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Abstract 

Adipocyte autophagy in the control of  

obese white adipose tissue dysfunction 

By Klara Piletič 

Thesis submitted in fulfilment of the requirements for the degree of Doctor of 

Philosophy, University of Oxford, Michaelmas Term 2024 

Diet-induced obesity (DIO) leads to a pathological expansion of white adipose tissue (WAT), 

hallmarked by low-grade chronic inflammation and fibrosis. Autophagy, an evolutionary highly 

conserved cellular recycling pathway, positively associates with increased adiposity. However, 

while its role in supporting adipocyte differentiation and lipid homeostasis is well established, 

little is known about its role in obese adipocytes and adipose tissue dysfunction.  

Here, we demonstrate that autophagy serves as a key regulator of WAT remodelling and 

distribution in DIO. We uncover that loss of autophagy in mature adipocytes significantly and 

specifically exacerbates pericellular fibrosis of gonadal WAT (gWAT), allowing for greater 

deposition of fat in the subcutaneous depot and supporting metabolically healthier obesity 

(MHO). Importantly, changes in WAT architecture are associated with increased macrophage 

infiltration which carry tissue-reparative and pro-fibrotic features and likely drive gWAT fibrosis. 

Mechanistically, we uncover that autophagy is indispensable for obesity-induced adipocyte 

metabolic rewiring and limits purine nucleoside catabolism. Purine catabolites, including 

xanthine and hypoxanthine, are secreted from adipocytes to mediate adipocyte-macrophage 
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crosstalk, thereby directing macrophage identity towards a tissue-reparative phenotype and 

contributing to excessive gWAT fibrosis. 

The findings of this thesis reveal a novel role for adipocyte autophagy in the maintenance of 

the functional integrity and dynamic remodelling of gWAT through the limitation of obesity-

associated fibrosis. Furthermore, the data presented here uncovers the role of autophagy in 

the regulation of adipocyte purine nucleoside metabolism and corresponding extracellular 

signals, which may hold therapeutic potential in fibrotic diseases. 
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1 General Introduction 

1.1 Obesity  

1.1.1 Epidemiology   

Obesity, a 21st-century epidemic, is proving to be a heavy burden on the global socio-

economy. Notably, this public health problem is not restricted to the industrialized and 

economically advanced countries of the world. As of 2022, one in eight people was living with 

obesity worldwide, a staggering statistic that has more than doubled since 1990 (WHO, 2024). 

The escalating obesity prevalence highly varies by region and ethnicity, with the highest 

occurrence among African Americans in the United States. In England alone, 25.9 % of adults 

aged 18 years and over are living with obesity, with a further 37.9 % of people being overweight 

(NHS, 2022). Obesity is commonly defined by a body mass index (BMI) greater or equal to 30 

that grossly estimates adiposity based on people’s weight and height (BMI = weight 

(kg)/height² (m²)) (González-Muniesa et al., 2017).  

1.1.2 Mechanisms and Pathophysiology  

While the aetiology of obesity is complex, excessive fat deposition is generally considered the 

primary hallmark of obesity. Expanded adipose tissue significantly contributes to increased 

body mass in obesity. Increased adiposity is a result of different environmental or genetic 

influences, impacting eating behaviour, physical activity, and regional fat distribution in the 

body through various neural and endocrine cues (González-Muniesa et al., 2017). Higher 

caloric intake compared to energy expenditure results in a net positive energy balance, 

contributing to cumulative weight gain. The detrimental impact of weight gain is also dictated 

by the regional accumulation of fat. In contrast to a subcutaneous deposition of fat in the leg 

and hip region, concentration of fat in the abdominal or visceral area is considered more 

detrimental in obesity pathophysiology (Després, 2021). Visceral obesity positively correlates 
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with the development of metabolic pathologies. Failure of effective lipid storage in these depots 

results in ectopic fat deposition, where fat deposits in and around normally lean tissues, 

including the liver, muscle, and the heart, impacting their function and majorly contributing to 

insulin resistance (James et al., 2021).  

1.1.3 Prevention and Management 

Obesity prevention and management include maintenance of weight loss and strategies to lose 

weight. These are primarily focused on dietary interventions and exercise, with 

pharmacotherapy and bariatric surgery serving as second-line treatment options (González-

Muniesa et al., 2017). Recent advances in developing a new class of anti-obesity drugs, 

glucagon-like peptide-1 (GLP-1) agonists, show great promise. Primarily aimed at promoting 

insulin release and reducing food intake, these drugs demonstrate a promising reduction in 

body weight together with the improvement of several metabolic markers (Andersen et al., 

2018). On the other hand, bariatric surgery is mostly adopted in patients with severe obesity, 

significantly reducing body weight and improving glucose control (Osorio-Conles et al., 2021).  

Despite these available treatment strategies, we still lack a better understanding of the 

mechanistic underpinnings of obesity that would enable the development of therapies aimed 

at prolonged improvement of metabolic health (Després, 2021). This is particularly critical 

considering numerous obesity-associated comorbidities that develop as a consequence of 

excessive weight gain. The most common obesity-related comorbidity is the development of 

metabolic syndrome, which is diagnosed when three of the five criteria are fulfilled, including 

visceral obesity, hypertriglyceridemia, low high-density lipoprotein (HDL) cholesterol, elevated 

blood pressure and increased glucose levels (González-Muniesa et al., 2017). Obesity also 

represents an important risk factor for developing many other pathological conditions, including 

type 2 diabetes mellitus, metabolic dysfunction-associated steatohepatitis (MASH), 

cardiovascular diseases, and cancer, as well as is an important predisposing factor for adverse 



 

27 

 

outcomes in non-related diseases, including respiratory diseases such as COVID-19 (Stefan 

et al., 2020, Lin and Li, 2021). Despite numerous efforts, the obesity disease burden is 

expected to increase further (WHO, 2024). Therefore, a better understanding of molecular 

mechanisms, disease progression, as well as adverse health consequences is imperative to 

address this emerging global problem.   

1.2 Adipose tissue function and dysfunction  

1.2.1 White and brown adipose tissue  

Adipose tissue is divided into three subtypes: white, brown, and beige. White adipose tissue 

(WAT) is primarily found in both mice and humans' subcutaneous and visceral locations. 

Subcutaneous WAT is located under the skin in the abdominal and gluteofemoral regions in 

humans or the inguinal and axillary regions in mice. In contrast, visceral WAT is found in the 

peritoneal cavity as the omental and mesenteric depot, with analogous gonadal, perirenal and 

mesenteric depots in mice (Emont et al., 2022). The main function of WAT is energy storage 

in the form of large lipid droplets, and energy release. These two processes are controlled by 

lipid uptake or synthesis (lipogenesis) and lipid release (lipolysis), and their balance ultimately 

drives tissue expansion and contraction in response to systemic energy demand (Maniyadath 

et al., 2023). WAT also serves as an important modulator of multiple physiological functions 

through its endocrine function, plays a mechanical role in the body by cushioning the organs 

and serves as thermal insulation (Sakers et al., 2022).  

On the other hand, brown adipose tissue’s (BAT) primary role is heat production for body 

temperature regulation and adaptation to environmental cold. It is found in multiple smaller 

depots at paravertebral, cervical, perirenal, and perivascular locations in humans and mice 

(Villarroya et al., 2017). In contrast to WAT which is comprised of unilocular (single) lipid droplet 

adipocytes, brown adipocytes display a multilocular lipid droplet phenotype. In addition, they 
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are characterized by high mitochondrial density and expression of uncoupling protein 1 

(UCP1), which supports thermogenesis by separating nutrient catabolism from ATP synthesis. 

Through this, BAT can also serve as an important metabolic sink for excess nutrients (Villarroya 

et al., 2018). Similar to BAT, beige adipose tissue also serves as thermogenic fat, however, 

develops in response to cold exposure in WAT depots (Sakers et al., 2022).  

1.2.2 Metabolic plasticity of white adipose tissue   

Unlike other tissues, adipose tissue possesses a unique capability to undergo profound 

metabolic, structural, and phenotypic remodelling in response to physiological and 

environmental cues (Sakers et al., 2022). Preserving its remarkable plasticity during 

pathophysiological challenges is therefore imperative. The metabolic plasticity of WAT enables 

the organism to meet its energetic demands and is characterized by the ability to switch 

between two opposing processes: nutrient storage and release. Surplus nutrients such as 

glucose, amino acids (AAs), and fatty acids are taken up from the bloodstream and stored in 

lipid droplets as triglycerides (TAGs) through the process of de novo lipogenesis (DNL) 

(Chouchani and Kajimura, 2019). In contrast, when nutrients are scarce, TAGs are broken 

down and released in the form of free fatty acids (FFA) and glycerol through the process of 

lipolysis (Duncan et al., 2007). The balance between DNL and lipolysis is regulated by 

endocrine and neuronal factors. Insulin, an important anabolic hormone, is secreted from 

pancreatic β-cells in response to high circulating levels of glucose and fatty acids, stimulating 

their uptake and DNL while inhibiting lipolysis (James et al., 2021). On the other hand, 

catecholamines and glucagon stimulate hydrolysis of TAGs. Tight regulation of these 

processes is critical for the adipose tissue to adapt to the daily flux of nutrients and support 

whole-body metabolic homeostasis (Chouchani and Kajimura, 2019).  
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1.2.3 Structural plasticity of white adipose tissue 

Adipose tissue expansion is supported by a combination of adipocyte hypertrophy (increase in 

cell size) and adipocyte hyperplasia (increase in cell number). Hypertrophy denotes the 

enlargement of existing adipocytes. It helps to buffer excess nutrient availability through the 

increase of lipid storage and is therefore commonly associated with impairing metabolic health 

(Sakers et al., 2022).  

On the other hand, hyperplastic growth is generally more metabolically favourable. Since 

mature adipocyte lose their ability to proliferate, adipocyte hyperplasia relates to de novo 

adipocyte differentiation, also termed adipogenesis. Adipocyte number increases throughout 

childhood and adolescence and is maintained in adulthood (Maniyadath et al., 2023). 

Adipogenesis is a two-step process, whereby a multipotent mesenchymal precursor 

(fibroblast-like progenitor) becomes restricted to the adipogenic lineage, followed by 

differentiation. During this process, committed preadipocytes clonally expand, enter growth 

arrest, accumulate lipids, and become fully functional mature adipocytes. Adipocyte 

differentiation requires extensive cytoplasmic remodelling to remove organelles and make 

space for a large lipid droplet. The adipogenic trajectory is controlled by two master adipogenic 

transcription factors, i.e. peroxisome proliferator-activated receptor (PPARγ) and C/EBPα, 

which activate the expression of adipocyte-selective genes and adipogenic growth factors, 

such as adiponectin and fatty acid-binding protein (FABP) 4 (Ghaben and Scherer, 2019). 

Preadipocytes constitute the so-called stromal vascular fraction (SVF) of WAT, which also 

includes highly heterogeneous populations of endothelial, immune, and other mesenchymal 

stromal cells (Emont et al., 2022). As such, SVF additionally plays a critical role in 

vascularization and immunoregulatory functions in the tissue.  

Changes in WAT cellular composition in response to physiological and environmental inputs 

are accompanied by changes in tissue remodelling. The extracellular matrix (ECM) regulates 
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the structural plasticity of WAT expansion and contraction. Built as a three-dimensional 

network, it provides mechanistic and structural support, supports tissue elasticity as well as 

facilitates cell differentiation, migration, survival, and signalling (Gliniak et al., 2023). The 

physical integrity of the tissue is provided by a highly organized matrix of collagens and non-

collagenous proteins, including fibronectin, elastin, hyaluronan, and polysaccharides. Their 

constant turnover is mediated by different WAT cells who are actively constructing, reshaping, 

and degrading the ECM through the secretion of enzymes and other components (Marcelin et 

al., 2022). 

1.2.4 Adipose tissue as a secretory organ  

WAT is the body’s largest endocrine organ. Collectively termed adipokines, adipocyte-derived 

hormones control energy and metabolic homeostasis, insulin sensitivity, as well as 

inflammation in intra- and inter-tissue manner. Their production is dynamically regulated by 

various pathophysiological conditions, such as obesity (González-Muniesa et al., 2017). One 

such example is leptin, a pro-inflammatory adipokine that is upregulated in the obese state. It 

controls feeding behaviour by stimulating the central nervous system and promotes pro-

inflammatory cytokine secretion by immune cells. Pro-inflammatory adipose tissue-derived 

factors also include cytokines such as tumour necrosis factor α (TNFα), interleukin-6 (IL-6), 

and interleukin-1β (IL-1β), which can be secreted by both adipocyte and non-adipocyte cell 

types and support chronic inflammation. In contrast, plasma adiponectin negatively correlates 

with adipose mass and is specifically produced in mature adipocytes. It acts to alleviate 

obesity-associated metabolic dysfunction and promote insulin sensitivity by supporting fatty 

acid oxidation. The ratio between adiponectin and leptin is considered a biomarker of WAT 

inflammation (Ouchi et al., 2011).  

In addition to proteinaceous factors, WAT also secretes large amounts of extracellular vesicles 

(EVs) which serve as local and interorgan signalling messengers (Bond et al., 2022). Their 
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endocrine and paracrine functions both maintain metabolic homeostasis and drive disease 

through various cargo, including nucleic acids, mitochondria, and lipids (Thomou et al., 2017). 

As their content changes according to the metabolic state of the tissue, EVs have been 

proposed as diagnostic biomarkers of adipose tissue health and disease. 

1.2.5 Obesity-associated adipose tissue dysfunction 

Continued surplus caloric intake leads to the development of metabolic disorders, during which 

WAT massively expands to adapt the metabolic homeostasis of the organism to changing 

environmental conditions. This results in WAT maladaptation that is characterised by five 

hallmarks: hypoxia, chronic inflammation, fibrosis, impaired adipogenesis, and metabolic 

inflexibility (Sakers et al., 2022) (Fig 1). These processes are continuous and intricately linked, 

therefore understanding the cause versus consequence has proven difficult.  

 

Figure 1: The hallmarks of white adipose tissue (WAT) dysfunction in obesity. 
Maladaptation of WAT during obesity results from five intricately linked processes, including 
hypoxia that inhibits adipogenesis, fibrosis, and chronic inflammation, which are both a 
consequence of metabolically impaired obese adipocytes. Created with BioRender.com. 
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During obesity, adipocytes store excess nutrients and grow through hypertrophy. As their size 

exceeds the diffusional limit of oxygen, this leads to local hypoxia, triggering an inflammatory 

response. Furthermore, massive WAT growth also results in persistent tissue hypoxia due to 

insufficient angiogenic potential of the tissue, inducing fibrosis (Marcelin et al., 2022). Hypoxia 

further inhibits adipogenesis, deeming the tissue unable to further expand through hyperplastic 

growth (Ghaben and Scherer, 2019). These morphological limitations to fat storage and cell 

size result in a chronic stress response in adipocytes (Maniyadath et al., 2023).  

Adipocyte apoptotic or necrotic cell death fuels WAT inflammation through increased cytokine 

release and immune cell infiltration. Obese WAT is tightly associated with the recruitment of 

monocytes that accumulate in the tissue and form crown-like structures around damaged 

adipocytes to preserve tissue integrity. By switching to a pro-inflammatory phenotype, these 

adipose tissue macrophages (ATMs) significantly contribute to systemic low-grade 

inflammation (Sarvari et al., 2021).  

Dysfunctional adipose tissue is also characterized by excessive ECM accumulation, leading 

to fibrosis. Stiffening of the WAT interferes with healthy remodelling and expansion as it 

negatively impacts adipogenesis and mature adipocyte function, as well as cell-to-cell 

interactions and signalling (Gliniak et al., 2023).  

Nutrient uptake and release as well as catabolic and anabolic signals are limited in fibrotic 

tissue, leading to adipocyte metabolic dysfunction. Dysregulation of mitochondrial synthesis 

and metabolism impairs lipolysis and adipokine secretion, resulting in cell death, and further 

reinforcing WAT inflammation (Chouchani and Kajimura, 2019). Obesity-associated adipose 

tissue dysfunction is a key driver of many obesity-related complications, including type 2 

diabetes, cardiovascular diseases, and MASH (Osorio-Conles et al., 2021).  
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1.3 Autophagy  

1.3.1 Overview of autophagy  

Autophagy (derived from the Greek word for “self-eating”) is an evolutionary highly conserved 

catabolic process. The discovery of the pathway in yeast earned Dr Yoshinori Ohsumi the 

Nobel Prize in Physiology or Medicine in 2016. It serves as a cellular degradation process that 

recycles cytoplasmic proteins, lipids, and organelles, such as the endoplasmic reticulum, 

nucleus, mitochondria, and ribosomes. As such, autophagy serves as an important quality 

control mechanism and mediator of cellular proteostasis (Dikic and Elazar, 2018).  

Besides its role in degradation, autophagy is also critical for the provision of cellular energy 

and anabolic precursor pools (Kaur and Debnath, 2015). Therefore, it has been recognized as 

a master regulator of cellular metabolism (Deretic and Kroemer, 2022, Rabinowitz and White, 

2010). Through modulation of these processes, autophagy is indispensable for cellular 

differentiation, and consequently organ development, survival, homeostasis, and ultimately 

function. Starvation, i.e., reduced nutrient and energy availability, is the main inducer of the 

autophagic process. In addition, stress conditions, growth factors, and hormones also control 

autophagy activation (Levine and Klionsky, 2004).  

Autophagy is a tightly regulated multi-step process during which autophagosomal cargo is 

delivered to the lysosome for degradation. The mechanism by which the cargo is engulfed into 

the autophagosome differentiates between three main types of autophagy: macroautophagy, 

microautophagy, and chaperone-mediated autophagy (CMA). During the most prevalent form 

– macroautophagy – autophagosomes engulf cytoplasmic components in double membrane-

bound vesicles, which are trafficked to the lysosomes for degradation (Parzych and Klionsky, 

2014). In contrast, microautophagy and CMA don’t utilize autophagosomal delivery to the 

lysosome. Instead, cytoplasmic components are delivered to the lysosome by either direct 
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engulfment or delivery through a chaperon, respectively (Dikic and Elazar, 2018). 

Macroautophagy is initiated through mammalian target of rapamycin 1 (mTORC1) and the 

adenosine monophosphate-activated protein kinase (AMPK) signalling axis (Fig 2). This 

results in the formation and subsequent elongation of the autophagosome which is facilitated 

by several ATG factors (Levine and Klionsky, 2004). Once the cytoplasm gets engulfed into 

the membrane, the autophagosome expands and matures, during which ATG7 facilitates LC3 

lipidation. Finally, upon fusion with the lysosome, autophagosomal contents are degraded and 

recycled as macromolecules for other cellular processes (Feng et al., 2014).  

 

Figure 2: Overview of the three key macroautophagy steps in the formation of the 
autophagosome. Nutrient deprivation activates the AMPK and ULK1 complex, resulting in 
phagophore initiation. Through the process of elongation and maturation, cytosolic LC3-I is 
lipidated by the addition of PE through E1-ligase ATG7 activity. Membrane-bound LC3-II serves 
as a binding site for autophagy receptors (e.g. p62) which specifically target proteins and 
organelles for degradation. Finally, the mature autophagosome is formed and fused with the 
lysosome, resulting in the degradation of autophagic cargo and nutrient recovery. For more 
details refer to the main text. ATG: autophagy-related protein. Created with BioRender.com. 

1.3.2 The role of autophagy in white adipocytes 

The role of autophagy in adipocytes was first addressed in 2009, when three groups 

independently demonstrated that white preadipocytes highly rely on autophagy for their 

differentiation both in vitro and in vivo (Zhang et al., 2009, Singh et al., 2009b, Baerga et al., 
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2009) (Table 1). Constitutive depletion of Atg7 and Atg5 resulted in leaner mice with a notable 

reduction in WAT mass, plasma triglycerides and cholesterol, and improved insulin sensitivity 

(Zhang et al., 2009, Singh et al., 2009b). Furthermore, white adipocytes obtained features of 

brown adipocytes, with increased mitochondrial content, reduced lipid accumulation and 

enhanced fatty acid oxidation. While this seminal work uncovered how autophagy impacts WAT 

homeostasis and function through its role in adipogenesis, the role of autophagy in mature 

adipocytes remained unaddressed for almost a decade.  

The generation of a mouse model with an inducible depletion of autophagy offered insight into 

its role post adipose tissue development (Cai et al., 2018) (Table 1). Deletion of Atg3, Atg16l1, 

and Atg7 uncovered that autophagy in mature adipocytes does not control body weight (Cai et 

al., 2018, Sakane et al., 2021). In addition, deletion of different ATG proteins had a differential 

effect on insulin sensitivity, further indicating its differential role in preadipocytes compared to 

mature adipocytes. Both studies uncovered the role of adipocyte autophagy in adipose-liver 

crosstalk. It has been proposed that in mature adipocytes, autophagy is indispensable for 

mitochondrial and redox homeostasis, which can be signalled to the liver (Cai et al., 2018).  

Furthermore, the work done in our lab demonstrated that during inflammatory bowel disease, 

autophagy limits gut inflammation by maintaining lipid homeostasis in adipocytes, including 

oxylipin metabolism and FFA release through lipolysis (Richter et al., 2023).  

Besides macroautophagy, substrate-specific selective autophagy has also been described to 

play a role in adipocyte biology. Lipophagy is a specialized form of autophagy that is used to 

mobilize lipids and lipid droplets in several different cell types (Singh et al., 2009a). In 

adipocytes, lipophagy plays a role in both lipid droplet biogenesis, as well as degradation, and 

its depletion has been associated with a reduction in adipocyte lipid droplet content (Clemente-

Postigo et al., 2020). The mechanistic underpinnings, however, remain unknown.   
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Table 1: The role of macroautophagy in white adipose tissue.  

Genotype Knockout Target 
organ 

Model Phenotype Reference 

Atg5-/- Constitutive Whole 
body 

Primary 
embryonic 
fibroblasts, 
mice 

Decreased 
adipogenesis, 
reduced neonatal 
subcutaneous 
adipocytes 

(Baerga et 
al., 2009) 

aP2 
(Fabp4)-Cre 
Atg7-/- 

Constitutive Adipose 
tissue 

NCD or HFD, 
mice 

Decreased WAT 
mass, increased 
insulin sensitivity, 
resistant to DIO, 
increased fatty acid 
metabolism 

(Zhang et 
al., 2009) 

aP2 
(Fabp4)-Cre 
Atg7-/- 

Constitutive Adipose 
tissue 

NCD or HFD, 
mice 

Decreased WAT 
mass, increased 
insulin sensitivity, 
resistant to DIO, 
increased fatty acid 
metabolism  

(Singh et 
al., 2009b) 

Adipoq-Cre 
Atg3-/-, 
Adipoq-Cre 
Atg16-/- 

Conditional Adipose 
tissue 

NCD or HFD, 
mice 

Insulin resistance, 
mitochondrial 
dysfunction, 
increased lipid 
peroxidation  

(Cai et al., 
2018) 

Adipoq-Cre 
Atg7-/- 

Conditional Adipose 
tissue 

NCD or HFD, 
mice 

iWAT hypertrophy, 
decreased serum 
FFA levels, reduced 
DIO-related liver 
steatosis 

(Sakane et 
al., 2021) 

Adipoq-Cre 
Atg7-/- 

Conditional Adipose 
tissue 

Intestinal 
inflammation, 
mice 

Decreased serum 
FFA levels, oxylipin 
imbalance, 
increased colonic 
inflammation 

(Richter et 
al., 2023) 

 

1.3.3 The role of autophagy in obesity 

Autophagy is highly sensitive to changes in metabolic parameters, including AAs, glucose, and 

lipids which convey organismal and cellular nutrient status. This is particularly obvious during 

opposing states, such as starvation or high caloric food intake, which both substantially alter 
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autophagy levels (Nuñez et al., 2013). These changes are further influenced by the duration 

of the stress, experimental models, cell types, organs, and techniques used for the assessment 

of autophagic activity (Zhang et al., 2018b). In addition, autophagy is not only regulated by 

energy imbalance but also regulates it, influencing both local and global metabolism (Kaur and 

Debnath, 2015). Therefore, the interplay of these influences on autophagy levels, and 

ultimately organismal physiology is highly complex. As dysregulation of autophagy 

(enhancement or suppression) is characteristic of several metabolic disorders, including 

obesity, diabetes mellitus, and atherosclerosis, there is an emerging interest in its regulation 

and role (Klionsky et al., 2021b). A need for a better understanding of the underlying molecular 

mechanisms is further supported by the challenges in the clinical translation of autophagy-

targeting therapies due to differential organ dependency, off-target effects, and toxicity (Zhang 

et al., 2018b).   

In contrast to most of the metabolic tissues, including the heart, liver, and pancreas, autophagy 

in adipose tissue during obesity is upregulated (Zhang et al., 2018b) (Table 2). This observation 

has been reported in several studies in humans and mice (Jansen et al., 2012, Kosacka et al., 

2015, Kovsan et al., 2011, Mizunoe et al., 2017, Nuñez et al., 2013, Öst et al., 2010), with only 

one study to date opposing these findings (Soussi et al., 2015). Despite numerous reports as 

well as some more recent mechanistic studies, it remains unclear what is the mechanism and 

function of elevated autophagy and whether this change is causal or it just coincides with 

obesity. Autophagy has been reported to be stimulated through the pro-inflammatory 

environment of WAT in obese mice, leading to impaired triglyceride storage and lipid 

metabolism in adipocytes (Ju et al., 2019). In contrast, autophagy suppression, rather than 

enhancement has been linked to dysregulated systemic lipid homeostasis (Cai et al., 2018), 

albeit observations were only partially confirmed in obesity. Furthermore, these mice displayed 

reduced adipocyte size, peripheral insulin resistance, and increased accumulation of 

macrophages upon loss of adipocyte autophagy. On the other hand, a third study reporting the 
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role of adipocyte autophagy in obesity concluded that loss of autophagy had no effect on insulin 

resistance and adipocyte size, but did, however, differentially impact body fat deposition and 

serum FFA concentration (Sakane et al., 2021). These contradictory reports highlight a 

complex and yet understudied role of elevated autophagy in obese WAT. 

Table 2: Changes in autophagy in WAT in obesity. 

Obesity model Organism Autophagy 
change 

Assessment of autophagy Reference 

Obese 
subcutaneous 
WAT with type 2 
diabetes 

Human Enhanced Increased autophagosomes 
(electron microscopy), 
increased LC3 
immunofluorescence 

(Öst et al., 
2010) 

Obese oWAT 
and 
subcutaneous 
WAT 

Human Enhanced Increased ATG5, ATG12-
ATG5, LC3-II, no change in 
p62, increased autophagy flux 
(p62 (Inh) /p62 (Veh)), 
increased Atg5, Lc3a and 
Lc3b mRNA expression 

(Kovsan et 
al., 2011) 

Obese 
subcutaneous 
WAT, ob/ob 
gWAT 

Human, 
mouse  

Enhanced  Increased LC3-II (Jansen et 
al., 2012) 

Obese 
subcutaneous 
WAT, HFD for 8 
weeks (gWAT) 

Human, 
mouse 

Enhanced  Increased Beclin-1 and p62, 
increased autophagosomes 
(electron microscopy) 

(Nuñez et 
al., 2013) 

Obese visceral 
and 

Human  Enhanced  Increased LC3 
immunofluorescence, 
increased Atg5 and Lc3a 
mRNA expression, increased 

(Kosacka 
et al., 
2015) 
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subcutaneous 
WAT 

ATG12-ATG5 and LC3-II, 
decreased p62 

HFD for 8, 18 
and 30 weeks 
(gWAT) 

Mouse Enhanced Increased LC3-II and p62, 
increased Lc3b and p62 
mRNA expression 

(Mizunoe 
et al., 
2017) 

Obese oWAT, 
HFD for 24 
weeks (gWAT) 

Human, 
mouse 

Enhanced Increased LC3-II, increased 
expression of autophagic 
genes 

(Ju et al., 
2019) 

HFD for 8 
weeks (iWAT 
and gWAT) 

Mouse Enhanced Increased autophagy flux 
(LC3-II (Inh) /LC3-II (Veh)), 
decreased p62 

(Sakane et 
al., 2021) 

Obese 
subcutaneous 
WAT, ob/ob 
gWAT 

Human, 
mouse 

Suppressed Decreased LC3-II after the 
inhibition of autophagy flux, 
increased p62, increased p62 
mRNA expression 

(Soussi et 
al., 2015) 

 

1.4 Autophagy-mediated crosstalk between cells and organs 

Traditionally, autophagy has been mostly viewed as a cell-intrinsic pathway, i.e., modulating 

the cytosolic landscape of individual cells. However, many recent reports suggest that 

autophagy also participates in extracellular communication, either actively or passively, 

thereby functionally modulating recipient cells and organs (Piletic et al., 2023).  

The active form of non-cell autonomous autophagy is termed secretory autophagy and closely 

overlaps with endo- and exocytotic pathways as well as with lysosomal exocytosis (Leidal et 

al., 2020) (Fig 3). It is activated during times of stress, including starvation, ER stress, unfolded 

protein response, and dysregulated intracellular trafficking (Jahangiri et al., 2022). While the 
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exact mechanism of the secretory pathway is not yet understood in detail, it has been 

suggested that autophagosomes/endosomes can be re-directed to the cytoplasmic 

membrane, thereby releasing soluble proteins, extracellular vesicles (EVs), and secretory 

lysosomes into the extracellular space (Nguyen and Debnath, 2022). Most of the studies to 

date focus on the non-degradative aspect of secretory autophagy, with secreted messengers 

exerting biological activity, including cytokines, hormones, and RNA-loaded EVs (Piletic et al., 

2023).  

 

Figure 3: Secretory autophagy tightly overlaps with endo- and exocytosis. Secretory 
autophagy (3) overlaps with traditional endo- and exocytotic pathways (1) and lysosomal 
exocytosis (2). Secretory autophagy branches away from degradative autophagy (4), which 
can also exert non-cell autonomous effects. Key overlapping processes are highlighted here.  
For more details refer to the main text. Adapted from (Piletic et al., 2023). MVB = multivesicular 
bodies. 

On the other hand, the passive form of non-cell autonomous autophagy is often a consequence 

of dysregulated intracellular recycling, whereby changes in autophagy activity result in altered 

metabolism and/or proteostasis inside the cell. In turn, the affected cells signal these changes 
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through the release of nutrients, thereby modulating their microenvironment (Fig 4). The 

secretion of AAs (including arginine and alanine), lipids (lipid peroxides and oxylipins), and 

other metabolites (adenosine triphosphate (ATP)) is a result of protein degradation or 

enzymatic conversion (Piletic et al., 2023). This nutrient-generating non-cell-autonomous 

function of autophagy has been mainly described in pathophysiological conditions, including 

cancer, obesity, and intestinal inflammation (Martins et al., 2014, Sousa et al., 2016, Katheder 

et al., 2017, Poillet-Perez et al., 2018, Cai et al., 2018, Richter et al., 2023). By redirecting 

cellular waste outside of the cell, autophagy can therefore obtain a signalling function, shaping 

cell fate, tissue microenvironment, and ultimately systemic metabolism. 

 

Figure 4: The role of autophagy in intercellular and interorgan crosstalk. Cells, tissues 
and organs communicate their homeostatic status and needs to their environment via 
autophagy. The diverse nature of these autophagy-derived messengers includes amino acids, 
lipids, proteins, mitochondria, and membrane-bound cargo. For more details refer to the main 
text. Adapted from (Piletic et al., 2023).  
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1.4.1 Autophagy in the control of cell-to-cell communication  

Efficient cell-to-cell communication is key to maintaining tissue homeostasis and can be 

facilitated by autophagy (Fig 4). Nutrient and energy demands as well as cellular stress and 

damage need to be communicated between cells of different cell types to support tissue 

function and ultimately the organism. The role of autophagy in this crosstalk is especially 

apparent in the case of functionally highly specialized cells with specific metabolic adaptations 

and needs as well as a low turnover, such as cancer and immune cells.    

In healthy conditions, secretory autophagy facilitates communication between immune and 

non-immune cells in the heart. By supporting the release of damaged mitochondria via 

vesicular particles called exophers, autophagy supports the crosstalk between parenchymal 

cells and cardiac-resident macrophages (Nicolás-Ávila et al., 2020). By eliminating 

dysfunctional mitochondria through autophagy, cardiac cells can maintain their proteostasis 

and ultimately heart function. A similar autophagy-dependent degradation of mitochondria has 

also been predicted between adipocytes and macrophages but remains to be experimentally 

validated (Crewe et al., 2021).    

Furthermore, the importance of communication between cells is especially evident in times of 

distress, such as cancer. Autophagy mediates local as well as systemic metabolic and cytokine 

crosstalk between cancer cells and tumour microenvironment. These autophagy-dependent 

interactions are highly evolutionary-conserved and have been described in Drosophila 

melanogaster, mouse, and human cell lines (Katheder et al., 2017, Sousa et al., 2016, Poillet-

Perez et al., 2018, Michaud et al., 2011). Cancer cells display a dysregulated metabolic 

demand compared to healthy cells due to their increased proliferation and growth as well as 

the accumulation of damaged mitochondria. Autophagy can support this metabolic adaptation 

by providing nutrient sources in the microenvironment, resulting in improved cell survival, 

proliferation, and tumour malignancy. In the case of pancreatic ductal adenocarcinoma, 
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stromal pancreatic stellate cells promote tumour initiation through autophagy-mediated 

secretion of alanine, which serves as an alternative metabolic source to support tumour growth 

(Sousa et al., 2016). Host autophagy can also indirectly support the growth of arginine-

auxotrophic tumours such as melanoma, urothelial carcinoma, and non-small-cell lung cancer 

by limiting the release of arginine-depleting enzyme arginase I from the liver, therefore 

increasing the systemic availability of arginine in the circulation (Poillet-Perez et al., 2018). In 

addition to AA exchange, autophagy is also required for the release of ATP in the colorectal 

carcinoma tumour microenvironment, which triggers immunogenic cell death and improves 

chemotherapy response (Michaud et al., 2011).   

