µL 
 

Table 3.4.  Master mix composition for reverse transcription. Final concentrations of all the reagents from the 

master mix are indicated. 

3.2.4 Real-time quantitative PCR 

RT-qPCR was used to quantify the expression of target genes with a relative quantification 

method. As reference genes, we used Cyclophilin A (CypA) for adipose tissues and 

Hypoxanthine Phosphoribosyltransferase 1 (Hprt1) for pancreatic samples. 

To conduct the qPCR, SYBR green fluorochrome was used. Also, pre-designed specific primers 

for each target gene (Supplementary Table 1) were purchased (KiCqStart® Primers, Sigma). 

SYBR green was mixed with 0.5 μM Forward primer, 0.5 μM Reverse primer, DEPC water and 

2 μL of cDNA. SDS 7000 (Applied Biosystems) and LightCycler480 (Roche) detection systems 

were indistinctly used with the conditions shown in (Table 3.5). Relative gene expression was 

analysed with the 2-∆∆CT method normalised to a reference gene.  
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Step Temperature Time Cycles 

Initial activation 50°C 2 min 1 

DNA polymerase activation 95°C 10 min 1 
 

Denaturation 95°C 20 sec  
40 Annealing 60°C 20 sec 

Extension 72°C 34 sec 

 
Dissociation curve 

95°C 15 sec  
1 
 

60°C 1 min 

∆T° +0.2°/sec 

95°C 15 sec 

Cooling 4°C ∞ 1 
 

Table 3.5. Thermocycler conditions to determine gene expression by qPCR. 

 

3.3 Histological analysis 

Small fragments of inguinal WAT, gonadal WAT, liver and interscapular BAT were obtained for 

histological analysis. Complete pancreas was also dissected (see section 3.5.1). After 

extraction, tissue fragments were fixed for 24 h with 4% PFA. Then, tissues were washed in 

PBS and embedded in paraffin. Paraffin blocks were made by the CIBER ICTS-NanBiosis 

platform (located at VHIR) or, in the case of the pancreas, by the Unity of Pancreatic Islets 

Transplants (UTIP, Idibell). 

Four μm thick sections of tissues were obtained with a microtome (Leica Biosystems), placed 

in poly-l-lysine coated slides (Epredia) and stored at RT.  

3.3.1 Haematoxylin/eosin staining 

Aqueous Harris haematoxylin at 0.5% and 0.25% alcoholic eosin (LEYCA) were used. First, 

paraffinized samples were soften by incubating them for 1 h at 65°C. Then, sections were 

deparaffined with xylene (2 rounds, 5 min) and hydrated with decreasing concentrations of 

ethanol (2 rounds of absolute ethanol, 96% ethanol, 70% ethanol, 50% ethanol and distilled 

water; 5 min each). Following hydration, samples were stained for 5 min with Harris 

haematoxylin and washed with tap water. To be stained with the hydrophobic eosin, samples 

were then dehydrated by increasing concentrations of ethanol solutions (50% ethanol and 

70% ethanol; 5 min each). Eosin (0.25%) staining was performed during 30 sec and samples 

were then washed with 96% ethanol, 2 rounds of absolute ethanol and 2 rounds of xylene, 5 

min each. Finally, the slides were mounted with DPX mounting media (Sigma). 

Following staining and mounting, specimens were visualized using an ECLIPSE Ts2R 

microscope (Nikon) and images of representative fields at 4x, 10x and 20x were taken.  

3.3.2 Quantification of adipocytes in histological stained sections 

To measure areas of adipocytes in inguinal and gonadal WAT, ImageJ (NIH) software was used. 

Analysis was performed from 3 randomly fields at 10x of 3 Wt and 3 PGC-1α/β-FAT-DKO mice. 
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3.4  Proteomic studies to identify the secretome of adipose tissues 

3.4.1 Shotgun or Untargeted proteomics 

Shotgun proteomics consists of the inferential analysis of the proteins composing a sample 

by detecting the peptides released from the proteins through proteolysis. After peptide 

fractionation, the mixture is subjected to liquid chromatography coupled to mass 

spectrometry analysis (LC-MS/MS). Tandem mass spectra resulting from this technique are 

compared with theoretical tandem mass spectra from protein databases, thereby assigning 

proteins to peptides. As peptides are shared by more than one protein, identified proteins 

must be further curated and scored to be correctly determined (175). 

3.4.1.1 Sample preparation and trypsin digestion 

To analyse the proteins secreted by adipose tissues that could modulate systemic glucose 

homeostasis, adipose tissues (BAT, gonadal WAT and inguinal WAT) from Wt and PGC-1α/β-

FAT-DKO mice that had been fed a HFD for 12 weeks were collected and the explants were 

incubated in dulbecco's modified eagle medium (DMEM) (Thermo Fisher Scientific) to obtain 

their secretome (Figure 3.4). Specifically, 4-5 Wt and PGC-1α/β-FAT-DKO male mice subjected 

to a HFD diet for 3 months were euthanized and their adipose tissues removed and pulled. 

Adipose tissues were minced with scissors (1-2 mm3) and washed twice in 20-30 ml of phenol 

red-free DMEM supplemented with antibiotics. Then, a 100 m filter mesh was used to collect 

the tissue pieces, which were washed again twice with 10 ml of phenol-free DMEM medium 

and incubated in 5 ml of media for 2 h in a 6 cm-diameter culture dish. Afterwards, tissue was 

collected using a 100 m filter mesh and washed twice with phenol red-free media. Finally, 

700 mg of BAT, gonadal WAT and inguinal WAT were incubated in 5 ml of serum-free, phenol 

red-free DMEM media supplemented with antibiotics during 24h. After incubation, the 

conditioned media was collected, centrifuged for 5 min at 1000 rpm to remove any residual 

piece of tissue or debris, filtered through a 20 m filter mesh and stored at -80°C for further 

analysis.  

The proteins present in the conditioned media from adipose tissues were identified by 

shotgun proteomics in collaboration with the Proteomics Service of the Vall d’Hebron 

Oncology Institute (VHIO). Upon its arrival, conditioned media were concentrated by 

ultrafiltration using a 3 kDa cut-off Amicon Ultra filter (Merck Millipore) to a final volume of 

40 μL, and buffer was exchanged to 6 M Urea in 50 mM ammonium bicarbonate. Then, 

protein content was quantified using the reducing agent and detergent compatible (RCDC) 

protein assay (BioRad) and 10 μg of each protein extract were taken for digestion with trypsin. 

Previous to tryptic digestion, samples were reduced and alkylated. Both reactions helped in 

breaking disulphide protein bonds and preventing their new formation by modifying 

covalently cysteine -SH groups. Reduction was achieved by adding dithiothreitol (DTT) to a 

final concentration of 10 mM for 1 h at RT, whereas alkylation was achieved by adding 20 mM 

of the alkylating agent iodoacetamide (IAA) for 30 min at RT in dark conditions. 

carbamidomethylation (CAM) reaction resulting from IAA addition was quenched by adding 

N-acetyl-L-cysteine to a final concentration of 35 mM and incubated for 15 min at RT in dark 

conditions. Then, samples were diluted with 50 mM of ammonium bicarbonate to a final 
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concentration of 1 M Urea. To perform digestion, modified porcine trypsin (Promega Gold) 

was added in a ratio of 1:10 (w/w) and the mix was incubated overnight at 37°C. The reaction 

was stopped with formic acid (FA) to a final concentration of 0.5% and the digest product was 

stored at -20°C until further analysis.  

 

 
 

Figure 3.4. Workflow for the collection and digestion of adipose tissues secreted proteins.  

3.4.1.2 Liquid chromatography – mass spectrometry for label-free differential 

proteomic analysis 

Digested samples were analysed with a linear ion trap Velos-Orbitrap mass spectrometer (MS) 

(Thermo Fisher Scientific). Peptide mixtures were fractionated by on-line nanoflow liquid 

chromatography using an EASY-nLC 1000 system (Proxeon Biosystems, Thermo Fisher 

Scientific) with a two-linear-column system. Samples were firstly loaded onto a trapping 

guard precolumn (Acclaim PepMap 100 nanoviper, Thermo Fisher Scientific) at 4 μL/min in 

order to separate sample components from impurities. Then, samples were eluted from the 

analytical column (with Reprosil Pur C18-AQ, Dr. Maisch). The elution was achieved by using 

a mobile phase composed of 0.1% FA (Buffer A) and 100% acetonitrile with 0.1% FA (Buffer 

B), and applying a linear gradient from 5 to 35% of Buffer B for 120 min at a flow rate of 300 

nL/min. Once eluted, samples were ionized by applying a voltage of 1.9 kV to a stainless-steel 

nano-bore emitter (Proxeon, Thermo Fisher Scientific), connected to the end of the analytical 

column, on a Proxeon nano-spray flex ion source. 

The linear ion trap or quadruple ion trap (LTQ)-Orbitrap Velos mass spectrometer was 

operated in data-dependent mode. The 20 most abundant ions were selected for collision-

induced dissociation fragmentation in the LTQ when their intensity surpassed the threshold 

of 1000 counts, excluding singly charged ions. Accumulation of ions for both MS and MS/MS 

scans was performed in the linear ion trap. The maximum ion accumulation time was 500 and 

200 ms in the MS and MS/MS modes, respectively. The normalized collision energy was set 

to 35%, and one microscan was acquired per spectrum. Ions subjected to MS/MS with a 

relative mass window of 10 ppm were excluded from further sequencing for 20 s. For all 

precursor masses a window of 20 ppm and isolation width of 2 Da was defined. Orbitrap 

measurements were performed enabling the lock mass option (m/z 445.120024) for survey 

scans to improve mass accuracy. 
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3.4.1.3 Protein identification and quantitative differential analysis 

Progenesis® QI for proteomics software v3.0 (Nonlinear dynamics, UK) was used to analyse 

MS data in default settings. The LC-MS runs from samples were automatically aligned to a 

selected reference run (Wild-type sample) and chromatograms were manually reviewed and 

adjusted. Only features within the 400 to 1500 m/z range, 15 to 130 min retention time and 

with positive charges between 2 to 4 were considered for identification and quantification. 

Peak lists were generated from Progenesis® and analysed using the Mascot search engine 

(v2.2, Matrix Science, UK) in order to identify proteins from MS spectrums. Protein 

identification was achieved using the SwissProt-human database. Based on the probability of 

Mascot score, significant threshold for peptide identification was set to P≤ 0.05 and minimum 

Mascot score of 20. Label-free protein abundance quantification was based on the sum of the 

peak areas within the isotope boundaries of peptide ion peaks. Only unique peptides were 

used for protein quantification. Statistical analysis was performed using Progenesis software. 

Proteins displaying greater than 2-fold change, and P≤ 0.05 (t-test) on the pairwise 

comparison between Wt and PGC-1α/β-FAT-DKO samples were considered significantly 

differential. Displayed proteins were evaluated and plotted with Principal Component 

Analysis (PCA) to differentiate between tissues and genotypes.  

3.4.2 Workflow for the detection of actively secreted proteins 

Proteins identified in the conditioned media from adipose tissues accounted for those that 

were actively secreted by adipocytes but also for proteins that were accidentally released to 

the media. For the identification of the genuine secreted proteins, an accurate bioinformatic 

analysis was applied to proteins detected by shotgun proteomics. 

Proteins differentially identified in conditioned media of adipose tissues were filtered by 

peptide count (>1), confidence score (>25), P-value (<0.05) and Fold Change (FC≥ 2). Likewise, 

known mitochondrial and nuclear proteins were eliminated. After this first filtration, 667 

proteins were differentially found in the conditioned media of Wt and PGC-1α/β-FAT-DKO 

mice, whereas differential content in media from Wt and PGC-1α/β-FAT-DKO mice was 

limited to 18 and 2 proteins in gonadal WAT and inguinal WAT, respectively.  

In order to determine whether the protein found in the conditioned media were effectively 

secreted, they were evaluated with the Vertebrate Secretome Database (VerSeDa, from CIC 

bioGUNE’s Genome Analysis Platform) (176). This repository was created to identify 

probabilistic secreted proteins across a wide variety of vertebrates and includes data from 

National Center for Biotechnology Information (NCBI), Ensembl genome browser and 

University of California Santa Cruz (UCSC) genome browser. It is built on the predictions 

obtained from different publicly available software tools, including TargetP, SignalP, 

SecretomeP) and it detects secreted proteins via classical and non-classical pathways. SignalIP 

(predicts the presence and location of a signal peptide cleavage site) and TargetP (predicts 

the subcellular location of eukaryotic proteins) were set at 0.8 cut-off, whereas SecretomeP 

(predicts non-classical protein secretion) cut-off was determined at 0.7.  

Secreted proteins identified were analysed using the Database for annotation, visualization 

and integrated discovery (DAVID) Bioinformatic Database functional annotation tool (177), 
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which groups proteins in functional categories, providing some information about their 

cellular function.  

3.4.3 Targeted proteomics 

3.4.3.1 Assessment of selected protein concentrations in serum of Wt and PGC-

1α/β-FAT-DKO mice 

Proteins identified as differentially secreted by adipose tissues of Wt and PGC-1α/β-FAT-DKO 

mice were quantified in serum of these mice by either targeted proteomics or ELISA. 

Detectable concentration limits of targeted proteomics oscillate from 0.1 to 1 mg/L, hence, 

candidate circulating proteins had to be in this range to be detected using this technique. 

Therefore, first, serum concentrations of each protein were searched in two main 

repositories: PeptideAtlas and The Human Protein Atlas. PeptideAtlas (Institute for Systems 

Biology) (178) is a publicly compendium of peptides identified with tandem mass 

spectrometry proteomic experiments in several organisms, including mouse and human. It 

gives data from proteins, best peptides for protein identification and protein concentrations 

by seeking in different established databases. The Human Protein Atlas (179), by contrast, 

intents to map only human protein in a variety of tissues and systems, integrating various 

omics technologies. By using both repositories, a list of quantifiable proteins by targeted 

proteomic in mouse serum was obtained. Proteins below the sensitivity of LC-MS/MS were 

evaluated by ELISA. Serum collection for targeted proteomics and ELISA was performed as 

stated in section 3.1.5. 

3.4.3.2 Selection of best peptides for targeted proteomic analysis 

Quantification of proteins in serum by targeted proteomics requires the selection of the 

peptides most likely to be easily identified and quantified by the technique. In this sense, a 

variety of parameters, accounting from chemical properties of peptides to the probability of 

detecting the peptide in a sample, are considered. Firstly, the four most abundant peptides 

from each protein detected by shotgun proteomics were selected regarding to their 

normalized abundances. Then, these peptides were searched in the PeptideAtlas repository 

in aims to discover the probability to detect them in our samples. Bioinformatic parameters 

considered to define probability included: N obs (total number of observations in all modified 

forms and charge states), empirical observability score or EOS (measures how many samples 

a particular peptide is seen in relative to other peptides from the same protein) and predicted 

suitability score or PSS (combines publicly algorithms to define how good the peptide is). The 

higher values for all three parameters defined the suitability of that peptide in our samples. 

Finally, selected peptides were assessed for chemical properties that impede proper analysis 

by targeted proteomics. In this sense, peptides that contain methionine, tryptophan, 

asparagine in N-terminal region, glutamine, that were too long (>25 aa) or did not have a 

lysine or arginine as a last residue, were disregarded and replaced by better candidates. 

3.4.3.3 Liquid chromatography – Targeted mass spectrometry analysis 

Protein content in serum samples was firstly quantified using the RCDC kit (BioRad). Next, 10 

μg of each protein extract were mixed with 6 M Urea in 50 mM ammonium bicarbonate. 
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Selected peptides (Supplementary Table 2) were purchased from Thermo Fisher Scientific 

(PEPotec SRM Peptide Libraries, grade 3). All cysteines were carbamidomethylated to avoid 

their oxidation and the formation of disulphide bridges, which difficult the proteomic analysis. 

Moreover, peptides were labelled with a stable-isotope residue, either a lysine or an arginine. 

These labelled peptides (from now on named heavy peptides) had well-defined chemical 

properties and, therefore, they were used as standards to quantify serum endogenous 

samples (from now on named light peptides). Quantification is extrapolated from correlative 

concentration response curves between heavy/light peptides. For the quantification 

experiment, a known amount of internal heavy peptides (ranging from 20-48000 fmol/μg of 

tryptic digest) were mixed with sample digests. Then, 500 ng of the mixtures were analysed 

by a linear ion trap Velos-Orbitrap mass spectrometer (Thermo Fisher Scientific). Instrument 

control was performed using Xcalibur software package, version 2.2.0 (Thermo Fisher 

Scientific). Peptide mixtures were fractionated by on-line nanoflow liquid chromatography 

using an EASY-nLC 1000 system (Proxeon Biosystems, Thermo Fisher Scientific) with a two-

linear-column system. Digested samples were firstly loaded onto a trapping guard precolumn 

(Acclaim PepMap 100 nanoviper, Thermo Fisher Scientific) at 4 μL/min. Then, samples were 

eluted from the analytical column (with Reprosil Pur C18-AQ, Dr. Maisch) by using a mobile 

phase composed of 0.1% FA (Buffer A) and 100% acetonitrile with 0.1% FA (Buffer B), and 

applying a linear gradient from 0 to 35% of Buffer B for 120 min at a flow rate of 300 nL/min. 

Once eluted, samples were ionized by applying a voltage of 1.9 kV to a stainless-steel nano-

bore emitter (Proxeon, Thermo Fisher Scientific), connected to the end of the analytical 

column, on a Proxeon nano-spray flex ion source. 

The LTQ Orbitrap Velos mass spectrometer was operated in parallel reaction monitoring 

(PRM) mode. In this mode, peptide-derived ions that enter the mass spectrometer are 

fragmented in a collision cell linear ion trap, generating multiple fragments. These fragments 

(also named transitions) are parallelly monitored inside an Orbitrap instrument, giving as a 

result a full MS/MS spectrum from target peptides (Figure 3.5). Accumulation of ions for 

MS/MS was performed with an AGC target value of 5000. The maximum ion accumulation 

time was 50 ms. The normalized collision energy was set to 38% and one microscan was 

acquired per spectrum. For all precursor masses an isolation width of 2 Da was defined. 

 

Figure 3.5. Schematic representation of targeted data acquisition PRM method. 

Raw data was imported to Skyline (MacCoss Lab Software) software to analyze the results. To 

quantify each peptide, the 5 highest intensity transitions were used. For peptides giving 

significant amounts of two different charge state ions, signals were acquired for both. Protein 

concentrations were calculated from samples regarding L/H peptides correlation and data 

was further analyzed statistically.  



68 

 

3.5  Pancreatic studies 

3.5.1 Immunofluorescent analysis of pancreatic islets 

Pancreatic islets were evaluated by immunofluorescence to uncover morphometric 

differences in islets from PGC-1α/β-FAT-DKO mice compared to Wt littermates. To this aim, 

paraffin sections of whole pancreas at different depths were stained with antibodies against 

insulin, glucagon or somatostatin, to identify -cells, -cells and -cells, respectively.  

Pancreas slides were obtained as it is described in section 3.3. When cutting paraffin blocks 

with the microtome, pancreas was positioned horizontally in order to cut the head, the body 

and the tail of the tissue in each slide. Moreover, three distinct depths were considered from 

each pancreas. In this sense, several slides were obtained from one depth, while trimming at 

least 150 μm until the next batch of slides were cut. 

For immune-staining, slides were first incubated for 1 h at 65°C. Next, slides were 

deparaffinated with xylene (3 cycles, 5 min each), 100% ethanol (2 cycles, 2 min each), 95% 

ethanol (2 min), 90% ethanol (2 min), 70% ethanol (2 min) and distilled water (2 cycles, 2 min 

each). Following deparaffination, antigen retrieval was conducted in citrate buffer 40 mM pH 

6 (stock solution of 400 mM containing 0.099 M citric acid and 0.41 M sodic citrate dihydrate) 

heated in a microwave (defrost mode, 2 cycles, 7 min each). This crucial step serves to reverse 

epitope masking and restore epitope-antibody recognition, usually lost during the fixation 

process. Without it, background increases and staining may become less specific. After a 

couple of washing steps with PBS (5 min each), cells were permeabilized with a solution 

containing 1% X-100 Triton (Sigma) in PBS. Following this, samples were blocked with 10% 

horse serum in PBS for 1 h at room temperature to limit possible non-specific binding of 

antibodies to cell proteins. After another wash step with PBS, samples were incubated with 

primary antibodies diluted in PBS (Table 3.6).  

Staining ran in parallel in contiguous slides (insulin + glucagon; insulin + somatostatin) due to 

the limited capacity of combining antibodies. Therefore, mouse monoclonal anti-insulin 

antibody was combined with rabbit polyclonal anti-glucagon antibody or rabbit polyclonal 

anti-somatostatin antibody for staining somatostatin. In both cases, samples were incubated 

overnight at 4°C. Next day, samples were washed with PBS (2 cycles, 5 min each in agitation) 

and incubated for 1 h at room temperature with secondary antibodies:  goat anti-mouse Alexa 

FluorTM 555 antibody for insulin and donkey anti-rabbit Alexa FluorTM 488 for glucagon or 

somatostatin). Then, samples were washed with PBS (2 cycles, 5 min each in agitation) and 

incubated with 4',6-diamidino-2-phenylindole (DAPI) (Thermo Fisher Scientific) (1/1000 

dilution in PBS 1X) for 10 min to stain cellular nuclei. Finally, samples were washed again and 

mounted with DAKO mounting media to fix coverslips on samples. 

Type Name Dilution Reference 

Primary Mouse monoclonal 
anti-insulin 

1/1000 Ab8304 (Abcam) 

Primary Rabbit polyclonal anti-
glucagon 

1/400 PA5-88091 
(Invitrogen) 
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Primary Rabbit polyclonal anti-
somatostatin 

1/400 PA5-97200 
(Invitrogen) 

Secondary Goat anti-mouse Alexa 
Fluor 555 

1/400 A21127 (Invitrogen) 

Secondary Donkey anti-rabbit 
Alexa Fluor 488 

1/400 A21206 (Invitrogen) 

 

Table 3.6. Antibodies used for the immunofluorescent staining of main pancreatic islet cell subpopulation.  

3.5.2 Insulin secretion studies in pancreatic islets 

Insulin secretion studies in pancreatic islets were conducted with the help of the Diabetes, 

Nutrition and Endocrinological Diseases group at the Biomedical Research Institute of Bellvitge 

(IDIBELL) and with the group of Translational Research in Diabetes, Lipids and Obesity from 

Clinic Hospital of Barcelona.  

3.5.2.1 Isolation of pancreatic islets 

Mice were euthanized by cervical dislocation and the bile duct was rapidly cannulated with a 

26G needle through which 2 mL of a collagenase solution (1.5 mg/mL of Collagenase P in 

Hanks Balanced Salt Solution (HBSS) was injected. Pancreata were then placed into a non-

adherent falcon (Corning) containing 1 mL of 3.0 mg/mL collagenase solution and digested at 

37°C with agitation (90 rpm) for 8 min. Once uniformly homogenized, digestion was stopped 

by adding HBSS supplemented with 1% bovine serum albumin (BSA). Then, digested pancreata 

were centrifuged for 3 min at 100 g and 4°C, washed with Hanks-BSA and filtrated with a 

laboratory strainer (mesh size of 100 µm). Filtered tissue was again centrifuged for 3 min at 

100 g and 4°C and then it was subjected to a density gradient created by the mixture of 

different Histopaque media. Histopaque 1119 (GranuloSep GSM 1119, HIMEDIA) was first 

added and homogenized with HBSS medium, creating a density of 1.119 g/mL. Following, 

Histopaque 1089 (1:1 mix of Histopaque 1119 and Histopaque 1077 (HiSep LSM 1077, 

HIMEDIA)) was added carefully to the superficial phase of the density gradient. As its density 

was 1.089 g/mL, it remained above Histopaque 1119 medium. Last, Hanks-BSA was also 

poured carefully above Histopaque 1089 to create three distinct density phases. After 

centrifugation during 20 min at 800 g and room temperature (acceleration 4, deacceleration 

4), pancreatic islets remained in the interphase between Hanks-BSA and Histopaque 1089. 

Subsequently, islets were recovered, centrifuged for 5 min at 500 g and 4°C and washed twice 

with Hank’s medium. At that moment, islets were fished and transferred to plates containing 

Roswell Park Memorial Institute (RPMI) 1640 medium supplemented with 10% foetal bovine 

serum (FBS), streptomycin/penicillin and L-glutamin (Figure 3.6). Four replicates consisting in 

10 islets/plate were prepared for each animal, whereas the remaining islets were kept for 

RNA isolation. Plates were incubated in RPMI medium overnight at 37°C to facilitate the 

recovery of islets from the isolation protocol before an assay of insulin secretion in response 

to glucose was conducted. 
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Figure 3.6. Schematic representation of pancreatic islets isolation. 1) Pancreata were firstly cannulated and 
perfused with collagenase and 2) digested for 8 min agitation at 37°C. 3) Digestion was stopped with HBSS 
supplemented with 1% BSA. 4) Pancreata components were filtered and moved to a 3-gradient phase 
(histopaque 1119, 1089 and HBSS-BSA). After centrifugation, isolated pancreatic islets were recovered in cell 
culture dishes containing RPMI 1640 medium. 

3.5.2.2 Glucose-stimulated insulin secretion (GSIS) assay 

For GSIS assay, ten pancreatic islets per condition were firstly preincubated for 1 h at 37°C in 

Krebs-Ringer Bicarbonate Hepes (KRBH) (115 mM NaCl, 24 mM NaHCO3, 5 mM KCl, 1 mM 

MgCl2 2.5 mM CaCl2 · 2 H2O, 10 mM HEPES and 0.5 g BSA, pH 7.4) containing 2.8 mM glucose. 

Then, islets were placed into special vials in which CO2 exchange and humidity were optimized 

and pancreatic islets were visible with the magnifier. In these vials, incubation with 1 mL of 

2.8 mM glucose KRBH (basal) or 1 mL of 20 mM glucose KRBH (stimulated) took place for 1 h 

at 37°C. Afterwards, medium was collected from the vials (taking care not to take islets) and 

stored at -80°C for subsequent analysis of insulin content. Islets were fished and stored in 400 

μL of PBS to analyse insulin content and total DNA. For this, pancreatic islets were sonicated 

(3 cycles of 10 sec, amplitude 90). On one side, 300 μL of the lysate were centrifuged for 5 

min at 1000 rpm and 4°C, and the supernatant containing the DNA was stored at -80°C until 

quantification by fluorimetry (see section 3.5.2.3 for detailed protocol). On the other side, the 

remaining 100 μL of the islet lysate were mixed with 300 μL of an acid-ethanol solution (2 mL 

of 37% HCl and 98 mL of 100% ethanol) and incubated overnight at 4°C to obtain intracellular 

insulin. Next day, samples were centrifuged for 15 min at 3,500 rpm and 4°C and the 

supernatant was stored at -80°C for further analysis on insulin. 

3.5.2.3 Fluorometric quantification of DNA from pancreatic islets 

Normalization of secreted insulin and insulin content from pancreatic islets during the GSIS is 

crucial to avoid misleading results resulting from different islet size and β-cell content in each 

of them. Therefore, insulin absolute values were referred to DNA concentration in the 

samples.  Due to the small quantity of islets isolated to perform a GSIS, DNA concentration is 

too low to be directly measured in pancreatic islets sonicated solution with a Nanodrop 

instrument. Instead, more sensitive and specific fluorimetry allows the detection of low 

concentrated DNA samples. 

To be measured by fluorimetry, samples containing pancreatic islet DNA obtained in section 

3.5.2.2 were mixed with Hoechst 33342, a fluorescent dye that binds to DNA and referred to 



71 

 

a standard (Herring sperm) with known DNA concentration. DNA concentration is directly 

proportional to the fluorescence of the standard, so a linear correlation is established. DNA 

concentration from samples can be then extrapolated from the fluorescence detected. 

Lysate samples were mixed with a buffer containing 4 M NaCl, 0.07 M Na2HPO4 · 2H2O and 

3.98 mM EDTA · 2H2O. Herring sperm was prepared by diluting it in PBS to create a standard 

concentration curve of 5, 2.5, 1, 0.5, 0.25, 0.125 and 0.05 μg/mL of DNA. Hoechst 33342 stock 

solution was diluted to 3.33 μg/mL concentration with DNA buffer. Once reagents were 

prepared, 50 μL of sample or standard and 75 μL of Hoechst solution were pipetted into a 

NuncTM Delta treated microplate (Thermo Fisher Scientific). Values were quantified with 

TECAN SPARK® multimodal plate reader at 360 nm excitation and 460 nm emission 

wavelengths. Concentration values of samples were inferred from the standard curve 

generated when DNA from Herring sperm was stained with Hoechst 33342. 

3.5.2.4 Quantification of secreted insulin and insulin content by ELISA 

Secreted insulin during GSIS and insulin content in pancreatic islets were quantified from 

media with an Ultra-Sensitive Mouse Insulin ELISA Kit (Crystal Chem). Wide and High range 

assays (0.1-12.8 ng/mL and 1-64 ng/mL, respectively) were used and samples were diluted 

accordingly to fit the standard curve (usually 1/4 for stimulated secretion and 1/250 for insulin 

content). Absolute quantified values were then normalized by total DNA concentration.  

