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Abstract  

The insulin signalling pathway plays a pivotal role in the regulation of cellular and 

organismal metabolism. The phosphoinositide 3-kinase (PI3K) catalytic subunit p110a 

is the principal PI3K catalytic subunit engaged in signalling downstream of insulin 

receptor (IR). Recent research has demonstrated that inhibition of PI3K has beneficial 

effects on adipose tissue metabolism and protects mice as well as primates from 

obesity and metabolic syndrome. Mice with global inactivation of the p110a subunit 

accumulate less body weight with age and have less fat tissue compared to wild type 

mice. Here we have investigated the effects of adipose tissue-specific p110a deletion 

on the metabolic physiology of mice over the course of ageing. We found that adipose 

tissue-specific inactivation of p110a conferred protection from age-related weight gain. 

At the molecular level, this was mediated by potentiation of beta-adrenergic receptor 

signalling, as a result of PI3K p110a inhibition, which impacted on cellular 

phosphodiesterase activity and cAMP levels. The beta-adrenergic receptor signalling 

pathway is well-known to regulate adipose tissue metabolism. The potentiating effect 

of p110a inhibition on adrenergic signalling was evident in young mice and middle-

age mice, but not in very old mice. Inactivation of PI3K p110a potentiated beta-

adrenergic signalling in subcutaneous, but not in visceral, white adipose tissue. Similar 

results were obtained in a cell line of adipocytes derived from mesenchymal stem cells 

isolated from human subcutaneous adipose tissue (hMADS). Moreover, 

pharmacologic inhibition of PI3K p110a promoted mitochondrial metabolism in 

adipocytes. Consistently, beta-adrenergic agonists increased lipolysis and expression 

of uncoupling protein 1 to a greater extent under conditions of p110a inhibition in the 

adipose tissue. Thus, p110a inactivation promoted a so-called ‘browning’ effect in 

white adipose tissue which increased fatty acid catabolism and energy dissipation as 

heat. This might be producing a beneficial metabolic effect by preventing lipotoxicity 

induced by fatty acid accumulation. This in turn might be protecting the adipose tissue 

from fatty acid-induced senescence. 



 9 

Impact statement 

Understanding the fundamental mechanisms of cellular and organismal ageing is a 

key outstanding problem in biology. At the same time, an ageing population is 

increasingly burdensome for society, as it is accompanied by a number of debilitating 

diseases. Recent advances have clearly demonstrated that genes modulate the rate 

of ageing and the development of age-associated diseases. Notably, loss-of-function 

mutations in components of the insulin/IGF-1 signalling pathway extend lifespan and 

healthspan in a diverse range of model organisms. This phenomenon of loss-of-

function mutations in an essential pathway for the regulation of development and 

metabolism producing a beneficial longevity and health effect has been dubbed the 

‘insulin paradox’ and although explanations based on evolutionary theory have been 

proposed, its fundamental molecular mechanisms remain elusive. 

In the present study, we sought to dissect the phenotype ensuing from the 

deletion of PI3K p110a, a key molecule in the transmission of signals emanating from 

the insulin receptor specifically, in the adipose tissue of mice. Mice with partial p110a 

deletion display systemic insulin resistance, but surprisingly, they maintain normal 

glucose tolerance over their life course. As a mechanism to explain this paradoxical 

phenotype, we found that inactivation of p110a potentiates beta-adrenergic signalling 

in adipose tissue. This finding also has important therapeutic implications, as b-

adrenergic signalling, which promotes ‘browning’ of white adipose tissue and 

thermogenic energy expenditure, has been pursued as a therapeutic intervention in 

obesity and its associated comorbidities. Agonists of the b3-adrenergic receptor, 

mainly expressed in adipose tissues, have been tested as potential targets in 

treatment of obesity and its associated pathologies. Unfortunately, these studies have 

shown lack of efficacy, likely due to the low levels of brown adipose tissue and b3-

adrenergic receptors in humans, or because of cardiovascular side effects from cross-

activation of other types of b-adrenergic receptors. The potentiating effect of p110a 

inhibition on adrenergic signalling, demonstrated in the present study, suggests that 

p110a inhibitors could be co-administered with b3-adrenergic agonists to enhance the 

efficacy and safety profile of the latter. Importantly, given that p110a is being pursued 

as a therapeutic target in oncology, there are many small molecule p110α inhibitors 
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currently in clinical trials. Importantly, a b3-adrenergic receptor agonist has been 

clinically approved for indications other than obesity, making the possibility of testing 

a combination of these two compounds realistic. 

In summary, the present study makes important contributions to the scientific 

field of metabolic research and it has practical implications that could be exploited by 

the pharmaceutical industry: First, it provides a reconciliatory for the ‘insulin paradox’ 

paradigm whereby an intervention that impairs insulin signalling can still have a 

beneficial effect that mitigates a negative impact on metabolism. In fact, to the best of 

our knowledge, this is the first study ever to report a mechanism for a beneficial 

metabolic effect resulting from long-term insulin resistance. Second, it reports a 

previously unknown role of PI3-Kinase p110a in adrenergic signalling. Third, it has 

important implications for clinical application in the therapy of obesity and its 

associated pathologies, such as type-2 diabetes. 
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Chapter 1: Introduction 

Ageing is the single most important risk factor for diseases such as cancer, 

neurodegeneration, type II diabetes, and cardiovascular disease. On each day, about 

two-thirds of 150,000 people who die across the world, die from age-related diseases 

(Dillin et al. 2014). Therefore, it is important to define and understand the biological 

basis of ageing. In recent decades, some common denominators (hallmarks) of ageing 

in different organisms have been determined including genomic instability, 

deregulated nutrient sensing, cellular senescence and mitochondrial dysfunction 

(Partridge et al. 2013). Understanding the precise mechanisms by which these 

hallmarks contribute to ageing will be an essential step in the development of 

interventions to improve health in old age. Regarding genes, certain genetic pathways, 

for example, the insulin/IGF-1 signalling pathway and the mTOR signalling pathway 

have been shown to regulate the rate of ageing.  

1.1 The insulin/IGF-1 signalling pathway 

The Insulin/IGF1 signalling (IIS) pathway plays a key role in ageing, as it has been 

shown that mutations in the components of IIS promote lifespan and health span in a 

wide range of model organisms (Gems and Partridge, 2013). The IIS pathway is highly 

interconnected in complex signalling networks (Taniguchi et al, 2006). The insulin 

receptor (IR) belongs to the large class of receptor tyrosine kinases. Upon insulin 

binding, IR is autophosphorylated (Chang and Chuang, 2010). Insulin receptor 

substrates (IRS) bind to phosphotyrosine motifs and become phosphorylated by the 

activated IR. Tyrosine phosphorylated IRS provide docking sites for the SH2 domain-

containing proteins (Pirola et al, 2004). Two main signalling pathways can be activated 

by insulin (Figure 1.1.1): one is the PI3K /Akt pathway, which is involved in most of the 

metabolic actions of insulin. The other one is the Ras/Mitogen-Activated Protein 

Kinase (Ras/MAPK) pathway that regulates gene expression and control cell growth 

and differentiation in cooperation with the PI3K pathway (Taniguchi et al. 2006). 
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Figure 1.1.1 Main signalling cascades in the insulin signalling pathway. Two 

branching pathways are activated by insulin: (a) One is the MAPK signalling pathway 

regulating cell proliferation and survival (b) Another one is the PI3K/AKT signalling pathway 

regulating metabolism and growth. MAPK signalling: Shc: SHC-transforming protein 1; Sos: 

son of sevenless homolog 1; Grb2: growth factor receptor-bound protein 2; MEK: mitogen-

activated protein kinase (MAPK) kinase; Erk1/2: Extracellular signal-regulated kinase (MAPK). 

PI3K/Akt signalling: IRSs: insulin receptor substrates; PI3K: Phosphoinositide 2-kinase; 

PI(4,5)P: phosphatidylinositol 4,5-biphosphate; PI(3,4,5)P: phosphatidylinositol 3,4,5-

triphosphate; PDK1: phosphoinositide-dependent kinase 1; mTORC2: mTOR complex 2; 

AS160: Akt substrate of 160 kDa; GLUT4: glucose transporter type 4; Gsk3b: glycogen 

synthase kinase 3 beta; GS: Glycogen synthase; SIK2: salt inducible kinase 2; CRTC2: CREB 

regulated transcription coactivator 2; CBP: CREB- binding protein; CREB: cAMP response 

element binding protein; FOXO1: Forkhead box protein O1; PDE3B: phosphodiesterase 3B; 

cAMP: cyclic adenosine monophosphate; PKA: protein kinase A; HSL; hormone sensitive 

lipase; SREBP1:sterol regulatory binding protein 1; TSC2: tuberous sclerosis complex 2 

(tuberin); mTOR: mechanistic target of rapamycin; S6K: ribosomal S6 kinase .   
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1.2 Phosphoinositide 3-Kinase (PI3K). 

PI3K plays a key role in the metabolic and mitogenic actions of insulin and insulin-like 

growth factor-1 (Saltiel and Kahn, 2001). PI3K has multiple isoforms which can be 

divided into three classes: class I, II & III. A homologous region is shared by all PI3K 

catalytic subunits. Multiple signals can be transmitted by activated PI3Ks. Certain 

phosphoinositides are phosphorylated by PI3Ks on the 3’-OH position and form 3’- 

phosphorylated phosphoinositides, such as PtdIns(3,4,5)P3 (PIP3) (Figure 1.1.1). A 

variety of signalling molecules contain Pleckstrin Homology (PH) domains, which can 

bind to PIP3 thus changing the activity or localisation of these molecules. Protein 

kinases, adaptor proteins, and regulators of small GTPases are included in PIP3 

downstream effectors, which can mediate signals controlling cell growth, cell cycle, 

migration and metabolism (Kok et al. 2009). Inhibition of PI3Ks blocks many actions 

of insulin such as glucose transport, glycogen and lipid synthesis (Saltiel and Kahn, 

2001). 

Class IA PI3Ks are heterodimers consisting of a p110 catalytic subunit and a 

regulatory subunit that contains two Src-homology-2 (SH2) domains, which can 

interact with phosphorylated tyrosine in IRS protein (Vanhaesebroeck and Waterfield, 

1999). There are three class IA p110 isoforms (p110α, β, and δ), encoded by distinct 

genes, and five isoforms of p85 regulatory subunits in mammals (Figure 1.2.1). p110α, 

encoded by the gene PIK3CA, is ubiquitously expressed in embryos and adult tissues. 

Expression of p110α can be upregulated by the transcription factors Forkhead box 

O3a (FOXO3a) and nuclear factor-kappa B (NF-kB), and it can be downregulated by 

p53 (Kok et al. 2009). Another isoform named p110g is the only one class IB p110 

isoform. 
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Figure.1.2.1 Class 1A PI3K isoform molecular organisation, mode of activation 
and tissue distribution. PI3K is a heterodimer that consists of a 110 kDa catalytic and an 

85 kDa regulatory subunit. p110a and p110b are widely expressed. p110d is expressed 

predominantly in leukocytes. p110a is the principal catalytic subunit acting in insulin signalling. 
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1.2.1 Signalling downstream of Akt. 

Protein kinase B (Akt) is a major protein kinase downstream of PI3K. Its activity is 

involved in cell metabolism and cell growth (Figure 1.1.1). Upon insulin stimulation, 

some components of the insulin signalling transduction pathway will be 

phosphorylated by Akt: 1) Akt phosphorylates and inhibits glycogen synthase kinase 

3 beta (GSK3β). Thus, Akt activation attenuates the inhibitory effect of GSK3β on 

glycogen synthase (GS) and induces glycogen synthesis. 2) In the fed state, Akt 

phosphorylates and activates salt-inducible kinase 2 (SIK2) which inhibits the CRTC2-

CBP-CREB transcription complex activity by excluding it from the nucleus. Akt also 

phosphorylates the transcription factor FOXO1 and promotes the translocation of from 

the nucleus to the cytosol. These result in decreased gluconeogenesis gene 

transcription. 3) Akt regulates glucose transport by phosphorylating and activating 

AS160 (Akt substrate of 160kDa) on Thr642 which promotes GLUT4 translocation to 

the plasma membrane. 4)  Akt indirectly activates mTOR by phosphorylating and 

inhibiting TSC2. 5) Lipogenesis is promoted by Akt through the phosphorylation and 

activation of sterol regulatory element-binding protein 1 (SREBP1). Additionally, 

mTOR activation impairs the repressive effect of Lipin1, a phosphatidic acid 

phosphatase, on SREBP1. 6) Upon insulin stimulation, activated Akt phosphorylates 

and activates phosphodiesterase 3B (PDE3B) that reduces cyclic adenosine 

monophosphate (cAMP) endogenous levels through hydrolysis to 5’AMP. This 

process results in decreased PKA-HSL (protein kinase A; hormone-sensitive lipase) 

mediated lipolysis.  

1.3 Insulin signalling in ageing and metabolism 

The Insulin/Insulin-like growth factor-1 (IGF-1) signalling (IIS) pathway is highly 

evolutionary conserved in many organisms, ranging from low level (invertebrates) to 

high-level animals (mammals), including humans. Loss-of-function mutations in genes 

encoding components of this pathway has been shown to extend the lifespan of the 

roundworm Caenorhabditis elegans and the fruit fly Drosophila melanogaster (Figure 

1.3.1). The roundworm and the fruit fly have been extensively used as invertebrate lab 

models for investigating ageing and longevity (Giannakou and Partridge, 2007; Lee et 

al., 2015). Especially, these invertebrates offer a convenient means for the study of 

the molecular mechanisms regulating animal ageing because of their low cost and 
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easy handling together with their short lifespan. IIS was first shown to regulate 

longevity in C.elegans and this finding was subsequently confirmed in D. melanogaster 

as well. Importantly, the findings from these two invertebrate models influenced the 

direction of research towards the role of IIS in mammalian ageing and led to 

discoveries showing that IIS regulates ageing also in mammals, including mice and 

humans (Fontana et al. 2010; Kenyon 2010).  

 

Figure 1.3.1 The insulin signalling pathway is highly evolutionary conserved. 
The components of the pathway are homologous between organisms. Insulin like-receptor: 

DAF-2 (worms); INR (flies); insulin/IGF-1 receptor (mammals). IRS adaptor proteins: IST-1 

(worms); Chico (flies); IRS (mammals). Class IA PI3K: AGE-1/AAP-1 (worms); Dp110/ p60 

(flies); p110/p85 (mammals). PTEN (phosphatase and tensin homolog deleted on 

chromosome ten): DAF-18 (worms); PTEN (flies and mammals). AKT: AKT 1/2 (worms), dAKT 

(flies); AKT (mammals). Forkhead: DAF-16 (worms), FOXO (flies and mammals). 
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The gerontogenes daf-2 and age-1 encode the sole insulin/IGF-1 receptor and 

class I PI3K orthologs, respectively, in C. elegans. Various physiological aspects, 

including ageing and adult lifespan, can be regulated by DAF-2 and AGE-1, which are 

key upstream components of IIS. One of the most important findings in the field of 

ageing research was probably the discovery that repression of DAF-2 or AGE-1 

activity significantly extended lifespan in C. elegans (Friedman and Johnson 1988; 

Klass 1983; Kenyon et al. 1993). Following on from this seminal finding, various 

subsequent studies have focused on the role of IIS in the regulation of longevity not 

only in C. elegans but also in D. melanogaster and mammals.  

The worm gene daf-16 (and the fly ortholog dFOXO) is one of the most important 

lifespan regulators in IIS pathway. daf-16 and dFOXO are orthologous to mammalian 

genes encoding transcription factors of the FOXO family. When IIS is activated, DAF-

16/FOXO is phosphorylated by upstream kinases such as Akt. DAF-16/FOXO 

phosphorylation promotes nucleus-to-cytosol translocation of the protein, which 

prevents its transcriptional activity (Ogg et al., 1997; Cahill et al., 2001; Henderson 

and Johnson, 2001). Conversely, inhibition of IIS results in DAF-16/FOXO activation 

by promoting DAF-16/FOXO translocation from the cytoplasm to the nucleus, where it 

initiates the expression of genes that induce longevity. In addition, Jun-N-terminal 

kinase (JNK/JNK-1) (Oh et al., 2005), Ste20-like protein kinase (MST1/CST-1) 

(Lehtinen et al., 2006), and AMP-activated protein kinase (AMPK/AAK-2) (Apfeld et 

al., 2004; Curtis et al. 2006; Greer et al., 2007) activate DAF-16/FOXO via 

phosphorylation. Other non-kinase proteins also have been shown to regulate C. 

elegans DAF-16/FOXO. The RNA helicase HEL-1 (Seo et al., 2015) and the 

serine/threonine-protein phosphate 4-regulatory subunit SMK-1(Wolff et al., 2006), 

extend lifespan by acting together with DAF-16/FOXO. The acetyl-transferase CBP-

1/CREB binding protein (CBP) acetylates and attenuates DAF-16/FOXO 

transcriptional activity. Inhibition of CBP leads to constitutive nuclear localisation of 

DAF-16/FOXO (Chiang et al., 2012).  

When C. elegans is exposed to unfavourable environmental conditions, such as 

reduced food supply, extreme temperature, or high population density, it enters an 

alternative diapause stage named dauer (Riddle and Albert, 1997; Girard et al., 2007). 

IIS is one of the most extensively studied signalling pathways that regulate dauer 

formation. Certain mutations of age-1 and daf-2, which extend longevity, can cause 
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constitutive dauer formation even under favourable environmental conditions. Key 

downstream effectors of IIS including DAF-18/PTEN and DAF-16/FOXO are required 

for dauer formation (Riddle and Albert, 1997; Girard et al., 2007).  

 

 

 

Figure 1.3.2 Downregulation of IIS promotes dauer formation and enhances 
resistance to various internal and external stresses (oxidative stress, heat or 
UV). Repression of IIS also reduces the chance of suffering from age-related diseases 

(Alzheimer’s disease; Parkinson’s disease). These protective effects of IIS inhibition contribute 

to organismal longevity. (Adapted from Altintas, Park and Lee, 2016) 
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The IIS pathway in fruit fly is comprised of orthologs to all of the components of 

the canonical IIS pathway, including the insulin/IGF-1 receptor (dInR), insulin receptor 

substrate (CHICO), PI3K (Dp110/p60), 3-phosphoinositide-dependent protein kinase 

1 (dPDK1), protein kinase B (PKB or dAkt1), and the transcription factor Drosophila 

FOXO (dFOXO) (Leevers et al., 1996; Böhni et al., 1999; Weinkove et al., 1999; Cho 

et al., 2001; Junger et al., 2003). Activation of IIS in Drosophila has similar effects to 

that in C. elegans with regards to dFOXO regulation. Down-regulation of IIS through 

dInR or CHICO mutations, or overexpression of dPTEN, promotes dFOXO 

transcriptional activity by translocating dFOXO from the cytoplasm to the nucleus, 

where it up-regulates genes involved in longevity and stress resistance (Junger et al., 

2003; Puig et al., 2003; Hwangbo et al., 2004; Bai et al., 2013).  

In the fruit fly, various biological processes, including lifespan, stress responses, 

growth and development, are regulated by the IIS pathway. Lifespan of Drosophila 

can be extended by increasing activity of dFOXO through inhibition of a negative 

regulator of it, such as dInR (Tatar et al., 2001) or CHICO (Clancy et al., 2001; Tu et 

al. 2002). Conversely, up-regulation of antagonistic IIS regulators such as dPTEN or 

dFOXO, also extends the life and/or delays heart ageing(Giannakou et al., 2004; 

Hwangbo et al., 2004; Wessells et al., 2004). Overall, results from fruit flies have 

substantial similarities with those from roundworms, highlighting the evolutionary 

conservation of lifespan regulation by IIS components. 

Genes encoding components of the IIS and the growth hormone (GH) pathways 

regulate lifespan in mice (Longo and Finch, 2003; Bartke et al. 2013). Mice lacking 

GH, such as Ames dwarf (Prop1df/df) and Snell dwarf (Pit1dw/dw) mice, or GH receptors 

(GH-Receptor knockout mice) live longer than their wild-type littermates by 30–65% 

depending on genetic background, sex, and diet composition (Bartke and Westbrook, 

2012). Fat-specific insulin receptor knockout (FIRKO) mice display a 18% extension 

in lifespan (Bluher et al. 2003). This was the first demonstration that downregulation 

of IIS extends lifespan in a mammalian model organism. Mice with repression of insulin 

receptor signaling in the brain (brain IRS-2 KO) also lived 18% longer (Taguchi et al. 

2007). Both male and female insulin receptor substrate-1 (IRS-1) knockout mice have 

a median lifespan extension of 16% and 32%, respectively (Selman et al. 2008; 

Selman et al. 2011). However, female IRS1 knockout mice have lifelong insulin 

resistance, which indicates that enhanced insulin sensitivity is not a requisite for IIS 
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mutant longevity (Selman et al. 2008). Furthermore, repression of GH and Insulin/IGF-

1 signalling not only extended lifespan, but also had a beneficial impact on metabolism 

in mammals. GH-resistant GH receptor knockout (GHR-KO) mice, as well as Ames 

dwarf (Prop1df/df) and Snell dwarf (Pit1dw/dw) mice lacking GH, displayed 

hypoinsulinemia, mild hypoglycemia, increased adiponectin levels and insulin 

sensitivity, and reduced serum lipids (Bartke and Westbrook, 2012). FIRKO mice 

exhibited lower adiposity and normal or better glucose tolerance (Bluher et al. 2003). 

As mentioned above, PI3K is a lipid kinase activated downstream of the IR. Since 

PI3K has frequently been found mutated in cancer, it is has been extensively studied 

in the context of cancer treatment (Liu et al., 2009). However, the effect of perturbation 

of PI3K signalling on regulating metabolism is less studied. The p110α catalytic 

subunit is the principal PI3K isoform acting in insulin signalling (Foukas et al., 2006). 

A few studies have investigated inactivation of PI3K signalling on metabolism, 

however, possibly due to different experimental models and methods to inhibit PI3K, 

the results were not consistent with each other. Mice with a knock in mutation (D933A) 

in the kinase domain of p110a had reduced IRS-mediated signalling in vivo. This 

mutation led to glucose intolerance, hyperinsulinemia, and increased adiposity at a 

young age (Foukas et al., 2006). In contrast, long-term inactivation of p110α resulted 

in beneficial metabolic effects in mice. Chronic p110α partial inactivation protected 

from fat accumulation, insulin resistance and extended lifespan in male mice (Foukas 

et al., 2013). p110aD933A mice showed an approximately 6% median lifespan extension 

(Foukas et al., 2013). Furthermore, long-term low-dose administration of CNIO-PI3Ki, 

a dual PI3Kα (IC50 2.4 nM) and PI3Kδ (IC50 2.5 nM) pharmacological inhibitor, 

decreased adiposity of obese mice without affecting their lean mass (Ortega-Molina 

et al., 2015). Administration of CNIO-PI3Ki to obese mice resulted in decreased liver 

steatosis and decreased serum glucose levels. Moreover, daily oral treatment of 

obese rhesus monkeys for 3 months with low doses of CNIO-PI3Ki reduced their 

adiposity and lowered their serum glucose levels. All the studies above concur that 

PI3K in the adipose tissue has broader effects on the regulation of metabolism at the 

whole body level.  
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1.3.1 The ‘Insulin Paradox’. 

The IIS pathway regulates various metabolic processes. The level of glucose in 

circulation is regulated by insulin signalling. Insulin resistance results in glucose 

intolerance and increases the chance of development of diabetes. Therefore, the 

phenomenon that downregulation of a pathway essential for regulation of metabolic 

physiology, such as the IIS pathway, results in lifespan extension, seems paradoxical 

and it has been referred to as the ‘insulin paradox’ (Kenyon 2005).  

The ‘insulin paradox’ at the theoretical level appears to be consistent with 

certain evolutionary theories of ageing, such as ‘the antagonistic pleiotropy theory’ 

(Williams 1957) and its more recent variation, the ‘theory of quasi-programmed 

senescence’ (Blagosklonny 2006). This is because IIS is a growth promoting pathway 

and thus beneficial until reaching sexual maturity, but because of lack of selective 

pressure after sexual maturation, IIS has not been fine-tuned as to promote lifelong 

optimal metabolic regulation. However, explanations for the ‘insulin paradox’ at the 

molecular mechanistic level are currently lacking. 

1.4 Adipose tissue as a metabolic organ 

The adipose tissue is one of the most important metabolic organs. It plays an essential 

role in energy storage and in supplying energy to other organs. It is composed mainly 

of adipocytes, but it also contains the stromal vascular fraction (SVF) of cells including 

preadipocytes, fibroblasts, vascular endothelial cells and adipose tissue 

macrophages. Mature adipocytes are derived from preadipocytes through the process 

adipogenesis (Figure 1.4.1). White adipose tissue (WAT) is an organ that stores 

excessive calories and balances nutrient availability to prevent accumulation of excess 

nutrients in other tissues. There are two broad divisions of WAT based on location: 

one is subcutaneous WAT and the other one is visceral WAT. Energy is stored in white 

adipocytes in the form of triglycerides highly concentrated in a single large lipid droplet 

which makes up about 95% of the adipocyte volume. When energy is needed, 

triglycerides are hydrolyzed by a lipase (a process termed lipolysis) and release fatty 

acids. Free fatty acids can subsequently be transported and oxidised in mitochondria, 

to supply energy to other organs. In contrast, the main function of brown adipose tissue 

(BAT) is maintaining body temperature in cold stress by generating heat. Brown 
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adipocytes have several and smaller lipid droplets compared to white adipocytes. 

Mitochondria are abundant in brown adipocytes. Mitochondria in BAT express 

Uncoupling protein 1 (UCP-1) which produces heat by uncoupling substrate oxidation 

from ATP production (Guilherme et al., 2008).  

Adipose tissue function declines with age. When WAT is not working properly, 

it fails to store lipids efficiently. This failure results in overloading of blood circulation 

with lipids, and furthermore in the lipotoxic accumulation of lipids and induction of 

insulin resistance in other tissues. Impaired function of WAT contributes to metabolic 

syndrome, which is associated with the risk of developing diseases, such as type-II 

diabetes, cardiovascular disease, and cancer.  

Figure 1.4.1 Different factors regulate initiation of adipogenesis. The treatment of 

cells with dexamethasone activates the C/EEPb. IBMX inhibits phosphodiesterase and results 

in increased intracellular cAMP levels. At the nuclear level, treatment with IBMX results in 

activation of the related transcription factor C/EBPd. Insulin or IGF-1 promotes adipocyte 

differentiation by activating PI3K/Akt or MAPK activity which induces activation of C/EBPa and 

PPARg. These transcription factors initiate the expression of adipogenic genes in the final 
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phase of adipogenesis. Abbreviations: IBMX, isobutylmethylxanthine; C/EBP, 

CCAAT/enhancer-binding protein; PPARg, peroxisome proliferator-activated receptor gamma. 
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1.4.1 Lipolysis as a key step in regulation of lipid metabolism 

Lipolysis is an energy supplying process that takes place in the adipose tissue. Both 

hormones and physical factors (diet, physical exercise and ageing) affect lipolysis. 

One of the well-known signalling pathways regulating this process is the cAMP/PKA 

pathway. Production of cAMP is stimulated by beta-adrenergic receptors (bAR) 

coupled to the Gs family of G proteins. In contrast, insulin stimulation increases 

phosphodiesterase activity, which promotes the degradation of cAMP (Carmen and 

Victor, 2006). bARs are integral proteins of the plasma membrane. They are members 

of a large family of G-protein coupled receptors (GPCRs). There are three subtypes 

of beta-adrenergic receptor: b1AR, b2AR and b3AR, which are encoded by different 

genes. All of them are expressed in adipocytes; b3AR is present almost exclusively in 

adipocytes. Upon activation of bARs by catecholamines (adrenaline and 

noradrenaline), bARs interact with a heterotrimeric G-protein Gs. Then, adenylyl 

cyclase associated with Gs is activated and promotes production of cAMP from ATP 

(Figure 1.4.2). cAMP-dependent protein kinase (PKA), a target of cAMP, is 

membrane-anchored through its regulatory subunits interaction with the A-kinase 

anchoring proteins (AKAPS) in adipocytes. cAMP activates PKA by allowing the 

catalytic subunits (PKA-C2) to be released from AKAP (Collins, 2011). PKA 

phosphorylates Hormone Sensitive Lipase (HSL) and Perilipin resulting in initiation of 

hydrolysis of triglycerides and diglycerides, into free fatty acids and glycerol. Fatty acid 

released from lipid droplet will be chaperoned out of adipocytes by binding to the lipid 

binding protein (aP2) through fatty acid transport proteins (FATP). Exported fatty acids 

can be used as fuel by other organs.  

PKA has been shown to regulate HSL activity via phosphorylation of two serine 

residues (Ser-563 site 1; Ser-565 site 2) in the latter. Perilipin is a lipid droplet binding 

protein located on the surface of lipid droplet. The main function of perilipin is to 

prevent HSL translocation from cytosol to the lipid droplet. Perilipin is another target 

of PKA. Phosphorylation of perilipin by PKA promotes lipolysis because it reduces its 

function of preventing HSL association with the lipid droplet (Carmen and Victor, 

2006). 
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Figure 1.4.2 The lipolytic process is controlled by beta-adrenergic receptor 
signalling. Adrenergic receptor is activated by binding of catecholimens (adrenaline and 

noradrenaline) and then interacts with Gs, which associates with and activates adenylyl 

cyclase. The activated adenylyl cyclase promotes production of cAMP (green dots) from ATP 

(yellow dots). cAMP-activated PKA phosphorylates (blue dots are phosphorylated sites) lipase 

(HSL) and lipid droplet associated protein (Perilipin) in order to initiate hydrolysis of 

triglycerides in lipid droplet and release of fatty acids (brown lines). Abbreviations: HSL, 

Hormone sensitive lipase; ATGL, Adipose triglyceride lipase; PeriA/B, perilipin; aP2, lipid-

binding protein; FATP, fatty acids transport protein (Collins, 2011). 

  



 27 

bARs can also regulate lipolysis through other pathways. bAR coupled to Gi 

are able to activate MAPK/ERK pathway via Src. Phosphorylation of HSL by ERK also 

contributes to bAR stimulated lipolysis (Collins, 2011).  

Furthermore, this mechanism and factors regulating lipid metabolism are 

evolutionary conserved between mammals and insects such as Drosophila (Grönke 

et al., 2007). Similar to the adrenergic signalling pathway in mammalian fat tissue, 

lipolysis in insect fat body is regulated by the adipokinetic hormone (AKH) pathway. In 

fasting state, G protein-coupled AKH receptor activates AKH-dependent PKA and 

stimulates its kinase activity. The perilipin homolog LSDP-1 (an acronym for lipid 

droplet-1) in Manduca sexta and LSD-2 in Drosophila are targets of AKH-dependent 

PKA activity. Phosphorylation of LSDP-1 and LSD-2 mediates fat-storage regulation. 

In vivo evidence has been presented that loss of the Brummer lipase (the homolog of 

mammalian ATGL) and AKHR causes obesity and fat accumulation in flies (Grönke et 

al., 2007).  

1.4.2 Crosstalk between insulin signalling and adrenergic signalling  

Insulin signalling suppresses cAMP/PKA-mediated lipolysis in several ways. The 

PI3K/Akt signalling pathway reduces catecholamine-stimulated lipolysis. Upon insulin 

stimulation, Akt phosphorylates and activates phosphodiesterase 3B (PDE3B) 

(Duncan et al., 2007; Choi et al., 2010). PDE3B hydrolyses cAMP to AMP. Hence, the 

activity of PKA is decreased due to reduced cAMP levels. Therefore, acute insulin 

treatment reduces production of cAMP and activation of PKA (Figure 1.4.3A).  
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Figure 1.4.3A Insulin signalling downregulates cAMP/PKA mediated lipolysis 
through reduction of cAMP levels. When insulin binds to IR initiating insulin signalling, 

the downstream protein kinase Akt is activated which can phosphorylate and activate PDE3B. 

PDE3B hydrolyses cAMP to 5’AMP. This results in reduced cAMP level. Thus PKA activity is 

reduced. beta and alpha-2 adrenergic receptors regulate cAMP/PKA activity in opposite ways. 

Abbreviations: PDE3B, phosphodiesterase 3B; AC, Adenylyl cyclase; ALPB, Adipocyte lipid 

binding protein. (Adapted from Carmen and Victor (2006). 
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However, chronically high levels of insulin promote cAMP generation by down-

regulation of beta-arrestin 1 protein, thus reducing desensitization/internalization of 

beta-adrenergic receptor-Gs signalling (Zhang et al., 2005). This results in activation 

of adenylyl cyclase. PKA is the major downstream target of cAMP. PKA-mediated 

phosphorylation at Ser133 of the cAMP response element binding protein (CREB) can 

regulate the expression of adipocyte-specific gene products. Although chronic insulin 

treatment increases cAMP production, it delays PKA responses to agonist 

(isoproterenol) stimulation as determined by assessing the phosphorylation levels of 

CREB (Zhang et al., 2005).  

Another indirect way by which insulin inhibits lipolysis is through GLUT-4 

(glucose transporter type 4)-mediated increase in the flux of glucose. Pyruvate is 

generated from glucose through glycolysis and then goes into the TCA cycle (Citric 

acid cycle). A portion of the pyruvate in adipocytes forms lactate, which inhibits 

lipolysis through an autocrine lactate loop (Figure 1.4.3B). Lactate binds to a G-

protein-coupled receptor (GPR81) that prevents the production of cAMP through Gi-

dependent inhibition of adenylyl cyclase and downstream activation of PKA (Ahmed 

et al. 2010; Rutkowski, Stern, and Scherer 2015). 

On the other hand, several studies indicate that stimulation of beta-adrenergic 

signalling also impacts on PI3K/Akt activity. Stimulation of beta-adrenergic signalling 

induced PI3K/Akt activity both ex vivo (rat cardiomyocytes) and in vivo (mouse heart) 

(Zhang et al. 2011; Morisco et al. 2005). This results in adrenergic stimulation activates 

two opposing activities both adenylyl cyclase and PDE3B, but in the absence of 

insulin, the net effect is increase in cAMP as adenylyl cyclase activity prevails over the 

degrading activity of PDE3B. 
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Figure 1.4.3B Model of the mechanism underlying insulin-induced repression of 
lipolysis via PDE3B mediated cAMP hydrolysis and lactate/GPR81-dependent 
inhibition of cAMP production. Insulin signalling directly inhibits lipolysis via PDE3B and 

indirectly via lactate/GPR81. Pyruvate is generated from glucose through glycolysis and 

enters the citric acid cycle. Some pyruvate forms lactate in adipocytes. Lactate binds to G-

protein-coupled receptor GPR81 and activates it. GPR81 is normally expressed in adipocytes 

and mediates antilipolytic effects through Gi-dependent inactivation of adenylyl cyclase 

(Ahmed et al. 2010). 
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1.4.3 Mitochondria in the Adipose Tissue 

In mammals, there are three types of adipocytes, white, brown and the beige 

adipocytes. They have distinct functions. White adipocytes have a large single lipid-

droplet and store energy. Brown adipocytes have multiple small lipid-droplets and a 

high density of mitochondria. The specific function of BAT is converting mitochondrial 

energy into heat in adaptive thermogenesis. Beige adipocytes have the mixed 

characteristics of white and brown adipocytes. In the basal state, they have similar 

morphology with white adipocytes. However, upon exposure to cold or stimulate with 

catecholamine, they acquire an intermediate morphology and start expressing 

proteins for mitochondria and for transformation of stored fat to small lipid droplets like 

brown adipocytes (Cedikova et al., 2016). Mitochondria have a critical role in the 

metabolism of the adipose tissue as documented by their contribution to lipolysis and 

lipogenesis, which are essential metabolic pathways of adipocytes.  

Lipolysis is a hydrolytic process that converts triglycerides from lipid droplets 

into glycerol and free fatty acids. This process is mediated by hormone-sensitive lipase 

(HSL) and adipose triglyceride lipase (ATGL). The activity of HSL is regulated by a 

lipid droplet-associated protein named perilipin A. Phosphorylation of perilipin A by 

cAMP-dependent protein kinase (PKA) initiates the translocation of HSL from the 

cytoplasm into the lipid droplet (Nascimento et al. 2009). In the cytoplasm, free fatty 

acids are presumably bound to binding proteins and then move across the inner 

mitochondrial membrane by diffusion(Virtanen et al., 2009; Orava et al., 2011). In the 

mitochondrial matrix, free fatty acids are broken down via the β-oxidation process into 

acetyl-CoA. Acetyl-CoA then is oxidised through the tricarboxylic acid cycle and the 

electron transport system. 

Lipogenesis is an essential pathway of converting fatty acid to triglycerides to 

store in WAT. Although this process takes place in the cytosol, mitochondria provide 

crucial intermediates, like acetyl-CoA and glycerol-3-phosphate. Mitochondrial 

pyruvate carboxylase that converts pyruvate into oxaloacetate is a crucial enzyme for 

glycerol-3-phosphate synthesis. Additionally, pyruvate can be decarboxylated by the 

mitochondrial pyruvate dehydrogenase complex to acetyl-CoA, which facilitates the 

synthesis of fatty acid and triglycerides (Sugden and Holness, 2006). 
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As mentioned above, brown/beige adipocytes stimulated by cold, hydrolyze 

triglycerides to fatty acids that move into β-oxidation. The energy of substrate oxidation 

is converted to heat. This process is so-called nonshivering thermogenesis. The 

molecular effector of this unique function is a protein located in the inner membrane 

of mitochondria. The principal characteristic of this protein is transferring proton back 

to matrix resulting in uncoupling of the electron-transport system from ATP synthesis. 

This protein was named uncoupling protein (UCP). Mammals have five UCP homologs 

UCP1, UCP2, UCP3, UCP4 and UCP5 also known as brain mitochondrial carrier 

protein 1 (BMCP1). The expression of UCP1 is almost exclusive in BAT, but some 

findings suggest that it can be detected in WAT with beige or brown adipocyte features 

after appropriate stimulation (Kim et al., 2015). The primary function of UCP1 is to 

mediate heat generation by decreasing proton gradient thus uncoupling the respiratory 

chain, resulting in fast substrate oxidation and low ATP production in the BAT. 

Thermogenesis in BAT is induced and upregulated by fatty acids. Recent studies have 

shown that UCP1 might have a crucial role in the pathogenesis of different disorders 

such as obesity, type 2 diabetes, ageing, heart failure (Zhang et al. 2014; Acosta et 

al. 2015; Akhmedov et al. 2015).  

 

1.4.4 Mitochondrial electron transport chain and uncoupling  

The mitochondrion plays a crucial role in cellular bioenergetics via the citric acid cycle 

(tricarboxylic acid cycle) and electron transport chain (respiratory chain), which 

consists of a set of proteins together with small molecules involved in electron transfer. 

This well-known energy harnessing pathway involves chemiosmotic coupling which 

represents a link between the chemical bond-forming reactions that generate ATP and 

a membrane-transport process. Mitochondria are double-membrane organelles. They 

contain the respiration chain which is located in the inner mitochondrial membrane 

and which serves as a device that drives the conversion of ADP + Pi to ATP via 

oxidative phosphorylation, a process where high energy electrons from NADH and 

FADH2 generated in the TCA cycle are passed along the electron transport chain to 

oxygen (Figure 1.4.5). This electron transport creates a proton gradient (membrane 

potential) across the inner membrane, which drives the production of ATP by ATP 

synthase. This oxidative phosphorylation process is changing one form of chemical 
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bond energy to another, converting a large part of the energy of NADH oxidation into 

phosphate-bond energy in ATP. The efficacy of the respiratory chain diminishes with 

ageing and this results in increased electron leakage and decreased ATP production. 

The leaking of electrons can induce the production of intracellular reactive oxygen 

species (ROS) which cause mitochondrial DNA (mtDNA) mutations. mtDNA encodes 

a number of subunits of the complexes of the mitochondrial respiratory chain. 