1.4.2 Autophagy in the control of organ-to-organ communication  

In addition to intercellular crosstalk, autophagy also controls secreted messengers between 

distant organs and tissues, resulting in the regulation of organ function, whole-body 

metabolism and energy balance (Fig 4). Since most of the cell-to-cell crosstalk studies have 

looked at the role of autophagy in metabolically demanding, functionally specialized, and non-

proliferative cells, it is not surprising that the majority of reports on autophagy in organ-to-organ 

communication relate to adipose tissue.  

The best studied example of autophagy-mediated organ-to-organ communication is between 

adipose tissue and the liver (Fig 5). In the lean state, depletion of autophagy in mature 

adipocytes results in the activation of gluconeogenesis and detoxification pathways in the liver, 

and it has been proposed that the extent of adipose tissue damage is conveyed to the liver in 

the form of lipid peroxides (Cai et al., 2018). When adipocyte autophagy is depleted in obesity, 

this leads to a reduction in FFA-mediated crosstalk alleviating liver steatosis, inflammation, and 

fibrosis, however, the mechanism remains elusive (Sakane et al., 2021). Furthermore, 

autophagy-mediated adipose tissue-to-liver communication was also identified in a model of 

autophagy upregulation through hyperactivation of Becn1 protein. In a lean state, adipocyte 
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autophagy promotes adiponectin secretion in exocyst secretory vesicles, which improves lipid 

metabolism and insulin sensitivity in the liver and skeletal muscle (Kuramoto et al., 2021). 

Different outcomes of these independent studies suggest further understanding of adipose 

tissue-liver crosstalk is needed to better understand the contribution of autophagy to this 

interaction.  

In addition, our group has previously identified that autophagy also mediates adipose tissue-

gut crosstalk through the control of local inflammatory responses in fat (Richter et al., 2023) 

(Fig 5). By controlling the secretion of oxylipins (oxidised lipid species) WAT autophagy acts to 

limit intestinal inflammation through stimulation of anti-inflammatory interleukin 10 (IL-10) 

production.  

 
Figure 5: The role of autophagy in the crosstalk between adipose tissue and liver or gut. 
Adipose tissue communicates its status of damage and metabolic needs to distinct organs via 
autophagy. Autophagy-derived functional molecules from adipose tissue have various 
downstream effects on target organs, such as the liver and gut. For more details refer to the 
main text. Adapted from (Piletic et al., 2023). 
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1.5 Thesis hypothesis and objectives  

Cells utilise autophagy to rewire biosynthetic pathways and cellular metabolism allowing them 

to better adapt to intra- as well as intercellular stressors. While it is well accepted that adipocyte 

autophagy positively associates with body weight gain, little is known about the functional 

impact of this increase on obesity outcomes. Furthermore, it remains poorly understood if and 

how adipocyte autophagy shapes obese WAT dysfunction. As a close link between autophagy-

controlled adipogenesis and WAT maladaptation has already been established, we set out to 

study the role of autophagy in mature adipocytes during diet-induced obesity (DIO). We 

hypothesised that adipocyte autophagy impacts obese adipose tissue dysfunction in a cell-

intrinsic and cell-extrinsic manner. To test this hypothesis, we established the following 

objectives:  

1. Assess the role of adipocyte autophagy in systemic metabolism during obesity. 

2. Investigate the impact of adipocyte autophagy on adipose tissue dysfunction during 

obesity.   

3. Understand the mechanistic underpinnings of adipocyte autophagy during obesity-

related adipose tissue remodelling.  

These objectives are addressed throughout chapters 3-5, respectively. As this thesis 

describes, we have uncovered novel roles for adipocyte autophagy in i) visceral WAT 

distribution and ii) limiting pericellular adipose tissue fibrosis. Mechanistically, we observed that 

during obesity, autophagy is upregulated to support adipocyte metabolic adaptation. Failure to 

meet adipocyte metabolic demand leads to nucleoside-mediated crosstalk with macrophages, 

driving their tissue-reparative phenotype and ultimately contributing to excessive WAT fibrosis. 

Overall, this thesis highlights the critical role of autophagy in the maintenance of adipose tissue 

integrity during DIO.   
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2 Materials and Methods 

2.1 Mouse models 

Adipoq-CreERT2 mice (Sassmann et al., 2010) were purchased from Charles River, UK (JAX 

stock number: 025124) and crossed to floxed Atg7 (Atg7fl/fl) mice (Komatsu et al., 2005). Wild-

type C57BL/6J and C57BL/6 SJL CD45.1 mice were bred in-house. All mice used in the 

experiments were on a C57BL/6J background. Experimental cages were sex- and age-

matched and balanced for genotypes. Littermate Cre- mice were used as controls for the 

experimental animals. Genetic recombination was induced at 6-8 weeks of age by oral gavage 

of 4 mg tamoxifen (T5648, Sigma) per mouse per day for five consecutive days. Tamoxifen 

was given to both control and experimental groups of mice. Two days after receiving the last 

tamoxifen dose, mice were subjected to an altered diet regime with either a high-fat diet with 

60 kcal% fat (D12492i, Research Diets) or a complementary normal chow diet with 10 kcal% 

fat (D12450Ji, Research Diets) for 6-26 weeks.  All mice were housed under specific pathogen-

free conditions and subjected to a 12-hour dark/light cycle. They were housed in groups of 3-

5 with unlimited access to water and food. The housing temperature was kept between 20 and 

24 °C, with a humidity level of 45–65%. All experiments were performed in accordance with 

approved procedures by the Local Review Committee and the Home Office under the project 

license (PPL30/3388 and P01275425). 

2.2 Bone marrow chimera generation 

Recipient Adipoq-Cre+ and Adipoq-Cre- Atg7fl/fl mice on CD45.2+ background were lethally 

irradiated with 5.5 Gray doses per cycle for two irradiation cycles, 4 hours apart, before 

intravenously injecting 300,000 donor cells. Donor cells were prepared from the femur and tibia 

from C57BL/6 SJL CD45.1 mice. Following the transplantation, mice were kept on antibiotics 

(Baytril, Bayer) in drinking water for two weeks to avoid infections and the cell replenishment 
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was followed bi-weekly. Five weeks after irradiation, mice were treated with tamoxifen for 

genetic deletion and fed a high-fat diet for a total of 12 weeks (as described above).  

2.3 Caloric restriction 

Mice were treated with tamoxifen to induce genetic recombination and fed HFD as described 

above. Starting after 16 weeks of HFD feeding, mice were subjected to a caloric restriction 

regimen, whereby access to HFD was limited in a 2:1 ratio (2 days unlimited access, 1 day no 

access) (Lee et al., 2020). Access to food was restricted for 8 consecutive weeks.  

2.4 Macrophage depletion models 

Mice were treated with tamoxifen to induce genetic recombination and fed HFD as described 

above. Starting after 8 weeks of HFD feeding, mice were treated with inducers of macrophage 

depletion. For clodronate-induced macrophage depletion, Adipoq-Cre+ and Adipoq-Cre- Atg7fl/fl 

mice were intraperitoneally injected with 200 µl of clodronate- or PBS-loaded liposomes (CP-

005-005, Liposoma BV) once a week for 4 weeks. For antibody-induced macrophage 

depletion, Adipoq-Cre+ and Adipoq-Cre- Atg7fl/fl mice were intraperitoneally injected with rat 

IgG2a (BE0089, Bio X Cell) or Armenian hamster polyclonal IgG (BE0091, Bio X Cell) isotype 

controls or anti-CSF1R (BE0213, Bio X Cell) or anti-CCL2 (BE0185, Bio X Cell) blocking 

antibody, twice, one week apart. Mice received 35 µg (α-CSF1R) or 5 µg (α-CCL2) antibodies 

per gram of body weight. In total, mice were fed HFD for 12 weeks.   

2.5 Human samples 

Human omental white adipose tissue (oWAT) samples were obtained from Associate Professor 

Emma Börgeson at the University of Aarhus, Denmark. The samples were collected from lean 

participants (BMI 18.5-25 kg/m2) undergoing cholecystectomy (gallbladder removal) or obese 

patients (BMI 35-55 kg/m2) undergoing gastric bypass surgery, as part of the Adipos2 Cohort 
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clinical study. Key exclusion criteria included gastrointestinal or inflammatory diseases, recent 

use of anti-inflammatory or immunosuppressive drugs, alcohol and tobacco intake. Tissue 

collection and ethics were approved and registered as Ethical Approval ID: Dnr 682-14 and 

Clinical Trials ID: NCT02322073. We obtained access to 14 patients, 11 females and 3 males, 

aged between 22-60 years. Autophagy and histology assays were performed as described in 

the sections below. 

2.6 Genotyping 

Clips were collected from the ears and lysed in 100 µl 50 mM NaOH for 1 hour at 100°C. To 

quench the lysis, 13 μL of 1M Tris-HCl solution at pH~8 was added. Tubes were shortly 

centrifuged to pellet the undigested tissue. Polymerase chain reaction (PCR) was performed 

for individual transgenes using My-Taq™ Red Mix (BIO-25044, Bioline) in 20 μL reaction 

volume. All primers were used at a concentration of 100 μM. To visualise the genotypes, 

agarose was mixed with TAE buffer (40 mM Tris-Acetate, 1 mM EDTA) and SYBR® Safe DNA 

Stain (Invitrogen, S33102, dilution 1:10000). PCR products were separated on a 2% agarose 

gel at 120V for 25 min. Bands were visualized using G-Box (Syngene).  

Table 3: Primer sequences for Atg7Ad genotyping.  

A
di

po
q-

C
re

 P
C

R
 Adipoq-21173  5'- CCG CAT CTT CTT GTG CAG T -3' 

Adipoq-21175  5'- ATC ACG TCC TCC ATC ATC C -3' 
Adipoq-22925  5'- GAG TCT GCC TTT CCC ATG AC -3' 
Adipoq-22926  5'- TCC CTC ACA TCC TCA GGT TC -3' 

A
tg

7fl/
fl 

PC
R

 
 

Atg7-14R  5'- GTC CAG AGT CCG GTC TCT GGT TG -3' 
Atg7-752  5'- CCA TGC TGA TGG CTA ATG TCT C -3' 
Atg7-753  5'- CTG CAG GAA TTC GAT ATC ATA ACT TCG -3' 

 
Reaction:  

10 µl 2x MyTaq RedMix 
0.25 µl of each primer (at 100 µM) 
2 µl DNA sample 
up to 20 µl RNase/DNase-free water 
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PCR settings:  

Step Adipoq-Cre Atg7fl/fl 
1 94°C, 2 min 95°C, 1 min 
2 94°C, 20 sec 95°C, 15 sec 
3 65°C, 15 sec 64°C, 30 sec 
4 68°C, 10 sec (to step 2, 10 cycles) 70°C, 10 sec (to step 2, 32 cycles) 
5 94°C, 15 sec 70°C, 2 min 
6 60°C, 15 sec 4°C, hold 
7 72°C, 10 sec (to step 5, 28 cycles)  
8 72°C, 2 min  
9 4°C, hold  

 

2.7 Blood glucose monitoring and serum chemistry 

Mice were subjected to 6-12 hours fast before measuring fasted glucose levels in blood 

collected from the tail vein. A glucose tolerance test (GTT) was performed by injecting 1.5 g 

bolus glucose per kg of body mass intraperitoneally. An insulin tolerance test (ITT) was 

performed by injecting 1 U/kg body weight of insulin for lean mice and 2 U/kg body weight of 

insulin for obese mice. For both tests, blood glucose levels were measured at 15, 30, 60, 90, 

120, and 180 min after injection with a glucose meter (Freestyle Lite, Abbott). For serum 

chemistry, serum from overnight fasted mice was collected by a cardiac puncture in Microtainer 

tubes. These were centrifuged for 90 s at 15,000 g and serum was sent for analysis. 

Triglycerides, FFAs and cholesterols were measured using a Beckman Coulter AU680 clinical 

chemistry analyser at Mary Lyon Centre at MRC Harwell, UK. 

2.8 Adipose tissue ex vivo explant culture 

White adipose tissues were collected from mice in a fat medium (DMEM high glucose (D5796, 

Sigma) supplemented with 1% fatty acid-free BSA (126609, Sigma) and 5% HEPES (15630-

056, Gibco)). Tissues were washed in PBS and cut finely into approximately 10 mg pieces for 

explant culturing. Autophagy flux was assessed by incubating 100 mg of adipose tissue 

explants in 500 µl full DMEM supplemented with 100 nM Bafilomycin A1 (B1793, Sigma) and 

20 mM NH4Cl (213330, Sigma) for 4 hours at 37°C. DMSO (D8418, Sigma) was used as a 
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‘vehicle’ control. To measure cytokine secretion, 200 mg adipose tissue explants were cultured 

for 6 hours in 1 ml full RPMI-1640 ((R8758, Sigma), supplemented with 100U/ml Pen-Strep 

(P/S) and 10 % fetal bovine serum (FBS)). After incubation, the supernatant was collected, 

centrifuged at 400 g for 5 min to remove cell debris and snap-frozen until further analysis.  

2.9 Adipose tissue processing 

Adipose tissue digestion was performed as previously described (Richter et al., 2023). Adipose 

tissues were weighed upon collection and placed in the fat medium. They were digested in 2 

ml of a digestion medium, i.e., high glucose DMEM supplemented with 1 % fatty acid-free BSA, 

5 % HEPES, 0.2 mg/ml Liberase TL (5401020001, Roche), and 20 μg/mL DNaseI 

(11284932001, Roche). Tissues were minced in a digestion medium and incubated for 25-30 

min at 37°C under agitation (180 rpm). Digested tissue was broken up using wide bore and 

standard-size pipette tips and strained through a 300 μm mesh (43-50300-01, pluriSelect). The 

digestion was quenched by adding PBS supplemented with 0.5 % BSA (A7030, Sigma) and 2 

mM EDTA (15575-020, Invitrogen). Floating adipocyte and pelleted stromal vascular fraction 

were separated by 7 min centrifugation at 500 g and collected for further analysis. 

2.10 Primary cell culture 

For primary macrophage cell culture, visWAT was collected from lean or obese mice and 

digested as described above. The pelleted SVF was depleted of red blood cells with RBC lysis 

buffer (00-4333-57, Invitrogen) and enriched for CD11b+ cells using CD11b MicroBeads (130-

049-601, Miltenyi Biotec) according to manufacturers’ instructions. Isolated CD11b+ cells were 

counted using a haemocytometer and 400,000 cells were seeded in 24-well tissue-culture-

treated plates in full RPMI-1640 containing 10 % FBS and 1 % P/S. Isolated cells were 

incubated overnight to allow macrophages to attach. The next day, macrophages were further 

enriched by washing the wells with warm PBS before proceeding with the experiment. For 
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conditioned medium treatment, RPMI containing 10 % FBS and 1 % P/S was supplemented 

with the conditioned medium in a 2:1 ratio and applied to the cells for 72 hours. For nucleoside 

treatment, macrophages were cultured for 72 hours in RPMI containing 10 % FBS and 1 % 

P/S and 50 ng/ml M-CSF and treated with 10/100 µM of either adenosine, guanosine, 

hypoxanthine or xanthine.  

The conditioned medium was generated by collecting adipocytes after the digestion process 

using wide-bore tips. Adipocytes were centrifuged for 5 min at 300 g and washed three times 

with PBS. 250 µl of the packed adipocytes were collected and seeded in 500 µl of RPMI 

containing 10 % FBS and 1 % P/S and incubated for 24 hours at 37°C. Following the 

incubation, the medium and cells were harvested, centrifuged at 300 g for 5 min and purified 

medium was collected and snap-frozen for in vitro experiments.  

2.11 Flow cytometry 

Cells analysed by flow cytometry staining were isolated as described above. Single-cell 

suspensions were first stained in PBS for live dead and surface staining with LIVE/DEAD 

fixable near-IR, aqua, or blue dead cell stains (Invitrogen) and fluorochrome-conjugated 

primary antibodies (see below) for 25 min on ice. Fc receptor block antibody was added to the 

mix to prevent nonspecific binding of immune cell Fc receptors to antibodies. Following the 

initial staining, cells were washed and fixed with 4 % paraformaldehyde for 10 min at room 

temperature or eBioscience™ Foxp3/Transcription Factor Staining Set (00-5523-00, 

Invitrogen) for 30 min at 4°C if performing intracellular staining. Intracellular transcription factor 

staining was performed after fixation and permeabilization with fluorescently labelled primary 

antibodies. Unstained cells and bead compensation controls were prepared for individual 

fluorophores for compensation and spectral unmixing. For counting the cells, 20,000 PE/FITC-

fluorescent BD Calibrite™ Beads (349502, BD Bioscience) were added per sample before 

sample acquisition. Samples were acquired on the Fortessa X-20 flow cytometer (BD 
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Biosciences) or the Aurora spectral flow cytometer (Cytek). Data were analysed with FlowJo 

v10.8.0 or OMIQ (for spectral flow data).  

Flow cytometry antibodies Clone Dil. Ref. Supplier 
BV510 anti-mouse CD45 30-F11 1:200 563891 BD 

Biosciences 
PE-Cyanine7 anti-mouse CD31 390  1:200 25-0311-

81 
Invitrogen 

PE anti-mouse CD140a (PDGFRa) APA5 1:200 135905 Biolegend 
PerCP anti-mouse CD45 30-F11 1:200 103130 Biolegend 
BV785 anti-mouse/human CD11b M1/70 1:200 101243 Biolegend 
BV605 anti-mouse F4/80 BM8 1:200 123133 Biolegend 
BV711 anti-mouse CD64 X54-

5/7.1 
1:200 139311 Biolegend 

PE anti-mouse CD170 (Siglec-F) S17007L 1:200 155505 Biolegend 
APC anti-mouse NK-1.1 PK136 1:200 108709 Biolegend 
PE-Cyanine7 anti-mouse Ly6G 1A8 1:200 127618 Biolegend 
PE-Cyanine7 anti-mouse TCR b chain H57-597 1:200 109221 Biolegend 
BV785 anti-mouse CD19 6D5 1:200 115543 Biolegend 
BV421 anti-mouse CD3ε 145-

2C11 
1:200 100335 Biolegend 

Pacific Blue anti-mouse CD8a 53.6.-7 1:400 100725 Biolegend 
BV605 anti-mouse CD4 GK1.5, 

RM4-5 
1:400 100451 Biolegend 

PE anti-mouse CD45.1 A20 1:200 110707 Biolegend 
BV711 anti-mouse CD45.2 104 1:200 109847 Biolegend 
APC anti-mouse CD9 MZ3 1:200 124811 Biolegend 
PerCP/Cyanine5.5 anti-mouse CD63 NVG-2 1:200 143911 Biolegend 
eFluor450 anti-mouse Lyve1 ALY7 1:200 48-0443-

82 
Invitrogen 

PerCP/Cyanine5.5 anti-mouse I-A/I-E 
(MHCII) 

M5/114.1
5.2 

1:200 107626 Biolegend 

Mouse CD16/32 / 1:200 101302 Biolegend 
BUV496 anti-mouse CD11b M1/70 1:200 749864 BD 

Biosciences 
BUV737 anti-mouse F4/80 T45-

2342 
1:200 749283 BD 

Biosciences 
FITC anti-mouse CD163 TNKUPJ 1:200 11-1631-

82 
Thermo 
Fisher 

Spark NIR 685 anti-mouse Ly6G 1A8 1:200 127665 BioLegend 
Bv785 anti-mouse Ly6C HK1.4 1:200 128041 BioLegend 
Spark Blue 550 anti-mouse I-A/I-E 
(MHCII) 

M5/114.1
5.2 

1:200 107661 BioLegend 

Spark YG 570 anti-mouse CD206 C068C2 1:200 141737 BioLegend 
Bv711 anti-mouse CD64 X54-

5/7.1 
1:200 139311 BioLegend 

BUV661 anti-mouse CCR2/CD192 475301 1:200 750042 BD 
Biosciences 
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Bv480 anti-mouse CD9 KMC8 1:200 746438 BD 
Biosciences 

PE Fire 810 anti-mouse CD11c QA18A7
2 

1:200 161105 BioLegend 

Super Bright 436 anti-mouse Siglec F 1RNM44
N 

1:200 62-1702-
82 

Thermo 
Fisher 

BUV395 anti-mouse CD45 30-F11 1:200 565967 BD 
Biosciences 

BUV615 anti-mouse CD69 H1.2F3  1:200 751593 BD 
Biosciences 

PE Cy5 anti-mouse EOMES Dan11m
a 

1:100 15-4875-
80 

Thermo 
Fisher 

eFluor 450 anti-mouse CD8a 53-6.7  1:200 48-0081-
80 

Thermo 
Fisher 

Alexa Fluor 647 anti-mouse CD39 Duha59 1:200 143807 BioLegend 
Bv570 anti-mouse CD62L MEL-14 1:200 104433 BioLegend 
Bv650 anti-mouse Ly108 13G3  1:200 740628 BD 

Biosciences 
PE Cy7 anti-mouse PD-1 J43  1:200 25-9985-

80 
Thermo 
Fisher 

PE Dazzle 594 anti-mouse CD44 IM7  1:200 103055 BioLegend 
PE anti-mouse TCF1 S33-966 1:100 564217 BD 

Biosciences 
APC Fire 810 anti-mouse CD4 GK1.5 1:400 100479 BioLegend 

 

2.12 Enzyme-linked immunosorbent assay (ELISA) 

Cytokine levels in serum, adipose tissue or cellular secretome were measured by commercially 

available ELISA kits following the manufacturer’s protocols. The following ELISA kits were 

used:  IL1 beta (88-7013A-88, Invitrogen), IL-10 (88-7105-86, Invitrogen), IL-6 (88-7064-88, 

Invitrogen), TGF beta-1 (88-8350-88, Invitrogen), TNF alpha (88-7324-88, Invitrogen), 

Adiponectin (KMP0041, Invitrogen), Mouse Magnetic Luminex Assay (OPN) (LXSAMSM, 

Luminex), and Leptin (KMC2281, Invitrogen). All cytokine levels were normalized to input 

tissue weight or cell number.  
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2.13 Western blot 

Protein extraction was performed as previously published (An and Scherer, 2020). Per 100 mg 

of WAT, 500 μL of RIPA lysis buffer containing protease inhibitors (04693159001, Roche) and 

PhosphoStop (04906837001, Roche) but without TritonX-100 was added. Tissues were 

homogenised using TissueLyser II (Qiagen) and homogenate was centrifuged at 6000 g for 15 

min. The top lipid layer was removed and the tissues were lysed for one hour on ice by adding 

Triton X-100 (T9284, Sigma) at a 1 % final concentration. Lipid contamination was removed 

through serial centrifugation at 12000 g for 15 min. Protein content was measured with a BCA 

Protein Assay kit (23227, Thermo Fisher). 10-15 μg of protein samples and prestained protein 

ladder (ab116028, Abcam) were separated on a 4-12% Bis-Tris SDS PAGE gel (NP0336, 

Invitrogen) for 90 min at 130 V. Proteins were transferred onto a PVDF membrane using wet-

transfer technique for 2 hours at 300 mA. Membranes were blocked in 5 % skimmed milk 

(70166, Sigma) in TBST for one hour at room temperature, and incubated with primary 

antibodies overnight. The following primary antibodies were used: rabbit anti-LC3 (L8918, 

Sigma) (1:1500), rabbit anti-ATG7 (ab133528, Abcam) (1:1500), rabbit anti-vinculin (13901, 

CST) (1:2000). Proteins were visualized on a membrane using IRDye 800 secondary 

antibodies (926-32211, LI-COR Biosciences) at the dilution 1:10,000. Quantification was 

performed with ImageStudio software (LI-COR). Autophagy flux was calculated as: (LC3-II 

(Inh) – LC3-II (Veh))/(LC3-II (Veh)), as previously described (Zhang et al., 2019). 

2.14 Histology and immunohistochemistry  

For histological analysis, adipose tissues and the liver were fixed in 10 % neutral buffered 

formalin (HT501128, Sigma) for 24 and 48 hours, respectively. Following the fixation, tissues 

were transferred to 70 % ethanol and submitted to the Kennedy Institute of Rheumatology 

Histology service for paraffin embedding, sectioning (section thickness 5 µm), and staining. 

Haematoxylin and eosin (H&E) (3801560E, Leica microsystems and RBC-0100-00A, Cell 
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Path, respectively) and picrosirius red staining (ab24683, Abcam) were performed according 

to the standard histology protocols. Slides were mounted with Di-n-butylphthalate (DPX) 

mounting media (06522, Sigma). Whole tissue scans were acquired using a Zeiss Axioscan 7 

scanning microscope. Picrosirius red staining analysis and quantification were performed by 

Dr Jacky Ka Ko Long at the Oxford Zeiss Centre of Excellence using QuPath, Image J, and an 

in-house developed script (available at https://github.com/Oxford-Zeiss-Centre-of-

Excellence/pyHisto). In summary, the blind colour deconvolution method was used based on 

a stain vector estimation (Ruifrok and Johnston, 2001), followed by Otsu thresholding and 

determination of collage-to-area ratio.  

For immunohistochemistry analysis, adipose tissues were fixed in 4 % paraformaldehyde 

(043368.9M, Thermo Fisher) for 24 hours at 4°C, embedded and sectioned as described 

above. After sectioning, tissues were deparaffinized in a series of xylene, 100 %, 95 %, 70 % 

and 50 % ethanol, 0.3 % Triton-X in PBS and PBS. Antigens were heat-retrieved in a pressure 

cooker at 100°C for 20 min using citrate antigen retrieval solution (H-3300, Vector Laboratories, 

pH 6.0), and allowed to cool naturally in Tris antigen retrieval solution (10 mM, pH 8.8-9.0). 

Slides were washed twice in PBS and blocked overnight in 10 % donkey serum (D9663, 

Sigma) and 3 % BSA. The next day, slides were incubated with DAPI (D3571, Thermo Fisher) 

for 15 min and mounted with glycerol. A background scan was recorded and coverslips were 

removed. Slides were incubated for 20 min with Fc block reagent (1:200 in 3 % BSA, 130-092-

575, Miltenyi Biotec), followed by primary antibody incubation overnight at 4°C. The following 

primary antibodies were used: mouse anti-CD45 (1:500) (AF114, R&D Systems), rabbit anti-

CD68 (1:100) (ab125212, Abcam), rat anti-F4/80 (1:100) (MCA497A488T, BioRad), rabbit 

anti-Perilipin 1 (D1D8) (1:100) (9349, CST), mouse anti-caveolin (1:500) (610406, BD 

Bioscience), and rabbit anti-p62 (1:250) (BML-PW9860, Enzo Life Sciences). The next day, 

slides were washed twice for 5 min PBS-T and once in PBS, and incubated with secondary 

antibodies diluted in 3 % BSA for one hour at room temperature. Secondary antibodies used 
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were donkey anti-rat IgG H&L (Alexa Fluor 647) (1:500) (ab150155, Abcam), donkey anti-rabbit 

IgG H&L (Alexa Fluor 555) (1:500) (ab150074, Abcam), donkey anti-rabbit IgG (Alexa Fluor 

647) (1:350) (A31573, Life Technologies), and goat anti-mouse IgG (Alexa Fluor 488) (1:250) 

(A11029, Life Technologies). After repeating the washes, slides were mounted with glycerol, 

and images were acquired with a GE Cell DIVE multiplex imager.  

2.15 Gene expression analysis (qRT-PCR) 

To isolate RNA, adipose tissues were homogenized in TRI reagent (T9424, Sigma) using 2 ml 

tubes containing ceramic beads (KT03961-1-003.2, Bertin Instruments) on a Precellys 24 

homogenizer (Bertin Instruments). RNA was isolated from enriched adipocyte fractions by 

following the TRI reagent extraction method. RNA was extracted using RNeasy Mini or Micro 

Kit (74104, Qiagen) following the manufacturer’s protocol. RNA yield and quality were 

quantified using a NanoDrop and cDNA was synthesized using a High-Capacity RNA-to-

cDNA™ kit (4387406, Applied Biosystems). Gene expression analysis was performed using 

validated TagManTM probes and TaqManTM Fast Advanced Master Mix (4444557, Applied 

Biosystems) on a ViiA7 real-time PCR system (Thermo Fisher). Values were normalized to 

Ppia reference gene using the comparative Ct method to calculate fold change (2-ΔΔCt). 

Settings: 95°C 20 sec, (95°C 1 sec, 60°C 20 sec) x 40 cycles.   

TaqManTM probes: Atg7 (Mm00512209 m1), Col1a1 (Mm00801666_g1), Col3a1 

(Mm01254476_m1), Col6a3 (Mm00711678_m1), Fn1 (Mm01256744_m1), Mmp14 

(Mm00485054_m1), Timp1 (Mm01341361_m1), Acta2 (Mm00725412_s1), Il1b 

(Mm00434228_m1), Ppia (Mm02342430_g1).  
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2.16 Transcriptomics (bulk RNA sequencing) 

Macrophages and T cells were isolated by FACS and adipocytes were isolated as enriched 

adipocyte fraction by floating method. RNA was extracted as described above and further 

processed by the Oxford Genomics Centre (University of Oxford) or Novogene Sequencing 

Company. To generate PolyA libraries, cDNA was end-repaired, A-tailed and adapter-ligated. 

Libraries were size-selected, multiplexed, quality-controlled, and sequenced using a 

NovaSeq6000. Quality control of raw reads was performed with a pipeline readqc.py 

(https://github.com/cgat-developers/cgat-flow). The pseudoalignment method Salmon (Patro 

et al., 2017) was used to align the resulting reads to the GRCm38/Mm10 reference genome. 

Batch effects attributed to sex were corrected using the limma package (v3.54.1) (Ritchie et 

al., 2015). Differential gene expression analysis was performed with DEseq2 (v1.38.3) (Love 

et al., 2014). The workflow included the estimation of size factors, dispersion estimation, and 

fitting of a negative binomial generalized linear model. Genes were considered significantly 

differentially expressed based on an adjusted p-value threshold of <0.05, after correcting for 

multiple testing using the Benjamini-Hochberg procedure. Finally, gene set enrichment 

analysis was performed to explore the biological implications of the differentially expressed 

genes using the clusterProfiler package (v4.6.0).  

2.17 Proteomics 

Adipocytes were isolated as a floating fraction upon digestion of adipose tissue and 

a conditioned medium was generated after 24-hour incubation in serum-free medium as 

described above. Samples were snap frozen and sent to Dr Oliver Popp at the Max-Delbrück 

Center for Molecular Medicine in the Helmholtz Association, Germany, for further processing. 

Equal volumes of conditioned medium or a pellet of 100 µl packed adipocytes were lysed in 

SDC buffer containing 2% (w/v) sodium deoxycholate (SDC; Sigma), 20 mM dithiothreitol 

(Sigma), 80 mM chloroacetamide (Sigma), and 200 mM Tris-HCl (pH 8). After heating at 95°C 

https://github.com/cgat-developers/cgat-flow
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for 10 minutes, the lysates were enzymatically digested using endopeptidase LysC (Wako) and 

sequence grade trypsin (Promega) at a protein:enzyme ratio of 50:1. The digestion process 

occurred overnight at 37°C. For reversed-phase liquid chromatography coupled to mass 

spectrometry (LC-MS) analysis, each sample replicate was injected with 1 µg of peptide 

amount into an EASY-nLC 1200 system (Thermo Fisher) for separation, using a 110-minute 

gradient. Mass spectrometric measurements were made with the Exploris 480 (Thermo Fisher) 

instrument in data-independent acquisition (DIA) mode, utilising an isolation scheme with 

asymmetric isolation window sizes. The raw files were analysed using DIA-NN version 1.8.1 

(Demichev et al., 2020) in library-free mode, with a false discovery rate (FDR) cutoff of 0.01 

and relaxed protein inference criteria, while employing the match-between runs option. The 

spectra were compared to a Uniprot mouse database (2022-03), including isoforms. The 

protein intensities were normalised using MaxLFQ and filtered to ensure that each protein had 

at least 50% valid values across all experiments, with an additional filter to retain at least 3 

valid values in at least one experimental group. The limma package (Ritchie et al., 2015) was 

used to calculate two-sample moderated t-statistics for significance calling. The nominal P-

values were adjusted using the Benjamini-Hochberg method. 

2.18 Metabolomics 

Adipocytes and conditioned medium were obtained as described above, snap frozen and 

submitted to Dr Johanna ten Hoeve-Scott based at the UCLA Metabolomics Center, USA. 

Metabolite extractions from frozen cell pellets were done through a two-phase extraction with 

80 % MeOH and chloroform. When just thawed, cells were resuspended in 500 µl ice-cold 80 

% MeOH, vortexed and sonicated in an ice bath for 6 min. Following one hour of incubation on 

dry ice, tubes were centrifuged at 16,000 g for 10 min at 4°C, and supernatants were mixed 

with water and chloroform in 1:1:1 ratio.  Each sample was vortexed for 1 min and centrifuged 

at top speed for 15 min at 4°C. Finally, 600 μl of the top aqueous layer was transferred to a 

glass vial and evaporated using an EZ-2Elite evaporator (Genevac). Samples were stored at 
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−80 °C before analysis. The BCA assay was performed on the airdried pellets, resuspended in 

200 µl of 0.2 M NaOH and heated at 95°C for 20 min. Metabolite extractions from frozen 

conditioned medium precleared from cells and cell debris were performed after removing cells 

and cell debris by mixing 20 µl of clarified medium with 500 µl ice-cold 80 % MeOH/20 % H2O. 

After vortex and 30 min incubation at -80°C, samples were centrifuged at 16,000 g for 10 min 

at 4°C, transferred to a glass vial and evaporated using an EZ-2Elite evaporator (Genevac). 

