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INTRODUCTION
1. Obesity
1.1. Definition

World Health Organization (WHO) defines obesity as abnormal or excessive fat
accumulation being usually estimated by body mass index (BMI), which is the ratio of
weight over height expressed in kilograms per square meter (Després, 2012). The
excessive fat accumulation is often produced by an imbalance between the food intake
and the energy expenditure due to detrimental lifestyle changes, and it could be
influenced by genetic and epigenetic predisposition (Hurt et al., 2011; Sellayah et al.,
2014; Speakman, 2013).

1.2. Prevalence

Obesity is recognized as a growing public health problem in both, developed and
developing countries (Speakman, 2013), and is a causal factor in a number of
metabolic and endocrine disorders, including metabolic syndrome, cardiovascular
disease, type 2 diabetes, bone and joint dysfunctions, and some forms of cancer
(Sellayah et al., 2014). The worldwide prevalence of obesity nearly doubled between
1980 and 2008 (Barja-Fernandez et al., 2014). In 2014, 39% of adults were overweight
and 13% were obese, which has driven WHO to consider obesity the world epidemic of

215t century (Barja-Fernandez et al., 2014).

When fat accumulation is excessive, a large number of associated comorbidities are
developed (i.e., type 2 diabetes, obstructive sleep apnea, hypertension, atherosclerosis
and hyperlipidemias), increasing morbidity and mortality (Sellayah et al., 2014; Wells,
2012; Williams et al., 2015). In fact, obesity and its related health problems represent
an important burden to the healthcare system worldwide. Recent estimation
calculated that roughly $150 billion are spent per year as a direct consequence of this
disease together with the social impact and emotional distress associated (Sellayah et

al., 2014; Wyatt et al., 2006).
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Figure 11. Age-standardized prevalence of obesity in men aged 18 years and over (BMI 230
kg/m2). Global status report on NCDs 2014. World Health Organization.

In order to reduce the prevalence of obesity and the associated comorbidities, several
strategies at both levels, public health and clinical, have been developed with modest
success (Holdsworth et al., 2013; Wells, 2012) . This situation could be due, in part, to
the poor understanding of the physiological mechanism involved in the regulation of

energy homeostasis (Barja-Fernandez et al., 2014; Wells, 2012).

It has been well established that one of the most important mechanisms leading to the
comorbidities associated with obesity, including type 2 diabetes and cardiovascular
diseases is the appearance of insulin resistance (Ginsberg, 2000; Qatanani and Lazar,
2007). In addition to this, there is also ample evidence of a reduction in the oxygen
supply in obese adipose tissue, which is usually accompanied by an inflammatory
process. These two conditions contribute to the development of insulin resistance and

all the complications linked to obesity (Ye, 2009).
2. Insulin resistance
2.1. Introduction

Insulin is an anabolic hormone released by the pancreatic B-cells which exerts its

primary action in skeletal and cardiac muscle, adipose tissue and liver. Insulin plays
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important roles in development, growth, cell differentiation, lipid and protein
metabolism, glucose homeostasis and nitric oxide (NO) synthesis (Low Wang et al.,

2004; Sesti, 2006).

Insulin resistance is classically defined as a significantly diminished responsiveness of
target cells to normal circulating levels of insulin (Henry, 2003; Mlinar et al., 2007). As
a consequence, a compensatory hyperinsulinemia is needed to maintain glucose and
lipid homeostasis (Mlinar et al., 2007). Nevertheless, when insulin secreted by
pancreas is insufficient to compensate for insulin resistance, circulating glucose
concentration rises until it produces a sustained hyperglycemia (Bailey, 2005). Both,
insulin resistance and resulting hyperglycemia have deleterious effects in the
organism. Hyperglycemia is responsible of the microvascular complications of type 2
diabetes (diabetic retinopathy, loss of vision, and nephropathy), whereas insulin
resistance increases cardiovascular risks leading to one of the most significant causes

of death (Bailey, 2005; Klein, 1995).

The development of insulin resistance, as well as obesity, is dependent of genetic and
environmental factors including food intake, reduced physical activity, aging and the
administration of drugs (Lopes et al., 2016; Mlinar et al., 2007). Therefore, obesity is an
important condition that predisposes for insulin resistance. It has been calculated that
around 23% of people with a BMI<25 kg/m2 develop insulin resistance, whereas 48.7%
of overweight patients appear to be insulin resistant and the incidence of this

condition reaches up to 66.3% in obese patients (Govers, 2015).
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Genetic susceptibility Environmental factors
Altered expression levels of genes encoding Diet composition and amount, inappropriate
metabolic enzymes (e.g. mitochondrial enzymes exercise or lifestyle (promoting obesity), age,
affecting metabolic efficiency), insulin receptors, parity, stress, various hormones and drugs (e.g.
post-receptor insulin-signalling intermediates and growth hormone and glucocorticoids), chronic
transcription factors, glucose and fatty acid infections, reactive oxygen species and certain
transporters: sex and background genome disease states (e.g. HIV)
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Figure 12. Causes and effects of insulin resistance. Insulin resistance can develop through
genetic or environmental factors, commonly mixtures of both, giving rise to disturbances of
nutrient metabolism and varying cardiovascular risks. CRP, C-reactive protein; FFA, free fatty
acids; HGO, hepatic glucose output; HIV, human immunodeficiency virus; IL-6, interleukin-6;
PAI-1, plasminogen activator inhibitor-1; sdLDL, small dense low-density lipoprotein; TNF-q,
tumor necrosis factor-a; VLDL, very-low-density lipoprotein (Bailey, 2005).

2.2, Insulin signaling

Insulin signaling pathway regulates glucose entry in adipocytes and skeletal muscle
cells and gluconeogenesis in the liver. This process is mediated by the translocation of
the facilitative glucose transporter GLUT4 to the plasma membrane, allowing the
uptake of glucose into the cell. Insulin actions represent the first step for the energy

storage and synthesis of lipids, proteins and carbohydrates.

Under fasting condition, when circulating insulin levels are low, GLUT4 is sequestered
in vesicles in the cytoplasm and only a small percentage of this protein is located in the
plasma membrane. When carbohydrates are ingested, insulin is secreted by the
pancreas and binds to the insulin receptor (IR), triggering the signaling cascade that

ends with GLUT4 translocation (Wilcox, 2005).

IR is a heterotetrameric complex composed by two extracellular a-subunits and two
intracellular B-subunits with tyrosine kinase activity linked by disulphide bonds.

Circulating insulin, through its direct interaction with the a-subunit, induces the
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activation of the intrinsic tyrosine kinase activity of the B-subunit. This results in the
autophosphorylation of the receptor in specific tyrosine residues (Y1158, Y1162,
Y1163), followed by the recruitment of several substrates including Insulin Receptor
Substrates (IRS-1 and IRS-2) (Hubbard, 1997). Tyrosine phosphorylation of IRSs by IR
induces the exposure of hidden recognition sites, producing the recruiting of additional
molecules that contain Src homology 2 (SH2) domains, including phosphatidylinositol
3-kinase (P13K), which is a heterodimer comprised of a regulatory subunit, P85, and a
catalytic subunit, P110 (Jiménez et al., 2002; Di Zazzo et al., 2014). When PI3K is
located in close proximity to the plasma membrane and, therefore, to its lipid
substrates, the inhibitory role of P85 is reduced and P110 converts
phosphatidylinositol-4,5-bisphosphate  (PIP2) to  phosphatidylinositol  3,4,5
trisphosphate (PIP3) at the plasma membrane (Choi et al., 2002; Liu et al., 2009). PIP3
acts as a second messenger recruiting PDK1 and protein kinase B (PKB/Akt) (Liu et al.,
2009). In these circumstances, PDK1 activates PKB/Akt by phosphorylation and after
several subsequent phosphorylation steps of various downstream proteins, GLUT4
transporter is finally translocated to the plasma membrane allowing glucose uptake

from the extracellular space (Christian K.Roberts, Andrea L.Hevener, 2014; Liu et al.,

2009).
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Figure 13. PI3K-dependent insulin signaling. Insulin activates the insulin receptor, which
phosphorylates and recruits substrate adaptors such as the IRS family of proteins. Tyrosine-
phosphorylated IRS then displays binding sites for numerous signaling partners. Among them,
PI3K has a major role in insulin function, mainly via the activation of the Akt/PKB. AS160 is
rapidly phosphorylated by Akt/PKB leading to GLUT4 translocation to the plasma membrane to
allow the entrance of glucose.
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GLUT4 belongs to a family of glucose transporter isoforms (GLUTSs), constituted by 12
transmembrane domains, which catalyze the facilitative diffusion transport of hexoses
across the plasma membrane. Particularly, in absence of insulin, GLUT4 is essentially
located in intracellular compartments called GLUT4-storage vesicles (GSVs) (Bruno et

al., 2016).

Recent evidence indicates that translocation of GLUT4 to the plasma membrane
induced by insulin is regulated by Rab-GTPase proteins, which play an important role in
the vesicle transport process (Huang and Czech, 2007). Recently, multiple members of
this family of proteins including RAB10, RABA4 and RAB5 have been found in GSVs
(Bruno et al., 2016). Classically, Rabs function as molecular switches; when GTP is

bound Rab is active, whereas hydrolysis of GTP to GDP inactivates this protein.

AS160 is one of the major proteins of the Rab-GTPase family that has been involved in
the regulation of GLUT4 translocation. AS160 is a putative target of Akt at Thr642 and
in multiple serine residues. Unlike the classic mechanism of activation-inactivation of
the Rab-GTPase protein family, AS160 is shown to be regulated by phosphorylation
(Sano, 2003). Nonphosphorylated AS160 bound to GSVs inhibits GLUT4 trafficking and
translocation to the plasma membrane. However, insulin stimulation results in the
rapid phosphorylation of AS160 and its dissociation from GSVs, leading to a significant
increase in GLUT4 translocation (Christian K.Roberts, Andrea L.Hevener, 2014; Tan et

al., 2012).
3. Hypoxia

Oxygen is necessary at a molecular level for most metabolic processes (Trayhurn,
2014). The cell exposure to oxygen could vary depending on the tissue, from 16% in
the pulmonary alveoli to less than 6% in other organs of the body (Semenza, 2001).
Cell oxygen levels are rigorously regulated primarily by mitochondrial oxidative
phosphorylation and oxygen delivery by erythrocytes through capillary networks
(Hagen et al., 2003; Taylor, 2008). The alteration of oxygen homeostasis due to an
increase in oxygen demand and the insufficient supply of this molecule by the capillary

networks induce a hypoxia situation in the tissue (Fridlyand and Philipson, 2006).
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Hypoxia has been pointed as a crucial feature in the pathophysiology of heart disease,
cancer, obesity, cerebrovascular disease and chronic lung disease, which represent
important causes of mortality in western countries (Losso and Bawadi, 2005; Semenza,

2001).
3.1. Hypoxia signaling pathways

Since oxygen is an essential factor required for metabolism, including the production
of ATP, metazoans have evolved multiple mechanisms in order to adapt and survive

periods of hypoxia (Kaelin and Ratcliffe, 2008; Zepeda et al., 2013).
3.1.1. Hypoxia-inducible factor signaling

The primary signaling pathway activated by hypoxia is driven by the hypoxia-inducible
factor (HIF) family of proteins. HIFs are basic helix-loop-helix transcription factors that
function as heterodimers consisting of two subunits, an oxygen sensitive a-subunit and
a constitutively expressed B-subunit (HIF-1B), also known as the aryl hydrocarbon

receptor nuclear translocator (ARNT) (Deng et al., 2016; Lee et al., 2011).

Conversely to B-subunit, three a-subunits have been described—HIF-1a, HIF-2a, and
HIF-3a. HIF-1a has received the most attention and is considered as the master
regulator of oxygen homeostasis (Glick et al., 2015; Trayhurn, 2014). Under normoxia
condition, HIF-1a subunit is hydroxylated by activated prolyl hydroxylases (PHDs). As a
result, HIF-1a is bound to the tumour suppressor Von Hippel-Lindau (VHL) protein.
This interaction causes HIF-la to become ubiquitylated and targeted to the
proteasome, where it is degraded (Harris, 2002). At low oxygen concentrations, PHDs
are inactivated, preventing HIF-la from being degraded. HIF-1la is therefore
accumulated in the nucleus, where it associates to the HIF-1B subunit. This complex
activates gene transcription by binding to specific HIF-responsive elements (HREs)

present in target genes (Glick et al., 2015).
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Figure 14. HIF-1 signaling pathway. In the presence of oxygen (0,), prolyl hydroxylase modifies
hypoxia-inducible transcription factor (HIF)-1a, allowing it to interact with the Von Hippel—
Lindau (VHL) complex. VHL is part of a larger complex that includes elongin-B, elongin-C, CUL2,
RBX1 and an ubiquitin-conjugating enzyme (E2). This complex, together with an ubiquitin-
activating enzyme (E1), mediates the ubiquitylation (Ub) of HIF-la and subsequent
proteasome degradation. In the absence of oxygen, prolyl hydroxylase cannot modify HIF-1aq,
and the protein remains stable. Stabilized HIF-1a is translocated to the nucleus, where it
interacts with cofactors such as aryl hydrocarbon receptor nuclear translocator (ARNT),
CBP/p300 and the DNA polymerase Il (Pol Il) complex to bind to hypoxia-responsive element
(HREs) and activate transcription of target genes. Figure adapted from: Harris, 2002.

HIF-1 regulates more than 100 different genes involved in a multiplicity of cellular
processes, including glucose utilization, inflammation, extracellular matrix (ECM)

metabolism, and apoptosis (Trayhurn, 2014; Zepeda et al., 2013).

More recently, two HIF-1 independent pathways have been related to the cellular
response to hypoxia inducing important effects in gene expression: the mammalian
target of rapamycin (mTOR) pathway and the unfolded protein response (UPR)
(Wouters and Koritzinsky, 2008).

3.1.2. mTOR signaling pathway

mTOR is a ubiquitous serine/threonine kinase that stimulates proliferation and survival

under stress. To achieve this objective, two interacting complexes, mTORC1 and
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MTORC2, promote the transcription of genes involved in carbohydrate metabolism and
lipogenesis, enhance protein translation, and inhibit autophagy (Perl, 2015). Arsham
and colleagues showed that brief incubation of HEK293 cells in hypoxia (1.5% O)
prevented the phosphorylation of mTOR and its effectors: 4E-BP1, p70S6K, rpS6, and
elF4G (Arsham et al., 2003). Through this HIF-1 independent mechanism, hypoxia
induced protein synthesis and reduced the autophagy and apoptosis process (Arsham

et al., 2003).
3.1.3. Unfolded protein response (UPR)

The unfolded protein response (UPR) is an adaptive response initiated by reticulum
stress. UPR signaling is initiated by three ER-transmembrane transducers: PERK (PKR-
like ER kinase), inositol-requiring protein 1 (IRE1) and ATF6 (Ruiz de Galarreta et al.,
2016). The UPR controls multiple downstream processes, including production,

maturation and degradation of proteins, cell metabolism and cell death.

Recently, it has been demonstrated in human diploid fibroblasts and transformed cells
that incubation in anoxia or hypoxia (1% O3) led to phosphorylation of PERK and its
substrate, elF2a. This effect was correlated with a decrease in the rates of protein
synthesis and was independent of the function of HIF-1 (Koumenis et al., 2002).
Phosphorylation of elF2a was also increased in several cell lines obtained from normal
or cancer tissues after culture in hypoxic atmosphere (Koritzinsky et al., 2007; Wouters

and Koritzinsky, 2008).

In addition, it has been shown that hypoxia is able to activate IRE1, increasing the
splicing rate and the transcription of X-box binding protein (XBP1). XBP1-deficient cells
present a reduced capacity to survive in a hypoxic microenvironment, indicating the
importance of this pathway to the adaptation to hypoxic microenvironment (Romero-

Ramirez et al., 2004).
3.2. Hypoxia in obesity

It has been well established that, in obesity, there exists hypertrophy (increase of cell
size) and hyperplasia (increase in the number of cells) of adipocytes, which enlarge the
mass of adipose tissue. Considering the adipose tissue expansion, it was proposed that
white fat depots show hypoxic areas leading to the establishment of the inflammatory

9
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response observed in the tissue. This hypothesis has been supported in part by
evidence, indicating that the limited vascularization of the adipose tissue in obesity is
insufficient to maintain normal oxygen levels throughout the organ (Trayhurn, 2014;
Trayhurn and Wood, 2004; Yin et al., 2009). Consistent results indicate that fasting and
postprandial blood flow in adipose tissue is decreased in obese insulin-resistant versus
lean insulin-sensitive subjects (Goossens and Blaak, 2015; Karpe et al.). Another
argument to support the development of hypoxia in obese adipose tissue is that the
diameter of hypertrophic adipocytes (150-200 uM) could exceed the normal diffusion
distance of oxygen across tissues (100-200 uM) (Goossens and Blaak, 2015; Trayhurn,
2014). In this context, partial pressure of oxygen of almost zero has been reported at

only 100 uM from blood vessels in some tissues (Brahimi-Horn and Pouysségur, 2007).

All these observations represent important evidences, but do not really demonstrate
that hypoxia occurs in the obese adipose tissue. In this sense, several key in vivo
studies have been performed to determine the real O levels in adipose tissue using
pimonidazole hydrochloride staining, which forms a colored adduct in hypoxic tissues.
These experiments have shown that weight gain in ob/ob, KKAy (type 2 diabetes
model), and dietary-induced obese mice, induced the development of hypoxia in
parametrial and epididymal white adipose tissue (Hosogai et al., 2007; Rausch et al.,
2008; Ye et al., 2007). Moreover, the expression of hypoxia-responsive genes, including
HIF-1a (Hif1a), GLUT1 (Sic2al), leptin (Lep), plasminogen activator inhibitor-1 (PAI-1 or
Serpinel), matrix metalloproteinase-2 (Mmp2) and adrenomedullin (Adm), were
upregulated in white adipose tissue of ob/ob mice and diet-induced obese mice
compared to normal mice (Hosogai et al., 2007; Rausch et al., 2008; Ye et al., 2007).
The lactate production was determined in white adipose tissue of high-fat diet fed
mice and KKAy mice and showed an important increase of 1.7- and 1.5-fold higher than
those of normal-diet fed mice and control, respectively (Hosogai et al., 2007). There
are also studies using a needle-type fiber optic O, sensor allowing the quantification of
pO02. Ye J and colleagues have demonstrated markedly lower levels of O; in epididymal
and retroperitoneal adipose tissue in obese mouse models compared to lean mice.
More precisely, pO2 was reduced threefold in the first such study: 15.2 versus 47.9 mm

Hg (Ye et al., 2007).