3.5.3 Ultrastructural analysis of β-cell morphology by transmission electron microscopy 

To study the ultrastructure of pancreatic β-cells and, particularly, insulin granules content and 

distribution, pancreatic islets were isolated and processed for transmission electron 

microscopy visualization.  

3.5.3.1 Isolation of pancreatic islets 

After euthanizing mice by cervical dislocation, pancreata were rapidly cannulated to infuse 

with 2 mL of 2 mg/mL of collagenase (Collagenase P; Boehringer Mannheim Biochemicals) 

directly through the pancreatic duct. Pancreata were then placed in tubes with m199 medium 

(Invitrogen) supplemented with 10% FBS. Digestion was fostered by incubating the tubes at 

37°C for 9 min, agitating them every 2 min. Once finished, the digestion was stopped by 

adding cold m199 medium without FBS. After this, 3 cycles of centrifugation (2,500 rpm, 1 

min) were alternated with a replacement of m199 medium without FBS, which helped in 

washing the digested tissue. Subsequently, the medium containing the digested pancreata 

was filtered by a laboratory colander and recentrifuged at 2,500 rpm for 1 min. The pellet was 

resuspended with 10 mL of ficoll (Histopaque-1119; Sigma) and a gradient was created by 

adding m199 medium without FBS with the aim of separating pancreatic islets by density. 

Islets moved to the upper phase of this gradient by means of a centrifugation cycle of 2,500 

rpm at 4°C and for 15 min, without stop. The supernatants containing the pancreatic islets 

were then obtained by decantation, centrifuged 1 min at 2,500 rpm and resuspended with 

m199 medium with 10% FBS. 2 more cycles of centrifugation at 2,500 rpm for 1 min 

contributed to the wash of the islets. Finally, the medium was poured onto a Petri dish and 

the pancreatic islets were picked individually amongst the exocrine residues of pancreas by 
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means of a laboratory magnifier. Independently of the experimental groups, between 80-150 

pancreatic islets were obtained.  

3.5.3.2 Samples preparation for transmission microscopy 

Sample processing and visualization by TEM microscopy was performed at the Microscopy 

Service of the Autonomous University of Barcelona (UAB). Pancreatic islets previously isolated 

were fixated with a combination of 2.5% glutaraldehyde (GA) and 4% paraformaldehyde (PFA) 

in 0.1 M phosphate buffer (pH = 7.4) overnight at 4°C. After washing the specimens 5 times 

(5 min each) with sterile water, they were incubated in 1% of osmium tetroxide in water for 

2 h at 4°C. Another round of 6 washes with sterile water (5 min each) was followed by an 

incubation of samples in 1% uranyl acetate in sterile water for 2 h at 4°C. After 2 more washes 

with sterile water for 10 min, samples were dehydrated by successively incubating them in 

ethanol 30 % for 20 min, ethanol 50% for 20 min and ethanol 70% overnight. Next day, the 

dehydration process followed with an incubation in ethanol 90% during 30 min, ethanol 96% 

during 30 min and 3 cycles of ethanol 100% for 30 min). Once dehydrated, specimens were 

embedded in a mix of EPON® 812 epoxy resin and ethanol for various cycles: EPON/Ethanol 

1/3 for 2 h, EPON/Ethanol 1/1 for 2 h, EPON/Ethanol 3/1 for 2 h, pure EPON for an overnight 

inclusion and pure EPON for 6 h. Finally, specimens were placed in molds with new pure EPON 

and polymerized at 60°C for 24-48 h. 

Following specimen embedding in EPON resin, semithin (1 μm) and ultrathin (40 nm) sections 

from regions of interest in each specimen were obtained using an ultramicrotome (Leica EM 

UC7). Ultrathin sections were subsequently visualized by TEM microscopy (JEOL JEM-1400) 

and images of pancreatic β-cells containing insulin granules at 2,500x, 6,000x, 12,000x and 

25,000x magnification were captured. At 6,000x magnification, quantification and localization 

of insulin granules within β-cells were performed in 14-21 cells/mouse from 3 Wt and 3 PGC-

1α/β-FAT-DKO mice. Insulin granules were classified regarding their grade of maturity, based 

on the shape and colour of the insulin crystallized core, and they were quantified. This process 

was replicated for insulin granules located less than 500 nm far away from cell membrane, 

which are granules more prone to be secreted. Data were obtained with ImageJ (NIH) 

software. 

  

3.6  In vitro studies 

3.6.1 Culture of INS-1 832/3 rat insulinoma cell line 

INS-1 832/13 cell line is a derivative of the INS-1 cell line, which was originally established 

from an x-ray induced insulinoma in rat (180). The INS-1 832/13 line is a subclone of INS-1 

that was transfected with a CMV promoter-human insulin expression plasmid carrying a 

geneticin (G418)-resistance marker for selection. INS-1 832/13 have an enhanced secretory 

responsiveness to glucose and a robust GSIS that do not decrease over time compared to the 

original INS-1 cells (181). INS-1 832/13 cells used in this study were kindly provided by the 

group of Diabetes, Nutrition and Endocrinological Diseases in the Biomedical Research 

Institute of Bellvitge (IDIBELL). 
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3.6.1.1 Thawing frozen INS-1 cell stocks from liquid nitrogen 

To thaw frozen INS-1 832/13 cells, cryogenic vials were removed from liquid nitrogen and 

rapidly incubated in water bath at 37°C with gentle shaking. Once thawed, the content of the 

cryogenic tube was transferred to a conical centrifuge tube containing prewarmed 

proliferation RPMI-1640 medium (CorningTM) supplemented with 10% fetal bovine serum 

(FBS), Antibiotic-Antimycotic Penicillin-Streptomycin (Sigma, 10,000 units/mL), 1 mM sodium 

pyruvate, 10 mM HEPES and 50 μM 2-mercaptoethanol). After 2 cycles of centrifugation at 

1,300 rpm for 5 min and replacement of medium between cycles, the pellet containing the 

cells was resuspended in medium and transferred into a highly adherent Nunclon Delta 10 cm 

dish. Cells were maintained at 37°C and 5% of CO2 and, the next day, medium was aspirated 

to remove non-attached cells and it was replaced with fresh proliferating medium. 

3.6.1.2 Subculture of proliferating INS-1 832/13 cells 

INS-1 832/13 cells were maintained in proliferation medium, at 37°C and 5% of CO2. When 

cells reached 70-80% confluence, they were recovered and reseeded into new dishes at lower 

density. For this, proliferation medium was firstly removed and cells were rinsed with PBS. 

Then, 2.5 mL of trypsin-EDTA (Sigma) were added to the cells and incubated at 37°C for 4 min. 

Once detached, proliferation medium was added to the cells in order to neutralise the 

enzyme. Cells were then collected and distributed in a new dish at a density of 50,000 

cells/cm2. 

3.6.1.3 Preparation of frozen stocks of INS-1 832/13 cells 

To obtain frozen stocks, 70-80% confluent INS-1 832/13 cells were washed and detached from 

the plate with trypsin. Once detached, cells were centrifuged in proliferation medium at 1,500 

rpm for 5 min (2 cycles), resuspended and counted using a Neubauer chamber. Then, 

proliferation medium was removed and cells were resuspended in freezing medium (RPMI-

1640 supplemented with 20% FBS, 10% DMSO and 1X Antibiotic-Antimycotic). Cell 

suspension, 1x106 cells/mL approximately, was transferred to cryogenic tubes (1 mL/tube), 

placed in a freezing container (Mr. FrostyTM, Thermo Fisher Scientific) to freeze them slowly 

(-1°C/minute) and stored at -80°C. Next day, vials were stored until use in liquid nitrogen. 

3.6.1.4 Glucose-stimulated insulin secretion assay in INS-1 832/13 cell line 

100,000 cells/cm2 INS-1 cells were seeded in 12 well-plates containing proliferation medium, 

and their insulin secretion capacity was assayed when cells reached 90% of confluency. Hepes 

Balanced Salt Solution (HBSS) was used for the assay (114 mM NaCl, 4.7 mM KCl, 1.2 mM 

KH2PO4, 1.16 mM MgSO4 · 7H2O, HEPES 20 mM, CaCl2 2.5 mM, 25.5 mM NaHCO3 and 0.2% 

BSA), adjusting its pH to 7.2 with HCl and filtering it with 0.22 μm filter before use. Cells were 

first washed twice with 1 mL/well of HBSS + 2.8 mM of glucose (Sigma) and then preincubated 

for 120 min at 37°C and 5% CO2 with 1 mL/well of this medium. Afterwards, cells were 

incubated for 60 min with 1 mL/well of HBSS + 2.8 mM of glucose (basal) or HBSS + 16.7 mM 

of glucose (glucose-stimulated). Parallelly, KCl and leucine were used as positive controls for 

insulin secretion due to their potent role as insulin secretagogues (182). For each experiment, 

all treatments were performed in triplicate. Post-incubation, medium with secreted insulin 
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was collected from each condition, centrifuged for 5 min at 12,000 rpm and 4°C to eliminate 

cells and cellular debris and the supernatant stored at -20°C for further analysis.  

Because secreted insulin was normalized to intracellular insulin content, this was also 

determined. To release the insulin contained within insulin granules from INS-1 832/13 cells, 

cells were exposed to an overnight incubation with 1 mL/well of acid-ethanol (1.5% HCl/75% 

ethanol). Next day, cells were harvested and sonicated (cycle 1, 80 amplification, 3 cycles of 

10 seconds each). The lysate was then centrifuged for 5 min at 12,000 rpm and 4°C and the 

supernatant stored at -20°C for further analysis. 

Secreted insulin in the culture media and cell insulin content were measured by Ultra-

Sensitive Mouse Insulin ELISA Kit (Crystal Chem), which presents 100% crossreactivity with rat 

insulin. Wide Range Assay (0.1 – 12.8 ng/mL) was used and absolute values were normalised 

to total DNA or protein content measured in section 3.6.1.6. 

3.6.1.5 GSIS assay in INS-1 832/13 cells treated with resistin 

To evaluate the role of resisting in regulating insulin secretion, a GSIS was conducted in INS-1 

832/13 cells previously exposed to either 50 ng/mL or 500 ng/mL of recombinant mouse 

resistin (R&D Systems) for 24 h (183-185). Resistin in the culture media was maintained 

throughout the assay. As described in 3.6.1.4, GSIS was performed with basal and stimulated 

HBSS medium with or without resistin treatments, together with the use of leucine and KCl 

as controls for insulin secretion. Secreted medium was recollected, processed and stored at -

20°C for further analysis. Insulin content was extracted by an acid-ethanol overnight 

incubation, sonicated and stored at -20°C for further analysis. Secreted insulin and insulin cell 

content were measured as described in section 3.6.1.4. 

3.6.1.6 Cell counting and DNA and protein extraction from INS-1 832/13 cells 

In parallel to the assessment of insulin secretion in INS-1 832/13 cells when exposed to 

different treatments, another non-treated 12-well plate was used to normalise insulin 

secretion and insulin content to DNA content. Cells were quantified with the Neubauer 

Chamber and seeded the same day and in the same number as for the insulin secretion assay. 

The day of the GSIS, cells were detached and quantified in quadruplicates and the other wells 

were used for DNA/protein isolation. To do so, cells were harvested in PBS, centrifuged for 5 

min at 2,000 rpm and 4°C and pellets were stored.  

For DNA extraction, pellets were resuspended in 40-50 μL of PBS, sonicated (cycle 1, 80 

amplification, 3 cycles of 10 seconds each) and centrifuged for 15 min at 12,000 rpm and 4°C. 

Supernatants were then collected and directly measured by a NanoDrop ND-2,000 

spectrophotometer. 

Proteins were extracted with radio-immunoprecipitation assay (RIPA) buffer (50 mM Tris-HCl 

pH 8, 150 mM NaCl, 1% Triton x-100, 0.5% sodium deoxycholate, 0.1% sodium dodecyl 

sulphate, 10 mM sodic glycerophosphate, 1 mM sodic pyrophosphate, 1 mM sodic 

orthovanadate, 1 mM phenylmethanesulfonylfluoride and commercial protease inhibitors 

(Sigma). Pellets were resuspended with 60 μL of RIPA and then sonicated (cycle 1, 80 

amplification, 3 cycles of 10 seconds each). Lysates were centrifuged for 15 min at 12,000 rpm 
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and 4°C and supernatants containing the solubilized proteins were recovered. Protein 

concentration was determined following bicinchoninic acid (BCA) Protein Assay (Pierce) 

instructions and by using Spectra-max 340 plate reader. Once quantified, samples were 

stored at -20°C. 

3.7 Statistical analysis 

Results shown in figures and tables are expressed as mean ± SEM. When appropriate, 

Student’s test or analysis of variance (ANOVA) test followed by a Tukey’s multiple comparison 

post hoc analysis were applied to assess significative differences amongst groups. Statistical 

analysis was performed with GraphPad Prism 9 software and differences between conditions 

were considered significative when P≤0.05. 
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4.1. Characterization of PGC-1α/β-FAT-DKO mice  

4.1.1 Generation of PGC-1α/β-FAT-DKO mouse model 

An adipocyte-specific knockout mouse model lacking transcriptional co-activators PGC-1α 

and PGC-1β (PGC-1α/β-FAT-DKO) was previously generated in our laboratory (36). This tissue-

specific loss-of-function mouse model was generated by homologous recombination using 

the Cre/loxP technology, and fat specificity was achieved by using the adiponectin promoter 

as a driver of the Cre expression. As previously reported (36), a noticeable decrease in the 

expression of Ppargc1a and Ppargc1b genes was observed in adipose tissues, both in inguinal 

WAT and BAT, from PGC-1α/β-FAT-DKO mice (Figure 4.1).   
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Figure 4.1. mRNA expression of Ppargc1a and Ppargc1b genes in inguinal WAT and BAT from Wt and PGC-
1α/β-FAT-DKO mice. Male mice of 13 of weeks of age fed a regular chow diet and housed at 21°C were used. 
mRNA expression levels were determined by RT-qPCR. Student’s t-test method was applied. Results are 
expressed as mean ± SEM (n=4-5 animals/group). * Indicates statistical significance of the comparison between 
Wt and PGC-1α/β-FAT-DKO mice ** P≤ 0.01. 

As previously described, lack of PGC-1s in inguinal (subcutaneous) and gonadal (visceral) WAT 

depots and in BAT from 13-week-old male mice fed a regular chow diet and housed at 21°C 

led to a significant reduction in the expression of mitochondrial genes encoding for proteins 

of the OxPhos system in inguinal WAT (Figure 4.2) and in BAT (Figure 4.3, A). Also, accordingly 

to the importance of PGC-1s in non-shivering thermogenesis, deletion of both co-activators 

in BAT resulted in a severe reduction in the expression of the uncoupling-protein 1 (Ucp1) 

gene (Figure 4.3, B). Somehow surprisingly, contrarily to the pattern observed for Ucp1, the 

expression of the gene encoding for the brown adipocyte-specific adrenergic β3 receptor 

(Adrb3) was not reduced in conditional knockout mice (Figure 4.3, B). Instead, its expression 

was increased by two-fold.  
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Figure 4.2. mRNA expression of mitochondrial genes related to the OxPhos system in inguinal WAT from Wt 
and PGC-1α/β-FAT-DKO mice. Male mice of 13 weeks of age fed a regular chow diet and housed at 21°C were 
used. mRNA expression levels were determined by RT-qPCR. Student’s t-test method was applied. Results are 
expressed as mean ± SEM (n=5 animals/group). * Indicates statistical significance between the comparison of 
Wt and PGC-1α/β-FAT-DKO mice ** P≤ 0.01 
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Figure 4.3. mRNA expression of mitochondrial genes related to the OxPhos system and non-shivering 
thermogenesis in BAT from Wt and PGC-1α/β-FAT-DKO mice. Male mice of 13 weeks of age fed a regular chow 
diet and housed at 21°C were used. mRNA expression levels of A) genes encoding for proteins of OxPhos system 
and B) thermogenic genes was determined by RT-qPCR. Student’s t-test method was applied. Results are 
expressed as mean ± SEM (n=5 animals/group). * Indicates statistical significance of the comparison between 
Wt and PGC-1α/β-FAT-DKO mice * P≤0.05; ** P≤ 0.01. 

4.1.2 Evaluation of non-shivering thermogenesis in Wt and PGC-1α/β-FAT-DKO mice 

subjected to an acute cold exposure  

4.1.2.1 Evolution of body temperature after exposure to an acute cold  

Since genes related to the OxPhos system and the thermogenic process were down-regulated 

in BAT from PGC-1α/β-FAT-DKO mice (section 4.1.1), we analysed the capacity of these mice 

to sustain their body temperature when they faced an acute cold. For this, 10-week-old Wt 

and PGC-1α/β-FAT-DKO male mice fed a regular chow diet were exposed to cold (4°C) for 5h 

after being acclimated at thermoneutrality (30°C) for two weeks. 

Prior to cold exposure, at thermoneutral conditions, Wt and PGC-1α/β-FAT-DKO mice had 

similar body temperature (Figure 4.4, A). However, when exposed to cold, PGC-1α/β-FAT-DKO 

mice failed to sustain normal body temperature (Figure 4.4, B) and rapidly became 

hypothermic, whereas Wt were able to maintain it. These results indicate that mice deficient 

in PGC-1α/β co-activators specifically in adipose tissues have impaired non-shivering 
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thermogenesis, an aspect of this mouse model that had not been directly addressed in 

previous studies. 
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Figure 4.4. Analysis of body temperature in Wt and PGC-1α/β-FAT-DKO mice fed a regular chow diet and 
maintained at thermoneutrality (30°C) or subjected to 5 h of cold exposure (4°C). Ten-week-old male mice 
were used. A) Body temperature at thermoneutrality (30°C) and B) during an acute cold exposure (4°C) in mice 
previously acclimated at thermoneutrality for two weeks. Mice were individually caged with no food and 
exposed to cold for 5h. Body temperature was measured every hour using a digital thermometer with a rectal 
probe. Student’s t-test method was applied. Results are expressed as mean ± SEM (n=5-6 animals/group). * 
Indicates statistical significance between the comparison of Wt and PGC-1α/β-FAT-DKO mice ** P≤ 0.01. 

 4.1.2.2 Effects of cold exposure on body and tissue weight 

Cold-induced thermogenesis relies on the oxidation of fatty acids mobilized from the BAT 

itself but also, and primarily, from those mobilized from WAT. Despite the failure in the 

maintenance of proper body temperature when exposed to cold, no major changes in body 

weight in Wt and PGC-1α/β-FAT-DKO mice were observed. In fact, body weight was only 

reduced by 4.6% in Wt and 3.9% in PGC-1α/β-FAT-DKO mice upon cold exposure, although 

the results did not reach statistically significance (Figure 4.5).  

 

 

 

 

 

 

 

Figure 4.5. Body weight of Wt and PGC-1α/β-FAT-DKO mice fed a regular chow diet and maintained at 
thermoneutrality (30°C) or subjected to 5 h of cold exposure (4°C). Ten-week-old male mice were used. After 
being acclimated for two weeks at thermoneutrality (30°C), mice were kept at 4°C for 5 h. Graph depictures 
body weight immediately before and after cold exposure. ANOVA test followed by a Tukey’s multiple comparison 
post hoc analysis was applied. Results are expressed as mean ± SEM (n=5-6 animals/group).  
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approximately 33% in Wt and 31% in PGC-1α/β-FAT-DKO mice, although the results did not 

reach statistical significance (Figure 4.6). By contrast, the cold-induced adipose weight loss 

was more exacerbated in BAT (a reduction of approximately 64% in Wt and 47% in PGC-1α/β-

FAT-DKO mice), although no differences were found between genotypes. Liver, soleus and 

gastrocnemius tissue weight did not change by the effect of the temperature nor the 

genotypic effect.   

These data suggest that lipid mobilization in response to cold, which serve as substrates for 

thermogenesis, is not significantly affected by the loss of PGC-1s co-activators in WAT, and 

only marginally in BAT.  
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Figure 4.6. Weight of tissues from Wt and PGC-1α/β-FAT-DKO mice fed a regular chow diet and maintained at 
thermoneutrality (30°C) or subjected to 5 h of cold exposure (4°C). Ten-week-old male mice were euthanized 
and gonadal WAT, inguinal WAT, BAT, liver, soleus and gastrocnemius muscles were collected and weighted. 
ANOVA test followed by a Tukey’s multiple comparison post hoc analysis was applied. Results are expressed as 
mean ± SEM (n=5-6 animals/group). # Indicates statistical significance between environmental temperature 
conditions. # P≤0.05. 

4.1.2.3 Gene expression analysis in BAT of Wt and PGC-1α/β-FAT-DKO mice in 

response to cold  

An appropriate thermogenic response to cold relies on proper induction of genes involved in 

non-shivering thermogenesis. Therefore, we analysed gene expression in BAT from Wt and 

PGC-1α/β-FAT-DKO male mice acclimated at 30°C or after 5 h of being exposed to cold (4°C).  

Firstly, we assessed Ppargc1a and Ppargc1b expression levels. As expected, mutant mice had 

lower expression of PGC-1s-encoding genes than Wt counterparts. Cold exposure increased 

the expression of both genes in Wt mice, although the increment was much greater in 

Ppargc1a, consistent with its role as principal mediator of non-shivering adaptive 

thermogenesis. This response was severely blunted in PGC-1α/β-FAT-DKO mice (Figure 4.7). 
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Figure 4.7. Relative mRNA expression levels of Ppargc1a and Ppargc1b genes in BAT from Wt and PGC-1α/β-
FAT-DKO mice maintained at thermoneutrality (30°C) or subjected to 5 h of cold exposure (4°C). Ten-week-old 
male mice fed a regular chow diet were acclimated for two weeks at thermoneutrality or exposed to cold for 5h 
after the acclimation period. mRNA levels in BAT were determined by RT-qPCR. ANOVA test followed by a 
Tukey’s multiple comparison post hoc analysis was applied. Results are expressed as mean ± SEM (n= 5-6 
animals/group). * Indicates statistical significance between Wt and PGC-1α/β-FAT-DKO mice; # Indicates 
statistical significance between temperature treatments. **,## P≤ 0.01. 

The expression of mitochondrial genes was also evaluated (Figure 4.8). Specifically, genes 

from the OxPhos system complex I (Ndufb9), complex II (Sdhb), complex III (Uqcr10), Cycs, 

complex IV (Coxiv, Cox7a1), complex V (Atp5b) and TCA (Aco2) were tested. The expression 

of Uqcr10 and Coxiv was significantly, but mildly, up-regulated by cold in both Wt and PGC-

1α/β-FAT-DKO mice, whereas the expression of Ndufb9, Sdhb and Atp5b was only up-

regulated by cold in PGC-1α/β-FAT-DKO mice. However, the fold induction of these genes by 

cold was very modest (less than two-fold). Consistent with the known role of PGC-1s in the 

transcriptional regulation of the expression of these genes, their expression was significantly 

reduced in PGC-1α/β-FAT-DKO mice, both at thermoneutrality and after cold exposure. 
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Figure 4.8. Relative mRNA expression levels of mitochondrial genes in BAT from Wt and PGC-1α/β-FAT-DKO 
mice maintained at thermoneutrality (30°C) or subjected to 5 h of cold exposure (4°C). Ten-week-old male 
mice were fed a regular chow diet and acclimated to 30°C during 2 weeks before being exposed to cold for 5h. 
mRNA levels were determined by RT-qPCR. ANOVA test followed by a Tukey’s multiple comparison post hoc 
analysis was applied. Results are expressed as mean ± SEM (n=5-6 animals/group). * Indicates statistical 
significance between Wt and PGC-1α/β-FAT-DKO mice; # Indicates statistical significance between temperature 
treatments. *,# P≤0.05; **,## P≤ 0.01. 
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We then evaluated the gene expression of some of the main thermogenic mediators in BAT 

from Wt and PGC-1α/β-FAT-DKO mice. Essentially, we measured the expression of Adrb3, 

Ucp1 and Cell death inducing DFFA like effector A (Cidea) (Figure 4.9). In agreement with their 

role as mediators of heat production, acute cold exposure significantly increased the 

expression of all genes in Wt mice. However, only the induction of Ucp1 and Cidea genes by 

cold was blunted in PGC-1α/β-FAT-DKO mice. Contrarily, compared to Wt mice, Adrb3 

expression was notoriously up-regulated in PGC-1α/β-FAT-DKO mice, both at 

thermoneutrality and after cold exposure. The increase is analogous to that observed at 

normal housing temperature (21°C) (Figure 4.3).  

 

 

 

 

 
 

 

 

Figure 4.9. Relative mRNA expression levels of Adrb3, Ucp1 and Cidea in BAT of Wt and PGC-1α/β-FAT-DKO 
mice maintained at thermoneutrality (30°C) or subjected to 5 h of cold exposure (4°C). Ten-week-old male 
mice were fed a regular chow diet and acclimated to 30°C during 2 weeks before being exposed to cold for 5h. 
mRNA levels in BAT were determined by RT-qPCR. ANOVA test followed by a Tukey’s multiple comparison post 
hoc analysis was applied. Results are expressed as mean ± SEM (n=5-6 animals/group). * Indicates statistical 
significance between Wt and PGC-1α/β-FAT-DKO mice; # Indicates statistical significance between temperature 
treatments. *,# P≤0.05; **,## P≤ 0.01. 

Hence, the lack of PGC-1α/β co-activators in BAT from mice results in a reduction in the 

expression of Ucp1 and mitochondrial genes, all of which are required to sustain non-

shivering adaptive thermogenesis.  

4.1.3 Physiological characterization of PGC-1α/β-FAT-DKO mice fed a regular chow diet 

Mitochondrial dysfunction in adipose tissues is suggested to impair systemic insulin sensitivity 

and reduce energy expenditure by these tissues, leading to the onset of type 2 diabetes and 

obesity. Since lack of PGC-1s co-activators in adipose tissues leads to a reduction in the 

expression of mitochondrial genes, both in WAT and BAT (Figures 4.2 and 4.3), we aimed to 

explore whether deletion of Ppargc1a and Ppargc1b genes could impair whole energy 

balance and glucose homeostasis. For this, Wt and PGC-1α/β-FAT-DKO male mice housed at 

21°C and fed a regular chow diet were monitored until the age of 13 weeks. During this time, 

energy balance and glucose homeostasis were assessed. 
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4.1.3.1 Analysis of body and tissue weight in PGC-1α/β-FAT-DKO mice 

To determine the effects on energy balance resulting from the lack of PGC-1s in adipose 

tissues, body weight of Wt and PGC-1α/β-FAT-DKO mice was monitored weekly. As shown in 

Figure 4.10, no differences in body weight were found between Wt and PGC-1α/β-FAT-DKO 

mice when fed a regular chow diet (Figure 4.10, A). Consistent with this, the weight of major 

tissues barely varied between genotypes, with the exception of gonadal WAT, which was 

mildly, but significantly decreased in PGC-1α/β-FAT-DKO mice (Figure 4.10, B). These data 

suggest that specific deletion of PGC-1s in adipose tissues of male mice fed a regular chow 

diet does not alter net energy balance in PGC-1α/β-FAT-DKO mice.   
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Figure 4.10. Assessment of body and tissue weight of PGC-1α/β-FAT-DKO mice. Male mice were housed at 
21°C and fed a regular chow diet until the age of 13 weeks. A) Body weight of was followed weekly until week 
13. B) The main depots of WAT (inguinal and gonadal), interscapular BAT, liver and skeletal soleus and 
gastrocnemius muscles were collected at 13 weeks of age and weighted. Student’s t-test was applied. Results 
are expressed as mean ± SEM (n=5 animals/group). * Indicates statistical significance of the comparison between 
genotypes. * P≤0.05. 

4.1.3.2 Evaluation of histological changes in adipose tissues of PGC-1α/β-FAT-DKO 

mice fed a regular chow diet 

Given the importance of PGC-1s in regulating mitochondrial biogenesis in adipose tissues, the 

morphology of the adipocytes in inguinal WAT and BAT was assessed in PGC-1α/β-FAT-DKO 

mice and Wt littermates. To this aim, histological sections from these tissues were stained 

with haematoxylin/eosin and analysed. As seen in Figure 4.11, no gross morphological 

differences were evident, although white adipocytes appeared bigger in inguinal WAT from 

PGC-1α/β-FAT-DKO mice. By contrast, brown adipocytes of interscapular BAT from PGC-1α/β-

FAT-DKO mice contain bigger lipid droplets than their Wt counterparts, thereby resembling 

white adipose tissue. 
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Figure 4.11. Histological sections of inguinal WAT and interscapular BAT from Wt and PGC-1α/β-FAT-DKO 
mice. Male mice were housed at 21°C and fed a regular chow diet until the age of 13 weeks. Then, mice were 
euthanised, tissues collected and histological sections stained with haematoxylin/eosin. 

