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“And, when you want something, all the universe conspires in helping you to achieve it.” 
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ABSTRACT 

Obesity is a major cause of medical comorbidity with detrimental effects on health span. 

Fundamentally, obesity is a condition of disrupted energy metabolism, where energy intake 

chronically exceeds expenditure. Over time, this disruption causes a systemic low-grade 

inflammation and impairs energy homeostasis. Physical activity can counteract these effects 

by increasing energy expenditure and orchestrating a myriad of healthy molecular and cellular 

adaptations in skeletal muscle and other metabolic organs. Many adaptations to exericse are 

mediated by the transcriptional co-activator PGC-1a1. The work presented in this thesis 

identifies novel roles of PGC-1a1 as a regulator of the kynurenine pathway of tryptophan 

degradation with important bioenergetic implications in obesity and exercise. In skeletal 

muscle, PGC-1a1 regulates the kynurenine pathway by increasing the levels of kynurenine 

aminotransferases. Kynurenine aminotransferases are enzymes that serve as an important 

gateway of the pathway, driving kynurenine metabolism towards the production of kynurenic 

acid while generating glutamate in the process. Here, we show that peripheral kynurenic acid 

signals through GPR35 in adipose tissue, and induces a transcriptional signature consistent with 

beige adipocytes and anti-inflammatory immune cells. This signaling axis sensitizes adipocytes 

to b-adrenergic signaling, increases systemic energy expenditure, and protects against high fat-

diet induced metabolic disruptions and weight gain. Conversely, we find that both whole-body 

and hematopoietic-specific genetic deletion of Gpr35 impairs energy homeostasis. Locally in 

skeletal muscle, we identify that kynurenine metabolism is an integral part of the malate-

aspartate shuttle through Kynurenine aminotransferase 4. Exercise, via PGC-1a1, allows 

trained skeletal muscle to use kynurenine as a substrate to increase bioenergetic efficiency by 

supporting glucose oxidation through restoring cytosolic NAD+ and anaplerotically feeding the 

TCA cycle via glutamate. Importantly, we show that inhibition of the malate-aspartate shuttle 

and kynurenine aminotransferases with Carbidopa, a drug used in the treatment of Parkinson’s 

disease, mitigates exercise performance and adaptations. Collectively, the work presented in 

this thesis has culminated in the discovery of new bioenergetic roles of the kynurenine pathway 

of tryptophan degradation in adipose tissue and skeletal muscle with implications in obestiy 

and exercise adaptation. 
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1 INTRODUCTION 

 

Throughout evolution, most higher order eukaryotes have developed a sophisticated network 

of strategies to adapt to regional, local, and individual changes in energy supply and demand. 

The importance of balancing energy consumed and expended is crucial for survival. 

Macromolecules and their metabolites are used in cells not only for ATP production, but also 

for signaling to orchestrate cellular and systemic adaptations to a range of physiological and 

pathophysiological events. Therefore, cell and tissue plasticity in settings of energy demand 

(exercise) and energy abundance (obesity) depends on adaptations in molecular processes that 

will change protein activity, gene transcription, and ultimately phenotypes. 

Understanding the molecular mechanisms that underlie and drive the adaptations to exercise 

and obesity could have important implications for the development of new therapeutic 

strategies for the treatment of metabolic diseases. The work summarized in this thesis aimed to 

understand how metabolites mediate the bioenergetic benefits of exercise and consequences of 

obesity in adipose tissue, skeletal muscle, and immune cells.  
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1.1 BIOENERGETICS AND NUTRIENT-SENSING: BROAD CONSIDERATIONS 

 

The discoveries of DNA and protein phosphorylation during the mid-20th century yielded 

insights into signaling pathways and how genes are regulated. During this time, metabolism 

was merely seen as a consequence of other regulatory events. However, in more recent years, 

metabolism and bioenergetics are recognized as orchestrators of cellular phenotypes through 

many metabolite-driven changes in chromatin structure, post-translational modifications, and 

signaling pathways. Consequently, the role of nutrients is no longer seen only as calorie-

containing macromolecules, but as dictators of cellular fate, phenotype, and adaptation.  
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 An Evolutionary View on Bioenergetics 

In the 19th century, Charles Darwin and Albert Russel Wallace hypothesized that the 

environment drives and selects competitive traits amongst species: a concept referred to as 

natural selection. Biological life is about the preservation and transmission of information, 

which is driven by reproduction. Energy availability is a necessity for life and evolution.  Those 

who are able to efficiently acquire, store, and use available energy will be better positioned to 

reproduce. The requirements for organisms to survive in their ecosystem most often can be 

reflected by their anatomical traits 1,2. These traits are encoded by nuclear DNA (nDNA), which 

has a low mutation rate in vertebrates 3. Therefore, anatomical adaptations for a species in an 

ecosystem though adaptive nDNA mutations are slow. Amongst the same species, however, 

regional differences in energetic supply and demand drive necessary adaptations and create an 

interspecies variability in bioenergetic needs. These differences require changes in genes 

encoding for bioenergetic pathways. Bioenergetic genes are encoded by both nDNA and 

mitochondrial DNA (mtDNA). Genes encoded by mtDNA are important for mitochondrial 

metabolism and energy production, and have a higher mutation rate compared to nDNA-

endoced genes 3–6. This facilitates a more rapid adaptation to regional energy differences. For 

individual organisms, there are constant fluctuations in their energy environment. These 

fluctuations can occur annually (seasonal changes), monthly (reproductive cycle), or daily 

(feeding and activity). Because bioenergetic adaptations to fluctuating physiological demands 

need to be reversible in nature, they cannot be driven by static changes encoded in the genome. 

Instead, they are dictated by alterations in the epigenome, transcriptional machinery or 

signaling pathways. Interestingly, as these modulations are driven by changes in the energetic 

environment of the organism, they are mediated by molecular high-energy intermediates. 

Molecular intermediates from bioenergetic pathways therefore serve as important links 

between environmental demands and cellular adaptations. Chronic or long-term adaptations 

can be achieved by epigenomic modifications through methylation of DNA or histone 

modifications through acetylation, methylation, or phosphorylation. Acute or short-term 

reversible changes can be orchestrated through modulation of transcription factors, signal 

transduction pathways, and protein activation. 

 Qualitative Properties of Nutrients 

Many high-energy intermediates from metabolic pathways can serve as modulators of cellular 

phenotypes through signaling events and as substrates for post-translational modifications. 

DNA accessibility is important for gene transcription and can be modulated by epigenetic 

modifications (See section 1.3). The nDNA is organized in nucleosomes where DNA is 
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wrapped tightly around histones. Histones have positively charged amino-terminal tails that 

bind to DNA and inhibit transcription. Epigenetic modifications of the histone tails can 

neutralize their charge and therefore their affinity to bind DNA, which makes DNA more 

accessible for transcription 7. Epigenetic modifications of histone tails are dependent on several 

high-energy intermediates from metabolic pathways 8, where adenosine 5’-triphosphate (ATP) 

can be used for phosphorylation, acetyl-CoA for acetylation, nicotinamide adenine 

dinucleotide (NAD+) for deacetylation, S-adenosylmethionine (SAM) for methylation, and 

flavin adenine dinucleotide (FAD+) and a-ketoglutarate for demethylation. Evidently, many 

substrates necessary for chromatin modification are derived from bioenergetic pathways, and 

therefore energy metabolism and transcriptional adaptation to environmental changes are 

tightly connected. 

 G Protein-Coupled Receptor-Mediated Nutrient-Sensing 

An organism’s ability to sense, respond, and adapt to fluctuations in energy availability is 

important for a successful balance between the utilization of metabolites for energy or 

biosynthesis. Sensing of nutrients and metabolites may involve direct binding of the molecule 

to a receptor, or through indirect mechanisms that rely on the sensing of surrogate markers that 

reflect the availability of distinct metabolites 9. In this sense, metabolites can function like 

neurotransmitters and/or hormones, and exert effects and mediate events in an autocrine, 

paracrine, or endocrine manner. Most extracellular signals first encounter receptors at the cell 

membrane, which upon ligand binding or activation, propagate the signal to the intracellular 

environment. G protein-coupled receptors (GPCRs) constitute a large and diverse family of 

membrane receptors with important roles in sensing environmental cues and regulating cellular 

functions 10. As they propagate a myriad of intracellular signaling cascades, they not only play 

important roles in physiology and disease, but are also attractive therapeutic drug targets.  

A growing number of GPCRs have been identified to be activated by energy substrates and 

their intermediates 11. The b-adrenergic receptors (b-ARs) are probably among the most studied 

GPCRs in the context of metabolic regulation and have important roles in lipid metabolism 

(adipose tissue) and energy expenditure (brown adipose tissue and skeletal muscle) 12. Other 

GPCRs with metabolic roles are GPR40 (FFA1) and GPR120 as fatty acid-sensing receptors 

in pancreatic b-cells and enteroendocrine cells, where they regulate insulin and incretin 

secretion, respectively 13,14. Amino acid-sensing by GPCRs can be attributed to the calcium-

sensing receptor (CaSR) 15, GPR family C group 6 member A (GPRC6A) 16,17, the taste 

receptor 1 family (T1Rs) 18, and the metabotropic glutamate receptors (mGluR) 19,20. Succinate, 
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an important intermediary metabolite of the tricarboxylic acid (TCA) cycle, can be exported 

from cells and serve as an environmental signal through GPR91 21. These few examples 

illustrate the broad role of metabolites as extracellular signaling molecules. Metabolite-coupled 

GPCR signaling is cell- and context dependent, as one receptor can signal in different ways 

depending on its biological context 22–26.  

 
Figure 1. Schematic illustration of cellular nutrient sensing and signaling. Nutrients and metabolites can A) 

modulate receptor activity at the plasma membrane, or be imported into cells and B) be catabolized to energy, C) 

serve as anabolic building blocks, D) bind to and modulate the activity of transcription factors, or E) be metabolized 

to another signaling molecule with endocrine effects. Adapted from Dadvar et al., J Intern Med. 2018 27.  

 G Protein-Coupled Receptor Signaling 

Activation of GPCRs can initiate G protein-dependent and -independent signaling cascades. 

Classically, GPCR activation follows a cyclic pattern where ligand binding to the receptor 

induces transient activation, downstream signaling, inactivation, and receptor recycling. This 

cycle prevents overstimulation of the system and protects against prolonged resistance to the 

activated ligand 28. G protein-dependent signaling involves the coupling of inactive nucleotide-

bound heterotrimeric G proteins (composed of three subunits: Ga, Gb, and Gg) to the receptor. 

This docking dissociates the heterotrimeric G protein complex into a Ga and a Gbg subunit 

with diverse downstream effects 29. Ga targets include adenylyl cyclase, cyclic guanosine 

monophosphate (cGMP) phosphodiesterase, phospholipase C, and RhoGEFs 30,31, while 

Gbg can recruit G protein-coupled receptor kinases (GRKs), modulate ion channels, adenylyl 

cyclase, phospholipase C, phosphoinosite 3 kinase (PI3K), and mitogen-activated protein 

kinase (MAPK) 32,33.  

ATP

enz

A

B

C

D

E
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Upon activation, GPCRs can be internalized 34. A well-characterized pathway for GPCR 

internalization is clathrin-mediated endocytosis through GRK-mediated phosphorylation 35–37. 

b-arrestins can bind to phosphorylated GPCRs and mediate fast receptor desensitization and 

internalization 38,39. Internalized GPCRs can either be recycled back to the plasma membrane, 

directed to lysosomes for degradation 38,39, or serve as intracellular receptors 40–44 signaling 

from endosomes 45, nuclear envelopes 46, or mitochondria 47,48. Although more than 800 GPCRs 

have been identified in the human genome, there are relatively few genes that are encoding for 

G protein subunits (16 Ga, 5 Gb, and 12 Gg, respectively) with almost complete conservation 

across species 49,50. G protein heterotrimer composition, together with receptor and effector 

specificity, allows for a nuanced signaling pattern upon ligand-activation of GPCRs 50,51. 

Variations in local concentrations of ligands can induce different downstream signaling 

pathways from the same receptor because of their different affinities, thereby dictating cellular 

fate and function.  
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1.2 EXERCISE AND OBESITY: BROAD CONSIDERATIONS  

 

Insufficient physical activity is a major risk factor for many non-communicable diseases, and 

obesity. Obesity is fundamentally a condition of disrupted energy balance, with a higher intake 

than expenditure. However, the pathophysiology of obesity is complex and comprises a 

combination of environmental and individual etiologies.  The net positive caloric balance 

observed in obesity induces chronic low-grade inflammation in many organs involved in 

regulating systemic energy metabolism. Physical activity can mitigate the detrimental effects 

of obesity by increasing energy expenditure and activating pathways that improve nutrient 

handling and cellular health. Skeletal muscle is oftentimes placed as a central player in 

exercise-mediated adaptations, as it improves systemic energy balance through local and 

distant actions. 
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 Energetics in Exercise: Broad Considerations 

It is widely appreciated that energetic efficiency is an important determinant of exercise 

capacity. Systemic adaptations to exercise training include enhanced cardiorespiratory fitness 

and improved muscular strength. Cardiorespiratory fitness is a measure of the ability of the 

circulatory and respiratory systems to supply oxygen to working tissues during physical 

activity, and is improved with endurance training 52. Besides increasing oxygen delivery to 

skeletal muscle, endurance training results in increased oxygen consumption, reduced lactate 

production, and improved exercise economy 53–57. Resistance exercise increases muscle mass 

and improves muscle function 58–61, and requires both anabolic and energetic adaptations. 

Modulations of macromolecular supply can regulate exercise performance as illustrated by the 

prolonged onset of fatigue observed with exogenous carbohydrate supplementation in trained 

individuals 62, and regulation of muscle mass and function from protein supplementation 63. 

Hence, energy balance and macromolecular metabolites are central to exercise performance 

and adaptation. 