10
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Taken together, there is substantial evidence that the hypertrophy of adipocytes and
the subsequent fat depot expansion result in the development of hypoxia in the tissue.
This situation is involved in the dysfunction of adipocytes and the related metabolic

diseases derived from obesity.
3.3. Hypoxia and adipocyte dysfunction
3.3.1. Secretory pattern of adipokines

The effects of hypoxia on the expression of specific adipokines have been determined
by several groups. Lolmede and colleagues showed that the exposure of mouse 3T3-
F442A adipocytes to a low O3 tension (5%) resulted in increased expression and release
of leptin, vascular endothelial growth factor (VEGF), matrix metalloproteinase-2
(MMP2) and -9 (MMP9), compared to the cells cultured in normoxia condition
(Lolméde et al.,, 2003). The second major hormone released by adipocytes is
adiponectin, which has important functions as insulin sensitizer and as anti-
inflammatory. It has been shown that adiponectin is downregulated after 12 hours of
hypoxia (1% O3) in murine 3T3-L1 adipocytes (Chen et al., 2006; Hosogai et al., 2007).
Moreover, adipocyte-specific HIF-1la knock-out mice increase the expression of
adiponectin in contrast to the wild-type mice (Jiang et al., 2013). Since adiponectin is
an important hormone which induces insulin response and anti-inflammatory effects
in adipocytes, this evidence has a particular significance since low plasma levels of
adiponectin are associated with the development of obesity-related insulin resistance
and cardiovascular disease (Kadowaki et al., 2006). Similar effects in the leptin and
adiponectin production induced by hypoxia have been observed in human adipocytes.
Taken together, these results indicate that reduction in pO2 is the primary mechanism
for the rise in the production of leptin and for the downregulation of adiponectin

(Trayhurn, 2014).

Besides leptin and adiponectin, other major inflammation-related adipokines have
been shown to be modulated by hypoxia. The protein serum amyloid A (SAA)-3, which
is also released by mature adipocytes and induces tumor necrosis factor-a (TNF-a), IL-
6, IL-8 and monocyte chemotactic protein-1 (MCP-1) release, is increased in 3T3-L1

adipocytes incubated in hypoxia (1% O2) (De Oliveira et al., 2013). Furthermore, the

11
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expression and secretion of FIAF/angiopoietin-like protein 4, IL-6, macrophage
migration inhibitory factor (MIF) and VEGF, are stimulated by hypoxia in human
adipocytes (Wang et al., 2007).

Leptin
Angptl4, Apelin
Collagens Adiponectin
FABP3
IL-6 Haptoglobin
MIF aP2
MMP2, MMP9 Catalase
MT-3 PPARy
PAI-1 PGC-la
VEGF UcCP2
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MCT1, MCT4 ¥ PO,

Figure 15. Effects of hypoxia on the expression of key genes in human adipocytes (T
increased, |, decreased expression). Genes encoding both adipokines and proteins involved in
general cellular metabolism are shown. Angptl3, angiopoietin-like protein 3; FABP3, fatty acid
binding protein 3; GLUT, glucose transporter; IL-6, interleukin-6; MCT, monocarboxylate
transporter; MMP, matrix metalloproteinase; pO2, oxygen partial pressure; PAI, plasminogen
activator inhibitor; PGC, peroxisome proliferator-activated receptor-gamma coactivator; PPAR,
peroxisome proliferator-activated receptor; UCP2, uncoupling protein-2; VEGF, vascular
endothelial growth factor. Figure from: Trayhurn, 2014.

3.3.2. Lipid oxidation and oxidative metabolism

It is known that lipid oxidation and lipolysis are among the most prominent pathways
modulated by hypoxia in adipocytes. Hashimoto and colleagues found that modest
hypoxia (5% O;) decreased the size of lipid droplets and lipid storage, increased basal
lipolysis and augmented fatty acid release in 3T3-L1 adipocytes (Hashimoto et al.,
2013). Moreover, experiments made in human adipocytes showed that hypoxia
inhibits lipogenesis and induces basal lipolysis probably due to inhibition of

hexosamine biosynthesis (O’Rourke et al., 2013).
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On the other hand, hypoxia has been shown to downregulate the expression of
important genes involved in mitochondrial metabolism and oxidative phosphorylation.
In renal carcinoma cells lacking the VHL tumor suppressor, HIF-1 negatively regulates
mitochondrial biogenesis and O, consumption (Zhang et al., 2007). In 3T3-L1
adipocytes, hypoxia (2% O) decreases ATP production, NADH dehydrogenase activity,
mitochondrial membrane potential, and expression of mitochondria-related genes
including NRF-1, PGC-1a, COX1 and SOD. Microarrays studies also demonstrate that

hypoxia downregulates genes related to oxidative metabolism (Mazzatti et al., 2012).
3.3.3. Glucose utilization

One of the main metabolic consequences of hypoxia is a shift towards anaerobic

metabolism, which induces a change in the glucose mobilization mechanism.

It has been demonstrated that GLUT1, a facilitative glucose transporter independent of
insulin, is a direct target of HIF-1 and is presumed to be the main transporter
responsible for basal glucose uptake (Hayashi et al.,, 2004). Experiments in human
SGBS-differentiated adipocytes showed that hypoxia (1% O2) for up to 24 h resulted in
significant increases in GLUT1 (9.2-fold), GLUT3 (9.6-fold peak at 8 h), and GLUTS5 (8.9-
fold) mRNA levels compared to adipocytes maintained in normoxia (21% O;) (Wood et
al., 2007). This result is consistent with the strong increase (6-fold) detected in basal
glucose uptake measured by 2-deoxyglucose uptake assay after 24 hours of hypoxia in
human adipocytes (Wang et al., 2007). Furthermore, recent evidence suggests that
basal glucose uptake is also enhanced in adipocytes as an acute response to hypoxia

(Lu et al., 2016).

Glucose uptake in adipocytes is mainly regulated by insulin. In normoxia, insulin
induces a 10-fold increase in glucose transport in 3T3-L1 differentiated adipocytes.
However, incubation of murine adipocytes in hypoxia for 16 hours shows inhibited
insulin-induced glucose transport. Protein expression of GLUT4 was not altered in this

experiment (Regazzetti et al., 2009).
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Figure 16. Schematic illustration of the major effects of hypoxia on key functions of white
adipocytes. Solid arrows indicate direct pathways; dashed arrows indicate that multiple steps
are involved. Angptl3, angiopoietin-like protein 3; ATP, adenosine triphosphate; FA, fatty acid;
GLUT, glucose transporter; HIF, hypoxia-inducible factor; IL-6, interleukin-6; MCT,
monocarboxylate transporter; MMPs, matrix metalloproteinases; PAI, plasminogen activator
inhibitor; TFs, transcription factors (in addition to HIF-1); VEGF, vascular endothelial growth
factor. Figure from: Trayhurn, 2014.

3.3.4. Lactate production

Lactate is the end product of anaerobic glycolysis. The increased glucose utilization due
to the enhanced basal glucose uptake by adipocytes in response to hypoxia implies
that the production and release of this metabolite rises significantly (Lolmede et al.,
2003). This effect was also observed in white adipose tissue of an animal model of
obesity (Hosogai et al., 2007). In the obese adipose tissue, it has been observed that up
to 70% of the glucose utilized by adipocytes is metabolized to lactate, establishing a
direct relation between the proportion of glucose that is converted to lactate and fat

cell size (DiGirolamo et al., 1992).
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Recent evidence also suggests that lactate is more than a metabolic product of
glycolysis and may behave as a signaling molecule involved in the inflammatory
response and the induction of insulin resistance in skeletal muscle cells (Choi et al.,

2002; Samuvel et al., 2009).
3.4. Insulin resistance and other metabolic disturbances related to hypoxia

Dysregulation of adipocyte function as a consequence of hypoxia, discussed previously,
promotes the appearance of insulin resistance, which may finally induce the
development of type 2 diabetes. The reduced levels of adiponectin in hypoxic adipose
tissue and the rise in the release of the pro-inflammatory cytokine IL-6 by low oxygen
concentration constitute a mechanism by which insulin sensitivity is impaired (Wang et

al., 2007).

A further hypoxia effect that promotes insulin resistance in adipose tissue is the
reduced activity showed by the insulin-induced glucose transporter, GLUT4. The
exposure of adipocytes to prolonged hypoxia (48 hours) induced downregulation of
the GLUT4 gene (SIc2a4) (Wood et al., 2009). Moreover, the glucose uptake induced by
insulin and measured by 2-deoxyglucose assay is strongly reduced in adipocytes after

incubation in a hypoxic microenvironment (Regazzetti et al., 2009).

Insulin signaling pathway has been shown to be impaired in adipocytes incubated in
hypoxic conditions, occurring an inhibition of the phosphorylation of the insulin
receptor, PKB/Akt and AS160 and the subsequent inhibition of PI3K pathway. This
direct effect of low oxygen concentration is crucial for the development of insulin

resistance within adipose tissue (Regazzetti et al., 2009).

Not only chronic hypoxia, but also intermittent hypoxia (IH) has been positively
correlated with the development of insulin resistance and glucose intolerance. IH
occurs in obese patients with obstructive sleep apnea (OSA) and is produced by the
recurrent collapse of the upper airway during sleep, resulting in a cyclical pattern of
oxygen desaturation that lasts 15-60 s, followed by reoxygenation (Dewan et al.,
2015). OSA can lead to many comorbidities, such as hypertension and coronary heart
disease (Polotsky et al., 2003). Ip et al., showed in humans that sleep disorder

indicators of OSA patients tightly correlated with insulin resistance parameters (fasting
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serum insulin levels and the insulin resistance index) in both obese and non-obese
patients (Ip et al., 2002). Other clinical studies in humans have also demonstrated that
IH impairs insulin sensitivity (Louis and Punjabi, 2009). In mice, exposure to IH
decreases whole-body insulin sensitivity and muscle-specific glucose utilization in

C578BI/6J mice (liyori et al., 2007; Poulain et al., 2015).

Hypoxia is also involved in the generation of endothelial dysfunction. IH leads to
oxidative stress characterized by the increased levels of ROS (Lévy et al., 2008).
Furthermore, hypoxia reduces nitric oxide (NO) bioavailability and induces the
formation of peroxynitrite (ONOO), which results from the reaction between nitric
oxide and the superoxide ion (Oz"). Peroxynitrite has been involved in the endothelial
damage inhibiting the activity of endothelial nitric oxide synthase (eNOS) (Zou et al.,
2002) and catalase, a known antioxidant enzyme (Bauer G 2015). Oxidative stress also
induced the activation of an inflammatory cascade producing the expression of
adhesion molecules (Ohga et al., 2003) and the activation of leukocytes (Schulz et al.,
2000). Moreover, adipose tissue contributes to endothelial dysfunction by releasing
adipokines involved in vascular and endothelial physiology including TNF-a,
interleukin-6, complement factors, angiotensinogen, resistin and adipocyte

differentiation factor (Lévy et al., 2008).
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Figure 17. Effect of hypoxia on adipokines secretion and their interactions with insulin
metabolism and endothelial function. Red arrows indicate deleterious effect whereas blue
arrows indicate protective effects. HDL: high-density lipoprotein; OxLDL: oxidized low-density
lipoprotein; CD40L: CD40 ligand; VCAM-1: vascular cell adhesion molecule-1; ICAM-1:
intercellular adhesion molecule-1; +: activation/promotion; -: inhibition/protection; {:
decrease; 1 increase. Figure from: Lévy et al., 2008.

4. Caveolae: caveolins and cavins

Caveolae are defined as 50-100 nm flask-shape plasma membrane invaginations
particularly abundant in adipocytes, fibroblasts, endothelial and epithelial cells as well
as in smooth and striated muscle cells. Caveolae membranes are enriched in
cholesterol, sphingomyelin and glycosphingolipids, forming specialized detergent-
insoluble type of membrane domains or lipid rafts. Loss of caveolae, as a result of
mutations or expression changes in caveolins or cavins genes, results in a broad range
of diseases, such as muscular dystrophy, lipodystrophy, cardiovascular disease and

cancer (Martinez-Outschoorn et al., 2015).

Caveolins are the major membrane proteins of caveolae. So far, it has been reported
the existence of three caveolin isoforms: Cav-1, Cav-2 and Cav-3. Cav-1 and Cav-2 are
abundant in caveolae rich non-muscle cells, whereas Cav-3 is found in skeletal muscle
and in some smooth-muscle cells. All three caveolins show the N and C termini in the
cytoplasm and a long hairpin intramembrane domain. Cav-1 also contains a highly
conserved region called scaffolding domain (CSD) and a tyrosine phosphorylation site
on residue 14 associated with cell signaling transmission (Branza-Nichita et al., 2012;
Martinez-Outschoorn et al., 2015). The C-terminal domain, which is close to the
intramembrane domain, is modified by palmitoyl groups that insert into the lipid

bilayer.
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Figure 18. Caveolae and caveolins. Caveolin is inserted into the caveolar membrane, with the N
and C termini facing the cytoplasm and a ‘hairpin’ intramembrane domain embedded within
the membrane bilayer. The scaffolding domain is indicated with red circles. The C-terminal
domain, which is close to the intramembrane domain, is modified by palmitoyl groups that
insert into the lipid bilayer. Figure from: Parton and Simons, 2007.

Caveolins are not the only structural component of caveolae. Over the past few years,
a new family of cytoplasmic proteins with previously identified functions, and now
known as cavins, has been also found as essential for caveolae structure. The cavin
family includes cavin-1 (PTRF; Polymerase | and Transcript Release Factor), cavin-2
(SDPR; serum deprivation response protein), cavin-3 (SRBC; Sdr-related gene product
that binds to c-kinase, also known as PRKCDBP; Protein Kinase C Delta Binding Protein)
and cavin-4 (MURC; Muscle Related Coiled-Coil Protein). Cavins are cytoplasmic
proteins with amino-terminal coiled-coil domains that form large heteromeric

complexes recruited to caveolae in cells expressing caveolins.
4.1. Biogenesis of caveolae

Caveolins and cavins are essential and play an important role in caveolae formation.
The importance of Cav-1 in the biogenesis of caveolae has been well established.

Studies in Cav-1 knockout mice have shown that, in these animals, caveolae structures
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were absent in non-muscle tissues (Drab et al., 2001; Razani et al., 2001, 2002).
Moreover, the transient expression of Cav-1 in a lymphocyte cell line, which has no
detectable levels of this protein, promotes de novo formation of caveolae (Fra et al.,
1995). Walser et al showed, in an elegant manner, that Cav-1 expression drives the
formation of caveolae structure by its expression in a bacterium which lacks any
intracellular membrane system (Walser et al.,, 2012). It has been reported that
generation of caveolae structures involves the binding of Cav-1 to cholesterol
molecules in the plasma membrane (Murata et al.,, 1995), where it could form

oligomers (Monier et al., 1996) inducing the typical curvature of caveolae.

Recently, the importance of cavins for the formation of caveolae has been
demonstrated. As occurs with Cav-1, cavin-1 and cavin-2 ablation in mice causes loss of
caveolae in their tissues (Hansen et al., 2009, 2013; Liu et al., 2008). Moreover,
absence of cavin-1 induces endocytosis and subsequent degradation of Cav-1, leading
to dramatically reducing the levels of this protein (Liu and Pilch, 2008). On the other
hand, cooperation between Cav-1 and cavin-1 is required for the formation of
caveolae, as demonstrated by the generation of caveolae structure when cavin-1
expression is induced in cells that lack endogenous cavins, but express endogenous
Cav-1 (Hill et al., 2008). A recent study showed that cavin-2 is necessary for the stable
expression of cavin-1 and Cav-1 and is involved in the generation of caveolar
membrane curvature (Hansen et al., 2009). Less is known about the role of cavin-3 in
caveolae, but it is thought to be implicated in the traffic of the caveolar vesicle

(McMahon et al., 2009).
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Figure 19. Caveolins and cavins gene structure. A) Schematic representation of Cav-1 and Cav-
3 gene. Numbers above the lines correspond to the amino acid in mammalian caveolins.
Palmitoylation (Palm) sites in CAV1 are indicated in green, a Tyr phosphorylation site in red
(potential phosphorylation sites in CAV3 are not shown). Disease-associated amino acid
substitutions in CAV1 and CAV3 are shown in blue. B) Schematic illustration showing the
predicted domains of the four mammalian cavins. The conserved predicted coiled-coil domains
implicated in protein—protein interactions are indicated in blue and the basic regions
implicated in membrane association are shown in yellow. BC, breast cancer; DM, distal
myopathy, FHCK, familial hyperCKemia; LGMD1C, limb girdle muscular dystrophy 1C; Myo,
myopathy; RMD, Rippling muscle disease; SHCK, spontaneous hyperCKemia. Figure from:
Parton and del Pozo, 2013.

4.2. Caveolae functions

Caveolae have been described to be involved in several cell processes including
endocytosis, regulation of membrane lipid composition, and as a signaling platform.
These specialized regions of the plasma membrane contain a number of signaling
components (receptors, transducers, channels, pumps and exchangers) responsible for
initiating many of the major cell signaling pathways. More recently, cell protection
against mechanical stress within the plasma membrane has been also attributed to
caveolae.
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4.2.1. Endocytosis

The understanding of the dynamic of caveolae is still object of investigation. However,
experiments using microscopy and gene editing technologies have shown that only
around 5% of the total population of caveolae undergoes endocytosis. This low
contribution to total endocytosis is consistent with other reports indicating that these
invaginations have specific cargoes, including GPl-anchored proteins, the insulin
receptor, Shiga and cholera toxins, cholesterol, albumin and simian virus 40 (SV40).
The regulation of endocytosis mediated by caveolae is dependent on several adaptor
proteins including EH-domain containing 2 (EHD2), pacsin 2, and dynamin-2, which
have been implicated in the caveolar scission and budding from plasma membrane
(Senju and Suetsugu, 2016). The presence of cavin-3 has been also reported to

facilitate the release of caveolae from the membrane (McMahon et al., 2009).
4.2.2. Lipid homeostasis

Considerable in vivo and in vitro evidence supports a role for caveolae in adipocyte
lipid metabolism. Mice and human models lacking caveolae, through Cav-1 or cavin-1
ablation, develop lipodystrophy and exhibit loss of subcutaneous fat and glucose
intolerance (Ardissone et al.,, 2013; Rochford, 2014; Schrauwen et al., 2015). It has
been reported that caveolae could protect cells, including adipocytes, from
lipotoxicity. In this line, overexpression of Cav-1 and Cav-3 in HEK293 cells induced
resistance to the lipotoxic effect of prolonged incubation with high levels of fatty acids
(Simard et al., 2010). Moreover, Cav-1 deletion in adipocytes increases the rate of
lipolysis in these cells (Meshulam et al., 2011). On the other hand, Cav-1 deficiency
also leads to altered lipid composition and distribution in the plasma membrane
affecting Ras signaling pathway (Ariotti et al., 2014). These data suggest that the role
of Cav-1, and therefore of caveolae, in the lipid membrane composition is important
for the correct functioning of both, lipid metabolism and efficient signal transduction

pathways.