The quantitative analysis of the previous images revealed that the average adipocyte area in 

inguinal WAT from PGC-1α/β-FAT-DKO mice was approximately 29% bigger than that from 

Wt mice, although it did not reach statistical significance (Figure 4.12, A). This difference was 

represented in the area distribution pattern of the adipocytes between genotypes (Figure 

4.12, B).  
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Figure 4.12. Adipocyte area quantification and size distribution in inguinal WAT of PGC-1α/β-FAT-DKO mice. 
Male mice of 13 weeks of age were housed at 21°C and fed a regular chow diet. Adipocytes area were quantified 
using the Image J software in three random fields of histological sections stained with hematoxylin/eosin from 
three different mice of each experimental group at 13 weeks of age. B) Size distribution of adipocytes from 
inguinal WAT of Wt and PGC-1α/β-FAT-DKO mice. In A) student’s t-test was applied. Results are expressed as 
mean ± SEM (n=3 animals/group).  

4.1.3.3 Analysis of glucose homeostasis in PGC-1α/β-FAT-DKO mice 

Reduced mitochondrial mass and function in WAT and impaired BAT thermogenic activity 

have been associated with an altered glucose homeostasis, particularly with insulin resistance 

and type 2 diabetes. For this reason, we evaluated glucose tolerance by means of an oGTT 

and insulin sensitivity by an ipITT in mice fed a chow diet.  

Oral GTT was performed in male mice of 11 weeks of age. As shown in Figure 4.13 A, no 

differences were observed between Wt and PGC-1α/β-FAT-DKO mice. Likewise, as assessed 

by ipITT, whole body insulin sensitivity was preserved in PGC-1α/β-FAT-DKO mice, which 

exhibit similar glucose clearance rates than their Wt counterparts (Figure 4.13, B). These 

results indicate that the specific disruption of PGC-1α/β co-activators in adipose tissues is not 

enough to alter glucose homeostasis, despite the reduction in mitochondrial gene expression 

in adipose tissues and the disruption of non-shivering thermogenesis.  
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Figure 4.13. Evaluation of glucose tolerance and insulin sensitivity in Wt and PGC-1α/β-FAT-DKO mice. Male 
mice of 11 weeks of age and fed a regular chow diet were used. A) For the oGTT, glucose was delivered orally 
(2.5 g/kg) to Wt and PGC-1α/β-FAT-DKO mice and blood glucose levels were measured at 0, 15, 30, 60, 90 and 
120 min after administration. B) For the ipITT, insulin (0.75 U/kg) was injected intraperitoneally to Wt and PGC-
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1α/β-FAT-DKO mice and blood glucose levels were measured at 0, 15, 30, 60, 90 and 120 min after 
administration. Glucose tolerance and insulin sensitivity were estimated as the area under the curve (AUC) of 
the glucose excursion during the oGTT and ipITT. Student’s t-test was applied. Results are expressed as mean ± 
SEM (n=5 animals/group).  

4.1.3.4 Biochemical determination of serum parameters PGC-1α/β-FAT-DKO mice 

Adipose-specific PGC-1s deletion resulted in deficient non-shivering thermogenesis by BAT 

(section 4.1.2) and reduced mitochondrial gene expression in both WAT and BAT. Given the 

fact that lipids constitute a major substrate to sustain BAT thermogenesis, we aimed at 

investigating to which extent disruption of Ppargc1a and Ppargc1b expression in adipose 

tissues altered the serological lipid profile in these mice. For this, triglycerides, NEFA and 

cholesterol were quantified in serum of Wt and PGC-1α/β-FAT-DKO male mice at the age of 

13 weeks (Table 4.1). Results indicated that serum of PGC-1α/β-FAT-DKO mice contained a 

mild, but statistically significant, increase in NEFA concentration compared to Wt mice, but 

not in TAG or cholesterol. This increase was independent of glucose and c-peptide levels, 

which were similar between Wt and PGC-1α/β-FAT-DKO mice, consistent with preserved 

glucose homeostasis. 

Parameter Wt PGC-1α/β-FAT-DKO 

Glucose (mg/dL) 202.4 ± 6 213.2 ± 7.1 

C-peptide (ng/mL) 1.93 ± 0.07 2.27 ± 0.28 

 TAG (mg/dL) 55.6 ± 3.81 60.5 ± 4.31 

NEFA (mg/dL) 0.79 ± 0.12 1.18 ± 0.06* 

Cholesterol (mg/dL) 107.18 ± 4.24 97.7 ± 6.52 
 

Table 4.1. Quantification of glucose, c-peptide and lipids in serum of Wt and PGC-1α/β-FAT-DKO mice. Twelve-
week-old male mice fed a regular chow diet were used. Serum was collected via tail cut after 5 h of fasting. 
Glucose was determined in serum with a glucometer and c-peptide by ELISA. TAG and total cholesterol were 
determined using a commercial kit based on the Trinder colorimetric method. NEFA were measured 
colorimetrically with the ACS-ACOD method. Student’s t-test was applied. Results are expressed as mean ± SEM 
(n=5-6 animals/group). * Indicates statistical significance of the comparison between genotypes. * P≤0.05. 

 

4.2. Contribution of adipose tissues from PGC-1α/β deficient mice to energy 

balance and glucose homeostasis when fed a high-fat diet 

Previous work from our laboratory showed that PGC-1α/β-FAT-DKO mice challenged with an 

obesogenic diet rich in fat (HFD45) had preserved insulin sensitivity, although they showed 

some tendency to develop glucose intolerance. However, the alteration in glucose tolerance 

was modest and results did not reach statistical significance (36). To further explore the 

extent of which lack of PGC-1s co-activators could lead to alterations in glucose homeostasis, 

we decided to challenge PGC-1α/β-FAT-DKO mice with a diet containing a greater amount of 

fat (60% kcal from fat). Therefore, at the age of 8 weeks, mice started receiving a HFD60 until 

the age of 20 weeks (3 months of HFD) to assess energy balance and glucose homeostasis.  
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4.2.1 Gene expression analysis in inguinal WAT and interscapular BAT from Wt and PGC-

1α/β-FAT-DKO mice fed a HFD60 

Firstly, adequate deletion of PGC-1α/β specifically in adipose tissues of 24 to 26-week-old 

male mice fed for 4 months with a HFD60 was evaluated by RT-qPCR (Figure 4.14). Analysis 

of gene expression confirmed that Ppargc1a and Ppargc1b genes were down-regulated in 

inguinal WAT and BAT from PGC-1α/β-FAT-DKO mice compared to Wt control mice. 
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Figure 4.14. Expression of Ppargc1a and Ppargc1b genes in inguinal WAT and BAT from Wt and PGC-1α/β-
FAT-DKO mice fed a HFD60. At the age of 8 weeks, male mice were given a HFD60 for 4 months. Mice were 

euthanized at the age of 24-26 weeks and mRNA levels of PGC-1 and PGC-1 in inguinal WAT and BAT were 
determined by RT-qPCR. Student’s t-test was applied. Results are expressed as mean ± SEM (n=5-6 
animals/group). * Indicates statistical significance between genotypes. * P≤0.05; ** P≤ 0.01. 

4.2.2 Effects of the lack of PGC-1s co-activators on WAT gene expression in PGC-1α/β-FAT-

DKO mice fed a HFD60 

Analysis of gene expression in inguinal WAT was conducted in male mice of 24-26 weeks of 

age fed a HFD60 for 4 months. The effect of the diet was evaluated by comparing these mice 

with another group of age-matched mice fed a regular chow diet. 

A previous study from our lab done in mice fed a HFD45 reported a decrease in mitochondrial 

gene expression in PGC-1α/β-FAT-DKO mice compared to Wt counterparts. These genes 

included the OxPhos system, TCA cycle and fatty acid transport and oxidation pathways (36). 

Reduced mitochondrial gene expression was accompanied by a decrease in mitochondrial 

protein levels and a decline in mitochondrial respiration. To confirm that reduced 

mitochondrial gene expression was also present under the effect of HFD60, we evaluated the 

expression of genes encoding from components of the OxPhos system. As with the HFD45, 

deletion of PGC-1s in inguinal WAT resulted in a decrease in the expression of these genes 

(Figure 4.15). 
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Figure 4.15. Expression of mitochondrial genes related to the OxPhos system in inguinal WAT from Wt and 
PGC-1α/β-FAT-DKO mice fed a HFD60. At the age of 8 weeks, male mice were given a HFD60 for 4 months. Mice 
were euthanized at the age of 24-26 weeks and mRNA levels of mitochondrial genes from the OxPhos system in 
inguinal WAT were determined by RT-qPCR. Student’s t-test was applied. Results are expressed as mean ± SEM 
(n=5-6 animals/group). * Indicates statistical significance between genotypes. * P≤0.05; ** P≤ 0.01. 

We firstly assessed whether lack of PGC-1s co-activators and the consequent reduction in 

mitochondrial mass and function was accompanied by a loss of adipose identity. For this, we 

analysed the expression of markers considered to be specific for white adipocytes, such as 

insulin-like growth factor-binding protein 3 (Igfbp3) gene (186). As seen in Figure 4.16, A, 

HFD60 did not alter the expression of this WAT marker in comparison to chow diet. Despite 

64% of reduction in the expression of Igfbp3 in PGC-1α/β-FAT-DKO mice fed a regular chow 

diet and 22% reduction under the effect of HFD60, differences were not statistically 

significant. The expression of other WAT markers, like Tcf21 or Hox9 was also assessed, but 

their expression levels appear too low to be detected, even by RT-qPCR (data not shown). 

Although they are not white adipocyte-specific, the expression of adiponectin, leptin and 

resistin was also evaluated, as they encode for the three most important and best 

characterized adipokines secreted by WAT. HFD60 appeared to increase Leptin expression 

level in Wt mice (3.15 ± 0.69 arbitrary units or AU), but not in PGC-1α/β-FAT-DKO mice, 

although it did not reach statistical significance. However, expression levels of Leptin were 

already high in WAT of PGC-1α/β-FAT-DKO mice fed a chow diet. No effect of diet or genotype 

was observed in the expression of AdipoQ or Resistin. (Figure 4.16, B). 
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Figure 4.16. Relative mRNA expression levels of Igfbp3, AdipoQ, Leptin and Resistin in inguinal WAT of Wt and 
PGC-1α/β-FAT-DKO mice fed a HFD60. At the age of 8 weeks, male mice were given a HFD60 for 4 months. In 
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parallel, another cohort of age-matched mice were fed a regular chow diet. Mice were euthanized at the age of 
24-26 weeks and mRNA levels in inguinal WAT were determined by qPCR. ANOVA test followed by a Tukey’s 
multiple comparison post hoc analysis was applied. Results are expressed as mean ± SEM (n=5-7 animals/group).  

WAT inflammation is a major hallmark of obesity and it is tightly related to the onset of IR. 

Therefore, the expression of some pro-inflammatory genes was evaluated (Figure 4.17). On 

the one side, we observed that the effect of HFD60 was not homogenous amongst all pro-

inflammatory markers analysed. HFD60 robustly increased, both in Wt and PGC-1α/β-FAT-

DKO mice, the expression of Cd11c, a marker of M1 polarized macrophages, although it did 

not reach statistical significance due to individual variation. However, the expression of C-C 

Motif Chemokine Ligand 2 (Ccl2), Nitric Oxide Synthase 2 (Nos2) and Tumour Necrosis Factor 

alpha (Tnfa), cytokines also associated to M1 macrophage polarization, was not altered by 

the HFD60. Contrary to what it was expected, compared to chow diet, HFD60 down-regulated 

the expression of pro-inflammatory genes such as C-C Motif Chemokine Ligand 7 (Ccl7), 

Complement factor d (Cfd) and Interleukin 1 beta (Il1b), although differences were only 

statistically significant concerning Cfd and Il1b expression in Wt mice. On the other side, PGC-

1s deficiency significantly reduced the expression of Cfd in mice fed a regular chow diet, but 

not when fed a HFD60. In a similar way, Ccl2, Ccl7, Il1b and Tnfa expression levels were 

reduced in PGC-1α/β-FAT-DKO mice fed a regular chow diet, but these results did not reach 

statistical significance. No differences in gene expression between Wt and PGC-1α/β-FAT-

DKO mice were observed when mice were fed a HFD60, except for Cfd. 
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Figure 4.17. Analysis of the expression of pro-inflammatory genes in inguinal WAT from Wt and PGC-1α/β-
FAT-DKO mice. At the age of 8 weeks, male mice were given a HFD60 for 4 months. In parallel, another cohort 
of age-matched mice were fed a regular chow diet. Mice were euthanized at the age of 24-26 weeks and mRNA 
levels in inguinal WAT were determined by qPCR. ANOVA test followed by a Tukey’s multiple comparison post 
hoc analysis was applied. Results are expressed as mean ± SEM (n=5-7 animals/group). * Indicates statistical 
significance of the comparison between Wt and PGC-1α/β-FAT-DKO mice; # Indicates statistical significance of 
the comparison between diets. *, # P≤0.05; **, ## P≤ 0.01. 

In summary, gene expression analysis shows that lack of PGC-1s does not change the identity 

of WAT or its inflammatory status, which, based on the expression of Cd11c, appears to be 

increased by HFD60 in Wt and PGC-1α/β-FAT-DKO mice.  

4.2.3 Effects of the lack of PGC-1s co-activators on BAT gene expression in PGC-1α/β-FAT-

DKO mice fed a HFD60  

Previous results obtained from mice fed a HFD45 showed that brown adipocytes of 

interscapular BAT from PGC-1α/β-FAT-DKO mice adopted a WAT-like phenotype. To gain 
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insight into this “whitening” process as a result of the loss of PGC-1s co-activators, we 

analysed the expression of several white - and brown adipocyte-specific markers in BAT.   

Gene expression of Igfbp3 was primarily measured to evaluate a possible gain of WAT identity 

in BAT from PGC-1α/β-FAT-DKO mice. Also, although they are expressed at lower levels in 

brown adipocytes compared to white adipocytes, AdipoQ and Leptin genes were assessed as 

classical white adipokines. As shown in Figure 4.18, compared to chow diet, HFD60 increased 

the expression of Igfbp3 AdipoQ and Leptin both in Wt and PGC-1α/β-FAT-DKO mice. 

However, deletion of PGC-1s dramatically increased the expression of Igfbp3, AdipoQ and 

Leptin in all conditions, supporting the notion that PGC-1s deficiency induces the “whitening” 

of brown adipocytes.  

 

 

 

 

 

 

 

 

 
 

Figure 4.18. Analysis of the expression of white adipocyte identity markers in BAT from Wt and PGC-1α/β-
FAT-DKO mice. At the age of 8 weeks, male mice were given a HFD60 for 4 months. In parallel, another cohort 
of age-matched mice were fed a regular chow diet. Mice were euthanized at the age of 24-26 weeks and mRNA 
levels in BAT were determined by RT-qPCR. ANOVA test followed by a Tukey’s multiple comparison post hoc 
analysis was applied. Results are expressed as mean ± SEM (n=5-7 animals/group). * Indicates statistical 
significance of the comparison between Wt and PGC-1α/β-FAT-DKO mice; # Indicates statistical significance of 
the comparison between diets. *, # P≤0.05; **, ## P≤ 0.01. 

Changes in brown adipocyte identity was also evaluated by analysing the expression of genes 

considered BAT-specific, such as the Ucp1 or genes that are very highly expressed in BAT 

compared to WAT, like Pyruvate Dehydrogenase Kinase 4 (Pdk4) or transcription factors like 

Lim Homebox 8 (Lhx8), Mesenchyme Homebox 2 (Meox2), Prdm16 and Zic Family Member 1 

(Zic1) (186). In general, the gene expression analysis indicated that lack of PGC-1s, regardless 

of the nutritional condition, up-regulated the expression of BAT markers, what can be viewed 

as an attempt of PGC-1α/β-FAT-DKO mice to compensate for the thermogenic dysfunction of 

brown adipocytes by increasing brown adipogenesis (Figure 4.19).    

0

100

200

300

400

500

** HFD DKO

HFD Wt

Chow DKO

Chow Wt

Leptin

**
##

0

10

20

30

40

50

R
e
la

ti
v
e
 m

R
N

A

e
x
p
re

s
s
io

n
 (

A
U

)

Igfbp3

*
**

0

10

20

30

AdipoQ

*

**
##

A B C 



93 

 

0

5

10

15

20

25

R
e
la

ti
v
e
 m

R
N

A

e
x
p
re

s
si

o
n
 (

A
U

)

** HFD DKO

HFD Wt

Chow DKO

Chow Wt

Ucp1 Pdk4 Lhx8 Meox2 Prdm16 Zic1

**

**

#

**

*

 

Figure 4.19. Analysis of gene expression of brown fat markers in BAT from Wt and PGC-1α/β-FAT-DKO mice. 
At the age of 8 weeks, male mice were given a HFD60 for 4 months. In parallel, another cohort of age-matched 
mice were fed a regular chow diet. Mice were euthanized at the age of 24-26 weeks and mRNA levels in BAT 
were determined by RT-qPCR. ANOVA test followed by a Tukey’s multiple comparison post hoc analysis was 
applied. Results are expressed as mean ± SEM (n=5-7 animals/group). * Indicates statistical significance of the 
comparison between Wt and PGC-1α/β-FAT-DKO mice; # Indicates statistical significance of the comparison 
between diets. *, # P≤0.05; **, ## P≤ 0.01. 

The effect of deleting PGC-1s co-activators on BAT inflammation was also assessed (Figure 

4.20). Consistent with an increased inflammatory state, HFD60 was observed to up-regulate 

the expression of Ccl2 and Ccl7 genes in Wt and PGC-1α/β-FAT-DKO mice, although the results 

did not reach statistical significance due to the high variability amongst individuals. This 

pattern of regulation by HFD60 differed from the one in inguinal WAT, in which HFD60 

appeared to down-regulate the expression of most of the pro-inflammatory genes analysed 

(mainly Cfd and Il1b). Remarkably, regardless of the diet, deletion of PGC-1α/β co-activators 

induced the expression of inflammatory genes. Of note, the induction of Cfd by the deletion 

of the PGC-1s was notably high in both diets, being significantly increased by more than 10-

fold. With regard to the rest of the genes, the expression of Ccl2, Ccl7 and Il1b (this only under 

chow diet) was mildly increased in PGC-1α/β-FAT-DKO mice, although differences did not 

reach statistical significance.  
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Figure 4.20. Analysis of the expression of pro-inflammatory immune genes in BAT from Wt and PGC-1α/β-
FAT-DKO mice. At the age of 8 weeks, male mice were given a HFD60 for 4 months. In parallel, another cohort 
of age-matched mice were fed a regular chow diet. Mice were euthanized at the age of 24-26 weeks and mRNA 
levels in BAT were determined by RT-qPCR. ANOVA test followed by a Tukey’s multiple comparison post hoc 
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analysis was applied. Results are expressed as mean ± SEM (n=5-7 animals/group). * Indicates statistical 
significance of the comparison between Wt and PGC-1α/β-FAT-DKO mice; * P≤0.05; ** P≤ 0.01. 

4.2.4 Physiological characterization of PGC-1α/β-FAT-DKO mice fed a HFD60 

Adipose-specific deletion of PGC-1s co-activators did not result in an impairment of energy 

balance when mice were fed a regular chow diet (section 4.1.3.1). In the same direction, 

glucose tolerance did not vary and insulin sensitivity was also preserved (section 4.1.3.3). 

When these mice were exposed to a HFD45, a mild glucose intolerance appeared. However, 

insulin sensitivity was similar to that of Wt mice (36). We therefore re-evaluated energy 

balance and glucose homeostasis in Wt and PGC-1α/β-FAT-DKO mice when fed a greater high-

fat diet, HFD60, to unmask possibly alterations in energy and glucose homeostasis in mutant 

mice.  

4.2.4.1 Analysis of body weight and adiposity in PGC-1α/β-FAT-DKO mice fed a 

HFD60 

When fed for 3 months with a HFD60, PGC-1α/β-FAT-DKO male mice gained more weight 

than Wt controls. Differences started after two months of exposition to the obesogenic diet 

and continued since mice were euthanized, at 20 weeks of age (Figure 4.21, A). Higher body 

weight in PGC-1α/β-FAT-DKO male mice correlated with a mild, but significant, increase in the 

weight of gonadal WAT and BAT (Figure 4.21, B). 
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Figure 4.21. Assessment of body and tissue weight in PGC-1α/β-FAT-DKO male mice fed a HFD60. At the age 
of 8 weeks, male mice started receiving a HFD60. Mice were euthanized at the age of 20 weeks. A) Body weight 
was followed weekly throughout the experiment. B) Weight of the main depots of WAT (inguinal and gonadal), 
interscapular BAT, liver and skeletal soleus and gastrocnemius muscles collected at 20 weeks of age. Student’s 
t-test was applied. Results are expressed as mean ± SEM (n=8-10 animals/group). * Indicates statistical 
significance of the comparison between genotypes. * P≤0.05; ** P≤ 0.01. 

We also analysed the evolution of weight gain in Wt and PGC-1α/β-FAT-DKO females fed with 

a HFD60. Contrarily to male mice, PGC-1α/β-FAT-DKO females exhibited similar body weight 

than their Wt littermates after 3.5 months on a HFD60 (Figure 4.22, A). Consistently, weight 

of inguinal WAT, gonadal WAT, liver and skeletal muscles (soleus and gastrocnemius) was 

similar in Wt and PGC-1α/β-FAT-DKO females. However, although differences did not reach 

statistical significance, BAT of PGC-1α/β-FAT-DKO females was almost twice heavier than BAT 
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of Wt females (0.15 ± 0.03 grams in Wt and 0.31 ± 0.1 grams in PGC-1α/β-FAT-DKO females) 

(Figure 4.22, B). 

 

 

 

 

 

 

 

 

 

Figure 4.22. Assessment of body and tissue weight from Wt and PGC-1α/β-FAT-DKO females fed a HFD60. At 
the age of 8 weeks, female mice were given a HFD60 for 3.5 months. Mice were euthanized at the age of 23 
weeks. A) Body weight was followed weekly throughout the experiment.  B) Weight of the main depots of WAT 
(inguinal and gonadal), interscapular BAT, liver and skeletal soleus and gastrocnemius muscles at 23 weeks of 
age. Student’s t-test was applied. Results are expressed as mean ± SEM (n=5-6 animals/group).  

4.2.4.2 Morphological analysis of adipose tissues from PGC-1α/β-FAT-DKO mice fed 

a HFD60 

The increment in body weight observed in PGC-1α/β-FAT-DKO male mice correlated with an 

increase in adipose tissues weight, specifically that of gonadal WAT and BAT. To analyse 

whether PGC-1s deletion in adipose tissues altered their structure beyond their weight, we 

performed a histological analysis. For this, histological sections from inguinal WAT, gonadal 

WAT and BAT from Wt and PGC-1α/β-FAT-DKO male mice were stained with 

hematoxylin/eosin (Figure 4.23). No gross morphological differences appeared between Wt 

and PGC-1α/β-FAT-DKO mice in inguinal or gonadal WAT. However, as previously observed 

when fed a chow diet or a HFD45 (36), BAT from PGC-1α/β-FAT-DKO mice fed a HFD60 

appeared to have bigger adipocytes, usually containing a single big lipid droplet, that 

resemble white adipocytes.  
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Figure 4.23. Histological sections of inguinal WAT, gonadal WAT and interscapular BAT from Wt and PGC-1α/β-
FAT-DKO mice fed a HFD60. At the age of 8 weeks, male mice were given a HFD60 for 3 months. Mice were 
euthanized at the age of 20 weeks and histological sections were stained with haematoxylin/eosin. 

Adipocyte’s area from inguinal and gonadal WAT were then quantified to accurately identify 

differences between Wt and PGC-1α/β-FAT-DKO mice. Similar to what we observed in mice 

fed a regular chow diet, adipocyte mean area in inguinal WAT from PGC-1α/β-FAT-DKO male 

mice was bigger than in Wt mice (3,524 ± 396.4 μm2 in Wt vs 4,925 ± 494.5 μm2 in PGC-1α/β-

FAT-DKO mice, P= 0.09). However, differences did not reach statistical significance (Figure 

4.24). In contrast, the mean area of gonadal adipocytes was slightly smaller in PGC-1α/β-FAT-

DKO mice, although it did not reach statistical significance (5,059 ± 1,097.7 μm2 in Wt vs 4,204 

± 213.1 μm2 in PGC-1α/β-FAT-DKO mice, P= 0.09) 
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Figure 4.24. Adipocyte area quantification in inguinal and gonadal WAT from Wt and PGC-1α/β-FAT-DKO mice 
fed a HFD60. At the age of 8 weeks, male mice were given a HFD60 for 3 months. Mice were euthanized at the 
age of 20 weeks and histological sections were stained with hematoxylin/eosin. Mean adipocyte area was 
quantified in three random fields from 3 different mice of each experimental group. Student’s t-test was applied. 
Results are expressed as mean ± SEM (n=3 animals/group). 

The distribution of adipocyte size in inguinal and gonadal WAT depots was also evaluated. As 

seen in Figure 4.25, A, in inguinal WAT a higher abundance of small adipocytes was identified 

in Wt male mice, compared to PGC-1α/β-FAT-DKO mice. By contrast, on the gonadal depot 

(Figure 4.25, B), the size of adipocytes from Wt and PGC-1α/β-FAT-DKO mice followed a 

similar pattern of distribution, in agreement with their similar average size. 
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Figure 4.25. Adipocyte size distribution in inguinal and gonadal WAT from Wt and PGC-1α/β-FAT-DKO mice 
fed a HFD60. At the age of 8 weeks, male mice were given a HFD60 for 3 months. Mice were euthanized at the 
age of 20 weeks and histological sections were stained with hematoxylin/eosin. Adipocytes areas were 
quantified in three random fields from 3 different mice of each experimental group. 

4.2.4.3 Analysis of glucose homeostasis and insulin sensitivity in PGC-1α/β-FAT-

DKO mice fed a HFD60 

The overtime follow-up analysis of glucose tolerance of mice fed a HFD60 revealed that 

glucose intolerance in PGC-1α/β-FAT-DKO mice appeared after 2 months on HFD60 and was 

sustained, and even worsened, at 3 months of age, when mice were euthanized (Figure 4.26, 

B and C, respectively).  

 

0 20 40 60 80 100 120 140

0

200

400

600

G
lu

c
o
s
e
 (

m
g
/d

L
) DKO

Wt1M HFD

 

 

 

 

 

B 

A 

Wt DKO 

0.0

0.5

1.0

1.5

2.0

A
U

C
 (

A
U

)



99 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
 

 

Figure 4.26. Temporal evaluation of glucose tolerance in Wt and PGC-1α/β-FAT-DKO mice fed a HFD60. At the 
age of 8 weeks, male mice were given a HFD60 for 1, 2 or 3 months. Intraperitoneal GTT were conducted  in 12- 
(1 month of HFD60), 16- (2 months of HFD60) and 20-week-old (3 months of HFD60) mice fasted for 6 h. Glucose 
was delivered by an intraperitoneal injection (1 g/kg) to Wt and PGC-1α/β-FAT-DKO male mice and blood glucose 
levels were measured at 0, 15, 30, 60, 90 and 120 min after the administration. Glucose tolerance was estimated 
as the AUC of the glucose excursion during the ipGTT. Student’s t-test was applied. Results are expressed as 
mean ± SEM (n= 9-19 animals/group). * Indicates statistical significance of the comparison between genotypes. 
* P≤0.05; ** P≤ 0.01. 

Given the fact that PGC-1α/β-FAT-DKO mice became glucose intolerant after 2 months on a 

HFD60, insulin sensitivity was started to be evaluated at this timepoint. Despite exhibiting 

glucose intolerance, insulin sensitivity was preserved in PGC-1α/β-FAT-DKO mice 2 and 3 

months after starting a HFD60 (Figure 4.27, A and B, respectively).  
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Figure 4.27. Evaluation of insulin sensitivity in Wt and PGC-1α/β-FAT-DKO mice fed a HFD60. At the age of 8 
weeks, male mice were given a HFD60 for 2 or 3 months. ITT were performed in 16- (2 months of HFD60) and 
20-week-old (3 months of HFD60) mice fasted for 6 h. Insulin (1 U/kg) was injected intraperitoneally to Wt and 
PGC-1α/β-FAT-DKO mice and blood glucose levels were measured at 0, 15, 30, 60, 90 and 120 min after 
administration. Insulin sensitivity was estimated as the AUC of the glucose excursion during the ipITT. Student’s 
t-test was applied. Results are expressed as mean ± SEM (n= 3-5 animals/group). 