 Energetics in Obesity: Broad Considerations 

Energy balance is a net result of energy intake and expenditure. Small but chronic daily 

deviations in energy balance, equivalent to 1-2 % of daily energy intake, can result in 

substantial changes in body weight over time 64,65. The energy content per kilogram of body fat 

and lean mass is approximately 39.5 MJ and 7.6 MJ, respectively 66. Therefore, a larger energy 

deficit is needed to lose body weight through fat mass than lean mass reduction. In principle, 

energy consumption can be divided into two components: basal metabolic rate (BMR) and 

activity-induced metabolism. BMR is the metabolic activity at rest, and accounts for about 60 

% of total energy expenditure. Energy expenditure is generally higher in larger individuals 

because of higher BMR 67. This increase in energy expenditure can be attributed both to more 

fat-free mass (FFM), and to fat mass when corrected for FFM 68. Activity-induced metabolism 

can be further subdivided into diet-induced thermogenesis, non-exercise activity 

thermogenesis, and exercise-related activity thermogenesis. Diet-induced thermogenesis is the 

energy required to metabolize and store food, and accounts for about 10 % of total energy 

expenditure 69. Non-exercise activity thermogenesis (e.g. muscle tone, daily activity, and 

adaptive thermogenesis in brown/beige adipocytes) and exercise-related activity thermogenesis 

can be readily altered. Together, food intake, physical activity, and body size and composition 

are the main determinants of energy expenditure. However, there are individual differences 

that can be attributed to genetic, epigenetic and environmental factors. Together, these factors 

influence the individual neuroendocrine signaling responsible for appetite regulation, 
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metabolism of nutrients, and energy balance. The role of environmental factors in this context 

has been illustrated by a high-fat diet (HFD) experiment on mice conducted at different 

research institutions. In this experiment, mice with the same genetic background exhibited 

different HFD-induced changes in metabolic profiles and weight at different research 

institutions 67. These findings illustrate the complex nature of energy balance regulation and 

underscore the importance of elucidating the molecular drivers of bioenergetic decisions. 

 The Socioeconomic Burden of Obesity: Broad Considerations 

Obesity was recognized as a global epidemic by the World Health Organization (WHO) in 

1997 70. Since then, its prevalence has nearly tripled, and in 2016, about 650 million adults 

were considered obese 71. Overweight and obesity are states of excessive fat accumulation with 

detrimental health effects. Clinically, body mass index (BMI) and waist-hip ratio are tools used 

to classify overweight and obesity. BMI is calculated as a person’s weight in kilograms divided 

by the square of their height in meters (kg/m2). For adults, the WHO defines overweight as a 

BMI equal to or greater than 25 and obesity as equal to or greater than 30. Overweight and 

obesity are major risk factors for non-communicable diseases such as cardiovascular disease, 

type 2 diabetes mellitus (T2DM), musculoskeletal disorders, and some cancers. The increased 

prevalence of obesity has reached a critical point where it is estimated to negatively impact 

overall life expectancy 72. Moreover, the high rates of obesity-related morbidity are translated 

into significant socioeconomic costs, resulting from increased healthcare costs, informal care, 

and reductions in market productivity. 

 Type 2 Diabetes Mellitus: Broad Considerations 

In 2015, diabetes was the seventh leading cause of disability worldwide, and accounted for 

more than 2 million deaths annually 73. T2DM is a multifactorial disease involving both genetic 

and environmental (e.g., nutritional, physical inactivity, altered sleeping habits, and cigarette 

smoking) factors. T2DM is characterized by b-cell dysfunction, insulin resistance, and chronic 

low-grade inflammation 74. Together, these disruptions drive the development of microvascular 

complications (retinopathy, polyneuropathy, nephropathy) and macrovascular complications 

(stroke, ischemia, myocardial infarction) that are the main causes of T2DM-related 

comorbidity and mortality 75,76. Disruptions of carbohydrate, lipid and protein metabolism seen 

in T2DM lead to chronic hyperglycemia because of peripheral insulin resistance and impaired 

insulin secretion. Skeletal muscle plays an important role in T2DM because it acts as an insulin-

dependent and -independent reservoir for glucose uptake 77, and skeletal muscle-insulin 

resistance precedes T2DM78–80. Therefore, improving skeletal muscle health and function 
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through exercise can delay the onset of, and mitigate, T2DM by improving glycemic control 

and reducing inflammation. 

 Benefits of Exercise in Metabolic Disease 

Skeletal muscle constitutes about 40 % of total body weight in lean individuals and contributes 

substantially to whole-body metabolism. Skeletal muscle exhibits a high degree of metabolic 

flexibility that allows for fuel switching during different metabolic demands 81. At rest, it 

consumes up to 30 % of total calorie consumption 82, and this consumption can increase during 

exercise. The metabolic flexibility and substrate utilization of skeletal muscle is disrupted in 

obesity and T2DM, which most notably is illustrated by the blunted insulin-stimulated glucose 

uptake 81,83–85. 

Weight control has evidently been shown to be one of the cornerstones in the management of 

T2DM. This is illustrated by the high remission rates of T2DM and longer lifespan observed 

after weight loss following bariatric surgery 86,87. Weight control can also be achieved through 

modulations of diet and physical activity 88. Physical activity also improves skeletal muscle 

function, reduces fat mass and inflammation, improves cardiometabolic health and glucose 

homeostasis. Furthermore, the positive effects of physical activity on T2DM can be achieved 

independent of weight-loss 89–92. Regular physical activity improves blood glucose control 

followed by lower fasting glucose levels 92, blood lipid concentrations, and blood pressure. 

Collectively, these adaptations reduce the risk for T2DM-related cardiovascular events and 

mortality.  

Together, exercise and diet remain the most effective interventions for controlling energy 

metabolism and body weight. Although effective, patient compliance toward exercise and diet 

interventions is challenging. Moreover, people suffering from chronic diseases might be unable 

to perform physical exercise regularly. Circumventing this problem with the aid of exercise-

mimetic drugs is an attractive idea. Therefore, understanding the molecular mechanisms that 

mediate the positive effects of exercise adaptation, and the pathways underlying the negative 

consequences of obesity and T2DM, are important.  
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1.3 TRANSCRIPTIONAL REGULATION AND PGC-1a 

 

Eukaryotic transcriptional regulation is a tightly controlled event that results from the 

coordinated action of many proteins. Cell-specific expression of protein-coding genes dictates 

many biological functions and phenotypes and is mainly regulated at the transcriptional level. 

Certain genes and gene networks need to be readily inducible to respond to rapid changes in 

environmental cues, and are referred to as inducible genes (compared to housekeeping genes 

that are constitutively transcribed). 

The transcriptional co-activator peroxisome proliferator-activated receptor g (PPARg) co-

activator 1a (PGC-1a) is known as a central regulator of energy metabolism with important 

implications for systemic energy balance. PGC-1a is highly inducible in skeletal muscle and 

adipose tissue, where it orchestrates gene programs involved in exercise adaptation and 

thermogenesis. Because of its broad and inducible positive effects on energy metabolism in 

many tissues, PGC-1a is an attractive therapeutic target in the context of obesity and metabolic 

disease.   
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 RNA Polymerase-Dependent Transcription 

Gene expression is dependent on the assembly of a functional preinitiation complex (PIC) 

containing one of three RNA polymerases (RNA Pol); RNA Pol I for ribosomal RNA (rRNA), 

RNA Pol II for protein-coding, messenger RNA (mRNA), and RNA Pol III for transfer RNA 

(tRNA) 93–95 and various general transcription factors (GTFs) 96–98. RNA Pol II is recruited to 

the promoter regions of protein-coding genes 93. Transcription starts at a transcription start site 

(TSS) that resides downstream of the gene promoter region. The protmoter contains different 

DNA elements to which certain GTFs can bind to recruit the remaining components of the PIC 

and position RNA Pol II 99–106. When all components of the basal transcription machinery are 

in place, transcription continues to elongation in the presence of nucleotide triphosphates.  

 Transcription Factors as Environmental Sensors  

In higher eukaryotes, maintenance of energy homeostasis involves the coordination of energy 

uptake, storage, and utilization across many metabolic tissues. Cells therefore need to 

incorporate nutrient availability and neuroendocrine signals to adequately respond to current 

energetic demands. Transcription factors (TFs) are at the center of driving and dictating the 

responses to fluctuations in energy availability. Most protein-coding genes are regulated by 

proteins that bind to regulatory elements (enhancers or repressors) located outside of the core 

promoter. These regulatory regions are recognized by TFs that interact with specific DNA-

sequences in response to environmental or developmental cues 107. TFs can regulate the 

expression of a specific gene through multiple mechanisms including direct interactions with 

the basal transcription machinery, where it can affect the stability or rate of assembly of the 

PIC, or through the recruitment of other proteins involved in the modulation of chromatin 

accessibility and recruitment of RNA Pol II 108.  

 The Role of Co-Regulators in Fine-Tuning Transcription  

Most genomic DNA is organized with nucleosomes into chromatin structures, which makes 

DNA relatively inaccessible for the general transcription machinery and protein binding. 

Although there is evidence that some transcriptional activators can bind DNA directly in 

nucleosomal structures 109–112, the assembly of a PIC and transcription initiation is inhibited by 

nucleosomes in vitro 113–115. Chromatin therefore needs to undergo structural remodeling to 

facilitate the recruitment of transcriptional machinery. Transcriptional regulators that mediate 

and fine-tune changes in gene expression programs drive many of the adaptations observed in 

response to various stresses or challenges 116. Unlike TFs, transcriptional co-regulators do not 
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bind DNA. Instead, they mediate chromatin modifications, protein-protein interactions, and 

RNA Pol II recruitment that allows for transcription to take place 117.  

Chromatin remodeling can be achieved through the activity of two classes of enzymes: ATP-

dependent nucleosome-remodeling complexes and histone-modifying enzymes. ATP-

dependent remodeling complexes hydrolyze ATP to move histones and increase the exposure 

to DNA 118. Gene transcription initiation does not require ATP-dependent remodeling 

complexes since genes can still be transcribed when these enzymes are absent, albeit at a slower 

rate 119. This suggests that ATP-dependent remodeling complexes serve to fine-tune and rate-

limit transcription to environmental changes, which is more important for inducible than 

housekeeping genes. Histone-modifying enzymes can catalyze post-translational modification 

of the N-terminal region of histones 120. Proteins with histone acetyltransferase (HAT) activity 

can acetylate and neutralize the charge of histone tails. This lowers their affinity for negatively 

charged DNA and makes DNA more accessible for transcription. The reverse mechanism, 

deacetylation, is mediated by proteins with histone deacetylase activity (HDACs).  

Another important co-activator is the TRAP/Mediator complex 108,121,122, which is 

independently recruited to gene regulatory regions. The main function of the TRAP/Mediator 

complex is to propagate signals from the transcriptional activators (bound to the regulatory 

enhancer regions) to the basal transcriptional machinery to control transcription initiation. 

Furthermore, the TRAP/Mediator complex triggers transition from transcription initiation to 

elongation by promoting phosphorylation of the RNA Pol II carboxyterminal domain 123, which 

releases RNA Pol II from promoters. 

 Transcriptional Regulation of Energy Homeostasis 

Regulation of energy metabolism needs to be tightly controlled in order to adequately respond 

to constant fluctuations in energy states. Many tissues need to coordinately and accurately 

respond to energetic signals from the peripheral environment through neuroendocrine and 

metabolic signals. To achieve a balanced energy homeostasis, energetic pathways across 

organs need to be highly interconnected and under tight feedback control. These coordinated 

responses are regulated by signal-induced transcriptional events. TFs and their co-regulators 

are the orchestrators of cellular adaptation to environmental input. Many documented 

metabolically relevant TFs and their co-regulators are activated by macromolecules and their 

metabolites, and their effects are signal- and context dependent. Nuclear receptors, including 

the PPARs, Retinoid X receptors (RXRs), Liver X receptors (LXRs) and Estrogen-related 

receptors (ERRs), constitute the largest group of energy-regulating TFs 121. The PPARs and 
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their co-activators from the Pgc-1 family have been extensively studied in the fields of exercise 

and obesity. 

 Various Roles of PGC-1a in Metabolism 

The Pgc-1 family of co-activators are central players in mediating cellular adaptations to 

various stressors in multiple tissues, including liver 124–127, heart 128–131, brain 132–134, adipose 

tissues, and skeletal muscle.  Their ability to bind to a broad range of transcription factors, 

including nuclear receptors, gives them the versatility to trigger distinct adaptive responses in 

different tissues 135–138. PGC-1a was initially discovered as a co-activator of nuclear receptors 

involved in adaptive thermogenesis 139.  Shortly after the discovery of PGC-1a, PGC-1b and 

Pgc-1-related co-activator (PRC) were found based on DNA sequence homology 140,141. The 

Pgc-1a gene encodes several splice isoforms with diverse functions (PGC-1a1, PGC-1a2, 

PGC-1a3, and PGC-1a4, although the nomenclature for these isoforms have not been uniform 

in the literature) that arise from different promoter regions 142–151. In this thesis the collective 

term Pgc-1a is used when referring to the gene and its isoforms, and the isoform name is 

specified when appropriate. Since its discovery, PGC-1a has been shown to be involved in 

many bioenergetic pathways including regulation of hepatic gluconeogenesis 126, suppression 

of insulin-mediated hepatic glucose production 127, ketogenesis 152,153, and skeletal muscle 

energy metabolism 154. Many of the metabolic effects regulated by PGC-1a are mediated 

through its binding to nuclear receptors and influencing their activity. 

 Post-Translational Modifications of PGC-1a 

To achieve a high degree of tissue- and context dependent specificity, PGC-1a is tightly 

regulated to fine-tune gene transcription, protein synthesis, and protein stability. Many of these 

modifications are controlled by bioenergetic signaling pathways including adenosine 

monophosphate (AMP)-activated protein kinase (AMPK) 155, calcium 156, calcineurin A 157, 

and cyclic adenosine monophosphate (cAMP) 126. These pathways act in part to mobilize 

various transcription factors to Pgc-1a gene regulatory elements. Epigenetic and post-

translational modulation of PGC-1a and its regulatory regions also contribute to the fine-tuning 

of PGC-1a transcription and activity. AMPK, another master regulator of energy metabolism, 

and p38-MAPK can bind to and activate PGC-1a by direct phosphorylation 158,159. 

Phosphorylation of PGC-1a by AMPK and p38-MAPK results in increased stability, 

activation, and transcription 158–161. AMPK works as a sensor of intracellular energy, and gets 

activated by elevations in intracellular AMP/ATP and ADP/ATP ratios. AMP/ATP increase 
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during starvation 162 or with increased energetic demands such as during exercise 163. As a 

result, AMPK is activated and increases the activity of energy producing pathways. AMPK 

activation elevates intracellular NAD+ levels, which in turn activates the NAD+-dependent type 

III deacetylase, Sirtuin 1 (SIRT1)164. The acetylation status of PGC-1a modulates its ability to 

initiate gene transcription. PGC-1a can be deacetylated and activated by SIRT1 and HDAC3 
165–167. Acetylation and inactivation of PGC-1a is dictated by the action of General control 

nonrepressed protein 5 (GCN5) and N-a-acetyltransferase 10 protein (Naa10p), and is 

dependent on the availability of nuclear acetyl-CoA 168–170. Moreover, PGC-1a activity can 

also be modulated by arginine methylation 171 and O-linked N-acetylglucosamination 172. 

