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Zusammenfassung 

Die Prävalenz für Adipositas hat sich in den letzten Jahrzehnten verdoppelt und stellt eine 

ernstzunehmende Herausforderung für das Gesundheitswesen dar. Adipositas wird durch eine 

übermäßige Kalorienaufnahme mit massiver Ansammlung von Fettgewebe im Körper 

charakterisiert. Dies kann Insulinresistenz (IR) und Typ 2 Diabetes (T2D) zur Folge haben. 

Eine chronisch niederschwellige Entzündung kann mit einem Ungleichgewicht im 

Stoffwechsel der essentiellen Aminosäure Tryptophan (TRP) und des Vitamins Nikotinsäure 

(NA) einhergehen. NA ist bekannt für seine lipidsenkenden und anti-entzündlichen Wirkungen, 

die es über den GPR109A Rezeptor vermittelt. Nikotinursäure (NUA) ist das 

Hauptabbauprodukt von NA. Jedoch ist seine Funktion im menschlichen Körper wenig 

erforscht. Ziel dieser Arbeit ist mehr Einblicke in die Rolle der NUA bei metabolischer 

Entzündung und T2D zu erlangen. 

Eine Metabolom Untersuchung wurde bei Probanden der Food Chain Plus (FoCus) Subkohorte 

durchgeführt, um festzustellen, ob die NUA-Intensitäten im Serum mit T2D und dem BMI 

assoziiert sind. Probanden mit Prädiabetes (PreD) oder T2D zeigten im Vergleich zu gesunden 

Probanden höhere NUA-Intensitäten. Erhöhte NUA-Intensitäten wurden bei Probanden mit 

einem hohen BMI im Vergleich zu den Kontrollen festgestellt. Bei den Probanden aus der 

gesamten FoCus-Kohorte zeigte sich eine positive Korrelation zwischen den NUA-Intensitäten 

im Serum und klinischen Markern wie C-reaktives Protein (CRP), Triglyceride (TG) und 

Lipoprotein (a) (Lp(a)). Es wurde kein Zusammenhang mit anderen Krankheiten, 

Nahrungsaufnahme und dem Darmmikrobiom festgestellt. 

In vitro Experimente wurden durchgeführt, um den Zusammenhang zwischen NUA und 

metabolischer Inflammation zu untersuchen. THP-1-Zellen, die mit NUA behandelt wurden, 

zeigten keine Veränderungen in der Expression des Nuclear factor-κB (NF-κB) p50 Proteins. 

Untersuchungen mit menschlichen primären Immunzellen zeigten, dass NUA den 

intrazellulären Ca2+ Fluss in Neutrophilen induzierte und die Synthese von zyklischem 

Adenosinmonophosphat (cAMP) in Neutrophilen und Monozyten reduzierte. Eine 

Stimulierung mit NUA führte zu einer verminderten Expression des NF-κB p65-Proteins und 

einer geringeren Aktivierung von mitogenaktivierten Proteinkinasen (MAPK) und anderen 

Proteinkinasen in Monozyten.  

Darüber hinaus wurden GPR109A+/+ und GPR109A-/- Immunzellen von Mäusen verwendet, 

um zu untersuchen, ob die Auswirkungen von NUA auf die intrazelluläre Signalübertragung 
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von GPR109A abhängig sind. Es wurde beobachtet, dass NUA den intrazellulären Ca2+ Fluss 

in GPR109A+/+ Neutrophilen induzierte, während dieser Effekt in GPR109A-/- Neutrophilen 

aufgehoben war. Eine Verringerung des cAMP-Spiegels durch NUA wurde in Neutrophilen 

und Makrophagen von GPR109A+/+ und GPR109A-/- Mäusen beobachtet.  

Diese Arbeit zeigt zum ersten Mal einen Zusammenhang zwischen NUA-Serumspiegeln und 

Stoffwechselkrankheiten wie Adipositas und T2D. Es lässt vermuten, dass die Funktion von 

NUA im menschlichen Körper über die eines Abbauproduktes hinausgehen könnte.  
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Abstract 

The prevalence of obesity has doubled in the past decades and displays a severe public health 

issue. Obesity is characterized by an excessive calorie intake with abnormal body fat 

accumulation and can lead to insulin resistance (IR) and type 2 diabetes (T2D). Chronic low-

grade inflammation is associated with an imbalance in metabolism of the essential amino acid 

tryptophan (TRP) and the vitamin nicotinic acid (NA). NA is known for its lipid modifying and 

anti-inflammatory characteristics via the G protein-coupled receptor 109A (GPR109A). 

Nicotinuric acid (NUA) exhibits the major catabolic product of NA. However, the function of 

NUA in the human organism is poorly studied. The aim of this thesis is to gain more insights 

in the role of NUA in metabolic inflammation and T2D. 

A metabolomics-based approach in subjects of the Food Chain Plus (FoCus) sub-cohort was 

performed to evaluate if serum NUA intensities are associated with T2D and BMI. Subjects 

with prediabetes (PreD) or T2D showed higher NUA intensities compared to healthy subjects. 

Increased NUA intensities were found in subjects with a high BMI compared to controls. 

Subjects from the total FoCus cohort revealed a positive correlation between serum NUA 

intensities and clinical markers such as c-reactive protein (CRP), triglycerides (TG) and 

lipoprotein (a) (Lp(a)). No association with other diseases, nutritional intake and gut 

microbiome was observed. 

In vitro experiments were performed to evaluate the association between NUA and metabolic 

inflammation. THP-1 cells, treated with NUA, showed no alterations in nuclear factor-κB (NF-

κB) p50 protein expression. Investigations with human primary immune cells demonstrated that 

NUA induced intracellular Ca2+ flux in neutrophils and reduced cyclic adenosine 

monophosphate (cAMP) levels in neutrophils and monocytes. NUA treatment led to extenuated 

NF-κB p65 protein expression and decreased activation of mitogen-activated protein kinases 

(MAPK) and other protein kinases in monocytes.  

Furthermore, GPR109A+/+ and GPR109A-/- murine immune cells were used to examine if the 

effects of NUA on intracellular signalling are GPR109A-dependent. It was observed that NUA 

induced intracellular Ca2+ flux in GPR109A+/+ neutrophils while this effect was abrogated in 

GPR109A-/- neutrophils. Reduction of cAMP levels by NUA was observed in neutrophils and 

macrophages of GPR109A+/+ as well as GPR109A-/- mice.  
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This thesis shows for the first time an association between serum NUA levels and metabolic 

diseases such as obesity and T2D and gives an estimation that NUA`s function in the human 

body might be more than acting as catabolic product. 
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1 Introduction 

Obesity and T2D display a global health issue which rises continuously and affects adults as 

well as children (1, 2). Obesity results from excessive caloric intake and is associated with 

metabolic inflammation, which can spread from the adipose tissue to other organs such as liver, 

muscle and hypothalamus (3, 4, 1).  

Niacin, which is the general term for NA and nicotinamide (NAM), is a fundamental vitamin 

in energy metabolism and oxidative phosphorylation in all cells. It is involved in ATP synthesis, 

DNA repair and detoxification of reactive oxygen species (ROS) by being a nutritional 

precursor of nicotinamide adenine dinucleotide (NAD) (5–7). As endogenous source, niacin is 

metabolized from the amino acid TRP via the kynurenine pathway while animal and plant based 

foods enable exogenous niacin uptake (8–11). Niacin displays the major factor in preventing 

pellagra disease. Causes for niacin deficiency are a low niacin/ TRP diet, genetic diseases, 

malignant events, infections and metabolic diseases (6). Obesity is linked to a shift in the 

kynurenine pathway. While the conversion of TRP to niacin is downregulated, leading to niacin 

deficiency, the synthesis of other TRP metabolites, such as xanthurenic acid, is increased which 

reinforces low-grade inflammation. However, the exact mechanism are still elusive (12). 

NA is well-known for its broad spectrum of beneficial effects such as amelioration of the lipid 

profile when co-administered with statins. Studies showed that NA is able to enhance high-

density lipoprotein cholesterol (HDL-C) levels and at the same time it reduces levels of Lp(a), 

very low-density lipoprotein cholesterol (VLDL-C) and low-density lipoprotein cholesterol 

(LDL-C). Furthermore, NA decreases the expression of adhesion molecules in endothelial cells 

which reduces the progression of atherosclerosis (13). Several studies also confirmed a 

markedly reduction of inflammatory markers like high-sensitivity C-reactive protein (hs-CRP) 

and tumor necrosis factor-α (TNF-α) by NA in human monocytes. These findings have emerged 

to be GPR109A dependently which represents the receptor of NA (14). A growing body of 

evidence supports that NA positively affects metabolic inflammation by changing the 

composition of the gut microbiome. It was shown that low dietary NA intake in obese subjects 

is associated with a reduced α-diversity and Bacteriodetes abundance. In another study, it was 

observed that 6-week administration of NA microcapsules raised Bacteriodetes abundance in 

the gut of healthy subjects and enhanced insulin sensitivity in liver and muscle tissue (7). 

NUA represents the main catabolic product of NA (15). After oral uptake, NA is rapidly 

converted into NAM/NAD in the intestine and liver. Saturation of the NAD pathway leads to 
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transformation of NA into NUA by glycine conjugation and excretion via the kidneys (16–18). 

Although, NA is well-known for its pleotropic effects in the human organism, the functionality 

of NUA is hardly explored. In 1960, a clinical study showed that subjects treated with NUA 

had markedly reduced serum cholesterol levels compared to controls (19) and a metabolomics-

based approach showed a positive association between urinary NUA levels and markers of 

metabolic inflammation such as hypertension and LDL-C (15). So far, data from in vitro 

studies, investigating the functionality of NUA, barely exist. It was shown that NUA affects 

polarisation capacity of healthy human monocytes. While NA and NAM induced a shift towards 

anti-inflammatory M2-macrophages, NUA initiated the formation of pro-inflammatory M1-

macrophages (20). Based on these results, it might be assumed that NUA displays more than 

just a degradation product. 

With special focus on NUA, the aim of this thesis was to gain more insights into the association 

between TRP - NA metabolites and metabolic diseases such as obesity and T2D. (I) A 

metabolomics-based approach in subjects of the FoCus sub-cohort was performed to compare 

the abundance of TRP-NA metabolites between healthy subjects and diabetic or obese subjects. 

Furthermore, the association of NUA with clinical markers, nutritional intake and gut 

microbiome was examined in the total FoCus cohort. (II) In vitro studies were performed to 

evaluate the effects of NUA on intracellular immune signalling and its GPR109A-dependence. 

(III) Furthermore, the expression of GPR109A in the metabolic active tissues liver and 

hypothalamus was investigated by immunohistochemistry.
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2 Theoretical background 

2.1 The complexity of obesity, IR and metabolic inflammation 

Obesity reveals a complex multifactorial disease and it is known to be a major risk factor for 

development of a PreD and T2D. The prevalence of obesity has doubled in the past 40 years, 

with a third of the world`s population which has been diagnosed with overweight or obesity. 

Obesity is characterized by a higher energy intake compared to energy expenditure and is 

accompanied with diverse endocrine abnormalities such as IR and hypothalamic inflammation. 

Obesity affects all ages and both sexes. Older people and women exhibit a higher prevalence in 

obesity (21–25, 4).  

Insulin induces the uptake of glucose from blood into muscle cells by translocation of glucose 

transporter 4 to the plasma membrane. Insulin regulates levels of free fatty acids (FFA) by 

reducing lipolysis and inhibits gluconeogenesis in the liver. IR is defined as impaired insulin 

sensitivity of target organs like liver, adipose tissue and muscle tissue which can result in T2D 

(26).  

Obesity is associated with increased levels of TG which accumulate in adipocytes as energy 

storage. Increased TG accumulation leads to hypertrophy and hyperplasia of adipocytes (25). 

In this condition, adipocytes are poorly oxygenated which induces stress in the endoplasmatic 

reticulum. Thus, cell apoptosis is initiated, pro-inflammatory M1-macrophages infiltrate the 

adipose tissue and the G0/G1-phase cell cycle is stopped by the MAPKs protein kinase B (Akt) 

and c-Jun N-terminal kinases (JNK). Consequently, adipocytes secret increased levels of pro-

inflammatory adipokines such as leptin and interleukin-6 (IL-6). Furthermore, they express 

reduced concentrations of anti-inflammatory adipokines as adiponectin (3, 26). Adiponectin 

physiologically ameliorates insulin sensitivity and is negatively correlated with abdominal 

obesity, IR and T2D (27). Consequently, IR leads to elevated levels of FFA, followed by ectopic 

fat deposition forming the visceral adipose tissue. Thus, metabolic inflammation takes over 

from adipose tissue to other metabolic active organs like liver, skeletal muscle and pancreas 

which deteriorates IR (26, 3). Obesity is often characterized as a neuroendocrine disease. 

Leptin, a major anorexigenic hormone, released from adipose tissue, physiologically mediates 

signal of satiety in mediobasal hypothalamus. However, chronic low-grade inflammation can 

cause hypothalamic inflammation followed by leptin resistance which further reinforces the 

development of obesity (4).  
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The association between the human gut microbiome and obesity is also of high interest in 

medical research. It was observed that obese patients show alterations in α-diversity and β-

diversity of their gut microbiome which can reinforce disease progression. Bacteriodetes and 

Firmicutes belong to the main bacterial phyla in the human gut and it is described that obese 

subjects reveal a lower Bacteriodetes and a higher Firmicutes abundance compared to lean 

subjects (28, 29, 7).  

 

2.2 Metabolic inflammation and TRP metabolism 

TRP is an essential amino acid and is ingested from protein-based food such as meat, dairy 

products and seeds. It displays a key factor in metabolism as it is converted into pleiotropic 

compounds for various metabolic pathways besides its important part in protein synthesis (8, 

30). There are four pathways of TRP degradation: In small amounts, TRP is decarboxylated to 

tryptamine, transaminated for indole-pathway or hydroxylated to serotonin which is an 

important neurotransmitter for regulation of cognition, mood-anxiety and feeding behaviour. 

However, 95% of TRP is degradated to kynurenine via the kynurenine pathway which primarily 

takes place in the liver and is initiated by the enzymes TRP 2,3-dioxygenase (TDO2) and 

indoleamine 2,3-dioxygenase 2 (IDO2). To a small percentage, the kynurenine pathway also 

exists in extrahepatic tissues such as adipose tissue. In these tissues, TRP degradation is induced 

by the enzyme indoleamine 2,3-dioxygenase (IDO1). The serum kynurenine/TRP ratio is used 

to determine IDO1 activity (9, 12, 8). Along the kynurenine pathway, TRP is metabolised to 3-

hydroxykynurenine, 3-hydroxyanthranilic acid and quinolinic acid which are precursors of NA, 

NAM and nicotinamide adenine dinucleotide (phosphate) (NAD(P)). In another branch of the 

kynurenine pathway, TRP is transformed into kynurenic acid and xanthurenic acid (31).  

Alterations in TRP-downstream pathways are associated with several diseases. A diminished 

serotonin production can lead to mood affective disorders, obesity and anorexia (8). The 

extrahepatic kynurenine pathway is known to be associated with immune dysfunction (9). 

Hypertrophy of adipocytes results in a polarization from anti-inflammatory M2-macrophages to 

pro-inflammatory M1-macrophages with an increase of pro-inflammatory cytokines such as 

TNF-α and interleukin 1β (IL-1β) (3, 26, 32). This shift leads to enhanced IDO1 activation with 

an increase of the kynurenine/TRP ratio in adipose tissue. Elevated IDO1 induces increased 

kynurenic acid and xanthurenic acid production by the enzymes kynurenine aminotransferase 

III (CCBL2) and kynurenine 3-monooxygenase (KMO). Due to this shift, niacin synthesis via 

kynureninase (KYNU) is diminished (Fig 1). While kynurenic acid exhibits neuroprotective 
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and anti-inflammatory properties, xanthurenic acid reveals neurotoxic and zinc-chelating 

characteristics leading to disturbance of insulin secretion (33, 12). To build up NA, the enzymes 

of the kynurenine pathway require the active form of pyridoxal-5-phosphate (Vit B6) which is 

often deficient in obesity and T2D. Thus, NA depletion is further reinforced (34, 33).  

 

 

Figure 1: Degradation of TRP via the kynurenine pathway in obesity: Hypertrophy and hyperplasia of the 

adipose tissue lead to increased levels of pro-inflammatory cytokines (TNF-α, IL-1β) followed by the activation 

of the enzymes IDO1, CCBL2, KMO. TRP is increasingly converted into kynurenic acid and xanthurenic acid. 

Formation of niacin is reduced. (Own illustration) 
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2.3 Niacin – general background 

Niacin is a general term for the two vitamers NA and NAM. It is also called Vitamin B3 or 

Vitamin PP (Pellagra preventing) (35, 36). NAM represents the active form of Vitamin B3 (37). 

In human organism, NA and NAM can be converted into each other and they are quantitatively 

and qualitatively equivalent regarding their biological properties (36). They both are precursors 

for the biologically active coenzymes NAD and its phosphorylated derivative NADP which are 

essential for energy production and anabolism (35, 38). 

The kynurenine pathway is the endogenous source for niacin synthesis (35). However, NA 

synthesis from TRP is not efficient since 60mg TRP results in 1mg niacin. A daily niacin intake 

of 8-17 mg-equivalent for children/adolescents and 11-16 mg-equivalent for adults is 

recommended (10). The European Food Safety Authority suggests an intake of 5.5-6.6mg 

niacin equivalent/1000kcal to maintain anabolic and catabolic processes (39, 20). Animal based 

products such as fatty fish, lean meat and dairy products are rich in niacin. But also plant based 

food like legumes, nuts, green leafy vegetables, mushrooms, bread and coffee offer great 

amounts of NA and NAM. Niacin digested from animal based food shows better absorption 

than from plant based products. In grains, NA and NAM are largely bound and bioavailability 

is small (37, 40). 

NA deficiency can lead to the nutritional disorder pellagra with clinical manifestations from 

skin (e.g. skin lesions), nervous system (e.g. disorientation) and the gastrointestinal tract (e.g. 

diarrhea) (41). In contrast, pharmacological doses of NUA can also elicit several adverse 

reactions. It is well documented that administration of NA can induce insulin resistance and 

increased HbA1c levels in diabetic patients. However, flush symptomatic exhibits the most 

common side effect of NA. Patients often complain about burning and itching skin in the upper 

half of the body. It is induced by prostaglandin D2 (PGD2) release in skin cells which can be 

attenuated by application of the PGD2 selective antagonist Laropiprant (13, 42). 

 

2.4 Metabolism of NA 

NA is absorbed from stomach and the upper small intestine via sodium-dependent diffusion 

and by passive diffusion (43, 37). Furthermore, the microbiome in the large intestine is able to 

synthesize NA from TRP (44, 45). After intestinal absorption, NA undergoes a first pass 

metabolism in the liver which includes two pathways (46, 17): Initially, NA is converted into 

NAM, NAD, N-methylnicotinamide (MNA), N-methyl-2-pyridone-5-carboxymide (2PY) and 
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N-methyl-4-pyridone-5-carboxamide (4PY). This pathway is characterized by a low capacity 

and high affinity for NA conversion and is associated with hepatotoxicity because of long-

acting systemic niacin compounds. When the first pathway is saturated, the second pathway is 

activated and NA is conjugated with glycine to form NUA. This pathway exhibits a high 

capacity but low affinity (17) (Fig. 2). The formation of NUA is discussed to be responsible for 

flushing effects. All niacin metabolites are excreted via the urine (46).  

 

 

Figure 2: Hepatic metabolism of NA: Via the first pathway, NA is metabolised into NAM for energy metabolism. 

In the second pathway, NA is converted into NUA for renal excretion (based on (17)). 

 

 

2.5 NA as a lipid modifying drug 

Lipid disorders, such as extenuated HDL-C levels, are highly associated with the risk for 

cardiovascular diseases (46, 47). Pharmacological doses of NA (1500-3000 mg/day) reveal a 

broad-spectrum lipid drug since it elevates HDL-C levels in the blood (46, 20). NA increases 

the stability and function of ApoA-I, an important constituent of HDL-C via the liver x receptor. 

NA downregulates the surface expression of the hepatic HDL receptor β-chain ATP synthase. 

Accordingly, HDL-C uptake in the liver is reduced which enhances HDL-C availability for 

cholesterol scavenging in the blood (47). While HMG-CoA-reductase inhibitors (statins) raise 

HDL-C levels up to 10%, NA induces an elevation up to 35%. NA also reduces serum levels 

of VLDL-C, TG and Lp(a). It also leads to a decrease of plasma FFA within minutes after 

administration while VLDL-C and TG are diminished after a few hours. Regulation of LDL-C 
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and HDL-C takes several days of treatment. Thus, NA treatment contributes to the reduction of 

cardio vascular morbidity and mortality (46).  