21



Introduction

4.2.3. Signal transduction

Caveolae serves as a communication platform promoting the interaction between
protein mediators in cell signaling processes (Billaud et al., 2014). Indeed, caveolins
have been involved in the regulation of multiple signaling pathways in a negative or
positive manner (Boscher and Nabi, 2012). Important evidence in this sense is the
identification of multitude of receptors integrated within the caveolae structure.
Moreover, the scaffolding domain of Cav-1 has been related to the recruitment of
various signaling proteins, exerting differential regulatory roles. In this way, it has been
reported that the activities of epidermal growth factor (EGF) receptor, nitric oxide
synthase, G proteins, protein kinase C and Src family proteins are negatively regulated
by this interaction, whereas insulin receptor (IR), Eph receptors or estrogen receptor
are activated (Cheng and Nichols, 2016; Martinez-Outschoorn et al., 2015; Parton and
del Pozo, 2013; Parton and Simons, 2007)
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Figure 110. Organization and signaling function of lipid rafts and caveolae. Caveolae are
specialized regions of the plasma membrane (green zones), rich in cholesterol and
sphingomyelin. Caveolae are constituted having a cytoplasmic coat of caveolin molecules
(yellow). They contain a number of signaling components (receptors, transducers, channels,
pumps and exchangers) responsible for the initiation of many of the major cell signalling
pathways. Figure from: http://www.cellsignallingbiology.org/csb/006/csb006figs _caveolae organization.htm.
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4.2.4. Mechanoprotection

Since caveolae are highly abundant in mechanically stressed cells, such as muscle cells,
fibroblasts, endothelial cells and adipocytes, the role of this structure in
mechanoprotection mechanisms has been recently addressed by several laboratories.
Experiments using electron microscopy have demonstrated that caveolae are
associated with actin cytoskeleton, particularly the stress fibers which are very
sensitive to mechanical stress (Echarri and Del Pozo, 2015). Furthermore, Cav-1 and
cavin-4 activate RhoA signaling, the main pathway involved in mechanosensing
response, resulting in the actomyosin contractility (Echarri and Del Pozo, 2015). On the
other hand, mechanical stress produces flattening of caveolae by the dissociation of
cavins from the plasma membrane (Sinha et al., 2011). Shear stress, which is
constantly suffered by endothelial cells, induces a relocation of caveolae to the trailing
edge of the cells (Cheng and Nichols, 2016; Isshiki et al., 2002). Furthermore, Cav-1
knockout mice result in an impaired response to blood flow changes in vessels (Yu et
al., 2006). Recently, Nolwenn Briand and colleagues demonstrated for the first time
the role of caveolae in the mechanosensing of lipid store fluctuation and the
importance of the relation between caveolins and cavins in this function (Briand et al.,

2014).
4.3. Caveolae and insulin signaling

Early evidence indicates the importance of caveolae in the regulation of insulin
signaling (Yamamoto et al., 1998). A direct interaction between Cav-1 and IR through
the scaffolding domain in Cav-1 structure has been demonstrated (Kabayama et al.,
2007; Nystrom et al., 1999). Furthermore, ultrastructural experiments also indicate
that IR is highly enriched in caveolae in adipocytes plasma membrane (Gustavsson et
al., 1999; Sekimoto et al., 2012). This co-localization is also observed in myocytes,
hepatocytes, endothelial cells and pancreatic B-cells. In vitro studies showed that the
stimulation of adipocytes with insulin results in the translocation of glucose
transporter GLUT4 within caveolae (Gustavsson et al.,, 1996). Moreover, insulin
stimulation induces IR autophosphorylation and internalization in a process mediated
by the rapid tyrosine phosphorylation of Cav-1 (Fagerholm et al., 2009). Further

investigation in adipocytes highlighted the importance of caveolae and Cav-1 in insulin-
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induced glucose uptake. Repression of Cav-1 protein expression leads to a decrease in
GLUT4 translocation to the plasma membrane, triggering the reduction of the insulin-
stimulated glucose transport and inhibiting IR phosphorylation (Gonzalez-Mufioz et al.,
2009). The role of the other components of caveolae in the insulin signaling pathway
has been also addressed. In cardiomyocytes, fluorescence energy transfer (FRET)
experiments have shown that Cav-3 directly interacts with IR. Likewise,
haploinsufficiency for Cav-3 in this kind of cells increases the susceptibility to high-fat-
induced insulin resistance (Talukder et al., 2016). On the other hand, there is no direct
evidence about the role of cavins in the transmission of insulin signaling. However,
cavin-1 knockout mice show significantly reduced glucose tolerance and
hyperinsulinemia, indicating a potential implication of this protein in the insulin
function (Liu et al., 2008). In contrast, cavin-3 ablation in mice has no significant effect
in body weight and fat mass when compared to wild type animals, fed with either
normal chow or high-fat diets (Liu et al., 2008). Moreover, glucose tolerance is not
affected in cavin-3 null mice after both diets (Liu et al., 2014). All these results suggest

that cavin-3 is not required for the metabolic function of caveolae in vivo.
4.4. Insulin resistance and caveolae

An extensive line of evidence has demonstrated the importance of caveolae in the
development of insulin resistance. One of the first reports was the characterization of
Cav-1 knockout mice. These mice present postprandial hyperinsulinemia after being
fed a high-fat diet (Cohen et al., 2003). Moreover, Cav-1 null mice fed a normal chow
diet are significantly unresponsive to insulin due to drastically reduced IR protein
levels, without changes in IR MRNA expression, suggesting the stabilization role of Cav-
1 over IR in plasma membrane in vivo (Cohen et al., 2003). Consistent with this result,
skeletal muscle of Cav-3 null mice is insulin resistant, as exemplified by decreased
glucose uptake, reduced glucose tolerance test and increased serum lipids. At a
molecular level, Cav-3 ablation inhibits insulin-stimulated phosphorylation of IR and
downstream molecules, such as IRS-1 (Oshikawa et al.,, 2004). Furthermore,
identification of mutations located in the Cav-1 binding motif of IR supports the clinical
importance of the caveolins—IR interaction in the pathogenesis of insulin resistance in

humans (Schwencke et al., 2006). Gain of function experiments have demonstrated
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that caveolin potently enhances IR signaling when overexpressed in the liver of

diabetic obese mice (Otsu et al., 2010).

Low grade chronic inflammation is one of the underlying mechanisms involved in
obesity-induced insulin resistance. Treatment of adipocytes with TNF-a, a
proinflammatory cytokine, reduces to one fifth the relative ratio of caveolae-

associated IR than in normal adipocytes (Sekimoto et al., 2012).

As previously mentioned, obesity results in hypoxia development within adipose
tissue, and in this regard results recently obtained by Regazzetti et al suggested a role
of caveolae in the hypoxia-induced impairment of insulin signaling in adipocytes. In
that work, hypoxia reduced caveolae density in the plasma membrane of adipocytes
and downregulated cavin-1 and cavin-2 in 3T3-L1 adipocytes and in epididymal adipose
tissue of mice. This effect led to the inhibition of insulin signaling in a HIF-1-dependent

mechanism, leading to the establishment of insulin resistance (Regazzetti et al., 2015).
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HYPOTHESIS AND AIMS
1. Hypothesis

Obesity is an important health problem worldwide and courses with hyperplasia and
hypertrophy of adipocytes. This situation produces hypoxia within adipose tissue,
which has been related to dysregulation of adipocytes function, including development
of insulin resistance. It is well known that insulin receptor is located on caveolae, a
specialized plasma membrane invagination constituted mainly by two families of
proteins: caveolins and cavins. Thus, caveolae promotes the interaction of signaling

molecules and therefore, facilitates the appropriate response to stimulus.

Taken all these observations together, our hypothesis is that hypoxia plays an
important role in the development of insulin resistance. This effect could be mediated
by the disruption of caveolae as a consequence of dysregulation in the expression and

activation of caveolins and cavins and the subsequent inhibition of insulin signaling.
2. General aim

The general goal of this project is to explore the effect of hypoxia on caveolae function

and insulin signaling, using different experimental models.
3. Specific objectives

1. To study the effect of chronic hypoxia on the differentiation of 3T3-L1
adipocytes.

2. To study the impact of continuous hypoxia (24-48 h) in the expression of
caveolae related proteins and insulin response in 3T3-L1 adipocytes.

3. To determine the effect of intermittent hypoxia on caveolae integrity in mouse
adipose tissue.

4. To analyze the effect of continuous hypoxia on caveolae structure in human

aortic endothelial cells.
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MATERIAL AND METHODS
1. Cell culture
1.1. Culture of 3T3-L1 fibroblasts (ATCC® CL-173™, Rockville)

3T3-L1 cells are able to differentiate from a fibroblast-like phenotype to adipocytes
under appropriate conditions and have been widely used for the study of adipogenesis
and adipocyte physiopathologies such as inflammation, insulin resistance, type 2

diabetes, etc.

3T3-L1 fibroblasts were maintained in the growing media Dulbecco's Modified Eagle
Medium (DMEM; Invitrogen, Carlsbad, CL, USA) with High Glucose (4,5 g/L), 110 mg/L
pyruvate and supplemented with 10% of calf bovine serum (Invitrogen, Carlsbad, CL,
USA) and 100 U/mL penicillin-streptomycin (Invitrogen, Carlsbad, CL, USA). Two days
after confluence, adipocyte differentiation was induced by incubating the cells in
DMEM (Invitrogen, Carlsbad, CL, USA) supplemented with 10% Fetal Bovine Serum
(FBS) (Invitrogen, Carlsbad, CL, USA), insulin (1 mg/mL) (Sigma-Aldrich, St. Louis, MO,
USA), water-soluble dexamethasone (1 mM) (Sigma-Aldrich, St. Louis, MO, USA) and 3-
isobutyl-1-methylxanthine (IBMX) (0.5 mM) (Sigma-Aldrich, St. Louis, MO, USA) for 48
hours. The medium was then replaced with DMEM containing 10% FBS and insulin (1
mg/mL) (Sigma-Aldrich, St. Louis, MO, USA) for an additional 48 hours and then
maintained with DMEM, 10% FBS without insulin until day 8 of differentiation when
cells are considered as mature adipocytes. The cells were cultured in a humidified

incubator at 37°C and 5% CO..
1.2. Human Aortic Endothelial Cells (HA0OEC)

HAoEC (PromoCell®, Heidelberg, Germany) were maintained in Endothelial Cell Growth
Medium MV2 (PromoCell®, Heidelberg, Germany) supplemented with 5% Fetal Calf
Serum (FCS), 5 ng/mL epidermal growth factor (recombinant human), 10 ng/mL basic
fibroblast growth factor (recombinant human), 20 ng/mL insulin-like growth factor
(Long R3 IGF-1), 0.5 ng/mL vascular endothelial growth factor 165 (recombinant
human), 1 pug/mL ascorbic acid, 0.2 pg/mL (hydrocortisone and 100 U/mL penicillin-
streptomycin. All reagents from PromoCell® (Heidelberg, Germany). The cells were
cultured in a humidified incubator at 37°C, 5% CO..

33



Material and methods

2. Experimental design
2.1. 3T3-L1 experiments

The studies in 3T3-L1 adipocytes were conducted 8 days after the initiation of the
differentiation process. In this point, the cells were incubated in a hypoxia incubator at
1% oxygen (02), 5% CO2 and 94% nitrogen (N2) for 24 or 48 hours. Cells were then

processed as indicated in Fig M1 for further applications.
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Genomic DNA Samples ‘

Media Supernatants ‘

Figure M1. Experimental design for 3T3-L1 cells.

2.2. Intermittent hypoxia experimental model

C57BL/6 mice were divided into 2 groups, exposed to either IH or normoxia (N) (Fig.
M2). Animals were exposed to IH stimulus during daytime (8 h/day, cyclic 21-5%
Fraction of Inspired Oxygen (FiO2), 60s cycle (60 events/h) for 14 days or 4 weeks. Fi02
was measured with a gas analyzer (ML206, AD Instruments) throughout the
experiment. Control animals (normoxic mice, N) were exposed to air in similar cages to
reproduce conditions of IH stimulus. Ambient temperature was maintained at 20—
220C. Animals were fed on a standard-chow diet. The study was conducted in

accordance with the European Convention for the Protection of Vertebrate Animals
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Used for Experimental and Other Scientific Purposes (Council of Europe, European
Treaties ETS 123, Strasbourg, 18 March 1986) and with the Guide for Care and Use of
Laboratory Animals (NIH Publication no. 85-23, revised 1996).

— Normoxia

Western Blot

C57BL/6 mice

3

co, N,
14 days RT-qPCR

. or y Cyclic 21-5% FiO,
weeks 4 8 hours/day
60s cycle

Figure M2. Experimental design to study intermittent hypoxia in adipose tissue

2.3. HAOEC experiments

HAOEC were cultured until confluence and seeded on 6-well plates during 24 hours.
The plates were then cultured in hypoxic biosafety cabin during 16 hours. Cells were

then processed as indicated in Fig M3 for further applications.
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Figure M3. Experimental design for HAoEC
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3. Oil red O (ORO) staining

ORO (Sigma-Aldrich, St. Louis, MO, USA), is a fat-soluble diazole dye which stains
neutral lipids and cholesterol esters but not biological membranes. In this work ORO
staining was used to estimate the degree of adipocyte differentiation. 3T3-L1 pre-
adipocytes (day 0) and mature adipocytes at days 8 and 10, incubated in normoxia or
hypoxia, were washed twice with phosphate-buffered saline (PBS) and fixed with
formaldehyde 3,7% during 15 minutes. After washing three times with isopropanol
60%, cells were stained with ORO stock solution (0.3%w/v in isopropanol), diluted to
40% with water for 30 minutes at room temperature. Cells were then washed four
times with PBS and photographed in a light microscope (Olympus Ck2, 40 X
magnifications). Finally, incorporated ORO dye was extracted with isopropanol and
quantified using a spectrophotometer (Multiskan Spectrum, Thermo Electron

Corporation, MA, USA) at 540 nm.
4. 2-[C'%]-Deoxyglucose uptake assay

3T3-L1 cells were differentiated as described previously during 8 days (point 1.1). 2-
[C'*]-Deoxyglucose uptake in 3T3-L1 adipocytes cultured in normoxia or hypoxia with
or without 50 uM of a HIF-1 inhibitor LW6 (Millipore, MA, USA; 1:200), was analyzed at
both basal state and after insulin stimulation. Cells were incubated in DMEM serum
and glucose free for 2 hours in a humidified incubator at 37°C, 5% CO,, before insulin
stimulation Subsequently, cells were stimulated or not with insulin (50 nM) for 10
minutes. 2-C**-deoxyglucose uptake was then initiated by the addition of DMEM, free
of serum and glucose, containing 2-deoxyglucose (50 mM) and 2-C!4-deoxyglucose
(0.075 mCi/mL, (American radiolabeled, Saint Louis, MO, USA). Incubation was
continued for 10 minutes and the reaction was terminated by washing cells three
times with pre-cold PBS containing 0.05 M glucose. Cells were then incubated with
1mL of lysis buffer (0.1 M NaOH, 0.1% SDS) at 37°C for two hours and the cell lysate
was transferred to a tube containing 2 mL of scintillation liquid for radioactivity
counting in a scintillation counter (HIDEX 300 SL). 2-Deoxyglucose uptake is reported
as [C'%] radioactivity, normalized to protein content from the remaining cell lysate, as

determined by bicinchoninic acid (BCA) analysis (Thermo Fisher Scientific, Waltham,
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MA, USA) (point 7.2.1). Measurements were performed in triplicate under conditions

where hexose uptake was linear.
5. Determination of caveolae density in plasma membrane.

Caveolae density in plasma membrane was determined by electron microscopy (EM).
Cells were seeded on 6-well plates over a EM coverslip. The day of the experiment the
cells were washed with 0.1 M phosphate buffer (pH 7.4) and fixed in 1.6%
glutaraldehyde for three days. All the procedure was made at 4°C. After fixation, the
cells were rinsed in 0.1 M cacodylate buffer, and postfixed for 1 hour in 1% osmium
tetroxide and 1% potassium ferrocyanide in 0.1 M cacodylate buffer to enhance the

staining of membranes.

Cells were washed in cold distilled H,O, quickly dehydrated in cold ethanol, and lastly
embedded in epoxy resin. Contrasted ultrathin sections (70 nm) were analyzed under a
JEOL 1400 transmission electron microscope (EM) mounted with a Morada Olympus

charge-coupled device camera.
6. Extracellular measurement of lactate levels

Lactic acid is the final product of anaerobic glycolysis and is considered to be a good
marker of the state of oxygenation in tissues. Lactate level was measured in
supernatants of 3T3-L1 cells using ABX Pentra Lactic Acid reagent (Horiba medical,

Montpellier, France).

It is an enzymatic colorimetric assay kit which contains two reagents mixed at the
moment of use. Briefly, reagent 2 contains lactate oxidase which catalyzes the
oxidation of lactate present in the sample, triggering the release of hydrogen peroxide.
This product reacts with 4-aminoantipyrine (AAP) and N-ethyl-N-sulfopropyl-m-
anisidine (ESPAS) contained in the reagent 1, producing a coloured complex in the
presence of peroxidase (Fig. M4). The intensity of the colouring is proportional to the
amount of lactate present in the sample and was measured by the ABX Pentra C200
analyzer. Samples were 3 fold-diluted by triplicate. Both, the reagent vial and the
samples tube, were placed in the available racks in the ABX Pentra C200 analyzer in

order to start the assay.
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Lactate oxidase
Lactate + O, » Pyruvate + H,O»

Peroxidase
2H50, + 4AAP + ESPAS » Quinoneimine + 4H,0

Figure M4. Lactate oxidase reaction to determine lactate levels on 3T3-L1 cells supernatants

(ABX Pentra Lactic Acid reagent data sheet).
7. Determination of specific proteins by immunogenic methods
7.1. Extraction of total proteins

Proteins from 3T3-L1 adipocytes were extracted by cell lysis with a specific protein
extraction buffer (87% glycerol, 2M Tris-HCI, 5M NaCl, 10% Triton) supplemented with
protease inhibitor cocktail (Sigma-Aldrich, St. Louis, MO, USA) 1M NaF, 0.2M sodium
orthovanadate (Sigma-Aldrich, St. Louis, MO, USA) and phenylmethanesulfonyl
fluoride (PMSF) (Pierce, Rockford, IL, USA) after washing the cells with ice-cold PBS.