Dried extracts were stored at −80 °C before analysis. Dried metabolites were resuspended in 

100 ul 50% ACN:water and 5 ul was loaded onto a Luna NH2 3um 100A (150 × 2.0 mm) column 

(Phenomenex) using a Vanquish Flex UPLC (Thermo Fisher). The chromatographic 

separation was performed with mobile phases A (5 mM NH4AcO pH 9.9) and B (ACN) at a flow 

rate of 200 μl/min. A linear gradient from 15% A to 95% A over 18 min was followed by 7 min 

isocratic flow at 95% A and re-equilibration to 15% A. Metabolites were detected with a Thermo 

Fisher Q Exactive mass spectrometer run with polarity switching in full scan mode using a 

range of 70-975 m/z and 70.000 resolution. Maven (v 8.1.27.11) was used to quantify the 

targeted polar metabolites by AreaTop, using expected retention time and accurate mass 

measurements (< 5 ppm) for identification. Data analysis, including principal component 

analysis and heat map generation, was performed using in-house R scripts. In brief, metabolite 

intensities (area under the curve) were normalized to protein content and analysed with one-

way ANOVA (ANOVA column). Metabolites with a p-value < 0.05 were termed as significant. 

Heatmaps are z-score normalized assuming a normal distribution. Bar plots display relative 

amounts for each metabolite, calculated by averaging amounts for each condition (a condition 

with the lowest average value set to 1).  

2.19 Metabolic assays  

Metabolite levels in live cells, cell homogenates and conditioned medium were measured using 

commercially available kits according to the manufacturer’s protocols. Intracellular ATP was 

measured in living cells using ATP bioluminescence assay kit CLS II (11699695001, Roche). 



 

60 

 

The concentration of xanthine and hypoxanthine (ab155900, Abcam), adenosine (ab211094, 

Abcam), L-lactate (ab65331, Abcam), and H2O2 (A22188, Invitrogen), GSH/GSSG ratio ( 

V6611, Promega) and the activity of xanthine oxidase (A22182, Invitrogen) were measured in 

cell homogenates and conditioned medium. To homogenise cells, these were resuspended in 

an ice-cold homogenisation medium (0.32 M sucrose, 1 mM EDTA, and 10 mM Tris–HCl, pH 

7.4) and processed with 72 strokes using a tight pestle. After brief sonication at 40 % Amp, 

homogenates were centrifuged at 2000 g for 5 min at 4°C to remove the lipid layer. Protein 

concentration in homogenates was determined using a BCA assay to normalize between 

conditions. 24 µg of protein was used per assay condition.  

2.20 Quantification and statistical analysis  

Experiments were conducted as 3 independent repeats unless otherwise indicated. Mice were 

randomly grouped in experimental groups and all data shown except proteomics and 

metabolomics are pooled from both sexes. Data were analysed and visualized using 

GraphPad Prism 9, except for omics data where R software was used for visualisation and 

statistics calculation. The normal distribution of data was tested before applying parametric or 

nonparametric testing. For comparison between two independent groups, unpaired Student's 

t-tests or non-parametric Mann-Whitney tests were applied. Comparisons across more than 

two groups were performed using one-way or two-way ANOVA with Šídák, Tukey or Dunnett 

multiple testing correction. Data were considered statistically significant when p value < 0.05. 

For transcriptomics and proteomics analyses, hits were considered differentially expressed if 

a multiple testing with limma package (Ritchie et al., 2015) and adjusted with Benjamini-

Hochberg method returned a p-value <0.05. For metabolomics, metabolite intensities (area 

under the curve) were analysed with one-way ANOVA and hits with a p-value < 0.05 were 

considered significant.  
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3 Adipocyte autophagy controls fat tissue distribution 

and metabolic syndrome in obesity by limiting fibrosis 

3.1 Introduction 

3.1.1 Murine models of obesity 

Animal models have been extensively utilized in obesity research. Murine models of obesity 

are broadly divided into monogenic, polygenic, and dietary models. The most common 

monogenic models that spontaneously develop morbidly obese phenotypes are mice with a 

defect in the leptin signalling pathway. These include the leptin-deficient ob/ob mouse and the 

leptin receptor-deficient db/db mouse. As monogenic obesity is rare in humans, polygenic 

mouse obesity models are more relevant when studying genetic predisposition to obesity, 

including New Zealand Obese and Tsumura Suzuki Obese Diabetes mouse models (Kanasaki 

and Koya, 2011).  

In contrast to genetically modified models, DIO models most closely mimic human obesity, 

especially considering that current obesity prevalence is in large part due to unhealthy lifestyle, 

i.e. poor diet and lack of exercise. DIO models are fed high-fat diets (HFD), where more than 

30% of energy comes from fat, fat- and sugar-rich diets (e.g. cafeteria diet) or saturated fatty 

acids- and simple sugars-rich diets (e.g. western diet) (Lutz and Woods, 2012). An increase in 

adiposity due to dietary fat intake is strain-specific, with the C57BL/6J strain commonly used 

as it develops similar abnormalities to humans, including severe obesity, glucose tolerance, 

and moderate insulin resistance. While fat mass gain is generally rapid and massive in 

experimental mouse models compared to a gradual increase in humans, the secondary 

development of insulin resistance is very similar between the species (Kleinert et al., 2018). 

Besides strain-specific effects, sex is another susceptibility factor for DIO, with male mice 

prone to develop obesity sooner and to a greater extent than female mice. This is in contrast 
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with humans, where females are more prone to develop obesity. In addition, their WAT is highly 

responsive to reproductive hormones, which is less pronounced in female rodents (Lutz and 

Woods, 2012).  

In addition to obesity induction differences in humans versus mouse models, there are 

significant differences in the location and function of adipose tissue depots. Humans don’t 

possess analogues of gonadal WAT, which is the most widely studies WAT depot in mice. 

Omental WAT (oWAT) expands the most in human obesity but is relatively small in mice 

(Lempesis et al., 2022). Despite different challenges of dietary and genetic modifications that 

limit translation to human obesity, DIO models are nevertheless commonly used in obesity 

research showing good validity with human obesity (Kleinert et al., 2018). 

3.1.2 Metabolic syndrome 

Obesity is broadly stratified into metabolically healthy (MHO) versus unhealthy (MUO) obesity. 

The predominant type, MUO is characterized by a development of metabolic syndrome, which 

is defined by a combination of pathophysiological factors. Individuals with metabolic syndrome 

and MUO have an increased risk of developing endocrine disorders such as type 2 diabetes 

mellitus, fatty liver disease and cardiovascular diseases (Bluher, 2020). Therefore, 

understanding the molecular mechanisms behind the development of metabolic syndrome and 

MUO is critical to developing obesity management therapies aimed at alleviating the risk of 

obesity-associated comorbidities.   

The core pathophysiological factors underlying metabolic syndrome are abdominal adiposity 

and insulin resistance, which are tightly correlated. Insulin resistance versus sensitivity are 

defined as a response to a glucose or insulin stimulus. Obese insulin-resistant individuals 

display impaired glucose metabolism or tolerance upon glucose challenge and elevated fasting 

glucose levels. A critical contributor to insulin resistance is expanded adipose tissue, which 
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drives metabolic syndrome pathophysiology through elevated FFA release. This leads to an 

increase in inflammation and pancreatic insulin secretion, resulting in hyperinsulinemia and a 

further increase in FFA secretion. Ultimately, excess FFAs are redirected to other organs, such 

as the liver, where their deposition leads to inflammatory lesions and the development of MASH 

(Cornier et al., 2008). This notion is further supported by the adipose tissue expendability 

theory proposed by Vidal-Puig and Virtue, who claim that the capacity for WAT expansion is 

limited, and once reached, leads to ectopic deposition of lipids in non-adipocyte cells. This 

leads to lipotoxicity and ultimately insulin resistance and type 2 diabetes mellitus (Virtue and 

Vidal-Puig, 2010).  

3.1.3 Adipose tissue fibrosis 

Obesity contributes to the development of adipose tissue fibrosis (Sakers et al., 2022). This 

process is characterized by excessive production and reduced degradation of ECM 

components.  These include collagens (Col I-VI), fibronectin, thrombospondin, hyaluronic acid, 

and elastin, as well as enzymes that dynamically remodel ECM components, such as 

collagenases and matrix metalloproteinases (MMPs). Tissue inhibitors of MMPs (TIMPs) also 

critically regulate ECM dynamics (Sun et al., 2023). Pericellular accumulation of collagen, the 

degree of collagen covalent cross-linking with other ECM components, and dysregulation of 

remodelling enzymes negatively impact ECM turnover, limiting WAT expandability and 

plasticity. Deposition of fibrosis physically constrains the dynamic adipose tissue remodelling 

(Marcelin et al., 2022). The enhanced stiffness of adipose tissue leads to mechanical stress, 

which triggers cell necrosis and the release of FFAs and pro-inflammatory factors, leading to 

systemic lipotoxicity. This positions fibrosis as a key modulator of local and systemic metabolic 

outcomes (Gliniak et al., 2023). Fibrosis is fine-tuned by multiple cell types in obese adipose 

tissue, including adipocytes, immune cells, pre-adipocytes, (myo)fibroblasts, and endothelial 

cells (DeBari and Abbott, 2020).  
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While the molecular mechanisms of adipose tissue fibrosis are becoming better understood, 

no targeted therapy exists to slow or reverse its progression. This is mostly due to a complex 

interplay of fibrosis with other processes that result from unhealthy expansion of WAT, including 

hypoxia and inflammation. While it is well-accepted that these three processes are intimately 

linked and reinforce each other, the exact sequence and kinetics remain unclear (Reggio et 

al., 2013). The first hypothesis suggests that hypoxia stimulates pro-fibrotic signalling 

pathways, initiating fibrosis early during obesity onset. This results in adipocyte necrosis and 

recruitment of immune cells in WAT, ultimately inducing chronic low-grade inflammation 

(Halberg et al., 2009). Another model proposes that hypertrophic expansion of WAT triggers 

local inflammation that precedes the development of fibrosis. The pro-fibrotic program is then 

initiated through pro-inflammatory cytokine stimulation to resolve chronic inflammation (Wynn, 

2007). 

What also remains debatable are the beneficial versus deleterious effects of adipose tissue 

fibrosis concerning metabolic homeostasis. On one hand, maladaptive fibrosis has been 

described to reversely correlate with body-weight loss following bariatric surgery (Abdennour 

et al., 2014). On the other hand, adaptive fibrosis has been reported to limit the excessive 

growth of adipocytes, thereby improving metabolic outcomes (Datta et al., 2018). Therefore, a 

better understanding of the cellular and molecular mechanism underlying adipose tissue 

fibrosis is necessary and will ultimately lead to the development of targeted therapies.   

3.1.4 Chapter aims 

WAT autophagy increase during obesity is broadly reported (Zhang et al., 2018b), however, 

understanding its functional consequence remains largely elusive. We set out to investigate 

whether loss of autophagy in mature adipocytes impacts obesity development and 

progression. We hypothesised that an increase in autophagy observed in obese subjects 

impacts their adiposity, metabolic outcomes, and adipose tissue biology. The aim of this 
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chapter is (1) to validate the increase in autophagic flux during obesity, (2) to investigate the 

impact of adipocyte autophagy loss on obesity phenotype, (3) to examine whether fibrotic WAT 

is an adaptive or maladaptive response, and (4) understand whether some of our findings can 

translate to humans.      

3.2 Results 

3.2.1 Obesity induces adipocyte autophagy which impacts fat distribution and 

ameliorates metabolic syndrome 

Autophagy in adipose tissue increases during obesity both in humans and mice (Jansen et al., 

2012, Kosacka et al., 2015, Kovsan et al., 2011, Mizunoe et al., 2017, Nuñez et al., 2013, Öst 

et al., 2010, Soussi et al., 2016).  To confirm previous observations are true in our DIO mouse 

model, we fed C57BL/6J wild-type (WT) mice HFD with 60% of calories coming from fat for 16 

weeks. Assessment of autophagic flux by accumulation of mature autophagosome marker 

LC3-II upon inhibition confirmed that autophagy in both main mouse WAT depots, i.e., inguinal 

and gonadal WAT (iWAT and gWAT, respectively) positively correlated with increased adiposity 

(Fig 6A-B).  

 

Figure 6: Adipocyte autophagy is increased in obese WAT. WT and Atg7Ad mice were fed 
a normal chow diet (NCD) or high-fat diet (HFD) for 16 weeks before isolation of gonadal and 
inguinal white adipose tissues (gWAT and iWAT, respectively). (A) Representative western blot 
analysis of LC3-II accumulation to measure autophagy flux in gWAT, in the presence of 100 
nM BafA1 and 20 mM NH4Cl. (B) Quantification of autophagy flux in gWAT and iWAT. 
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Autophagy flux was calculated as: (LC3-II (Inh) – LC3-II (Veh))/(LC3-II (Veh)). Data are 
presented as mean ± SD. Each data point represents one biological replicate. Statistical 
analysis by two-way ANOVA with Šídák multi comparisons test. Representative of 3 
independent experiments. 

To understand the pathophysiological function of induced WAT autophagy during DIO, we took 

advantage of a previously validated Atg7Ad mouse model with an adipocyte-specific deletion 

of autophagy developed in our group (Richter et al., 2023). In contrast to constitutive depletion 

of adipocyte autophagy (Zhang et al., 2009, Singh et al., 2009b, Baerga et al., 2009), this 

experimental model enables inducible depletion after adipose tissue has fully developed 

(between 6 and 8 weeks of age), circumventing defects in adipogenesis and consequences 

thereof. Adipoq-driven Cre ERT2 recombinase system specifically targets mature adipocytes 

within adipose tissues upon tamoxifen administration, allowing for spatial-temporal control of 

gene depletion (Sassmann et al., 2010) (Fig 7A). Autophagy is blocked through a loss of ATG7 

protein expression, a critical catalyst of autophagosome formation through the mediation of 

LC3 lipidation (Feng et al., 2014). Atg7Ad mice fed standard chow diet show no phenotype 

(data not shown).  

Inducing Atg7 deletion and feeding mice HFD for 16 weeks to develop DIO (Fig 7B-C) resulted 

in a block of autophagy flux in both iWAT and gWAT (Fig 7D-E). Mice displayed a comparable 

caloric intake between the two diets (Fig 7F). Body weight gain between WT and Atg7Ad mice 

showed no difference either when mice were fed control (NCD) or HFD (Fig 7G). Following 

body weight gain, obese mice increased their serum leptin concentration (Fig 7H). Within the 

obese group, no significant difference in adiponectin/leptin ratio was observed between WT 

and Atg7Ad mice, although there was a downward trend in Atg7Ad mice (Fig 7I). The 

adiponectin/leptin ratio is a biomarker tightly correlating with increased body weight and 

comorbidity risk, whereby a lower ratio is associated with elevated WAT dysfunction (Fruhbeck 

et al., 2018). Despite no change to body adiposity, we observed a significant difference in fat 

distribution between WT and Atg7Ad mice on HFD, with a reduced gWAT but elevated iWAT 
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expansion in obese Atg7Ad mice (Fig 7J). This observation sparked our interest considering 

that gWAT, mimicking human visceral WAT, is the most pathophysiological WAT depot (Lutz 

and Woods, 2012). In addition, increased iWAT growth is believed to buffer the detrimental 

impact of visceral obesity (González-Muniesa et al., 2017), and people with MHO tend to have 

a higher ratio of gluteofemoral (analogous to iWAT) to visceral WAT (Bluher, 2020).  
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Figure 7: Adipocyte autophagy differentially regulates WAT expansion. (A) Schematic 
representation of Atg7Ad genetic model. Red triangles denote flox sites. (B) Experimental set-
up to study the role of adipocyte autophagy in DIO. (C) Relative mRNA expression of Atg7 in 
gWAT and iWAT of WT and Atg7Ad mice measured by qRT-PCR. n = 8-9 mice. (D) 
Representative western blot analysis of LC3-II accumulation to measure autophagy flux in 
gWAT upon treatment with 100 nM BafA1 and 20 mM NH4Cl. (E) Quantification of autophagy 



 

69 

 

flux in obese gWAT and iWAT. Autophagy flux was calculated as: (LC3-II (Inh) – LC3-II 
(Veh))/(LC3-II (Veh)). (F) Daily intake of calories between NCD and HFD-fed mice. The caloric 
intake per mouse per day was calculated by weighing the administered food weekly, then 
dividing the total kcal consumed per week by the number of animals in the cage and the 
number of days in the week. (G) Relative weight gain over 12 weeks of alternative diet. n = 4 
mice. (H) Serum concentration of leptin. (I) Adiponectin to leptin ratio measured in serum. (J) 
Fat pad weight after 16 weeks of NCD or HFD feeding. Data are merged from 3 independent 
experiments. Data are presented as mean ± SD. Each data point represents one biological 
replicate. Statistical analysis by two-way ANOVA with Šídák multi comparisons test (C, E), one-
way ANOVA (H), unpaired t-test (I), or multiple unpaired t-test (J). Representative of 3 
independent experiments unless otherwise indicated. Created with BioRender.com (A-B). 

This prompted us to assess whether obese Atg7Ad mice develop metabolic syndrome to the 

same extent as obese WT mice. To this end, we assessed the development of insulin 

resistance by performing a glucose tolerance test (GTT), where fasted mice were challenged 

with bolus glucose and monitored for their response (Bowe et al., 2014). We observed that 

obese Atg7Ad mice showed a trend of improved glucose homeostasis compared to WT 

counterparts, as evidenced by a more efficient cellular uptake of blood glucose upon challenge 

(Fig 8A-B). This was also true for NCD-fed mice, suggesting that improved glucose tolerance 

in Atg7Ad mice may not be associated with the development of obesity. Fasted glucose and 

insulin levels between WT and Atg7Ad mice were comparable between the diets, with HFD-fed 

WT displaying a tendency for higher glucose and insulin levels compared to NCD-fed WT, as 

expected (Fig 8C-D). Surrogate assessment of insulin resistance can be performed by an 

insulin tolerance test (ITT), where blood glucose is monitored after insulin administration in 

contrast to glucose loading. While no difference in insulin resistance by ITT was observed, 

obese WT mice seemed to be more insulin resistant compared to lean counterparts, as 

expected (Fig 8E). Metabolic syndrome is also diagnosed by an increase in serum triglycerides 

and FFAs and dysregulated cholesterol levels (Després, 2021).  We observed no differences 

in serum triglycerides or FFAs but a tendency for a general dysregulation of cholesterol 

metabolism, whereby total as well as both “good” (HDL) and “bad” (LDL) cholesterol were 

somewhat upregulated in obese mice (Fig 8F-J). No difference could be observed between 

obese WT and Atg7Ad mice. 
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Figure 8: Loss of adipocyte autophagy alleviates metabolic syndrome in DIO mice. WT 
and Atg7Ad mice were kept on NCD or HFD for 12-16 weeks before the assessment of their 
metabolism. (A) Glucose tolerance test (GTT) was performed at 12 weeks of HFD feeding. n 
= 4 mice. (B) Quantification of GTT response by area under the curve (AUC). (C-D) Serum 
concentration of insulin (C) and glucose (D) following an overnight fast. Data are merged from 
3 independent experiments. (E) Insulin tolerance test (ITT) performed at 12 weeks of HFD 
feeding. n = 3 mice. (F-J) Serum concentration of triglycerides (TG, F), total cholesterol (G), 
low-density lipoprotein (LDL, H), high-density lipoprotein (HDL, I), and free fatty acids (FFA, J). 
Data are merged from 3 independent experiments. (K) Representative haematoxylin and eosin 
(H&E) staining of liver from WT and Atg7Ad mice after 16 weeks of DIO. Examples of fat 
deposition marked with asterisk, scale bar, 200 µm. (L) Quantification of white (lipid) area from 
(K). Data are presented as mean ± SD. Each data point represents one biological replicate. 
Statistical analysis by two-way ANOVA with Tukey multi comparisons test (A-I) or unpaired t-
test (L). Representative of 3 independent experiments unless otherwise indicated. 

Tightly linked to insulin sensitivity is ectopic fat deposition, primarily in the liver. Obese Atg7Ad 

mice displayed a marked decrease in lipid accumulation in the liver compared to obese WT 

mice assessed by histological staining (Fig 8K-L). This suggests that loss of adipocyte 

autophagy improves WAT buffering of excess lipids, limiting FFA storage to non-adipocyte cells 

and organs.  

Considering the subtle impact of autophagy loss on the metabolic health of obese mice, we 

asked whether these mice when exposed to a longer period of HFD feeding or aging develop 

different pathologies to WT mice. To this end, WT and Atg7Ad mice were either fed HFD 

continuously for 26 weeks or fed HFD for 16 weeks followed by 75 weeks on a normal chow 

diet (reaching 100 weeks of age). In contrast to our expectations, no differences in obesity co-

morbidities, including cardiovascular complications, steatosis, and tumours, could be observed 

between WT and Atg7Ad mice when assessing serum markers of the heart (creatine kinase-

MB) and liver function (alanine transaminase, aspartate transaminase, and alkaline 

phosphatase) as well as histological analysis of tissues (data not shown).  

Taken together, our results demonstrate that obesity-induced adipocyte autophagy governs 

regional WAT distribution independent of body weight gain. By specifically limiting gWAT 

expansion, lack of adipocyte autophagy results in the improvement of metabolic syndrome, 
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including reduced visceral obesity and improved insulin sensitivity. The development of 

metabolically healthier obesity in the context of adipocyte autophagy loss is further evident by 

a reduction in ectopic fat deposition.  

3.2.2 Visceral WAT expansion is specifically limited by pericellular fibrosis 

Adipose tissue expansion is mediated by two complementary processes: hypertrophy and 

hyperplasia. Noticing that loss of adipocyte autophagy results in a limitation to gWAT but not 

iWAT expansion, we sought to investigate whether this could be due to defects in these growth 

processes. We assessed adipocyte number (hyperplasia) and size (hypertrophy) by 

quantifying the number and size of unilocular lipid droplets in both WATs, which occupy most 

of the adipocyte volume and thereby contribute the most to the cell size (Ghaben and Scherer, 

2019). Analysis of histological images revealed that the difference in gWAT deposition between 

Atg7Ad and WT could not be attributed to changes in cell number and/or size (Fig 9A-B). The 

same was true for iWAT (Fig 9C-D), suggesting that another process was contributing to 

significantly altered adipose tissue deposition.   
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Figure 9: Autophagy does not impact adipocyte hyperplasia and hypertrophy. (A, C) 
Quantification of adipocyte diameter and their proportion across cell sizes in gWAT (A) and 
iWAT (C). n = 6 mice. (B, D) Quantification of adipocyte number per area in gWAT (B) and 
iWAT (D). Data are presented as mean ± SD. Each data point represents one biological 
replicate. Statistical analysis by unpaired t-test (B, D). Representative of 3 independent 
experiments. 

Our postulation was further supported by a macroscopic tissue phenotype, where changes in 

tissue shape, colour, and stiffness were evident (Fig 10A). Tissue shape and stiffness are 

tightly dictated by ECM deposition and turnover (Sun et al., 2023). To evaluate ECM-related 

morphological changes, we stained WATs with picrosirius red (PSR), which is a standard 

method to visualise collagen I and III fibres (Lattouf et al., 2014). Strikingly, collagen staining 

was highly pronounced in the gWAT of obese Atg7Ad mice compared to obese controls, 

indicating a highly exacerbated pericellular fibrosis (Fig 10B-C). As expected, fibrosis also 

developed in the gWAT of obese WT mice, albeit to a much more limited extent. In contrast, 

iWAT displayed no difference in the staining between the genotypes, suggesting that its 

expansion is not limited by ECM remodelling in our experimental model (Fig 10B-C). These 
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observations were further confirmed by an extensive gene expression panel of ECM 

components and enzymes, with a significantly elevated expression of key ECM modulators, 

including Col3a1, Fn1, Mmp14, and Timp1 in Atg7Ad gWAT but not iWAT (Fig 10D-E). In 

addition, we observed an elevated secretion of cytokines contributing to excessive ECM 

accumulation when culturing gWAT and iWAT ex vivo for six hours (Fig 10F-G). This included 

increased secretion of transforming growth factor β (TGFβ), a master regulator of tissue 

fibrosis (Meng et al., 2016) (Fig 10F), and osteopontin (OPN), a glycoprotein stimulating and 

building ECM in wound healing, inflammation, and fibrosis (Icer and Gezmen-Karadag, 2018) 

(Fig 10G). While the secretion of TGFβ was only induced from obese Atg7Ad gWAT, both 

tissues displayed increased OPN secretion, albeit 20-fold lower in iWAT compared to gWAT 

(Fig 10F-G).  
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Figure 10: Adipocyte autophagy selectively limits gWAT expansion through pericellular 
fibrosis. (A) Photograph of WT and Atg7Ad gWAT fat pads after 16 weeks of HFD feeding. (B) 
Picrosirius red (PSR) staining of collagen I and III in gWAT and iWAT after 16 weeks of HFD 
feeding. Scale bar, 200 µm. (C) Quantification of PSR staining area presented as a percentage 
of total tissue area from (B). (D-E) ECM-related genes’ relative mRNA expression measured 
by qRT-PCR in gWAT (D) and iWAT (E). (F-G) Secretion of TGFβ (F) and osteopontin (OPN) 
(G) from gWAT and iWAT assessed by ELISA. For (G) data are merged from 3 independent 
experiments. Data are presented as mean ± SD. Each data point represents one biological 
replicate. Statistical analysis by multiple unpaired t-test (C-G). Representative of 3 
independent experiments unless otherwise indicated. 
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To better understand the kinetics of the fibrotic process in the context of gWAT growth, we 

assessed WAT fibrosis during early body weight gain. Collagen accumulation appeared 

gradual, starting between 6 and 9 weeks of HFD feeding in obese Atg7Ad mice (Fig 11A-B), 

indicating that fibrosis is an early event in gWAT pathophysiology in these mice. In addition, 

we wanted to understand the causation between DIO and adipocyte autophagy deletion. To 

this end, we initially fed mice HFD for 12 weeks and only later induced gene deletion by 

tamoxifen administration. When assessing gWAT morphology 4 weeks post-deletion, we 

observed similar excessive fibrosis developed as when autophagy deletion preceded DIO 

(data not shown), clearly demonstrating the therapeutic potential for adipocyte autophagy 

modulation in DIO.  

 

Figure 11: Fibrotic onset in Atg7Ad is gradual and develops during early weight gain. (A) 
PSR staining of gWAT after 6 and 9 weeks of HFD feeding. Scale bar, 200 µm. (B) 
Quantification of PSR staining area presented as a percentage of total tissue area from (A). 
Data are presented as mean ± SD. Statistical analysis by two-way ANOVA with Fisher test. 
Each data point represents one biological replicate. Representative of 3 independent 
experiments. 

In summary, our findings uncover a novel role of adipocyte autophagy in the modulation of 

visceral WAT architecture by supporting ECM remodelling and limiting fibrosis.  
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3.2.3 Adipose tissue fibrosis is maladaptive for tissue structural plasticity upon caloric 

restriction challenge 

Fibrosis can serve as an adaptive or maladaptive tissue response. As an adaptive response, 

fibrosis serves to repair tissue injury and prevent excessive inflammation. In contrast, it 

becomes maladaptive when fibrotic lesions obstruct the normal function of tissues and organs, 

as the scars are inflexible, irreversible and functionally disabling (Datta et al., 2018). To 

understand whether exacerbated fibrosis observed in gWAT is an adaptive or maladaptive 

response, we challenged the mice to assess the functional response of fibrotic gWAT. As a 

challenge, we selected caloric restriction, which can reduce caloric intake without malnutrition 

by limiting access to food in a 2:1 ratio (2 days unlimited access, 1 day no access). As the 

reduced availability of nutrients changes systemic energy demand, the function of healthy WAT 

is to balance this need by releasing energy in the form of lipids via lipolysis (Chouchani and 

Kajimura, 2019).  

By limiting access to food every two days while simultaneously keeping them on HFD once 

mice have developed chronic obesity, we observed no significant change in weight loss over 

the 8 weeks in WT and Atg7Ad mice (Fig 12A). In addition, no change in weight gain was evident 

between the experimental groups kept continuously on HFD for 24 weeks and groups who 

were calorically restricted for the last 8 weeks (Fig 12B). When assessing WAT distribution, we 

found that the previous differences seen in gWAT deposition between WT and Atg7Ad mice 

were lost after chronic administration of HFD (Fig 12C). No reduction of gWAT expansion was 

observed after 24 weeks of HFD feeding, and simultaneously, no difference was observed 

upon CR challenge. It is plausible that gWAT of WT dynamically remodels and adapts to 

continuous HFD administration, therefore masking the differences. In contrast, we noticed that 

increased accumulation of iWAT between WT and Atg7Ad mice was also true after 24 weeks of 

HFD feeding (Fig 12D). In addition, this trend persisted after CR in Atg7Ad, albeit the difference 

was much less pronounced and non-significant (Fig 12D). The data revealed an interesting 
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shift in iWAT distribution between HFD and CR HFD mice, whereby iWAT of CR Atg7Ad mice 

shrunk compared to WT. This could potentially indicate that under CR, iWAT reduction serves 

to meet the change in organismal energy demands mice utilise in contrast to fibrotic gWAT 

which cannot shrink upon nutrient limitation. Nevertheless, more data would be needed to 

further support this hypothesis. 

 

Figure 12: Impact of caloric restriction on body weight and fat distribution. Mice were 
continuously fed HFD for 24 weeks. Caloric restriction (CR) was initiated after 16 weeks of 
HFD feeding for a total duration of 8 weeks. (A) Body weight gain throughout the 8 weeks of 
CR. n = 10 mice. (B) Mouse body weight after 24 weeks of HFD±CR. (C-D) Weight of gWAT 
(C) and iWAT (D) fat pads after HFD±CR. Statistical analysis by one-way ANOVA (D). Data are 
presented as mean ± SD. Each data point represents one biological replicate. Data are merged 
from 3 independent experiments.  

Caloric restriction and fasting are some of the most potent non-genetic inducers of non-

selective autophagy (Bagherniya et al., 2018). To evaluate whether CR indeed led to the 

upregulation of WAT autophagy, we assessed autophagic flux in WAT explants isolated from 
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obese caloric-restricted mice. The ratio of LC3-II to LC3-I demonstrated that autophagy-

sufficient obese WT mice highly increased gWAT autophagic flux, while Atg7Ad mice with a 

genetic block in the autophagy pathway showed a much lower but still significant elevation of 

gWAT autophagy upon CR (Fig 13A).  

As we have observed that adipocyte autophagy limits the development of gWAT fibrosis, we 

were curious if additional non-selective induction of autophagy with CR in obese WT mice can 

play a role in fibrosis resolution. While obese Atg7Ad mice developed marked gWAT fibrosis, 

collagen accumulation and fibrosis also developed in WT WAT under obese conditions, albeit 

to a lower extent. In contrast to our expectations, increased autophagy in gWAT of obese WT 

mice did not resolve fibrosis, with comparable levels of fibrotic WAT between the groups (Fig 

13B-C). This suggests that induction of non-selective autophagy per se cannot act to resolve 

fibrosis once it has been established. In addition, we unexpectedly found that CR advanced 

fibrotic deposition in gWAT of obese Atg7Ad mice compared to HFD-fed counterparts (Fig 13B-

C), indicating that additional WAT stress imposed with CR further contributed to collagen 

deposition.  



 

80 

 

 

Figure 13: Induction of autophagy does not resolve fibrosis. Mice were continuously fed 
HFD and exposed to CR for the last 8 weeks of the feeding. (A) Quantification of autophagy 
flux as the ratio of LC3-II to LC3-I accumulation by western blot upon treatment with 100 nM 
BafA1 and 20 mM NH4Cl. (B) PSR staining of gWAT after HFD±CR treatment. Scale bar, 200 
µm. (C) Quantification of PSR staining area presented as a percentage of total tissue area 
from (B). Data are presented as mean ± SD. Each data point represents one biological 
replicate. Data are merged from 3 independent experiments. Statistical analysis by paired t-
test (A) or two-way ANOVA with Šídák multi comparisons test (C). 
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To summarize, our results unveil that excessive collagen deposition deems gWAT inflexible 

upon CR challenge and is thus maladaptive in terms of its structural flexibility. It remains 

unclear whether it is also maladaptive for tissue metabolic plasticity. Despite induction with CR, 

non-selective autophagy in WT gWAT could not resolve obesity-associated fibrosis and was 

further pronounced in Atg7Ad gWAT.  

3.2.4 Autophagy and WAT fibrosis do not correlate with metabolic health in obese 

humans 

A critical challenge in experimental models of obesity is their translation into human research 

(Lempesis et al., 2022). The main reasons for this are the scarcity of omental WAT (oWAT) 

available for basic research, anatomical differences between mice and humans, and a 

difference in clinical versus research protocols. During this DPhil project, we established a 

collaboration with a research group based at the University of Aarhus, Denmark, led by 

associate professor Emma Börgeson, who focuses on metabolic health and inflammation in 

obese patients and their association with cardiometabolic diseases. She offered us to study 

clinical samples from the Adipos2 Cohort (Ethical Approval ID Dnr 682-14, Clinical Trials ID 

NCT02322073), which is aimed at studying obesity-induced inflammation and includes lean 

and obese omental WAT (oWAT) collected from patients undergoing cholecystectomy 

(gallbladder removal) or gastric bypass surgery, respectively. Obese patients with a BMI of 35-

55 scheduled for laparoscopic Roux-en-Y gastric bypass were recruited and underwent a 3-

week calorie restriction (800 calories/day) before surgery. Lean patients were classified as 

having a BMI of 18.5 - 24.9 and were scheduled for cholecystectomy surgery. As we had 

access to a very limited number of samples (3-11 per condition), we tried to initially address a 

simple hypothesis before moving onto a larger sample size, depending on the outcomes. We 

aimed to evaluate whether adipose tissue autophagy and fibrosis correlate, also with respect 

to the metabolic health of individuals. To address this question, we stratified the Adipos2 cohort 

into two sub-cohorts based on metabolic health at the time of surgery and sample collection. 
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Classification strategy 1 was based on patients’ responses to pre-surgical diet. Patients were 

classified as obese responders (reduced fasted blood sugar post-diet, n = 5), obese non-

responders (no change or elevated fasted blood sugar post-diet, n = 4), and lean individuals 

(n = 3) (Table 4). Their fasted blood sugar in response to the presurgical diet was measured 

before starting the diet, on the date of the surgery, i.e., after 3 weeks of the pre-surgical diet, 

and 12 months post-surgery. Obese participants were classified based on the concentration of 

fasted blood sugar on the date of the surgery compared to pre-surgery levels. Lean participants 

were not classified.  

