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Introduction 

The role of systems pharmacology in drug discovery and development 

Drug discovery and the successful development of drugs towards the market have become 

increasingly challenging. During the clinical phase, the overall likelihood of approval for 

new drugs has dropped to only 7.9% between 2011 and 2020, compared with 9.6% during 

2006-20151. The main attrition occurs in the phase II transition (during which a proof-of-

concept is established) with a phase success rate of only 28.9%1. Compared with traditional 

small molecular new molecular entities (NMEs)1,2, biologics-based NMEs currently show 

higher success rates. The reason behind this low success rate is multidimensional. Notably, 

a better-established relationship between drug mechanism and disease dynamics in the 

discovery and early development phase increases the probability of clinical proof-of-

concept1,3,4. Therefore, improving the mechanistic understanding of disease dynamics and 

drug action is necessary to enhance the success rate during drug discovery, for instance 

using systems biology-based approaches.  

Systems biology, which investigates the behavior and relationships of multiscale elements 

instead of individual genes, proteins, or metabolites, has shown to be the most important 

concept in studying complex biological systems5,6. System pharmacology strategies, using 

theories of system biology in drug discovery and development, have shown great value in 

understanding the mechanisms of drug action4. By combining experimental and 

computational approaches, system pharmacology builds and analyzes multiscale networks 

of disease dynamics and drug action, which starts at the molecular level to cellular/tissue 

level, followed by organ-level, and, eventually, describes and predicts outcome of drug 

treatment at the level of the organism (Figure. 1).  

The experimental approaches used to build network models at the molecular level include 

genomic, transcriptomic, proteomic, and metabolomic analyses4. These “omics” 

approaches enable measurements of a wide range of variables, which are related to disease 

dynamics and/or drug treatment. Genomics characterizes DNA sequences4,7. 

Transcriptomics studies change of gene expression patterns4. Proteomics identifies, 

characterizes, and quantifies proteins, as well as provides information on protein 
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interaction8,9. Metabolomics identifies and/or quantifies small molecules (i.e., mass lower 

than 1 kDa), such as amino acids, carbohydrates and lipids that are endogenous 

metabolites8,9. Currently, genomic approaches are being applied throughout the whole drug 

development pipeline, while proteomics and metabolomics are mostly used in preclinical 

and early-stage clinical development phases4,7–9.  

 
 

Figure 1. Representation of the multiscale networks that can be used to better understand 

and predict drug action. Adapted with permission from Zhao, S. et, al. Annual review of 

pharmacology and toxicology, 52, 505–5214. 

In order to take full advantage of multi-omics data, computational models are beneficial to 

generate knowledge by integrating all available data into network modules10–12. Frequently-

used strategies include metabolism-centric methods, which connect metabolic pathways 

and other omics layers related to the generation and modulation of the endogenous 

metabolites. Since metabolic pathway analyses are supported by accumulated evidence 

from biochemical studies, networks based on such foundation show high credibility12–14. A 

general workflow for metabolism-centric methods starts with the construction of “maps” of 

metabolic pathways, which are generated using metabolomics-based approaches. 

Information of established pathways from freely-available databases such as KEGG and 

MetaCyc is typically used as a reference in this step13,14. Next, data from proteomics, 

transcriptomics, and genomics are projected to the maps of metabolic pathways. The 

connections between regulators and metabolic pathways are drawn, which enable the 

identification of static and dynamic signal flows, and reveal modes of global regulation11,12. 
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Well-constructed networks help improving the understanding of disease pathology and drug 

pharmacodynamics (PD). Traditional PD studies often rely on a single endpoint to evaluate 

drug response, which provides limited information about the potential drug effects 

impacting the entire system15,16. With network analyses, drug responses are monitored as 

parts of regulatory networks and components that affect drug response can be 

determined4,10,15. This approach may also identify targets involved in adverse effects at the 

early stages of drug discovery and development15. Therefore, both efficacy and safety can 

be significantly improved using network analyses. Moreover, when considering the omics 

signatures of individuals or subpopulations, the drug effects and safety can be predicted in 

a personalized way. 