Protein lysates were obtained by centrifugation at 13,000 rpm, 4°C for 10 minutes.
7.2. Determination of protein concentration
7.2.1. BCA (bicinchoninic acid) protein Assay

Quantification of total protein in the samples of 3T3-L1 cells was determined by the
BCA Protein Assay Kit® (Thermo Fisher Scientific, Waltham, MA, USA). This colorimetric
method is based on the reduction of Cu*? to Cu*! by protein in an alkaline medium (the
biuret reaction). Next, two molecules of BCA chelate one cuprous ion producing a
purple-coloured compound which is proportional to the amount of protein in the
sample. The assay was carried out in 96-well plates. Protein samples were diluted 10
fold in each well of the plate and a standard curve with known amounts of Bovine
Serum Albumin (BSA) was prepared to calculate the protein concentration in the
samples. The BCA solution had been prepared mixing 50 parts of BCA Reagent A with 1
part of BCA Reagent B (50:1, Reagent A:B). 20 uL of this solution was added to each
well of both, samples and standard dilutions. The plate was then incubated at 37°C for
30 minutes and the absorbance was determined at 540 nm using a

spectrophotometer.
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7.2.2. Bradford Protein Assay

Quantification of total protein in the samples of HAOEC cells and adipose tissues
extracted from mice was determined using the Bradford Protein Assay Kit® (Bio-Rad
Laboratories, Hercules, CA, USA). This method involves the binding of Coomassie
Brilliant Blue G-250 dye to proteins. Under acidic conditions, the dye is predominantly
in the doubly protonated red cationic form (Amax = 470 nm). However, when the dye
binds to protein, it is converted to a stable unprotonated blue form (Amax = 595 nm).
This blue protein-dye form is proportional to the amount of protein in the sample.
Samples were prepared pipetting 20 uL of each into disposable cuvettes. As in the
previous procedure a standard curve with known amounts of BSA was prepared. 1 mL
of 1X reagent dye was added to each cuvette and incubated at room temperature
them for 5 minutes. The absorbance was determined at 595 nm wusing a

spectrophotometer or microplate reader.
7.3. Western Blot

Protein lysates were mixed with loading buffer 4X and denatured by heating at 95°C
for 5 minutes. Denatured proteins were resolved in a SDS-PAGE minigels on a Mini-
PROTEAN Tetra Cell electrophoresis system (Bio-Rad Laboratories, Hercules, CA, USA)
at 130 mV for 90 minutes. Gels were then electroblotted using a Mini Trans Blot® Cell
(Bio-Rad Laboratories, Hercules, CA, USA) onto nitrocellulose membranes (Hybond-C
Extra, Amersham-Pharmacia, UK). The membranes were blocked with 5% milk or 5%
Bovine Serum Albumin in Tris-buffered saline with 0.1% Tween 20 (0.1% TBST) and
incubated with specific primary antibodies against HIF-1, Cav-1, Cav-1-Phospho-Tyr!4,
PTRF/Cavin-1, SDPR/Cavin-2, beta subunit of insulin receptor (IRB), IRB-Phospho-
Tyr'14¢, GLUT4, GLUT1, and B-Actin. Detailed information about antibodies and
incubation condition is summarized on table M1. Next, the membranes were washed
three times with TBST to remove not bound antibodies before incubating them with
the correspondent horseradish peroxidase (HRP)-conjugated secondary antibody at
the appropriate dilution. Finally, after three washing steps, specific immunoreactive
bands were detected by a chemiluminescent ECL assay kit (Lumi-Light P'“s, Roche
Diagnostic, Mannheim, Germany). B-actin (Sigma-Aldrich, St Louis, MO, USA) was used

as an invariant internal control for normalization of protein expression.
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7.4. Immunofluorescence (IF)
7.4.1. HAOEC cells

Cellular location of Cav-1 and PTRF/Cavin-1 in HAOEC after incubation in hypoxia was
determined by immunofluorescence (IF). Cells were seeded in 6-well plates with
coverslips for IF. The day of the experiment, cells were washed 3 times with Dulbecco's
phosphate-buffered saline (DPBS) (Gibco™ Invitrogen Corporation, Grand Island, NY,
USA) and fixed with 4% paraformaldehyde (Thermo Fisher Scientific, Waltham, MA,
USA) for 15 minutes at room temperature. After 3 washes with DPBS to remove the
fixative solution, cells were permeabilized and blocked with 0.1% saponin and 0.2%
gelatin in PBS buffer during 10 minutes. Next, each coverslip was incubated with
specific primary antibody against Cav-1 (Santa Cruz Biotechnology, 1:200), PTRF
(Millipore, MA, USA; 1:200) diluted in a buffer containing 0.01% saponin, 0.2% gelatin
and 0.02% sodium azide in PBS (SG/PBS Buffer). The incubation was carried out in a
moist chamber overnight at 4°C. Coverslips were then washed 3 times with SG/PBS
buffer and incubated with suitable fluorescent secondary antibody, anti-Rabbit
(1:500), in a moist chamber for 1 hour at room temperature. Coverslips were washed 4
times with DPBS and placed in the microscope slide over a drop of mowiol® (Sigma-
Aldrich, St Louis, MO, USA) mounting medium and visualized in a confocal laser

fluorescence microscopy (Zeiss LSM 710, Oberkochen, Alemania).
7.4.2. 3T3-L1 adipocytes

For Cav-1 and GLUT4 location in 3T3-L1 adipocytes by IF, cells were seeded over
coverslips. The day of the experiments, cells were washed three times with DPBS and
then fixed with 4% paraformaldehyde (Thermo Fisher Scientific, Waltham, MA, USA)
for 15 minutes and permeabilized for 20 minutes with 0.1% Triton X-100. Cells were
then incubated with specific primary antibody against Cav-1 (Santa Cruz, 1:200) and
GLUT4 (Sigma-Aldrich, St. Louis, MO, USA; 1:200) in 1X DPBS with 1% gelatin.
Incubation was performed at room temperature for 1 hour. After three washes with a
solution of 1X DPBS and 1% gelatin, cells were incubated with Alexa Fluor 633 Goat
anti-Rabbit 1gG (H+L) secondary antibody (Thermo Fisher Scientific, Waltham, MA,

USA) for 1 hour at room temperature. Coverslips were washed 4 times with DPBS and
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placed in the microscope slide over a drop of mounting media with Dapi (Sigma-
Aldrich, St Louis, MO, USA) and visualized in a LSM 800 confocal laser-scanning

microscope (Zeiss, Jena, Germany).
8. Extraction and analysis of RNA
8.1. Total RNA extraction
8.1.1. 3T3-L1 adipocytes

RNA extraction was carried out with TRIzol® Reagent (Invitrogen, Carlsbad, CL, USA)
according to manufacturer’s instructions. Cells were lysed with 1 mL of TRIzol using a
cell scraper and then incubated for 5 minutes at room temperature. 200 uL of
chloroform was added to each sample and mixed vigorously by inversion. After 5
minutes of incubation at room temperature, the samples were centrifuged at 12,000 g,
4°C for 15 minutes. The resulting colourless upper aqueous phase containing the RNA
was removed carefully and placed in a new 1.5 mL tube previously filled with 1 mL of
isopropanol. The mixture was incubated overnight at -20°C to increase RNA
precipitation. Samples were next centrifuged at 12,000 g, 4°C for 15 minutes. The
resulting pellet was washed with 1 mL of cold 75% ethanol by vortexing and
subsequently centrifuged at 7,500 g for 5 minutes. Total RNA pellet was air-dried and
resuspended in 15 pL of RNase free water. RNA concentration of the samples was
measured using the NanoDrop spectrophotometer (Thermo Fisher Scientific, Waltham,

MA, USA) and stored at -80°C for further applications.
8.1.2. HAOEC and adipose tissue samples

RNA extraction of HAOEC cells and adipose tissue samples submitted to intermittent
hypoxia was carried out using the RNeasy mini kit (Qiagen N.V, Hilden, Germany).
Samples were harvested with 1 mL of QlAzol lysis reagent (Qiagen N.V, Hilden,
Germany) and placed in 1.5 ml tubes. 1 mL of 70% ethanol was added to the lysate and
transferred to an RNeasy mini spin column. Columns were centrifuged at 8,000 x g for
15 seconds and the flow-through was discarded. DNase treatment was carried out on-
column according to manufacturer’s instruction (Qiagen N.V, Hilden, Germany). To
wash the column, 350 pyL Buffer RW1 was added followed by centrifugation for 15
seconds at 8,000 x g. 80 pL DNase | mix containing 10 uL DNase | and 70 uL Buffer RDD,
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was added to each column and incubated at the benchtop for 15 minutes. After that
time, 350 plL Buffer RW1 was added to each column and then centrifuged at 8,000 x g
for 15 seconds. Two washes with 500 uL Buffer RPE were performed, the first one at
8,000 x g for 15 seconds and the second one at 8,000 x g for 2 minutes. The columns
were totally dried by placing them in a new 2 mL collection tube and centrifuged at
16,000 x g for 1 minute. Finally, RNA was eluted by adding 30 uL of RNase-free water
to each column. The columns were then placed in new 1.5 mL collection tubes and
centrifuged at 8,000 x g for 1 minute. The RNA concentration of the samples was
measured using the NanoDrop® spectrophotometer (Thermo Fisher Scientific,

Waltham, MA, USA) and stored at -80°C for further applications.
8.2. Treatment with DNase

RNA samples were treated with Ambion® DNase-free Kit (Thermo Fisher Scientific,
Waltham, MA, USA) before the reverse transcription to avoid genomic DNA
contamination. For this purpose, 2 ug of total RNA were diluted to 8 uL with RNase
free water. Next, 2 uL of a mixture containing 1 volume of 10X DNase | Buffer and 1
volume of rDNase | was added to each RNA sample. The samples were then incubated
at 37°C for 30 minutes in a thermocycler (GeneAmp®PCR System 9600, Roche
Diagnostic System). Then, 2 uL of resuspended DNase Inactivation Reagent were added
to each sample and centrifuged at 10,000 g for 1 minute. The supernatants were
transferred to a new 0.5 mL PCR tube to continue with the reverse transcription

reaction.
8.3. Reverse transcription
8.3.1. 3T3-L1 adipocytes

Synthesis of c¢cDNA from RNA samples was carried out using M-MLV Reverse
Transcriptase kit (Invitrogen, Carlsbad, CA, USA) following manufacturer’s instruction.
Briefly, 3 puL of a mix composed by 20 pg/mL Random Primers (Invitrogen, Carlsbad,
CA, USA) and 10 Mm dNTP mix (dATP, dGTP, dCTP and dTTP) were added to each tube.
Samples were heated at 65°C for 5 minutes in a thermocycler (GeneAmp®PCR System
9600, Roche Diagnostic System) and then chilled on ice quickly. After a brief spin in a
picofuge, 7 uL of a mix composed by 4 pL First-Strand Buffer (5X), 2 uL DTT (0.1 M) and
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1uL RNase OUT™ Recombinant Ribonuclease Inhibitor (40 units/uL) were added to
each tube, followed by incubation at 37°C for 2 minutes. Finally, 1 pL (200 units) of M-
MLV RT was added to each sample which were then incubated in turn at 25°C for 10
minutes; 37°C for 50 minutes and at the end at 70°C for 15 minutes to inactivate the

enzyme. The cDNA was stored at -20°C until further applications.
8.3.2. HAOEC and adipose tissue samples

Total RNA (500 ng) from HAOEC cells and adipose tissue samples, subjected to
intermittent hypoxia, was reverse transcribed using random hexamers and oligo(dT)
primers and PrimeScriptTM RT reagent Kit (Takara/Clontech, Mountain View, CA). The

following mix reaction was prepared on ice (Table M2).

Table M2. Master mix for reverse transcription of RNA samples using PrimeScriptTM RT

reagent Kit®°

Reagent Volume (pL) Final
& Reaction Concentration/Amount

5 x PrimeScriptTM Buffer 2 1X
PrimeScriptTM RT Enzyme Mix | 0.5

Oligo(dT) Primers (50 uM) 0.5 25 pmol
Random Hexamers (100 uM) 0.5 50 pmol

Total RNA X 500 ng
RNase-Free Water X X

Final Volume: 10 uL

Reaction mixtures were incubated at 37°C for 15 minutes followed by an inactivation
step of the enzyme at 85°C for 5 seconds. The reaction was performed in a

thermocycler. The samples were stored at -20°C until further application.
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8.4. Real time Polymerase Chain Reaction (RT-PCR)

Gene expression was assessed by reverse transcription quantitative polymerase chain

reaction (RT-gPCR).
8.4.1. Real time PCR: Tagman probes reaction protocol

The expression analysis of 3T3-L1 genes was performed using predesigned TagMan®
probes described in table M3. The genes and probes used in the assays are
summarized in table M2. cDNA was amplified in an ABI Prism 7300 HT Sequence
Detection System (Applied Biosystems, Foster city, CA, USA), using the TagMan®
Universal PCR Master Mix (Applied Biosystems, Foster city, CA, USA) according to
standard conditions: 50°C for 2 minutes and 95°C for 10 minutes, followed by 40 cycles
of 15 seconds at 95°C and 1 minutes at 60°C. Cyclophilin (Ppia) was used as invariant
internal control for RT-PCR and subsequent normalization. Relative quantification of

gene expression was calculated by the 222t method (Bustin, 2000).

Table M3. Gene probes used in Tagman® reaction protocol.

Gene Tgman® probe

Insr Mm_01211875_m1
Akt2 Mm02026778_g1
Slc2a4 Mm00436615_m1
Sic2a1 Mm 00441480_m1
Cav-1 Mm_00483057_m1
Cav-2 Mm 01129337 _g1
Sdpr Mm 00507087_m1
Adipoq Mm 00456425 _m1
Pparg Mm 00440940_m1
Cbpa Mm 00514283 s1
Pi3kr3 Mm 00725026_m1
Ppia Mm 02342430
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8.4.2. Real time PCR: SYBR Green | reaction protocol

To determine gene expression levels in HAOEC and adipose tissue, 2X IQ™ SYBR® Green
Supermix (Bio-Rad Laboratories, Hercules, CA, USA) was used. The reaction mix
contained 10 plL of the master mix (Bio-Rad Laboratories, Hercules, CA, USA) and 100
nM of forward and reverse primers (table M4) was prepared in a final volume of 20 pL.
The qPCR was carried out in a CFX96 Touch™ Real-Time PCR Detection System (Bio-Rad
Laboratories, Hercules, CA, USA) according to standardized conditions. Briefly, an initial
denaturation step at 95°C for 10 minutes was followed by 40 cycles of amplification,
alternating between 95°C for 15 seconds, the corresponding annealing temperature
for each gene for 30 seconds and 72°C for 30 seconds. After the amplification step, the
melting curve analysis was carried out as follows: from 70°C to 90°C for 30 seconds at
every increase of 0.5°C. Relative quantification of gene expression was calculated by

the 222t method (Bustin, 2000)

Table M4. Primer sequences of analyzed mouse genes using SYBR Green I® reaction protocol.

Forward (5'->3') Reverse (5'¢3')

Sequence Sequence
mCav-1 AACATCTACAAGCCCAACAACAAGG GGTTCTGCAATCACATCTTCAAAGTC
mCav-2 TGACGCCTACAGCCACCACA TGACGCCTACAGCCACCACA
mPTRF AGCAACACCGTGAGCAAGTT GCCTCGTTGACCTCCAGTTTCT
mSDPR CCGTGCACACACTCCTGGAT CACCGAGCCCTCCAGGTT
m36B4 TCCAGGCTTTGGGCATCAC CTTTATCAGCTGCACATCAC

8.5. RNA microarray

The sense cDNA was prepared from 300 ng of total RNA using the Ambion® WT
Expression Kit (Thermo Fisher Scientific, Waltham, MA, USA). The sense strand cDNA
was then fragmented and biotinylated with the Affymetrix GeneChip® WT Terminal
Labeling Kit. Labeled sense cDNA was hybridized to the Affymetrix Mouse Gene 1.0 ST
microarray according to the manufacturer protocols and using GeneChip®
Hybridization, Wash and Stain Kit. Genechips were scanned with the Affymetrix
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GeneChip® Scanner 3000. Both background correction and normalization were done
using RMA (Robust Multichip Average) algorithm (Irizarry et al., 2003). After quality
assessment, a filtering process was performed to eliminate low expression probe sets.
Applying the criterion of an expression value greater than 16 in 3 samples for each
experimental condition (normoxia and hypoxia), 24819 probe sets were selected for
statistical analysis. R and Bioconductor were used for preprocessing and statistical
analysis (Gentleman, 2005). LIMMA (Linear Models for Microarray Data) was used to
find out the probe sets that showed significant differential expression between
experimental conditions (Smyth, 2004). Adjusted p value was calculated with
Benjamini-Hochberg procedure. Genes were selected as significant using criteria of B>
5. The Log Odds or B value is the odds or probability that the gene is differentially
expressed, meaning that a gene with B=0 has a 50% chance to be differentially
expressed. Functional enrichment analysis of Gene Ontology (GO) categories was

carried out using standard hypergeometric test.
9. Extraction and analysis of DNA
9.1. Chromatin Immunoprecipitation (ChIP) assay

The ChIP-IT Express Enzymatic Kit (Active Motif, Carlsbad, California) was used to
determine the binding of HIF-1 to Hypoxia Response Elements (HRE) in 3T3-L1
adipocytes after hypoxia treatment. Fig M5 summarizes the process, which was carried
out according to the manufacturer’s instructions. Briefly, cells were fixed with 4%
formaldehyde to fix protein/DNA interactions and then sheared by enzymatic
digestion. Sheared chromatin was incubated with a specific antibody against HIF-1, and
antibody-bound protein/DNA complexes were precipitated using magnetic Protein G-
coupled beads. The precipitated chromatin was then eluted and the cross links
between proteins and DNA reversed. The recovered DNA was analyzed by qPCR and

specific primers to identify DNA HREs.
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Cross-link protein to DNA in Break open cells and shear DNA by Add primary
living cells with formaldehyde. Sonication or Enzymatic Shearing. antibody of interest.

Reverse cross-links, digest with Elute chromatin, pellet beads Capture antibody-bound
Proteinase K, then stop reaction. with magnet and transfer protein/DNA complexes and
DNA is ready for analysis. supernatant to a fresh tube. wash using Magnetic Beads.

Figure M5. Flow chart of ChIP process using the ChIP-IT Express® Enzymatic Kit.
9.1.1. Preparation of sheared chromatin
9.1.1.1. Cell fixation

3T3-L1 cells were growth in 15 cm plates, differentiated for 8 days and incubated for
48 hours in hypoxia as previously described. Before harvesting the cells the following

solutions were freshly prepared:
Volumes for 1 plate of 15 cm.
Formaldehyde 1% (Fixation Solution):

19.46 mL DPBS 1X (Invitrogen, Carlsbad, CL, USA)
540 plL 36.5% formaldehyde (Sigma-Aldrich, St. Louis, MO, USA)

Glycine Stop-Fix Solution

8 mL sterile H,0
1 mL glycine (Sigma-Aldrich, St. Louis, MO, USA)
1 mL 10X PBS (Active Motif, Carlsbad, California)

Cell Scraping Solution

4.5 mL sterile H,0
0.5 mL 10X PBS (Active Motif, Carlsbad, California)
25 uL PMSF (was added just before use) (Sigma-Aldrich, St. Louis, MO, USA)
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The medium was removed and cells were washed with cold DPBS 1X (Invitrogen,
Carlsbad, CL, USA). 20 mL of fixation solution was added to each plate and incubated
for 10 minutes at room temperature. The fixative solution was poured off and cells
were washed with ice-cold DPBS before the addition of 10 mL Glycine stop-fix solution
to each plate. After 5 minutes of incubation, the glycine stop-fix solution was removed
and cells were washed again with ice-cold DPBS 1X. Cells of each plate were harvested
with 5 mL ice-cold Cell Scraping Solution and collected in 15 mL conical tubes. Next,
the tubes were centrifuged at 720 x g for 10 minutes at 4°C to pellet the cells. The
supernatants were subsequently removed and discarded and the pellets were stored
at -80°C after the addition of 1 uL 100 mM PMSF and 1 pL PIC until the chromatin

shearing step was performed.
9.1.1.2. Chromatin shearing

For chromatin shearing, pellets were thawed on ice and resuspended in 1 mL ice-cold
lysis buffer supplied by the kit (Active Motif) and supplemented with 5 uL PIC and 5 uL
PMSF. The tubes were vortexed and incubated on ice for 30 minutes. During this
incubation, a working stock of Enzymatic Shearing Cocktail (200 U/mL) was prepared
by diluting the supplied Enzymatic Shearing Cocktail 1:100 with 50% glycerol in dH;0.
Cells of each tube were transferred to an ice-cold Dounce homogenizer and
homogenized on ice with 10 strokes to aid in nuclei release. Cells were then
transferred to a 1.5 mL microcentrifuge tube and centrifuged for 10 minutes at 2,400 x
g at 4°C to pellet the nuclei. Supernatant was removed from each tube and the pellet
was resuspended in 350 uL Digestion Buffer supplied by the kit and supplemented with
1.75 pL PIC and 1.75 pL PMSF. After 5 minutes of incubation at 37°C, 17 pL of the
working stock of Enzymatic Shearing Cocktail (200 U/mL) was added to each tube. The
incubation time for efficient chromatin shearing for this experiment was optimized to
15 minutes at 37°C. The reaction was then stopped by adding 7 uL ice-cold 0.5 M EDTA
to each tube and placing them on ice for 10 minutes. Next, the sheared chromatin
samples were centrifuged for 10 minutes at 18,000 x g at 4°C. Supernatant was

carefully transferred to a new 1.5-mL microcentrifuge tube and distributed as follows:

e 10 plL to carry out the INPUT. Stored at -20°C.
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e 25 pul to carry out the CLEANUP step to validate shearing efficiency. Stored at -
20°C.

e 140 pL for the immunoprecipitation step. Stored -80°C.