Table 4: Classification strategy 1. Patients were stratified into obese responders, obese non-
responders and lean groups depending on the criteria described in the main text at the time of 
the surgery. FBS = fasted blood sugar, NA = not available. 

pati
ent 
ID 

s
e
x 

phen
otype 

ag
e 

BMI FBS pre-
surgery 
[mmol/L] 

FBS 
surgery 
date 
[mmol/L] 

FBS 12-
month post-
surgery 
[mmol/L] 

group 

1 F obese 55 46.29 7.84 7.2 5.4 obese 
responder 

2 M obese 39 38.99 7.1 6.2 6.2 obese 
responder 

3 F obese 22 40.56 5.8 6.4 5.4 obese non-
responder 

4 F obese 22 41.03 6.4 5.6 5.2 obese 
responder 

5 F obese 48 41.43 6.4 6.4 5.6 obese non-
responder 

6 F obese 60 37.38 6.9 6.3 6.5 obese 
responder 

15 F obese 42 38.82 5.9 6.2 6.4 obese non-
responder 

16 F obese 42 37.65 7.4 7.5 4.1 obese non-
responder 

22 F obese 57 32.86 12.7 6 8 obese 
responder 

61 M lean 34 22.39 5.9 NA NA lean 
101 F lean 40 22.68 5.3 NA NA lean 
102 F lean 46 21.51 5.1 NA NA lean 
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Classification strategy 2 was based on the development of diabetes and patients were stratified 

into diabetic (n = 4), non-diabetic (n = 7), and lean controls (n = 3) (Table 5). Patients were 

classified as diabetic if they had increased HbA1c (≥ 39 mmol/L) or were taking anti-diabetes 

medication (metformin, insulin, dapagliflozin). None of the patients in the study was diagnosed 

with type 1 diabetes mellitus. All the lean controls were diabetes-free. 

Table 5: Classification strategy 2. Patients were stratified into diabetic, non-diabetic and lean 
groups if they had increased HbA1c (≥ 39 mmol/L) or were taking anti-diabetes medication. 

patient 
ID 

sex age BMI phenotype HbA1c 
[mmol/L] 

diabetic 
medication 

group 

1 F 55 46.29 obese 48 0 diabetic 
2 M 39 38.99 obese 34 0 non-

diabetic 
3 F 22 40.56 obese 35 0 non-

diabetic 
4 F 22 41.03 obese 33 0 non-

diabetic 
5 F 48 41.43 obese 28 0 non-

diabetic 
6 F 60 37.38 obese 33 0 non-

diabetic 
14 M 47 37.66 obese 42 0 diabetic 
15 F 42 38.82 obese 32 0 non-

diabetic 
16 F 42 37.65 obese 60 metformin, insulin diabetic 
22 F 57 32.86 obese 81 metformin, 

dapagliflozin 
diabetic 

82 F 26 40.23 obese 33 0 non-
diabetic 

61 M 34 22.39 lean 25 0 lean 
101 F 40 22.68 lean 33 0 lean 
102 F 46 21.51 lean 30 0 lean 

 

To assess the levels of autophagy, we took advantage of paraffin-embedded tissue sections to 

detect protein p62 (Fig 14A), which is degraded by autophagy and thus inversely correlates 

with active autophagy (Watson and Soilleux, 2015). We found that autophagy is upregulated 

in obese compared to lean human WAT as evidenced by decreased p62 levels in obese, 

supporting our observations in mice (Fig 14B).  As in mice, the fibrosis of oWAT was assessed 
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with PSR staining (Fig 14C). Image analysis workflow was designed in collaboration with Dr 

Jacky Ka Long Ko from Oxford-ZEISS Centre of Excellence at the Kennedy Institute of 

Rheumatology. Analysis of human samples revealed that regardless of the classification 

strategy, the levels of oWAT autophagy and fibrosis do not correlate (Fig 14D-E). We did, 

however, observe a slight trend of reduced autophagy (more p62 accumulation) associated 

with lower levels of fibrosis (not significant), which is the opposite of our findings in the DIO 

experimental mouse model.  

 

Figure 14: Autophagy does not correlate with fibrosis and metabolic health in obese 
human oWAT. (A) Samples were stained for active autophagy by p62 accumulation. (B) The 
accumulation of p62 in lean and obese oWAT samples was quantified as a positive p62 staining 
area normalised to the total tissue area. (C) Collagen deposition was assessed by PSR 
staining, quantified as an area of positive collagen staining normalised to the total tissue area. 
(D-E) Human oWAT samples were stratified based on metabolic status. Simple linear 
regression analysis was performed as a correlative analysis of fibrosis and autophagy. Colours 
denote the metabolic health of individuals, which were categorised according to classification 
1 (D) or 2 (E). Each data point represents one biological replicate. 
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In conclusion, and given the small number of samples, we observed no correlation between 

adipose tissue autophagy and fibrosis in the context of metabolic health in obese humans. The 

limitations of this experimental setup will be discussed below.  

3.3 Discussion 

3.3.1 Adipocyte autophagy selectively modulates gWAT growth and expansion 

Adipose tissue body distribution is one of the main determinants of metabolic health in obese 

individuals (Bluher, 2020). While the molecular mechanisms that underlay lipid distribution 

between different fat depots are not well understood, genetic predisposition, sex hormones, 

and certain drugs have been proposed to serve as the main drivers (Archer et al., 2013, 

Marcelin et al., 2022). On the other hand, the molecular mechanisms of WAT expansion are 

much better understood, and the susceptibility of different WAT depots to distinct processes, 

including hypertrophy, hyperplasia, immune cell composition, and oxidative stress sensitivity, 

could indirectly govern regional fat distribution (Ghaben and Scherer, 2019, Okuno et al., 2018, 

Sakers et al., 2022). Expansion of gWAT is dictated by both hypertrophy and hyperplasia, while 

iWAT predominantly expands via hypertrophy (Chouchani and Kajimura, 2019). Furthermore, 

it has been proposed that these fat depots may arise from two different progenitor cells as the 

kinetics of their development are different, however, this has not been experimentally proven 

(Datta et al., 2018). As we did not observe differences in cell size or number between gWAT 

and iWAT depots in obese WT and Atg7Ad mice, it is likely that adipocyte autophagy does not 

influence these core growth processes but rather governs the selective expansion of gWAT 

through the control of ECM remodelling.  

Metabolic health during obesity positively correlates with fat deposition in the subcutaneous 

area, also due to the ability of the subcutaneous WAT to buffer the detrimental impact of 

visceral WAT expansion (Sakers et al., 2022, Marcelin et al., 2022). In line with this, we noted 
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that increased iWAT at the expense of gWAT resulted in an improvement of metabolic health 

in Atg7Ad obese mice, as measured by improved glucose homeostasis and lessened ectopic 

fat deposition in the liver. While we observed some disparities between GTT and ITT 

assessment of glucose homeostasis, this could be explained by the principle of the ITT assay, 

which predominantly measures response to insulin administration in the liver and skeletal 

muscle (Bowe et al., 2014). As we are impacting autophagy in adipocytes, favourable insulin 

sensitivity outcomes observed in obese Atg7Ad mice are likely related to glucose uptake to the 

adipose tissue, however, this hypothesis would have to be experimentally validated. 

3.3.2 Fibrosis limits gWAT expansion and functionality 

We found that depletion of adipocyte autophagy resulted in WAT fibrosis that was specifically 

limited to gWAT. While the role of autophagy in WAT fibrosis has been suggested before, it 

remained experimentally unproven (Oh et al., 2023). The development of adipose tissue 

fibrosis is associated with pathological ECM deposition or dysfunctional turnover. Its resolution 

remains difficult to experimentally interrogate (Marcelin et al., 2022). The quest for anti-fibrotic 

or fibrosis-resolving therapies mostly stems from a traditional view, which recognises fibrosis 

as a detrimental factor in WAT development, plasticity, and ultimately function due to the 

mechanical stiffness it imposes on the tissue (Gliniak et al., 2023). Nevertheless, fibrosis also 

serves as a key adaptive response of tissue repair, acting to limit tissue damage and restore 

tissue architecture, thereby supporting its function, recovery, and survival (Henderson et al., 

2020). When tissue injury is persistent or severe, however, fibrotic lesions disrupt tissue 

architecture, interfere with its biological function, and can ultimately result in organ failure 

(Medzhitov, 2021). Chronic progression of gWAT fibrosis was apparent in obese WT mice but 

much more pronounced in adipocyte autophagy-depleted obese mice. We hypothesise that 

initially, fibrosis serves as an adaptive response to prevent acute tissue damage. Eventually, 

however, progressive impairment of ECM remodelling leads to broader adipose tissue 

dysfunction, and fibrosis becomes maladaptive, with similar conclusions drawn recently in the 
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pancreas (Baer et al., 2023). The body-wide maladaptive outcomes of chronic WAT fibrosis 

are, however, difficult to discern as the WAT is not functionally compartmentalised and the 

effect is interestingly highly specific for a single WAT depot.   

Our hypothesis could also help explain the inconsistency of our results with a broadly accepted 

observation of adipose tissue fibrosis contributing to the pathogenesis of insulin resistance  

(Lawler et al., 2016, Gliniak et al., 2023). As the fibrotic effect in the adipocyte autophagy-

deficient model is highly specific to visceral WAT, this allows for metabolic buffering and forced 

expansion of iWAT, which is known to limit insulin resistance in MHO (James et al., 2021). 

Furthermore, since our mice on C57BL/6J background do not tend to fully develop type 2 

diabetes but instead model early stages of the disease (Kleinert et al., 2018), it is difficult to 

discern the long-term effects of exacerbated gWAT fibrosis on (un)favourable chronic 

metabolic outcomes. Nevertheless, to get a better understanding of how gWAT fibrosis impacts 

WAT function, we could assess the lipolytic function of the tissue by measuring markers of 

active lipolysis, i.e., phosphorylated (activated) hormone-sensitive lipase (p-HSL) and adipose 

triglyceride lipase (ATGL). 

A notable observation was that DIO WT mice that were subjected to caloric restriction further 

elevated their adipose tissue autophagy. While making a different conclusion, a previous study 

showed a drop in p62 accumulation, suggesting active autophagy, when mice were calorically 

restricted post-DIO compared to DIO in visceral WAT (Nuñez et al., 2013). Considering two 

independent but similar outcomes, these suggest that while autophagy is upregulated in obese 

WAT, this upregulation might not be sufficient to preserve the integrity of obese adipocytes, 

healthy ECM remodelling and the dynamic expansion of WAT.   
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3.3.3 Human data does not recapitulate the DIO experimental model 

Rodent models are currently the most comprehensive models available in obesity research. 

Despite this recognition, many limitations make translation to humans challenging, including 

adipose tissue anatomy, weight gain kinetics, diet composition, and sex-specific differences 

(Lutz and Woods, 2012, Lempesis et al., 2022). We fed mice with HFD where 60 % of calories 

are fat-derived, in contrast to most human diets, where ~30% of daily calories come from fat 

(Lempesis et al., 2022). Nevertheless, highly caloric diets are still commonly used in DIO 

mouse models, predominantly as they greatly reduce the speed at which obesity phenotype 

can be studied. To mitigate sex-specific limitations, we have included both females and males 

in our study, and all the results presented in this chapter reflect both sexes.  

We have found that the levels of autophagy do not correlate with the development of fibrosis, 

neither in the context of MHO or MUO. Besides the limitations of the translation of mouse 

models into clinical research, we believe that the observed disparity could be explained by 

differences in experimental endpoints and sample collection. Human adipose tissue samples 

were collected after a 3-week long strict pre-surgical diet, which comprised of only 800 calories 

per day. Considering that their caloric input beforehand was higher, this could suggest that 

oWAT autophagy was upregulated in response to caloric restriction, as we have demonstrated 

in mice, as well as previously described (Chung and Chung, 2019). In addition, we have 

demonstrated that caloric restriction-stimulated non-selective autophagy does not resolve 

fibrosis in WT mice, and the same could be true for human participants. This could help explain 

why we observed a trend in positive correlation between autophagy and fibrosis. These 

limitations could be overcome by better aligning the experimental model with the clinical cohort, 

however, due to time constraints, those adjustments were out of the scope of this DPhil project. 
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3.4 Conclusion 

In this chapter, we have sought to understand the impact of adipocyte autophagy on WAT 

pathophysiology during obesity. We found that obesity-induced autophagy dictates local fat 

distribution by promoting gWAT expansion. Tissue growth is supported by the restriction of 

pathological ECM remodelling and fibrosis. In the next chapter, we will aim to understand the 

mechanisms by which adipocyte autophagy controls gWAT remodelling and architecture.   
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4 Adipocyte autophagy controls adipose tissue 

inflammation 

4.1 Introduction 

4.1.1 Immune cells shaping adipose tissue in health and disease 

Adipose tissue was identified as a source of TNFα and inflammation in obesity more than 30 

years ago (Hotamisligil et al., 1993). Research over the past three decades has identified a 

variety of innate and adaptive immune cells residing in WAT having an important tissue 

regulatory role in both health and disease. Immune cells in adipose tissue importantly 

contribute to whole-body inflammatory homeostasis. Memory T cells home to WAT after the 

infection, making adipose tissue an important immune reservoir for memory and recall 

responses (Han et al., 2017). Furthermore, adipose tissue serves as an infection site for 

various parasitic and viral pathogens, thereby orchestrating whole-body immune response to 

infection and antiviral therapies (Mathis, 2013). In addition, immune cells in adipose tissue 

carry out non-immune functions. They regulate adipocyte homeostasis through the control of 

preadipocyte proliferation and differentiation, adipocyte cell death, insulin sensitivity, and their 

metabolic homeostasis through control of lipid uptake and lipolysis. In beige adipose tissue 

and BAT, they importantly contribute to adipocyte browning and thermogenesis regulation 

(Trim and Lynch, 2022).   

Lean WAT is characterized by an anti-inflammatory (type II) profile. Tissue homeostasis is 

established by many WAT resident anti-inflammatory immune cells, including anti-inflammatory 

macrophages, eosinophils, regulatory T cells (Treg), natural killer (NK) cells, invariant natural 

killer T cells (iNKT), and type 2 innate lymphoid cells (ILC2s) (Ferrante, 2013). Obesity-induced 

changes in adipocyte secretome, hypertrophy, and lipid-induced endoplasmic reticulum (ER) 

stress, however, lead to a pro-inflammatory shift in the obese WAT microenvironment. This is 
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characterized by an increased proliferation and recruitment of inflammatory macrophages, 

neutrophils, CD8+, CD4+ T helper 1 (TH1) and B cells, and a reduced abundance of anti-

inflammatory immune cells (Trim and Lynch, 2022). This shift leads to impaired local and 

systemic low-grade chronic inflammation and has also been related to metabolic disorders, 

although the causality of this relationship requires further investigation.  

4.1.2 Adipose tissue CD8+ and CD4+ T cells 

T cells are central to adaptive immune response and are divided into CD4+ and CD8+ subtypes 

based on the expression of surface markers. Naïve CD4+ T cells differentiate into multiple T 

helper (TH) subsets with distinct transcription factor and cytokine profiles. While they respond 

to antigens presented on MHC class II (MHCII), CD8+ T cells produce cytolytic substances and 

regulate the activation of other immune cells upon activation by MHC class I (MHCI) antigens 

(Mraz and Haluzik, 2014). Adipose tissue T cell composition is dynamic between lean and 

obese states. In lean mice and humans, CD4+ TH2 and Treg cells help maintain WAT 

homeostasis and an anti-inflammatory environment. With obesity, their numbers are reduced 

in favour of pro-inflammatory CD4+ TH1 and TH17 as well as CD8+ T cells, which rapidly 

increase in abundance due to clonal expansion. In addition, they often acquire an exhausted 

phenotype due to chronic antigen stimulation and prolonged activation. Through the 

recruitment and cytokine-mediated stimulation of other pro-inflammatory cells, these cells 

support immunometabolic WAT dysfunction (Jacks and Lumeng, 2024). WAT also serves as a 

reservoir for memory T cells, which home to the tissue following infection and clonal expansion, 

and might therefore importantly contribute to immunological memory (Trim and Lynch, 2022). 

4.1.3 Adipose tissue macrophages 

Macrophages are haematopoietic cells of the myeloid lineage that play a critical role in 

protection against infection and injuries. They play an important role in innate immune defence 
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as well as support organ and systemic homeostasis in a tissue-specific manner. These 

functions are achieved through specialization in phagocytosis to degrade and detoxify engulfed 

cargo, as well as through secretion and response to cytokines and chemokines to 

communicate in their microenvironment (Epelman et al., 2014). Macrophages colonize most 

organs in the body either through embryonical seeding, followed by self-renewal and longevity 

or through continuous derivation from circulating monocytes (Gomez Perdiguero et al., 2015). 

Their dynamic response to environmental signals and marked plasticity enable macrophages 

to fulfil highly specific functions in different tissues (Guilliams and Scott, 2017). This plasticity 

is considered their key ability to switch from tissue-specific homeostatic functions to a 

pathogen-eliminating inflammatory state. Macrophage phenotype is largely impacted by 

developmental origin, tissue location and time spent in the tissue, local microenvironment, and 

inflammation status (Bleriot et al., 2020). Their specialization is defined by tissue- and lineage-

specific transcription factors, cytokines and chemokines, danger-associated molecular 

patterns and metabolic cues. Differentiated macrophages can be reprogrammed when 

transferred into a new microenvironment (Lavin et al., 2014), emphasizing that environmental 

factors are key to influencing their specialisation. Despite their multifaceted phenotypes, 

several core populations of macrophages have been identified as coexisting across tissues. 

Among monocyte-derived macrophages, two distinct populations were identified in subtissular 

niches, including antigen-presenting macrophages residing adjacent to nerves (identified as 

Lyve1lo MHCIIhi, also known as non-perivascular-like macrophages (NPVM)) and wounding 

and tissue repair macrophages found in proximity to blood vessels (identified as Lyve1hi 

MHCIIlo, also known as perivascular-like macrophages (PVM)) (Chakarov et al., 2019). Another 

study identified three distinct populations based on their life cycle and tissue residency 

properties, including  TFL+ macrophages (TIM4+ and/or LYVE1+ and/or FOLR2+) maintained 

through self-renewal, CCR2+ macrophages (TIM4- LYVE1- FOLR2-) replaced by monocytes, 

and MHCIIhi macrophages (TIM4- LYVE1- FOLR2- CCR2-) with a modest monocyte contribution 

(Dick et al., 2022). 
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Adipose tissue macrophages (ATM) represent around 10 % of total immune cells in lean WAT. 

They support WAT through dynamic and multifaceted functions involving adipocyte clearance, 

extracellular remodelling, supporting angiogenesis and adipogenesis, promoting insulin 

sensitivity, controlling adipocyte metabolism and T cell activation, and scavenging lipids (Matz 

et al., 2023). Their number profoundly increases to more than 50 % of CD45+ upon obesity as 

a result of both recruitment and proliferation, making them the most abundant immune cell 

population (Weisberg et al., 2003, Amano et al., 2014). Their accumulation in obese WAT has 

traditionally been associated with crown-like structure (CLS) formation around dead/dying 

adipocytes to uptake debris, leading to exacerbated local and systemic inflammation and 

insulin resistance (Cinti et al., 2005). Therefore, they are often referred to as master regulators 

of WAT inflammation and are the most well-studied immune cell type in WAT. Determining their 

phenotype in WAT inflammation would traditionally rely on the paradigm of M1/M2 

macrophages, delineating their classical (pro-inflammatory) activation (M1) and alternative 

(anti-inflammatory) activation (M2). However, with the emergence of single-cell techniques, 

this oversimplified M1/M2 paradigm quickly became outdated (Nance et al., 2022). With recent 

advances in macrophage heterogeneity, we now have a better understanding of ATM diversity, 

which spans a spectrum of ATM functions and phenotypes (Fig 15). Novel subtypes of ATM 

have been identified with critical tissue regulatory functions beyond inflammation. It has been 

shown that the metabolic state of WAT not only controls ATM abundance but also their 

composition, as they are highly plastic in response to external stimuli (Matz et al., 2023). This 

led to a postulation that while initially serving as a protective physiological response, their 

accumulation due to chronic stimuli leads to a pathogenic response. As such, macrophages 

were proposed to be a critical link between adipose tissue, systemic metabolism and the 

immune system in obesity (Trim and Lynch, 2022). 

Lipid-associated macrophages (LAMs) actively engage in lipid homeostasis in obese WAT by 

promoting local lipid turnover. They sequester lipids from cell death-prone hypertrophic 
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adipocytes through CLS formation and phagocytosis and have a highly active lipid catabolism 

(Xu et al., 2013a). The lipid-loading of CD9+ CD63+ macrophages results in a metabolic 

reprogramming, which leads to a pro-inflammatory or tissue-protective function in a lipid sensor 

TREM2-dependent manner (Jaitin et al., 2019, Hill et al., 2018). Another subset of ATMs 

responding to metabolic stimuli are metabolically activated macrophages (MMes). Their 

phenotype is driven by high levels of insulin, glucose, and FFAs in WAT (Kratz et al., 2014). 

Similar to LAMs, MMes prevent lipotoxicity through the sequestration of lipids and dead 

adipocyte clearance. They display both detrimental and beneficial functions depending on the 

obesity progression in a Nox2-dependent manner (Coats et al., 2017). On the other hand, 

vasculature-associated macrophages (VAMs) predominantly maintain tissue homeostasis by 

supporting WAT angiogenesis and extracellular remodelling. By residing in the proximity to 

blood vessels, they serve as a communication interface between systemic circulation and the 

WAT microenvironment, monitoring their microenvironment and removing adipocyte-derived 

catabolites through their high endocytic capacity (Silva et al., 2019). Due to their location and 

function as well as anti-inflammatory and tissue repair gene signature, they closely relate to 

PVM found across multiple tissues (Chakarov et al., 2019). Besides these three well-defined 

subtypes, ATMs further include proliferative LAM (P-LAM), collagen-expressing macrophages 

(CEM), regulatory macrophages (RM), and sympathetic neuron-associated macrophages 

(SAM) (Sarvari et al., 2021, Pirzgalska et al., 2017). In addition, their ontogeny and function 

also allow classification based on CD206, TIM4, CD163, and MHCII (Félix et al., 2021). 
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Figure 15: Adipose tissue macrophage heterogeneity. Summary of different subsets found 
in WAT, their typical role and characteristic markers. Subsets that accumulate with obesity are 
denoted in green, while the subsets that decrease with obesity are denoted in red. Black 
denotes subsets which have not been studied in relation to obesity. For more details refer to 
the main text. Created with BioRender.com. 

4.1.4 The role of macrophages in fibrosis 

Macrophages play a central role in tissue response to injury or unresolved inflammation 

through their profibrotic and antifibrotic roles, depending on different activation states. They 

induce fibrinogenesis by switching to a wound-healing phenotype that promotes myofibroblast 

proliferation and activation, thereby stimulating ECM production. On the other hand, 

macrophages can also facilitate fibrosis resolution and ECM clearance by taking up collagen 

and degrading it through the secretion of MMPs and other proteolytic enzymes (Adhyatmika 

et al., 2015). Macrophages control ECM remodelling in the lungs, heart, liver, kidney, and 

intestine, and their depletion early during fibrosis onset results in reduced ECM deposition (Lis-
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Lopez et al., 2021). While macrophages have also been suggested to play a role in WAT 

fibrosis (Marcelin et al., 2022), the evidence remains scarce, with elastin and TLR4 signalling 

being proposed to play a role in macrophage-induced WAT fibrosis during obesity (Martinez-

Santibanez et al., 2015, Vila et al., 2014). ATMs have also been proposed to prevent 

pathological changes of ECM and limit the development of gWAT fibrosis (Chen et al., 2021) 

Nevertheless, it remains unclear which signals induce the macrophage pro- or anti-fibrotic 

phenotypic switch that could serve as important balance checkpoints and therapy targets in 

fibrotic diseases.   

4.1.5 Chapter aims 

In the first chapter, we observed the strong fibrotic phenotype in gWAT of Atg7Ad mice. Given 

that WAT fibrosis is tightly associated with inflammation, we sought to understand how 

adipocyte autophagy changes the WAT immune landscape. Based on previous reports 

(Sakane et al., 2021, Cai et al., 2018), we hypothesized that Atg7Ad gWAT adapts a pro-

inflammatory state with immune cells shifting from anti- to pro-inflammatory phenotype. To this 

end, we (1) broadly characterized the SVF fraction of both gWAT and iWAT, (2) performed an 

in-depth analysis of immune cells, and (3) studied their impact on gWAT fibrosis.  

4.2 Results 

4.2.1 Adipocyte autophagy shapes WAT cellular composition 

The profound shift in tissue and organ architecture is often a consequence of an altered cellular 

landscape (Gliniak et al., 2023). Multiple single-cell studies have demonstrated significant 

changes in cellular composition between distinct fat depots, including variations in adipocyte 

subsets and size, preadipocyte identity and adipogenic potential, immune cell infiltration, 

vascularisation, etc (Maniyadath et al., 2023, van Beek et al., 2015). To understand whether 

adipocyte autophagy can selectively affect tissue architecture between WAT depots through 
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modulation of cellular populations, we assessed their abundance in gWAT and iWAT. Nuclear 

density was notably increased in obese Atg7Ad gWAT compared to WT, which was not true for 

iWAT (Fig 16A-B).  

 

Figure 16: Autophagy limits cellular accumulation in gWAT. WT and Atg7Ad mice were fed 
HFD for 16 weeks before tissue composition was assessed. (A) H&E staining of WT and Atg7Ad 
gWAT and iWAT. Scale bar, 200 µm. (B) Quantification of nuclear staining presented as the 
number of nuclei per µm2 of total tissue area from (A). Data are presented as mean ± SD. 
Statistical analysis by multiple unpaired t-test. Each data point represents one biological 
replicate. Representative of 3 independent experiments. 

As noted in Fig 9B, adipocyte number in gWAT was not impacted by the loss of autophagy, 

indicating that adipocyte hyperplasia could therefore not explain a nearly 3-fold increase in cell 

number. Besides unilocular adipocytes, WAT contains a heterogeneous SVF, which includes 

endothelial, immune, and stromal cells (Emont et al., 2022). To assess the composition of WAT 

SVF in the absence of adipocyte autophagy, we performed flow cytometry analysis of lineage-

specific markers for immune cell (CD45+), endothelial cell (CD31+) and fibroblast (PDGFRα+) 

populations (Fig 17A). Notably, we observed a significant expansion of the immune cell 
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population in obese gWAT upon loss of adipocyte autophagy (Fig 17B, D). In contrast, the 

composition of iWAT SVF showed no considerable differences (Fig 17C). While immune cells 

accumulated, the abundance of endothelial cells and fibroblasts remained comparable or 

decreased in Atg7Ad gWAT, respectively (Fig 17B, E-F). In line with the lower abundance of 

fibroblasts, the expression Acta2, a myofibroblast gene, was also found not to increase in 

obese Atg7Ad gWAT (Fig 10D). Again, no differences in CD31+ and PDGFRα+ populations were 

observed in iWAT (Fig 17E-F).  
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Figure 17: Adipocyte autophagy orchestrates gWAT cellular composition. (A) Gating 
strategy to determine WAT cellular composition by assessing CD45+, CD31+, and PDGFRα+ 
live cell subsets. (B-C) Flow cytometry analysis of CD45+, CD31+, and PDGFRα+ populations 
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in gWAT (B) and iWAT (C). n = 3-7 mice. (D-F) The absolute number of CD45+ (D), CD31+ (E), 
and PDGFRα+ (F) cells normalised to grams of WAT as in (B-C). Data are presented as mean 
± SD. Each data point represents one biological replicate. Statistical analysis by two-way 
ANOVA with Šídák multi comparisons test (B) and multiple unpaired t-test (D, F). 
Representative of 3 independent experiments. 

The PDGFRα+ population not only gives rise to fibroblasts but also supports WAT homeostasis 

by providing a pool of adipocyte precursors. To understand whether loss of autophagy in 

mature adipocytes and subsequent histological changes could shape the pool of adipose stem 

and progenitor cells (ASPCs) in gWAT, we performed flow cytometry characterisation (Fig 

18A). Adipose stem and progenitor cells are defined as CD45- CD31- TER119- (lineage 

negative) fraction and are commonly identified by mesenchymal cell markers Sca-1 and CD29 

(Ferrero et al., 2020) (Fig 18A). They do not express adiponectin, which is a distinctive marker 

of mature adipocytes (Korner et al., 2005). Our preliminary data show that the pool of ASPCs 

in gWAT of Atg7Ad mice is approximately 50 % of that of WT (Fig 18B), indicating that mature 

adipocytes without autophagy control precursor abundance through a negative feedback loop, 

however not affecting adipose tissue formation. The ASPC population is heterogeneous with 

subsets differing in their stemness and adipogenic commitment. CD55+ CD26- cells commonly 

display high proliferation and lower adipogenic differentiation potential, while CD55+ 

CD26+/DPP4+ cells can give rise to preadipocyte and adipogenesis regulator pools (Ferrero et 

al., 2020). Interestingly, we found that not only was the abundance of ASPCs less in the gWAT 

of autophagy-deficient mice but also that their composition greatly differed between the two 

genotypes (Fig 18B-C). Preliminary data show that in Atg7Ad mice there is a higher proportion 

of early precursors with lower adipogenic differentiation capacity (CD55+ CD26-) compared to 

WT mice (Fig 18C). In comparison, Atg7Ad gWAT displays a reduced proportion of ASPCs that 

are found later in adipogenesis trajectory (CD55+ CD26+) compared to the WT gWAT. These 

preliminary data indicate that mature adipocyte autophagy shapes gWAT microenvironment to 

support not only the general ASPCs pool but also their adipogenic commitment, as evidenced 

by a dysregulated shift in early-to-late precursors in Atg7Ad gWAT. Given that excessive WAT 
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fibrosis negatively affects adipogenesis and hyperplastic growth (Gliniak et al., 2023, Ghaben 

and Scherer, 2019), and considering no differences in mature adipocyte numbers between 

Atg7Ad and WT gWAT (Fig 9B), it is plausible that the reduction in ASPCs is a consequence, 

rather than a cause, of the impaired tissue expansion. However, further experiments are 

necessary to determine the potential role of these cells in contributing to the Atg7Ad phenotype.  

 

Figure 18: Mature adipocyte autophagy controls gWAT adipose stem and progenitor 
cells in DIO. (A) Gating strategy to study adipose stem and progenitor cell (ASPC) composition 
in gWAT. Lineage negative fraction includes CD45+, CD31+ and TER119+ cells. Adipose stem 
and progenitor cell population (CD29+ Sca-1+) can be divided into early progenitors (CD26- 



 

102 

 

CD55+) and adipose stem cells (ASCs; CD26+ CD55+), which give rise to preadipocytes. (B) 
Flow cytometry analysis of absolute CD29+ Sca-1+ number in obese gWAT of WT and Atg7Ad 
mice. (C) The proportion of early progenitors and ASCs within the ASPC population in gWAT 
of WT and Atg7Ad mice after 16 weeks of HFD. n = 2-3 mice. Each data point represents one 
biological replicate. Preliminary data from a single experiment. 

To understand which immune cells contribute to the almost 3-fold expansion of the CD45+ 

lineage in obese Atg7Ad gWAT, we assessed the most common pro- and anti-inflammatory 

immune subsets by flow cytometry (Fig 19A-B).  

 

Figure 19: Gating strategy to study immune cell composition of WAT. (A) Myeloid cell 
gating strategy for neutrophils (Ly6G+), eosinophils (Siglec-F+), macrophages (F4/80+ CD64+), 
and natural killer T (NKT) cells (CD3+ NK1.1+) within CD45+ live cells. (B) Lymphoid cell gating 
strategy for TCRβ+ CD8+ and CD4+ T cells within CD45+ live cells. 

First, we compared immune cell frequencies between lean and obese gWAT to understand 

how our DIO mouse model recapitulates previous observations. We found no notable 

differences in the immune cell composition of gWAT and iWAT between NCD and HFD-fed WT 
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mice (Fig 20A-D). This contrasted with well-accepted obesity-induced macrophage 

accumulation (Biswas and Mantovani, 2012, Jaitin et al., 2019, Mathis, 2013, McNelis and 

Olefsky, 2014). We did, however, find macrophages being the most abundant immune cell type 

in obese WT gWAT (Fig 20B), in line with previous observations that macrophages contribute 

more than 50 % of the total immune cell population in WAT (Liu and Nikolajczyk, 2019). In 

addition, we observed an increased formation of CLS upon DIO in WT mice, as previously 

reported (Fig 20E-F) (Cinti et al., 2005).  

 

Figure 20: Autophagy directs immune cell composition in gWAT but not iWAT.  (A-D) 
Immune cell (CD45+) composition was assessed by flow cytometry in lean (A, C) and obese 
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(B, D) gWAT (A-B) and iWAT (C-D) after 16 weeks of altered diet feeding. NKT = natural killer 
T cell. n = 3-7 (E) Representative H&E image of crown-like structures (CLS) in WT lean and 
obese gWAT. CLS marked with asterisk. (F) Quantification of CLS as in (E). Each dot 
corresponds to a total number of CLS counted on three different tissue areas from a single 
animal. Data are presented as mean ± SD. Statistical analysis by two-way ANOVA with Šídák 
multi comparisons test (A-D) and multiple unpaired t-test (F). Representative of 3 independent 
experiments. 