 
Metabolomics and pharmacometabolomics 

Metabolomics is a rapidly evolving field of the omics cascade. Metabolomics uses advanced 

analytical techniques to enable the characterization of metabolites from cells, organs, tissues, 

and biofluids17. These metabolites are mostly endogenous compounds, such as lipids, amino 

acids, short peptides, nucleic acids, sugars, alcohols, or organic acids17 and are not only 

structural components of organisms, but also play important roles as signaling molecules, 

immune modulators, endogenous toxins, and environmental sensors in multiple biological 

processes17,18. In recent years, metabolomics has shown to be a useful tool for the 

identification of novel biomarkers that can be clinically used for screening and diagnostic 

purposes19. Moreover, in combination with other omics layers, metabolomics has 

demonstrated to be a powerful tool for investigating the mechanisms of physiological and 

pathological processes17,18,20. In this context, pharmacometabolomics, i.e., the application 

of metabolomics for monitoring the response of an organism to pharmacological 

modulation, can be used in the preclinical and early-stage clinical evaluation of efficacy and 

safety of drug candidates9,21.  

Metabolomics uses both untargeted and targeted methodologies. Untargeted metabolomics 

analyze the global metabolomic profile without specific hypothesis22. While targeted 

metabolomics measures defined groups of chemically characterized and biochemically 

annotated metabolites23. This thesis focuses mainly on targeted metabolomics. The 

frequently used targeted metabolomics workflow is shown in Figure 2. A targeted 
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metabolomics workflow starts with the creation of a target list of metabolites, based on the 

study aims, available information from literature, and previous preliminary data (e.g., from 

untargeted metabolomics experiments). The sample handling and storage conditions are 

essential to ensure high data quality and should be optimized based on the properties of 

metabolites and the composition of the biological matrix. Based on the physico-chemical 

properties of the metabolites, requirement for sensitivity, selectivity, and throughput, the 

optimal analytical techniques are selected. The entire workflow (including sample 

preparation and instrument settings) is optimized and the study samples can be measured 

using the validated workflow, together with quality control (QC) samples, which are 

normally pooled from study samples. They are prepared and analyzed together with study 

samples, and used in the data preprocessing and data quality check. 

 
Figure 2. Typical targeted metabolomics workflow from metabolites selection towards data 

analysis. Step A is the creation of a target list of metabolites. Step B is the development and 

validation of the sample preparation method and LC-MS method for these selected 

metabolites. Step C is the sample measurement. Step D is the data quality check and analysis. 

 

Common analytical techniques used in metabolomics include gas chromatography - mass 

spectrometry (GC-MS), liquid chromatography - mass spectrometry (LC-MS), capillary 

electrophoresis-mass spectrometry (CE-MS), and nuclear magnetic resonance (NMR)17. 
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Compared with the other techniques, LC-MS shows the advantage of wide coverage and 

high sensitivity24,25. Moreover, it also has good throughput and the ability for the 

identification of metabolites. With these advantages, LC-MS is a preferred approach for 

metabolomic studies. The advantage of LC-MS on analytical sensitivity can be further 

increased using micro-flow LC, which operates at a flow rate from 1 - 10 μL/min. By 

lowering the flow rate, the injected sample is less diluted and the ionization efficiency is 

increased. Therefore, micro-flow LC-MS provides higher sensitivity using lower amounts 

of sample, and enables the detection of metabolites in low concentration and/or volume-

limited samples. In the first part of this thesis, both conventional LC-MS and micro-flow 

LC-MS techniques are developed and applied in the development of methods that determine 

the endocannabinoids (eCBs) and related metabolites in various biological matrices. 

