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Abstract 

Cellular senescence, a state of cell cycle arrest, is a hallmark of ageing and has 

emerged as a potential mediator in pathophysiology of age-related diseases, 

including type 2 diabetes. Senescent cells contribute to protective and 

detrimental effects depending on their persistence. Their accumulation 

promotes tissue dysfunction, primarily through secretion of pro-inflammatory 

molecules. Understanding the role of cellular senescence in ageing and in the 

development and progression of diseases is essential for enabling correct 

interventions to prevent or treat accelerated ageing and diseases. 

This thesis examines the relationship between cellular senescence, ageing and 

metabolic dysfunction with a focus on adipose tissue and liver. In papers I and 

II, the relationship between cellular senescence and function was investigated 

in adipocytes and hepatocytes, respectively. Senescent adipocytes exhibited 

markedly reduced insulin-stimulated glucose uptake accompanied by reduced 

levels of glucose transporter GLUT4, while lipolytic and insulin signalling 

capacity remained largely intact. Hepatocyte senescence was associated with 

altered glucose and lipid metabolism, including increased triglyceride content 

and capacity for lipid uptake, increased glycogen content and VLDL-TAG 

secretion, and reduced capacity for de novo lipogenesis. In paper III, the effect 

of the SGLT2 inhibitor dapagliflozin and FGF21 on metabolic function and 

cellular senescence in adipose and liver tissue in naturally aged mice was 

assessed. While both interventions exerted beneficial effects on metabolic 

parameters and reduced senescence primarily in adipose tissue, FGF21 had a 

more pronounced effect on metabolic control while dapagliflozin exerted a 

stronger effect on cellular senescence in adipose tissue and liver in aged mice. 
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In conclusion, these findings indicate that adipocyte and hepatocyte 

senescence results in metabolic dysfunction. Many of the observed metabolic 

changes recapitulate metabolic features observed in adipocytes and 

hepatocytes in obesity, type 2 diabetes and MASLD. Moreover, the results in 

this thesis suggest that both FGF21 and SGLT2 inhibitor dapagliflozin are 

promising interventions to improve metabolic control and attenuate the 

progression of cellular senescence in ageing. 

Keywords: Cellular senescence, Type 2 diabetes, obesity, ageing, adipocytes, 

hepatocytes, SGLT2 inhibition, FGF21, glucose metabolism, lipid metabolism  
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Sammanfattning på svenska 

Cellulär senescens, ett tillstånd kännetecknat av att cellcykeln avstannar, 

beskrivs ofta som en åldringsmekanism, men har under senare tid 

uppmärksammats för att kunna ha en drivande roll i åldersrelaterade 

sjukdomar, tex typ 2 diabetes. Senescenta celler kan bidra till både fördelaktiga 

och skadliga effekter beroende på varaktighet. Ackumulering av senescenta 

celler bidrar till dysfunktionell vävnad, framför allt via utsöndrandet av 

inflammatoriska molekyler i omgivningen. En ökad förståelse för vilken roll 

cellulär senescens har i åldrande samt i utvecklandet och fortskridandet av 

sjukdom är viktigt för att kunna ta fram läkemedel som hindrar eller botar 

accelererat åldrande och sjukdom.  

I den här avhandlingen undersöks förhållandet mellan cellulär senescens, 

åldrande och dysfunktionell metabolism med fokus på fettvävnad samt lever. 

I artikel I och II, studerades kopplingen mellan cellulär senescens och cellulär 

funktion i adipocyter och hepatocyter. Senescenta adipocyter uppvisade en 

tydlig reducering av insulin-stimulerat glukosupptag samt minskade nivåer av 

glukostransportören GLUT4, medan deras kapacitet för lipolys och 

insulinsignalering var relativt oförändrade. Senescens i hepatocyter var 

associerat med förändrad glukos- samt fettsyrametabolism, såsom ökad 

intracellulär mängd triglycerider och ökad kapacitet för upptag av fettsyror, 

ökat innehåll av glykogen och utsöndrade av fettpartiklar (VLDL), samt 

reducerad kapacitet för fettyrasyntes. I artikel III undersöktes effekten av 

SGLT2 inhibitorn dapagliflozin och FGF21 på metabol funktion och cellulär 

senescens i fettvävnad samt lever i naturligt åldrade möss. Båda 

interventionerna hade fördelaktiga effekter på metabola parametrar och 

markörer för senescens, framför allt i fettvävnad. Effekten på metabolism var 

tydligare med FGF21 medan dapagliflozin hade en bredare och tydligare effekt 

på cellulär senescens i fettvävnad samt i lever i åldrade möss.   

Sammanfattningsvis talar dessa resultat för att senescens i adipocyter och 

hepatocyter bidrar till metabol dysfunktion. Många av de observerade 

metabola förändringarna speglar den metabola fenotypen för adipocyter och 

hepatocyter i obesitas, typ 2 diabetes och fettlever (MASLD). Vidare talar 

resultaten i den här avhandlingen för att både FGF21 och SGLT2 inhibitorn 

dapagliflozin verkar lovande som interventioner för att både förbättra metabol 

kontroll och motverka fortskridandet av cellulär senescens vid åldrande 

 



viii 

 



ix 

List of papers 

This thesis is based on the following studies, referred to in the text by their 

Roman numerals. 

I. Alexandersson I., Palmgren H., Uhrbom M., Oscarsson J., 

Boucher J. Insulin-stimulated Glucose Uptake is Impaired in 

Senescent Human Adipocytes. Frontiers in Endocrinology. 

2026; 17:1795654 

 

II. Bonnet L., Alexandersson I., Baboota R. K., Kroon T., 

Oscarsson J., Smith U., Boucher J. Cellular senescence in 

hepatocytes contributes to metabolic disturbances in NASH 

Frontiers in Endocrinology. 2022; 13:957616. 

 

III. Alexandersson I., Vestlund J., Aher Y., Andréasson AC., 

Ahlstedt I., Peng X-R., Bohlooly-Y M., Pálsdóttir V., 

Oscarsson J. SGLT2 inhibitor dapagliflozin and FGF21 

improve metabolic control and reduce progression of 

senescence in aged mice. Manuscript.  

 

 

Scientific publications not included in the thesis 

 

Uhrbom M., Muhl L., Genové G., Liu J., Palmgren H., 

Alexandersson I., Karlsson F., Zhou A-X., Lunnerdal S., 

Gustafsson S., Buyandelger B., Petkevicius K., Ahlstedt I., Karlsson 

D., Aasehaug L., He L., Jeansson M., Betsholtz C., Peng X-R. 

Adipose stem cells are sexually dimorphic cells with dual roles as 

preadipocytes and resident fibroblasts. Nat Commun. 

2024;15(1):7643 

 

Ma H., Sukonina V., Zhang W., Meng F., Subhash S., Palmgren H., 

Alexandersson I., Han H, Zhou S, Bartesaghi S, Kanduri C, 

Enerbäck S. The transcription factor Foxp1 regulates aerobic 

glycolysis in adipocytes and myocytes. Journal of Biological 

Chemistry, 2023;299(6):104795. 

 



x 

Kroon, T., Hagstedt, T., Alexandersson, I., Ferm, A., Petersson, M., 

Maurer, S., Zarrouki B, Wallenius K, Oakes ND, Boucher, J. 

Chronotherapy with a glucokinase activator profoundly improves 

metabolism in obese Zucker rats. Science Translational 

Medicine. 2022;14(668):eabh1316. 

 

Li Q., Hagberg C. E., Silva Cascales H., Lang S., Hyvönen M. T., 

Salehzadeh F., Chen P., Alexandersson I., Terezaki E, Harms MJ, 

Kutschke M, Arifen N, Krämer N, Aouadi M, Knibbe C, Boucher J, 

Thorell A, Spalding KL. Obesity and hyperinsulinemia drive 

adipocytes to activate a cell cycle program and senesce. Nature 

medicine. 2021;27(11):1941-1953.  

 

Kroon T., Harms M., Maurer S., Bonnet L., Alexandersson I., 

Lindblom A., Ahnmark A, Nilsson D, Gennemark P, O'Mahony G, 

Osinski V, McNamara C, Boucher J. PPARγ and PPARα synergize 

to induce robust browning of white fat in vivo. Molecular 

metabolism. 2020;36:100964. 

 

Alexandersson I., Harms M. J., Boucher J. Isolation and culture of 

human mature adipocytes using membrane mature adipocyte 

aggregate cultures (MAAC). Journal of Visualized Experiments. 

2020;(156):10.3791/60485  



xi 

Contents 

Abbreviations ............................................................................................... xiii 

1 Introduction ................................................................................................ 1 

1.1 Obesity .................................................................................................. 1 

1.2 Type 2 diabetes ..................................................................................... 1 

1.3 MASLD ................................................................................................. 4 

1.4 White Adipose tissue ............................................................................. 5 

1.4.1 Adipocyte functions ...................................................................... 6 

1.4.2 Adipocytes in obesity and T2D ................................................... 10 

1.5 Liver .................................................................................................... 11 

1.5.1 Hepatocyte functions ................................................................... 12 

1.5.2 Hepatocytes in MASLD .............................................................. 14 

1.6 Cellular senescence ............................................................................. 15 

1.6.1 Characteristics of senescence ...................................................... 16 

1.6.2 Regulatory pathways of senescence ............................................ 19 

1.6.3 Adipocyte senescence .................................................................. 21 

1.6.4 Hepatocyte senescence ................................................................ 22 

1.7 Anti-diabetic treatments ...................................................................... 23 

1.7.1 SGLT2 inhibitors ......................................................................... 24 

1.7.2 FGF21 .......................................................................................... 26 

2 Aim ........................................................................................................... 28 

3 Methodological considerations................................................................. 29 

3.1 Adipose tissue Cultures ....................................................................... 29 

3.1.1 Donors ......................................................................................... 29 

3.1.2 Differentiation protocol ............................................................... 30 

3.2 Hepatocyte cell lines ........................................................................... 30 

3.3 Senescence inducers ............................................................................ 31 

3.3.1 Etoposide ..................................................................................... 31 

3.3.2 Doxorubicin ................................................................................. 31 



xii 

3.3.3 Nutlin-3a...................................................................................... 32 

3.4 Aged mice ........................................................................................... 33 

4 Results ...................................................................................................... 34 

4.1 Paper I: Insulin-stimulated glucose uptake is impaired in senescent 

human adipocytes ................................................................................ 34 

4.2 Paper II: Cellular senescence in hepatocytes contributes to metabolic 

disturbances in NASH ......................................................................... 35 

4.3 Paper III: SGLT2 inhibitor dapagliflozin and FGF21 improve metabolic 

control and reduce progression of senescence in aged mice ............... 36 

5 Discussion ................................................................................................ 37 

6 Conclusion ............................................................................................... 44 

7 Future perspectives ................................................................................... 45 

Use of Generative AI ..................................................................................... 47 

Acknowledgement ......................................................................................... 48 

References ..................................................................................................... 51 

 

  



xiii 

Abbreviations 

γH2AX Phosphorylated histone H2A family member X (Serine 139) 

AICAR 5-aminoimidazole-4-carboxamide-1-β-d-ribofuranoside 

ACC Acetyl-CoA carboxylase 

ADA Adenosine deaminase 

ALT Alanine transaminase 

AMPK Adenosine monophosphate-activated protein kinase 

AST Aspartate transaminase 

ATGL Adipose triglyceride lipase 

BCL-2 B-cell lymphoma 2 

BMI Body mass index 

C/EBPα CCAAT/enhancer binding protein α  

cAMP Cyclic adenosine monophosphate 

CDK Cyclin-dependent kinase 

CDKN1A Cyclin-dependent kinase inhibitor 1A 

CDKN2A Cyclin-dependent kinase inhibitor 2A 

ChREBP Carbohydrate response element-binding protein 

CXCL Chemokine C-X-C motif ligand 

DDR DNA damage response 

FASN Fatty acid synthase 

FGF Fibroblast growth factor 

G6P Glucose-6-phosphate 

GLUT Glucose transporter 



xiv 

HbA1c Haemoglobin A1C 

HFD High-fat diet 

HSL Hormone-sensitive lipase 

HSP90 Heat shock protein 90 

IHH Immortalized human hepatocytes 

IL Interleukin 

IR Insulin receptor 

LEPR Leptin receptor 

LPL Lipoprotein lipase 

MAAC Membrane mature adipocyte aggregate cultures 

MASH Metabolic dysfunction-associated steatohepatitis 

MASLD Metabolic dysfunction-associated steatotic liver disease 

MGL Monoglyceride lipase 

MDM2 Murine Double Minute 2 

mRNA Messenger RNA 

NF-κB Nuclear factor-κB 

PDE3B Phosphodiesterase 3b 

PPARγ Peroxisome proliferator-activated receptor γ 

Rb Retinoblastoma protein 

ROS Reactive oxygen species 

SA-βgal Senescence-associated beta-galactosidase 

SAHF Senescence-associated heterochromatic foci 

SASP Senescence-associated secretory phenotype 



xv 

SAT Subcutaneous adipose tissue 

SIRT1 Sirtuin 1 

SGLT Sodium-glucose cotransporter 

SREBP1c Sterol regulatory element binding protein 1c 

T2D Type 2 diabetes 

TAG Triacylglycerol 

TGF-β Transforming growth factor beta 

TNF-α Tumour necrosis factor-alpha 

VAT Visceral adipose tissue 

WAT White adipose tissue 

 

  





Ida Alexandersson 

1 

1 Introduction 

 

1.1 Obesity  

Obesity is a medical condition characterized by excessive body fat 

accumulation induced by a long-term positive energy balance. Obesity and its 

co-morbidities are a global health and economic burden worldwide. In 2022, 

one in eight of the global population were obese, as reported by the world 

health organization (WHO) (1). The prevalence of obesity continues to rise. In 

the United States, nearly one in two adults is projected to have obesity by 2030 

(2). Obesity is defined using body mass index (BMI; calculated by kg/m²): a 

BMI of 25.0–29.9 kg/m² is classified as overweight, and a BMI of 30.0 kg/m² 

or higher is classified as obesity (3). Obesity imposes a raising burden on the 

health care system as it is associated with an increased risk of various 

comorbidities, including cardiovascular disease, type 2 diabetes (T2D), cancer 

and metabolic dysfunction-associated steatotic liver disease (MASLD) (3, 4).  