The dynamics of PGC-1a synthesis and degradation add another level of regulation to its 

activity. PGC-1a has a short half-life and can be degraded via ubiquitin-dependent and –

independent pathways. Ubiquitylation of PGC-1a at the C-terminal region by E3 ligases targets 

the protein for proteasomal degradation 173,174. PGC-1a is an intrinsically disordered protein 

(IDP) and does not have a defined secondary or tertiary structure. IDPs, including PGC-1a, are 

naturally unfolded proteins, which are susceptible to ubiquitin-independent degradation by the 

20S proteasome in a NADH-dependent manner. This process, named “degradation by default”, 

can be inhibited by the redox-modulating flavoprotein NAD(P)H quinone oxidoreductase 1 

(NQO1), linking PGC-1a to redox signaling 175,176. 

 Exercise-Mediated Regulation of PGC-1a 

During exercise, skeletal muscle contraction increases energy demand and induces a myriad of 

signaling cascades. Many of these signaling pathways converge on PGC-1a to increase its 

expression and/or activity 177. Gene expression levels of Pgc-1a are enriched in oxidative 

skeletal muscle 154,178, and induced by exercise training in both rodents and humans 178–183. 

Exercise induction of Pgc-1a is mediated by b-adrenergic signaling 184,185. Contraction of 

skeletal muscle activates AMPK and p38-MAPK 186,187, which phosphorylate and activate 

PGC-1a 158,159,188. Phosphorylation by p38-MAPK stabilizes PGC-1a protein levels by 

disrupting its binding to repressor proteins, resulting in enhanced activity 159,189. Moreover, 

exercise reduces methylation of the Pgc-1a promoter, which allows for enhanced transcription 

of the gene 190. Conversely, Pgc-1a promoter methylation has been shown to be increased 

during certain states of metabolic disruption 191,192. Pgc-1a transcription can be regulated 

through several signaling pathways. Calcium/calmodulin-dependent protein kinases and the 

protein phosphatase calcineurin A are activated by the motor neuron-induced increase in 
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intracellular calcium seen with muscle contractions 157,188, and induce Pgc-1a transcription 

through altered phosphorylation of Myocyte enhancing factor 2 (MEF2) and the cyclic AMP-

responsive element binding protein (CREB). Exercise-induced activation of AMPK, p38-

MAPK, reactive oxygen species (ROS), and reactive nitrogen can also promote Pgc-1a 

transcription 185,193. 

 PGC-1a1: A Master Regulator of Exercise Adaptation and Energy 
Metabolism  

Upon induction and stabilization, PGC-1a regulates many adaptations to exercise that 

ultimately improves energy supply and utilization. Pgc-1a expression is enriched in high-

endurance, oxidative muscle fibers. Ectopic expression of Pgc-1a in skeletal muscle is 

sufficient to promote an oxidative muscle phenotype and improve endurance exercise 

performance 154. In skeletal muscle, PGC-1a1 enhances endurance performance by inducing 

mitochondrial biogenesis 194,195, improving mitochondrial function 196–198, altering myosin 

composition154, promoting energy efficiency in part by positively regulating the malate-

aspartate shuttle (MAS) 199, slowing down calcium handling, and modulating neuromuscular 

junctions (NMJs) and motor neurons 154,200–202. Conversely, genetic loss of Pgc-1a in skeletal 

muscle reduces muscle oxidative capacity and exercise performance through impaired 

expression of mitochondrial genes and increased inflammation 203. The increased energy 

demand induced by exercise requires a concomitant increase in energy supply to fuel the 

working muscle. In skeletal muscle, PGC-1a integrates oxygen and nutrient consumption and 

supply by also regulating angiogenesis in a Hypoxia-inducible factor 1a (HIF-1a)-independent 

manner 184,204, and deletion of Pgc-1a impairs exercise-induced angiogenesis  145. Upon 

exercise, b-adrenergic activation of PGC-1a induces the expression and secretion of vascular-

endothelial growth factor (VEGF) by the co-activation of ERRa 145,204. Several PGC-1a 

isoforms have angiogenic effects, and the b-adrenergic-dependent induction of PGC-1a-

mediated angiogenesis is mainly dependent on alternative promoter usage 145,149,205. Alternative 

promoter usage can give rise to a PGC-1a isoform (PGC-1a4) shown to regulate muscle mass 
143. Muscle-specific transgenic expression of Pgc-1a protects against aging- and denervation-

induced muscle wasting 206. Muscle mass maintenance and control is highly dependent on 

innervation by motor neurons and synaptic endplates that together form NMJs. PGC-1a can 

modulate NMJ formation and signaling through modulation of pre- and post-synaptic NMJ 

morphology 207–209, as well as motor neuron identity 201. Aging and metabolic diseases not only 

impair neuronal and muscle integrity and function, but also induces a state of chronic low-
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grade inflammation and oxidative stress. Pgc-1a is differentially regulated in various contexts 

of inflammation 159,210–212. Collectively, PGC-1a isoforms have been suggested to protect 

against systemic low-grade inflammation and be necessary for acute inflammatory responses 
213,214. The anti-inflammatory effects of PGC-1a have partially been attributed to the repression 

of Nuclear factor kappa-light-chain-enhancer of B cells (NF-kB) 215.  

Apart from the skeletal muscle-intrinsic effects, PGC-1a also mediates distant exercise-

induced adaptations by controlling the expression and secretion of many hormones and 

metabolites. Exercise-induced PGC-1a regulates the production of hormones such as 

Meteorin-like (Metrnl) 216 and Irisin 217, and metabolites such as b-aminoisobutyric acid 218 and 

kynurenic acid (KYNA) 219,220 that have been shown to induce thermogenic gene programs in 

white adipocytes. 

 

Figure 2. PGC-1 at the center of cellular bioenergetics in skeletal muscle. In skeletal muscle, PGC-1 isoforms 

can induce an oxidative and/or hypertrophic phenotype. PGC-1 improves energy metabolism by stimulating 

mitochondrial biogenesis, improving mitochondrial function, and optimizing fuel handling and supply. Moreover, 

PGC-1 detoxifies muscle from pro-inflammatory molecules, improves neuromuscular control through 

neuromuscular junction (NMJ) remodeling, and secretes molecules with endocrine functions. Adapted from Correia 

et al., Trends Endocrinol Metab. 2015 221.  
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1.4 MOLECULAR AND CELLULAR ENERGY METABOLISM: 
FUNDAMENTAL PRINCIPLES  

 

Metabolic pathways constitute an interconnected network of reactions across multiple 

compartments in the cell. Metabolism essentially provides four fundamental functions for 

biological organisms: it 1) generates ATP to provide energy for cellular functions, 2) 

catabolizes macronutrients to generate energy and energy-providing substrates, 3) converts 

simpler structures into macromolecules through energy-requiring anabolic processes, and 4) 

provides molecules that participate in signaling pathways and post-translational modifications. 

All reactions can either require or release energy, and the presence of metabolites, enzymes, 

and energy will dictate the direction of a metabolic reaction. Many chemical reactions involve 

a transfer of electrons (redox reactions), and the amount of energy required or released depends 

on the potential difference between the oxidized electron donor and the reduced electron 

acceptor. Metabolic pathways that convert large molecules to smaller ones are catabolic. 

Catabolic pathways provide the cell with small molecules that can generate energy in the form 

of ATP or reducing equivalents (NADH, NADPH and/or FADH2), which are required to 

maintain chemical reactions that are important for the survival of living organisms.  
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 The Bioenergetic Branch of Glycolysis  

Glucose is a major source of cellular energy. One molecule of glucose can be metabolized to 

two molecules of pyruvate in the cytoplasm through glycolysis. Glycolysis can illustratively 

be divided in a phosphorylation phase (that requires ATP) and an energy production phase (that 

produces ATP), separated by the enzyme glyceraldehyde 3-phosphate dehydrogenase 

(GAPDH). The net energetic result of the aerobic glycolytic pathway yields two molecules of 

ATP and two molecules of NADH, which makes glycolysis inefficient in terms of energy 

production. The pyruvate produced by glycolysis has three fates: 1) it can be reduced to lactate 

by lactate dehydrogenase (LDH), 2) converted to alanine via alanine aminotransferase and 

concomitantly produce a-ketoglutarate from glutamate, or 3) oxidized to acetyl-CoA by the 

pyruvate dehydrogenase (PDH) complex. The reduction of pyruvate to lactate is coupled to the 

oxidation of NADH to form NAD+, and accounts for the anaerobic path of glycolysis. This 

oxidoreductase reaction contributes to the restoration of the cytosolic NAD+ pool. The 

cytosolic NAD+/NADH redox balance must be maintained for glycolytic flux to continue, as 

GAPDH requires NAD+ 222. Moreover, pyruvate oxidation to acetyl-CoA also requires NAD+, 

as the PDH complex concomitantly reduces NAD+ to NADH. Acetyl-CoA enters the TCA 

cycle where it is oxidized to produce ATP through oxidative phosphorylation (OxPhos). 

Complete oxidation of one glucose molecule through OxPhos can produce 30-32 molecules of 

ATP (if the ATP yield of NADH and FADH2 is counted as 2.5 and 1.5 molecules, respectively), 

thus offering a more energy efficient pathway than aerobic glycolysis. However, despite the 

low efficiency in ATP yield per molecule, aerobic glycolysis can generate more ATP than 

OxPhos though its high flux 223. Aerobic glycolysis is an integral component of endurance 

exercise metabolism, and an increase in glucose flux helps sustain activity 224 as a decrease in 

glucose-providing sources is limiting exercise performance 225.  

 Mitochondrial Substrate Oxidation  

Pyruvate produced via glycolysis is reduced to acetyl-CoA in the mitochondrion and enters the 

TCA cycle. The TCA cycle interconnects many metabolic pathways as it serves both a 

bioenergetic and biosynthetic role in metabolism. Metabolism of carbohydrates, lipids, and 

proteins all converge at the TCA cycle as glucose, fatty acids and most amino acids are 

metabolized to either acetyl-CoA or other intermediates of the cycle. All metabolites in the 

TCA cycle are potentially glucogenic as they can be metabolized to oxaloacetate that can be 

converted to glucose through gluconeogenesis. A net transfer of carbons into the TCA cycle is 

important to maintain its flux. Several reactions are important for this anaplerosis, including 
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the formation of oxaloacetate for the condensation reaction of acetyl-CoA, and a-ketoglutarate 

from glutamine and glutamate. Aminotransferases serve an important role in TCA cycle 

anaplerosis as transamination reactions can form pyruvate from alanine, oxaloacetate from 

aspartate, and a-ketoglutarate from glutamate. Other amino acids can also be metabolized to 

TCA cycle intermediates. The sequential oxidation of TCA cycle intermediates concomitantly 

reduces NAD+ and FAD+ to NADH and FADH2, respectively. The reducing equivalents 

produced are re-oxidized in the process of OxPhos that ultimately produces ATP. OxPhos can 

be divided into two parts: the electron transport chain (ETC) (oxidative) and ATP production 

by ATP synthase (phosphorylation of ADP). The ETC comprises four complexes and a Q 

protein that transports H+ from NADH and FADH2 from the mitochondrial matrix to the 

intermembrane space, thereby creating an electrochemical gradient. ATP synthase (complex 

V) uses the energy from the H+ gradient (proton motive force) produced by the ETC to form 

ATP while transporting H+ back into the mitochondrial matrix.  

 
Figure 3. Aerobic glycolysis and the TCA cycle. Aerobic metabolism of glucose through glycolysis produces 

two molecules of ATP, two molecules of NADH, and two molecules of pyruvate. Pyruvate is transported to the 

mitochondrion where it is oxidized to acetyl-CoA, which enters the TCA cycle. The TCA cycle produces two 

molecules of ATP, eight molecules of NADH, and two molecules of FADH2. The reducing equivalents produced 

then enter the electron transport chain for oxidative phosphorylation. Complete oxidation of one molecule of 

glucose can yield 30-32 molecules of ATP. Created with Biorender.com. 
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 Shuttle Systems Interconnect the Cytosol and Mitochondria  

Mitochondria are not only important for ATP production, but also serve an important role in 

maintaining the NAD+/NADH redox balance in the cell. The mitochondrial ETC accepts 

electrons from NADH and FADH2 to regenerate NAD+ and FAD+. NADH, however, cannot 

diffuse through the mitochondrial inner membrane. Instead, electrons are transported into the 

mitochondria by other metabolites via shuttle systems: glycerol-3-phosphate shuttle (G3PS) 

and MAS. The G3PS interconnects carbohydrate and lipid metabolism with the mitochondria 

and restores cytosolic NAD+ while producing FADH2 in the mitochondria. The FADH2 

produced in the G3PS enters the ETC at complex II and generates approximately 1.5 molecules 

of ATP. The MAS restores cytosolic NAD+ by reducing oxaloacetate to malate. The restoration 

of cytosolic NAD+ is used to maintain glycolytic flux. Malate subsequently gets transported 

into the mitochondria and is oxidized to oxaloacetate while reducing NAD+ to NADH. NADH 

enters the ETC at complex I which yields approximately 2.5 molecules of ATP, thus making 

the MAS a more energy efficient shuttle than G3PS. The MAS is dependent on the energy-

requiring efflux of aspartate from the mitochondria to the cytosol. For each exported molecule 

of aspartate, the mitochondrion takes up one molecule of glutamate and one H+. In principle, 

the MAS is unidirectional towards oxidation of cytosolic NADH by this proton motive force-

driven translocation 226. This transport has been shown to be energy dependent as uncoupling 

agents block aspartate efflux from the mitochondrion to the cytosol 227–229.  



 

 22 

 
Figure 4. Kynurenine metabolism as an integral part of the malate-aspartate shuttle in trained skeletal 

muscle. Schematic illustration of how kynurenine metabolism is integrated into the malate-aspartate shuttle in the 

presence of PGC-1a1 in skeletal muscle. PGC-1a1 induces the expression of kynurenine aminotransferases 

(KATs). This allows muscle to use kynurenine as a substrate for energy metabolism via a transamination reaction 

with a-ketoglutarate, resulting in the production of kynurenic acid (KYNA) and glutamate (Glu). Glutamate is 

part of the malate-aspartate shuttle and can also be used for TCA cycle anaplerosis. GOT2=KAT4. Created with 

Biorender.com. 