 

The endocannabinoid system and related pathways  
The endocannabinoid system (ECS) is a widely distributed signaling system involved in 

multiple physiological and pathological processes26,27. The ECS is mainly composed of the 

cannabinoid receptor type 1 (CB1R) and type 2 (CB2R), the eCBs, as well as enzymes 

involved in their metabolism26,27. The discovery of ECS started from the investigation of 

the pharmacological effects of the major psychoactive cannabinoid in marijuana (Δ9-

tetrahydrocannabinol, THC), during which the CB1R and CB2R were identified28,29. Then, 

two endogenous agonists of the CBRs were discovered (i.e., the so-called eCBs), first 

anandamide (AEA) followed by 2-arachidonoyl glycerol (2-AG)30,31. Their structural 

analogues of AEA and 2-AG do not have affinity for CB1R or CB2R but are playing 

important roles in ECS signaling32. These eCB analogues include other N-acyl 

ethanolamines (NAEs), such as N-palmitoylethanolamine (PEA), N-oleoylethanolamine 

(OEA), and N-linoleylethanolamine (LEA), as well as other 2-acylglycerols (2-AcGs), such 

as 2-linoleoylglycerol (2-LG) and 2-oleoylglycerol (2-OG).  

The metabolic pathways involving the generation and metabolism of NAEs and 2-AcGs are 

depicted in Figure 3.The synthesis of NAEs begins with the generation of N-acyl-

phosphatidylethanolamines (NAPEs) from membrane phosphatidylethanolamines (PEs) 

and other phospholipids, involving N-acetyltransferases from the phospholipase A and 

acyltransferase (PLAAT) family and calcium-dependent phospholipase A2 (PLA2) 

subfamily27. Then, NAEs are generated from NAPEs directly by N-acyl 
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phosphatidylethanolamine-specific phospholipase D (NAPE-PLD) or from other 

intermediate metabolites, such as 2-lyso-N-acyl-phosphatidylethanolamines (lyso-NAPEs) 

or glycerol-phospho-acylethanolamines (GP-NAEs). The NAEs are further metabolized by 

fatty acid amide hydrolase (FAAH) or N-acylethanolamine-hydrolyzing acid amidase 

(NAAA) into free fatty acids (FFAs) and ethanolamine. On the other hand, the 2-AcGs are 

mostly generated from diacylglycerols (DAGs) by diacylglycerol lipase (DAGL), but other 

precursors, such as lysophosphatidic acids (LPAs), are also involved. The degradation of 2-

AcGs is mostly catalyzed by monoacylglycerol lipase (MAGL), as well as other metabolic 

enzymes including α,β-hydrolase 6 (ABHD6) and α,β-hydrolase 12 (ABHD 12). Glycerol 

and FFAs are the downstream metabolites of 2-AcGs . In neurons and other types of cells, 

the FFAs from 2-AcGs, specifically the poly-unsaturated fatty acids (PUFAs), may serve as 

the precursors of the so-called oxylipins33. Oxylipins are oxidation products of PUFAs 

performed by cyclooxygenase (COX), lipoxygenase (LOX), or cytochrome P450 (CYP450) 

enzymes33. Based on the double bond position of their PUFAs precursor(s), oxylipins can 

be classified into omega-6 and omega-3 oxylipins. Another relevant source of PUFAs comes 

from the hydrolyzation of membrane PEs via calcium-dependent enzymes from the PLA2 

family34, which is also responsible for the generation of eCBs. The production of oxylipins 

and eCBs, as well as eCB analogues, may be triggered by similar mechanisms. Moreover, 

some of their biological roles are also closely connected. 
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Figure 3. Metabolic pathways involved in the generation and metabolism of endocannabinoids and 

related compounds. CBD, cannabidiol; COX, cyclooxygenase; CYP450, cytochrome P450; DHEA, 

N-docosahexaenoyl-ethanolamine; GDE1, glycerophosphodiester phosphodiesterase 1; LEA, 

linoleylethanolamine; LOX, lipoxygenase; lyso-PLD, lysophospholipase D; NAPE-PLD, N-acyl-

phosphatidylethanolamine-specific phospholipase D; OEA, oleoylethanolamine; PEA, 

palmitoylethanolamine; PLA, phospholipase A; PLC, phospholipase C; PTN22, tyrosine-protein 

phosphatase non-receptor type 22; THC, Δ9-tetrahydrocannabinol. Adapted with permission from 

Cristino, L. et al. Nature Reviews Neurology, 16(1), 9-29 27 
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Physiological and pathological roles of the endocannabinoid system and related 
pathways 

The ECS is involved in multiple physiological processes, such as appetite, energy balance, 

pain-sensation, mood, memory, fertility, pregnancy, pre- and postnatal development, and 

activity of the immune system26,27. ECS dysregulation has been observed in multiple 

diseases, including obesity and cardiometabolic diseases (CMD), pain, inflammation, 

neurological disorders such as stroke, multiple sclerosis, migraine, and Alzheimer’s disease, 

eye disorders, gastrointestinal and liver disorders, as well as musculoskeletal disorders26,27.  