Obesity is driven by a combination of genetics, environmental factors and 

lifestyle. The hereditability of BMI is generally estimated to be around 40-70% 

based on twin, family and adoption studies (5). Monogenic (single-gene 

mutation) forms of obesity are estimated to account for 5-10% of cases and are 

often characterized by severe early-onset obesity (6). Variants of monogenic 

obesity include mutations in genes involved in the leptin-melanocortin 

pathway, with loss-of-function variants in melanocortin-4 receptor 

representing the most common form of monogenic obesity (7). In addition to 

genetics, environmental and lifestyle factors such as infrastructure, physical 

activity, diet, sleep patterns, can all affect total energy balance and contribute 

to weight gain and obesity (8).    

 

1.2 Type 2 diabetes 

T2D is a metabolic disease diagnosed by a certain degree of hyperglycaemia 

(fasting glucose ≥7.0 mmol/l) and excluding other type of diabetes mellitus. 
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Excess fat mass is a key driver in T2D development and the rapid increase in 

disease prevalence is much attributed to the increase in obesity worldwide  (9). 

T2D currently affects 1 in 9 in the age range 20-79 years, and prevalence is 

projected to keep rising (10). Once predominantly a disease of older adults, 

T2D is now increasingly diagnosed in children, adolescents, and young adults, 

termed early-onset T2D. This increase is primarily attributable to growing 

obesity prevalence in younger individuals (11). T2D is associated with an 

increased risk of multiple comorbidities, including retinopathy (eye damage), 

cancer, cardiovascular disease, kidney disease, neurological disorders, and 

MASLD, which collectively contribute to increased mortality (12). Risk 

factors for development of T2D include environmental and socioeconomic 

factors (e.g., public health, neighbourhood walkability, income, and social 

class) alongside lifestyle and biological factors, including poor diet, physical 

inactivity, inadequate sleep, stress, smoking, ageing, family history of T2D and 

ethnic background (13, 14). Heritability is a strong component in T2D, and a 

recent meta-analysis based on genome-wide association studies across 

ancestry groups recently identified more than 600 associated loci (15).  

The characteristic hyperglycaemia in T2D is primarily driven by the 

combination of insulin resistance in adipose tissue, skeletal muscle and liver, 

and inadequate insulin secretion resulting from pancreatic β-cell dysfunction. 

As insulin resistance develops, peripheral tissues become less responsive to 

insulin and β-cells initially compensate by increasing insulin secretion, leading 

to hyperinsulinemia. Over time, this compensatory response is insufficient and 

β-cell dysfunction develops and β-cell mass declines, culminating in impaired 

glycaemic control (16). Prolonged metabolic stress is suggested to drive β-cell 

dysfunction through increased endoplasmic reticulum stress from misfolded 

protein accumulation, mitochondrial dysfunction and elevated inflammation 

(16, 17). Increased oxidative stress is also implicated, and β-cells may be 

particularly vulnerable given their relatively low expression of antioxidant 

enzymes (17, 18). In individuals with T2D, the β-cell mass is reduced by 

approximately 25-60%. This loss is partly caused by increased β‑cell 

apoptosis, and animal studies indicate an additional contribution from β‑cell 

dedifferentiation into progenitor‑like, non–insulin‑secreting states (16, 19).  

Insulin is a central regulator of metabolic pathways, coordinating protein 

synthesis and cell growth in addition to nutrient uptake and storage (Figure 1). 

After secretion by β-cells, insulin binds the insulin receptors (IR) on target cells 

(20), triggering phosphorylation of intracellular insulin receptor substrates 

(IRS1-4), and activation of phosphoinositide 3-kinase (PI3K), which in turn 
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stimulates downstream protein kinase B (AKT) (21, 22). Activated AKT 

engages multiple downstream pathways. For example, it promotes glucose 

uptake by mediating translocation of glucose transporters (GLUT) via 

phosphorylation of TBC1D1/4 (23), it phosphorylates and inhibits glycogen 

synthase kinase 3 (GSK3) resulting in stimulated glycogen synthesis (24), and 

enhances protein synthesis and cell growth by activating mechanistic target of 

rapamycin (mTOR) signalling through phosphorylation and inhibition of 

TSC1/2 (25). Additionally, insulin binding mediates proliferation and 

differentiation via a signalling cascade that activates the extracellular-

regulated protein kinase (ERK) 1 and 2 (26).  

 

Figure 1: Insulin signalling. Binding of insulin to the insulin receptor (IR) induces 

receptor conformational change and autophosphorylation, activating its tyrosine 

kinase domains. This enables recruitment and phosphorylation of insulin receptor 

substrates (IRS), which in turn recruit and activate phosphoinositide 3-kinase (PI3K). 

PI3K activates downstream protein kinase B (AKT), which is a central signalling node, 

regulating multiple downstream substrates and pathways, some which are shown in 

this figure.  ACLY: ATP citrate lyase, FOXO: forkhead box O, GAPDH: 

glyceraldehyde-3-phosphate dehydrogenase, GSK3: glycogen synthase kinase 3, 

mTOR: mammalian target of rapamycin, PDE3B: phosphodiesterase 3B, PFKFB: 6-

phosphofructo-2-kinase, S6K: S6 kinase, SREBF1: sterol regulatory element-binding 

transcription factor 1, TBC1D4: TBC1 domain family member 4. Reproduced with 

permission from Springer Nature: Accili, D et. al., 2025 (27). Created in BioRender. 

Alexandersson, I. (2026) https://BioRender.com/9uhcunx.  
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Insulin resistance, a central feature in T2D and obesity, is a state in which 

peripheral tissues become less responsive to insulin, resulting in reduced 

glucose uptake and elevated blood glucose. Features of T2D, including 

hyperglycaemia and increased circulating lipids causing lipotoxicity, as well 

as inflammation, ER stress and mitochondrial dysfunction promote insulin 

resistance via inhibitory serine/threonine phosphorylation of IR, IRS and 

downstream signalling mediators (26). Consequently, it leads to reduced 

glucose uptake in adipose and skeletal muscle (28, 29). In liver, glycogen 

synthesis declines, while glucose production increases due to impaired 

suppression of gluconeogenesis (30, 31). Additionally, hepatic secretion of 

very low-density lipoprotein (VLDL) rises, whereas high-density lipoprotein 

(HDL) levels are reduced in insulin resistant individuals (32). Collectively, 

these metabolic alterations exacerbate hyperglycaemia and contribute to 

dyslipidaemia. 

 

1.3 MASLD 

MASLD is a liver condition defined by fat accumulation (steatosis) exceeding 

5% in hepatocytes. While early stages of MASLD are often mild and easily 

reversible, the disease can progress to metabolic dysfunction-associated 

steatohepatitis (MASH), characterized by steatosis, inflammation, ballooning 

of hepatocytes and variable degree of fibrosis, and further advance to cirrhosis 

and hepatocellular carcinoma (33). In parallel with rising prevalence of obesity 

and T2D, rates of MASLD are increasing worldwide. A recent meta-analysis 

estimated that, in 2016-2019, MASLD affected 38% of the adult population 

globally which is an increase of 50.4% compared with 1990-2006 (34). Both 

T2D and obesity are risk factors for MASLD. A meta-analysis from 2023 

estimated MASLD prevalence among individuals with obesity to 75% (35), 

and another meta-analysis reported a prevalence of 68.8% among patients with 

T2D in 2016-2021 (36). A common feature in T2D, obesity and MASLD is 

insulin resistance. Insulin resistance in MASLD promotes de novo lipogenesis 

(the conversion of excess carbohydrates into fatty acids) in the liver, leading 

to increased hepatic fat accumulation (37). Insulin resistance further promotes 

TAG accumulation via increased lipolysis in adipose tissue resulting in 

increased flux of glycerol and fatty acids to the liver. Management of MASLD 

is primarily lifestyle-based, emphasizing a healthy diet and regular physical 
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activity  to reduce liver fat, improve insulin sensitivity, and lower 

cardiometabolic risk. Currently, two pharmacological therapies are approved 

for MASH, resmetirom (Rezdiffra), a thyroid hormone receptor (THR-β) 

agonist that enhances hepatic fatty acid oxidation and reduce fibrosis, and 

semaglutide (Wegovy), a glucagon-like-peptide receptor agonist that reduces 

liver steatosis and fibrosis in addition to inducing body weight loss (38, 39). 

  

1.4 White Adipose tissue 

White adipose tissue (WAT) is a central regulator in whole-body energy 

homeostasis. The primary function of adipose tissue is to act as a storage 

reservoir for excess calories in the form of triglycerides (TAG). This process 

occurs within the main adipose cell type, adipocytes. When there is an energy 

demand, stored TAG can be hydrolysed into fatty acids and glycerol in a 

process termed lipolysis. The fatty acids can be re-esterified or be released into 

the circulation to be used as energy by other tissues (40). WAT comprises 

functions beyond energy storage and mobilization. As an endocrine organ, it 

is highly involved in systemic regulation of metabolism by producing and 

secreting proteins, collectively termed adipokines. The adipokines act both 

locally and systemically via circulation in the blood stream and regulate 

various functions including insulin sensitivity, appetite, lipid metabolism and 

inflammatory responses (41). Adipose tissue also serves as insulation to 

maintain body temperature, and as cushioning around soft organs. Together, 

these multifaceted roles in energy storage and mobilization, endocrine 

signalling, and metabolic regulation position adipose tissue as a pivotal 

mediator of metabolic function—and a central driver to metabolic dysfunction 

and disease when its regulation is impaired. 

Human WAT is broadly divided into two categories: subcutaneous adipose 

tissue (SAT), located just beneath the skin, and visceral adipose tissue (VAT), 

situated within the peritoneal cavity surrounding internal organs. SAT can be 

further subdivided by anatomical location into abdominal, gluteal (bum) and 

femoral (thigh) depots, while VAT in the abdominal cavity can be divided into 

omental and mesenchymal depots (42). Additional smaller depots of WAT can 

be found in muscle tissue (inter-/intramuscular), bone marrow, skin (dermal), 

around the heart (epicardial), and surrounding blood vessels (perivascular) (43, 

44).  



Importance of cellular senescence for metabolic dysfunction and pharmacological intervention 

of aged mice 

6 

The cellular composition of WAT is diverse, with adipocytes accounting for 

most of the adipose tissue mass. Adipocytes are characterized by a large 

unilocular lipid droplet that confers high lipid-storage capacity. New 

adipocytes arise by differentiation of progenitor cells that reside in the stromal 

vascular fraction, a process termed adipogenesis. Adipogenesis is coordinated 

by transcriptional cascades that drive stage-specific gene expression from 

commitment through early differentiation to terminal maturation. Peroxisome 

proliferator-activated receptor γ (PPARγ) is the key transcription factor that 

governs adipogenesis. Notably, PPARγ-knockout mice fail to develop adipose 

tissue (45), highlighting the pivotal role of  PPARγ in this process. Another 

key regulator is the transcription factor CCAAT/enhancer binding protein α 

(C/EBPα) (46).  Additional cell types that reside in WAT include endothelial 

cells, fibroblasts and immune cells, among which macrophages are the most 

abundant.  

1.4.1 Adipocyte functions 

1.4.1.1 Adipocyte metabolism 

 

Fatty acid storage in adipocytes occurs primarily through uptake of circulating 

fatty acids, with a smaller contribution from endogenous synthesis from 

glucose via de novo lipogenesis (Figure 2). Circulating TAG are carried in the 

circulation by lipoproteins such as VLDL from the liver, and chylomicrons 

from the intestine (47). On the capillary endothelium, TAG are hydrolysed by 

lipoprotein lipase (LPL) into non-esterified fatty acids and glycerol (48). The 

fatty acids are taken up by adipocytes via passive diffusion and transport 

mechanisms, including the fatty acid translocase CD36, fatty-acid transport 

proteins (FATP), and caveolins, followed by conversion to acyl-CoA by 

long-chain acyl-CoA synthetases (ACSL) (49). In parallel, insulin stimulates 

endogenous de novo lipogenesis by enhancing glucose uptake via the 

insulin-sensitive glucose transporter GLUT4 (with basal uptake through 

GLUT1) and activating lipogenic pathways. Glucose-derived pyruvate enters 

the tricarboxylic acid (TCA) cycle, generating citrate that is exported to the 

cytosol and converted to acetyl-CoA by ATP citrate lyase. Acetyl-CoA is then 

carboxylated to malonyl-CoA and ultimately elongated to fatty acids by 

acetyl-CoA carboxylase (ACC) and fatty acid synthase (FASN). Finally, TAG 

are synthesized by esterifying acyl-CoAs derived from both fatty acid uptake 

and de novo lipogenesis to a glycerol-3-phosphate backbone and stored in the 

lipid droplet (40).   
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Fatty acid uptake and de novo lipogenesis are tightly regulated by hormones 

and energetic status. Insulin increases adipose LPL activity, promotes 

translocation of FATPs, and stimulates GLUT4 translocation via the insulin 

receptor and PI 3-kinase pathway (50-53). In addition, glucose stimulates the 

transcriptional activity of transcription factor carbohydrate response element-

binding protein (ChREBP), that in turn promotes transcription of de novo 

lipogenesis enzymes (Acc1 and Fasn), and enzymes involved in fatty acid 

elongation and desaturation (Elovl6 and Scd-1) (54, 55).  

In response to energy demand, such as during fasting or physical activity, 

TAGs stored in WAT are hydrolysed to fatty acids and glycerol in a process 

called lipolysis (Figure 2). Lipolysis is mediated by three enzymes: adipose 

triglyceride lipase (ATGL), hormone-sensitive lipase (HSL), and 

monoacylglycerol lipase (MGL) that catalyses separate steps in the hydrolysis 

of TAGs generating three fatty acids and one glycerol (56).  

  

 

Figure 2: Adipocyte lipid metabolism. Adipocytes take up and metabolize glucose (pink box), 

which can be used for synthesis of triglycerides (purple box) via de novo lipogenesis (green box). 

