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Summary 
 

The intestinal barrier is crucial for health and disease. Studies suggest that intestinal 

barrier dysfunction plays a key role in metabolic diseases such as metabolic dys-

function-associated steatotic liver disease (MASLD) or type 2 diabetes. Increasing 

evidence indicates that dietary composition critically influences disease onset and 

progression. A so-called “Western-style” diet, high in saturated fats and sugars like 

fructose, promotes bacterial translocation and subsequently the risk for developing 

metabolic diseases. It also increases susceptibility to infections, though mecha-

nisms remain not fully understood. Hop-derived compounds have been shown to 

possess anti-inflammatory effects and could therefore have beneficial effects on in-

flammatory diseases, however, their impact in humans at nutritionally relevant 

doses remains not fully understood. This thesis focused on two main topics: 1) to 

determine how fructose contributes to the development of MASLD and infections 

and 2) if an oral supplementation of hop compounds affects immune response of 

human immune cells. Therefore, the following research questions were addressed 

in this thesis: 1) Through which mechanisms does fructose alter intestinal barrier 

function in the setting of MASLD? And are fructose-dependent changes in intestinal 

nitric oxide homeostasis critical herein? 2) Does dietary fructose intake alter Toll-

like receptor 2 (TLR2)-dependent immune responses in humans and if so, which 

are the underlying mechanisms? 3) Does the acute and long-term intake of hop 

compounds, like iso-α acids and xanthohumol, modulate lipoteichoic acid- and lipo-

polysaccharide-induced TLR2 and TLR4 inflammatory responses in human immune 

cells? Does this affect the course of upper respiratory tract infections? 
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The results of this dissertation have been published in peer-reviewed journals (Pub-

lication 1,2 and 3) or are currently in preparation for publication (Publication 4 and 

5). 

Research Question 1, Publication 1: Through which mechanisms does fruc-

tose alter intestinal barrier function in the setting of MASLD? And are fruc-

tose-dependent changes in intestinal nitric oxide homeostasis critical herein?  

To investigate the role of intestinal microbiota and barrier dysfunction in MASLD 

development, male C57BL/6J mice were fed a control diet or a fat- and fructose-rich 

diet (FFr) with or without antibiotic treatment for seven weeks. Hepatic steatosis 

development induced by the FFr diet was markedly attenuated by antibiotic treat-

ment, accompanied by undetectable faecal bacteria and TLR4 ligand levels being 

of the level of controls in the portal blood. In contrast, intestinal barrier dysfunction 

persisted in FFr-fed mice regardless of antibiotic administration. Ex vivo exposure 

to fructose increased intestinal permeability being related to lower tight junction pro-

tein levels irrespective of additional antibiotic treatment, while inhibition of inducible 

nitric oxide synthase (iNOS) reduced these effects. Overall, the findings indicate that 

intestinal barrier dysfunction in diet-induced MASLD is primarily driven by fructose-

induced disturbances in intestinal nitric oxide (NO) homeostasis rather than by 

changes in intestinal microbiota. 

Research Question 2, Publication 2: Does dietary fructose intake alter Toll-like 

receptor 2 (TLR2)-dependent immune responses in humans and if so, which 

are the underlying mechanisms?  

The effects of dietary fructose intake on Gram-positive bacterial toxin-induced im-

mune responses were examined in a dietary intervention study combined with ex 

vivo Caco-2 cell culture and primary immune cell experiments. Healthy volunteers 

consumed a beverage containing either fructose or maltodextrin (glucose control). 

Monocytes were subsequently isolated and stimulated ex vivo with lipoteichoic acid 
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(LTA), a cell wall component of Gram-positive bacteria. Intake of the fructose-con-

taining beverage significantly enhanced LTA-induced inflammatory responses of 

monocytes compared with maltodextrin consumption. Furthermore, inhibition of 

fructose metabolism and blockade of the transcription factor specificity protein 1 

(SP1) attenuated fructose-induced TLR2 mRNA expression and cytokine release. 

Taken together, these findings suggest that fructose-dependent metabolic altera-

tions may be critical in enhancing innate immune responsiveness in humans after 

fructose consumption. 