Despite having a similar weight than their Wt littermates (Figure 4.22), glucose tolerance was 

impaired in PGC-1α/β-FAT-DKO females (Figure 4.28, A). As observed in PGC-1α/β-FAT-DKO 

males (Figure 4.27), glucose intolerance was not accompanied by insulin resistance, being 

insulin sensitivity from PGC-1α/β-FAT-DKO females comparable to that of Wt control females 

(Figure 4.28, B).  
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Figure 4.28. Evaluation of glucose tolerance and insulin sensitivity in Wt and PGC-1α/β-FAT-DKO females fed 
a HFD60. At 8 weeks of age, female mice were given a HFD60 for 3.5 months. GTT and ITT were done at 22-
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week-old mice fasted for 6 h. Glucose (2 g/kg) or insulin (1 U/kg) were delivered by an intraperitoneal injection 
to Wt and PGC-1α/β-FAT-DKO mice and blood glucose levels were measured at 0, 15, 30, 60, 90 and 120 min 
after the administration. Glucose tolerance and insulin sensitivity were estimated as the AUC of the glucose 
excursion during GTT or ITT. Student’s t-test was applied. Results are expressed as mean ± SEM (n= 5-6 
animals/group). * Indicates statistical significance between genotypes. * P≤0.05; ** P≤ 0.01. 

4.2.4.4 Biochemical determination of serum parameters in PGC-1α/β-FAT-DKO mice 

fed a HFD60 

Serum determination of metabolic parameters was performed in order to detect whether 

deletion of genes encoding for PGC-1s co-activators in adipose tissues lead to alterations in 

lipid homeostasis in response to a diet rich in fat. For this, triglycerides, NEFA and cholesterol 

were measured in serum of 5 h fasted mice. As shown in Table 4.2, a mild, but statistically 

significant, decrease in triglycerides in serum from PGC-1α/β-FAT-DKO mice compared to Wt 

controls was found. No major changes were observed regarding triglycerides or cholesterol 

concentration.  

Apart from the lipidic metabolites, glucose, c-peptide and glucagon were also evaluated in 

serum from Wt and PGC-1α/β-FAT-DKO mice. Consistent with the altered glucose 

homeostasis, glycaemia was significantly higher in PGC-1α/β-FAT-DKO mice. Moreover, 

serum c-peptide concentration, a surrogate of insulin, was lower than in Wt mice. No changes 

were found in glucagon concentration.  

Parameter Wt PGC-1α/β-FAT-DKO 

Glucose (mg/dL) 194 ± 3.93 228 ± 7.81** 

C-peptide (ng/mL) 3.55 ± 0.23 2.27 ± 0.12** 

Glucagon (pg/mL) 27.01 ± 1.57  29.28 ± 2.30 

TAG (mg/dL) 55.45 ± 1.71 50.6 ± 1.55* 

NEFA (mg/dL) 0.54 ± 0.02 0.57 ± 0.05 

Cholesterol (mg/dL) 194.88 ± 3.14 189.05 ± 3.73 
 

Table 4.2. Analysis of lipidic metabolites and hormones in serum of PGC-1α/β-FAT-DKO mice fed a HFD60. At 
8 weeks of age, male mice were given a HFD60 for 3 months. Serum was collected via tail cut after 5 h of fasting 
in 20-week-old mice. Glucose was determined in serum with a glucometer. C-peptide and glucagon were 
determined in serum by ELISA. TAG and total cholesterol were determined using a commercial kit based on the 
Trinder colorimetric method. NEFAs were measured colorimetrically with the ACS-ACOD method. Student’s t-
test was applied. Results are expressed as mean ± SEM (n=9-13 animals/group). * Indicates statistical 
significance of the comparison between genotypes. * P≤0.05; ** P≤ 0.01. 

4.2.4.5 Analysis of energy balance and glucose homeostasis in weight-matched PGC-

1α/β-FAT-DKO mice fed a HFD60 

Considering that obesity is an underlying cause of impaired glucose homeostasis, we then 

evaluated whether higher body weight in PGC-1α/β-FAT-DKO mice (section 4.2.4.1) could be 

the cause of the glucose intolerance observed in these mice when fed a HFD60. For this, age 

and weight-matched (Figure 4.29, A) Wt and PGC-1α/β-FAT-DKO male mice fed a HFD60 for 

2 months were analysed. Consistent with the lack of differences in body weight, no major 
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differences in the weight of the main fatty tissues (inguinal WAT and BAT), liver and skeletal 

muscles (soleus and gastrocnemius) were found. Still, a mild increase in the weight of gonadal 

WAT from PGC-1α/β-FAT-DKO mice compared to Wt mice was observed (1.34 ± 0.13 g in Wt 

and 1.91 ± 0.24 g in PGC-1α/β-FAT-DKO mice, p= 0.07), although this difference did not reach 

statistical significance (Figure 4.29, B). 
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Figure 4.29.  Body and tissue weight from age- and weight-matched Wt and PGC-1α/β-FAT-DKO mice fed a 
HFD60. At the age of 8 weeks, male mice were given a HFD60 for 2 months. Mice were euthanized at the age of 
16 weeks. A) Body weight was followed weekly throughout the experiment.  B) The main depots of WAT (inguinal 
and gonadal), interscapular BAT, liver and skeletal soleus and gastrocnemius muscles were collected and 
weighted. Student’s t-test was applied. Results are expressed as mean ± SEM (n=7-8 animals/group).  

Glucose tolerance in these mice was also evaluated (Figure 4.30). Despite similar body weight, 

we observed that PGC-1α/β-FAT-DKO mice became more glucose intolerant than Wt when 

exposed to HFD60. This indicates that the increased body weight observed in PGC-1α/β-FAT-

DKO mice when a fed a high fat diet does not lie beneath the development of glucose 

intolerance in these mice. 
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Figure 4.30. Evaluation of glucose tolerance in age- and weight-matched Wt and PGC-1α/β-FAT-DKO mice fed 
a HFD60. At the age of 8 weeks, male mice were given a HFD60 for 2 months. GTT was conducted at 16 weeks 
of age (2 months of HFD60).  After 6 h of fasting, glucose (1 g/kg) was intraperitoneally delivered to Wt and PGC-
1α/β-FAT-DKO mice and blood glucose levels were measured at 0, 15, 30, 60, 90 and 120 min after the 
administration. Glucose tolerance was estimated as the AUC of the glucose excursion during the GTT. Student’s 
t-test was applied. Results are expressed as mean ± SEM (n= 7-9 animals/group). * Indicates statistical 
significance of the comparison between genotypes. * P≤0.05; ** P≤ 0.01. 
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4.2.4.6 Analysis of insulin secretion in PGC-1α/β-FAT-DKO mice 

Given the fact that insulin sensitivity is preserved in PGC-1α/β-FAT-DKO male mice when fed 

a HFD60, the glucose intolerance shown by these animals suggested a potential defect in 

insulin secretion. This hypothesis is reinforced by previous results from our laboratory 

showing that PGC-1α/β-FAT-DKO mice have lower serum basal insulin levels than their Wt 

littermates after 3 months of HFD60 feeding (36). Half-life of insulin in serum is relatively low 

and it is rapidly clear by liver and degraded. In order to rule out a differential removal of 

circulating insulin as the main cause of reduced insulin levels in PGC-1α/β-FAT-DKO mice, we 

decided to quantify serum levels of c-peptide. As shown in Figure 4.31, basal c-peptide serum 

levels were reduced PGC-1α/β-FAT-DKO mice after 1, 2 and 3 months of exposure to HFD60. 

1 2 3

0

2

4

6

Time on HFD (months)

C
-p

e
p
ti
d

e
 (

n
g

/m
L
)

DKO

Wt

** **

**

 

Figure 4.31. Quantification of basal c-peptide serum levels in Wt and PGC-1α/β-FAT-DKO mice fed a HFD60. 
At 8 weeks of age, male mice were given a HFD60 for 1 (12-week-old mice), 2 (16-week-old mice) or 3 months 
(20-week-old mice). Serum was collected via tail cut after 6 h of fasting and c-peptide was determined by 
immunoassay. Student’s t-test was applied. Results are expressed as mean ± SEM (n= 18-20 animals/group). * 
Indicates statistical significance between genotypes. ** P≤ 0.01. 

To better assess the dynamic secretion of insulin, c-peptide levels during the course of an oral 

GTT in Wt and PGC-1α/β-FAT-DKO male mice either fed a chow diet or a HFD60 were 

determined. Systematically, HFD60 prompted higher serum c-peptide levels in both Wt and 

PGC-1α/β-FAT-DKO mice compared to mice fed a regular chow diet throughout the months 

of dietary exposure, in agreement with the hyperinsulinemia normally associated with the 

HFD60-induced IR. In mice fed a chow diet, glucose administration induced similar secretion 

of insulin in Wt and PGC-1α/β-FAT-DKO mice. Of note, the levels of c-peptide secreted 

increased with age, what can be interpreted as the need of more insulin to counteract the IR 

developed with the age. Interestingly, in mice fed a HFD60, dynamic insulin secretion appears 

to be similar in Wt and PGC-1α/β-FAT-DKO mice, as assessed by c-peptide levels. However, at 

any given point of the GTT or time under HFD60, PGC-1α/β-FAT-DKO mice exhibited lower 

levels of c-peptide, being the differences statistically significant after 2 months on HFD60 

(Figure 4.32, B).  

The data regarding insulin secretion fit pretty well with the disturbances observed in glucose 

tolerance. Indeed, the lack of differences in insulin secretion between Wt and PGC-1α/β-FAT-

DKO mice fed a chow diet are consistent with the lack of differences in glucose tolerance 
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observed in these mice (Figure 4.13, A). By contrast, when fed a HFD60, the reduced c-peptide 

serum concentration in PGC-1α/β-FAT-DKO mice, especially after 2 and 3 months on a HFD60, 

are consistent with the glucose intolerance observed in these mice (Figure 4.32, B and C, 

respectively).  
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Figure 4.32. C-peptide levels in serum of Wt and PGC-1α/β-FAT-DKO mice fed a regular chow diet or a HFD60 
during the course an oral GTT. At 8 weeks of age, male mice were given a HFD60. In parallel, another cohort of 
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age-matched mice were fed a regular chow diet. An oGTT was conducted at 12- (1 month of HFD60), 16- (2 
months of HFD60) and 20-week-old (3 months of HFD60) mice fasted for 6 h. Blood samples were taken at 0, 5 
and 15 min after an oral delivery (2.5g/kg) sand c-peptide was measure by ELISA. ANOVA test followed by a 
Tukey’s multiple comparison post hoc analysis was applied. Results are expressed as mean ± SEM (n= 5-12 
animals/group). * Indicates statistical significance of the comparison between Wt and PGC-1α/β-FAT-DKO mice; 
# Indicates statistical significance of the comparison between diets; $ Indicates statistical significance of the 
comparison between GTT time points. *,# ,$ P≤0.05; **,## ,$$ P≤ 0.01. 

These data suggest that PGC-1α/β-FAT-DKO mice exposed to HFD60 have impair insulin 

secretion already after the first month on the HFD60 the diet, pointing towards a pancreatic 

defect on insulin secretion as the plausible cause of the glucose intolerance shown by these 

mice. 

 

4.3. Study of the pancreatic functional and morphological alterations in PGC-

1α/β-FAT-DKO mice fed a high-fat diet 

As shown in previous sections, mice deficient of PGC-1α/β co-activators in adipose tissues 

were glucose intolerant but preserve insulin sensitivity. However, basal and glucose-

dependent c-peptide serum concentrations were diminished in PGC-1α/β-FAT-DKO mice. 

These data pointed towards altered pancreatic insulin secretion as a potential mechanism 

involved in the development of glucose intolerance in PGC-1α/β-FAT-DKO mice.  

4.3.1 Morphometric study of pancreatic islets from PGC-1α/β-FAT-DKO mice  

A morphometric study of pancreatic islets was conducted in male mice after 1 (13 weeks of 

age) and 3 months (22 weeks of age) of HFD60 feeding. A 13-week-old, lean and insulin 

sensitive group of Wt and PGC-1α/β-FAT-DKO male mice fed a chow diet was also included in 

the study. Pancreatic islets mice were stained by immunofluorescence with antibodies against 

insulin, glucagon and somatostatin (Figure 4.33 for a representative staining with insulin and 

glucagon), allowing for the identification of β, α and δ cells, respectively. 
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Figure 4.33. Immunofluorescent staining of insulin and glucagon in pancreatic islets from Wt and PGC-1α/β-
FAT-DKO mice fed a regular chow diet or exposed to a HFD60 for 1 or 3 months. At 8 weeks of age, male mice 
were given a HFD60 for 1 or 3 months. Parallelly, a cohort of age-matched mice were fed a regular chow diet 
until the age of 13 weeks. Mice were euthanized at the age of 13 or 22 weeks, depending on the experimental 
group, and specific antibodies against insulin and glucagon were used to visualize β-cells (red) and α-cells 
(green), respectively. Double staining with insulin and glucagon were performed in pancreatic islets from 3 
different pancreas depths.  

As shown in Figure 4.34, A, the density of pancreatic islets increased after 3 months on a 

HFD60, indicating a hyperplasic response to compensate for the insulin resistance induced by 

the HFD60. These results were similar between genotypes, despite the fact that PGC-1α/β-

FAT-DKO mice exhibited reduced circulating insulin levels and more glucose intolerance 

compared to Wt mice. 

We then evaluated the mass of the main cell populations (α, β and δ-cells) in pancreatic islets. 

β-cell mass was significantly increased after 3 months of HFD60 feeding in both Wt and PGC-

1α/β-FAT-DKO mice compared to 1 month of regular chow diet or HFD60 feeding (Figure 4.34, 

B). Analogous to the pattern observed for β-cell mass, α-cell mass significantly increased after 

3 months of HFD60 in Wt and PGC-1α/β-FAT-DKO mice compared to 1 month of HFD60 

(Figure 4.34, C). Contrarily, no significant differences were found between diets regarding δ-

cell mass (Figure 4.34, D). Irrespectively of the effect that long-term HFD60 exposure had on 

pancreatic islets density and pancreatic cell masses compared to pancreas from mice fed a 

regular chow diet or a short-term HFD60, we could not find differences between Wt and PGC-

1α/β-FAT-DKO mice with regard to the pancreatic islet cellular composition. 
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Figure 4.34. Analysis of morphometrical parameters in pancreatic islets from Wt and PGC-1α/β-FAT-DKO mice 
fed a regular chow diet or exposed to a HFD60 for 1 or 3 months. At 8 weeks of age, male mice were given a 
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HFD60 for 1 or 3 months. Parallelly, a cohort group of age-matched mice were fed a regular chow diet until week 
13. Mice were euthanized at the age of 13 or 22 weeks, depending on the experimental group. A) Density of 
pancreatic islets, B) β-cell mass, C) α-cell mass and D) δ-cell mass from 3 different pancreas depths (except from 
δ-cell mass, 1 depth). ANOVA test followed by a Tukey’s multiple comparison post hoc analysis was applied. 
Results are expressed as mean ± SEM (n=5-9 animals/group). # Indicates statistical significance of the 
comparison chow vs HFD60 3 months; $ Indicates statistical significance of the comparison HFD60 1 month vs 
HFD60 3 months. #, $ P≤0.05; ##,$$ P≤ 0.01. 

4.3.2 Analysis of gene expression in pancreatic islets from PGC-1α/β-FAT-DKO mice in 

response to HFD60 

Since c-peptide levels were robustly decreased in serum of PGC-1α/β-FAT-DKO mice (see 

section 4.2.4.6), we analysed the expression of key genes involved in cellular processes that 

have been proven essential for insulin synthesis and secretion. For this, pancreatic islets from 

24 to 26-week-old male mice fed a regular chow diet or subjected to a HFD60 for 4 months 

were isolated and gene expression assessed by real-time qPCR.  

First, we analysed the expression of genes related to mitochondria, knowing that it is a crucial 

organelle in the signalling pathway that drives insulin secretion in pancreatic β-cells. On one 

side, we confirmed that our mouse model was specific from adipose tissues and that genes 

encoding for PGC-1s were not depleted in pancreatic islets. For this, the expression of 

Ppargc1a and Ppargc1b genes was evaluated in pancreatic islets from Wt and PGC-1α/β-FAT-

DKO mice (Figure 4.35, A). Analysis of the expression of both co-activators confirmed that 

their expression was not reduced in pancreatic islets from PGC-1α/β-FAT-DKO mice (Ppargc1a 

expression appeared increased by two-fold in PGC-1α/β-FAT-DKO mice fed a regular chow 

diet, but differences did not reach statistical significance). On the other hand, we also 

evaluated the expression of genes from the OxPhos system for their relevancy in increasing 

the ATP levels that trigger the closure of potassium channels in pancreatic β-cells (Figure 4.35, 

B). A very mild, but not statistically significant increase in the expression of some Oxphos 

genes (Mdh2, Ndufb9, CyCs or Atp5b) was observed in response to HFD60, regardless of the 

genotype. Despite these differences in response to diet, the expression levels of 

mitochondrial genes was not modulated in PGC-1α/β-FAT-DKO mice compared to Wt 

littermates in any dietary condition, suggesting that mitochondrial bioenergetics of 

pancreatic islets is not affected by the lack of PGC-1s co-activators in adipocytes.  
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Figure 4.35. Analysis of the expression of mitochondrial genes, including PGC-1s co-activators and components 
of the OxPhos system in isolated pancreatic islets from Wt and PGC-1α/β-FAT-DKO mice fed a regular chow 
diet or a HFD60. At 8 weeks of age, male mice were given a HFD60 for 4 months. Parallelly, a cohort group of 
age-matched mice were fed a regular chow diet. Mice were euthanized at the age of 24-26 weeks and mRNA 
levels were determined by RT-qPCR. Gene expression of Ppargc1a and Ppargc1b co-activators and components 
of the OxPhos system (Mdh2, Nd2, Ndufb9, Sdhb, Uqcr10, Cycs, Coxiv, Atp5b) was assessed. ANOVA test followed 
by a Tukey’s multiple comparison post hoc analysis was applied. Results are expressed as mean ± SEM (n=4-11 
animals/group). # Indicates statistical significance of the comparison between diets between diets; # P≤0.05. 

Next, we evaluated whether there was an impairment in the differentiation and maturity of 

pancreatic β-cells. For this, we analysed the expression of genes that identify differentiated 

and mature β-cells, such as Forkhead box O1 (Foxo1), Mafa, Nkx6.1 and Paired Box 6 (Pax6) 

(Figure 4.36). No effects of the genotype or the diet were observed for most of the genes, 

with the exception of Pax6, whose expression was lower in PGC-1α/β-FAT-DKO mice fed a 

chow diet.  
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Figure 4.36. Analysis of expression of markers for β-cell differentiation and maturity in pancreatic islets from 
Wt and PGC-1α/β-FAT-DKO mice fed a regular chow or a HFD60. At 8 weeks of age, male mice were given a 
HFD60 for 4 months. Parallelly, a cohort group of age-matched mice were fed a regular chow diet. Mice were 
euthanized at the age of 24-26 weeks and mRNA levels were determined by RT-qPCR. The expression of Foxo1, 
Mafa, Nkx6.1 and Pax6 was evaluated. ANOVA test followed by a Tukey’s multiple comparison post hoc analysis 
was applied. Results are expressed as mean ± SEM (n=3-6 animals/group).  

We then assessed the expression of markers of identity for the main cells related to the 

endocrine function of pancreatic islets. Thus, we analysed the expression of Ins1 and Ins2 

(insulin) genes to identify β-cells, Gcg (glucagon) expression for α-cells and Sst (somatostatin) 

expression for the identification of δ-cells. As seen in Figure 4.37, no differences were 

B 



109 

 

observed in the expression of Ins1 or Gcg genes. We detected only a mild, but statistically 

significant, increment in the expression of Ins2 gene in pancreatic islets from PGC-1α/β-FAT-

DKO mice fed a regular chow diet compared to HFD60 exposure. The expression of Sst 

appeared mildly reduced in animals fed a HFD60 regardless of the genotype, although it did 

not reach statistical significance.  
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Figure 4.37. Analysis of the expression of identity markers for pancreatic islets cell subpopulations in isolated 
pancreatic islets from Wt and PGC-1α/β-FAT-DKO mice fed a regular chow or a HFD60. At 8 weeks of age, male 
mice were given a HFD60 for 4 months. Parallelly, a cohort group of age-matched mice were fed a regular chow 
diet. Mice were euthanized at the age of 24-26 weeks and mRNA levels were determined by qPCR. The 
expression of insulin (Ins1, Ins2), glucagon (Gcg) and somatostatin (Sst) genes was evaluated. ANOVA test 
followed by a Tukey’s multiple comparison post hoc analysis was applied. Results are expressed as mean ± SEM 
(n=3-11 animals/group). # Indicates statistical significance of the comparison between diets; # P≤0.05.  

At the transcriptional level, the expression of markers for the differentiation of pancreatic 

islets and markers for the identity of pancreatic islet cell populations were preserved in PGC-

1α/β-FAT-DKO mice. For these reasons, we further explored other cellular pathways in 

pancreatic islets that could be altered and could lead to impaired β-cell function. In this sense, 

we quantified the expression of genes that coded for proteins implicated in the transport and 

metabolism of glucose in pancreatic β-cells, such as glucose transporters (Glut1 and Glut2) 

and downstream enzymatic mediators of glycolysis, like Glyceraldehyde-3-Phosphate 

Dehydrogenase (Gapdh), Glucokinase (Gck) and Pyruvate Dehydrogenase Kinase 1 (Pdk1). 

Moreover, we assessed the expression of the GLP-1 receptor (Glp1r) as a mediator of the 

effect of the incretin GLP-1 on insulin secretion by β-cells (Figure 4.38). We found that HFD60 

appeared to up-regulate the expression of Glp1r and Pdk1, both in Wt and PGC-1α/β-FAT-

DKO mice, although the results did not reach statistical significance. Nevertheless, no 

differences were found between Wt and PGC-1α/β-FAT-DKO mice, with the exception of 

Glut1, which was increased in PGC-1α/β-FAT-DKO compared to Wt mice, when animals were 

fed a regular chow diet. In any case, because Glut1 expression is increased, it is rather unlikely 

to be blamed for the dysfunctional endocrine activity of -cells. 
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Figure 4.38. Analysis of the expression of genes related to the transport and metabolism of glucose in 
pancreatic islets from Wt and PGC-1α/β-FAT-DKO mice fed a regular chow or a HFD60. At 8 weeks of age, male 
mice were given a HFD60 for 4 months. Parallelly, a cohort group of age-matched mice were fed a regular chow 
diet. Mice were euthanized at the age of 24-26 weeks and mRNA levels were determined by qPCR. Expression 
of the Glp-1 receptor (Glp1r), glucose receptors (Glut1, Glut2) and glycolytic enzymes (Gapdh, Gck, Pdk1) was 
analysed. ANOVA test followed by a Tukey’s multiple comparison post hoc analysis was applied. Results are 
expressed as mean ± SEM (n=3-11 animals/group). # Indicates statistical significance of the comparison between 
diets; # P≤0.05 

Following, we evaluated the expression of genes that encode for proteins involved in the 

correct packaging and folding of insulin inside secretory granules. To this aim, we studied the 

expression of genes that code for the enzymes that convert proinsulin to insulin (Proprotein 

Convertase Subtilisin/Kexin Type 1 and 2 (Pcsk1/2)) and the expression of Islet Amyloid 

Polypeptide (Iapp), a hormone secreted concomitantly with insulin that also regulates insulin 

secretion (Figure 4.39). Gene expression analysis did not reveal changes in the expression of 

these genes as a result of the diet or by the lack of PGC-1s co-activators in adipose tissues.  
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Figure 4.39. Analysis of the expression of genes related to insulin maturation and folding inside secretory 
granules of pancreatic islets from Wt and PGC-1α/β-FAT-DKO mice fed a regular chow diet or a HFD60. At 8 
weeks of age, male mice were given a HFD60 for 4 months. Parallelly, a cohort group of age-matched mice were 
fed a regular chow diet. Mice were euthanized at the age of 24-26 weeks and mRNA levels were determined by 
qPCR. Expression levels of insulin co-secreted amylin (Iapp) and enzymes required for insulin formation (Pcsk1, 
Pcsk2) were assessed. ANOVA test followed by a Tukey’s multiple comparison post hoc analysis was applied. 
Results are expressed as mean ± SEM (n=3-11 animals/group).  

Then, we assessed the expression levels of genes related to the fusion of insulin secretory 

granules with the cell membrane (Figure 4.40). For this, we quantified the expression of 
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genes encoding for proteins of the cell membrane Syntaxin 1A (Stx1a) and Unc-13 Homolog 

B (Unc13b) and those encoding for proteins from the secretory granule membrane 

Synaptophysin (Syp) and Vesicle Associated Membrane Protein 2 (Vamp2). Gene expression 

analysis revealed no differences in their expression because of the effect of HFD60 or the lack 

of PGC-1s co-activators. 
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Figure 4.40. Analysis of the expression of genes related to the fusion of secretory granules with cell membrane 
in pancreatic islets from Wt and PGC-1α/β-FAT-DKO mice fed a regular chow diet or a HFD60. At 8 weeks of 
age, male mice were given a HFD60 for 4 months. Parallelly, a cohort group of age-matched mice were fed a 
regular chow diet. Mice were euthanized at the age of 24-26 weeks and mRNA levels were determined by qPCR. 
Expression levels of genes related to cell membrane (Stx1a, Unc13b) and secretory granule membrane (Syp, 
Vamp2) were evaluated. ANOVA test followed by a Tukey’s multiple comparison post hoc analysis was applied. 
Results are expressed as mean ± SEM (n=3-11 animals/group).  

In order to ascertain whether insulin was incorrectly unfolded and, therefore, abnormally 

accumulated inside the cell, we measured the expression of genes that encode for proteins 

of the unfolded protein response. To this aim, DNA Damage inducible transcript 3 (Ddit3 or 

Chop) and X-Box Binding Protein 1 (Xbp1) expression levels were determined. As shown in 

Figure 4.41, A, HFD60 tended to up-regulate the expression of Chop and Xbp1, although 

differences were not statistically significant. Nevertheless, no differences were observed 

related to the genotype. Finally, we measured the expression of some proinflammatory 

genes to detect a differential inflammatory response affecting proper pancreatic islet 

function in PGC-1α/β-FAT-DKO mice when fed a HFD60. For this, the expression of Ccl2 and 

Il1b was assessed (Figure 4.41, B). As for genes of the UPR, we did not find differences in Ccl2 

or Il1b expression attributable to a dietary or a genotypic effect. 

0

1

2

3

4

R
e
la

ti
v
e
 m

R
N

A

e
x
p
re

s
s
io

n
 (

A
U

)

** HFD DKO

HFD Wt

Chow DKO

Chow Wt

Chop Xbp1
 

0

1

2

3

4

R
e
la

ti
v
e
 m

R
N

A

e
x
p
re

s
s
io

n
 (

A
U

)

Ccl2 Il1b
 

A B 



112 

 

Figure 4.41. Analysis of the expression of genes related to the Unfolded Protein Response (UPR) and immune 
system in pancreatic islets from Wt and PGC-1α/β-FAT-DKO mice fed a regular chow diet or a HFD60. At 8 
weeks of age, male mice were given a HFD60 for 4 months. Parallelly, a cohort group of age-matched mice were 
fed a regular chow diet. Mice were euthanized at the age of 24-26 weeks and mRNA levels were determined by 
qPCR. A) Genes from the UPR response (Chop, Xbp1) B) and genes from immune system in pancreatic islets (Ccl2, 
Il1b). mRNA levels were determined by qPCR. ANOVA test followed by a Tukey’s multiple comparison post hoc 
analysis was applied. Results are expressed as mean ± SEM (n=3-11 animals/group).  

Overall, results from the gene expression analysis indicate that there are not gross 

transcriptional alterations in pancreatic islets under any dietary condition that could explain 

the low insulin secretion observed in PGC-1α/β-FAT-DKO mice.   

4.3.3 Evaluation by transmission electron microscopy of insulin granules ultrastructure in 

pancreatic β-cells from PGC-1α/β-FAT-DKO mice fed a HFD60  

Three months of exposure to HFD60 significantly increased the density of pancreatic islets 

and the mass of α- and β-cells, both in Wt and in PGC-1α/β-FAT-DKO mice, compared to 1 

month of HFD60 exposure or regular chow diet feeding. However, the lack of differences 

between Wt and PGC-1α/β-FAT-DKO mice in these parameters suggested possible alterations 

involving insulin secretion that were associated to defects in the content or maturation of 

insulin granules. Therefore, different subpopulations of insulin granules were assessed by 

TEM in pancreatic β-cells from Wt and PGC-1α/β-FAT-DKO male mice fed for 3 months with a 

HFD60. 

Insulin granules were classified as immature (light insulin granule core with no halo), mature 

granules (dense crystalized insulin core with halo) and rod-shaped granules (very crystalized 

insulin core that adopts a rod form) (Figure 4.42, A). Mature granules containing fully 

crystallized insulin are the ones usually secreted when pancreatic β-cells are stimulated with 

glucose or other secretagogues. Data resulting from quantification of insulin granules 

revealed that PGC-1α/β-FAT-DKO mice had a mild but statistically significant decrease in the 

proportion of immature granules, whilst rod-shaped granules were mildly, but also 

significantly, increased in these mice compared to Wt mice (Figure 4.42, B). By contrast, no 

differential changes were detected in mature granules between genotypes. 
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Figure 4.42. TEM microscopy analysis of pancreatic β-cells and quantification of insulin granules in Wt and 
PGC-1α/β-FAT-DKO mice fed a HFD60. At 8 weeks of age, male mice were given a HFD60 for 3 months. Mice 
were euthanized at the age of 21 weeks. A) TEM images of pancreatic β-cells (6000x) and types of insulin granules 
(30,000x) inside these cells. Red arrow indicates immature granules; yellow arrow indicates mature granules; 
and green arrow indicates rod-shaped granules. B) Analysis of the proportion of each insulin granule type within 
β-cells in Wt and PGC-1α/β-FAT-DKO mice. Student’s t-test was applied. Results are expressed as mean ± SEM 
(n=3 animals/group; 14-21 cells/mouse). * Indicates statistical significance between Wt and PGC-1α/β-FAT-DKO 
mice. * P≤0.05. 