Fatty acids are also taken up from circulation (yellow box). Triglycerides are stored in the lipid 
droplet and can be subsequently hydrolysed via lipolysis (blue box) generating free fatty acids 
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and glycerol. α2-AR: α2-adrenergic receptor, β-AR: β-adrenergic receptor, 5´-AMP: 5´-

adenosine monophosphate, AC: adenylate cyclase, ACS: acyl-CoA synthetase, AGPAT: 1-

acylglycerol-3-phosphate O-acyltransferase, ANP: atrial natriuretic peptide, ATGL: adipose 
triglyceride lipase, BNP: brain natriuretic peptide, cAMP: cyclic adenosine monophosphate, 

cGMP cyclic guanosine monophosphate, CM: chylomicron, DAG: diacylglycerol, DGAT: 

diacylglycerol acyltransferase, DHAP: dihydroxyacetone phosphate, F1,6BP: fructose 1,6 
bisphosphate, FAS: fatty acid synthase, FFA: free fatty acid, G3P: glycerol-3-phosphate, G6P: 

glucose 6-phosphate, GADH: glyceraldehyde 3-phosphate, GC: guanylate cyclase, Gi: Gαi 

protein, GLUT4: glucose transporter 4, GPAT: glycerol 3-phosphate acyltransferase, GPDH: 
glycerol-3-phosphate dehydrogenase, Gs: Gαs protein, HSL: hormone sensitive lipase, IR: 

insulin receptor, IRS: insulin receptor substrate, LPA: lysophosphatidic acid, LPL: lipoprotein 

lipase, MAG: monoacylglycerol, MGL: monoacylglycerol lipase, OA: oxaloacetate, PA: 
phosphatidic acid, PAP: phosphatidic acid phosphatase, PDE3B: phosphodiesterase 3B, 

PI3K:phosphatidylinositol 3-kinase, PKA: cAMP-dependent protein kinase, PKG: cGMP-
dependent protein kinase, PLIN: perilipin, Pyr: pyruvate, PD: pyruvate dehydrogenase, TAG: 

triacylglycerol, TTT: tripartite tricarboxylate transporter, VLDL: very low density protein. 

Reproduced with permission from Springer Nature,  Symonds ME, 2012 (57). Created in 

BioRender. Alexandersson, I. (2026). https://BioRender.com/r251b14.  

Regulation of lipolysis is mediated by hormones, of which insulin, 

catecholamines and natriuretic peptides are the major ones. During the fed 

state, the basal hydrolysis of TAG in adipocytes is low. Insulin inhibits 

lipolysis by activating phosphodiesterase 3b (PDE3B), which degrades cyclic 

adenosine monophosphate (cAMP), and thereby suppresses the lipolytic 

cascade (58). Additionally, Perilipin 1 (PLIN1) restrains ATGL activity by 

sequestering its co-activator CGI-58 at the lipid droplet surface (59, 60). By 

contrast, catecholamines bind to β-adrenergic receptors on adipocyte plasma 

membrane, activating adenyl cyclase and raising intracellular cAMP levels to 

initiate lipolytic signalling (40). Elevated cAMP enhances activity of protein 

kinase A (PKA), which promotes lipolysis by, for instance, phosphorylating 

PLIN1 that releases CGI58 and enables its interaction to ATGL, and by 

phosphorylating HSL and promoting its translocation from cytosol to the lipid 

droplet surface (61-63).  

 

1.4.1.2 Endocrine functions 

Beyond their role in lipid and glucose metabolism, adipocytes function as 

endocrine cells that secrete molecules in response to diverse physiological 

cues. The adipocyte secretome comprises both adipokines (proteins), and 

lipokines (lipids), that can act in a paracrine manner on neighbouring cells, and 

systemically in an endocrine manner on distant tissues. Levels of these 

endocrine factors are often altered in states of metabolic dysfunction, for 

example, obesity is typically associated with elevated leptin and reduced 

adiponectin. Together, these factors regulate key metabolic processes, 

including insulin sensitivity, appetite, lipid handling, and inflammation (64). 
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Two adipokines, Adiponectin and leptin, that were measured in paper I are  

reviewed below. 

Adiponectin. Adiponectin is an adipocyte-specific hormone that enhances 

insulin sensitivity and exerts anti-inflammatory effects in target tissues. 

Circulating adiponectin levels are reduced in individuals with obesity, and 

correlate inversely with BMI, total fat mass, and insulin resistance (65-68). 

Adiponectin acts via the receptors ADIPOR1 and ADIPOR2, which are 

enriched in skeletal muscle and liver, respectively (41, 69). Downstream 

intracellular signalling of adiponectin involves activation of adenosine 

monophosphate-activated protein kinase (AMPK) and PPARα-linked 

pathways. Functionally, adiponectin reduces hepatic gluconeogenesis (the 

synthesize of glucose from non-carbohydrate sources), increase fatty acid 

oxidation in liver and skeletal muscle, and promotes glucose uptake via 

GLUT4 in skeletal muscle  (70-72). The effects mediated by adiponectin 

improve insulin sensitivity. In support of this,  adiponectin-knockout mice 

develop diet-induced insulin resistance (73), whereas adiponectin 

overexpression in ob/ob mice improves insulin sensitivity (74). Beyond 

metabolic effects, adiponectin acts as an anti-inflammatory modulator by 

influencing function of immune cells, promoting macrophage polarization 

from a pro-inflammatory M1 phenotype toward an anti-inflammatory M2 

state, and by reducing production of pro-inflammatory cytokines (75).  

Leptin. Leptin is a hormone primarily secreted by adipocytes that is involved 

in regulation of appetite and energy balance. It acts on the leptin receptor 

(LEPR) in hypothalamus and inhibits synthesis and release of orexigenic 

(appetite stimulating) neuropeptide Y, and activates anorexigenic (appetite 

suppressing)  neuropeptides, including proopiomelanocortin (76, 77). Leptin 

signalling in hypothalamus also increases energy expenditure, notably by 

promoting brown adipose tissue thermogenesis in mice (78). Intracellularly, 

these effects are mediated mainly via Janus kinase 2 (JAK2) activation and 

downstream pathways (79). Alterations in leptin production and leptin 

sensitivity become particularly relevant in obesity, where circulating levels are 

high, but responsiveness is diminished due to development of leptin resistance. 

Gene expression of leptin in adipose tissue is elevated in individuals with 

obesity, and the secretion is proportional to body fat mass (80-82) Mutations 

in the leptin (LEP) gene causing leptin deficiency in humans leads to severe 

early-onset obesity (83), highlighting its crucial role in the regulation of food 

intake. In genetic mouse models of obesity, ob/ob mice that lack leptin 

production and db/db mice that lack functional leptin receptors develop 
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extreme obesity, are hyperphagic and have reduced energy expenditure (84, 

85).  

More than 600 proteins have been proposed as adipokines secreted by cells 

residing in adipose tissue (86). Beyond adiponectin and leptin, examples 

include omentin-1,vaspin, visfatin, resistin, plasminogen activator inhibitor-1 

(PAI1) and pro-inflammatory factors, such as monocyte chemoattractant 

protein-1 (MCP1), tumour necrosis factor-α (TNF-α), and interleukin-6 (IL6) 

(41). 

 

1.4.2 Adipocytes in obesity and T2D 

A prolonged positive energy balance, as in obesity, promotes TAG 

accumulation and WAT expansion. The capacity of WAT to store TAG is 

limited. Once this limit is reached, this will lead to ectopic lipid accumulation 

in other tissues, such as skeletal muscle, liver and heart. Adipose tissue 

expands via two mechanisms: hypertrophy, that is the increase in adipocyte 

cell size, or by hyperplasia, the generation and differentiation of new 

adipocytes. The balance between hyperplasia and hypertrophy is dependent on 

several factors, such as age, sex, adipose depot and individual variation (87). 

The number of adipocytes has been suggested to increase during childhood 

while stabilizing in adulthood, although the adipocyte pool remains dynamic, 

with an annual turnover of ~10% in humans (88). In general, hypertrophic 

expansion is considered metabolically unfavourable. Correspondingly, 

adipocyte size is strongly linked to development of insulin resistance, and 

increased T2D and cardiovascular risk (89-91).  

Adipocytes in obesity, particularly hypertrophic adipocytes, are characterized 

by an impaired response to hormonal regulation, which impacts adipocyte 

metabolic functions. Hypertrophic adipocytes are associated with insulin 

resistance, and adipocyte size negatively correlates with insulin responsiveness 

as measured by percent increase in insulin-stimulated glucose oxidation to CO2 

compared to non-stimulated conditions (92). Consistent with this, glucose 

uptake by adipose tissue in insulin resistance is reduced, and mRNA and 

protein levels of the insulin-responsive glucose transporter GLUT4 are lower 

in adipose tissue from individuals with obesity and T2D (93-97). Basal 

lipolysis is elevated in hypertrophic obesity and insulin resistance in adipose 

tissue reduce the inhibition of lipolysis in the fed state, leading to increased 

flux of fatty acids and glycerol to other tissues (98, 99). In contrast, 
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catecholamine-induced lipolysis is decreased in obesity, in part due to reduced 

β-adrenergic receptor expression (100-103). Additionally, SAT shows a 

decreased capacity to take up fatty acids and esterify those into TAG, which 

may further compromise lipid buffering (104, 105).  

Adipose tissue in obesity is often associated with chronic, low-grade 

inflammation. Hypertrophic adipocytes exhibit an altered secretion with a 

switch towards a more pro-inflammatory secretome, which can attract immune 

cells and contribute to insulin resistance. Larger adipocytes (100.1±3.94 µm) 

display a distinct gene expression compared to smaller adipocytes (57.6±3.54 

µm), including elevated expression of immune-related genes such as IL8, 

chemokine C-X-C motif ligand 2 (CXCL2) and serum amyloid A2 (106). 

Furthermore, increased adipocyte cell size is also associated with increased 

secretion of pro-inflammatory cytokines and chemokines, including MCP1, 

IL6, and IL8 (107). In parallel, levels of adiponectin, that is considered anti-

inflammatory and insulin-sensitizing, are reduced in obesity and T2D, whereas 

levels of leptin rises (108).  

 

1.5 Liver 

The liver is the largest organ in the body and crucial in regulation of multiple 

processes. It is a highly metabolic organ involved in regulation of lipids, 

protein and glucose metabolism, and has the capacity to store TAG and 

glycogen and release glucose and lipoprotein particles in response to energy 

demands. Furthermore, it produces bile that facilitates in absorption of dietary 

fats, filters large volumes of blood daily, and breaks down harmful substances. 

It is made up of two main lobes, in contrast to most other mammals in which 

the liver is multilobed. The portal vein directly connects the liver to the 

intestines and carries nutrient-rich blood to the liver, while it receives oxygen-

rich blood via hepatic artery (109). Hepatocytes are the principal liver 

parenchymal cells, comprising most of the organ’s mass. In addition to 

hepatocytes, the liver contains cholangiocytes, stellate cells, and Kupffer cells 

(110).  
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1.5.1 Hepatocyte functions 

As the main parenchymal cell type of the liver, hepatocytes are responsible for 

many of its core functions. Hepatocytes are organized in long rows that are 

interconnected with the portal vein, the central vein, hepatic artery and the bile 

duct, which enables efficient uptake of dietary nutrients from portal blood. 

Additionally, hepatocytes take up and metabolize drugs and toxins primarily 

via reactions mediated by cytochrome P450 enzymes. Hepatocytes is the only 

cell type in the body that synthesize and secrete albumin, and they also 

synthesize and release plasminogen, transferrin and clotting factors. Bile is 

synthesized by hepatocytes and is transported via the bile canaliculi to the 

hepatic bile duct (111). Hepatocytes are further highly metabolic cells. The 

role of hepatocytes in lipid and glucose metabolism in normal and MASLD 

conditions will be reviewed below: 

 

1.5.1.1 Hepatocyte metabolism 

Lipid metabolism. Hepatic intracellular fatty acids originate from uptake of 

circulating lipoproteins and free fatty acids, and from de novo lipogenesis. 

Postprandially, circulating chylomicrons are hydrolysed on the capillary 

endothelium of adipose tissue and skeletal muscle by LPL. This generates 

chylomicron remnants that can be taken up by hepatocytes via receptor-

mediated endocytosis involving LDL-receptor and LDL receptor-related 

protein 1, followed by hydrolysis by lysosomes and release of fatty acids (112). 

Free fatty acids are taken up by the liver via CD36, fatty acid transport proteins, 

such as FATP2 and FATP5, and caveolins (113).   

De novo lipogenesis, the synthesis of fatty acids from non‑lipid substrates, 

notably carbohydrates such as fructose and glucose, converts acetyl-CoA and 

malonyl-CoA into fatty acids. In brief, malonyl-CoA is formed from acetyl-

CoA by ACC, followed by elongation by FASN producing palmitate (114). De 

novo lipogenesis is transcriptionally governed by transcription factors 

ChREBP and sterol regulatory element binding protein 1c (SREBP1c), which 

are activated by insulin and carbohydrates (fructose and glucose), and induce 

lipogenic genes, including ACC and FASN (115, 116).  

Fatty acids derived from systemic uptake or de novo lipogenesis can be 

esterified and stored as TAG in lipid droplets or assembled to VLDL particles 

for export. Alternatively, fatty acids can be oxidized to acetyl-CoA via 



Ida Alexandersson 

13 

mitochondrial or peroxisomal β-oxidation, to generate ATP. In contrast to de 

novo lipogenesis, fatty-acid oxidation is suppressed by insulin (112).  

Glucose metabolism. In hepatocytes, glucose is the initial substrate in 

multiple metabolic pathways, including glycogenesis, glycolysis, the pentose 

phosphate pathway, and de novo lipogenesis. Glucose uptake occurs primarily 

via GLUT2 (117). When glucose has entered the cell, it is phosphorylated to 

glucose-6-phosphate (G6P) by glucokinase (GCK, also known as hexokinase 

IV). Postprandially, almost ~50% of the ingested glucose is used in glycogen 

synthesis (118). For glycogenesis, G6P is converted to UDP-glucose which 

can be used in synthesis of glycogen. The enzyme glycogenin is responsible 

for initiating the process by glycosylating itself, after which elongates the chain 

(119). Furthermore, glucose can be oxidized to generate ATP. In this process, 

glucose is converted to pyruvate and subsequently acetyl-CoA in the cytosol 

via glycolysis, which can enter the TCA-cycle in mitochondria. Excess dietary 

carbohydrates will, via conversion to acetyl-CoA, be used in de novo 

lipogenesis (120). 