In the second part of this thesis, the role of the ECS and related pathways in obesity and 

CMD has been investigated. It is well-known that the use of cannabinoids increases appetite 

via activation of CB1R35,36. Besides appetite, the activation of ECS signaling stimulates the 

synthesis of fatty acids in the liver and adipocyte differentiation into white adipose tissue 

and, thereby, leads to fat storage37–39. In addition to the eCBs, the eCB analogues may also 

contribute to the energy balance of an organism. In this respect, one of the main functions 

of the eCB analogues is to enhance the effects of AEA and 2-AG on the cannabinoid 

receptors by increasing their affinity for the receptors or inhibiting their hydrolysis, the so-

called entourage effect40,41. Moreover, additional possible effects of the eCB analogues on 

obesity through the activation of peroxisome proliferator-activated receptor-α (PPAR-α) 

and peroxisome proliferator-activated receptor-γ (PPAR-γ) have been reported42,43. 

Generally, enhanced ECS signaling increases energy storage and thereby contributes to 

obesity. this might be explained by the role the ECS was playing during evolution, where it 

was “designed” to maximize intake and conservation of energy, which increased the 

possibility of survival44. The eCBs are secreted during exercise, inducing the so-called 

“runner’s high”, but also stimulating energy intake45–47. This reaction is vital for an 

organism, as it allows sufficient energy to escape from another predator or chase a prey. 

While the ECS mostly evolved when food was scarce, similar to other systems involved in 

food-seeking behavior, in modern times food has been abundant and as a consequence, 

obesity has become a fast-growing problem in developed countries48.  

The prevalence of obesity has, amongst others, increased the burden of CMD, which is a 

cluster encompassing cardiovascular disease (CVD), diabetes mellitus, chronic renal failure, 
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and/or non-alcoholic hepatic failure48,49. The link between CMD and the ECS through the 

role of the latter in the energy balance is obvious and has been already reviewed elsewhere36. 

However, preclinical and clinical evidence suggest that ECS signaling is also directly linked 

to the deterioration of cardiometabolic health50–53. This direct connection may be partly 

explained by the role of ECS in the regulation of inflammation54, since an inflammatory 

response is typically observed during the development of CMDs55,56. Meanwhile, oxylipins, 

which are closely linked to the ECS in metabolic pathways33,34, have also shown to play 

important roles in inflammation57,58. Indeed, the omega-6 oxylipins, especially eicosanoids 

such as prostaglandins, are known for their pro-inflammatory, vasoconstricting, and 

proliferative functions, all of which are involved in the progression of obesity and CMD59. 

On the other hand, the omega-3 oxylipins show anti-inflammatory effects and are crucial in 

the resolution of inflammation57,58. Overall, this underlines the need for further investigation 

of the metabolism of eCBs, eCB analogues and oxylipins in the context of CMD, focusing 

on the inflammatory status.  

 

Development of drugs targeting the endocannabinoid system 

Numerous drugs targeting the ECS have been developed so far, but with limited success. 

Drugs or drug candidates targeting the ECS can be divided into three classes, i.e., CBR 

agonists, CBR antagonists, and metabolic enzyme inhibitors. Most of the current CBR 

agonists are non-selective exogenous cannabinoids acting on both CB1R and CB2R. The 

CBR agonists nabilone and dronabinol are approved by FDA as third-line antiemetics for 

chemotherapy60,61. A buccal spray containing THC and cannabidiol has been approved in 

Canada for the treatment of neuropathic pain associated with multiple sclerosis62,63. 

However, these treatments have or may have neurological side effects, such as psychosis 

and schizophrenia, especially in long-term treatments, which limits their long-term use64. 