Quantification and categorization of insulin granules did not consider the localization of these 

granules inside β-cells. It is well established that pancreatic β-cells contain two types of insulin 

mature granules pools: reserve pool and readily releasable pool. RRP are really closed to cell 

membrane and are rapidly secreted upon a glucose stimulus, whilst RP account primary for 

PGC-1α/β-FAT-DKO Wt 

6000x 

30000x 
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the second phase of insulin secretion (62,64). Considering these data, we re-analysed TEM 

microscopy images to detect whether immature, mature and rod-shaped insulin granules 

were preferentially associated to RRP than RP granules. To this aim, a region of interest (ROI) 

was established from the cell membrane for up to 500 nm inside the cytoplasm, and insulin 

granules were quantified in this region (Figure 4.43, A, blue region). From each type of granule 

located in this area, we distinguished those found touching or bordering the cell membrane 

(docked) from those that were found deeper inside. Quantification of insulin granules in the 

region of interest did not report differences in the number of docked and non-docked insulin 

granules between Wt and PGC-1α/β-FAT-DKO mice (Figure 4.43, B).  
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Figure 4.43. TEM quantification of insulin granules close to cell membrane (up to 500 nm) inside β-cells from 
Wt and PGC-1α/β-FAT-DKO mice fed a HFD60. At 8 weeks of age, male mice were given a HFD60 for 3 months. 
Mice were euthanized at the age of 21 weeks. A) TEM images of a pancreatic β-cell (6,000x) with the region of 
interest (ROI) coloured in blue. B) Contribution of cell membrane-docked and non-docked granules to total in 
Wt and PGC-1α/β-FAT-DKO mice. Student’s t-test was applied. Results are expressed as mean ± SEM (n=3 
animals/group).  

Data from the TEM study did not reveal any difference in the degree of maturation of the 

granules or in the population ready to be secreted that could explain the lower levels of insulin 

secretion in PGC-1α/β-FAT-DKO mice.   
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4.3.4 Glucose-stimulated insulin secretion (GSIS) assay in pancreatic islets from PGC-1α/β-

FAT-DKO mice  

Insulin secretion was determined in isolated pancreatic islets from Wt and PGC-1α/β-FAT-

DKO male mice fed for 3 months with a HFD60. Islets were exposed to basal (2.8 mM) and 

stimulated (20 mM) glucose concentrations to evaluate the capacity to sense glucose and 

secrete insulin. Insulin secreted was evaluated in the culture media and insulin content was 

directly extracted from β-cells by an acid/ethanol exposure. Both measurements were 

normalized by DNA concentration from pancreatic islets. 

As seen in Figure 4.44, A, pancreatic islets from both Wt and PGC-1α/β-FAT-DKO mice 

responded to stimulated glucose concentrations by secreting more insulin. The fold induction 

from basal to stimulated glucose concentrations was similar between genotypes (10.86 in Wt 

and 12.72 in PGC-1α/β-FAT-DKO mice) (Figure 4.44, B). Despite this, both at basal and 

stimulated glucose concentrations, pancreatic islets from PGC-1α/β-FAT-DKO mice secreted 

significantly less insulin than those from Wt control mice (Figure 4.44, A). These results 

indicated that the responsiveness to a high glucose concentration is maintained in pancreatic 

islets from Wt and PGC-1α/β-FAT-DKO mice, but that the latter ones secrete less insulin. In 

the same way, when insulin content from pancreatic islets was evaluated, it was seen that 

pancreatic islets from PGC-1α/β-FAT-DKO mice contained less insulin than those from Wt 

littermates (Figure 4.44, C). 
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Figure 4.44. Glucose-stimulated insulin secretion (GSIS) and insulin content in isolated pancreatic islets from 
Wt and PGC-1α/β-FAT-DKO mice fed a HFD60. At 8 weeks of age, male mice were given a HFD60 for 3 months. 
The GSIS assay was performed when mice were 20 weeks of age. A) Pancreatic islets were exposed to basal (2.8 
mM) and stimulated (20 mM) glucose concentrations and insulin secretion to the media was assessed by ELISA.  
B) The fold induction of insulin secretion was evaluated. C) Insulin content within islets was obtained by acid-
ethanol exposure and sonication, and then quantified by ELISA. ANOVA test followed by a Tukey’s multiple 
comparison post hoc analysis was applied. Results are expressed as mean ± SEM (n=5-6 animals/group). * 
Indicates statistical significance between Wt and PGC-1α/β-FAT-DKO mice; # Indicates statistical significance 
between glucose concentrations. *,# P≤0.05; **,## P≤ 0.01. 

GSIS suggested that the lower levels of blood insulin observed in PGC-1α/β-FAT-DKO mice at 

basal state and after receiving a bolus of glucose was due to a lower insulin content in β-cells 

rather to a defect in the secretion itself. To confirm this, the experiment was replicated in 

another cohort of mice that, in addition of mice fed a HFD60, included also a group of mice 

fed a regular chow diet. In both chow diet and HFD60 fed mice, pancreatic islets responded 

to glucose by secreting more insulin. (Figure 4.45, A). Long-term exposure to HFD60 resulted 

in higher basal insulin secretion, which is in agreement with the hyperinsulinemia associated 

to HFD60-induced insulin resistance. Consequently, the fold induction of glucose-stimulated 

insulin secretion was lower in HFD60 fed mice compared to chow fed mice, although 

differences did not reach statistical significance (Figure 4.45, B). Despite the differential effect 

of the diet on insulin secretion in pancreatic islets from Wt and PGC-1α/β-FAT-DKO mice, 

contrary to the previous experiment, insulin content in these islets was not modified by the 

exposure to HFD60 (Figure 4.45, C). 

When the effect of the genotype was evaluated, we observed that pancreatic islets from PGC-

1α/β-FAT-DKO mice exhibited a tendency to generally secrete more insulin than those from 

Wt littermates, both when fed a regular chow diet and a HFD60. However, this increment was 

only significant when pancreatic islets from Wt and PGC-1α/β-FAT-DKO mice fed a HFD60 

were exposed to stimulated glucose concentrations. Nevertheless, no differences in the fold 

induction or insulin content between genotypes were found (Figure 4.45, B and C, 

respectively). 
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Figure 4.45. Glucose-stimulated insulin secretion (GSIS) and insulin content in isolated pancreatic islets from 
Wt and PGC-1α/β-FAT-DKO mice fed either a regular chow or a HFD60.  At 8 weeks of age, male mice were 
given a HFD60 for 4 months. Parallelly, a cohort group of age-matched mice were fed a regular chow diet. The 
GSIS assay was performed when mice were 24-26 weeks of age. A) Pancreatic islets were exposed to basal (2.8 
mM) and stimulated (20 mM) glucose concentrations and B) the fold induction of secretion was evaluated. C) 
Insulin content was obtained by acid-ethanol exposure and sonication in Wt and PGC-1α/β-FAT-DKO mice. 
ANOVA test followed by a Tukey’s multiple comparison post hoc analysis was applied. Results are expressed as 
mean ± SEM (n=4-6 animals/group). * Indicates statistical significance between Wt and PGC-1α/β-FAT-DKO 
mice; # Indicates statistical significance between glucose concentrations. *,# P≤0.05; **,## P≤ 0.01. 

Despite the differences in the two experiments, both were coincident in showing that fold 

induction of glucose-stimulated insulin secretion was preserved in PGC-1α/β-FAT-DKO mice 

fed a HFD60, as well as in regular chow diet.  

 

4.4. Proteomic analysis of the secretome from adipose tissues of PGC-1α/β-

FAT-DKO mice fed a HFD60 

Reduced serum c-peptide levels and glucose intolerance found in PGC-1α/β-FAT-DKO mice 

when exposed to 3 months of HFD60 pointed towards an insulin secretion defect. Hence, 

considering that PGC-1α/β-FAT-DKO were engineered to be devoid of PGC-1s specifically in 

adipocytes, but the main phenotypic manifestation indicated a pancreatic functional defect, 

we speculated that the lack of PGC-1s in adipocytes resulted in the alteration of the adipose-

pancreatic crosstalk. We therefore screened the possible molecules behind this crosstalk, 

focusing on the proteins secreted by adipose tissues that could impact pancreatic insulin 

secretion. For this, the secretome of adipose tissues, both brown and white, was 

characterized in Wt and PGC-1α/β-FAT-DKO male mice fed for 3 months with a HFD60. 

4.4.1 Identification of adipose tissues secretome by untargeted proteomics 

To identify the secretome of adipose tissues, conditioned media from explants of gonadal 

WAT, inguinal WAT and BAT from Wt and PGC-1α/β-FAT-DKO mice fed a HFD60 for 3 months 

was obtained and subsequently analysed by liquid-chromatography-mass spectrometry.  

In total, 13,105 peptides and 2,994 proteins were identified at least in one condition. From all 

of them, 1,893 proteins differed significantly between tissues and genotypes (P≤0.05) and 

with a Fold Change greater than 2. The PCA from these data indicated the grade of variability 

between groups (Figure 4.46). The principal component 1 (PC1) (45.46%) showed that most 

C 
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variability was found between adipose tissues. The principal component 2 (PC2) showed the 

variability between genotypes in each adipose tissue. 

The differential impact of the genotype in the proteins discovered in the conditioned media 

from adipose tissues was further evaluated specifically for each specific tissue. In conditioned 

media of BAT, from the 1,741 proteins detected by untargeted proteomics, 667 proteins were 

differentially found between Wt and PGC-1α/β-FAT-DKO mice (FC>2, P≤0.05). DAVID 

bioinformatic tool showed that proteins with a higher abundance in BAT conditioned media 

from PGC-1α/β-FAT-DKO mice compared to Wt littermates were related to extracellular 

matrix maintenance, angiogenesis and response to different stimuli, whilst proteins less 

abundant in PGC-1α/β-FAT-DKO mice involved mitochondria and fatty acid metabolism 

(Supplementary Table 8.3 and 8.4). Concerning WAT depots, the number of proteins found in 

media of inguinal and gonadal WAT between Wt and PGC-1α/β-FAT-DKO mice was really low 

compared to BAT. In gonadal WAT, 1,874 proteins were detected in the conditioned media, 

from which only 18 proteins were found in different amounts between Wt and PGC-1α/β-

FAT-DKO mice. In conditioned media from inguinal WAT, 1,744 proteins were detected, but 

only the amount of 2 proteins differed between Wt and PGC-1α/β-FAT-DKO mice 

(Supplementary Table 8.5). 

 

 

 

 

 

 

 

 

 
 

 

Figure 4.46. Principal Component Analysis (PCA) of proteins found by untargeted proteomics in secreted 

media from gonadal WAT, inguinal WAT and BAT of Wt and PGC-1α/β-FAT-DKO mice fed a HFD60. At 8 weeks 

of age, male mice were given a HFD60 for 3 months. Mice were euthanized at the age of 22-23 weeks. Each dot 

represents a Wt or PGC-1α/β-FAT-DKO animal which a specific set of proteins found in the conditioned media 

of adipose tissue. Higher variability between groups is given by PC1, which separates between adipose tissues. 

PC2 shows differences in the secretome of Wt and PGC-1α/β-FAT-DKO mice regarding each adipose tissue. 

4.4.2 Filtration workflow for the identification of BAT secreted proteins 

The proteins found in the conditioned media of BAT were subjected to a bioinformatics 

analysis in order to distinguish proteins actively secreted by this tissue from proteins 

accidentally found in the media as a result of being released by damaged or dead cells. To this 
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aim, proteins previously identified in the conditioned media were selected based on mass 

spectrometry parameters: peptide count >1 and confidence score >25, aimed at increasing 

the confidence in the detection and identification of the proteins. This results in 440 proteins 

confidently identified as differentially found in conditioned media from Wt and PGC-1α/β-

FAT-DKO mice.  

Then, these were evaluated using VerSeDa platform to identify those proteins known to be 

secreted or that contained motifs that allowed their secretion by classical and non-classical 

pathways. SignalIP (threshold set > 0.8), TargetIP (threshold set > 0.8) and Secretome IP 

(threshold set > 0.7) software tools of the VerSeDa platform were used for this purpose 

(Figure 4.47). This procedure resulted in 191 proteins filtrated. After a manual curation for 

mitochondrial and nuclear proteins, a final list of 126 proteins differentially secreted by BAT 

between Wt and PGC-1α/β-FAT-DKO mice was obtained. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4.47. In silico workflow for the identification of actively secreted proteins by BAT from Wt and PGC-
1α/β-FAT-DKO mice fed a HFD60. At 8 weeks of age, male mice were given a HFD60 for 3 months. Mice were 
euthanized at the age of 22-23 weeks. Proteins identified by untargeted proteomics in the conditional media of 
BAT secretome were filtrated for Fold Change (FC > 2), P-value (< 0.05), Peptide count (> 1) and Confidence Score 
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from BAT between genotypes 

Peptide count (> 1) and confidence 

score (> 25) (227 proteins) 
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proteomics (667 proteins) 
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VerSeDa classical pathway: 

- Signal IP > 0.8 

- TargetIP > 0.8 
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(> 25). Using VerSeDa platform, the 440 proteins differently found in conditioned media of BAT between 
genotypes were subsequently assessed for their probability to be secreted by either classical or non-classical 
pathways. Then, mitochondrial and nuclear proteins were removed from the resulting list. Finally, 126 proteins 
were found to be actively and differentially secreted by BAT between Wt and PGC-1α/β-FAT-DKO mice. 

The PCA resulting from the comparison of the 126 proteins differentially secreted by BAT 

indicates a higher heterogenicity in PGC-1α/β-FAT-DKO mice rather than Wt mice (Figure 

4.48). The PC1 (82.17%) displayed the variability in the 126 proteins actively secreted 

between genotypes, whether PC2 (6.93%) showed the variability within each group.  

When the same filtration process was applied to secreted proteins by WAT depots, we found 

that the secretome of inguinal and gonadal WAT depots was very similar between genotypes. 

In this regard, only 3 actively secreted proteins were found to differ between genotypes in 

gonadal WAT and 1 in inguinal WAT, thereby indicating a minor effect of WAT secretome 

(Supplementary Table 8.6).  

  

Figure 4.48. Principal Component Analysis (PCA) of the secreted proteins by BAT from Wt and PGC-1α/β-FAT-
DKO mice fed a HFD60. At 8 weeks of age, male mice were given a HFD60 for 3 months. Mice were euthanized 
at the age of 22-23 weeks. Each dot represents a Wt or PGC-1α/β-FAT-DKO animal which a specific set of 
secreted proteins. Higher variability between groups is given by PC1, which separates between genotypes. PC2 
shows that there is more heterogenicity between PGC-1α/β-FAT-DKO mice than amongst Wt mice. 

The list of abundances from the 126 proteins differentially secreted by BAT from Wt and PGC-

1α/β-FAT-DKO mice indicated that most proteins were higher secreted by PGC-1α/β-FAT-DKO 

mice rather than Wt control mice (Figure 4.49).  
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Figure 4.49. HeatMap of BAT secreted proteins from Wt and PGC-1α/β-FAT-DKO mice fed a HFD60. At 8 weeks 
of age, male mice were given a HFD60 for 3 months. Mice were euthanized at the age of 22-23 weeks. HeatMap 
of Wt and PGC-1α/β-FAT-DKO secretome indicating proteins more secreted (green z-score) or less secreted (red 
z-score) between groups.  

Analysis of proteins filtrated by the DAVID bioinformatic tool showed that the most 10 

enriched biological processes involving the proteins higher secreted by BAT from PGC-1α/β-

FAT-DKO mice compared to Wt mice were related to the extracellular matrix and the immune 

system (Table 4.3). These proteins were mainly located in the extracellular space. The 

molecular function process did not provide relevant information. Regarding the proteins 

more secreted by BAT from Wt mice, they were principally involved in the metabolism of fatty 

acids and in the differentiation of brown fat (Table 4.4).  

TABLE 4.3: Gene enrichment analysis of genes that code for proteins higher secreted by BAT 

from PGC-1α/β-FAT-DKO mice than Wt mice 

Category 
 

GO term #Genes P-Value 

GOTERM_BP Extracellular matrix organization 13 1,20E-10 

GOTERM_BP Negative regulation of peptidase activity 11 7,80E-10 

GOTERM_BP Response to hypoxia 11 8,00E-08 

GOTERM_BP Proteolysis 16 1,90E-07 

GOTERM_BP Negative regulation of endopeptidase activity 8 2,00E-07 

GOTERM_BP Complement activation, alternative pathway 5 5,50E-07 

GOTERM_BP Acute-phase response 6 1,00E-06 

GOTERM_BP Wound healing 8 1,30E-06 

GOTERM_BP Cell adhesion 14 8,20E-06 

GOTERM_BP Angiogenesis 10 1,40E-05 

GOTERM_CC Extracellular region 83 7,60E-69 

GOTERM_CC Extracellular space 75 1,50E-54 
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GOTERM_CC Basement membrane 16 1,30E-17 

GOTERM_CC Extracellular matrix 19 1,90E-15 

GOTERM_CC Lysosome 16 5,80E-09 

GOTERM_CC Endoplasmic reticulum 23 7,50E-06 

GOTERM_CC Melanosome 7 7,80E-06 

GOTERM_CC Smooth endoplasmic reticulum 5 1,60E-05 

GOTERM_CC Endoplasmic reticulum lumen 7 1,80E-05 

GOTERM_CC Cell surface 14 8,40E-05 
 

Table 4.3. Most significant GO terms obtained from gene enrichment analysis of proteins higher secreted by 
BAT from PGC-1α/β-FAT-DKO mice than Wt mice using DAVID bioinformatics source. GOTERM_BP, biological 
process; GOTERM_CC, cellular component. 

TABLE 4.4: Gene enrichment analysis of genes that code for proteins higher secreted by BAT 

from Wt than from PGC-1α/β-FAT-DKO mice 

Category GO term #Genes P-Value 

GOTERM_BP Fatty acid metabolic process 4 1,10E-03 

GOTERM_BP Long-chain fatty acid transport 2 1,30E-02 

GOTERM_BP Fatty acid transport 2 3,30E-02 

GOTERM_BP One-carbon metabolic process 2 3,50E-02 

GOTERM_BP Brown fat cell differentiation 2 4,10E-02 

GOTERM_CC Mitochondrion 10 6,50E-05 

GOTERM_CC Cytoplasm 16 1,70E-03 

GOTERM_CC Extracellular space 6 4,90E-02 

GOTERM_MF Arylesterase activity 2 6,50E-03 

GOTERM_MF Long-chain fatty acid binding 2 6,50E-03 

GOTERM_MF Lyase activity 3 1,30E-02 

GOTERM_MF Carbonate dehydratase activity 2 1,80E-02 

GOTERM_MF Long-chain fatty acid transporter activity 2 2,00E-02 

GOTERM_MF Hydro-lyase activity 2 2,10E-02 

GOTERM_MF Fibronectin binding 2 3,80E-02 
 

Table 4.4. Most significant GO terms obtained from gene enrichment analysis of proteins higher secreted by 
BAT from Wt mice than PGC-1α/β-FAT-DKO mice using DAVID bioinformatics source. GOTERM_BP, biological 
process; GOTERM_CC, cellular component; GOTERM_MF, molecular function. 

4.4.3 Quantification in serum of proteins differentially secreted by BAT from PGC-1α/β-FAT-

DKO mice fed a HFD60  

According to our hypothesis, only proteins secreted by BAT that could reach pancreas are 

good candidates to mediate the BAT-pancreatic crosstalk. For this reason, we aimed at 

quantifying in serum of Wt and PGC-1α/β-FAT-DKO mice the proteins that we identified as 

differentially secreted by BAT of these mice. We quantified serum protein concentration by 

either targeted proteomics or ELISA. On the one hand, 156 peptides from 52 proteins were 

evaluated by targeted proteomics (Supplementary Table 8.2). On the other hand, only 
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selected proteins were quantified by ELISA due to the high cost associated to this assay and 

the limited availability of robust ELISA assays.  

Targeted proteomics and ELISA quantification resulted in the identification of two proteins 

significantly more concentrated (P≤ 0.05) in serum of PGC-1α/β-FAT-DKO mice (FC> 1.5) than 

in Wt serum (Figure 4.50). These proteins were Kininogen-1 (O08677) and Resistin (Q99P87).  

Moreover, although it did not reach statistical significance (P= 0.32), the protein Fibrinogen 

Gamma Chain (Q8VCM7) was found to be two-fold less concentrated in the serum of PGC-

1α/β-FAT-DKO mice than in the serum from Wt mice. 
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Figure 4.50. Quantification of BAT secreted proteins in serum from Wt and PGC-1α/β-FAT-DKO mice fed a 
HFD60. At 8 weeks of age, male mice were given a HFD60 for 3 months. At the age of 20 weeks, serum from Wt 
and PGC-1α/β-FAT-DKO mice was collected and concentrations of selected proteins were evaluated by targeted 
proteomics (dark green) or ELISA (light green). 

 

4.5. In vitro assessment of the effect of resistin on insulin secretion in INS-1 

cells 

Resistin was found to be up-regulated in the serum of PGC-1α/β-FAT-DKO mice compared to 

Wt control mice when fed a HFD60 for 3 months. Considering that resistin has been linked to 

glucose intolerance and IR, we thought that it could be a plausible mediator of the adipose-

pancreatic crosstalk leading to an altered insulin secretion in PGC-1α/β-FAT-DKO mice. To test 

this, we evaluated insulin secretion in INS-1 832/13 cells (hereafter referred as INS-1) after 

being treated for 24 h with recombinant resistin (50 and 500 ng/mL).  

On the one hand, insulin secretagogues (10 mM Leucine and 24 mM KCl) were used as positive 

controls for insulin secretion. Treatment for 1h with either Leucine or KCl significantly 

increased the secretion of insulin, indicating that these cells secrete insulin when they were 

stimulated (Figure 4.51, A). Compared to Leucine, KCl has a higher capacity to promote insulin 

secretion in INS-1 cells. INS-1 cells also responded well to high concentrations of glucose by 
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secreting insulin at levels similar to those found when they were treated with leucine (Figure 

4.51, B).  

Treating cells with increasing concentrations (50 and 500 ng/mL) of recombinant resistin for 

24 h resulted in an increment in basal insulin secretion (when incubated with low glucose 

concentrations of 2.8 mM), regardless of the dose of resistin used (Figure 4.51, B). Still, insulin 

secretion at basal glucose concentrations was more notorious when cells were treated with 

500 ng/mL of recombinant resistin. However, insulin secretion upon stimulation with 16.7 

mM of glucose in resistin-treated cells was similar to that of untreated cells (Figure 4.51, B). 

When expressed as fold induction, insulin secretion was diminished in resistin-treated cells, 

but this effect appears to be mostly due to the high levels of basal insulin secretion, rather to 

an impairment of insulin secretion in response to high glucose concentration (Figure 4.51, C). 
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Figure 4.51. Glucose-stimulated insulin secretion (GSIS) in INS-1 832/13 cell line treated with recombinant 
resistin. A) To evaluate the insulin secretory capacity of INS-1 cells, the leucine and KCl secretagogues were used 
as positive controls in cells incubated with a low (2.8 mM) glucose concentration. B) Prior to the GSIS, INS-1 cells 
were incubated with 50 or 500 ng/ml of recombinant resistin during 24 hours. Then, a conventional GSIS was 
conducted in the presence of resistin in INS-1 cells by incubating them with 2.8 mM (basal) or 16.7 mM 
(stimulated) of glucose. C) Ratio between insulin secretion under basal and stimulated conditions. ANOVA test 
followed by a Tukey’s multiple comparison post hoc analysis was applied. Results are expressed as mean ± SEM 
(n=3). * Indicates statistical significance between basal and stimulated glucose conditions; # Indicates statistical 
significance between treatments. *,# P≤0.05; **,## P≤ 0.01. 
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Insulin content in INS-1 cells was also determined. As shown in Figure 4.52, insulin content 

was not significantly altered in any condition assayed, including treatment with resistin.  

  

N
on

-tr
ea

te
d

Le
u 

10
 m

M

KC
l 2

4 
m

M

0

2500

5000

7500

10000

In
s
u
lin

 c
o
n
te

n
t

 (
n
g
 i
n
s
u

lin
/m

g
 p

ro
te

in
)

 
 

Figure 4.52. Insulin content in INS-1 832/13 cells treated with recombinant resistin. A) Insulin content in INS-1 

cells after the addition of leucine and KCl positive controls. B) Insulin content in non-treated cells and after 24 h 

of treatment with 50 or 500 ng/ml of recombinant resistin. ANOVA test followed by a Tukey’s multiple 

comparison post hoc analysis was applied. Results are expressed as mean ± SEM (n=3).   

Our studies in INS-1 cells show that resistin treatment increases basal insulin secretion in 

pancreatic β-cells. Since our observations in mice predict that the molecule (or molecules) 

mediating BAT-pancreatic function actually impairs basal insulin secretion by β-cells, these 

results suggest that resistin is not responsible for the reduced circulating insulin levels found 

in PGC-1α/β-FAT-DKO mice.  
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5. DISCUSSION  
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5.1. Impairment of mitochondrial gene expression in PGC-1α/β-deleted 

adipose tissues  

Obesity is known to be a major factor in the development of insulin resistance, a previous 

step in the appearance of T2D (3,4). Nowadays, however, the mechanisms behind the 

promotion of insulin resistance by obesity are still under debate. Amongst the different 

potential mechanisms postulated, a reduction in mitochondrial mass and function in insulin 

sensitive tissues has been suggested as an important contributing factor. In this regard, a 

decrease in mitochondrial mass and oxidative capacity has been observed in adipose tissues 

and skeletal muscle from diabetic and obese insulin resistant individuals, in both humans and 

rodents (38-41). Despite these data, it is still unclear to which extent mitochondrial 

dysfunction in these tissues causes insulin resistance and contributes to the development of 

T2D.  

PGC-1 co-activators are crucial mediators of mitochondrial biogenesis and, therefore, they 

have gained attention for their relevancy on obesity and T2D, two pathological situations in 

which their expression levels in WAT and skeletal muscle has been shown to be decreased 

(138,139). PGC-1s increase mitochondrial mass and modulate gene expression through the 

interaction with transcription factors such as NRFs, PPARs and ERRs. These factors allow PGC-

1s to regulate the replication of mitochondrial DNA or the expression of genes involved in 

several mitochondrial pathways, like the OxPhos system, TCA and fatty acid oxidation (118). 

In WAT, PGC-1α is important for the adaptation to different stimuli but it is dispensable for 

mitochondrial biogenesis (124). Contrarily, adipose-specific deletion of PGC-1β causes a 

significant decrease in the expression of genes involved in the mitochondrial oxidative 

functions (187). However, the changes in gene expression observed are not accompanied by 

a reduction in mtDNA content, suggesting that although PGC-1β has a preponderant role over 

PGC-1α in the regulation of mitochondrial gene expression, its deficiency is not sufficient to 

alter mitochondrial mass in WAT, pointing towards a partial compensation by PGC-1α or other 

transcriptional regulators (188). 

Given the link between mitochondrial dysfunction and IR, previous work from our laboratory 

tried to uncover the effect that impaired mitochondrial function had on glucose homeostasis 

through the adipose-specific deletion of PGC-1α or PGC-1β (124,188). Although these studies 

provided evidence for the role of PGC-1s in mitochondrial biogenesis in white adipocytes, 

particularly PGC-1β (188), they failed to demonstrate a direct impairment of glucose tolerance 

or insulin sensitivity in mice due to reduced mitochondrial oxidative function in adipose 

tissue. It must be stated, though, that the reduction in mitochondrial function observed in 

these models was, at the most, modest. Therefore, one could speculate that the degree of 

mitochondrial dysfunction achieved using single adipose-specific PGC-1β deletion could not 

be sufficient to trigger IR. Considering the functional redundancy of PGC-1α and PGC-1β (126), 

to ensure a more robust effect on mitochondrial biogenesis and function, an adipocyte-

specific double knockout mouse model for both co-activators was generated (PGC-1α/β-FAT-

DKO mice) (36). In this previous study, white and brown adipose tissues from PGC-1α/β-FAT-

DKO mice displayed a reduction in the expression of mitochondrial genes in parallel to a 

decrease in the protein levels, more severely in BAT. Mitochondrial dysfunction in BAT tissues 



130 

 

was accompanied by a severe accumulation of fat in brown adipocytes, indicative of impaired 

brown adipocyte functionality, but not noticeable alterations were found in WAT. Although 

these mice did not show any impairment in glucose homeostasis when fed a chow diet, they 

exhibited a tendency towards mild glucose intolerance when fed a HFD45, although 

differences were not statistically significant (36). Nevertheless, PGC-1α/β-FAT-DKO mice 

maintained both whole body and tissue-specific insulin sensitivity and did not develop obesity 

(36). Still, the mild glucose intolerance observed prompted us to deepen into the metabolic 

phenotype of PGC-1α/β-FAT-DKO mice by subjecting them to a diet with an even higher fat 

content, HFD60, and then studying adipose tissues and glucose homeostasis. 