Hepatocytes also have the capability to produce glucose via hydrolysis of 

glycogen in glycogenolysis, and de novo synthesis of glucose in 

gluconeogenesis. These processes occur primarily during times of fasting and 

the produced glucose is subsequently released via GLUT2 to be utilized as 

energy by other tissues. Substrates of gluconeogenesis include glycerol, lactate 

and alanine. Alanine and lactate are primarily produced in skeletal muscle and 

transported to the liver, where alanine aminotransferase (ALT) and lactate 

dehydrogenase converts them to pyruvate. Pyruvate enters gluconeogenic 

pathway and is converted to G6P in a multiple step pathway, in which pyruvate 

carboxylase and fructose-1,6-bisphosphatase catalyses steps that are 

irreversible (119). G6P may also be generated via glycogenolysis. Last, G6P 

is dephosphorylated to glucose catalysed by glucose-6-phosphatase in ER 

(121). 

Glucose metabolism is highly regulated by direct and indirect mechanisms via 

insulin, glucagon and substrate availability. In the fasted state, glucagon and 

catecholamines promote glycogen breakdown by rising intracellular cAMP 

levels, activating protein kinase A, which reduces expression and activity of 

the glucose sensing enzyme GCK and inactivation of glycogen synthase. 

Postprandially, insulin shift flux toward storage by activating AKT which 

lowers cAMP via PDE3B, activates glycogen synthase via GSK3 inhibition, 

and enhances GCK transcription, thereby promoting glycogenesis and hepatic 
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glucose disposal (122). Glucagon promotes gluconeogenesis by inducing 

transcription of key genes, while insulin suppress gluconeogenesis by reducing 

glucagon secretion from α-cells, transcriptional regulation, and diminishing the 

supply of gluconeogenic substrates by suppressing adipose tissue lipolysis and 

skeletal muscle proteolysis (123). 

 

1.5.2 Hepatocytes in MASLD 

In MASLD, hepatocytes exhibit increased accumulation of fat and enlarged 

lipid droplets (124). Steatosis develops when the rate of lipid accumulation is 

higher than the disposal of fatty acids via VLDL-secretion and fatty acid 

oxidation. In lean individuals, de novo lipogenesis accounts for ~10% of the 

hepatic fatty acids, whereas in obese individuals with MASLD it can approach 

40% (125), accompanied by increased secretion of VLDL-TAG (126). In 

patients with MASH or obesity, β-oxidation has been reported to be increased 

(127), most likely as an adaptive response to the increased intracellular fatty 

acid burden. Additionally, hepatic expression of fatty acid translocase CD36 is 

increased in liver in patients with MASLD (128).  

A key driver in the metabolic alterations in hepatocytes in MASLD is insulin 

resistance. When insulin antilipolytic effect on adipose tissue is impaired, 

circulating glycerol and fatty acids rise, increasing substrate delivery to the 

liver and stimulating hepatic glucose production. Endogenous glucose 

production is elevated in obesity and T2D, whereas it has been found to be 

similar to controls in non-diabetic individuals with steatotic liver, or increased 

in presence of T2D (30, 129-131). Notably, hepatic glucose production has 

been reported to rise with disease progression to MASH (132), thereby 

exacerbating hyperglycaemia.   

Excess lipids in hepatocytes lead to a buildup of lipid intermediates including 

sphingolipids, such as ceramides, and diacylglycerol (DAG) which can 

contribute to hepatic insulin resistance. In both rodents and humans, hepatic 

insulin resistance positively correlates with intrahepatic DAG content (133). 

Mechanistically, DAG activates protein kinase C ε (PKCε), which 

phosphorylates the insulin receptor an suppresses its kinase activity, leading to 

diminished insulin signalling (133). Ceramides have been shown in mouse 

studies to activate PKCζ that in turn can dephosphorylate AKT and inactivate 

it (134). Thus, different lipids can reduce insulin receptor signalling by acting 

on protein C kinases. 
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1.6 Cellular senescence 

Cellular senescence is a state of stable cell cycle arrest induced by extrinsic or 

intrinsic stressors. The phenomenon was first described by Hayflick, who 

demonstrated that primary human fibroblasts have a finite capacity to divide 

in culture (135). Replicative senescence, which was observed by Hayflick, 

arises from telomere shortening. Premature senescence, on the other hand, 

occurs independently of telomere attrition and can be induced by oncogene 

activation, oxidative or metabolic stress, inflammation, radiation, and DNA 

damage. Both forms of senescence induce a stable cell cycle arrest typically in 

G1 phase, and potentially also in G2 (Figure 3) (136).  

 

Figure 3: Regulation of senescence via p53/p21WAF1/CIP1 or the p16INK4A/pRB 

tumour suppressor pathways. Abbreviations: ATM – Ataxia-telangiectasia mutated 

kinase, ATR - Ataxia-telangiectasia and Rad3-related protein, CHK - cell-cycle 

checkpoint kinase, CDK – cyclin-dependent kinase, E2F – Early 2 factor, MDM2 – 

murine double minute 2, p38 MAPK – p38 mitogen-activated protein kinase, Ras – Rat 

sarcoma, Rb – Retinoblastoma protein, ROS – Reactive oxygen species. Created in 

BioRender. Alexandersson, I. (2026) https://BioRender.com/u3eq7c4. 
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Senescence is considered one of twelve hallmarks of ageing (137), and 

senescent cells accumulate in rodents with increased age (138-140). Although 

senescence markers increase with age in multiple human tissues, studying 

senescence in human ageing remains challenging (141-144). Beyond ageing, 

cellular senescence exerts roles in both physiology and disease, with effects 

that can be both protective and pathological depending on their persistence. It 

acts to suppress tumorigenesis by halting the proliferation of damaged cells, 

thereby protecting against cancer (145). Paradoxically, when persistent, 

senescence can also promote tumour progression by inducing an inflammatory 

tissue environment (146). During mammalian embryogenic development, 

programmed senescence is involved in tissue remodelling and morphogenesis 

(147, 148). Furthermore, senescent fibroblasts and endothelial cells are pivotal 

in effective wound healing by promoting myofibroblast differentiation via 

SASP, and by reducing fibrosis (149, 150).  

The deleterious effects of senescence arise when senescent cells accumulate 

and secrete pro-inflammatory molecules, termed senescence-associated 

secretory phenotype (SASP), which, over time, drive local inflammation and 

tissue dysfunction. Notably, even a small burden of senescent cells can impair 

physical dysfunction, whereas their clearance improves physical and metabolic 

health (151, 152). Senescence is implicated not only in ageing but also in 

age-associated diseases, with senescence features observed in diverse cell 

types and tissues in conditions such as Alzheimer’s disease (153), chronic 

kidney disease (154), obesity and type 2 diabetes (155), MASH (156), and 

idiopathic pulmonary fibrosis (157). Consequently, cellular senescence has 

emerged as a central player in both normal physiology and the pathophysiology 

of diseases.  

 

1.6.1 Characteristics of senescence 

As cells enter senescence, they undergo broad changes in gene expression, 

function, morphology, and secretory profile. However, senescence is highly 

heterogenous, and the features displayed depend on the cell type and the stress 

triggers. Moreover, several markers associated with senescence can also 

appear seen in other biological contexts. Consequently, there is no universal 

marker that defines cellular senescence. The presence of senescent cells should 
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be assessed by multiple markers that typically include cell-cycle arrest 

markers, DNA damage response indicators and SASP components.  

1.6.1.1 Morphological and structural alterations 

Senescent cells display various morphological alterations. A general 

morphological characteristic of senescent cells is an enlarged and flattened cell 

appearance (158, 159). The nuclei of senescent cells can be enlarged and multi-

nucleated (160). These changes may reflect the accumulation of intracellular 

and nuclear components that would normally be partitioned during cell 

division, which is halted by cell-cycle arrest.  

Alterations to chromatin structure and the formation of senescence-associated 

heterochromatic foci (SAHF) driven by reorganization of chromatin structure 

is another morphological feature of senescence (161). Senescence is also 

associated with remodelling of the nuclear lamina, a network of filament 

proteins lining the inner surface of the nuclear envelope. In particular, loss of 

the type-B lamin protein, lamin B1, is a widely used marker of senescence 

(162). 

Senescent cells also exhibit lysosomal alterations, including increased 

lysosome number and size. Senescence-associated β-galactosidase (SA-βgal), 

a lysosomal enzyme, accumulates in senescent cells and is among the most 

widely used senescence markers. In non-senescent cells, the activity of SA-

βgal can be detected at  pH 4, whereas it can be detected at pH 6 in senescent 

cells due to partial lysosomal pH neutralization  (163, 164). 

 

1.6.1.2 DNA damage response 

Many senescence-inducing stressors damage DNA and activate the 

intracellular DNA damage response (DDR). The DDR is a complex network 

that preserves genomic integrity by preventing the propagation of mutations. 

Single- and double-strand DNA breaks, arising from e.g., oxidative stress or 

telomere attrition, trigger DDR signalling that results in cell cycle arrest and 

engagement of DNA repair mechanisms. If the damage is repairable, the cell 

can re-enter the cell cycle, whereas irreparable damage will trigger senescence 

or apoptosis (165). 
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The DDR is initiated when the MRN complex (consisting of the proteins 

MRE11, RAD50 and NBS1) recognizes DNA damage. MRN binds to the 

DNA damage site and recruits and activates the ataxia telangiectasia mutated 

(ATM) and ataxia telangiectasia and RAD3-related (ATR) proteins. ATM and 

ATR amplify downstream DDR signalling to activate checkpoint kinases 

CHK1/2 and p53, enforcing cell cycle arrest (reviewed in 1.7.2) (136). ATM 

and ATR also phosphorylate the histone protein H2AX at Ser139 (γH2AX), 

facilitating assembly of DDR proteins, including mediator of DNA-damage 

checkpoint 1 (MDC1) and p53-binding protein 1 (53BP1), at damage sites 

(166). The accumulation of these DDR proteins, together with activated ATM, 

form detectable nuclear foci called DNA damage foci (167). Elevated DNA 

damage foci and γH2AX are commonly used markers of cellular senescence.  

 

1.6.1.3 Senescence-associated secretory phenotype 

A defining hallmark of cellular senescence is the development of a pro-

inflammatory secretome termed senescence-associated secretory phenotype 

(SASP). Many of the beneficial and pathophysiological effects that senescent 

cells exert on their surroundings are attributed to the SASP. The SASP 

influence diverse processes, including tissue remodelling, immune response, 

and wound repair, yet, accumulation of senescent cells and sustained SASP 

secretion promote a chronic inflammatory microenvironment and tissue 

dysfunction (148, 149, 168). The SASP can also propagate senescence to non-

senescent neighbouring cells (169).  Comprising a complex mixture, the SASP 

includes pro-inflammatory cytokines, chemokines, lipids, proteases, matrix 

metalloproteinases (MMPs), growth factors, and angiogenic factors (136). 

Frequently reported SASP components include cytokines, such as TNFα, IL-

1β, IL-1α, IL-6, and IL-8, and growth factors including IGF-1 and 

transforming growth factor β (TGF-β), and MMPs (170). However, SASP 

composition is highly context-dependent and heterogenous, varying with cell 

type and senescence inducer (171, 172).  

The regulatory pathways governing the SASP are not fully elucidated. Given 

that the SASP comprises hundreds of factors, its control arises from a complex, 

interconnected network of signalling and transcriptional pathways. Two 

central transcription factors in SASP regulation are nuclear factor-κB (NF-κB) 

and CCAAT/enhancer-binding protein-β (C/EBPβ) (173, 174). Both NF-κB 

and C/EBPβ are activated by different types of cellular stress and are involved 

in the DDR (175, 176). These two transcription factors mediate transcription 
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of SASP proteins including IL-6, IL-1α, and IL-8  (136). Transcriptional 

regulation of SASP is further governed by mTOR, p38 MAPK, JAK2/STAT3, 

GATA-binding protein 4, p53, and PI3K pathway (136).  

 

1.6.1.4 Resistance to apoptosis 

Resistance to apoptosis with upregulation of anti-apoptotic and pro-survival 

pathways is a characteristic of senescent cells. Despite heightened cellular 

stress, including exposure to SASP and an active DNA damage response, 

senescent cells often remain viable. In culture, senescent fibroblasts are more 

resistant to serum deprivation than non-senescent cells (177). Transcriptomic 

analysis demonstrated that enhanced apoptotic resistance was driven by 

upregulation of anti-apoptotic and pro-survival mechanisms (178). Anti-

apoptotic members of b-cell lymphoma 2 (Bcl-2) family, which prevents cell 

death by blocking release of cytochrome c from mitochondria – an often 

irreversible step in apoptosis, are upregulated in senescent cells (177, 179, 

180). Heat shock protein 90 (HSP90) is a molecular chaperone that facilitates 

in protein folding, stabilizes newly synthesized proteins and can exert anti-

apoptotic effects. HSP90 is upregulated in many cancers and has been linked 

to cellular senescence (181-183). Inhibiting HSP90 in multiple senescent cell 

types induces apoptosis (182). Targeting these pro-survival pathways is used 

as senolytic approaches to induce apoptosis and clear senescent cells (178, 180, 

182, 184).  