 Biochemical Basis of Adaptive Thermogenesis and Mitochondrial 
Uncoupling  

Substrate oxidation in the ETC creates an electrochemical proton gradient across the inner 

mitochondrial membrane. ATP synthase, the last enzyme of OxPhos, uses this electrochemical 
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gradient to provide energy for ATP production. In cellular bioenergetics, substrate oxidation, 

oxygen consumption, and ATP production are intimately coupled. In coupled respiration, as in 

all natural processes interconverting energy, a small part of the energy stored in 

macromolecules will be dissipated as heat during ATP production 230.  The idea of “wasting” 

even more energy as heat by uncoupling substrate oxidation from energy (ATP) production has 

long been an attractive target to counteract the hypercaloric state observed in obesity. Adaptive 

thermogenesis is the process in which an increased loss of heat is stimulated by external cues, 

such as diet or cold. It is generally divided into shivering thermogenesis (in skeletal muscle) 

and non-shivering thermogenesis (in brown and beige adipose tissue). Shivering thermogenesis 

is induced by cold and results in heat production from contracting skeletal muscle to protect 

core body temperature 231–234. The metabolic requirements to sustain shivering are like those of 

voluntary muscle contraction in exercise 231. In conditions of prolonged cold exposure, 

adaptation occurs and the body will rely on non-shivering thermogenesis to produce heat. Non-

shivering thermogenesis, hereafter referred to as thermogenesis, can be physiologically 

stimulated by cold exposure and overfeeding, and has gained attention in the field of obesity 

and metabolic disease as a way of increasing energy expenditure 230.  

 
Figure 5. Electron transport chain, oxidative phosphorylation, and Uncoupling protein 1. Reducing 

equivalents (NADH and FADH2) produced in the cytosol and mitochondria through oxidation of energy substrates 

enter the electron transport chain (ETC) where electrons are transported between electron carriers (Complexes I-

IV) while protons (H+) are being pumped into the mitochondrial intermembrane space.  ATP synthase (Complex 

V) uses the created electrochemical gradient to produce ATP from ADP. Uncoupling protein 1 (UCP1) uncouples 

the ETC from ATP production by dissipating the proton gradient while generating heat in the process. Created with 
Biorender.com. 
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A well-characterized form of thermogenesis is the uncoupling of the mitochondrial proton 

gradient from ATP production through a proton leak across the mitochondrial membrane 

mediated by Uncoupling protein 1 (UCP1). However, there are other ways through which 

substrate oxidation can be uncoupled from energy production with an increase in heat, such as 

by an electron leak or slip across the mitochondrial membrane without a concurrent relocation 

of H+ 235, or through futile cycling of substrates where ATP is hydrolyzed to ADP and inorganic 

phosphate (Pi) without performance of physical or chemical work 236,237. 

 The Bioenergetics of Endurance Exercise in Skeletal Muscle  

Skeletal muscle contraction during exercise is an energy-demanding process that relies on ATP 

supply to fuel cellular processes. To match these demands, an increase in metabolic flux and 

blood flow is necessary 238,239. During exercise, ATP can be derived from oxygen-independent 

substrate-level phosphorylation, and from OxPhos that requires oxygen and reducing 

equivalents. Carbohydrate, fat, and amino acid metabolism can supply reducing equivalents 

necessary for OxPhos, but their relative contribution to the overall energy (ATP) production 

varies depending on several factors including type and intensity of exercise, as well as 

individual factors.  

Skeletal muscle stores of substrates that rapidly can produce ATP are relatively small and 

become depleted after seconds of high-intensity exercise. The ATP necessary for quick, high-

intensity bouts of exercise can be derived from anaerobic sources such as from the breakdown 

of creatine phosphate and intramuscular glycogen stores 240,241. The resulting fatigue from high-

intensity exercise, which is seen as decreased power output, is associated with depletion of 

creatine phosphate, glycogen stores, and an accumulation of metabolic by-products including 

H+, AMP, and Pi 242–244. Energy supply during prolonged, submaximal exercise is mostly 

generated from OxPhos of carbohydrates and fat. Sources of carbohydrates include muscle 

glycogen and blood glucose derived from liver gluconeogenesis, liver glycogenolysis, and 

ingested carbohydrates. Fatty acids (FAs) used for OxPhos are derived from adipose tissue and 

intramuscular triacylglycerides (TAGs). The relative substrate contribution is determined by 

several factors, including duration and intensity of the exercise load as well as the aerobic 

fitness of the subject 225,245,246. In general, fatty acid oxidation (FAO) predominates during 

lower intensities. With higher intensities, FAO declines as a result of decreased FA delivery to 

muscle and mitochondria. Instead, glycolytic flux increases, as glucose metabolism is more 

efficient in generating energy and can be metabolized through both aerobic and anaerobic 

pathways 247. The increased glucose utilization is partially a result of increased b-adrenergic 
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signaling that stimulates glycogenolysis secondary to elevations in sarcoplasmic Ca2+, Pi, and 

cAMP 248, and partially from an increased glucose uptake 225. During prolonged exercise, liver 

gluconeogenesis can contribute to glucose supply 225.  

Amino acids can also serve as fuel during exercise. Their contribution, however, is to a lower 

extent than that of carbohydrates and fat. Leucine, for example, can be oxidized and used as an 

immediate fuel source 249. Glutamate plays several roles in skeletal muscle as it can either be 

transaminated to alanine (a gluconeogenic precursor) and aspartate forming a-ketoglutarate in 

the process, metabolized into the antioxidant glutathione, or used for glutamine synthesis 250,251. 

This puts glutamate as a link between amino acid metabolism, oxidative metabolism, and 

glycolysis. During short-term exercise, both rodent and human skeletal muscle avidly uses 

glutamate as evidenced by both a fast decrease (within 5 minutes) in skeletal muscle glutamate 

levels and an increase in glutamate uptake 252,253. As glutamate levels decrease at the onset of 

exercise, the flux into the TCA cycle and intermediates for the TCA increases, alongside an 

increased production of alanine 254. This suggests that the glutamate-pyruvate transaminase 

reaction is the primary anaplerotic reaction that takes place, as an initial increase glycolytic 

flux provides an increased availability of pyruvate 254, which is a co-substrate for the reaction.  

Prolonged exercise leads to a progressive decline in muscle lipolysis and glycogenolysis 245. 

Fatigue usually results from a depletion of glycogen and hypoglycemia, which decreases 

substrate oxidation for energy production. Prolonging exercise performance through 

exogenous administration of macromolecules is possible. This is illustrated by enhanced 

endurance exercise performance after carbohydrate ingestion before and during exercise 
62,255,256, and enhanced anabolic capacity with protein supplementation following resistance 

training 63 . 
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1.5 KYNURENINES IN ENERGY METABOLISM AND INFLAMMATION  

 

The essential amino acid tryptophan is well known for being critical for protein synthesis and 

a precursor for the neuroactive metabolites serotonin and melatonin. However, the major route 

for tryptophan degradation is along the kynurenine pathway (KP) of tryptophan degradation. 

The KP metabolizes > 90 % of available tryptophan and has been implicated in a broad range 

of physiological and pathophysiological conditions, as many of the kynurenine metabolites 

have neuroactive and/or immunomodulatory properties. These metabolites have been 

extensively studied in the fields of oncology and neuropsychiatry, but remains relatively 

unexplored in the context of metabolism and metabolic disease. The KP consists of several 

branches, two of which converge to produce NAD+ or kynurenic acid. These end-metabolites 

have important roles in energy metabolism and immune system regulation.  
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 The Kynurenine Pathway of Tryptophan Degradation at a Glance  

Large amino acid transporters (LATs) including SLC7A5 (LAT1), SLC7A8 (LAT2), and 

SLC1A5 mediate tryptophan and kynurenine uptake into cells 257,258. The first step of the KP 

uses molecular oxygen to convert tryptophan to N-formyl-kynurenine. N-formyl-kynurenine 

then gets metabolized to kynurenine by one of three enzymes: indoleamine 2,3-dioxygenase 1 

(IDO1), indoleamine 2,3-dioxygenase 2 (IDO2) or tryptophan 2,3-dioxygenase (TDO). TDO 

is consecutively active and is enriched in the liver, whereas the IDOs are inducible upon 

inflammatory stimuli. Kynurenine can further be metabolized through three branches forming 

either anthranilic acid by kynurenine hydrolase (KYNU), KYNA by kynurenine 

aminotransferases (KATs), or 3-hydroxykynurenine (3-HK) by kynurenine 3-monooxygenase 

(KMO). NAD+ is the end-product of the KMO-branch, making the KP the only de novo 

biosynthetic pathway for NAD+. Like the IDOs, KMO is highly inducible by inflammatory 

stimuli. Several of the metabolites produced from the KMO-axis of the KP have been shown 

to induce cellular toxicity and have immunomodulatory effects. Thereto, a more recent 

discovered branch of the KP involved the enzymatic action of interleukin 4-induced 1 (IL4I1), 

which converts tryptophan to indole compounds and KYNA 259. 

 The Kynurenine Pathway in Skeletal Muscle  

Skeletal muscle can utilize amino acids for protein synthesis and as a source of energy 250,260. 

Physical exercise will stimulate the catabolism of amino acids, including tryptophan, to 

generate ATP. As previously mentioned, the initial stages of exercise will rely on substrate-

level phosphorylation and glucose utilization. As exercise progresses, other sources of ATP 

will contribute to maintain energy supply. To maintain flux through metabolic pathways, 

NAD+ needs to be replenished. Tryptophan catabolism through the KP can replenish NAD+ 

through de novo synthesis. Metabolites of the KP, and particularly KYNA, are increased upon 

endurance exercise 261–263. Exercise training induces gene expression and protein content of 

KAT in muscle 220,262 mediated by PGC-1a and PPARa/d 220. The KAT enzymes mediate the 

conversion of kynurenine to KYNA. KYNA, unlike kynurenine, cannot cross the blood-brain-

barrier 264. Mice with transgenic expression of Pgc-1a1 in skeletal muscle have higher levels 

of KAT enzymes in skeletal muscle, increased levels of KYNA in circulation following chronic 

mild stress or exogenous kynurenine administration, and are resilient to depressive like-

behavior induced by kynurenine 220. The exercise-induced expression of Kats results in a 

physiological shift in kynurenine metabolism that can have important implications in 

neuropsychiatric and metabolic disorders. In fact, peripheral KYNA increases energy 
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expenditure in mice by inducing a transcriptional program in adipose tissue consistent with 

beiging and thermogenesis 219. Interestingly, exogenous administration of KYNA that reaches 

post-exercise levels in circulation changes the inflammatory microenvironment of adipose 

tissue to an anti-inflammatory profile both in lean and obese mice 219. 

 
Figure 6. The kynurenine pathway of tryptophan degradation and the roles of kynurenine metabolites in 

physiology. Adapted from Joisten et al., Trends Mol Med. 2021 265. 



 

 29 

 Kynurenines in Inflammation and Immunomodulation  

The KP has gained attention in the context of inflammation and immunomodulation, and 

tryptophan can be readily catabolized during immune cell activation 266. Disruption of the KP 

is observed in several inflammatory conditions including obesity, where the levels of certain 

KP metabolites positively correlate with BMI and HOMA-IR 267. Several KP metabolites have 

been shown to have immunomodulatory and anti-inflammatory effects. IDO, the enzyme 

converting tryptophan to kynurenine, serves as a link between the KP and immune system, as 

it is readily induced in immune cells by inflammatory pathways including Tumor necrosis 

factor a (TNFa), Interferon g (IFNg), and Interleukin (IL)-1 268,269. Kynurenine can act on 

multiple immune cell-types, and can decrease the activity of antigen-presenting cells including 

monocytes, macrophages, dendritic cells 270,271, and natural killer (NK) cells 272. In T-cells, 

tryptophan depletion as well as kynurenine has been shown to inhibit proliferation of CD4+ T-

cells 271,273,274, and promote the proliferation of regulatory T cells (Treg) 275,276 by activating the 

aryl hydrocarbon receptor (AhR) 277,278. AhR is a transcription factor with known anti-

inflammatory effects in both innate and adaptive immunity. Kynurenine-mediated activation 

of AhR indeed suppresses innate immunity 271,273,274 and promotes Treg differentiation 277,278. 

KYNA has also been shown to activate AhR at low concentrations 279, as well as being a ligand 

at GPR35. KYNA-binding to these receptors induces anti-inflammatory responses in many 

cells. The immunomodulatory effects of the KP have gained attention in oncology, where 

several KP-targets have been studied in clinical trials 280,281.  

Activation of immune cells increases their metabolic demands. Therefore, the demand for 

NAD+ increases to maintain the flux through energy producing and biosynthetic pathways 
282,283. NAD+ homeostasis is disrupted in conditions with chronic low-grade inflammation such 

as aging and metabolic disease 284–286, as well as in immune cells upon activation 287. As the 

KP is a de novo synthesis pathway for NAD+, it may serve an important role in supporting the 

bioenergetic needs for immune cell activation through generation of NAD+ 288. NAD+ is also 

known to mediate effects of enzymes important in transcriptional regulation and cytokine 

production from certain immune cells 289,290. Taken together, the KP plays an important role at 

the intersection between metabolism and immunity.   
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 Kynurenic Acid-Mediated GPR35 Signaling  

GPR35 is considered an orphan GPCR, although many endogenous ligands, including KYNA, 

reverse triiodothyronine (T3), C-X-C motif chemokine ligand 17 (CXCL17), and 

lysophosphatidic acid (LPA), have shown affinity for the receptor 291–294. These ligands have 

been proposed to activate GPR35 and downstream signaling pathways in cell-, context-, and 

species-specific manners. GPR35 has been shown to be coupled to various signaling pathways, 

including Gai/o, Ga13, Gaq and b-arrestin, following activation 295–298. KYNA has, apart from 

being studied as an agonist at GPR35, been well studied in the central nervous system where it 

is neuroprotective. KYNA is a ligand and inhibitor of a-amino-3-hydroxy-5-methyl-4-

isoxazolepropionic acid (AMPA), kainite, a7-nicotinic acetylcholine, and the N-methyl-D-

aspartate (NMDA) receptors with IC50 values ranging between 7-500µM at the various 

receptors 299–305. Outside of the nervous system, KYNA is an agonist at AhR at low 

concentrations 279. KYNA binds to GPR35 with varying affinities between the species 

orthologs of the receptor with EC50 values ranging between 39-217 µM in humans and 11 µM 

in mice 292,306–308. KYNA-GPR35 signaling has been studied in many cell types and contexts. 