Research Question 3, Publication 3, 4 and 5: Does the acute and long-term 

intake of hop compounds, like iso-α acids and xanthohumol, modulate lipo-

teichoic acid- and lipopolysaccharide-induced TLR2 and TLR4 inflammatory 

responses in human immune cells? Does this affect the course of upper res-

piratory tract infections?  

To assess whether an iso-α acids (IAA)-rich hop extract affects the lipopolysaccha-

ride (LPS)- and LTA-dependent immune responses, respectively, in healthy hu-

mans, monocytes were isolated between 0 and 6 hours after ingestion of different 

IAA doses by female participants. Cells were stimulated with LPS and LTA, respec-

tively, for 6 hours, identifying 15 mg IAA as the optimal dose. In a subsequent ran-

domized, placebo-controlled crossover study, including male and female volunteers, 

intake of 15 mg IAA resulted in significantly lower interleukin-6 (IL-6) and interleukin-

1ß (IL-1ß) secretion in peripheral blood mononuclear cells (PBMCs) after LTA and 

LPS stimulation compared to placebo. Mechanistic experiments demonstrated that 

IAA suppressed c-Jun N-terminal kinase (JNK)-mediated inflammatory signalling 

without affecting TLR2 activation, while TLR4-dependent signalling pathways were 

inhibited. These findings support the hypothesis that a single low dose of IAA can 

modulate inflammatory responses in immune cells of healthy humans (Publication 

3 and 4).  
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As the studies of the own group suggested that xanthohumol may have anti-inflam-

matory effects on LTA and LPS immune response, acute and long-term human in-

tervention studies were investigated. Acute dose-response experiments in healthy 

men and women revealed that xanthohumol reduced LPS-induced cytokine release. 

Based on these findings, a 90-day randomized, placebo-controlled study was con-

ducted in female volunteers receiving 0.75 mg xanthohumol or a placebo twice daily. 

The long-term intake was related with a significant decrease in symptom burden 

during cold episodes. Specifically, the duration of symptoms per cold infection and 

the area under the curve of symptom scores were significantly lower following xan-

thohumol supplementation in comparison to placebo (Publication 5). 

 

Taken together, results of the first part of this present thesis indicate that intestinal 

barrier dysfunction and immune response of monocytes are both affected directly 

by fructose. In a mouse model of fructose- and fat-induced MASLD, hepatic steato-

sis was associated with increased TLR4 ligand translocation. Antibiotic treatment 

prevented this effect despite persistent barrier impairment, suggesting that fructose-

induced intestinal NO disruption is a key driver of disease development. Human 

studies further show that dietary fructose enhances innate immune responsiveness 

through TLR2 signalling. The second part of the thesis suggests that hop-derived 

compounds such as IAA (15 mg) and xanthohumol (0.75 mg) may dampen TLR2- 

and TLR4-dependent inflammatory responses in humans, indicating that dietary bi-

oactive compounds found in foods and beverages can modulate immune signalling 

pathways, even at concentrations found in human nutrition. However, further mech-

anistic and long-term human intervention studies are required to fully elucidate the 

underlying pathways and clinical relevance.  
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Zusammenfassung  

Eine intakte Darmbarriere ist entscheidend für Gesundheit und Krankheit. Studien 

deuten darauf hin, dass eine Funktionsstörung der Darmbarriere eine Schlüsselrolle 

bei Stoffwechselerkrankungen wie der metabolisch dysfunktionsassoziierte steato-

tischen Lebererkrankung (MASLD) oder Typ-2-Diabetes spielt. Immer mehr Hin-

weise deuten darauf hin, dass die Zusammensetzung der Ernährung einen ent-

scheidenden Einfluss auf das Auftreten und Fortschreiten von Krankheiten hat. Eine 

sogenannte „westliche Ernährung“, die reich an gesättigten Fetten und Zuckern wie 

Fruktose ist, begünstigt die bakterielle Translokation und damit das Risiko für die 