 

1.6.2 Regulatory pathways of senescence  

The regulation of senescence is complex and diverse, depending on the 

initiating senescence stimulus. The most important regulatory pathways that 

largely account for the cell cycle arrest in senescence are the p53/p21WAF1/CIP1 

or the p16INK4A/pRB tumour suppressor pathways. These two pathways are also 

converged on shared nodes and influence each other’s activity. A central 

mechanism in both pathways is the inhibition of cyclin-dependent kinases 

(CDKs), more specifically CDK2 and CDK4/6, by p21 and p16, and the 

formation of CDK-cyclin complexes which is required for cell cycle 

progression (136). The regulatory pathways of cellular senescence are 

described below and summarized in Figure 3.  
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1.6.2.1 p53/p21WAF1/CIP1 pathway 

DNA damage can be induced by extrinsic or intrinsic factors and triggers the 

activation of the intracellular DNA damage response (DDR) pathway. The 

tumour suppressor p53, also called “the guardian of the genome” is encoded 

by the TP53 gene. Upon cellular stress and DNA damage, p53 is activated by 

the DDR and subsequently regulates inhibition of the cell cycle and induction 

of apoptosis or senescence to prevent propagation of mutations (185). The 

p53/p21WAF1/CIP1 pathway is largely responsible for regulating senescence in 

response to activation of the DDR pathway that is induced by telomere 

shortening, oxidative stress, oncogene activation, and genotoxic stress (186).  

Upon induction of DNA double-strand breaks, the sensors ATR and ATM are 

recruited to the site of damage, and activates cell-cycle checkpoint kinases 

CHK1 and CHK2, respectively (187). CHK1 signalling blocks CDK1–cyclin 

A/B activity, enforcing a G2/M cell cycle arrest (14). ATM stabilizes p53 

directly by phosphorylation at Ser 15, and indirectly via CHK2 

phosphorylation of p53 at Ser 20, which inhibits murine double minute 2 

(MDM2) to target p53 for degradation, allowing for p53 levels to raise (188, 

189). As a transcription factor, P53 induces cyclin-dependent kinase (CDK) 

inhibitor p21 encoded by CDKN1A (also known as CIP1, WAF1), a member 

of the CIP/Kip family of CDKs (190). P21 then inhibits cyclinD-CDK4/6 and 

cyclinE-CDK2 complexes to form, thereby preventing phosphorylation of 

retinoblastoma protein (Rb) (136). Rb remains bound to E2F transcription 

factors, which are master regulators of genes required for cell-cycle 

progression, primarily from G1 to S-phase. Consequently, E2F target gene 

expression is repressed, blocking G1/S transition and establishing a G1 

cell-cycle arrest (191).   

 

1.6.2.2 p16ink4a/pRB pathway 

P16 is a CDK inhibitor encoded by the CDKN2A gene that is located on the 

INK4/ARF locus. It specifically inhibits CDK4 and CDK6 and the formation 

of cyclinD-CDK4/6 complexes and inhibits cell cycle transition from G1 to S-

phase. Similar to the p53/p21WAF1/CIP1 pathway, the suppressed formation of 

cyclin D–CDK4/6 complexes prevents Rb phosphorylation and its release from 

E2F transcription factors and ultimately the progression of the cell cycle into 

S-phase (192). 
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In contrast to the p53/p21WAF1/CIP1 pathway, p16INK4A/pRB is primarily not 

induced by DNA damage, but by other stressors (186). Activation of RAS 

proteins by oncogenes has been demonstrated to induce p16 via RAS 

/ERK/MAPK cascade (193, 194). A strong RAS signalling will activate the 

p38 mitogen-activated protein kinase (MAPK) pathway and senescence, 

whereas a moderate signalling will not. Activated p38 MAPK can activate p16, 

but also p21 and p53 (195, 196). P16 is also induced in response to oxidative 

stress. Expression of p16 was induced in multiple cell types treated with H2O2, 

and the regulation of p16 induction by ROS has been linked to the ERK1/2 and 

p38 MAPK (197, 198).  

 

1.6.3 Adipocyte senescence 

Ageing is associated with chronic adipose inflammation, and is a risk factor 

for development of insulin resistance and T2D. Cellular senescence may be a 

mediator in adipose tissue alterations in ageing, and markers of senescence are 

elevated in adipose tissue of aged mice (199, 200). Senescence has also been 

implicated in adipose and metabolic dysfunction, and elevated levels of 

senescence markers has been reported in adipose tissue in humans related to 

both obesity and T2D (155, 201-203). Preclinical studies assessing the role of 

senescence in obese mice further strengthen this link. Senescent cell clearance 

with senolytics dasatinib and quercetin, or using a mouse model that allows for 

elimination of p16-positive cells in obese mice, reduced adipose senescence, 

and was associated with improved preadipocyte adipogenesis, reduced 

abundance of crown-like structures, enhanced insulin-stimulated AKT 

phosphorylation, and reduced average cell size diameter in VAT (152). 

Furthermore, senescent cell clearance was associated with increased 

adiponectin plasma levels. Another study using the same approach reported 

lowered plasma leptin levels while no change in adiponectin levels was 

observed (204). These studies highlight adipose tissue senescence as a 

potential contributor in age- and obesity-related metabolic dysfunction.  

In human mature adipocytes, senescence markers are elevated in obesity, with 

a further increase observed in individuals with obesity and T2D (155). We 

previously showed that human mature adipocytes can undergo senescence in 

response to hyperinsulinemia - an association that was found both in vitro and 

in vivo (203). Mature adipocytes are generally considered as post-mitotic cells. 

However, high levels of insulin were associated with markers of an active cell 

cycle and markers of senescence in the adipocytes. In summary, 
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hyperinsulinemia promotes the cells to enter the cell cycle and senesce instead 

of undergoing cell division. Notably, senescence markers were more 

pronounced in SAT adipocytes than in VAT (omental) adipocytes from the 

same individual (203), indicating depot-specific susceptibility. 

Cellular senescence has been linked to dysfunctional adipose expansion. 

Human preadipocytes can undergo both premature senescence, as induced by 

DNA damage, p53 activation or metabolic stress, and replicative senescence, 

which both has been associated with reduced adipogenic capacity (169, 205, 

206). Adipogenesis of non-senescent preadipocytes is decreased when co-

cultured with senescent preadipocytes (169). Furthermore, conditioned media 

from senescent preadipocytes impair adipogenesis and propagate senescence 

in non-senescent preadipocytes, implicating SASP as contributor to reduced 

adipogenic capacity (169). Markers of senescence positively correlated with 

adipocyte cell size (155, 203, 207), linking adipocyte senescence to 

hypertrophic obesity.  

 

1.6.4 Hepatocyte senescence 

Hepatocyte senescence is associated with MASLD in humans. Senescence 

markers, including SA-βgal, p21, p16, and γH2AX, positively correlate with 

liver disease progression, and with the degree of hepatic fibrosis and steatosis 

(156, 208-212). Moreover, the abundance of p21-positive hepatocytes is 

significantly higher in individuals with T2D in liver sections from individuals 

with or without MASLD (210). SA-βgal levels positively correlate with 

increased age in healthy livers (209), indicating that hepatic senescence is 

related to both liver disease and ageing in humans.  

Preclinical studies further support a link between hepatic steatosis and 

senescence. Depletion of senescent cells by using senolytics dasatinib and 

quercetin, or by clearance of p16-positive cells in transgenic mice reduces 

hepatic TAG content in diet-induced obese mice (204, 211). Furthermore, aged 

mice with a liver-specific inactivation of the gene Xpg (encoding a DNA repair 

endonuclease) exhibit increased markers of an active DDR, such as elevated 

DNA damage foci, and p21, accompanied by increased TAG accumulation in 

the liver (211), collectively linking hepatic senescence to steatosis in both 

obesity and ageing.  
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Hepatocyte senescence has also been linked to hallmark features of obesity and 

T2D, including hyperinsulinemia and elevated circulating fatty acids. In a 

cohort with obese individuals with or without MASLD, higher plasma insulin 

levels correlate with increased hepatic gene expression of senescence and 

SASP markers, such as CDKN1A (p21), IL8 and TGFβ (213). 

Hyperinsulinemia has further been demonstrated to induce senescence with 

elevated levels of MDM2, p21, p53 and γH2AX in immortalized human 

hepatocytes (IHH) (214), while co-treatment with PI3K-inhibitor LY294002 

attenuated the increase in senescence markers (214). High levels of fatty acids 

likewise trigger hepatocytes to senesce in vitro, as demonstrated in cultures 

with mouse hepatocyte cell line AML12 and primary mouse hepatocytes, 

which was associated with increased hepatocyte TAG content (215). Notably, 

fatty acid-induced senescent hepatocytes promote hepatic stellate cells 

activation in co-cultures and upregulate their expression of extracellular matrix 

components (215). Because activated stellate cells produce collagen, and are 

thought to play a significant role in progression of liver fibrosis (216), these 

findings suggest that hepatocyte senescence may contribute to progression of 

fibrosis in liver disease.    

 

1.7 Anti-diabetic treatments 

T2D is typically treated with life-style changes, including dietary changes and 

regular physical activity, combined with anti-hyperglycaemic therapies as well 

as treatment to reduce the risk for diabetic complications. The most prescribed 

anti-diabetic drug is metformin that reduces blood glucose levels, most likely 

by decreasing hepatic gluconeogenesis via inhibition of mitochondrial 

respiration and activation of AMPK in the liver. Glucagon-Like Peptide-1 

(GLP-1) receptor agonists mimic the endogenous hormone GLP-1 and enhance 

glucose-mediated insulin secretion from β-cells, suppress glucagon, and 

reduce appetite. Additional anti-diabetic drugs include dipeptidyl peptidase-4 

inhibitors, sulfonylureas, thiazolidinediones, sodium-glucose cotransporter-2 

(SGLT2) inhibitors, and insulin (217). SGLT2 inhibitors and fibroblast growth 

factor 21 (FGF21) that were evaluated in paper III are reviewed below. 

Although not an approved anti-diabetic drug, FGF21 has demonstrated glucose 

lowering effects in preclinical studies.  
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1.7.1 SGLT2 inhibitors 

SGLT2 inhibitors are a class of drugs originally developed as a treatment for 

T2D due to their glucose lowering effects.  Three SGLT2 inhibitors; 

dapagliflozin, canagliflozin and empagliflozin, are approved for use as 

monotherapy or in combination with other glucose-lowering medications. 

Since their introduction, they have also demonstrated clinically meaningful 

protective effects in chronic kidney disease, cardiovascular disease, and heart 

failure. In the CV-no-harm study, EMPA-REG-OUTCOME (2015), 

empagliflozin reduced the risk of hospitalization for heart failure by 35% and 

cardiovascular death 38% in patients with T2D (218). Since then, numerous 

clinical studies have shown that SGLT2 inhibitors significantly lower the risks 

of the composite endpoint heart failure hospitalizations and cardiovascular 

death, both in patients with and without diabetes (219-223). Furthermore, 

among patients with chronic kidney disease, SGLT2 inhibitors attenuate 

disease progression and decrease cardiovascular mortality (224-226).  

Mechanistically, SGLT2 inhibitors lower plasma glucose levels by binding to 

SGLT2 transporter in the kidney and reduce reabsorption of glucose in 

proximal tubule of the kidney. SGLT2 is the main renal glucose transporter, 

reabsorbing approximately 80-90% of the filtered glucose (about ~160 g/day), 

while SGLT1 reabsorbs the remaining 10-20% (227). The inhibition of SGLT2 

leads to a daily urinary loss of 60-80 g glucose depending on plasma glucose 

and glomerular filtration rate (228, 229). As SGLT2 is inhibited, SGLT1-

mediated reabsorption of glucose increases, which explains why SGLT2 

inhibition yields an excretion of glucose amounting to less than 50% of the 

kidney’s daily glucose reabsorptive capacity (230).  

SGLT2 inhibitors typically reduce the levels of haemoglobin A1C (HbA1c) by 

0.5-1.0% in patients with T2D (231, 232). The induced excretion of ~60-80 g 

glucose leads to a daily caloric loss and a reduction of body weight, typically 

around 2.5-3 kg during the first 6 months, as well as a reduction in both 

subcutaneous and visceral fat mass (227, 233, 234). Inhibition of SGLT2 

reduces plasma insulin, and increases insulin sensitivity in patients with T2D, 

as measured with insulin-mediated whole-body glucose disposal, (231, 235, 

236), and improve β-cell function (231, 237). SGLT2 inhibition results in 

increased secretion of glucagon by α-cells in pancreas and reduces insulin to 

glucagon ratio. In addition, SGLT2 inhibitors increase the basal endogenous 
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glucose production, fat oxidation, plasma ketone (β-hydroxybutyrate) 

concentration, while glucose oxidation is reduced (231, 235, 236, 238). 

Increased β-hydroxybutyrate arises from increased ketogenesis that primarily 

occurs in the liver. Elevated ketogenesis and fat oxidation indicates a shift in 

metabolism from carbohydrate to fat as substrate utilization for energy, similar 

as occurs during states of fasting and caloric restriction.  

 

1.7.1.1 SGLT2 inhibitors and senescence 

Accumulating evidence suggests that SGLT2 inhibitors possess anti-ageing 

and anti-senescent properties. In a recent publication, Kulkarni et. al evaluated 

both preclinical and clinical data across multiple FDA-approved drugs and 

ranked them by their likelihood of success as gerotherapeutics, and SGLT2 

inhibitors emerged as the top candidate (239). Preclinical studies further 

support this potential. Canagliflozin treatment extended median survival by 

14% in male mice, whereas no effect on life span was observed in female mice 

(240), and empagliflozin increased median lifespan of male mice by 5.9% 

(241).  

The potential of SGLT2 inhibitors as anti-ageing therapeutics is further 

supported by their anti-senescent capacity that has been demonstrated in 

various preclinical metabolic disease models. The db/db mouse exhibits 

increased renal expression of senescence markers (p21, p16, p53, SA-βgal and 

γH2AX) relative to controls. Eight weeks of dapagliflozin treatment attenuated 

this increase in the kidneys (242). Furthermore, SGLT2 inhibitor TA-1887 

reduced mortality and expression of senescence marker Cdkn2a (p16) and SA-

βgal in epididymal adipose tissue in db/db mice on HFD (243). Interestingly, 

Katsuumi et al. recently reported that only seven days of canagliflozin 

treatment reduced senescence marker expression in primarily gonadal adipose 

tissue in HFD fed male mice (244). These findings indicate that SGLT2 

inhibitors, in addition to improving metabolic control, also have potential to 

alleviate senescence burden in metabolic disease. 