Accumulation of mtDNA mutations results in destabilization of those complexes, thus 

impairing ATP production. Some protons leak from the electron transport chain and 

move back to mitochondrial matrix space through uncoupling proteins (e.g., UCP-1) 

rather than via ATP synthase. This reduces membrane potential and generates heat 

instead of energy. Such an uncoupling makes respiratory chain less efficient, but it, in 

fact, decreases ROS production and confer a longevity advantage (Payne and 

Chinnery, 2015). 

 

Figure 1.4.5 A summary of energy-generating metabolism in mitochondria. 
Cytosol: Triacylglycerol (TAG), Diacylglycerol. Mitochondrial matrix: Pyruvate dehydrogenase 

(PDH) generates acetyl-CoA. During the oxidative metabolism of fatty acids, the end product 

acetyl-CoA goes through the TCA cycle and generates NADH and FADH2. When NADH and 

FADH2 are oxidised to NAD+ or FAD, electrons pass along the ETC while protons are pumped 

into intermembrane space (between outer and inner mitochondrial membrane) through 

complex I, III and IV. Then, at complex IV, the electrons are transferred to oxygen to produce 
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H2O. An electron gradient across the inner mitochondrial membrane, which is the driving force 

for ATP synthase (complex V) to produce ATP, is created by pumped proton. Some proton 

leak from ATP synthase will enter the matrix through uncoupling protein (UCP) and generate 

heat.  
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1.4.5 Role of PGC-1α in mitochondrial biogenesis and function 

PGC-1a (Peroxisome Proliferator-Activated Receptor Gamma-Coactivator-1alpha) is 

a transcriptional coactivator. It belongs to a small family of transcriptional coactivators, 

including PGC-1b and PRC (PGC-1-Related Coactivator). A transcriptional coactivator 

can be defined as a protein or protein complex which increases the affinity between 

the transcription factor and target genes (Liang and Ward, 2006). PGC-1a acts as a 

master regulator of mitochondrial biogenesis and energy production. The expression 

of PGC-1a in each specific tissue has a different role. In brown adipose tissue, it 

controls adaptive thermogenesis. The protein levels of PGC-1a in liver increase during 

fasting and here PGC-1a induces gluconeogenesis. PGC-1a mediated mitochondrial 

biogenesis and respiration increase in skeletal and cardiac muscle following exercise. 

Hence, it seems that cellular energy requirements are reflected in PGC-1a expression. 

Demand for energy increases its expression (Fernandez-Marcos and Auwerx, 2011). 

Overexpression of PGC-1a has been shown to enhance mitochondrial function. Mice 

with increased muscle PGC-1a had better muscle function compared to wild-type mice 

during ageing (Dillon et al. 2011). In Drosophila, overexpression of PGC-1a in the 

intestinal stem and progenitor cells extended lifespan (Rera et al., 2011). The activity 

of a large number of transcription factors such as FOXO1 and nuclear respiratory 

factor 1 & 2 (NRF1 & 2), can be regulated by PGC-1a. PGC-1a modulates genes 

involved in metabolic pathways in glycolysis, gluconeogenesis, and fatty acid 

synthesis and oxidation.  

The activity and function of PGC-1a can be regulated by several post-

translational modifications (PTMs) including phosphorylation and acetylation. PGC-1a 

can be phosphorylated by AMPK (AMP-activated protein kinase) and PKB/Akt. AMPK 

is a sensor of energy status; it becomes active when the AMP/ATP ratio is high. AMPK 

increases the PGC-1a gene transcription in muscle. AMPK regulates not only the 

expression but also the activity of PGC-1a by phosphorylating it at threonine-177 and 

serine-538. Phosphorylation of PGC-1a up-regulates its co-transcriptional activity. In 

contrast, Akt phosphorylates PGC-1a at serine-570, thus reducing PGC-1a activity 

(Rodgers et al., 2008). Acetylation and deacetylation can regulate PGC-1a activity as 

well. PGC-1a can be acetylated by GCN5 another well-studied histone 
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acetyltransferase (HAT). PGC-1a interacts with several HATs, but only GCN5 has 

been shown to acetylate PGC-1a and to decrease its co-transcriptional activity. PGC-

1a can be deacetylated by SIRT1. The deacetylation of PGC-1a can increase its co-

activation of target transcription factors. Since SIRT1 activity depends on the NAD+ 

levels, SIRT is most active during nutrient starvation. When energy is needed, SIRT1 

mediated-deacetylation and activation of PGC-1a is an essential response of the cell 

to increase mitochondrial metabolism. In skeletal muscle, activation and 

transcriptional activity of PGC-1a is increased by SIRT1-mediated deacetylation. In 

mouse liver, PGC-1a-mediated transcription of gluconeogenesis genes is regulated 

by SIRT1. Hence, when Sirt1 was knocked down, those genes were downregulated 

(Fernandez-Marcos and Auwerx, 2011).  

1.4.6 The crosstalk between mitochondrial dysfunction and metabolic pathways 

Mitochondrial dysfunction can result from reduced mitochondrial biogenesis, a 

decrease in mitochondrial content, and reduction of oxidative protein expression and 

activity. Most studies of mitochondrial dysfunction have been focused on high energy 

demand tissue such as heart, muscle, and brain. However, in the recent years, a 

number of studies have targeted mitochondria in adipocytes or adipose tissue and 

provided convincing data that attenuation of mitochondrial functions in the adipose 

tissue could affect whole-body metabolism (Xiao et al., 2014; Martin et al., 2017). 

Many pieces of evidence indicated that mitochondrial defects lead to oxidative stress, 

mitochondrial genetic disorders, and insulin resistance. Oxidative stress results from 

lack of balance between production of ROS and antioxidant defense mechanisms. 

Mitochondria are the primary source of ROS that have detrimental effects on protein, 

lipids, and DNA. In adipocytes, elevated levels of ROS impaired the production of 

various adipocytokines such as adiponectin, also downregulated adipocyte function in 

the maintenance of glucose homeostasis through reduction of glucose transporter 

(GLUT4) expression and downregulation of insulin signalling (Furukawa, 2004; Wang 

et al., 2013). Mitochondrial DNA has higher mutation rate compared to nuclear 

genomes since mtDNA has limited repair mechanisms and lacks histones that protect 

from the detrimental effects of ROS. As oxidative phosphorylation complexes in ETC 

(e.g., NADH dehydrogenase (Complex I), Cytochrome c oxidase (Complex IV) and 

ATP synthase (Complex V)) are encoded by mtDNA, failure of mtDNA expression 
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results in destablisation of ETC and reduction of ATP production. Insulin resistance is 

typically associated with obesity and type 2 diabetes. The interconnections between 

insulin resistance and mitochondrial dysfunction in the adipose tissue are still under 

debate. Some studies suggested that a high level of ROS could be a factor involved 

in the development of insulin resistance. During obesity, an increase in mitochondrial 

ROS has been observed in the adipose tissue (St-Pierre et al., 2002; Anderson et al., 

2009). Development of tumor necrosis factor a (TNFa)-induced insulin resistance in 

mice has been shown to involve increased ROS levels (Houstis et al. 2006). A reduced 

mitochondria-mediated metabolic process can lead to insulin resistance. For example, 

β-oxidation is a catabolic process which breaks down 98% of fatty acid in 

mitochondria. A decrease in this process results in accumulation of fatty acid that 

induces lipotoxicity and insulin resistance (Bournat and Brown, 2010).  

As mention above, mitochondrial dysfunction results in several metabolic 

disorders and has been defined as a hallmark of ageing (López-Otín et al., 2013). In 

order to understand the underlying mechanisms of mitochondrial defects and to find 

ways to improve mitochondrial function, the first step is to investigate the alterations 

of activities of the pathways involved in mitochondrial function. In the present work, we 

have focused on the insulin signalling pathway. It is required for mitochondrial DNA 

and protein synthesis and stimulates mitochondrial oxidative capacity and ATP 

production, thus assumed that attenuated insulin action can impair mitochondrial 

function (Cheng et al. 2010). However, previous work in our lab has found that 

inactivation of the p110a catalytic subunit of PI3K results in increased PGC-1a 

expression and mitochondrial content in hematopoietic progenitor cells. Mice with 

global inactivation of p110a have shown lower adiposity in later life. Also, adipose 

tissue-specific p110a deleted mice generated in our lab accumulated less weight with 

age and had lower adiposity compared to wild-type littermates. These mice have 

insulin resistance throughout the life, but surprisingly have better glucose tolerance in 

middle-age (Araiz et al., 2019). An alteration of energy metabolism that correlated to 

mitochondrial function in these mice could be the explanation. Overexpression of 

PTEN (a lipid phosphatase that dephosphorylates PIP3 to PIP2) in transgenic mice 

results in the equivalent of reduction of the activities of all PI3K class I isoforms. These 

mice showed higher energy expenditure, lifespan extension and protection from 

cancer. Higher reprogramming level of fibroblasts into brown adipocytes and 
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hyperactive BAT (e.g., more fatty acid oxidation and thermogenesis) in these mice 

lead to a better metabolic phenotype (Ortega-Molina et al., 2012). This suggests the 

existence of a connection between insulin signalling and fatty acid oxidation.  

Oxidative and glycolytic respiration in human and mouse WAT is up-regulated 

by agonist (isoproterenol)-stimulated of beta-adrenergic signalling (Yehuda-

Shnaidman et al., 2010). The increased oxygen consumption rate is dependent on 

PKA-mediated lipolysis. This indicates a link between lipolysis and fatty acid oxidation 

(Yehuda-Shnaidman et al., 2010). In fact, mice with genetically increased lipolysis do 

not have higher serum fatty acid levels, but they show enhanced fatty acid 

oxidation(Ahmadian et al., 2009), which reduces the chance to suffer insulin resistance 

and type 2 diabetes. Further studies from Ahmadian et al. indicated that fatty acid 

released by ATGL/HSL in adipocytes was either converted back to triglycerides or 

oxidised into acetyl-CoA in beta-oxidation(Ahmadian et al., 2009). Moreover, the 

expression of genes involved in fatty acid oxidation was increased in mouse models 

with increased lipolysis, including a 7.1-fold increase in the expression of UCP-

1(Ahmadian et al., 2009).  

1.4.7 Cellular senescence in the adipose tissue 

The adipose tissue is primarily composed of mature adipocytes, which are derived 

from adipose stromal cells (ASCs). Compared to mature adipocytes, ASCs can 

proliferate and differentiate into adipocytes, chondrocytes, osteoblasts, and myocytes. 

Several groups studied the interaction between donor age, proliferation capacity, and 

differentiation potential of ASCs. Schipper et al. (Schipper et al., 2014) isolated human 

ASCs from different subcutaneous fat depots of 12 donors and found  a reduction in 

both proliferation and differentiation capacity towards the adipogenic lineage with 

increasing age of the donors. With age, pre-adipocytes exhaust their capacity to 

proliferate and enter cellular senescence, characterized by increased expression of 

the senescence markers SA-b-gal, caveolin-1, p16INK4a, p21 and by increased release 

of inflammatory cytokines and chemokines. With age, senescent pre-adipocytes 

accumulate, which is also the case in obesity. This can be due to many causes, such 

as hyperproliferation, high fatty acid levels, stress from inflammatory cytokines or 

exposure to mitogens (Tchkonia et al., 2010). Feeding a high fat and high sugar diet 

has been shown to induce senescence in the adipose tissue of mice (Minamino et al., 
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2009). Fat tissue of these mice has increased levels of p53 and SA-b-gal. Additionally, 

adipose tissues of human diabetic patients expressed the same markers. Nutrient 

overload had a major senescence-inducing effect on pre-adipocytes. Palmitate is a 

common dietary saturated free fatty acid (FFA). Ex vivo treatment with palmitate 

induced senescence in pre-adipocytes (Minamino et al., 2009). Also, the secretome 

of senescent subcutaneous pre-adipocytes is remodeled towards increased secretion 

of fatty acids and decreased expression of leptin and adiponectin, which are 

adipokines crucial for maintenance of insulin sensitivity and fatty acid oxidation 

(Mitterberger et al., 2014). The physiological lipid processing and storage capacity of 

the adipose tissue through esterification of FFA to triglycerides can be exceeded, as 

a result of age-related decline of the adipogenic potential of pre-adipocytes (Tchkonia 

et al., 2010). Therefore, toxic effects of FFAs appear to be a significant factor in the 

development of age-related metabolic disorders. This is referred to as lipotoxicity. 

Environmental factors such as excessive dietary intake of lipids, also promote the 

lipotoxicity process. The extra fat is accummulated ectopically in other metabolic 

tissues, such as the liver and muscle, where it causes insulin resistance and 

associated pathologies. Excess of FFAs can also impair the normal function of pre-

adipocytes and mature adipocytes differentiation. 

As mentioned above, senescence can be induced by metabolic stress, for 

example, excessive supply of fatty acids. Once senescence is developed, cells 

become flat and bigger; and display an increased release of inflammatory cytokines 

and elevated reactive oxygen species (ROS) production. As a result, surrounding 

tissue becomes damaged and remodelled. An immune response often removes cells 

via apoptosis. Importantly, Keyes et al have demonstrated that TNF-α can induce 

senescence in pre-adipocytes, and trigger a local spread of senescence (Keyes et al., 

2005). Senescence of adipose tissue is therefore implicated in the development of 

metabolic diseases such as metabolic syndrome and diabetes and, as mentioned 

above, Minamino et al. showed the marker of senescence SA-β-gal to be increased in 

adipose tissue of mice with diabetes compared to non-diabetic controls (Minamino et 

al., 2009). However, the mechanisms of development of senescence in the adipose 

tissue and the role of senescence in metabolic diseases are not well understood. 

p16INK4a is another marker of senescence and it has been exploited to 

demonstrate that elimination of senescent cells can both improve disorders related to 
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adipose tissue ageing as well as delaying their progression (Baker et al., 2011). Mice 

homozygous mutants for BubR1 were generated, and were shown to exhibit a 

progeria-like disease. BubR1 is a core mitotic checkpoint component. Baker et al. 

introduced a transgene encoding a caspase 8-FKBP fusion under the control of 

p16INK4a promoter. This novel transgene (INK-ATTAC) was designed to induce 

clearance of p16INK4a-positive senescent cells upon administration of a drug (FKBP 

ligand) that induces dimerization and activation of the caspase 8-FKBP and induction 

of apoptosis. In adipose tissue, p16INK4a contributes to the development of age-related 

pathologies, but life-long removal of p16INK4a-expressing cells delayed the onset of 

these phenotypes (Baker et al., 2011). This complex process showed that, by removal 

of senescent cells in adipose tissue, fat stores did not decline with age and 

subcutaneous fat depots remained substantial. This is compelling evidence, 

suggesting a key importance of senescence in the decline of adipose tissue with age. 

Another indicator of cellular senescence is p53, which is one of the most extensively 

characterized tumour suppressors. It is a transcription factor involved in several 

cellular processes and stress responses. This transcription factor can either activate 

or repress gene expression (Spange et al., 2009). p53 responds to DNA damage, and 

in doing so it promotes cellular senescence. 

1.4.8 Cellular senescence is one of the hallmarks of ageing 

Ageing results in failure in the metabolic function of various tissues involved in 

regulation of glucose and lipid metabolism. Like most pathologies, ageing begins at 

the cellular level, where it is manifested as the so-called cellular senescence. Cellular 

senescence is a state of permanent growth arrest in response to stress, telomeres 

shortening, DNA damage and is manifested by expression of senescence-associated-

beta-galactosidase (SA-b-gal), accumulation of the cyclin-dependent kinase inhibitor 

p16INK4a and expression of the senescence-associated secretory phenotype (SASP). 

The number of senescent cells increases with age, and elimination of these cells 

delays age-related disorders in various tissues and extends healthy lifespan 

(Schosserer et al. 2017). 
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1.5 Tools for studying p110α PI3K functions 

Genetic and pharmacological approaches have been used to investigate the biological 

roles of PI3Ks using both cell- and whole organism-based experimental models. 

 

1.5.1 PI3K p110α gene-targeted mice 

There are two main genetic approaches of targeting the catalytic PI3K genes. The first 

is a knock-out approach, where disruption of the p110 gene prevents gene expression. 

The second method is more subtle and involves the introduction of a point mutation in 

the ATP binding site of the catalytic domain. This single point mutation results in 

protein expression but with a key amino acid substitution (for example by replacing 

aspartic acid 933 with alanine – D933A for p110α) in the ATP-binding region, rendering 

the p110α subunit catalytically inactive. This second approach has been termed 

‘knock-in’ and is considered to be more sophisticated than a straight forward knockout, 

as it is more likely to mimic pharmacological inhibition of PI3K (Vanhaesebroeck et al., 

2005). Furthermore, when a gene is completely knocked-out, there is room for 

compensation in the cell by other related proteins, whereas, expression of the protein, 

albeit a catalytically inactive one, leaves little room for compensation by other proteins 

which confound interpretation of the ensuing phenotypes. All class I catalytic isoforms 

have been inactivated by gene targeting in the mouse. Mice homozygous for knockout 

or D933A knock-in alleles of the widely expressed p110α isoform die at the embryonic 

stage 10.5 (Bi et al., 1999; Foukas et al., 2006), displaying severe defects in 

angiogenic sprouting and vascular remodelling (Graupera et al., 2008). Mice with a 

heterozygous knockout of p110α are viable and were reported to lack metabolic or 

growth phenotypes (Brachmann et al., 2005). In contrast, mice heterozygous for the 

D933A knock-in mutation (p110αD933A/WT) are viable and fertile but display a metabolic 

phenotype. p110αD933A/WT mice display hyperinsulinemia, impaired glucose and insulin 

tolerance, increased food intake, increased adiposity and hyperleptinaemia compared 

to WT mice (Foukas et al. 2006). As already mentioned earlier, this phenotype has 

identified p110α as a key intermediate in IGF-1, insulin and leptin signalling at the 

organismal level. Interestingly, the genetic inactivation of p110α in mice has a 

beneficial effect in the long term. In fact, the metabolic phenotype of p110α inactivation 
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in mice is age-dependent. While young p110α knock-in mice are insulin-resistant and 

glucose intolerant, aged p110α knock-in mice show a better metabolic profile 

compared to WT littermates (Foukas et al., 2013). 

 

1.5.2 Cell-based approaches 

Various cell-based methods have been used to investigate isoform-specific PI3K 

signalling at the cellular level. These include the derivation of cell lines from p110 

knock-out/knock-in mice, the use of p110 isoform-selective inhibitors, and the use of 

RNAi to knock-down p110 expression which are all further discussed below. 

 

1.5.2.1 Creation of cell lines from p110α knockout mice  

As mentioned above, p110α knockout mice die between days 9.5 and 10.5 of 

embryonic development (Bi et al. 1999). This lethality has limited investigation of the 

effect of the homozygous loss p110α in the adult mouse; however hematopoietic cells 

extracted from the p110αD933A/D933A embryos have been used to investigate the effects 

of homozygous loss p110α at the cellular level (Foukas et al. 2010). This approach 

provided evidence that to maintain cell survival; single PI3K isoforms are dispensable 

for maintaining cell survival. It is an important implication for targeting PI3Ks in cancer 

therapy. 

 

1.5.2.2 Use of p110α isoform-specific inhibitors  

There has been increasing interest in the pharmaceutical industries to generate PI3K 

isoform-selective inhibitors. The drugs wortmannin and LY294002 can inhibit all 

PI3Ks, although certain members of class II PI3-kinase family show decreased 

sensitivity. Wortmannin and LY294002 are too toxic to be used as therapeutics 

because they are broad inhibitors against PI3Ks and some unrelated proteins at higher 

concentrations. Isoform-selective inhibitors are currently in development by some 

pharmaceutical companies and have been a valuable tool in investigating the isoform-

specific roles of PI3K. Several pharmaceutical companies have recently been working 
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on PI3-kinase isoform-selective inhibitors including the class I PI3-kinase p110δ 

isoform-specific inhibitors. GDC-0941 is a highly selective inhibitor of p110α and 

p110δ with little activity against mTOR. The main problem that accompanies the use 

of these inhibitors in investigative studies is the question of their selectivity. However, 

a series of small molecules that has a high degree of selectivity for p110α versus other 

PI3K isoforms, such as PIK-75, has recently been described (Knight et al., 2006). Also, 

a novel small molecule ATP competitive inhibitor, designated as A66 (Figure 1.5.2.2-

1), is highly potent against p110α (biochemical IC50=32nM) and highly selective over 

the other PI3K isoforms (Jamieson et al. 2011). Molecular modeling of the A66 

interaction with p110α has revealed the presence of a reversible hydrogen bond 

between A66 and the amino acid residues in the ATP-binding site of the catalytic 

subunit. The selectivity of the inhibitor has been tested in different cell lines, including 

those harbouring the H1047R oncogenic mutation (in PIK3CA gene). A66 exhibits 

potency and selectivity mainly in cells expressing the oncogenic version of p110α by 

blocking the insulin-stimulated phosphorylation of Akt in vitro and by reducing the 

growth of tumour xenografts in vivo (Jamieson et al. 2011). Given the encouraging 

findings obtained in p110α knock-in mice showing that inactivation of p110α has a 

beneficial health effect in old age, it is reasonable to think that the use of p110α-

selective inhibitors could represent a strategy in prevention or treatment of metabolic 

diseases associated with old age, such as obesity and type-2 diabetes. However, all 

the relative experimental evidence has been obtained from constitutive p110α 

inactivated mice. Therefore, some phenotypes may be related to the developmental 

effects of chronic p110α inhibition. Pharmacological studies of the phenotypes of acute 

p110α inactivation are therefore needed. Some great pharmacological studies support 

the use of PI3K inhibitors (Table 1.5.2.2) in obesity and metabolic syndrome (Ortega-

Molina et al., 2015). Also, although the use of p110 isoform-selective inhibitors is a 

useful tool in investigating the isoform-specific roles of PI3Ks, complementary genetic 

experiments should be performed to ascertain that the impact observed is due to 

specific PI3K inhibition rather than due to the unintentional targeting of other proteins. 
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1.5.2.3 Knock-down p110α expression using RNAi 

It is possible to knock-down p110 expression using small interfering RNAs (Czauderna 

et al., 2003; Brachmann et al., 2005). Inhibition of p110α in cell lines using RNAi has 

been found to reduce p85 expression, which is consistent with the finding that double 

p110α/p110β heterozygous knockout mice show approximately 50% decrease in p85 

expression (Brachmann et al., 2005).  

 

 

Figure 1.5.2.2-1 ATP-competitive action of p110a selective inhibitor A66. The 

inhibitor forms hydrogen bonds with residues Q859, V851 and H855 in the ATP binding pocket 

(Jamieson et al. 2011). 
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Table 1.5.2.2 Main PI3Ka and PI3Kd isoform-selective inhibitors and their respective 

metabolic effects. (Foukas et al. 2013; Lopez-Guadamillas et al. 2016; Ortega-molina 

et al. 2012; Ortega-molina et al. 2015) 

 

  

Increased thermogenesis in mice; Body weight 
decreased; Reduced adiposity and hepatic Steatosis 

in mice 

Decreased the adiposity of obese mice; Reduced 
body weight; Ameliorate liver steatosis and 

decrease glucose serum levels in mice; In obese 
rhesus monkeys, dcreased their adiposity and 

lowered their serum glucose levels

Increased energy expenditure in normal mice and 
reduced body weight in obese mice

A66 has not been tested by low-dose, long-term 
administration in mice, as its pharmacological 

properties are not suitable for in vivo 
administration. Treatment of adipocytes with A66 

protects from hyperinsulinemia-induced insulin 
resistance

name: specificity metabolic findings

GDC-0941

CNIO-PI3Ki

BYL-719

A66

alpha and delta PI3K 
isoforms

alpha and delta PI3K 
isoforms

Alpha PI3K isoforms

Alpha PI3K isoforms

Reference
Ortega-Molina et al., 

2012; Ortega-molina et 
al., 2015

Ortega-Molina et al., 
2012; Ortega-molina et 

al., 2015; Lopez-
Guadamillas et al., 2016

Lopez-Guadamillas et al., 
2016

Foukas et al. 2013
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1.6 AIM of PhD 

The insulin signalling pathway is one of the most complex signalling pathways 

regulating cellular and organismal metabolism (Taniguchi et al. 2006). Signals from 

the insulin receptor (IR) are transmitted through the PI3K/Akt signalling cascade, 

specifically via the PI3K catalytic subunit p110a (Foukas et al. 2006). It has been 

shown that mutations in components of this pathway extend lifespan in a wide range 

of model organisms (Kenyon 2010). Male mice with heterozygous p110a deficiency 

have 6% extension in median lifespan (Foukas et al. 2013). Recent research has 

indicated that the inhibition of PI3K has beneficial effects on adipose tissue 

metabolism and protects mice and monkeys from obesity and metabolic syndrome 

(Ortega-molina et al. 2015). Previous work has found that mice with global inactivation 

of p110a subunit accumulate less body weight with age and have less fat tissue 

compared to wild-type mice (Foukas et al. 2013). Mice with adipose tissue-specific 

p110a deletion generated in our lab display similar phenotypes with mice with global 

inactivation of p110a . Notably, mice with adipose tissue-specific p110a deletion 

display insulin resistance but normal glucose tolerance throughout their lifetime. 

Further study of the effect of PI3K p110a signalling on adipose tissue metabolism is 

required to understand the mechanistic basis of this paradoxical phenotype. Thus, this 

study has investigated an adipose tissue-specific inhibition of the insulin signalling 

through inactivation of p110α PI3K as a potential therapeutic approach in age-related 

obesity and type-2 diabetes.  

The first results chapter assessed the role of pharmacological and genetic 

inhibition of the p110α isoform on adipose tissue biology by using cell culture models 

of murine adipocytes (3T3-L1), human multipotent adipose-derived stem (hMADS) 

cells and isolated adipose tissue from adipose-specific p110α deleted mice. The focus 

of this investigation has been on unraveling the signalling mechanisms underlying the 

beneficial metabolic effects of adipose tissue-specific p110α inactivation. Our 

hypothesis is that suppression of PI3K activity can promote adrenergic signaling, thus 

enhancing fat mobilisation and metabolism (yellow box).  

Given the prominent role of mitochondria in fatty acid oxidation and their 

implication in metabolic and ageing processes, another aim of the present work was 
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the assessment of the potential effect of p110α inactivation on mitochondrial function 

in adipocytes (green box). The findings from these investigations are described in the 

second chapter of the Results section. 

Finally, the last chapter investigated the effect of inactivation of PI3K on fatty acid-

induced senescence. As adipocyte senescence has been implicated as causal to age-

related adipose tissue dysfunction, it has been of interest to test whether free fatty acid 

overload could cause adipocyte senescence and whether inhibition of p110a could 

have a protective effect (red box). 

 

 

Figure 1.6.1 Hypothesis and expectations of the present investigation. A 

schematic depicting the effects of inhibition of PI3K p110α on the biology of adipose tissue.  
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Chapter 2: Materials and Methods: 

Materials 

Inhibitors, agonists and antagonists 

A66: p110α selective inhibitor purchased from Tocris. A66 is a novel small molecule 

ATP- competitive inhibitor. It interacts with p110a by forming reversible hydrogen 

bonds with amino acid residues (Q859, H855 and V851) in the ATP-binding pocket of 

p110a. It is highly potent against p110a and highly selective over other PI3K p110 

isoforms. Its selectivity has been tested in various cell lines, including those harbouring 

oncogenic mutations (in PIK3CA gene) and have high levels of p110a and class-IA 

PI3K activity. A66 shows highly selective inhibition in cells expressing oncogenic 

versions of p110a by repressing the insulin-stimulated phosphorylation of Akt in vitro 

and by decreasing the growth of tumour in vivo (Jamieson et al. 2011). TGX-221: 

p110b selective inhibitor (Cayman Chemical). Isobutylmethylxanthine (IBMX): a 

general phosphodiesterase inhibitor purchased from Sigma.  

Isoproterenol (ISO), an agonist of beta-adrenergic receptors, purchased from Sigma. 

Norepinephrine (NE), an agonist of both alpha and beta-adrenergic receptors 

(purchased from Sigma). YM-178: Mirabegron, an agonist of human beta-3-adrenergic 

receptors, purchased from Cayman Chemical. CL316,243: a beta-3-adrenergic 

receptor specific receptor, purchased from Cayman Chemical.  
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Antibodies 

 

Cell culture media and supplements 

Tissue culture media: High (4.5g/L) or low (1g/L) glucose Dulbecco’s Modified Eagle 

Medium (DMEM), and different types of supplements, such as Fetal Bovine Serum 

(FBS), Calf serum, penicillin/streptomycin (100x P/S) and Phosphate Buffered Saline 

(PBS) were obtained from Life Technologies. Trypsin-EDTA solution was purchased 

from Sigma.  

Experimental procedures 

Mammalian cell culture 

All procedures were performed in a laminar flow hood using aseptic techniques. All 

surfaces were disinfected with 70% ethanol before and after any manipulation to avoid 

any contamination. Media for mammalian cell culture were stored in a 4oC fridge and 

pre-warmed in a 37oC water bath before use. 

 



 50 

Cell lines: 

3T3-L1: A mouse pre-adipocyte cell line. The original stock was purchased from 

ATCC. Cells have a fibroblast-like morphology. They can be differentiated to mature 

adipocytes, and they have been the most widely used adipocyte model in research.  

Cell passaging: 

Complete medium (500 ml DMEM high glucose (4.5 g/L) or low glucose (1 g/L) with 

stable glutamine (Glutamax), supplemented with 50 ml of filter-sterilized Fetal Bovine 

Serum or Calf Serum, and 5 ml 100X penicillin/streptomycin) was used for culturing 

cells. Cells were cultured in T75 flasks (in 15 ml of medium) in a 37oC humidified 

incubator with 5% CO2 and passaged twice a week. The medium was removed with 

an aspiration pipette. The monolayer was rinsed with 10 ml of room temperature PBS; 

2 ml of 1X trypsin-EDTA was added to detach the monolayer. The flask was put in an 

incubator for about 5 minutes, and cell detachment was checked under the 

microscope. After most of the cells were detached, 8 ml of complete medium was 

added to the flask to stop the trypsinization reaction, since the serum contains trypsin 

inhibitors. Cell suspensions were split at 1/10- ratio (1 ml was kept to maintain the 

stock, and the rest was discarded or used for seeding culture vessels for experiments). 

Then, 14 ml of complete medium was added to the flask. 

Cell counting: 

Cells were counted using a hemocytometer. Firstly, a uniform suspension of cells was 

prepared. Then, the cell suspension was diluted 1:1 in trypan blue (10 µl of cell 

suspension + 10 µl of trypan blue). Thirdly, the suspension was loaded on a 

hemocytometer. Cells in 5 squares of the hemocytometer were counted and the 

average number per square was multiplied by 2 (dilution factor) and by 10,000 (1 

square = 0.1 μl) to obtain the number of cells per ml of suspension.  

Primary Tissue 

Inguinal (subcutaneous) white adipose tissue (iWAT) and visceral (perigonadal) white 

adipose tissue (vWAT) was isolated from mice with conditionally targeted (loxP) p110α 

alleles without deletion (p110αflox/flox) and from adipose tissue-specific p110α gene 

deleted mice (p110αDEL/DEL), resulting from expression of a Cre recombinase under 
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the control of adiponectin promoter (Appendix, Mouse strains and maintenance). 

Tissue was minced into small pieces and serum-deprived for three hours (2 h in high 

glucose serum-free medium and 1 hr in Kreb’s-Ringer’s buffer (KRB, 30 mM Hepes 

pH 7.4; 10 mM NaHCO3; 120 mM NaCl; 4 mM KH2PO4; 1 mM MgSO4; 0.75 mM CaCl2) 

supplemented with 0.2% BSA and 10 mM D-glucose) prior to treatment. All the 

treatments were carried out in KRB with 0.2% BSA and 10 mM D-glucose. Following 

treatment, tissue was washed with ice-cold PBS and transferred into microcentrifuge 

tubes containing 200 µl RIPA buffer (see below for composition). Tissue was manually 

lysed using a tissue homogenizer pestle.  

 

Differentiation of pre-adipocytes. 

3T3-L1: 3T3-L1 preadipocytes can be induced to differentiate to mature adipocytes 

(Figure 1.4.1 in introduction section). Pre-adipocytes were plated on 6-well or 12-well 

plates and cultured until confluent in 10% FBS supplemented DMEM. Two days post-

confluence (which is counted as day 0), cells were treated with MDI induction media 

(0.5 mM IBMX, 1 µM insulin, 1 µM Dexamethasone, 1 µM Rosiglitazone in 10% FBS 

DMEM). After another two days in MDI (Day 2), the medium was replaced with insulin 

medium (0.2 µM insulin in 10% FBS-DMEM). On day 4, media were changed to 10% 

FBS-DMEM. Cells were fed with 10% FBS-DMEM every two days. Full differentiation 

is usually achieved by day 10. Cells were used in experimental treatments between 

day 10-13. 

Human multipotent adipose-derived stem cell (hMADS): 

The cells were kindly provided by Dr Christian Dani, University of Nice and cultured 

and differentiated to adipocytes according to the protocol of Rodriguez et al. and 

Zaragosi et al. (Zaragosi, 2006; Rodriguez, 2005).  

hMADS: Cells were plated at a high density, in growth medium containing 2.5 ng/ml 

Fibroblast growth factor 2 (FGF2). Two days post confluence, growth medium was 

replaced with fresh without FGF2. The day after, growth medium was replaced with 

differentiation medium: DMEM/Ham’s F12 (50/50) supplemented with insulin (5 

μg/ml), transferrin (10 μg /ml), Triiodothyronine (T3) (0.2 nM), Rosiglitazone (1 μM), 
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IBMX (100 μM) and Dexamethasone (1 μM). Three days later, differentiation medium 

was replaced with fresh but without IBMX and dexamethasone. Adipocytes normally 

appear 5-7 days after induction of differentiation.  

Stromal vascular fraction (SVF) Isolation:  

The materials used were collagenase (Sigma, catalog number: C6885-100mg), Red 

Blood Cell (RBC) lysis solution (NH4CL, KHCO3 purchased from Sigma) and 100 µM 

cell strainer (Catalog number: #352360). Fat pads from C57BL/6 mice were excised 

and minced in HBSS or KRB (detailed composition given in Primary tissue paragraph) 

supplemented with 10 mM glucose and 0.5% BSA. Collagenase was added at 1 mg/ml 

and incubated at 37°C for 30- 60 minutes with shaking. Then, the cell suspension was 

filtered through a 100 µM cell strainer (if keeping the mature adipocytes) and then 

spun at 250 xg for 5 minutes to separate floating adipocytes from SVF pellet. The 

supernatant containing floating adipocytes was decanted. The pellet was resuspended 

in 1 ml HBSS solution by pipetting up and down with a P1000 tip, then 4 ml of RBC 

solution were added, and the cell suspension was incubated for 5 min. The suspension 

was spun again as above, supernatant was discarded, and pellet was washed once 

with DMEM medium. The pellet was resuspended in 1-2 ml DMEM/F12 (containing 

10% FBS and penicillin/streptomycin). Cell number was counted with trypan blue and 

cells were plate in dishes at 25,000 cells per cm2. 

 

Quantitative immunoblot analysis: 

Cell lysis and protein content quantification: 

Following cell treatments, the medium was removed from the culture vessel and the 

monolayers were rinsed with cold PBS. Cells were lysed by scrapping into 150 µl of  

Lysis Buffer (50 mM Tris-HCL pH 7.4, 100 mM NaCl, 50 mM NaF, 5 mM EDTA, 2 mM 

EGTA, 40 mM β-glycerophosphate, 10 mM sodium pyrophosphate and 1% Triton X-

100, protease inhibitors: 10 µM pepstatin, 10 µM leupeptin, 1 mM 

phenylmethylsulfonyl fluoride (PMSF), and tyrosine phosphatase inhibitor: 0.5 mM 

sodium orthovanadate (Na3VO4) or RIPA buffer (Lysis Buffer supplemented with 1% 

sodium deoxycholate and 0.1% SDS). Clarifying cell lysates, I centrifuged samples at 
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14,000 rpm for 10 min at 4oC. Protein content was quantified using Bradford assay or 

BCA assay according to the manufacturer’s (Pierce) instructions. Bovine Serum 

Albimin (BSA) was used as a protein standard. Protein samples were denatured for 

electrophoretic analysis by adding 5x loading buffer (250 mM Tris-HCl, pH 6.8, 8% 

SDS, 40% glycerol, 0.04% bromophenol blue, 250 mM DTT) and heating for 10 min 

at 95oC.  

Sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) 

SDS-polyacrylamide gels (7%-10% acrylamide) were used to resolve protein samples 

according to the method of Laemmli (Laemmli, 1970). Vertical slab gels were cast 

using a BioRad gel apparatus. After loading samples, the gel was run at a constant 

voltage of 110V for 1 h 30 min for mini gels or 50V overnight for big gels. 

 

Western blot 

Following SDS-PAGE, resolved proteins were transferred onto Immobilon-P 

polyvinylidene fluoride (PVDF) membrane-FL (Millipore) using a wet blotting system 

(BioRad Trans-Blot Cell). The membrane was wetted in methanol and then rinsed in 

water for 2 min. Then both gel and membrane were equilibrated in Transfer Buffer (25 

mM Tris, 192 mM glycine, 20% (v/v) methanol, or in case of transfer of large proteins: 

25 mM Tris, 192 mM glycine, 10% (v/v) methanol, 0.1% SDS). Gel and membrane 

were stacked together in a cassette and immersed in a tank filled with transfer buffer. 

The transfer was run at 60V for 1 h 15 min for mini gels and 0.45A for 1 h and 30 min 

for big gels. However, for transferring large proteins (e.g. p300), gels were transferred 

at 20V overnight. After transferring, the membrane was incubated in 5% skimmed milk 

in 0.1% (v/v) Tween 20 in Tris-buffered saline (TBS-T) for 1 h at room temperature 

(RT) to saturate non-specific binding sites. 

 

Membrane probing with antibodies and immune-complex detection 

All the antibodies were prepared at a 1:1000 dilution in 3% BSA and 0.02% sodium 

azide in TBS-T. Membranes were incubated with primary antibodies for 1-2 h at room 

temperature or overnight at 4oC on a rocking platform. Membranes were washed with 
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TBS-T for 5 min (three times), followed by incubation with fluorescently labelled 

secondary antibodies diluted 1:5000 in 2.5% skimmed milk in TBS-T. Incubations with 

the secondary antibodies were in a light protected box at room temperature for 1 h. 

After that, the membrane was washed as above. An Odyssey infrared scanner 

(LICOR) was used to detect protein bands and their intensity was quantified using the 

manufacturer’ s software. 

ECL (Enhanced chemiluminescence), which is more sensitive than LICOR 

scanner, was used where higher sensitivity was required. Following incubation with 

primary antibody, anti-rabbit (or mouse)-peroxidase linked immunoglobulin was used 

instead of a fluorescently labelled secondary antibody. For signal detection, 

membranes were incubated with a 1:1 mixture of ECL solutions A and B (GE 

Healthcare) for 2 min. The membrane was then exposed to X-ray film, which was 

developed using an automatic X-ray film developer in a dark room. After the detection, 

films were scanned and band intensity was quantitated using ImageJ software. 

 

Lipolysis (glycerol release) assay: 

Adipose tissue explants were adjusted to approximately 100 mg of weight and then 

minced with fine scissors. Explants or hMADS cell-derived adipocytes were incubated 

in serum-free DMEM supplemented with 0.2% (w/v) fatty acid-free Bovine Serum 

Albumin (BSA) for 2 h or overnight at 37ºC in 5% CO2 incubator then transferred to 

Kreb’s-Riger’s buffer (30 mM Hepes pH 7.4, 10 mM NaHCO3, 120 mM NaCl, 4 mM 

KH2PO4, 1 mM MgSO4, 0.75 mM CaCl2) supplemented with 0.2% fatty acid-free BSA 

and 10mM glucose and incubated for an additional hour. Inhibitors were added for the 

last 15 min of the incubation. Lipolysis was stimulated by addition of 1 μM 

Isoproterenol, Norepinephrine-L-bitartrate, CL-316,243 or Mirabegron-YM178. 50 µl 

of the medium was removed 30 min following stimulation and glycerol content was 

determined using Glycerol Reagent and Glycerol Standard (Sigma).  
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cAMP measurement 

For determination of intracellular cAMP (Cyclic Adenosine monophosphatesphate) 

levels, tissue explants were processed, incubated and stimulated as above. Explants 

were collected 20 min following adrenergic stimulation, frozen in dry-ice and kept in -

80ºC until further processing. Samples were homogenized in 0.5 ml of 0.1 N HCl using 

a mechanical homogeniser. Homogenates were clarified by centrifugation for 5 min in 

a benchtop refrigerated microcentrifuge. Supernatants were diluted 1 in 4 with cAMP 

ELISA buffer, and the cAMP content was determined with a cyclic AMP Select ELISA 

kit (Cayman). 