GPR35 activation through KYNA can modulate cAMP production and release 219,309, Ca2+ 

release 219,309–311, recruit b-arrestin 2 309,312, regulate PI3K/protein kinase B (Akt) and MAPK 

pathways by modulating phosphorylation of Extracellular signal-regulated kinases (ERK) 1/2, 

p38-MAPK, CREB and Akt 219,313,314 and induce accumulation of b-catenin 315. In adipocytes, 

KYNA-mediated GPR35 signaling increases Ca2+ release, phosphorylation of ERK1/2, CREB 

and cAMP levels, as well as stabilizes PGC-1a 219. In bone marrow-derived macrophages 

(BMDMs), KYNA has been shown to elicit a concentration-dependent chemotactic response 

that is ablated upon genetic deletion of Gpr35 316. Loss of Gpr35 elevates Ca2+ levels in 

BMDMs 316, decreases glucose-dependent metabolism 316, reduces macrophage-infiltration in 

atherosclerotic plaques 317, worsens inflammation in colitis-models 318,319, and disrupts glucose 

homeostasis 219. Conversely, KYNA-mediated GPR35 activation increases energy expenditure 

and induces a healthy adipose tissue microenvironment with induction of a signature consistent 

with thermogenesis and a metabolically healthy immune profile 219.  Collectively, the 

modulatory effects on metabolism and inflammation observed with gain- and loss-of-function 

studies of Gpr35, together with its expression in various immune cell populations suggests a 

role for the receptor in modulation of immune responses.  
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Figure 7. Schematic representation of GPR35 signaling pathways. GPR35 is still considered an orphan 

receptor as no selective high-affinity ligand has yet been discovered. However, several endogenous molecules 

have shown affinity at the receptor. These include C-X-C motif chemokine ligand 17 (CXCL17), reverse 

triiodothyronine (rT3), kynurenic acid (KYNA), and lysophosphatidic acid (LPA). Created with Biorender.com. 
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1.6 ADIPOSE TISSUE AND INFLAMMATION  

 

The immune and metabolic systems are highly integrated, as suggested by the presence of 

tissue-resident immune cells in metabolic tissues. Immune cells are central components of 

inflammation, which traditionally is viewed as an adaptive response to an injury or insult. 

Although acute immune responses are mostly beneficial, prolonged inflammation can cause 

metabolic disruptions. This is a key component of metabolic disease in obesity, where 

inflammation is driven by a chronic metabolite and nutrient abundance. There is an extensive 

infiltration of immune cells in adipose tissue in obesity. These cells get activated by the local 

pro-inflammatory environment. This can cause a vicious cycle, where each system is triggering 

the other and causing disruptions in systemic energy homeostasis.  
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 Adipose Tissue: Historical Views and Broad Concepts  

Adipose tissue is a heterogeneous organ containing multiple different cell types including 

adipocytes, pre-adipocytes, endothelial cells, and immune cells 320–323. Adipocytes are 

important regulators of energy balance and systemic energy metabolism. Historically, white 

adipocytes were solely seen as storage sites for energy that could be released in states of 

increased energetic demands. In the late 20th century, however, adipocytes were found to 

secrete molecules (adipokines) with autocrine and endocrine effects including adipsin, TNFa, 

leptin, and adiponectin 324–327. Following these discoveries, adipose tissue became recognized 

as an endocrine organ central to energy homeostasis regulation. It is now widely appreciated 

that various adipose tissue depots exhibit different characteristics both on a cellular and 

systemic level. Oftentimes, however, white adipose tissue (WAT) is only subdivided into 

visceral adipose tissue (VAT) and subcutaneous adipose tissue (SAT). Although this is an 

oversimplification, and there are regional differences within each category, this subdivision 

offers a practical model when studying adipose tissue biology. The differences between VAT 

and SAT might be explained by differences in anatomical location (innervation, circulation) 

and cell-autonomous effects of depot-specific cell types 328–330.  

Excess adiposity is a strong predictor of metabolic disease and its comorbidities. The relative 

contribution of visceral and subcutaneous adiposity to this risk differs. Although both excess 

subcutaneous and visceral fat correlate with metabolic risk factors, the latter appears to be more 

detrimental for metabolic health 331–336. In principle, adipose tissue expansion occurs through 

adipocyte cell expansion (hypertrophy) and/or an increase in adipocyte cell number 

(hyperplasia). Mature adipocytes are differentiated, post-mitotic cells, and hyperplasia 

therefore stems from de novo formation of adipocytes (adipogenesis). It has been suggested 

that adipose tissue expansion through hyperplasia correlates with a healthier metabolic profile 

compared to expansion through hypertrophy 336–339. In animal studies, fat-rich diets are used as 

tools to induce obesity and insulin resistance. Mice fed a HFD for 12 weeks have increased 

body weight, subcutaneous fat mass, and epididymal fat mass by 50 %, 163 % and 84 %, 

respectively 340. One month of HFD expands fat mass by hypertrophy in both the subcutaneous 

and visceral depots. At two and three months of HFD feeding, the visceral adipose tissue has 

recruited a high degree of new adipocytes through de novo adipogenesis, whereas the increase 

in subcutaneous fat mass has little contribution from newly formed adipocytes. This depicts 

how different adipose tissue depots respond in different ways to the same stimuli. 
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 Different Colors of Adipocytes  

Adipocytes are generally divided into white, brown, and beige cells with distinct phenotypes 

and functions attributed to each. White adipocytes are unilocular storage cells for fat and 

insulate our bodies. Brown adipocytes contain multiple lipid droplets and a dense 

mitochondrial network that provides them with their distinct color. Brown adipocytes dissipate 

the stored fat as heat, thereby expending energy. Beige adipocytes are inducible and can acquire 

a brown-like phenotype. This underlies the great interest in beige adipocytes as a target in 

treating metabolic disease.  

 Transcriptional Regulation of Adipogenesis  

Adipocytes arise from pluripotent stromal progenitor cells that also can differentiate into 

skeletal muscle and osteochondral cells 341. The process of adipogenesis can be depicted to 

consist of two phases: determination and terminal differentiation. During determination, 

pluripotent stem cells commit to the adipose lineage and become preadipocytes. Determination 

is followed by terminal differentiation, where the adipocyte acquires adipocyte-specific 

characteristics. The transcriptional events that promote adipogenesis have been extensively 

studied and described 342–346. PPARg is a “master regulator” of adipocyte formation, as it is 

both necessary and sufficient for adipogenesis 347–349. Humans with loss-of-function mutations 

in PPARg are lipodystrophic and insulin resistant 350–352. During obesity, ERK-mediated 

phosphorylation of PPARg stimulates a diabetogenic gene expression signature 353, partially 

mediated by Growth differentiation factor 3 (GDF3) 354. Inhibiting phosphorylation of PPARg 

at Ser273 protects against diet-induced insulin resistance 355. Other important TFs for adipocyte 

formation are CCAAT/enhancer-binding protein (C/EBP) a (C/EBPa), C/EBPb and C/EBPd. 

C/EBPa serves an important role in adipogenesis as it maintains PPARg expression, but is not 

alone sufficient to drive adipogenesis 347–349. PPARg and C/EBPa also modulate other pro-

adipogenic TFs including the Krüppel-like factor (KLF) family, GATA transcription factors, 

LXR, and sterol regulatory element-binding protein (SREBP)-1c . Many pathways are shown 

to either stimulate or inhibit adipogenesis by, at least in part, regulating PPARg function 343,356. 

This core adipogenic program appears to be shared across adipose tissue depots and cells. In 

addition to the general adipogenic transcription program, brown and beige adipocyte 

development is under the control of several known transcriptional co-regulators, including 

PGC-1a and PR domain containing 16 (PRDM16). PGC-1a-mediated effects on the TFs 

ERRa, PPARa and PPARg 357,358 induces mitochondrial gene programs, and its absence 

suppresses gene expression of many, but not all, thermogenic genes. PRDM16 359  binds 
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C/EBPb and suppresses transcriptional programs associated with white adipocyte formation or 

muscle development 360,361. Prdm16 is highly expressed in inguinal WAT (iWAT) in mice and 

can drive the differentiation of beige adipocytes through C/EBPb, PPARg, PPARa, and PGC-

1a 359,361–364. 

 Brown Adipocytes at a Glance  

One physiological role of brown adipose tissue (BAT) is to protect mammals from cold by 

regulating body temperature through the generation of heat 365. In mice, BAT is mainly 

localized to the intrascapular, axillary, and cervical regions. Most brown adipocytes are derived 

from precursors of mesodermal origin that transiently express Myf5 and Pax7. The same 

precursor cells also give rise to skeletal muscle cells as well as to a subgroup of white 

adipocytes 362,366,367. The developmental relationship between brown adipocytes and skeletal 

muscle cells is reflected in their similar gene signatures 368. The great interest in BAT stems 

from its potential as an anti-obesity target attributed to its energy “wasting” potential. UCP1, 

which is a long chain fatty acid anion/H+ symporter, was first discovered in 1978 369 and is the 

classical functional marker of brown adipocytes. UCP1 is a mitochondrial inner membrane 

protein that mediates a proton leak between the mitochondrial intermembrane space and the 

mitochondrial matrix, and hence uncouples the proton gradient from ATP production by ATP 

synthase. Although the physiological relevance of human BAT has been widely debated, 

emerging evidence suggests a role for BAT in human metabolism and metabolic disorders 370–

372. The UCP1-mediated proton leak and hence energy “wasting”, is inducible in brown and 

beige adipocytes and needs activation to uncouple the ETC from ATP production 373. 

 Beige Adipocytes at a Glance  

Beige adipocytes (also known as brown-like or brite adipocytes) have a less clear embryonic 

origin, and unlike brown adipocytes they do not come from a Myf5-expressing precursor. Beige 

adipocytes arise from precursors that can give rise to smooth muscle cells 368 and/or white 

adipocytes 374,375. It has been debated whether beige adipocytes are generated de novo from a 

distinct set of precursor cells or if they are formed via transdifferentiation of white adipocytes. 

Early studies suggested that most beige adipocytes were formed from white adipocytes that 

underwent a phenotypic switch 376. Later, using an inducible permanent labeling system of 

mature adipocytes, it was also shown that most cold-induced Ucp1+ beige adipocytes were 

formed de novo from precursor cells expressing Cited1 and Cd137 (which white adipocytes do 

not) 340. The thermogenic phenotype of induced beige adipocytes is transient and reverses upon 

withdrawal of inducible stimuli 377. At tissue level, cold-induced transcriptional and 
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morphological changes are reversed after five weeks of re-acclimation to warm temperature. 

The cold-induced beige adipocytes retain a transcriptional signature that resembles white more 

than unstimulated brown adipocytes 377,378.  

 Neuroendocrine Regulation of Thermogenesis  

Cold is a dominant regulator of brown and beige adipocyte biology and drives many of the 

transcriptional changes observed in thermogenesis. Cold exposure activates sympathetic 

outflow and releases catecholamines to the adipose tissue compartments. WAT compartments 

with denser innervation have higher propensity to undergo beige remodeling 379. 

Catecholamines can be released from nerve endings or from alternatively-activated 

macrophages (AAMs) 380,381, and can trigger a thermogenic gene program in adipocytes 

through b-adrenergic activation and cAMP signaling. Phosphokinase A responds to increases 

in cellular cAMP that subsequently leads to the activation of p38-MAPK and CREB TFs 382–

384. These thermogenic effects cannot only be explained by neural control of the adipose tissue, 

as many of the adaptations to cold are induced with exogenous administration of b3-adrenergic 

receptor (b3-AR) agonists that circumvent the nervous system. Cold- and b3-AR-induced 

thermogenesis are both mediated by PGC-1a 195,385,386, but induce different cellular programs 

that can be illustrated by the distinct infiltrated immune cell populations in WAT after each 

stimuli 387. This underscores the cell-intrinsic role in driving thermogenic changes. In 

adipocytes, the proximity to lipid stores is thought to be partially responsible for the rapid 

induction of thermogenesis. Sympathetic activation induces lipolysis through b-ARs and 

cAMP signaling. This provides fatty acids for OxPhos and UCP1-activation 388,389. In addition 

to sympathetic innervation and norepinephrine, many hormones and metabolites have been 

shown to induce thermogenic transcriptional programs in adipocytes. Some of these include 

KYNA 219  and FGF21 390 through stabilization of PGC-1a, bile acids through the formation 

of T3 which sensitizes brown adipocytes to b-adrenergic signaling 391, and the TCA metabolite 

succinate that can drive UCP1-dependent thermogenesis through ROS 392.  

Expansion of thermogenic adipose tissue is not sufficient to increase energy expenditure, as the 

increase in UCP1 does not increase respiratory activity at baseline 373,393. Activation of brown 

and/or beige adipocytes therefore seems necessary to achieve their anti-obesogenic and –

diabetic effects. b-AR agonist can be used to activate brown and/or beige adipocytes. However, 

b-adrenergic signaling is systemically widespread and unspecific, causing many unwanted side 

effects. It is a therapeutically attractive idea to find mechanisms that sensitizes thermogenic 
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adipocytes to b-adrenergic signaling as this could allow for administration of lower doses of b-

AR agonists to circumvent their unwanted side effects. 

 
Figure 8. Beige adipocyte differentiation and adipose tissue microenvironment. Beiging of adipocytes is an 

inducible and reversible process (top left). Beiging is induced by b-adrenergic receptor (b-AR) activation or cold-

exposure. Conversely, thermoneutrality and high-fat diets (HFD) drive a phenotypic switch back to white 

adipocytes. PGC-1a and PRDM16 are co-activators that induce a thermogenic signature together with the general 

adipogenic transcriptional program including PPARg and C/EBPb. EBF2 and KLF11 work together with PPARg 

to induce the expression of beige-specific genes (bottom). There are other imporant factors for the induction of 

beige cells that are not depicted in this illustration. Adipose tissue function relies on the complex interaction 

between various immune cell populations to maintain a healthy, insulin sensitive mircoenvironment (top right). 
Created with Biorender.com 

 The Link Between Inflammation, Immune Cells, and Adipose Tissue  

Inflammation was gaining attention as an important contributor to metabolic disease when 

TNFa was found to regulate insulin resistance and systemic glucose homeostasis 325. In obesity, 

adipocytes and macrophages secrete TNFa 325,394,395, and neutralization of TNFa in this context 

improves insulin-stimulated glucose uptake 325. Adipose tissue is a heterogeneous tissue that 

constitutes not only adipocytes, but also various immune cell populations 320,322,396. Adipocytes 

are plastic cells that can expand accordingly in states of overnutrition. However, a positive 

energy balance sustained over longer periods is pathogenic. The proposed mechanisms for 

obesity-associated inflammation include activation of hypoxia-induced pathways because of 

limited angiogenesis in the adipose tissue, insufficient extracellular matrix remodeling, and 

activation of pattern recognition receptors by excess lipids. During obesity, there is a major 

expansion and infiltration of immune cells into adipose tissue, and it is now widely appreciated 
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that the immune cell microenvironment affects metabolic health 397,398. The activation of 

inflammatory pathways causes a shift in the adipose tissue-resident immune cell populations 

towards a more type 1, pro-inflammatory signature. Collectively, immune cells serve as 

gatekeepers of adipose tissue health and function as they not only have been shown to mediate 

obesity-associate dysfunction, but also healthy functions such as insulin sensitivity and 

thermogenesis. 