In the experimental set up of the present study, PGC-1α/β-FAT-DKO mice either fed a chow 

diet or a HFD60 showed a decrease in mitochondrial gene expression in inguinal WAT similar 

to that previously described when animals were fed a HFD45 (36). Indeed, consistent with the 

role of PGC-1α and PGC-1β in the control of mitochondrial function and biogenesis, deletion 

of both co-activators significantly reduced the expression of genes encoding for proteins of 

the OxPhos system in inguinal WAT depot.  

It is interesting to note, that even if PGC-1s co-activators are considered as master regulators 

of mitochondrial biogenesis, the simultaneous deletion of PGC-1α and PGC-1β in white 

adipocytes did not result, however, in a complete ablation of mitochondrial gene expression 

in WAT. These results indicate that other factors contribute to the maintenance of 

mitochondrial mass in adipocytes and relativize the importance of PGC-1s on the control of 

mitochondrial gene expression in WAT, in agreement with the lower expression of these co-

activators in this tissue compared to others such as BAT, heart or skeletal muscle. In this 

sense, ERRs, NRFs or PPARs transcription factors could be up-regulated in response to the 

loss-of-function of PGC-1s co-activators in inguinal WAT in order to maintain mitochondrial 

function. However, because PGC-1s directly up-regulate their expression, it is unlikely that 

these transcription factors could be up-regulated with the loss of PGC-1 co-activators. In 

addition, other members of the PGC-1 family such as PRC, NT-PGC-1α and PGC-1α4 could 

eventually compensate for the deletion of PGC-1α/β. However, NT-PGC-1α and PGC-1α4 

originate from the Ppargc1a gene and both contain exons 4 and 5, which are flanked by the 

loxP sequences that Cre recombinase recognizes in our mouse model. Therefore, these 

truncated PGC-1α isoforms are also silenced by Cre recombinase in PGC-1α/β-FAT-DKO mice, 

making impossible that NT-PGC-1α and PGC-1α4 could compensate for the lack of PGC-1. 

Regarding the Pprc1 gene, whose expression generates the less studied member of PGC-1 

family, PRC, it is restricted to the regulation of mitochondrial biogenesis in proliferating cells 

(121). However, because the PRC function in adult tissues is still unclear, a compensative role 

of this member of the family cannot be totally ruled out in WAT of PGC-1α/β-FAT-DKO mice.  

Since we had already analysed gene expression in PGC-1α/β-FAT-DKO mice under a different 

fat regime, in the present study, gene expression analysis was only performed in the 

subcutaneous depot of WAT (inguinal), but not in the visceral depot (gonadal). This analysis 

was intended as a way to verify that the phenotype with regard to mitochondrial gene 

expression was preserved in the frame of the new experimental set up. Inguinal WAT was 

preferred over gonadal WAT owing to the higher amounts of mitochondria that subcutaneous 
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depots have and for being more prone to browning that the visceral depot. Nevertheless, 

previous studies from our laboratory ensured that both co-activators were also effective in 

reducing mitochondrial gene expression levels in gonadal WAT (124,188). On the other hand, 

although we have not assessed mitochondrial function in adipose tissues of our HFD60-fed 

mice, we expect it to be decreased to the same extent as in PGC-1α/β-FAT-DKO mice fed a 

HFD45, since the impact of lacking PGC-1s on mitochondrial gene expression is similar, 

regardless of the diet used. 

Akin to the results observed in inguinal WAT, BAT from PGC-1α/β-FAT-DKO mice showed a 

decrease in the expression of mitochondrial genes encoding for proteins from the OxPhos 

system, consistently with the crucial role of PGC-1α and PGC-1β on brown adipocyte 

maturation and mitochondrial biogenesis (126). However, this reduction in gene expression 

was greater in BAT than in inguinal WAT, indicating a more relevant role of PGC-1s in 

controlling mitochondrial biogenesis in brown fat.  

BAT main function is non-shivering thermogenesis, a process highly dependent on 

mitochondria and PGC-1α activity. With cold exposure, this co-activator is induced, thereby 

prompting heat production (118). However, recent studies support the notion that PGC-1β 

can also impair adrenergically-stimulated thermogenesis in BAT by influencing the 

communication between mitochondria and lipid droplets (189). In any case, though, PGC-1α 

is considered the main driver of the thermogenic response in BAT through the control of Ucp1 

expression. In agreement with the thermogenic role of PGC-1s, the expression of Ppargc1a 

(and in a lesser extent Ppargc1b) gene was up-regulated by cold in Wt mice, but it was blunted 

in PGC-1α/β-FAT-DKO mice. As well, the expression of the thermogenic genes Ucp1 and Cidea, 

and to a minor extent the expression of genes encoding for components of the OxPhos system 

and TCA, was increased in Wt mice after cold exposure, but it was severely blunted in PGC-

1α/β-FAT-DKO mice. Although at thermoneutrality (30°C) no thermogenic response is 

required, loss of PGC-1β has been described to affect the basal expression of mitochondrial 

genes from the OxPhos system and TCA. Exceptionally, the expression of Adrb3 gene in BAT 

was up-regulated by cold and by the deletion of PGC-1α/β co-activators, irrespectively of the 

environmental temperature. This suggests that Adrb3 may exert an effect beyond non-

shivering thermogenesis in BAT from PGC-1α/β-FAT-DKO mice. ADRB3 receptor promotes, 

together with ADRB1, lipolysis and fatty acid oxidation in BAT (190). Moreover, ADRB 

receptors have been involved in the expansion of this tissue (191,192). Bearing these data in 

mind, up-regulated expression of Adrb3 by the loss of PGC-1α/β co-activators could represent 

a compensatory mechanism to reverse loss of thermogenic function through the recruitment 

and activation of new brown adipocytes in BAT from PGC-1α/β-FAT-DKO mice. 

Down-regulation of mitochondrial genes in adipose tissues from PGC-1α/β-FAT-DKO mice is 

probably accompanied by a loss of mitochondrial oxidative function and mitochondrial mass 

in these mice. Traditionally, mitochondrial dysfunction and a reduced mitochondrial mass 

have been observed in insulin resistant individuals (30). However, in our previous work, 

mitochondrial dysfunction observed in PGC-1α/β-FAT-DKO mice did not drive IR in the main 

insulin-sensing tissues (adipose tissue, liver, skeletal muscle). Moreover, when fed a HFD60, 

PGC-1α/β-FAT-DKO mice exhibited similar whole body insulin sensitivity than their Wt 
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counterparts. Accordingly, other studies have also shown that reduced mitochondrial 

function in skeletal muscle do not impair insulin sensitivity. For instance, in the study of 

Zechner et al., they demonstrated that global loss of PGC-1α combined with muscle-specific 

loss of PGC-1β caused a reduction in the mitochondrial function in this tissue, but this did not 

alter insulin sensitivity and glucose tolerance in these mice (125). Altogether, these data 

suggest that decreased mitochondrial biogenesis and function, at least in adipose tissues, are 

not sufficient to bring out a systemic insulin resistant phenotype. 

 

5.2. Effects of the lack of PGC-1s on adipose tissues and body weight 

PGC-1s integrate environmental and physiological cues that signal high energy demands by 

increasing mitochondrial biogenesis and oxidative function in many tissues, thereby 

modulating energy homeostasis. Moreover, mitochondrial activity is decreased in obese and 

diabetic individuals, suggesting that mitochondrial dysfunction may lead to impaired energy 

expenditure and by this means contribute to obesity. In this regard, the expression of 

Ppargc1a in adipose tissue has been found reduced in genetically and diet-induced obese 

mice and human (193,194). Although PGC-1β is principally involved on the basal 

mitochondrial status, its expression has also been found reduced in obese individuals (195). 

Likewise, the expression of both PGC-1α and PGC-1β is reduced in skeletal muscle from obese 

mice (196). All these data suggest that the lack of PGC-1 co-activators in adipose tissues could 

favour the development of obesity. 

However, in our previous work, when mice were fed a HFD with a 45% of Kcal from fat, PGC-

1α/β-FAT-DKO mice gained a similar amount of weight than Wt littermates. In the current 

experimental set-up using a HFD60, body weight of PGC-1α/β-FAT-DKO mice was mildly 

increased compared to Wt littermates only after 2 months of HFD60 feeding. This gain in body 

weight correlated with an increase in adiposity, although very modest, represented by an 

accumulation of fat in adipose tissues, mainly in gonadal WAT depot and in BAT. Compared 

to males, no differences in body weight were found between Wt and PGC-1α/β-FAT-DKO 

females.  

The disruption of mitochondria appears to have a minor effect on the biology of WAT. 

Consistent with increased WAT mass in mice fed a HFD60, inguinal white adipocytes from 

PGC-1α/β-FAT-DKO mice were slightly bigger than those from Wt mice, indicating a modest 

adipocyte hypertrophy. Such differences in adipocyte size between Wt and PGC-1α/β-FAT-

DKO mice were not observed in the gonadal depot. In this regard, one could speculate that 

the increase in the mass of gonadal fat in PGC-1α/β-FAT-DKO mice is achieved by hyperplasic 

mechanisms. However, given that HFD has proven to prompt hypertrophy in visceral WAT 

and hyperplasia in subcutaneous WAT (197), certain grade of hypertrophy would be expected 

in the gonadal WAT depot. Aside from the mild differences in the size of inguinal white 

adipocytes observed in PGC-1α/β-FAT-DKO mice, no other morphological alterations were 

detected in the tissue. Moreover, the expression of the terminal differentiation markers 

AdipoQ, Leptin and Resistin did not differ in the inguinal WAT from these mice when fed a 
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HFD60. These data support the notion that lack of PGC-1 co-activators and the consequent 

reduction of mitochondrial activity has a minor impact on WAT. 

Contrary to the effects observed on WAT, PGC-1α/β deletion had way more severe effects on 

BAT, already visible when dissecting the tissue, which appeared paler than BAT from Wt 

littermates. The histological study revealed that brown adipocytes from PGC-1α/β-FAT-DKO 

mice accumulate more lipids than those from Wt. These results are consistent with the fact 

that PGC-1α/β deletion in brown adipocytes alters their mitochondrial capacity to oxidate 

fatty acids, thereby increasing the accumulation of TAG in lipid droplets (reviewed in 198). 

Accordingly, BAT from 25-week-old PGC-1α/β-FAT-DKO mice fed a regular diet present a 

higher expression of WAT-like markers (Igfbp3, AdipoQ, Leptin, Resistin) than BAT from Wt 

mice. This, together with reduced mitochondrial content, oxidative capacity and increased 

lipid accumulation is consistent with the increase in the “whitening” (the acquisition of a WAT 

phenotype) of BAT that characterise males and females in the process of aging (199,200). In 

response to the higher stress conditions derived from HFD60 feeding, the expression of WAT 

markers in BAT from PGC-1α/β-FAT-DKO mice is even more notorious. 

In agreement with other studies linking the “whitening” of BAT with its inflammation (201), 

we observed a notably increase in the expression of inflammatory genes in BAT from PGC-

1α/β-FAT-DKO mice. Indeed, the expression of Cfd and Il1b was notably up-regulated merely 

by the deletion of PGC-1 co-activators in brown adipocytes. CFD also called adipsin, is known 

for maintaining adipose tissue homeostasis and glycaemia (202,203) and it is up-regulated 

during white adipocyte differentiation (204). IL-1β is a well-stablished pro-inflammatory 

cytokine related to the recruitment of macrophages in adipose tissue that favours fat 

accumulation in adipocytes (205). Under the effect of the HFD60, though, the expression of 

Il1b was not modulated in BAT from PGC-1α/β-FAT-DKO mice. As HFD is known to promote 

inflammation in adipose tissues, the lack of modulation of Il1b expression could be due to the 

fact that IL-1β is mainly secreted by adipose macrophages (102), which are in low numbers in 

BAT compared to WAT. Alternatively, it is plausible that the expression of other inflammatory 

markers precedes that of Il1b. Supporting this, the expression of Ccl2, which was increased in 

our results, has been observed to precede the expression of other macrophage markers 

during the development of obesity (206). This switch towards a white-like phenotype by 

brown adipocytes of PGC-1α/β-FAT-DKO mice is also supported by the acquisition of a 

secretory profile that is more similar to that of WAT, as it will be further discussed.  

However, the expression of identity markers for brown adipocytes (Ucp1, Pdk4, Lhx8, Meox2, 

Prdm16, Zic1) was also up-regulated in BAT from PGC-1α/β-FAT-DKO mice concomitant to the 

increase in the expression of WAT markers. Although it seems inconsistent with the 

“whitening” of the tissue, it is conceivable to think that both processes could occur at the 

same time in BAT. On the one side, PGC-1α/β deletion in brown adipocytes alters their 

mitochondrial capacity to mobilize and oxidate fatty acids, thereby promoting the 

accumulation of TGA in bigger lipid droplets. At the same time, the lack of PGC-1s impairs the 

terminal differentiation of brown adipocytes, as indicated by the loss of brown fat markers 

such as Ucp1 and a reduction in mitochondrial density and function in this tissue (126). Both 

processes, lipid accumulation and impaired terminal differentiation contribute to the 
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acquisition of a WAT-like phenotype in BAT. On the other side, PGC-1α/β-FAT-DKO mice may 

intend to compensate the impairment in thermogenesis resulting from the “whitening” of 

brown adipocytes by enhancing the thermogenic program in those brown adipocytes in which 

recombination did not occur or by activating brown adipogenesis in the tissue. Both processes 

justify the increased expression of the previous mentioned brown adipocyte markers in BAT 

from PGC-1α/β-FAT-DKO mice, instead of its down-regulation.  

BAT impairment has been associated with increased body weight and the development of 

obesity in humans and rodents. In mice, reduced BAT mass and UCP-1 levels are found in 

obese individuals (207,208). Similarly, the amount of BAT is inversely correlated with the body 

BMI in obese humans (209), together with a reduced thermogenic response (210). In fact, 

some polymorphisms of Ucp1 have been associated to a defective thermogenic response that 

correlates with a higher BMI (211). Accordingly, the reduced expression of thermogenic and 

mitochondrial genes in BAT from PGC-1α/β-FAT-DKO mice led to a completely dysfunctional 

BAT with impaired non-shivering thermogenesis. Indeed, PGC-1α/β-FAT-DKO mice were 

unable to sustain body temperature when subjected cold exposure (4°C). Although energy 

expenditure was not determined, based on results by other authors (212,213), the 

impairment of BAT thermogenesis it is expected to affect whole body energy expenditure. 

In some models of disrupted BAT thermogenesis, the lack of the thermogenic function and 

the consequent decrease in energy expenditure is accompanied by a body weight gain. 

Contrarily, activation of BAT thermogenesis is associated with weight loss and prevention of 

obesity. In mice, adrenergic stimulation of BAT activates UCP-1 and leads to loss of body 

weight (214). In human, pharmacological activation of BAT also enhances energy expenditure 

in lean healthy male subjects (215). Given the tight correlation between dysfunctional BAT 

and energy balance, the increment in body weight observed in PGC-1α/β-FAT-DKO mice fed 

a HFD60, although mild, is compatible with a positive energy balance resulting from impaired 

thermogenesis. Arguing these results, the disruption of non-shivering thermogenesis in PGC-

1α/β-FAT-DKO mice was not enough to alter body weight in mice fed a chow diet or a HFD45. 

Moreover, PGC-1α/β-FAT-DKO mice fed a HFD60 and housed at thermoneutrality (30°C) (data 

not shown) still weighted more than Wt mice, suggesting that disrupted non-shivering 

thermogenesis does not solely explain the higher weight gain in PGC-1α/β-FAT-DKO mice 

compared to their Wt littermates. However, these results are likely to be an effect on lipid 

mobilization rather than an alteration of energy balance. 

 

5.3. Detrimental effects of HFD on glucose homeostasis in PGC-1α/β-FAT-DKO 

mice 

Long-term exposure to HFD60 disrupted glucose homeostasis in PGC-1α/β-FAT-DKO mice, as 

they displayed glucose intolerance already after 2 months of HFD60 feeding. Given the 

contribution of obesity to the appearance of insulin resistance (216), we confirmed that 

glucose intolerance observed in PGC-1α/β-FAT-DKO mice was independent of body weight. 

In this sense, age- and weight-matched PGC-1α/β-FAT-DKO mice were intolerant to glucose 

compared to Wt mice but maintained similar insulin sensitivity.  These results argue the ones 
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obtained by Kleiner et al., in which solely the deletion of PGC-1α in adipose tissues was 

enough to drive insulin resistance and hyperglycaemia in PGC-1α-KO mice despite conserving 

body weight (138). In our mouse model, adipose-specific PGC-1α/β deletion preserves, 

however, insulin sensitivity. In support of the independence of body weight on the 

development of glucose intolerance in PGC-1α/β-FAT-DKO mice, serum lipidic metabolites 

were barely changed in these mice, with only a mild but significant reduction in triglycerides. 

Akin to males, results from females confirmed that PGC-1α/β-FAT-DKO mice were glucose 

intolerant independently of body weight. 

Glucose intolerance in PGC-1α/β-FAT-DKO mice could arise from peripheral or tissue-specific 

insulin resistance. However, as already mentioned, despite severe glucose intolerance in 

these mice, both males and females had preserved peripheral insulin sensitivity. In addition, 

our previous work demonstrated that tissue-specific insulin sensitivity was preserved in 

adipose tissues, liver and skeletal muscle from PGC-1α/β-FAT-DKO mice (36). Considering that 

neither dyslipidaemia nor white adipose tissue inflammation are markedly different between 

Wt and PGC-1α/β-FAT-DKO mice, other causes are behind the glucose intolerance observed 

in these mice. 

Reduced basal serum c-peptide levels were observed in PGC-1α/β-FAT-DKO mice during the 

time of HFD60 feeding. In response to an oral glucose bolus, PGC-1α/β-FAT-DKO mice also 

showed less serum c-peptide levels than Wt mice at any age, even before an overt glucose 

intolerant phenotype appeared. Remarkably, lower fasting insulin levels were observed in 

PGC-1α/β-FAT-DKO mice after three months fed a HFD45 (36), when these animals already 

showed a trend towards developing glucose intolerance, demonstrating the consistency of 

our data. This reduction in serum c-peptide levels in PGC-1α/β-FAT-DKO mice, even before 

the appearance of an overt glucose intolerance phenotype, pointed towards a pancreatic 

problem with insulin secretion in these mice, since c-peptide is a surrogate of insulin secretion 

by pancreatic -cells. This effect on insulin/c-peptide levels was not observed when mice were 

fed a chow diet, congruently with the lack of differences in the glucose tolerance between 

genotypes. Despite this, HFD60 increased the serum levels of c-peptide both in Wt and PGC-

1α/β-FAT-DKO mice, as lipidic diets promote the secretion of insulin as a way to counteract 

insulin resistance induced by this kind of diets (217). Moreover, both in Wt and PGC-1α/β-

FAT-DKO mice, fed either a chow or a HFD60, serum c-peptide was increased during the first 

15 minutes after the delivery of glucose, an effect strongly observed with an oral 

administration of the sugar. By contrast, intraperitoneal glucose administration often leads 

to a low insulin excursion compared to oral administration (218,219).  

To disclose the cause of reduced insulin and c-peptide levels in serum from PGC-1α/β-FAT-

DKO mice, we evaluated several parameters in pancreas from these mice that are known to 

affect insulin secretion and influence glucose homeostasis. On the one side, a morphometric 

analysis of pancreatic islets was conducted. In this analysis, we observed an increment in the 

density of islets, α-cell mass and β-cell mass both in Wt and PGC-1α/β-FAT-DKO mice after 3 

months of HFD60 feeding. This temporary increase in the number and size of islets, and 

particularly β-cell mass, was expected in response to HFD60, as it is a classical response to 

overcome the insulin resistance induced by this type of diets by increasing insulin secretion 
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(220,221). Concerning α-cells, an elevated concentration of glucagon in blood is associated 

with IR and hyperglycaemia in normal and diabetic individuals (222). However, the lack of 

differences in α-cell mass and glucagon levels in serum from these mice does not support a 

significant role of these cells in the phenotype observed. In the same way, the general lack of 

differences in the density of pancreatic islets and β-cell mass in PGC-1α/β-FAT-DKO mice 

indicates that they are not the cause of the different insulin/c-peptide levels found in these 

mice. 

This conclusion may underestimate, however, the truly impact of lacking PGC-1s in adipose 

tissues on pancreatic islets from PGC-1α/β-FAT-DKO mice. In fact, the quantification of insulin 

did not allow us to discern the dynamics of pancreatic β-cells. Knowing that an event of 

dedifferentiation of fully mature β-cells into progenitor cells can occur in T2D (reviewed in 

223), the presence of less secretory β-cells containing insulin may unmask the identification 

of fully functional β-cells. In the same extent, other events such as β-cell apoptosis, 

hypertrophy and proliferation may have some impact on the phenotype observed and, 

therefore, further studies evaluating β-cells individually would be desirable. Still, considering 

that β-cell mass is not altered in PGC-1α/β-FAT-DKO mice, it is unlikely that processes such as 

differential cell death or proliferation may account for the differences observed in insulin 

levels.  

The lack of differences in β-cell mass that could help to explain reduced serum insulin levels 

in PGC-1α/β-FAT-DKO mice prompt us to assess the expression of genes encoding for proteins 

involved in different aspects of β-cell function. In particular, we assessed the expression of 

genes involved in mitochondria, β-cell differentiation, identity markers for islet cell 

subpopulations, transport and metabolism of glucose, packaging and folding of insulin, fusion 

of insulin granules with the cell membrane, the UPR and immune genes. Interestingly, 

compared to chow diet, HFD60 feeding did not seem to modulate the expression of these 

genes neither in pancreatic islets from Wt nor from PGC-1α/β-FAT-DKO mice. This lack of 

effect by HFD contrasts with the morphometrical analysis, in which HFD60 significantly 

increased the number of islets and their cellular composition. Discrepancies between both 

studies may underlie, however, in the different age of mice fed a chow diet in each study. 

However, one may expect a similar effect of aging in all conditions. Therefore, it could be just 

that HFD is not sufficient to modulate the gene expression of pancreatic islets. Alternatively, 

long-term exposure to HFD60 might stimulate the formation of new pancreatic islets rather 

than or in addition to promoting the expansion of the ones already present in the pancreas. 

Therefore, the number of pancreatic islets increases over time of HFD60 feeding but 

individually collected pancreatic islets display a similar gene expression profile than those 

from age-matched chow fed mice. This explanation is supported by the increased density of 

islets observed in our study after long-term HFD60 feeding. In any case, the general lack of 

differences in gene expression between Wt and PGC-1α/β-FAT-DKO mice, both under chow 

diet and HFD60 conditions, indicates that other mechanisms beyond an alteration of gene 

expression in pancreatic islets account for the reduced serum insulin and c-peptide levels 

observed in PGC-1α/β-FAT-DKO mice. 
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It is well known that an adequate mitochondrial OxPhos function is absolutely necessary for 

insulin secretion, as this organelle generates the amount of ATP required to fire the 

depolarization signal for the cell membrane that drives insulin secretion. In this sense, 

patients suffering from mitochondrial diabetes, which contain defects in mitochondrial DNA 

and mitochondrial function in β-cells, among other cell types, display decreased β-cell mass, 

increased β-cell apoptosis and reduced insulin secretion (224). Since some Cre-driving 

promoters appear to be “leaky” or not as specific as anticipated, and PGC-1s co-activators are 

universal regulators of mitochondrial biogenesis in most tissue and cell types, we sought to 

determine if mitochondrial dysfunction could be occurring in our mouse model as a 

consequence of the accidental deletion of PGC-1s in pancreatic β-cells. Agreeing with the role 

of PGC-1s as master regulators of mitochondria biogenesis, deletion of PGC-1α/β in 

pancreatic β-cells has proven to reduce the amount of insulin secreted in response to glucose 

(225). However, this does not appear to be the case. First, we confirmed that PGC-1s were 

not deleted in pancreatic islets. Second, despite Ppargc1a is mildly up-regulated in pancreatic 

islets of PGC-1α/β-FAT-DKO mice fed a chow diet, our data do not indicate a contribution of 

PGC-1s on the differential release of insulin in β-cells, since the expression of mitochondrial 

genes encoding for proteins of the OxPhos system was not altered in isolated islets from PGC-

1α/β-FAT-DKO mice.  

The grade of differentiation and identity of pancreatic β-cells was also assessed in pancreatic 

islets from PGC-1α/β-FAT-DKO mice. To this aim, we quantified the expression of the 

transcription factors Foxo1, Pax6, Mafa and Nkx6.1. FOXO1 and PAX6 are transcription factors 

present in different cell subpopulations from pancreatic islets, whereas MAFA and NKX6.1 are 

unique from differentiated β-cells (55,226). However, the correct temporal expression of all 

these transcriptional factors is crucial to obtain differentiated and fully functional β-cells. In 

this sense, in the study from Cinti et al., they observed a reduced expression in the 

differentiation markers Foxo1, Mafa and Nkx6.1 and the insulin gene in human pancreatic 

islets of diabetic individuals, which was accompanied by a diminished insulin secretion in 

these subjects (227,228). In fact, FOXO1 suppression in β-cells results in the dedifferentiation 

of these cells, whereas the expression of Mafa in the exocrine compartment of pancreas is 

required to reprogram exocrine cells to a β-cell fate (229,230). Likewise, an abnormal 

expression of identity markers for α-cells (Gcg), β-cells (Ins1, Ins2) and δ-cells (Sst) is typical 

from less functional pancreatic islets. For instance, in a diabetic mouse model caused by an 

induced-pancreatic dysfunction, decreased glucose-stimulated insulin secretion is 

accompanied by alterations in pancreatic islets and a loss of expression of endocrine markers 

(231). However, the expression of these genes was not altered in pancreatic islets from PGC-

1α/β-FAT-DKO mice, irrespectively of the dietary treatment.  

The correct signalling and metabolism of glucose are essential for pancreatic islets to properly 

secrete insulin when the glucose blood concentration raises (232,233). However, when we 

evaluated the expression of genes encoding for the receptors of glucose (Glut1, Glut2) and 

glycolytic enzymes (Gapdh, Gck, Pdk1), we did not find differences in pancreatic islets from 

PGC-1α/β-FAT-DKO mice. These results contrast with the ones from other studies in which an 

up-regulation of glycolytic enzymes were observed in pancreatic islets from diabetic mice. As 

an example, in the study made by Haythorne et al. (234), disruption of the electrical activity 
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and insulin secretion in pancreatic β-cells up-regulated the expression of glycolytic markers 

in pancreatic islets from diabetic mice. However, glucose oxidation was reduced in these islets 

and glycogen deposition highly increased in β-cells, thereby suggesting an inefficient 

oxidation of glucose and conversion to glycogen in diabetic β-cells. In another study made in 

INS-1 pancreatic cells, disrupted glucose oxidation and accumulation of glycogen was 

confirmed in vitro (235). Contrarily to these studies, based on gene expression, the 

metabolism of glucose seems to be preserved in PGC-1α/β-FAT-DKO mice even when 

subjected to a HFD60. On the other hand, the expression of the incretin receptor Glp1r was 

slightly increased in pancreatic islets from PGC-1α/β-FAT-DKO mice fed a HFD60. 

Interestingly, GIP insulinotropic action, but not that from GLP-1, has been observed to be 

diminished in T2D patients and perfused islets of diabetic rats (236,237). Since GIP is assumed 

to mediate the gross insulinotropic effect of incretins in healthy individuals (238), with GLP-1 

having an adding effect, a possible disruption in the signalling of GIP in pancreatic islets of 

PGC-1α/β-FAT-DKO mice cannot be ruled out. Nevertheless, based on the mild alteration in 

glucose and GLP-1 pathways observed, it does not seem that GLP-1 signalling could have a 

gross and differential effect on insulin secretion in PGC-1α/β-FAT-DKO mice. 

Additionally, the expression of genes encoding for proteins related to the formation of mature 

insulin was not altered in pancreatic islets from PGC-1α/β-FAT-DKO mice. Amylin (Iapp) is co-

secreted with insulin and it participates in the regulation of glucose homeostasis by restricting 

insulin secretion (239). Pro-convertases 1 and 2 are crucial to convert pro-insulin to insulin 

and, consequently, their disfunction is associated to a lower generation of functional insulin. 