Glucose uptake assay 

Stromal vascular fraction (SVF) cells were starved overnight before processing for 

glucose uptake assay. Adipocyte layers grown in 6 well dishes were deprived from 

glucose by incubating in glucose-free Kreb’s-Ringer’s Buffer (KRB) for 30 min. 

cytochalasin B (glucose uptake inhibitor) was added to one of wells to assess non-

specific glucose adsorption of radioactive glucose. Cells were stimulated with 100 nM 

insulin for 20 min. For glucose uptake, 100 µl of radioactive mix was added to each 

well for 10 min at 37 oC. The radioactive mix was composed of 1µl cold deoxyglucose 

(from 100 mM stock solution), 0.5µl 2-DOG3H (0.5 µCi per well) and 98.5 µl of KRB. 

To stop uptake, cytochalasin B was added in each well and the plate incubated on ice 

for 5 min. Wells were rinsed three times with ice-cold PBS. 0.5N NaOH was used for 

cell lysis (30 min at 37 oC) and then 0.5N HCl was added for neutralization. 20 µl of 

each lysate was assayed for protein (BCA). The rest of the lysate was transferred into 

a scintillation vial containing 4 ml of scintillation fluid (Ultima Gold) and vortexed well. 

Radioactive incorporation was measured using a beta counter (Perkin Elmer).   

 

Fluorometric quantitation of Senescence-associated (SA)-beta-
galactosidase activity 

Pre-adipocytes 3T3-L1 or hMADS were seeded in 96-well plate (1000 or 500 cells per 

well). Four hours after seeding, cells were treated with chemicals such as A66, TGX-
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221, doxorubicin or saturated fatty acid (palmitate) for 72 hours. After treatment, cells 

were fixed with fixative solution (4% formaldehyde and 0.5% glutaraldehyde) for 15 

minutes and then washed with PBS. 100 µl of staining solution (5 mM potassium 

ferrocyanide, 5 mM potassium ferricyanide, 150 mM Sodium chloride, and 2 mM 

Magnesium chloride in 40 mM citric acid/sodium phosphate solution, pH 6.0) was 

added to each well. Then, 10 μl of 2 mM Fluorescein di-D-beta-galactopyranoside 

(FDG) was added per well and the plate was incubated in the dark at 37 ºC in a CO2-

free incubator for 30 min. FDG is a sensitive substrate for galactosidase. Non-

fluorescent FDG is sequentially hydrolysed by beta-galactosidase first to fluorescein 

monogalactoside (FMG) and then to highly fluorescent fluorescein. Fluorescein 

fluorescence was measured using a plate reader with an excitation at 485 nm and an 

emission at 535 nm. One well containing the reaction mixture without the cells was 

used as blank for subtracting the background fluorescence. The fluorescence intensity 

values were converted to fluorescein equivalents using a fluorescein standard curve. 

The fluorescein formation was calibrated using standard fluorescein solutions, for 

which a 50 mM stock solution was prepared in DMSO and diluted to 97.5, 195, 391, 

781, 1563, 3125, 6250, and 12500 nM in staining buffer. The standard curve of the 

standard solutions gave an equation of y=2.9x+274, r2=0:9992 (y, nM fluorescein; x, 

fluorescent signal).  

 

Toluidine blue staining of cell monolayers 

Toluidine blue staining was used to measure the number of cells attached in each 

experimental well and normalise the fluorescence measured in the SA-beta-

galactosidase assay. Following completion of the fluorescence measurement of SA-

beta-galactosidase 0.1 ml of toluidine working solution (Stock solution: 1% (w/v) 

toluidine solution and 1% (w/v) disodium tetraborate. Working solution: stock solution 

1:2 with water.) is added per well of 96-well plate and incubated overnight at room 

temperature. Wells were washed a few times by immersion in tap water and finally in 

deionised H2O. The dye was extracted by solubilisation of the monolayers in 1% SDS 

solution for 30 min at 37 ºC. Absorbance was then measured at 620 nm. The 

absorbance is proportional to the cell amount. 
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Determination of cellular respiration using a Seahorse Analyser 

Mouse 3T3-L1 pre-adipocytes or hMADS cells were seeded into 24-well XF24 plates 

(Seahorse Bioscience) at 20,000 cells/well in 200-500 μl growth medium. Cells were 

induced to differentiate 2 days after reaching confluence (Day 0 in the differentiation 

protocol). Assays were initiated by removing the growth medium from each well and 

by washing the cells with 1 ml XF Assay Medium (Modified DMEM (0 mM Glucose; 

Seahorse) containing Mg2+ (as MgSO4) 0.8 mM; Ca2+ (as CaCl2) 1.8 mM; NaCl 143 

mM; KCl 5.4 mM; NaH2PO4 0.91mM; L-Ala-Gln (Glutamax) 2 mM and Phenol Red 3 

mg/L supplemented with 5 mM glucose and 1 mM pyruvate (pH 7.4)) and addition of 

0.5 ml of XF Assay Medium per well. Cellular oxygen consumption rate (OCR) and 

extracellular acidification rate (ECAR) were measured using a Seahorse Extracellular 

Flux Analyser (model XF24, Seahorse Bioscience). Per specific experiments, drugs 

were injected to final concentrations of Isoproterenol (Sigma; 1-10 μM), Oligomycin 

(ATP synthase inhibitor, Cell Signalling Technology; 2 μM), FCCP (Mitochondrial 

uncoupling proton ionophore, 600 nM), Antimycin/Rotenone (Inhibitor of electron 

transport chain/Mitochondrial Complex I inhibitor, 1 μM). In most of the experiments, 

cells were pre-treated with 2 μM p110α inhibitor A66 for 3 h. 

 

Fluorescence-activated cell sorting (FACS) analysis of mitochondrial 
content. 

After appropriate treatments in 6 well dishes, cells were washed once with 2 ml PBS, 

followed by addition of 0.5 ml of trypsin for 5 min in 37o C incubator. Trypsination was 

stopped by addition of 1.5 ml of culture medium and cells were transferred to FACS 

tubes. Cells were spun down at 1000 rpm for 5 min. The medium was aspirated and 

the pellet was resuspended in 1 ml of culture medium with 100 nM Mitotracker 

(MitoGreen, the stock solution is 1 mM) and incubated for 30 min at 37o C protected 

from light. Stained cells were then spun down at 1000 rpm for 5 min and the 

supernatants were discarded. Pellets were washed once with 1 ml PBS and spin down 

at same speed again. Then, the pellet was resuspended in 0.5 ml of FACS medium 
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(PBS+3%BSA+EDTA+NaN3). Samples were analyzed using a Beckman Coulter Cell 

Lab QUANTA* Flow Cytometer. 20,000 cells were analysed from each sample. We 

created a plot of the population of cells detected by the flow cytometer. Electronic 

volume indicates cell size, while side scatter indicates granularity. For analysis, we 

selected a subpopulation of more differentiated adipocytes, characterised by larger 

and more granular cells (Gate R3). Data were analyzed by Summit 4.2 software.  

 

Measurement of mitochondrial membrane potential by using JC-1 dye. 

To measure mitochondrial membrane potential, the cationic dye JC-1 

(tetraethylbenzimidazolycarbocyanine iodide) which accumulates in mitochondria was 

used. In the presence of high mitochondrial membrane potential, the JC-1 dye 

accumulates in mitochondria forming aggregates yielding a red to orange coloured 

emission (590±17.5 nm). Under low mitochondrial membrane potential, JC-1 is 

dispersed in the cytoplasm where it is predominately a monomer that yields green 

fluorescence with the emission of 530±15 nm. Therefore, an increase in the aggregate 

fluorescent count is the marker of hyperpolarisation whereas a decrease of red 

fluorescence is the marker of depolarisation. The ratio of aggregate: monomer reflects 

the change of mitochondrial membrane potential. Mature human adipocytes in 6-well 

plates were pretreated with p110a specific inhibitor A66 for 1 hour and then adrenergic 

signalling was stimulated with ISO for either 3 hours or overnight. One of the wells 

incubated with 10 µM FCCP for 1 hour. FCCP is a mitochondrial uncoupling ionophore.  

 

Statistical analysis 

Data are presented as mean ± standard error of the mean (SEM). Statistical analyses 

were performed with GraphPad Prism 8. Specific tests are detailed in the figure 

legends. P <0.05 was considered to be statistically significant (designated by a single 

asterisk; double asterisk, P <0.01; triple asterisk, P <0.001).  
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CHAPTER 3:	 PI3K p110a in adrenergic 
regulation of adipose tissue metabolism 

3.1 Overview and aim of chapter 3 

The paradoxical effect that loss-of-function mutations in a pathway essential for growth 

and metabolic regulation such as the IIS pathway produce beneficial metabolic effects 

in old age has not been adequately explained so far. Our lab has recently generated 

and metabolically characterised mice with adipose tissue-specific deletion of p110α. 

These mice displayed severe insulin resistance, but remarkably, normal glucose 

tolerance and accumulated substantially less fat than wild-type littermates with age. 

We have therefore sought to elucidate the molecular mechanisms underlying these 

beneficial metabolic effects. On the basis of the metabolic phenotype, we surmised 

that inactivation of p110a should affect signalling pathways regulating lipid metabolism 

in the adipose tissue. The most prominent pathway regulating fat mobilisation and 

oxidation in adipocytes is the adrenergic receptor/protein kinase A (β-ΑR/PΚΑ) 

pathway. Therefore, the lab has focused the investigation of the molecular 

mechanisms of p110a inactivation on the potential effects on β-ΑR/PKA signalling. 

Indeed, other members in my host lab found that inactivation of PI3K p110a affects 

adrenergic signalling in adipocytes and increases expression of UCP-1 in WAT. As 

mentioned above, although a crosstalk between adrenergic signalling and insulin 

signalling had already been established, the underlying molecular mechanism is still 

unknown. Therefore, the aim of this line of investigation was to dissect the role of PI3K, 

especially of the p110a subunit in adrenergic signalling in adipocytes. 

Beta-adrenergic signalling declines with age (Santulli and Iaccarino, 2013). 

Reduced activity of this pathway results in increased adiposity and promotes lipotoxity. 

If downregulation of PI3K potentiates adrenergic signalling, we expect reduced fat 

mass and preservation of adrenergic signalling in old age. Elucidation of the 

mechanism of modulation of adrenergic signalling by PI3K p110a could be the first 

step to help us understand the full range of modes by which this molecule regulates 

adipose tissue metabolism.  
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The p110a specific inhibitor A66 has been used to inactivate PI3K p110a in 

adipocytes. The main problem that accompanies the use of inhibitors in studies is the 

question of their selectivity and off-target effects. Therefore, to increase the precision 

of our investigation, in parallel with a pharmacological approach to inactivate PI3K, we 

have also used a genetic model. Adipose tissue-specific p110a gene deleted mice 

were generated by using Cre/loxP (adiponectin-cre) mutagenesis (see Appendix, 

Mouse strains and maintenance). 

The beta-adrenergic receptor signalling pathway is well-known to regulate 

adipose tissue metabolism. This chapter aimed to investigate a potential role of p110a 

in adrenergic signalling in the adipose tissue. 
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3.2 Results of chapter 3 

Inactivation of PI3K p110a potentiates adrenergic signalling in 

subcutaneous but not in visceral adipose tissue 

Two types of WAT from different positions of the body have been used in these 

experiments. vWAT is frequently referred to as “bad” body fat that is stored in the 

abdominal cavity surrounding important organs such as liver, pancreas, and intestines. 

The mass of vWAT increases with age and this is thought to contribute to the 

development of the metabolic syndrome. However, subcutaneous WAT stores 

calories and supplies energy for other organs and, within limits, is thought to have a 

beneficial impact on metabolism. Therefore, we want to know whether inactivation of 

PI3K has either similar or different effects on adrenergic signalling in these two distinct 

depots. 

Inguinal (subcutaneous) white adipose tissue (iWAT) and visceral (perigonadal) 

white adipose tissue (vWAT) were isolated from female mice (~50wo) with 

conditionally targeted (loxP) p110α alleles without deletion (p110αflox/flox) or adipose 

tissue-specific gene deletion (p110αDEL/DEL). Tissue was cut into fragments and 

cultured in serum-free DMEM for three hours to quench activation of signalling 

pathways by factors contained in the serum of mice followed by 1 h in KRB with 0.2% 

BSA and 10 mM D-glucose. Fragments were pre-treated with 2 µM of the p110a 

specific inhibitor A66 for 15 min to inhibit p110a activity. Then, tissue was stimulated 

with the beta-adrenergic receptor agonist isoproterenol (1 µM) for 20 min. Hormone-

sensitive lipase (HSL) is a mediator of lipolysis that hydrolyses diacylglycerol (DAG) 

generated through triacylglycerol hydrolysis by ATGL. HSL is a substrate for 

phosphorylation by protein kinase A (PKA or cAMP-dependent protein kinase). The 

phosphorylated HSL is active and initiates lipolysis. cAMP response element-binding 

protein (CREB) is a cellular transcription factor which can bind to certain DNA 

sequences (cAMP response elements). CREB is activated when phosphorylated by 

PKA or other kinases. The active CREB can recruit other transcription cofactors to 

initiate gene expression. Perilipin is one of the major lipid droplet-associated proteins 

in adipocytes (forms part of the coat of lipid droplets). Two isoforms of perilipin have 

been identified: perilipin A (predominately in mature adipocytes) and B. The lipid 
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droplet coating with perilipin A and B restricts TAG lipase activity, thus avoiding 

unnecessary basal lipolysis. Phosphorylation of perilipin by PKA inhibits its restricting 

function and thus stimulates lipolysis.  

To test β-AR-stimulated cAMP/PKA activity, phosphorylation levels of PKA 

substrates (HSL, CREB and perilipin) involved in lipolysis were detected by 

immunoblot analysis. As shown in Figure 3.2.1A-B, isoproterenol stimulation resulted 

in higher phosphorylation of HSL, CREB and perilipin compared to basal in iWAT. 

Double bands represent isoforms of HSL, CREB and perilipin expressed in adipocytes 

(Choi et al., 2010). Treatment with A66 further enhanced phosphorylation of these 

molecules used as readouts of cAMP pathway activation in iWAT. A66 treatment 

resulted in an almost 1.5-fold higher HSL phosphorylation by ISO stimulation (Figure 

3.2.1C). Similar results were obtained for the phosphorylation levels of CREB and 

perilipin. Adipose tissue explants with genetic deletion of p110a (p110αDEL iWAT) gave 

results consistent with those of pharmacological (A66) treatment. To confirm selectivity 

of A66, p110αDEL iWAT was also pre-treated with A66 and then stimulated with 

agonist. The phosphorylation level of CREB was similar in the presence or absence 

of A66 in p110αDEL iWAT (Appendix, Figure S1). This indicated that the effect of A66 

could be confidently attributed to p110a and not to cross-reactivity with other p110 

isoforms or other kinases. 

Interestingly, different results were obtained in vWAT (Figure 3.2.1D). Here 

A66 tended to reduce phosphorylation of the same molecular readouts by ISO 

stimulation. The genetic deletion model (p110αDEL vWAT) showed similar results with 

those of A66 treatment, except for phosphorylation of perilipin, for which similar levels 

of ISO-stimulated phosphorylation were detected between p110αDEL and control 

(p110aFLOX) vWAT.  

We tested glycerol release and cAMP level as other readouts for cAMP/PKA 

activity. As shown in Figure 3.2.1E, treatment with A66 further increased glycerol 

release upon ISO stimulation. A similar result was obtained in p110αDEL iWAT. 

However, no difference was found in vWAT. cAMP levels (Figure 3.2.1F) were also 

enhanced by A66 treatment of p110αFLOX iWAT and consistent results were obtained 

in adipose tissue with gene deletion of p110a (p110αDEL iWAT). Again, no significant 

changes were detected in vWAT. 
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Figure 3.2.1. Genetic and pharmacological inactivation of PI3K enhances beta-
adrenergic signalling in iWAT but not in vWAT. (A) and (B) primary tissue iWAT and 
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vWAT was starved for 3 h and pre-treated with p110a-specific inhibitor A66 and then 

stimulated with isoproterenol (ISO). Phosphorylation level of proteins (HSL, CREB and 

perilipin) involved in lipolysis was detected by immunoblot analysis with appropriate 

antibodies. (C-D) Quantifications of immunoblots shown in (A) and (B). All the data were 

normalized to loading control vinculin. (E) Lipolysis in explants from 1 year old male mice (n=3 

per genotype) stimulated with 1 μM ISO in the presence or absence of 2 μM A66 assessed as 

glycerol release over 30 min following stimulation. (F) cAMP levels measured by ELISA in 

explants from approximately 1 year old male mice stimulated with 1 μM ISO in the presence 

or absence of 2 μM A66 for 20 min. Quantitative data from n=8 for basal-/A66-/ISO-/ISO+A66-

treated. Data are presented as mean ± SEM. Statistical analyses: One-way ANOVA with 

Bonferroni’s multiple comparisons test (c-f). P*<0.05; P** <0.01; P***<0.001. 
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Expression of the Cre recombinase transgene on its own does not affect 
adrenergic signalling. 

To rule out that expression of the Cre recombinase transgene on its own could affect 

cellular responses under study, primary adipose tissue isolated from wild type mice 

and adiponectin-Cre expressing mice was used to test isoproterenol stimulated 

phosphorylation of HSL. Between these two types of control mice, there was no 

significant difference of pHSL in both iWAT and vWAT (Appendix, Figure S2). Thus, 

we confirmed that the expression of adiponectin-Cre transgene is not affecting our 

results.  

p110α inhibition potentiates adrenergic signalling stimulated by the 
natural agonist norepinephrine.  

As Isoproterenol is a synthetic agonist, we wanted to test whether the potentiating 

effect of p110α inhibition holds true upon stimulation with an endogenous ligand of β-

ARs. We therefore used norepinephrine (NE) instead of isoproterenol to stimulate 

adrenergic signalling. NE is a catecholamine secreted from the sympathetic nervous 

system that stimulates both alpha 2 and beta-adrenergic receptors. NE stimulation 

produced similar results with ISO in iWAT, ie lacking p110a  significantly enhanced 

phosphorylation of HSL (Figure 3.2.2A, C). There was no difference in the 

phosphorylation levels of HSL with inactivation of p110a in vWAT (Figure 3.2.2B, D). 

NE stimulation gave the same trend with ISO in glycerol releasing level and cAMP 

levels (Figure 3.2.2E, F).  
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Figure 3.2.2. Similar effects of inactivation of p110a on adrenergic signalling 
with norepinephrine stimulation compared to isoproterenol stimulation. (A), (B), 
(C) and (D) show quantification of phosphorylation level of HSL relative to basal. Primary 

adipose tissue (iWAT, vWAT) explants isolated from wild type (FLOX) mice and p110a gene 

deleted (DEL) mice were starved for 3 h, pre-treated with A66 and then stimulated with 1µM 

NE for 20 min. (C) Lipolysis in explants from 1 year old male mice (n=3 per genotype) 
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stimulated with 1 mM NE in the presence or absence of 2 μM A66 assessed as glycerol release 

over 30 min following stimulation. (D) cAMP levels measured by ELISA in explants from 

approximately 1 year old male mice (n=4 per genotype) stimulated with 1 μM NE in the 

presence or absence of 2 μM A66 for 20 min. Data are presented as mean ± SEM. Statistical 

analysis: One-way ANOVA with Bonferroni’s multiple comparisons test. P* <0.05. 
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Inactivation of p110α does not potentiate adrenergic signalling in adipose 
tissue of 80 week old mice 

The intensity of adrenergic signalling in many organs such as muscle, heart and 

adipose tissue declines with age (Santulli and Iaccarino, 2013). In adipose tissue, age-

related decrease in expression levels of AR has been reported to reduce adrenergic 

signalling (Scarpace et al. 1991). Consequently, the balance of fatty acid storage and 

lipolysis is disturbed. WAT is overloaded with triglycerides, and this contributes to the 

development of obesity and insulin resistance. Additionally, subcutaneous WAT loses 

the capacity of “browning” (a process by which WAT acquires BAT-like properties 

regarding thermogenic responses) and the mass of BAT decreases with age. This 

results in down-regulation of thermogenesis and lowers energy expenditure. 

We tested whether p110a inhibition could still potentiate adrenergic signalling 

in 80 week-old mice thus preserving a higher adrenergic output for longer in the 

lifespan. We performed the same experiments in both 30 wo and 80 wo at the same 

time. We obtained different results between these two-age mice. Inhibition of p110a 

by A66 did not increase ISO-induced phosphorylation of HSL in iWAT of 80 wo mice 

(Figure 3.2.3B). Inhibition of p110a significantly enhanced NE-stimulated 

phosphorylation of HSL in 30 week-old mice (Figure 3.2.3A). 

In contrast, tissue treatment of iWAT with A66 increased ISO-induced 

phosphorylation in younger but not scientific significant. No statistically significant 

differences were found in vWAT (Figure 3.2.3C and D). Similar experiments were 

performed in BAT. Curiously, BAT was much less responsive to adrenergic receptor 

agonists (ISO and NE), compared to iWAT and vWAT and inactivation of p110a by 

A66 had shown a tendency of increase of phosphorylation levels of HSL in both young 

and old mice (Figure 3.2.3E and F). As most of these results were not statically 

significant- inactivation of p110a only significantly enhanced NE-stimulated 

phosphorylation of HSL in iWAT- it is hard to conclude whether inactivation of p110a 

has different effects on adrenergic receptor signalling between young and old mice.    
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Figure 3.2.3 Ageing impairs adrenergic signalling in iWAT and vWAT. Primary 

adipose tissues iWAT (A, B), vWAT (C, D) and BAT (E, F) were isolated from young and old 

mice, respectively (BLACK: p110aFLOX; GREY: p110aDEL. Tissue explants were serum 

deprived for 3 h and pre-treated with A66 before stimulating with ISO or NE. Immunoblot 

analysis was used to detect phosphorylation levels of HSL and quantification is shown in this 

figure. Data are expressed as mean±SEM from four (n=4) independent experiments. Data are 

presented as mean ± SEM. Statistical analysis: One-way ANOVA with Bonferroni’s multiple 

comparisons test. P** <0.01.  
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p110α inhibition potentiates adrenergic signalling also in human 
adipocytes. 

Since we found the inactivation of p110α had a potentiating effect on adrenergic 

signalling in iWAT (subcutaneous depot) of mice, we wanted to test whether the same 

effect is true in human cells. We used human multipotent adipose-derived stem cells 

(hMADS). hMADS have been derived from human subcutaneous white adipose tissue. 

Fully differentiated hMADS cell-derived adipocytes were deprived of serum overnight, 

followed by treatment with 2 µM A66 for 1 h and stimulation of adrenergic signalling 

with 1 µM ISO, NE, CL and Mirabegron (YM-178) for 20 min. CL is a mouse beta-3 

adrenergic receptor-specific agonist, and YM is human beta-3 adrenergic receptor 

selective agonist which has recently shown efficacy in activation of human BAT 

(Cypess et al., 2015). As shown in Figure 3.2.4 A&B, A66 treatment gave almost 1.5-

fold further increase in ISO- or NE-stimulated phosphorylation levels of HSL. And 

perilipin compared to vehicle and 2-fold more significant induction of phosphorylated 

perilipin in CL stimulation. CL and YM stimulation with A66 treatment produced similar 

results although they were not statistically significant. We also measured glycerol 

release (Figure 3.2.4C). Agonist-stimulated glycerol release was higher in the 

presence A66 for all agonists tested.  
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Figure 3.2.4. p110α inhibition potentiates adrenergic signalling in human 
multipotent adipose-derived stem cell (hMADS). (A) hMADS cell-derived adipocytes 
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were serum deprived overnight, pre-treated with p110α-specific inhibitor A66 and then 

stimulated with isoproterenol (ISO), norepinephrine (NE), CL-316,243 (CL) or Mirabegron 

(YM). The phosphorylation level of proteins (HSL and perilipin) involved in lipolysis were 

detected by immunoblot analysis with appropriate antibodies. (B) Quantifications of 

immunoblots shown in (A). All the data were normalized to vinculin (loading control). (C) 
hMADS cell-derived adipocytes stimulated with 1 µM ISO, NE, CL or YM in the presence or 

absence of 2 µM A66 tested for glycerol release over 30 min following stimulation. Quantitative 

data from n=8 for basal-/A66-/ISO-/ISO+A66-treated, n=7 for NE-/NE+A66-treated, n=4 for 

CL-/CL+A66- and YM-/YM+A66-treated independent experiments. Data are presented as 

mean ± SEM. Statistical analyses: paired two-tailed t-test. P* <0.05; P** <0.01; P*** <0.001. 
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Mechanisms of adrenergic signalling enhancement by p110α inhibition. 

We sought to gain further insights into the molecular mechanism underlying the 

potentiation of adrenergic signalling by p110α inhibition. We probed the levels of β-AR 

subtypes expression in adipose tissues of p110αFLOX and p110αDEL mice. We probed 

the levels of β-AR subtype expression in adipose tissues of p110αFLOX and p110αDEL 

mice. We found no significant differences in the expression of the various β-AR 

subtypes among the different depots tested (Figure 3.2.5A). At the level of PI3K 

isoform expression, we observed similar levels of expression of p110α between iWAT 

and vWAT, but a tendency for a higher level of p110β in iWAT compared to vWAT 

(Figure 3.2.5B). Therefore, the mechanism that regulates the expression of adrenergic 

receptors and PI3K subunits in the adipose tissue depots of p110αDEL does not involve 

differential expression either of β-AR receptor subtypes or of p110 isofrorms. 

Insulin exerts its anti-lipolytic action mainly, though not exclusively, through 

PI3K/Akt-mediated phosphorylation and activation of the cAMP-degrading enzyme 

phosphodiesterase 3B (PDE3B) (Duncan et al., 2007; Choi et al., 2010). We tested 

whether β-adrenergic stimulation can also activate Akt phosphorylation in iWAT and 

vWAT. We found that isoproterenol stimulation of stimulated substantial increase of 

Akt phosphorylation in both iWAT and vWAT explants (Figure.3.2.5C). Adrenergic 

stimulation activates two opposing activities in the adipose tissue: Adenylyl cyclase 

that produces cAMP and stimulates the PKA pathway and phosphodiesterase that 

degrades cAMP. Therefore, inhibition of p110α can be potentiating adrenergic 

signalling by limiting the concomitant activation of PDE activity upon adrenergic 

stimulation (Figure 3.2.6). Consistent with this, inhibition of p110α with A66 fails to 

increase adrenergic signalling above the level attained through treatment with the 

general phosphodiesterase inhibitor isobutylmethylxanthine (Figure 3.2.5D). 
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Figure 3.2.5. Mechanisms of adrenergic signalling enhancement by p110α 
inhibition. 

(A) Protein extracts from adipose tissues of 32 week old male p110αFLOX and p110αDEL 

littermate mice were analysed by immunoblot analysis for adrenergic receptors using the 

indicated antibodies. β-AR undergo N-glycosylation. The pattern of glycosylation can differ 

among different cell types. Glycosylation is not thought to affect ligand binding of β-ARs. β1-

AR and β2-AR were detected using enhanced chemiluminescence, whereas β3-AR was 

detected by infrared imaging using a LICOR Odyssey CLx scanner. Signal intensities were 

quantified with ImageStudio software (LICOR). For β1 and β2-AR expression the whole region 
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visible in the above blot was quantified in each lane. The aminoacid sequence predicted 

molecular weights for each receptor are: β1-AR  50.5, β2-AR  47, β3-AR  43.5. 

The membrane used for β2-AR detection was reprobed with antibodies for the p110α and 

p110β isoforms of PI3K. Scatter plots presenting the average intensities of β-ARs and p110α 

and p110β protein expression in p110αFLOX and p110αDEL mice (n=3 per genotype). β3-AR 

expression in iWAT and BAT has  been probed in lysates from additional mice (total 8-9 mice 

per genotype from 8 different litters and 2 different generations). 
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(B) Expression of PI3K p110a and p110b isoforms detected by probing the same blots as in 

A with respective antibodies. (C) β-AR stimulation induces p110α dependent Akt activation. 

Immunoblot analysis of Akt phosphorylation induced by treatment with 1 μM isoproterenol in 

the presence or absence of 2 μM A66 in iWAT and vWAT explants isolated from 38-week-old 

male p110αFLOX mice. Graphs show quantitative data from iWAT of 3 mice and vWAT of 2 

mice. A representative immunoblot is shown. Inguinal WAT explants from 38-week old 

p110αFLOX male mice were stimulated with 1 μM isoproterenol (ISO) in the presence or 
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absence of the 2 μM p110α selective inhibitor A66 and/or the broad spectrum 

phosphodiesterase inhibitor 100 μM isobutylmethylxanthine (IBMX) (D) for 20 min. Data are 

presented as means ± SEM. Statistical significance was tested with paired t-test. n= 3. 
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Figure 3.2.6 Role of PI3K p110α in insulin and β-adrenergic receptor-stimulated 
pathways in the adipocytes. Upon activation of the Insulin Receptor (IR), PI3K p110α 

promotes activation of phosphodiesterase (PDE) through phosphorylation by Akt (1). p110α 

dependent and Akt mediated activation of PDE also occurs upon β-AR stimulation, by an as 

yet undefined mechanism (indicated by dashed arrows), concomitantly with activation of 

adenylyl cyclase (AC) (2). According to the scheme, inhibition of p110α reduces energy 

storage and fat mass increase through the insulin pathway and promotes thermogenic energy 

expenditure and leanness through the β-AR pathway. 
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3.3 Discussion of chapter 3 

3.3.1 Inactivation of PI3K p110a has a positive effect on adrenergic 

signalling selectively in mouse iWAT and hMADS.  

 

PI3K inactivation-potentiated adrenergic signalling involves engagement of 

p110a in catecholamine-stimulated Akt activation. 

Previous studies have demonstrated that insulin signalling has a negative effect on 

cAMP/PKA-mediated lipolysis via activation of PDE-3B in the adipose tissue. PDE-3B 

is a phosphodiesterase that belongs to the PDE family, and it is activated when the 

intracellular cAMP level is high. It can hydrolyse cAMP to 5’-AMP thus decreasing 

cAMP levels and reducing the action of the cAMP-dependent kinase (Carmen and 

Víctor, 2006). This subsequently leads to HSL becoming dephosphorylated and 

inactive, resulting in a reduction of hydrolysis of stored triglycerides in adipose tissue 

(Tang et al., 2001). PDE-3B is one of the physiological substrates of Akt and can be 

activated via phosphorylation on Serine 273 residue (Kitamura et al., 1999). Insulin 

signalling also regulates PDE-3B protein level as well. In fat tissue of insulin-resistant 

IRS-1 (-/-) mice, the protein expression of PDE-3B was increased, but the activity was 

decreased compared to wild-type mice. It seems that insulin signalling regulates 

protein level and activity of PDE-3B in different ways (Hasegawa et al., 2002). We 

found that adipose tissue-specific inactivation of p110α potentiated adrenergic 

signalling, specifically in subcutaneous adipose tissue. The molecular mechanism 

underlying this effect appears to involve engagement of p110α in catecholamine-

stimulated Akt stimulation, which in turns activates phosphodiesterase and 

degradation of cAMP (Figure 3.2.6). Deletion of p110α reduced catecholamine-

induced PDE activation thus enhancing cAMP-mediated signalling (Araiz et al., 2019). 

The significance of cAMP-mediated signalling in the conversion of white adipose 

tissue to thermogenic adipose tissue has recently been demonstrated by knockout of 

PDE3b shown to promote browning of epididymal white adipose tissue (Chung et al., 

2017)  
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According to the results we obtained, p110a inactivation results in higher HSL, 

CREB and perilipin phosphorylation in iWAT. This finding suggests that inhibition of 

p110α upregulates the activity of cAMP/PKA. In contrast, the same proteins showed 

a tendency for reduced phosphorylation upon p110a inhibition in vWAT. Here, 

inactivation of PI3K did not affect or it possibly even suppressed cAMP/PKA-mediated 

signalling in vWAT. One possible explanation we assessed was that the expression 

levels of p110a and other PI3K isoforms is different in distinct adipose tissue depots. 

To test this hypothesis, we quantified the protein levels of each isoform in all types of 

adipose tissue. Similar levels of p110a are expressed in iWAT and vWAT depots. 

Therefore, the differential effect of p110a inhibition between iWAT and vWAT cannot 

be explained by the differential p110a expression, as this appeared to be similar 

between those two adipose tissue depots. A tendency for higher level of p110β in 

iWAT compared to vWAT has been shown in Figure.3.2.5B. This is consistent with the 

milder effect of p110α deletion on insulin sensitivity in iWAT compared to vWAT (Araiz 

et al., 2019), as higher levels of p110β could partially compensate for p110α deficiency 

in iWAT. 

 

Human subcutaneous depots express higher levels of α2-ARs, which couple to 

Gi proteins and inhibit adenylyl cyclase, compared to intra-abdominal fat depots 

(Boucher et al., 2002). However, mice do not express detectable α2-ARs in adipose 

tissue but instead predominantly express β3-ARs and lower levels of β1 and β2-ARs. 

Nevertheless, subtle differences between the relative expression of various types of 

β-ARs or other modulators of adrenergic signalling between the two depots could 

potentially account for the selective effect of p110α inhibition on subcutaneous tissue 

in mice. However, we found no significant differences in the expression of any of the 

subtypes of β-AR in iWAT or BAT of p110αDEL mice (Figure 3.2.5A).  Therefore, the 

mechanism underlying the selectivity of the potentiating effect of p110 α inhibition for 

subcutaneous over visceral WAT cannot be explained by differential expression of β -

AR isoforms either.  
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p110a might be regulating the internalisation of adrenergic receptor differently 

in iWAT and vWAT 

Earlier studies have demonstrated that PI3K inactivation via mutagenesis in its kinase 

domain impaired β-AR recycling thus increased adrenergic signal intensity in 

cardiomyocytes (Nienaber et al., 2003; Naga Prasad et al., 2005). This process was 

dependent on the activation and plasma membrane translocation of the bAR kinase 1 

(bARK1) (Figure 3.3.1). When an agonist binds to βARs, it leads to the dissociation of 

heterotrimeric G proteins into Gα and Gβγ subunits. The release of Gβγ subunits 

activates βARK1 and promotes its translocation to the agonist-occupied receptor. 

βARK1 interacts with PI3K and mediates translocation of PI3K to the receptor 

complex. βARK1 phosphorylates the receptor, leading to β-arrestin recruitment. PI3K 

generates D3-phosphorylated phosphoinositides, leading to efficient recruitment of the 

AP-2 adaptor protein to the receptor complex, targeting the receptor complex to 

clathrin-coated pits (Naga Prasad et al., 2005). Notably, the protein kinase activity of 

PI3K phosphorylates the non-muscle tropomyosin at the receptor complex, resulting 

in strong head-to-tail interactions between tropomyosin molecules and leading to 

changes in actin bundling that is known to be critical for endocytosis. Therefore, we 

hypothesised that inactivation of PI3K p110α could be affecting βAR internalisation, 

and thus the duration, as well as the strength of the βAR signalling upon stimulation. 

We made various attempts to assess a potential effect of p110α inhibition on the 

internalisation of β-ARs, but these either showed no effect, as in the case of chasing 

signalling molecule dephosphorylation following β-AR stimulation, or were technically 

unsuccessful, as in the case of trying radioactive ligands binding or surface protein 

biotinylation to assess receptor internalisation rate. This was because the level of 

expression of β-ARs is very low, which makes detection of endogenous β-ARs very 

difficult with the low activity isotopes, we could use in our lab under the current 

radiation safety approvals. It should be noted, that the studies of AR internalisation 

discussed above, involved overexpression of all components (i.e., β-AR, PI3Ks) in 

HEK293 cells. Therefore, their physiological relevance is not unquestionable. 
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Figure 3.3.1 The role of the protein kinase activity of PI(3)K in regulating β2AR 
endocytosis. Dissociation of heterotrimeric G proteins into Gα and Gβγ subunits upon βAR 

stimulation induces translocation of βAR kinase 1 (βARK1) to the receptor. PI3K is recruited 

to the receptor through interaction with βARK1. βARK1 phosphorylates the receptor, leading 

to β-arrestin recruitment. PI3K-generated 3’-phosphoinositides recruit the AP-2 adaptor 

protein thus targeting the receptor complex to clathrin-coated pits. Non-muscle tropomyosin 

phosphorylation by the protein kinase activity of PI3K induces changes in actin bundling that 

further facilitate receptor endocytosis. (Adapted from Naga Prasad et al. 2005)  
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Potentiation of adrenergic signalling in iWAT as a result of p110a inhibition can 

improve metabolic profile in mice. 

Early studies showed that PDE-3B was the main insulin activated isoform of PDE in 

the liver as well. Activation of PDE-3B leads to a reduction of cAMP level thus 

increases the rate of synthesis of fatty acid, triglycerides and glycogen in liver. PDE-

3B expression is enhanced in liver of obese, insulin-resistant diabetic db/db mice 

(Tang et al., 2001). Additionally, inhibition of PDE-3B may counteract the development 

of metabolic syndrome in mice, because overexpression of PDE-3B rapidly induced 

insulin resistance and glucose intolerance after high fat diet (Hasegawa et al., 2002). 

However, a conflicting finding was that decreased protein level of PDE-3B had been 

found in adipose tissue of obese insulin resistant diabetic (db/db) mice (Tang et al., 

2001). Consequently, increased lipolysis and circulating free fatty acid could contribute 

to the induction of insulin resistance. In this way, inhibition of PDE-3B by inactivating 

PI3K may worsen insulin resistance (Lugnier, 2011). However, recent reports have 

shown that inactivation of PDE3B in mice protects from obesity and confers beneficial 

metabolic effects (Chung et al., 2017). Moreover, a number of studies have shown 

inactivation of insulin signalling via inhibition of PI3K opposes metabolic syndrome by 

decreasing body weight (Ortega-molina et al., 2015) and age-dependent fat 

accumulation (Foukas et al., 2013) in mice. Although insulin resistance persists in mice 

with adipose tissue-specific inactivation of PI3K p110α, glucose tolerance is normal, 

and adiposity decreased (Araiz et al., 2019)(see appendix). In addition, visceral 

adipose tissue is associated with insulin resistance. Free fatty acid released from 

vWAT contributes to the development of insulin resistance, lipotoxicity, dyslipidemia, 

hepatic steatosis and cardiovascular disease (Ebbert and Jensen 2013; Estadella et 

al. 2013). Reduction in visceral adiposity was the only adipose tissue parameter to 

predict improvement of insulin sensitivity in obese men and women (Lebovitz and 

Banerji, 2005) Lower cAMP/PKA signalling in vWAT upon p110α inhibition, as 

indicated in our results, may be metabolically beneficial. Reducing lipolysis in vWAT 

may avoid excess free fatty acid uptake by other organs in the proximity of visceral fat, 

prominently the liver. 