9.1.2. DNA clean-up

The 25 L aliquots of sheared chromatin were thawed and the volume was adjusted to
200 pL with dH20. When all samples were ready, 10 uL 5M NaCl was added to each
tube and heated at 65°C overnight to reverse the protein/DNA cross links. The next
day, 1 uL RNase A was added to each sample, which were then incubated at 37°C for
15 minutes. After a brief spin in a picofuge, 10 pL Proteinase K (Active Motif, Carlsbad,
California) was added to each sample followed by incubation at 42 °C for 1.5 hours.

9.1.2.1. DNA extraction

After proteinase K incubation, DNA from each sample was phenol/chloroform
extracted and precipitated following manufacturer’s instruction. Briefly, 200 pL of
Ultrapure™ Phenol:Chloroform:lsoamyl Alcohol (25:24:1) pH 8.0 (Thermo Fisher
Scientific, Waltham, MA, USA) was added to each sample and centrifuged at 13,000 x g
for 10 minutes at 4°C. The supernatants (aqueous phase) were then transferred to a
fresh microcentrifuge tube and 20 pL 3M sodium acetate pH 5.2 and 500 uL absolute
ethanol were added and mixed by vortex. The mix was stored at -20°C overnight in
order to precipitate the DNA. The next day, samples were centrifuged at 16,000 x g for
10 minutes at 4°C. The supernatants were removed and discarded and the pellets were
washed with 500 puL 70% of ice-cold ethanol. The samples were again centrifuged at
16,000 x g speed for 5 minutes, the supernatants were removed and the pellets were
allowed to air dry before resuspending them in 30 uL dH,0. DNA concentration of each
sample was determined in a NanoDrop® Spectrophotometer ND-1000. In order to
verify fragmentation efficiency, 500 ng Clean Up-DNA was loaded and resolved in a 1%
agarose gel at 100 mV for 50 minutes. The band pattern was visualized using a Bio-Rad

ChemiDoc XRS System.

50



Material and methods

9.1.3. Chromatin immunoprecipitation

For immunoprecipitation, 5 pg of chromatin from each sample was used. The antibody
against HIF-1a (H1lalpha67, Novus Biologicals) used for this experiment has been ChIP-
validated previously and 3 pg was used for each sample. The procedure followed was

according to manufacturer’s instruction.

Fixed and sheared chromatin samples stored at -80°C were thawed on ice and the

immunoprecipitation reactions were prepared as shown in table M4.

Table M5. Composition of immunoprecipitation reaction mix.

Reactive < 60 pl Chromatin >60 pl Chromatin

dH,0 (g.s.)" 100 pL 200 pL
ChIP Buffer 10X 10 pL 20 pL
Proteinase Inhibitor Cocktail 1ul 1uL
Chromatin (5 pg) 20-60 pL 61-100 pL
Protein G-Magnetic Beads 25 uL 25 L
6- Antibody (3 ug) 1-3 pg (2.5 uL) 1-3 pg (2.5 pL)

Final Volume 100 pl 200 pl

*g.s.: “quantum sufficit”/quantity required

The volume of each reagent was according to chromatin concentration determined in
the Clean-Up step. If the volume of chromatin necessary for 5 pug is less than 60 uL, the
final volume of the reaction is 100 pL. If the volume of chromatin is more than 60 pL,

the final volume of the reaction is 200 pL.

Once the immunoprecipitation reaction mixes were prepared, the tubes were placed
on a tube rotator and incubated overnight at 4 °C. After incubation, the tubes were
briefly centrifuged and placed on a magnetic stand to pellet the beads. The
supernatants were discarded and the beads were washed once with 800 uL ChIP Buffer
1 and then twice with 800 uL ChIP Buffer 2. Next, the beads were resuspended with 50
pL Elution Buffer AM2 and incubated 15 minutes at room temperature in a tube
rotator before 50 pL of the Reverse Cross-linking Buffer were added to the eluted
chromatin. The beads were then precipitated using the magnetic bar and the

supernatants which contained the chromatin, were transferred to a fresh tube. At this
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time, the inputs of all samples were prepared as follows: 500 ng of input DNA aliquots
obtained in the chromatin shearing step were mixed with the required volume of ChIP

Buffer 2 to reach 98 ul and added together with 2 pl of NaCl.

The ChIP and Input DNA samples were incubated then at 95°C for 15 minutes in a
thermocycler (Bio-Rad Laboratories, Hercules, CA, USA) and 2 pL Proteinase K was
added to each tube. The samples were incubated then at 37°C for 1 hour and the
reaction was stopped by adding 2 uL Proteinase K Stop Solution. The DNA samples

obtained were stored at -20°C until the gPCR analysis.
9.1.4. PCR analysis

A potential HRE (5’-[AG]CGTG-3’) for the binding of HIF-1a to the Cav-1 promoter was
previously identified by a bioinformatic analysis with TRANSFAC® of the NCBI sequence
NC_000072.6. The HRE is located at -442 upstream transcription starting site (TSS) and
was amplified and quantified by RT-qPCR in the immunoprecipitated samples with the
following pair of primers: Fw-CCCAGCCATCTCGCTTCTAT and Rv-
CCCAGCCATCTCGCTTCTAT. A mix containing SYBR Green Master Mix 2X (Bio-Rad
Laboratories, Hercules, CA, USA), 10 uM Primers Mix (Sigma-Aldrich, St. Louis, MO,
USA) and the immunoprecipitated or the input DNA was prepared in a final volume of
20 pL. The RT-qPCR was carried out in a 7300 Fast Real-Time PCR System (Applied
Biosystems, Foster city, CA, USA) under optimal conditions. An initial denaturation step
at 95 °C for 10 minutes was followed by 45 cycles of amplification, alternating between
95 °C for 15 seconds and 65°C (annealing temperature) for 1 minute. After the
amplification step, the melting curve analysis was carried out as follows: from 70 °C to
90 °C, 15 seconds at every increase of 0.5 °C. Relative quantification of gene expression

was calculated by the 222 method (Bustin, 2000).
10. Statistical analysis

All data are represented as the mean * standard deviation. Once normality and
homogeneity of variance analysis were assessed, a parametric or nonparametric
analysis was selected. Statistically significant differences among three or more groups
were analysed by one-way analysis of variance (ANOVA) or two-way ANOVA, followed

by Tukey post-hoc analysis. Comparisons between two groups were carried out by t-
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test (as parametric test) or by Mann-Witney U test (as nonparametric test). The
significance level was set to p <0.05 and classified by asterisks as follows: p < 0.05 (*); p
< 0.01 (**); p < 0.001 (***). The statistical analysis was calculated through GraphPad

Prism software for Windows (version 5.04).
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RESULTS
1. Effect of hypoxia on 3T3-L1 adipocytes.
1.1. Continuous hypoxia inhibits adipogenesis in 3T3-L1 adipocytes

In order to study how hypoxia could affect the differentiation process of 3T3-L1 pre-
adipocytes, we established a continuous hypoxia model. 3T3-L1 cells were
differentiated in hypoxia (1% O;) during 10 days, starting at the first day after the
hormonal cocktail was added (day 0). At the end of this period mRNA and protein
samples were extracted for analysis. Hypoxic response of the cells was confirmed by
measuring HIF-1 a expression by western blot. As expected, HIF-1a protein expression
was significantly induced in 3T3-L1 cells (P<0.05) after 10 days of incubation under

hypoxia (Fig R1).
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Figure R1. HIF-1a protein expression is induced during 3T3-L1 differentiation after 10 days of
incubation under hypoxia. 3T3-L1 preadipocytes were treated with the differentiation hormonal
cocktail and incubated in hypoxia (1% O2) throughout the differentiation process. After 10 days, HIF-1a
protein expression level was determined by western blot. Values were normalized to B-actin and mean
of fold change vs normoxia condition + SEM was represented (n=3). * P<0.05. N: Normoxia; CH:
Continuous Hypoxia.

The main phenotypic feature of mature adipocytes is the accumulation of fat in the
cytoplasm. Therefore, in order to estimate the effect of hypoxia on the adipogenesis
process, we determined the triglyceride content of the cells using ORO staining.

Incubation of 3T3-L1 cells in hypoxia (1% O;) throughout the differentiation process
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strongly reduced triglyceride accumulation (P<0.001) when compared to cells

maintained in normoxia (Fig R2).
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Figure R2. Anti-adipogenic effect of hypoxia during 3T3-L1 cells differentiation. ORO staining of 3T3-L1
cells differentiated in hypoxia (1% O2) for 10 days. Stained cells were photographed and ORO staining
was quantified measuring the absorbance at 540 nm. Means of fold change + SEM are represented for
each group (n=6). ***P<0.001.

To investigate the status of insulin signaling in 3T3-L1 cells after the differentiation
process, expression of insulin signaling-related genes was determined by RT-PCR. /nsr
(IR; P<0.05), Akt2 (Akt2/PKB; P<0.01) and Sic2a4 (GLUT4; P<0.001), mRNAs were
downregulated in 3T3-L1 cells differentiated in hypoxia for 10 days compared to cells
cultured under normoxia (Fig R3A). Moreover, protein expression of insulin receptor
determined by western blot was also significantly reduced (P<0.05) after continuous

incubation in hypoxia (Fig R3B).
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Figure R3. Insulin signaling is downregulated in 3T3-L1 cells differentiated under hypoxia. 3T3-L1
preadipocytes were treated with the differentiation hormonal cocktail and incubated in normoxia or
hypoxia (1% O2) for 10 days. (A) mRNA expression of Insulin receptor (Insr), Akt2/PKB (Akt2) and GLUT4
(Slc2a4) were determined by RT-PCR. Cyclophilin (Ppia) gene was used as endogenous control for
normalization and the expression level was represented as fold change vs normoxia condition + SEM
(n=3). (B) IRB protein expression was determined by western blot. Values were normalized to B-actin
and means of fold change vs normoxia condition + SEM were represented (n=3). * P<0.05. N: Normoxia;
CH: Continuous Hypoxia.

Since there exists ample evidence indicating the importance of caveolae in the insulin
signaling transmission, we have determined the expression of Cav-1 in 3T3-L1 cells
after differentiation in continuous hypoxia. In agreement with the data previously
shown regarding insulin signaling (Fig R3), Cav-1 expression, at both mRNA and protein
level, was significantly reduced (P<0.05) after 10 days of differentiation in hypoxia

compared to normoxia group (Fig R4).
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Figure R4. Caveolin-1 expression is reduced in 3T3-L1 cells differentiated under hypoxia. 3T3-L1
preadipocytes were treated with the differentiation hormonal cocktail and incubated in hypoxia (1% 02)
for 10 days. (A) mRNA expression of Cav-1 was determined by RT-PCR. Cyclophilin (Ppia) gene was used
as endogenous control for normalization and the expression level was represented as fold change vs
normoxia condition £ SEM (n=3). (B) Cav-1 protein expression was determined by western blot. Values
were normalized to B-actin and means of fold change vs normoxia condition + SEM were represented
(n=3). * P<0.05. N: Normoxia; CH: Continuous Hypoxia.

These results demonstrate that continuous hypoxia during differentiation in 3T3-L1
adipocytes strongly inhibit adipogenesis. Therefore, the cells after 10 days of
differentiation still retained mostly a fibroblast-like phenotype (Fig R2), with reduced

expression levels of adipocyte characteristic proteins (Fig R3,4).

Hence, since our aim was to investigate hypoxia-induced dysregulation in mature
adipocyte functions, in the following set of experiments, 3T3-L1 pre-adipocytes were

first differentiated for 8 days and then submitted to hypoxia.
1.2. Hypoxia during 48 hours induces insulin resistance in 3T3-L1 adipocytes

To determine the effect of hypoxia in already differentiated 3T3-L1 adipocytes, cells at
day 8 after starting the differentiation process were incubated in hypoxia (1% O) for
48 hours until day 10. ORO staining to measure intracellular triglyceride accumulation
in normoxia group at days 0, 8 and 10 showed a time-dependent increase (Fig R5)

(P<0.05, P<0.01). However, incubation of adipocytes at day 8 of differentiation under
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hypoxia for 48 hours, reduced triglyceride accumulation at day 10 (P<0.01) when

compared to cells maintained in normoxia (Fig R5).
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Figure R5. Hypoxia for 48 hours significantly reduces triglyceride accumulation in 3T3-L1 adipocytes.
ORO staining of 3T3-L1 cells at day 0, 8 and 10 of differentiation in normoxia and at day 10 after 48
hours of hypoxia (1% Oz). Stained cells were photographed and ORO staining was quantified measuring
the absorbance at 540 nm. Means of fold change + SEM are represented for each group (n=6). *P<0.05,
**pP<0.01, ***P<0.001.

Since hypoxia has been considered one of the factors responsible for the development
of insulin resistance in obese adipose tissue, we have also analyzed the insulin
signaling status in 3T3-L1 adipocytes after 48 hours of hypoxia. A significant reduction
in mRNA expression of Insr (IR; P<0.01), Akt2 (AKT2; P<0.01) and Slc2a4 (GLUT4;
P<0.001), as well as in the protein level of GLUT4 (P<0.01), were produced by hypoxia
(Fig R6A, R6C). Furthermore, IR phosphorylation induced by insulin stimulation was
reduced after 48 hours of hypoxia (Fig R6B). On the other hand, hypoxia induced the

expression of GLUT1 (P<0.001), which is a facilitated glucose transporter responsible
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for insulin-independent basal glucose uptake and a well-known HIF-1a target gene Fig

=3 Control
Il [nsulin 50nM

Normoxia

Hypoxia 48h

R6C).
A B
1.5+
s 12.5+
2 &
» ]
[ 7]
= 2 10.04
< 1.0 =g
pot Zuw 7.5
° o j
= =2
= s
© =2 5,04
-] @
3 0.5 - " n.‘:
% i i - é 2.5-
E 00 L : I & gl
A 2 0
& X
S S o
=3 Normoxia Bl Hypoxia 48h
C N H
GLUTZ | s
GLUT1 |
B-Actin | S —
1.2+ 10+
5 . S s
£g 09 £% |
S o oo
T & T 5 61
$3 06 =3
52 - £2 4
OF g3 05 )
[ o) .
114 14
0.0 r 0
Control Hipoxia 48 h

Control Hypoxia 48 h

Figure R6. Hypoxia for 48 hours downregulates the expression of genes involved in insulin signaling
and modulates glucose transporters levels. 3T3-L1 adipocytes differentiated during 8 days were
incubated in normoxia or hypoxia (1% 02) for 48 hours. (A) Insulin receptor (Insr), Akt2/PKB (Akt2) and
GLUT4 (SIc2a4) mRNA expression were determined by RT-PCR. Cyclophilin (Ppia) gene was used as
endogenous control for normalization and the expression level was represented as fold change vs
normoxia condition + SEM. (B) Cells were stimulated or not with 50nM of insulin and then lysed to
detect the phosphorylation of the B subunit of insulin receptor by western blot. Values were normalized
to total insulin receptor levels. (C) Cells were lysed and Glut4 and Glutl protein expression was
determined by western blot. Values were normalized to B-actin. Means of fold change vs normoxia
condition + SEM were represented (n=4). * P<0.05, **P<0.01, ***P<0.001. N: Normoxia; H: Hypoxia 48h.

62



Results

Considering the alterations in the expression of glucose transporters observed in 3T3-
L1 adipocytes incubated in hypoxia, 2-deoxyglucose uptake assay was used to
determine if the glucose uptake pattern under hypoxia conditions was modified. 3T3-
L1 cells were differentiated for 8 days and submitted to hypoxia (1% O) for 48 hours.
After 48 hours of low concentration of oxygen, basal glucose uptake was significantly
increased and adipocytes lost insulin-induced glucose uptake (P<0.01). Adipocytes
were also pretreated with 50uM LW6, a specific HIF-1 inhibitor, before being
incubated under hypoxia. HIF-1 inhibition increased (P<0.001) the 2-deoxyglucose
uptake induced by insulin in both, normoxia and hypoxia incubated cells (Fig R7A).
Moreover, lactate release to supernatant was higher (P<0.001) in adipocytes

submitted to hypoxia for 48 hours than in cells incubated in normoxia (Fig R7B).
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Figure R7. Hypoxia for 48 hours increases basal glucose uptake and lactate production accompanied
by inhibition of insulin sensitivity in 3T3-L1 adipocytes. (A) 3T3-L1 adipocytes differentiated during 8
days were treated with or without 50uM LW6 (HIF-1 inhibitor) for 30 minutes and incubated in
normoxia or hypoxia (1% O2) during 48 hours. Cells were stimulated with 50 nM insulin for 10 minutes.
2-Deoxy-[**C]-glucose uptake was measured as described in materials and methods. Values were
normalized with protein concentration and represent means * SEM (n=6). * P<0.05, **P<0.01,
***P<0.001. (B). Lactate levels were determined in supernatant of 3T3-L1 adipocytes differentiated
during 8 days after incubation in normoxia or hypoxia (1% O2) during 48 hours, as indicated in material
and methods. Values were represented as means + SEM (n=6).

In order to elucidate if hypoxia could affect the cellular location of GLUT4 in 3T3-L1

adipocytes and therefore constitute a mechanism for the development of insulin
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resistance, an immunofluorescence study with an antibody against GLUT4 was carried
out. As shown in Fig R8, insulin stimulation (50 nM) induced the traffic of GLUT4
vesicles from the cytoplasm to the plasma membrane, which will allow the increase in
the uptake of glucose by the cells. However, when adipocytes were incubated in a
hypoxic environment, the mobilization of GLUT4 to the plasma membrane after insulin

stimulation was not observed.

Normoxia Hypoxia 48h
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Figure R8. Glut4 translocation to the plasma membrane induced by insulin is abolished after 48 hours
of hypoxia. 3T3-L1 adipocytes differentiated during 8 days were cultured in hypoxia (1% 02) for 48
hours and stimulated or not with 50 nM insulin for 10 minutes before being fixed with 4%
paraformaldehyde. After permeabilization with 0.1% triton X100, the cells were incubated with primary
antibody against Glut4 and subsequently with a fluorescent secondary antibody and Dapi to stain the
nuclei. Images were captured using a confocal microscopy.

1.3. Hypoxia during 48 hours affects the expression and function of caveolins and

cavins in 3T3-L1 adipocytes

As indicated previously, caveolae play an important role in the transmission of many

cell signals including insulin. We therefore investigated the expression levels of Cav-1,
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Cav-2, and SDPR/Cavin-2 which are responsible of the biogenesis and function of

caveolae.

Incubation of 3T3-L1-differentiated cells under hypoxia for 48 hours was able to
reduce the mRNA expression of Cav-1, Cav-2 and SDPR/Cavin-2 (P<0.05, P<0.01,
P<0.01; Fig R9A). Cav-1 is phosphorylated and activated by insulin and incubation of
adipocytes in hypoxia for 48 hours completely abolished the insulin-induced

phosphorylation of Cav-1 (P<0.001; Fig R9B).
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Figure R9. Hypoxia reduces Cav-1 and Cav-2 gene expression and Cav-1 phosphorylation induced by
insulin. 3T3-L1 preadipocytes were treated with the differentiation hormonal cocktail until day 8 and
incubated in normoxia or hypoxia (1% 02) for 48 hours. (A) Cav-1, Cav-2, Sdpr mRNA expression were
determined by RT-PCR. Cyclophilin (Ppia) gene was used as endogenous control for normalization and
the expression level was represented as fold change vs normoxia condition + SEM (n=4-6). (B) Cells were
stimulated or not with 50 nM insulin for 10 minutes, lysed and phospho-Cav-1 protein expression was
determined by western blot. Values were normalized with total Cav-1 and means of fold change vs
normoxia condition + SEM were represented (n=4). * P<0.05, **P<0.01, ***P<0.001.