To understand how the loss of adipocyte autophagy influences these populations in obesity, 

we compared their frequencies between WT and Atg7Ad in WAT (Fig 20A-D). Strikingly, we 

observed the macrophage population increase in frequency upon loss of adipocyte autophagy 

in DIO mice (Fig 20B). Macrophage frequency in iWAT of DIO mice, however, was not impacted 

by the lack of adipocyte autophagy (Fig 20D). Remarkably, the prevalence of macrophages 

increased more than 2-fold in obese Atg7Ad gWAT, with around three million macrophages 

accumulated per gram of gWAT (Fig 20B and Fig 21A). This was also apparent with 

immunofluorescence staining, where macrophage-specific markers were abundant in Atg7Ad 

gWAT (Fig 21B). On the other hand, we noted a reduction in the absolute number of CD4+ T 

cells (Fig 20B and Fig 21G), while the abundance of CD8+ T cells, neutrophils, eosinophils, 

and NKT cells remained unchanged (Fig 21C-F). These findings demonstrate that adipocyte 

autophagy has a profound impact on the immune cell composition of gWAT.  
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Figure 21: Autophagy limits macrophage expansion in gWAT. (A) Flow cytometry analysis 
of absolute F4/80+ CD64+ macrophage number in obese gWAT of WT and Atg7Ad mice. (B) 
Representative immunofluorescence staining of WT and Atg7Ad gWAT sections for F4/80 
(turquoise), CD45 (red) and CD68 (gold). (C-G) Flow cytometry analysis of absolute numbers 
of immune cell subsets in WT and Atg7Ad obese gWAT, including neutrophils (Ly6G+) (C), 
eosinophils (Siglec-F+) (D), NKT cells (CD3+ NK1.1+) (E), TCRβ+ CD8+ (F) and CD4+ T cells 
(G). Data are presented as mean ± SD. Each data point represents one biological replicate. 
Statistical analysis by multiple unpaired t-test (A, C-G). Data merged from 3 independent 
experiments (A, F-G) or representative of 3 independent experiments (B-E). 

In summary, our results demonstrate that adipocyte autophagy controls cell composition and 

abundance in a tissue-specific manner. Furthermore, it appears that immune cells, especially 

macrophages and CD4+ T cells, dynamically respond to changes in adipocyte autophagy.  

4.2.2 Macrophage fate is controlled by adipocyte autophagy 

Given that the loss of adipocyte autophagy most profoundly impacts macrophages, we set out 

to investigate this immune cell subset more in detail. Considering that obesity is associated 

with an increase in pro-inflammatory macrophages (Trim and Lynch, 2022), we hypothesised 

that the observed accumulation of macrophages is a consequence of inflammation-promoted 
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macrophage recruitment and proliferation. Our hypothesis was supported by previous findings 

in adipocyte autophagy-deficient obese mice, where an increase in pro-inflammatory 

macrophage abundance was reported (Cai et al., 2018, Sakane et al., 2021).   

To understand the identity of macrophages and how they change in relation to adipocyte 

autophagy, we separated macrophages using fluorescence-activated cell sorting (FACS) and 

performed transcriptomics (Fig 22A). While only DIO mice were analysed to reduce the 

experimental cost, both male and female mice were included to control for sex-dependent 

effects. Transcriptomics analysis was performed by Dr Amir H. Kayvanjoo from the Simon Lab 

in the Max-Delbrück Center for Molecular Medicine in the Helmholtz Association in Germany 

and Dr Lada Koneva at the Kennedy Institute of Rheumatology.  The genotype explained 40 

% of the observed variance (PC1) in the RNA-seq dataset (Fig 22B). As we observed a 

significant data separation based on the genotype, we analysed the dataset using the DEseq2 

R package (Love et al., 2014) to assess differential gene expression resulting from the loss of 

adipocyte autophagy in DIO mice. Transcriptomics analysis revealed 1083 significantly 

differentially expressed genes (DEGs) between WT and Atg7Ad ATMs (Fig 22C).  
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Figure 22: Loss of adipocyte autophagy dysregulates the macrophage transcriptome. 
(A) Schematic overview of experimental set-up for macrophage transcriptomics. Macrophages 
were isolated by FACS, and total RNA was extracted and sequenced. Created with 
BioRender.com. (B) PCA plot of individual samples. Each dot is a single biological replicate. 
(C) Volcano plot showing differentially expressed genes between macrophages isolated from 
WT and Atg7Ad gWAT after 16 weeks of HFD feeding. 



 

108 

 

To reduce the complexity of transcriptomics datasets which revealed 515 downregulated and 

568 upregulated DEGs, we performed gene ontology analysis using the clusterProfiler R 

package (Yu et al., 2012) (Fig 23A). Analysis of ATMs revealed that enriched gene sets 

downregulated upon the lack of adipocyte autophagy were involved in the activation of immune 

response and cytokine production (Fig 23B). On the other hand, enriched gene sets that were 

upregulated in ATMs of Atg7Ad mice included proliferation, metabolic pathways, and 

interestingly, tissue remodelling processes (Fig 23C). Metabolic gene signatures between WT 

and Atg7Ad ATMs highly suggested that in Atg7Ad WAT, ATMs upregulated oxidative 

phosphorylation (OXPHOS) and pentose phosphate pathway (PPP), a metabolic shift that is 

commonly associated with tissue reparative macrophages (Russell et al., 2019, Galvan-Pena 

and O'Neill, 2014). In addition, while pro-inflammatory macrophages are mostly recruited to 

the tissue, ATMs that proliferate often display tissue-protective functions (Trim and Lynch, 

2022, Matz et al., 2023). Furthermore, in Atg7Ad ATMs we observed a drop in pathways 

associated with inflammatory cytokine secretion, including downregulation of a signature pro-

inflammatory cytokine IL-1 (Fig 23B). A similar switch was previously reported for alveolar 

macrophages, where the upregulation of pro-inflammatory genes has been associated with a 

metabolic switch from OXPHOS to glycolysis and downregulation of proliferative capacity (Zhu 

et al., 2021).  Altogether, these results suggested that loss of adipocyte autophagy in obese 

WAT leads to a shift to tissue-reparative ATM phenotype.  
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Figure 23: Macrophage transcriptome suggests a shift towards anti-inflammatory, 
tissue-reparative macrophages. (A) Hierarchical clustering of transcriptional profiles of the 
top 1000 differentially expressed genes in F4/80+ CD64+ macrophages extracted from WT and 
Atg7Ad gWAT after 16 weeks of HFD. Colour denotes the log2 fold difference between WT and 
Atg7Ad mice. (B-C) Enrichment gene ontology (GO) analysis of downregulated (B) or 
upregulated (C) biological processes in macrophages isolated from Atg7Ad compared to WT 
gWAT. The number of genes identified for each term is labelled next to the bar. n = 6 mice. 

To functionally validate transcriptomics findings which suggest a shift from pro- to anti-

inflammatory, tissue-reparative phenotype, we assessed the ex vivo secretion of several 

cytokines associated with either state. We observed that Atg7Ad compared to WT ATMs 

secreted considerably less pro-inflammatory (IL-1β and TNFα), pleiotropic (IL-6), as well as 

anti-inflammatory (IL-10) cytokines (Fig 24A-D). In addition, ATMs from Atg7Ad mice 

upregulated transcription of key ECM remodelling genes, including Col3a1 and Mmp14 (Fig 

24E). These macrophages, however, unexpectedly failed to upregulate TGFβ expression and 

secretion, at this timepoint at least (Fig 24E-F). This is in contrast to some reports suggesting 

that tissue repair macrophages decrease the secretion of pro- and anti-inflammatory cytokines 

at the expense of the pro-fibrotic TGFβ (Wynn and Vannella, 2016). To understand their 

proliferative behaviour and whether the increased abundance of ATMs was a consequence of 

proliferating tissue-resident macrophages or infiltrating monocytes, we transplanted congenic 
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CD45.1 bone marrow into WT or Atg7Ad hosts. Reconstitution of bone marrow in Atg7Ad mice 

revealed that the increased ATM abundance was due to monocyte-derived macrophages, 

which potentially gained proliferative capacity, and not self-renewing tissue-resident 

macrophages (Fig 24G).  

 

Figure 24: Macrophages in Atg7Ad gWAT downregulate cytokine production, upregulate 
pro-fibrotic genes, and are monocyte-derived. (A-D) CD11b+ cells were isolated from gWAT 
of WT and Atg7Ad mice after 16 weeks of HFD to measure the secretion of IL-1β (A), IL-6 (B), 
TNFα (C), and IL-10 (D). (E) Relative expression of ECM-related genes in sorted F4/80+ CD64+ 
macrophages from WT and Atg7Ad gWAT. Expression was measured by qRT-PCR and is 
presented as a log2 fold difference. (F) Macrophages were isolated as in (A-D) to measure the 
secretion of TGFβ. (G) Frequency of CD45.1 (donor) or CD45.2 (host) congenic markers-
labelled F4/80+ CD64+ macrophages in gWAT after adoptive transfer. CD45.1 bone marrow 
was transferred in CD45.2 WT and Atg7Ad hosts. Adipocyte autophagy was deleted 25 days 
after the transfer, followed by HFD feeding for an additional 12 weeks. n = 6 mice. 
Representative of 2 independent experiments. Data are presented as mean ± SD. Each data 
point represents one biological replicate. Statistical analysis by unpaired t-test (A-D, F) or two-
way ANOVA with Šídák multi comparisons test (E, G). Representative of 3 independent 
experiments unless otherwise stated. 
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Macrophage plasticity and heterogeneity are relatively young fields with new subsets being 

continuously identified, making a clear distinction highly complex. To make the differentiation 

between different ATM subtypes unbiased, we took advantage of two different approaches. 

First, we designed an extensive panel of macrophage-specific extracellular markers based on 

the existing literature and performed multidimensional flow cytometry analysis with Cytek 

Aurora. Unsupervised UMAP clustering overlaid with FlowSOM clusters (Kimball et al., 2018) 

identified 19 individual clusters inside the CD11b+ population in gWAT (Fig 25A) . Differential 

analysis of cellular abundance within individual clusters revealed cluster 1 was significantly 

upregulated in Atg7Ad gWAT, while clusters 4 and 10 were significantly downregulated in Atg7Ad 

compared to WT gWAT (Fig 25B, D). This was further supported by cellular frequencies within 

individual clusters among the CD11b+ population, indicating that indeed cluster 1 is highly 

abundant in Atg7Ad gWAT (Fig 25C-D). As we have observed an increase in macrophage 

accumulation in Atg7Ad gWAT (Fig 21A), we wondered about cluster 1 identity. Interestingly, by 

analysing the surface markers that define individual clusters, we found that cluster 1, in 

contrast to clusters 4 and 10, is characterised by a relatively low expression of antigen-

presenting MHCII and a high expression of anti-inflammatory CD206 (Fig 25E). Furthermore, 

cluster 1 macrophages displayed a relatively high expression of macrophage-specific markers 

F4/80 and CD64, as well as low expression of CD9 and pro-inflammatory CD11c compared to 

the other two clusters that were reduced in Atg7Ad gWAT (Fig 25E). 
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Figure 25: Macrophage phenotypic characterisation by Aurora reveals an accumulation 
of MHCIIlo cluster upon loss of adipocyte autophagy. (A) Representative UMAP of CD11b+ 
population in WT and Atg7Ad gWAT after 16 weeks of HFD. n = 4. (B) Vulcano plot showing 
differences in cellular abundance within each cluster in Atg7Ad compared to WT. (C) 
Frequencies of CD11b+ clusters 1, 4, and 10, which have been identified as significant in (B). 
Data are presented as mean ± SD. Each data point represents one biological replicate. (D) 
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Representative UMAPs displaying cellular abundance of clusters 1, 4, and 10 between WT 
and Atg7Ad. (E) Heatmap of surface marker expression for differentially abundant clusters 
identified in (B). Each row corresponds to a single mouse. Legend: red = upregulated, blue = 
downregulated. Representative of 2 independent experiments. 

Second, we took advantage of the published single-cell transcriptomics datasets from DIO 

mice to extract gene signatures of individual subsets (Sarvari et al., 2021, Chakarov et al., 

2019, Jaitin et al., 2019). By applying the subtype-specific signature genes on our aggregated 

transcriptomics dataset, we identified that ATMs isolated from Atg7Ad gWAT most closely 

aligned with LAM, P-LAM or CEM transcriptional signature (Fig 26A). To confirm these findings, 

we assessed the abundance of these ATM populations by flow cytometry. As currently no 

signature surface markers have been reported for P-LAM and CEM subtypes, we broadly 

screened published datasets for currently available macrophage markers (Sarvari et al., 2021). 

Genetic signatures of P-LAM and CEM suggested that P-LAM could be identified with the 

same markers as LAM, and CEM with the same markers as the PVM/VAM subset (Sarvari et 

al., 2021, Chakarov et al., 2019, Jaitin et al., 2019, Silva et al., 2019). The results showed that 

LAM and P-LAM (marked as CD9+ CD63+) were, if anything, less frequent in Atg7Ad gWAT 

compared to WT, and could therefore not explain the increase in macrophage numbers (Fig 

26B-C). In contrast, we found that Lyve1hi MHCIIlo ATMs, identifying pro-fibrotic CEM, 

accumulated more than 5-fold in Atg7Ad gWAT (Fig 26D-E). 
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Figure 26: Assessment of macrophage heterogeneity with single-cell transcriptomics 
data mining identifies a tissue-reparative phenotype in Atg7Ad gWAT. (A) Heatmaps 
display macrophage gene expression profiles of signature genes associated with reported 
macrophage subsets and are based on macrophage transcriptomics data. Data were 
aggregated by the sample’s mean expression for each genotype. PVM = perivascular-like 
macrophages; NPVM = non-perivascular-like macrophages; LAM = lipid-associated 
macrophages; P-LAM = proliferating LAM; CEM = collagen-expressing macrophages; RM = 
regulatory macrophages. (B-E) Representative flow cytometry plots and frequency 
quantification of CD63+ CD9+ (B-C) and MHCIIlo Lyve1hi (D-E) macrophages. Data are 
presented as mean ± SD. Each data point represents one biological replicate. Statistical 
analysis by unpaired t-test (C, E). Representative of 3 independent experiments.  

Considering that fibrosis developed between week 6 and week 9 of HFD feeding, we next 

asked whether the accumulation of tissue-reparative macrophages coincided with the onset of 

fibrosis. Furthermore, we wanted to understand whether the observed increase in macrophage 

abundance is primarily due to pro-inflammatory macrophages accumulating in obese gWAT or 

whether accumulated macrophages are directly polarised towards the pro-fibrotic phenotype 

in Atg7Ad. This differentiation is important considering the complex sequence and kinetics of 

inflammation and fibrosis. While some studies claim that fibrosis is solely a consequence of 

excessive inflammation, other studies suggest that fibrosis can develop early during obesity 

onset and independent of inflammation (Reggio et al., 2013, Halberg et al., 2009, Wynn, 2007). 

By assessing the number of ATMs in obese gWAT after 6 and 9 weeks of HFD, we found that 

macrophages significantly accumulate by 9 weeks compared to 6 weeks of HFD in WT mice 

(Fig 27A). Strikingly, ATM accumulation in Atg7Ad gWAT was even more pronounced during the 

three weeks and almost 3-fold higher compared to the WT gWAT (Fig 27A). In addition, while 

tissue-reparative MHCIIlo ATMs only contribute 20 % to the total macrophage pool at 6 weeks 

of HFD feeding, they attribute 30 % of total ATMs by 9 weeks of HFD in Atg7Ad gWAT (Fig 27B). 

While MHCIIlo macrophages notably increase in Atg7Ad gWAT, they seem to rather decline in 

WT gWAT by 9 weeks of HFD feeding. These data indicate that the ATM accumulation in Atg7Ad 

obese gWAT is concomitant with the fibrosis onset and suggest that rather than switching from 

a pro-inflammatory phenotype, ATMs in Atg7Ad mice are directly polarised to tissue-reparative 

phenotype.  



 

116 

 

 

Figure 27: Autophagy limits macrophage expansion and controls tissue-reparative 
phenotype during early weight gain. (A-B) Flow cytometry analysis of absolute F4/80+ 
CD64+ macrophage number (A) and MHCIIlo macrophages frequency (B) in gWAT of WT and 
Atg7Ad mice after 6 and 9 weeks of HFD feeding. Data are presented as mean ± SD. Each 
data point represents one biological replicate. Statistical analysis by two-way ANOVA with 
Fisher test (A, B). Representative of 2 independent experiments. 

Taken together, we found that adipocyte autophagy in gWAT not only profoundly impacts ATM 

abundance but also their fate and function. When absent, ATMs polarise to a tissue-reparative 

phenotype, characterized by the signature surface markers, metabolic adaptation, expression 

of ECM genes and a drop in cytokine production.  

4.2.3 Fibrosis of gWAT could be mediated by ATMs 

Fibrosis onset and progression in multiple tissues and organs have traditionally been viewed 

as a consequence of inflammation (Henderson et al., 2020). However, it is now believed that 

immune cells execute ECM-modulating functions independent of inflammation (Marcelin et al., 

2022). We therefore asked if tissue repair macrophages that we have phenotypically 

characterised, also have a functional role in exacerbated gWAT fibrosis in Atg7Ad mice.  

To address this question, we took advantage of multiple macrophage depletion models, which 

can reduce macrophage abundance in response to chemical compounds or antibodies. 
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Removal of resident macrophages enables a better understanding of their function. The first 

model we tested was clodronate-mediated macrophage depletion. This model takes 

advantage of liposomes, i.e., concentric phospholipid bilayer vesicles, which serve as a 

delivery vehicle for clodronate. Intracellular accumulation of clodronate through phagocytic 

activity of macrophages leads to apoptosis, resulting in a temporary controlled systemic or 

local macrophage depletion (Van Rooijen and Sanders, 1994). To deplete macrophages in 

gWAT of Atg7Ad obese mice, we administered clodronate intraperitoneally once a week, which 

allowed us for a gradual depletion that could be maintained over a longer period. Treatment 

was commenced after 8 weeks of HFD feeding, an experimentally determined time window 

just before the onset of fibrosis (Fig 11) and a shift in macrophage abundance and cellular 

phenotype (Fig 27). Depletion of macrophages early in the fibrosis progression greatly 

diminishes its severity in other models (Duffield et al., 2005). Unexpectedly, clodronate 

administration resulted in severe outcomes, with several mice experiencing sudden death 

following the second administration of clodronate (Fig 28A). This occurred predominantly in 

male mice and was more predominant in the Atg7Ad genotype but independent of the drug 

batch (Fig 28A). Females generally tended to experience less severe symptoms compared to 

males (data not shown). Studying the male mice that survived the 4-week treatment, we 

observed no difference in weight loss (Fig 28B). The macrophage abundance upon clodronate 

treatment was about 2-fold lower compared to PBS-treated controls (Fig 28C). By depleting 

macrophages, we observed no impact on gWAT fibrosis in female Atg7Ad obese mice (data not 

shown). In contrast, however, clodronate-treated male Atg7Ad obese mice showed a profound 

change in gWAT morphology and reduction in fibrosis (Fig 28D-E). Furthermore, the tissue 

morphology more closely resembled WT gWAT, showing fewer infiltrated cells and a more 

homogenous adipocyte structure (Fig 28D-E).  
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Figure 28: Clodronate-induced macrophage depletion is highly toxic but appears to limit 
fibrosis development in DIO male mice. (A) The proportion of survival of male WT and Atg7Ad 

mice treated with clodronate over 4 weeks after 8 weeks on HFD. (B) Body weight after 4 
weeks of clodronate treatment. (C) Flow cytometry analysis of F4/80+ CD64+ macrophage 
number in gWAT after clodronate treatment. (D) Photograph of gWAT fat pads of Atg7Ad mice 
treated with PBS control or clodronate from a single experiment. (E) Representative PSR and 
H&E staining of gWAT harvested from WT and Atg7Ad mice on PBS or clodronate treatment 
from a single experiment.  Data are presented as mean ± SD. Each data point represents one 
biological replicate. Statistical analysis by log-rank (Mantel-Cox) test (A) or two-way ANOVA 
with Šídák multi comparisons test (C). Representative of 2 independent experiments unless 
otherwise stated. 
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Observing a noteworthy impact of macrophage depletion on gWAT fibrosis in obese Atg7Ad 

males, we aimed to further validate these outcomes. Due to welfare considerations, this 

experiment could not be repeated. Therefore, we next decided to take advantage of 

monoclonal antibody-based macrophage depletion models. For this, we selected antibodies 

raised against macrophage colony-stimulating factor 1 receptor (α-CSF1R) and monocyte 

chemoattractant protein 1 (MCP1), also known as CCL2 (α-CCL2). Both antibodies have been 

reported to deplete tissue macrophages through distinct mechanisms and block respective 

proteins in vivo (Gordon et al., 2017, Singh et al., 2014). While CSF1R regulates monocyte 

and macrophage proliferation and differentiation, CCL2 acts as a chemokine, regulating the 

migration and infiltration of monocytes (Wculek et al., 2022). As we observed an increased 

accumulation of ATMs that were monocyte-derived, we hypothesised that these blocking 

antibodies would allow us to target two different mechanisms of ATM accumulation and 

ultimately their tissue-specific function. The antibody administration protocol was similar to 

clodronate liposomes’ treatment and based on previous reports (Chen et al., 2021) and oral 

communication with experts in the field (Dr Tal Arnon, Dr Sarah Spear, Dr Elvira Mass). To test 

the protocol in our facility, we dosed two lean mice with 35 µg (α-CSF1R) or 5 µg (α-CCL2) of 

antibody per gram of body weight twice over a 4-week treatment window and observed a 

substantial depletion of ATMs (data not shown). Surprisingly, however, following the same 

protocol with the respective antibodies in HFD-fed obese mice resulted in negligible ATM 

depletion in gWAT (Fig 29A-B). Similar observations were made in iWAT and spleen (data not 

shown), indicating that the intraperitoneal administration of blocking antibodies failed to induce 

systemic macrophage depletion. Due to welfare constraints, we decided to not repeat the 

antibody-mediated macrophage depletion model.  
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Figure 29: Monoclonal antibody-based macrophage depletion models do not 
sufficiently deplete ATMs in obese gWAT. (A-B) Flow cytometry analysis of F4/80+ CD64+ 
macrophage number in WT and Atg7Ad gWAT after α-CSF1R (A) or α-CCL2 (B) treatment and 
12 weeks of HFD feeding. WT and Atg7Ad mice were treated with α-CSF1R (A) or α-CCL2 (B) 
antibodies which were administered intraperitoneally following 8 weeks on HFD twice, one 
week apart. Tissues were collected and analysed after 12 weeks of HFD.  Each antibody 
administration was 35 µg (α-CSF1R) or 5 µg (α-CCL2) per gram of body weight. Data are 
presented as mean ± SD. Each data point represents one biological replicate. Representative 
of 3 (A) or one (B) independent experiment.  

While clodronate-mediated macrophage depletion showed promising outcomes and indicated 

that ATMs may play a role in Atg7Ad gWAT fibrosis, the high toxicity of clodronate, combined 

with the low efficiency of macrophage reduction in monoclonal antibody models, limited our 

ability to fully define the specific role of tissue-reparative macrophages in gWAT fibrosis in 

Atg7Ad obese mice. Consequently, the precise contribution of these macrophages in our model 

remains unclear. 

4.2.4 T cell fate is controlled by adipocyte autophagy 

In addition to changes in macrophage abundance and function, we observed that adipocyte 

autophagy also impacts CD4+ T cell abundance (Fig 21G). Changes in macrophage fate and 

function commonly shape T cell populations through cytokine secretion and antigen 

presentation (Jacks and Lumeng, 2024). We hypothesised that the decrease in CD4+ T cells 

is a consequence of a profound shift in macrophage phenotype. Furthermore, as CD4+ T cells 

are well-known to impact CD8+ T cell priming and activation (Castellino and Germain, 2006), 
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we wondered whether their decrease also impacts CD8+ T cells, despite no change in their 

abundance.  

To understand how adipocyte autophagy modulates T cell populations, we sorted CD4+ and 

CD8+ T cells with FACS and performed RNA-seq as described above. In the CD4+ T cell RNA-

seq dataset PCA1 explained 18.3 % of sample variability, while it explained 20.5 % of the 

variance in the CD8+ T cell subset (Fig 30A-B). Differential gene expression analysis between 

WT and Atg7Ad DIO mice revealed 201 DEGs within the CD4+ T cell subset and 464 DEGs 

within the CD8+ T cell subset (Fig 30C-D). As we observed a batch effect whereby the 

separation by genotype failed to explain the sample variance (Fig 30A-B), gene ontology 

analysis revealed no meaningful enriched gene sets. To try and understand how both subsets 

change in response to loss of adipocyte autophagy, we overlapped DEGs between the two T 

cell subsets (Fig 30E). We found 18 genes upregulated in CD4+ and CD8+ subsets in Atg7Ad 

gWAT, predominantly relating to oxidative stress and damage (Mgst1, Morc1, Fth1, Mgme, 

Prdx1) and T cell activation (Cd276, Vtcn1) (Fig 30E-F).  
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Figure 30: Loss of adipocyte autophagy dysregulates CD4+ and CD8+ T cell 
transcriptome.  (A-B) PCA plot of individual samples for CD4+ (A) and CD8+ (B) T cell subsets. 
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Each dot represents a single biological replicate. (C-D) Volcano plots showing differentially 
expressed genes among CD4+ (C) and CD8+ (D) T cell subsets isolated from WT and Atg7Ad 
gWAT after 16 weeks of HFD feeding. (E) Overlap of DEGs identified in CD4+ and CD8+ cells. 
(F) A list of overlapping DEGs. Note that 4 DEGs are excluded from the visualisation as they 
encode immunoglobulin (B cell contamination). n = 6 mice. 

T cell function is often related to their activation in response to antigen stimulation (Castellino 

and Germain, 2006). Activation of naïve cells towards the effector and later memory stage can 

be characterized by the expression of CD44 and CD62L activation markers. Naïve T cells are 

identified as CD44lo CD62Lhi, effector as CD44hi CD62Llo, and memory T cells as CD44hi 

CD62Lhi populations (Shirakawa et al., 2016). To further understand how T cells change their 

phenotype and whether it relates to the observed transcriptome change, we designed a broad 

panel of T cell-specific extracellular and intracellular markers based on the published literature. 

Multidimensional flow cytometry data collected by Aurora was clustered into 21 individual 

TCRβ+ clusters by UMAP and FlowSOM (Kimball et al., 2018) (Fig 31A). Differential analysis 

of cluster cellular abundance identified cluster 18 as significantly upregulated in Atg7Ad 

compared to WT gWAT, and clusters 5 and 19 as significantly downregulated ones (Fig 31B). 

This finding was further supported by cluster cellular frequencies within the TCRβ+ population 

(Fig 31C-D). Analysis of signature T cell markers revealed that cluster 5 corresponded to CD4+ 

T cells, while clusters 18 and 19 were CD8+ T cells (Fig 31E). We found that the two clusters 

downregulated in Atg7Ad, namely clusters 5 and 19, shared a similar marker profile 

characterised by CD44med CD62Lhi TCF1hi Ly108hi (Fig 31E). In contrast, the cluster 18, 

upregulated in Atg7Ad mice, displayed CD44hi CD62Llo PD1hi CD69lo/med CD39hi EOMEShi 

signature (Fig 31E). Notably, the combination of these signature factors is commonly used to 

describe T cell exhaustion (Zhang et al., 2021a). Exhausted T cells (Tex) are formed through 

distinct consecutive phases. A high expression of TCF and Ly108 denotes the early 

development phase, while a high expression of PD1 and CD39 denotes terminal exhaustion 

(Beltra et al., 2020, Chen et al., 2019). Downregulated clusters 5 and 19 can thus be likely 

identified as proliferative circulating/precursor Tex, with a signature of Ly108+ CD69- TCF1hi. 
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On the other hand, upregulated cluster 18 is likely a terminally exhausted Tex cell cluster, 

characterised by PD1hi CD39hi Ly108- CD69med/hi EOMEShi. These results altogether suggested 

that adipocyte autophagy prevents the conversion of Tex to a terminally exhausted phenotype.  

 

Figure 31: T cell phenotypic characterisation by Aurora reveals an accumulation of 
exhausted CD8+ T cell cluster upon loss of adipocyte autophagy. (A) Representative 
UMAP of TCRβ+ population in WT and Atg7Ad gWAT after 16 weeks of HFD. n = 4 mice. (B) 
Vulcano plot showing differences in cellular abundance within each cluster in Atg7Ad compared 
to WT. (C) Frequencies of TCRβ+ clusters 5, 18, and 19, which have been identified as 
significant in (B). Data are presented as mean ± SD. Each data point represents one biological 
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replicate. (D) Representative UMAP displaying cellular abundance of clusters 5, 18, and 19 
between WT and Atg7Ad. (E) Heatmap of surface marker expression for differentially abundant 
clusters identified in (B). Each row corresponds to a single mouse. Legend: red = upregulated, 
blue = downregulated. Representative of 3 independent experiments. 

To further validate these observations, we manually gated conventional flow cytometry 

datasets. We observed a shift towards a CD44lo population in both CD4+ and CD8+ T cells in 

Atg7Ad obese gWAT (Fig 32A-D). As the expression of CD62L remained comparable, CD4+ 

and CD8+ T cells likely acquire either more naïve-like or memory-like properties in the absence 

of adipocyte autophagy. Since transcriptomics and Aurora analyses of T cells revealed 

dysregulation of several activation and exhaustion markers, it is likely that these cells display 

stem-like properties but are exhausted (Fig 30 and 31). To understand whether CD44lo cells 

indeed become exhausted, we assessed the expression of a major regulator of T cell 

exhaustion, PD-1, by flow cytometry. Although we saw no differences in PD-1 expression 

among the general CD4+ and CD8+ populations (data not shown), PD-1 was highly upregulated 

within the CD44lo population of both subsets when adipocyte autophagy was depleted (Fig 

32E-H). While PD-1 upregulation indicates that these cells are exhausted, a simultaneous 

CD44 downregulation suggests a non-classic and unbalanced activation state of T cells in 

gWAT. Similar to observations made in macrophages, T cell exhaustion was documented to 

occur concomitantly with the onset of fibrosis, i.e., between week 6 and week 9 of HFD feeding 

(data not shown). 
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Figure 32: Adipocyte autophagy limits T cell exhaustion. (A-D) Representative flow 
cytometry plots of CD44 and CD62L expression between WT and Atg7Ad gWAT within CD4+ 
(A) and CD8+ (C) T cell subset. Flow cytometry analysis of CD44lo cell frequency within CD4+ 
(B) and CD8+ (D) T cells isolated from mice fed HFD for 16 weeks. (E-H) Representative flow 
cytometry plots of CD44 and PD1 expression between WT and Atg7Ad gWAT within CD44lo 
CD4+ (E) and CD8+ (G) T cell subset. Flow cytometry analysis of PD1hi CD44lo cell frequency 
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within CD44lo CD4+ (F) and CD8+ (H) T cells isolated from mice fed HFD for 16 weeks. Data 
are presented as mean ± SD. Each data point represents one biological replicate. Statistical 
analysis by unpaired t-test (B, D, F, H). Data are merged from 3 independent experiments. 

To summarize, we have found that adipocyte autophagy not only impacts T cell homing to the 

gWAT but also supports their viability and activation state, ultimately preventing their 

exhaustion. 

4.3 Discussion 

4.3.1 Autophagy shapes immune cell accumulation in a tissue-specific manner 

Excessive pericellular fibrosis positively correlated with a notable increase in nuclear density, 

which was specific for gWAT. We found that immune cell accumulation is the major contributing 

factor, with macrophage numbers doubling between obese WT and Atg7Ad mice. Adipocyte 

autophagy has been previously reported to limit CLS formation and macrophage infiltration 

under both control and HFD diets (Sakane et al., 2021, Cai et al., 2018). Our results, however, 

failed to recapitulate a well-accepted increase in macrophage infiltration in obese versus lean 

mice (Biswas and Mantovani, 2012, Jaitin et al., 2019, Mathis, 2013, McNelis and Olefsky, 

2014), and we found fewer macrophages present per gram of obese compared to lean WT 

gWAT. These disparities represent a noteworthy limitation of our study. The failure to 

recapitulate the phenotype between lean and obese WT WAT could potentially be explained 

by differences in digestion protocols, surface markers used for macrophage assessment, 

normalisation to tissue weight, as well as by general model variations, including diet duration 

and housing conditions. Experimental reproducibility in inflammation research is often 

impacted by variations in specific pathogen-free housing, microbiota composition, and diet, 

which are different between individual facilities (Moore and Stanley, 2016). While the 

composition of the reported chow diets used to feed lean mice is often not well defined in 

publications, we tried to minimise the confounding effects by using standard commercially 

available diets to feed the mice, with NCD sucrose matched to the HFD. Regardless, neither 
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chow (data not shown) nor standardized NCD could reproduce differences in macrophage 

accumulation observed between lean and obese WT mice. In addition, groups reporting an 

increase in macrophage infiltration would often only rely on a single macrophage marker, such 

as F4/80, which has been reported to also express on other immune cells, including 

eosinophils and dendritic cells (Dos Anjos Cassado, 2017). Due to this, we always used it in 

conjunction with another macrophage-specific marker, CD64, while simultaneously excluding 

other subsets in our gating strategy. Disparities in the macrophage number per gram of WAT 

could therefore to some extent also result from the reported overestimation. As we have 

continuously observed a reproducible increase in ATM abundance between obese WT and 

Atg7Ad mice, as well as increased CLS formation between lean and obese WT gWAT across 

several C57BL/6J strains in our facility, we decided to accept this limitation and proceed with 

our study.  