Entstehung von Stoffwechselerkrankungen. Sie erhöht auch die Anfälligkeit für In-

fektionen, wobei die zugrunde liegenden Mechanismen noch nicht vollständig ver-

standen sind. Aus Hopfen gewonnene Verbindungen zeigen entzündungshem-

mende Wirkungen und könnten daher positive Auswirkungen auf entzündliche Er-

krankungen haben, jedoch ist ihre Wirkung beim Menschen in ernährungsrelevan-

ten Dosen noch nicht vollständig geklärt. Diese Arbeit konzentriert sich auf zwei 

Hauptthemen, um zu bestimmen, 1) wie Fruktose zur Entwicklung von MASLD und 

Infektionen beiträgt und 2) ob eine orale Supplementierung mit Hopfenverbindun-

gen die Immunantwort in menschlichen Immunzellen beeinflusst. Daher wurden in 

dieser Arbeit die folgenden Forschungsfragen behandelt: 1) Über welche Mecha-

nismen verändert Fruktose die Darmbarrierefunktion bei MASLD? Und spielen 

fruktoseabhängige Veränderungen der Stickstoffmonoxid-Homöostase im Darm da-

bei eine entscheidende Rolle? 2) Verändert die Aufnahme von Fruktose über die 

Nahrung die Toll-like Rezeptor 2 (TLR2) -abhängigen Immunreaktionen beim Men-

schen und wenn ja, welche Mechanismen liegen dem zugrunde? 3) Moduliert die 

akute und langfristige Aufnahme von Hopfenverbindungen, wie Iso-α Säuren und 
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Xanthohumol, die durch Lipoteichonsäure und Lipopolysaccharide ausgelösten 

TLR2- und TLR4- Entzündungsreaktionen in menschlichen Immunzellen? Hat dies 

Auswirkungen auf den Verlauf von Infektionen der oberen Atemwege? 

Die Ergebnisse dieser Dissertation sind entweder in peer-reviewed Fachzeitschrif-

ten publiziert (Publikation 1, 2 und 3) oder befinden sich derzeit in Vorbereitung zur 

Veröffentlichung (Publikation 4 und 5). 

Forschungsfrage 1, Publikation 1: Über welche Mechanismen verändert 
Fruktose die Darmbarrierefunktion bei MASLD? Und spielen fruktoseabhän-
gige Veränderungen der Stickstoffmonoxid-Homöostase im Darm dabei eine 
entscheidende Rolle?  

Um die Rolle der Darmmikrobiota und der Barrierestörung bei der Entwicklung einer 

MASLD zu untersuchen, wurden männliche C57BL/6J-Mäuse sieben Wochen lang 

mit einer Kontrolldiät oder einer fett- und fruktosereichen Diät (FFr) mit oder ohne 

Antibiotikabehandlung gefüttert. Die durch die FFr-Diät induzierte Lebersteatose 

wurde durch die Antibiotikabehandlung deutlich abgeschwächt, begleitet von nicht 

nachweisbaren Bakterien und TLR4-Ligandenwerten im portalen Blut die auf dem 

Niveau der Kontrollgruppe lagen. Im Gegensatz dazu blieb die Darmbarrierefunkti-

onsstörung bei den mit FFr gefütterten Mäusen unabhängig von der Antibiotikagabe 

bestehen. Die ex vivo Exposition gegenüber Fruktose erhöhte die Darmpermeabili-

tät und reduzierte Tight-Junction Proteine unabhängig von Antibiotika, während die 

Hemmung von induzierbarer Stickstoffmonoxid-Synthase (iNOS) diese Effekte ab-

schwächte. Insgesamt deuten die Ergebnisse darauf hin, dass die Darmbarrierestö-

rung bei der ernährungsbedingten MASLD in erster Linie durch fruktoseinduzierte 

Störungen der Stickstoffmonoxid (NO)-Homöostase im Darm und weniger durch 

Veränderungen der Darmmikrobiota verursacht wird. 
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Forschungsfrage 2, Publikation 2: Verändert die Aufnahme von Fruktose über 

die Nahrung die Toll-like Rezeptor 2 (TLR2) -abhängigen Immunreaktionen 

beim Menschen und wenn ja, welche Mechanismen liegen dem zugrunde?  