Besides the non-selective candidates, selective CB1R or CB2R agonists, which are expected 

to have a better safety profile, are currently at early stage development65,66. 

Synthetic CBR antagonists are more selective and are further divided into CB1R antagonists 

and CB2R antagonists. The most well-known CB1R antagonist is rimonabant. As a first-in-

class drug, rimonabant lead to weight loss and significantly improved multiple 

cardiometabolic parameters in overweight patients with metabolic syndrome in phase III 
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clinical trials67,68. In 2005, it was approved by European Medicines Agency (EMA) for 

clinical use. However, rimonabant was withdrawn from the market in 2008 due to 

neuropsychiatric side effects such as anxiety, depressive mood disorders, and increased 

suicidal ideation69. Due to its neuropsychiatric side effects, multiple clinical trials of similar 

CB1R antagonists were terminated70. This triggered the development of second-generation 

peripheral-limited CB1R antagonists, which do not enter the central nervous system (CNS) 

and therefore have limited neuropsychiatric side effects70. However, there has been no 

clinical success reported so far, due to challenges in achieving both good pharmacokinetic 

properties and efficacy70. Furthermore, third-generation peripheral limited dual-target 

antagonists, which inhibits CB1R and an additional target (e.g., inducible nitric oxide 

synthase), are being developed for better therapeutic efficacy in complex disorders, such as 

various forms of fibrosis, for which proof-of-concept has been established pre-clinically70–

72. Compared to CB1R antagonists, there have been fewer investigations on CB2R 

antagonists, and mostly on treating or preventing a disease associated with immune 

dysfunction65,66.  

Metabolic enzyme inhibitors modulate enzymes responsible for the generation or 

degradation of eCBs and related metabolites such as NAPE-PLD, FAAH, NAAA and 

MAGL. Among them, FAAH inhibitors have received most interest and have been 

intensively studied65,73. FAAH inhibitors can increase the concentration of AEA, as well as 

other NAEs such as PEA65. In animal models, FAAH inhibitors showed promises in the 

treatment of pain and stress, without neuropsychiatric side effects74–77. Moreover, in a 

randomized clinical trial, FAAH inhibition has shown to be effective for the treatment of 

problematic cannabis use78. However, in another clinical trial, a FAAH inhibitor failed to 

induce effective analgesia in patients with osteoarthritic pain73,79. More recently, new 

concepts of dual-target inhibitors were proposed, were both FAAH and COX-2 are inhibited. 

Such drug candidates are currently at their preclinical stage80,81.  

One of the most relevant clinical failures associated with FAAH inhibition concerns the 

candidate BIA 10-2474. In 2016, a phase I multiple ascending dose trial of Bial’s FAAH 

inhibitor BIA 10-2474 resulted in severe neurological adverse effects and caused one 

death82. Subsequent research revealed that these severe adverse effects were likely related 

to off-target effects of BIA 10-247483,84. Compared with other FAAH inhibitors that were 
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clinically safe, BIA 10-2474 inhibited not only FAAH, but also several additional lipases, 

such as ABHD6, and produced substantial alterations in lipid networks in human cortical 

neuron cells84. These off-target effects likely caused metabolic dysregulation in the nervous 

system, which resulted in the severe neurological adverse effects84. 

To conclude, the development of therapeutics targeting ECS has seen a lot of failures in the 

last decade. Such development remains challenging and requires a better understanding of 

the regulation of the ECS and related pathways. The concept of modulating dual-targets or 

even multiple targets has emerged and shows high potential, but more effort in the 

identification of potential off-target effects is needed. Moreover, due to the wide distribution 

of the ECS, undesired pharmacological modulation outside of the targeted tissue/organ may 

also lead to side effects. System pharmacology-based approaches, such as 

pharmacometabolomics, are expected to contribute to an increased understanding of the 

ECS and, in turn, more successful development of drugs targeting the ECS. 
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Aim and scope of the thesis 
The aim of this thesis was to investigate the role of the ECS and related pathways in 

cardiometabolic health using metabolomics and explore whether the beneficial effects that 

exercise plays in cardiometabolic health are related to the modulation of ECS and related 

pathways. The underlying hypothesis was that the ECS may play a key role in 

cardiometabolic health and may be represent an adequate drug target for CMD. Due to the 

complexity of ECS, a wide range of metabolites from different pathways need to be 

considered when studying the ECS, showing the need for state-of-the-art metabolomics 

approaches targeting a large number of metabolites. 