While we observed profound changes in gWAT, iWAT morphology appeared insensitive to 

adipocyte autophagy deletion. We noted that adipocyte autophagy loss primarily impacted the 

immune cell population. The absence of any cellular changes in iWAT could be explained by 

the fact that gWAT is more prone to immune cell infiltration and therefore has a much higher 

leukocyte and macrophage content (Marcelin et al., 2022). In line with this, a higher immune 

cell abundance in WT gWAT compared to iWAT was observed. It has been suggested that 

gWAT immune cell abundance is an evolutionary adaptation, having a protective role against 

intraperitoneal pathogens and abdominal injuries (Sakers et al., 2022). Interestingly, studying 

nuclear density increase in a tissue-specific manner also suggested that iWAT has a generally 

higher nuclear density compared to gWAT. While this could generally be explained by iWAT 

having more active adipogenesis and angiogenesis (Marcelin et al., 2022), the numbers of 

endothelial cells and adipocyte precursors suggest this is unlikely. High cellular abundance in 

iWAT could potentially be attributed to ASPCs, highly plastic cells characterised by CD29 and 

Sca-1 expression. These have been reported to be 8-fold more abundant in iWAT compared 
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to gWAT and hold great potential in regenerative research (Joe et al., 2009, Ferrero et al., 

2020). Further research would be necessary to confirm these assumptions.  

4.3.2 Macrophages obtain a tissue-reparative phenotype in Atg7Ad gWAT  

We found that adipocyte autophagy maintains a pro-inflammatory macrophage identity in the 

WAT of DIO mice. The role of autophagy in immunity and inflammation has been extensively 

studied, demonstrating that autophagy importantly contributes to balanced responses by 

maintaining immune cell homeostasis (Clarke and Simon, 2018, Levine et al., 2011). The loss 

of adipocyte autophagy resulted in a macrophage tissue-reparative fate. This was in contrast 

with previous reports, which concluded that loss of adipocyte autophagy results in a pro-

inflammatory macrophage switch (Cai et al., 2018, Sakane et al., 2021). Despite making this 

conclusion, the two published studies failed to demonstrate the accumulation of pro-

inflammatory macrophages. Their claims were based on the increased CLS formation, F4/80 

immunobiological staining, and upregulation of Serpin3j, Mcp1, and Cd68 transcripts, which 

are not specific for the pro-inflammatory subset and rather only describe macrophage 

attraction to the tissue. Simultaneously, these studies reported no change in pro- or anti-

inflammatory cytokine secretion, with cytokines rather being transcriptionally downregulated, 

including Il6, Il10 and Il1b. As these observations do not demonstrate a pro-inflammatory 

phenotype, they could also support our findings of a tissue-reparative macrophage switch in 

adipocyte autophagy-deficient WAT. In addition, we found that the increased abundance and 

tissue reparative macrophage phenotype appeared between weeks 6 and 9 of HFD feeding of 

Atg7Ad mice, suggesting that these macrophages were unlikely to be pro-inflammatory at any 

point of HFD but were rather attracted to the tissue to directly polarise into the tissue-repair 

phenotype, which was corroborated by the bone marrow chimaera experiment.  

While our understanding of adipose tissue reparative macrophages remains scarce, similar 

subsets have been described in the lung, bladder, liver, and tumour microenvironment 
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(Chakarov et al., 2019, Ma et al., 2022, Lacerda Mariano et al., 2020, Fabre et al., 2023, 

Sarvari et al., 2021). Three main lines of evidence support the emergence of tissue reparative 

macrophages in our model. First, ATMs emerging in Atg7Ad gWAT downregulate the expression 

of immune response activation and antigen presentation genes and surface markers, including 

MHCII, pro- and anti-inflammatory cytokines (Chakarov et al., 2019, Lacerda Mariano et al., 

2020). In addition, they upregulate genes and surface molecules associated with tissue 

integrity, including Lyve1, ECM remodelling and collagen genes (Sarvari et al., 2021, Chakarov 

et al., 2019, Silva et al., 2019). Second, their metabolic preferences closely resemble the tissue 

repair macrophage subset, with an upregulation of OXPHOS and rewired glycolysis through 

PPP, in contrast to pro-inflammatory macrophages that predominantly rely on glycolysis 

(Wculek et al., 2022, Viola et al., 2019). Macrophage reprogramming and reliance on aerobic 

pathways have been recently described as a distinguishing feature among ATMs (Wculek et 

al., 2023). Third, it has been reported that ECM can educate macrophages to acquire a tissue-

remodelling and immunoregulatory phenotype, potentially through receptor-ECM interaction 

(Puttock et al., 2023). Accordingly, we observed an accumulation of macrophages in the fibrotic 

lesions in the gWAT. Nevertheless, to fully validate the changes in macrophage heterogeneity 

upon adipocyte autophagy depletion, we would have to perform single-cell RNA sequencing 

of the SVF. In addition, as subtype signatures are primarily transcriptionally defined, we could 

mine the published single-nucleus transcriptomics data  (Sarvari et al., 2021) to identify unique 

surface markers of the CEM subset and validate these with flow cytometry.        

While factors shaping macrophage fate have been proposed, it remains unknown which 

specific signals can shift macrophages towards a tissue-reparative phenotype (Bleriot et al., 

2020). Proposals include secreted molecules, such as cytokines and metabolites, tissue 

stiffness, as well as ECM ligands, however, none of these hypotheses have been 

experimentally proven. Furthermore, the role of autophagy in this process remains completely 

unexamined.  
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4.3.3 Limitations of macrophage depletion models to understand their role in gWAT 

fibrosis 

We tried to utilize various models of macrophage depletion to understand whether the 

increased infiltration and function of tissue-reparative macrophages are causative for gWAT 

fibrosis in Atg7Ad mice. Despite testing three different models of macrophage depletion, we 

failed to conclusively demonstrate that ATMs drive gWAT fibrosis. Preliminary results obtained 

from clodronate-induced ATM depletion suggested that macrophages could indeed be 

responsible for exacerbated fibrosis in Atg7Ad gWAT. Notably, macrophages have been 

described before as critical activators of the pro-fibrotic signalling cascade in many different 

organs and tumours (Lis-Lopez et al., 2021, Buechler et al., 2021). If these results were 

confirmed, they would suggest that fibrosis is not primarily fibroblast-driven. In line with this, 

the expression of expression of Acta2, a gene largely restricted to myofibroblasts, was not 

increased in the gWAT of obese Atg7Ad mice. However, we do not have sufficient experimental 

evidence to definitively rule out a contribution from myofibroblasts, as this was not the focus of 

this study. Finally, our results remain inconclusive due to a lack of reproducibility.  

A commonly described clodronate liposome limitation is its unspecific mode of action, targeting 

neutrophils, monocytes and dendritic cells, thus making it difficult to understand the 

contribution of individual cell subtypes to the phenotype (Culemann et al., 2023). However, the 

main challenge we faced trying to address this experimental question was a significant 

clodronate toxicity that resulted in severe outcomes in 40-70 % of male mice. While most of 

the published research and manufacturers do not report such severe side effects, clodronate 

liposomes have been reported as toxic before (Li et al., 2016). Despite a much lower mortality 

rate at around 30 % in recipient mice, they however reported complications like ours, including 

infarction and haemorrhage. As these led to sudden deaths, we were advised to stop the study 

by the Home Office.  
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While clodronate administration somewhat reduced ATM content, the antibody treatments 

were not successful in significantly reducing ATM population. These outcomes underlie the 

need for further technical optimisation of our protocols, which we chose not to pursue due to 

concerns for animal welfare. To minimize the number of mice used in these experiments, we 

developed protocols based on previously published studies targeting macrophage recruitment 

and accumulation in WAT and beyond (MacDonald et al., 2010, Mantovani et al., 2022, Baer 

et al., 2023, Chen et al., 2021). However, these studies differ slightly in terms of treatment dose 

and frequency. Future optimisations could involve fine-tuning these parameters, modulating 

the dose, frequency, route of administration, and treatment length, as well as potentially 

combining approaches to achieve sufficient depletion. In addition, as we observed a slightly 

delayed development of gWAT fibrosis in females compared to males, we could optimise the 

protocols for individual sex, initiating macrophage depletion in females at a later stage. Another 

option would be to reduce ATM abundance through genetic manipulation. Diphtheria-based 

macrophage depletion models, such as CD169DTR or LyzM-CreDTR, have been previously 

demonstrated to specifically deplete tissue resident F4/80+ macrophages upon administration 

of diphtheria toxin (Chen et al., 2021, Berg et al., 2021, Shi et al., 2018, Nicolás-Ávila et al., 

2020). Since ATMs in our model were predominantly monocyte-derived, these strains could be 

used to generate a bone marrow chimaera in WT or Atg7Ad hosts, potentially leading to higher 

efficiency of macrophage depletion.  

Although further technical improvements and depletion models could enhance ATM depletion, 

we decided to conclude the study at this point. While we could not definitively prove that 

macrophages are the primary drivers of gWAT fibrosis in our model, it is highly plausible that 

they contribute due to their well-established pro-fibrotic role in multiple tissues (Lis-Lopez et 

al., 2021, Buechler et al., 2021) and their fibrotic gene signature. Thus, despite the technical 

limitations, it remains likely that macrophages play a role in fibrosis development. 
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4.3.4 Adipocyte autophagy limits T cell exhaustion 

Loss of adipocyte autophagy resulted in exhausted CD4+ and CD8+ T cell population. T cell 

exhaustion is a consequence of continuous antigenic stimulation and is commonly reported to 

occur during chronic infections and cancer (Zhao et al., 2020). Obesity also leads to the 

exhaustion of WAT T cells, resulting in impaired secretion of inflammatory cytokines such as 

interferon gamma (IFN-γ) (Porsche et al., 2021). Interestingly, obesity-associated T cell 

exhaustion has been proposed to be independent of PD1 signalling (Porsche et al., 2021). As 

we only characterised T cell exhaustion phenotypically, it would be interesting to understand 

how it impacts T cell function by measuring cytokine production, proliferation as well as 

cytotoxic capability and antigen recognition. To this end, in vitro assays could be used to 

stimulate cytokine production as well as in vivo immunological challenge models, such as 

infection or tumour.  

In addition, it would be beneficial to understand the signalling pathways through which 

adipocyte autophagy limits T cell exhaustion. Chronic antigen stimulation has been linked to 

MHCII expression, and macrophage-specific MHCII expression has been suggested to drive 

T cell impairment (Porsche et al., 2021). On the other hand, macrophage MHCII has also been 

reported to be critical for the proliferation and activation of CD4+ T cells and WAT inflammation 

(Cho et al., 2014a, Morris et al., 2013), suggesting its multifaceted role in T cell activation and 

exhaustion. Furthermore, it has been proposed that CD4+ T cell-mediated WAT inflammation 

could be improved by targeting the interaction with MHCII. As we have observed a significant 

decrease in MHCII expression in macrophages, it would be interesting to explore how this drop 

functionally modulates T cell populations in Atg7Ad gWAT. Oxidative stress has also been 

correlated to T cell exhaustion (Wu et al., 2023, Zhao et al., 2020). We found that oxidative 

stress response genes were dysregulated in both CD4+ and CD8+ T cell subsets in Atg7Ad, 

similar to our findings in macrophages. These data could therefore suggest a common stress 
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signalling pathway that is a result of adipocyte autophagy loss, and it would be intriguing to 

test this hypothesis further. 

We also found that adipocyte autophagy depletion resulted in an accumulation of CD44lo CD4+ 

and CD8+ T cell population, however, the kinetics of the expression as well as functional 

implications remain unclear. Interestingly, CD44 regulates CD8+ T cell activation and migration 

through binding with its ligand OPN (Klement et al., 2018). While this interaction was reported 

in a paracrine manner, OPN has also been reported to be produced by senescent PD1+ CD4+ 

T cells, allowing for autocrine regulation of CD44 signalling (Shirakawa et al., 2016). Besides 

OPN, CD44 is known to bind and interact with many ECM ligands, including hyaluronic acid, 

collagens, and matrix metalloproteinases (Senbanjo and Chellaiah, 2017). This raises a 

question of whether the loss of CD44 on the T cell surface is related to dysregulated ECM 

deposition we observed in Atg7Ad mice, including increased OPN and collagen production, and 

further experiments would be necessary to validate the correlation or causation. Finally, a 

better understanding of adipocyte autophagy-mediated T cell CD44 expression could 

potentially also have a therapeutic value, since CD44 expression in WAT and resident immune 

cells highly correlates with the pathogenesis of obesity and type 2 diabetes in humans 

(Kodama et al., 2012).   

4.4 Conclusion 

In this chapter, we aimed to understand how adipocyte autophagy impacts WAT remodelling 

and inflammation during obesity. We uncovered that adipocyte autophagy supports low-grade 

gWAT inflammation through the maintenance of a pro-inflammatory macrophage population. 

Loss of autophagy leads to a phenotypic and functional shift of macrophages towards a tissue 

reparative fate, impacting T cell function and ECM deposition in the tissue. In the next chapter, 

we will address the molecular mechanisms underlying the autophagy-mediated crosstalk 

between adipocytes and immune cells.   
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5 Autophagy supports WAT integrity during obesity 

through adipocyte metabolic adaptation  

5.1 Introduction 

5.1.1 Adipocyte metabolism 

White adipocytes are highly specialised in energy storage and mobilisation and previous 

research has predominantly focused on the core metabolic pathways supporting these critical 

functions. Fatty acid (FA) storage in a lipid droplet is initiated by the uptake of FAs either 

through passive diffusion or specific transporters. Once FAs get converted to acyl-CoA 

derivatives they are stored as TAG and can be mobilised via lipolysis (Morigny et al., 2021). 

TAG hydrolysis onto glycerol and FAs is facilitated by adipose triglyceride lipase (ATGL) and 

hormone-sensitive lipase (HSL), and FAs are either transported outside of the cell or oxidised 

in mitochondria via fatty acid oxidation (FAO) to generate ATP (Grabner et al., 2021). On the 

other hand, FAs can also originate from endogenous de novo lipogenesis (DNL), whereby 

glucose is metabolised via glycolysis and tricarboxylic acid (TCA) cycle to produce citrate and 

acetyl coenzyme A (acetyl-CoA) (Chouchani and Kajimura, 2019). DNL-generated FAs are 

primarily used as membrane building blocks and signalling molecules involved in inflammation 

and insulin sensitivity (Hsiao and Guertin, 2019). While lipolysis and lipogenesis are typically 

viewed as opposite independent pathways they are intimately interlinked with the intracellular 

fate of glucose and AAs. An important metabolic node is acetyl-CoA, which is a critical 

substrate in DNL, cholesterol synthesis and TCA cycle to generate ATP. It is produced through 

the metabolism of pyruvate, glutamine, FAO and branched-chain amino acid (BCAA) 

catabolism (Felix et al., 2021). BCAAs derived from protein catabolism contribute up to 30 % 

of the lipogenic acetyl-CoA pool, notably supporting mitochondrial metabolism and DNL, and 

ultimately adipogenesis (Green et al., 2016). Notably, glucose metabolism beyond lactate 

production, glycerol-3-phosphate synthesis for TAG backbone and DNL has not been 
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thoroughly studied, and it remains unclear how early steps in glycolysis impact adipocyte 

homeostasis (Morigny et al., 2021).  

Most of these metabolic processes are tightly linked to functional mitochondria, therefore it is 

not surprising that mitochondrial dysfunction greatly impacts adipocyte function and is an 

important driver of obesity-associated metabolic pathologies (Chouchani and Kajimura, 2019). 

Obesity reduces mitochondrial function through the downregulation of mitochondrial 

biogenesis, OXPHOS, TCA cycle, and FAO pathway genes as well as reactive oxygen species 

(ROS) generation, leading to a drop in ATP levels and impaired adipogenesis, inflammation, 

and insulin resistance (Heinonen et al., 2020).  

Adipocyte metabolism beyond lipid and glucose pathways and related mitochondrial oxidative 

metabolism remains poorly understood. Some advances in other metabolic pathways have 

been recently reported, whereby pentose phosphate pathway (PPP) and iron metabolism have 

been identified to regulate adipocyte function and systemic metabolism (Zhang et al., 2021b, 

Park et al., 2006). Furthermore, adipocyte metabolites have been described as messengers in 

intercellular and interorgan communication (Cai et al., 2018, Wen et al., 2017, Sakane et al., 

2021). Since cellular metabolism is a dynamic interplay of multiple regulators, catabolic and 

anabolic pathways, its high complexity cannot only be explained by a handful of lipid metabolic 

pathways, and therefore a broader understanding of the metabolic landscape is needed. In 

addition, since most of the metabolic pathways described above significantly change during 

obesity, a better understanding of the obesity-related metabolic rewiring of cellular metabolism 

could lead to potential therapeutic applications.  

5.1.2 Autophagy in the regulation of cellular metabolism  

Autophagy plays a key role in promoting metabolic and nutrient homeostasis at both cellular 

and whole-organism levels. Through the control of energy and nutrient metabolism in normal 
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and diseased cells, it promotes survival during starvation. Importantly, autophagy can access 

internal nutrient stores, including glycogen and lipid droplets, as well as undedicated nutrient 

stores such as ribosomes, mobilising energy and nutrients when required (Deretic and 

Kroemer, 2022). By degrading proteins, lipids, carbohydrates and nucleic acids, autophagy 

generates amino and fatty acids, sugars, and nucleosides, respectively. These are released in 

the cytoplasm and reutilised in various metabolic processes, including glycolysis, PPP, TCA 

cycle, protein synthesis, ATP production, central carbon metabolism, and lipid synthesis 

(Rabinowitz and White, 2010).  

Amino acids resulting from protein catabolism sustain cellular AA pools and can be catabolised 

to yield ATP through the TCA cycle or used as substrates for glucose production by 

gluconeogenesis. Free fatty acids are mobilised from complex lipids through lipophagy and 

converted into acetyl-CoA, which is utilised in the TCA cycle and FAO for energy production. 

Nucleosides are degraded to ribose-phosphate, which is used for ATP production or can be 

converted to glucose through nonoxidative PPP. Glycogen is degraded through glycophagy to 

salvage free glucose, which can be fuelled into glycolysis for ATP production. In addition, it can 

be used for the production of substrates for lipid, nucleotide, and FA synthesis, as well as to 

generate antioxidant responses. Autophagy also supports iron homeostasis and bioavailability 

through ferritinophagy of the iron-binding protein ferritin (Kaur and Debnath, 2015). As such, 

autophagy enables cells to salvage key metabolites by mobilising diverse cellular energy and 

nutrient stores. It is not surprising that cancer cells often exploit autophagy to support their 

growth and survival in nutrient-poor environments (Rabinowitz and White, 2010).  

Autophagy also fuels biosynthetic capacity by providing anabolic substrates such as AA for 

protein synthesis, thereby facilitating and sustaining core cellular functions (Kaur and Debnath, 

2015). Nucleosides can also be used as building blocks for adaptive anabolic reactions. The 

metabolic activity of autophagy is controlled by a central regulator of cellular metabolism 

mammalian target of rapamycin (mTOR), which promotes cellular growth and anabolism when 
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nutrients are abundant while suppressing autophagy. In contrast, when the AMP: ATP ratio 

rises, AMPK activates autophagy, favouring catabolic and degradative pathways (Zhang et al., 

2018b). As such, autophagy not only controls cellular metabolism in health and disease but is 

also itself highly regulated by metabolic cues through these signalling pathways. Interestingly, 

autophagy-controlled metabolites, such as AAs and lipids, have also been described to be 

exchanged between adjacent cells, suggesting that autophagy additionally has a paracrine 

metabolic function (Sousa et al., 2016, Richter et al., 2023).  

5.1.3 Metabolic control of macrophage fate 

Cellular metabolism importantly shapes immune cell differentiation and function. As described 

in the previous chapter, macrophage pro- versus anti-inflammatory fate is closely associated 

with glycolysis and mitochondrial metabolism, respectively. Over the years, however, it became 

more apparent that not only is immune cell fate closely aligned with intracellular metabolic 

needs but is also dynamically modulated in response to local metabolic exchange and nutrient 

provision (Richter et al., 2018). Immune responses are shaped by a combination of cell-

extrinsic metabolic signals that integrate information on nutrient availability, thereby guiding 

cell survival, activation, and function. These stimuli can either activate metabolic checkpoints 

that sense nutrients or directly signal to the cells as ligands, co-factors, and secondary 

messengers, linking cells to their microenvironment (Bacigalupa et al., 2024). 

The local microenvironment also impacts macrophage fate. Traditionally, cytokines and 

adipokines were studied as tissue-specific factors impacting macrophage polarisation, 

including granulocyte-macrophage colony-stimulating factor (GM-CSF), interleukins 33 and 

34, and TGFβ (Bleriot et al., 2020). The first studies suggesting that metabolites can act as 

signalling molecules in macrophage polarisation were published in 2014. The identity of 

peritoneal macrophages was described to rely on the extracellular concentration of retinoic 

acid, a metabolite of vitamin A, inducing expression of subset-specific Gata6 transcription 
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factor (Okabe and Medzhitov, 2014). In obese WAT, macrophages were reported to acquire a 

metabolically activated phenotype when treated with a mixture of glucose, insulin, and 

palmitate, which signalled both through receptor binding and internalisation (Kratz et al., 2014). 

More recently, tryptophan-derived metabolites originating from microbiota have been reported 

to control macrophage function through binding to aryl hydrocarbon receptor in pancreatic 

tumours, suppressing anti-tumour immunity (Hezaveh et al., 2022). In WAT, adipocyte-derived 

lactate has been described to support pro-inflammatory ATM polarisation through binding and 

inhibition of the PHD2 enzyme (Feng et al., 2022).  

Although accumulating evidence highlights the role of metabolic extracellular signals in the 

regulation of macrophage fate and function, the identity of these local metabolic cues is still 

largely unknown. In addition, it remains unclear how these signals change in response to 

disease, rendering functionally different macrophage responses.  

5.1.4 Chapter aims 

Autophagy is an important modulator of cellular and organ homeostasis. In the last chapter, 

we observed that loss of adipocyte autophagy impacted WAT immune cells, however, the 

molecular underpinnings of these changes remained unclear. To gain a deeper mechanistic 

understanding of potential adipocyte-macrophage crosstalk that could explain the phenotype, 

we sought to (1) understand how depletion of autophagy impacts adipocyte protein and 

metabolic homeostasis, (2) investigate whether these changes are communicated into the 

adipocyte microenvironment, and (3) assess adipocyte-macrophage interaction.  
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5.2 Results  

5.2.1 Autophagy regulates adipocyte stress response and metabolism 

Obesity-associated adipose tissue dysfunction is caused by a combination of impaired 

adipogenesis, exacerbated low-grade inflammation, and fibrosis (Sakers et al., 2022). While 

adipocyte autophagy is known to have a critical role in adipogenesis (Singh et al., 2009b, 

Zhang et al., 2009), it remains to be understood how it shapes WAT inflammation and fibrosis. 

Lack of adipocyte autophagy significantly altered gWAT architecture and cellular composition. 

To understand why adipocytes upregulate autophagy during DIO and control these profound 

tissue-wide changes, we performed transcriptomics, proteomics and metabolomics analyses 

of WT and Atg7Ad adipocytes isolated from obese gWAT. For all methods, adipocytes were 

enriched as a floating fraction, the most commonly used method for mature adipocyte isolation 

(Wang et al., 2022) (Fig 33A). These were sent to collaborating laboratories at the Max-

Delbrück Center for Molecular Medicine in the Helmholtz Association, Germany and UCLA 

Metabolomics Center, USA for analysis. For transcriptomics and metabolomics, both obese 

male and female mice were used for analysis. In contrast, proteomics analysis was performed 

with obese male mice only to reduce the complexity and cost of the experiment.   

Transcriptomics analysis was performed in collaboration with Dr Amir H. Kayvanjoo based at 

the Max-Delbrück Center for Molecular Medicine in the Helmholtz Association, Germany. The 

genotype explained 74.9 % of the observed variance (PC1) in the RNA-seq dataset (Fig 33B). 

Similar to previously mentioned transcriptomics datasets, data were analysed using the 

DEseq2 R package (Love et al., 2014). As several hematopoietic lineage-specific genes were 

identified as significantly dysregulated genes (data not shown), the dataset was reduced to 

adipocyte-specific genes by using a published adipocyte-specific transcriptome, generated by 

in vivo labelling of adipocyte-specific ribosomes and chromatin immunoprecipitation 

sequencing (ChIP-seq) of Adipoq-Cre::NuTRAP mice (Roh et al., 2017). By improving the 
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quality of the dataset, loss of autophagy in DIO mice resulted in a total of 1249 significantly 

DEGs between WT and Atg7Ad adipocytes (Fig 33C and Fig 34A).  

 

Figure 33: Loss of autophagy dysregulates adipocyte transcriptome. (A) Schematic 
overview of experimental set-up for adipocyte isolation used for all OMICS techniques 
described in this chapter. Adipocytes were isolated as a floating fraction and sent for analysis. 
Created with BioRender.com. (B) PCA plot of individual adipocyte samples. Each dot is a single 
biological replicate. (C) Volcano plot showing differentially expressed genes between WT and 
Atg7Ad adipocytes isolated from gWAT after 16 weeks of HFD feeding. n = 6 mice in each group 
(WT and Atg7Ad). 
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Gene ontology analysis revealed that loss of autophagy upregulates oxidative phosphorylation 

as well as nucleotide and nucleoside metabolic processes (Fig 34B). In contrast, loss of 

autophagy downregulated fatty acid metabolism, adipogenesis, and, as expected, autophagy 

in obese adipocytes (Fig 34C).  

 

Figure 34: Autophagy transcriptionally regulates adipocyte metabolism. (A) Hierarchical 
clustering of transcriptional profiles of the top 1000 differentially expressed genes in WT and 
Atg7Ad adipocytes isolated from gWAT after 16 weeks of DIO. Colour denotes the log2 fold 
difference between WT and Atg7Ad mice. (B-C) Gene ontology (GO) analysis of upregulated 
(B) or downregulated (C) biological processes in autophagy-deficient adipocytes compared to 
WT. The number of genes identified for each term is labelled next to the bar. n = 6 mice in each 
group (WT and Atg7Ad). 

Proteomics analysis was performed in collaboration with Dr Oliver Popp based at the Max-

Delbrück Center for Molecular Medicine in the Helmholtz Association, Germany. A comparison 

of WT and Atg7Ad adipocyte proteome revealed a profound impact of autophagy on cellular 

proteostasis, as expected (Fig 35A). We found 3438 proteins differentially dysregulated, with 

1402 significantly upregulated and 2036 significantly downregulated in Atg7Ad compared to WT 

adipocytes. One of the key autophagy receptors and targets SQSTM1 was found elevated in 

Atg7Ad adipocytes (Fig 35A), in line with being a degradation target of active autophagy 
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(Watson and Soilleux, 2015). Unexpectedly, we found ATG7 accumulated in Atg7Ad compared 

to WT adipocytes (Fig 35A). This was in contrast with the western blot analysis of ATG7, which 

demonstrated that this autophagic protein is downregulated in Atg7Ad adipocytes (Fig 35B). As 

the genetic deletion of Atg7 is a missense mutation rather than an excision at the start of the 

active catalytic Cys-Loop domain (Taherbhoy et al., 2011) (Fig 35C), it is plausible that the 

proteomics outcome is a consequence of the elevated accumulation of protein fragments 

rather than functional protein, detected by a western blot antibody. Visualising the ATG7 

sequence with AlphaFold (Jumper et al., 2021), we found that one of the peptides identified by 

data-independent acquisition (DIA) proteomics positioned just before the Cys-Loop is notably 

reduced in Atg7Ad compared to WT adipocytes (Fig 35D-E). 
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Figure 35: Loss of autophagy through ATG7 deletion significantly disrupts adipocyte 
proteostasis. (A) Vulcano plot of significantly dysregulated proteins in Atg7Ad compared to WT 
adipocytes from gWAT after 16 weeks of HFD feeding. n = 4 male mice in each group (WT and 
Atg7Ad). (B) Western blot analysis of ATG7 expression. Representative of 2 independent 
experiments. (C) Schematic of ATG7 protein sequence with N-terminal (NTD), C-terminal 
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(CTD) and adenylation domain marked. Cys-Loop is the catalytic site of the protein. Adapted 
from (Taherbhoy et al., 2011). (D-E) AlphaFold snapshot of ATG7 protein sequence with 
labelled Cys-Loop active domain (green) and protein sequence identified by DIA proteomics 
(orange) (D) and the normalised expression level of the identified 
“RDVEQLEQLIDNHDVIFLLMDTR” peptide (E).  

To understand how proteome changes refer to biological processes, protein IDs were 

collapsed to gene names and analysed by GO analysis as described above. We found that 

loss of autophagy profoundly impacts adipocyte metabolism (Fig 36). The highest 

dysregulation was observed in nucleoside and lipid metabolism, as well as in oxidative stress 

(Fig 36B-C). These outcomes may be a consequence of highly dysregulated mitochondrial 

homeostasis, as most of the protein subunits encoding for complexes I-V of the electron 

transport chain were found significantly reduced in Atg7Ad adipocytes (Fig 37A). Unexpectedly, 

we found several processes relating to nucleoside metabolism both up- and downregulated. 

While proteins supporting the early stage of nucleotide phosphate conversion were reduced, 

including ENPP and ENTPD, proteins involved in the late stage of nucleoside catabolism, such 

as NT5 were found to increase in Atg7Ad adipocytes (Fig 37B). Finally, we found that loss of 

autophagy markedly impacted adipocyte function, as the global production of adipokines, 

including leptin, adiponectin, and DPP4 was found diminished in obese Atg7Ad adipocytes (Fig 

37C).    
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Figure 36: Loss of autophagy perturbs nucleoside and lipid metabolic pathways in 
obese adipocytes. (A) Hierarchical clustering of proteomics. The top 1886 proteins are shown 
(proteins identified with adjusted p-value ≤ 0.01) which were isolated from gWAT WT and 
Atg7Ad adipocytes. Colour coding represents the log2 fold difference between the genotypes. 
n = 4 male mice in each group (WT and Atg7Ad). (B-C) Enrichment GO analysis of significantly 
upregulated (B) or downregulated (C) pathways in Atg7Ad adipocytes compared to WT. The 
number of genes identified for each term is labelled.  
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Figure 37: Autophagy depletion impairs mitochondrial and purine metabolism and 
impacts adipokine synthesis. (A) Heatmap of OXPHOS biological process (GO:0006119). 
Proteins building different mitochondrial complexes are colour-coded. Values are scaled by 
row (protein) using z-score. (B) Heatmap of purine nucleoside metabolic process 
(GO:0006163) with labelled proteins involved in enzymatic conversion. Colour coding 
represents the log2 fold difference between WT and Atg7Ad mice. (C) Heatmap of adipokine 
expression. Lep = leptin, Adipoq = adiponectin. Values are scaled by row (protein) using z-
score. n = 4 mice.   

Autophagy loss has been previously reported to induce an oxidative response in Atg3Ad and 

Atg16Ad adipocytes under a control diet (Cai et al., 2018). Similarly, Atg7Ad adipocytes 
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displayed a strong antioxidant response, with NQO1, HMOX1, GSR, and PRDX1 being highly 

accumulated (Fig 38A). This was further supported by a prominent increase of intracellular 

H2O2 in Atg7Ad adipocytes (Fig 38B) as well as a drop in reduced/oxidised glutathione 

(GSH/GSSG) ratio (Fig 38C). The GSH/GSSG ratio commonly serves as an indicator of 

cellular health, whereby a low GSH/GSSG ratio, i.e. less GSH, indicates oxidative stress 

(Owen and Butterfield, 2010). In addition to increased oxidative stress in Atg7Ad gWAT 

adipocytes, we found that the loss of autophagy moderately affected adipocyte viability, as 

indicated by adipocyte marker Perilipin-1 staining (Fig 38D-E). The impact of autophagy loss 

on adipocyte viability, however, was considerably lower compared to the impact of HFD feeding 

and obesity.  

 

Figure 38: Autophagy limits oxidative stress and cell death in obese adipocytes. (A) 
Vulcano plot highlighting cellular response to oxidative stress pathway (GO:0034599) based 
on the proteomics dataset. (B) The concentration of intracellular H2O2 in WT and Atg7Ad 

adipocytes isolated from gWAT of DIO mice. (C) The ratio of GSH/GSSG (reduced/oxidised 
form) in WT and Atg7Ad adipocytes. D-E) Representative immunofluorescence staining of 
Perilipin-1 on gWAT sections from WT and Atg7Ad mice following HFD feeding for 16 weeks 
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(D). Legend: blue = dapi, red = Perilipin-1. Quantification of Perilipin-1 staining as a percentage 
of Perilipin-1 negative adipocytes compared to total adipocytes (E). n = 7-8 mice. Data are 
presented as mean ± SD. Each data point represents one biological replicate. Statistical 
analysis by unpaired t-test (B) or two-way ANOVA with Tukey’s multi comparisons test (E). 
Representative of 3 independent experiments (B, C) or merged from 3 independent 
experiments (E).  

A comparison of adipocyte transcriptomics and proteomics data (Fig 39) revealed a high level 

of correlation (0.88) between the dysregulated genes and proteins. Similar to our previous 

remarks, this comparative analysis further supported that obese adipocytes upregulate 

oxidative stress pathways and nucleoside metabolic processes in response to a lack of 

autophagy (Fig 39). Furthermore, we again found that autophagy supports adiponectin 

expression and fat cell homeostasis (Fig 39). 

 

Figure 39: Integration of transcriptomics and proteomics datasets. Comparative analysis 
was performed with proteins and genes identified as significant in individual datasets. The 
average log2 fold changes for these proteins and genes are shown. Each protein and gene 
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datasets were filtered for significant results based on the adjusted p-value (adj.P.val) of less 
than 0.05. The intersection of a subset of mutual significant genes and proteins detected in 
both datasets is visualized in a dot plot, highlighting the correlation between the changes in 
gene and protein expression levels. Genes corresponding to pathways mentioned in the text 
are highlighted on the right side. 

Metabolomics analysis was performed in collaboration with Dr Johanna ten Hoeve-Scott based 

at the UCLA Metabolomics Center, USA. Like proteomics data, metabolomics analysis 

confirmed substantial changes in adipocyte metabolism following autophagy loss (Fig 40A). A 

significant genotype-based data separation was observed, explaining 78.7 % of the observed 

variance (PC1) (Fig 40B). Data showed a significant accumulation of nucleosides in Atg7Ad 

adipocytes, including cytidine, uridine, guanosine, and xanthine, a purine base derived from 

adenosine and guanine degradation (Fig 40A). In contrast, we observed a significant drop in 

nucleotide phosphates, including UMP and AMP; as well as in adenosine and ribose, essential 

for RNA synthesis (Fig 40A). These metabolic changes coupled with proteomic data suggest 

a significant dysregulation in nucleoside biosynthesis and degradation upon loss of autophagy.  