Um die Effekte der Fruktoseaufnahme auf die durch Zellwandbestandteile von 

Gram-positiven Bakterien induzierte Immunantwort zu untersuchen, wurde eine Er-

nährungsinterventionsstudie im Crossover-Design durchgeführt, ergänzt durch ex 

vivo Experimente im Caco-2-Zellkulturmodell sowie mit Primärzellen. Gesunde Pro-

banden konsumierten ein Getränk, das entweder Fruktose oder Maltodextrin (Glu-

kosekontrolle) enthielt. Anschließend wurden Monozyten isoliert und ex vivo mit Li-

poteichonsäure (LTA), ein Bestandteil der Zellwand grampositiver Bakterien, stimu-

liert. Die Aufnahme des fruktosehaltigen Getränks führte im Vergleich zu Maltodext-

rin zu einer signifikant verstärkten LTA-induzierten inflammatorischen Antwort der 

Monozyten. Darüber hinaus schwächten sowohl die Hemmung des Fruktosestoff-

wechsels als auch die Blockade des Transkriptionsfaktors Specificity Protein 1 

(SP1) die fruktoseinduzierte TLR2-mRNA-Expression sowie die Zytokinfreisetzung 

ab. Zusammenfassend deuten diese Ergebnisse darauf hin, dass fruktoseabhän-

gige metabolische Veränderungen entscheidend für die Verstärkung der angebore-

nen Immunreaktion beim Menschen nach Fruktosekonsum sein könnten. 

Forschungsfrage 3, Publikation 3, 4 und 5: Moduliert die akute und langfristige 

Aufnahme von Hopfenverbindungen, wie Iso-α Säuren und Xanthohumol, die 

durch Lipoteichonsäure und Lipopolysaccharide ausgelösten TLR2- und 

TLR4- Entzündungsreaktionen in menschlichen Immunzellen? Hat dies Aus-

wirkungen auf den Verlauf von Infektionen der oberen Atemwege? 

Um zu beurteilen, ob ein Iso-α Säuren (IAA)-reicher Hopfenextrakt die Lipopolysac-

charid- (LPS)- und LTA-abhängige Immunantwort bei gesunden Menschen beein-

flusst, wurden Monozyten zwischen 0 und 6 Stunden nach der Einnahme unter-

schiedlicher IAA-Dosen von weiblichen Probanden isoliert. Die Zellen wurden je-

weils 6 Stunden lang mit LPS oder LTA stimuliert, wobei 15 mg IAA als optimale 
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Dosis ermittelt wurde. Anschließend führte die Einnahme von 15 mg IAA in einer 

randomisierten, placebokontrollierten Crossover-Studie mit männlichen und weibli-

chen Probanden zu einer signifikant geringeren Interleukin-6- (IL-6)- und Interleu-

kin-1ß- (IL-1ß)-Sekretion in peripheren mononukleären Blutzellen (PBMCs) nach ei-

ner LTA- oder LPS-Stimulation im Vergleich zu Placebo. Ergänzende in vitro Expe-

rimente zeigten, dass IAA die durch c-Jun N-terminale Kinase (JNK) vermittelte Ent-

zündungssignalübertragung unterdrückte, ohne die TLR2-Aktivierung zu beeinflus-

sen, während der TLR4-abhängige Signalweg gehemmt wurde. Diese Ergebnisse 

stützen die Hypothese, dass eine einzelne niedrige Dosis IAA die Entzündungsre-

aktionen in den Immunzellen gesunder Menschen modulieren kann (Publikation 3 

und 4).  

Da die Studien der eigenen Gruppe darauf hindeuten, dass Xanthohumol entzün-

dungshemmende Wirkungen auf die Immunantwort nach LTA bzw. LPS-Stimulation 

hat, wurden diese Effekte in akuten und langfristigen Humaninterventionsstudien 

untersucht. Akute Dosis-Wirkungs-Experimente bei gesunden Frauen und Männern 

zeigten, dass Xanthohumol die LPS-induzierte Zytokinfreisetzung reduzierte. Auf 

der Grundlage dieser Ergebnisse wurde eine 90-tägige randomisierte, placebokon-

trollierte Studie mit weiblichen Probanden durchgeführt, welche zweimal täglich 

0,75 mg Xanthohumol oder ein Placebo erhielten. Die langfristige Einnahme ging 

mit einer signifikanten Verringerung der Symptombelastung während Erkältungs-

phasen einher. Konkret waren die Symptomdauer pro Erkältungsinfektion und die 

Fläche unter der Kurve der Symptomschwere nach einer Xanthohumol-Supplemen-

tierung im Vergleich zur Placebo-Gruppe signifikant geringer (Publikation 5). 
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Insgesamt deuten die Ergebnisse des ersten Teils dieser Arbeit darauf hin, dass 