 Lean Adipose Tissue-Resident Immune Cells  

Lean adipose tissue predominantly contains immune cells that can be classified as type 2-anti-

inflammatory cells including AAMs, eosinophils, Tregs, and type 2 innate lymphoid cells 

(ILC2) 399–406. These anti-inflammatory immune cells are thought to mitigate inflammation and 

support metabolic health through cytokines such as IL-4, IL-5, IL-10, IL-13, IL-33 399–413. 

AAMs are dependent on IL-4, IL-13, and Signal transducer and activator of transcription 6 

(STAT6) to maintain their phenotype 414–416, and can induce lipolysis and a thermogenic gene 

program 216,380,401,417. These effects by AAMs have been thought to be mediated through the 

synthesis and release of norepinephrine locally in adipose tissue, although this has been debated 
216,380,381,401,417–420. Adipose tissue AAMs can also improve glucose homeostasis and 

mitochondrial function by buffering excess iron 421. IL-4, required for optimal AAM 

maintenance, can be produced from several other immune cells including eosinophils, invariant 

natural killer T (iNKT) cells, and ILC2 cells. Eosinophils require IL-5 and the TF GATA1, and 

eosinophil-deficiency aggravates obesity and insulin resistance in mice 404,422. Cold exposure 

stimulates the release of METRNL from skeletal muscle and adipocytes, which act through 

eosinophils in WAT to induce thermogenesis 402. iNKT cells, which are enriched in adipose 

tissue in mice and humans, are protective against obesity through their anti-inflammatory 

cytokine repertoire 423–427. iNKT activation stimulates FGF21, which can induce beiging of 

adipocytes leading to improved weight- and systemic glycemic control 390,424,428. FGF21-

CCL11 signaling stimulates release of IL-4 through eosinophils, thereby promoting AAM 

activation and maintenance 429. ILC2 cells are also important for the maintenance of WAT 

homeostasis as they regulate adipose tissue-resident eosinophils and AAMs through their 

production of IL-5 and IL-13 403,406,430. Moreover, ILC2 cells have also been shown to induce 

beige adipocytes through meteorin-enkephalin and IL-13 399,403. IL-33 is produced from various 

cells in adipose tissue and is important for ILC2 cell maintenance, induction of beige 

adipocytes, and Treg abundance in WAT 399,400. The main cell type responsible for IL-33 

production in adipose tissue is PDGFRa+ fibroblasts 431. Production of IL-33 from PDGFRa+ 
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cells is dependent on Cadherin-11, and inhibition of Cadherin-11 increases IL-33 production 

and inhibits fibrosis 431. 

Together, this illustrates the interconnected network between anti-inflammatory immune cells 

and adipocytes necessary to maintain healthy adipose tissue function through the secretion of 

type 2 cytokines. Inhibiting type 2 immune signaling prevents beiging of adipocytes 432.  

 Adipose Tissue-Resident Immune Cells in Obesity  

Chronic positive energy balance leads to inflammation in the WAT followed by insulin 

resistance and associated complications. The inflammatory pathways activated by chronic 

overnutrition leads to secretion of pro-inflammatory cytokines and mediators including 

Monocyte chemoattractant protein-1 (MCP-1), leukotrienes, and prostaglandins. These 

molecules change the immune cell microenvironment in WAT to a more type 1, pro-

inflammatory signature 394,433. Macrophages constitute approximately 50 % of the immune 

cells found in obese adipose tissue, and this increase in macrophage number compared to lean 

adipose tissue is driven partially by MCP-1 433–435. There is a phenotypic change of the WAT-

associated macrophage population in obese WAT as TNFa inhibits the proliferation of healthy 

AAMs 436, and together with IFNg, skew the macrophages towards a pro-inflammatory 

phenotype in obesity. Obesity-associated macrophages form crown-like structures around dead 

or dying adipocytes 437 as they try to scavenge cellular debris 438. These macrophages also 

secrete IL-1b, TNFa, and IL-6 that can impair insulin sensitivity locally and at distant sites 
398,439,440. Human adipose tissue from obese subjects has fewer ILC2 cells than non-obese 

subjects 399, thereby limiting their maintenance of obesity-protective eosinophils and AAMs. 

Instead, there is an expansion of IFNg-producing ILC1 cells in obesity 441 that contributes to 

the development of fibrosis by activating pro-inflammatory macrophages and TGFb1 

signaling, which impairs glucose homeostasis 438. Early-stage expansion of ILC1 cells during 

obesity is facilitated by NK cells, which also can secrete cytokines as TNFa and IFNg. IFNg 

can also be produced from pro-inflammatory CD4+ and CD8+ T cells that accumulate in WAT 

early during obesity 442–445. IFNg activates the JAK-STAT1 pathway, which impairs insulin 

signaling, lipid storage and adipocyte differentiation 446–448. Immune cells and adipocytes are 

therefore closely interconnected and regulate adipose tissue health and function together.  
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2 AIMS 

 

Obesity is a major driver of medical comorbidity with detrimental effects on longevity and 

health span. Ultimately, obesity is a condition of disrupted energy balance where energy intake 

chronically exceeds energy expenditure. Physical activity constitutes a cornerstone in the 

treatment of obesity and its comorbidities. Exercise not only increases energy expenditure, but 

also induces a myriad of healthy molecular adaptations in skeletal muscle and other metabolic 

organs that can counteract the metabolic and inflammatory disruptions observed in obesity. 

The overall focus of the work presented in this thesis was to identify novel pathways that drive 

the systemic adaptations observed in exercise and obesity. As skeletal muscle and adipose 

tissue are central players in exercise and obesity, the focus of this thesis was to investigate 

molecular and cellular adaptations in bioenergetic pathways in these organs. 
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2.1 SPECIFIC AIMS 

The work included in this thesis is compiled in three independent, but interconnected, studies. 

The specific aims of each study are listed below.  

Study I:  

o To investigate the effects of exercise-mimicking elevation of exogenous KYNA on 

systemic metabolism and energy homeostasis. 

o To investigate the role of KYNA-GPR35 signaling in adipose tissue metabolism and 

inflammation. 

o To assess whether there is a functional crosstalk between b-AR and GPR35 in 

adipocytes.  

 

Study II: 

o To find novel skeletal muscle-intrinsic PGC-1a1-mediated adaptations to exercise 

training using an integrative data analysis approach.  

o To examine the role and regulation of the malate-aspartate shuttle in skeletal muscle 

exercise adaptation in mice and humans.  

o To investigate the role of peripheral kynurenine metabolism as a bioenergetic source in 

the context of exercise training adaptation.  

o To investigate whether impaired malate-aspartate shuttle function or kynurenine 

metabolism mitigates exercise adaptation. 

 

Study III: 

o To characterize the cellular distribution of Gpr35 in adipose tissue. 

o To investigate the systemic metabolic and energetic roles of immune cell GPR35 in the 

context of obesity. 

o To examine the effects of tissue transcriptional environments in the absence of immune 

cell GPR35 in skeletal muscle and adipose tissue. 
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3 RESULTS AND DISCUSSION 
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3.1 STUDY I: KYNURENIC ACID AND GPR35 REGULATE ADIPOSE TISSUE 
ENERGY HOMEOSTASIS AND INFLAMMATION  

The kynurenine pathway (KP) of tryptophan degradation consists of different branches, and 

the relative activity of each branch may underlie physiological and pathological adaptations as 

the intermediate metabolites have immunomodulatory, neuroactive, and bioenergetic roles. 

The KP is disrupted in inflammation-driven pathologies including oncological, 

neuropsychiatric, and metabolic conditions. Kynurenic acid (KYNA) is a metabolite with 

shown neuroprotective, anti-inflammatory, and immunosuppressive functions 449. The 

circulating levels of KYNA are increased after exercise, and peripherally produced KYNA 

does not cross the blood-brain-barrier 264. KYNA produced in the periphery upon exercise 

therefore exerts its effects in the periphery. In this study, we examined the peripheral role of 

sub-chronic KYNA elevations on energy balance. We showed that daily exogenous 

administration of KYNA regulates energy homeostasis by increasing energy expenditure 

through actions on the white adipose tissue (WAT) compartment. KYNA signals through 

GPR35 in WAT and induces a transcriptional program that drives beiging of adipose tissue, in 

part through enhanced b-adrenergic signaling and PGC-1a1 stabilization, and shifts the 

microenvironment to a more metabolically healthy inflammatory milieu.  

KYNA has been described to have immunomodulatory properties as it can drive anti-

inflammatory programs and suppress inflammation. In this study, we observed that sub-chronic 

exogenous administration of KYNA that reaches physiological levels in circulation 262,263 

shifted the immune transcriptional signature in WAT to a more anti-inflammatory profile. 

KYNA induced the expression of markers expressed in AAMs, ILC2s, and Tregs. These cell 

types have been reported to reduce WAT inflammation and correlate with improved insulin 

sensitivity. We also observed that KYNA induced the expression of Il-33, which is known to 

stimulate the production of type 2 cytokines from various immune cells 450. As discussed 

previously, KYNA is also a ligand at AhR, and some of the anti-inflammatory genes induced 

by KYNA in our study (including Il-10 451 and Il-33 452) are known to be regulated by AhR. In 

this context, however, we demonstrated that the induction of these genes with known anti-

inflammatory function is dependent on GPR35, as the KYNA-regulated increase in expression 

was abolished in the absence of GPR35.  

Exogenous KYNA-administration in mice resulted in increased energy expenditure, lower 

circulating TAG, and halted weight gain explained by lower adipose tissue mass. Analysis of 

the WAT compartments revealed a transcriptional signature consistent with a beige adipose 

tissue profile, where gene expression levels of markers indicative of thermogenesis and beiging 
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(Ucp1, Prdm16, Cidea, Pgc-1a, Tbx1, Ear2) were increased. The WAT of KYNA-injected 

mice also showed increased levels of genes involved in OxPhos and lipolysis, concordant with 

the observations that these mice exhibiting increased oxygen consumption and reduced 

circulating TAGs. These mice also had an increase in gene expression of genes involved in 

glucose uptake and antioxidant responses. To isolate the cell-intrinsic effects of KYNA on 

adipocytes, we treated primary adipocytes with KYNA and observed a similar transcriptional 

signature. This suggested that KYNA indeed had direct effects on adipocytes. Interestingly, a 

similar signature is enriched in adrenergic signaling pathways and PPARg-regulated 

adipogenesis (known inducers of beiging), which suggests that the adipocyte-autonomous 

effects of KYNA could be dependent on these pathways.  

In adipocytes, KYNA-mediated GPR35-signaling elevated intracellular Ca2+, increased 

ERK1/2 phosphorylation, and stabilized PGC-1a. All these intracellular adaptations have been 

shown to regulate adipocyte function through adaptive thermogenesis and beiging of white 

adipocytes 139,453–455. GPR35 activation induces different signaling pathways in various tissues. 

GPR35 has been shown to signal through Gai/o G proteins 309,456 and inhibit cAMP production, 

as well as induce phosphorylation of ERK1/2 294,295. Moreover, GPR35 through interactions 

with Gaq and Ga13 can regulate Ca2+ signaling 295,307. Here, we showed that KYNA-mediated 

activation of GPR35 resulted in increased intracellular Ca2+ ([Ca2+]i) to comparable levels as 

with adrenergic stimulation using adrenalin. Interestingly, adrenalin-induced [Ca2+]i levels 

were further elevated in the absence of GPR35. Moreover, some of the target genes of b-

adrenergic activation were further induced by KYNA (Ucp1, Pgc-1a, and Nrf1), and this effect 

was dependent on the presence of GPR35. As crosstalk between GPCRs has been described in 

the literature 457, these observations led us to investigate whether GPR35 and b-adrenergic 

receptors (b-AR) can crosstalk in adipocytes. b-AR agonists (e.g. isoproterenol) are known to 

increase intracellular cAMP levels via Gas-coupling, whereas antagonists (e.g. propranolol) 

reduce intracellular cAMP levels. To assess if the two GPCRs crosstalk, primary adipocytes 

were treated with KYNA together with either isoproterenol or propranolol. In the presence of 

KYNA, intracellular cAMP levels were reduced compared to both isoproterenol and 

propranolol treatment, respectively. This reduction was dependent on GPR35 and could be 

consistent with GPR35 signaling through Gaq-Ca2+ and Gai/o that inhibits cAMP but induces 

ERK1/2. It is known that the sensitivity of GPCRs to their ligands can be modulated with 

repeated stimulation 458,459. Indeed, we observed that a sub-chronic treatment with KYNA 

sensitized the adipocytes to b-adrenergic signaling (measured by cAMP response to 

isoproterenol) in the presence of GPR35. Furthermore, sub-chronic treatment with KYNA 
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further increased basal and uncoupled oxygen consumption following b-AR activation. These 

data indeed support the idea of a functional crosstalk between b-AR and GPR35. Ligand-

induced GPCR responses can be regulated through several mechanisms: transcriptionally 

(through decreased expression), downregulation of protein (receptor degradation), and 

functionally (through signaling). Our transcriptomics analysis of KYNA-treated adipocytes 

showed an increase in the expression of a G protein signaling-related gene, Regulator of G 

protein-signaling 14 (Rgs14). RGS14 can bind to GTP-Ga complexes and promote GTP-

hydrolysis to accelerate inactivation of the Ga protein 460. In our experiments in primary 

adipocytes, expression of Rgs14 was dependent on GPR35, and silencing of Rgs14 ablated the 

KYNA-sensitizing effects of b-adrenergic activity. Interestingly, loss of Rgs14 in Drosophila 

melanogaster results in increased fat mass 461, whereas whole-body Rgs14 knockout mice show 

reduced WAT and increased BAT mass 462. Although these data illustrate a role for RGS14 in 

the regulation of fat mass, the systemic signaling responsible for these phenotypes seem to be 

complex and context dependent. Activation of thermogenesis has attracted interest in the field 

of metabolic disease as a way of increasing energy expenditure. Beige and brown adipocytes 

need activation (for example through b-AR activation) to induce thermogenic energy wasting. 

Sensitizing b-ARs would thus circumvent the unwanted side effects observed with the current 

dose requirements needed to induce thermogenesis. These observations make it tempting to 

speculate that targeting the KYNA-GPR35-RGS14 axis could offer therapeutic potential as a 

lower dosage of b-AR agonists can be used to elicit a sufficient response to induce 

thermogenesis and increase oxygen consumption in adipocytes. 