Purine and pyrimidine metabolism is closely linked with PPP (Ferrier, 2014). Atg7Ad adipocytes 

displayed a significant increase in N-acetylglucosamine (GlcNAc), an important post-

translational modifier of glucose-6-phosphate dehydrogenase (G6PD), a rate-limiting enzyme 

of PPP (Rao et al., 2015). Glycolysis runs parallel to PPP and feeds substrates in the TCA 

cycle, which supports AA synthesis. Autophagy has been previously reported to maintain AA 

pools during starvation (Onodera and Ohsumi, 2005). Correspondingly, we observed a global 

reduction in essential and non-essential AAs in Atg7Ad adipocytes, including glutamate, 

aspartate, methionine, tryptophan, threonine, lysine, alanine, serine, and asparagine (Fig 

40C). This striking decrease could either be related to the dysregulation of the mitochondrial 

proteome (Fig 37A), where they are biosynthesised, or directly to impaired autophagy-

mediated protein catabolism.  
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Figure 40: Autophagy controls adipocyte metabolism. (A) Heatmap of significantly (p < 
0.05) abundant metabolites in WT and Atg7Ad adipocytes isolated from gWAT of DIO mice. n = 
3 male mice. All heatmap values were scaled by row (metabolite) using a z-score. (B) PCA plot 
for metabolomics analysis. (C) Relative abundance of amino acids in WT and Atg7Ad 
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adipocytes measured by metabolomics analysis. The asterisk denotes significantly 
dysregulated AAs (p < 0.05). 

Proteomics and metabolomics data showed a good overlap of pathways regulated by 

autophagy. Metabolite accumulation and depletion in Atg7Ad adipocytes resembled changes in 

protein levels of critical enzymes supporting the respective pathways, including glycolysis, 

PPP, TCA cycle, and purine metabolism (Fig 41A-B). Loss of autophagy resulted in a general 

downregulation of enzymes involved in the TCA cycle and FAO. In contrast, Atg7Ad adipocytes 

accumulated enzymes involved in oxidative PPP and purine metabolism, as well as specific 

glycolysis enzymes that support these metabolic axes, such as hexokinase (HK) (Fig 41A-B). 

The upregulation of oxidative PPP could be to provide reducing equivalents for antioxidant 

defence (Fig 38C). In addition, we observed an increase in non-oxidative PPP enzymes, 

including transketolase (TKT) and transaldolase (TAL, Taldo) (Fig 41A-B), which can support 

carbon metabolism by providing glycolytic intermediates (Ferrier, 2014).  
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Figure 41: Adipocyte proteome and metabolome changes suggest a role of autophagy 
in the regulation of PPP and purine metabolism. (A) Heatmap of log2 fold changes for 
significantly differentially abundant proteins between WT and Atg7Ad adipocytes. The heatmap 
highlights the enzymes according to the metabolic process they regulate. (B) Simplified 
schematic summary of autophagy-mediated adipocyte proteome and metabolome highlighting 
glycolysis, TCA cycle, PPP, and nucleoside degradation pathways. Enzymes and metabolic 
products are colour-coded based on the fold change (red ~ upregulated, blue ~ 
downregulated). Created with BioRender.com. 

To validate omics data, we performed biochemical assays to assess total levels of ATP and 

downstream catabolites hypoxanthine and xanthine. Following OMICS observations, we found 

ATP levels downregulated, while hypoxanthine and xanthine accumulated in Atg7Ad adipocytes 

(Fig 42A-B). Similar outcomes were seen in autophagy-deficient Ras-driven lung cancer cells 

upon starvation (Guo et al., 2016). Xanthine oxidase (XO) converts hypoxanthine to xanthine 

and finally to uric acid (Ferrier, 2014). We observed no change in uric acid accumulation and 
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the activity of XO between WT and Atg7Ad (Fig 42C-D). These results indicate that the 

upregulation of purine catabolism is a consequence of a broader metabolic rewiring rather than 

the end-point production of uric acid.  

 

Figure 42: In vitro biochemical assays confirm autophagy controls adipocyte 
metabolism. (A-B) The concentration of ATP (A) or xanthine and hypoxanthine (B) was 
measured in gWAT adipocytes isolated from WT and Atg7Ad mice fed with HFD for 16 weeks. 
(C) The relative amount of uric acid in WT and Atg7Ad adipocytes was determined by 
metabolomics analysis. (D) Activity of xanthine oxidase (XO) after 2-hour incubation with WT 
and Atg7Ad adipocyte lysates. Data are presented as mean ± SD. Each data point represents 
one biological replicate. Statistical analysis by unpaired t-test (A) or Mann-Whitney test (B). 
Representative of 3 independent experiments. 

In summary, we found that autophagy controls adipocyte metabolism through substrate and 

energy provision, as well as by maintaining functional nucleotide and AA metabolic pools. 

When depleted, obese adipocytes upregulate nucleoside catabolism, leading to the 

accumulation of nucleosides and purine bases.  
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5.2.2 Loss of autophagy leads to changes in adipocyte secretome 

The cellular microenvironment can reflect the profound intracellular protein and metabolite 

changes and autophagy-dependent intracellular rewiring has been previously reported to 

impact both tissue and body-wide outcomes. Notably, loss of host autophagy led to the 

secretion of arginine-degrading enzyme arginase I, impacting the levels of circulating arginine 

and tumour growth (Poillet-Perez et al., 2018). Similarly, loss of adipocyte autophagy resulted 

in dysregulation of extracellular oxylipin imbalance, exacerbating intestinal inflammation 

(Richter et al., 2023). Following these findings, we asked whether profound changes in 

the intracellular proteome and metabolome in Atg7Ad adipocytes could impact their 

microenvironment and the respective morphological changes observed in gWAT.  

Our hypothesis was based on an early observation, whereby Atg7Ad gWAT explant culture or 

adipocyte ex vivo incubation for as little as 6 hours and up to 24 hours led to a noticeable 

change in cell culture medium colour (Fig 43A) (data for gWAT explants not shown). This was 

reminiscent of the yellowish tone of gWAT depots isolated from the mouse (Fig 10A). The shift 

in colour from pink to yellow is most commonly a sign of medium acidification, with phenol red 

in the medium serving as a colour indicator for the pH (Michl et al., 2019). Change in the 

medium pH is usually a result of an incubation time over several days as the cells use the 

medium for growing, or over 24 hours in case of bacterial infection. Despite observing a 

significantly lower pH in a conditioned medium (CM) of cultured Atg7Ad adipocytes and gWAT 

explants (Fig 43B), neither long incubation nor bacterial infection were found to explain these 

differences (data not shown). Production of lactate and its secretion of the medium also leads 

to a yellow cell culture medium due to acidification (Michl et al., 2019). Biochemical 

assessment of lactate concentration, however, showed no significant difference in lactate 

secretion between WT and Atg7Ad adipocytes (Fig 43C).  
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Figure 43: Atg7Ad adipocytes acidify the cell culture medium. (A) Photograph of medium 
colour change after 24-hour ex vivo incubation of adipocytes isolated from obese WT and 
Atg7Ad gWAT. CM = conditioned medium (B) pH change relating to medium colour change in 
(A). (C) The concentration of secreted L-lactate after 24-hour ex vivo cultivation of obese gWAT 
adipocytes. Data are presented as mean ± SD. Each data point represents one biological 
replicate. Statistical analysis by unpaired t-test (B). Representative of 3 independent 
experiments. 

To understand which molecular entities contribute to the observed colour and pH shift and 

could potentially play a role in gWAT phenotype, we performed proteomics and targeted 

metabolomics analysis of adipocyte secretome following 24 hours of ex vivo cultivation. 

Proteomics analysis of serum-free medium unexpectedly uncovered numerous proteins that 

were significantly differentially secreted between WT and Atg7Ad adipocytes (Fig 44A). 

Extracellular proteomics data confirmed the profound drop in adipokine secretion (Fig 44B). 

While some of the top hits included secretory proteins, such as CXCL1, B2M, and MCAM, we 

also found some proteins that we would not expect to be secreted or expressed by adipocytes, 

including ITGAM (Fig 44A). The latter is commonly associated with macrophages (Mantovani 

et al., 2022), suggesting that adipocyte purification as a floating fraction carried over a 

macrophage contamination. As this is a common technical limitation of working with adipocytes 

(Hagberg et al., 2018), we decided to continue the analysis of the dataset despite these 

constraints. To narrow down the candidate pool, we decided to perform a correlative analysis 

between the intracellular and extracellular proteome, thereby identifying co-regulated proteins.   



 

157 

 

The correlation of 3556 significantly differently secreted proteins with intracellular proteome 

was relatively high, with Pearson correlation at 0.669 (Fig 44C). 356 proteins were identified 

as upregulated in both Atg7Ad medium and adipocytes compared to WT, while 557 proteins 

were identified as downregulated in both, representing 23% and 35.6% respectively. The co-

upregulated proteins in Atg7Ad cells and secretome were found involved in oxidative stress 

response, including SRXN1, ALOX5AP, HMOX1, GCLM, GCLC, and TFRC (Fig 44C). On the 

other hand, the co-downregulated proteins were mostly involved in lipid metabolic pathway, 

including PLIN4, ADIPOQ, and LEP (Fig 44C). We also found some proteins differentially 

abundant between adipocytes and medium (Fig 44C). The 18 proteins accumulated in Atg7Ad 

cells but not medium were related to glycosylation and protein turnover (data not shown). In 

contrast, the 22 proteins accumulated in Atg7Ad medium but not cells were surprisingly 

identified as ribosomal proteins (data not shown).  
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Figure 44: Autophagy controls the proteinaceous content of adipocyte secretome, 
which highly reflects intracellular proteostasis. (A) Vulcano plot of significantly 
dysregulated proteins secreted by WT or Atg7Ad adipocytes over 24 h cultivation ex vivo in 
serum-free cell culture medium. Adipocytes were isolated from the gWAT of mice fed HFD for 
16 weeks. n = 4-6 mice. (B) Heatmap of secreted adipokines Lep = leptin, Adipoq = 
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adiponectin. Values are scaled by row (protein) using z-score. (C) Scatter plot of log2 fold 
changes compares differential expression in cellular and secreted proteins. Top co- and anti-
regulated proteins are labelled.   

Given strong metabolic rewiring in adipocytes upon autophagy depletion observed both with 

the intracellular metabolomics and proteomics as well as extracellular proteomics, we 

performed metabolomics of Atg7Ad and WT adipocyte secretome. Analysis of significantly 

differentially abundant metabolites in adipocyte secretome revealed a much narrower 

repertoire compared to the intracellular metabolomics, with only 6 significantly upregulated 

metabolites in Atg7Ad medium compared to WT (Fig 45A). Notably, half of those were related 

to nucleotide metabolism (AMP, dA, and dU). We found that intracellular accumulation of 

uridine and creatine reflected their extracellular accumulation (Fig 40A and 45A). In contrast, 

levels of AMP, adenosine, and glutamate were reduced in Atg7Ad adipocytes but accumulated 

in their secretome (Fig 40A and 45A). We validated that the concentration of extracellular 

adenosine secreted from Atg7Ad adipocytes increased 1.5-fold with a biochemical assay (Fig 

45B). While not observing a high overlap between significant hits in the intracellular and 

extracellular metabolomics (Fig 40A and 45A), we found a considerable accumulation of 

nucleosides and purine bases, including cytidine, uridine, guanosine, and xanthine in the 

secretome derived from Atg7Ad adipocytes compared to WT (Fig 45C). We could validate that 

the concentration of extracellular xanthine and hypoxanthine from Atg7Ad adipocytes increased 

more than three-fold compared to the WT (Fig 45D).  
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Figure 45: Autophagy in obese adipocytes controls the extracellular purine metabolite 
pool. (A) Heatmap of significantly (p < 0.05) abundant metabolites in the secretome of WT and 
Atg7Ad adipocytes following 24-hour ex vivo incubation. Adipocytes were isolated from gWAT 
after 16 weeks of HFD feeding. n = 3 male mice. dA = deoxyadenosine, Glu = glutamate, dU 
= deoxyuridine, NAM = nicotinamide. (B) The concentration of adipocyte-secreted adenosine 
after 24-hour cultivation ex vivo. (C) The relative amount of nucleosides secreted by gWAT 
adipocytes isolated from obese WT and Atg7Ad mice was measured by targeted metabolomics. 
n = 2-3 male mice. (D) The concentration of adipocyte-secreted xanthine and hypoxanthine 
after 24-hour cultivation ex vivo. Data are presented as mean ± SD. Each data point represents 
one biological replicate. Statistical analysis by unpaired t-test (B, D). Representative of 3 
independent experiments (B, D). 

To sum up, we demonstrated that upon loss of autophagy, the intracellular changes are 

communicated to the microenvironment as proteins and metabolites, including nucleoside 

messengers.  
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5.2.3 Autophagy-mediated nucleoside signalling directs macrophage tissue-

reparative fate 

To address whether obese adipocytes can communicate with ATMs via autophagy, we initially 

assessed macrophage phenotype and adipocyte homeostasis upon depletion of a core 

autophagy gene Atg7. Observing the profound impact autophagy loss had on these cells, we 

next sought to validate this interaction. First, we set to understand whether adipocyte 

secretome can signal to macrophages and drive their pro-fibrotic switch in vivo. To address 

this question, we set up a simplistic in vitro cellular assay by isolating CD11b+ macrophages 

from lean visceral adipose tissues and cultivating them over 72 hours in the presence of obese 

WT or Atg7Ad adipocyte secretome (Fig 46A). This interaction resulted in a significant increase 

in the Lyvehi MHCIIlow macrophage population when subjected to Atg7Ad secretome (Fig 46B-

D), resembling the CEM subset of macrophages observed in vivo (Fig 26D-E). Furthermore, 

these macrophages upregulated genes implicated in ECM remodelling, including Col3a1, 

Mmp14, and Timp1 (Fig 46E). The in vitro macrophage phenotype thus closely resembled in 

vivo outcomes, suggesting that soluble adipocyte-derived messengers impact macrophage 

polarisation.  
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Figure 46: Autophagy controls adipocyte secretome signals that inhibit tissue-
reparative macrophage switch. (A) Schematic summary of the in vitro experimental set-up. 
Adipocytes were isolated from WT and Atg7Ad obese gWAT by flotation method and cultivated 
in a cell culture medium for 24 hours. Adipocyte conditioned medium (CM) was harvested and 
applied onto CD11b+ macrophages isolated from lean gWAT in a ratio of 1:3 with a cell culture 
medium. Macrophages were cultivated with adipocyte secretome for 72 hours before further 
analysis. Created with BioRender.com. (B-D) Flow cytometry analysis of MHCII and Lyve1 
expression in lean ATMs cultured in vitro in the presence of WT and Atg7Ad adipocyte 
secretome. Representative flow cytometry plots (B), frequency (C) and absolute number (D) 
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of MHCIIlo Lyve1hi macrophages after treatment with WT and Atg7Ad adipocyte CM. (E) Relative 
mRNA expression of ECM-related genes in macrophages after 72 hours of CM treatment from 
WT or Atg7Ad adipocytes or baseline cell culture medium (CTRL). Levels measured by qRT-
PCR. (F) Frequency of MHCIIlo Lyve1hi macrophages after treatment with heat-inactivated WT 
and Atg7Ad adipocyte CM for 10 min at 95°C. Data are presented as mean ± SD. Each data 
point represents one biological replicate. Statistical analysis by unpaired t-test (C, D, F) or 
multiple unpaired t-tests (E). Representative of 3 independent experiments. 

Considering the severely impacted adipocyte metabolomics and proteomics landscape both 

intracellularly and in the WAT microenvironment, we next sought to understand which of the 

identified mediators could be responsible for a change in macrophage phenotype. To this end, 

we first heated the secretome to 95°C for 10 min, denaturing active proteins and heat-sensitive 

metabolites. Interestingly, exposing lean ATMs to the heated medium markedly reduced but 

did not completely abrogate the phenotype (Fig 46F), suggesting that the pro-fibrotic 

macrophage phenotype was actively potentiated by a soluble heat-sensitive messenger.  

Since the extracellular adipocyte proteome was highly dysregulated, we found it difficult to 

narrow down our validation experiments to a single target. The macrophage phenotype could 

also be attributed to more than one factor. In addition, while the CEM-like phenotype was much 

less pronounced upon heating of CM, the difference between WT and Atg7Ad was just above 

the significance threshold (Fig 46F). Furthermore, changes in adipocyte intra- and extracellular 

proteome to a large extent related to dysregulated metabolic pathways, of which nucleoside 

metabolism was the most commonly identified target. Due to this, we decided to examine 

whether nucleoside signals could drive macrophage polarisation towards a tissue-reparative 

phenotype. When exposing lean ATMs to baseline conditions of 50 ng/ml growth factor M-CSF 

and a cocktail of different nucleosides and purine bases (adenosine, uridine, xanthine and 

hypoxanthine each at 10 µM) over 72 hours we observed changes in expression of ECM-

related genes, with Col3a1 and Timp1 significantly upregulated, denoting tissue-reparative 

polarisation (Fig 47A). In addition, we found a significant increase in the purine nucleoside 

transporter SLC28A2 protein levels in Atg7Ad adipocytes (Fig 47B). Somewhat contradictory, 

we found adenosine A2B receptor (ADORA2B) notably downregulated on the surface of ATMs 
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isolated from obese Atg7Ad gWAT (Fig 47C). This disparity could be explained by the role of 

purine base xanthine, which acts as an antagonist of adenosine receptors (Muller and 

Jacobson, 2011), and we indeed observed more than doubled secretion of this metabolite from 

Atg7Ad adipocytes (Fig 45D). The downregulation of the ADORA2B receptor could also suggest 

that despite a higher concentration of secreted adenosine in the microenvironment (Fig 45B), 

this messenger cannot signal to macrophages found in Atg7Ad gWAT due to receptor 

downregulation.   

Based on these results, we wondered whether hypoxanthine and xanthine can serve as 

specific pro-fibrotic metabolic messengers in obese gWAT. Indeed, these metabolites were 

reported to act as signalling molecules in the nervous system (Huang et al., 2021). We treated 

the lean ATMs in vitro with 100 µM of individual purine nucleoside bases adenosine, 

guanosine, hypoxanthine and xanthine. Xanthine, and to a lesser extent hypoxanthine, led to 

a significant upregulation of ECM-related genes, whereas adenosine and guanosine did not 

(Fig 47D). To further validate that hypoxanthine and xanthine could indeed trigger a tissue-

reparative switch, we decided to mimic the obese microenvironment by treating lean ATMs in 

vitro with the secretome of obese WT adipocytes, supplemented with a mixture of 100 µM of 

each xanthine and hypoxanthine. Strikingly, after 72 hours of treatment, we observed a 

significant upregulation of pro-fibrotic signature genes Mmp14, Col3a1, and Timp1 (Fig 47E). 

These results altogether suggested that the upregulation of ECM-related genes is xanthine 

and hypoxanthine stimulation-specific and does not require a second factor.  
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Figure 47: Adipocyte autophagy inhibits pro-fibrotic macrophage shift via nucleoside 
signalling in DIO. (A) Relative expression of ECM-related genes in lean ATM treated in vitro 
with 50 ng/ml growth factor M-CSF and 10 µM of each adenosine, uridine, xanthine, and 
hypoxanthine for 72 hours. mRNA expression was measured by qRT-PCR. (B) Normalised 
expression of SLC28A2 in WT and Atg7Ad obese gWAT adipocytes measured by proteomics. 
(C) Flow cytometry analysis of ADORA2B receptor on F4/80+ CD64+ macrophages from WT 
and Atg7Ad obese gWAT. Expression was quantified as geometric mean fluorescence intensity 
(gMFI). IgG was used as an isotype control. (D) Macrophages were isolated from lean WT 
gWAT and cultivated in vitro for 72 hours in baseline full medium supplemented with 50 ng/ml 
of M-CSF and 100 µM of either adenosine, guanosine, hypoxanthine or xanthine. Relative 
mRNA levels of ECM-related genes were measured by qRT-PCR. (E) Relative expression of 
ECM-related genes in lean ATMs following 72-hour treatment with secretome from obese WT 
adipocytes supplemented with or without 100 µM of both xanthine and hypoxanthine (XHX). 
Expression was measured by qRT-PCR and is presented as log2 fold difference. Data are 
presented as mean ± SD. Each data point represents one biological replicate. Statistical 
analysis by multiple unpaired t-tests (A, E), unpaired t-test (B, C), or two-way ANOVA with 
Dunnett’s multi comparisons test (D). Representative of 3 independent experiments. 

Lastly, considering the macrophage polarisation towards tissue reparative phenotype, we 

wondered about the plasticity of their phenotype and whether they would dynamically adapt 
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their phenotype further based on additional extracellular signals. To address this question, we 

treated ATMs isolated from WT and Atg7Ad obese gWAT with ATP, a commonly described pro-

inflammatory driver of macrophage phenotype in tissues (Mullen and Singh, 2023, Cauwels et 

al., 2014).  This was based on our observations that loss of autophagy led to reduced intra- as 

well as extracellular ATP levels (Fig 42A and 48A). As expected, treatment of ATMs isolated 

from gWAT of obese WT mice led to a strong upregulation of Il1b expression (Fig 48B), in line 

with a generally pro-inflammatory macrophage phenotype found in the obese WAT (Russo and 

Lumeng, 2018). Interestingly, however, ATMs isolated from Atg7Ad obese gWAT did not 

respond to the same ATP stimulation (Fig 48B). This response reproduced our earlier 

observation of reduced IL-1β secretion from Atg7Ad-derived ATMs in vivo (Fig 24A). These 

findings suggest that not only is ATP absent from the Atg7Ad secretome, but also tissue repair 

macrophages turn unresponsive towards the classical messenger of tissue damage.  

 

Figure 48: Tissue repair macrophages are not responsive towards classical messengers 
of tissue damage. (A) The concentration of secreted ATP from WT and Atg7Ad obese gWAT 
adipocytes cultured for 24 hours ex vivo. (B) Relative Il1b mRNA expression was measured by 
qRT-PCR in macrophages isolated from gWAT of obese WT and Atg7Ad mice and treated with 
5 mM ATP ex vivo for 72 hours. Data are presented as mean ± SD. Each data point represents 
one biological replicate. Statistical analysis by Mann-Whitney test (A) or two-way ANOVA with 
Šídák multi comparisons test (B). Representative of 3 independent experiments. 
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All in all, we demonstrated that the adipocyte autophagy-mediated WAT microenvironment 

drives the macrophage pro-fibrotic switch in Atg7Ad gWAT. The release of xanthine and 

hypoxanthine from autophagy-deficient obese adipocytes signals macrophages to obtain a 

tissue-reparative phenotype. This positions adipocyte autophagy as a critical regulator of 

tissue inflammation versus repair in obesity through the control of nucleotide intra- and 

extracellular pools. 

5.3 Discussion  

5.3.1 Multi-OMICS analysis reveals a key role of autophagy in metabolic support of 

obese adipocytes  

To understand why adipocytes counter-intuitively upregulate autophagy during obesity, we 

performed transcriptomics, proteomics and metabolomics analyses. Understanding the role of 

autophagy in obese adipocytes remained elusive, despite several reports (Clemente-Postigo 

et al., 2020, Jansen et al., 2012, Kosacka et al., 2015, Mizunoe et al., 2017, Nuñez et al., 2013, 

Öst et al., 2010, Soussi et al., 2016, Soussi et al., 2015). In addition, contradictory conclusions 

were drawn on the molecular functions of autophagy upregulation (Cai et al., 2018, Sakane et 

al., 2021).  

Performing multi-OMICS analysis, we found that the primary function of elevated autophagy is 

to meet the high metabolic demands of adipocytes during obesity-related WAT expansion. 

Transcriptomics, proteomics and metabolomics data pointed us towards changes in metabolic 

rewiring, indicated by the upregulation of nucleoside metabolic pathways and oxidative 

response and downregulation of AA and lipid metabolism in Atg7Ad adipocytes. Understanding 

the adipocyte metabolism beyond glucose and lipid metabolism remains limited and only a 

handful of papers have described the role of other core metabolic pathways in adipocytes 

(Nagao et al., 2017, Kather, 1990, Park et al., 2017). Interestingly, the role of autophagy in the 
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maintenance of AA and nucleotide pools has been previously reported in hematopoietic stem 

cells and starved lung cancer cells (Borsa et al., 2024, Guo et al., 2016, Zhang et al., 2018a). 

Mature adipocytes are required to dynamically remodel their metabolism in response to fat 

mass expansion, and can be stimulated by adipokines to enter a pseudo-starvation state 

during obesity (James et al., 2021), reminiscent of the starved lung cancer cells.  

Based on our experimental data, we propose that in a normal obese state, elevated autophagy 

is indispensable to maintain sufficient AA pools, active lipid metabolic turnover, and provide 

energy in mature adipocytes. Data suggest that autophagy critically supports mitochondrial 

metabolism, as evident by dysregulated mitochondrial protein synthesis, TCA cycle and FAO 

metabolism, as well as ATP availability. Acetyl-CoA is an important metabolic link between AA 

and lipid metabolism (Felix et al., 2021). It has been previously reported that nutrient starvation 

rapidly decreases acetyl-CoA cytosolic accumulation (Marino et al., 2014) and we hypothesise 

that autophagy actively depletes intermediate acetyl-CoA pool in adipocytes to fuel 

biosynthetic and energy-generating pathways. Interestingly, the deletion of autophagy led to 

the upregulation of enzymes and metabolites upstream and downstream of PPP. The pentose 

phosphate pathway is critical for the production of NADPH, a detoxifying agent, and five-

carbon sugars, used in nucleotide synthesis (Ferrier, 2014). Through its oxidative and non-

oxidative branches, it helps the cells mitigate oxidative stress and meet their anabolic 

demands, respectively (Patra and Hay, 2014). Glucose-6-phosphate (G6PD), a rate-limiting 

enzyme in PPP has been reported to increase with obesity, negatively impacting lipid and 

NADPH homeostasis (Park et al., 2006, Park et al., 2005). NADPH can contribute to NADPH 

oxidase (NOX)-mediated ROS generation or can be used for the reduction of oxidised 

glutathione (Park et al., 2017). Dysregulated glutathione metabolism in adipocytes has been 

described to contribute to insulin resistance through obesity-induced accumulation of reduced 

GSH (Kobayashi et al., 2009). We postulate that increased accumulation of H2O2 in Atg7Ad 

adipocytes requires high concentration of reduced glutathione (GSH form) to mitigate oxidative 
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stress. As this step requires NADPH generation, Atg7Ad adipocytes rewire their glucose 

metabolism through PPP to maximise NADPH synthesis. Nevertheless, due to G6PD’s 

pleiotropic role in redox regulation across different cell types (Park et al., 2017), it remains to 

be determined whether the oxidative branch of PPP positively or negatively contributes to 

oxidative stress in Atg7Ad adipocytes. Non-oxidative axis of PPP results in five-carbon sugar 

production and nucleoside metabolism (Ferrier, 2014). Salvage of five-carbon ribose has been 

recently shown to critically support glycolysis when nutrients are limited (Skinner et al., 2023). 

Furthermore, it has been previously demonstrated that TKT, a regulator of the non-oxidative 

branch of PPP regulates the balance between glycolysis and lipolysis in obese WAT by limiting 

mitochondrial function (Tian et al., 2020). Interestingly, dynamic regulation of intracellular 

purine metabolites has been described in both white and brown adipocytes, whereby 

adrenergic stimulation resulted in increased production and release of purine catabolites 

(Fromme et al., 2018, Kather, 1990). 

Autophagy has been previously suggested to play a critical role in cellular metabolic rewiring. 

In starved Ras-driven lung cancer cells, autophagy supports energy charge and nucleotide 

pools, as well as reduces oxidative stress, thereby supporting cancer survival (Guo et al., 

2016). The authors suggested that downregulating nucleotide pools while simultaneously 

upregulating nucleoside degradation helps Atg7-deficient cells maintain their energy charge. 

By removing AMP through degradation, cells can preserve their AMP/ADP to ATP ratio and 

maintain their metabolic homeostasis (Walther et al., 2010). Notably, it appears that the role of 

autophagy in the control of nucleoside catabolism is evolutionarily conserved. In yeast, nutrient 

starvation has been reported to upregulate autophagy and trigger nucleoside degradation for 

salvage of ribose and mediation of oxidative stress (Xu et al., 2013b). The incorporation of 

glucose in PPP to support NADPH and nucleotide pathways has been previously described in 

brown adipocytes, and it has been proposed that posttranscriptional mechanisms control 

glucose utilisation (Jung et al., 2021). It is plausible that autophagy, a posttranscriptional 
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mechanism, represents a common mechanism of glucose metabolic utilisation in both types 

of adipocytes. In addition, ATG7 isoform, ATG7(2), has been recently reported to directly 

interact with metabolic proteins, most notably mitochondrial membrane proteins and two key 

enzymes in glycolysis hexokinase II (HK2) and phosphofructokinase (PFKP) (Ostacolo et al., 

2024). This close spatial interaction further supports the critical role of autophagy in the 

regulation of central energy metabolism.   

A drop in both adipokine production and secretion revealed the profound functional impact that 

metabolic rewiring has on adipocytes. It has been previously reported that excessive 

mitochondrial perturbation leading to integrated stress response simultaneously reduces 

adiponectin and leptin secretion (Mann et al., 2023). We did not observe an activation of the 

integrated stress response when measuring the Atf4 upregulation (data not shown). Therefore, 

it is plausible that loss of paracrine function is a consequence of a highly dysregulated AA pool. 

As the synthesis of adipokines is an amino acid-intensive process, it is likely that their 

production is blocked in Atg7Ad adipocytes to conserve their AA pool. While the loss of 

adipokine production was apparent in gWAT adipocytes, we did not observe any profound 

systemic metabolic defects, suggesting that iWAT adipokine production buffers the dysfunction 

of gWAT paracrine function.  

Notably, our data revealed some important study limitations. First, we found ATG7 protein to 

be upregulated in the Atg7Ad compared to WT adipocytes. This was surprising, given the almost 

complete block of autophagy flux in these cells, suggesting that the autophagy process was 

indeed disrupted by Atg7 deletion. Atg7 conditional knockout mice were generated by 

disruption of exon 14, which encodes an active site cysteine residue that is essential for ATG7 

activation (Komatsu et al., 2005). While both peptide fragments identified in this region were 

downregulated in Atg7Ad adipocytes, peptide fragments spanning other regions were 

upregulated, suggesting a compensatory mechanism and an accumulation of a likely 

dysfunctional protein in the Atg7Ad cells. Nevertheless, the gold-standard assessments of 
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autophagic activity, i.e. LC3-II accumulation by western blot and double-membrane 

autophagosome accumulation observed on electron microscopy (data not shown) (Klionsky et 

al., 2021a), showed a notable reduction in mature autophagosome formation, therefore we 

were confident that Atg7 deletion took place. In addition, Atg7 expression was found reduced 

by qRT-PCR in both gWAT and iWAT. Furthermore, Atg7 and autophagy flux were found 

reduced in the same model by a previous lab member (Richter et al., 2023). Lastly, we 

observed quite a strong phenotype in mice (fibrosis). Second, the identification of macrophage-

specific markers, such as ITGAM revealed cross-contamination of adipocyte samples. 

Limitations related to the purity of adipocytes have been raised before with several studies 

describing cross-contamination with lipid-loaden ATMs identified through detection of 

macrophage-signature gene and cytokine profile (Ebke et al., 2014, Cho et al., 2014b). Another 

challenge in the process of adipocyte isolation besides their buoyancy is their large cell size 

and fragile nature (Hagberg et al., 2018). Therefore, no methods are currently available that 

would enable highly specific whole-adipocyte isolation (Villanueva-Carmona et al., 2023) and 

this limitation is generally accepted in the field of adipose tissue biology. Third, we observed 

sex-specific differences in adipocyte metabolome. In contrast to male, female metabolomics 

data demonstrated only a mild impact of autophagy loss (data not shown). Due to this 

significant sex-related difference and a noticeable overlap of metabolomics and proteomics 

data, we decided to proceed with the analysis of male-only samples. These disparities could 

be related to the observations we made throughout the project, whereby females developed 

the pro-fibrotic gWAT phenotype slower than males. This indicates that adipocytes from female 

gWAT are more resistant in responding to the loss of autophagy. Furthermore, it has been 

previously reported that metabolism and metabolic hormones are significantly different 

between females and males (Gavin and Bessesen, 2020, Varlamov et al., 2014). Nevertheless, 

all the experiments performed during this project were sex-balanced, meaning that the 

observed phenotypic differences could be attributed to both sexes in all cases except 
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metabolomics analysis. As sex-specific differences were not the subject of this project, we did 

not investigate this matter further. 

To address some of the technical limitations related to adipocyte isolation, we could take 

advantage of adipocyte-labelled mouse models, such as AdipoChaser mice (Wang et al., 

2013), allowing us to visualise and isolate mature adipocytes selectively. In addition, the 

Adipoq-Cre::NuTRAP mice (Roh et al., 2017) have been previously used to determine 

adipocyte-specific transcriptional profiles. While we exploited the published dataset to enhance 

our transcriptomics data, this approach could be further improved by feeding Adipoq-

Cre::NuTRAP mice HFD so that the transcriptomics profile would better reflect the obesity state 

of adipocytes. In addition, different cellular models to study adipocyte biology in vitro could be 

implemented, including cultured adipocyte-like cell lines and differentiated pre-adipocytes. 