 

2.6 NA mediates its effects via GPR109A 

The G protein-coupled receptors (GPCRs) encompass a protein family of transmembrane 

receptors with a key role in the research of cancer and diabetes treatment. GPR109A, also 

known as hydroxy-carboxylic acid receptor 2 (HCA2), is a receptor for the predominate ketone 

body β-hydroxybutyrate (48, 49). GPR109A is expressed by adipocytes and immune cells such 

as neutrophils, dendritic cells, monocytes and macrophages, however there is no expression by 

lymphocytes. Various epithelial cells i.e. intestinal cells, retinal pigment cells and keratinocytes 

show GPR109A surface expression. Expression by other tissues is not fully elucidated yet (49, 

48, 50, 14, 51, 52).  

NA is a selective agonist of GPR109A by which it mediates its lipid modifying effects. (53) In 

adipocytes, NA activates GPR109A via the heterotrimeric G protein, Gi, which inhibits the 

adenylyl cyclase and leads to a reduction of cAMP levels and protein kinase A (PKA) levels. 

Furthermore, NA induces a temporary increase of intracellular Ca2+. This leads to a 

downregulation of hormone sensitive lipase (HSL) and adipocyte triglyceride lipase (ATGL) 

arresting lipolysis. In turn, FFA flux is decreased which leads to a diminished TG synthesis in 

the liver. Accordingly, VLDL-C and LDL-C are less abundant in the blood (Fig. 3 A) (49, 54, 

13). 

Neutrophils are part of the innate immune system and reflect the most abundant leukocytes in 

circulation. They are the first cell type of defence and also play a key role in inflammation. 

Under normal homeostatic conditions, a low number of neutrophils are present in organs like 

liver and adipose tissue (55). Regulation of granulopoiesis in the bone marrow and systemic 

apoptotic processes physiologically maintain balance of neutrophils (56). This balance is 

diminished under conditions of inflammatory diseases like obesity in which the amount of 

neutrophils rises quickly (55). Conglomerations of immune cells can lead to an enhanced 

release of toxic intracellular products that reinforce the state of chronic inflammation including 

tissue injury as well as organ failure. It was shown that NA can induce apoptosis in neutrophils. 

Via GPR109A activation, NA induces a block of adenylyl cyclase activity with downregulation 

of cAMP and PKA levels. In the following, dephosphorylation of Bcl-2 associated agonist of 

cell death (BAD) increases which induces apoptosis of neutrophils (Fig. 3 B) (56). 
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NA also reveals anti-inflammatory capacities in monocytes and macrophages (56). Via 

activation of GPR109A, NA is able to decrease the NF-κB signalling pathway in human 

monocytes (14, 51). The NF-κB transcription factors (TF) include NF-κB2 (p52/p100), RelB, 

c-Rel and the most common forms NF-κB1 (p50/p105) and p65 (RelA). They are of great 

importance since they play a crucial role in cell adaption and response to external stimuli (57–

59). Phosphorylation of NF-κB`s inhibitor IκBα leads to the activation and nuclear translocation 

of NF-κB which initiates transcription of target genes involved in cell migration, inflammation 

and apoptosis. Therefore, NF-κB is a central regulator in development of metabolic diseases 

such as obesity and T2D (58, 14, 60, 61). In monocytes and macrophages, NA`s anti-

inflammatory effects are characterized by the inhibition of NF-κB phosphorylation. This is 

facilitated by β-Arrestins, binding to IκBα, which leads to diminished NF-κB levels with 

decreased synthesis of IL-6, TNF-α and monocyte chemoattractant protein-1 (MCP-1) (Fig. 3 

C) (51, 58, 62). Furthermore, it was reported that via GPR109A, NA mediates a reduction of 

cAMP levels in basal macrophages in an anti-inflammatory manner (63). 

As already mentioned, pharmacological doses of NA can elicit side effects in the skin. In 

epidermal macrophages (Langerhans cells), GPR109A activation by NA mobilizes intracellular 

Ca2+ which induces elevated levels of phospholipase A2 (PLA2) and arachidonic acid (AA). The 

cyclooxygenase-1 (COX-1) converts AA into PGD2 and prostaglandin E2 (PGE2). They 

consequently initiate vasodilation in the epidermal vasculature which generates the 

characteristic symptoms of flushing (Fig. 3 D) (64, 18). 
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Figure 3: GPR109A dependent effects of NA on different cell types: (A) In adipocytes, NA reduces adenylyl 

cyclase activity which leads to reduced cAMP levels and improves levels of TG, VLDL-C, LDL-C in the liver (B) 

In neutrophils, NA also reduces adenylyl cyclase activity which induces regulatory apoptosis (C) In monocytes, 

NA induces β-Arrestin activity which inhibits phosphorylation of NF-κB. Consequently, pro-inflammatory 

cytokines (IL-6, MCP-1, TNF-α) are down-regulated (D) In Langerhans cells, NA initiates increased PGD2/PGE2 

levels which induce vasodilation in epidermal vasculature. Symptoms of a flush generate. The figure was generated 

by using items of Servier Medical Art, provided by Servier, licensed under a Creative Commons Attribution 3.0 

unported license (Own illustration). 
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2.7 The role of NA in MAPK signalling  

Cells are continuously urged to be attentive to numerous stimuli from the extracellular space 

and therefore to coordinate their intracellular responses (65). MAPKs are components of the 

most ancient cell signalling pathways from the cell membrane to the nucleus and are present in 

all eukaryotes. Therefore, they exhibit a major role in many physiological processes. Their 

activation is enabled by multistep protein kinase cascades in which they are phosphorylated on 

a tyrosine and threonine residue (66, 67). These signalling pathways coordinate the response to 

various stimuli such as hormones, growth factors and inflammatory mediators acting through 

GPCRs. Hence, MAPKs pathways reflect a complex interplay according to cell differentiation, 

protein biosynthesis, gene transcription, cell cycle control and apoptosis. Together with the NF-

κB pathway, the MAPKs are activated by stress and inflammatory stimuli. Therefore, they are 

of great concern for drug research in inflammatory diseases (68).  

Extracellular signal-regulated kinases 1 and 2 (ERK1/2), JNK and p38 belong to the most 

investigated MAPKs in mammalians and NA is known to affect these MAPKs in different ways 

(69, 67, 70). 

The MAPK p38 is also present in many cell types such as immune and endothelial cells and is 

involved in immune response, cell survival and differentiation (71, 72, 65). p38 is activated by 

the MAPK kinase 3 (MAPKK3) and MAPK kinase 6 (MAPKK6) (73). After activation via 

GPCRs, p-p38 acts downstream by phosphorylation of its substrates and TFs such as Elk-1 

which in turn induces synthesis of pro-inflammatory cytokines like TNF-α, IL-1β and 

cyclooxygenase-2 (Fig. 4) (74, 71). Previous studies described the beneficial effects of NA in 

brain injury after cardiac arrest by downregulation of the p38 signalling pathway (69). 

Furthermore, inhibition of p38 phosphorylation by NA decreased pro-inflammatory 

myeloperoxidase which is known to reinforce chronic diseases including cancer, atherosclerosis 

and Parkinson`s disease (75). 

ERK 1/2 plays a major role in cell differentiation, proliferation and cell signal transduction 

network (76). For activation, ERK1/2 is phosphorylated by the MAPK kinase 1 (MAPKK1) 

und MAPK kinase 2 (MAPKK2). Subsequently, p-ERK1/2 phosphorylates TFs such as c-Fos 

(Fig. 4) (73). In monocytes and macrophages, ERK1/2 activation via toll-like receptors leads 

to elevation of pro-inflammatory IL-6 levels which makes it an important agent in pathological 

conditions like chronic inflammation and obesity (77–79). ERK1/2 is also known to be a 

beneficial mediator in the inhibition of chemoattractant-induced migration of macrophages. Shi 
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et al. showed that NA induced phosphorylation of ERK 1/2 via GPR109A and inhibited 

chemoattractant-induced migration of macrophages (80). However, the knowledge of NA`s 

effects on ERK signalling is still marginal. 

JNK is the third of the main MAPKs and is involved in cell differentiation, morphogenesis, 

cellular stress and apoptosis and displays a major factor in inflammatory responses. Activation 

of JNK signalling pathways via GPCRs leads to the phosphorylation of JNK at its threonine 

and tyrosine residues by the MAPK kinase 4 (MAPKK4) and MAPK kinase 7 (MAPKK7). p-

JNK translocates into the nucleus to phosphorylate TFs such as c-Jun leading to increased 

synthesis of IL-6 and TNF-α (Fig. 4) (81–83, 73). Hereby it is to be mentioned that the two 

JNK members JNK1 (46kDa) and JNK2 (54kDa) especially have a high affinity for c-Jun 

phosphorylation (84). Previous studies showed an augmented activation of JNK signalling in 

obese patients (85) JNK1/2 activation in macrophages leads to increased levels of pro-

inflammatory cytokines that reinforce IR (86). On the other side, it is described that 

phosphorylation of JNK inhibits immune cell migration (80). Studies of NA`s effects in JNK 

signalling in obesity and T2D barely exist (85). An in vivo study showed reduced JNK levels 

in brain homogenates of rats by different doses of NA which led to amelioration of brain 

damage after cardiac arrest (69).  
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Figure 4: Signalling pathways of the MAPK ERK1/2, p38 and JNK: Via GPCRs extracellular stimuli induce 

phosphorylation of the MAPK kinase kinases (MAPKKK) which phosphorylate MAPKK. MAPKK 1 and 2 

phosphorylate ERK1/2 which activates the TF c-Fos in the nucleus which leads to elevated levels of IL-6 or 

reduced immune cell migration. MAPKK 3 and 6 phosphorylate p38 which phosphorylates Elk-1 and induces 

increased levels of pro-inflammatory cytokines. MAPKK 4 and 7 phosphorylate JNK which activates c-Jun and 

promotes synthesis of pro-inflammatory cytokines or reduces immune cell migration. The figure was generated by 

using items of Servier Medical Art, provided by Servier, licensed under a Creative Commons Attribution 3.0 

unported license (Own illustration). 

 

 

2.8 The role of NA in PI3K/Akt signalling  

The Akt signalling pathway is activated by the phosphoinositide-3 kinases (PI3Ks) via receptor 

tyrosine kinases or GPCRs. Akt is involved in a wide range of cellular processes like growth, 

metabolism, proliferation and apoptosis. The PI3K/Akt pathway is not only present in cells of 

the adaptive immune system but also in neutrophils, monocytes and macrophages and plays a 

crucial role in the regulation of inflammatory diseases such as rheumatoid arthritis, multiple 

sclerosis and T2D (54, 87, 88). NA is able to activate PI3K/Akt signalling via GPR109A in 

macrophages although the mechanisms are still unknown. Furthermore, it was shown that NA 

exhibits anti-apoptotic effects via the PI3K/Akt pathway in stroke patients and subjects 

suffering from UV-induced skin damage (54). 
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2.9 The role of NA in AMPKα signalling  

5`AMP-activated protein kinase (AMPK) is a serine/threonine kinase and consists of a catalytic 

subunit (α) and two regulatory subunits (β, γ). It displays a pivotal role in cell metabolism by 

being a sensor for intracellular energy state. With increase of the AMP/ATP ratio, AMP and 

ADP bind to the γ-subunit. The AMPKs threonine 172 residue of the α subunit is additionally 

phosphorylated, resulting in the activation of AMPK. p-AMPK then downregulates anabolic 

pathways while catabolic pathways are enhanced to produce ATP. Therefore, AMPKα plays an 

important role in the adaption of metabolism, differentiation and growth (89). Activation of 

AMPKα leads to a downregulation of fatty acid and cholesterol synthesis in the liver as well as 

decreased fatty acid oxidation and glycolysis in heart and muscle tissue (90). An imbalance of 

intracellular AMPK signalling can reinforce progression of obesity and T2D (91). It was 

reported that NA mediates inhibition of lipogenesis by increased phosphorylation of AMPK in 

hepatocytes initiated by GPR109A activation (92). Furthermore, AMPKα phosphorylation is 

induced by anti-inflammatory agents and inactivated by pro-inflammatory mediators. However, 

the exact mechanisms are hardly investigated (90, 92).  

 

2.10 The metabolite NUA 

NUA, also called Nicotinoylglycine, was first determined in 1912 in the urine of a dog fed with 

NA. Further investigations also detected amounts of NUA in the urine of humans and rodents 

(93). NUA is the major catabolic product of NA and is also assumed to be involved in fatty acid 

β-oxidation (15, 94). Dietary ingested NA is rapidly converted to NAM and NAD in the 

intestine and in the liver. NAM is then transferred into blood system. Once the NAM pathway 

is saturated, NA is quickly converted into nicotinyl-CoA by binding Coenzyme A and 

consecutively conjugated with glycine to form NUA. Afterwards, NUA is excreted via the 

urine. Therefore, NUA displays a specific indicator for biotransformation of NA in the liver 

and they are mostly measured together by mass spectrometry (16, 95, 96, 17, 15, 97, 98). High 

plasma doses of NA and NUA can only be measured when administering pharmacological 

doses as i.v. injection or rapid release supplements. Oral application requests high doses of 

NUA because of its low absorption in the intestine (16, 19).  

There is little knowledge about NUA`s functionality in the human body. A receptor or 

transporter is not known yet. Also controversial opinions about NUA being involved in flush 

response exist (97). A clinical study from 1989 observed that co-administration of 
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acetylsalicylate reduced flushing response as well as decreased NUA serum levels. It is assumed 

that NA and acetylsalicylate compete in glycine conjugation which reduces NUA formation 

(99). 

First clinical investigations assumed cholesterol lowering effects by NUA, however data have 

not been validated yet (19). Furthermore, a positive association between urinary NUA levels 

and symptoms of metabolic syndrome has been postulated (15, 19). An in vitro study 

investigated polarisation behaviour in human primary macrophages after incubation with NA 

and its metabolites. NA and NAM increased the expression of specific phenotypic markers for 

M2- macrophages (CD200R, MRC1) while NUA was observed to induce M1-macrophages 

(CD80, CD64) polarization (20). These are the first in vitro results which showed that NUA 

affects cellular responses.  

With regard to this, it is assumed that NUA might be more than a catabolic product.  
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3 Materials 

Table 1: Buffer compositions 

Buffer Reagents 

Blocking buffer 50 g Milk-Powder 

950 g dH2O 

Extraction buffer 50% Ethanol 

49% dH2O 

1% Acetic Acid 

MACS buffer PBS 

2mM EDTA 

0.5% BSA 

RIPA cell lysis buffer Tris/HCL (pH 7.4) 50mM 

NaCl 150mM 

Na-Deoxycholat 0.5% 

SDS 0.1% 

Nonidet P-40 1% 

EDTA 2mM 

dH2O  

1 x SDS-PAGE-Running buffer 100 mL 10 x SDS  

dH2O ad 1000 mL 

10 x SDS-PAGE-Running Buffer 60.4 g Tris base  

288 g glycine 

20 g SDS  

dH2O ad 2000 mL 

10 x TBS buffer 140 g NaCl 

4 g KCl  

60 g Tris Base  

pH=7.4 with HCL (25%) 

dH2O ad 2000 mL 

1 x TBS/T buffer 100 mL 10 x TBS 

1 mL Tween-20  

dH2O ad 1000 mL 

Transfer buffer A 36.34 g Tris Base  

200 mL Methanol 

dH2O ad 1000 mL 

Transfer buffer B 3.03 g Tris Base 

200 mL Methanol 

dH2O ad 1000 mL 

Transfer buffer C 36.34 g Tris Base 

200 mL Methanol 

5 g Aminocapronic acid  

dH2O ad 1000 mL 

Tris HCl 0.658 M 7.57g Tris HCL  

70 mL dH2O  

pH=6.8 with HCL (25%) 

dH2O ad 100 mL 
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Tris HCl 1.88 M 22.71 g Tris HCL  

70 mL dH2O  

pH=8.8 with HCL (25%) 

dH2O ad 100 mL 

 

 

Table 2: Chemicals and reagents 

Product Manufacturer Product number 

ABC-HRP Kit, Peroxidase  Vector PK-4000 

Acetic Acid (glacial) 100% Merck 1.00063.2500 

Albumin Bovine Serum Merck 126575 

6-Aminocampronic acid Sigma-Aldrich A2504 

Ammonium persulfate (APS) Carl Roth 9592.3 

Annexin V FITC BioLegend 640905 

Antibody diluent solution Invitrogen 003218 

Citrate buffer (10mM) Roth 6490.3 

DAB Substrate Kit Vector SK-4100 

DMEM (Dulbecco's Modified Eagle 

Medium) Gibco 

Life technologies A4192101 

Dimethyl fumarate Sigma 242926 

Dulbecco`s Phosphate Buffered Saline 

(DPBS) (1x) 

Life technologies 14190-144 

Ethanol Absolut Endotoxinfree TH.Geyer 2273.1000 

EDTA Merck 607-429-008 

Fetal Bovine Serum (FCS) Sigma F7524 

Fluo-4, AM, cell permeant  Life technologies F14201 

Forskolin - Adenylyl Cyclase Activator Abcam ab120058 

Fura Red™, AM, cell permeant  Life technologies F3021 

Glycine Carl Roth 3908.2 

Goat normal serum Dako X0907 

Hanks' Balanced Salt Solution PAN Biotech GmbH P04-32505 

HCL (25%) Merck 1.00316.1000 

HCL 0.1M  ENZO 80-0082 

Hemalum solution acid acc. to Mayer Roth T865 

Hydrogen Peroxide (30%) Roth 8070.2 

Ionomycin  Sigma I3909  

Ketamine (10%) Pharmanovo 4635 

L-Glutamine 100x (200mM) Bio West X0550-100 

4x Laemmli Sample Buffer BIO-RAD 161-0747 

2-Mercaptoethanol Sigma M3148 

Methanol Roth 4627.2 

Natriumchlorid (NaCl) Roth 3957.1 

Natriumhydroxid (NaOH) Roth P031.1 

Neutral Red Solution Santa Cruz Biotechnology sc-281691 

Nicotinic Acid Sigma N4126 

Nicotinuric acid Sigma N4751 
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Nonidet P-40 Substitute Roche 14060500 

Penicillin/Streptomycin Solution 100x Bio West L0022-100 

Phorbol 12-myristate 13-Acetate (PMA) Sigma P1585 

PhosStop Roche 04906845001 

Polysucrose 400 Based Separating 

Solution 

Bioclot PS400-1000 
 

Ponceau S Staining Solution Cell Signaling 59803S 

Potassium Chloride Merck 1.04936.0500 

2-Propanol Roth 9866.1 

Protease Inhibitor Cocktail Sigma-Aldrich P8340 

Protein Assay Dye Reagent Concentrate Bio-Rad 500-0006 

Restore Western Blot stripping buffer Life technologies 21059 

RPMI-1640 Medium (1x) Life technologies 31870-025 

ROTI Histofix 4.5 %, prefilled 

containers 

Roth 8244.1 

Roti-Mount medium Roth HP68.1 

Rotiphorese Gel 30 A (Acrylamide) 

(37.5:1) 

Roth 3029.2 

SDS Pellets Roth 8029.1 

Sodium deoxycholate Sigma-Aldrich  D6750 

Sodium dodecyl sulphate (SDS) Biomol 04051.1 

Super Signal West Dura 

Luminol/Enhancer Solution 

Thermo Scientific 1856145 

Super Signal West Dura Stable Peroxide 

Buffer 

Thermo Scientific 1856146 

TEMED (99%) Carl Roth 2367.3 

Tris Puffer Carl Roth 4855.2 

Trizma hydrochloride Sigma T3253 

Trypan Blue Stain (0.4%) Life technologies 15250-061 

TWEEN 20 Sigma P2287 

WesternSure Pre-Stained 

Chemiluminescent Protein Ladder 

LI-COR 926-98000 

ROTI Histol (Xylene substitute) Roth 6640 

Xylazine WDT 794-765 

Zombie NIR dye (750nm) Biolegend 423105 
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4 Methods 

4.1 Metabolomics-based approach 

4.1.1 Study population  

The network of competence FoCus was funded by the German Ministry of Education and 

Research (BMBF) and was established from 2011 until 2015 in Kiel (Germany). This cohort 

includes a total of 2000 subjects. 500 subjects were recruited from the obesity outpatient clinic 

of the Department of Internal medicine I (University Medical Center Schleswig-Holstein, Kiel, 

Germany). Additionally, 1500 subjects were recruited from regional registration offices as 

cross-sectional controls. Only adults were recruited (18-75 years). There were no exclusion 

criteria. The study was permitted by the local ethics committee (Christian-Albrechts-Universität 

zu Kiel) and all patients provided informed written consent. All experiments were performed 

in accordance with relevant guidelines and regulations. 

 

4.1.2 Anthropometric measurement 

Patients were physically examined. Height and weight were measured and body mass index 

(BMI=weight (kg)/(height(m))2) was calculated. Height was measured to the nearest 1 cm using 

a stadiometer. Weight measurement was performed without shoes and light clothes using digital 

scales. The weight was determined to the nearest 0.1 kg. Waist circumference was measured at 

the approximate midpoint between the lower margin of the last palpable rib and the top of the 

iliac crest according to the World Health Organisation (WHO) (100). The blood pressure was 

measured with a blood pressure cuff and stethoscope. 