Since caveolae are also structures related to cell trafficking processes and Cav-1 could

be mobilized into the cell, we hypothesized that hypoxia could induce a loss of
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caveolae in the plasma membrane disrupting insulin signaling. Fig R10 shows by
immunofluorescence that Cav-1 in mature 3T3-L1 adipocytes cultured in normoxia
condition is mainly located in the plasma membrane. However, after 48 hours of
hypoxia, the presence of Cav-1 in plasma membrane became diffused and there was
an increase of the fluorescence signal in the cytoplasm. Stimulation with insulin did not
produce any apparent change in the Cav-1 cellular location either in normoxic or

hypoxic cells (Fig R10).

Normoxia Hypoxia 48h

Figure R10. Membrane localization of Cav-1 is compromised in 3T3-L1 adipocytes incubated in hypoxia
for 48 hours. 3T3-L1 adipocytes differentiated during 8 days were cultured in hypoxia for 48 hours and
stimulated or not with 50 nM insulin for 10 minutes before being fixed with 4% paraformaldehyde. After
permeabilization with 0.1% triton X100, cells were incubated with a specific primary antibody against
Cav-1 and subsequently with a fluorescent secondary antibody and Dapi to stain the nuclei. Images were
captured using a confocal microscopy.
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1.4. Caveolins and cavins, but not insulin signaling related genes, are regulated by

HIF-1.

The main mediator of hypoxia effects is the family of hypoxia inducible transcription
factor (HIF), of which 3 isoforms have been identified so far (HIF-1, HIF-2 and HIF-3).
HIF-1 has been related to the deleterious effect of hypoxia in the physiology of the
cells. Thereby, the regulatory role of HIF-1 in the expression of caveolin genes was
studied treating cells with 20 uM echinomycin, which strongly inhibits the binding of

HIF-1 to hypoxia response elements (HRE) in the DNA.

To validate the treatment, we measured the mRNA expression of Slc2al (GLUT1),
which is a known target gene for HIF-1. As expected, 24 and 48 hours of hypoxia
strongly increased the mRNA expression of S/c2al and the treatment with 20 uM
echinomycin reverted this effect to normoxia levels (P<0.001) in both situations (Fig

R11).

A B
10+ | EE | K | 10+
T T 1
§ 8 § s | o T
w w
28 28
— 6 — 5
EQ =3
™ @ D
[ ]
32 4 £ 9
n's wE
@ @
g 21 z 21
n L} L n L} L
Control Echinomycin Control Echinomycin Control Echinomycin Control Echinomycin
Nomoxia Hypoxia 24h Hormo xia Hypoxia 48h

Figure R11. Sic2al (GLUT1) gene is regulated by HIF-1 in 3T3-L1 adipocytes incubated in hypoxic
condition. 3T3-L1 adipocytes differentiated during 8 days were incubated with or without 20 uM
echinomycin in normoxia or hypoxia condition (1% 02) for (A) 24 or (B) 48 hours. GLUT1 (S/c2al) mRNA
expression was determined by RT-PCR. Cyclophilin (Ppia) gene was used as endogenous control for
normalization and the expression level was represented as fold change vs normoxia condition + SEM
(n=6). ***P<0.001.

As shown in Fig R12A, we observed a significant increase in Insr (IR) expression after 24
hours of hypoxia. Nevertheless, treatment with 20 uM echinomycin downregulated

the expression of this gene in both, normoxia and hypoxia conditions (P<0.001). On the
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other hand, hypoxia significantly reduced the mRNA expression of Akt2 (Akt/PKB;
P<0.001; Fig R12B). In this case, echinomycin downregulated Akt2 mRNA expression in
normoxia but it did not show any effect on the hypoxia-reduced expression (Fig R12B).
Hypoxia also reduced significantly Slc2a4 mRNA (GLUT4; P<0.05), whereas
echinomycin did not show any effect on this protein levels in normoxia, but was able
to restore the reduced mRNA expression of this gene observed under hypoxia

(P<0.001; Fig R12C).
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Figure R12. Insulin signaling intermediates expression is not regulated by HIF-1. 3T3-L1 adipocytes
differentiated during 8 days were incubated with or without 20 uM echinomycin in normoxia or hypoxia
condition (1% 02) for 24 hours. (A) Insulin receptor (Insr), (B) Akt/PKB (Akt2) and (C) GLUT4 (Sic2a4)
MRNA expression was determined by RT-PCR. Cyclophilin (Ppia) gene was used as endogenous control
for normalization and the expression level was represented as fold change vs normoxia condition + SEM
(n=6). * P<0.05, **P<0.01, ***P<0.001.

We then evaluated the role of HIF-1 in the regulation of Cav-1, Cav-2 and SDPR/Cavin-2
using the same experimental design. The mRNA expression of the three genes was
reduced by hypoxia and the inhibition of HIF-1 with echinomycin restored the

expression levels observed in normoxia (P<0.001; Fig R13).
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Figure R13. Caveolae structural proteins mRNA expression is regulated by HIF-1. 3T3-L1 adipocytes
differentiated during 8 days were incubated with or without 20 uM echinomycin in normoxia or hypoxia
condition (1% 02) for 24 hours. (A) Cav-1, (B) Cav-2 and (C) SDPR/Cavin2 mRNA expression were
determined by RT-PCR. Cyclophilin (Ppia) gene was used as endogenous control for normalization and
the expression level was represented as fold change vs normoxia condition + SEM (n=6). **P<0.01,
**¥*%p<0.001.

Considering previous results, which suggested that HIF-1 could regulate the expression
of the main structural proteins of caveolae, a bioinformatics analysis using the
TRANSFAC® professional database of the 5'-upstream sequence of Cav-1 was carried
out. The promoter analysis showed the presence of a consensus hypoxia response
element (HRE), located at -442 upstream TSS. A chromatin immunoprecipitation (ChIP)
assay was performed to evaluate the binding of HIF-1 to this HRE detected in the Cav-1
promoter sequence in 3T3-L1 adipocytes. Cells were cultured, differentiated for 8 days
and submitted to hypoxia during 48 hours, and finally total chromatin was extracted
after fixation. Chromatin bound to HIF-1 was immunoprecipitated and binding to the
Cav-1 HRE element analyzed was quantified by RT-PCR. The percentage of
immunoprecipitated chromatin normalized to the corresponding input chromatin is
represented in Fig R14. This figure shows a significant increase in the binding of HIF-1
to the analyzed HRE element in the Cav-1 promoter after 48 hours of hypoxia, which

was completely prevented by the treatment with 20 uM echinomycin (P<0.001).
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Figure R14. HIF-1 regulates Cav-1 mRNA expression through the binding to a hypoxia response
element (HRE) present in the Cav-1 gene promoter sequence. 3T3-L1 adipocytes differentiated during 8
days were incubated for 48 hours in normoxia or hypoxic condition with or without echinomycin, before
they were fixed with 4% paraformaldehyde and immunoprecipitated with antibodies specific for HIF-1.
The presence of a hypoxia response element in the Cav-1 gene promoter sequence was analyzed by RT-
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PCR in the immunoprecipitated DNA. Values were represented as the percentage of HIF-1 binding vs
input £ SEM (n=4). **P<0.01.

1.5. Hypoxia induces a substantially different gene expression pattern compared

to normoxia

We performed a gene expression array in order to gain insight into possible
mechanisms by which hypoxia could contribute to induce insulin resistance in 3T3-L1
mature adipocytes. To discriminate those hypoxia-regulated genes that could be
relevant, B values greater than 5 and fold change (FC) values greater than 1 and less
than -1 were considered to select genes for further analysis. Gene Ontology (GO)
enrichment analysis was then carried out to classify genes differentially expressed

according to their function.

GO Term P Value Gene symbol

Caveola 0.00022 Cav2, Lipe, Hmox1, Igflr, Atpla2, Sorbs1, Slc2al, Dic1, Atp1b3, Scarbl, Sdpr, Irs1, Bmpr2

Cend2, Kat2b, Nr1h3, Rps6kb1, Srebf1, Prkdc, Sorbs1, Stat1, Pik3r3, Pde3b, Dic1, Bcarl, Ucp2,

Cellular response to insulin stimulus = 0.00027 Apobect, Pik3r1, Ghr, Irs1

Carbohvd DG Slc2a4, Slc35b4, Rps6kb1, Slc35a5, Adipogq, Sorbs1, Aqp7, Slc2al, KIf15, Ednra, Scarbl, Irs1,
arbohydrate transport : Sort1, G630090E17Rik
Response to starvation 0.00414 Angptl4, Srebf1, Pfkfb1, Hspa5, Acads, Gabarapll, Adm, Gnpat, Acatl, Jun, Acadm, Bmpr2

1-phosphatidylinositol-3-kinase

L 0.00555 Pik3r3, Pik3r1
regulator activity

Eno2, Pgam1, Igf1, Ogdh, Pmm1, St3gal6, Adipoq, Gpd1, Man2a1l, Pcx, Sorbs1, Pfkfb1,

Cellular carbohydrate metabolic 0.00659 Dhtkd1, Idh1, Atf3, Pfkfb3, Dolpp1, Pck1, Aimp1, Coq3, Hépd, Rbks, Pgm1, Dgat2, Phka2,
process ’ Pygb, Ppip5k1, B3galt2, Cog7, Hk1, Pomt1, Pik3rl, Atf4, Gm1840, Mgat2, Irs1, Itpk1, Acadm,
Ppp1r3c

Table R1. Cellular processes affected in 3T3-L1 adipocytes after 48 hours of hypoxia determined by GO
enrichment analysis of the gene expression microarray results. Functional enrichment analysis of Gene
Ontology (GO) categories was carried out using standard hypergeometric test. P value indicates the
statistical significance of enrichment (n=4).

Selected genes and cellular processes are summarized in table R1. Differentially
expressed genes are involved in caveolae structure and function (13 genes), cellular
response to insulin stimulus (17 genes), carbohydrate transport (14 genes), response
to starvation (12 genes), 1-phosphatidylinositol-3-kinase regulator activity (2 genes)

and cellular carbohydrate metabolic processes (39 genes).
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From this group of 79 differentially expressed genes, 20 genes were upregulated by
hypoxia in 3T3-L1 mature adipocytes. Enolase 2 (Eno2), growth hormone releasing
hormone (Ghr), adrenomedullin (Adm) and GLUT1 (S/c2al) were the most significantly
upregulated genes, as shown in table R2. Interestingly, expression of insulin growth
factor 1 (Igf1) and its receptor (Igflir) were also increased by hypoxia with a significant

adjusted P value.

Genes logfC  adj.P.Val B

Eno2 3.424 6.05E-13 29.084
Ghr 3.422 5.41E-10 18.757
Adm 3.215 6.06E-11  22.483
Slc2a1 2.277  3.35E-11 24.114
Pgam1 2.083 6.98E-11 22.133
Hk1 1.547  2.22E-07 10.190
Jun 1.514 8.10E-09 14.839
Igfir 1.464  2.65E-09 16.397
lgf1 1.464 2.65E-09 16.397
Pmm1 1.448  2.85E-07  9.840
Itpk1 1.287 5.83E-09 15.293
Hspa5 1.230  3.236-07 9.681
Atf4 1.176  1.39E-08  14.055
Atf3 1172  1.24E-06  7.900
Hmox1 1.139 1.36E-07 10.867
Gm1840 1.124  4.36E-07 9.283
Aimp1 1.049  2.25E-08 13.365
Bcarl 1.043  6.57E-08 11.883
Pgm1 1.025 2.40E-07 10.085

Gabarapll  1.014  4.42E-07  9.267

Table R2. Upregulated genes related to caveolae structure and function and carbohydrate metabolism
in 3T3-L1 adipocytes after 48 hours of hypoxia. Adjusted p value was calculated with Benjamini-
Hochberg procedure. The Log Odds or B value is the odds or probability that the gene is differentially
expressed. Genes were selected as significant using criteria of B> 5 (n=4).

Hypoxia also induced a strong downregulating effect on gene expression. In the
biological processes selected after the GO enrichment analysis, the expression of 59
out of the 79 selected differentially expressed genes was significantly decreased after
48 hours of hypoxia (table R3). Among the genes more negatively affected by hypoxia
stand out genes related with glucose metabolism (B3galt2, Pckl1, Pfkfb1) and lipid
biosynthesis (Gpd1). Remarkably, genes directly related to insulin signaling (/rs1) and

caveolae structure (Sdpr) were also downregulated with a high value of fold change.
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Genes logfC adj.P.val B Genes logfC adj.P.val B Genes logfC adj.P.val B
B3galt2 -4.362 1.22E-08 14.223 Ppplr3c -1.772 5.73E-10 18.658 Ogdh -1.206 5.23E-09 15.482
Pck1 -4.174 1.37E-09 17.272 Kat2b -1.769 9.04E-10 17.972 Coq3 -1.190 4.72E-07 9.180
Pfkfb1 -3.566 1.28E-10 21.010 Ednra -1.639 9.75E-09 14.544 Srebf1 -1.166 6.53E-07 8.746
Gpd1 -3.506 3.35E-11 24.002 Pfkfb3 -1.638 1.30E-07 10.928 Ccnd2 -1.138 7.08E-09 15.047
Atpla2 -2.974  4.98E-10 18.916 G630090E17Rik -1.626 2.39E-08 13.284 Rps6kb1 -1.128 1.92E-08 13.601
Sdpr -2.972 7.07E-11 22.091 Acads -1.593 4.20E-09 15.799 Phka2 -1.115 9.73E-08 11.331
Pik3r3 -2.631 8.17E-11 21.709 Pik3r1 -1.572 6.82E-09 15.092 Hépd -1.092 1.14E-06 8.014
Irs1 -2.522 6.40E-09 15.170 Pomtil -1.534 1.07E-09 17.641 Dlc1 -1.092 5.71E-08 12.074
Stat1 -2.430 9.15E-10 17.953 Pygb -1.495 2.79E-10 19.662 Bmpr2 -1.076 7.90E-07 8.496
Sort1 -2.420 9.26E-10 17.929 Lipe -1.467 1.37E-09 17.276 Atplb3 -1.074 7.82E-09 14.900
Aqp7 -2.286 1.18E-07 11.060 St3gal6 -1.458 1.19E-06 7.960 Mgat2 -1.049 9.30E-07 8.284
Adipoq -2.185 3.35E-11 23.675 Cav2 -1.398 2.21E-09 16.645 Ucp2 -1.038 2.40E-07 10.088
KIf15 -2.028 8.84E-10 18.006 Ppip5k1 -1.372 1.12E-07 11.146 Scarbl -1.036 6.61E-09 15.131
Pcx -2.013 9.84E-11 21.397 Angptl4 -1.352 4.00E-08 12.570 Dhtkd1 -1.031 3.35E-07 9.631
Pde3b -1.986 8.17E-11 21.774 Sorbs1 -1.323 2.64E-07 9.955 Slc35b4 -1.027 1.74E-06 7.446
Dgat2 -1.939 6.06E-11 22.453 Prkdc -1.316 4.44E-09 15.728 Man2al -1.020 3.38E-08 12.807
Gnpat -1.863 7.92E-11 21.923 Nrih3 -1.247 6.59E-06 5.744 Dolpp1 -1.018 1.15E-08 14.312
Idh1 -1.839 9.13E-11 21.555 Slc35a5 -1.230 4.30E-07 9.301 Rbks -1.014 7.23E-06  5.629
Slc2a4 -1.811 2.06E-10 20.190 Apobecl -1.230 3.40E-08 12.798 Cog7 -1.008 8.78E-07 8.356
Acadm -1.780 1.28E-10 20.995 Acatl -1.226 8.20E-09 14.812

Table R3. Downregulated genes related to caveolae structure and function and carbohydrate
metabolism in 3T3-L1 adipocytes after 48 hours of hypoxia. Adjusted p value was calculated with
Benjamini-Hochberg procedure. The Log Odds or B value is the odds or probability that the gene is
differentially expressed. Genes were selected as significant using criteria of B> 5 (n=4).

The results of the expression array were validated by RT-PCR in 3T3-L1 adipocytes after
24 and 48 hours of hypoxia incubation. The determination of gene expression after 24
hours serves as an indication of the time course of hypoxia-regulation of the analyzed
genes. Selected genes for validation considered not only the insulin related genes, but
also genes involved in other processes importantly affected such as adipocyte

differentiation.

As shown in Fig R18, mRNA expression of adiponectin (Adipoq), phosphoinositide-3-
kinase regulatory subunit 3 (Pik3r3) and CCAAT/enhancer binding protein (Cbpa) were
significantly downregulated at 24 (P<0.001) and 48 hours of hypoxia (P<0.01).
Nevertheless, peroxisome proliferator activated receptor gamma (Pparg) expression
level remained unaltered after 24 hours of hypoxia and its expression only decreased

after 48 hours of hypoxia (P<0.01).
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Figure R18. Hypoxia downregulates the mRNA expression of genes related to adipocyte differentiation
and insulin sensitivity. 3T3-L1 preadipocytes were treated with the differentiation hormonal cocktail for
8 days and incubated in normoxia or hypoxia condition (1% 02) for (A) 24 or (B) 48 hours. Adiponectin
(Adipogq), Phosphatidylinositol 3-kinase regulatory subunit gamma (Pik3r3), PPAR-y (Pparg) and CEBPa
(Cbpa) mRNA expression were determined by RT-PCR. Cyclophilin (Ppia) gene was used as endogenous
control for normalization and the expression level was represented as fold change vs normoxia
condition = SEM (n=6). * P<0.05, **P<0.01, ***P<0.001.

2. Effect of intermittent hypoxia in mouse white adipose tissue.

Obesity is often associated with the development of obstructive sleep apnea (OSA).
OSA is characterized by chronic intermittent hypoxia (IH) due to repetitive upper
airway collapses during sleep. IH is thought to be related to OSA-associated metabolic
alterations, such as insulin resistance and type 2 diabetes. For this reason, we
evaluated the effect of intermittent hypoxia in the caveolae structure using an animal
model. Epididymal fat tissue and carotids from C57BL/6 mice exposed to either IH
(FiO2 21-5%, 1 min cycle, 8 h/day) or normoxia conditions for 14 days were used for
the analysis. Pictures obtained by electronic microscopy showed that mice submitted
to IH for 14 days experienced reduced caveolae density in plasma membrane in the
carotids (P<0.05), adipose tissue (P<0.05) and in the periaortic adipose tissue (P<0.01;
Fig R19).
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Figure R19. Intermittent hypoxia during 14 days reduces caveolae density in (A) carotid, (B) adipose
tissue and (C) Periaortic adipose tissue of mice. Caveolae density was determined by transmission
electronic microscopy. The density of caveolae in plasma membrane of around 20 pictures of each
condition and tissue were quantified using imagelJ software. (Normoxia, n=4; Intermittent hypoxia, n=3).
* P<0.05, **P<0.01.
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Thereafter, total RNA was extracted from the adipose tissue of the mice submitted to
intermittent hypoxia and mRNA expression of caveolins and cavins were measured by
RT-PCR. The expression of Sdpr, which encodes the protein SDPR/Cavin-2, was
significantly reduced (P<0.05) after 14 days of intermittent hypoxia (Fig R20). The
expression of Cav-1, Cav-2 and Ptrf/Cavin-1 was also reduced but did not reach
significant differences probably due to an insufficient number of animals used for the

experiment (n=3).
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Figure R20. Intermittent hypoxia for 14 days reduces mRNA expression of SDPR/Cavin-2 in white
adipose tissue. C57BL/6 mice were submitted to intermittent hypoxia (8 h/day, cyclic 21-5% FiO2, 60s
cycle) for 14 days. White adipose tissues were then removed and total RNA was extracted. Cav-1 (Cav-
1), Cav-2 (Cav-2), SDPR/Cavin-2 (Sdpr) and PTRF/Cavin-1 (Ptrf) mRNA expression were determined by
RT-PCR. Acidic ribosomal phosphoprotein PO (36B4) gene was used as endogenous control for
normalization and the expression level was represented as fold change vs mice maintained in normoxia
condition (Normoxia, n=4; Intermittent hypoxia, n=3). * P<0.05.