Since initiation of the work in paper III, two studies have been published that 

evaluate the effects of SGLT2 inhibitors on senescence in aged mice: In 

naturally aged 20-month-old male C57BL/6J mice, 24 weeks of empagliflozin 

treatment slowed liver senescence, lowering expression of p16, p21 and 

cytokine TGF-β1 (241). Similarly, 6-months of empagliflozin treatment in 14-

month-old male C57BL/6J mice reduced progression of kidney senescence 
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(SA-βgal, p16, and p21) and inflammatory markers (TGF-β1, TNF-α, and IL-

1β) (245).   

 

1.7.2 FGF21  

Fibroblast growth factor (FGF) 21 treatment has demonstrated beneficial 

effects on body weight and metabolic control preclinically, and although these 

effects did not fully translate to humans in early clinical trials, several FGF21 

analogues are now being evaluated in clinical trials for the treatment of MASH. 

FGF21 belongs to the superfamily of FGFs consisting of 22 proteins. FGF21 

is primarily produced by the liver and can, in contrast to most FGFs, act in an 

endocrine manner and target several tissues, including adipose tissue and liver. 

It acts via FGF receptors (FGFR1-4) and requires a co-receptor, β-klotho, to 

bind and activate the FGF receptor (246). FGF21 has the highest affinity for 

FGFR1, and most of the systemic effects of FGF21 appear to be mediated via 

FGFR1 in mice (247). Circulating levels of FGF21 are increased in individuals 

with obesity, T2D and MASLD and  correlates with both age and BMI (248-

251).  

In preclinical studies, FGF21 has multiple beneficial effects on metabolic 

homeostasis that have generated considerable interest in it as a potential 

treatment for obesity and T2D. In mouse models of obesity, treatment with 

FGF21 reduces body weight, decreases fat mass, improves glucose control and 

insulin sensitivity, and reduced plasma triglyceride and total cholesterol levels 

(252-254). The beneficial effects of treatment with FGF21 or FGF21 analogues 

on glucose homeostasis, body weight and lipid profile (circulating triglycerides 

and cholesterol) have further been demonstrated in obese and diabetic non-

human primates (255-257). In mouse adipocytes, FGF21 stimulates increased 

glucose uptake in vitro. Furthermore, FGF21 induces browning of white 

adipose tissue in vivo in mice, resulting in increased energy expenditure, and 

increases circulating adiponectin levels in both mice and non-human primates 

(246). Notably, many of the beneficial metabolic effects exerted by FGF21 

appear to be mediated via increased adiponectin levels. In obese adiponectin-

knockout mice, the improvements on glucose control, insulin resistance, 

dyslipidaemia, and hepatic steatosis were abrogated (258).  

The observed preclinical glucose-lowering and weight-reducing effects of 

FGF21 have been rather inconsistent and modest in clinical studies. In contrast, 

the effects on adiponectin, plasma insulin, cholesterol and triglycerides are 
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consistently reproduced in clinical studies (246). These results, together with 

preclinical evidence that FGF21 alleviates inflammation, improves lipid 

metabolism, hepatic steatosis and hepatic fibrosis, has prompted the clinical 

evaluation of multiple FGF21 analogues as potential therapies for MASH 

(259). Multiple phase 1 and 2 trials of FGF21 analogues, including 

Efruxifermin and Pegozafermin, have demonstrated improvements in MASH-

related parameters, including reduced liver fat content and liver fibrosis, and 

reduced plasma triglycerides (260-264).   

 

1.7.2.1 FGF21 and senescence 

Similar to SGLT2 inhibitors, FGF21 has been linked to improved longevity in 

mice. Hepatocyte-specific FGF21 overexpression in mice (males and females) 

increased the median survival by 36% compared to controls (265), and 

adipocyte-specific overexpression of FGF21 extended the median lifespan of 

HFD-fed transgenic male mice by 26% (266). Furthermore, FGF21 has been 

associated with reduced hepatic senescence in ageing. Administration of 

recombinant murine FGF21 for six months to 14-month-old male mice reduced 

hepatic senescence compared to controls (267). In line with these in vivo 

studies, FGF21 demonstrates anti-senescent potential in cellular models. 

Overexpression of FGF21 mitigated senescence markers (SA-βgal, p21 and 

p53) in bone marrow mesenchymal stem cells from aged donors (268), and in 

mouse chondrocytes, FGF21 pretreatment attenuated oxidative stress-induced 

senescence by lowering levels of p21, p16 and SA-βgal, and increased the anti-

apoptotic protein Bcl-2 (269). However, few studies have been investigating 

effects of FGF21 on senescence in adipose tissue. 
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2 Aim 

The overall aim of this thesis was to examine the relationship between cellular 

senescence and adipose and liver function in metabolic disease and ageing. A 

particular focus was to determine how cellular senescence alters adipocyte and 

hepatocyte key metabolic functions by generating in vitro models of cellular 

senescence in these cells (Paper I and II).  Furthermore, the thesis evaluated 

whether agents with favourable effects on metabolism and longevity exert 

anti-senescent actions in aged mice (paper III).  

 

Paper I: Title: Insulin-stimulated Glucose Uptake is Impaired in 

Senescent Human Adipocytes 

Aim: To assess the effect of cellular senescence on human 

adipocyte function and how it relates to metabolic dysfunction 

in T2D and obesity. 

 

Paper II: Title: Cellular senescence in hepatocytes contributes to 

metabolic disturbances in NASH 

Aim: To examine the effect of cellular senescence on 

hepatocyte function and the relationship to metabolic 

dysfunction in MASLD and T2D.   

 

Paper III: Title: SGLT2 inhibitor dapagliflozin and FGF21 improve 

metabolic control and reduce progression of senescence in 

aged mice 

Aim: To investigate the effect of SGLT2i dapagliflozin and 

FGF21 on metabolic function and cellular senescence in 

adipose and liver tissue in naturally aged mice. 
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3 Methodological considerations 

3.1 Adipose tissue Cultures 

In paper I, cultures of human preadipocytes differentiated into adipocytes were 

used to investigate how cellular senescence affect adipocyte function. The 

initial plan was to use primary human adipocytes cultured as membrane mature 

adipocyte aggregate cultures (MAAC) (270, 271). While mature adipocytes 

cultured as MAAC much retain the characteristic morphology of mature 

adipocytes both in size and with an unilocular lipid droplet, differentiated 

preadipocytes are smaller and multilocular. However, MAAC is more 

technically challenging, while cultures with differentiated adipocytes can 

easily be scaled up and allow for experimental replication using cells from the 

same donor. Preadipocytes can be expanded and frozen, mature adipocytes 

cannot, necessitating access to fresh adipose tissue. In collaboration with 

Sahlgrenska University hospital, adipose tissue was received from patients 

undergoing elective surgery for breast reconstruction (DIEP-surgery) or 

abdominoplasty surgery. However, during COVID-19 pandemic these 

surgeries were deprioritized, and access to adipose tissue ceased. Later in the 

PhD project, the collaboration with Sahlgrenska University hospital was 

discontinued.   

 

 

3.1.1 Donors 

The human preadipocytes that were used in paper I were obtained from two 

sources: preadipocytes isolated from subcutaneous abdominal adipose tissue 

donated by patients undergoing elective surgery (breast reconstruction (DIEP) 

or abdominoplasty surgery) at Sahlgrenska University hospital (n=7) and 

commercially purchased as adipose-derived stem cells from liposuction 

(subcutaneous adipose tissue) from Lonza (n=3). All donors were female and 

middle-aged (mean age 50.8). Because markers of senescence are increased in 

adipose tissue in obesity, donors were selected with BMI < 30 (mean BMI 

26.8) to reduce baseline of senescence in the model.  
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3.1.2 Differentiation protocol 

The differentiation of human preadipocytes in paper I was carried out 

accordingly: Human preadipocytes were seeded in proliferation medium (PM-

1; Zenbio) supplemented with basic FGF (FGF2). The day after seeding the 

medium was changed and, in addition to basic FGF, bone morphogenetic 

protein 4 (BMP4) was added. When the preadipocytes were ~90% confluent, 

differentiation was initiated by changing the medium to basal medium (BM-1; 

Zenbio), supplemented with fetal bovine serum (FBS), penicillin-

streptomycin, pioglitazone, 3-isobutyl-1-methylxanthine (IBMX), 

dexamethasone,  and insulin. After 7 days, pioglitazone and IBMX were 

removed from the medium. Induction of senescence using doxorubicin, nutlin-

3a and etoposide was initiated at day 10 of differentiation.  

 

3.2 Hepatocyte cell lines 

Primary human hepatocytes are widely regarded as the optimal model for 

studying hepatocyte biology and pathophysiology in vitro. However, in 

conventional 2D culture they rapidly lose hepatocyte-specific functions and 

dedifferentiate, constraining their experimental utility to only a few 

days  (272). Thus, two hepatocyte cell lines: hepatocellular carcinoma HepG2, 

an immortal cell line derived from a 15-year old white male (273), and 

immortalized human hepatocytes (IHH) were used in paper II to generate an 

in vitro model of cellular senescence in hepatocytes. The IHH cells were kindly 

provided by Jan Borén at Gothenburg University and are generated by stable 

transfection of human hepatocytes with simian virus 40 (274). Although both 

these cell lines are used in studies of hepatocyte glucose and lipid metabolism, 

they may not fully capture the phenotype of primary human hepatocytes. 

HepG2 cells have been demonstrated to have increased consumption of 

glucose and lower fatty acid oxidation rate compared to primary mouse 

hepatocytes (275). This difference may reflect the origin of HepG2 cells as a 

hepatocellular carcinoma cell line. Indeed, HepG2 has a gene expression that 

highly correlates with that of hepatocellular carcinoma tumour samples (276). 

Nevertheless, the inclusion of two separate human hepatocyte cell lines 

strengthens confidence in the relevance of the paper II findings. 
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3.3 Senescence inducers 

Cellular senescence can be induced by multiple stressors including oxidative 

stress, telomere shortening, oncogene activation and genotoxic stress (277). 

The use of chemicals, compounds or chemotherapies to induce senescence is 

an established method within the senescence field to generate in vitro and in 

vivo models of senescence (278, 279). In paper I and II, we developed in vitro 

models of senescence with human adipocytes (paper I) and HepG2 and IHHs 

(paper II). We used multiple drugs with different senescence-inducing 

mechanisms to strengthen confidence that the observed results are due to 

senescence and not any other compound-specific effects. The selected 

inducers: etoposide, doxorubicin and nutlin-3a have previously been shown to 

induce expression of senescence markers in both primary cells and multiple 

cell lines (155, 206, 279-281). 

 

3.3.1 Etoposide 

Etoposide is a semi-synthetic derivative of podophyllotoxin. It is used as 

chemotherapy alone or in combination with other chemotherapeutic drugs in 

treatment of several cancers, including lung cancer and leukaemia (282, 283). 

Etoposide is an inhibitor of topoisomerase II – an enzyme that modulates DNA 

topology during replication and transcription by resolving DNA tangles and 

supercoils. Topoisomerase II accomplishes this by creating transient double-

stranded DNA breaks which allows for the passage of an intact double helix, 

followed by re-ligation of the breaks (284). During this process, topoisomerase 

II forms a transient complex with the DNA that is targeted by etoposide. 

Etoposide binds to the topoisomerase-DNA complex and inhibits re-ligation, 

thereby converting transient breaks into persistent double-strand breaks (282). 

The accumulation of double-stranded DNA breaks activates the DNA damage 

response, engages p53, and ultimately leads to cell-cycle arrest and, senescence 

or apoptosis (285).  

 

3.3.2 Doxorubicin 

Doxorubicin or Adriamycin is a chemotherapy that is used alone or in 

combination with other chemotherapies to treat several types of cancers, 

including breast, ovarian, bladder and gastric cancers (286). It belongs to the 
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class of anthracyclines that targets topoisomerase II (287). Doxorubicin, and 

other anthracyclines, intercalate DNA and form doxorubicin-DNA adducts 

which inhibit the topoisomerase II enzyme and prevents resealing of the DNA 

breaks (288). Similar to etoposide, this results in accumulation of DNA double-

strand breaks triggering the DNA damage response. Notably, the formation of 

doxorubicin-DNA adducts has been demonstrated to activate the DNA damage 

response independently of topoisomerase II, indicating topoisomerase II-

independent cytotoxic signalling (289, 290).  

Beyond its direct effects on nuclear DNA, doxorubicin acts on additional 

intracellular targets. The drug binds to phospholipid cardiolipin in inner 

mitochondrial membrane, disrupting mitochondrial function and promoting 

generation of ROS (286). In the cytoplasm, doxorubicin is converted into an 

unstable semiquinone by oxidoreductases. Conversion back to a semiquinone 

by re-oxidation generates ROS and hydrogen peroxide (291). Generation of 

ROS may be an additional mechanism by which doxorubicin induces 

senescence.  

 

3.3.3 Nutlin-3a 

Nutlin-3a is a small molecule and a p53 activator belonging to the class of cis-

imidazoline analogues. The ability of nutlin-3a to induce expression of 

senescence markers has been demonstrated in various cell types, including 

human fibroblasts, human preadipocytes, mouse hepatocytes and in multiple 

cell lines. Nutlin-3a induces senescence by blocking the binding of MDM2 to 

p53. MDM2 and p53 are interconnected in an autoregulatory feedback loop. 

P53 induces MDM2 gene expression, while MDM2 inhibits p53 mainly by 

targeting it for ubiquitination and degradation (188). The inhibition of the p53-

MDM2 binding by nutlin-3a, stabilizes the p53 levels by repressing its 

degradation, and activates p53 pathway (292). While nutlin-3a leads to an 

accumulation of p53, it does not result in phosphorylation of p53 key serines 

as evident by doxorubicin and etoposide, suggesting that the activation for p53 

by nutlin-3a is unlikely caused by genotoxic stress (293). In support of this, 

nutlin-3a treatment of human adipocytes did not result in induction of γH2AX 

in paper I.  