As our experiments showed that KYNA increased energy expenditure and induced an anti-

inflammatory microenvironment in WAT, we next investigated the effects of exogenous 

KYNA on mice fed a HFD. Indeed, KYNA halted the weight gain observed on a HFD, rescued 

the expression of thermogenic genes, and mediated an anti-inflammatory microenvironment in 

WAT. As discussed, KYNA is a metabolite with several known receptors. To verify that the 

observed adaptations of KYNA administration were dependent on GPR35 in vivo, we injected 

whole-body Gpr35 knockout mice (GPR35KO) with KYNA. The GPR35KO mice not only 

were resistant to the effects of exogenous KYNA administration, but also showed a blunted 

transcriptional response to exercise. Interestingly, the absence of GPR35 was shown to disrupt 

glucose and adipose tissue homeostasis, as these mice became glucose intolerant and gained 

more weight than their littermate controls with age.  

Taken together, these observations put KYNA-GPR35 signaling as a regulator of adipose tissue 

metabolism and function through effects on both adipocytes and immune cells. Although not 
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shown in the paper, KYNA positively regulates the expression of Kat genes in WAT, while 

also suppressing enzymes from the KMO branch of the KP. This shifts KP metabolism toward 

an increased production of KYNA. Apart from what has been discussed here, an increased 

peripheral conversion of kynurenine to KYNA has beneficial implications on mental health 220  

and exercise performance 199.  

 

 

Figure 9. The actions of skeletal muscle-derived kynurenic acid on adipose tissue. Trained skeletal muscle 

increases the conversion of kynurenine (KYN) to kynurenic acid (KYNA). KYNA activates GPR35 in adipose 

tissue and induces a transcriptional signature consistent with beiging and anti-inflammatory cells. GPR35 crosstalk 

with b-adrenergic receptors (b-AR) and is regulated by Regulator of G protein-signaling 14 (RGS14). Adapted 

from Agudelo et al., Cell Metab. 2018 219. 
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3.2 STUDY II: SKELETAL MUSCLE PGC-1a1 REROUTES KYNURENINE 
METABOLISM TO INCREASE ENERGY EFFICIENCY AND FATIGUE-
RESISTANCE  

The ability of skeletal muscle to resist fatigue during exercise is facilitated by bioenergetic 

adaptations. Endurance exercise induces changes in glycogen, fatty acid, and glucose 

metabolism that collectively result in fatigue resistance 463. During intense exercise, ATP is 

mainly derived from anaerobic sources through substrate-level phosphorylation 240,464. 

Prolonged endurance exercise relies on substrate oxidation to fuel activity 465. Endurance 

exercise induces a transcriptional gene signature in skeletal muscle with changes in many 

energy-producing pathways. One of the most studied genes in response to exercise is Pgc-1a. 

In skeletal muscle, Pgc-1a1 is transiently increased upon exercise and orchestrates many of 

the adaptations to exercise through increased mitochondrial biogenesis and improved fuel 

utilization. In this study, we wanted to identify novel skeletal muscle-intrinsic PGC-1a1-

regulated adaptations to exercise. We showed that the malate-aspartate shuttle (MAS) and 

glycolysis is positively regulated in skeletal muscle by endurance exercise and PGC-1a1, and 

that kynurenine metabolism is interconnected with the MAS. Collectively, this bioenergetic 

network allows skeletal muscle to improve energy utilization through increased glucose 

oxidation supported by kynurenine metabolism, which renders trained muscle resistant to 

exercise-induced fatigue. Interestingly, we showed that exercise performance is reduced by 

Carbidopa, a drug used in the treatment of Parkinson’s disease, which inhibits 

aminotransferases important for both the MAS and kynurenine metabolism.  

To study the molecular mechanisms underlying PGC-1a-driven adaptations to exercise, 

several genetic mouse models with transgenic expression of Pgc-1a1 in skeletal muscle (mck-

PCG-1a1 154, HSA-PGC-1a-b 466, PGC-1a TRE (+) 467) have been developed. These mice 

show many of the adaptations to exercise, including enhanced exercise capacity and fatigue 

resistance, without exercise training. Exercise-induced skeletal muscle expression of Pgc-1a1 

has many local and distant effects on systemic exercise adaptation and energy metabolism. To 

identify novel skeletal muscle-intrinsic PGC-1a1-regulated adaptations to exercise, we used 

an integrative data analysis approach where we co-analyzed muscle transcriptomics data from 

mck-PGC-1a1 mice with metabolomics data from HSA-PGC-1a-b mice. This analysis 

revealed that PGC-1a1 increases metabolite levels and expression of genes involved in 

aspartate and glutamate biosynthesis and metabolism, including the MAS in skeletal muscle. 

An increase in MAS-related genes was confirmed in skeletal muscle from humans after 

endurance exercise. The MAS is a biochemical shuttle that translocates reducing equivalents 
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produced by glycolysis in the form of NADH to the mitochondrion. As the mitochondrial inner 

membrane is impermeable to NADH, the shuttle uses malate to transport the reducing 

equivalents into the mitochondrion. Furthermore, the MAS and TCA cycle flux is tightly 

interconnected both through physical interactions of the enzymes in the respective pathways 
468, and through glutamate. Glutamate is an important substrate for skeletal muscle energy 

metabolism in the context of exercise as it is being avidly used upon muscle activation and 

serves as a link between amino acid metabolism, oxidative metabolism, and glycolysis 252,253. 

At the onset of exercise, glutamate levels decrease and remain low throughout, despite an 

increase in uptake 252. Simultaneously, TCA cycle flux and metabolites increases, alongside an 

increase in alanine 254. This suggests that the glutamate-pyruvate transamination reaction 

(which generates a-ketoglutarate and alanine) is a primary source of TCA anaplerosis during 

exercise, which is being supported by increased glycolytic flux to generate pyruvate. Glutamic 

oxaloacetic transaminase 2 (GOT2) is a main component of the MAS and intimately connects 

glutamate and aspartate by a transamination reaction using a-ketoglutarate. Interestingly, 

GOT2 is also known as kynurenine aminotransferase 4 (KAT4), which catalyzes the 

transamination of kynurenine into KYNA. We have previously shown that PGC-1a1 positively 

regulates the levels of KATs in skeletal muscle 220. As reactions catalyzed by GOT2/KAT4 are 

involved in metabolic pathways important for bioenergetic regulation, we analyzed Kat co-

regulated genes to identify if all KAT isoforms share the same biological function in skeletal 

muscle. This analysis showed that Kat enzymes in skeletal muscle cluster with genes involved 

in mitochondrial function and metabolism, MAS genes, and genes involved in glycolysis and 

pyruvate metabolism. To confirm these data analysis findings in a biological context, we used 

the mck-PGC-1a1 mouse model. Consistent with the findings of our data analysis, mck-PGC-

1a1 mice had higher levels of aspartate, glutamate, and malate in their skeletal muscle, as well 

as higher expression and protein levels of the MAS components, and genes involved in 

glycolysis and mitochondrial metabolism. To evaluate if the effects observed in muscle tissue 

could be attributed to cell-intrinsic effects of PGC-1a1 on skeletal muscle fibers, we used 

primary myotube cultures transduced with Pgc-1a1. Indeed, the presence of exogenous Pgc-

1a1 in myotubes increased the levels of glutamate and MAS genes, as well as resulted in higher 

oxygen consumption and higher glycolytic capacity and reserve.  

PGC-1a1 has been shown to elevate KAT levels in skeletal muscle, and we now observed that 

Kats are co-regulated with a network of genes involved in mitochondrial biogenesis and 

metabolism. We therefore assessed the role of kynurenine in Pgc-1a1-transduced myotubes. 

In the presence of PGC-1a1, kynurenine supplementation the increased oxygen consumption 
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rate (OCR) further, and decreased the extracellular acidification rate (ECAR) compared to 

controls. The observed increase in oxygen consumption was coupled to ATP-production as 

inhibition of ATP-synthase by oligomycin blunted this response, and kynurenine 

supplementation to Pgc-1a1-transduced myotubes increased the levels of cellular ATP. In 

accordance with the in vitro data, kynurenine supplementation increased metabolites and genes 

involved in the MAS in the gastrocnemius muscle of mck-PGC-1a1 mice. These observations 

suggest a role for PGC-1a1-mediated kynurenine metabolism to support energy efficiency. 

This pathway allows trained muscle to use kynurenine to replenish the glutamate pool, which 

is rapidly depleted during exercise. Using kynurenine as a substrate allows for anaplerosis of 

the TCA cycle as well as produces substrates for the MAS and hence prolongs oxidative 

metabolism. The increases in MAS-metabolites were not observed in wildtype gastrocnemius 

muscle. The levels of PGC-1a1 in the gastrocnemius muscle of mck-PGC-1a1 mice correlate 

well with the expression in wildtype soleus muscle 140, which is a more oxidative muscle than 

gastrocnemius. Therefore, the inability to use the KATs and/or MAS by kynurenine in the 

wildtype mice might be a result of insufficient levels of PGC-1a1 to induce a sufficient rate of 

KAT-mediated kynurenine conversion.  

To further assess whether the bioenergetic role of kynurenine is dependent on Pgc-1a1 we used 

a mouse model with skeletal muscle-specific deletion of Pgc-1a (MKO-PGC-1a). These mice 

have reduced expression of genes involved in energy metabolism, including the MAS, at 

baseline compared to wildtype mice. MKO-PGC-1a mice also had reduced aspartate levels in 

skeletal muscle. To address the myotube-intrinsic role of PGC-1a for the use of kynurenine to 

support bioenergetics, we isolated primary myotubes from the MKO-PGC-1a mice. When 

supplemented with kynurenine, these myotubes exhibited a reduced basal OCR that did not 

further decrease when blocking ATP-synthase with oligomycin. This suggests that kynurenine 

compromises ATP-production in the absence of PGC-1a. Kynurenine is metabolized through 

the KP. In the presence of PGC-1a, kynurenine gets converted to KYNA by KAT enzymes 220. 

In the absence of PGC-1a, however, Kat expression levels are repressed in skeletal muscle 199. 

This could direct kynurenine toward the KMO-branch of the KP that sequentially forms several 

metabolites that cause cellular toxicity and impairs mitochondrial respiration 469,470.  

To further explore the functional role of the MAS in bioenergetic pathways in skeletal muscle 

we used several models of MAS inhibition. Chemical inhibition of the MAS by 

aminooxyacetate (AOA), which is a general aminotransferase inhibitor, reduced maximal 

respiration in myotubes but had no effect on ECAR. To target the MAS more specifically, we 
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also used siRNAs to knock down Slc25a11 and Slc25a12 in primary myotubes. These 

myotubes showed no difference in OCR compared to control treatment, even in the presence 

of kynurenine. Interestingly, however, knockdown Slc25a12 increased ECAR whereas 

knockdown of Slc25a11 had no effect on OCR or ECAR at baseline, but increased ECAR 

mainly in the presence of kynurenine. These data suggest that a disruption of the MAS could 

drive glucose metabolism toward lactate production to restore NAD+ in order to maintain 

glycolytic flux for ATP production.  

Given that the data suggested that kynurenine can be used as a bioenergetic fuel, we next 

explored the functional role of the KAT isoforms in skeletal muscle bioenergetics using cellular 

respirometry. Knockdown of Kat1 or Got2/Kat4 in myotubes resulted in reduced OCR and 

increased ECAR, suggesting an energetic switch to anaerobic glycolysis and lactate production. 

Knockdown of Kat3 also reduced OCR and increased basal ECAR, although the effects 

observed were lower than those seen with knockdown of Kat1 or Got2/Kat4. These data were 

consistent with the bioinformatics analysis of Kat co-regulated genes, where Kat1 and 

Got2/Kat4 had stronger correlation to genes involved in mitochondrial metabolism than Kat3. 

As the data collectively suggested that the MAS is an important shuttle for efficient energy use 

in skeletal muscle, and that the KAT enzymes and kynurenine metabolism are integrated with 

the MAS, we next evaluated the effects of KAT inhibition in vitro and in vivo using Carbidopa. 

Carbidopa, a drug used together with Levodopa in Parkinson’s disease, is an inactivator of 

pyridoxal-5'-phosphate (PLP). PLP is a co-factor for KATs and other transaminases. Carbidopa 

reduced maximal OCR in myotubes in the presence of both glucose and pyruvate, or pyruvate 

alone. The Carbidopa-mediated decrease in maximal OCR could be rescued with PGC-1a1, 

but only when glucose was present in the media. This suggests that PGV-1a1 can drive glucose 

utilization to support energy metabolism when the MAS is compromised. We also observed 

that aspartate supplementation could rescue the Carbidopa-induced impairment in energy 

metabolism through here unexplored mechanisms. Mice treated with Carbidopa showed 

reduced exercise performance, reduced levels of metabolites involved in the MAS, and reduced 

expression of genes involved in energy metabolism. Like what was observed in the primary 

myotubes, exercise performance in Carbidopa-treated mice could be restored with aspartate 

supplementation indicating the importance of the MAS to prolong the onset of fatigue. 

Taken together, these data uncover a PGC-1a1-regulated pathway that allows trained skeletal 

muscle to use kynurenine to support energy metabolism and thereby prolong the onset of 

exercise-induced fatigue. In addition, the observation that Carbidopa can mitigate these effects 

could have clinical implications.   
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3.3 STUDY III: LOSS OF IMMUNE CELL GPR35 INDUCES INSULIN 
RESISTANCE  

Prolonged positive energy balance induces chronic low-grade inflammation with subsequent 

dysfunction in important metabolic organs including adipose tissue and skeletal muscle. 

Physical activity can mitigate this inflammation and restore glucose homeostasis. PGC-1a is 

increased in skeletal muscle after exercise and induces expression and protein levels of KAT 

enzymes. Exercised skeletal muscle therefore has the capacity to increase the peripheral 

conversion of the tryptophan metabolite kynurenine to KYNA. Peripheral KYNA increases 

energy expenditure and induces transcriptional changes in adipose tissue consistent with 

thermogenesis and anti-inflammatory signatures. Thereto, we have previously seen that KYNA 

induces the expression of Kats in adipose tissue (unpublished data), thereby shifting KP 

towards more generation of KYNA. The positive metabolic and inflammatory effects of 

KYNA in these contexts have been attributed to GPR35, as mice with whole-body genetic 

deletion of Gpr35 are resistant to the metabolically beneficial effects of exogenous KYNA-

administration, and exhibit disruptions in systemic glucose homeostasis, progressive weight 

gain, and attenuated adaptation to exercise 219. In this study, we are currently exploring the role 

of immune cell GPR35 in the context of metabolic disease. We have shown that Gpr35 

expression in adipose tissue and skeletal muscle is mainly derived from immune cells, and that 

deletion of Gpr35 in hematopoietic cells renders mice susceptible to glucose intolerance and 

insulin resistance when fed a HFD. 