 84 

3.3.2 Adrenergic signalling is reduced with age in mice. 

Fat accumulation with age is one of the major manifestations of metabolic syndrome 

development associated with insulin resistance and inflammation. According to 

findings of my host lab, mice with inactivation of p110a live longer and accumulate 

less fat with age (Foukas et al. 2013). Additionally, an interplay between insulin 

signalling and adrenergic signalling is established. Insulin signalling downregulates 

adrenergic receptor-mediated lipolysis. Mice deficient in p110a accumulate less fat 

possibly because of a reduced negative effect of insulin signalling on lipolysis. Our 

results in 30 week-old mice and 50 week-old mice (Figure 3.2.1) showed increased b-

AR-induced phosphorylation of HSL upon inhibition of p110a. However, this beneficial 

impact disappeared in 80 week-old mice. The results of these experiments should not 

be considered definitive as a limited number of mice was tested and not under a robust 

experimental design. This was because we did not have enough mice in all three 

different ages at the same time. To obtain more reliable results, the experiments 

should be repeated using adipose tissues isolated from mice of different age at the 

same time. Although the inactivation of p110a did not potentiate adrenergic signalling 

in 80 week-old mice, the potentiating effect on adrenergic signalling in 50 week-old 

has evidently a long-lasting effect by reducing adiposity and improving adipose tissue 

metabolism. This reduces the risk of metabolic pathologies in old age.   

 

3.3.3 Comparison of phenotypes between different models of adipose 

tissue-specific p110a deletion 

An earlier study Nelson et al reported very different phenotypes of adipose tissue-

specific deletion of p110a from our study (Nelson et al., 2014). Nelson et al. used Cre 

recombinase driven by the aP2 promoter to create mice that lacked p110a (designated 

a-/-) specifically in the white and brown adipose tissue (Table 3.3.3). 4-month-old a-/- 

mice had increased adiposity compared to control mice. Specifically, aged male a-/- 

mice were 32% heavier than wild-type littermates. a-/- mice exhibited a 35% more fat 

mass compared to control mice, as well as a reduction in lean mass. In addition to 

increased adiposity, liver weight to body weight ratio showed an increase in a-/- mice. 
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The loss of p110a resulted in glucose intolerance in 4-month-old mice together with 

elevated serum levels of triglycerides, cholesterol, and free fatty acids. a-/- mice 

exhibited decreased energy expenditure with no change in food intake when 

compared to control mice. a -/- mice showed less oxygen consumption. Moreover, 

brown adipocytes isolated from a -/- mice had a significantly lower basal respiration 

rate than control cells and a significant reduction of respiratory response after 

stimulating with b3-adrenergic agonist CL 316,243. Decreased respiration in the a -/- 

BAT could be caused by a reduction in cytochrome c oxidase expression and activity, 

but not due to lower numbers of mitochondria. Moreover, a significant decrease of 

UCP-1 expression had been confirmed by qRT-PCR and western blotting. Further 

analysis of the a-/- revealed a decrease in expression of the pgc-1a gene.  

On the other hand, my host lab found almost opposite results compared to 

Nelson’s. Technically, we used Cre recombinase under control of adiponectin 

promoter rather than aP2 promoter to create our p110a adipose tissue-specific 

deletion (p110aDEL) mice. p110aDEL mice exhibited decreased adiposity. The average 

body weight between 8-26 months of p110aDEL mice was 7% and 8% lower for male 

and female mice, respectively. Fat mass of p110aDEL mice was reduced at 1.5 years 

compared to control mice, whereas BAT masses normalised to body weight were 

similar in 2-year-old mice revealing a slower degeneration rate in p110aDEL mice. Food 

intake was not different between 1-year-old p110aDEL and p110aFLOX littermates. 

p110aDEL mice maintained normal glucose tolerance upon aging despite insulin 

resistance. We tested glucose tolerance and insulin tolerance over several time points 

ranging from 3 to 24 months of age. p110aDEL mice displayed systemic insulin 

resistance at all of the time points tested. However, glucose tolerance was always 

unaffected throughout the life course. Although mice fed with a high-fat diet gained the 

same weight between the two phenotypes, the p110a deleted mice had still better 

glucose tolerance despite being as insulin resistant as control littermates. We found 

that this was due to the fact that BAT isolated from p110aDEL mice cleared 

approximately twice as much glucose from the circulation as p110aFLOX littermates. 

Mice lacking p110a in Nelson’s paper exhibited reduced energy expenditure. 

However, in our results, energy expenditure and respiratory exchange ration were 

similar between approximately 1-year-old p110aFLOX and p110aDEL mice under free-
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living conditions. However, p110aDEL mice expended more energy compared to 

control mice upon stimulation with norepinephrine. Consistent with this, 

pharmacological inhibition of p110a resulted in higher oxygen consumption rate upon 

stimulation with adrenergic signalling agonist in mouse 3T3-L1 adipocytes (Appendix, 

Figure S3). 18-week old p110aDEL showed more ‘browning’ of subcutaneous white 

adipose tissue upon administration of β3-AR specific agonist CL316,243 for 5 days. 

Under this treatment, an increase in both the mRNA level and protein levels of UCP-

1, a marker of brown and beige adipocytes, was exhibited in the inguinal WAT of 

p110aDEL mice compared to control littermates. This finding suggested that 

inactivation of p110a increases adrenergically-induced recruitment of beige 

adipocytes into subcutaneous adipose tissue depots.  

 

Table 3.3.3 Comparison of phenotypes between aP2-Cre and adipoq-Cre p110a 

deleted mice. 
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The reason for these conflicting results could be due to the different conditional 

p110a alleles or, more likely, to the different Cre lines (aP2-Cre versus adiponectin-

Cre) used in these two studies. aP2-Cre lines lack specificity for adipocytes. aP2-Cre 

lines have shown recombination in endothelial cells of heart and nonendothelial, 

nonmyocyte cells in the skeletal muscle of mice (Lee et al. 2013). In contrast, the 

adiponectin-Cre line has high efficiency and specificity for adipocytes (Jeffery et al., 

2014). In this study, flow cytometry analysis revealed that a large percentage of 

endothelial cells were labelled in both WAT and BAT depots in aP2-Cre, few 

adipocytes were labelled in WAT depots, while roughly half of the adipocytes in the 

interscapular brown adipose tissue (iBAT).  

Nevertheless, the phenotype described in our study is consistent with the 

beneficial metabolic effects of deletion of the IR in the adipose tissue of FIRKO mice 

(Bluher et al. 2003) as well as with the demonstration that administration of a dual 

p110α/δ PI3K inhibitor protects mice and monkeys from diet-induced obesity and 

metabolic syndrome (Ortega-molina et al., 2015), an effect more recently shown to be 

largely recapitulated by administration of a p110α selective inhibitor (Lopez-

Guadamillas et al., 2016). In the FIRKO mice, an increase in oxidative metabolism in 

the adipose tissue was reported (Katic et al., 2007), and in the latter model, PI3K 

inhibition was shown to increase the levels of UCP1 expression and fuel oxidation in 

BAT(Ortega-molina et al. 2012), in line with our findings. 
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CHAPTER 4: Effects of PI3K inactivation on 
adipocyte mitochondrial mass and activity. 

 4.1 Overview and aim of chapter 4  

Mitochondrial dysfunction has been shown to be another factor that contributes to age-

related metabolic disorder. Abnormal mitochondrial function leads to lipid 

accumulation, decreased ATP synthesis, and impaired balance of energy expenditure. 

PGC-1a (peroxisome proliferator-activated receptor gamma coactivator) is a 

transcriptional coactivator, which plays a crucial role in mitochondrial biogenesis. 

Previous work in our lab has found that p110a inactivation results in increased PGC-

1a expression and mitochondrial content in hematopoietic progenitor cells 

(unpublished). Recently, several studies focused on investigating UCP-1 as a potential 

therapeutic target, which can reduce adiposity through increases in thermogenic 

energy expenditure. UCP-1 belongs to the family of inner mitochondrial membrane 

uncoupling proteins (UCPs), which is involved in thermogenesis in BAT and in 

regulating elimination of reactive oxygen species (ROS) in other organs (Bournat and 

Brown, 2010). Overexpression of UCP-1 has been shown to extend lifespan in flies 

and mice (Gates et al., 2007; Fridell et al., 2009). More recently, a study showed that 

inhibition of PI3K could increase UCP-1 expression in the BAT (Ortega-molina et al., 

2015). Additionally, increased UCP-1 protein levels were also demonstrated in WAT 

indicating that thermogenic activity of BAT can be induced in WAT (the so-called 

‘browning' of WAT). The previous chapter demonstrated that inactivation of p110a had 

a potentiating effect on beta-adrenergic signalling, thus inducing lipolysis. Also, from 

previous work from our lab has shown increased mRNA levels of UCP-1 in inguinal 

WAT of p110a adipose tissue-specific deleted mice after stimulation with a beta-

adrenergic receptor agonist. Moreover, while the treatment with p110a inhibitor further 

enhanced oxygen consumption rate after stimulation of beta-adrenergic signalling with 

isoproterenol in mouse 3T3-L1 adipocytes. Overall, these data indicated that 

inactivation of p110a has a positive effect on beta-adrenergic signalling mediated 

lipolysis and energy expenditure. This chapter describes experiments aimed at the 

study of the mechanism underlying the enhanced mitochondrial oxidation upon p110α 
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inhibition. Possible mechanisms that have been investigated are increased 

mitochondrial density and higher expression or activity of oxidative phosphorylation 

(OXPHOS) complexes or increased activity of UCP-1.  

The mechanism by which insulin signalling regulates mitochondrial function is 

still unclear. This chapter of my thesis reports the investigation of the role of p110 

isoforms in the regulation of age-related mitochondrial dysfunction. Prior work from 

our lab has provided preliminary evidence that inactivation of p110a increased 

mitochondrial oxidation by measuring the oxygen-consumption rate in ISO-stimulated 

3T3-L1 adipocytes (Appendix, Figure S3). This indicated that at least a fraction of the 

fatty acid released through lipolysis would be consumed by mitochondrial oxidation 

rather than accumulated ectopically. However, the molecular basis of p110a inhibition-

induced mitochondrial oxidation remains unknown. The possible reasons could be 

increased mitochondrial density or higher expression or activity of oxidative 

phosphorylation (OXPHOS) complexes. In the present chapter, we sought to assess 

the potential effect of p110α inhibition on mitochondrial content and/or activity.  
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4.2 Results of chapter 4 

Inactivation of PI3K p110α promotes OXPHOS complex expression level 
in human and mouse adipocytes. 

To study the mechanism underlying p110a inhibition-induced mitochondrial oxidation, 

we first measured the protein levels of oxidative phosphorylation (OXPHOS) 

complexes by immunoblotting. Differentiated mouse 3T3-L1 adipocytes and human 

hMADS adipocytes were used in this experiment as cell-based models. Mature 

adipocytes were pre-treated with the p110a specific inhibitor A66 for 1 hour and then 

stimulated with beta-adrenergic agonists isoproterenol (ISO) and norepinephrine (NE) 

overnight. Instead of incubating for 20 minutes, which is sufficient to inhibit acute 

p110α-dependent signalling, in this case we treated for a longer period, as we wanted 

to test a potential effect of prolonged p110α inhibition on the expression of genes 

encoding mitochondrial proteins. Inhibition of p110α alone slightly significant 

enhanced the expression level of complex I, complex II and complex IV in 3T3-L1 

adipocytes (Figure 4.2.1). However, the agonists ISO and NE, alone or in combination 

with A66, did not affect any mitochondrial complex protein levels. hMADS adipocytes 

showed a 1.5-fold increase in the protein levels of complex II and IV with inhibitor 

treatment. In contrast to 3T3-L1, Complex I,II, III and V had further increased 

expression upon combined treatment of A66 inhibitor and agonist ISO, compared to 

agonist-only treatment (Figure 4.2.2). Combined incubation of NE and A66 showed 

higher expression levels of complex I and IV than agonist-only treatment (Figure 

4.2.2). In addition to the pharmacological approach of p110a inactivation, we also used 

the tissue explant from mice which adipose tissue-specific p110a deletion. Inguinal 

(subcutaneous) white adipose tissue (iWAT) and brown adipose tissue were isolated 

from wild-type (p110αFLOX) and p110a deleted mice (p110αDEL) (Figure 4.2.3). The blot 

image of OXPHOS complex protein expression in panel A shows that BAT has higher 

expression levels than iWAT, especially of complex III and IV. Indeed, OXPHOS 

complex protein levels reflect mitochondrial mass. BAT has a much higher density of 

mitochondria than other adipose depots. Panel B of Figure 4.2.3 shows the 

quantification of each complex expression level in iWAT (wild-type versus p110αDEL 

mice). Complexes II- V showed no significant difference in protein levels between wild-



 91 

type, and p110αDEL mice. Although there was a 1.8-fold increase in p110αDEL mice, it 

was not statistical significance. Also, similar results were obtained in BAT (panel C), 

except for complex II and complex V. These two complexes showed 50% decreased 

protein levels in p110αDEL mice compared to wild-type mice. Overall, in cell lines, the 

expression levels of OXPHOS complexes indicated that treatment with beta-

adrenergic receptor agonists did not affect protein level in 3T3-L1, but it did in hMADS. 

Treatment with A66 inhibitor alone had a significant impact on complexes protein 

levels. Because single treatment with A66 increased complex expression in both cell 

types, and combined agonist treatment with A66 resulted in further induction of 

expression. In isolated adipose tissue, we did not see a significant effect on OXPHOS 

expression from deletion of p110a in iWAT. However, in BAT, we detected a significant 

decrease in complex II and V in p110αDEL mice. 
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Figure 4.2.1 Inactivation of PI3K promotes OXPHOS complex expression levels 
in 3T3-L1 adipocytes. Differentiated adipocytes (3T3-L1) were pre-treated with p110a-

specific inhibitor A66 for 1 h and stimulated with isoproterenol (ISO), norepinephrine (NE) for 

overnight. The expression level of OXPHOS complex (CI-CV) was detected by 

immunoblotting. Data are mean±SEM from four (n=4) independent experiments. The data 

were analysed by two-way ANOVA and multiple comparisons between groups were analysed 

by post hoc Tukey method. P* <0.05. 
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Figure 4.2.2. Inactivation of PI3K promotes OXPHOS complex expression level 
in hMADS cell-derived adipocytes. Differentiated hMADS adipocytes were pre-treated 

with the p110a-specific inhibitor A66 for 1 h and stimulated with isoproterenol (ISO), 

norepinephrine (NE) overnight. The expression levels of OXPHOS complex (CI-CV) were 

detected by immunoblotting. Data are mean±SEM from four (n=4) independent experiments. 

The data were analysed by two-way ANOVA and multiple comparisons between groups were 

analysed by post hoc Tukey method. P* <0.05; P** <0.01; P*** <0.001. 
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Figure 4.2.3. No difference of OXPHOS complex expression levels in iWAT 
between wild-type and p110αDEL mice, but showed significant reduction of CII 
and CV in p110αDEL BAT compared to p110αFLOX. Inguinal (subcutaneous) WAT and 

BAT were isolated from wild-type, and p110αDEL mice. The expression level of OXPHOS 

complex (CI-CV) was detected by immunoblotting. (A) the blot picture of OXPHOS expression 

in iWAT and BAT. (B) and (C) the quantification of immunoblots. Data are mean±SEM from 

three wild-type mice and four p110αDEL mice (n=3; n=4). Data were analysed by unpaired t-

test. P* <0.05; P** <0.01  
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Mitochondrial density did not change with inactivation of PI3K p110α in 
rodent adipocytes 

The data described above indicated that inactivation of PI3K p110α at least in the 

pharmacological approach had a very modest positive effect on the OXPHOS complex 

expression level. Although the quantification of ETC complexes is an indicator of 

mitochondrial mass, we also wanted to confirm the results by a more direct method. 

We, therefore, used MitoTracker (MitoGreen), a green fluorescence dye. This 

mitochondrial stain appears to localise in mitochondria regardless of mitochondrial 

membrane potential. Differentiated adipocytes treated with p110α inhibitor and agonist 

were stained with MitoGreen dye for 30 min. Samples were analysed by FACS with a 

Beckman Coulter Cell Lab QUANTA* Flow Cytometer.  

Figure 4.2.4 A-C presents raw data from one of three experiments in 3T3-L1 

adipocytes shown here as an example of data analysis. Plot A shows the total 

population of cells detected by flow cytometer and the gating of mature adipocytes. 

Gate R3 selects the population of adipocytes. The histogram in panel B shows 

MitoGreen fluorescence of mitochondria under basal conditions. Panel C (i-ii) shows 

overlays of histograms between basal and different conditions (A66 inhibitor, ISO 

agonist, combined treatment of A66+ISO). With A66 inhibitor, the two plots almost 

overlapped with each other suggesting that inhibitor did not impact mitochondrial 

density. However, adipocytes treated with agonist alone and combined with inhibitor 

showed an increase in fluorescence (plot slightly shifted to the right) compared to 

basal (C ii-iii). As I mentioned before, plots in panel A to C, are from one experiment.  

Three experiments were performed in mouse 3T3-L1 adipocytes. Median MitoGreen 

fluorescence of each experiment has been pooled together to create a histogram in 

panel D. Pooled data indicated that adipocytes treated with ISO and A66 alone had 

similar fluorescence intensity compared to basal. Only combined treatment with ISO 

and A66 enhanced fluorescence, but it did not reach statistical significance. Overall, 

neither inhibitor nor agonist affect mitochondrial density of mouse 3T3-L1 adipocytes, 

as assessed by Mitotracker staining and FACS analysis. Since we obtained different 

results between mouse 3T3-L1 and human MADS cell-derived adipocytes in the 

OXPHOS complex protein expression experiment, we performed MitoGreen staining 

in hMADS adipocytes. As shown in panel E of Figure 4.2.4, hMADS adipocytes treated 
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with the A66 inhibitor for 3 h had higher fluorescence than basal. However, only one 

experiment has been performed in this cell type due to persistent fungal 

contaminations with hMADS cell culture for roughly 4 months. Hence, we decided to 

use 3T3-L1 adipocytes instead of hMADS for subsequent experiments. Therefore, 

more repeats are required in order to produce definitive results for hMADS adipocytes.  
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Figure 4.2.4. Mitochondrial density did not change with inactivation of PI3K 
p110α in rodent adipocytes. Mature adipocytes were pre-treated with inhibitor A66 and 

then stimulated with ISO for 3 h. After 3 h treatment, adipocytes were stained with MitoTracker 

for 30 min and fluorescence was measured by a Beckman Coulter Cell Lab QUANTA* Flow 

Cytometer. (A) The plot of the population of cells detected by the flow cytometer. Gate R3 is 

the selected population of adipocytes. 20000 cells are analysed. Electronic volume indicates 

cell size, while side scatter indicates granularity. For analysis, we selected a subpopulation of 

more differentiated adipocytes, characterised by larger and more granular cells (gate R3). (B) 

Histogram showing fluorescence of 3T3-L1 adipocytes under basal conditions from Gate R3 

population. Background fluorescence was accounted for using unstained cells. This was then 

deducted from the overall fluorescence so as to isolate the MitoGreen emitted fluorescence. 
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(C) i-iii) Overlays of histogram from different conditions (basal vs A66, basal verse ISO, basal 

vs A66 and ISO). (D) Pooled data from three independent experiments. Median±SEM (n=3). 

The data were analysed by two-way ANOVA, and multiple comparisons between groups were 

analysed by post hoc Tukey method. (E) Overlay of histograms of basal vs. A66 in 

differentiated human adipocytes hMADS. Data were analyzed by Summit 4.2 software.  
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PI3K p110α inhibition increases the protein expression level of PGC-1α  

As mentioned above, PGC-1a is a master regulator of mitochondrial biogenesis. 

Testing the expression level of PGC-1a is another indirect read-out of the 

mitochondrial content. Fully differentiated 3T3-L1 adipocytes were treated with same 

conditions as in the experiment for OXPHOS complex expression analysis, i.e. cells 

were pre-teated with A66 inhibitor for 1 hour and then stimulated with beta-adrenergic 

receptor specific or non-specific agonists (ISO and NE) overnight. Inactivation of 

p110a induced a statistically significant 1.8-fold increase in PGC1α expression 

compared to basal. Activated beta-adrenergic signalling induced PGC-1a expression 

has been shown in many organs such as muscle and brown adipose tissue (Lehr et 

al., 2006). Consistent with this, our data demonstrated a trend for induction of PGC-

1α when adipocytes were treated with ISO and NE, although the results did not reach 

statistical significance. However, the presence of A66 significantly enhanced the PGC-

1α protein expression (Figure 4.2.5). Therefore, the present data together with the 

results of OXPHOS complex expression in the previous paragraph (Figure 4.2.1) 

demonstrate that inactivation of PI3K p110α increases mitochondrial content in 

adipocytes.  
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Figure 4.2.5 Inactivation of PI3K p110α promotes PGC-1a expression in 3T3-L1 
adipocytes. Differentiated 3T3-L1 adipocytes were pre-treated with p110α-specific inhibitor 

A66 for 1h and then stimulated with isoproterenol (ISO) or norepinephrine (NE) overnight. The 

expression levels of Peroxisome proliferator-activated receptor-gamma coactivator (PGC)-

1alpha was detected by immunoblotting (A). (B) quantification of (A). Data are mean±SEM 

from four (n=4) independent experiments. Data were analysed by two-way ANOVA and 

multiple comparisons between groups were analysed by post hoc Tukey method. P** < 0.01 
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Inhibition of PI3K p110α activity increases the oxygen consumption rate 
of both mouse and human adipocytes 

After investigating the impact of inactivation of PI3K p110α on mitochondrial density, 

the following step was to test the potential effect on mitochondrial activity. Previous 

work from our lab has found that p110α inhibition in mouse 3T3-L1 adipocytes resulted 

in higher ISO-induced oxygen consumption rate (OCR) than the control (Appendix, 

Figure S3). We have repeated the same experiment in both mouse (3T3-L1) and 

human (hMADS) adipocytes. Upon inhibition of p110a, mouse adipocytes had a little 

higher basal OCR than normal adipocytes even before injection of ISO (Figure 4.2.6A). 

After the first injection, ISO-induced a slight increase in the oxygen consumption rate, 

but A66-treated adipocytes still had slightly higher OCR compared to vehicle. 

Oligomycin is an ATP synthase inhibitor. Therefore, injection of this inhibitor should 

cause a reduction in OCR. However, in our experiments mouse adipocytes did not 

respond to oligomycin. This could indicate that inhibition of p110α uncouples 

respiration from ATP production. This could be caused by free fatty acids released 

through A66-potentiated lipolysis (see Discussion). However, we cannot exclude that 

the apparent insensitivity to oligomycin could bedue to inadequate optimisation of the 

final concentration for this particular cell type. As normal, a robust increase of OCR 

was seen after injection of FCCP, which is a mitochondrial uncoupling proton 

ionophore. 

Moreover, the ETC was shut entirely down by injecting Antimycin and Rotenone 

which is the inhibitor of the electron transport chain and mitochondrial complex I 

inhibitor, respectively. Human adipocytes with p110a inhibitor treatment also had 

higher basal OCR (Figure 4.2.6B). However, ISO and a human beta-3-adrenergic 

receptor-specific agonist Mirabegron (YM-178) (Figure 4.2.6C) did not induce the 

oxygen consumption. Oligomycin did reduce OCR of human adipocytes. Moreover, 

the alteration of OCR was significantly increased with A66 compared to DMSO after 

injecting FCCP (panel B). This would be consistent with higher spare capacity upon 

A66 treatment (see Discussion). Overall, human adipocytes had higher OCR with A66 

inhibitor compared to DMSO. 
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Figure 4.2.6 Oxygen consumption rate (OCR) in mouse (3T3-L1) and human 
(hMADS) adipocytes. Differentiated 3T3-L1 (A) and hMADS (B) adipocytes were pre-

treated with p110a-specific inhibitor A66 for 3 h and then measured OCR by using a Seahorse 

Extracellular Flux Analyzer. Injections: Isoproterenol (ISO) 10µM; Mirabegron (YM178) 10 μM; 

Oligomycin 2 µM; FCCP 600 nM; Antimycin/Rotenone 1 µM. Data are from two independent 

experiments with each treatment performed in triplicate. OCR was normalised to total protein 

content. Data were analysed by two-way ANOVA and between conditions (DMSO vs A66) 

were analysed by Sidak’s multiple comparison test. P*** < 0.001. 
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Effect of PI3K p110α inactivation on mitochondrial membrane potential 

According to the data obtained in oxygen consumption rate measurements, 

inactivation of p110α increased oxygen consumption under basal conditions. 

Moreover, this increased oxygen consumption was constant for the length of the 

measurement. To further study the impact of p110α inhibition of PI3K on mitochondrial 

activity, we tried to measure the mitochondrial membrane potential which reflects the 

alterations in mitochondrial activity. To measure mitochondrial membrane potential, a 

cationic dye JC-1 (tetraethylbenzimidazolycarbocyanine iodide) which accumulates in 

mitochondria was used. Under low mitochondrial membrane potential, the 

concentration of JC-1 inside mitochondria is low. JC-1 is predominately a monomer 

that yields green fluorescence with the emission of 530±15 nm. Under high 

mitochondrial membrane potential, the JC-1 dye with concentrates in mitochondria 

leading to formation of JC-1 aggregates that yield a red to orange coloured emission 

(590±17.5 nm). Therefore, an increase in the aggregate fluorescent count is a marker 

of hyperpolarisation whereas a decrease of red fluorescence is a marker of 

depolarisation. The ratio of aggregate: monomer reflects the change of mitochondrial 

membrane potential.  

Human MADS cell-derived adipocytes in the 6-well plate were pretreated with 

the p110a specific inhibitor A66 for 1 hour and then stimulated with ISO for either 3 

hours or overnight. One of the wells was treated with 10 µM FCCP for 1 hour. FCCP 

as mentioned above, is a mitochondrial uncoupling ionophore. As shown in Figure 

4.2.7A, upon FCCP treatment there was a significant decrease in aggregate/monomer 

ratio which is indicative of a collapse in mitochondrial membrane potential. Therefore, 

treatment of adipocytes with FCCP eliminated JC-1 staining (aggregate shift to 

monomer; red fluorescence shift to green). The 3-hour inhibition with p110α inhibitor 

resulted in a slight increase in the relative potential compared to basal (Figure 4.2.7B). 

ISO gave an almost 1.4-fold increase in aggregate/monomer ratio but with large error 

bars, whereas inhibitor (A66) plus agonist (ISO) gave a 20% decrease in membrane 

potential compared to basal. Compared to the 3-hour treatments; overnight treatments 

produced slightly different results (Figure 4.2.7C). Adipocytes treated with p110a 

inhibitor overnight had 30% higher membrane potential, whereas a similar level of 

membrane potential was found in the ISO-stimulated condition compared to basal. 



 105 

However, combined A66 and ISO treatment increased the aggregate/monomer ratio 

up to 1.3.  

Overall, since none of the changes in membrane potential in Figure 4.2.7B and 

C was statistically significant, we could not definitively conclude about the impact of 

p110a inhibition on mitochondrial membrane potential.  
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Figure 4.2.7 Alteration of mitochondrial membrane potential upon p110α 
inhibition in hMAD cell-derived adipocytes. The ratio of aggregate (red fluorescence) 

and monomer (green fluorescence) detected by FACS analysis provides a relative measure 

of mitochondrial membrane potential. (A) The change of relative mitochondrial membrane 

potential between basal and FCCP (10 µM, 1 h incubation time before staining). (B) Relative 

membrane potential change with 3-hour treatments before staining (p110a inhibitor A66; beta-

adrenergic receptor agonist ISO) (C) The alteration of membrane potential after overnight 

treatment. Data are mean (aggregate/monomer ratio) ±SEM from three (n=3) independent 

experiments. Data were analysed by unpaired t-test (panel A) (P** <0.01) and two-way 

ANOVA, and multiple comparisons between groups were analysed by post hoc Tukey method 

(panel B-C). 
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4.3 Discussion of chapter 4 

Mitochondrial dysfunction leads to lipid accumulation, decreased ATP synthesis, and 

impaired balance of energy expenditure (Bournat and Brown, 2010). p110α 

attenuation in adipose tissue leads to an increase in lipolysis, but this does not, in turn, 

lead to glucose intolerance and type 2 diabetes (Araiz et al., 2019) (See appendix). 

This is could be due to a coupling between lipolysis and fatty acid oxidation in 

adipocytes. Consistent with this hypothesis, mice with genetically increased lipolysis 

do not have high fatty acid serum levels (Ahmadian et al., 2009). In fact, white 

adipocytes in these mice exhibited an increase in expression of genes involved in fatty 

acid oxidation and thermogenesis, such as UCP-1 and, furthermore, an increase in 

fatty acid oxidation (Ahmadian et al., 2009). Recently, a number of studies have 

focused on investigating UCP-1 as a potential therapeutic target, which can reduce 

adiposity through energy expenditure. UCP-1 belongs to the family of inner 

mitochondrial membrane uncoupling proteins (UCPs), which is involved in 

thermogenesis in BAT and in regulating elimination of reactive oxygen species (ROS) 

in other organs (Bournat and Brown, 2010). Overexpression of UCP-1 has been 

shown to extend lifespan in flies and mice (Gates et al., 2007; Fridell et al., 2009). A 

recent study showed that inhibition of PI3K increased UCP-1 expression in mouse 

BAT (Ortega-molina et al., 2015). Additionally, an increased protein level of UCP-1 

was also evident in WAT indicating that emergence of adipocytes with thermogenic 

activity can be induced in WAT (the so-called ‘browning' of WAT) by PI3K inhibition. 

All these pieces of evidence point towards lipolysis being coupled to increased energy 

expenditure and fatty acid oxidation in WAT. This would explain why in later life 

p110αD933A/WT mice have better metabolism, as p110α downregulation indirectly leads 

to enhanced thermogenic energy expenditure in the long run. Since the mechanism 

by which insulin signalling regulates mitochondrial function is still unclear, we sought 

to investigate the role of p110 isoforms in mitochondrial biogenesis and activity. 

Previous work from our lab has shown that inhibition of p110a further increased 

isoproterenol-stimulated oxygen consumption rate in mouse 3T3-L1 adipocytes 

(Appendix, Figure S3). This brought out the idea that fatty acids released from lipolysis 

would be consumed through mitochondrial oxidation rather than accumulated, which 

is the hypothesis stated in the aim of this thesis (Figure 1.7.1).   



 108 

Our experiments aimed to identify the mechanism behind this increase in OCR, 

as either an increase in mitochondrial number per cell or an increase in mitochondrial 

activity. We used 3T3-L1 and hMADS adipocytes to measure changes in mitochondrial 

content and mitochondrial subunit expression. Cells were treated with the β-

adrenergic agonists isoproterenol and norepinephrine in the presence or absence of 

the p110α-selective inhibitor A66. We measured changes in protein expression levels 

of oxidative phosphorylation complexes I to V (Figure 4.2.1 and Figure 4.2.2). We 

found that there was a significant increase in complexes I, II and IV in 3T3-L1 after 16 

h treatment with A66. While these increases were statistically significant, they were 

rather small and they were not seen in all complexes. It is thus difficult to ascertain 

what difference these could make in lipid balance over the course of a lifetime. In 

contrast, hMADS showed that complex II and IV had a significant 1.5-fold increase 

with inhibitor A66 treatment; complex I, II, III and V had further induced expression 

upon combined treatment with A66 inhibitor and isoproterenol compared to 

isoproterenol-only treatment. Combined treatment with norepinephrine and A66 

resulted in higher expression levels of complex I and IV compared to treatment with 

norepinephrineonly (Figure 4.2.2). Isolated adipose tissue (iWAT and BAT) (Figure 

4.2.3) from wild-type and adipose tissue-specific p110a deleted mice showed different 

results compared to data obtained from the cell lines (3T3-L1 and hMADS adipocytes). 

There was no significant alteration of complexes expression levels between wild-type 

and mutant mice in iWAT. However, in BAT, complex II and V had 50% lower 

expression level in p110a deleted mice. Because of these discrepancies in the results 

obtained from cell lines and gene-targeted mouse tissues, we chose to use a second 

method to measure total mitochondrial density, using MitoTracker Green fluorescence 

as another indicator of increased mitochondrial mass. Results from 3T3-L1 adipocytes 

indicated that there was no enhancement in mitochondrial mass following treatment 

with A66, isoproterenol or norepinephrine, compared to untreated (Figure 4.2.4A-D). 

However, hMADS adipocytes treated with A66 for 3 hours exhibited an increase in 

mitochondrial mass, as evidenced by an increase in cellular fluorescence compared 

to untreated adipocytes (Figure 4.2.4E). Because hMADS were unavailable due to 

persistent fungal contaminations with cell culture for roughly 4 months after 

performance of the first MitoTracker FACS assay, we used 3T3-L1 instead of hMADS 

for subsequent experiments. PGC-1a is a well-established regulator of mitochondrial 
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biogenesis. Since variable results had been obtained from the previous methods we 

tested expression of PGC-1a as an alternative measure of mitochondrial content. In 

this regard, previous work from our lab has shown that inactivation of p110a induced 

expression of PGC-1a in hematopoietic progenitor cells (unpublished). Therefore, we 

investigated whether p110a inhibition has the same effect on adipocytes. Indeed, 

inactivation of p110a in 3T3-L1 adipocytes caused a 2-fold increase in PGC-1a protein 

levels, whereas other treatments had no significant effect (Figure 4.2.5).  

After testing the impact of inactivation of PI3K on mitochondrial density, we then 

investigated the potential alteration of mitochondrial activity. Previous work from our 

lab found that inhibition of p110α in mouse adipocytes (3T3-L1) increased 

isoproterenol-induced oxygen consumption rate (OCR). We repeated the same 

experiment in both mouse (3T3-L1) and human (hMADS) adipocytes. In both cell 

types, but more so in hMADS, treatement with A66 caused higher OCR compared to 

untreated cells in basal conditions (Figure 4.2.6B). To further confirm the impact of 

p110a inhibition on mitochondrial activity, we measured the mitochondrial membrane 

potential in hMADS. The aggregate/monomer fluorescent ratio of JC-1 staining, which 

is indicative of relative membrane potential, did not significantly change either after 3 

hours or overnight treatment with any of the compounds tested. Only p110α inhibitor-

treated cells showed a tendency for higher mitochondrial membrane potential (Figure 

4.2.7).  

From the data collected, we concluded that more experiments are required to 

identify the mechanism underlying enhanced fatty acid oxidation upon p110α 

inhibition. It is interesting to compare the results from the two cell models, 3T3-L1 and 

hMADS, and adipose tissue samples from wild-type and mutant mice. Inhibition of 

p110a, or stimulation of beta-adrenergic signaling, via isoproterenol or 

norepinephrine, resulted in clear induction in oxidative phosphorylation complex levels 

in hMADS, but less convincing results in 3T3-L1. From several repeats of this 

experiment, we could conclude that a slightly significant increase was seen in 

complexes I, II, IV and V, but the long-term effects of such an increase are unclear. It 

is possible that even this modest increase could lead to the substantially improved 

lipid metabolism observed over the lifespan of p110αDEL mice. However, in vivo, 

expression levels of complexes in iWAT showed no change between wild-type and 
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p110a deleted mice. Complex II and V (ATP synthase) showed 50% decrease in BAT 

of mutant mice compare to wild-type. We expected that at least consistent with the 

data from cell model, genetic inactivation of p110a would induce the expression of 

complexes in adipose tissue. However, one should take into account that primary 

adipocytes do not survive long in tissue culture. The floating culture conditions for 

mature adipocytes impairs their condition even more. Therefore, our results from 

adipose tissue explants might be explained by reduced viability and poor health status 

of adipocytes. Work from our lab and our collaborators has demonstrated that mice 

with adipose tissue-specific deleted p110a have higher energy expenditure and 

increased mRNA level of UCP-1 in iWAT than wild-type mice upon treatment with 

beta-adrenergic agonists (Appendix, Figure S4). Since FACS analysis of 3T3-L1 cells 

indicates that there is no increase in mitochondrial number, we can assume that 

oxidative phosphorylation complexes are upregulated in the already present 

mitochondria. This is reminiscent of the effect of calorie restriction, which has been 

shown to result in higher expression of mitochondrial subunits rather than increased 

mitochondrial number in the muscle of mice (Hempenstall et al., 2012). Conversely, in 

hMADS cells, FACS analysis reveals an overall enhancement in MitoTracker 

fluorescence after treatment, so the increase in complex number is likely to be due to 

a parallel increase in mitochondrial number in the treated cells. We have seen PGC-

1a protein level increased with A66, but the effect of inactivation of p110a on the 

activity of PGC-1a has not been tested in our experiments. According to the literature, 

insulin stimulation reduced expression and activity of PGC-1a by activating Akt. 

Forkhead box class-O (FOXO1) has been shown to bind the promoter of PGC-1a gene 

and stimulate gene expression in muscle. Akt phosphorylates FOXO1 and inhibit its 

activity, thus it indirectly downregulates gene expression of PGC-1a (Fernandez-

Marcos and Auwerx, 2011). Akt can also directly phosphorylate PGC-1a in serine 570. 

This phosphorylation inhibits the activity of PGC-1a in liver and muscle (Li et al., 2007; 

Fernandez-Marcos and Auwerx, 2011). Therefore, in our model, reduced activity of 

Akt, due to inactivation of p110a, would be predicted to promote increased expression 

levels and activity of PGC-1a.  

Oxygen consumption rate (OCR) was increased in A66-treated hMADS (OCR 

was also increased in A66-treated 3T3-L1 as shown in Figure S3). A66-induced 
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expression of partial ETC complex can be an explanation for the higher OCR. As 

mentioned in the introductory session, electrons are passed through electron carriers 

in respiratory chain complexes with increasing oxidation potentials, ultimately reducing 

molecular oxygen to water. This exergonic process is used to pump protons from the 

mitochondrial matrix into the intermembrane space, creating an electrochemical 

gradient known as the proton motive force, Δp. Δp drives protons back into the matrix 

through the ATP synthase. However, some proton (proton leak) can move back to 

matrix independently of ATP synthase. This uncoupling process is mediated by UCP-

1. Proton leak across the inner mitochondrial membrane (IMM) is primarily responsible 

for adaptive thermogenesis. This leak dissipates an electrochemical proton gradient 

across the IMM and reduces the membrane potential, thus converting gradient into 

heat at the expense of mitochondrial ATP production (Bertholet and Kirichok, 2017). 

In BAT, the UCP-1-mediated proton transport is repressed by purine nucleoside di- 

and tri-phosphates and activated by free fatty acids (Jastroch et al., 2010). Also, free 

fatty acid released upon beta-adrenergic agonist-induced lipolysis have been reported 

to cause mitochondrial uncoupling and increased respiration (Yehuda-Shnaidman et 

al., 2010). This could explain why, in p110αD933A/WT mice and p110αDEL mice, increased 

lipolysis leads to improved metabolism. A potential mechanism has been presented 

as a model in Figure 4.3.1. The figure summarise the data of the present study, 

previous data from the host lab and findings from literature and it proposes a 

hypothetical unifying mechanism. PI3K p110α inactivation by pharmacological (A66) 

or genetic (p110αDEL) approach, results in reduced Akt-mediated inhibition of FOXO1 

and PGC-1a and leads to an increase in the expression (Figure 4.2.5) and activity of 

PGC-1a (Li et al., 2007; Fernandez-Marcos and Auwerx, 2011). Also, expression of a 

number of OXPHOS complexes is enhanced by inhibition of PI3K. Together with 

upregulation of PGC-1a lead to increased ETC activity, as evidenced by higher OCR 

(Figure 4.2.6B and appendix Figure S3). Hence, a proton gradient / membrane 

potential is created and acts as a driving force for pumping proton back into the matrix, 

which stimulates ATP production or thermogenic energy expenditure through proton 

leaking (normally only in BAT and beige adipose tissue). On the other hand, PI3K 

inhibition has a potential effect on beta-adrenergic signalling, which induces 

cAMP/PKA-mediated lipolysis and then releases free fatty acids. As mentioned above, 

UCP-1 induced thermogenesis is activated by free fatty acids and dissipates proton 
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gradient to generate heat. Also, inactivation of p110a induces mRNA level of UCP-1 

according to previous data from our lab (Appendix, Figure S4). Although in our 

experiments, membrane potential changes were not detected under any treatment, 

that could be because changes may be too small to be detected, but enough to affect 

energy expenditure in the long term. Therefore, increased lipolysis leads to 

enhancement of fatty acid consumption, probably via a concomitant increase in the 

expression and activity of UCP-1. 