 

4.1.3 Biochemical measurement 

For determination of metabolic and inflammatory markers, blood samples from FoCus subjects 

were obtained by venepuncture after an overnight fast. The Central Laboratory (University 

Medical Center Schleswig-Holstein, Kiel, Germany) analysed the following parameters: CRP 

was measured by immunoturbidimetry (Hitachi Modular, Roche), fasting glucose with a 

glucose-hexokinase-UV-test (Hitachi Modular, Roche). IL-6 and fasting insulin were 

determined by an electrochemiluminescence immunoassay (Elecsys System 2010, Roche) and 

TG by enzymatic test (Hitachi Modular, Roche) (101). Homeostatic Model Assessment for 

Insulin Resistance (HOMA-IR) was calculated as fasting glucose (mg/dL) x fasting insulin 
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(μU/mL)/405 to determine insulin resistance. An immunonephelometric assay was used to 

measure Lp(a) (Dade Behring).  

Protein concentrations of wnt5a and sFRP5 were measured by using the following ELISA kits: 

wnt5a (analytic-sensitivity < 0.057 ng/mL) (SEP549Hu from Cloud-Clone Corp, Hölzel 

Diagnostika, Cologne, Germany) and sFRP5 (analytic-sensitivity < 2.53 ng/mL) (SEC842Hu 

from Cloud-Clone Corp., Hölzel Diagnostika, Cologne, Germany). Metabolites and bile acids 

in serum were measured by liquid chromatography and mass spectrometry (LC-MS/MS; 

Agilent 1100 HPLC/CTC-PAL Autosampler/Sciex API 4000 Triple Quadrupole) in an external 

specialized laboratory (Medizinisches Labor Bremen, Germany).  

 

4.1.4 Anamnesis by a questionnaire 

Pregnancy, menopause and diseases like myocardial infarction, liver disease and inflammatory 

bowel disease were determined by a questionnaire (Yes; No; n/a). To detect nutritional patterns, 

all participants completed a 12-month nutritional retrospective food frequency questionnaire 

(FFQ) (EPIC protocol, Prof. Boeing, DIfE Potsdam). For calculation of nutritional intake the 

EPICsoft database was used (102). 

 

4.1.5 Gut microbiome analysis 

Gut microbiome analysis was performed by the Institute of Clinical Molecular Biology (IKMB) 

(University Medical Center Schleswig-Holstein, Kiel, Germany) and our working group as 

previously described (101): stool samples of FoCus subjects were directly aliquoted and frozen 

at -80°C. DNA was extracted from stool samples using the QIAamp DNA stool mini kit 

(Qiagen, Hilden, Germany). Variable regions V1 and V2 of the 16S rRNA gene were amplified 

by polymerase chain reaction (PCR). The amplified and normalized rRNA was sequenced on 

the Illumina MiSeq (Illumina Inc., San Diego, CA, USA). Afterwards, quality control and 

microbiome bioinformatics analysis for taxonomical classification were performed. 

 

4.1.6 Metabolome assessment 

Serum samples were processed in the Department of Food Technology (Institute of Human 

Nutrition and Food Science Department, CAU Kiel). Separation of proteins, lipids and 

metabolites was conducted by the Simplex-method (modified by J. Jensen-Kroll and T. 
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Demetrowitsch). Metabolites were measured via Fourier-transform ion cyclotron resonance 

mass spectrometry (FT-ICR-MS) (Bruker, Billerica, MA, USA)).  

Serum TRP-NA metabolites were determined by using the mass spectrometry software 

MetaboScape 2.0 (Bruker, Billerica, MA, USA). Molecular formulas of the metabolites and 

intermediates of the TRP-NA metabolisms were determined using the databases of Kyoto 

Encyclopedia of Genes and Genomes (KEGG) and the Human metabolome database (HMDB). 

For metabolite detection, specific software settings were selected (Table 3). The level of 

detection (LOD) was set at 749999 counts. 

 

Table 3: Settings in metabolomics software MetaboScape (Bruker) for investigation of TRP- NA metabolites 

in the FoCus cohort 

Primary Ion [M+Na]+ 

Ionization & method Positive & ultra-small molecule method (65-300 

Dalton) 

Polarity Hydrophilic compounds 

Max charge 1 

Threshold (min. intensity of each metabolite) >749999 counts 

Calibration tolerance 0.5 ppm 

m/z delta 1 

Minimum numbers of features for results  6/600 

 

 

4.1.7 Statistical analysis of TRP- NA metabolites in the FoCus cohort 

Statistical analysis and graphical set up were performed with R Studio Version 1.2.1335 (R 

Studio, Boston, MA, USA). The significance level was set to p<0.05. To correct for multiple 

testing bias, the false discovery rate (FDR) was determined.  

 

4.1.8 Association between TRP-NA metabolites and metabolic inflammation in the 

FoCus sub-cohort 

The association between serum intensities of TRP-NA metabolites and markers of metabolic 

inflammation was investigated. Therefore, a sub-cohort of 597 male (42%) and female (58%) 

subjects (ages 23-89y) out of the FoCus cohort was selected. For investigation of the association 
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between metabolite intensities and BMI, the sub-cohort was divided into five BMI groups: 

normal (BMI<24.9), overweight (BMI: 25-29.9), obesity grade I (BMI: 30-34.9), obesity grade 

II (BMI: 35-39.9) and obesity grade III (BMI>40). Moreover, the subjects were stratified into 

199 healthy, 200 with PreD and 198 patients with T2D defined by their fasting glucose levels 

(healthy: 0-100 mg/dl; PreD: 101-125 mg/dl; T2D: >126 mg/dl). As metabolite intensities 

reveal a high skewness, subjects could not be matched by age. 

Due to the extreme skewness of metabolite intensities, the statistical evaluation was performed 

in three ways: (1) with the total sub-cohort and (2) with subjects who exhibited metabolite 

intensities over LOD (>749999 counts). To analyse the distribution of metabolites intensities, 

a Shapiro-Wilk test was used. Due to non-normal distribution, differences in metabolite 

intensities between the groups were tested by Kruskal-Wallis tests and post-hoc Wilcoxon rank-

sum tests. (3) Metabolites were additionally dichotomised (0 = below LOD; 1 = above LOD) 

and Chi2 tests were done to determine differences in dichotomized data between groups. To 

analyse correlations between the metabolites, the spearman coefficient was used. Nominally 

significant results are described in the text but not shown in the figures. 

 

4.1.9 Association between NUA and clinical parameters, nutritional data and the 

gut microbiome in the total FoCus cohort 

For statistical analysis, NUA was dichotomized using the LOD of 749999 (0 = below LOD; 1 

= over LOD) and two groups were set up: subjects with NUA intensities over the LOD 

(NUA>LOD) and subjects with NUA intensities below the LOD (NUA<LOD). Normal 

distribution was evaluated by Shapiro-Wilk test. Differences for consistent variables in NUA 

groups were analysed using Wilcoxon rank-sum test. For investigation of categorical variables, 

Fisher tests or Chi2 tests were used. To analyse correlations between significant parameters and 

NUA intensities, the spearman coefficient was used. 

Furthermore, the association between serum NUA intensities and the gut microbiome in FoCus 

subjects was evaluated. Therefore, the Bray Curtis Dissimilarity was calculated to quantify 

differences in species populations between NUA intensities over and below LOD. Furthermore, 

a constrained analysis was done to adjust for BMI. Permutational multivariate analysis 

(PERMANOVA test) was performed to determine statistical significance in β-diversity. -

diversity of the gut microbiome was characterized by the Shannon, Chao and Species Richness 

indices respectively. Wilcoxon rank sum test with continuity correction was performed to 
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calculate differences of - diversity between both groups. Moreover, relative phyla abundance 

of gut bacteria in groups of high and low NUA intensities were determined and compared.  

 

4.2 Cell culture experiments 

4.2.1 THP-1 Cultivation 

Acute monocytic leukemia Cells, ACC16 (THP-1) cells (Leibniz Institute DSMZ- German 

Collection of Microorganisms and Cell Cultures GmbH, Braunschweig, Germany) were 

cultivated in RPMI 1640 medium with 10% fetal calf serum (FCS), 2mM L-Glutamine, 1% 

penicillin/streptomycin at 37°C and 5% CO2. Cells were counted using trypan blue exclusion 

dye. Cells were seeded at 1.5x106 cells/ well in a 6-well plate. To differentiate monocytes to 

macrophages, cells were incubated with 162nM phorbol 12-myristate 13-acetate (PMA) for 24 

h. Subsequently, differentiated cells were washed with PBS. After 24 h, cells were washed and 

resuspended in medium. 

Furthermore, pH-value in medium provided with indicated concentrations of NUA was tested 

and showed no change in pH-value (7-8). 

 

4.2.2 Cytotoxicity Assay (Neutral Red Uptake) 

To determine the effects of NUA on THP-1 cell viability, a neutral red uptake assay was 

performed. Cells were stimulated with indicated concentrations of NUA. 10% endotoxin free 

ethanol was used as positive control for cell death. One well was only incubated with PBS. 

After 24 h incubation, medium got withdrawn from wells and a neutral red solution (1/66 

dilution in medium) was added for 2 h. Subsequently, cells were washed and an extraction 

buffer was added. Cells were incubated for 15 min on an orbital shaker at room temperature 

(RT). Afterwards, samples were transferred into a 96-well plate as triple determination and 

absorbance was measured at 540 nm on a microplate reader (Berthold Technologies, Bad 

Wildbach, Germany).  

 

4.2.3 NF-κB p50 signalling in THP-1 cells 

For investigation of NF-κB p50 signalling in THP-1 cells, cells were stimulated with indicated 

concentrations of NUA or PBS as solvent control. After indicated time points, cells were 
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washed, lysed with radioimmunoprecipitation assay (RIPA) buffer containing phosphatase 

inhibitors „PhosStop“ (1:10 dilution) and protease inhibitor cocktail (1:100 dilution). 

Subsequently, samples were frozen at -80°C until analysis. 

 

4.2.4 Total protein measurement - Bradford assay 

Cell lysates were centrifuged at 4°C for 30 min at maximum velocity to remove cell debris. 

Afterwards, supernatant was transferred into a new tube. Samples were diluted with dH2O 

(1:10) for measurement. Bovine serum albumin (BSA) standards (0.5; 0.25; 0.13; 0.06 µg/µl) 

were used to determine concentration of total protein mix. Samples, standards and blanks were 

transferred into a 96-well plate as duplicates. Bio-Rad protein assay dye reagent (1:5 dilution) 

was added to each well and incubated for 10 min in the dark at RT. Subsequently, absorbance 

was measured at 630nm on a microplate reader (Berthold Technologies, Bad Wildbach, 

Germany).  

 

4.2.5 SDS-PAGE  

Proteins were separated according to their molecular size by sodium dodecyl sulphate 

polyacrylamide gel electrophoresis (SDS-PAGE). Ingredients for a denaturing 30% acrylamide 

gel are described in Table 4. 4x Lämmli sample buffer and 10% β-mercaptoethanol were mixed 

and added to the samples as ¼ of sample volume. Samples were denatured at 95°C for 5 min. 

30µg of protein samples and WesternSure pre-stained Chemiluminescent Protein Ladder were 

loaded on the gel and separated at 80 volt for 10 min followed by 1.5 h at 120 volt.  

 

Table 4: Ingredients for gels used in SDS-PAGE 

Separation Gel Stacking gel 

2mL dH2O 1.1 mL dH2O 

0.7mL SDS (1%) 0.2mL SDS (1%) 

1.4mL Tris HCL (1.88M) 0.4mL Tris HCL (0.658M) 

2.9mL Acrylamide (30%) 0.3mL Acrylamide (30%) 

30µl APS 10µl APS 

6µl TEMED 2µl TEMED 
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4.2.6 Western Blot 

To detect NF-κB p50 protein expression, a semi-dry western blot was performed. The proteins 

were transferred from the SDS gel to a methanol activated PVDF membrane on a blotting 

device (Analytik-Jena, Jena, Germany) (1 gel: 70mA; 2 gels 140mA for 45 min). To test 

successful protein-transfer, the membrane was stained with Ponceau-S solution for 2 min. After 

removal of Ponceau-S staining, the membrane was used for western analysis. 

The membrane was blocked in 5% milk-powder in TBS/T on an orbital shaker at RT for 2 h. 

After removal of the blocking solution, the membrane was incubated with anti-NFκB p105/p50 

antibody (Abcam, Cambridge, UK) (1:10000 in 5% blocking solution) on an orbital shaker at 

4°C overnight. After washing with TBS/T, the membrane was incubated with anti-rabbit 

antibody (Biolabs, Ipswich, MA, USA) (1:2000 in 5% blocking solution) for 45 min. 

Subsequently, the membrane was washed and incubated with enhanced chemiluminescence 

(ECL) kit (Thermo Scientific, Waltham, MA, USA) (1:1 Luminol and Peroxide Buffer) at RT 

for 5 min. Signals were detected on a Molecular Imager ChemiDoc XRS+ (Bio Rad, Hercules, 

CA, USA) and density of the detected bands was analysed using the software Image Lab (Bio 

Rad, Hercules, CA, USA). Membranes were stripped with a stripping buffer and glyceraldehyde 

3-phosphate dehydrogenase (GAPDH) (Cell Signaling, Danvers, MA, USA) (1:5000 in 5% 

blocking solution) was used as a housekeeper to allow normalization of protein content.  

 

4.3 Experiments with primary cells 

4.3.1 Isolation of primary human cells 

Peripheral blood was taken by venepuncture. Donors were female and between 25 and 35 years 

of age. 

Isolation of human neutrophils  

Isolation of neutrophils was conducted with MACsxpress whole blood neutrophil isolation kit 

(Miltenyi Biotec, Bergisch Gladbach, Germany) according to the manufacturer`s instructions. 

8ml of whole blood were mixed with the provided isolation mix and subsequently incubated on 

an orbital shaker for 5 min. Afterwards, neutrophils were isolated by negative magnetic 

isolation, resulting in untouched neutrophils for subsequent analysis. Cells were counted and 

diluted to specific concentrations depending on the assay. 
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Isolation of human monocytes 

Initially, peripheral blood mononuclear cells (PBMCs) were isolated from PBS diluted whole 

blood by a Polysuccrose 400 gradient. After centrifugation at 800 x g for 20 min, the resulting 

PBMC layer was taken and washed. Cells were counted with trypan blue exclusion dye. CD14+ 

monocytes were isolated from PBMCs by positive selection with CD14 microbeads (Miltenyi 

Biotec, Bergisch Gladbach, Germany) according to the manufacturer`s instructions. Monocytes 

were centrifuged, resuspended in magnetic-activated cell sorting (MACs) buffer and counted 

for following experiments. Monocytes were seeded into a 6-well plate, incubated for 1-1.5 h to 

allow adherence and washed. 

 

4.3.2 Animals 

C57BL6/J mice were purchased from Janvier labs. GPR109A-/- (Hcar2tm1Soff) and red 

fluorescent protein (RFP)-GPR109A mice (HCA2mRFP) were originally generated and 

generously donated by the working group of Stefan Offermanns (103, 104). C57BL6/J and 

GPR109A-/-  mice were used to generate an inbred strain by brother sister-mating. All mice were 

bred at the Zentrale Tierhaltung (ZTH) (University Medical Center Schleswig-Holstein, 

Campus Kiel, Germany) and maintained under specific pathogen free (SPF) conditions. For 

experiments, mice were at least between 6 and 8 weeks of age. In vivo experiments were carried 

out within the ZTH and were performed in accordance with the German Animal Welfare 

Legislation. Permission was received from the Ministerium für Energiewende, Landwirtschaft, 

Umwelt, Natur und Digitalisierung des Landes Schleswig-Holstein (MELUND) (AZ: V 242-

75980/2020(1-1/21). 

 

Isolation of murine bone marrow derived (BMD) neutrophils 

GPR109A+/+ and GPR109A-/- mice were sacrificed and bone marrow cells were separated from 

femurs by gentle destruction of the bone material in PBS. The cell suspension was transferred 

into a canonical tube passing a 100 µm strainer to remove bone debris. Cells were centrifuged 

at 380 x g for 10 min and resuspended in PBS with 2% FCS and 0.5M EDTA. The Easy Sep 

Mouse neutrophil enrichment kit (Stemcell technologies, Vancouver, Canada) was used to 

isolate neutrophils according to the manufacturer`s instructions. For following experiments, 

cells were counted and resuspended for analysis. 
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Isolation of murine peritoneal macrophages (PEMs) 

GPR109A+/+ and GPR109A-/- mice were sacrificed and ice-cold PBS was injected into 

peritoneum with a 22-gauge needle. After belly massage, peritoneum was opened and peritoneal 

suspension was transferred into a new tube. Samples were centrifuged at 400 x g for 10 min 

(4°C) and cells were counted. Cells were seeded into a 6-well plate and incubated at 37°C for 

1.5 h to obtain adherence of macrophages. Non-adherent cells were removed by washing with 

PBS. 

 

4.3.3 Annexin V apoptosis assay  

Murine neutrophils were seeded at 1x106 cells/well into a 96-well plate, centrifuged at 380 x g 

for 3 min and resuspended in Dulbecco’s modified Eagle’s medium (DMEM) with 10% FCS. 

Cells were incubated with indicated concentrations of NUA, PBS or dimethyl fumarate (DMF) 

(positive control for cell death) for 2 h at 37°C and 5% CO2. Subsequently, cells were 

centrifuged at 380 x g for 5 min and resuspended in PBS. Cells were stained with Annexin V, 

GR-1 antibody (Biolegend, San Diego, CA; USA) and Zombie NIR live/dead dye and incubated 

for 15 min on ice in the dark. After incubation, samples were washed, resuspended in PBS and 

analysed by flow cytometry.  

 

4.3.4 Measurement of intracellular Ca2+ levels 

Effects of NUA on intracellular Ca2+ flux in human and murine (GPR109A+/+; GPR109A-/-) 

neutrophils were investigated. 1x107 cells/ml were used for flow cytometry analysis. 3 µM 

Fluo-4 and 6 µM Fura-red were added to samples and incubated for 45 min at 37°C and 5% 

CO2. Afterwards, the samples were centrifuged at 380 x g for 8 min and resuspended with 

Hanks' Balanced Salt Solution (HBSS). Samples were allowed to rest for another 20 min in the 

dark. Neutrophils were then acquired on a flow cytometer for 20 s before indicated 

concentrations of NUA, NA, Ionomycin or PBS were added to the tubes and acquisition was 

continued for another of 60 s. Ionomycin was used as a positive control since it mobilizes 

intracellular calcium stores (105). When Fluo-4 and Fura-red get in contact with Ca2+, they 

change their fluorescence intensity. The change in ratio of fluorescence intensity between Fluo-

4 and Fura-red was calculated over time (Fig. 5). 
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Figure 5: Flow cytometry - Ionomycin induces intracellular Ca2+ in human neutrophils: Samples were 

acquired on a flow cytometer for 20 s, stimulated with Ionomycin (65nM) and acquisition was continued for 

another 60s. The ratio of intensity of Fluo-4 and Fura-red changes when in contact with Ca2+. 

 

 

4.3.5 Flow cytometry 

Flow cytometry was conducted on a CytoFLEX flow cytometer using CytExpert software 

(Beckmann Coulter, Krefeld, Germany). The resulting date were analysed using FlowJo v10 

software (Becton, Dickinson & Company) 

 

4.3.6 Determination of intracellular cAMP levels  

The effects of NUA on intracellular cAMP levels were determined in forskolin treated samples. 

Forskolin activates the adenylyl cyclase which produces cAMP (106). Human 

neutrophils/monocytes and GPR109A+/+ and GPR109A-/- neutrophils/PEMs were used. Cell 

amount ranged between 0.5x106 and 1x106 per sample. Neutrophils were seeded into a 96-well 

plate and incubated for 5 min at 37°C. Indicated concentrations of NUA, NA, forskolin and 

PBS were given to samples and incubated for 5 min at 37°C. Neutrophils were centrifuged at 

380 x g for 5 min and lysed with 0.1M HCL. Monocytes and PEMs were washed with PBS and 
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lysed with 0.1M HCL. After 10 min at 4°C, cells were frozen at -20°C. To analyse cAMP 

concentration, the Direct cAMP ELISA Kit (ENZO, New York, NY, USA) was used according 

to manufacturer`s instructions. All samples were acetylated before the assay was performed.  

 

4.3.7 Phosphorylation of MAPKs, NF-κB p65, β-Arrestin1, AMPKα and Akt 

Effects of NUA and NA on intracellular phosphorylation status of MAPKs, NF-κB p65, β-

Arrestin1, AMPKα and Akt were investigated. Human monocytes were used (0.5x106-1x106 

cells/well) and stimulated with indicated concentrations of NUA and NA for 5 min and 15 min 

at 37°C. Afterwards, cells were lysed with RIPA buffer and stored at -80°C until analysis.  

Before measurement of protein concentrations, cell debris was removed from samples by 

centrifugation at 13000 x g for 10 min. Afterwards, supernatant was transferred into new tubes. 

A Pierce Bicinchoninic Acid Protein Assay (Thermo Scientific, Waltham, MA, USA) was 

performed according to manufacturer`s instructions. Sample volumes were adjusted to the 

concentration of the samples with the lowest protein concentration and stored at -20°C until 

analysis.  