sowohl die Funktionsstörung der Darmbarriere als auch die Immunantwort der Mo-

nozyten direkt durch Fruktose beeinflusst werden. In einem Mausmodell für 

fruktose- und fettinduzierte MASLD war die Lebersteatose mit einer erhöhten 

Translokation von TLR4-Liganden verbunden. Eine Antibiotikabehandlung verhin-

derte diesen Effekt trotz anhaltender Beeinträchtigung der Barriere, was darauf hin-

deutet, dass die durch Fruktose induzierte Störung des intestinalen NO-Haushalts 

ein wesentlicher Treiber der Krankheitsentwicklung ist. Studien am Menschen zei-

gen zudem, dass Fruktose aus der Nahrung die Reaktionsfähigkeit des angebore-

nen Immunsystems über die TLR2-Signalübertragung verstärkt. Der zweite Teil der 

Arbeit legt nahe, dass aus Hopfen gewonnene Verbindungen wie IAA (15 mg) und 

Xanthohumol (0,75 mg) TLR2- und TLR4-abhängige Entzündungsreaktionen beim 

Menschen dämpfen können. Dies deutet darauf hin, dass bioaktive Verbindungen 

in Lebensmitteln und Getränken die Immunsignalwege modulieren können, selbst 

in Konzentrationen, wie sie in der menschlichen Ernährung vorkommen. Es sind 

jedoch weitere mechanistische und langfristige Interventionsstudien am Menschen 

erforderlich, um die zugrunde liegenden Signalwege und die klinische Relevanz voll-

ständig aufzuklären. 
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1. Introduction 
 

1.1.     The gut-liver axis and innate immune activation 
 

1.1.1. The intestinal barrier as a regulator of gut-liver communication 

The term gut-liver axis refers to the close interaction between the intestine and the 

liver, which also involves a complex interplay between the gut barrier, the gut micro-

biome and the immune system1. The intestinal barrier acts here as a selective filter 

that allows the uptake of nutrients while simultaneously preventing toxic environ-

mental substances, pathogens and pathogen-associated molecular patterns 

(PAMPs) from entering the systemic circulation2. Structurally, the intestinal barrier 

consists of three major components: the mucus layer, a single layer of epithelial 

cells, and the underlying lamina propria containing various immune cells (see Figure 

1)3,4. The mucus layer comprises an outer microbiota-colonized layer and an inner 

sterile layer4. Specialized epithelial cells include mucus-producing goblet cells, an-

timicrobial peptide-secreting Paneth cells, enteroendocrine cells regulating gut 

physiology, intestinal stem cells responsible for epithelial renewal, as well as den-

dritic cells and M cells involved in antigen sampling and transcytosis4. The mucus 

layer limits direct contact between the epithelium and luminal microorganisms and 

pathogens, while epithelial tight junctions regulate paracellular permeability4 and 

represent critical, dynamically regulated determinants of intestinal barrier function5. 

Despite highly specialized epithelial and vascular barriers that tightly regulate 

transport across the intestinal mucosa, microbial products, antigens and even bac-

teria can translocate into the portal circulation6-8. In this context, excessive nitric 

oxide (NO) produced by inducible nitric oxide synthase (iNOS) during inflammation, 

directly impairs intestinal barrier integrity by disrupting tight junctions and promoting 

epithelial cell apoptosis, thereby facilitating PAMPs translocation9.  
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Figure 1: Schematic illustration of an intact intestinal barrier 
The intestinal barrier consists of microbiota, the mucus layer, a single layer of epithelial cells 
and the lamina propria. The lamina propria contains various cells of the innate and adaptive 
immune system, including macrophages as well as T- and B-cells. The epithelial layer is 
composed of absorptive enterocytes as well as several specialised cell types, such as mu-
cus-producing goblet cells, enteroendocrine cells, stem cells as well as Paneth cells. Tight 
junctions with selectively permeable transport proteins within the epithelial layer regulate 
paracellular permeability. The mucus layer is further supported and complemented by the 
intestinal microbiota. Modified from Bergheim and Moreno-Navarrete5 and Di Sabatino et 

al.4. Figure created with BioRender.  