 

 

Figure 4.3.1 A model of the effects of inactivation of PI3K p110a on 
mitochondrial function. Inactivation of PI3K with pharmacological (inhibitor A66) or 

genetic (p110αDEL mice) approach showed increased oxygen consumption by induced-

expression and activity of PGC-1a (according to the literature (Li et al., 2007; Fernandez-

Marcos and Auwerx, 2011)) and OXPHOS complexes. The mRNA level of UCP-1 is increased 

upon inhibition of p110a (according to Figure S4). Also, the activity of UCP-1 is induced by 

free fatty acids which are released from p110a inactivation-promoted cAMP/PKA-mediated 

lipolysis.  
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CHAPTER 5:	Effect of p110a inactivation on 
fatty acid-induced cellular senescence. 

5.1 Overview and aim of chapter 5 

Saturated fatty acids (such as palmitate) play a role in the development of age-related 

diseases such as type-II diabetes and cardiovascular disease. High concentration of 

palmitate is toxic to organelles (such as mitochondria and endoplasmic reticulum) and 

promotes either apoptosis or senescence (Ford, 2010). Additionally, many studies 

indicate that high levels of palmitate are a principal inducer of insulin resistance (Ishii 

et al. 2015, Kennedy et al. 2009). In adipose tissue, fatty acid-induced senescence 

reduces adipocyte differentiation capacity; it, therefore, disrupts adipogenesis and 

regeneration of the adipose tissue (Tchkonia et al., 2010). Observations from our lab 

have shown that chronic pharmacological inhibition of p110a prevents palmitate or 

high glucose-induced insulin resistance. As mentioned, a high concentration of 

palmitate can induce senescence and insulin resistance (Foukas et al. 2013). As our 

findings presented in Chapter 3 demonstrated a potentiating effect of p110α inhibition 

in the lipolytic effect of catecholamines, we sought to test whether p110α inhibition 

could also be inducing mechanisms of protection from toxic effects of fatty acids 

released through lipolysis. The previous chapter presented data showing upregulation 

of mitochondrial activity as a result of p110α inactivation and thus we expected the 

fatty acid released from lipolysis would be oxidised in mitochondria. The work 

presented in this chapter sought to establish whether inactivation of p110a can protect 

from development of fatty acid-induced cellular senescence. The investigation also 

sought to identify molecular effectors of fatty acid-induced senescence, which could 

potentially be therapeutically targeted to ameliorate fatty acid-induced dysfunction in 

the adipose tissue. We demonstrate that the saturated fatty acid palmitate can induce 

senescence in our experimental systems of adipocytes as assessed by detecting 

widely used markers of senescence. The efforts to establish a method of screening 

for compounds that can potentially prevent development of fatty acid-induced 

senescence are also described and evaluated.   
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5.2 Results of chapter 5 

Inactivation of p110a in the adipose tissue delays senescence. 

Our lab has shown that the metabolic and ageing phenotypes were reduced by 

attenuation of insulin signalling via inactivation of PI3K p110a in mice (Foukas et al. 

2006;Foukas et al. 2013). The beneficial effect on the metabolism of old mice 

prompted us to investigate the underlying mechanisms further. For the reasons 

mentioned above, we focused our investigation on the impacts of inactivation of p110a 

specifically in the adipose tissue using p110aFLOX/FLOX and p110aDEL/DEL mice. We 

isolated inguinal fat from 60-week old male mice and did whole mount SA-b-gal 

staining to assess senescence. Our data (Figure 5.2.1) show that tissues with deletion 

of p110a have delayed senescence as evidenced by weaker SA-b-gal staining. Thus, 

inactivation of p110a appears to have a protective effect against cellular senescence 

in the adipose over ageing. 

 

Figure 5.2.1 Inactivation of p110a in the adipose tissue delays pre-adipocyte 
senescence. Whole mount SA-b gal staining of inguinal fat isolated from 60- week-old male 

mice of the indicated genotypes. 
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We also sought to test whether excess saturated fatty acid during adipocyte 

development could impair the functionality of adipocytes by testing the effect of 

palmitate treatment during the dirrerention process of adipocytes on insulin-induced 

glucose uptake. To this end, we isolated pre-adipocytes from the stroma vascular 

fraction (SVF) of fat pads and treated the cells for 72 h with palmitate in the presence 

or absence of the PI3K p110a selective inhibitor A66. Following treatments, cells were 

allowed to recover for 48 h and adipogenesis was induced by treatment with a 

standard adipogenic cocktail (see Materials & Methods 3T3-L1 differentiation). On day 

8 of adipogenesis, a glucose uptake assay was performed in order to test the 

metabolic functionality of differentiated adipocytes. Cultures treated with palmitate 

displayed significantly reduced glucose uptake (Figure 5.2.2). Staining with Oil red-O 

revealed substantially reduced a number of mature adipocytes in the palmitate-treated 

wells (data not shown). The inclusion of A66 mitigated the adverse effect of palmitate 

to a significant extent. This finding has important implications as earlier work has 

demonstrated that impairment of glucose uptake in the adipose tissue (despite not 

being a major site of glucose clearance) precipitates severe metabolic dysfunctions in 

other peripheral tissues, such as the liver and skeletal muscle (Yang et al., 2005). 
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Figure 5.2.2 Inactivation of p110a prevents depletion of SVF pre-adipocytes by 
palmitate. Stromal vascular fraction (SVF) cells isolated from of adipose tissue of 12-week-

old male mice were treated with 200 µM palmitate in the presence or not of the p110a inhibitor 

A66 (1 µM) for three days, followed by two days in the absence of any treatment and induction 

of adipogenesis. Uptake of 2-[3H]–deoxy-glucose was assayed on day 8 of adipogenesis. Data 

from three independent experiments are shown (mean±SEM). Data were analysed by two-

way ANOVA and multiple comparisons between groups were analysed by post hoc Tukey 

method. P* <0.05; P** <0.01. (Insulin vs palmitate +insulin; palmitate +insulin vs A66 

+palmitate +insulin; n=3) 
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Palmitate treatment induces senescence in 3T3-L1 pre-adipocytes 

Elevated concentrations of palmitate are toxic to organelles and promote either 

apoptosis or senescence (Ford, 2010). To test whether palmitate induces senescence 

in pre-adipocytes, we treated 3T3-L1 pre-adipocytes for 72 h with 200 μM palmitate or 

BSA (vehicle). Then, we stained cells for SA-b-gal using the chromogenic substrate 

X-gal to assess senescence. Compared to vehicle, cells treated with palmitate develop 

senescence evidenced by elevated SA-b-gal activity (Figure 5.2.3). Cells also treated 

with doxorubicin as a positive control, as doxorubicin is a chemotherapeutic drug used 

in the treatment of cancer. It induces DNA damage that results in cellular senescence. 

As we have found that inactivation of p110a can delay senescence in isolated inguinal 

fat pads (Figure 5.2.1), this prompted us to investigate whether inactivation PI3K or of 

some other molecular effector could rescue cells from palmitate-induced senescence.  

 

Figure 5.2.3 Palmitate treatment induces senescence in 3T3-L1 pre-adipocytes. 
Mouse 3T3-L1 pre-adipocytes were treated for 72 h with 200 μM palmitate or BSA (vehicle) 

followed by SA-b gal staining with the chromogenic substrate X-gal. Treatment with 10 μM 

doxorubicin was used as positive control. 
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Set up of a chemical screen for rescue from palmitate-induced 
senescence in adipocytes.  

As shown above, we found that saturated fatty acid-induced senescence in pre-

adipocytes. Moreover, we found that palmitate significantly reduced glucose uptake in 

adipocytes derived from ex vivo differentiation of the stromal vascular fraction (SVF) 

of mouse fat pads. The inclusion of A66 (p110a specific inhibitor) mitigated the 

adverse effect of palmitate to a significant extent. We hypothesized that p110a 

inhibition could be delaying senescence in the adipose tissue. To investigate the 

possibility of a relationship between inactivation of p110a and palmitate-induced 

senescence in pre-adipocytes, we subjected mouse 3T3-L1 pre-adipocytes to lipotoxic 

stress by incubation with palmitate. Baseline plasma levels of palmitate are around 

100 μM, but following feeding, concentrations as high as those we have applied in the 

experiments can readily be reached and even exceed. Cells develop senescence as 

evidenced by raised SA-b-gal activity. We have exploited the availability of fluorescent 

substrates for beta-galactosidase, such as fluorescein di-beta-D-galactopyranoside 

(FDG), to adapt the assay for quantitative measurements of SA-beta-gal activity. 

Unlike the standard chromogenic (X-Gal staining) method we used before (in Figures 

5.2.1 and 5.2.3), FDG provides a highly quantitative and precise means of detecting 

SA-beta gal (Figure 5.2.4 A-B). This presented us with the opportunity to use this 

assay for high-throughput screening to uncover the molecular determinants of 

metabolic stress-induced senescence. Consistent with the data obtained from p110a 

deleted mouse adipose tissue (Figure 5.2.1), siRNA-mediated knock-down of p110a 

in 3T3-L1 pre-adipocytes mitigated the senescence-inducing effect of palmitate 

treatment to a substantial extent (Appendix, Figure S5). Figure 5.2.6 A & C have 

shown not only A66 but also other activators or inhibitors of molecular effectors (Table 

5.1) which are involved in metabolic pathways, impacted the SA-b-gal activity.  
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Figure 5.2.4 Detection of palmitate- induced SA-β gal activity in 3T3-L1 pre-
adipocytes using the fluorogenic substrate FDG. (A) Mouse 3T3-L1 pre-adipocytes 

were treated for 72 h with 200 μM palmitate (pal) or BSA (veh) followed by SA-β gal staining 

with the cell permeable fluorogenic substrate C12-FDG (30 μM). Cells were counterstained 

with DAPI to visualise cell nuclei. (B) Quantification of SA-β gal activity measured using FDG 

as described in Material & Methods. Fluorescence intensity was normalised to cell count. Data 

are mean±SEM from three (n=3) independent experiments. Data were analysed by unpaired 

t-test. P** <0.01.  
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Table 5.1. Test compounds for a fatty acid-induced senescence rescue chemical 
screen. Inhibitors or activators of various regulators involved in metabolic signalling pathways 

such PI3K/Akt signalling, mTOR signalling and AMPK signalling, which have been tested in a 

saturated fatty acid induced senescence rescue screen using SA-β galactosidase activity as 

a read-out.  
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A set number of 3T3-L1 pre-adipocytes was seeded in 96-well plates and 

treated with palmitate, in the presence of the listed activators and inhibitors for 72 

hours. Then, we fixed and stained cells with SA-b-gal-FDG (Figure 5.2.5A). The 

fluorescence intensity values were converted to fluorescein equivalents using a 

fluorescein standard curve (Figure.5.2.5B) The SA-b-gal activity was normalized to 

cell amount, which was measured by using toluidine blue staining. The absorbance is 

proportional to the cell amount (Figure 5.2.5C) Three independent-mini screens had 

been done in 3T3-L1 and hMADS pre-adipocytes with similar passage number (p14-

p16). Also, I did triplicates for each condition. As shown in Figure 5.2.6 A (I), palmitate 

had an almost 1.7-fold increase of SA-b-gal activity compared to control. Doxorubicin 

is positive control. To test the impact of insulin signalling on palmitate-induced 

senescence, we used four PI3K inhibitors (Figure 5.2.6 A (I): A66: p110a specific 

inhibitor; TGX-221: p110b specific inhibitor; Figure 5.2.6 A (II): D030: p110d specific 

inhibitor; LY294002: pan-PI3K inhibitor) and one Akt inhibitor (MK2204) (Figure 5.2.6 

A (III)). Cells treated with those PI3K inhibitors alone showed higher SA-b-gal activity 

than the control. Combined treatment with palmitate and A66 (A66+palm bar) showed 

similar activity with A66 alone. D030 and LY294002 with palmitate showed lower 

activity, but TGX-221 plus palmitate showed increased activity compared to TGX-221 

alone. The palmitate and doxorubicin in A (II) did not show induction activity compared 

to control. Rapamycin (Figure 5.2.6 A (II)) is an allosteric mTOR inhibitor. Again, cells 

treated with rapamycin alone showed elevated activity, and there was no further 

change upon combined treatment with palmitate. Resveratrol and trichostatin A (TSA) 

(Figure 5.2.6 A (II)) are an activator of sirtuins and a histone deacetylase inhibitor, 

respectively. Acetylation/deacetylation is one a post-translation modification, which 

regulates the activity of a number of protein, including of transcription factors involved 

in metabolic regulation, such as PGC-1α. Resveratrol alone produced the highest SA-

β-gal activity among all the screened compounds the second assay. Combined 

treatment with palmitate and resveratrol produced a lower SA-β-gal activity than 

palmitate alone. Compared to resveratrol, the histone deacetylase inhibitor TSA gave 

lower activity but still higher than the control. TSA plus palmitate showed similar 

activity with the control. The rest three inhibitors in this mini-screen were U0126, 

CHIR99021and GSK650394 (Figure 5.2.6 A (III)). They are inhibitors of mitogen-

activated protein kinase kinase (MEK), glycogen synthase kinase 3 and 
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serine/threonine-protein kinase SGK, respectively. In contrast to other inhibitors used 

in the screen, these three inhibitors showed similar results, which was increased SA-

β-gal activity. We were unable to obtain data of palmitate and also combined treatment 

of these three inhibitors with palmitate because most of the cells died under these 

conditions. Toluidine blue staining (Figure 5.2.6 B (I-III)) indicated that cell number 

was similar under most conditions, except D030. 

We also did the same mini screens in human multipotent adipose-derived stem 

cells (hMADS) (Figure 5.2.6 C-D). In contrast to 3T3-L1, most chemicals gave 

consistent results of increased SA-b-gal activity with chemical treatment alone, except 

rapamycin. Cells with rapamycin (Figure 5.2.6 C (I)) alone had slightly lower activity 

compare to control. However, in the presence of palmitate, rapamycin was unable to 

protect cells from senescence. In hMADS, we could collect data of palmitate with 

U0126, CHIR99021 or GSK650394. Again, the inhibitor treatment alone showed 

higher activity than the control. Inhibitors-U0126 and GSK650394, combined with 

palmitate showed lower activity than inhibitor alone. CHIR99021 with palmitate gave 

a similar level of SA-β-gal as single treatment with the inhibitor. Toluidine blue staining 

showed that the number of cells remained similar for all conditions (Figure 5.2.6 D (I-

III)). 

Overall, the results described above indicated that almost all the compounds 

tested somehow induced SA-β-gal activity even in the absence of palmitate. 

Therefore, SA-β-gal has significant limitations as a read-out for this type of application. 

The reason of this increased activity is unclear, but we noticed that most of the 

compounds tested target molecules implicated in autophagy, therefore as discussed 

in detail later, induction of autophagy might be confounding detection of senescence 

under these experimental conditions.  
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Figure 5.2.5 Set up of mini screen to measure SA-b-gal-FDG in 3T3-L1 and 
hMADS. (A) Procedure of mini screen. Cells (1,000 per well) are seeded in the 96-well black 

plate and treated for 72 h with chemicals. Cells were then fixed and stained with FDG for 72 

h and the fluorescent intensity was measured in a plate reader. (B) Green fluorescence 

measurements were tested for linearity by using a calibration curve generated by serial 

dilutions of a fluorescein stock solution. The standard curve of the standard solutions gave an 

equation of y =2.9x + 274, r2 = 0:9992. (C) Test of toluidine blue staining linear range of 

detection. Αbsorbance is proportional to the cell amount for a broad range of cell numbers.  
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Figure 5.2.6 Chemical mini-screens for rescue from palmitate-induced 
senescence in adipocytes. (A I-III) Mouse 3T3-L1 pre-adipocytes (1,000 cells per well) 

were seeded in 96-well black plate and treated for 72 h with indicated chemicals. (200 μM 

palmitate; 200 nM doxorubicin; 2 µM A66; 2 µM TGX-221; 1 µM Rapamycin; 2 µM D030; 

10 µM LY294002; 50 µM Resveratrol; 400 nM Trichostatin A; 1 µM MK2206; 5 µM U0126 

1 µM CHIR99021; 10 µM GSK650394). Cells were then fixed and stained with the SA-b-gal 

fluorogenic substrate FDG. Fluorescence Intensity normalised to cell content is shown (B I-III) 
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Following fluorescence measurement, cells were stained with toluidine blue solution to 

normalise fluorescence intensity for cell content. 

 

(C I-III) (D I-III) SA-b-gal activity and toluidine blue staining in hMADS. Dash line marks the 

level of palmitate induced SA-b-gal activity. 

  



 126 

Saturated fatty acid treatment increased the expression levels of 
senescence markers- p16 and p53 in hMADS. 

Most of the compounds tested in the mini chemical screen described above, induced 

senescence on their own at a level higher than that produced by palmitate treatment, 

both in 3T3-L1 and hMADS. We therefore, sought to test markers of senescence other 

than SA-b-gal. To this end, we tested the expression level of senescence markers-

p16 and p53 under palmitate treatment in hMADS cells (pre-adipocytes). hMADS cells 

were seeded in 6-well plates and treated cells with palmitate conjugated to fatty acid-

free bovine serum albumin (FAF BSA). BSA is used as a vehicle since palmitate is 

hydrophobic very limited solubility in aqueous solution. As a control, a number of wells 

were treated with FAF BSA. A66 was also used to test the impact of inactivation of 

p110a on senescent marker expression in this setting. UV light, hydrogen peroxide, 

and doxorubicin were used as positive control. UV light causes DNA damage when 

cells are exposed to it. Cells treated with hydrogen peroxide suffer oxidative stress, 

which induces cellular senescence. As shown in Figure 5.2.7A palmitate induced an 

almost 1.4-fold increase of p16 expression compared to control. However, the positive 

controls did not seem to affect p16 expression (UV, H2O2 and doxorubicin lanes in 

Figure 5.2.7B). Additionally, FAF BSA had a similar protein level of p16 with control, 

which FAF BSA did not interfere palmitate effect on p16 expression. DMSO is the 

vehicle of A66. In contrast to basal, DMSO have similar expression level of p16 and 

p53. A66 slightly reduced the expression of p16 compared to control. On the other 

hand, the positive control showed induced p53 expression level, especially 

doxorubicin (Figure 5.2.7C). Cells treated with palmitate had higher (almost 2.5-fold 

induction) expression level of p53 than control. Again, treatment with FAF BSA did not 

affect the protein levels of either p53 or p16. However, A66 treatment did not induce 

any p53 expression above that of the control. 

Overall, although there have been inconsistencies among various experiments 

that precluded statistical significance of the data, we have been able to observe trends 

for fatty acid induction of p53 and p16 markers of senescence at least in human MADS 

cells.  
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Figure 5.2.7 Saturated fatty acid (palmitate) induced expression of senescence 
markers- p16 and p53 expression in hMADS cells. hMADS pre-adipocytes were 

seeded in 6-well plates. Cells were treated with 200 nM doxorubicin; 250 µM palmitate and 2 

µM A66 for 72 h. The day, one well of cells was exposed at 100J UV radiation and another 

well of cells was incubated with 300 µM H2O2 for 30 min before cell lysis. (A) Representative 

immunoblot detection of p16 and p53 in hMADS pre-adipocytes. Tubulin was used as loading 

control. (B-C) Quantitative data from immunoblot detection. All data were normalized to the 

loading control (tubulin). Data are mean±SEM from three (n=3) independent experiments. 

Data were analysed by one-way ANOVA and multiple comparison between conditions were 

analysed by Sidak’s method. P* <0.05. 
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5.3 Discussion of chapter 5 

Cellular senescence is one of the basic processes that contributes to age-related 

dysfunction and chronic sterile inflammation (Tchkonia et al., 2013). A critical question 

that needs to be answered is how senescence induces age-related tissue dysfunction. 

One hypothesis is that senescence is involved in the overall decline in tissue 

regenerative potential that occurs with ageing. This is supported by the observation 

that progenitor cells in both the adipose tissue and skeletal muscle of BubR1 progeroid 

mice are highly liable to cellular senescence (Deursen, 2014). Various metabolic 

stresses such as lipotoxicity (from excessive saturated fatty acid), oxidative stress and 

DNA damage, promote cellular senescence, as evidenced by elevated SA-b-gal 

activity (Figure 5.2.3). In the present work, we focused on fatty acid-induced 

senescence in adipocytes. Discovering and therapeutically targeting the effectors that 

mediate saturated fatty acid induced-cellular senescence might provide a means to 

protect adipose tissue from senescence-induced dysfunction. The insulin signalling 

pathway is involved in cell proliferation and metabolism. Accumulation of senescent 

cells and high concentration of saturated fatty acid induces inflammation, which 

promotes insulin resistance. We have found that inactivation of p110a can protect from 

palmitate or high glucose-induced insulin resistance (Foukas et al. 2013,supplement 

figure 4). Also, deletion of p110a protects mouse adipose tissue from cellular 

senescence (Figure 5.2.1). In an effort to identify molecular effectors of free fatty acid-

induced cellular senescence, we established a screen method and tested it in a kind 

of proof-of-concept small scale experiment. 

5.3.1 Induction of autophagy might confound the effect of test compounds 
on senescence when using SA-β-gal as a read-out. 

Our data showed that single treatment with most of the test compounds in the mini-

screen increased the SA-b-gal activity in both mouse and human pre-adipocytes in the 

absence of palmitate. The underlying mechanism is unknown. One hypothesis is 

inhibition of these molecular effectors increased the levels of b-galactosidase activity 

independently of induction of senescence. SA-β-gal staining is widely used as a 

biomarker of senescent cells. SA-β-gal is defined as beta-galactosidase activity 

detectable at pH 6.0 in senescent cells. However, it has been reported that SA-b-gal 
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activity is actually exerted from the product of GLB1, the gene encoding lysosomal 

beta-D-galactosidase. Lysosomal beta-D galactosidase activity is typically measured 

at acidic pH 4.5 (Lee et al. 2006; Kurz et al. 2000). SA-b-gal therefore constitutes 

residual lysosomal activity at a suboptimal pH, which can be detected due to the 

increased lysosomal content in senescent cells (Kurz et al., 2000; Gerland et al., 

2003). Consistent with this, late passage normal fibroblasts expressing small-hairpin 

interfering RNA (shRNA) that represses the mRNA of GLB1 developed senescence 

but failed to express SA-b-gal. Therefore, SA-b-gal induction in senescent cells was 

at least partially due to increased expression of the lysosomal beta-galactosidase 

protein (Lee et al. 2006). Therefore, the compounds tested in the mini-screen 

described above, may be inducing SA-β-gal activity by upregulating the number of 

lysosomes and thus the level of lysosomal beta-galactosidase. Indeed, most of the 

compounds tested in the mini-screen have been implicated in the regulation of 

autophagy.  

Autophagy is a regulated process that degrades cellular components, such as 

misfolded and aggregated proteins, long-lived proteins, and damaged organelles. 

Fusion of lysosome with a double-membrane vesicle (autophagosome) to form the 

autolysosome is the penultimate step of the autophagic pathway. The autophagosome 

is formed upon lipidation of the microtubule-associated light-chain 3 protein I (LC3-I) 

to LC3-II. Inactivation of PI3K signalling by the PTEN phosphatase enhances 

autophagy (Eskelinen and Saftig, 2009). Additionally, previous work from our lab has 

found that p110a inhibition upregulated autophagy, which was evidenced by increased 

levels of LC3-II in mouse 3T3-L1 mature adipocytes (Appendix, Figure S6). Autophagy 

is activated during stress conditions, such as amino acid starvation, viral infection or 

unfolded protein response. The mammalian target of rapamycin (mTOR) kinase is 

activated by amino acids. In the line with this, inactivation of mTOR via amino acid 

starvation or rapamycin treatment upregulates autophagy. Caloric restriction (CR) also 

induces autophagy. Sirtuin-1 has been reported is a critical mediator of CR. Sirtuin-1 

can deacetylate essential autophagic modulators, such as Atg5 and Atg7 (autophagy-

related gene 5 or 7), promoting autophagy. Moreover, SGK kinase and GS3K inhibition 

also induces autophagic signals (reviewed in (Eskelinen and Saftig 2009; Marchand 

et al. 2015; Mouchiroud et al. 2013; Andres-Mateos et al. 2013; Blagosklonny 2010)). 

Therefore, SA-β-gal activity is probably not a suitable readout for the purpose of the 
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rescue screen we have tried to establish to test compounds with the potential to 

prevent fatty acid-induced senescence. 

5.3.2 p16 and p53 as markers of fatty-acid induced senescence in 3T3-L1 
and hMADS. 

Because of the above discussed limitations of the SA-b-gal activity as a read-out for 

fatty-acid-induced senescence rescue screen, we explored additional read-outs of 

senescence. As mentioned earlier in this chapter, clearance of p16INK4a expressing 

senescent cells can improve disorders related to adipose tissue ageing. Baker et al. 

showed that clearance of p16INK4a-positive cells prevented loss of fat mass occurring 

between 12 and 18 months (Baker et al., 2016). Age-dependent fat tissue dysfunction 

is characterized by decreased adipogenesis and adipocyte atrophy. p53 is another 

senescence marker. We tested the expression levels of p16 and p53 under different 

conditions. As shown in Figure 5.2.7, palmitate upregulated both p16 and p53. 

Inactivation of p110a by A66 treatment slightly reduced the protein levels of p16. 

However, treatments with palmitate, doxorubicin, and H2O2 which did induce 

senescence under our experimental conditions, as evidenced by a block in 

proliferation and enlarged morphology, failed to produce statistically significant 

increases in p16 and p53 expression. A factor has been the difficulty to detect p16 by 

immunoblotting as the available antibodies have not enough avidity and our results 

have been inconsistent. Immunoblot detection of p53 expression has also been 

inconsistent. Therefore, an alternative way to assess the expression levels of p16 and 

p53 should ideally be tested such as measurement of mRNA expression using RT-

PCR.  

5.3.3 Alternative markers of senescence. 

Senescent cells have been shown to contribute to the ageing process. This has 

prompted the scientific community to find new interventions to target senescence as 

a therapy against ageing and age-related diseases. Detection of SA-b-gal activity has 

widely been utilised as a marker of senescence. However, this method has limitations. 

For example, the SA-b-gal expression can be increased in immortalised cells 

(Cristofalo, 2005). Salmonowicz et al. reported that lipofuscin could be useful as a 

senescence marker (Salmonowicz and Passos, 2017). It is a non-degradable 
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aggregate of oxidized lipids, which accumulates within lysosomes. Multiple studies 

indicate that lipofuscin accumulates in various tissues with age. Additionally, it has 

been shown to accumulate with replicative senescence of human fibroblasts. 

Lipofuscin is easy to be visualised by fluorescent microscopy because it is 

autofluorescent. However, it might not be a suitable marker for adipocytes as it might 

prove impossible to discriminate between lipofuscin deposits and lipid droplets in the 

case of pre-adipocytes. 

In summary, since data described in the previous chapter, have demonstrated 

that inactivation of p110a has a potentiating effect on cAMP/PKA-mediated lipolysis, 

we sought to examine whether p110α can concomitantly induce processes that protect 

from toxicity from free fatty acid release. Accumulation of fatty acid induces 

inflammation, insulin resistance, and cellular senescence. Therefore, the work 

described in the present chapter aimed to test markers of fatty acid-induced 

senescence and exploit them in the establishment of a screen for compounds with 

potential to rescue from fatty acid-induced senescence. However, the data obtained 

from this work so far are far from solid and further efforts are required in order to 

improve the experimental design and identify suitable read-outs for this type of 

investigation.  
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CHAPTER 6: Conclusion 

Previous work from our lab has shown that mice with heterozygous D933A knock-in 

mutation in the gene encoding PI3K p110α are viable and fertile but display metabolic 

phenotypes, such as insulin resistance. However, these mice exhibit an improved 

metabolic profile in the long term (Foukas et al. 2013). In addition, adipose tissue-

specific p110a deleted mice accumulated less weight over ageing and maintained 

their glucose tolerance even though in the presence of insulin resistance. These 

findings suggest that p110α-selective inhibitors may have a therapeutic effect in the 

prevention or treatment of metabolic diseases associated with old age. The rationale 

of this research is further supported by findings published by the Serrano lab that 

support the use of PI3K inhibitors in obesity and metabolic syndrome (Ortega-molina 

et al., 2015).  

The present work has investigated the effect of down-regulation of PI3K p110a 

pathway on the biology of the adipose tissue. The overarching aim was to dissect the 

mechanism underlying the improved metabolic profile in the adipose tissue-specific 

deleted p110a mice. To understand how inactivation of p110a impacts on the biology 

of adipose tissue, we investigated the crosstalk between PI3K signalling and 

adrenergic signalling which controls lipolysis in adipose tissue. Lipogenesis and 

lipolysis are processes that regulate lipid homeostasis in fat tissue. We found that 

inhibition of PI3K p110a had a potentiating effect on adrenergic signalling selectively 

in mouse subcutaneous adipose tissue and human MADS cell-derived adipocytes, 

which was evidenced by increased phosphorylation levels of the PKA target, hormone 

sensitive lipase (HSL) and by increased glycerol release and cAMP levels (Figure 

3.2.1; Figure 3.2.3). We demonstrated that potentiation of adrenergic signalling 

through PI3K inactivation involves engagement of p110a in catecholamine-stimulated 

Akt activation (Figure 3.2.6). Insulin signalling has a negative effect on cAMP/PKA-

mediated lipolysis via activation of PDE-3B in the adipose tissue. PDE-3B is a 

phosphodiesterase that can hydrolyse cAMP to 5’-AMP. Akt phosphorylates and 

activates the PDE-3B activity. Activation of beta-adrenergic receptor by isoproterenol 

stimulated the activity of Akt in a p110a-dependent manner in both iWAT and vWAT 

(Figure 3.2.5). The potentiating effect of p110α inhibition was evident only in mouse 
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iWAT and hMADS, but not in vWAT. Despite our efforts, the mechanism underlying 

the selectivity of the effect for the subcutaneous over the visceral adipose tissue 

remains elusive. Importantly, the potentiating effect of p110α inhibition on adrenergic 

signalling was also evident in human MADS cell-derived adipocytes, which are of 

subcutaneous origin.  

Early studies showed that increased lipolysis and circulating free fatty acid 

could contribute to the induction of insulin resistance (Lugnier, 2011). However, recent 

reports have shown that PDE-3B inhibition (which promotes lipolysis) in mice protects 

from obesity and confers beneficial metabolic effects (Chung et al., 2017). Moreover, 

several studies have shown that inactivation of insulin signalling via down-regulation 

of PI3K opposes development of metabolic syndrome by reducing body weight and 

age-dependent fat accumulation (Ortega-Molina et al. 2015; Foukas et al. 2013). Also, 

free fatty acid released from vWAT is thought to contribute to the development of 

insulin resistance, lipotoxicity, dyslipidemia, hepatic steatosis and cardiovascular 

disease (Ebbert and Jensen 2013; Estadella et al. 2013). Therefore, lower cAMP/PKA 

signalling in vWAT upon p110a inhibition, as shown in our results, may be 

metabolically beneficial. Notably, recent reports in a number of mouse models have 

indicated that increased lipolysis is accompanied by increased re-uptake and oxidation 

in adipose tissue mitochondria (Ahmadian et al., 2009). Therefore, we sought to 

investigate whether downregulation of the insulin pathway through inhibition of p110α 

might be bringing about its beneficial metabolic effects by impacting on mitochondrial 

function. 

Mitochondria are the organelles where fatty acid oxidation is taking place, 

therefore, in chapter 4 we used various methods to test the effect of inactivation of 

PI3K on mitochondrial content and function. Mitochondrial dysfunction has been 

shown to be another factor that contributes to age-related metabolic disorders in 

numerous studies. Abnormal mitochondrial function leads to lipid accumulation, 

decreased ATP synthesis, and impaired energy balance (Bournat and Brown, 2010). 

Prior work from our lab has provided preliminary evidence that inactivation of p110a 

increased mitochondrial oxidation by measuring the oxygen consumption rate in 

isoproterenol-stimulated 3T3-L1. This revealed that at least a fraction of fatty acids 

released through lipolysis would be consumed by mitochondrial oxidation. To gain 
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further insights, we tested both mouse and human mature adipocytes. To measure 

mitochondrial content, we stained mouse and human adipocytes with a fluorescent 

Mitotracker dye. We also tested the expression levels of OXPHOS complexes and of 

PGC-1a following treatment with A66 and isoproterenol. We obtained partially different 

results between mouse and human adipocytes. There was no significant enhancement 

in mitochondrial content with any treatment in either 3T3-L1 or hMADS adipocytes 

(Figure 4.2.4). hMADS adipocytes treated with A66 for 3 hours exhibited an increase 

in mitochondrial mass, as evidenced by an increase in cellular fluorescence compared 

to untreated adipocytes (Figure 4.2.4E). However, this was preliminary data from only 

one experiment, and we still need to test whether it is reproducible. Three OXPHOS 

complexes (CI, CII and CIV) out of five have been shown increased in expression level 

with p110a specific inhibitor A66 alone in 3T3-L1 adipocytes (Figure 4.2.1). 

Additionally, inactivation of p110a gave a 2-fold increase in PGC-1a protein levels 

(Figure 4.2.5). In contrast, OXPHOS complexes were further induced by A66 and 

agonist combined treatment than agonist only (Figure 4.2.2). After testing the effect of 

inactivation of PI3K on mitochondrial density, we then investigated the potential 

alteration of mitochondrial activity. We found that adipocytes treated with A66 showed 

a trend for higher oxygen consumption rate compared to untreated cells in basal 

conditions (Figure 4.2.6) in both cell types, but especially in hMADS after injecting 

FCCP, which presented a significant higher rate in A66 samples than control (Figure 

4.2.6B). This could indicate a higher reserve capacity, the ability to produce extra ATP 

in case of a sudden increase in energy demand, in mitochondria of p110a inhibitor-

treated cells. The increased mitochondrial reserve capacity might be related to the 

higher level of complex II expression detected under these conditions, as it has been 

demonstrated before (Pfleger et al. 2015). Interestingly, increased mitochondrial 

reserve capacity has been correlated with protection from a number of age-related 

diseases (Desler et al., 2012). Additionally, p110a inhibitor-treated hMADS adipocytes 

showed a tendency for higher mitochondrial membrane potential (Figure 4.2.7). There 

is no doubt that additional experiments are still required to clarify the mechanism 

underlying enhanced fatty acid consumption and mitochondrial oxidation upon p110a 

inhibition. For instance, measurement of fatty acid oxidation activity using a 

radioactively labeled fatty acid substrate, could give direct evidence of increased fatty 

acid oxidation. Nevertheless, taken together the results of the present work , previous 
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data from the host lab (Bettedi, 2015) and data reported in the literature allow us to 

propose a hypothetical mechanism explaining the beneficial metabolic effects of 

p110a inhibition, as shown in Figure 4.3.1. p110a inhibition increases lipolysis, which 

in turn leads to upregulation of fatty acid consumption possibly via a concomitant 

increase in the expression and activity of UCP-1. Increased UCP-1 protein levels were 

also demonstrated in WAT from adipose tissue of p110α-deleted mice, indicating that 

thermogenic activity of BAT can be induced in WAT (the so-called ‘browning’ of WAT). 

As mentioned before, accumulation of fatty acids contributes to inflammation, 

insulin resistance, and cellular senescence. Although as shown in chapter 4, we found 

that fatty acids released from lipolysis could be consumed through increased 

expression and activity of UCP-1, we also sought to assess whether inactivation of 

p110α could interfere with induction of senescence by free fatty acids in the adipose 

tissue. Therefore, the investigations described in chapter 5, focused on the 

identification of molecular effectors involved in fatty acid-induced senescence. Prior 

work in our lab had found that inactivation of PI3K p110a prevents insulin resistance 

caused by high concentration of palmitate or glucose (Foukas et al. 2013). Also, 

adipose tissue of mice with adipose tissue-specific p110a deletion displayed 

decreased levels of cellular senescence compared to wild-type mice (Figure 5.2.1). 

However, SA-b-gal activity as a read out of fatty-acid senescence used for screening 

the chemicals in Table 5.1 did not produce solid results, possibly due to the 

confounding effect of induction of autophagy and accumulation of lysosomes, which 

in turn produce a false positive SA-b-gal activity. Inactivation of p110a also reduced 

the expression levels of the p16 marker of senescence. However, the alteration was 

not statistically significant.  

Two types of mammalian adipocytes (3T3-L1 and hMADS) have been used 

throughout the whole investigation. However, there has been a number of 

inconsistencies in results obtained between them, especially in the effects of p110α 

inhibition on mitochondrial function (Chapter 4). It is possible that there are substantial 

differences between the two cells types and understanding these differences would 

be crucial in the development of drugs targeting the insulin pathway. 3T3-L1 cells are 

derived from multipotential fibroblasts isolated from mouse embryos (Morrison and 

McGee, 2015), meaning that they have an unclear lineage origin, as they are not yet 
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committed. Meanwhile, hMADS cells are mesenchymal stem cells isolated from 

human subcutaneous adipose tissue (Rodriguez et al., 2004). Although they are not 

differentiated, their presence in subcutaneous fat means that they have a more defined 

lineage origin. Typically, hMADS cells differentiate into white adipocytes, but they have 

also been shown to undergo browning and have BAT-like characteristics (Elabd et al., 

2009), and have a greater potential to do so than 3T3-L1 cells. The reason why we 

use 3T3-L1 is because it is a cell line which is easier to culture and has less variability 

between experiments than primary cells. It is therefore a convenient means of 

performing a solid groundwork, which can subsequently be tested in primary 

adipocytes ex vivo or in vivo. 

In the present work, we followed a three-pronged approach in order to explore 

the mechanistic basis of the beneficial metabolic effects of p110α inactivation. This 

approach comprised of studying the effects of p110α inactivation on the levels of cell 

signalling, of mitochondrial fatty acid utilization and of prevention of senescence-

induction as a result of lipotoxocity from free fatty acids in the adipose tissue. The 

scheme shown in Figure 6.1 conceptually summarises the findings of whole 

investigation with respect to the hypothesis of the study summarized in Figure 1.7.1. 

Briefly, p110a inhibition potentiates adrenergic signalling, which results in increased 

cAMP/PKA mediated lipolysis and FFA release. FFAs have two fates: either 

consumed by mitochondrial oxidation or accumulated ectopically in metabolic tissues 

and promote senescence. We expect that a large fraction of FFAs released through 

lipolysis potentiated by p110α inhibition would be consumed in mitochondria (Figure 

1.7.1). Indeed, we have shown that inactivation of PI3K promotes mitochondrial 

oxidation. Therefore, together with previous data from the host lab (Figure S3 and 

Figure S4) the present findings indicate that FFA are oxidised probably via increased 

expression and activity of UCP-1. Also, we have obtained some preliminary evidence 

that down-regulation of p110a opposes fatty acid-induced senescence in the adipose 

tissue. Although further work is required to fully unravel the underlying mechanisms, 

our data so far provide evidence that inactivation of PI3K p110α has a positive effect 

on the biology of adipose tissue, especially on fatty acid homeostasis. Thus, p110α-

selective inhibitors can potentially be effective as a pharmacological intervention in the 

prevention or treatment of metabolic diseases associated with old age. 
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Figure 6.1 Conceptual summary of the findings of the present investigation. A 

schematic depicting the effects of inhibition of PI3K p110α on the biology of adipose tissue. 

Beneficial metabolic effects documented through phenotyping of p110α mice. Inhibition of 

p110α potentiates adrenergic signalling in the adipose tissue thus enhancing lipolytic 

responses of catecholimine stimulation (green box). Evidence obtained through ex vivo 

studies presented in the present work supports a model in which p110α concomitantly with 

the potentiation of adrenergic signalling induces upregulation of mitochondrial oxidation of 

released fatty acids, thus preventing potentially lipotoxic effects of the latter (Blue box). In line 

with this, inhibition of p110α appears to protect adipocytes from fatty acid-induced senescence 

and associated adipose tissue dysfunction (purple box).  