Protein phosphorylation was determined by capillary-based Western analysis using 12-230kDA 

separation modules (ProteinSimple, San Jose, CA, USA) according to the manufacturer’s 

instructions. Antibodies (Table 5) were diluted 1:50 in antibody diluent. The housekeeping 

protein β-Actin was used for normalization. The anti-Rabbit detection module (ProteinSimple, 

San Jose, CA, USA) was used as a secondary antibody. Samples were measured with the WES 

analyser (ProteinSimple, San Jose, CA, USA) and results were evaluated by using the Compass 

SW software (ProteinSimple, San Jose, CA, USA).  
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Table 5: Antibodies (Cell Signaling, Danvers, MA, USA) used for WES analysis 

Selection of antibodies  

β-Actin (13E5) 

p-p38 MAPK (T180/Y182) 

p-β-Arrestin1 (S412) 

NF-κB p65 (D14E12) 

p- NF-κB p65 (Ser 536) (93H1) 

p-p44/42 (T202/Y204) 

p-Akt (S473) (D9E) 

p-SAPK/JNK (T183/Y185) 

p-AMPKα (Thr172) (40H9) 

 

 

4.4 Statistical analysis for in vitro experiments 

Statistical analysis and graphical set up were performed with GraphPad Prism Version 9 

(GraphPad, San Diego, CA, USA). Group differences were evaluated by Kruskal-Wallis test 

and the post hoc Dunns test. Due to limitation of the replication amount (n=4-5), tests were 

performed without correction for multiple comparisons. Values of p<0.05 were considered 

significant. 

 

4.5 Immunohistochemistry 

For investigation of GPR109A expression in various tissues, RFP mice were used since there 

is no validated antibody for GPR109A yet. RFP mice carry a construction of the RFP gene 

which is located behind the human GPR109A promotor. As control, GPR109A-/- mice were 

used. After animals were sacrificed, liver and brain were taken and fixed in 4.5% formaldehyde 

solution. Immunohistochemistry was performed by the IKMB (University Medical Center 

Schleswig-Holstein, Kiel, Germany) and the Department of Anatomy (University Medical 

Center Schleswig-Holstein, Kiel, Germany). Paraffin embedded liver and brain tissues were cut 

into 3.5 µm (liver) and 5 µm (brain) thick tissue sections. Brain was cut by frontal section to 

obtain the hypothalamic region.  

Paraffin embedded liver and brain samples were deparaffinised with a xylene substitute (1x10 

min) and decreasing EtOH series: 100% EtOH (3 x 60s), 96% EtOH (2 x 60 s), 70% EtOH (1 

x 60 s). Afterwards, slides were washed under running dH2O and with PBS (3 x 4 min). For 
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demasking antigens and epitopes, slides were cooked with 10mM citrate buffer in a pressure 

cooker for 3 min. After cooling, slides were blocked with 3% hydrogen peroxide for 10 min. 

Subsequently, slides were washed with PBS (3 x 4 min) and blocked (liver: BSA; 

hypothalamus: goat normal serum) for 20 min. After another wash with PBS, liver slides were 

incubated over night with RFP polyclonal antibody (Invitrogen, Waltham, MA, USA) (1:500 

antibody diluent solution), while hypothalamic slides were incubated with RFP polyclonal 

antibody (1:2000 antibody diluent solution) and Iba-1 polyclonal antibody (Dako, Santa Clara, 

CA, USA) (1:500 antibody diluent solution) as marker for microglia. After washing, slides were 

incubated with goat anti-rabbit antibody biotinylated (Dako, Santa Clara, CA, USA) (1:400 

antibody diluent solution) for 45 min at RT. After PBS washing (3 x 4min), slides were treated 

with ABC reagents (Vector Laboratories, Burlingame, CA, USA) for 45 min and incubated 

with peroxidase-substrate-solution for 10 min until colour change. Subsequently, slides were 

washed with dH2O for 5 min. For an efficient evaluation of staining, slides were counterstained. 

Slides were treated with hemalum solution for 2 min and washed with H2O (5 min) for blueing. 

Afterwards, slides were treated with increasing EtOH series: 70% (1x wash), 96% (3x wash), 

100% (2x wash; 3 x 2 min) and xylene substitute (2 x 2 min). A mounting medium was used to 

fix cover slip on the slides. Slides were scanned with Nano Zoomer (Hamamatsu, Japan) and 

evaluated with NDP.view2 software (Hamamatsu, Japan). 

 

4.6 In vivo experiment - gastrointestinal absorption of NUA  

GPR109A+/+ and GPR109A-/- mice were housed under a constant temperature of 23-25°C, a 

12h light/dark cycle and with ad libitum access to water and food. One week before and during 

experiment, animals received a high-fat diet (60% kcal from fat (lard)) (D12492; ssniff 

Spezialdiäten GmbH, Soest, Germany) which was modified by exclusion of TRP and NA 

(S8728-E714; ssniff Spezialdiäten GmbH, Soest, Germany) (list of ingredients is attached in 

supplemental information (Table S1). 300mM NUA was administered by drinking water or 

one-time oral gavage with 800 mg NUA/kg body weight (BW). Water was given as control. 

Blood was drawn from mice after 24 h, 48 h, 72 h or 7 days when dosed by drinking water or 

after 30 min, 1 h, 2 h or 5 h when dosed by oral gavage (Fig 6). 3 mice were analysed per time 

point.  

Animals were put under deep anaesthesia with ketamine (100µg/g BW) and xylazine (16µg/g 

BW) intraperitoneally. Blood was taken via cardiocentesis on closed thorax. Serum was 

obtained by centrifugation (800 x g 20 min RT). Serum samples were proceeded in the 
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Department of Food Technology (Institute of Human Nutrition and Food Science Department, 

CAU Kiel). Separation of proteins, lipids and metabolites was conducted by the Simplex-

method (modified by J. Jensen-Kroll and T. Demetrowitsch). NUA was measured by FT-ICR-

MS (Bruker, Billerica, MA, USA). Intensities (counts) of NUA were analysed by using 

MetaboScape 2.0 software (Bruker, Billerica, MA, USA). The LOD was set at 1x106 million 

counts. 

 

 

Figure 6: Investigation of NUA`s gastrointestinal uptake in GPR109A+/+ and GPR109A-/- mice - 

experimental set up: (A) Administration of NUA via oral gavage and blood analysis after 30 min, 1 h, 2 h and 5 

h (B) Administration of NUA via drinking water and blood analysis after 24 h, 48 h, 72 h and 7 d. 
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5 Results 

5.1 TRP-NA metabolism in subjects of the FoCus sub-cohort 

5.1.1 Detected serum TRP-NA metabolites 

A metabolomics-based approach was performed to investigate which TRP-NA metabolites 

show differences in their serum intensities between healthy and obese or diabetic subjects. 

Serum TRP metabolites like anthranilic acid, TRP itself, L-kynurenine and xanthurenic acid 

could be detected. Determined NA metabolites included NUA and several intermediates, but 

not NA or NAM. Except for TRP and NUA, the other detected metabolites revealed no 

evaluable intensities due to the extreme skewness of values. Therefore, it was investigated if 

serum intensities of TRP and NUA from FoCus subjects are linked to obesity and T2D. 

 

5.1.2 Basic characteristics of the FoCus sub-cohort 

Differences in serum intensities of TRP and NUA between lean and obese subjects were 

examined Therefore, the sub-cohort was divided into 5 groups defined by their BMI. There 

were significant group differences in age (p<0.001) weight (p<0.001), glucose (p<0.001), 

HOMA-IR (p<0.001), TG (p<0.001), IL-6 (p<0.001) and CRP (p<0.001) with highest levels in 

subjects with obesity grade III. No significant differences in the number of women and men 

and Lp(a) levels were recorded (Table 6). 
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Table 6: Basic characteristics of the FoCus sub-cohort divided into BMI groups with normal weight, 

overweight and obesity grade I-III; Results are shown as Median (25th;75th percentile); Kruskal-Wallis 

test (*p<0.05; **p<0.01; ***p<0.001) 

Basic characteristics of FoCus sub-cohort 

 stratified by BMI  

Variable Normal 

(n=161) 

Overweight 

(n=125) 

Obesity I 

(n=81) 

Obesity II 

(n=56) 

Obesity III 

(n=174) 

p-value 

Age (y) 60.6 

(52/74) 

66.6 

(58/76) 

66 

(57/75) 

63.3 

(56/72) 

56.5 

(48/64) 

*** 

Sex (%) F/M 64/36 42/58 47/53 55/45 71/29  

 

Weight (kg) 67  

(59/74) 

83 

(75/88) 

96 

(87/103) 

107 

(99/117) 

138 

(123/156) 

*** 

Glucose (mg/dl) 94 

(88/102) 

101 

(92/112) 

107 

(101/118) 

108 

(102/138) 

109 

(103/134) 

*** 

HOMA-IR  

Index 

1.61 

(1.17/2.13) 

2.47 

(1.75/3.92) 

4.02 

(2.52/5.89) 

5.69 

(4.22/11.20) 

7.36 

(4.76/13.25) 

*** 

TG 

(mg/dl) 

81 

(61/107) 

119 

(76/164) 

139 

(110/189) 

135 

(105/204) 

150 

(119/216) 

*** 

Lp (a) 

(mg/l) 

286 

(140/517) 

440 

(182/609) 

237 

(144/457) 

325 

(189/445) 

256 

(149/493) 

 

IL-6 

(pg/ml) 

3.1 

(2.3/4.9) 

3.4 

(2.5/5.0) 

4.3 

(3.1/5.8) 

4.6 

(3.5/6.2) 

5.4 

(4.0/7.9) 

*** 

CRP  

(mg/l) 

1.7 

(1.1/3.6) 

2.3 

(1.3/4.1) 

2.6 

(1.8/4.4) 

4.0 

(2.0/7.8) 

8.6 

(4.9/13.5) 

*** 

 

 

Furthermore, the sub-cohort was stratified into three groups defined by their fasting glucose 

levels. There were no significant differences in the number of men and women between the 

groups. Age (p<0.001), weight (p<0.001), BMI (p<0.001), HOMA-IR (p<0.001), TG 

(p<0.001), IL-6 (p<0.001) and CRP (p<0.001) differed significantly between groups and were 

highest in diabetic subjects. Groups showed no differences in Lp(a) levels (Table 7). 
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Table 7: Basic characteristics of the FoCus sub-cohort divided into healthy, pre-diabetic and diabetic 

subjects; Results are shown as Median (25th;75th percentile); Kruskal-Wallis test (*p<0.05; **p<0.01; 

***p<0.001) 

Basic characteristics of FoCus sub-cohort 

 stratified by fasting glucose levels 

Variable Healthy  

(n=199) 

PreD 

 (n=200) 

T2D  

(n=198) 

p-Value 

Age (y) 53 ± 14 60 ± 13 63 ± 11 *** 

Sex (%) F/M 67/43 52/48 56/44  

Weight (kg) 75 (65; 92) 93 (78; 120) 112 (90; 140) *** 

BMI (kg/m2) 24.6 (22.2; 30.1) 30.4 (25.3; 41.2) 39.0 (30.8; 46.3) *** 

HOMA-IR Index 1.71 (1.26; 2.83) 3.65 (2.18; 6.16) 7.09 (3.86; 16.31) *** 

TG (mg/dl) 83.0 (65.0; 119.3) 124.0 (87.5; 166.3) 154.5 (118.8; 238.5) *** 

Lp (a) (mg/l) 273 (149; 497) 311 (170.5; 474.5) 310 (142; 585)  

IL-6 (pg/ml) 3.30 (2.30; 5.43) 4.30 (2.93; 5.78) 5.05 (3.50; 7.30) *** 

CRP (mg/l) 2.80 (1.40; 6.90) 3.80 (1.88; 8.63) 5.15 (2.55; 10.30) *** 

 

 

5.1.3 Obese subjects showed increased TRP intensities  

It was investigated if there are alterations in serum TRP intensities between lean and obese 

subjects. Results showed a significant difference between the BMI groups (p<0.001). Subjects 

with normal weight showed significant lower TRP intensities compared to subjects with obesity 

grade I (p<0.01), obesity grade II (p<0.001) and obesity grade III (p<0.001). Subjects with 

overweight revealed nominally significant lower TRP intensities compared to subjects with 

obesity grade II (p<0.01) and significant lower TRP intensities compared to subjects with 

obesity grade III (p<0.01). The group of obesity grade I showed nominally significant lower 

TRP intensities compared to group of obesity grade III (p<0.05) (Fig. 7 A). Evaluation with 

dichotomised TRP values confirmed significant differences between BMI groups (p<0.001).  

BMI group analysis with TRP intensities over LOD showed significant differences (p<0.001) 

with significant higher TRP intensities in subjects with obesity grade II (p<0.01) and obesity 

grade III (p<0.001) compared to individuals with normal weight (Fig. 7 B).  

Taken together, these results demonstrate that FoCus subjects, suffering from obesity, had 

elevated serum TRP intensities compared to lean subjects. 
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Figure 7: Alterations in serum TRP intensities (counts) between subjects with normal weight, overweight 

and different grades of obesity in the FoCus sub-cohort: (A) Total sub-cohort: Subjects with normal weight 

showed lower TRP intensities compared to groups with obesity grad I,II, III. Subjects with overweight showed 

lower TRP intensities than subjects with obesity grade III (B) Subjects with TRP intensities over LOD: subjects 

with normal weight had lower TRP intensities compared to groups with obesity grade II and III; Kruskal-Wallis 

test/ Wilcoxon test (*p<0.05; **p<0.01; ***p<0.001). 
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5.1.4 TRP intensities were increased in diabetic subjects  

Moreover, it was examined if healthy, pre-diabetic and diabetic subjects show differences in 

serum TRP intensities. Results showed significant differences between the three groups 

(p<0.001). While healthy subjects revealed significant lower TRP intensities compared to the 

PreD group (p<0.001) and T2D group (p<0.001), subjects of PreD and T2D groups showed no 

significant differences (Fig. 8 A). A Chi2 test confirmed the significant difference between the 

3 groups (p<0.001). 

Group comparisons with TRP intensities over LOD also showed significant differences 

(p<0.001) with increased TRP levels in subjects of PreD (p<0.001) and T2D (p<0.001) 

compared to healthy subjects (Fig. 8 B).  

These results demonstrate that TRP serum intensities are enhanced in diabetic subjects. 
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Figure 8: Comparison of serum TRP intensities (counts) between healthy, pre-diabetic and diabetic subjects 

of the FoCus sub-cohort: (A) Total sub-cohort: Healthy subjects showed lower TRP intensities compared to PreD 

and T2D subjects (B) Subjects with TRP intensities over LOD: Healthy subjects showed lower TRP intensities 

compared to PreD and T2D subjects; Kruskal-Wallis test/ Wilcoxon test (*p<0.05; **p<0.01; ***p<0.001). 
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5.1.5 Obese subjects showed elevated serum NUA intensities 

Furthermore, the association between NUA intensities and BMI were analysed. Kruskal-Wallis 

test showed significant differences between lean, overweight and obese subjects (p<0.001). 

Subjects with normal weight revealed significant lower NUA intensities compared to subjects 

with obesity grade III (p<0.001). Subjects with overweight exhibited nominally significant 

lower NUA intensities compared to subjects with obesity grade III (p<0.01). Subjects with 

obesity grade I showed significant lower NUA intensities compared to subjects with obesity 

grade III (p<0.05) (Fig. 9 A). Additional BMI group comparisons with dichotomised NUA 

values were performed and also showed significant group differences (p<0.001).  

Moreover, BMI group comparisons of subjects with NUA intensities over LOD were evaluated. 

There was no significant difference between the groups. Subjects with obesity grade III showed 

nominally significant higher intensities compared to subjects with obesity grade I (p<0.05) (Fig. 

9 B). In summary, subjects with increased BMI showed increased serum NUA intensities. 
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Figure 9: Alterations of serum NUA intensities (counts) between subjects with normal weight, overweight 

and different grades of obesity in the FoCus sub-cohort: (A) Total sub-cohort: Subjects with normal weight 

showed lower NUA intensities compared to subjects with obesity grade III. Subjects with obesity grad I showed 

lower NUA intensities compared to subjects with obesity grade III (B) Subjects with NUA intensities over LOD: 

no group differences in NUA intensities; Kruskal-Wallis test/ Wilcoxon test (*p<0.05; **p<0.01; ***p<0.001). 

 

 

5.1.6 Diabetic subjects revealed increased serum NUA intensities 

Moreover, it was examined if diabetic subjects show alterations in serum NUA intensities. 

Analysis showed significant differences between healthy, pre-diabetic and diabetic subjects 

(p<0.001). NUA intensities were lower in healthy subjects compared to the PreD group 

(p<0.001) and T2D group (p<0.001). There was no significant difference in NUA intensities 
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between subjects with PreD and T2D (Fig. 10 A). Results of Chi2 test confirmed significant 

group differences (p<0.001).  

Additionally, group comparisons of subjects with NUA intensities over LOD were performed, 

however this did not result in any significant differences (Fig. 10 B).  

Taken together, serum NUA intensities were increased in diabetic FoCus subjects. 

 

 

Figure 10: Analysis of serum NUA intensities (counts) between healthy, pre-diabetic and diabetic subjects 

of the FoCus sub-cohort: (A) Total sub-cohort: Healthy subjects showed lower NUA intensities compared to 

PreD and T2D subjects (B) Subjects with NUA intensities over LOD: no group differences in NUA intensities; 

Kruskal-Wallis test/ Wilcoxon test (*p<0.05; **p<0.01; ***p<0.001) 
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5.1.7 NUA and TRP were positively associated 

Since the metabolisms of TRP and NA are closely related (34), the association between NUA 

und TRP intensities was analysed.  

Results showed a significant positive correlation between serum NUA intensities and serum 

TRP intensities in the total sub-cohort (p<0.001; R=0.53) (data not shown). Furthermore, 

subjects with NUA and TRP intensities over LOD also showed a positive correlation (p<0.001; 

R= 0.61) (Fig. 11). 

 

 

Figure 11: Association of NUA and TRP intensities over LOD in subjects of FoCus sub-cohort: Subjects 

showed a significant positive correlation between NUA and TRP serum intensities; Spearman correlation test 

(statistical significance p<0.05). 
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5.2 Association between serum NUA levels and clinical markers  

In the previous chapters, it was shown that diabetic and obese subjects had increased serum 

NUA intensities compared to healthy controls. Therefore, an analysis with subjects from the 

total FoCus cohort (n=1775) was performed to investigate the association between serum NUA 

intensities and clinical markers such as inflammatory parameters, lipid markers and other 

diseases. Furthermore, it was examined if NUA is associated with hormonal state such as 

menopause and pregnancy. Because of a small amount of values, the anthropometric markers 

visceral fat and body fat percentage were excluded from evaluation. Since the amount of NA 

values was too small, it was excluded from evaluation. 

The cohort was stratified into subjects with NUA intensities over the LOD (n=603) and below 

the LOD (n=1137) (Table 8). Both groups did not show significant differences in age and 

gender. 