 

The portal vein thereby represents the central connection between the intestine and 

the liver, transporting nutrients as well as microbial-derived products directly to the 

liver10,11. Furthermore, some evidence suggests that the disruption of the gut-liver 

axis (e.g. through an unhealthy diet or overweight) alters the balance between im-

mune activation and tolerance, and the resulting immune deficiency contributes sig-

nificantly to the pathogenesis and progression of liver diseases, particularly meta-

bolic dysfunction-associated steatotic liver disease (MASLD)12. 
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1.1.2. Innate immune activation by pathogen-associated molecular patterns  

Disruption of the intestinal barrier allows microbial components, including lipopoly-

saccharide (LPS) from Gram-negative bacteria and lipoteichoic acid (LTA) from 

Gram-positive bacteria, collectively referred to as PAMPs, to translocate via the por-

tal vein into the systemic circulation, where they can trigger pro-inflammatory sig-

nalling pathways (see Figure 2)13.  

 

Figure 2: Schematic illustration of Toll-like receptor 2 and 4 signalling path-
ways 
LPS binds to LBP and is transferred to CD14, facilitating its interaction with TLR4.This 
causes the release of pro-inflammatory cytokines via MyD88. After binding to CD14, LTA 
can be recognized by TLR2 which is mostly present as a heterodimer (with TLR1 or TLR6). 
Recognition of TIRAP associated with TLR2 leading to the recruitment of MyD88 and acti-
vation of the downstream signalling pathway. CD14: Cluster of differentiation 14; IL: Inter-
leukin; IRAK1: Interleukin 1 receptor associated kinase 1; IRAK4: Interleukin 1 receptor 
associated kinase 4; JNK: C-Jun N-terminal kinase; LBP: LPS-binding protein; LPS: Lipo-
polysaccharide; LTA: Lipoteichoic acid; MD-2: Myeloid differentiation protein 2; MyD88: My-
eloid differentiation factor 88; NfkB: Nuclear factor kappa B; TIRAP: Toll/interleukin-1 re-
ceptor domain containing adaptor protein; TLR: Toll-like receptor; TNF: Tumor necrosis fac-
tor; TRAF6: Tumor necrosis factor receptor associated factor 6. Modified from Chen et al.14 
and Mansouri et al.15. Figure created with BioRender.  
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PAMPs can be recognized through Pattern recognition receptors (PRRs) which play 

a central role in innate immune responses and are expressed by various immune 

and non-immune cell types, including macrophages, neutrophils, dendritic cells, fi-

broblasts and epithelial cells16,17. Among PRRs, Toll-like receptor 4 (TLR4) is the 

most extensively studied member of the TLR family and is primarily activated by 

LPS, a structural component of the outer cell membrane of Gram-negative bacteria 

such as Enterobacteriaceae18. Studies in rodents and humans indicate that the ac-

tivation of TLRs and particularly TLR4, plays a critical role in the onset and progres-

sion of MASLD19,20. LPS is released during bacterial lysis and consists of three 

structural domains: the O antigen, the core polysaccharide and lipid A, which repre-

sents the biologically active endotoxin21. While still under debate, studies suggest 

that LPS can be recognized by TLR4 after binding to LPS-binding protein (LBP) and 

subsequent transfer to the co-receptor cluster of differentiation 14 (CD14)22. This 

complex facilitates the interaction of LPS with the TLR4/MD-2 heterodimer, thereby 

initiating intracellular signalling cascades23,24. 