When mice were fed a HFD for 12 weeks, a slight increase in Gpr35 expression was observed 

in epididymal WAT (eWAT). To observe if there was any cell-intrinsic regulation of Gpr35 

by HFD, we next isolated macrophages from eWAT as these cells are important players in 

adipose tissue function and are known to undergo a phenotypic switch in obesity. Interestingly, 

CD11b+ macrophages from mice fed a HFD expressed higher levels of Gpr35 than those from 

chow-fed mice, suggesting a cell-intrinsic regulation of Gpr35 triggered by HFD. These data 

complement our previous observations that Gpr35 is regulated by metabolic stress signals, 

including free fatty acids, hypoxia, and ETC disruption (unpublished data). Induction of Gpr35 

likely serves to re-establish metabolic homeostasis as GPR35 has been shown to regulate 

metabolic functions in various cell types. In adipocytes, activation of GPR35 by KYNA 

induces mitochondrial biogenesis and increases maximal oxygen consumption. In BMDMs, 

KYNA-GPR35 signaling increases glycolysis through interactions with the Na/K-ATPase 316. 

Moreover, KYNA induces an antioxidant transcriptional response in human monocytes 

(Unpublished data). On this note, Gpr35 expression is increased upon hypoxic- or ischemic 

situations, as well as during cellular and systemic stress (Unpublished data). In similar contexts, 
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GPR35 activation has been shown to be protective in situations of cerebral ischemia 313 and 

myocardial infarction 471. These observations suggest a role for GPR35 in cellular stress 

response where its activation can modulate metabolism and inflammation to protect tissues.  

Given that Gpr35 is regulated both on tissue and cellular levels in adipose tissue, we next 

wanted to characterize the cellular distribution of Gpr35 in adipose tissue through single cell 

RNA-sequencing data analysis. This analysis revealed widespread distribution of Gpr35 

expression in various immune cell populations from both myeloid and lymphocytic lineages. 

Adipose tissue homeostasis is dependent on the actions of a complex network of immune cells. 

As Gpr35 is expressed in various immune cell populations important for adipose tissue 

function, we generated a mouse line deficient in GPR35 in cells of hematopoietic origin 

(VavGpr35KO). Adipose tissue- and skeletal muscle-resident immune cells exhibited no major 

deficit in general immune cell populations, broadly suggesting that the absence of GPR35 does 

not impair immune cell development. When fed a HFD, VavGpr35KO mice became more 

glucose intolerant than their floxed controls without exhibiting any difference in weight gain, 

and male mice had higher fasted and glucose-stimulated levels of insulin in plasma. 

Conversely, activation of GPR35 by KYNA has been shown to protect against HFD-induced 

weight gain and glucose intolerance 219, and palmitate-induced insulin resistance and 

inflammation 472. Collectively, these observations suggest a role for GPR35 in regulating 

systemic glucose homeostasis. Obesity-induced inflammation is accompanied by an expansion 

in the adipose tissue-resident immune cell population. Blood monocytes express high levels of 

Ly6c. When Ly6c+ blood monocytes migrate into tissue they can subsequently lose their Ly6c 

expression as they differentiate into macrophages 473,474. During HFD, a population of 

CD64+CD11b+MHCII+ macrophages expands in eWAT. These CD64+CD11b+MHCII+Ly6c+ 

macrophages are thought to have an anti-diabetic and anti-inflammatory role in eWAT upon 

HFD feeding 475. A closer analysis of the immune cells found in obese eWAT showed that 

VavGpr35KO mice had fewer CD64+CD11b+MHCII+Ly6c+ cells compared to floxed controls. 

The observation that VavGpr35KO mice have fewer CD64+CD11b+MHCII+Ly6c+ cells might 

suggest that monocyte infiltration or macrophage differentiation is altered in these cells.  

As skeletal muscle is the major site for insulin-stimulated glucose uptake, and the absence of 

GPR35 in hematopoietic cells resulted in a disruption of systemic glucose homeostasis we next 

analyzed the skeletal muscle of these mice. On a transcriptional level, Gpr35 expression in 

skeletal muscle was reduced in the VavGpr35KO compared to floxed controls, again indicating 

that most of the expression is attributable to immune cells. Interestingly, we observed a 

transcriptional reduction in genes involved in mitochondrial metabolism (Nrf1, Ndufa9, Mdh1, 
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Got2/Kat4) and fatty acid import (Cd36, Cpt1b). Although these reductions were mild, they 

might impair nutrient handling over time leading to a systemic chronic low-grade inflammation 

with disruptions in energy homeostasis. 
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4 CONCLUDING REMARKS AND 
FUTURE DIRECTIONS  

 

The general aim of this thesis was to identify novel pathways that drive the systemic 

adaptations observed in exercise and obesity with a focus on bioenergetics in adipose tissue 

and skeletal muscle. Using a combination of genetically modified mouse models, cell systems, 

and molecular biology approaches, we have uncovered novel pathways through which exercise 

mediates metabolic health and endurance performance.  

The general findings of this thesis put exercise-induced PGC-1a1 as a regulator of kynurenine 

metabolism and the malate-aspartate shuttle with effects on adipose tissue function and exercise 

performance. Collectively, we showed that PGC-1a1-mediated kynurenine aminotransferase-

expression is central for the bioenergetic role of kynurenine metabolism. Kynurenine 

aminotransferases serve as a gateway to an alternative bioenergetic branch of the kynurenine 

pathway by using kynurenine as a substrate to produce kynurenic acid and glutamate – both of 

which can regulate energy metabolism. Kynurenic acid can act on adipose tissue and induce 

thermogenesis to increase energy expenditure, while glutamate can refuel the malate-aspartate 

shuttle and TCA-cycle to support oxidative metabolism. We also identified GPR35 to be an 

important link in systemic energy balance through kynurenic acid, b-adrenergic signaling, and 

the immune system. 
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4.1 CONCLUSIONS AT A GLANCE  

 STUDY I 

The results from Study I can be summarized as follows: 

o KYNA increases systemic energy expenditure through the induction of a 

beige/thermogenic signature in white adipose tissue compartments. This results in a 

reduction in weight and fat mass, and can protect against high-fat diet-induced weight 

gain and metabolic dysfunction. 

o KYNA, as a known immunomodulator, also induces a shift in the adipose tissue-

resident immune cells to a more anti-inflammatory signature.  

o KYNA has cell-intrinsic actions on adipocytes and induces a transcriptional signature 

that partially overlaps with b-adrenergic signaling and other known thermogenic 

agents. 

o KYNA activates GPR35 in adipose tissue. KYNA-GPR35 signaling is mediating the 

effects described above. 

o GPR35 and b-adrenergic receptors can crosstalk. This crosstalk is mediated by RGS14. 

o Chronic KYNA-GPR35-signaling sensitizes adipocytes to b-adrenergic signaling. 

o Whole-body genetic deletion of Gpr35 renders mice susceptible to age-induced glucose 

intolerance and mitigates exercise-induced transcriptional adaptations  

 STUDY II 

The results from Study II can be summarized as follows: 

o Skeletal muscle PGC-1a1 positively regulates the malate-aspartate shuttle in skeletal 

muscle. 

o Endurance exercise increases malate-aspartate shuttle-related genes and metabolites in 

humans and mice. 

o Kynurenine can support energy metabolism in myotubes in the presence of PGC-1a1, 

illustrated by higher oxygen consumption and extracellular acidification rates, and ATP 

production. 

o Inhibition of kynurenine aminotransferases and the malate-aspartate shuttle 

compromises energy production in myotubes.  

o Inhibition of kynurenine aminotransferases and the malate-aspartate shuttle with 

Carbidopa, a therapeutic drug used in the treatment of Parkinson’s disease, attenuates 

exercise performance in mice.  
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o Aspartate supplementation can restore exercise performance in the presence of 

Carbidopa. 

 STUDY III 

The results from Study III can be summarized as follows: 

o Gpr35 expression is increased following HFD in WAT and macrophages. 

o Immune cells are the main cell types in adipose and skeletal muscle that express Gpr35. 

o Deletion of Gpr35 in hematopoietic cells renders mice more susceptible to high-fat 

diet-induced glucose intolerance and insulin resistance. 

o Deletion of Gpr35 in hematopoietic cells results in a transcriptional repression of genes 

involved in energy metabolism in skeletal muscle following HFD-feeding.  
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4.2 FUTURE DIRECTIONS 

With this work, we illustrate two contexts in which the KYNA-branch of the KP has 

bioenergetic properties. KAT enzymes are an important gateway for driving kynurenine 

metabolism to an energetically important branch with effects on at least skeletal muscle and 

adipose tissue. As KAT4 is also known as GOT2, we put kynurenine metabolism as an integral 

component of the MAS that can provide substrates for oxidation and increase energy 

efficiency. Exercise is an important regulator of these effects, as they are dependent on PGC-

1a-induced regulation of kynurenine aminotransferases and MAS-related genes. The 

observation that Carbidopa mitigates the energetic effects of kynurenine-supported oxidative 

metabolism can have important clinical implications for patients suffering from Parkinson’s 

disease, as physical endurance exercise can improve cognitive function and depression in this 

population. It would therefore be interesting, and important, to evaluate the findings from this 

study on a patient population that are medicating with Carbidopa. 

KYNA produced in skeletal muscle also has distant effects, in part through the activation of 

GPR35 in adipose tissue where it induces thermogenesis and shifts the microenvironment to 

an anti-inflammatory signature. Here, KYNA-GPR35-RGS14-signaling was found to sensitize 

adipocytes to b-adrenergic signaling. As systemic use of b-AR agonists can induce undesired 

side effects and  b-adrenergic signaling is a potent inducer of thermogenesis, it would be 

compelling to find tissue-specific molecular activators of GPR35 and/or RGS14 to explore the 

therapeutic potential of this pathway in metabolic disease and beyond.  

Lastly, as Gpr35 is expressed in various immune cell populations, and KYNA-GPR35-

signaling induces a transcriptional shift toward an anti-inflammatory signature, it would be 

important to elucidate the cell-intrinsic role of GPR35 in various immune cell populations. The 

KP has been an attractive target in oncology research because of its immunomodulatory 

properties. Here, we show that activation and loss of GPR35 shifts immune cell 

microenvironments and energy pathways in two key metabolic organs. It would therefore be 

compelling to study whether loss- or gain-of-function mutations in GPR35 alter downstream 

signaling with effects on immune cell function and systemic energy homeostasis.   
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summarize years of observations, reflections and conclusions in writing. Finishing a doctoral 

education is one of those moments, as a journey of learning is to be put into writing. This 
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support and patience, the numerous hours of teaching, for everything you have taught me about 

medicine and life, and for investing your time in me. But most of all, thanks for the countless 

shared laughs and your friendship. One could not wish for a better mentor. Dr. Myriam Aouadi 

for always being available to provide scientific input, for valuable support, and for all laughs. 

On shared authorship 

The conventions about academic authorships are many, and the contribution of authors when 

authorship is shared may arguably be “hard to evaluate” – because how do you evaluate 

different types of work? The nature of scientific research today is often multifaceted and 

requires the intellectual and physical contribution of many individuals – not unlike the way we 

take care of patients in the hospital when combining the expertise of specialists across fields. 

Never during these years have I learnt as much about scientific questions as when I have 

worked in close collaboration with my colleagues. Study II in this thesis is an example of how 

extensive contributions of three individuals, with help from many others, built a story. 

Although shared authorship might not fast-track a career in academia, I will be eternally 

grateful to my co-authors in Study II and to all other scientists I have had the luck of working 

with during these years. It has taught me more than I could possibly learn on my own. 

On the importance of collegial support and friendships 

This time would not have been as joyful and entertaining without the friends and colleagues I 

have had the luck of spending my days with. 

The lab, current and past. Without you this journey would have been dull, frustrating and, 

most likely, pointless. Thanks for the friendships and for creating such a pleasant environment 

to be in. Duarte, there are not enough words to express how thankful I am that we have shared 

this time together. I would like to write down all the phenomenal memories we have shared 

during this time to relive them all, but that list would be too long. Thank you for everything. 
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great friend. Graciana, you have made this past year more fun with all laughs and jokes. Leo, 

without whom this educational journey would not look the same. Thank you for being a mentor 

from the first day I joined the lab. Without you, I probably would not be pursuing this academic 

career. Yildiz, my shelf-mate, who always kept my mind busy with our always-so-interesting 

discussions. Manizheh, for being a good friend. Thank you for all the shared laughes and for 

always having your door open. Jordi, my first student. It was a pleasure having you around 

during this scientific journey. I learnt a lot about scientific mentorship from you. Lars, 

Amanda, Vicente, and Kyle Martin: I am grateful for what I learnt from working with you 

and happy for the time shared in the lab. Josefine Wessman, our animal facility caretaker, 
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been some opportunity costs to this endeavor, I am grateful to Karolinska Institutet and Sweden 
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on the game shaped me more than anything else in life this far. There are a handful of key 
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achieve with the right support of others. Johannes Wiklund and Peter Wennberg, without 

whom I am sure I would be someone else today. You helped me understand how to set goals 

and systematically work towards them, how to be a good educator and see the need of 

individuals, but most importantly how to persevere in difficult times – the most challenging 

time in my life would look very different without you two by my side. Lastly, Dr. Lotta 

Willberg, my orthopedic surgeon. You made the 15-year-old version of me understand that 

there is a life after soccer. Thank you for being a life-long mentor, support, and friend. 

On family 

My gratitude towards the support of my family cannot be made justice in words. My sister, 

Bahar, for all your love and the fun times we have shared. You are a source of inspiration that 

has taught me a lot about what being a good person is. My dad, Shariar, for inspiring me to 

understand that literature is a great source of knowledge, an escape from reality, and an 
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myself, in my science, career, and progressions. Thank you for your endless support. Ludvig 

and Lilly, for all the joy you bring to the family. Mark Zupancic, the most selfless person I 

know. Thank you for being a great support in my career and life. More importantly, thank you 

for everything that you do for me, every day. You have shown me a whole new world. 

Lastly, my mother, Marzyeh. No words or actions are enough to express my gratitude to you. 

Thank you for going above and beyond to make it possible for me to reach my wishes and 

goals at all stages of life. None of this would have been within reach without you. I love you.  
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growth. I have learnt to appreciate how much one can learn, about science and life, by being 
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covered by the scientific scope of this thesis, they have been just as central to by my doctoral 
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the people I have interacted with during these years – most of whom are not mentioned by 
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