The first section of the thesis reports the development of metabolomics-based strategies for 

the determination of eCBs and related metabolites in various biological matrices. The 

second section reports the application of developed metabolomics workflows to investigate 

the role of the ECS and related pathways in cardiometabolic health and study whether 

beneficial effects of exercise are related to the modulation of ECS and related pathways.  

In Chapter 2, the aim was to develop a method for the analysis of eCB-related metabolites, 

enabling the characterization of pathways responsible for the generation of eCBs and eCB 

analogues, since previous reported methods only enabled the analysis of limited number of 

classes of these lipids. Based on current knowledge about eCB metabolism, the metabolites 

in the target list included NAPEs, plasmalogen-NAPEs (pNAPEs), lyso-NAPEs, lyso-

pNAPEs, GP-NAEs, NAEs, DAGs, 2-AcGs, and FFAs. Using commercially available and 

synthesized standards, fragments were identified. A screening approach based on retention 

time mapping and fragmentation pattern was used for the identification of the metabolites. 

The method was optimized for multiple types of biological matrices, such as neuro cell 

pellets and mice brain tissues, showing its usefulness in in-vitro and in-vivo studies 

investigating the roles of potential metabolic enzymes in the ECS, as well as the evaluation 

of new drugs. 

The metabolite concentrations in cultured cells and tissues are usually high. Therefore, these 

metabolites are relatively easy to quantify with a conventional LC-MS setup. However, in 

human cerebral spinal fluid (CSF), the concentration of eCBs and their analogues are 

present at significantly lower concentrations (i.e., picomolar range), which makes their 

detection and accurate quantitation extremely challenging. Therefore, in Chapter 3, the aim 
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was to develop a highly sensitive and selective method to analyze eCBs and eCB analogues 

in human CSF. To improve the sensitivity, a micro-LC system with micro electro spray 

interface (ESI) was used instead of a conventional LC instrument. At low-flow rates, the 

injected sample is less diluted. Moreover, the spray droplets are smaller and more uniform, 

which significantly improves the ionization efficiency. However, due the use of small inner 

diameter tubes, micro-LC-MS systems frequently suffer from problems, such as clogging. 

The developed hardware and the sample preparation method were further optimized to 

allow the analysis of hundreds of samples with good repeatability. 

In Chapter 4 & 5, the aim was to investigate the roles of eCBs, eCB analogues (Chapter 
4) and oxylipins (Chapter 5) in cardiometabolic health, and to study whether they can be 

used as early biomarkers for cardiometabolic diseases. The correlations of plasma levels of 

eCBs, eCB analogues, oxylipins and PUFAs with body composition and traditional 

cardiometabolic risk (CMR) factors were studied. Specifically, the differences in the plasma 

levels of these metabolites between metabolically healthy overweight-obese (MHOO) 

individuals and metabolically unhealthy overweight-obese (MUOO) individuals were 

assessed. Moreover, instead of using these metabolites as individual biomarkers, we used 

forward stepwise regression models to integrate them and develop a biomarker fingerprint. 

With these models, we were able to assess if these related metabolites can be integrated and 

used as adequate predictors for CMR. 

It is well known that cardiometabolic health benefits from regular exercise. However, it 

remains unclear how exercise is affecting the ECS-related metabolites, which may help to 

better understand the mechanism of the positive influence of exercise on cardiometabolic 

health. In Chapter 6, we studied the influence of acute endurance and strength exercises on 

plasma levels of eCBs, eCB analogues and oxylipins. We also investigated the effect of a 

24-week supervised exercise intervention on plasma levels of these metabolites in young 

sedentary adults to assess the effect of exercise on a longer term. Different intensities of 

exercise were compared. 

Lastly, in Chapter 7, the thesis is concluded. Additional developments and possible 

applications for metabolomics in drug discovery and development targeting the ECS are 

discussed. 
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