 138 

References 

Acosta, A., Camilleri, M., Shin, A., Vazquez-Roque, M. I., Iturrino, J., Lanza, I. R., 
Nair, K. S., Burton, D., O’Neill, J., Eckert, D., Carlson, P., Vella, A. and Zinsmeister, 
A. R. (2015) ‘Association of UCP-3 rs1626521 with obesity and stomach functions in 
humans’, Obesity, 23(4), pp. 898–906. doi: 10.1002/oby.21039. 

Ahmadian, M., Duncan, R. E., Varady, K. A., Frasson, D., Hellerstein, M. K., 
Birkenfeld, A. L., Samuel, V. T., Shulman, G. I., Wang, Y., Kang, C. and Sul, H. S. 
(2009) ‘Adipose overexpression of desnutrin promotes fatty acid use and attenuates 
diet-induced obesity.’, Diabetes, 58(4), pp. 855–66. doi: 10.2337/db08-1644. 

Ahmed, K., Tunaru, S., Tang, C., Müller, M., Gille, A., Sassmann, A., Hanson, J. and 
Offermanns, S. (2010) ‘An Autocrine Lactate Loop Mediates Insulin-Dependent 
Inhibition of Lipolysis through GPR81’, Cell Metabolism, 11(4), pp. 311–319. doi: 
10.1016/j.cmet.2010.02.012. 

Akhmedov, A. T., Rybin, V. and Marín-García, J. (2015) ‘Mitochondrial oxidative 
metabolism and uncoupling proteins in the failing heart’, Heart Failure Reviews, 
20(2), pp. 227–249. doi: 10.1007/s10741-014-9457-4. 

Altintas, O., Park, S. and Lee, S. J. V. (2016) ‘The role of insulin/IGF-1 signaling in 
the longevity of model invertebrates, C. elegans and D. melanogaster’, BMB 
Reports. doi: 10.5483/BMBRep.2016.49.2.261. 

Anderson, E. J., Conniff, M. E., Boyle, K. E., Woodlief, T. L., Szeto, H. H., Houmard, 
J. A., Cortright, R. N. and Wasserman, D. H. (2009) ‘Mitochondrial H2O2 emission 
and cellular redox state link excess fat intake to insulin resistance’, Journal of Clinical 
Investigation. 

Andres-Mateos, E., Brinkmeier, H., Burks, T. N., Mejias, R., Files, D. C., Steinberger, 
M., Soleimani, A., Marx, R., Simmers, J. L., Lin, B., Finanger Hedderick, E., Marr, T. 
G., Lin, B. M., Hourdé, C., Leinwand, L. A., Kuhl, D., Föller, M., Vogelsang, S., 
Hernandez-Diaz, I., Vaughan, D. K., Alvarez de la Rosa, D., Lang, F. and Cohn, R. 
D. (2013) ‘Activation of serum/glucocorticoid-induced kinase 1 (SGK1) is important to 
maintain skeletal muscle homeostasis and prevent atrophy.’, EMBO molecular 
medicine. Wiley-Blackwell, 5(1), pp. 80–91. doi: 10.1002/emmm.201201443. 

Apfeld, J., O’Connor, G., McDonagh, T., DiStefano, P. S. and Curtis, R. (2004) ‘The 
AMP-activated protein kinase AAK-2 links energy levels and insulin-like signals to 
lifespan in C. elegans’, Genes and Development. doi: 10.1101/gad.1255404. 

Araiz, C., Yan, A., Bettedi, L., Samuelson, I., Virtue, S., McGavigan, A. K., Dani, C., 
Vidal-Puig, A. and Foukas, L. C. (2019) ‘Enhanced β-adrenergic signalling underlies 
an age-dependent beneficial metabolic effect of PI3K p110α inactivation in adipose 
tissue’, Nature Communications, in press. 

 



 139 

Bai, H., Kang, P., Hernandez, A. M. and Tatar, M. (2013) ‘Activin Signaling Targeted 
by Insulin/dFOXO Regulates Aging and Muscle Proteostasis in Drosophila’, PLoS 
Genetics, 9(11). doi: 10.1371/journal.pgen.1003941. 

Baker, D. J., Childs, B. G., Durik, M., Wijers, M. E., Sieben, C. J., Zhong, J., 
Saltness, R. A., Jeganathan, K. B., Casaclang Verzosa, G., Pezeshki, A., Khazaie, 
K., Miller, J. D. and Van Deursen, J. M. (2016) ‘Naturally occurring p16 Ink4a -
positive cells shorten healthy lifespan’, Nature. Nature Publishing Group, pp. 1–20. 
doi: 10.1038/nature16932. 

Baker, D. J., Wijshake, T., Tchkonia, T., LeBrasseur, N. K., Childs, B. G., van de 
Sluis, B., Kirkland, J. L. and van Deursen, J. M. (2011) ‘Clearance of p16Ink4a-
positive senescent cells delays ageing-associated disorders’, Nature. Nature 
Publishing Group, 479(7372), pp. 232–236. doi: 10.1038/nature10600. 

Bartke, A., Sun, L. Y. and Longo, V. (2013) ‘Somatotropic signaling: trade-offs 
between growth, reproductive development, and longevity.’, Physiological reviews, 
93(2), pp. 571–98. doi: 10.1152/physrev.00006.2012. 

Bartke, A. and Westbrook, R. (2012) ‘Metabolic characteristics of long-lived mice.’, 
Frontiers in genetics, 3, p. 288. doi: 10.3389/fgene.2012.00288. 

Bertholet, A. M. and Kirichok, Y. (2017) ‘UCP1: A transporter for H+ and fatty acid 
anions’, Biochimie. Elsevier B.V, 134, pp. 28–34. doi: 10.1016/j.biochi.2016.10.013. 

Bettedi, L. (2015) A comparative study of the role of PI 3-Kinase in adipose tissue 
metabolism and ageing. PhD Thesis. University College London. 

Bi, L., Okabe, I., Bernard, D. J., Wynshaw-Boris, A. and Nussbaum, R. L. (1999) 
‘Proliferative defect and embryonic lethality in mice homozygous for a deletion in the 
p110alpha subunit of phosphoinositide 3-kinase.’, The Journal of biological 
chemistry, 274(16), pp. 10963–8. Available at: 
http://www.ncbi.nlm.nih.gov/pubmed/10196176 (Accessed: 19 December 2017). 

Blagosklonny, M. V. (2006) ‘Aging and immortality: Quasi-programmed senescence 
and its pharmacologic inhibition’, Cell Cycle. doi: 10.4161/cc.5.18.3288. 

Blagosklonny, M. V (2010) ‘Linking calorie restriction to longevity through sirtuins 
and autophagy: any role for TOR’, Cell Death & Disease, 1(1), pp. e12–e12. doi: 
10.1038/cddis.2009.17. 

Bluher, M., Kahn, B. B. and Kahn, C. R. (2003) ‘Extended Longevity in Mice Lacking 
the Insulin Receptor in Adipose Tissue’, Science, 299(5606), pp. 572–574. doi: 
10.1126/science.1078223. 

Böhni, R., Riesgo-Escovar, J., Oldham, S., Brogiolo, W., Stocker, H., Andruss, B. F., 
Beckingham, K. and Hafen, E. (1999) ‘Autonomous control of cell and organ size by 
CHICO, a Drosophila homolog of vertebrate IRS1-4’, Cell. doi: 10.1016/S0092-
8674(00)80799-0. 

 



 140 

Boucher, J., Castan-Laurell, I., Le Lay, S., Grujic, D., Sibrac, D., Krief, S., Lafontan, 
M., Lowell, B. B., Dugail, I., Saulnier-Blache, J.-S. and Valet, P. (2002) ‘Human alpha 
2A-adrenergic receptor gene expressed in transgenic mouse adipose tissue under 
the control of its regulatory elements.’, Journal of molecular endocrinology, 29(2), pp. 
251–64. doi: JME01129 [pii]. 

Bournat, J. C. and Brown, C. W. (2010) ‘Mitochondrial dysfunction in obesity.’, 
Current opinion in endocrinology, diabetes, and obesity, 17(5), pp. 446–452. doi: 
10.1097/MED.0b013e32833c3026. 

Brachmann, S. M., Ueki, K., Engelman, J. A., Kahn, R. C. and Cantley, L. C. (2005) 
‘Phosphoinositide 3-kinase catalytic subunit deletion and regulatory subunit deletion 
have opposite effects on insulin sensitivity in mice.’, Molecular and cellular biology, 
25(5), pp. 1596–607. doi: 10.1128/MCB.25.5.1596-1607.2005. 

Cahill, C. M., Tzivion, G., Nasrin, N., Ogg, S., Dore, J., Ruvkun, G. and Alexander-
Bridges, M. (2001) ‘Phosphatidylinositol 3-Kinase Signaling Inhibits DAF-16 DNA 
Binding and Function via 14-3-3-dependent and 14-3-3-independent Pathways’, 
Journal of Biological Chemistry. doi: 10.1074/jbc.M010042200. 

Carmen, G. Y. and Víctor, S. M. (2006) ‘Signalling mechanisms regulating lipolysis’, 
Cellular Signalling, 18(4), pp. 401–408. doi: 10.1016/j.cellsig.2005.08.009. 

Cedikova, M., Kripnerov??, M., Dvorakova, J., Pitule, P., Grundmanova, M., 
Babuska, V., Mullerova, D. and Kuncova, J. (2016) ‘Mitochondria in White, Brown, 
and Beige Adipocytes’, Stem Cells International, 2016. doi: 10.1155/2016/6067349. 

Chang, Y. C. and Chuang, L. M. (2010) ‘The role of oxidative stress in the 
pathogenesis of type 2 diabetes: from molecular mechanism to clinical implication’, 
American journal of translational research, 2(3), pp. 316–331. Available at: 
http://www.ncbi.nlm.nih.gov/pubmed/20589170%5Cnhttp://www.ncbi.nlm.nih.gov/pm
c/articles/PMC2892404/pdf/ajtr0002-0316.pdf. 

Cheng, Z., Tseng, Y. and White, M. F. (2010) ‘Insulin Signaling Meets Mitocondria in 
Metabolism’, Trends in Endocrinology and Metabolism, 21(10), pp. 589–598. doi: 
10.1016/j.tem.2010.06.005.Insulin. 

Chiang, W. C., Tishkoff, D. X., Yang, B., Wilson-Grady, J., Yu, X., Mazer, T., 
Eckersdorff, M., Gygi, S. P., Lombard, D. B. and Hsu, A. L. (2012) ‘C. elegans 
SIRT6/7 Homolog SIR-2.4 Promotes DAF-16 Relocalization and Function during 
Stress’, PLoS Genetics, 8(9). doi: 10.1371/journal.pgen.1002948. 

Cho, K. S., Lee, J. J. H., Kim, S., Kim, D., Koh, H., Kim, C., Kim, J. and Chung, J. 
(2001) ‘Drosophila phosphoinositide-dependent kinase-1 regulates apoptosis and 
growth via the phosphoinositide 3-kinase-dependent signaling pathway.’, 
Proceedings of the National Academy of Sciences of the United States of America. 
doi: 10.1073/pnas.101596998. 

 

 



 141 

Choi, S. M., Tucker, D. F., Gross, D. N., Easton, R. M., DiPilato, L. M., Dean,  a. S., 
Monks, B. R. and Birnbaum, M. J. (2010) ‘Insulin Regulates Adipocyte Lipolysis via 
an Akt-Independent Signaling Pathway’, Molecular and Cellular Biology, 30(21), pp. 
5009–5020. doi: 10.1128/MCB.00797-10. 

Chung, Y. W., Ahmad, F., Tang, Y., Hockman, S. C., Kee, H. J., Berger, K., Guirguis, 
E., Choi, Y. H., Schimel, D. M., Aponte, A. M., Park, S., Degerman, E. and 
Manganiello, V. C. (2017) ‘White to beige conversion in PDE3B KO adipose tissue 
through activation of AMPK signaling and mitochondrial function’, Scientific Reports, 
7(June 2016), p. 40445. doi: 10.1038/srep40445. 

Clancy, D. J., Gems, D., Harshman, L. G., Oldham, S., Stocker, H., Hafen, E., 
Leevers, S. J. and Partridge, L. (2001) ‘Extension of life-span by loss of CHICO, a 
Drosophila insulin receptor substrate protein’, Science. doi: 
10.1126/science.1057991. 

Collins, S. (2011) ‘Β-Adrenoceptor Signaling Networks in Adipocytes for Recruiting 
Stored Fat and Energy Expenditure’, Frontiers in Endocrinology, 2(January), pp. 1–7. 
doi: 10.3389/fendo.2011.00102. 

Cristofalo, V. J. (2005) ‘SA β Gal staining: Biomarker or delusion’, Experimental 
Gerontology. doi: 10.1016/j.exger.2005.08.005. 

Curtis, R., O’Connor, G. and DiStefano, P. S. (2006) ‘Aging networks in 
Caenorhabditis elegans: AMP-activated protein kinase (aak-2) links multiple aging 
and metabolism pathways’, Aging Cell. doi: 10.1111/j.1474-9726.2006.00205.x. 

Czauderna, F., Santel, A., Hinz, M., Fechtner, M., Durieux, B., Fisch, G., Leenders, 
F., Arnold, W., Giese, K., Klippel, A. and Kaufmann, J. (2003) ‘Inducible shRNA 
expression for application in a prostate cancer mouse model.’, Nucleic acids 
research, 31(21), p. e127. Available at: 
http://www.ncbi.nlm.nih.gov/pubmed/14576327 (Accessed: 12 March 2019). 

Desler, C., Hansen, T. L., Frederiksen, J. B., Marcker, M. L., Singh, K. K. and Juel 
Rasmussen, L. (2012) ‘Is There a Link between Mitochondrial Reserve Respiratory 
Capacity and Aging?’, Journal of aging research, 2012, p. 192503. doi: 
10.1155/2012/192503. 

Deursen, J. M. Van (2014) ‘The role of senescent cells in aging’, Nature, 509(7501), 
pp. 439–446. doi: 10.1038/nature13193.The. 

Dillin, A., Gottschling, D. E. and Nyström, T. (2014) ‘The good and the bad of being 
connected: the integrons of aging.’, Current opinion in cell biology, 26, pp. 107–12. 
doi: 10.1016/j.ceb.2013.12.003. 

Dillon, L. M., Rebelo, A. P. and Moraes, C. T. (2011) ‘The Role of PGC-1 
Coactivators in Aging Skeletal Muscle and Heart Lloye’, IUBMB Life, 193(1), pp. 
118–125. doi: 10.1016/j.jneumeth.2010.08.011.Autogenic. 

Duncan, R. E., Ahmadian, M., Jaworski, K., Sarkadi-Nagy, E. and Sul, H. S. (2007) 
‘Regulation of Lipolysis in Adipocytes’, Annual Review of Nutrition, 27(1), pp. 79–
101. doi: 10.1146/annurev.nutr.27.061406.093734. 



 142 

Ebbert, J. and Jensen, M. (2013) ‘Fat Depots, Free Fatty Acids, and Dyslipidemia’, 
Nutrients, 5(2), pp. 498–508. doi: 10.3390/nu5020498. 

Elabd, C., Chiellini, C., Carmona, M., Galitzky, J., Cochet, O., Petersen, R., 
Pénicaud, L., Kristiansen, K., Bouloumié, A., Casteilla, L., Dani, C., Ailhaud, G. and 
Amri, E. Z. (2009) ‘Human multipotent adipose-derived stem cells differentiate into 
functional brown adipocytes’, Stem Cells, 27(11), pp. 2753–2760. doi: 
10.1002/stem.200. 

Eskelinen, E.-L. and Saftig, P. (2009) ‘Autophagy: A lysosomal degradation pathway 
with a central role in health and disease’, Biochimica et Biophysica Acta (BBA) - 
Molecular Cell Research. Elsevier, 1793(4), pp. 664–673. doi: 
10.1016/J.BBAMCR.2008.07.014. 

Estadella, D., da Penha Oller do Nascimento, C. M., Oyama, L. M., Ribeiro, E. B., 
Dâmaso, A. R. and de Piano, A. (2013) ‘Lipotoxicity: effects of dietary saturated and 
transfatty acids.’, Mediators of inflammation, 2013, p. 137579. doi: 
10.1155/2013/137579. 

Fernandez-Marcos, P. and Auwerx, J. (2011) ‘Regulation of PGC-1a , a nodal 
regulator of mitochondrial biogenesis’, The American journal of clinical …, 93(C), pp. 
884–890. doi: 10.3945/ajcn.110.001917.884S. 

Fontana, L., Partridge, L. and Longo, V. D. (2010) ‘Extending healthy life span-from 
yeast to humans’, Science. doi: 10.1126/science.1172539. 

Ford, J. H. (2010) ‘Saturated fatty acid metabolism is key link between cell division, 
cancer, and senescence in cellular and whole organism aging.’, Age (Dordrecht, 
Netherlands), 32(2), pp. 231–7. doi: 10.1007/s11357-009-9128-x. 

Foukas, L. C., Berenjeno, I. M., Gray, A., Khwaja, A. and Vanhaesebroeck, B. (2010) 
‘Activity of any class IA PI3K isoform can sustain cell proliferation and survival’, 
Proceedings of the National Academy of Sciences, 107(25), pp. 11381–11386. doi: 
10.1073/pnas.0906461107. 

Foukas, L. C., Bilanges, B., Bettedi, L., Pearce, W., Ali, K., Sancho, S., Withers, D. J. 
and Vanhaesebroeck, B. (2013) ‘Long-term p110α PI3K inactivation exerts a 
beneficial effect on metabolism’, EMBO Molecular Medicine, 5(4), pp. 563–571. doi: 
10.1002/emmm.201201953. 

Foukas, L. C., Claret, M., Pearce, W., Okkenhaug, K., Meek, S., Peskett, E., 
Sancho, S., Smith, A. J. H., Withers, D. J. and Vanhaesebroeck, B. (2006) ‘Critical 
role for the p110alpha phosphoinositide-3-OH kinase in growth and metabolic 
regulation.’, Nature, 441(7091), pp. 366–370. doi: 10.1038/nature04694. 

Fridell, Y. W. C., Hoh, M., Kréneisz, O., Hosier, S., Chang, C., Scantling, D., Mulkey, 
D. K. and Helfand, S. L. (2009) ‘Increased uncoupling protein (UCP) activity in 
Drosophila insulin-producing neurons attenuates insulin signaling and extends 
lifespan.’, Aging, 1(8), pp. 699–713. doi: 10.18632/aging.100067. 

 



 143 

Friedman, D. B. and Johnson, T. E. (1988) ‘A mutation in the age-1 gene in 
Caenorhabditis elegans lengthens life and reduces hermaphrodite fertility’, Genetics. 
doi: 10.1016/S0960-9822(00)00522-4. 

Furukawa, S. (2004) ‘Increased oxidative stress in obesity and its impact on 
metabolic syndrome’, J. Clin. Invest., 114, pp. 1752–1761. Available at: 
http://dx.doi.org/10.1172/JCI200421625. 

Gates, A. C., Bernal-Mizrachi, C., Chinault, S. L., Feng, C., Schneider, J. G., 
Coleman, T., Malone, J. P., Townsend, R. R., Chakravarthy, M. V. and 
Semenkovich, C. F. (2007) ‘Respiratory Uncoupling in Skeletal Muscle Delays Death 
and Diminishes Age-Related Disease’, Cell Metabolism, 6(6), pp. 497–505. doi: 
10.1016/j.cmet.2007.10.010. 

Gems, D. and Partridge, L. (2013) ‘Genetics of Longevity in Model Organisms: 
Debates and Paradigm Shifts’, Annual Review of Physiology, 75(1), pp. 621–644. 
doi: 10.1146/annurev-physiol-030212-183712. 

Gerland, L. M., Peyrol, S., Lallemand, C., Branche, R., Magaud, J. P. and Ffrench, 
M. (2003) ‘Association of increased autophagic inclusions labeled for β-
galactosidase with fibroblastic aging’, Experimental Gerontology, 38(8), pp. 887–895. 
doi: 10.1016/S0531-5565(03)00132-3. 

Giannakou, M. E., Goss, M., Jünger, M. A., Hafen, E., Leevers, S. J. and Partridge, 
L. (2004) ‘Long-lived Drosophila with over-expressed dFOXO in adult fat body’, 
Science. doi: 10.1126/science.1098219. 

Giannakou, M. E. and Partridge, L. (2007) ‘Role of insulin-like signalling in 
Drosophila lifespan’, Trends in Biochemical Sciences. doi: 
10.1016/j.tibs.2007.02.007. 

Girard, L. R., Fiedler, T. J., Harris, T. W., Carvalho, F., Antoshechkin, I., Han, M., 
Sternberg, P. W., Stein, L. D. and Chalfie, M. (2007) ‘WormBook: The online review 
of Caenorhabditis elegans biology’, Nucleic Acids Research, 35(SUPPL. 1), pp. 472–
475. doi: 10.1093/nar/gkl894. 

Graupera, M., Guillermet-Guibert, J., Foukas, L. C., Phng, L.-K., Cain, R. J., 
Salpekar, A., Pearce, W., Meek, S., Millan, J., Cutillas, P. R., Smith, A. J. H., Ridley, 
A. J., Ruhrberg, C., Gerhardt, H. and Vanhaesebroeck, B. (2008) ‘Angiogenesis 
selectively requires the p110alpha isoform of PI3K to control endothelial cell 
migration.’, Nature, 453(7195), pp. 662–6. doi: 10.1038/nature06892. 

Greer, E. L., Dowlatshahi, D., Banko, M. R., Villen, J., Hoang, K., Blanchard, D., 
Gygi, S. P. and Brunet, A. (2007) ‘An AMPK-FOXO Pathway Mediates Longevity 
Induced by a Novel Method of Dietary Restriction in C. elegans’, Current Biology. 
doi: 10.1016/j.cub.2007.08.047. 

Grönke, S., Müller, G., Hirsch, J., Fellert, S., Andreou, A., Haase, T., Jäckle, H. and 
Kühnlein, R. P. (2007) ‘Dual Lipolytic Control of Body Fat Storage and Mobilization in 
Drosophila’, {PLoS} Biology, 5(6), p. e137. doi: 10.1371/journal.pbio.0050137. 

 



 144 

Guilherme,  a, Virbasius, J. V, Puri, V. and Czech, M. P. (2008) ‘Adipocyte 
dysfunctions linking obesity to insulin resistance and type 2 diabetes’, Nat Rev Mol 
Cell Biol, 9(5), pp. 367–377. doi: 10.1038/nrm2391. 

Hasegawa, M., Tang, Y., Osawa, H., Onuma, H., Nishimiya, T., Ochi, M., Terauchi, 
Y., Kadowaki, T. and Makino, H. (2002) ‘Differential regulation of gene expression 
and insulin-induced activation of phosphodiesterase 3B in adipocytes of lean insulin-
resistant IRS-1 (−/−) mice’, Diabetes Research and Clinical Practice, 58(2), pp. 79–
85. doi: 10.1016/S0168-8227(02)00132-8. 

Hempenstall, S., Page, M. M., Wallen, K. R. and Selman, C. (2012) ‘Dietary 
restriction increases skeletal muscle mitochondrial respiration but not mitochondrial 
content in C57BL/6 mice’, Mechanisms of Ageing and Development, 133(1), pp. 37–
45. doi: 10.1016/j.mad.2011.12.002. 

Henderson, S. T. and Johnson, T. E. (2001) ‘daf-16 integrates developmental and 
environmental inputs to mediate aging in the nematode Caenorhabditis elegans’, 
Current Biology. doi: 10.1016/S0960-9822(01)00594-2. 

Houstis, N., Rosen, E. D. and Lander, E. S. (2006) ‘Reactive oxygen species have a 
causal role in multiple forms of insulin resistance.’, Nature, 440(7086), pp. 944–948. 
doi: 10.1038/nature04634. 

Hwangbo, D. S., Garsham, B., Tu, M. P., Palmer, M. and Tatar, M. (2004) 
‘Drosophila dFOXO controls lifespan and regulates insulin signalling in brain and fat 
body’, Nature. doi: 10.1038/nature02549. 

Ishii, M., Maeda, A., Tani, S. and Akagawa, M. (2015) ‘Palmitate induces insulin 
resistance in human HepG2 hepatocytes by enhancing ubiquitination and 
proteasomal degradation of key insulin signaling molecules’, Archives of 
Biochemistry and Biophysics. Elsevier Inc., 566, pp. 26–35. doi: 
10.1016/j.abb.2014.12.009. 

Jamieson, S., Flanagan, J. U., Kolekar, S., Buchanan, C., Kendall, J. D., Lee, W.-J., 
Rewcastle, G. W., Denny, W. A., Singh, R., Dickson, J., Baguley, B. C. and 
Shepherd, P. R. (2011) ‘A drug targeting only p110α can block phosphoinositide 3-
kinase signalling and tumour growth in certain cell types’, Biochemical Journal. doi: 
10.1042/BJ20110502. 

Jastroch, M., Divakaruni, A. S., Mookerjee, S., Treberg, J. R. and Brand, M. D. 
(2010) ‘Mitochondrial proton and electron leaks.’, Essays in biochemistry, 47, pp. 
53–67. doi: 10.1042/bse0470053. 

Jeffery, E., Berry, R., Church, C. D., Yu, S., Shook, B. A., Horsley, V., Rosen, E. D. 
and Rodeheffer, M. S. (2014) ‘Characterization of Cre recombinase models for the 
study of adipose tissue’, Adipocyte. doi: 10.4161/adip.29674. 

 

 

 



 145 

Junger, M. A., Rintelen, F., Stocker, H., Wasserman, J. D., Vegh, M., Radimerski, T., 
Greenberg, M. E., Hafen, E., Jünger, M. A., Rintelen, F., Stocker, H., Wasserman, J. 
D., Végh, M., Radimerski, T., Greenberg, M. E. and Hafen, E. (2003) ‘The 
Drosophila forkhead transcription factor FOXO mediates the reduction in cell number 
associated with reduced insulin signaling.’, J Biol. doi: 10.1186/1475-4924-2-20. 

Katic, M., Kennedy, A. R., Leykin, I., Norris, A., Mcgettrick, A., Gesta, S., Russell, S. 
J., Bluher, M., Maratos-Flier, E. and Kahn, C. R. (2007) ‘Mitochondrial gene 
expression and increased oxidative metabolism: Role in increased lifespan of fat-
specific insulin receptor knock-out mice’, Aging Cell. doi: 10.1111/j.1474-
9726.2007.00346.x. 

Kennedy, A., Martinez, K., Chuang, C.-C., LaPoint, K. and McIntosh, M. (2009) 
‘Saturated fatty acid-mediated inflammation and insulin resistance in adipose tissue: 
mechanisms of action and implications.’, The Journal of nutrition, 139(1), pp. 1–4. 
doi: 10.3945/jn.108.098269. 

Kenyon, C. (2005) ‘The plasticity of aging: Insights from long-lived mutants’, Cell. 
doi: 10.1016/j.cell.2005.02.002. 

Kenyon, C., Chang, J., Gensch, E., Rudner, A. and Tabtiang, R. (1993) ‘A C. 
elegans mutant that lives twice as long as wild type’, Nature. doi: 10.1038/366461a0. 

Kenyon, C. J. (2010) ‘The genetics of ageing.’, Nature, 464(7288), pp. 504–512. doi: 
10.1038/nature09047. 

Keyes, W. M., Wu, Y., Vogel, H., Guo, X., Lowe, S. W. and Mills, A. A. (2005) ‘P63 
Deficiency Activates a Program of Cellular Senescence and Leads To Accelerated 
Aging’, Genes and Development, 19(17), pp. 1986–1999. doi: 10.1101/gad.342305. 

Kim, M., Goto, T., Yu, R., Uchida, K., Tominaga, M., Kano, Y., Takahashi, N. and 
Kawada, T. (2015) ‘Fish oil intake induces UCP1 upregulation in brown and white 
adipose tissue via the sympathetic nervous system’, Scientific Reports. Nature 
Publishing Group, 5(December), pp. 1–12. doi: 10.1038/srep18013. 

Kitamura, T., Kitamura, Y., Kuroda, S., Hino, Y., Ando, M., Kotani, K., Konishi, H., 
Matsuzaki, H., Kikkawa, U., Ogawa, W. and Kasuga, M. (1999) ‘Insulin-induced 
phosphorylation and activation of cyclic nucleotide phosphodiesterase 3B by the 
serine-threonine kinase Akt.’, Molecular and cellular biology, 19(9), pp. 6286–6296. 

Klass, M. R. (1983) ‘A method for the isolation of longevity mutants in the nematode 
Caenorhabditis elegans and initial results’, Mechanisms of Ageing and Development. 
doi: 10.1016/0047-6374(83)90082-9. 

Knight, Z. A., Gonzalez, B., Feldman, M. E., Zunder, E. R., Goldenberg, D. D., 
Williams, O., Loewith, R., Stokoe, D., Balla, A., Toth, B., Balla, T., Weiss, W. A., 
Williams, R. L. and Shokat, K. M. (2006) ‘A Pharmacological Map of the PI3-K 
Family Defines a Role for p110α in Insulin Signaling’, Cell, 125(4), pp. 733–747. doi: 
10.1016/j.cell.2006.03.035. 

 



 146 

Kok, K., Geering, B. and Vanhaesebroeck, B. (2009) ‘Regulation of phosphoinositide 
3-kinase expression in health and disease’, Trends in Biochemical Sciences, 34(3), 
pp. 115–127. doi: 10.1016/j.tibs.2009.01.003. 

Kurz, D. J., Decary, S., Hong, Y. and Erusalimsky, J. D. (2000) ‘Senescence-
associated (beta)-galactosidase reflects an increase in lysosomal mass during 
replicative ageing of human endothelial cells.’, Journal of Cell Science, 113 ( Pt 2, 
pp. 3613–3622. 

Laemmli, U. K. (1970) ‘Cleavage of structural proteins during the assembly of the 
head of bacteriophage T4.’, Nature, 227(5259), pp. 680–685. doi: 
10.1038/227680a0. 

Lebovitz, H. E. and Banerji, M. A. (2005) ‘Point: visceral adiposity is causally related 
to insulin resistance.’, Diabetes care, 28(9), pp. 2322–5. Available at: 
http://www.ncbi.nlm.nih.gov/pubmed/16123512. 

Lee, B. Y., Han, J. a, Im, J. S., Morrone, A., Johung, K., Goodwin, E. C., Kleijer, W. 
J., DiMaio, D. and Hwang, E. S. (2006) ‘Senescence-associated beta-galactosidase 
is lysosomal beta-galactosidase.’, Aging cell, 5(2), pp. 187–95. doi: 10.1111/j.1474-
9726.2006.00199.x. 

Lee, K. Y., Russell, S. J., Ussar, S., Boucher, J., Vernochet, C., Mori, M. A., Smyth, 
G., Rourk, M., Cederquist, C., Rosen, E. D., Kahn, B. B. and Kahn, C. R. (2013) 
‘Lessons on conditional gene targeting in mouse adipose tissue.’, Diabetes. 
American Diabetes Association, 62(3), pp. 864–74. doi: 10.2337/db12-1089. 

Lee, Y., An, S. W. A., Artan, M., Seo, M., Hwang, A. B., Jeong, D. E., Son, H. G., 
Hwang, W., Lee, D., Seo, K., Altintas, O., Park, S. and Lee, S. J. V. (2015) ‘Genes 
and pathways that influence longevity in Caenorhabditis elegans’, in Aging 
Mechanisms: Longevity, Metabolism, and Brain Aging. doi: 10.1007/978-4-431-
55763-0_4. 

Leevers, S. J., Weinkove, D., MacDougall, L. K., Hafen, E. and Waterfield, M. D. 
(1996) ‘The Drosophila phosphoinositide 3-kinase Dp110 promotes cell growth.’, The 
EMBO Journal. 

Lehr, L., Canola, K., Asensio, C., Jimenez, M., Kuehne, F., Giacobino, J.-P. and 
Muzzin, P. (2006) ‘The control of UCP1 is dissociated from that of PGC-1α or of 
mitochondriogenesis as revealed by a study using β-less mouse brown adipocytes in 
culture’, FEBS Letters, 580(19), pp. 4661–4666. doi: 10.1016/j.febslet.2006.07.037. 

Lehtinen, M. K., Yuan, Z., Boag, P. R., Yang, Y., Villén, J., Becker, E. B. E., 
DiBacco, S., de la Iglesia, N., Gygi, S., Blackwell, T. K. and Bonni, A. (2006) ‘A 
Conserved MST-FOXO Signaling Pathway Mediates Oxidative-Stress Responses 
and Extends Life Span’, Cell. doi: 10.1016/j.cell.2006.03.046. 

Li, X., Monks, B., Ge, Q. and Birnbaum, M. J. (2007) ‘Akt/PKB regulates hepatic 
metabolism by directly inhibiting PGC-1α transcription coactivator’, Nature, 
447(7147), pp. 1012–1016. doi: 10.1038/nature05861. 

 



 147 

Liu, P., Cheng, H., Roberts, T. M. and Zhao, J. J. (2009) ‘Targeting the 
phosphoinositide 3-kinase pathway in cancer.’, Nature reviews. Drug discovery. 
Nature Publishing Group, 8(8), pp. 627–44. doi: 10.1038/nrd2926. 

Longo, V. D. and Finch, C. E. (2003) ‘Evolutionary medicine: From dwarf model 
systems to healthy centenarians?’, Science. doi: 10.1126/science.1077991. 

Lopez-Guadamillas, E., Muñoz-Martin, M., Martinez, S., Pastor, J., Fernandez-
Marcos, P. J. and Serrano, M. (2016) ‘PI3Kα inhibition reduces obesity in mice.’, 
Aging, 8(11), pp. 2747–2753. doi: 10.18632/aging.101075. 

López-Otín, C., Blasco, M. a, Partridge, L., Serrano, M. and Kroemer, G. (2013) ‘The 
hallmarks of aging.’, Cell, 153(6), pp. 1194–217. doi: 10.1016/j.cell.2013.05.039. 

Lugnier, C. (2011) ‘PDE inhibitors: a new approach to treat metabolic syndrome?’, 
Current opinion in pharmacology. Elsevier Ltd, 11(6), pp. 698–706. doi: 
10.1016/j.coph.2011.09.012. 

Marchand, B., Arsenault, D., Raymond-Fleury, A., Boisvert, F.-M. and Boucher, M.-J. 
(2015) ‘Glycogen synthase kinase-3 (GSK3) inhibition induces prosurvival 
autophagic signals in human pancreatic cancer cells.’, The Journal of biological 
chemistry. American Society for Biochemistry and Molecular Biology, 290(9), pp. 
5592–605. doi: 10.1074/jbc.M114.616714. 

Martin, B., Caron, N., Jadot, I., Colombaro, V., Federici, G., Depommier, C. and 
Declèves, A.-É. (2017) ‘Evaluation of inducible nitric oxide synthase inhibition on 
kidney function and structure in high-fat diet-induced kidney disease’, Experimental 
Physiology, 00(March 2015), pp. 1–16. doi: 10.1113/EP086594. 

Minamino, T., Orimo, M., Shimizu, I., Kunieda, T., Yokoyama, M., Ito, T., Nojima, A., 
Nabetani, A., Oike, Y., Matsubara, H., Ishikawa, F. and Komuro, I. (2009) ‘A crucial 
role for adipose tissue p53 in the regulation of insulin resistance’, Nature Medicine. 
Nature Publishing Group, 15(9), pp. 1082–1087. doi: 10.1038/nm.2014. 

Mitterberger, M. C., Lechner, S., Mattesich, M. and Zwerschke, W. (2014) 
‘Adipogenic differentiation is impaired in replicative senescent human subcutaneous 
adipose-derived stromal/progenitor cells’, Journals of Gerontology - Series A 
Biological Sciences and Medical Sciences, 69(1), pp. 13–24. doi: 
10.1093/gerona/glt043. 

Morisco, C., Condorelli, G., Trimarco, V., Bellis, A., Marrone, C., Condorelli, G., 
Sadoshima, J. and Trimarco, B. (2005) ‘Akt mediates the cross-talk between ??-
adrenergic and insulin receptors in neonatal cardiomyocytes’, Circulation Research, 
96(2), pp. 180–188. doi: 10.1161/01.RES.0000152968.71868.c3. 

Morrison, S. and McGee, S. L. (2015) ‘3T3-L1 adipocytes display phenotypic 
characteristics of multiple adipocyte lineages’, Adipocyte, 3945(July), pp. 295–302. 
doi: 10.1080/21623945.2015.1040612. 

 

 



 148 

Mouchiroud, L., Houtkooper, R. H., Moullan, N., Katsyuba, E., Ryu, D., Canto, C., 
Mottis,  a, Jo, Y. S., Viswanathan, M., Schoonjans, K., Guarente, L. and Auwerx, J. 
(2013) ‘The NAD(+)/Sirtuin Pathway Modulates Longevity through Activation of 
Mitochondrial UPR and FOXO Signaling’, Cell, 154(2), pp. 430–441. doi: 
10.1016/j.cell.2013.06.016. 

Naga Prasad, S. V, Jayatilleke, A., Madamanchi, A. and Rockman, H. a (2005) 
‘Protein kinase activity of phosphoinositide 3-kinase regulates beta-adrenergic 
receptor endocytosis.’, Nature cell biology, 7(8), pp. 785–796. doi: 10.1038/ncb1278. 

Nascimento, C. M. O. Do, Ribeiro, E. B. and Oyama, L. M. (2009) ‘Metabolism and 
secretory function of white adipose tissue: effect of dietary fat’, Anais da Academia 
Brasileira de Ciências, 81(3), pp. 453–466. doi: 10.1590/S0001-
37652009000300010. 

Nelson, V. L. B., Jiang, Y.-P., Dickman, K. G., Ballou, L. M. and Lin, R. Z. (2014) 
‘Adipose tissue insulin resistance due to loss of PI3K p110α leads to decreased 
energy expenditure and obesity.’, American journal of physiology. Endocrinology and 
metabolism, 306(10), pp. E1205-16. doi: 10.1152/ajpendo.00625.2013. 

Nienaber, J. J., Tachibana, H., Naga Prasad, S. V., Esposito, G., Wu, D., Mao, L. 
and Rockman, H. A. (2003) ‘Inhibition of receptor-localized PI3K preserves 
cardiac ??-adrenergic receptor function and ameliorates pressure overload heart 
failure’, Journal of Clinical Investigation, 112(7), pp. 1067–1079. doi: 
10.1172/JCI200318213. 

Ogg, S., Paradis, S., Gottlieb, S., Patterson, G. I., Lee, L., Tissenbaum, H. A. and 
Ruvkun, G. (1997) ‘The fork head transcription factor DAF-16 transduces insulin-like 
metabolic and longevity signals in C. elegans’, Nature. doi: 10.1038/40194. 

Oh, S. W., Mukhopadhyay, A., Svrzikapa, N., Jiang, F., Davis, R. J. and 
Tissenbaum, H. A. (2005) ‘JNK regulates lifespan in Caenorhabditis elegans by 
modulating nuclear translocation of forkhead transcription factor/DAF-16.’, 
Proceedings of the National Academy of Sciences of the United States of America. 
National Academy of Sciences, 102(12), pp. 4494–9. doi: 
10.1073/pnas.0500749102. 

Orava, J., Nuutila, P., Lidell, M. E., Oikonen, V., Noponen, T., Viljanen, T., Scheinin, 
M., Taittonen, M., Niemi, T., Enerbäck, S. and Virtanen, K. A. (2011) ‘Different 
metabolic responses of human brown adipose tissue to activation by cold and 
insulin’, Cell Metabolism, 14(2), pp. 272–279. doi: 10.1016/j.cmet.2011.06.012. 

Ortega-Molina, A., Efeyan, A., Lopez-Guadamillas, E., Muñoz-Martin, M., Gómez-
López, G., Cañamero, M., Mulero, F., Pastor, J., Martinez, S., Romanos, E., 
Mar Gonzalez-Barroso, M., Rial, E., Valverde, A. M., Bischoff, J. R. and Serrano, M. 
(2012) ‘Pten Positively Regulates Brown Adipose Function, Energy Expenditure, and 
Longevity’, Cell Metabolism, 15(3), pp. 382–394. doi: 10.1016/j.cmet.2012.02.001. 