 

Table 8: Basic characteristics of the FoCus cohort divided into subjects with NUA intensities below and 

over LOD; Results are shown as Median (25th;75th percentile) for continuous variables and as N (%) for 

categorical variables 

 
N NUA<LOD  

(n=1137) 

NUA>LOD  

(n=603) 

Continuous Variables    

Age (y) 1767 52 (42, 63) 53 (43, 63) 

Anthropometry    

BMI 1740 27 (23, 34) 29 (24, 39) 

Waist measure (cm) 1732 96 (84, 113) 101 (88, 122) 

Weight (kg) 1740 82 (69, 100) 88 (70, 115) 

Glucose state    

Insulin (mIU/l) 1734 10 (6, 16) 11 (7, 21) 

Glucose (mg/dl) 1738 94 (88, 103) 97 (90, 108) 

HOMA-IR Index 1734 2.3 (1.5, 4.0) 2.6 (1.6, 5.5) 

Inflammatory markers    

CRP (mg/l) 1739 1.5 (0.9, 4.1) 1.9 (0.9, 5.2) 

TNF-α (pg/ml) 106 6 (0, 8) 0 (0, 6) 

IL-6 (pg/ml) 1738 3.10 (1.80, 4.70) 3.40 (2.10, 5.50) 

Wnt5a (ng/ml) 850 0.34 (0.21, 0.51) 0.36 (0.24, 0.53) 

sFRP5 (ng/ml) 803 5 (3, 13) 7 (3, 16) 
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Lipid profile    

Lp (a) (mg/l) 1262 95 (95, 237) 120 (95, 330) 

TG (mg/dl) 1739 103 (73, 148) 116 (79, 164) 

Metabolites    

NAM (µg/l) 489 17 (14, 23) 17 (14, 22) 

TRP (mg/dl) 489 1.65 (1.45, 1.83) 1.65 (1.46, 1.84) 

Bile acids     

Chenodeoxycholic acid (µmol/L) 489 0.02 (0.02, 0.32) 0.02 (0.02, 0.27) 

Cholic acid (µmol/L) 489 0.06 (0.03, 0.17) 0.08 (0.03, 0.25) 

Desoxycholic acid (µmol/L) 489 0.26 (0.12, 0.50) 0.32 (0.18, 0.56) 

Glycochenodeoxycholic acid (µmol/L) 489 0.57 (0.29, 0.96) 0.60 (0.31, 1.09) 

Glycocholic acid (µmol/L) 489 0.11 (0.06, 0.23) 0.12 (0.06, 0.27) 

Glycodeoxycholic acid (µmol/L) 480 0.26 (0.14, 0.45) 0.27 (0.14, 0.51) 

Taurochenodeoxycholic acid (µmol/L) 489 0.07 (0.03, 0.13) 0.08 (0.03, 0.14) 

Ursodeoxycholic acid (µmol/L) 489 0.020 (0.02, 0.02) 0.020 (0.02, 0.02) 

 

 

Categorical Variables    

Gender 1736   

Male  419 (37%) 227 (38%) 

Female  715 (63%) 375 (62%) 

Apoplexy 1727   

Yes  21 (1.9%) 11 (1.8%) 

No  1104 (98%) 591 (98%) 

Atrial fibrillation 1717   

Yes  39 (3.5%) 25 (4.2%) 

No  1084 (97%) 569 (96%) 

Cardiac insufficiency 1707   

Yes  36 (3.2%) 22 (3.7%) 

No  1079 (97%) 570 (96%) 

Heart attack 1726   

Yes  32 (2.8%) 22 (3.7%) 

No  1095 (97%) 577 (96%) 

Hypertension 1721   

Yes  433 (38%) 287 (48%) 

No  692 (62%) 309 (52%) 
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Body fat scale 1727   

Yes  33 (2.9%) 14 (2.3%) 

No  1097 (97%) 583 (98%) 

High blood lipids 1701   

Yes  315 (28%) 190 (32%) 

No  797 (72%) 399 (68%) 

Food allergy 1705   

Yes  100 (9.0%) 65 (11%) 

No  1010 (91%) 530 (89%) 

Inflammatory bowel disease 1719   

Yes  69 (6.1%) 30 (5.0%) 

No  1054 (94%) 566 (95%) 

Rheumatoid arthritis 1682   

Yes  79 (7.2%) 56 (9.6%) 

No  1018 (93%) 529 (90%) 

Liver disease 1718   

Yes  65 (5.8%) 39 (6.6%) 

No  1058 (94%) 556 (93%) 

Periodontitis 1713   

Yes  262 (23%) 145 (25%) 

No  861 (77%) 445 (75%) 

Menopause 1025   

Yes  286 (42%) 159 (45%) 

No  389 (58%) 191 (55%) 

Pregnancy 1083   

Yes  1 (0.1%) 0 (0%) 

No  706 (99%) 373 (100%) 
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5.2.1 Subjects with increased levels of glucose profile markers showed elevated NUA 

intensities 

The association between serum NUA intensities and parameters of the glucose profile was 

investigated. Glucose (p<0.001) and insulin (p<0.01) revealed significant higher serum levels 

in subjects with NUA intensities over LOD compared to subjects with NUA intensities below 

LOD (Fig.12 A, B). Furthermore, increased HOMA indices were observed in subjects with 

NUA intensities over LOD compared to subjects with NUA intensities below LOD (p<0.001) 

(Fig. 12 C).  

 

 

Figure 12: Differences in glucose markers between subjects with NUA intensities over/ below LOD: Subjects 

with NUA intensities over LOD showed significant higher (A) glucose levels (B) insulin levels (C) HOMA indices 

compared to subjects with NUA intensities below LOD; Wilcoxon test (statistical significance p<0.05). 
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5.2.2 Subjects with increased values of anthropometric markers had elevated serum 

NUA levels 

Differences of anthropometric markers between groups with serum NUA intensities over and 

below LOD were examined. Subjects with NUA intensities over LOD showed higher values in 

BMI (p<0.001), weight (p<0.001) and waist circumference (p<0.001) compared to subjects 

with NUA intensities below LOD (Fig. 13). No significant differences in body fat scale between 

the two groups were observed.  

 

 

Figure 13: Differences in anthropometric parameters between subjects with NUA levels over/ below LOD: 

Subjects with NUA intensities over LOD showed a significant a higher (A) BMI (B) Weight (C) waist 

circumference compared to subjects with NUA intensities below LOD; Wilcoxon test (statistical significance 

p<0.05). 
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5.2.3 Subjects with high levels of inflammatory markers showed increased serum 

NUA intensities 

Moreover, it was investigated if serum NUA intensities and inflammatory markers are 

associated. Results showed significant higher levels of CRP (p<0.01) and IL-6 (p<0.01) in 

subjects with NUA intensities over LOD compared to subjects with NUA intensities below 

LOD (Fig. 14). TNF-α, Wnt5a and sFRP5 did not show significant group differences. 

  

 

Figure 14: Differences in inflammatory parameters between subjects with NUA intensities over/ below 

LOD: Subjects with NUA intensities over LOD showed significant higher (A) CRP levels (B) IL-6 levels 

compared to subjects with NUA intensities below LOD; Wilcoxon test (statistical significance p<0.05). 

 

 

5.2.4 Subjects with increased levels of lipid markers revealed elevated serum NUA 

intensities 

Differences in lipid profile parameters between subjects with NUA intensities over and below 

LOD were investigated. Subjects with NUA intensities over LOD showed significant higher 

levels of TG (p<0.01) and Lp(a) (p<0.001) compared to subjects with NUA intensities below 

LOD (Fig. 15).  
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Figure 15: Differences in lipid profile parameters between subjects with NUA intensities over/ below LOD: 

Subjects with NUA intensities over LOD showed significant higher (A) triglyceride levels (B) Lp(a) levels 

compared to subjects with NUA intensities below LOD; Wilcoxon test (statistical significance p<0.05). 
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5.2.5 Serum NUA levels were positively associated with clinical markers 

Furthermore, a correlation analysis with the significant parameters of the group analysis was 

performed and showed a significant positive association between NUA intensity and serum 

glucose levels (p<0.001; R=0.12), insulin levels (p<0.001; R=0.12) and HOMA-index 

(p<0.001; R=0.13). Anthropometric markers also revealed a positive correlation with NUA 

intensity (BMI: p<0.001; R=0.11; Weight: p<0.001; R=0.10; Waist circumference: p<0.001; 

R=0.12). IL-6 and CRP serum levels showed a positive association with NUA intensity, (CRP: 

p<0.001; R=0.08; IL-6: p<0.001; R=0.09). Additionally, NUA intensities revealed a 

significantly positive correlation with TG and Lp(a) levels (TG: p<0.001; R=0.09; Lp(a): 

p<0.001; R=0.13). However, the effect size for all analysed parameters was low (Fig. 16).  

 

 

Figure 16: Correlation matrix for serum NUA intensities and clinical parameters: NUA intensities showed a 

significant positive correlation with markers of glucose state (glucose, insulin, HOMA-index), anthropometric 

parameters (BMI, weight, waist circumference (WC), inflammatory markers (CRP, IL-6) and parameters of lipid 

profile (TG, Lp(a)) with low effect size for all; Spearman-correlation test (*p<0,05; **p<0,01; ***p<0,001). 
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5.2.6 Association between NUA intensity and other clinical markers 

Since NUA was shown to be associated with obesity and T2D, it was investigated if serum 

NUA levels are also linked to other diseases. It was observed that subjects with hypertension 

also showed elevated NUA intensities compared subjects with no hypertension (p<0.01) (data 

not shown). There was no association with other diseases. Furthermore, subjects with NUA 

intensities over and below LOD showed no significant differences in bile acids, metabolites and 

hormonal state. 

Taken together, results show that markers of metabolic inflammation show a positive 

association with serum NUA intensities. 

 

5.3 NUA was nominally associated with nutritional intake  

Following, it was examined if the nutritional intake of FoCus subjects is associated with serum 

NUA intensities. Nutritional data from FoCus subjects (n=1623) included subtypes of 

carbohydrates, proteins, fat, dietary fibres, minerals, organic acids, water and alcohol. The 

cohort was stratified into subjects with NUA intensities over LOD (n=557) and below LOD 

(n=1066).  

With regard to carbohydrates, subjects with NUA levels over LOD showed a nominally lower 

intake of lactose compared to subjects with NUA levels below LOD (p<0.05). Maltose (p<0.05) 

and absorbable oligosaccharides (p<0.05) intake was nominally higher in subjects with NUA 

levels over LOD compared to subjects with NUA levels below LOD (p<0.05) (Fig. 17).  
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Figure 17: Differences of carbohydrates (maltose, lactose, absorbable oligosaccharides) between subjects 

with NUA levels over/ below LOD: (A) Subjects with NUA intensities below LOD showed a nominally 

significant higher lactose intake compared to subjects with NUA intensities over LOD. Subjects with NUA 

intensities over LOD had a nominally significant higher (B) maltose intake and (C) oligosaccharides intake 

compared to subjects with NUA intensities below LOD; Wilcoxon test (statistical significance p<0.05). 

 

 

Furthermore, differences in amino acids intake between both groups were analysed. Cysteine 

(p<0,05) and arginine (p<0,05) intake was nominally higher in subjects with NUA intensities 

over LOD compared to subjects with NUA intensities below LOD (Fig. 18).  
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Figure 18: Differences in amino acid intake (cysteine and arginine) between subjects with NUA levels over/ 

below LOD: Subjects with NUA intensities over LOD showed a nominally significant higher: (A) cysteine intake 

(B) arginine intake compared to subjects with NUA intensities below LOD; Wilcoxon test (statistical significance 

p<0.05). 

 

 

With respect to vitamins, a nominally higher intake of vitamin A (retinol equivalent) (p<0,05) 

and retinol (p<0,05) was observed in subjects with NUA intensities over LOD compared to 

subjects with NUA intensities below LOD (Fig. 19).  

 

 

Figure 19: Differences in vitamin intake (retinol equivalent and retinol) between subjects with NUA levels 

over/ below LOD: Subjects with NUA intensities over LOD showed a nominally significant higher: (A) retinol 

equivalent intake (B) retinol intake compared to subjects with NUA intensities below LOD; Wilcoxon test 

(statistical significance p<0.05). 

 

 

Additionally, subjects with NUA intensities over LOD showed a nominally lower alcohol 

intake compared to subjects with NUA levels below LOD (p<0.01) (Fig. 20).  
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Figure 20: Differences in alcohol intake between subjects with NUA intensities over/ below LOD: A 

nominally significant lower alcohol intake was observed in subjects with NUA intensities over LOD compared to 

subjects with NUA intensities below LOD; Wilcoxon test (statistical significance p<0.05). 

 

 

Furthermore, a correlation analysis was performed to examine the association between NUA 

intensities and nutritional parameters. Serum NUA intensities and lactose intake showed a 

nominally negative correlation (p<0.01; R=-0.07). Intake of maltose and oligosaccharides 

revealed a nominally positive correlation with NUA intensities (Maltose: n.s., R=0.05; 

Oligosaccharides: p≤0.05, R=0.05) NUA also showed a nominally negative correlation with 

cysteine (n.s.; R=-0.05) and arginine intake (p<0.05; R=-0.06). While retinol equivalent 

revealed a nominally negative correlation with NUA intensities (p≤0.05; R=-0.05), retinol 

intake was positively associated with NUA intensities (p≤0.05; R=0.05). Additionally, a 

nominally positive correlation between alcohol intake and NUA intensities (p≤0.05; R=0.05) 

was observed. The effect size for all analysed parameters was low (Fig. 21). 
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Figure 21: Correlation matrix for serum NUA intensities and nutritional intake: Serum NUA intensities 

showed a nominally negative correlation with lactose, cysteine, arginine and retinol equivalent intake. A nominally 

positive association was observed between NUA intensities and maltose, absorbable oligosaccharides, retinol and 

alcohol intake. All correlations showed a low effect size. Spearman-correlation test (*p<0.05; **p<0.01; 

***p<0.001). 

 

 

No group differences in subtypes of fat, dietary fibres, minerals and water intake between both 

groups were recorded.  

Taken together, serum NUA intensities and nutritional intake only showed a nominal 

association.  
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5.4 NUA showed no association with the human gut microbiome 

NA levels are linked to alterations in human gut microbiome (7). Therefore, it was examined if 

serum NUA intensities also show an association with the composition of the gut microbiome 

in FoCus subjects (n=1488). For evaluation, the cohort was stratified into subjects with NUA 

intensities over LOD (n=516) and below LOD (n=972). 

A Bray-Curtis dissimilarity model was performed to investigate quantitative differences in 

operational taxonomic units (OTUs) between the two groups. Evaluation of β-diversity showed 

that both groups revealed a high congruence of OTUs, with no significant group differences in 

β-diversity (Fig. 22). However, the adjustment for BMI revealed to have a significant impact 

on β-diversity between both groups (p<0.001) (data not shown). 

 

 

Figure 22: Differences in β-diversity in FoCus subjects with NUA intensities over/ below LOD: Both groups 

showed no significant differences in β-diversity. PERMANOVA test (statistical significance p<0.05). 

 

  



Results 

57 
 

Furthermore, differences in α-diversity between both groups were investigated. Results showed 

no significant differences of Shannon, Chao and Species Richness indices between both groups 

(Fig. 23). 

 

 

Figure 23: Alterations in α-diversity between subjects with NUA levels over/ below LOD: There were no 

differences between the two groups. Wilcoxon test (statistical significance p<0.05). 

 

 

Moreover, the relative abundances of gut bacteria families in subjects with NUA intensities 

over LOD and below LOD were investigated. Results showed no significant differences 

between both groups (Fig. 24). 
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Figure 24: Differences in the relative abundances (%) of gut bacteria families between subjects with NUA 

intensities over/ below LOD: There were no differences between the two groups. 

 

 

Taken together, serum NUA levels showed no association with the composition of the human 

gut microbiome. 
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5.5 In vitro studies 

Results from the metabolomics-based approach showed a positive association between serum 

NUA intensities and markers of metabolic inflammation. If NUA induces an upregulation of 

clinical markers or elevated serum NUA level exhibit a reactive compensatory mechanism is 

still elusive. Therefore, in vitro experiments were performed to examine the effects of NUA on 

intracellular signalling in human and murine immune cells. 

 

5.5.1 Effects of NUA on cultured THP-1 cells 

Immortalized cell lines represent a useful model to examine cellular mechanisms in health and 

disease (107). Therefore, first in vitro experiments were performed with cultured THP-1 

macrophages to investigate the effects of NUA on immune cell signalling. 

 

5.5.2 NUA had no detrimental effects on THP-1 viability 

To exclude detrimental effects of NUA on macrophages, a neutral red uptake assay was 

performed. Cells were stimulated with 100µM, 500µM, 1mM, 5mM or 10mM NUA, 10% 

ethanol and PBS as solvent control for 24 h. Results showed no group differences with no 

significant reduction in cell viability compared to control. Only non-physiological 

concentrations of 10mM NUA reduced cell viability (p<0.05). 10% Ethanol, as positive control 

for cell death, showed a significant reduction in cell viability (p<0.01) compared to control 

(Fig. 25).  
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Figure 25: Neutral red uptake assay – Investigation of cytotoxic effects by NUA on THP-1 cells: NUA showed 

no detrimental effects on cells. 10% ethanol (EtOH) as positive control, PBS as negative control. n=3. Bars are 

shown as median with 95% CI. pKW demonstrates p-value of Kruskal-Wallis test. Post-hoc Dunn`s test without 

correction for multiple comparisons (*p<0,05; **p<0,01; ***p<0,001). 

 

 

5.5.3 NUA showed no effects on Nf-κB p50 protein expression in THP-1 cells  

As already described, NF-κB plays a crucial role in metabolic diseases since it mediates the 

synthesis of pro-inflammatory cytokines. As it is known, that NA is able to reduce NF-κB 

expression, it was investigated if NUA also affects NF-κB expression in macrophages. 

A pre-experiment was performed to analyse which stimulation time of NUA affects NF-κB p50 

expression in THP-1 macrophages. Cells were stimulated with 100µM NUA and PBS as control 

for 30 min, 2 h, 4 h, 8 h and 24 h and NF-κB p50 protein expression was determined by Western 

blot analysis. Results showed a decrease in NF-κB p50 expression during all incubation times 

compared to controls. Stimulation with NUA for 2 h revealed the lowest levels of NF-κB p50 

(Fig. 26). 
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Figure 26: Pre-experiment: Effects of 100µM NUA on NF-κB p50 protein expression in THP-1 cells after 

30 min, 2 h, 4 h, 8 h or 24 h: NF-κB p50 levels were mainly reduced after 2h treatment with NUA. 162nM PMA 

was used for cell differentiation, PBS as solvent control. GAPDH as housekeeping protein. n=2. Raw data of 

densitometry are listed in supplemental information (Table S2). Bars are shown as median with 95% CI. 

 

 

In the following, a dose-response experiment was performed to investigate the effects of 

different NUA concentrations on NF-κB p50 protein expression in THP-1 cells. Cells were 

stimulated with 100µM, 500µM, 1mM, 5mM and 10mM NUA for 2 h and a Western blot was 

performed. Although no significant differences were observed, results showed slightly 

increased NF-κB p50 expression levels in a dose dependent manner (up to 5mM) compared to 

control (Fig. 27).  
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Figure 27: NF-κB p50 protein expression in THP-1 cells dependent on different doses of NUA (100µM, 

500µM, 1mM, 5mM, 10mM) for 2h: Increasing doses showed no significant effects on NF-κB p50 protein 

expression. 162nM PMA was used for cell differentiation. GAPDH as housekeeping protein. n=4. Associated raw 

data of densitometry are noted in supplemental information (Table S3).  Bars are shown as median with 95% CI; 

Kruskal-Wallis test, Dunn`s test without correction for multiple comparisons (statistical significance: p<0.05). 

 

 

5.5.4 Effects of NUA on human primary immune cells 

As NUA showed no remarkable effects on NF-κB p50 protein expression in THP-1 cells, 

primary neutrophils and monocytes were used for further investigations of NUA`s role in 

intracellular signalling.  

 

5.5.5 NUA induced intracellular Ca2+ flux in human neutrophils 

It was investigated if NUA is able to activate intracellular Ca2+ mobilisation in human 

neutrophils. Cells were incubated with Fluo-4 and Fura-red. Fluorescence intensity of these 

dyes was measured when neutrophils were acquired on a flow cytometer for 20 s. Afterwards, 

100µM NUA, 500µM NUA, 100µM NA, 65nM ionomycin or PBS as solvent control were 

added to the tubes and acquisition was continued for another 60 s. 

Results showed a change in fluorescence ratio after application of both NUA concentrations as 

observed in samples with NA and ionomycin. PBS did not show alterations in Ca2+ levels (Fig. 

28).  

These results demonstrate that NUA is able to initiate intracellular Ca2+ flux in human 

neutrophils. 
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Figure 28: Effects of NUA on Ca2+ signalling in human neutrophils: Via flow cytometry, an intracellular Ca2+ 

flux over time (s) was detected as a change in fluorescence ratio of the dyes Fluo-4 and Fura-red elicited by NUA. 

NA and ionomycin were used as positive controls. PBS as negative control. Data show one representative out of 

4 experiments. 
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5.5.6 NUA decreased cAMP levels in human neutrophils and monocytes 

Furthermore, the effects of NUA on the forskolin-activated adenylyl cyclase in human 

neutrophils and monocytes was examined. 

To induce synthesis of cAMP by adenylyl cyclase, cells were treated with 250µM forskolin and 

100µM, 125µM, 500µM NUA or 100µM NA were simultaneously added for 5 min. cAMP 

levels were analysed by ELISA. 

Results for neutrophils showed significant group differences (p≤0.001) with a significant 

decrease of adenylyl cyclase activity in cells stimulated with 125µM NUA (p<0.01) and 500µM 

NUA (p<0.01) compared to control. NA did not show differences in adenylyl cyclase activity 

compared to control (Fig. 29 A).  

For human monocytes, a significant reduction in adenylyl cyclase activity by 500µM NUA 

(p<0.05) compared to control was observed. NA and 100µM NUA did not show differences in 

adenylyl cyclase activity compared to control (Fig. 29 B). 

Taken together, NUA led to an inhibition of forskolin-activated adenylyl cyclase and therefore 

a reduction of intracellular cAMP levels in human neutrophils and monocytes. 
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Figure 29: Inhibition of forskolin-activated adenylyl cyclase (reflecting cAMP synthesis) by NUA in human 

immune cells: NUA reduced cAMP levels in (A) neutrophils (n=4) (B) monocytes (n=5). Bars are shown as 

median with 95% CI. pKW demonstrates p-value of Kruskal-Wallis test. Post hoc Dunn`s test without correction 

for multiple comparisons (* p<0.05, ** p<0.01, *** p<0.001). 

 

 

5.5.7 NUA showed no alterations in β-Arrestin1 phosphorylation, but affected NF-κB 

p65 expression and phosphorylation in a time and dose dependent manner 

THP-1 cells did not show alterations in NF-κB protein expression when treated with NUA. 

Therefore, it was investigated if NUA affects the NF-κB signalling pathway in human primary 

monocytes. β-Arrestin1 was included into investigation as it represents one of the first 

constituents in NF-κB signalling pathway and inhibits activation of NF-κB (108, 60). 