The intermittent hypoxia condition used for the previous experiment mimics a mild
sleep apnea without considering other factors such as obesity or insulin resistance. For
this reason, mRNA was also extracted from the white adipose tissues of mice
submitted to IH for 4 weeks, which represents a severe sleep apnea leading to
significant and measurable alterations. Mice subjected to this extreme condition
showed an important downregulation of cavin genes, Sdpr and Ptrf (P<0.01), and Cav-2
(P<0.05; Fig R21). These results point to cavins as mediators in the dysregulation of

caveolae as a consequence of chronic intermittent hypoxia.
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Figure R21. Expression of cavins and Cav-2 genes are downregulated in adipose tissue of mice
submitted to intermittent hypoxia. C57BL/6 mice were submitted to intermittent hypoxia (8 h/day,
cyclic 21-5% FiO2, 60s cycle) for 4 weeks. White adipose tissues were then removed and total RNA was
extracted. Cav-1 (Cav-1), Cav-2 (Cav-2), SDPR/Cavin-2 (Sdpr) and PTRF/Cavin-1 (Ptrf) mRNA expression
were determined by RT-PCR. Acidic ribosomal phosphoprotein PO (36B4) gene was used as endogenous
control for normalization and the expression level was represented as fold change vs mice maintained in
normoxia condition (Normoxia, n=4; Intermittent hypoxia, n=4). * P<0.05, ** P<0.01.

3. Effect of hypoxia in the caveolae structure of human aortic endothelial cells.

It is well known that insulin is able to induce vasodilatation by activating endothelial
nitric oxide synthase (eNOS) in endothelial cells (EC) mainly through the PI3K/PKB
pathway (Fisslthaler et al., 2003).

In order to evaluate the insulin response of primary HAoEC (Human Aortic Endothelial
Cells), these cells were stimulated with 100 nM insulin for 10 minutes. After this time,
cells were harvested and the phosphorylation of insulin receptor was determined by
western blot. As shown in Fig R22, IRB phosphorylation was significantly increased due

to insulin stimulation (P<0.01).
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Figure R22. Insulin induces insulin receptor phosphorylation in primary human aortic endothelial cells.
Human aortic endothelial cells (HAOEC) were grown until confluence and stimulated with 100 nM insulin
for 10 minutes. Cells were then lysed and phospho-IRB protein expression was determined by western
blot. Values were normalized with total IRB and means of fold change vs normoxia condition * SEM
were represented (n=4). **P<0.01.

Previous results have shown that caveolae density in adipocyte plasma membrane is
reduced by hypoxia (Regazzetti et al., 2015). Taking into account that EC, like
adipocytes, are also enriched in caveolae and the lack of evidence showing the hypoxia
effects on caveolae in this cell type, we submitted primary HAOEC to hypoxia (1% O2)
for 16 hours to investigate its effect on caveolae. The density of caveolae in the plasma
membrane of HAOEC incubated in normoxia and hypoxia was determined by
transmission electronic microscopy (TEM). Fig R23 shows that hypoxia strongly
reduced the number of caveolae per micrometer of plasma membrane compared with

the same cells incubated in normoxia (P<0.001).
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Figure R23. Hypoxia induces the loss of caveolae in HAOEC plasma membrane. Cells were incubated in
normoxia or in hypoxia (1% 02) for 16 hours. Caveolae structures were identified by transmission
electronic microscopy. The density of caveolae in plasma membrane of around 20 pictures of each
condition and tissue were quantified using imagel software. Quantification is expressed as number of
caveolae per micrometer of plasma membrane (PM) (n=4). ***P<0.001.

Due to this result, we performed an IF study to determine the location of Cav-1 and
PTRF/Cavin-1 in the HAOEC cells exposed to hypoxia. Interestingly, the incubation of
HAOEC in hypoxia seemed to produce an accumulation of Cav-1 in the nucleus which
was not observed in cells incubated in normoxia condition (Fig R24). However
PTRF/Cavin-1 is expressed in the nucleus in both, normoxia and hypoxia conditions.
This result was expected since this protein was first described as a factor in ribosomal

RNA transcription (Fig R24).

Normoxia Hypoxia 16h (1%0,)

Cav-1

PTRF/Cavin-1

Figure R24. Cav-1 and PTRF/Cavin-1 are accumulated in the nucleus after 16 hours of hypoxia (1% 02).
Immunofluorescence of endogenous caveolin-1 (upper panel) and PTRF/Cavin-1 (lower panel). Bar scale
is 10 mm.
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DISCUSION
1. Effect of hypoxia in the 3T3-L1 differentiation process

One of the features of obesity is the hypertrophy and hyperplasia of adipocytes which
leads to reduced levels of oxygen within adipose tissue. It is well known that hypoxia
induces a dysregulation of adipocyte physiology, including increased expression and

secretion of proinflammatory adipokines and altered glucose and lipid metabolism.

To investigate the contribution of hypoxia to the development of insulin resistance in
adipocytes, we used the 3T3-L1 cell line model. These cells are one of the most well
characterized and robust models to study the molecular events of adipocyte
differentiation. Confluent 3T3-L1 preadipocytes are normally differentiated into
adipocytes in a synchronized way. At confluence, the cell-cell contact induces the
expression of very early adipocyte differentiation markers, including lipoprotein lipase
(LPL) and type VI collagen (A2COL6) (Ntambi and Kim, 2000). The addition of a defined
adipogenic cocktail composed by the glucocorticoid dexamethasone (Dex), the growth
factor insulin, the phosphodiesterase inhibitor isobutilmethylxanthine (IBMX) and fetal
bovine serum (FBS), is needed to trigger a transcriptional cascade responsible for the
formation of mature adipocytes. Within 1 hour after the addition of the cocktail, there
is an increase in the expression of c-fos, c-jun, junB, c-myc and CCAAT/enhancer
binding proteins (C/EBP) B and 6, and cells undergo a postconfluent mitosis and
subsequent growth arrest (Bernlohr et al., 1985). After removal of IBMX and Dex from
the culture medium, expression of C/EBP& dissipates over the subsequent 48 h,
whereas the decline of C/EBP is observed around day 8. The activity of C/EBPB and &
induces the expression of peroxisome proliferator-activated receptor y (PPARy) (Clarke
et al., 1997; Wu et al., 1995) and C/EBPa, which have been identified as responsible for
terminal differentiation through the transcription of many genes involved in the
development and maintenance of the adipocyte phenotype (Gregoire et al., 1998).
Finally, among the markers of adipocyte differentiation, and as a result of the action of
the transcription factors commented before, there is caveolin-1 (Cav-1), whose mRNA
is strongly induced between days 2 and 4 of 3T3-L1 adipocyte differentiation and
exhibits a similar pattern of induction during differentiation as the mRNAs encoding IR

and GLUT4 (Scherer et al.,, 1994). Our group has previously demonstrated that
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expression of Cav-1, one of the main proteins of caveolae, is enhanced during 3T3-L1
adipogenesis and can be regulated by epigenetic mechanisms (Palacios-Ortega et al.,

2014).

In this project we show that hypoxia strongly inhibits the differentiation process of
3T3-L1 adipocytes, demonstrated by the strong reduction of triglyceride accumulation
and the subsequent absence of lipid droplets in the cytoplasm (Fig R2). This result is
positively correlated with an increase of the HIF-1 expression (Fig R1), suggesting the
involvement of this transcription factor in the inhibitory mechanism of adipogenesis in
3T3-L1 cells. In this sense, it has been previously reported that HIF-1 represses PPARy2
promoter activation through the induction of the DEC1/Stral3 target gene, a member
of the Drosophila hairy/Enhancer of split (HES) (Yun et al.,, 2002). Furthermore, in
differentiated human preadipocytes, acute exposure to hypoxia (3% O;) during 24
hours inhibits LPL activity (Mahat et al., 2016), one of the earliest markers of adipocyte
differentiation. Very recently, other group, using an experimental model similar to
ours, also observed that incubation of 3T3-L1 preadipocytes in 1% O, during the
differentiation process reduced the expression of adipogenesis markers and inhibited
the formation of lipid droplets, as well as diminished lipogenesis, which dropped by
43% (Weiszenstein et al., 2016). Moreover, this work also supports the role of HIF-1 in

the inhibitory effect of hypoxia over adipogenesis.

In our study, incubation of mature 3T3-L1 adipocytes in hypoxia during 48 hours also
reduces the triglyceride content of the cells compared to the control group (Fig R5).
This result could be easily explained by the well-known lipolytic effect of hypoxia
(Trayhurn, 2014). One of the mechanisms proposed for the hypoxia-induced lower
levels of fatty acid in adipocytes in vivo is the inhibition of LPL activity, which promotes
the hydrolysis of dietary triglycerides and the subsequent uptake of fatty acids within
adipocytes (Dijk et al., 2016; Mahat et al., 2016). It has been demonstrated that the
hypoxia-induced gene angiopoietin-like protein 4 (ANGPTL4) promotes LPL
degradation and inactivation (Dijk et al., 2016; Gonzalez-Muniesa et al., 2011;
Makoveichuk et al., 2013). However, in our in vitro cell culture model this mechanism
should not be very relevant, since the culture medium do not constitute an important

triglyceride source. Besides the impaired lipid uptake in adipocytes induced by
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hypoxia, recent evidence in human visceral adipose tissue suggests that a lower
pressure of oxygen downregulates the expression level of genes involved in de novo
lipogenesis (Garcia-Fuentes et al., 2015). These data confirm that the reduced levels of
triglycerides observed in 3T3-L1 adipocytes after 48 hours of hypoxia are at least

partially due to both the increase of lipolysis and the inhibition of de novo lipogenesis.
2. Effect of hypoxia on the structure and function of caveolae in 3T3-L1 cells

Several studies have been performed in order to elucidate the role of Cav-1 in cell
function, but they are mostly focused on cancer. Studies in different types of cancer
expressing a hypoxic profile have shown that Cav-1 is upregulated and associated with
larger tumor size, higher tumor grade and stage, resistance to conventional therapies,
and poor prognosis (Bourseau-Guilmain et al., 2016; Campbell et al., 2003; Karam et
al., 2007; Shen et al., 2008; Wang et al., 2012). In contrast, there exists also evidence in
this field suggesting that Cav-1 could be downregulated during hypoxic condition in
gastric (Kannan et al., 2014), colon or ovarian carcinoma cells (Bender et al., 2000;
Wiechen et al., 2001), among others. On the other hand, it is well recognized that
adipocyte is the cell type where caveolae are more abundant. The regulation of this
specialized invagination in adipose tissue under hypoxia is not well understood, and
limited studies regarding this point have been published. In this context, Regazzetti
and colleagues observed in 3T3-L1 adipocytes that hypoxia, through a HIF-1 dependent
mechanism, downregulates the expression of cavins 1 and 2, which are necessary for
the biogenesis of caveolae. Therefore, these cells showed a reduced number of
caveolae in its plasma membrane compared with the control cells (Regazzetti et al.,

2015).

In this work, we have observed that Cav-1 mRNA and protein levels are downregulated
in both hypoxic models assayed: 3T3-L1 adipocytes differentiated in hypoxia (Fig R4),
and mature adipocytes incubated in hypoxia for 48 hours (Fig R9). We have also found
that Cav-2 and SDPR/Cavin-2 genes are downregulated in 3T3-L1 adipocytes cultured
under hypoxia for 48 hours (Fig R9). This inhibitory role of hypoxia over the caveolae
components suggests that its structure could be compromised. This idea is supported
by the disruption observed in the typical Cav-1 localization in adipocyte plasma

membrane after 48 hours of hypoxia, determined by immunofluorescence (Fig R8).

83



Discusion

Furthermore, the results obtained using echinomycin, a drug able to block HIF-1
binding to its HRE in the DNA, suggest that the expression of the main caveolae
components are directly regulated by HIF-1. 3T3-L1 adipocytes treated with
echinomycin during the incubation in hypoxia for 24 hours exhibit a rise in the
expression levels of Cav-1, Cav-2 and SDPR/Cavin-2, compared to the same cells
incubated in hypoxia without echinomycin (Fig R13). The idea of a HIF-1-dependent
mechanism had been postulated previously by Regazzetti et al for cavin-1 and cavin-2.
In this study, we show that expression of caveolins 1 and 2 might also be regulated by
this mechanism under hypoxia. In addition to the data obtained with echinomycin, we
also demonstrate by ChIP analysis the binding of HIF-1 to an HRE previously identified
in the mouse Cav-1 promoter sequence by a bioinformatic analysis. This was confirmed
in cells pretreated with echinomycin, which abolishes HIF-1 binding to DNA (Fig R14).
This result represents the first experimental evidence of Cav-1 as a target gene for HIF-
1 in adipocytes. Results obtained by Wang et al, support our observation but in human
renal carcinoma cells (Wang et al., 2012). They identified a possible HRE in the Cav-1
human promoter sequence and, using two approaches, electrophoretic mobility shift
assay (EMSA) and ChIP, demonstrated the binding of HIF-1 and HIF-2 to this element.
Also, a genome-wide identification of HIF binding sites by a probabilistic model
integrating transcription-profiling data and in silico binding site prediction, predicted

Cav-1 as one of the 216 HIF-target genes (Ortiz-Barahona et al., 2010).

The sustained hypoxia studied in this work mimics, in a certain way, the low oxygen
levels experimented by adipose tissue due to its expansion in obesity. However, this
tissue could also be affected by other pattern of hypoxia such as intermittent hypoxia
(IH). This cyclical pattern of reduced oxygen levels followed by reoxygenation is
characteristic in patients suffering of obstructive sleep apnea (OSA), a highly prevalent
comorbidity in obesity. To study the effect of this kind of hypoxia, the group of Arnaud
et al (Poulain et al., 2015) kindly provided us samples of adipose tissue obtained from
mice submitted to IH, which mimics the one experimented by OSA patients during the
night. The results obtained in this work suggest that a mild IH (for 14 days) in mice
produces a loss of caveolae in the plasma membrane of adipose tissue and in the

carotids (Fig R19). This was accompanied by a significant downregulation of
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SDPR/cavin-2, but not of the other cavins and caveolins genes (Fig R20). Other
investigations have shown that the deletion of SDPR/cavin-2 is able to induce loss of
endothelial caveolae in lung and adipose tissue (Hansen et al., 2013). Nevertheless, our
results are still preliminary, due to the limited sample size used in the experiment and
the lack of data about protein expression levels and cell localization of the caveolae
components. Conversely to most of the patients suffering OSA, who also experiment a
mild intermittent hypoxia, the mouse model that we have used, lacks other associated
deleterious factors, including obesity or genetic vulnerability. This could be the reason
for the absence of measurable alterations in the expression profile of caveolae protein
components observed in these mice (Fig R20). We therefore evaluated the expression
of caveolins and cavins using samples of adipose tissue from mice submitted to a
longer IH (4 weeks) resulting in a more severe condition. In these mice, the expression
of Cav-2, PTRF/cavin-1 and SDPR/cavin-2 is clearly downregulated. However, the
expression of Cav-1 remains stable (Fig R21). These results are also preliminary and it is
necessary to look in-depth into the implications of this expression pattern,

consequence of |H, for caveolae structure and function.
3. Effect of hypoxia on the structure and function of caveolae in endothelial cells

Hypoxia is not restricted to adipose tissue and affects other tissues in different ways.
In this sense, obesity could produce sleep disorders such as the obesity
hypoventilation syndrome, which limits O; availability in the blood flow producing
general hypoxia. Other situations include chronic obstructive pulmonary disease
(COPD), interstitial lung diseases, chronic exposure to high altitude and some rare
neonatal diseases that are associated with the appearance of hypoxia (Ghofrani et al.,
2006). All these conditions induce, through different mechanisms, the development of
endothelial cell dysfunction, which may lead to vascular problems such as pulmonary
and systemic hypertension (Chan and Vanhoutte, 2013; Lévy et al., 2008). Taking all
this information into account, together with the fact that endothelial cells are one of
the cell types with a higher density of caveolae in their membranes, and the well-
established regulatory role of caveolins and caveolae in endothelial nitric oxide
synthase (eNOS) localization and NO production, we have analyzed the effect of

hypoxia on caveolae density in the plasma membrane of human aortic endothelial
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cells. We observed a significant decrease of caveolae density in the plasma membrane
after 16 hours of hypoxia (Fig R23). Interestingly, immunofluorescence staining shows
that hypoxia induces the migration of both Cav-1 and PTRF/Cavin-1 from the plasma
membrane to the nucleus (Fig R24). Despite that, these results are still preliminary and
further studies are necessary to analyze in-depth this effect. For example, mobilization
of crucial proteins involved in the structure of caveolae could result in the loss of
integrity of these invaginations and explain the results observed with electron
microscopy. Disruption of endothelial caveolae has been previously reported as a
mechanism for the aberrant endothelium-dependent relaxation and contractility, and,
therefore, for the proper maintenance of the myogenic tone (Je et al., 2004). These
impairments course with eNOS uncoupling and the consequent imbalance in NO

production and calcium signaling (Xu et al., 2007).