 

 



 149 

Ortega-Molina, A., Lopez-guadamillas, E., Cabo, R. De and Serrano, M. (2015) 
‘Pharmacological Inhibition of PI3K Reduces Adiposity and Metabolic Syndrome in 
Obese Mice and Rhesus Monkeys’, CEll Metabolism, 21, pp. 1–13. doi: 
10.1016/j.cmet.2015.02.017. 

Payne, B. A. I. and Chinnery, P. F. (2015) ‘Mitochondrial dysfunction in aging: Much 
progress but many unresolved questions’, Biochimica et Biophysica Acta - 
Bioenergetics. Elsevier B.V., 1847(11), pp. 1347–1353. doi: 
10.1016/j.bbabio.2015.05.022. 

Pfleger, J., He, M. and Abdellatif, M. (2015) ‘Mitochondrial complex II is a source of 
the reserve respiratory capacity that is regulated by metabolic sensors and promotes 
cell survival.’, Cell death & disease, 6(7), p. e1835. doi: 10.1038/cddis.2015.202. 

Pirola, L., Johnston,  a. M. and Van Obberghen, E. (2004) ‘Modulation of insulin 
action’, Diabetologia, 47(2), pp. 170–184. doi: 10.1007/s00125-003-1313-3. 

Puig, O., Marr, M. T., Ruhf, M. L. and Tjian, R. (2003) ‘Control of cell number by 
Drosophila FOXO: Downstream and feedback regulation of the insulin receptor 
pathway’, Genes and Development. doi: 10.1101/gad.1098703. 

Rera, M., Bahadorani, S., Cho, J., Koehler, C. L., Ulgherait, M., Hur, J. H., Ansari, W. 
S., Lo, T., Jones, D. L. and Walker, D. W. (2011) ‘Modulation of longevity and tissue 
homeostasis by the drosophila PGC-1 homolog’, Cell Metabolism. Elsevier Inc., 
14(5), pp. 623–634. doi: 10.1016/j.cmet.2011.09.013. 

Riddle, D. and Albert, P. (1997) ‘Genetic and Environmental Regulation of Dauer 
Larva Development’, C.elegans ii. doi: 10.1182/blood-2005-05-1845. 

Rodriguez, A.-M., Elabd, C., Delteil, F., Astier, J., Vernochet, C., Saint-Marc, P., 
Guesnet, J., Guezennec, A., Amri, E.-Z., Dani, C. and Ailhaud, G. (2004) ‘Adipocyte 
differentiation of multipotent cells established from human adipose tissue’, 
Biochemical and Biophysical Research Communications, 315(2), pp. 255–263. doi: 
10.1016/j.bbrc.2004.01.053. 

Rutkowski, J. M., Stern, J. H. and Scherer, P. E. (2015) ‘Beyond the cell: The cell 
biology of fat expansion’, The Journal of Cell Biology, 208(5), pp. 501–512. doi: 
10.1083/jcb.201409063. 

Salmonowicz, H. and Passos, J. F. (2017) ‘Detecting senescence: a new method for 
an old pigment.’, Aging cell. Wiley-Blackwell, 16(3), pp. 432–434. doi: 
10.1111/acel.12580. 

Saltiel, A. R. and Kahn, C. R. (2001) ‘Insulin signalling and the regulation of glucose 
and lipid metabolism’, Nature, 414(6865), pp. 799–806. doi: 10.1038/414799a. 

Santulli, G. and Iaccarino, G. (2013) ‘Pinpointing beta adrenergic receptor in ageing 
pathophysiology: victim or executioner? Evidence from crime scenes.’, Immunity & 
ageing : I & A, 10(1), p. 10. doi: 10.1186/1742-4933-10-10. 

 



 150 

Scarpace, P. J., Tumer, N. and Mader, S. L. (1991) ‘Beta-adrenergic function in 
aging. Basic mechanisms and clinical implications.’, Drugs & aging, 1(2), pp. 116–
29. Available at: http://www.ncbi.nlm.nih.gov/pubmed/1665371 (Accessed: 12 March 
2016). 

Schipper, B. M., Marra, K. G., Zhang, W., Donnenberg, A. D. and Rubin, J. P. (2014) 
‘Regional Anatomic and Age Effects on Cell Function of Human Adipose-Derived 
Stem Cells’, 60(5), pp. 538–544. doi: 10.1097/SAP.0b013e3181723bbe.Regional. 

Schosserer M1, Grillari J, Wolfrum C, S. M. (2017) ‘Age-Induced Changes in White, 
Brite, and Brown Adipose Depots: A Mini-Review’, Gerontology. doi: 
10.1159/000485183. 

Selman, C., Lingard, S., Choudhury, A. I., Batterham, R. L., Claret, M., Clements, M., 
Ramadani, F., Okkenhaug, K., Schuster, E., Blanc, E., Piper, M. D., Al-Qassab, H., 
Speakman, J. R., Carmignac, D., Robinson, I. C. A., Thornton, J. M., Gems, D., 
Partridge, L. and Withers, D. J. (2008) ‘Evidence for lifespan extension and delayed 
age-related biomarkers in insulin receptor substrate 1 null mice’, The FASEB 
Journal. doi: 10.1096/fj.07-9261com. 

Selman, C., Partridge, L. and Withers, D. J. (2011) ‘Replication of extended lifespan 
phenotype in mice with deletion of insulin receptor substrate 1.’, PloS one, 6(1), p. 
e16144. doi: 10.1371/journal.pone.0016144. 

Seo, M., Seo, K., Hwang, W., Koo, H. J., Hahm, J.-H., Yang, J.-S., Han, S. K., 
Hwang, D., Kim, S., Jang, S. K., Lee, Y., Nam, H. G. and Lee, S.-J. V. (2015) ‘RNA 
helicase HEL-1 promotes longevity by specifically activating DAF-16/FOXO 
transcription factor signaling in Caenorhabditis elegans’, Proceedings of the National 
Academy of Sciences. doi: 10.1073/pnas.1505451112. 

St-Pierre, J., Buckingham, J. A., Roebuck, S. J. and Brand, M. D. (2002) ‘Topology 
of superoxide production from different sites in the mitochondrial electron transport 
chain’, Journal of Biological Chemistry, 277(47), pp. 44784–44790. doi: 
10.1074/jbc.M207217200. 

Sugden, M. C. and Holness, M. J. (2006) ‘Mechanisms underlying regulation of the 
expression and activities of the mammalian pyruvate dehydrogenase kinases’, 
Archives of Physiology and Biochemistry, 112(3), pp. 139–149. doi: 
10.1080/13813450600935263. 

Taguchi, A., Wartschow, L. M. and White, M. F. (2007) ‘Brain IRS2 signaling 
coordinates life span and nutrient homeostasis’, Science. doi: 
10.1126/science.1142179. 

Tang, Y., Osawa, H., Onuma, H., Nishimiya, T., Ochi, M., Sugita, A. and Makino, H. 
(2001) ‘Phosphodiesterase 3B gene expression is enhanced in the liver but reduced 
in the adipose tissue of obese insulin resistant db/db mouse’, Diabetes Research 
and Clinical Practice, 54(3), pp. 145–155. doi: 10.1016/S0168-8227(01)00271-6. 

 

 



 151 

Taniguchi, C. M., Emanuelli, B. and Kahn, C. R. (2006) ‘Critical nodes in signalling 
pathways: insights into insulin action’, Nature Reviews Molecular Cell Biology, 7(2), 
pp. 85–96. doi: 10.1038/nrm1837. 

Tatar, M., Kopelman, A., Epstein, D., Tu, M. P., Yin, C. M. and Garofalo, R. S. (2001) 
‘A mutant Drosophila insulin receptor homolog that extends life-span and impairs 
neuroendocrine function’, Science. doi: 10.1126/science.1057987. 

Tchkonia, T., Morbeck, D. E., Von Zglinicki, T., Van Deursen, J., Lustgarten, J., 
Scrable, H., Khosla, S., Jensen, M. D. and Kirkland, J. L. (2010) ‘Fat tissue, aging, 
and cellular senescence’, Aging Cell, 9(5), pp. 667–684. doi: 10.1111/j.1474-
9726.2010.00608.x. 

Tchkonia, T., Zhu, Y., Deursen, J. Van, Campisi, J. and Kirkland, J. L. (2013) 
‘Cellular senescence and the senescent secretory phenotype : therapeutic 
opportunities’, The Journal of Clinical Investigation, 123(3), pp. 966–972. doi: 
10.1172/JCI64098.966. 

Tu, M. P., Epstein, D. and Tatar, M. (2002) ‘The demography of slow aging in male 
and female Drosophila mutant for the insulin-receptor substrate homologue chico.’, 
Aging cell. doi: 10.1046/j.1474-9728.2002.00010.x. 

Vanhaesebroeck, B. and Waterfield, M. D. (1999) ‘Signaling by distinct classes of 
phosphoinositide 3-kinases.’, Experimental cell research, 253(1), pp. 239–254. doi: 
10.1006/excr.1999.4701. 

Virtanen, K. A., Lidell, M. E., Orava, J., Heglind, M., Westergren, R., Niemi, T., 
Taittonen, M., Laine, J., Savisto, N.-J., Enerbäck, S. and Nuutila, P. (2009) 
‘Functional Brown Adipose Tissue in Healthy Adults’, New England Journal of 
Medicine, 360(15), pp. 1518–1525. doi: 10.1056/NEJMoa0808949. 

Wang, C. H., Wang, C. C., Huang, H. C. and Wei, Y. H. (2013) ‘Mitochondrial 
dysfunction leads to impairment of insulin sensitivity and adiponectin secretion in 
adipocytes’, FEBS Journal, 280(4), pp. 1039–1050. doi: 10.1111/febs.12096. 

Weinkove, D., Neufeld, T. P., Twardzik, T., Waterfield, M. D. and Leevers, S. J. 
(1999) ‘Regulation of imaginal disc cell size, cell number and organ size by 
Drosophila class I(A) phosphoinositide 3-kinase and its adaptor’, Current Biology. 
doi: 10.1016/S0960-9822(99)80450-3. 

Wessells, R. J., Fitzgerald, E., Cypser, J. R., Tatar, M. and Bodmer, R. (2004) 
‘Insulin regulation of heart function in aging fruit flies’, Nature Genetics. doi: 
10.1038/ng1476. 

Williams, G. C. (1957) ‘PLEIOTROPY, NATURAL SELECTION, AND THE 
EVOLUTION OF SENESCENCE’, Evolution. John Wiley & Sons, Ltd (10.1111), 
11(4), pp. 398–411. doi: 10.1111/j.1558-5646.1957.tb02911.x. 

Wolff, S., Ma, H., Burch, D., Maciel, G. A., Hunter, T. and Dillin, A. (2006) ‘SMK-1, an 
essential regulator of DAF-16-mediated longevity’, Cell. doi: 
10.1016/j.cell.2005.12.042. 



 152 

Xiao, Y. X., Lanza, I. R., Swain, J. M., Sarr, M. G., Nair, K. S. and Jensen, M. D. 
(2014) ‘Adipocyte mitochondrial function is reduced in human obesity independent of 
fat cell size’, Journal of Clinical Endocrinology and Metabolism, 99(2), pp. 209–216. 
doi: 10.1210/jc.2013-3042. 

Yang, Q., Graham, T. E., Mody, N., Preitner, F., Peroni, O. D., Zabolotny, J. M., 
Kotani, K., Quadro, L. and Kahn, B. B. (2005) ‘Serum retinol binding protein 4 
contributes to insulin resistance in obesity and type 2 diabetes’, Nature, 436(7049), 
pp. 356–362. doi: 10.1038/nature03711. 

Yehuda-Shnaidman, E., Buehrer, B., Pi, J., Kumar, N. and Collins, S. (2010) ‘Acute 
stimulation of white adipocyte respiration by PKA-induced lipolysis’, Diabetes, 
59(10), pp. 2474–2483. doi: 10.2337/db10-0245. 

Zhang, J., Hupfeld, C. J., Taylor, S. S., Olefsky, J. M. and Tsien, R. Y. (2005) ‘Insulin 
disrupts β-adrenergic signalling to protein kinase A in adipocytes’, Nature, 
437(7058), pp. 569–573. doi: 10.1038/nature04140. 

Zhang, M., Wang, M. and Zhao, Z.-T. (2014) ‘Uncoupling protein 2 gene 
polymorphisms in association with overweight and obesity susceptibility: A meta-
analysis’, Meta Gene. The Authors, 2(44), pp. 143–159. doi: 
10.1016/j.mgene.2013.10.009. 

Zhang, W., Yano, N., Deng, M., Mao, Q., Shaw, S. K. and Tseng, Y.-T. (2011) ‘β-
Adrenergic Receptor-PI3K Signaling Crosstalk in Mouse Heart: Elucidation of 
Immediate Downstream Signaling Cascades’, PLoS ONE, 6(10), p. e26581. doi: 
10.1371/journal.pone.0026581. 

 

  



 153 

Appendix	

Mouse strains and maintenance.  

To generate mouse lines with adipose tissue specific deletion of PI3K p110α, mice 

with conditionally targeted p110α alleles (p110αFLOX) (Graupera et al., 2008) were 

crossed with transgenic mice expressing a Cre recombinase under the control of the 

adiponectin promoter (Adipoq-Cre) (Eguchi et al., 2011). Both lines were in the 

C57BL6/J background. Experimental mice were littermates produced from crosses of 

Adipoq-Cre (+) p110αFLOX mice with Adipoq-Cre (-) p110αFLOX mice. Mice were housed 

in individually-ventilated cages under a 12 h light/12 h dark cycle at constant 

temperature (20-23 ºC) with ad libitum access to food and water and were fed a 

standard diet (2018, 18% Protein Rodent diet, Harlan Teklad) or a high fat diet (45% 

calories from fat; 58V8, TestDiet). 
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Supplement Figures 

 

Figure S1. Presence or absence of A66 showed similar phosphorylation level of CREB in 

p110aDEL iWAT and vWAT.  

 

 

 

 

 

 

Figure S2. There was no significant difference of pHSL in both iWAT and vWAT. The 

expression of adiponectin-Cre transgene per se does not cause potentiation of aderenegic 

signalling.  
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Figure S3. Effect of p110α and p110β inactivation on β-adrenergic stimulated white 

adipocyte respiration. Increase in oxygen consumption rate (OCR) was measured in response 

to isoproterenol (Iso, 1 μM) and oligomycin (Oligo, 2 μM) in 3T3-L1 adipocytes pre-treated or 

not with the indicated inhibitors (A66 and TGX-211, 1 μM) for 3 hours. Isoproterenol was used 

as agonist for the β- adrenergic receptor and oligomycin as an inhibitor of ATP synthase. Each 

data point is the result of the mean of 4-5 wells (Bettedi 2015) (Figure 3.18)  
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Figure S4. The mRNA level of UCP-1 was further induced by deletion of p110a in iWAT. 

(Araiz et al. 2019)( Figure 6A) 

 

 

 

Figure S5 Inactivation of p110a with siRNA reversed the palmitate induced senescence. 

siRNA-mediated knock down of p110a mitigates palmitate–induced senescence in 3T3-L1 

pre-adipocytes grown in 96-well plates. A representative image following staining with the cell 

retainable b-galactosidase substrate C12-FDG is shown. 
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Figure S6. Effect of p110α and p110β inactivation on adipocyte autophagy upon fully-fed 

(complete high glucose DMEM) and starved (Earle’s Balanced Saline Solution, EBSS) 

conditions. Bafilomycin A1 (Baf. A1, 50 μM) was used to block autophagic flux. Cells were 

pre-treated for 16h with the indicated inhibitors (1 μM). Total protein was extracted from 3T3-

L1 adipocytes and immunoblotted with antibodies for LC3 (I and II) and vinculin (vinc, loading 

control). Results are represented as mean ± SD of 3 independent experiments. (Bettedi 

2015)(Figure 3.8) 
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Abstract 

The insulin/IGF-1 signalling pathway is a key regulator of metabolism and the rate of 

ageing. We previously documented that systemic inactivation of phosphoinositide 3-

kinase (PI3K) p110α, the principal PI3K isoform that positively regulates insulin 

signalling, results in a beneficial metabolic effect in aged mice. Here we demonstrate 

that deletion of p110α specifically in the adipose tissue leads to less fat accumulation 

over a significant part of adult life and allows the maintenance of normal glucose 

tolerance despite insulin resistance. This effect of p110α inactivation is due to a 

potentiating effect on β-adrenergic signalling, which leads to increased 

catecholamine-induced energy expenditure in the adipose tissue. Our findings 

provide a paradigm of how partial inactivation of an essential component of the 

insulin signalling pathway can have an overall beneficial metabolic effect and 

suggest that PI3K inhibition could potentiate the effect of β-adrenergic agonists in the 

treatment of obesity and its associated comorbidities. 
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Introduction 

Interventions to increase the lifespan and healthspan of organisms have been the 

subject of intense research efforts. Loss-of-function mutations in components of the 

insulin/IGF-1 signalling (IIS) pathway have long been known to have a life- and 

health-span extending effect in diverse model organisms1. The fact that inactivating 

mutations in a pathway essential for regulation of metabolic physiology extend 

lifespan is seemingly paradoxical and has been referred to as the insulin paradox2. 

Although evolutionary theories have been evoked to explain the phenomenon of 

lifespan extension through loss-of-function mutations in essential genetic pathways 

such as the IIS, mechanistic insights as to how this is achieved at the molecular level 

have only recently started to emerge3,4.  

A number of genetic and other interventions that extend lifespan/healthspan 

have also beneficial effects on metabolic physiology, highlighting the 

interconnectedness of metabolism and ageing5. Prime examples of gene mutations 

that extend lifespan and improve glucose and lipid homeostasis in old mice are 

mutations in the Growth Hormone/IGF-1 signalling axis in hypopituitary dwarf long-

lived mutant mice6. Furthermore, calorie restriction, the best known intervention to 

extend lifespan in a number of species, has also profound beneficial metabolic 

effects, manifested as improved insulin sensitivity and glucose homeostasis in 

calorie restricted mice7. 

In the context of interventions shown to affect both lifespan and metabolism, 

the adipose tissue has a prominent role. The adipose tissue is an important organ in 

the regulation of energy homeostasis8. Moreover, the adipose tissue has been 

shown to play an important role in the lifespan-extending effects of insulin pathway 

downregulation. A seminal finding in this regard has been the demonstration that 
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adipose tissue-specific insulin receptor knockout mice (FIRKO) display extended 

longevity and they are also protected against age-related metabolic pathologies9. 

We and others have documented that p110α is the key PI3K isoform in the 

insulin signalling pathway10,11. We recently reported that global partial inactivation of 

p110α has an age-dependent beneficial effect on metabolism and causes a modest 

increase in lifespan12. To gain further insights into the mechanism underlying these 

effects, we assessed the role of the adipose tissue in the beneficial metabolic impact 

seen upon global p110α inactivation. To this end, we inactivated p110α specifically 

in the mouse adipose tissue by Cre/loxP approaches and characterized the 

metabolic profiles of these mice over the course of ageing, which is one of the most 

physiologically relevant stresses an experimental model can be subjected to. We 

report here that partial inactivation of p110α potentiates β-adrenergic signalling in the 

adipose tissue. This results in enhanced catecholamine-induced energy expenditure, 

which counteracts the effects of insulin resistance thus preserving normal glucose 

homeostasis over the course of ageing. These findings have clear implications for 

the development of therapeutic interventions for age-related obesity and associated 

comorbidities. 

  



 163 

Results 

p110α deletion in adipose tissue causes insulin resistance 

We applied Cre/loxP mediated conditional gene deletion to inactivate p110α in the 

adipose tissue of mice by crossing conditionally targeted p110α mice (p110αFLOX)13 

with a transgenic line expressing Cre under control of the adiponectin promoter 

(Adipoq-Cre)14, which is more specific for deletion in the adipose tissue than the 

earlier reported aP2-Cre line15. We isolated metabolic tissues from mice expressing 

the Adipoq-Cre transgene (p110αDEL) or not (p110αFLOX) and assessed 

p110α protein expression by immunoblot analysis. Significant reduction of p110α 

protein expression was only seen in the white and brown adipose tissues (WAT and 

BAT) of p110αDEL mice, with a reduction of an average of 70% (WAT) and 90% 

(BAT), compared to the expression levels in p110αFLOX littermates (Fig. 1a-c and 

Supplementary Fig. 1). The expression of p110β, the other broadly expressed PI3K 

isoform, as well as that of the p85 regulatory subunit was not affected under these 

conditions in p110αDEL mice. 

We next tested insulin sensitivity in metabolic tissues of approximately one 

year old mice by injecting insulin and assessing PI3K activity and Akt 

phosphorylation as readouts of insulin pathway activation. Consistent with the 

previously demonstrated role of p110α in insulin receptor signalling10,11, the PI3K 

activity associated with IRS-1 immunoprecipitates was significantly reduced in 

visceral (epididymal) WAT (eWAT) of p110αDEL mice (Fig. 1d). In line with this, 

insulin-induced Akt phosphorylation was also significantly impaired in eWAT but only 

marginally affected in iWAT and BAT isolated from p110αDEL mice (Fig. 1e). Akt 

phosphorylation was impaired to a lower extent also in the liver and skeletal muscle 
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of p110αDEL mice (Supplementary Fig. 2), indicating the development of systemic 

insulin resistance. This was further corroborated by hyperinsulinemic-euglycemic 

clamp experiments in 20 week old mice that revealed profound systemic insulin 

resistance at this age point, as evidenced by an impaired rate of glucose 

disappearance, increased hepatic glucose production and elevated free fatty acids in 

the plasma in p110αDEL mice (Fig. 1f) under clamp conditions. Notably, the rate of 

glucose disappearance at basal level was slightly elevated in p110αDEL mice, which 

suggests that p110αDEL mice may have a higher basal metabolic rate under clamp 

conditions. 

p110αDEL mice maintain normal glucose tolerance over ageing 

We assessed the metabolic profile of p110αDEL mice by performing glucose 

tolerance and insulin tolerance tests over a number of time points ranging from 3 to 

24 months of age. In line with the impaired insulin signalling in metabolic tissues and 

hyperinsulinemic-euglycemic clamp studies (Fig. 1d-f and Supplementary Fig. 2), 

p110αDEL mice displayed systemic insulin resistance at all of the time points tested 

(Fig. 2a and Supplementary Fig. 3). However, glucose tolerance was essentially 

unaffected throughout the life course. The lack of any effect seen in mice expressing 

only Adipoq-Cre, and lacking targeted p110α alleles, under the same experimental 

conditions, attests that these phenotypes can confidently be attributed to the deletion 

of p110α alleles (Supplementary Fig. 4). A number of hormones and cytokines and 

lipid profiles tested in the plasma of fasted one year old mice did not show any 

prominent differences, with the exception of substantially reduced insulin and leptin 

and slightly reduced adiponectin, and increased total cholesterol in the plasma of 

male p110αDEL mice (Fig. 2b-d). Notably, β-AR agonists have previously been 

reported to reduce production and secretion of adiponectin from the adipose tissue16. 
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As both leptin and adiponectin are known to influence insulin sensitivity of metabolic 

tissues, reduced levels of leptin and adiponectin might play a role in the development 

of insulin resistance in liver and skeletal muscle, as seen in p110αDEL mice 

(Supplementary Fig. 2). Also, the differential impact of p110α inactivation on fasting 

insulin levels between male and female mice (Fig. 2b) suggests a sexually dimorphic 

phenotypic effect. Sex differences in the function of the adipose tissue are well 

known in both mice and humans17,18. Such effects could account for a differential 

impact of p110α inactivation on insulin sensitivity and thus on fasting insulin levels 

between two sexes at the age point of this measurement. ITTs were also in line with 

female p110αDEL mice being substantially more insulin resistant than their control 

littermates, in contrast to male mice, at this age point of 12 months (Supplementary 

Fig. 3). 

When mice were subjected to high fat feeding (45% calories derived from fat), 

weight gain was identical between the two genotypes (Fig. 3a). However, high fat fed 

p110αDEL mice were significantly more glucose tolerant despite being as insulin 

sensitive as p110αFLOX littermates (Fig. 3b-c). To gain further insight into this 

unexpected effect of p110α inactivation, mice were subjected to a tissue specific 

glucose uptake assay over a glucose tolerance test. We found that the BAT of 

p110αDEL mice cleared approximately twice as much glucose from the circulation as 

p110αFLOX littermates (Fig. 3d). No significant differences were detected in other 

organs, with the exception of visceral WAT, which in p110αDEL mice cleared half as 

much glucose as control littermates. High fat feeding is known to activate BAT and 

increase expression of UCP119. Consistent with higher BAT activation in p110αDEL 

mice, we found that UCP1 protein expression was higher in p110αDEL mice at basal 

level and remained higher upon high fat feeding over 4 weeks (Fig. 3 e-f and 
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Supplementary Fig. 5).These data suggest that enhanced BAT activity can counter 

the effects of insulin resistance on glucose homeostasis of p110αDEL mice. 

p110α inactivation potentiates β-adrenergic/cAMP signalling 

Since it is well-established that catecholamine stimulation of adrenergic signalling 

regulates glucose and lipid metabolism in BAT20, the enhanced glucose clearance in 

the face of insulin resistance prompted us to investigate the impact of p110α 

inactivation on the activity of adrenergic pathways in response to catecholamine 

stimulation. Furthermore, adrenergic pathways control fat metabolism by modulating 

lipolysis in adipose tissues21. β-Adrenergic receptors (β-ARs) activate adenylyl 

cyclase through coupling to Gs subunits of heterotrimeric G proteins, resulting in the 

elevation of intracellular levels of cAMP and activation of its effector molecules, 

notably of Protein Kinase A (PKA). 

Explants from subcutaneous (inguinal) and visceral adipose tissue were 

stimulated with the synthetic β-AR agonist isoproterenol or the natural catecholamine 

norepinephrine. As readouts of β-AR/cAMP pathway activation, we assessed 

phosphorylation of Hormone Sensitive Lipase (HSL), perilipin and cAMP response 

element binding (CREB) protein, all of which are targets of PKA in the adrenergic 

pathway in adipocytes. Tissue explants isolated from subcutaneous adipose tissue 

of p110αDEL mice, as well as those isolated from p110αFLOX mice and treated with the 

p110α selective inhibitor A6622, displayed enhanced sensitivity to β-AR stimulation 

by both isoproterenol (Fig. 4a-b) and norepinephrine (Supplementary Fig. 6a-b). 

However, a similar effect was not the case in explants isolated from visceral adipose 

tissue. Consistent with the observed increase in the phosphorylation of lipolysis 

regulatory molecules upon p110α inactivation, release of glycerol, which provides an 
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index of the rate of lipolysis (Fig. 4c and Supplementary Fig. 6c), and intracellular 

cAMP levels (Fig. 4d and Supplementary Fig. 6d) were found to be increased in the 

subcutaneous adipose tissue of both p110αDEL mice and that of p110αFLOX mice 

treated with A66. 

Since differences in the expression of various adrenergic receptor classes 

and subtypes have been reported between mouse and human adipose tissue23, we 

tested whether inhibition of p110α has a similar potentiating effect on adipocytes 

differentiated from human Multipotent Adipose Derived Stem (hMADS) cells24. As 

with mouse adipocytes, treatment of hMADS cell-derived adipocytes with A66 

resulted in potentiation of signalling induced by a number of β-AR agonists (Fig. 4e). 

Mechanism of adrenergic signalling enhancement 

We sought to gain further insights in the molecular mechanism underlying the 

potentiation of adrenergic signalling by p110α inhibition. To this end, we probed the 

levels of β-AR subtype expression in adipose tissues of p110αFLOX and p110αDEL 

mice. We found no significant differences in the expression of the various β-AR 

subtypes among the different depots tested (Supplementary Fig. 7). At the level of 

PI3K isoform expression, we observed similar levels of expression of p110α between 

iWAT and vWAT, but a tendency for higher level of p110β in iWAT compared to 

vWAT (Supplementary Fig. 7). This is consistent with the milder effect of p110α 

deletion on insulin sensitivity in iWAT compared to vWAT (Fig.1), as higher levels of 

p110β could partially compensate for p110α deficiency in iWAT. 

Insulin exerts its anti-lipolytic action mainly, though not exclusively, through 

PI3K/Akt-mediated phosphorylation and activation of the cAMP degrading enzyme 

phosphodiesterase 3B (PDE3B)25,26. We tested whether β-adrenergic stimulation can 
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also activate Akt phosphorylation in iWAT and vWAT. We found that isoproterenol 

stimulation induced a substantial increase in Akt phosphorylation in both iWAT and 

vWAT explants (Fig. 5a). We also tested immortalised brown adipocytes and BAT 

explants derived from p110αFLOX mice. Similar to iWAT, inhibition of p110α in brown 

adipocytes (Fig. 5b) and in BAT explants (Fig. 5c) potentiated NE-stimulated 

(immortalised brown adipocytes) or ISO-stimulated (BAT explants) adrenergic 

signalling, as assessed by phosphorylation of HSL and of perilipin. p110α inhibition 

also potentiated phosphorylation of p38 MAPK, which has previously been shown to 

be an important mediator of cAMP-dependent induction of UCP1 expression in 

brown adipocytes27. Similar to WAT, NE stimulated Akt phosphorylation in brown 

adipocytes in a PI3K dependent manner (Fig. 5d). Notably, the effect of p110α 

inhibitor A66 on Akt phosphorylation in brown adipocytes was substantially lower 

than that in WAT and a much stronger effect was achieved upon combined treatment 

with A66 and a p110β-selective inhibitor (TGX221). This finding suggests that in 

addition to p110α, the other broadly expressed PI3K isoform, p110β, plays a role in 

NE-stimulated PI3K signalling in BAT. Consistent with reduced Akt activation, 

inhibition of PI3K reduced NE-stimulated phosphodiesterase activity in extracts of 

p110αFLOX or p110αDEL adipocytes (Fig. 5e). In this regard, our data are consistent 

with the previously reported catecholamine-induced phosphorylation of Akt and 

PDE3B activation in adipocytes28. Since long term insulin and catecholamine 

treatment has previously been shown to alter PDE3b expression levels29, we also 

tested whether reduced expression of PDE3b might account for enhanced 

adrenergic signalling in p110αDEL adipocytes. However, protein levels of PDE3b 

were only marginally lower in extracts of p110αDEL iWAT (Supplementary Fig. 8). 

Furthermore, in line with previous reports30, we found that activation of PI3K in the 
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context of β-AR signalling is likely mediated through the key cAMP effector EPAC, as 

treatment of brown adipocytes with the EPAC inhibitor ESI-09 tended to reduce NE-

stimulated Akt phosphorylation (Fig. 5d) and prevented NE stimulation of 

phosphodiesterase activity (Fig. 5e). In summary, adrenergic stimulation activates 

two opposing activities in the adipose tissue: Adenylylcyclase that produces cAMP 

and stimulates the PKA pathway and phosphodiesterase that degrades cAMP. 

Therefore, inhibition of p110α can be potentiating adrenergic signalling by limiting the 

concomitant activation of PDE activity upon adrenergic stimulation (Fig. 5f). 

Consistent with this, inhibition of p110α with A66 fails to increase adrenergic 

signalling above the level attained through treatment with the general 

phosphodiesterase inhibitor isobutylmethylxanthine (Supplementary Fig. 9). 

Increased NE-stimulated energy expenditure in p110αDEL mice Adrenergic 

stimulation of adipose tissue results in the recruitment of ‘brown-like’ (beige or brite) 

adipocytes in WAT31. In order to further investigate the effect of p110α inhibition in 

the adipose tissue in vivo, we administered CL316,243, a β3-AR-specific agonist, to 

18 week old mice daily for a period of 5 days. As shown in Fig. 6a, administration of 

CL316,243 increased the mRNA expression of Ucp1 and other thermogenic genes, 

markers of brown and beige adipocytes, specifically in the inguinal WAT of 

p110αFLOX and p110αDEL mice. Increased expression of Ucp1 mRNA was 

accompanied by increased protein levels as determined by immunoblot analysis 

(Fig. 6b-c and Supplementary Fig. 10) and immunohistochemistry (Fig. 6d). In line 

with the above documented increase in adrenergic signalling in the subcutaneous 

WAT of p110αDEL mice, a higher expression of all these markers was observed in the 

inguinal WAT of p110αDEL compared to p110αFLOX mice. This suggests that 

inactivation of p110α potentiates adrenergic signalling in vivo and increases 
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recruitment of beige adipocytes upon adrenergic stimulation of subcutaneous 

adipose tissue. 

To complete the physiological phenotypic analysis of p110αDEL mice, we 

performed indirect calorimetry to determine energy expenditure under free-living 

conditions, as well as in response to catecholamine stimulation. As shown in Fig. 6e-

f, energy expenditure and respiratory exchange ratio were similar between 

approximately one year old p110αFLOX and p110αDEL mice under free living 

conditions. These experiments were performed in weight-matched groups of mice to 

avoid the confounding effects of different metabolic mass. No differences in water 

and food consumption or in loss of body weight over the time course of the 

experiment were observed between the genotypes (Fig. 6g). However, injection of 

norepinephrine into unconscious mice measured at thermoneutrality (30°C) showed 

a significantly increased energy expenditure in p110αDEL mice compared to 

p110αFLOX littermates (Fig. 6h-i). p110αDEL mice also tended to display a slightly 

higher basal energy expenditure, which was consistent with their higher basal 

glucose turnover during the clamp studies (Fig. 1f), but this did not reach statistical 

significance. The weights of all the mice were very similar (Fig. 6j), whereas basal 

energy expenditure was 10% larger in p110αDEL mice, suggesting that changes in 

energy expenditure were not simply a product of changes in body weight and 

therefore metabolic mass. These findings are consistent with the enhanced β-

adrenergic signalling in isolated adipose tissue explants from p110αDEL mice (Fig. 4 

and Supplementary Fig. 6).  

Reduced age-dependent fat accumulation in p110αDEL mice 
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We generated cohorts of p110aFLOX and p110αDEL littermates and monitored their 

weight gain over time. As shown in Fig. 7a-b, p110αDEL mice were born with a body 

weight similar to that of p110αFLOX littermates. However, their growth curves started 

to diverge at around 8 months of age and p110αDEL mice did not accumulate as 

much weight as p110αFLOX littermates with age. More specifically, the average 

weight of p110αDEL mice for the period between 8-26 months of age was 7% and 8% 

lower for male and female mice, respectively, compared to their p110αFLOX 

littermates. Gonadal WAT and interscapular BAT weights were also reduced in 

p110αDEL mice at 1.5 years of age, whereas BAT masses normalised to body weight 

were similar in 2-year-old mice, indicating a slower degeneration rate in BAT of 

p110αDEL mice (Fig. 7c). Assessment of food intake in 1-year-old mice showed no 

significant differences in food intake between p110αDEL and p110αFLOX littermates 

(Fig. 7d-e), except for the tendency of p110αDEL male mice to consume slightly more 

food (Fig. 7e), demonstrating that the weight difference between the two genotypes 

was not due to different levels of food consumption. Therefore, the increased 

catecholamine-stimulated energy expenditure documented in our physiological 

studies described above could be reducing fat accumulation over the life course in 

p110αDEL mice. 
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Discussion 

Metabolism is an essential process for all organisms and, like many other biological 

processes, is adversely affected by ageing. However, this relationship is also valid in 

the inverse direction in that metabolic deterioration accelerates the rate of ageing in 

a vicious cycle. In fact, glucose and lipid homeostasis are emerging as key 

determinants of the rate of ageing in a diverse range of animal organisms. 

Consistent with this, genetic and pharmacological interventions affecting signalling 

pathways that regulate metabolism, notably the IIS, mTOR and AMPK pathways, 

have been shown to affect the lifespan of various organisms32. The fact that 

downregulation of essential signalling pathways, such as IIS and mTOR, exerts 

beneficial effects is seemingly paradoxical. In the context of metabolism, the gross 

phenotypic effects of inactivation of these pathways are in many cases initially 

adverse, consistent with the importance of these pathways, and beneficial effects 

emerge only later in life. It is therefore essential that longitudinal studies are 

conducted in model organisms in order to assess the long-term effects of such 

interventions and to decipher the molecular mechanisms underlying these beneficial 

effects. These insights will help to reconcile the paradox of beneficial effects ensuing 

from the downregulation of essential metabolic pathways. 

Here, we report the findings of a longitudinal metabolic study in mice that 

characterised the effects of adipose tissue-specific deletion of PI3K p110α, the 

partial global inactivation of which has been shown to confer a beneficial effect later 

in life and to moderately increase lifespan in mice12. We found that adipose tissue-

specific inactivation of p110α potentiated adrenergic signalling, specifically in 

subcutaneous white adipose tissue and in brown adipose tissue. The molecular 

mechanism underlying this effect appears to involve engagement of p110α in 
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catecholamine-stimulated Akt phosphorylation, which in turns activates 

phosphodiesterase and degradation of cAMP. Deletion of p110α reduced 

catecholamine-induced PDE activation thus enhancing cAMP-mediated signalling. 

The significance of cAMP-mediated signalling in thermogenic conversion of white 

adipose tissue has recently been demonstrated by knockout of PDE3b shown to 

promote browning of epididymal white adipose tissue33. 

The potentiating effect on adrenergic signalling observed upon p110α 

inactivation was modest and most likely for this reason insufficient to confer 

protection from weight gain during high fat feeding. However, glucose uptake by BAT 

was higher in p110αDEL mice fed a high fat diet, despite their similar insulin sensitivity 

with p110αFLOX mice. This increased glucose uptake from BAT likely explains the 

normal glucose tolerance in the face of systemic insulin resistance documented over 

ageing of p110αDEL mice. Moreover, p110αDEL mice did not accumulate as much fat 

as p110αFLOX littermates upon ageing, which is arguably a more physiological type of 

metabolic stress than high fat feeding, demonstrating that the modest effect of p110α 

deletion on adrenergic signalling is sufficient to confer a beneficial effect under 

physiological conditions. Indeed, there is substantial evidence demonstrating that 

ageing diminishes the sensitivity of adrenergic stimulation to reduce energy 

expenditure in humans34,35 as well as in rodents36. In this regard, p110α inactivation 

could be counteracting the negative impact of ageing via regulating adrenergic 

signalling in the adipose tissue and in particular in BAT where it increased levels of 

UCP1. 

Recently, another study reported a phenotype of adipose tissue-specific 

p110α deletion using the aP2-Cre line37. The reported phenotype is fundamentally 

different to the phenotype described here and includes a decrease in thermogenic 
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capacity of the adipose tissue, as a result of downregulation of UCP1 and 

consequent development of obesity and liver steatosis. The reason for this striking 

discrepancy could be related to the different conditional p110α alleles or the different 

Cre lines (aP2-Cre versus adiponectin-Cre) used in these two studies. Also, potential 

differences in the level of p110α deletion could critically determine the nature of the 

ensuing phenotypes. In the present study, we documented a reduction in p110α 

protein levels of approximately 70-90%, depending on the tissue. However, it is likely 

that higher levels of p110α deletion could result in more severe insulin resistance, of 

which the negative impact would outweigh the potential benefits. Nevertheless, the 

phenotype described in the present study is consistent with the beneficial metabolic 

effects of deletion of the IR in the adipose tissue of FIRKO mice9 as well as with the 

recent demonstration that administration of a dual p110α/δ PI3K inhibitor protects 

mice and monkeys from diet-induced obesity and metabolic syndrome38, an effect 

more recently shown to be largely recapitulated by administration of a p110α 

selective inhibitor39. In the FIRKO mice, an increase in oxidative metabolism in the 

adipose tissue was reported40, and in the latter model, PI3K inhibition was shown to 

increase the levels of UCP1 expression and fuel oxidation in BAT41, in line with our 

findings. 