Monocytes were treated with 100µM, 500µM NUA, 100µM NA or PBS as solvent for 5 min 

and 15 min. A capillary-based Western analysis was performed to determine phosphorylation 

of β-Arrestin 1, expression levels of NF-κB p65 and phosphorylation of NF-κB p65 (p-NF-κB 

p65). 

Results showed no significant differences in p-β-Arrestin1 levels when stimulated with 100µM, 

500µM NUA or 100 µM NA for 5 min and 15 min compared to control (Fig. 30).  
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Figure 30: β-Arrestin1 phosphorylation in human primary monocytes after NUA treatment: No differences 

in p-β-Arrestin1 levels after (A) 5 min stimulation with NUA (B) 15 min stimulation with NUA. β-Actin as 

housekeeping protein. n=4. Raw data of densitometry are shown in supplemental information (Table S4). Bars are 

shown as median with 95% CI. pKW demonstrates p-value of Kruskal-Wallis test. Post hoc Dunn`s test without 

correction for multiple comparisons (statistical significance: p<0.05). 

 

 

5 min stimulation of monocytes with NUA and NA did not show differences in expression 

levels of NF-κB p65 compared to control (Fig. 31 A). However, cells stimulated for 15 min 

showed significant group differences (p<0.01) with significant lower expression levels of NF-

κB p65 when treated with 100µM NUA compared to control (p<0.01). No group differences 

were detected when cells were treated with 500µM NUA or 100µM NA (Fig. 31 B). 

With regard to activation of NF-κB p65 in monocytes, it was observed that 5 min stimulation 

with 100µM, 500µM NUA induced phosphorylation of NF-κB p65 significantly (100µM NUA: 

p≤0.05; 500µM NUA: p≤0.05) compared to control. NA did not induce significant differences 

in p-NF-κB p65 levels (Fig. 31 C). Monocytes stimulated with 100µM, 500µM NUA and 100 

µM NA for 15 min did not exhibit significant differences in p-NF-κB p65 levels (Fig. 31 D). 

Taken together, NUA and NA had no effect on β-Arrestin1 phosphorylation while NUA showed 

alterations in NF-κB p65 expression and phosphorylation dependent on dose and stimulation 

time. 
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Figure 31: Effects of NUA on NF-κB p65 protein expression and phosphorylation in human primary 

monocytes: Measurement of NF-κB p65 protein expression after NUA treatment for (A) 5 min: n.s. differences 

compared to control (B) 15 min: significant reduction in NF-κB p65 expression by 100µM NUA. Detection of 

NF-κB p65 phosphorylation after NUA treatment for (C) 5 min: significant increase in NF-κB p65 phosphorylation 

with 100µM, 500µM NUA (D) 15 min: n.s. differences compared to control. β-Actin as housekeeping protein. 

n=5. Raw data of densitometry are demonstrated in supplemental information (Table S4). Bars are shown as 

median with 95% CI. pKW demonstrates p-value of Kruskal-Wallis test. Post hoc Dunn`s test without correction 

for multiple comparisons (* p<0.05, ** p<0.01, *** p<0.001). 
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5.5.8 NUA reduced activation of MAPKs 

Besides NF-κB, the MAPKs p38, ERK1/2 and JNK are crucial players in metabolic 

inflammation as already described in a previous chapter. Therefore, it was investigated if NUA 

affects the activation of these MAPKs in monocytes.  

A capillary-based Western analysis was performed to detect alterations in phosphorylation of 

p38, ERK1/2, JNK46 and JNK54 in human primary monocytes after stimulation with 100µM, 

500µM NUA, 100µM NA or PBS as solvent control for 5 min and 15 min.  

It was observed that monocytes stimulated with NUA and NA for 5 min showed no differences 

in phosphorylation of all MAPKs compared to controls (Fig. 32 A, C, E, G).  

After 15 min of stimulation, monocytes treated with 100µM NUA induced a significant lower 

phosphorylation of p38 compared to control (p<0.05). Phosphorylation of p38 in cells 

stimulated with 500µM NUA and 100µM NA did not show alterations (Fig. 32 B). 

Monocytes stimulated for 15 min revealed significant group differences in p-ERK1/2 levels 

(p<0.05). Cell treatment with 100µM NUA led to a significant lower ERK 1/2 phosphorylation 

compared to control (p<0.01), while there were no differences in groups with 500µM NUA or 

100µM NA treatment (Fig. 32 D). 

Phosphorylation of JNK46 showed significant group differences (p<0.01) after 15 min 

stimulation, with remarkably reduced JNK46 phosphorylation by 100µM NUA compared to 

control (p<0.05). Cells stimulated with 500µM NUA and 100µM NA showed no differences in 

JNK46 phosphorylation (Fig. 32 F). JNK54 phosphorylation was no significantly altered by NUA 

or NA (Fig. 32 H). 

In conclusion, NUA treatment for 5 min showed no effect on MAPK activation while after 15 

min, 100µM NUA reduced MAPK phosphorylation significantly. For NA, no alterations in 

MAPK phosphorylation were observed. 
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Figure 32: Investigation of MAPK activation by NUA in human primary monocytes by capillary-based 

Western analysis: Phosphorylation of: (A) p38 (C) pERK1/2 (E) p-JNK46 (G) p-JNK54 after 5 min NUA 

treatment: n.s. differences compared to control. Phosphorylation of: (B) p38 (D) pERK1/2 (F) p-JNK46 after 15 

min: significant reduction in phosphorylation levels by 100µM compared to controls (H) p-JNK54 phosphorylation 

levels after 15 min: n.s. differences compared to controls. β-Actin as housekeeping protein. p38, ERK1/2: n=5; 

JNK: n=4. Associated raw data are listed in supplemental information (Table S5). Bars are shown as median with 

95% CI. pKW demonstrates p-value of Kruskal-Wallis test. Post hoc Dunn`s test without correction for multiple 

comparisons (* p<0.05, ** p<0.01, *** p<0.001).  
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5.5.9 NUA decreased phosphorylation of Akt  

Moreover, it was investigated if NUA is able to elicit alterations in the phosphorylation of Akt.  

Human monocytes were stimulated with 100µM, 500µM NUA, 100µM NA or PBS as solvent 

for 5 min and 15 min and phosphorylation of Akt was measured by capillary-based Western 

analysis.  

Results showed no significant differences in p-Akt levels between groups after 5 min (Fig. 33 

A). Monocytes treated with 100µM NUA for 15 min revealed significant lower p-Akt levels 

compared to control (p<0.01). Stimulation with 500µM NUA and 100µM NA did not exhibit 

significant differences in Akt phosphorylation compared to control (Fig. 33 B).  

 

 

Figure 33: Effects of NUA on Akt phosphorylation in human monocytes: Phosphorylation of Akt after cell 

stimulation with NUA and NA (A) 5 min: n.s. differences compared to control (B) 15 min: significant reduction 

in Akt phosphorylation levels by 100µM NUA compared to control. β-Actin as housekeeping protein. n=5. Raw 

data of densitometry are demonstrated in supplemental information (Table S6). Bars are shown as median with 

95% CI. pKW demonstrates p-value of Kruskal-Wallis test. Post hoc Dunn`s test without correction for multiple 

comparisons (* p<0.05, ** p<0.01, *** p<0.001). 
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5.5.10 AMPKα phosphorylation was reduced by NUA  

It is known that anti-inflammatory stimuli induce AMPKα phosphorylation while pro-

inflammatory stimuli decrease p-AMPKα levels (90). With regard to this, human primary 

monocytes were treated with NUA to examine its effects on AMPKα signalling.  

Cells were treated with 100µM, 500µM NUA, 100µM NA or PBS as solvent control for 5 min 

and 15 min. Subsequently p-AMPKα levels were measured by capillary-based Western 

analysis.  

Results showed no differences in p-AMPKα levels between groups after 5 min treatment with 

NUA and NA (Fig. 34 A). Stimulation with 100µM NUA for 15 min revealed significant lower 

p-AMPKα levels compared to control (p<0.05). 500µM NUA and 100µM NA did not show 

significant differences in AMPKα activation (Fig 34 B). 

 

 

Figure 34: AMPKα phosphorylation after treatment with 100µM, 500µM NUA in human primary 

monocytes after: (A) 5 min: n.s. differences compared to control (B) 15 min: significant decrease in p-AMPKα 

levels by 100µM NUA compared to control. β-Actin as housekeeping protein. n=5. Associated raw data of 

densitometry are listed in supplemental information (Table S7). Bars are shown as median with 95% CI. PKW 

demonstrates p-value of Kruskal-Wallis test. Post hoc Dunn`s test without correction for multiple comparisons (* 

p<0.05, ** p<0.01, *** p<0.001). 
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5.5.11 Identification of a NUA receptor  

In the previous experiments, it was shown that NUA affects intracellular signalling in human 

immune cells. With regard to this, it was investigated if NUA acts via the NA receptor 

GPR109A. Therefore, murine GPR109A+/+ and GPR109A-/- neutrophils and PEMs were used. 

 

5.5.12 NUA had no detrimental effects on viability of murine neutrophils 

To exclude detrimental effects of NUA on neutrophils of GPR109A+/+ and GPR109A-/- mice, 

an Annexin apoptosis assay was performed.  

Cells were treated with 250µM, 1mM, 100mM NUA, 10mM DMF or PBS as solvent control 

for 2 h. After staining of samples with Annexin V, GR-1 antibody and Zombie NIR live/dead 

dye, cell viability was determined by flow cytometry.  

Results showed, that regardless of the concentration, at least 98% of GPR109A+/+ and 

GPR109A-/- neutrophils were observed to be in viable state compared to control. Flow 

cytometry plots of neutrophils from GPR109A+/+ (Fig. 35 A) and GPR109A-/- (Fig. 35 B) mice 

show that there is no significant difference between the percentage of viable, apoptotic, 

apoptotic dead and dead state after NUA treatment. This was confirmed by quantitative analysis 

of GPR109A+/+ (Fig. 35 C) and GPR109A-/- (Fig. 35 D) mice.  

Taken together, NUA does not have detrimental effects in murine neutrophils independent of 

the receptor. 
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Figure 35: Annexin V apoptosis assay with murine neutrophils treated with NUA: No detrimental effects by 

NUA (A,B) Flow cytometry plots for GPR109A+/+ and GPR109A-/- neutrophils (C,D) Quantitative analysis for 

GPR109A+/+ and GPR109A-/- neutrophils viability. PBS and DMF as controls. Bars are shown as median with 

95% CI. PKW demonstrates p-value of Kruskal-Wallis test. Post hoc Dunn`s test without correction for multiple 

comparisons (statistical significance: p<0.05). This shows one representative example out of two experiments. 

 

 

5.5.13 NUA induced Ca2+ flux in GPR109A+/+ neutrophils, but not in GPR109A-/- 

neutrophils 

Since NUA initiated an intracellular Ca2+ flux in human neutrophils, it was investigated if this 

effect is mediated via GPR109A.  

Murine GPR109A+/+ and GPR109A-/- neutrophils were incubated with Fluo-4 and Fura-red and 

fluorescence intensity of these dyes was measured when neutrophils were acquired on a flow 

cytometer for 20 s. Subsequently, 100µM, 500µM NUA, 100µM NA, 65nM ionomycin or PBS 
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as solvent control were added to the tubes and the change in Fluo-4/ Fura-red ratio was 

measured during acquisition for another 60 s. 

GPR109A+/+ neutrophils, treated with 100µM, 500µM NUA, showed an increase in the dye 

fluorescence ratio as samples treated with 100µM NA and 65nM ionomycin. However, these 

effects were abolished in GPR109A-/- neutrophils after NUA and NA stimulation (Fig. 36). 

These results show that NUA induced intracellular Ca2+ flux via GPR109A in neutrophils. 

 

 

Figure 36: Effects of NUA on Ca2+ signalling in murine GPR109A+/+ and GPR109-/- neutrophils: Via flow 

cytometry an intracellular Ca2+ flux over time (s) was detected as a change in fluorescence ratio of the dyes Fluo-

4 and Fura-red elicited by NUA in GPR109A+/+ neutrophils but not in GPR109-/- neutrophils. NA and ionomycin 

were used as positive controls, PBS as negative control. Data show one representative out of 2 experiments. 

 

 

5.5.14 NUA reduced cAMP levels in neutrophils and PEMs of GPR109A+/+ and 

GPR109A-/- mice 

In human neutrophils and monocytes, reduced cAMP levels after treatment with NUA were 

observed. An experiment with murine GPR109A+/+ and GPR109A-/- neutrophils and PEMs was 

performed to investigate if NUA inhibits the forskolin-activated adenylyl cyclase via 

GPR109A. 

For synthesis of cAMP by adenylyl cyclase, cells were treated with 250µM forskolin and 

simultaneously 100µM, 125µM, 500µM NUA, 100µM NA or PBS as solvent control were 

added for 5 min. Cellular cAMP levels were determined by ELISA. 
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Neutrophils of GPR109A+/+ mice stimulated with 125µM NUA showed significant lower 

cAMP levels compared to control (p<0.05). NA did not show alterations in cAMP levels (Fig. 

37 A). For GPR109A-/- neutrophils, significant lower cAMP levels by 125µM NUA (p<0.05) 

and 500µM NUA (p<0.05) compared to control were recorded. Stimulation with NA did not 

show significant differences (Fig. 37 B).  

Both, GPR109A+/+ and GPR109A-/- PEMs, showed significant group differences (p<0.05, 

p<0.05) and 500µM NUA revealed significantly reduced cAMP levels compared to control in 

both genotypes (p<0.01, p<0.01). 100µM NUA and 100µM NA showed no alterations in cAMP 

levels (Fig. 37 C, D). 

In conclusion, NUA reduced cAMP levels in neutrophils and macrophages GPR109A-

independently. 
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Figure 37: Inhibition of the forskolin-activated adenylyl cyclase (reflecting cAMP synthesis) by NUA in 

murine (GPR109A+/+ and GPR109A-/-) immune cells: Adenylyl cyclase activation was inhibited by NUA in: 

(A, B) GPR109A+/+ and GPR109A-/- neutrophils and (C, D) GPR109A+/+ and GPR109A-/- peritoneal macrophages 

(PEMs). n=5. Bars are shown as median with 95% CI. pKW demonstrates the p-value of Kruskal-Wallis test. Post 

hoc Dunn`s test without correction for multiple comparisons (* p<0.05, ** p<0.01, *** p<0.001). 
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5.6 Immunohistochemistry - GPR109A was expressed in murine liver 

and hypothalamic tissues 

Since the liver and hypothalamus also display metabolic active tissues, the expression of 

GPR109A in these tissues was investigated.  

GPR109A expression in liver and hypothalamic tissue was examined by immunohistochemical 

analysis. Since there is no validated mouse anti-GPR109A antibody, a transgenic mouse line 

expressing RFP under the control of the GPR109A promotor was used (103). Samples of liver 

and hypothalamic tissue of RFP+/+ and GPR109A-/- (control) mice were stained with polyclonal 

RFP antibody.  

Results showed a positive RFP staining in RFP+/+ liver tissue compared to GPR109A-/- liver 

tissue. Due to characteristic morphology, GPR109A expression was detected in Kupffer cells 

by visual evaluation (Fig. 38 A, B).  

Hypothalamic tissue of RFP+/+ mice showed GPR109A expression compared to GPR109A-/- 

control (Fig. 38 C, D). To verify if these RFP positive cells were glia cells, the microglia cell 

specific marker Iba-1 was used. Results showed a positive staining of glia cells which were 

identical in morphology to cell types stained with RFP antibody (Supplemental Fig. S1).  

Taken together, these results show that GPR109A is expressed in Kupffer cells of liver tissues 

and in microglia of hypothalamus. 



Results 

78 
 

 

Figure 38:Immunohistochemical detection of GPR109A in liver and hypothalamic tissue of RFP+/+ and 

GPR109A-/-mice: 3.5µm liver tissue samples were stained with RFP monoclonal antibody; 5µm hypothalamic 

tissue samples were stained with RFP monoclonal antibody (A) GPR109A expression in liver tissue (Kupffer cells) 

of RFP+/+ mice (B) GPR109A-/- as negative control (C) GPR109A expression in hypothalamic tissue (microglia) 

of RFP+/+ mice (D) GPR109A-/- as negative control. Scale=250µm; This shows one representative example out of 

two experiments. 
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5.7 In vivo experiment - NUA was absorbed in the gastrointestinal tract 

Results from metabolomics-based approach showed that NUA is linked to the metabolic 

diseases obesity and T2D and in vitro experiments demonstrated alterations in intracellular 

signalling of immune cells by NUA. With regard to this, it is also necessary to investigate the 

effects of NUA in vivo. Planned experiments will provide information on the effects of NUA 

in a diet-induced obesity model with GPR109A+/+ and GPR109A-/- mice. For this study, it is of 

relevance to ensure that mice are able to intestinally absorb NUA and show detectable levels in 

the serum. Therefore, an experiment was performed to investigate the gastrointestinal 

absorption of NUA in GPR109A+/+ and GPR109A-/- mice and the most appropriate application 

method.  

Mice were fed with a TRP/NA free high fat diet to eliminate NUA metabolism from food. Mice 

received NUA as drinking water (300mM) for 24 h, 48 h, 72 h, 7 d or as one-time oral gavage 

(800mg NUA/kg BW). After indicated exposure times, blood was taken. The control groups 

were treated with water. Collected serum was measured by FT-ICR-MS to determine NUA 

intensities. 

Serum analysis showed that NUA is detectable in the blood after oral application, while in 

control animals, no serum NUA levels were detected. Mice which had been administered NUA 

by one-time oral gavage already revealed elevated levels after 30 min. After 2 h, NUA levels 

were reduced. Application by drinking water showed higher NUA intensities compared to 

groups with oral gavage. Mice revealed high levels after 24-72 h while after 7 d, NUA levels 

dropped. Furthermore, it was observed that both GPR109A+/+ and GPR109A-/- mice showed 

similar serum NUA levels (Fig. 39). 

In conclusion, oral application led to a GPR109A independent absorption of NUA. 

Administration by drinking water revealed higher serum NUA levels with maximum levels 

after 24 h, 48 h and 72 h. 
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Figure 39: Detection of serum NUA intensities (counts) in GPR109A+/+ and GPR109A-/- mice by FT-ICR-

MS after oral application: NUA was detectable after one-time oral gavage and after drinking water 

administration. GPR109A+/+ and GPR109A-/- mice showed NUA levels in serum. After 30min and 1h, oral gavage 

showed highest levels in both genotypes. 72h application by drinking water revealed the highest NUA intensities 

in both genotypes. In control groups no NUA levels were detected. Values are shown as median with 95% CI. 

Each group contained three replicates. 
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6 Discussion 

6.1 Association between serum NUA levels and markers of metabolic 

inflammation 

In the last decades, several studies reported an association between TRP/NA metabolism and 

the development of T2D. However, the exact mechanisms are still largely unknown (109). 

Therefore, TRP and NA metabolites in the serum of subjects from the FoCus sub-cohort were 

analysed to further elucidate the association between these pathways and obesity as well as 

T2D.  

Although several TRP metabolites were identified in serum, most of the data were not evaluable 

due to the extreme skewness of metabolite intensities, except for TRP itself. It was observed 

that FoCus subjects with normal weight and overweight had lower TRP intensities compared 

to groups of obesity grade I-III. These results agree with the findings of another working group. 

They additionally showed that TRP levels were increased in obese men with Chinese or with 

American background, but not in obese women from China or America. This indicates, that 

TRP metabolism is independent of ethnical background but dependent of gender (110). In 

contrast, other working groups observed a negative association between obesity and TRP levels 

(111–113). Although these results seem contradictory, they might show potential compensatory 

properties of TRP. The depletion of TRP in metabolic diseases can be explained by an increased 

conversion rate of TRP to kynurenine (114). IDO1, which catalyses this reaction, is activated 

by inflammatory stimuli in immune and non-immune cells which leads to decreased local and 

systemic TRP levels while kynurenine levels rise intra- and extracellularly. Simultaneously, the 

expression of the aryl hydrocarbon receptor (AhR) is also increased by inflammatory stimuli. 

Kynurenine activates AhR which in the following leads to secretion of anti-inflammatory 

cytokines such as interleukin-10. This mechanism even indicates that in obesity the TRP-

kynurenine pathway might exhibit anti-inflammatory and immunosuppressive properties (115). 

However, the results of Xie et al. suggest that these mechanisms might be gender dependent. 

Therefore, it is recommended to perform future investigations in TRP metabolism in a gender 

specific manner. It is necessary to mention that in this metabolomics-based approach, the 

groups were not age matched due to the skewness of metabolite intensities. Another working 

group observed age-related differences in TRP levels. While obese adults exhibited an 

increased IDO1 activity with an elevated kynurenine/TRP ratio, obese juveniles showed a 

decreased kynurenine/TRP ratio which is driven by cytokines such as interleukin-4 (IL-4) 
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(116). These results indicate that age influences the extend of TRP conversion which in turn 

has an impact on the progression of metabolic inflammation.  