On the other hand, Cav-1 mobilization to the nucleus was rather surprising, since Cav-1
is a well-known plasma membrane protein. Chretien A et al reported the increased
expression of cytoplasmic and nuclear Cav-1 during establishment of H,0,-induced
premature senescence in fibroblasts (Chrétien et al., 2008). Nevertheless, PTRF/Cavin-
1 was initially discovered in the nucleus participating in the mechanism of transcription
termination by RNA polymerase | (Pol ) (Jansa et al., 1998). Recent results suggest that
PTRF could collaborate with Cav-1 in cellular senescence in fibroblasts through its
targeting to caveolae (Bai et al., 2011). Nonetheless, PTRF translocation to the nucleus
in response to metabolic challenges, including the compromise in nutrient availability
and insulin stimulation, has been recently described in adipocytes (Liu and Pilch, 2016).
In this case Cav-1 remains in the plasma membrane, since cells still respond to insulin
or nutrient changes; however, we have seen that in hypoxia insulin signaling is
compromised. Hypoxia seems to induce a senescent phenotype in human
mesenchymal stem cells, confirmed by the expression of the senescence-associated
beta-galactosidase (SA-B-gal) only expressed in senescent cells (Kim et al.,, 2016).
Moreover, hypoxia reduces cellular energy supply and represents a metabolic stress
(Mekhail et al., 2006) that, at least acutely, could be mediated by both PTRF/cavin-1

and Cav-1 in the nucleus. The possible effect of Cav-1 on the role of PTRF/cavin-1 in
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rRNA transcription in the nucleus in endothelial cells under hypoxia is something that

needs to be addressed more deeply and further experiments are necessary.
4. Effect of hypoxia on caveolin-1 phosphorylation

As mentioned in the introduction, Cav-1 displays two main functional domains: the
tyrosine 14 (Y14) phosphorylation site and the oligomerization domain that also
contains the scaffolding domain. This phosphorylation could be catalyzed mainly by Src
kinase, but other kinases including Fyn, Yes and c-Abl have also been implicated,
through a chronic or punctual effect in response to growth factor treatment or integrin
activation (Boscher and Nabi, 2012). It is well established that insulin induces the
phosphorylation of Cav-1 on this Y14 residue. In this work, we observe that hypoxia
completely abolishes the insulin-induced phosphorylation of the Y14 residue of Cav-1
in mature 3T3-L1 adipocytes (Fig R9B). Previous reports of our group showed a positive
correlation between reduced insulin sensitivity and the decrease of Cav-1
phosphorylation in this cell type (Palacios-Ortega et al., 2014, 2015). Moreover, it is
well known that Cav-1 is directly phosphorylated by the tyrosine kinase activity of the
IR after insulin stimulation, promoting its activation and the subsequent signal
transduction leading to the translocation of GLUT4 to the adipocyte plasma membrane
(Yamamoto et al., 1998). In agreement with all these observations, we have found that
hypoxia significantly reduces insulin-stimulated glucose uptake (Fig R7A) and also

GLUT4 expression (Fig R6C).
5. Hypoxia as an important factor for insulin resistance development

Other aim of this work was to study the effect of hypoxia on insulin signaling and the
importance of the caveolae in this process. Our results show that differentiation of
3T3-L1 adipocyte under hypoxia suppresses the expected increase of gene expression
of IR (Insr), Akt2 (Akt2) and GLUT4 (S/c2a4), and also of the protein level of IR (Fig R3).
Since one of the main functions of insulin is the synthesis of triacylglycerols (Czech et
al., 2013), constituting the most important adipogenic stimulus added to the
differentiation cocktail, it is expected that the decay in expression of IR, both at mRNA
and protein level, throughout the differentiation process, would contribute to the

reduced fat storage observed in the hypoxic 3T3-L1 adipocytes (Fig R2).
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In mature 3T3-L1 adipocytes, hypoxia incubation for 48 hours induces a significant
downregulation of all mediators of the insulin pathway analyzed: IR, Akt and GLUT4
(Fig R6A). We also observe the absence of IR phosphorylation after insulin stimulation
when the adipocytes are incubated at low O; levels compared to those incubated in
normoxia (Fig R6B). These results correlate well with the downregulation of the
caveolae-related proteins analyzed. A strong line of investigation has established the
importance of caveolae in the insulin signaling transmission. Yamamoto et al have
shown that the CSD of Cav-1 interacts directly with caveolin-binding motifs that exist in
the IR (Yamamoto et al., 1998). Moreover, cholesterol depletion using B-cyclodextrin
treatment in primary adipocytes isolated from rats, induced the loss of caveolae
invaginations, attenuating IR signaling and glucose transport (Gustavsson et al., 1999;
Parpal et al.,, 2001). Insulin signaling was rescued by spontaneous recovery or by
exogenous replenishment of cholesterol, suggesting that IR is dependent on the
caveolae environment for a successful signal transmission (Gustavsson et al., 1999). On
the other hand, the effect of hypoxia on caveolae integrity and its consequences for
the insulin pathway have been addressed previously. Regazzetti et al. observed an
important downregulation of insulin signaling mediators after acute hypoxia on 3T3-L1
adipocytes (Regazzetti et al., 2009). A few years later, the same group proposed that
the caveolae disappearance is produced by the reduced levels of cavin-1 and 2, as a
new mechanism for the development of insulin resistance in both human and 3T3-L1
adipocytes (Regazzetti et al., 2015). Taking all these data into account, together with
the reduction in caveolae density we have observed in adipose tissue submitted to
intermittent hypoxia (Fig R19), and in HAOEC cells submitted to continuous hypoxia
(Fig R23), our results suggest that the hypoxia-induced disruption of caveolae in the
plasma membrane of 3T3-L1 adipocytes could be behind the general downregulation

of the insulin signaling pathway.

One of the main final effects of insulin signaling in adipocytes is the translocation of
the glucose transporter GLUT4 from the internal glucose storage vesicles (GSV) to the
plasma membrane. As previously described, we observe an enhanced basal glucose
uptake independent of insulin stimulation after 48 hours of hypoxia (Fig R7A). The

alterations of the glucose uptake pattern observed in the 3T3-L1 adipocytes are
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consistent with the changes in the expression profile obtained for the glucose
transporters GLUT1 and GLUT4 (Fig R6C). On one hand, the important increase in basal
glucose uptake is probably due to the upregulation of GLUT1, a facilitative glucose
transporter independent of insulin, that has a 184 bp hypoxia-responsive element
(HRE) in the promoter (Hayashi et al., 2004). On the other hand, the loss of insulin-
stimulated glucose uptake (Fig R7A) is probably a consequence of the downregulation
of GLUTA4. In this context, previous studies in adipocytes have shown that, following
48-h or longer exposure to hypoxia, there is a marked fall in GLUT4 gene expression
and a loss of GLUT4 protein (Wood et al., 2009). In the same line, results obtained
from the immunofluorescence staining suggest that hypoxia impairs the insulin-
stimulated GLUT4 translocation to the plasma membrane of 3T3-L1 adipocytes, as
shown by the diffuse signal observed in this group of cells when compared to controls
in normoxia (Fig R8). In this sense, we have not been able to find previous reports
supporting the effect of hypoxia on GLUT4 translocation. However, in normoxia, it has
been described that knockdown of HIF-1a expression in myocytes results in abrogation
of insulin-stimulated glucose uptake associated with impaired mobilization of GLUT4 to
the plasma membrane (Sakagami et al., 2014). Taking into account that HIF-1 is the
main mediator of the molecular response to hypoxia, and that we have shown that
Cav-1 gene can be a direct target for this transcription factor, we addressed the
hypothesis that HIF-1 could also be responsible for the effects observed in insulin

signaling under hypoxia.

To face this question, we treated 3T3-L1 adipocytes with LW6, a small molecule that
inhibits the accumulation of HIF-1a via upregulation of VHL protein expression, and
therefore promoting the degradation of this transcription factor (Lee et al., 2010).
However, LW6 seems to have a direct effect enhancing the sensitivity of insulin-
stimulated GLUT4 mediated glucose uptake, since it is patent both in normoxia and in
hypoxia conditions (Fig R7A). On the other hand, basal glucose uptake, principally
mediated by GLUT1, whose expression is upregulated in hypoxia, is not reduced by
LW6 (Fig R7A). It is well known that GLUT1 is the main responsible for basal glucose
uptake in adipocytes; however, GLUT3 is also involved in this function and it has been

reported to be upregulated by hypoxia in human adipocytes (Wood et al., 2007).
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Moreover, knockdown of GLUT3 with siRNA significantly reduced myocyte glucose
uptake (Copland et al.,, 2007). However, the mechanism for the hypoxia-induced
upregulation of GLUT3 is unknown and the role of HIF-1 in this mechanism is
uncertain, although a putative HRE, that could be critical in GLUT3 promoter activity,
has been described (Yu et al., 2012). In this sense, further studies are required in order
to elucidate the participation of this glucose transporter in basal uptake of glucose in
3T3-L1 adipocytes and whether GLUT3 might be involved in the upregulation of non-

insulin-mediated sugar transport by a HIF-1 independent mechanism.

Since LW6 is defined as an indirect HIF-1 inhibitor and in our case it did not show any
effect on hypoxia-induced GLUT1 activity, we designed experiments using
echinomycin, which reduces directly HIF-1 transcriptional activity by blocking its
binding to DNA, in order to assay the effect of this transcription factor on the
expression of several insulin signaling mediators. We first measured the expression of
Slc2al gene (GLUT1) in adipocytes incubated under hypoxia and treated with
echinomycin. As expected, Slc2al expression was increased in the hypoxic cells after
24 and 48 hours of treatment, and echinomycin abolishes this effect (Fig R11).
Furthermore, echinomycin treatment restores the expression of Slc2a4 (GLUT4)
diminished by 24 hours of hypoxia compared to their counterpart hypoxic
echinomycin-free adipocytes (Fig R12C). These results support the role of HIF-1 in the
altered glucose uptake pattern observed in hypoxia through the expression of both

Slc2al and Sic2a4.

We also determined the expression of other insulin signaling mediators under hypoxia,
with or without previous treatment of the cells with echinomycin. A previous work
from Regazzetti and colleagues did not observe changes in the expression levels of Insr
(IR) after 16 hours of hypoxia in adipocytes (Regazzetti et al., 2009). However, in our
experiment we submitted 3T3-L1 adipocytes to 24 hours of hypoxia slightly inducing
the expression of Insr (IR), but reducing the mRNA expression of Akt2 significantly (Fig
R12B). On the other hand, echinomycin decreases the expression of Insr and Akt2 in
normoxia and /nsr in hypoxia. Therefore, in this case the hypoxia-dependent effect on
the insulin signaling intermediates does not seem to be mediated by HIF-1, since

echinomycin is not able to revert them. In this regard, although echinomycin is a
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potent inhibitor of HIF-1 binding to DNA, it also interferes with the activity of other
transcription factors, including Sp1 (Vlaminck et al., 2007), which has been involved in

the transcriptional regulation of, for example, IR (Costa et al., 2008; Foti et al., 2003).

The hypoxia-induced increase in Insr and decrease in Akt2 expression is difficult to
explain, since both effects seem contradictory in relation to insulin signaling
transmission. They may be part of a delayed response to low oxygen concentration,
considering also that Akt is involved in a variety of different signaling pathways, such

as inflammation or oxidative stress responses.
6. Gene expression profile induced by hypoxia

In order to elucidate new mechanisms involved in the response to hypoxia, we have
performed a gene expression array in search for genes with differential expression in
3T3-L1 adipocytes incubated under hypoxia for 48 hours. The Gene Ontology (GO)
enrichment analysis leads to 6 categories related to insulin response and
carbohydrates metabolism (Table R1). The most significant category of genes
corresponds to those related to caveolae. Some of these gene expression changes
have been validated by RT-PCR in this work, including the downregulation of Cav-2 and

Sdpr and the upregulation of Slc2al.

In the microarray, the gene with the highest level of upregulation is enolase 2 (Eno2)
(Table R2). There are no reports about the role of Eno2 in adipocytes, except a recent
work in human Simpson-Golabi-Behmel syndrome (SGBS) adipocytes, which also
overexpressed this gene in response to hypoxia. The authors identified a HRE in the
Eno2 promoter suggesting that HIF-1 might be responsible for Eno2 mRNA
upregulation in human adipocytes (Leiherer et al., 2014). Since Enol, the isoform of
enolase expressed mainly in cancer cells, participates in anaerobic glycolysis
contributing to the Warburg effect (Fu et al., 2015), perhaps Eno2 could contribute to
the adaptation of adipocytes to the hypoxic environment in obesity. Other interesting
genes strongly upregulated by hypoxia include growth hormone releasing hormone
(Ghrh) and insulin-like growth factor 1 (/gf1) and its receptor, Igfir (Table R2). In
regard to this, it is well established that growth hormone (GH) hypersecretion is

positively correlated with the development of insulin resistance (Rose and Clemmons,
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2002). When GH is secreted in excess, it acts directly to block insulin signaling, inducing
resistance to stimulation of downstream molecules, such as insulin receptor substrate-
1 (IRS-1) and PI3K, which are important for glucose transport in muscle and fat and for
the inhibition of hepatic gluconeogenesis (Clemmons, 2004). Moreover, Clemmons et
al. reviewed the relation between IGF-1 secretion and GH and pointed out that GH
regulates IGF-1 concentrations inducing cell growth (Clemmons, 2004). GH also plays
an important role in cell surviving in periods of food deprivation, stimulating lipolysis
and inhibiting insulin-induced suppression of hepatic gluconeogenesis (Sakharova et

al., 2008).

An interesting gene that is strongly downregulated by hypoxia is sortilin (Sort1) (Table
R3). This gene has been investigated as an essential component of the GSVs, being
responsible not only for the formation of vesicles, but also for their insulin
responsiveness (Huang et al., 2013; Shi and Kandror, 2005). Sort1 downregulation by
hypoxia could be part of the underlying mechanism for the absence of insulin-induced

GLUT4 translocation in 3T3-L1 adipocytes observed in our study (Fig R8).

In accordance with these results, 3T3-L1 adipocytes incubated in hypoxia also show
downregulation of genes involved in the insulin signaling pathway, including Irs1,
Slc2a4 and the subunit regulators of Pi3K: Pik3r3 and Pik3r1 (Table R3). Furthermore,
the expression of adiponectin (Adipoq) is also downregulated in response to hypoxia
(Table R3). This adipokine is a known insulin sensitizer hormone, and its lower
expression has been pointed out as one of the main effects that contribute to the
development of insulin resistance in adipose tissue of obese patients (Trayhurn, 2014).
In this sense, it was previously reported that adiponectin expression was upregulated
in adipocytes from knockout mice with HIF1l-deficient adipose tissue, which was

associated with amelioration in obesity and insulin resistance (Jiang et al., 2011).

The gene expression changes observed throughout this work, including upregulation of
Slc2al and downregulation of the caveolae-related genes Sdpr, Cav-2 and Slc2a4,
contribute to validate the results obtained in the differential expression array. In
addition to that, we have analyzed by RT-qPCR the expression of four additional genes
revealed as differentially expressed in hypoxia in the microarray experiment: the

above mentioned Adipoqg and Pik3r3, plus Pparg and Cbpa, which were selected since
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they are directly involved in adipocyte differentiation, a process that, as discussed
earlier in this work, is strongly affected by hypoxia. The expression of all these genes,
which was reduced in the array experiment, was analyzed after 24 and 48 hours of
hypoxia. All these genes resulted significantly downregulated after 48 hours of
hypoxia, confirming the array results (Fig R18B). As a matter of fact, 24 hours of lower
oxygen levels were enough to downregulate the expression of all these genes except

Pparg, whose expression remained stable after this time (Fig R18A).
7. Strengths and limitations

This work provides new clues for the molecular mechanisms induced by hypoxia in
obesity and its comorbidities. Up to now, the experimental evidence of hypoxia effects
on the transcriptional regulation of genes involved in caveolae structure and function,
and the repercussion on insulin signaling in adipocytes, is limited. This question has
been only addressed by Regazzetti et al. using modern techniques (Regazzetti et al.,
2015). Our study complements their findings providing novel insights including the
identification of a HRE in Cav-1 promoter, using in silico analysis, and demonstrating
the ability of HIF-1 to bind to it, assayed by chromatin immunoprecipitation. The
methodology selected to study the transcriptional regulation of caveolae genes by HIF-
1, determines with high confidence the interaction between the transcription factor
and its binding elements in the target DNA. However, this study has some limitations.
For example, the use of functional techniques to measure the actual transcriptional-
regulatory activity of HIF-1 on Cav-1 promoter strength would allow to confirm this

finding.

One of the major concerns is the lack of assays studying gain or loss of function, which
would allow to establish a direct connection between the loss of caveolae integrity, the
disruption of insulin signaling and the other metabolic effects observed in adipocytes
after incubation in hypoxia. These experimental approaches are difficult to perform in
the cell line selected for this work, due to the limited transfection efficiency reported

(Kilroy et al., 2009).

In addition, most of the work was carried out in cultured cells since it is easier, less

expensive and provides a more homogenous response towards the different
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experimental conditions, including hypoxia. Nevertheless, it would be advisable to test
our hypothesis in animal models, or at least in primary adipocytes isolated from obese
animals or from rodents submitted to different models of hypoxia. The major
advantage of this approach is the ability to obtain adipocytes extracted from various
locations or depots, from animals of different ages or enduring different comorbidities,
as well as to take into account the important influence of other tissues, inflammation

or dietary factors.

Finally, the insufficient sample size used to obtain the results from the intermittent
hypoxia mouse model, and the lack of information about the protein expression
profile, make difficult to come to definitive conclusions regarding the effect of
intermittent hypoxia in the caveolae status and the subsequent dysregulation of

adipose tissue in these mice.
8. Corollary

In summary, this work corroborates the role of caveolae structure for the proper
functioning of insulin signaling and, therefore, for competent adipocyte physiology in
response to hypoxia, including adipogenesis and glucose metabolism. All models of
hypoxia assayed in this work induce the downregulation of genes essential for
caveolae formation and function that compromise also their integrity in the plasma
membrane. This effect is positively correlated with the loss of insulin responsiveness
and with the impairment of lipid metabolism in adipocytes. Moreover, this work shows
that HIF-1 is directly involved in the molecular regulation of this response mechanism,
since it regulates the expression of Cav-1 and seems to play also a role in the
regulation of Cav-2 and Sdpr expression. Furthermore, hypoxia importantly modifies

the overall gene expression pattern in adipocytes.

Broadening the knowledge of the response to hypoxia will contribute to the
elucidation of the underlying mechanisms related to the deleterious effects of low
oxygen in adipocytes, including the increase of GH and IGF-1 release, promotion of
insulin resistance through caveolae disruption, and downregulation of Sort1, which
could explain the absence of insulin-induced GLUT4 translocation to the plasma

membrane in 3T3-L1 adipocytes.
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10.

Chronic hypoxia strongly inhibits the 3T3-L1 adipocyte differentiation process.
Continuous hypoxia for 48 hours reduces the triglyceride content in 3T3-L1
mature adipocytes.

Continuous hypoxia for 48 hours downregulates insulin signaling and reduces
insulin-mediated GLUT4 translocation and glucose uptake, driving to
development of insulin resistance.

Continuous hypoxia for 48 hours increases GLUT1 expression, basal glucose
uptake and lactate production, clearly indicating a shift from aerobic to
anaerobic metabolism in adipocytes.

Hypoxia, whether chronic, continuous (48 hours) or intermittent, produces
alterations in caveolae structure, suggesting that caveolae disruption is
implicated in the development of obesity-related insulin resistance

The use of echinomycin, which inhibits HIF1 binding to Hypoxia Response
Elements (HRE), indicates that the expression of GLUT1 (S/lc2al) and GLUT4
(Slc2a4) genes is regulated by HIF-1 in hypoxic adipocytes, contributing to
explain the altered glucose uptake pattern observed in hypoxia.

The use of echinomycin also indicates that the expression of Cav-1, Cav-2 and
SDPR/Cavin-2 genes is regulated by HIF-1 in hypoxic adipocytes, contributing to
explain the changes in caveolae density observed in hypoxia.

Chromatin immunoprecipitation demonstrates that the hypoxia response
element present in mouse Cav-1 promoter (-442 TSS) is regulated directly by
HIF-1.

A microarray analysis of gene expression confirms that pathways related to
caveolae structure and function, insulin response, glucose transport and lipid
biosynthesis are affected by hypoxia. This analysis also highlights the
involvement of other genes such as Sort1, Ghrh and Igf in the effects of hypoxia
on adipocytes

In summary, hypoxia compromise caveolae integrity and function through the

downregulation of structural proteins by a Hif-1-dependent mechanism in
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