In this sense, polymorphisms of Pcsk1 and Pcsk2 genes have been related to a higher pro-

insulin-to-insulin circulating ratio (240,241). In agreement with these data, pancreatic islets 

from ob/ob mice express higher levels of proconvertases 1 and 2 than normal islets, which 

are accompanied by a greater synthesis of proinsulin (242). Therefore, the lack of differences 

in the gene expression of amylin and pro-convertases 1/2 suggests that the maturation of 

insulin from proinsulin is conserved in pancreatic islets from PGC-1α/β-FAT-DKO mice. 

Consistently with the preserved expression of genes encoding for proteins mediating the 

maturation of insulin secretory granules, we did not observe an alteration in the population 

of insulin granules in β-cells from PGC-1α/β-FAT-DKO mice when evaluated by TEM 

microscopy. Granules were classified into immature, mature and with an atypical shape, 

named rod-shaped granules. Immature granules contain principally dispersed molecules of 

proinsulin, whereas mature β-granules consist of condensed and crystallized molecules of 

insulin surrounded by a pale halo. In T2D, there is a decrease in the conversion of immature 

insulin granules to mature granules, thereby favouring the exocytosis of proinsulin, which 

compromises basal and glucose-stimulated insulin secretion in pancreatic β-cells (243). 

However, the percentage of mature insulin granules was preserved in β-cells from PGC-1α/β-

FAT-DKO mice. Conversely, they displayed a reduced proportion of immature insulin granules 

and a higher proportion of rod-shaped granules. Although it is unclear, some studies have 

suggested that granules adopting a rod shape contain crystallized proinsulin rather than 

insulin (244), which seems to be caused by a defective insulin crystallisation and release in β-

cells (245). These data could indicate that β-cells from PGC-1α/β-FAT-DKO mice have a 

defective production of mature insulin granules that promotes the accumulation of granules 
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containing proinsulin. However, the subtle differences in the number of granules between 

genotypes and the lack of differences in mature granules question the relative contribution 

of immature and rod-shaped granules to the phenotype observed. Nevertheless, based on 

these results it would be worth measuring the secretion of proinsulin to determine if a 

deficient secretion of mature insulin could be the underlying cause of the glucose intolerance 

observed in PGC-1α/β-FAT-DKO mice.   

The shape of insulin secretion phases is not only modulated by the number of mature insulin 

granules, but also by the availability of these granules to be secreted. From the 10,000 insulin-

containing secretory granules usually found within pancreatic β-cells, 6% are docked to cell 

membrane and a 20% are almost docked (less than 0.5 μm away from the cell membrane). 

Amongst the docked granules, 15-20% belong to the RRP, which are the ones primed with a 

fully assembled exocytosis machinery and that are principally secreted in the 1st phase of 

insulin secretion (246). Bearing this in mind, we quantified the number of each population of 

insulin granules in a region located less than 0.5 μm away from the cell membrane. By doing 

this we attempted to unmask differences in the percentage of mature insulin granules in 

pancreatic β-cells from PGC-1α/β-FAT-DKO mice in the region below the cell membrane, 

where RRP granules are located. However, we did not find differences between genotypes. 

Therefore, we can conclude that the number and localisation of insulin granules are not 

disrupted in PGC-1α/β-FAT-DKO mice and that other factors account for the reduced serum 

insulin levels observed in these mice. 

Still, other studies have shown that a down-regulation on the expression of genes encoding 

for proteins implicated in the fusion of insulin granules with the cell membrane is translated 

into a reduction in the secretion of insulin. In this sense, in the study of Andersson et al., they 

identified lower gene expression and reduced protein levels of syntaxin 1a and members of 

the synaptotagmin family in human T2D pancreatic islets (247). Pointing towards the same 

direction, another study displayed a down-regulation in the expression of Stx1a, Unc13b, 

Vamp2 and Syp, as well as in their protein levels, in pancreatic islets from T2D individuals 

(248). Analogous to the previous results on the gene expression of pancreatic islets, we did 

not find differences in the expression of genes encoding for proteins that participate in the 

fusion of secretory granules with the cell membrane to allow the release of insulin. This 

argues in favour of a normal dynamics and fusion of insulin granules with the cell membrane 

in these mice. These results are also supported by our TEM analysis of insulin granules within 

β-cells, in which the proportion of docked insulin granules was not different between PGC-

1α/β-FAT-DKO and Wt mice. Nevertheless, it is possible that mRNA levels do not correlate 

with actual protein levels of these enzymes, which should be analysed in the future by 

techniques allowing protein quantification.  

Finally, the expression of genes encoding for proteins that participate in the UPR and the 

immune response was barely affected in pancreatic islets from PGC-1α/β-FAT-DKO mice. It is 

known that chronic stress in pancreatic β-cells impairs the expression of regulators of β-cell 

function and identity, thereby disrupting insulin secretion (249). In this sense, in the study 

from Engin et al., a reduced expression of members of the UPR was found in T2D subjects as 

well as in diet- and genetic-induced diabetic mice, seen as a failure of β-cells to cope with IR 
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by producing higher amounts of insulin (250). Moreover, given the importance of the immune 

system in T1D, a certain grade of inflammation could be expected in pancreatic islets from 

PGC-1α/β-FAT-DKO mice. Nevertheless, gene expression analysis indicates that the 

expression of genes participating in UPR and immune response pathways is not significantly 

altered in PGC-1α/β-FAT-DKO mice. 

Previous results concerning the gene expression of proteins that participate in different 

pathways related to the secretion of insulin were obtained directly on pancreatic islets 

instead that on isolated β-cells. Thus, some alterations in gene expression might be masked 

by the compensative effect of other cell populations within pancreatic islets, although this is 

unlikely because β-cells constitute most of the cellular mass of the islet. Nevertheless, to 

better evaluate possible alterations specifically in pancreatic β-cells, it would be worth to 

isolate these cells and reevaluate the expression of genes previously analysed in pancreatic 

islets. 

Although our studies did not report major alterations in pancreatic islets from PGC-1α/β-FAT-

DKO mice, reduced insulin and c-peptide levels in serum of these mice were consistent and 

pointed towards a pancreatic defect on insulin secretion. To confirm this, we directly 

evaluated insulin secretion in pancreatic islets from Wt and PGC-1α/β-FAT-DKO mice. Due to 

the complexity of the technique, we performed only two experiments but including hundreds 

of pancreatic islets from both genotypes. Both studies agreed in demonstrating that the 

stimulatory capacity of glucose (fold induction of insulin secretion upon glucose stimulation) 

is preserved in pancreatic islets from PGC-1α/β-FAT-DKO mice, indicating that β-cells from 

these mice respond similarly to high doses of glucose than those from Wt mice. Nevertheless, 

the two experiments disagree in the amount of insulin secreted and in the insulin content in 

both groups of pancreatic islets. Whereas in the first experiment pancreatic islets from PGC-

1α/β-FAT-DKO mice secreted less insulin to the culture medium under basal (2.8 mM glucose) 

and stimulated (20 mM glucose) conditions than those from Wt mice, in the second 

experiment, the reduction in the insulin content in pancreatic islets from PGC-1α/β-FAT-DKO 

mice, responsible for the diminished insulin secretion, was not observed. Still, as mentioned, 

islets from PGC-1α/β-FAT-DKO mice exhibited a secretory response to high glucose 

concentrations similar to that observed in Wt mice. Beyond these differences between 

experiments, which remain to be clarified and demand further investigation, we proved that 

the fold induction in pancreatic islets from PGC-1α/β-FAT-DKO mice fed a HFD60 in response 

to stimulatory doses of glucose is similar to that from Wt mice, at least ex-vivo. Importantly, 

these results were replicated in pancreatic islets from chow fed mice, confirming the 

preservation of the glucose stimulatory capacity in PGC-1α/β-FAT-DKO mice. A possible 

interpretation of these data is that ex-vivo the functionality of pancreatic islets from PGC-

1α/β-FAT-DKO mice is not compromised, and its impaired capacity to secrete insulin only 

occurs in vivo. In this regard, it is possible to envision a situation in which circulating molecules 

present in PGC-1α/β-FAT-DKO mice acutely impair insulin secretion without causing 

persistent damage in β-cells. Thus, once the pancreatic islets are isolated, the noxious effects 

of this putative molecule are lost and, as a consequence, islets exhibit normal function. 
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Analysis of pancreatic islets and β-cells from PGC-1α/β-FAT-DKO mice did not clarify the 

reasons causing these mice to had lower insulin serum levels than their Wt littermates when 

fed a HFD. In this sense, morphometrical parameters and gene expression of pancreatic islets 

were conserved in PGC-1α/β-FAT-DKO mice, suggesting no intrinsic defects in these cells. 

However, the evaluation of insulin granules within β-cells did not include the characterisation 

of young and old secretory granules or the dynamics of these granules with microtubules and 

actin in these cells. It is known that microtubule depolymerization is required to enhance 

insulin secretion, given that in diabetic conditions microtubule density is increased (251). 

Therefore, an altered event of polymerization and depolymerization of microtubules could 

prevent the biphasic response of insulin secretion in pancreatic islets from PGC-1α/β-FAT-

DKO mice. In addition, despite the percentage of immature and mature insulin granules is 

preserved in the docking region of β-cells, functional studies assessing the preferential release 

of mature insulin granules over immature ones should be done. Other factors such as the 

electrical activity in β-cells could be altered in PGC-1α/β-FAT-DKO mice, even if the 

stimulatory capacity of glucose in pancreatic islets from these mice is retained.  

 

5.6. The BAT-pancreatic crosstalk 

Irrespectively of the previous results on insulin secretion, insulin and c-peptide levels were 

clearly decreased in serum from PGC-1α/β-FAT-DKO mice. Therefore, these data principally 

point towards a, yet unidentified, pancreatic defect that ultimately impacts insulin secretion 

and rends these animals glucose intolerant. Given that our mouse model was engineered to 

disrupt PGC-1s co-activators exclusively in adipose tissues, and that pancreatic islets seem to 

respond normally to glucose ex-vivo, we hypothesize that a disruption of the crosstalk 

between adipose tissues and β-cells occurs in PGC-1α/β-FAT-DKO mice. 

Traditionally, WAT is known for its capacity to secrete factors in response to different cues 

that regulate diverse processes, such as energy balance and glucose homeostasis. In a context 

of obesity and IR, the expression of many of these molecules is altered, thereby contributing 

to the pathological status. For instance, the secretion of leptin, resistin, RBP4, FABP4 and 

vaspin positively correlates with the occurrence of obesity and IR, whereas that from omentin 

and adipsin seems to be lower in obese and diabetic individuals (97). Similar to WAT, 

increasing evidence indicate that BAT can act as a secretory actor beyond its thermogenic 

function. In this sense, many reports argue that BAT also secretes adipokines that exert 

important roles, both in health and disease. Interestingly, given the inverse relation of BAT 

mass and function with the development of insulin resistance and T2D, BAT-secreted 

molecules are likely to exert beneficial effect on metabolism. In this sense, FGF-21, the most 

well-known BAT-derived factor, alleviates glycaemia and lipidaemia by promoting glucose 

uptake and oxidation in many tissues (163,164). Moreover, it activates thermogenesis and 

promotes the browning of WAT, opposing to the development of T2D (166,167). IL-6 is 

another batokine increased after BAT transplantation and activation that enhances hepatic 

gluconeogenesis in conditions of acute physiological stress, independently of BAT 

thermogenic function (252). Another novel BAT secreted factor, 12,13-dihydroxy-9Z-

octadecenoic acid (12,13-diHOME), a molecule of lipidic nature, is known to increase cardiac 
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function and cardiomyocyte respiration. In skeletal muscle, 12,13-diHOME increases fatty-

acid uptake. Also in muscle, BAT-derived myostatin reduces the exercise capacity of mice 

(252). All these molecules secreted by BAT are known to signal distant organs and modulate 

different metabolic functions, thereby regulating glucose homeostasis. 

Our hypothesis stated that one or several molecules secreted by adipose tissues are 

responsible of the glucose intolerance observed in PGC-1α/β-FAT-DKO mice through their 

action on pancreatic β-cells. Therefore, to study the proteins secreted by adipose tissues, we 

performed mass spectrometry on conditioned media obtained from WAT and BAT explants. 

Many other technical approaches have been undertaken to study cell secretome, such as RNA 

sequencing or Serial Analysis of Gene Expression (SAGE), but we chose mass spectrometry for 

its high resolving power and availability (253), besides the fact that it directly detects secreted 

proteins and does not rely in the inference from gene or RNA sequences that identify label 

sequences that target proteins for secretion. In agreement with the selection of this 

technique, many other studies, both in vitro and in vivo, have used mass spectrometry 

approaches to analyse the secretome from cells and tissues. Concerning adipose tissues, 

some reports have analysed using proteomics the secreted proteins from in vitro adipocytes, 

as well as WAT and BAT secretome from rodents and humans (reviewed in 254). 

The study of adipose tissues secretome by untargeted proteomics revealed that most 

differences were given by the different set of proteins found in the conditioned media 

between adipose tissues. In fact, although the number of proteins found in conditioned media 

of BAT (1,741) was similar to that of gonadal WAT (1,874) and inguinal WAT (1,744), their 

abundance was different depending on the tissue. Nevertheless, a great number of the 

proteins identified in the conditioned media of adipose tissues were identified as intracellular 

proteins, indicating that a non-negligible number of proteins found in the media were 

originated from lysed cells. For this reason, to identify actively secreted proteins, the use of 

specific bioinformatic tools were used.  

Proteins found secreted by inguinal and gonadal WAT depots in Wt mice were highly diverse. 

The biological pathways more enriched in WAT secretome involved processes such as 

extracellular matrix (ECM) organization or immune system, processes important for WAT 

structure and functionality (data not shown). In inguinal WAT, biological pathways related to 

lipid metabolism were also highly and selectively enriched, in agreement with its role in the 

storage of lipids. Classically white secreted factors such as adipsin, adiponectin, 

dermatopontin, leptin, resistin or SPARCL1, proteins from the ECM such as tenascin, as well 

as collagens and integrins, were more abundant in inguinal WAT than in gonadal WAT. 

Contrarily, categories involving immune and inflammatory processes were more enriched in 

gonadal WAT. In fact, proteins from these biological processes such as CXCL1, CXCL2 or 

interleukin 1 receptor antagonist were more abundant in gonadal rather than inguinal WAT. 

Our findings are in line with the data from other studies obtained in white and brown 

adipocytes from both human and mice. In the study from Kahn et al. (255), they observed a 

higher presence of inflammatory cytokines and adipokines in conditioned media from visceral 

versus subcutaneous WAT from obese individuals. Alternatively, in a similar study analysing 

visceral and subcutaneous WAT secretome from obese individuals (256), an enrichment of 



143 

 

proteins that participate in the remodelling of the ECM was observed in both depots. Both 

studies are in line with the remodelling of ECM in adipose tissues, particularly visceral depots, 

and their inflammation seen in response to a situation of nutrient excess such as obesity.  

Concerning the secretome of BAT in control mice, our study failed to identify some classic 

“batokines” such as FGF-21, NRG4, NGF, BMP8B, VEGFA, and only IL-6 was detected.  Secreted 

proteins highly abundant in BAT secretome were related to the metabolism of lipids, 

especially cholesterol, akin to those from inguinal WAT.  

BAT from PGC-1α/β-FAT-DKO mice displayed impaired non-shivering thermogenesis and a 

certain grade of “whitening” compared to BAT from Wt mice. These alterations were 

accompanied by a shift in the secretome of this tissue towards a WAT-like secretome. In this 

sense, BAT secretome from PGC-1α/β-FAT-DKO mice was enriched in typical WAT proteins 

such as adiponectin, leptin, resistin, dermatopontin, IL-6 or RBP-4 compared to that from Wt 

mice. Moreover, biological processes related to the ECM remodelling and immune response 

were predominant in BAT secretome from PGC-1α/β-FAT-DKO mice. In accordance with our 

data, the study of Rangel-Azevedo et al. (257), reported that progressive “whitening” of BAT 

from HFD-fed mice is associated with decreased thermogenic function and altered expression 

of genes encoding for BAT secreted factors. 

It is interesting to highlight that our proteomic analysis of the secretome of adipose tissues 

revealed that most differences between Wt and PGC-1α/β-FAT-DKO mice were dependent on 

the adipose tissue depot considered. Thus, whereas most proteins seem to be conserved in 

the secretome of WAT depots between Wt and PGC-1α/β-FAT-DKO mice, many proteins 

appeared differently secreted by BAT between genotypes. 126 proteins were found to be 

distinctly secreted by BAT from PGC-1α/β-FAT-DKO mice. Contrary, the number of proteins 

differentially secreted by WAT of Wt and PGC-1α/β-FAT-DKO mice was very low: only 3 

proteins appeared differentially secreted by gonadal WAT and 1 protein in inguinal WAT. 

Therefore, our data indicated that deletion of PGC-1s in BAT severely impacted the secretory 

capacity of the tissue, an effect almost neglected in WAT depots. Given the fact that BAT mass 

and activity are proven to inversely correlate with obesity and T2D (144,147), these results 

opened the possibility of a BAT-pancreatic crosstalk that specifically modulates glucose 

homeostasis. 

Amongst the proteins differentially secreted in media by BAT from Wt and PGC-1α/β-FAT-

DKO mice, 102 were up-regulated in PGC-1α/β-FAT-DKO mice and 24 proteins were down-

regulated in these mice. The proteomic analysis revealed that many of the proteins highly 

secreted by BAT from PGC-1α/β-FAT-DKO mice were typically related to WAT, including CFD, 

dermatopontin, resistin, SPARCL-1, adipsin, RBP4 and adiponectin. These results agreed with 

the acquisition of a WAT-like phenotype by BAT from these mice. According to Villarroya et 

al. (154), BAT activation involves the secretion of molecules that participate in the 

reorganization of the ECM and the immune system to adapt to the expansion of the tissue. 

Akin to the study of this author, we found many proteins involving the ECM to be highly 

secreted by BAT from PGC-1α/β-FAT-DKO mice, such as laminin subunit alpha 4 and beta 1, 

nidogen-1, fibronectin, SPARC, SPARCL1, fibronectin, collagen proteins or MMP2. As well, we 

found proteins from the complement such as complement factor B and complement C3, and 
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inflammatory proteins such as CCL7, CXCL1, CXCL5 and kininogen 1 more secreted in these 

mice. Despite these coincidences, primary defects in ECM remodelling through the chronic 

accumulation of fibrotic proteins are sufficient to disrupt BAT recruitment and function. For 

instance, in the study from Pellegrinelli et al. (258), inactive BAT of HFD-fed mice displayed 

and enrichment of fibro-inflammatory proteins, showing that BAT “whitening” was associated 

with higher levels of collagen deposition around adipocytes. Hence, the enrichment of 

proteins from the ECM and the complement system in BAT secreted media from PGC-1α/β-

FAT-DKO mice suggests an incapacity of this tissue to accommodate to the nutritional cue, 

thereby losing functionality and suffering a process of “whitening”. Contrarily, the proteins 

highly secreted by BAT from Wt mice were related to the metabolism and transport of lipids 

inside brown adipocytes to adapt to the increased amounts of lipids given by the diet. They 

included: FABP3, FABP4, lysophospholipase, carbonyl reductase 4, carbonic anhydrase 1 and 

carbonic anhydrase 2. 

Amongst the proteins differentially secreted by BAT from PGC-1α/β-FAT-DKO mice, we 

attempt to identify the ones with a potential endocrine capacity to signal pancreas. For this, 

we quantified the concentrations of these proteins in serum of these mice either by targeted 

proteomics or ELISA. Unfortunately, targeted proteomics has a threshold limit for the 

detection of proteins of, approximately, 0.1-1 mg/L. Therefore, the lower sensitivity of this 

technique only allowed us to detect up to 53 proteins from the 126 differentially detected. 

By contrast, despite ELISA is more sensitive than targeted proteomics, the major pitfalls of 

the technique are their cost, the requirement of higher amounts of serum and the lack of 

commercially available kits to test all the proteins to be evaluated. These factors limited the 

number of proteins that we could identify by ELISA, although the study is ongoing and 

measure of the remaining candidates are in course.  

By using both targeted proteomics and ELISA, we ended up by identifying 3 proteins 

differentially found in serum from PGC-1α/β-FAT-DKO compared to Wt mice. Kininogen-1 and 

resistin were found increased in serum of PGC-1α/β-FAT-DKO mice, whereas fibrinogen 

gamma chain was decreased. 

Fibrinogen gamma chain is one of the three polypeptides that form fibrinogen, a compound 

involved in the blood coagulation cascade through its conversion to fibrin to form the blood 

clot (259). Serum levels of fibrinogen are increased in diabetic individuals with 

hyperglycaemia, promoting the formation of blood clots (259,260). Moreover, formation of 

fibrin from fibrinogen positively correlates with insulin secretion and β-cell mass in cultured 

pancreatic islets (261). Hence, reduced serum levels of fibrinogen gamma chain in PGC-1α/β-

FAT-DKO mice may negatively impact insulin secretion in pancreatic islets from these mice.  

Kininogen-1 participates in the kallikrein-kinin system as a precursor of the kinins bradykinin 

and kallidin. Aside from the mediation of inflammation, blood pressure and pain, this system 

seems to enhance glucose uptake and promote insulin and glucagon secretion (262). 

Accordingly, plasma levels of kininogen-1, kallikrein and bradykinin are reduced in diabetic 

subjects (263,264). In this regard, it is unlikely that kininogen-1 would mediate the deleterious 

effects on β-cells to impair insulin secretion in PGC-1α/β-FAT-DKO mice. Some other studies 

argue, however, that this system mediates the destruction of pancreatic β-cells, thereby 
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disrupting insulin secretion (265). Hence, although we have not observed and reduction in β-

cell mass, we cannot totally rule out the possibility that increased secretion of kininogen-1 in 

PGC-1α/β-FAT-DKO mice could exert deleterious effects on insulin secretion in pancreatic 

islets from these mice.  

Finally, resistin is a classical WAT adipokine highly secreted in HFD-induced obese and T2D 

individuals, both in human and in mice (266). This molecule promotes the accumulation of fat 

in adipocytes and induces insulin resistance in many tissues (267). However, insulin resistance 

appeared to be preserved in PGC-1α/β-FAT-DKO mice. Studies reporting the effect of resistin 

on insulin secretion are, however, scarce and often contradictory. In the study from Nakata 

et al. (268), the authors found that non-obese mice overexpressing resistin exhibited impaired 

insulin secretion in response to glucose. These data would be compatible with resistin 

mediating the pancreatic phenotype observed in PGC-1α/β-FAT-DKO mice. In addition, 24 h 

of resistin treatment of pancreatic islets induced insulin resistance in the islets and impaired 

GSIS by elevating basal insulin secretion and supressing glucose-stimulated secretion, an 

effect that does not align with our observations in PGC-1α/β-FAT-DKO mice, which show low 

basal insulin secretion. However, these are coincident with our studies in INS-1 cells treated 

with recombinant resistin, which show high levels of basal insulin secretion. Based on this 

study, although resistin seems to have a detrimental effect on cultured β-cells, it is unlikely 

that increase circulating levels in PGC-1α/β-FAT-DKO mice are the main cause of the impaired 

pancreatic functionality observed in these mice when fed a HFD. 

On the other hand, in a study from Wen et al. (269) performed in MIN6, a pancreatic β-cell-

like cell line, insulin secretion was reduced both at basal and stimulatory concentrations of 

glucose when a dose of 50 ng/mL of resistin was used. These data, instead, would be 

compatible with our findings in PGC-1α/β-FAT-DKO mice and one of the experiments using 

isolated islets, in which basal and glucose-stimulated insulin levels were reduced.   

For the study of insulin secretion in PGC-1α/β-FAT-DKO mice both pancreatic islets and INS-1 

cells were used. Given the complexity of pancreatic islets compared to cultured cells and the 

fact that pancreatic islets are continuously exposed to molecules from PGC-1α/β-FAT-DKO 

mice, isolated pancreatic islets would be a preferred model for being closer to reality. This 

would contribute to shed some light on the effects that resistin has on β-cells. 

To conclude, in this work we have shown that specific deletion of PGC-1 co-activators in 

adipose tissues leads to a decrease in mitochondrial function both in WAT and BAT. Despite 

this, BAT from PGC-1α/β-FAT-DKO mice display a more severe phenotype, especially when 

fed a HFD60. In fact, impaired non-shivering thermogenesis is accompanied by the 

“whitening” of BAT in these mice, characterised by the accumulation of fat in brown 

adipocytes and the acquisition of a WAT-like phenotype. When fed a HFD60, PGC-1α/β-FAT-

DKO mice gain more body and adipose tissue weight than Wt mice. Moreover, they are 

glucose intolerance independently from body weight. Although PGC-1α/β-FAT-DKO mice 

preserve insulin tolerance, they present lower basal and glucose-stimulated insulin levels 

compared to control mice. To evaluate the pancreatic mechanisms driving this reduction, we 

have assessed pancreatic islets as well as pancreatic β-cells. However, it is still unclear 

whether pancreatic islets from PGC-1α/β-FAT-DKO mice secrete less insulin than those from 



146 

 

Wt mice and the molecular and cellular mechanisms involved. Irrespectively of this, BAT 

secretome, but not WAT, is altered in PGC-1α/β-FAT-DKO mice, identifying up to 126 proteins 

with the potential to mediate the BAT-pancreatic crosstalk and impact pancreatic function. 

Amongst these proteins, at least 3 are altered in serum from these mice, but resistin does not 

seem to influence, solely, pancreatic functionality, at least based on our experiment with 

cultured INS-1 cells. 

Further studies are needed to explore the effects that resistin, kininogen-1 and fibrinogen 

gamma chain have on insulin secretion. Moreover, the remaining proteins from BAT 

secretome that have still not been evaluated in serum from PGC-1α/β-FAT-DKO will need to 

be measured. Irrespectively of this, it also remains to be clarified the precise defect existing 

in β-cells or pancreatic islets from PGC-1α/β-FAT-DKO mice and whether interruption of the 

BAT-pancreatic crosstalk only affects insulin secretion or it also disrupts the response to 

glucose. Nevertheless, our study highlights the relevance of BAT in the control of glucose 

homeostasis, particularly the relevance that proteins secreted by BAT may have on the 

adequate function of pancreatic β-cells. The identification of the adipokines secreted by BAT 

that control insulin secretion opens the door to the development of new therapeutic 

strategies for the treatment of T2D  based on the administration of modified variant of these 

molecules with capacity to enhance insulin secretion. 

 

 

 

 

 

 

 

 



 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 
 

 

6. CONCLUSIONS 
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6. Conclusions 

1) Lack of PGC-1 co-activators leads to a reduction in the expression of mitochondrial genes 

in both white and brown adipose tissue. 

2) Impaired expression of mitochondrial genes in brown adipose tissue as a result of lacking 

PGC-1 co-activators leads to impaired thermogenesis and cold sensitivity. Despite impaired 

BAT function, PGC-1α/β-FAT-DKO mice do not develop obesity or show any sign of altered 

glucose homeostasis when fed a regular chow diet. 

3) When fed with a very high caloric content from fat, PGC-1α/β-FAT-DKO male mice show a 

higher, although mild, increased in body weight and adiposity compared to Wt littermates. 

4) Both male and female PGC-1α/β-FAT-DKO mice develop, independently of body weight, 

severe glucose intolerance when fed a high fat diet, but maintain similar insulin sensitivity 

than Wt littermates. 

5) Glucose intolerance in PGC-1α/β-FAT-DKO mice appears to be the result of an impaired 

capacity of pancreatic β-cells to secrete insulin under basal and glucose-stimulated 

conditions. 

6) Despite lower insulin secretion, morphometric analysis of pancreas revealed no differences 

between Wt and PGC-1α/β-FAT-DKO mice in the density of islets, α-, β- or δ-cell mass, or the 

maturation of insulin granules. 

7) Similarly, no differences were found between Wt and PGC-1α/β-FAT-DKO mice in the 

expression of genes involved in pathways related with normal or pathogenic secretion of 

insulin, including β-cell maturation, mitochondrial function, insulin synthesis and secretion or 

the unfolded protein response. 

8) Untargeted proteomic analysis of the secretome from adipose tissue explants revealed that 

lack of PGC-1 co-activators in adipocytes severely affects the secretory activity of brown 

adipose tissue, but has a minor impact on the secretome of white adipose tissues. 

9) An enrichment analysis proteins revealed that most of the differentially secreted by brown 

adipose tissue of PGC-1α/β-FAT-DKO mice fit into the categories of proteins related to the 

extracellular matrix, complement activation or immune response. 

10) Targeted proteomics in serum identified 3 potential candidates (resistin, kininigen-1 and 

figronectin gamma chain) to mediate the crosstalk between brown adipose tissue and β-cells 

that could be accountable for the decrease insulin secretion and glucose intolerance observed 

in PGC-1α/β-FAT-DKO mice. 