Furthermore, group comparisons showed that healthy subjects had lower TRP levels compared 

to pre-diabetic and diabetic subjects. These results are in line with observations from other 

working groups (117, 118). Chen et al. assumed TRP to be a potential biomarker for patients at 

high risk for T2D. They showed in a 10-year longitudinal study that from 213 healthy subjects, 

51 participants developed T2D and were positively associated with plasma TRP levels 

compared to healthy controls (119). 

Moreover, the association between NA metabolism and metabolic inflammation was 

investigated. Due to the skewness of metabolite intensities, FoCus subjects also showed no 

evaluable intensities of NA or its metabolites except for NA`s major catabolic product NUA. 

FoCus subjects suffering from obesity grade I-III showed significant higher NUA levels 

compared to subjects with normal weight or overweight. Furthermore, group comparisons of 

subjects with NUA levels over LOD showed nominally higher NUA levels in subjects with 

obesity grade III compared to subjects with obesity grade. Huang et al. observed a positive 

correlation between urinary NUA levels and BMI (15).  

Group comparisons of the total sub-cohort showed that healthy subjects revealed significant 

lower NUA levels compared to pre-diabetic and diabetic subjects. However, group comparisons 

of subjects with NUA levels over LOD did not show significant differences. This might be 

explained by the fact that most of the healthy subjects had NUA intensities below the LOD 

compared to the PreD and T2D group. Huang et al. detected in a metabolomics-based approach 

urinary NUA levels in subjects with metabolic syndrome. They observed that diabetic subjects 

showed higher NUA levels than non-diabetic subjects (15). In another current case-control 

study, serum NUA levels were investigated in subjects with diabetic retinopathy, a concomitant 

disease of T2D. It was observed that subjects with diabetic retinopathy revealed higher serum 

NUA levels compared to diabetic and healthy controls (120). Taken together, these results 

indicate that serum and urine NUA levels are positively associated with obesity and the 

development of T2D.  

 

As already described, the TRP and NA metabolisms are closely linked to each other. Therefore, 

the association of serum TRP and serum NUA intensities in FoCus subjects was investigated. 

They revealed a significant positive correlation which gives first insights into the role of NUA 
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in TRP metabolism: NA levels are known to be lowered/deficient in metabolic inflammation. 

On the one hand, it is caused by a shift towards xanthurenic acid in the kynurenine pathway 

which is additionally reinforced by coexisting pyridoxine depletion (34). On the other hand, 

obese patients often show NA deficiency by increased activity of NA degrading enzymes 

followed by rising levels of NA metabolites (121). This might be an explanation for the very 

small amount of NA values in this study and furthermore a reason for the increased NUA 

intensities in obese and diabetic subjects.  

 

Since NUA showed an association with obesity and T2D in subjects of the FoCus sub-cohort, 

serum NUA intensities of subjects from the total FoCus cohort in association with other clinical 

markers were examined. Subjects with NUA intensities over and below the LOD showed no 

significant differences in age and gender which might suggest that NUA intensities are gender 

and age independent. However further studies evaluating group comparisons of different ages 

are necessary. Subjects with NUA intensities over LOD showed increased levels of glucose 

parameters (glucose, insulin, HOMA-indices) and anthropometric markers (BMI, weight, waist 

circumference) compared to subjects with NUA intensities below LOD. Furthermore, subjects 

with NUA intensities over LOD had increased levels of inflammatory markers (CRP, IL-6) and 

lipid markers (TG, Lp(a)). All these parameters showed a positive correlation with NUA 

intensity, however with low effect size. Moreover, subjects with hypertension showed 

significant higher NUA levels compared to subjects without hypertension. These results are in 

line with the observations from Huang et al. who investigated the association of  NUA 

intensities in human urine with parameters of metabolic syndrome. They further reported a 

positive association between urinary NUA levels and the lipid markers LDL-C and total 

cholesterol. HDL-C levels were negatively associated with urinary NUA levels (15). 

Furthermore, one of the first clinical studies, investigating the functionality of NUA, was 

performed in 1960. Miller and colleagues investigated the effects on serum cholesterol levels 

by administration of different NUA doses (1,5-9g/d). It was observed that application of 9g/d 

remarkably reduced serum cholesterol levels. These levels were similar to levels evoked by NA 

(19). This might suggest that in obesity, NUA intensities are elevated in a compensatory manner 

to ameliorate serum lipid levels. However, this assumption requires further investigations. 

This thesis is one of the first reports which showed the association between serum NUA levels 

and metabolic diseases. In the FoCus cohort, no association of NUA with other diseases such 
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as inflammatory bowel disease, rheumatoid arthritis or cardio vascular diseases was observed, 

which suggest that NUA might rather play a role in metabolic diseases such as obesity and T2D.  

 

6.2 Association of serum NUA levels with nutrition and the gut 

microbiome 

As serum NA levels are dependent on dietary intake (10), the association between serum NUA 

intensities and nutritional intake was investigated. Subtypes of carbohydrates, amino acids, 

vitamins and alcohol intake only showed nominal differences between subjects with high and 

low NUA intensities and very low correlation coefficients which suggests the independence of 

NUA levels from nutritional intake. Since this is the first study of the association between NUA 

and nutrition, further studies are required to validate these results. Furthermore, it needs to be 

considered that collected data from FFQ were biased since subjects tend to report their dietary 

behaviour based on expected norms which can influence results.  

NA intake is positively associated with α-diversity and Bacteriodetes abundance in obese 

subjects. Administration of delayed-release NA microcapsules entered ileocolonic region to 

interact with microbiome resulting in ameliorated Bacteriodetes abundance and improved 

systemic insulin sensitivity (7). With regard to this, it was investigated if NUA is also associated 

with the gut microbiome of FoCus subjects. Results showed that subjects with high and low 

NUA levels did not show significant differences in α-diversity and β-diversity. Only adjustment 

for BMI revealed significant differences between groups which confirms previous studies that 

obesity impacts microbiome diversity (7). Furthermore, no differences in relative phyla 

abundance between subjects with high and low NUA intensities were observed. An explanation 

for these results might be that dietary NA is absorbed in the small intestine and subsequently 

converted into NAM/NAD. This reduces the possibility of NA`s conversion into NUA by the 

gut microbiome in the lower intestine (7, 16). To my knowledge, this is the first analysis of an 

association between NUA and the human gut microbiome. Further investigations should 

consider the administration of delayed-release NUA microcapsules in a murine model to 

examine if NUA might directly interact with the gut microbiome. 
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6.3 NUA`s effects on NF-κB signalling in THP-1 cells and human 

primary monocytes 

Since results from metabolomics-based approach showed a positive association between NUA 

and markers of metabolic inflammation, in vitro experiments were performed to extend the 

knowledge of NUA`s functionality in immune cell metabolism.  

First of all, effects of NUA on intracellular NF-κB signalling were investigated. THP-1 cells 

showed no differences in NF-κB p50 levels after stimulation with 100µM-10mM NUA. 

However, doses of 100µM up to 5mM NUA showed a slight increase in NF-κB p50 levels 

compared to control. NF-κB remains inactivated in non-stimulated cells by complex formation 

of IκB with the NF-κB dimers (p50/p65). External stimuli, like PMA, induce phosphorylation 

of IκB which leads to a release of the dimers which migrate to the nucleus and initiate target 

gene transcription (57, 122). With regard to these mechanisms, it might be assumed that NUA 

induces a short-time increase of NF-κB p50 dimers resulting in augmented NF-κB 

phosphorylation. Results of the neutral red uptake assay showed no detrimental effects by 

100µM-5mM NUA. Only 10mM NUA showed increased apoptotic effects which might be an 

explanation why cells treated with 10mM NUA had a slightly decreased NF-κB p50 expression 

compared to the 1mM and 5mM dose groups.  

Since NUA showed no effects on NF-κB expression in THP-1 cells, it was further investigated 

if NUA treatment leads to an altered NF-κB signalling in human primary monocytes which are 

closer to in vivo conditions (107). The effects of NUA on β-Arrestin1 phosphorylation, NF-κB 

p65 protein expression and NF-κB p65 phosphorylation were examined. Shorter expositions 

times (5 min, 15 min), compared to cell culture experiments, were selected. It was reported that 

primary cells reveal significant faster nuclear translocations of NF-κB with highest peaks after 

5 min followed by functional degradation. A slower signalling in cell lines such as THP-1 cells 

might be due to the fact that they are genetically modified (123).  

Monocytes treated with NUA and NA for 5 min and 15 min showed no differences in p-β-

Arrestin1 levels. However, it was observed that 5 min stimulation slightly increased p-β-

Arrestin1 levels by NUA and NA. After 15 min, only 100µM,500µM NUA showed mildly 

reduced levels of p-β-Arrestin1. It could suggest that both metabolites might be able to induce 

β-Arrestin1 phosphorylation within 5 min followed by functional degradation after 15 min. 

Since primary cells might show signalling peaks after 5 min (123) and β-Arrestins belong to 
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the first constituents in NF-κB signalling (108), experiments with incubation times less than 5 

min should be considered. 

Treatment for 5 min showed no differences in NF-κB p65 protein expression between groups, 

however it was observed that NUA slightly increased NF-κB p65 levels compared to control. 

Furthermore, NF-κB p65 phosphorylation showed a significant increase in cells treated with 

100µM,500µM NUA after 5 min. As mentioned above, NUA might be able to induce a short-

time intracellular release of NF-κB p65 dimers with following phosphorylation which could 

explain elevated p-NF-κB p65 levels. Monocytes, stimulated with NUA for 15 min showed a 

significant reduction in NF-κB p65 protein expression, however no group differences in 

phosphorylation of NF-κB p65 were observed. These results show, that NUA induces changes 

in NF-κB signalling in human primary monocytes within 5 min and after 15 min signalling 

events are down-regulated again.  

Of interest, NA did not induce changes in NF-κB p65 expression and phosphorylation after 5 

min and 15 min. An explanation could be that monocytes were activated by adherence on plastic 

6-well plates instead of pre-treatment with lipopolysaccharide (LPS). In another study, the use 

of LPS led to significantly reduced NF-κB levels after NA stimulation (14). Therefore, it is 

recommended to repeat experiments by using LPS to examine the effects of NUA on NF-κB 

signalling. Moreover, it would be of interest to investigate the downstream inflammatory 

pathways of NF-κB such as IL-6 and TNF-α synthesis after NUA treatment to better classify 

NUA in its functional characteristics. 

 

6.4 The effects of NUA on phosphorylation of the MAPKs, Akt and 

AMPKα 

The MAPKs, Akt and AMPKα also play a major role in inflammatory diseases since they are 

activated by stress and inflammatory stimuli (68, 87, 91). To further examine the functional 

characteristics of NUA, its role in the phosphorylation of ERK1/2, p38, JNK, Akt and AMPKα 

in human primary monocytes was investigated. 

Although 5 min treatment with NUA showed no significant changes in p38, ERK1/2 and JNK 

phosphorylation, a slight increase in phosphorylation levels of the MAPK were observed. These 

results indicate that NUA might induce MAPK phosphorylation. After 15 min, phosphorylation 

of p38, ERK1/2 and JNK was significantly reduced by 100µM NUA compared to control. It 

might suggest that NUA actively down-regulates MAPK phosphorylation levels which could 
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be interpreted as an anti-inflammatory effect by NUA. However, another explanation has to be 

considered that reduced phosphorylation of the MAPKs was initiated NUA-independently.  

NA did not affect MAPK phosphorylation after 5 min and 15 min. Another in vitro study 

showed that NA was able to decrease levels of pro-inflammatory myeloperoxidase in HL-60 

cells via the inhibition of the p38 signalling pathway. However, cells were incubated for 24 h 

(75). An in vivo study demonstrated that rats with cardiac arrest had decreased p-p38 and p-

JNK levels after NA treatment which reduced brain injury and ameliorated neurological 

outcome (69). These results suggest that NA affects MAPK signalling in an anti-inflammatory 

manner. In contrast, Shi et al. observed that NA increased phosphorylation of p38, ERK1/2 and 

JNK in RAW264.7 macrophages when co-incubated with the chemoattractant peptide N‐

formyl‐methionyl‐leucyl‐phenylalanine (fMLF). Increased phosphorylation of the MAPK 

resulted in the inhibition of inflammatory cell migration (80), which proves that an upregulation 

of MAPK phosphorylation can also elicit anti-inflammatory effects, however in dependence of 

the cell type. This underlines the complexity of the MAPK signalling pathways and suggests to 

continue studies investigating the role of NA and NUA in MAPK signalling. 

Furthermore, it was examined if NUA can affect the Akt signalling pathway in human primary 

monocytes. Results showed no significant differences in p-Akt levels after 5 min treatment with 

NUA and NA, however 100µM,500µM NUA slightly increased p-Akt levels compared to 

control. After 15 min stimulation, 100µM NUA revealed significantly decreased p-Akt levels 

compared to controls which might suggest that NUA affects the Akt signalling pathway in a 

pro-inflammatory manner. However, an NUA independent downregulation of Akt 

phosphorylation should be contemplated.  

NA also showed a mild reduction in p-Akt levels after 15 min, however without significance. 

In another working group, it was shown that NA induced Akt signal transduction in murine 

primary macrophages with a peak at 5 min followed by a reduction to baseline levels after 30 

min (54). These time dependent results support the observations of this thesis and indicate that 

NA and NUA are able to induce p-Akt phosphorylation within 5 min while a longer treatment 

leads to reduced phosphorylation levels in a compensatory manner. Shi and colleagues reported 

that co-treatment with NA and fMLF in RAW264.7 macrophages induced significantly 

increased p-Akt levels after 5 min. After 30 min, even higher p-Akt levels were observed (80). 

However, this effect could be explained by a slower cell signal transduction in cell-lines 

compares to primary cells.  
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Moreover, the effects of NUA on AMPKα phosphorylation in human monocytes were 

examined. Cell treatment with NUA for 5 min did not show significant differences in p-AMPKα 

levels, although 100µM NUA slightly increased phosphorylation which might be seen as an 

anti-inflammatory effect by NUA. However, as for the other kinases, no definitive conclusions 

can be drawn due to lack of significance. 15 min stimulation revealed a significantly reduced 

phosphorylation of AMPKα by 100µM NUA which in turn could imply a pro-inflammatory 

effect in monocytes. These results again assume that NUA elicits signalling peaks in a time 

dependent manner. 

NA showed no differences in AMPKα phosphorylation compared to control groups in both 

stimulation times. In another study, it was observed that hepatocytes, treated with NA, showed 

an increased phosphorylation of AMPK followed by reduced lipogenesis (92) which underlines 

the lipid-modifying characteristics of NA. To my knowledge, this experiment is the first report 

of NA`s and NUA`s role in AMPKα signalling in human primary monocytes. Therefore, 

additional investigations are required to determine the effects of NA and NUA on the AMPKα 

signalling pathway. 

Taken together, results showed that NUA reduced phosphorylation of MAPKs, Akt and 

AMPKα in immune cells in a time and dose dependent manner. However, these results are not 

sufficient to attribute pro-inflammatory or anti-inflammatory effects to NUA yet. Furthermore, 

“stimulation-induced waveforms that mask underlying signals of interest”, so called artifacts 

(124), have to be considered into evaluation. Since investigations were performed with immune 

cells of healthy donors, it is of importance to repeat experiments with immune cells of subjects 

suffering from obesity or T2D to analyse the effects of NUA on intracellular kinases in present 

metabolic inflammation.  

 

6.5 Regulation of intracellular Ca2+ and cAMP levels by NUA 

cAMP and Ca2+ are the main second messengers and are present in every cell type (125). In 

immune cells, several GPR109A agonists, such as NA, are able to regulate cAMP levels as well 

as intracellular Ca2+ mobilization (126, 127). For this reason, it was investigated if NUA also 

shows effects on intracellular Ca2+ and cAMP levels in human neutrophils and monocytes. 

It was observed that 100µM,500µM NUA induced intracellular Ca2+ signalling in neutrophils 

which was comparable to the effects of NA with the same dose. These results show for the first 

time that NUA is able to induce intracellular Ca2+ mobilization and confirm results of another 
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working group who demonstrated that NA increased intracellular Ca2+ flux in mature 

neutrophils (56). Furthermore, 100µM,500µM NUA led to a significant reduction of cAMP 

levels in human neutrophils compared to controls. However, cAMP levels were not altered after 

NA treatment which contradicts the findings of Kostylina et al., who showed significantly 

reduced cAMP levels by NA in neutrophils (56). Although, this is the first report of NUA 

downregulating cAMP levels, a limitation has to be mentioned that no cytotoxicity assay with 

human neutrophils has been performed to examine viability of the cells after NUA treatment. 

Since cAMP levels were significantly decreased by NUA, it would be assumed that this might 

lead to a reduced cell viability. Therefore, further studies are required to investigate if NUA is 

also able to induce apoptosis in human neutrophils as NA. 

It is to be mentioned that NUA`s effects on Ca2+ signalling in human monocytes could not be 

examined as the high adherence of these cell types on well plates do not allow investigation by 

flow cytometry. However, it was observed that NUA revealed decreased cAMP levels in human 

monocytes which suggests that NUA might also be able to act in an anti-inflammatory manner 

as NA. In contrast, no significant alterations in cAMP levels after NA treatment were observed. 

These results contradict the findings of another group which showed that NA significantly 

reduced cAMP levels in macrophages (63). Additionally, these results are of high interest since 

the reduction of cAMP levels and a temporary Ca2+ mobilization belong to the well-known 

effects of NA`s lipid-modifying characteristics in adipocytes (49, 54). Since results from 

metabolomics assessment in the FoCus cohort showed a positive association between serum 

NUA intensities and markers of metabolic inflammation such as BMI, weight and weight 

circumference, it is of importance to investigate if NUA also exhibits anti-lipolytic properties 

in adipocytes. A suggestion would be to stimulate adipocytes from obese and lean controls with 

NUA, followed by the determination of cAMP and Ca2+ levels. 

 

6.6 NUA and the GPR109A receptor 

Since it is known that NA mediates its lipid-modifying and anti-inflammatory effects via 

GPR109A (53, 14), it was investigated if NUA also displays an agonist for this receptor. 

Therefore, NUA`s effects on Ca2+ mobilization and cAMP levels in BMD neutrophils of 

GPR109A+/+ and GPR109A-/- mice were examined. Results showed that GPR109A+/+ 

neutrophils stimulated with NUA showed increased intracellular Ca2+ mobilization with 

marginally lower peaks compared to NA, while in GPR109A-/- neutrophils, this effect was 

abolished. These results additionally show that NUA is able to induce intracellular Ca2+ flux in 
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neutrophils and that NUA mediates this effect via GPR109A. Since NA also induced a Ca2+ 

flux in GPR109A+/+ neutrophils, it contradicts the findings of Kostylina et al. who observed no 

Ca2+ flux by NA in BMD neutrophils. They explained by their observations that BMD 

neutrophils do not express GPR109A due to their immaturity compared to mature blood derived 

neutrophils (56). However, results from this thesis might suggest that BMD neutrophils express 

GPR109A however in smaller concentrations as Ca2+ levels were lower than in human blood 

derived neutrophils. 

NUA reduced cAMP levels in GPR109A+/+ and GPR109A-/- BMD neutrophils which indicates 

that NUA regulates adenylyl cyclase activation GPR109A-independently. NA showed no 

effects on cAMP levels which confirms the results of Kostylina et al. Of interest, NUA had no 

effects on viability of GPR109A+/+ BMD neutrophils. An explanation might be that due to a 

lower GPR109A expression, apoptotic effects could not be induced by NUA. Kostylina and 

colleagues observed that NA had no apoptotic effects on BMD neutrophils. Therefore, it would 

be of interest if NUA is able to induce apoptosis in blood derived neutrophils. 

Furthermore, it might be assumed that even if NUA is able to induce Ca2+ flux und decrease 

cAMP levels, further downstream signalling, such as BAD, which initiates apoptosis, are not 

activated. It is therefore recommended to further examine the dephosphorylation of BAD after 

NUA treatment in mature neutrophils to determine NUA`s potential apoptotic effects. 

Moreover, it was investigated if NUA mediates cAMP downregulation in PEMs GPR109A-

dependently. GPR109A+/+ macrophages stimulated with NUA showed a significant reduction 

of adenylyl cyclase activation. These results confirm observations from experiments with 

human monocytes. However, macrophages of GPR109A-/- also revealed reduced cAMP levels 

as observed in neutrophils. These results further imply that NUA regulates adenylyl cyclase 

activity via another receptor. Since cAMP synthesis by adenylyl cyclase can be initiated by 

different GPCRs (128), additional investigations are necessary to identify potential receptors of 

NUA. GPCRs are the only known receptors for NA with GPR109A as high affinity receptor 

while GPR109B only reveals low affinity (129). A GPR109B mediated downregulation of 

cAMP levels by NUA is excluded since GPR109B is not expressed on rodent cell membranes 

(130). In 2005, it was reported by performing site-directed mutagenesis that NA requires special 

amino acid residues like Arg111 (TMH3), Ser178 (ECL2), Phe276 (TMH7) to induce 

internalization of GPR109A (130). This method would also be a possibility to detect critical 

binding sites of NUA to initiate intracellular signalling pathways via GPR109A and other 

receptors.  
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Another working group investigated if NUA evokes flush specific PGD2 secretion via 

GPR109A in THP-cells. Since NA mediates Cox-1 activation, which catalyses the conversion 

of AA to PGD2, via GPR109 (18), cells were pre-incubated with acetylsalicylate which inhibits 

COX-1. Results showed that, despite NA/NUA treatment, the PGD2 secretion in macrophages 

was abolished compared to controls (131). These results not only suggest that NUA is involved 

in flushing response but also agree with the results of this thesis that NUA mediates its effects 

via GPR109A.  