 



Ida Alexandersson 

33 

3.4 Aged mice  

The effects of dapagliflozin and FGF21 on senescence and ageing-related 

metabolic health were evaluated in naturally aged male C57BL/6J mice. Prior 

to this work, a few studies had assessed the anti-senescent effect of SGLT2 

inhibitors in mouse models of obesity, but none had examined their effects on 

senescence in ageing. Likewise, apart from one report of FGF21 reducing 

hepatic senescence in aged mice (267), this field remained largely unexplored 

for both interventions. Therefore, there was no precedence with respect to the 

ideal mouse wild-type model for this study. Animals were 15 months old at 

study initiation and 17 months old at completion. The decision to use 15-

month-old mice was based on evidence that the whole-body burden of 

Cdkn2a-positive senescent cells more than doubles between 3 and 18 months 

of age in mice (199), suggesting that by  ~18  months senescent cell 

accumulation would be sufficient to reveal any effects of the interventions. We 

also conducted a pilot study with 3-month-old (n = 6) and 16-month-old (n = 

8) mice to confirm age-related increases in senescence markers and to optimize 

assays before the intervention study. Indeed, we found increased gene 

expression of Cdkn1a, as well as protein levels of p21 and p53 in inguinal 

WAT (Figure 4), and increased levels of Cdkn2a in liver. The measured p21 

protein levels in inguinal adipose tissue were used to estimate the number of 

animals needed to detect a significant reduction of p21 to levels 50% of those 

observed in 16-month-old mice in the pilot study (80% power with n=9). 

 

Figure 4: p21 and p53 levels are increased in inguinal adipose tissue in 16-month-old mice 

(aged) compared to 3-month-old (young). (A) Western blot analysis of p21 and p53 in 

inguinal adipose tissue from young (n = 6) and aged (n = 8) mice, and (B) corresponding 

quantified levels. Quantified p21 and p53 levels are normalized to quantified total protein 

levels. Data are shown as mean ± SD. Data were analysed by Mann-Whitney test.  

***P < 0.001. 
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4 Results 

 

4.1 Paper I: Insulin-stimulated glucose uptake is 

impaired in senescent human adipocytes 

 

Results: In paper I, the effects of cellular senescence on the metabolic function 

of human adipocytes and the potential link to metabolic disease was explored. 

An in vitro senescence model was generated by treating differentiated human 

preadipocytes (adipocytes) with the DNA damaging agents doxorubicin and 

etoposide, or with the p53 activator nutlin-3a. All three inducers increased 

levels of senescence markers p53, p21, and MDM2, and elevated the activity 

of SA-βgal. Immunocytochemistry showed that p21-positive cells increased 

from about 20% in controls to 60–80% following treatment. Analysis of 

secreted factors using the OLINK platform confirmed secretion of multiple 

known SASP components, such as CCL3, CCL8, CXCL1, MMP10 and IL7, 

and identified additional factors that, to the best of our knowledge, have not 

previously been attributed as SASP, including CASP8, ADA and FLT3LG. 

Functionally, nutlin-3a- and etoposide-induced senescence did not alter basal 

or stimulated lipolysis. However, lipolysis was reduced in doxorubicin-treated 

cells, most likely explained by reduced basal lipolysis as EC50 was similar to 

that of control cells. Insulin-stimulated glucose uptake was markedly reduced 

in senescent adipocytes despite largely preserved insulin signalling, although 

doxorubicin-treated cells displayed reduced total protein levels of IRβ and 

P70S6K. Senescence also downregulated adipocyte markers, including LEP, 

PLIN1, PNPLA2, protein levels of PPARγ2 and GLUT4, and secretion of 

adiponectin, most prominently with doxorubicin treatment, without altering 

lipid droplet number or size. Collectively, these results indicate that adipocyte 

senescence selectively alters adipocyte metabolic function by reducing insulin-

stimulated glucose uptake, while insulin receptor signalling and lipolytic 

capacity were largely maintained.  
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4.2 Paper II: Cellular senescence in hepatocytes 

contributes to metabolic disturbances in 

NASH  

 

Results: In paper II, an in vitro model of hepatocyte senescence was 

established to investigate the role of senescence in metabolic dysfunction 

relevant to MASLD. Two cell lines, HepG2 and IHH, were treated with DNA 

damaging agents doxorubicin and etoposide, and with the p53 activator nutlin-

3a. Induction of senescence was confirmed by increased gene expression and 

protein levels of senescence markers p16, p53 and p21. The proportion of 

positive p21 cells rose from 2 and 27% in controls, to 55-80% and 70-84% in 

senescent HepG2 and IHH cells, respectively. Senescence markedly altered 

hepatocyte fatty acid, lipid and glucose metabolism, and was associated with 

increased TAG content and elevated expression of fatty acid transporters 

(including CD36, FATP2, and FATP5), as well as increased capacity for lipid 

uptake. Furthermore, glycogen content was increased in the senescent 

hepatocytes, while de novo lipogenesis capacity was decreased and secretion 

of VLDL-TAG was increased. Paradoxically, capacity for both glucose and 

fatty acid oxidation was elevated in senescent cells. Although MASLD is 

typically linked to insulin resistance, hepatocyte senescence in this model was 

associated with increased insulin-induced phosphorylation of IR, AKT and 

MAPK. Taken together, these findings demonstrate that senescence alters 

several hepatocyte metabolic functions, and some of these changes recapitulate 

metabolic features associated with hepatocytes in MASLD, obesity, or T2D.  
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4.3 Paper III: SGLT2 inhibitor dapagliflozin and 

FGF21 improve metabolic control and 

reduce progression of senescence in aged 

mice 

 

Results: To examine the impact of SGLT2 inhibition and FGF21 on cellular 

senescence and metabolic control with ageing, 15-month-old, otherwise 

healthy mice, received dapagliflozin in drinking water or Fc-hFGF21 

injections for eight weeks. Control animals gained body weight, which was 

prevented by dapagliflozin whereas FGF21 reduced body weight and fat mass 

by 8.1% and 43%, respectively.  Both treatments lowered plasma insulin levels 

and hepatic TAG, while FGF21 additionally decreased liver weight, blood 

glucose, plasma cholesterol and TAG, and increased β-hydroxybutyrate. 

Senescence markers were measured in inguinal and epididymal adipose tissue, 

and in liver. In epididymal adipose tissue, dapagliflozin attenuated age-related 

progression of Cdkn2a, Cdkn1a, Glb1 and Tp53, while FGF21 reduced Cdkn2a 

and Cdkn1a progression. Both treatments lowered p21 protein in epididymal 

fat as measured by immunohistochemistry. Additionally, dapagliflozin had a 

less prominent effect on gene expression of senescence markers in inguinal 

adipose tissue and liver than in epididymal adipose tissue. There was no effect 

on measured senescence markers in inguinal adipose tissue and liver with 

FGF21-treatment. Neither intervention altered amount of MAC2, as an 

indicator of macrophage abundance, in epididymal adipose tissue and liver. 

Furthermore, measurements of SASP gene expression revealed a reduced 

progression of Tnf, Ilb1, Mmp3, and Ccl2 expression by dapagliflozin in 

epididymal adipose tissue, while no effect was observed with FGF21. 

Dapagliflozin also reduced Ccl2 in both inguinal adipose tissue and liver, 

whereas this effect was only observed with FGF21 in inguinal adipose tissue. 

Taken together, FGF21 had a more prominent effect on metabolic parameters 

in ageing compared to dapagliflozin, while dapagliflozin exerted a more 

pronounced inhibitory effect on progression of senescence related to ageing in 

adipose tissue and liver.   
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5 Discussion 

 

Contribution of senescent adipocytes and hepatocytes to metabolic 

dysfunction. 

 

Senescence has been implicated in decline of tissue function with age and in 

metabolic conditions such as obesity and T2D. In paper I and II, senescence 

was associated with altered cell-type specific metabolic functions in both 

hepatocytes and adipocytes, with many of the findings resembling the 

dysregulated metabolism observed in obesity, T2D and MASLD. In paper I, 

senescent human adipocytes displayed markedly reduced insulin-stimulated, 

but not basal, glucose uptake alongside reduced gene expression and protein 

levels of GLUT4, features characteristic of adipocytes in insulin-resistant 

conditions (93, 95, 96). Glucose is the substrate of de novo lipogenesis in 

adipocytes and is further needed for generation of the glycerol-3-phosphate 

backbone required for fatty-acid esterification into TAG. It may be speculated 

that the diminished glucose uptake may limit TAG synthesis in senescent 

adipocytes, contributing to elevated circulation of fatty acids and ectopic lipid 

accumulation. Lipolysis was largely unaffected by senescence, although a 

trend of reduced basal lipolysis was observed in doxorubicin-treated 

adipocytes. Additionally, analysis of senescent adipocyte SASP composition 

in conditioned media revealed increased secretion of pro-inflammatory 

cytokines and chemokines (e.g., CCL3, CXCL1, CCL8, CCL2, and IL7) and 

reduced secretion of adiponectin. Increased secretion of cytokines resembles 

the phenotype of hypertrophic adipocytes, while reduced secretion of 

adiponectin is further observed in obesity (107, 108). Alterations that may 

contribute to development or exacerbation of chronic adipose inflammation in 

obesity and T2D. 

 

Similarly, in paper II we found cellular senescence to alter both hepatocyte 

fatty acid and glucose metabolism. Senescent hepatocytes demonstrated 

increased TAG content and increased expression of fatty acid transporters, 

including CD36, FATP2 and FATP5. MASLD is characterized by increased 

hepatic lipid accumulation, and elevated expression of CD36 has been reported 

in liver biopsies from patients with MASLD (128). Hepatocyte senescence was 

associated with an increased capacity for lipid uptake in our model and the 
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capacity for de novo lipogenesis was lowered, which contrasts with the 

increase in de novo lipogenesis observed in individuals with MASLD. 

Additionally, in paradox to the increased content of TAG, we observed an 

increase in fatty acid oxidation and TAG secretion, changes that would favour 

a reduction in TAG content. Notably, increased hepatic VLDL-TAG secretion 

has been observed in individuals with obesity and MASLD, while increased β-

oxidation has been reported in MASH or obesity (126, 127). These changes 

may be a consequence to the increased flux of fatty acids to hepatocytes that 

contribute to enhanced gluconeogenesis. Last, we found senescent hepatocytes 

to have elevated glucose production capacity, which may promote or 

exacerbate hyperglycaemia observed in T2D. Collectively, our results indicate 

that senescence induces metabolic alterations in both adipocytes and 

hepatocytes, and that these changes may contribute to metabolic dysfunction 

observed in obesity, T2D and MASLD. 

It should be emphasized that the results in papers I and II were obtained in 

vitro using differentiated human preadipocytes and the hepatocyte cell lines 

HepG2 and IHH, models that do not recapitulate the complexity of adipose 

tissue and liver, or whole-body metabolism in vivo. Moreover, the acute 

experiments were carried out under defined experimental conditions and 

reflect the cells’ immediate metabolic capacity, which may not capture longer-

term adaptations or context-dependent regulation in vivo. 

 

 

The potential role of senescent adipocytes and hepatocytes in development of 

insulin resistance.  

Insulin resistance is a primary driver of metabolic alterations in T2D. 

Senescence is elevated in hepatocytes from individuals with MASLD, with 

increased amount of p21-positive cells in those with MASLD and T2D 

compared to in non-diabetic MASLD (156, 210). Similarly, senescence 

markers are increased in SAT adipocytes isolated from people with obesity and 

are further elevated in those with obesity and T2D (155). These observations 

raise the question whether senescence is a driver of insulin resistance or rather 

a consequence of it. In paper II, we showed that high levels of insulin reduced 

insulin receptor signalling in hepatocytes with reduced total and 

phosphorylated levels of IR (Tyr1146), and lower phosphorylation of AKT 

(Ser473), alongside an elevation in p16 and p21 levels. Baboota et. al., reported 

that elevated insulin levels increased levels of senescence markers MDM2, 
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p21, p53 and γH2AX in IHH cells, while these effects were attenuated by co-

treatment with the PI3K inhibitor LY294002 (214). In line with these findings, 

we observed that insulin can trigger human mature adipocytes to senesce (203). 

Additionally, we found that adipocytes from obese individuals with 

hyperinsulinemia (defined as c-peptide levels ≥ 1.2 nM) displayed higher 

levels of senescence markers and reduced GLUT4 protein levels than BMI-

matched individuals with lower c-peptide levels (<1.2 nM) (203). Together, 

these findings indicate that hyperinsulinemia can drive adipocytes and 

hepatocytes to undergo senescence.  

Surprisingly, we found in paper II that the senescent hepatocytes exhibited 

elevated phosphorylation of IRβ, AKT and MAPK in response to acute insulin 

stimulation compared to non-senescent cells, indicating enhanced insulin  

receptor signalling. In paper I, senescent human adipocytes mostly retained 

their capacity to respond to insulin as indicated by phosphorylation of IRβ and 

AKT, although total levels of IRβ and p70S6K were reduced in doxorubicin-

treated adipocytes. Collectively, these findings suggest that senescence in 

adipocytes and hepatocytes is most likely not a direct contributor and driver to 

insulin resistance, but rather a consequence of metabolic dysfunction and 

hyperinsulinemia. Nonetheless, senescent hepatocytes and adipocytes may still 

contribute indirectly to systemic insulin resistance via increased VLDL-TAG 

secretion and glucose production by senescent hepatocytes, and reduced 

glucose uptake by senescent adipocytes, which could promote hyperglycaemia 

and ectopic lipid accumulation. Notably, the long-term impact of senescence 

on insulin receptor signalling was not assessed in paper I and II which may 

yield different results.  

 

The role of SASP in mediating adipocyte dysfunction.  

Altough the SASP has been recognized to exert beneficial functions, it is also 

considered to have a major role in the deleterious effects linked to senescence 

by promoting an inflammatory microenvironment, impairing tissue function 

and propagating senescence to neighbouring cells. Studying the SASP in 

disease is challenging because its composition is heterogenous and depends on 

cell type and the senescence trigger. It may be hypothesized that the SASP 

contributes to adipocyte and hepatocyte dysfunction in senescence. For 

example, it has been reported that the SASP from senescent preadipocytes 

impair adipogenesis of non-senescent cells (169). In our work, SASP 
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composition in hepatocyte senescence (paper II) was not assessed, therefore 

the discussion in this paragraph focuses on adipocyte senescence. In paper I 

the composition of SASP secreted by senescent adipocytes in cell media was 

explored. We found the senescence inducers nutlin-3a, etoposide and 

doxorubicin to produce relatively distinct compositions of SASP, an 

observation consistent with results reported in primary mouse hepatocytes 

using the same inducers (280). Considering the homogenous pattern in insulin-

stimulated glucose uptake by the three senescence inducers and the divergent 

SASP profiles, the SASP is unlikely to be the primary driver to these findings. 