These models, however, could only be used to understand lean WAT as mimicking obese WAT 

microenvironment in vitro is difficult (Ruiz-Ojeda et al., 2016). Future experiments should 

explore adipocyte metabolic rewiring in-depth with advanced metabolic profiling. To this end, 

metabolic flux could be measured in vivo, whereby [U-13C]-glucose isotope tracing could be 

used to follow glucose carbon incorporation into glycolysis, TCA cycle, PPP, nucleotide and 

lipid synthesis pathways (Nagao et al., 2017, Jung et al., 2021). In addition, biochemical assays 

measuring metabolic activity in the adipocytes could be performed, including the Seahorse XF 

Cell Mito Stress Test to measure mitochondrial function in cells (Bohm et al., 2020), and other 

assays measuring enzymatic conversion of specific metabolites. In addition, the existing 

metabolic measurements could be evaluated with respect to various inhibitors of pathways of 

interest, including 6-aminonicotinamide, which inhibits G6PD in the PPP pathway, forodesine, 

which inhibits purine nucleoside phosphorylase in the purine salvage pathway, as well as N-

acetyl-L-cysteine, which is used to alleviate oxidative stress (Korycka et al., 2007, Halasi et 

al., 2013, Kaushik et al., 2021). Likewise, we could try to rescue Atg7Ad adipocyte metabolism 

through the supplementation of metabolic intermediates that would enhance AA and nucleotide 
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pools (Guo et al., 2016). This would allow us to better understand the determinants of 

metabolic rewiring.  

5.3.2 Loss of autophagy and disturbance of adipocyte homeostasis are 

communicated to the microenvironment  

We found that profound transcriptomics, proteomics and metabolomics changes in Atg7Ad 

adipocytes were reflected in their microenvironment. There was a strong overlap between 

intracellular and extracellular proteomics, with around 30 % of proteins co-regulated between 

cells and medium. Secreted proteins generally account for around 15 % of the total intracellular 

proteome (Miles et al., 2023). A 2-fold higher overlap between the two might be explained by 

the increased cell death observed in Atg7Ad adipocytes compared to WT. In line with a modest 

cell death potentially contributing to the pool of extracellularly identified proteins, we found 

cytoskeletal actin and tubulin peptide fragments as well as ribosomal proteins significantly 

accumulated Atg7Ad secretome. To better understand how the unspecific release of proteins 

could contribute to the identified pool, we could perform an additional experiment, where cell 

membranes would be gently disrupted to non-specifically release cell contents. Comparative 

proteomics analysis of these conditions with our existing data would reveal candidates of active 

secretion as well as identify contaminant proteins arising from cell lysis or death.  

In contrast, metabolomics overlap was less significant, with only six metabolites identified to 

be significantly dysregulated between WT and Atg7Ad adipocyte secretome. While uridine and 

creatine were both identified as upregulated inside and outside the adipocytes, AMP, 

adenosine and glutamine were significantly reduced in adipocytes but upregulated in their 

secretome. We found a strong intracellular nucleoside signature by transcriptomics, 

proteomics and metabolomics, as well as an extracellular nucleoside signature by proteomics. 

Extracellular metabolomics revealed there was a significant accumulation of nucleoside and 

nucleoside derivatives in the Atg7Ad secretome compared to WT, however, it should be noted 
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that these metabolites were individually not significant. There could be two explanations for 

our observations. First, nucleoside species could be formed by nucleoside catabolism 

intracellularly and then secreted into the microenvironment. Several reports suggest 

nucleosides, including uridine, inosine, and xanthine, are produced in adipocytes and secreted 

in the WAT microenvironment (Deng et al., 2018, Pfeifer et al., 2024, Fromme et al., 2018). 

Second, adipocytes could secrete nucleotides, which would be converted extracellularly into 

nucleosides and purine bases. Such a cascade is known as purinergic signalling, whereby 

purine nucleotides are secreted as autocrine and paracrine signalling messengers (Huang et 

al., 2021). While the secretion of purines as signalling molecules has been broadly reported 

across different organs and diseases, the secretion of adenosine from adipocytes was 

previously reported as unspecific and a consequence of broken or damaged cells in a study 

from over 30 years ago (Kather, 1990). Combining proteomics, metabolomics, and biochemical 

assay data, our results mostly support the first hypothesis. However, it would be imperative to 

demonstrate which of the two hypotheses is true in an experimental setup. To this end, 

enzymes involved in the extracellular conversion of nucleotides to nucleosides, including 

ENPP, ENTPD, and 5-NT could be genetically or pharmacologically inhibited to see whether 

their block impairs extracellular nucleoside concentration. In addition, purine exporters could 

be genetically or pharmacologically blocked on adipocytes to see whether a block in AMP or 

adenosine export would alter extracellular nucleoside accumulation measured in Atg7Ad 

secretome.  

The role of secretory autophagy has become more appreciated over recent years, with 

nutrients, proteins, mitochondria, and extracellular vesicles being secreted as cargo (Piletic et 

al., 2023). While most reports to date describe an active role of autophagy in messenger 

secretion, several studies highlight how autophagy inhibition dysregulates the secretome and 

impacts cell-to-cell communication. Enzymes and lipid species, such as FFAs, oxylipins, and 

lipid peroxides have been reported in this context (Cai et al., 2018, Poillet-Perez et al., 2018, 
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Sakane et al., 2021, Richter et al., 2023). In line with these studies, we see profound 

differences in adipocyte secretome when autophagy is absent. While the accumulation of 

specific proteins in Atg7Ad cells but not secretome could suggest either a failure of their 

degradation or an active role of autophagy in their secretion, these targets do not particularly 

match our other data and are mostly implicated in the glycosylation machinery and protein 

turnover.  

Another important consideration regarding the formation of adipocyte secretome upon loss of 

autophagy is whether metabolites, especially nucleosides, are actively or passively secreted 

in the WAT microenvironment. As mentioned above, adenosine has been reported to be 

passively secreted from leaky adipocytes (Kather, 1990). In contrast, there are series of studies 

reporting the active secretion of adenosine derivatives. Inosine, hypoxanthine, and xanthine 

have been reported to be actively secreted as a consequence of intracellular metabolic 

changes in white adipocytes (Kather, 1990, Kather, 1988). Notably, similar dynamic regulation 

of intracellular purine metabolites has been described in brown adipocytes, whereby 

adrenergic stimulation resulted in increased production and release of purine derivatives, 

including hypoxanthine, xanthine, inosine, and guanosine (Fromme et al., 2018). Xanthine has 

also been reported to be actively secreted by T cells and involved in intercellular 

communication with the nervous system (Fan et al., 2019). Furthermore, inosine has been 

reported to be released from brown adipocytes upon stress, impacting whole-body metabolism 

and obesity-related outcomes (Pfeifer et al., 2024). In addition, adipocyte-derived uridine 

importantly contributes to plasma uridine availability (Deng et al., 2018). Importantly, the 

secretion of nucleosides and nucleoside derivatives, including hypoxanthine, inosine, and 

uridine has been identified as a consequence of cellular stress in multiple studies (Fan et al., 

2019, Deng et al., 2018, Pfeifer et al., 2024). In line with this, autophagy depletion in adipocytes 

resulted in the upregulation of stress response pathways and led to the upregulation of purine 

nucleoside transporter SLC28A2. Altogether, these studies suggest that nucleoside 
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accumulation observed in Atg7Ad secretome can indeed be a consequence of stress-induced 

secretion which is limited by active autophagy during obesity. 

5.3.3 Nucleoside derivatives signal to macrophages for a pro-fibrotic phenotypic 

switch in the obese Atg7Ad gWAT 

We found that exposing lean ATMs to Atg7Ad adipocyte secretome polarises them towards the 

tissue-reparative fate, mimicking the in vivo results. It is likely that the messengers that 

determine ATM fate are nucleosides and/or nucleoside derivatives, as the treatment with 

xanthine and hypoxanthine alone, as well as the supplementation of WT adipocyte secretome 

with these purine bases at physiological concentrations resulted in upregulation of pro-fibrotic 

genes in lean ATMs. Hereby, we for the first time identify the role of nucleoside catabolites in 

pro-fibrotic macrophage fate determination. To date, the mechanisms instructing macrophage 

tissue-reparative phenotype included lipid and cytokine signalling, including fatty acids, 

lipoxins, IL-4, IL-13, IL-33, IL-25, and IL-21 (Wynn and Vannella, 2016, Mitchell et al., 2002). 

While the role of local metabolic signalling in determining the immune cell fate is gaining 

increasing interest, the metabolic signals involved in macrophage fate remain rather unclear. 

We propose that xanthine and hypoxanthine serve as messengers of adipocyte oxidative 

stress. In turn, macrophages are attracted to the tissue and polarised to support ECM 

remodelling and prevent excessive adipocyte cell death and tissue necrosis. Furthermore, we 

hypothesise that the observed upregulation of macrophage nuclear division and consequently 

accumulation in Atg7Ad gWAT is also a consequence of nucleoside-mediated signalling. 

Indeed, studies suggest that nucleosides, such as uridine and inosine, can be taken up from 

systemic circulation and microenvironment to support cellular anabolic needs and energetic 

intermediates, independent of glucose supply (Deng et al., 2018, Giannecchini et al., 2005). 

As extensive tissue damage and repair are energetically demanding, and fibrotic lesions limit 

the supply of metabolites (Gliniak et al., 2023), it is plausible that macrophages salvage Atg7Ad 

adipocyte-derived nucleosides as their energy source.  
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Our in vitro experiments uncovered some further interesting insights. First, xanthine, and to a 

lesser part hypoxanthine, were sufficient to drive the polarization of lean ATMs towards the 

pro-fibrotic gene profile. This suggests that the treatment of lean ATMs with nucleosides alone 

is sufficient to signal for tissue repair. Considering that heating of the Atg7Ad secretome 

profoundly reduced the extent of the phenotypic switch, it is plausible that these purine 

nucleosides are heat-sensitive, although heat stability of these metabolite species has not 

been reported. This observation is novel and challenges previous conclusions of cytokine-

mediated pro-fibrotic phenotype (Wynn and Vannella, 2016). Second, pro-fibrotic 

macrophages failed to respond to the pro-inflammatory ATP stimulation (Cauwels et al., 2014). 

This suggests that the pro-fibrotic macrophages are locked in their fate due to prolonged 

stimulation. Time spent in tissue and tissue-specific signals have been described before as a 

major determinant of their identity and function (Bleriot et al., 2020). 

Autophagy-controlled adipocyte-macrophage crosstalk requires further investigation. It would 

be critical to more definitively show the nucleoside exchange by using genetic and 

pharmacological models to inhibit release, secretome accumulation, as well as uptake by 

macrophages. In addition, since most of the nucleoside receptors are G protein-coupled 

receptors (Huang et al., 2021), it would be interesting to assess how the inhibition of 

downstream signalling pathways affects macrophage identity. Ultimately, it would be beneficial 

to demonstrate that nucleoside-mediated crosstalk has a functional consequence on 

macrophage fate and fibrosis development in vivo. To address this experimentally, we could 

take advantage of the most efficient pharmacological inhibitors validated in vitro. This, 

however, would have specific limitations, including non-specific systemic inhibition. 

Furthermore, it would be interesting to study whether the interaction between adipocytes is 

reciprocal, since macrophages have been previously reported to regulate adipocyte 

mitochondrial function and metabolic homeostasis (Keuper, 2019).  
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5.4 Conclusion  

In this chapter, we wanted identified the mechanism by which autophagy impacts adipocyte 

homeostasis and adipocyte-to-macrophage crosstalk. By combining transcriptomic, proteomic, 

metabolomic, and functional analyses, we discovered a key role of autophagy in the support 

of adipocyte metabolic rewiring during obesity. When autophagy is blocked, adipocytes try to 

rescue their metabolism through PPP and nucleoside catabolism. In turn, the purine 

catabolites are secreted into the microenvironment, conveying adipocyte metabolic status and 

driving macrophage tissue repair phenotype.  
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6 General Discussion and Conclusion 

6.1 Adipocyte autophagy in obesity: a pathway to metabolic 

regulation 

The work presented in this thesis highlights the key role of autophagy in adipocyte metabolic 

remodelling, which is critically reflected at a tissue level and necessary for maintaining healthy 

WAT dynamics. While these findings underline the importance of increased adipocyte 

autophagy in obesity, its role remained unclear and controversial for more than a decade 

(Jansen et al., 2012, Kosacka et al., 2015, Kovsan et al., 2011, Mizunoe et al., 2017, Nuñez et 

al., 2013, Öst et al., 2010, Soussi et al., 2016, Soussi et al., 2015, Cai et al., 2018, Sakane et 

al., 2021). Autophagy is involved in the regulation of metabolic processes through distinct, 

however, interlinked extra- and intracellular processes; i) autophagy responds to nutrient and 

energy status, ii) autophagy controls the turnover of metabolic organelles and, iii) autophagy 

provides nutrients for cellular bioenergetic and biosynthetic processes (Kaur and Debnath, 

2015, Deretic and Kroemer, 2022).  

Positioned downstream of the master sensors of the nutrient and energy status, mTOR and 

AMPK, activation of autophagy tightly links to extra- as well as intracellular nutrient availability 

(Rabinowitz and White, 2010). When viewing the organism as a whole, the upregulation of 

adipocyte autophagy during times of systemic nutritional excess such as obesity goes against 

its traditional view as a starvation-driven cellular response. Furthermore, as the extent of 

calorie-rich food abundance and accessibility is greater than ever before, obesity-associated 

induction of autophagy cannot be rationalized as an evolutionary adaptation to systemic 

nutrient availability. Due to the general scarcity of nutrients available for consumption, 

organisms have evolved to preserve any excess energy in designated storage depots; these 

initially developed as simple lipid droplets in yeast and nematodes and slowly became more 



 

180 

 

complex, forming a fat body in Drosophila, and white adipose tissue in mammals (Parra-

Peralbo et al., 2021).  

In obese WAT, adipocyte autophagy may respond to nutrients at a level of tissue or individual 

cells. This rationale is further supported by the findings that obesity-related autophagy 

induction is specific for obese adipose tissue and has not been observed in other metabolic 

tissues, such as muscle and liver (Zhang et al., 2018b). By demonstrating the role of autophagy 

in the maintenance of nucleotide and AA pools, this thesis uncovers that obese white 

adipocytes need to critically regulate metabolic pathways beyond the classical lipid and 

glucose metabolism. Chronic obesity leads to adipose tissue dysfunction, characterised by 

an inflammatory and fibrotic microenvironment, hypoxic regions and reduced angiogenesis 

(Sakers et al., 2022). Such a restrictive adipocyte milieu represents a critical determinant of 

local nutrient availability and access. These conditions require substantial metabolic rewiring 

in order to optimally meet energy demands and preserve the lipid-storing function of obese 

white adipocytes. Parallels can be drawn with the tumour microenvironment, whereby both 

cancer as well as stromal cells adopt various metabolic strategies to survive and maintain 

function in the milieu of altered nutrient composition. In the cancer microenvironment, 

autophagy actively participates in regulating this metabolic rewiring, often promoting cancer 

progression (Pandey et al., 2021). Thus, the upregulation of adipocyte autophagy with 

increased adiposity could serve as an evolutionary adaptation to provide alternative nutrient 

sources and preserve the dynamics of adipocyte metabolism. While these alternative nutrient 

sources are likely to support well-described adipocyte metabolic processes such as lipid and 

glucose metabolism, understanding the supporting pathways might be critical to uncover 

metabolic dependencies with a therapeutic potential.  

A question that remains to be addressed is how obesity-induced adipocyte autophagy actively 

supports these metabolic pathways at a molecular level. The function of autophagy in the 

control of metabolic processes can be split into quality control and metabolic autophagy 
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(Deretic and Kroemer, 2022). While these two aspects of autophagy have fundamentally 

different roles, current autophagy-based interventions and tools cannot differentiate between 

them. Adipocyte autophagy has been previously demonstrated to play a role in mitochondrial 

and lipid homeostasis through mitochondrial turnover via mitophagy and lipid droplet 

degradation via lipophagy (Zhang et al., 2022, Amorim et al., 2022, Cai et al., 2018). While the 

role of nucleotide and nucleoside metabolism in adipocyte homeostasis is not well understood, 

the role of autophagy in their regulation is even less so. Based on the results of this thesis, it 

is unlikely that autophagy supports this metabolic axis through non-specific bulk degradation. 

Instead, it is more plausible that autophagy regulates specific metabolic pathways and 

mobilises nutrients through directed degradation. Ribophagy has been proposed as a 

nucleotide-specific form of autophagy (Strefeler et al., 2024). In addition, since the role of 

autophagy in the control of the levels of metabolic enzymes is evolutionarily conserved (Lahiri 

et al., 2019), adipocyte autophagy could be responsible for specifically controlling the pathway 

by degrading nucleotide and nucleoside metabolism-regulating enzymes.  

Altogether, this thesis highlights that obesity-induced autophagy is indispensable for adipocyte 

metabolic rewiring, essential for preserving adipocyte function. While some molecular 

mechanisms remain to be understood, this work calls for a more holistic view of adipocyte 

metabolism, which is necessary to fully understand metabolic determinants underpinning 

adipocyte and adipose tissue remodelling.  

6.2 Adipose tissue fibrosis: balancing act between protection and 

pathology 

Regeneration of a tissue or an organ after injury involves brief inflammation followed by a 

complete restoration of mass, structure and function. In contrast, tissue repair does not enable 

the tissue or organ to recover the original structure (Adler et al., 2020). Formation of fibrotic 

scars results in altered tissue or organ functionality. While tissue repair is often addressed as 



 

182 

 

a protective response to an injury, prolonged injury and inflammatory signals lead to excessive 

pathological scarring, referred to as fibrosis (Adler et al., 2020). Besides inflammatory cues, 

the transition from regeneration to fibrosis is tightly associated with the regenerative capacity 

of the tissue or organ.  In contrast to muscle, lung epithelium, and liver, adipose tissue does 

not possess the regenerative capacity to restore morphological and functional structure in 

adults (Bohaud et al., 2021). Therefore, insults to WAT inevitably lead to tissue remodelling 

and fibrosis, disrupting tissue architecture and functionality. To understand the protective and 

pathological implications of adipose tissue remodelling and define targets for therapeutic 

reduction of fibrosis, it is important to assess ECM remodelling at histological, cellular and 

molecular levels.  

While this thesis demonstrates that insulting WAT through loss of autophagy results in 

exacerbated pericellular fibrosis of gWAT this work also highlights that adipose tissue fibrosis 

cannot be simply labelled good or bad. Atg7Ad mice display altered body fat distribution, 

improved metabolic health markers, and stiffening of gWAT, characterised by dysregulated 

cellular composition and altered metabolic and cytokine signalling. At the histological level, 

loss of autophagy results in pathological changes to gWAT architecture as well as in reduced 

adipokine-secreting function. It appears that the main pathological consequence of gWAT 

fibrosis is the loss of tissue’s ability for dynamic expansion and shrinkage. Parallels can be 

drawn with severe skin damage, where scaring significantly impacts its dynamic remodelling 

and leads to skin contraction, which can in extreme cases induce function limitations to 

the movement of joints and limbs (Masanovic and Teot, 2020). In contrast, however, it can be 

argued that fibrosis specific to gWAT found in Atg7Ad mice also has protective features. First, 

it limits fat deposition in the more pathophysiological WAT depot, resulting in more favourable 

body fat distribution and improved metabolic health. Second, even when fibrotic, gWAT can 

still execute some of its primary roles, including mechanic cushioning of internal organs and 

lipid storage. Although some studies have proposed that fibrotic WAT has decreased lipolytic 
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function which limits fat mass loss, this has not been experimentally proven (DeBari and 

Abbott, 2020). While we have no data on the lipolytic ability of Atg7Ad fibrotic gWAT, it is likely 

that the pericellular fibrosis as a stiff matrix prevents dynamic release of lipids from WAT upon 

energy demand. Accordingly, gWAT appears to be functionally still preserving its lipid stores 

as evident by no increase in serum lipid content and less fatty liver in Atg7Ad mice which would 

normally help to store excess fat. 

At a molecular and cellular level, discerning the balance between fibrosis-mediated protection 

and pathology is more challenging. Macrophages are of paramount importance for tissue 

repair, responding to injury through recruitment and functional specialisation (Wynn and 

Vannella, 2016). Understanding the spatiotemporal cues for the functional specialisation 

of macrophages during remodelling, favouring inflammation versus fibrosis, is still limited. The 

work presented in this thesis outlines some critical determinants of the fibrotic tissue repair 

macrophage specialisation (Li et al., 2021, Bohaud et al., 2021). We show that the 

macrophages respond to metabolic cues in the gWAT microenvironment, in line with previous 

observations that fibrotic cues are matrix- and microenvironment-derived rather than intrinsic 

to cells (DeBari and Abbott, 2020). While our work describes a cell-to-cell interaction within 

stiffened ECM, a recent report suggests that extracellular ECM remodelling cues are 

evolutionarily conserved mechanisms that can directly impact mitochondrial homeostasis and 

promote the defence response (Zhang et al., 2024).  

The observation that loss of autophagy severely exacerbates adipose tissue fibrosis has 

sparked a new project to develop nanoparticle-based targeted drug therapy that would 

selectively stimulate adipose tissue autophagy. A collaborative project was set up with Prof Dr 

Weiping Wang from The University of Hong Kong, China based on their previous work in 

nanoparticle and liposome-mediated selective drug delivery to WAT using adipose tissue 

homing peptide (CKGGRAKDC) (Chen et al., 2022, Jing et al., 2021). Considering that 

autophagy both positively and negatively mediates fibrosis across multiple organs through 
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various mechanisms (Li et al., 2020), it is paramount to develop targeted therapies that can be 

delivered to a specific organ, tissue or cell type. Selecting adipocyte autophagy as a target 

may represent a promising new venue for addressing the unmet need to alleviate visWAT 

fibrosis development.   

6.3 Intercellular stress communication: the role of nucleoside 

signalling 

Metabolites primarily serve as building blocks and energy sources inside the cells. Several 

classical metabolites, however, also serve as extracellular autocrine or paracrine signalling 

molecules to convey metabolic stress similar to neurotransmitters and hormones (Baker and 

Rutter, 2023). Extracellular metabolites, including TCA cycle intermediates succinate and 

acetate, as well as nucleotides ATP and adenosine, are sensed by dedicated G-protein-

coupled receptors on the surface of metabolic, endocrine, and immune cells (Husted et al., 

2017). In recipient cells, these molecules act to promote their activation, as well as metabolic 

and pro-inflammatory pathways. Furthermore, ROS, lactate and lipid species, including fatty 

acids and oxylipins, can also convey metabolic information between cells (Richter et al., 2023, 

Feng et al., 2022, Richter et al., 2018). While our understanding of metabolic signalling has 

significantly increased over the recent years, there is still much unknown, including how 

extracellular metabolic signals are integrated with classical signalling molecules to direct 

physiological functions and how they impact intracellular metabolic pathways and enzymes.   

In this thesis, we found that purine nucleoside bases xanthine and hypoxanthine serve as 

metabolic messengers in the adipocyte-to-macrophage crosstalk, stimulating macrophages to 

acquire a tissue-reparative, pro-fibrotic phenotype. Increased secretion of xanthine and 

hypoxanthine has been previously associated with obesity, and these molecules have been 

described to signal intercellular stress in white and brown adipocytes and T cells (Fan et al., 

2019, Deng et al., 2018, Pfeifer et al., 2024, Kather, 1988, Kather, 1990). While purine 
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nucleoside metabolites are gaining increasing attention in their role as metabolic signalling 

molecules across multiple cellular and disease states, the signalling mechanism and the 

function they promote in recipient cells remain unclear. Despite our narrow understanding of 

hypoxanthine and xanthine cell-extrinsic biological function, xanthine derivatives are a 

prominent class of mild stimulants and bronchodilators, used to treat asthma or influenza 

symptoms (2012). These drugs are known to non-specifically inhibit phosphodiesterase 

enzymes and/or non-selectively antagonise adenosine receptors (Singh et al., 2018, Muller 

and Jacobson, 2011). This results in the intracellular cAMP increase, activation of protein 

kinase A, and inhibition of TNFα and TGFβ release (Perez-Aso et al., 2015, Matsuhira et al., 

2020, Spina and Page, 2017). Xanthine derivatives thus have a critical anti-inflammatory 

function in various inflammatory responses (2012). Drawing parallels with xanthine derivatives, 

it appears that hypoxanthine and xanthine might convey metabolic stress in the 

microenvironment by promoting anti-inflammatory responses. This is in line with our 

observations, whereby these molecules induced anti-inflammatory, tissue-reparative 

phenotype in macrophages, reducing their TNFα and TGFβ secretion. It remains to be 

determined; however, which xanthine and hypoxanthine-induced signalling events mediate this 

change.  

While xanthine derivatives and thus likely xanthine have an anti-inflammatory function on 

recipient cells, it remains challenging to explain why autophagy-deficient adipocytes utilize 

these specific molecules as metabolic stress signals instead of some other metabolites. First, 

metabolic signalling molecules can stimulate both anti- and pro-inflammatory responses. In 

contrast to xanthine, acetate, and oxylipins, which are anti-inflammatory metabolites, ATP, 

adenosine, succinate and lactate activate a pro-inflammatory cascade (Husted et al., 2017, 

Winther et al., 2021). Based on our observations, conveying metabolic stress while 

simultaneously promoting anti-inflammatory responses might signal tissue repair. Second, the 

specificity of secreted metabolic signalling molecules might be a consequence of the 
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intracellular energy state. Cellular stress links to ATP depletion, resulting in impaired ATP: ADP 

ratios that need to be balanced via degradation (Baker and Rutter, 2023). In addition, the 

balance of purine salvage and de novo biosynthesis pathways is essential during high 

oxidative stress (Tian et al., 2022). To maintain energy balance cells therefore upregulate 

the purine catabolism pathway, making downstream metabolites such as xanthine and 

hypoxanthine a more direct indicator of energy stress in cells compared to other metabolites. 

Third, purine nucleosides act as chemical messengers on both ionotropic and metabotropic 

receptors, conveying messages in a very high sensitivity and fast manner (Huang et al., 2021). 

Purine receptors are conserved from bacteria to eukaryotes, including protozoa, algae, fungi, 

and mammals (Monteagudo-Cascales et al., 2024). Purine nucleosides convey information 

throughout tissues and species and their concentration can be fine-tuned in a spatiotemporal 

manner through a degradational activity of transmembrane and secreted proteins (Huang et 

al., 2021). Nevertheless, while xanthine and hypoxanthine represent highly potent signalling 

molecules, their action is still understudied due to extremely complex receptor and signalling 

networks, which often display high similarity with opposing function and are able to 

simultaneously impact multiple secondary messengers.  

Overproduction of hypoxanthine and xanthine commonly results in the accumulation of uric 

acid, the end product of purine nucleoside metabolism (Chen et al., 2016). Data presented in 

this thesis, however, clearly demonstrate that overproduction and secretion of hypoxanthine 

and xanthine are independent of uric acid accumulation and the activity of the producing 

enzyme, XO. This could be due to adipocytes aiming to reduce additional oxidative stress, as 

the activity of XO produces ROS upon the synthesis of uric acid (Furuhashi, 2020). 

Furthermore, xanthine and hypoxanthine are more soluble than uric acid, excessive 

accumulation of which can lead to gout and hyperuricemia (Chen et al., 2016). Lastly, 

extracellular hypoxanthine and xanthine can be taken up by recipient cells, which can utilize 

them in the purine salvage pathway to regenerate energy-rich molecules such as ATP (Mullen 
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and Singh, 2023). While these hypotheses fit with the data presented in this thesis, they remain 

to be experimentally proven.  

Altogether, this work underscores the importance of extracellular metabolic stress signalling in 

obesity and opens new research venues for the role of purine nucleoside metabolites in WAT 

signalling and modulation of ATM phenotypic switch. Xanthine and hypoxanthine-mediated 

signalling may also play a role in the fibrosis of other tissues, thus these findings may hold 

universal relevance for targeting the pro-fibrotic cascade.  

6.4 From autophagy decline to ageing: consequences for 

metabolic health 

Ageing is associated with numerous hallmarks, including loss of proteostasis, impaired nutrient 

sensing, mitochondrial dysfunction, cellular senescence, stem cell exhaustion and altered 

intercellular communication (Lopez-Otin et al., 2013). Ageing also impacts body fat distribution, 

with increased visWAT deposition and muscle wasting, accelerating metabolic disease (Kuk et 

al., 2009). Through profound adipose tissue dysfunction, ageing promotes low-grade 

inflammation and ectopic fat deposition. Furthermore, by impacting WAT energy storage and 

endocrine function, ageing dysregulates cellular and organismal metabolic and energy 

homeostasis, which are associated with the development of insulin resistance and type 2 

diabetes mellitus (Ou et al., 2022). On the other hand, obesity is also a recognised major risk 

factor for age-related diseases, including cancer and cardiovascular disease (Aman et al., 

2021).  Autophagy activity declines with age across diverse species, contributing to a 

progressive accumulation of damaged organelles, misfolded proteins and lipid droplets (Zhang 

et al., 2022, Amorim et al., 2022, Kitada and Koya, 2021). As failure to eliminate cellular 

damage adversely impacts lifespan, autophagy is often portrayed as one of the key biological 

pathways promoting longevity (Kitada and Koya, 2021). Unpublished data from our research 

group indicates the same trend can be found in adipocytes and adipose tissues in both humans 
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and mice. Similar observations were previously made in adipose tissue SVF (Ghosh et al., 

2016). 

Loss of autophagy in obese Atg7Ad mice could theoretically serve as an experimental model to 

study age-related autophagy decline and metabolic derangements. We found that in Atg7Ad, 

similar to aged mice, WAT fibrosis is exacerbated and associated with increased ECM 

macromolecule secretion and pro-fibrotic macrophage phenotype. It has been recently 

reported that IgG is an ageing factor that induces WAT fibrosis through macrophage activation 

(Yu et al., 2024). The authors found that this effect is alleviated by caloric restriction, supporting 

our hypothesis that increased autophagy might be necessary to maintain healthy WAT 

remodelling dynamics. Furthermore, both loss of adipocyte autophagy and age resulted in 

reduced proliferation and differentiation capacity of adipocyte progenitors (Schipper et al., 

2008). However, there are multiple disparities both at cellular and organismal levels that make 

it difficult to draw direct parallels between our experimental model and aged mice. First, despite 

both adipocyte autophagy-deficient and aged WAT displaying dysregulated secretomes, the 

signature of aged WAT is pro-inflammatory, with increased secretion of IL-1, IL-6, and TNFα 

(Ou et al., 2022). While pro-inflammatory cytokine secretion has been well studied, very few 

studies investigated the changes in WAT immune cells with age, and these results remain 

controversial. Second, aged mice preferentially deposit their fat in the visceral area, opposite 

to our findings in obese Atg7Ad mice. This rather results in MUO, with increased lipotoxicity on 

other tissues and ectopic fat deposition in the liver (Kitada and Koya, 2021).  

Therapies aimed at improving metabolic health, such as caloric restriction, exercise and 

antidiabetic drugs, often induce autophagy and are also implicated in increasing health and 

lifespan (Aman et al., 2021). Therefore, drawing parallels between metabolic health and 

longevity and understanding their divergence points is critical to better understanding which 

processes are directly mediated by autophagy and which are its consequences. This would 
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allow us to design more targeted therapies aimed at improving both metabolic health and 

longevity via a common mechanism of stimulating autophagy. 

6.5 Thesis summary and outlook 

White adipose tissue dysfunction is characterised by inflammation and fibrosis and critically 

contributes to obesity and metabolic syndrome pathophysiology. White adipocytes form 

complex cell-to-cell interactions with SVF, integrating a myriad of metabolic, stress, 

immunological, and endocrine signals. Control of these processes is imperative to maintain 

healthy and dynamic WAT that can support systemic nutrient and energy demands. At a cellular 

level, nutrient and energy sensing culminates in autophagy, and adipocyte autophagy has 

been previously positively associated with increased adiposity and WAT development. Its role 

in obesity-induced dysfunction, however, remained unclear. 

In this thesis, we demonstrate that adipocyte autophagy plays a key role in the support of 

healthy WAT remodelling by limiting pericellular fibrosis (Fig 49). As these effects are specific 

to a more detrimental visceral fat depot, we find that adipocyte autophagy dictates local fat 

distribution, which is mirrored in the metabolic health of obese mice. Autophagy regulates 

gWAT remodelling and architecture through intercellular crosstalk between adipocytes and 

macrophages. Our data demonstrate that loss of autophagy induces a phenotypic and 

functional shift in ATMs to acquire a tissue-reparative, pro-fibrotic identity. Combining 

transcriptomics, proteomics, and metabolomics data with functional analyses, the work 

presented in this thesis highlights the key role of autophagy in the control of adipocyte 

metabolism in DIO. Unmet metabolic requirements of adipocytes upon loss of autophagy result 

in metabolic rewiring with the accumulation of purine nucleoside catabolic products that are 

secreted in the gWAT microenvironment. By depleting autophagy, we uncover a purine 

nucleoside-mediated pro-fibrotic signalling pathway that drives macrophage tissue repair 
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phenotype. Further research is necessary to elucidate whether these signalling molecules 

control fibrosis of other tissues and organs, potentially deeming them druggable targets. 

Taken together, this study reveals a novel mechanism by which cells use autophagy to 

communicate their intracellular metabolic demands. Furthermore, we uncover autophagy as a 

determinant of WAT fibrosis and distribution, uncovering a potential new target for therapeutic 

intervention in obesity-induced WAT pathological remodelling.   

 

Figure 49: Graphical summary of the role of adipocyte autophagy in the control of obese 
WAT dysfunction. During DIO, autophagy serves as an indispensable metabolic pathway in 
hypertrophic visceral adipocytes, supporting amino acid and antioxidant metabolism. By 
supporting obese adipocyte metabolic demands, autophagy supports dynamic remodelling of 
visceral WAT (visWAT) and whole-body fat distribution. When autophagy is dysfunctional, 
however, obese adipocytes fail to meet their metabolic needs. This results in a profound 
metabolic rewiring through PPP to recover carbon and antioxidant substrates. As a result, 
purine catabolites are generated and released in the microenvironment, signalling for tissue 
repair through adipocyte-macrophage metabolic intercellular crosstalk. Created with 
BioRender.com. 
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