In summary, NUA induced Ca2+ mobilisation in human neutrophils which was shown to be 

GPR109A-dependently. cAMP levels were reduced by NUA in neutrophils and macrophages, 

however this effect was GPR109A-independent. It again raises the question if NUA represents 

more than a catabolic product and might elicit anti-inflammatory effects. In 1960, this 

hypothesis has already been set up when they described serum cholesterol lowering effects by 

NUA in in vivo experiments (19). However, data availability is still insufficient. Moreover, 

future studies of NUA`s role in inflammatory response should also consider NUA`s 

involvement in flushing response elicited by keratinocytes since this side effect displays a 

limiting factor in the pharmaceutical application of NA. 

 

6.7 GPR109A expression in hepatic and hypothalamic tissues 

GPR109A acts as metabolic sensor for changes in cell signalling involved in energy/lipid 

metabolism and immunological activity. Adipocytes reveal high amounts of GPR109A and its 

activation by NA leads to an improvement of lipid profile (52, 49, 48). Recently, differences in 

expression levels between adipocytes of visceral and subcutaneous fatty tissue in obese subjects 

were investigated. It was observed that subcutaneous adipocytes had significant higher 

GPR109A expression levels compared to visceral adipocytes. Furthermore, visceral adipocytes 

of obese subjects revealed a remarkably higher GPR109A expression than visceral adipocytes 

of lean controls (unpublished data). These results indicate that GPR109A is involved in anti-

inflammatory effects of subcutaneous tissue (132) and GPR109A expression in visceral 

adipocytes is compensatory upregulated to limit low-grade inflammation. 

Primary reports assumed that expression of GPR109A is limited to adipocytes, however further 

studies confirmed GPR109A expression in other cell types such as monocytes, neutrophils and 

keratinocytes (133, 50). It is known that the liver plays a major role in metabolic homeostasis 

which is also related to general GPR109A signalling. However, the expression of this receptor 
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in the liver is still controversial (134). Results of immunohistochemical analysis showed 

GPR109A expression in liver cells of RFP+/+ mice but not in GPR109A-/- mice which confirms 

the expression of GPR109A in the liver. Furthermore, GPR109A expression was detected in 

macrophages of the liver, so called Kupffer cells. However, a limitation of this study is worth 

noting that the expression of GPR109A in Kupffer cells was determined due to characteristic 

morphology and therefore only performed by visual evaluation. Another working group 

investigated GPR109A mRNA expression in specific liver cell types of mice and showed high 

amounts of GPR109A in Kupffer cells. Other cell types, like hepatocytes and endothelial cells 

showed lower expression levels (52). These results are in line with observations of this thesis 

since immunoreactivity for GPR109A in hepatocytes and endothelial cells was either too small 

for detection or not existent.  

Kupffer cells are of high importance in mononuclear phagocytic system since they play a key 

role in hepatic and systemic response to pathogens (135). Furthermore, Kupffer cells are 

negatively associated with metabolic diseases such as obesity since a loss in Kupffer cell 

amounts leads to increased hepatic steatosis and IR (136). With regard to this, it might be 

assumed that a decline in Kupffer cells is linked to a decreased GPR109A activity in the liver 

reinforcing metabolic inflammation. However, the specific role of GPR109A in this cell type 

is still elusive. Therefore, further investigations of the association between GPR109A 

expression in Kupffer cells and metabolic inflammation are required. Furthermore it is 

suggested that the effects of NA and NUA on intracellular signalling in Kupffer cells should be 

included into evaluation, since NA mediates anti-inflammatory effects in blood derived 

macrophages via GPR109A (14) and NUA also induced alterations in monocytes such as cAMP 

downregulation. This would be another approach to further classify the role of the two 

metabolites in the pathophysiology of metabolic inflammation. 

Initially, chronic low-grade inflammation was linked to adipose tissue. However, studies 

confirmed that low-grade inflammation is also present in the hypothalamus leading to leptin 

resistance and reinforcement of obesity (4). In this thesis, it was examined if GPR109A is 

expressed in cells of hypothalamic tissue. Results of immunohistochemistry showed remarkable 

immunoreactivity for GPR109A in RFP+/+ mice but not in GPR109A-/- mice which shows that 

GPR109A is expressed in cells of hypothalamic tissue. These results are in line with the findings 

of another working group who reported GPR109A expression in primary hypothalamic cells of 

rats and in the GT1-7 cell line (137). In 2014, it was reported that microglia of murine brain 

tissues expressed GPR109A but not astrocytes or neurons (138). Therefore, it was investigated 
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which cell type in hypothalamus expresses GPR109A. Hypothalamic tissues were treated with 

the microglia cell specific marker Iba-1 and showed a staining of microglia which were identical 

in morphology to cell types stained with RFP antibody. These results show that GPR109A is 

not even present in the hypothalamus but also expressed by microglia in the hypothalamus. 

However, it is to be mentioned that the detection of GPR109A in microglia by visual evaluation 

displays a limitation of this study. 

Taken together, these results show for the first time GPR109A expression in microglia of the 

hypothalamus. Although further studies are required to validate these results, the presence of 

the GPR109A in the hypothalamus might be of interest in connection with hypothalamic 

inflammation. Rahmann et al. showed in a stroke model that GPR109A expression in brain 

tissues exhibits neuroprotective effects. Furthermore, it was observed that NA reduced the 

infarct size in ischemic brain via GPR109A (138). Thus, it might be speculated that the anti-

inflammatory effects of GPR109A ameliorate hypothalamic inflammation and leptin resistance 

which would positively affect the pathophysiology of obesity. 

 

6.8 Pharmacokinetics of NUA 

In this thesis, it was demonstrated that serum NUA intensities are positively associated with 

markers of metabolic inflammation. From results of in vitro experiments, it can be assumed that 

NUA affects immune cell signalling GPR109A-dependently. Whether these effects influence 

the pathophysiology of metabolic inflammation in a beneficial or detrimental manner is still 

elusive. Planned in vivo experiments, using a mouse model of diet-induced obesity and IR, will 

help to further investigate pro-inflammatory or anti-inflammatory properties of NUA. To 

facilitate these studies, it is of relevance to ensure that mice intestinally absorb NUA and show 

detectable NUA levels in the serum. The intestinal absorption of NUA is still elusive. There is 

one report from 1960, which showed that NUA is gradually excreted via the urine in 

dependence of oral application dose (19). Therefore, a preliminary in vivo experiment was 

performed to investigate the intestinal absorption of NUA. 

A time-dependent experiment with GPR109A+/+ and GPR109-/- mice on a TRP/NA free high 

fat diet was performed. On the one hand, it was examined if NUA is gastrointestinally absorbed 

and on the other hand, serum NUA levels after application by oral gavage and drinking water 

were compared to determine the most appropriate application method. Results showed that all 

groups, except for controls which had received water, revealed serum NUA levels. It confirms 
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the findings of Miller et al. that NUA is gastrointestinally absorbed after oral application (19). 

Moreover, it indicates that dietary TRP/NA is the main source for systemic NA metabolism 

compared to endogenous synthesis (37). Administration of NUA by drinking water showed 

higher serum NUA levels compared to application by oral gavage. Mice which were treated 

with drinking water for 72 h showed the highest serum levels. It was reported that NA from 

immediate formulations are absorbed in a few hours. Therefore, the NAM pathway is saturated 

very fast and NA is systemically converted into NUA for renal excretion (139, 96). In contrast, 

administration of sustained NA formulations requires more than 12 h for absorption and shows 

better utilization via the NAD pathway (139, 140). With this in mind, it might explain why 

administration by one-time oral gavage, reflecting an immediate NUA formulation, also 

showed lower NUA serum levels due to faster renal excretion compared to mice which 

continuously received NUA by drinking water. Groups with drinking water showed remarkably 

reduced NUA levels after 7 d. Therefore, further studies with NUA administration for more 

than 7 days are necessary to investigate medium-term absorption of NUA.  

Moreover, it was investigated if GPR109A+/+ and GPR109-/- mice show differences in the 

absorption of NUA. Results showed that serum NUA levels of GPR109A+/+ and GPR109-/- mice 

were similar, which indicates that the gastrointestinal absorption of NUA takes place 

GPR109A-independently.  

It was reported that NA is absorbed sodium dependently or via passive diffusion, however 

specific mechanisms of intestinal absorption and its regulation are widely unknown (37, 141). 

Nabokina et al. performed several experiments with human-derived Caco-cells to investigate 

cellular mechanisms of NA uptake in the intestine. They stated that NA uptake requires carrier-

mediated systems which are dependent of extracellular acidic pH, temperature and energy state. 

Interestingly, they observed a sodium independent uptake of NA. Since NA is a 

monocarboxylic acid and NUA displays a structural analogue of NA, it is assumed that NUA 

might be absorbed in similar conditions (141). 

Taken together, these results show that NUA is gastrointestinally absorbed after oral application 

and occurs GPR109A-independently. 
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7 Conclusion/ Outlook 

Results of this thesis showed that NUA is linked to metabolic inflammation. In FoCus subjects, 

serum NUA levels were positively associated with obesity and T2D as well as inflammatory 

markers while it showed no correlation with other diseases. Furthermore, NUA intensities were 

evaluated to be independent of nutritional intake and diversity of the gut microbiome.  

Results from in vitro studies showed that in monocytes, NUA reduced phosphorylation of NF-

κB, MAPKs, Akt and AMPKα in a time and a dose dependent manner. Moreover, it was 

demonstrated that NUA induced intracellular Ca2+ flux via GPR109A and decreased cAMP 

levels in neutrophils and monocytes. Further investigations are necessary to identify other 

receptors of NUA since cAMP downregulation was mediated GPR109A-independently.  

With regard to these results, it can be assumed that NUA is involved in metabolic diseases such 

as obesity and T2D. Whether elevated serum NUA levels negatively affect these phenotypes or 

exhibit beneficial effects, representing a reactive compensation mechanism, is still elusive. In 

a planned in vivo study, a diet-induced obesity model with GPR109A+/+ and GPR109A-/- mice 

will give more insights into the pro-inflammatory or anti-inflammatory characteristics of NUA. 

A preliminary experiment proved that NUA is gastrointestinally absorbed after oral application. 

In the following study, oral treatment with NUA will show if obese mice exhibit alterations in 

markers of metabolic inflammation such as glucose levels and inflammatory parameters. The 

measurement of the adipose tissue specific hormone leptin might provide more information of 

changes in hypothalamic inflammation by NUA. 

In conclusion, data suggest that NUA represents an active metabolite rather than just a 

degradation product of NA. As NA metabolism is altered in obesity and T2D, it is of importance 

to get more insights into the inflammatory characteristics of NUA and its role in metabolic 

inflammation.
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9 Supplemental Information 

 

 

Figure S1: Immunohistochemical detection of microglia in hypothalamic tissue of RFP+/+ mice: 5µm 

hypothalamic tissue samples were stained with Iba1 monoclonal antibody (1:500); scale=250µm; This shows one 

representative example out of two experiments. 

 

Table S1: A high-fat diet (60% kcal from fat (lard)) (D12492) was used to induce obesity (DIO) in 

GPR109A+/+ and GPR109A-/- mice. This diet was modified by the exclusion of TRP and NA. 

Ingredient                                                       

Product number 

U HF, 0% Tryptophan, 0 ppm 

Niacin 

S8728-E714 
Corn starch, pre-gelatinized  % 12.000 

Maltodextrin  % 7.000 

Sucrose  % 18.450 

Cellulose powder  % 4.200 

L-Lysine HCl  % 1.800 

DL-Methionine  % 0.700 

L-Cystine  % 0.350 

L-Threonine % 0.900 

L-Tryptophan  % —— 

L-Arginine, free base  % 1.000 

L-Histidine, base  % 0.450 

L-Valine  % 0.900 

L-Isoleucine  % 0.820 

L-Leucine  % 1.200 

L-Phenylalanine  % 0.750 

L-Tyrosine  % 0.500 

Glycine  % 2.500 

L-Glutamic acid  % 3.000 

L-Glutamine  % 1.000 

L-Aspartic acid  % 0.350 

L-Asparagine  % 1.000 

L-Proline  % 0.400 

L-Serine  % 0.350 

L- Alanine  % 0.400 

Vitamin premix  % 1.000 



Supplemental Information 

107 
 

Mineral & trace element premix  % 3.500 

Niacin  % —— 

Na bicarbonate  % 0.200 

Calcium phosphate, dibasic  % 0.400 

Choline Cl  % 0.250 

Soybean oil  % 1.000 

Pork lard 1)  % 18.000 

Palm oil 1)  % 16.000 

Dye [yellow / green]  % 0.030 

   

Proximate contents   
Crude protein (AA, N x 6.25)  % 16.2 

Crude fat  % 35.0 

Crude fibre  % 4.2 

Crude ash  % 3.7 

Starch  % 11.5 

Sugar  % 19.4 

Dextrin  % 6.9 

Lysine  % 1.40 

Methionine  % 0.68 

Cystine  % 0.35 

Threonine  % 0.88 

Tryptophan  % —– 

Niacin  mg/kg —– 

Calcium  % 0.65 

Phosphorus  % 0.40 

Sodium  % 0.19 

Magnesium  % 0.08 

Potassium  % 0.52 

Fatty acids   

C 12:0 % 0.04 

C 14:0 % 0.39 

C 16:0 % 11.47 

C 18:0 % 3.20 

C 16:1 % 0.56 

C 18:1 % 14.08 

C 18:2 % 3.69 

C 18:3 % 0.26 

Energy (Atwater) 2)  MJ/kg 22.7 

Protein kcal% 12 

Fat kcal% 58 

Carbohydrates kcal% 30 

1) Fat sources can be exchanged or varied 

2) Physiological fuel value 

 

Table S2: Kinetic pre-experiment: Effects of 100µM NUA on NF-κB p50 protein expression in THP-1 cells 

after 30min, 2 h, 4 h, 8 h or 24 h: Raw data of densitometry for NF-κB p50 protein expression after 

normalization (GAPDH). 

NF-κB p50 100µM NUA 

Replication 30min 2h 4h 8h 24h 

Control V1 100 100 100 100 100 

Control V2 100 100 100 100 100 

100µM NUA V1 126.190 68.726 101.995 90.795 77.197 

100µM NUA V2 37.741 56.436 74.552 96.044 119.394 
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Table S3: Dose-response experiment: NF-κB p50 protein expression in THP-1 cells dependent on different 

doses of NUA (100µM, 500µM, 1mM, 5mM, 10mM) after 2h stimulation: Raw data of densitometry for NF-

κB p50 protein expression after normalization (GAPDH). 

NF-κB p50 2h  

Replication Control 100µM NUA 500µM NUA 1mM NUA 5mM NUA 10mM NUA 

V1 100 116.606 137.692 99.375 123.577 129.763 

V2 100 87.545 111.904 175.678 185.659 128.223 

V3 100 98.067 84.936 81.965 59.575 64.104 

V4 100 137.946 175.503 192.474 150.656 143.771 

 

Table S4: β-Arrestin1 phosphorylation, NF-κB p65 protein expression and phosphorylation in human 

primary monocytes after 100µM, 500µM NUA treatment (5min; 15min): Raw data of densitometry after 

normalization (β-Actin). 

 5 min 15 min 

p-βArrestin1   

Replication Control 100µM 

NA 

100µM 

NUA 

500µM 

NUA 

Control 100µM 

NA 

100µM 

NUA 

500µM 

NUA 

V1 100 418.012 245.041 703.443 100 0.000 19.737 38.180 

V2 100 32.536 35.101 83.512 100 135.437 9.497 10.756 

V3 100 427.015 664.460 1404.175 100 60.969 21.879 9.496 

V4 100 173.812 309.355 17.194 100 231.422 57.524 103.598 

NF-κB p65   

Replication Control 100µM 

NA 

100µM 

NUA 

500µM 

NUA 

Control 100µM 

NA 

100µM 

NUA 

500µM 

NUA 

V1 100 232.610 199.307 243.098 100 78.761 47.952 82.505 

V2 100 83.166 68.099 97.512 100 82.965 36.561 82.248 

V3 100 223.584 265.626 168.874 100 103.933 77.711 88.552 

V4 100 93.356 163.223 149.112 100 110.146 74.687 53.767 

V5 100 79.649 101.999 99.356 100 102.117 48.666 65.185 

p-NF-κB p65         

Replication Control 100µM 

NA 

100µM 

NUA 

500µM 

NUA 

Control 100µM 

NA 

100µM 

NUA 

500µM 

NUA 

V1 100 230.046 196.722 220.469 100 62.330 40.678 69.515 

V2 100 76.914 67.097 102.216 100 190.681 71.272 183.702 

V3 100 332.066 270.109 165.885 100 189.570 107.294 125.233 

V4 100 163.646 277.477 233.524 100 71.470 48.404 25.380 

V5 100 118.007 133.143 142.133 100 84.310 68.245 100.305 

 

 

Table S5: Phosphorylation of the MAPKs p38, ERK1/2 and JNK46/54 in human primary monocytes after 

100µM, 500µM NUA treatment (5min; 15min): Raw data of densitometry after normalization (β-Actin). 

 5 min 15 min 

p-p38   

Replication Control 100µM 

NA 

100µM 

NUA 

500µM 

NUA 

Control 100µM 

NA 

100µM 

NUA 

500µM 

NUA 

V1 100 288.230 250.679 309.850 100 83.053 63.953 93.321 

V2 100 89.720 79.316 117.973 100 69.304 25.996 84.694 

V3 100 360.517 215.649 234.635 100 95.170 105.665 129.106 

V4 100 102.272 527.219 172.802 100 65.562 54.010 36.247 

V5 100 98.026 93.221 110.130 100 124.533 81.717 97.246 

p-ERK1/2   

Replication Control 100µM 

NA 

100µM 

NUA 

500µM 

NUA 

Control 100µM 

NA 

100µM 

NUA 

500µM 

NUA 

V1 100 361.659 237.741 334.065 100 72.842 50.157 97.422 

V2 100 95.145 81.902 151.216 100 70.232 25.456 86.342 

V3 100 214.291 173.714 161.063 100 97.637 95.319 135.174 

V4 100 122.554 180.702 70.216 100 127.483 53.468 45.374 

V5 100 95.700 101.216 96.118 100 130.533 72.320 99.049 
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p-JNK46         

Replication Control 100µM 

NA 

100µM 

NUA 

500µM 

NUA 

Control 100µM 

NA 

100µM 

NUA 

500µM 

NUA 

V1 100 199.948 108.855 222.913 100 59.840 50.765 220.542 

V2 100 102.111 80.695 197.884 100 141.967 23.924 106.093 

V3 100 98.906 63.227 183.700 100 152.790 50.547 160.022 

V4 100 134.352 227.109 78.950 100 65.946 46.476 56.601 

p-JNK54         

Replication Control 100µM 

NA 

100µM 

NUA 

500µM 

NUA 

Control 100µM 

NA 

100µM 

NUA 

500µM 

NUA 

V1 100 181.848 157.026 341.169 100 71.248 65.243 136.797 

V2 100 118.968 176.607 166.930 100 80.834 32.785 59.384 

V3 100 134.219 91.845 230.100 100 118.525 70.341 153.948 

V4 100 50.739 127.174 81.269 100 25.811 59.452 22.846 

 

Table S6: Phosphorylation of Akt in human primary monocytes after 100µM, 500µM NUA treatment 

(5min; 15min): Raw data of densitometry after normalization (β-Actin). 

 5 min 15 min 

p-Akt   

Replication Control 100µM 

NA 

100µM 

NUA 

500µM 

NUA 

Control 100µM 

NA 

100µM 

NUA 

500µM 

NUA 

V1 100 188.742 257.093 409.733 100 112.557 63.593 49.957 

V2 100 89.309 74.379 133.236 100 46.834 13.773 71.912 

V3 100 218.301 114.096 57.618 100 10.141 17.587 98.097 

V4 100 73.217 310.009 78.861 100 64.197 36.930 30.868 

V5 100 32.961 84.344 110.642 100 127.352 93.714 71.249 

 

Table S7: Phosphorylation of AMPKα in human primary monocytes after 100µM, 500µM NUA treatment 

(5min; 15min): Raw data of densitometry after normalization (β-Actin). 

 5 min 15 min 

p-AMPKα   

Replication Control 100µM 

NA 

100µM 

NUA 

500µM 

NUA 

Control 100µM 

NA 

100µM 

NUA 

500µM 

NUA 

V1 100 254.267 203.699 334.764 100 94.828 56.473 98.577 

V2 100 95.122 54.054 87.412 100 97.612 24.418 129.145 

V3 100 518.719 349.871 261.340 100 105.688 89.923 168.610 

V4 100 104.146 432.336 91.215 100 20.357 52.440 26.056 

V5 100 52.213 40.815 54.830 100 74.460 49.120 45.737 
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