The physiological importance of adrenergic signalling in the development of 

age-related obesity has recently been highlighted by the demonstration that 

inflammatory macrophages reduce adrenergic output by degrading catecholamines 

in the adipose tissue42,43. An important implication of the present study is that 

potentiation of adrenergic signalling in adipose tissue could be a promising 

therapeutic approach to promote adipose tissue browning and increased 

thermogenic energy expenditure, processes which have been pursued in the therapy 
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of obesity44,45. The use of β3-AR agonists as potential therapeutics for obesity and 

type-2 diabetes has been pursued intensively in the recent past, but lack of efficacy 

or side-effects (mainly due to adrenergic stimulation of the cardiovascular system) 

have prevented translation to clinical application46. It is tempting to speculate that 

concomitant administration of a p110α inhibitor could potentiate the effect of β3-

adrenergic agonists, increasing their efficacy and their safety profile by reducing the 

effective doses, thus avoiding the side effects of cross-activation of other types of β-

adrenergic receptors in other organs. YM178 (Mirabegron), a human β3-AR selective 

agonist, which is clinically approved for other indications, has recently shown efficacy 

in activation of human BAT47. Also, as mentioned above, administration of a PI3K 

inhibitor reversed diet-induced obesity in mice and monkeys, providing proof-of-

principle of the utility of PI3K inhibitors in the context of metabolic disease 

treatment38. Moreover, a number of p110α inhibitors are undergoing clinical trials in 

oncology. Taken together, these suggest that testing combinations of p110α 

inhibitors and β3-adrenergic agonists in the treatment of obesity is a realistic 

possibility. 

Finally, the present work provides an example of how an intervention that 

negatively affects an essential signalling pathway, such as the IIS pathway, can at 

the same time act beneficially to mitigate the adverse effects, thus reconciling the 

insulin paradox at the mechanistic level. 
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Methods 

Mouse strains and maintenance 

To generate mouse lines with adipose tissue specific deletion of PI3K p110α, mice 

with conditionally targeted p110α alleles (p110αFLOX)13 were crossed with transgenic 

mice expressing a Cre recombinase under the control of the adiponectin promoter 

(Adipoq-Cre)14. Both lines were in the C57BL6/J background. Experimental mice 

were littermates produced from crosses of Adipoq-Cre (+) p110αFLOX mice with 

Adipoq-Cre (-) p110αFLOX mice. Mice were housed in individually-ventilated cages 

under a 12 h light/12 h dark cycle at constant temperature (20-23 ºC) with ad libitum 

access to food and water and were fed a standard diet (2018, 18% Protein Rodent 

diet, Harlan Teklad) or a high fat diet (45% calories from fat; 58V8, TestDiet). 

Maintenance and differentiation of hMADS cells 

hMADS-3 cells isolated form the prepubic fat pad of a 4-month-old male48 were 

maintained in DMEM supplemented with 10% fetal bovine serum and 2.5 ng ml-1 

human FGF. Adipocyte diffentiation was induced 24 h post-confluence by replacing 

maintenance medium with differentiation induction medium consisting of 

DMEM/Ham’s F12 

(1:1) supplemented with 5 μg ml-1 human insulin, 10 μg /ml-1 human transferrin, 0.2 

nM 3,3′,5-Triiodo-l-thyronine (T3), 1 μM rosiglitazone, 100 μM isobutylmethyxanthine 

(IBMX) and 1 μM dexamethasone. Three days later, the medium was replaced with 

differentiation induction medium without IBMX and dexamethasone. Adipocytes were 

used in experiments upon completion of differentiation, typically 5-7 days after 

induction. 
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Isolation, immortalisation and differentiation of brown pre-adipocytes 

Interscapular BAT was isolated from three p110αFLOX and three p110αDEL 5 week old 

male mice, minced with fine scissors and digested with 1 mg ml-1 collagenase for 1 h 

at 37oC. Mature adipocytes were separated from the stromal vascular fraction (SVF) 

by centrifugation at 250 g for 5 min. Pellets containing the SVF were seeded in 6-

well cell culture dishes in DMEM supplemented with 10% fetal bovine serum and 

transduced with retroviruses carrying a plasmid encoding SV40 Large T antigen 

(pBabe-puro-SV40LT, Addgene plasmid no 14088). Transduced cells were selected 

with puromycin (2 μg ml-1) for two weeks. Adipocyte differentiation was induced by 

treating confluent cell monolayers with 1 μg ml-1 insulin, 1 μM dexamethasone, 0.5 

mM isobutylmethyxanthine (IBMX), 1 μM rosiglitazone and 1 nM 3,3′,5-Triiodo-l-

thyronine (T3). After 48 h, the medium was replaced with fresh DMEM supplemented 

with 10% fetal bovine serum. Cell monolayers were used in experiments upon 

completion of differentiation, typically one week after induction. 

Body weight and food intake analysis 

Body weight was measured monthly from 4 weeks of age onwards. For food intake 

assays, mice were housed in small groups of 2-3 individuals and allowed to 

acclimatize for 2 days before the study. Food pellet and mouse body weights were 

measured at the beginning and end of a 3-day measurement. Results are expressed 

as cumulative food intake (grams of chow per kg of body weight per 3 days). 

Blood metabolic biomarkers 
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Blood samples from fed or fasted (16 h) mice were collected from the tail vein with 

heparinized capillaries and then spun in a benchtop microcentrifuge for 5 min to 

pellet blood cells. Plasma was transferred to a fresh tube and stored at -80ºC until 

further use. Mouse plasma hormone and cytokine levels were determined by ELISA 

kits: Insulin, leptin and adiponectin (Crystal Chem); TNFα and Interleukin-6 

(PeproTech). Triglycerides, free fatty acids and cholesterol in plasma were 

determined using the Infinity Triglycerides Liquid stable Reagent (TR22421; Thermo 

Scientific), NEFA-HR(2) kit and Cholesterol Liquid (Wako, Richmond, VA), 

respectively. 

Glucose and insulin tolerance tests 

GTTs and ITTs were performed on mice at different ages, fasted for 16 h or 5 h, 

respectively. Blood glucose levels were determined at several time points (up to 120 

min) after intraperitoneal injection of a glucose solution (2 g per kg of body weight) or 

human insulin (Actrapid, Novo Nordisk) (0.75 U to 2 U per kg of body weight). Blood 

glucose concentrations were measured in tail vein blood samples using a Contour 

XT glucometer (Bayer). 

Hyperinsulinemic-euglycemic clamps 

Hyperinsulinemic-euglycemic clamps were performed in anaesthetised animals on 

thermally controlled pads to maintain their core body temperature. Animals were 

anesthetized by intraperitoneal injection of a combination of 6.25 mg per kg 

acetylpromazine, 6.25 mg kg-1 midazolam and 0.31 mg kg-1 fentanyl. An infusion 

needle was placed into the tail vein and 6,6-D2 D-glucose (Goss Scientific) was 

infused at a rate of 100 nM min-1 for 80 min to achieve steady-state levels and blood 

samples collected on blood spot cards (Whatman 903 Protein Saver Card, SLS) to 
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determine basal glucose turnover. Thereafter, insulin (Actrapid; Novo Nordisk) was 

infused at a constant rate of 0.91 mU min-1 after a bolus dose of 16.5 mU and 6,6-D2 

D-glucose infusion rate was increased to 200 nM min-1 to limit changes in 

enrichment levels of labelled glucose in blood. A variable infusion of 12.5% D-

glucose was used to maintain blood glucose at euglycemic (basal) levels. Blood 

glucose was measured with an AlphaTRAK2 glucometer (Abbott Animal Health) 

every 5-10 min and glucose infusion adjusted accordingly. Steady state was reached 

after 70 min and blood samples were collected on bloodspot cards at 10 min 

intervals over 30 min to determine steady-state enrichment levels of 6,6-D2 D-

glucose. Blood samples for serum were collected at the end of the basal infusion 

phase and at the end of the hyperinsulinaemic phase for determination of FFAs and 

insulin levels during the clamp. Mice were then killed by cervical dislocation and the 

organs removed and frozen. Blood spots cards were extracted in 90% ethanol. 

Extracts underwent aldonitrile-pentaacetate derivatisation and mass spectral 

analysis as described in Supplementary Information. Insulin levels were determined 

by ELISA (Ultra Sensitive Mouse Insulin ELISA Kit, Crystal Chem) and FFA levels 

were determined enzymatically (HR Series NEFA-HR(2), WACO) 

Tissue-specific glucose uptake 

Tissue specific glucose uptake was determined by intraperitoneal administration of 

2-[3H]-deoxy-glucose (DG). Overnight fasted mice were injected with 1 g per kg D-

glucose spiked with 2-[3H]-DG (12 MBq [3H]-DG (Perkin Elmer) per gram of D-

glucose). Blood samples were collected from tail vein at 0, 15, 30 and 60 min 

following glucose injection. At the end of the time course, tissues were excised and 

snap frozen in liquid nitrogen. The 2-[3H]-DG uptake into tissues was determined 
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with the Ba(OH)2 / ZnSO4 precipitation method. Briefly, 100 mg of tissue samples 

were homogenised in 1.5 ml (or 5 μl of plasma were diluted in 0.5 ml) of 0.5% 

perchloric acid. Lysates were clarified by centrifugation in a benchtop 

microcentrifuge. 1 ml of the clarified supernatant was neutralized by addition of 50 ml 

each of 10% KOH and 1 M potassium phosphate buffer pH 7.0. 0.55 ml of the 

neutralized supernatant was transferred to a scintillation vial (designated n). The 

remainder 0.55 ml was precipitated by addition of 100 ml each of 0.3 N Ba(OH)2 and 

0.3 N ZnSO4 and centrifugation at 16,000 xg in a benchtop microcentrifuge. 0.6 ml 

of the supernatant was transferred to a scintillation vial (designated p). 

Disintegrations per minute (dpm) were measured in n and p aliquots by liquid 

scintillation counting. The difference in dpm between n and p represents uptake of 2-

[3H]-DG. Clearance of 2-[3H]-DG and the metabolic index (Rg), as a measure of 

tissue-specific glucose uptake, were calculated using the following equations: 

Kg=2-[3H]-DGPtissue / AUC 2-[3H]-DGplasma and Rg=Kg x Glucoseplasma 

where 2-[3H]-DGPtissue is the 2-[3H]-DG-6-Phosphate radioactivity in the tissue in dpm 

per g of tissue weight, AUC 2-[3H]-DGplasma is the area under the plasma 2-[3H]-DG 

disappearance curve in dpm per ml per min, and Glucoseplasma is the average blood 

glucose concentration in millimolar during the glucose excursion49. 

Protein extraction and immunoblot analysis 

Mouse tissues were harvested and flash frozen in liquid nitrogen and then stored at -

80ºC until further processing. Samples were homogenized in a lysis buffer containing 

50 mM Tris-HCl pH 7.4, 100 mM NaCl, 50 mM NaF, 5 mM EDTA, 2 mM EGTA, 40 

mM beta-glycerophosphate, 10 mM sodium pyrophosphate, 1% Triton X-100 and 

protease inhibitors. Proteins were separated by SDS-PAGE and then transferred to 
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PVDF membrane. 5% non-fat milk was used to saturate the membrane prior to 

incubation with primary antibodies. p110α (cat. no. 4255, diluted 1:1,000), p110β 

(cat. no. 3011, diluted 1:1,000), pT308 Akt (cat. no. 2965, diluted 1:1,000), pS473 

(cat. no. 4060, diluted 1:1,000), total Akt (cat. no. 9272, diluted 1:1,000), pS660 HSL 

(cat. no. 4126, diluted 1:1,000), total HSL (cat. no. 4107, diluted 1:1,000), 

phosphoPKA substrate (cat. no. 9624, diluted 1:1,000), total perilipin (cat. no. 9349, 

diluted 1:1,000), pS133 CREB (cat. no. 9191, diluted 1:1,000), p T180/Y182 p38 

MAPK (cat. no. 9215, diluted 1:1,000) and total p38 MAPK (cat. no 9212, diluted 

1:1,000) antibodies were from Cell Signaling Technology (CST). UCP1 antibody was 

from Abcam (cat. no. 10983, diluted 1:1,000). p85 antibody (cat. no. 06-195, diluted 

1:1,000) was from Millipore. Vinculin antibody (cat. no. V9264, diluted 1: 10,000) was 

from Sigma. PDE3b antibody (cat. no. STJ110746, diluted 1:1,000) was from 

StJohn’s Laboratory. Membranes were then washed and incubated with HRP-

conjugated, goat anti-Rabbit IgG (DAKO, cat. no. P0448, diluted 1:2,000) and 

developed using ECL reagent (GE Healthcare) for radiographic film detection of 

p110α. Band intensity was quantified by ImageJ software. In all other cases, 

detection was performed with fluorescently labelled secondary antibodies (anti-

mouse DyLight 800-conjugated, Rockland, cat. no. 610-145-002, diluted 1:5,000 and 

anti-rabbit Alexa-Fluor 680-conjugated, Invitrogen, cat. no. A21076, diluted 1:5,000), 

using an Odyssey CLx infrared scanner (LICOR). Detection and quantification were 

performed using the manufacturer’s software (Image Studio). Uncropped images of 

the most important blots are presented in a Source Data file accompanying this 

manuscript. 

Immunoprecipitation and PI3K assay 
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For immunoprecipitation and PI3K lipid kinase assay, tissue lysates were prepared 

as described above. Immunoprecipitation was performed by mixing lysates (2 mg of 

protein) with 2 μg IRS-1 antibody (Millipore, cat.no 05-1085). Following overnight 

incubation at 4º C, immune complexes were captured by addition of protein-A-

Sepharose beads (GE Healthcare) and incubation for an additional 1 h. Bead-

associated immune complexes were subjected to lipid kinase assays. Lipid kinase 

assays were performed in a total volume of 50 μl in a buffer containing 50 mM 

HEPES (pH 7.4), 100 mM NaCl, 1 mM dithiothreitol, 5 mM MgCl2, 100 μM ATP (plus 

0.1 μCi of [γ-32P]-ATP per assay) using 200 μg ml-1 phosphatidylinositol (Sigma) as a 

substrate. Reactions were incubated at 25°C for 20 min and terminated by the 

addition of 100 μl of 0.1 M HCl and 200 μl of chloroform : methanol (1:1). The 

mixture was vortexed and the phases were separated by centrifugation at 10,000 x g 

for 2 min. The lower organic phase was spotted onto thin layer silica (TLC) gel-60 

plates (Merck), which had been treated with 1% oxalic acid, 1 mM EDTA in water: 

methanol (6:4). TLC plates were developed in a solvent consisting of propanol-1 : 

2M acetic acid (13 : 7). Images of radiolabelled lipid products were captured using a 

Fuji FLA-2000 phosphorimager and analysed using ImageJ software. 

UCP1 immunohistochemistry 

Adipose tissues were fixed in formalin for 24 h and embedded in paraffin. Tissue 

sections were deparaffinised, subjected to antigen unmasking (boiling in 10 mM 

sodium citrate pH 6 in a pressure cooker for 30 min), blocked with 5% BSA and 

incubated with UCP1 antibody (Abcam, cat. no. 10983) diluted 1:1,000 for 16 h at 

4oC. Sections were then incubated with SignalStain© Boost IHC Detection Reagent 
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(Cell Signaling Technology, cat. no. 8114P) and immune complexes were visualised 

with SignalStain© DAB reagent (Cell Signaling Technology, cat. no. 8059). 

RNA extraction and qPCR 

RNA was extracted from adipose tissue samples using Triazol (Thermo Fisher) and 

reverse transcribed to cDNA using Qiagen Omniscript RT kit according to the 

manufacturer’s instructions. Quantitative PCR was performed using an ABI7900HT 

Fast Real Time PCR detection system and Power SYBR-Green PCR Master Mix 

(ABI). Relative gene expression was quantified using the 2-DDCt method. Mouse 

ribosomal protein S18 (rps18) was used as a loading control. A list of primers used in 

the present study is given in Supplementary Table 1. 

Lipolysis and cAMP levels in adipose tissue explants 

Adipose tissue explants were adjusted to approximately 100 mg of weight and then 

minced with fine scissors. Explants were incubated in serum-free DMEM 

supplemented with 0.2 % (w/v) fatty acid-free Bovine Serum Albumin (BSA) for 2 h at 

37ºC in 5 % CO2 incubator then transferred to Kreb’s-Riger’s buffer (30 mM Hepes 

pH 7.4, 10 mM NaHCO3, 120 mM NaCl, 4 mM KH2PO4, 1 mM MgSO4, 0.75 mM 

CaCl2) supplemented with 0.2 % fatty acid-free BSA and 10mM glucose and 

incubated for an additional hour. Inhibitors were added for the last 15 min of the 

incubation. Lipolysis was stimulated by addition of 1 μM Isoproterenol or 

Norepinephrine-L-bitartate (Sigma). 50 µl of medium was removed 30 min following 

stimulation and glycerol content was determined using Glycerol Reagent and 

Glycerol Standard (Sigma). For determination of intracellular cAMP levels tissue 

explants were processed, incubated and stimulated as above. Explants were 

collected 20 min following adrenergic stimulation, frozen in dry ice and kept in -80ºC 



 184 

until further processing. Samples were homogenized in 0.5 ml of 0.1 N HCl using a 

mechanical homogeniser. Homogenates were clarified by centrifugation for 5 min in 

a benchtop refrigerated microcentrifuge. Supernatants were diluted 1 in 4 with cAMP 

ELISA buffer and the cAMP content was determined with a cyclic AMP Select ELISA 

kit (Cayman, cat. no. 501040). 

Phosphodiesterase activity assay 

BAT-derived adipocytes were lysed in a buffer containing 20 mM Hepes-NaOH (pH 

7.4), 0.5 mM EDTA, 2 mM MgCl2, 0.1% Triton X-100, 0.5 mM DTT, 1 mM EGTA, 1 

μM microcystin-LR and protease inhibitors. Lysates were briefly sonicated using a 

probe sonicator and were desalted using Zeba Spin desalting columns, 7 Kd  

molecular weight cut-off (Thermo Scientific, cat. no. 89882), equilibrated in PDE 

assay buffer. Desalted lysates (15 μg protein) were assayed for phosphodiesterase 

activity using a kit from Abcam (cat. no. ab139460) according to the manufacturer’s 

instructions. 

Indirect calorimetry 

Energy expenditure and norepinephrine-induced thermogenesis were measured 

using a Metatrace gas analyser (Creative Scientific, UK). The gas analyser uses a 

paramagnetic oxygen analyser and an infrared CO2 sensor to measure oxygen and 

carbon dioxide concentrations. The analyser operates in push mode with airflow to 

each chamber controlled by a mass flow controller set to flow 400 ml per min. Cages 

were multiplexed to the analyser, with 4 cages being read by each analyser. For free 

living energy expenditure cages were sampled for 30 s every 11 min, with a 90 s 

washout period between each chamber. Energy expenditure (EE) was calculated 
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from the VO2 and CO2 according to the modified Weir equation: EE (J min-1) = 

15.818*VO2 (ml min-1) + 5.176*VCO2 (ml min-1). For NE-induced thermogenesis, 

mice were anesthetized with sodium pentobarbital (90 mg kg-1) and placed in a 30ºC 

chamber. Mice were injected with 0.5 mg NE per kg. The dose of NE gave an 

average increase in EE of ~40% over the basal energy expenditure, while normal 

maximal thermogenic capacity experiments were for mice acclimated to a similar 

temperature a 160% increase would be expected50. Therefore, the applied NE dose 

fulfilled the requirement of being a sub maximal dose and could potentially allow 

detection of changes in sensitivity to NE, not just changes in brown adipose tissue 

thermogenic capacity. 

Statistical Analysis 

Data are presented as mean ± standard error of the mean (SEM). Statistical 

analyses were performed with GraphPad Prism 8. Specific tests are detailed in the 

figure legends. 

Study approval 

All experimental procedures complied with the UK Home Office Animals (Scientific 

Procedures) Act 1986 and were performed with the approval of the UCL Animal 

Welfare and Ethical Review Body. 
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Figures 

 

Fig. 1 Adipose tissue-specific p110αDEL mice are insulin resistant. 

a Representative immunoblot analysis of p110α protein levels in homogenates of 

metabolic tissues isolated from approximately 1.5 year old male mice carrying or not 

the Adipoq-Cre transgene. Blots were also probed for the widely expressed p110β 

isoform and the PI3K regulatory subunit p85. Vinculin was probed as loading control. 

SM, skeletal muscle (gastrocnemius); WAT, white adipose tissue (epididymal); BAT, 

brown adipose tissue (interscapular). 
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b Semi-quantitative data for p110α expression in WAT  and BAT  (n=6 mice per 

genotype). The respective blots are shown in Supplementary Fig.1. 

c-d 1 year old mice (n=3 per genotype) were injected intraperitoneally with 100 mU 

g-1 of insulin. After 30 min, tissues were excised and snap frozen. 

c Adipose tissue (epididymal) lysates were immunoprecipitated with IRS-1 

antibodies and assayed for associated PI3K lipid kinase activity. 

d Immunoblot analysis of adipose tissue (epididymal, eWAT; inguinal, iWAT; 

interscapular brown, BAT) lysates probed for Akt T308 phosphorylation. Each lane 

represents an individual mouse.  

e Hyperinsulinemic-euglycemic clamp analysis in 20 week old female mice. Rate of 

glucose disappearance (RD), glucose infusion rate (GIR) and hepatic glucose 

production (HGP) at the hyperinsulinemic state and plasma levels of non-esterified 

fatty acids (NEFA) are shown. Average body weights: 21.7 g and 21.6 g for p110aDEL 

and p110aFLOX mice (n=8 per genotype), respectively. 

Data are presented as mean ± SEM. Statistical analysis: Unpaired two-tailed t-test. * 

p<0.05; ** p<0.01; *** p<0.001; **** p<0.0001. 
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Figure 2 Insulin resistant p110αDEL mice maintain normal glucose tolerance over 

ageing.  

a Cohorts of p110αDEL and p110αFLOX male mice were subjected to intraperitoneal 

glucose and insulin tolerance tests at various time points over ageing. For glucose 

tolerance test a bolus of glucose (2 g per kg of body weight) was injected 

intraperitoneally. Insulin doses were adjusted according to the age of the mice (0.75 



 194 

U kg-1 for 3 month old and 2 U kg-1 for 18 and 24 month old). n=8 per genotype at 3 

months, 16 per genotype at 18 months, 14 per genotype at 24 months. AUC, Area 

Under Curve. Additional age points and data for females are shown in 

Supplementary Fig. 3. 

b Fasting plasma levels of metabolic hormones in 1 year old p110aDEL and 

p110aFLOX mice. n (p110αFLOX  / p110αDEL ), Insulin: Female, 9 / 8 ; Male, 4 / 5. Leptin: 

Female, 8 / 8 ; Male, 7 / 10. Adiponectin: Female, 8 / 8 ; Male, 10 / 10. 

 c Fasting plasma levels of pro-inflammatory cytokines (IL6 and TNFa) in 1 year old 

p110αDEL and p110αFLOX mice. n (p110αFLOX / p110αDEL ), IL-6: Female, 6 / 7 ; Male, 6 

/ 9. TNFα: Female, 8 / 8 ; Male, 7 / 7. 

d Fasting plasma levels of lipids (total cholesterol, free fatty acids and triglycerides) 

in 1 year old p110αDEL and p110αFLOX mice. n (p110αFLOX / p110αDEL ), Cholesterol: 

Female, 8 / 7 ; Male, 3 / 4. FFAs: Female, 10 / 9 ; Male, 4 / 5. Triglycerides: Female, 

8 / 9 ; Male, 10 / 9. n (p110αFLOX / p110αDEL ), Cholesterol: Female, 8 / 7 ; Male, 3 / 4. 

FFAs: Female, 10 / 9 ; Male, 4 / 5. Triglycerides: Female, 8 / 9 ; Male, 10 / 9. 

Data are presented as mean ± SEM. Statistical analyses: Unpaired two-tailed t-test. 

* p<0.05; ** p<0.01; *** p<0.001; **** p<0.0001. 
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Figure 3 Increased glucose clearance from BAT of p110αDEL mice. 

a Weight gain curves of p110αFLOX and p110αDEL littermates. 30 week old male mice 

(n=6 per genotype) were fed a high fat diet (HFD, 45% of calories from fat) for 28 

weeks. 

b-c ITT (b) and GTT (c) in HFD-fed mice performed by intraperitoneal administration 

of insulin (2 U kg-1) or glucose (1 g kg-1) at the time point indicated in a. 
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d HFD-fed mice were injected intraperitoneally with 1 g per kg glucose spiked with 2-

[3H]-deoxyglucose. Tissues were isolated after 1 h and tissue-specific glucose 

uptake was measured as described in Methods. SM, Skeletal Muscle; CM, Cardiac 

Muscle. 

e Expression of UCP1 protein in BAT of mice fed a high fad diet (HFD, 60% of 

calories from fat) for 4 weeks (n=4 per genotype and diet). Quantitative data from a 

blot shown in Supplementary Fig. 5a.  

f Basal levels of UCP1 protein expression in BAT of p110αFLOX and p110αDEL mice 

(n=9 p110αFLOX and 8 p110αDEL). Quantitative data from blots shown in 

Supplementary Fig. 5b.  

Data are presented as mean ± SEM. Statistical analysis: unpaired two-tailed t-test (c, 

d, f); one-way ANOVA with Tukey’s multiple comparisons test (e).* p<0.05; ** 

p<0.01. 



 197 

 

Figure 4 Inactivation of p110α potentiates b-adrenergic signalling selectively in 

iWAT. 

a-b Explants of inguinal (iWAT) (a) and visceral (vWAT) (b) white adipose tissue 

were isolated from 1 year old p110αDEL and p110αFLOX littermates and stimulated ex 
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vivo with 1 μM isoproterenol (ISO) in the presence or absence of the p110α inhibitor 

A66 (2 μM) for 20 min, followed by tissue homogenisation and immunoblot analysis 

of phosphorylation of HSL, perilipin and CREB. Phosphorylation of perilipin was 

assessed using phospho-PKA substrate antibodies. Representative immunoblots are 

shown. Graphs show quantitative data pooled from n=4 (pHSL) and n=3 (pCREB, p-

Perilipin) independent experiments. c Lipolysis in explants from 1 year old male mice 

(n=3 per genotype) assessed as glycerol release over 30 min following stimulation 

with 1 μM ISO in the presence or absence of 2 μM A66 . d cAMP levels measured 

by ELISA in explants from approximately 1 year old male mice (n=4 per genotype) 

stimulated with 1 μM ISO in the presence or absence of 2 μM A66 for 20 min. e 

Inhibition of p110α potentiates adrenergic signalling in hMADS cell derived 

adipocytes stimulated with non-selective (ISO, isoproterenol;  NE, norepinephrine) or 

β3- selective (CL , CL316,243;  YM , YM178) β-AR agonists at 1 μM. Quantitative 

data from n=8 for basal-/A66-/ISO-/ISO+A66-treated, n=7 for NE-/NE+A66-treated, 

n=4 for CL-/CL+A66- and YM-/YM+A66-treated independent experiments and a 

representative immunoblot are shown in e.  

Data are presented as mean ± SEM. Statistical analyses: One-way ANOVA with 

Bonferroni’s multiple comparisons test (a-d) and paired two-tailed t-test (e). * p<0.05; 

** p<0.01; *** p<0.001. 
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Figure 5. Mechanisms of adrenergic signalling enhancement by p110α inhibition. 

a β-AR stimulation induces p110α dependent Akt activation. Immunoblot analysis of 

Akt phosphorylation induced by treatment with 1 μM isoproterenol in the presence or 

absence of 2 μM A66 in iWAT and vWAT explants isolated from 38 week old male 

p110αFLOX mice. Graphs show quantitative data from iWAT of 3 mice and vWAT of 2 

mice. A representative immunoblot is shown.  

b-e Inhibition of p110α potentiates β-adrenergic signalling in immortalised BAT-

derived adipocytes (b) and BAT explants (c). Immunoblot detection of NE-stimulated 

(1 μM for 20 min) HSL (S660), perilipin and p38MAPK (T180/Y182) phosphorylation 

in lysates of BAT-derived adipocytes (b) or isoproterenol (ISO)-stimulated (1 μM for 

20 min) BAT explants (c). Representative immunoblots and graphs showing average 

data from three (n=3) cell pools or explants isolated from individual p110αFLOX mice 

are shown.  

d NE-stimulated (1 μM for 10 min) Akt (T308) phosphorylation in the presence of 

inhibitors against PI3K p110α (A66, 2 μM) and p110β (TGX221, 1 μM) and EPAC 

(ESI09, 10 μM). A representative blot and data from three (n=3) BAT-derived cell 

pools isolated from different p110αFLOX mice are shown. 

e Phosphodiesterase activity measured in lysates of NE-stimulated (1 μM for 20 min) 

BAT-derived cell pools (n=3 per genotype) isolated from individual p110αFLOX and 

p110αDEL mice in the presence or absence of p110α inhibitor (A66, 2 μM) or EPAC 

inhibitor (ESI09, 10 μM). 

f Role of PI3K p110α in insulin- and β-adrenergic receptor-stimulated pathways in 

adipocytes.  
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Upon activation of the Insulin Receptor (IR), PI3K p110α promotes activation of 

phosphodiesterase (PDE) through phosphorylation by Akt (1). p110α-dependent and 

Akt-mediated activation of PDE also occurs upon β-AR stimulation, possibly through 

EPAC activation, concomitantly with activation of adenylylcyclase (AC) (2). 

According to scheme, inhibition of p110α reduces energy storage and fat mass 

increase through the insulin pathway and promotes thermogenic energy expenditure 

and leanness through the β-AR pathway. 

Data are presented as mean ± SEM. Statistical analysis: one-way ANOVA with 

Tukey’s multiple comparisons test (a); paired two-tailed t-test (b, c); one-way ANOVA 

with Bonferroni’s multiple comparisons test (d, e).* p<0.05; ** p<0.01; *** p<0.001. 
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Figure 6 p110αDEL mice display increased catecholamine-stimulated energy 

expenditure. 
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a mRNA expression levels of brown adipocyte markers in adipose tissues isolated 

from 18 week old p110αDEL and p110αFLOX littermate male mice (n=4 per genotype) 

following intraperitoneal administration of the β3-AR selective agonist CL316,243 (1 

mg per kg per day) over five consecutive days. RNA was extracted from inguinal and 

epididymal adipose tissues and mRNA expression of Ucp1, Cidea, Pgc1a, 

Deiodinase 2 (Dio2) and Elovl3 was analysed by quantitative PCR. b UCP1 protein 

expression detected by immunoblot analysis (blot shown in Supplementary Fig. 10) 

in iWAT from the same mice as in a (n=4 per genotype).  

c-d Immunoblot analysis (c) and immunohistochemical detection (d) of UCP1 protein 

expression in iWAT of  6 week old male mice injected with CL316,243 as in a (ns, 

non-specific band). Scale bar: 50 μm. 

e Raw energy expenditure of approximately 1 year old p110αFLOX and p110αDEL 

female mice measured for 48 h at room temperature. 

f Respiratory exchange ratio (RER) for the 48 hour calorimetry run. 

g Water intake (WI), food intake (FI), change in body weight (dBW) and average 

body weight (BW) for the 48 h of the calorimetry run. 

h-j Norepinephrine (NE)-stimulated energy expenditure (EE). 

h Energy expenditure measured in unconscious mice housed at 30oC prior to (basal) 

and after injection with 0.5 mg kg-1 NE. Bars are averages of three stable readings 

for baseline prior to injection. NE-stimulated is the average of the three largest 

readings recorded. 

i Graph showing the effects of NE injection on energy expenditure with time. 

j Body weights of the mice used at the time they were analysed. 
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e-g, n=8 mice per genotype; h-j, n=6 p110αFLOX and 7 p110αDEL mice. 

Data are presented as mean ± SEM. Statistical analysis: one-way ANOVA with 

Bonferroni’s multiple comparisons test (a); unpaired two-tailed t-test (h, i).* p<0.05; ** 

p<0.01. 

 

Figure 7 p110αDEL mice accumulate less weight with age. 

a-b Body weight gain over time in female (a) and male (b) p110αDEL and p110αFLOX 

mice. The average body weight of each group of mice between 8 and 26 months of 

age were compared by unpaired t-test. n=66 per genotype for male; n= 76 p110αFLOX 

and 58 p110αDEL for female. 

c Epididymal WAT and interscapular BAT mass of 1.5 and 2 year old male mice. 

n=10 per genotype for WAT; n=8 per genotype for BAT. 

d Food intake of approximately 1 year old mice. Each data point represents an 

average measurement from a single cage. Female mice (29 p110αFLOX and 20 
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p110αDEL) were distributed in 10 cages per genotype (n=10) and male mice (22 

p110αFLOX and 24 p110αDEL) mice were distributed in 12 cages per genotype (n=12). 

Data are presented as mean ± SEM. Statistical analysis: Unpaired two-tailed t-test.* 

p<0.05; ** p<0.01. 
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Supplementary Fig. 1 p110a expression in metabolic tissues of mice with 

adipose tissue-specific deletion of p110a. 

Expression of the p110a protein in white adipose tissue (WAT, epididymal), brown 

adipose tissue (BAT, interscapular), liver (L) and skeletal muscle (SM, 

gastrocnemius) of 1.5 year old p110aFLOX and p110aDEL male mice assessed by 

immunoblot analysis. p110a was detected by enhanced chemiluminescence (ECL) 

and semi-quantitative data are presented in the respective graphs. Each lane 

represents sample from an individual mouse (n=6 per genotype). 
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Supplementary Fig. 2 Impaired insulin sensitivity in liver and skeletal muscle 

of mice with adipose tissue-specific deletion of p110a. 

One year old mice (n=3 per genotype) were injected intraperitoneally with 100 mU/g 

of insulin. After 30 min, tissues were excised and snap frozen. Liver (a) and skeletal 

muscle (b) lysates were analysed for Akt T308 phosphorylation by immunoblotting. 

Vinculin was probed as loading control. Quantitative data of Akt T308 

phosphorylation are shown in the respective graphs 
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Supplementary Fig. 3 Glucose and insulin tolerance of p110aDEL mice over 

ageing. 
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Cohorts of male (a) and female (b) p110aDEL and p110aFLOX littermates were 

subjected to intraperitoneal glucose and insulin tolerance tests at the indicated age 

points. For glucose tolerance test a bolus of glucose (2 g/kg of body weight) was 

injected. Insulin doses were adjusted according to the age of the mice and are 

indicated in each ITT graph. Age and number (n) of mice per genotype 

(p110aFLOX/p110aDEL) are also indicated. 

 

Supplementary Fig. 4 Insulin sensitivity and glucose homeostasis are not 

affected in Adipoq-Cre mice lacking targeted p110a alleles. 

Glucose tolerance tests (2 g of glucose/kg of body weight) and insulin tolerance tests 

(0.75U of insulin/kg of body weight) were performed in approximately 3 month old 

males (a) (n= 5 Adipoq-Cre(-) / 5 Adipoq-Cre(+)) and females (b) (n= 8 Adipoq-Cre(-) 

/ 6 Adipoq-Cre(+)). 
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Supplementary Fig. 5. Increased UCP-1 protein levels in BAT of p110αDEL mice. 

a Mice (n=4 per genotype and sex) were fed a high fat diet (60% calories from fat) 

for 4 weeks. Expression of UCP-1 was detected by immunoblot analysis in BAT 

extracts (4 μg of total protein). Vinculin was probed as a loading control. Quantitative 

data are presented in Fig. 3a. 

b Basal levels of UCP-1 protein expression detected by immunoblot analysis of BAT 

extracts (4 μg total protein) of p110αFLOX and p110αDEL mice. Mice are from 8 

different litters and 3 different generations. Quantitative data are shown in Fig. 3. For 

the calculation of the means shown in Fig. 3b, data of chow fed mice from a have 

been pooled with those of blot in b. 

UCP-1 protein-antibody complexes were detected by infrared imaging using a 

LICOR Odyssey CLx scanner. Signal intensities were quantified with Image Studio 

software (LICOR). 
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Supplementary Fig. 6 Genetic or pharmacological activation of p110a 

potentiates b-adrenergic signalling selectively in mouse iWAT. 

a-b Explants of inguinal (iWAT) and visceral (vWAT) white adipose tissue were 

isolated from 1 year old mice and stimulated ex vivo with 1 mM Norepinephrine (NE) 

in the presence or absence of A66 (2 mM) for 20 min, followed by tissue 

homogenisation and immunoblot analysis of phosphorylation of HSL. A 

representative immunoblot probed for phospho-(S660) HSL is shown in a. Graphs 

(b) show pooled data from 3 independent experiments.  
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c Lipolysis in explants from 1 year old male mice (n=3 per genotype) stimulated with 

1 mM NE in the presence or absence of 2 mM A66 assessed as glycerol release 

over 30 min following stimulation.  

d cAMP levels measured by ELISA in explants from approximately 1 year old male 

mice (n=4 per genotype) stimulated with 1 mM NE in the presence or absence of 2 

mM A66 for 20 min. 
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Supplementary Fig. 7 β-Adrenergic Receptor protein expression in adipose 

tissues of p110αFLOX and p110αDEL mice.  

a Protein extracts from adipose tissues of 32 week old male p110αFLOX and p110αDEL 

littermate mice were analysed by immunoblot analysis for adrenergic receptors using 

the indicated antibodies. β-AR undergo N-glycosylation. The pattern of glycosylation 

can differ among different cell types. Glycosylation is not thought to affect ligand 

binding of β-ARs. β1-AR and β2-AR were detected using enhanced 

chemiluminescence, whereas β3-AR was detected by infrared imaging using a 

LICOR Odyssey CLx scanner. Signal intensities were quantified with ImageStudio 

software (LICOR). For β1 and β2-AR expression the whole region visible in the 

above blot was quantified in each lane. The aminoacid sequence predicted 

molecular weights for each receptor are: β1-AR  50.5, β2-AR  47, β3-AR  43.5. 

The membrane used for β2-AR detection was reprobed with antibodies for the p110α 

and p110β isoforms of PI3K.  

b Scatter plots presenting the average intensities of β-ARs and p110α and p110β 

protein expression in p110αFLOX and p110αDEL mice (n=3 per genotype). β3-AR 

expression in iWAT and BAT has  been probed in lysates from additional mice (total 

8-9 mice per genotype from 8 different litters and 2 different generations). 

c Expression of PI3K p110α and p110β isoforms detected by probing the same blots 

as in a with the isoform-specific antibodies. 
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Supplementary Fig. 8. PDE3b protein levels detected by immunoblot analysis 

of inguinal WAT extracts from 10 week old male mice (n=4 per genotype). 

 

Supplementary Fig. 9 Inhibition of p110α does not enhance the stimulatory 

effect of phosphodiesterase inhibition on adrenergic signalling in inguinal 

WAT. 
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Inguinal WAT explants from 38 week old p110αFLOX male mice were stimulated with 

1 μM isoproterenol (ISO) in the presence or absence of 2 μM p110α selective 

inhibitor A66 and/or the broad spectrum phosphodiesterase inhibitor 

isobutylmethylxanthine (IBMX) at 100 μM for 20 min. Protein extracts were analysed 

by immunoblot analysis with the indicated antibodies.  A66 does not increase the 

response to ISO stimulation beyond that of treatment with IBMX, consistent with a 

mechanism of A66 action involving inhibition of phosphodiesterase activity. Data are 

presented as mean ± SEM. Statistical significance was tested with paired t-test 

(n=3). 

 

Supplementary Fig. 10. UCP-1 protein levels in iWAT of p110αDEL mice 

following β3-AR agonist injections. 

a. Male mice (18 week old, n=4 per genotype) were injected intraperitoneally with the 

β3-AR selective agonist CL316,243 (1 mg/kg per day) over five consecutive days. 

Expression of UCP-1 was detected by immunoblot analysis in iWAT extracts (100 μg 

of total protein). Vinculin was probed as a loading control. Quantitative data are 

presented in Fig. 6. 

UCP-1 protein-antibody complexes were detected by infrared imaging using a 

LICOR Odyssey CLx scanner. Signal intensities were quantified with Image Studio 

software (LICOR). 