11) Treatment of cultured INS-1 β-cells with resistin increases basal insulin secretion but it 

does not affect glucose-stimulated insulin secretion. On this basis, it is unlikely that resistin is 

the molecule responsible for the pancreatic phenotype observed in PGC-1α/β-FAT-DKO mice.
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SUPPLEMENTARY TABLE 8.1: LIST OF PRIMERS USED IN THIS STUDY FOR REAL-TIME 

QUANTITATIVE PCR 

Gene 
symbol 

Entrez 
ID 

Forward primer Reverse primer 

Aco2 11429 TCTCTAACAACCTGCTCATCGG TCATCTCCAATCACCACCCACC 

AdipoQ 11450 TGTTCCTCTTAATCCTGCCCA CCAACCTGCACAAGTTCCCTT 

Adrb3 11556 GGCCCTCTCTAGTTCCCAG TAGCCATCAAACCTGTTGAGC 

Atp5b 11947 GCAAGGCAGGGACAGCAGA CCCAAGGTCTCAGGACCAACA 

Ccl2 20296 CAAGATGATCCCAATGAGTAG  TTGGTGACAAAAACTACAGC 

Ccl7 20306 GCTGCTTTCAGCATCCAAGTG  CCAGGGACACCGACTACTG 

Cd11c 16411 CTGGATAGCCTTTCTTCTGCTG  GCACACTGTGTCCGAACTCA 

Cfd 11537 TTTAAGCTATCCCAGAATGC GATTGACACTCTGAGTTGATG 

Chop 13198 CTGGAAGCCTGGTATGAGGAT CAGGGTCAAGAGTAGTGAAGGT 

Cidea 12683 CCTCGGCTGTCTCAATGTC GGCTGCTCTTCTGTATGC 

Cox7a1 12865 GACAATGACCTCCCAGTACAC GCCCAGCCCAAGCAGTATAAG 

Coxii 17709 TCTCCCCTCTCTACGCATTCTA ACGGATTGGAAGTTCTATTGGC 

Coxiv 12857 CCATGTCACGATGCTGTCTG GATGCGGTACAACTGAACTTTCT 

Cycs 13063 CACGGCTCTCCCTTTCTCAAG ACAGTTGCCTCCTGGTGGTTA 

Dio2 13371 CAGCTTCCTCCTAGATGCCTA  CTGATTCAGGATTGGAGACGTG 

Foxo1 56458 AAACACATATTGAGCCACTG TCTACTCTGTTTGAAGGAGG 

Gapdh 14433 TCAACGGGAAGCCCATCA CTCGTGGTTCACACCCATCA 

Gcg 14526 ACCTTTACCAGTGATGTGAG GTGGCAAGATTATCCAGAATG 

Gck 103988 AGGAGGCCAGTGTAAAGATGT CTCCCAGGTCTAAGGAGAGAAA 

Glp1r 14652 ACAGTGGGGTACGCACTTTC CGGAGGATGAAGGATGCAAAC 

Glut1 20525 ATCTCCACACTGTAGTCTTC   AGCTCAGAGTTCGGTATTAG 

Glut2 20526 TTGTGCTGCTGGATAAATTC AAATTCAGCAACCATGAACC 

Iapp 15874 CTGAAAGGGATCTTGAGAAATG GAACGAACCAAAAAGTTTGC 

Igfbp3 16009 CTGAATCATCTGAAGTTCCTC GGCACTGCTTCTTCTTATAG 

Il1b 16176 GAAATGCCACCTTTTGACAGTG  TGGATGCTCTCATCAGGACAG 

Ins1 16333 GAGGTACTTTGGACTATAAAGC TTGAAACAATGACCTGCTTG 

Ins2 16334 AGCAGGAAGGTTATTGTTTC ACATGGGTGTGTAGAAGAAG 

Leptin 16846 GACACCAAAACCCTCATCAAGAC  GGTGAAGCCCAGGAATGAAGT 

Lhx8 16875 GGCAGAAAGGACAGGCTTAAG GAGGAAGAATGGTTGGGACTG 

Mafa 378435 CATCCGACTGAAACAGAAG ATTTCTCCTTGTACAGGTCC 

Mdh2 17448 GCCCAGGAAACCAGGAATG GATGGGGATGGTGGAGTTCA 

Meox2 17286 GAGAAGAGAAGTGGCAGCAAA TTCTGGAACCACACTTTCACC 

Nd2 17717 ATACTTCGTCACACAAGCAACA GGCCTAGTTTTATGGATAGGGCT 

Ndufb9 66218 AAGGTGCTGCGGCTGTATAAG TACGGCTGAGGATGCTGATTC 

Nkx6.1 18096 GAGAGTCAGGTCAAGGTC TTGTTGTAATCGTCGTCATC 

Nos2 18126 TTTTGCATGACACTCTTCAC ACTGGTTGATGAACTCAATG 

Pax6 18508 TTTGAGAGGACCCATTATCC AACCATACCTGTATTCTTGC 

Pcsk1 18548 GAGGCAAACCCAAATCTTAC TAGCAAGCCAAATCCAAATC 

Pcsk2 18549 ACTGCCTTGTATGATGAGAG TCAGAGTACAGTTGCCATAC 

Pdk1 228026 AGGATCTGACTGTGAAGATG TGGAAGTACTGTGCATAGAG 

Pdk4 27273 GTTCCTTCACACCTTCACCAC CCTCCTCGGTCAGAAATCTTG 

Ppargc1a 19017 GGAGCCGTGACCACTGACA TGGTTTGCTGCATGGTTCTG 

Ppargc1b 170826 AGTGGGTGCGGAGACACAGATG GTATGGAGGTGTGGTGGGTGGC 
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Prdm16 70673 AAGATGGAAATCGGGGAGAGG CAGGAACACGCTACACGGATG 

Resistin 57264 AAGAACCTTTCATTTCCCCTCCT GTCCAGCAATTTAAGCCAATGTT 

Sdhb 67680 TACCGATGGGACCCAGACA  CGTGTGCACGCCAGAGTAT 

Sst 20604 CAACCAGACAGAGAATGATG AACAGGATGTGAATGTCTTC 

Stx1a 20907 AGATGATTGACAGGATCGAG GTGGTTTCTATCCAAAGATGC 

Syp 20977 AGATCTTCCTAGTTGGTGAC CTAACTAGCCACATGAAAGC 

Tnfa 21926 CTTCTCATTCCTGCTTGTGGC ACTTGGTGGTTTGCTACGACG 

Ucp1 22227 AGCCATCTGCATGGGATCAAA  GGGTCGTCCCTTTCCAAAGTG 

Unc13b 22249 ACTCTATGCAGAGTTACGAC ACTAGAATGAATGGAGTCCC 

Uqcr10 66152 CGAGCGAGCCTTCGATCAG  GTTTCCCCTCGTTGATGTGCT 

Vamp2 22318 ATCATCGTTTACTTCAGCAC TGAAAGATATGGCTGAGAGG 

Xbp1 22433 GAAGAAGAGAACCACAAACTC GTGTTCTTAACTCCTGGTTC 

Zic1 22771 CCACAAAAGGACACACACAGG GGGGTGCGTGTAGGACTTATC 
 

Supplementary Table 8.1. List of primers used in this study for real-time quantitative PCR. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



181 

 

SUPPLEMENTARY TABLE 8.2: LIST OF PEPTIDES ORDERED FOR THE TARGETED PROTEOMICS 

STUDY 

Protein 
ID 

Peptide sequence      Molecular  
Weight 

O08677 AYFP[C(CAM)]IG[C(CAM)]VHAISTDSPDLEPVL(K) 2,698.13 

 EVLGHSIAQLNAENDHPFYY(K) 2,453.67 

 DAEEAATGE[C(CAM)]TATVGK(R) 1,775.90 

P00920 AVQQPDGLAVLGIFL(K) 1,677.01 

 YAAELHLVHWNT(K) 1,589.80 

 PALQPLLISYD(K) 1,365.62 

P01027 VDVPAADLSDQVPDTDSET(R) 2,140.22 

 YVTVVANFGETVVE(K) 1,662.88 

 SELEEDIIPEEDIIS(R) 1,897.04 

P01887 ILAHTEFTPTETDTYA[C(CAM)](R) 2,136.35 

 TPQIQVYS(R) 1,101.23 

 DWSFYILAHTEFTPTETDTYA[C(CAM)](R) 2,835.08 

P02469 LHTLGDNLLDS(R) 1,363.51 

 EGFYDLSAEDPYG[C(CAM)](K) 1,758.87 

 YSDIEPSTEGEVIF(R) 1,751.88 

P03953 GDSGSPLV[C(CAM)]GDAVEGVVTWGS(R) 2,215.41 

 RPDVLHQL(R) 1,143.33 

 LSQNASLGPHVRPLPLQYED(K) 2,370.68 

P04186 YGQTLRPI[C(CAM)]LP[C(CAM)]TEGTT(R) 2,133.47 

 STGSWSDLQT(R) 1,247.30 

 DLEIEEVLFHP(K) 1,476.68 

P06909 T[C(CAM)]GDIPELEHGSA(K) 1,521.67 

 [C(CAM)]TAQGWEPEVP[C(CAM)]V(R) 1,698.94 

 IYSHSGEDIEFG[C(CAM)](K) 1,649.79 

P07309 TAESGELHGLTTDE(K) 1,595.67 

 TLGISPFHEFADVVFTANDSGH(R) 2,527.75 

 TSEGSWEPFASG(K) 1,390.46 

P07758 IFNNGADLSGITEENAPL(K) 2,011.21 

 DQSPASHEIATNLGDFAISLY(R) 2,415.61 

 VINDFVEKGTQG(K) 1,442.62 

P08113 ELISNASDALD(K) 1,283.39 

 GVVDSDDLPLNVS(R) 1,495.62 

 EESDDEAAVEEEEEE(K) 1,874.79 

P08226 ELEEQLGPVAEET(R) 1,609.73 

 TANLGAGAAQPL(R) 1,249.41 

 LQAEIFQA(R) 1,085.24 

P08905 GDQSTDYGIFQINS(R) 1,710.78 

 AVNA[C(CAM)]GIN[C(CAM)]SALLQDDITAAIQ[C(CAM)]A(K) 2,686.11 

 STDYGIFQINS(R) 1,410.51 

P10923 LYSLHPDPIATWLVPDPSQ(K) 2,285.61 

 LPVKVTDSGSSEE(K) 1,483.62 

 ESQESADQSDVIDSQASS(K) 2,019.01 

P11087 SGEYWIDPNQG[C(CAM)]NLDAI(K) 2,088.28 
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 ALLLQGSNEIEL(R) 1,465.68 

 FTYSTLVDG[C(CAM)]TSHTGTWG(K) 2,126.33 

P11276 HALQSASAGSGSFTDV(R) 1,700.80 

 TYLGNALV[C(CAM)]T[C(CAM)]YGGS(R) 1,802.05 

 FLTTTPNSLLVSWQAP(R) 1,941.23 

P11680 S[C(CAM)]LHVPV[C(CAM)]KDPEE(K) 1,705.99 

 S[C(CAM)]SAPAPSHQPPGKP[C(CAM)]SGPAYEH(K) 2,555.84 

 VED[C(CAM)][C(CAM)]LNAAYAFQEHDGGL[C(CAM)]QA[C(CAM)](R) 2,855.19 

P12032 LESDTH[C(CAM)]LWTDQVLVGSEDYQS(R) 2,748.95 

 HFA[C(CAM)]LP(R) 910.09 

 TYSAG[C(CAM)]GV[C(CAM)]TVFP[C(CAM)]LSIP[C(CAM)](K) 2,285.75 

P13020 SGALNSNDAFVL(K) 1,343.49 

 VPVDPATYGQFYGGDSYIILYNY(R) 2,782.05 

 SQHVQVEEGSEPDAFWEALGG(K) 2,408.55 

P13634 EIVNVGHSFHVIFDDSSNQSVL(K) 2,579.84 

 YSGELHLVHWNSA(K) 1,648.82 

 TSEANHDSSLKPLSISYNPATA(K) 2,439.64 

P14211 VHVIFNY(K) 1,027.21 

 HEQNID[C(CAM)]GGGYV(K) 1,484.61 

 I)DPDAAKPEDWDE(R) 1,666.74 

P18242 GG[C(CAM)]EAIVDTGTSLLVGPVEEV(K) 2,238.55 

 YYHGELSYLNVT(R) 1,624.77 

 ILDIA[C(CAM)]WVHH(K) 1,399.68 

P21460 ALDFAVSEYN(K) 1,264.38 

 AL[C(CAM)]SFQIYSVPW(K) 1,606.90 

 KAL[C(CAM)]SFQIYSVPW(K) 1,735.07 

P22599 LVQIHIP(R) 985.21 

 LSISGDYNL(K) 1,117.25 

 ELDQDTVFALANYILF(K) 2,008.28 

P28665 TTLVTIQSTGSFSQ(K) 1,605.79 

 LQVTASPQSL[C(CAM)]GL(R) 1,539.80 

 FSTSQSLPASQT(R) 1,419.53 

P29699 PPASVVVGPVVVP(R) 1,382.68 

 HAFSPVASVESASGETLHSP(K) 2,146.33 

 AQNVPLPVSTLVEFVIAATD[C(CAM)]TA(K) 2,552.98 

P39061 TETTGATGQASSLLSG(R) 1,646.74 

 VSPVH[C(CAM)]LDEEDDDED(R) 1,939.97 

 GADFQ[C(CAM)]FQQA(R) 1,337.46 

P46412 YVRPGGGFVPNFQLFE(K) 1,963.25 

 FLVGPDGIPVM(R) 1,310.60 

 NS[C(CAM)]PPTAELLGSPG(R) 1,565.75 

P47879 EEPRPVPQGS[C(CAM)]QSELH(R) 2,016.21 

 THEDLFIIPIPN[C(CAM)]D(R) 1,850.11 

 [C(CAM)]RPPVG[C(CAM)]EELV(R) 1,481.76 

P55065 FLEQELETITIPDVYGA(K) 2,074.34 

 TGLQLSQDSSG(R) 1,258.32 

 GVQIPLPEGINFV(R) 1,548.82 

P70663 GHQLQLDYFGA[C(CAM)](K) 1,544.75 
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 ILTHSELAPL(R) 1,259.49 

 LLAGDHPIELLL(R) 1,469.76 

P82198 IPAETLN(R) 923.05 

 GDELADSALEIF(K) 1,415.55 

 STVISYE[C(CAM)][C(CAM)]PGYE(K) 1,700.91 

P97290 GVTSVSQIFHSPDLAI(R) 1,837.08 

 VLGPDSAANLELINTWVAENTNH(K) 2,614.89 

 LSEALTDFSV(K) 1,217.37 

P97298 LTFPLDYHLNQPFLFVL(R) 2,243.65 

 ALYYDLITNPDIHSTY(K) 2,035.25 

 LAAAVSNFGYDLY(R) 1,569.74 

Q00724 LQNLDGT[C(CAM)]ADSYSFVFS(R) 2,090.28 

 YWGVASFLQ(R) 1,236.40 

 FSGLWYAIA(K) 1,163.36 

Q02819 YLQEVINVLETDGHF(R) 1,943.16 

 LSQELDFVSHNV(R) 1,553.71 

 LVTLEEFLASTQ(R) 1,516.73 

Q60590 RPDITPEL(R) 1,106.26 

 YEGGVETFAHLIVL(R) 1,713.96 

 ESQTIGDQ[C(CAM)]VYNSTHLGFQ(R) 2,350.53 

Q60994 IFYNQQNHYDGSTG(K) 1,779.86 

 AVLFTYDQYQE(K) 1,512.66 

 SAFSVGLET(R) 1,076.19 

Q61147 TESSTVVPTLPGEV(R) 1,581.76 

 EDSA[C(CAM)]IPWAYYSTVD(R) 1,943.09 

 DLYSGLIGPLIV[C(CAM)](R) 1,585.91 

Q61171 EGGLGPLNIPLLADVT(K) 1,715.01 

 SAPDFTATAVVDGAF(K) 1,604.77 

 LG[C(CAM)]EVLGVSVDSQFTHLAWINTP(R) 2,710.10 

Q61508 [C(CAM)][C(CAM)]ELPYPEQA[C(CAM)][C(CAM)]GEEE(K) 2,167.44 

 AGPAVPQEAIPLQ(K) 1,426.67 

 AWEGTLDGY[C(CAM)]E(R) 1,466.57 

Q64695 TESGLQIYLTQFESLV(K) 1,964.23 

 TAVWVSGSQEPS(K) 1,383.51 

 YELQEFLQDT[C(CAM)]VEFLENHITTQNM(K) 3,139.51 

Q80Z24 VIVNFAPTIQEI(K) 1,479.77 

 DQAGEYE[C(CAM)]SAENDVSFPDV(K) 2,268.35 

 SSIIFAGGD(K) 1,002.12 

Q91X72 ELGSPPGISLETIDAAFS[C(CAM)]PGSS(R) 2,458.72 

 GE[C(CAM)]QSEGVLFFQGN(R) 1,737.90 

 SGAQATWTEVSWPHE(K) 1,821.95 

Q921I1 AVSSFFSGS[C(CAM)]VP[C(CAM)]ADPVAFP(K) 2,238.59 

 L[C(CAM)]QL[C(CAM)]PG[C(CAM)]G[C(CAM)]SSTQPFFGYVGAF(K) 2,750.23 

 DFQLFSSPLG(K) 1,246.41 

Q8BPB5 [C(CAM)]VNHYGGYL[C(CAM)]LP(K) 1,588.87 

 GSFT[C(CAM)]Q[C(CAM)]LPGYQ(K) 1,553.79 

 [C(CAM)]VNHYGGYL[C(CAM)]LP(K) 1,588.87 

Q8QZR4 ALEQAELP(R) 1,036.17 
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 SYTFDFYVPQ(K) 1,402.54 

 GQSQFQAL[C(CAM)]FVT(R) 1,551.77 

Q8VCM7 YEALLLTHETSI(R) 1,555.76 

 VAQLEAQ[C(CAM)]QEP[C(CAM)](K) 1,568.81 

 DN[C(CAM)][C(CAM)]ILDE(R) 1,204.35 

Q9CZT5 TPEGEEA[C(CAM)]GEANTSQAV(R) 1,916.00 

 ENHVVLASPEET(R) 1,490.61 

 HIQPGAFDALD(R) 1,349.48 

Q9QXC1 RVLYLPAYN[C(CAM)]TLRPVS(K) 2,058.47 

 GSIQHLPELDDEKPEES(K) 2,059.21 

 LVVLPFPG(K) 977.24 

Q9WVJ3 VGAVASLIQSVASFSIYSPHTGIQ(K) 2,568.94 

 LGLLVDTVGP(R) 1,149.37 

 IIVYNQPYTGYE(K) 1,595.78 

Q9Z1T2 NPEQNP[C(CAM)]SVHAQ[C(CAM)]IEE(R) 2,078.27 

 DVDIDSYPDEELP[C(CAM)]SA(R) 1,991.10 

 [C(CAM)]GP[C(CAM)]KPGYTGDQT(R) 1,606.79 
 

Supplementary Table 8.2. List of peptides ordered for targeted proteomics. 
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SUPPLEMENTARY TABLE 8.3: GENE ENRICHMENT ANALYSIS OF UP-REGULATED PROTEINS 

IN BAT SECRETED MEDIA FROM PGC-1α/β-FAT-DKO MICE 

Category GO term #Genes P-Value 

GOTERM_BP Extracellular matrix organization 26 2,30E-16 

GOTERM_BP Negative regulation of peptidase activity 18 2,40E-11 

GOTERM_BP Angiogenesis 25 5,20E-11 

GOTERM_BP Wound healing 16 2,90E-10 

GOTERM_BP Negative regulation of endopeptidase activity 14 8,10E-10 

GOTERM_BP Haemostasis 11 2,40E-09 

GOTERM_BP Blood coagulation 13 4,50E-09 

GOTERM_BP Proteolysis 32 6,60E-09 

GOTERM_BP Cell adhesion 32 1,10E-08 

GOTERM_BP Negative regulation of angiogenesis 13 6,90E-08 

GOTERM_BP Fibrinolysis 7 7,10E-08 

GOTERM_BP Aging 17 9,40E-08 

GOTERM_BP Response to mechanical stimulus 11 1,10E-07 

GOTERM_BP Response to hypoxia 16 1,30E-06 

GOTERM_BP Acute-phase response 8 1,70E-06 

GOTERM_BP Positive regulation of ERK1 and ERK2 cascade 17 1,80E-06 

GOTERM_BP Inflammatory response 22 1,80E-06 

GOTERM_BP Positive regulation of cell migration 17 7,60E-06 

GOTERM_BP Negative regulation of fibrinolysis 5 1,30E-05 

GOTERM_BP Collagen catabolic process 7 2,10E-05 

GOTERM_CC Extracellular region 156 2,50E-75 

GOTERM_CC Extracellular space 151 3,30E-67 

GOTERM_CC Extracellular matrix 42 2,30E-27 

GOTERM_CC Basement membrane 27 1,30E-22 

GOTERM_CC Endoplasmic reticulum 61 5,50E-10 

GOTERM_CC Collagen trimer 13 4,70E-09 

GOTERM_CC Smooth endoplasmic reticulum 9 2,50E-08 

GOTERM_CC Melanosome 13 4,80E-08 

GOTERM_CC Cell surface 35 8,20E-08 

GOTERM_CC Endoplasmic reticulum lumen 13 2,60E-07 

GOTERM_CC Lysosome 25 4,10E-07 

GOTERM_CC Golgi apparatus 48 1,10E-06 

GOTERM_CC Sarcolemma 13 1,80E-06 

GOTERM_CC Macromolecular complex 35 3,80E-06 

GOTERM_CC Perinuclear region of cytoplasm 31 1,40E-05 

GOTERM_CC Caveola 10 1,80E-05 

GOTERM_CC External side of plasma membrane 28 2,10E-05 
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GOTERM_CC Synapse 35 2,30E-05 

GOTERM_CC Endoplasmic reticulum chaperone complex 5 2,60E-05 

GOTERM_CC Fibrinogen complex 4 7,30E-05 
 

Supplementary Table 8.3. Gene enrichment analysis of up-regulated proteins in BAT secreted media from 

PGC-1α/β-FAT-DKO using DAVID bioinformatic source (P≤0.05; FC>2). The “Biological Process” (GOTERM_BP) 

and “Cellular compartment” (GOTERM_CC) terms are shown. The 20 lowest P-value categories from each term 

are displayed. 
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SUPPLEMENTARY TABLE 8.4: GENE ENRICHMENT ANALYSIS OF DOWN-REGULATED 

PROTEINS IN BAT SECRETED MEDIA FROM PGC-1α/β-FAT-DKO MICE 

Category GO term #Genes P-Value 

GOTERM_BP Mitochondrial ATP synthesis coupled proton transport 23 2,40E-24 

GOTERM_BP Aerobic respiration 23 6,80E-23 

GOTERM_BP Tricarboxylic acid cycle 16 3,40E-19 

GOTERM_BP Mitochondrial respiratory chain complex I assembly 17 8,60E-16 

GOTERM_BP Mitochondrial electron transport, NADH to ubiquinone 11 2,60E-12 

GOTERM_BP Response to oxidative stress 17 6,60E-10 

GOTERM_BP 2-oxoglutarate metabolic process 8 3,10E-09 

GOTERM_BP Cellular respiration 9 3,40E-09 

GOTERM_BP Fatty acid metabolic process 19 3,70E-09 

GOTERM_BP Respiratory electron transport chain 9 4,80E-09 

GOTERM_BP Succinate metabolic process 6 1,70E-08 

GOTERM_BP Mitochondrial electron transport, ubiquinol to 
Fytochrome c 

7 1,90E-08 

GOTERM_BP Fatty acid beta-oxidation using acyl-CoA dehydrogenase 6 5,90E-07 

GOTERM_BP Succinyl-CoA metabolic process 5 1,80E-06 

GOTERM_BP Mitochondrial electron transport, cytochrome c to 
oxygen 

6 1,00E-05 

GOTERM_BP Fatty acid beta-oxidation 8 1,00E-05 

GOTERM_BP Apoptotic mitochondrial changes 6 2,70E-05 

GOTERM_BP NADH metabolic process 5 1,10E-04 

GOTERM_BP Fatty acid biosynthetic process 8 1,40E-04 

GOTERM_BP Electron transport chain 5 2,20E-04 

GOTERM_CC Mitochondrion 168 2,60E-90 

GOTERM_CC Mitochondrial inner membrane 71 4,50E-46 

GOTERM_CC Respiratory chain 27 1,80E-31 

GOTERM_CC Mitochondrial matrix 38 1,90E-26 

GOTERM_CC Mitochondrial respiratory chain complex I 20 6,30E-22 

GOTERM_CC Myelin sheath 30 7,60E-21 

GOTERM_CC Mitochondrial intermembrane space 21 5,90E-17 

GOTERM_CC Mitochondrial respiratory chain complex IV 10 3,70E-11 

GOTERM_CC Mitochondrial membrane 15 2,40E-07 

GOTERM_CC Mitochondrial intermembrane space protein 
transporter complex 

5 2,50E-07 

GOTERM_CC Mitochondrial respiratory chain complex III 6 5,40E-07 

GOTERM_CC Mitochondrial nucleoid 7 7,90E-05 

GOTERM_CC Cortical cytoskeleton 5 1,10E-03 

GOTERM_CC Extrinsic component of mitochondrial inner membrane 4 2,00E-03 

GOTERM_CC Oxoglutarate dehydrogenase complex 3 2,20E-03 
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GOTERM_CC Cytosol 86 2,20E-03 

GOTERM_CC Mitochondrial inner membrane protein insertion 
complex 

3 4,50E-03 

GOTERM_CC Pyruvate dehydrogenase complex 3 5,90E-03 

GOTERM_CC Mitochondrial pyruvate dehydrogenase complex 3 5,90E-03 

GOTERM_CC Perinuclear region of cytoplasm 23 6,20E-03 
 

Supplementary Table 8.4. Gene enrichment analysis of down-regulated proteins in BAT secreted media from 

PGC-1α/β-FAT-DKO using DAVID bioinformatic source (P≤0.05; FC>2). The “Biological Process” (GOTERM_BP) 

and “Cellular compartment” (GOTERM_CC) terms are shown. The 20 lowest P-value categories from each term 

are displayed. 
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SUPPLEMENTARY TABLE 8.5: PROTEINS DIFFERENTLY FOUND IN SECRETED MEDIA OF 

GONADAL AND INGUINAL WAT DEPOTS FROM WT AND PGC-1α/β-FAT-DKO MICE 

  Tissue 
Proteins 
ID 

Gene 
symbol 

      P-Value 
Fold 
Change 

Highest 
condition 

Gonadal 
WAT 

Q8C0D9 Cep68 0.017 2.655 DKO 

Q9JIK5 Ddx21 0.033 2.040 DKO 

O35181 Nrg3 0.015 2.257 WT 

P03953 Cfd 0.019 52.814 WT 

P12804 Fgl2 0.024 2.759 WT 

P21460 Cst3 0.035 2.081 WT 

P28862 Mmp3 0.032 2.200 WT 

P45700 Man1a 0.019 2.942 WT 

P50228 Cxcl5 0.049 3.101 WT 

P97290 Serping1 0.035 2.232 WT 

Q03350 Thbs2 0.049 2.861 WT 

Q08761 Pros1 0.031 3.029 WT 

Q60994 Adipoq 0.043 2.322 WT 

Q8CG14 C1s1 0.045 2.098 WT 

Q9D668 Arrdc2 0.006 2.808 WT 

Q9D9T0 Dydc1 0.006 2.241 WT 

Q9QUR8 Sema7a 0.025 2.113 WT 

Q9Z0E6 Gbp2 0.029 3.671 WT 

Inguinal 
WAT 

P62334 Psmc6 0.001 2.026 DKO 

P08071 Ltf 0.003 2.019 WT 
 

Supplementary Table 8.5. Proteins differently found in the secreted media of gonadal and inguinal WAT 

depots from Wt and PGC-1α/β-FAT-DKO (P≤0.05; FC>2).  

 

 

 

 

 

 

 

 

 

 



190 

 

SUPPLEMENTARY TABLE 8.6: ACTIVELY SECRETED PROTEINS BY GONADAL AND INGUINAL 

WAT DEPOTS FROM WT AND PGC-1α/β-FAT-DKO MICE 

  Tissue 
Proteins 
ID 

Gene 
symbol 

 SignalP TargetP SecretomeP 
Highest 
condition 

Gonadal 
WAT 

 

P03953 Cfd 0.807 0.859 0.852 WT 

P21460 Cst3 0.933 0.957 0.928 WT 

Q03350 Thbs2 0.818 0.839 0.74 WT 

Inguinal 
WAT 

P08071 Ltf 0.915 0.953 0.793 WT 
 

Supplementary Table 8.6. Secreted proteins by gonadal and inguinal WAT depots that differ between Wt and 

PGC-1α/β-FAT-DKO. Proteins differently found in secreted media of adipose tissues (P≤0.05; FC>2) were 

filtrated with the VerSeDa platform (SignalP and TargetP > 0.8; SecretomeP > 0.7) and curated to eliminate 

mitochondrial and nuclear proteins. Only 3 proteins in gonadal WAT and 1 in inguinal WAT were obtained, all 

being more secreted by Wt mice. 
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