One notable observation was an elevated secretion of adenosine deaminase 

(ADA), especially with doxorubicin and nutlin-3a treatment. ADA enhances 

lipolysis by degrading the lipolytic inhibitor adenosine (294), suggesting that 

an increased secretion by senescent adipocytes would promote an increase in 

lipolysis in adjacent adipocytes. However, we observed lipolysis to be largely 

unaffected by senescence, although a reduction was observed in doxorubicin-

treated cells, indicating that lipolysis is unaffected by the SASP secretion in 

our model.   

It should be noted that we measured a predefined panel of factors using the 

OLINK platform. Unmeasured SASP components may mediate aspects of 

adipocyte dysfunction. Furthermore, it may also be possible that multiple 

different factors exert similar effects, or that the effects are caused by a 

combination of several factors. Nevertheless, more research is needed to 

investigate the mediating role of SASP on adipocyte dysfunction. A next step 

would be to treat non-senescent differentiated adipocytes with conditioned 

media from senescent adipocytes, or co-culture them together in a transwell 

system, followed by functional assays to test for SASP-dependent effects.  

 

Potential mechanisms behind the anti-senescent effects of SGLT2 inhibitors 

and FGF21. 

The anti-ageing and anti-senescent potential of SGLT2 inhibitors and FGF21 

have partly been attributed to their capacity to promote a metabolic shift that 

mimics the effects of caloric restriction and modulates nutrient-sensing 

pathways. Caloric restriction extends lifespan in  various species, and induces 

beneficial health effects in humans, including reduced adiposity, improved 

insulin sensitivity, and reduced ageing-related biomarkers (295, 296). 

Deregulation of nutrient-sensing pathways is a hallmark of ageing, with the 
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mTOR, AMPK, and Sirtuin 1 (SIRT1) identified as key pathways (137, 297). 

AMPK functions as an energy sensor responsive to ADP/ATP and AMP/ATP 

ratios, mTOR is a protein kinase regulating cell growth and proliferation, and 

SIRT1 is a NAD+-dependent deacetylase modulating  pathways related to 

stress response, inflammation and metabolism (297). Consistent with this 

theory, dapagliflozin and empagliflozin lowered levels of senescence markers 

while increasing activating AMPK phosphorylation (Thr172) and SIRT1 

levels in db/db mice and naturally aged mice, respectively (241, 242). 

Similarly, in HFD-fed mice, canagliflozin reduced senescence burden and 

increased plasma levels of the AMPK activator 5-aminoimidazole-4-

carboxamide-1-β-d-ribofuranoside (AICAR) (244). In the same study, AICAR 

treatment reduced SA-βgal in gonadal adipose tissue, whereas compound C-

inhibition of AMPK significantly increased SA-βgal activity (244). 

Similarly, the anti-senescent effect of FGF21 may be exerted, at least partly, 

via modulation of nutrient sensing pathways. In aged mice, FGF21 treatment 

lowered hepatic senescence markers in association with increased hepatic 

AMPK phosphorylation (Thr172) (267). Consistently, in bone marrow 

mesenchymal stem cells, FGF21 silencing reduced phosphorylation of AMPK 

(Thr172) and increased SA-βgal levels, whereas combining FGF21 silencing 

with AICAR restored AMPK phosphorylation and decreased SA-βgal (268). 

In mouse chondrocytes, FGF21 pretreatment reduced senescence markers 

induced by oxidative stress in association with increased SIRT1 protein levels 

and suppressed mTOR phosphorylation (269). Collectively, these findings 

imply that FGF21 and SGLT2 inhibitors mitigate cellular senescence, at least 

in part, by modulating nutrient-sensing pathways in a manner that resembles a 

state of caloric restriction.  

Another hallmark of ageing is chronic inflammation (137), which can both 

promote senescence and be amplified by senescent cells via SASP. In paper 

III, we observed a reduced gene expression of SASP factors Tnf, Il1β, Mmp3, 

and Ccl2, especially with dapagliflozin and primarily in epididymal adipose 

tissue. SGLT2 inhibitors and FGF21 may limit cellular senescence and 

improve health in ageing via reduction of inflammation, in part through 

modulation of the transcription factor nuclear factor κB (NF-κB). NF-κB is a 

mediator of immune and inflammatory responses, and regulates gene 

expression of pro-inflammatory cytokines (298). In aged mice, both FGF21- 

and empagliflozin treatment have been associated with reduced hepatic 

senescence associated with lower NF-κB phosphorylation in the liver and 

decreased expression of inflammatory markers (241, 267), implicating 
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suppression of inflammatory signalling as a mechanism by which SGLT2 

inhibitors and FGF21 may attenuate senescence.  

The beneficial metabolic effects of SGLT2 inhibitors and FGF21 may also 

contribute to the reduced cellular senescence observed with these 

interventions. As described above, hyperinsulinemia is related to induction of 

senescence in hepatocytes and adipocytes both in vitro and in vivo (203, 214), 

whereas elevated fatty acid levels induce senescence in hepatocytes in vitro 

(215). Similar, hyperglycaemia induces senescence in immortalized human 

tubular epithelial cells and HUVEC cells (299, 300). In paper III, both 

dapagliflozin and FGF21 reduced plasma insulin levels and liver TAG, while 

FGF21 additionally reduced plasma TAG and blood glucose levels. It may be 

speculated that these favourable metabolic effects reduce metabolic stress 

leading to reduced senescent burden. However, insulin treatment of HFD-fed 

mice improved glucose intolerance and insulin sensitivity, but the reducing 

effect on senescence observed with canagliflozin in gonadal adipose tissue was 

not shown with insulin treatment, suggesting that improved glucose control is 

not the main mechanism driving the anti-senescence effects of SGLT2 

inhibitors (244). 

 

What is the overall contribution of a small number of senescent cells to 

whole-body metabolism? 

The process of cells undergoing senescence is physiological, and senescent 

cells are targeted and cleared by the immune system. Deleterious effects 

emerge when an imbalance develops between the generation of senescent cells 

and their clearance, leading to accumulation of senescent cells. This raises two 

key questions: when does this imbalance occur, and if only a few cells within 

a tissue are senescent with a distinct metabolic phenotype compared to non-

senescent cells, what is the importance of those cells in regard to consequences 

on whole-body metabolism? 

In the adipocyte and hepatocyte senescence in vitro models in paper I and II, 

the proportion of p21-positive cells rose from 20% to 60-80% in senescent 

adipocytes, and 2 and 27% in controls to 55-80% and 70-84% in senescent 

HepG2 and IHH cells, respectively. This indicates that the observed metabolic 

alterations reflect effects in cell cultures where most of the cells are senescent. 

In humans, a survey reported the levels of p16- and p21-positive cells to 
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increase with age in multiple tissues (144). For example, the fraction of p16-

positive cells in islet of Langerhans in older individuals (≥69 years) reached 

~35%, whereas it was <1% in liver, indicating that the number of senescent 

cells within a tissue can be relatively high in humans, and that senescent cell 

abundance varies dependent on tissue. Similarly, in a transgenic mouse model 

enabling fluorescent detection of p21-positive cells , 10–20% of cells in 

gonadal adipose tissue were p21-positive, whereas only 1–2% of liver cells 

were positive after six months of HFD (301), supporting that accumulation of 

senescent cells varies in different tissue types. It has been reported that 

transplanting a small number of senescent preadipocytes into intraperitoneal 

adipose tissue in young mice is enough to impair physical function such as grip 

strength (151). These alterations were estimated to occur when the number of 

transplanted senescent cells accounted for 0.03% of total cells in the body, or 

0.28% locally, demonstrating that even minor local senescent burden can 

influence whole-body function.  

The contribution of a small burden of local senescent cells on whole-body 

metabolism remains uncertain. Although prior studies show that even few 

senescent cells can influence organismal function, it may be speculated that a 

small number of local senescent cells are unlikely to alter systemic metabolism 

directly through changes in local glucose or fatty acid flux. Instead, their 

effects may be indirect by propagating senescence to neighbouring cells via 

the SASP, recruiting immune cells, and by altered secretion of both anti-

inflammatory (e.g. adiponectin) and inflammatory factors. Such changes could 

establish feed-forward loops that amplify tissue dysfunction and senescence, 

potentially contributing to systemic metabolic impairment.  
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6 Conclusion 

This thesis demonstrates that cellular senescence contributes to metabolic 

alterations in adipocytes and hepatocytes and may promote metabolic 

dysfunction in obesity, T2D and MASLD. Furthermore, it demonstrates that 

SGLT2 inhibitor dapagliflozin and FGF21 improve metabolic control and 

attenuate the progression of senescence in adipose tissue and liver in aged 

mice.  

In paper I, we show that senescence selectively impairs adipocyte metabolic 

function by reducing insulin-stimulated glucose uptake and levels of GLUT4, 

while lipolysis and insulin signalling remain largely unaffected. Measurements 

of the secretome identified new SASP factors released by senescent 

adipocytes. These changes may contribute to metabolic dysfunction in disease 

via SASP secretion and reduced adipose glucose disposal.  

In paper II, we found hepatocyte senescence to alter several aspects of hepatic 

lipid and glucose metabolism, by increasing TAG and glycogen content and 

elevating capacity for lipid uptake, fatty acid and glucose oxidation, glucose 

production and VLDL-TAG secretion, while reducing capacity for de novo 

lipogenesis. Collectively, these shifts mirror multiple features of MASLD and 

suggest that senescent hepatocytes contribute to hepatic metabolic 

dysregulation. 

In paper III, we treated aged mice with SGLT2 inhibitor dapagliflozin and 

FGF21 and demonstrated that both interventions improved metabolic 

parameters and reduced progression of senescence and SASP markers, with 

most evident effects in adipose tissue. FGF21 produced more pronounced 

metabolic benefits, whereas dapagliflozin exerted broader and stronger 

anti-senescent effects. These findings indicate that both interventions are 

promising candidates in treatment of ageing-related metabolic dysfunction and 

reduction of cellular senescence.  
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7 Future perspectives 

The increased prevalence of obesity, T2D and MASLD worldwide along with 

the health and economic burden those conditions impose, underscores the need 

for deeper mechanistic insights to guide therapeutic development. Cellular 

senescence has emerged as a link and potential mediator of dysregulated 

metabolism in these conditions. Altough research in this area has accelerated 

during recent years, much remains unknown about how senescence drives or 

modulates metabolic dysfunction across disease and ageing 

In this thesis, we explored the relationship between cellular senescence and 

metabolic dysfunction and found that senescence induces metabolic changes 

in human adipocytes and hepatocytes. The observed metabolic phenotypes 

partially mirror those seen in obesity, T2D and MASLD. Further work is 

needed to understand the functional consequences these cells impose in vivo. 

A continuation of the studies could be to use adipose- and liver-specific 

knockout models to induce senescence and then assess whole-body- and tissue-

specific metabolic outcomes. Knockout of genes involved in DNA repair 

would be one approach, for example Xpg encoding a DNA endonuclease has 

previously been used to induce senescence in liver (211). These studies would 

further evaluate the relevance of our in vitro findings in a whole-body system. 

Furthermore, given the SASP’s central role in mediating the harmful effects of 

senescence, conditioned media-experiments to explore whether SASP factors 

can recapitulate the observed metabolic alterations would help delineate 

mechanisms linking SASP to metabolic dysregulation. 

Targeting senescent cells may be a promising strategy to improve health in 

disease and ageing. Supporting this, preclinical studies using senolytics or 

transgenic mice to clear senescent cells have demonstrated improved physical 

and metabolic health, and extended lifespan (151, 152, 301). Clinical trials are 

now evaluating senolytics, such as dasatinb and quercetin, on senescence in 

humans. In paper III, we showed that SGLT2 inhibitor dapagliflozin and 

FGF21 improved metabolic control and attenuated progression of cellular 

senescence in aged mice. It would be important to further dissect the 

mechanisms underlying these anti-senescent effects. Prior studies have linked 

the anti-senescent and anti-ageing actions of SGLT2 inhibitor and FGF21 to 

modulation of nutrient-sensing pathways, such as AMPK, mTOR and SIRT1. 

Accordingly, assessing the activation or suppression of these targets at key 

sites (e.g., AMPK Thr172 phosphorylation) in tissues collected from the in 
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vivo study in paper III would provide mechanistic insight and help to establish 

the importance of nutrient-sensing pathway associated with the observed 

benefits. Furthermore, clinical trials with older adults assessing the anti-ageing 

and anti-senescent potential of SGLT2 inhibitors and FGF21 would be 

valuable to translate these findings. Taken together, our results and those of 

others imply these interventions as promising candidates to improve 

age-related metabolic dysfunction and health in ageing.  

The findings presented in this thesis, together with previous reports, 

cumulatively suggest that cellular senescence is a contributor to metabolic and 

tissue dysfunction in obesity, T2D, MASLD and ageing. Targeting cellular 

senescence holds promise for mitigating metabolic dysfunction and tissue 

decline and improving healthspan. Continued research to elucidate the 

complex senescent phenotype across conditions and to define mechanisms 

driving senescence in metabolic disease will be crucial, enabling identification 

of senescence and SASP biomarkers related to disease. Furthermore, carefully 

designed clinical trials with agents exerting anti-senescent activity will be 

essential to understand the efficacy, safety, and durability of senescent cell 

depletion or modulation in humans.  
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Use of Generative AI 

The following generative AI: AstraZeneca internal ChatGPT (AZ ChapGPT) 

was used during the writing process of this thesis solely to refine grammar, 

language or flow of the text. All AI-assisted edits were critically reviewed by 

the author. AI was not used to generate any scientific content, figures or to 

analyse data. The author takes full responsibility for the content in this thesis 

and its scientific accuracy.   
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