Downstream signalling involves recruitment of the adaptor protein myeloid differen-

tiation factor 88 (MyD88), leading to activation of interleukin 1 receptor-associated 

kinase 4 (IRAK4)25. IRAK4 subsequently phosphorylates interleukin 1 receptor as-

sociated kinase 1 (IRAK1) and leads to the formation of the MyD88-IRAK4-IRAK1 

complex14,15,26. Subsequently, tumor necrosis factor receptor associated factor 6 

(TRAF6) is activated, which results in the translocation of the transcription factor 

nuclear factor kappa B (NfkB) to the nucleus27,28. Activation of this pathway stimu-

lates the innate immune response and induces the expression of pro-inflammatory 

cytokines, including tumor necrosis factor-α (TNF–α), interleukin-1β (IL-1β) and in-

terleukin-6 (IL-6)29. In parallel, TRAF6-dependent activation of p38 and c-Jun N-
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terminal kinase (JNK) pathways further contributes to inflammatory cytokine produc-

tion30,31. 

In addition to TLR4, TLR2 plays a key role in the recognition of Gram-positive bac-

terial components like LTA32,33. Following binding to CD14, LTA is recognized by 

TLR2, resulting in recruitment of the adaptor protein Toll/interleukin-1 receptor do-

main containing adaptor protein (TIRAP) leading to the recruitment of MyD8834. This 

initiates downstream signalling pathways similar to those activated by TLR4 (see 

Figure 2)35. 

Recognition of PAMPs through TLRs activates innate immune signalling pathways, 

resulting in the release of pro-inflammatory cytokines such as IL-6 and IL-1β, along 

with other inflammatory mediators36. These early immune reactions are part of the 

innate immune system, which serves as the first line of defense against patho-

gens37. The human immune system is divided into the innate (non-specific) and 

adaptive (specific) immune system37. The innate defense includes the physical bar-

riers of the skin and mucous membranes, as well as immune cells and the release 

of soluble mediators such as cytokines and acute-phase proteins38. After pathogens 

crossing the physical barrier, innate immune responses are rapidly initiated. Patho-

gens may be eliminated through phagocytosis or processed and presented as anti-

gens, thereby triggering activation of the adaptive immune system38. Leukocytes 

represent the cellular basis of immune defense and include granulocytes and pe-

ripheral blood mononuclear cells (PBMCs)37. The latter comprising lymphocytes, 

monocytes and dendritic cells37,39. Within this compartment, lymphocytes mediate 

humoral and cell-mediated immune response, while monocytes and dendritic cells 

function as key sensors of microbial-derived signals. Monocytes circulate as precur-

sors of tissue macrophages and contribute to host defense through phagocytosis 
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and cytokine production40-42. The regulation of cytokine production by monocytes is 

a key factor in determining the severity of symptoms, the duration of the illness and 

the overall burden of disease in upper respiratory tract infections43,44 

 

1.2. Diet, intestinal barrier integrity and bacterial infections 
 

1.2.1. Bacterial infections and innate immune responses 

Despite the widespread availability of antibiotic treatments, even in poorer regions, 

bacterial infections are still among the leading causes of death worldwide and con-

stitute a major global health concern45. In 2019, approximately 7.7 million deaths 

were associated with 33 bacterial pathogens, making them the second leading 

cause of death globally46. Five pathogens accounted for more than 500,000 deaths, 

including the Gram-positive bacterium Staphylococcus aureus, which caused the 

highest number of deaths in people older than 15 years46. Another major pathogen 

is the Gram-negative bacterium Escherichia coli, which represents a leading cause 

of bloodstream, urinary tract and intra-abdominal infections worldwide47. Over the 

past 30 years, resistance to Gram-negative bacterial infections has increased dra-

matically45. Globally, it is estimated that by 2050, 1.9 million deaths will be attributed 

to antimicrobial resistance (AMR) (see Figure 3)45.  
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Figure 3: Deaths attributable to antimicrobial resistance by age groups, 
1990-2050 
The overall forecasted death numbers attributable to AMR show opposite trends by age. 
AMR deaths in children younger than 5 years are decreasing, deaths of people 70 years 
and older will increase. AMR: antimicrobial resistance. Modified from GBD Antimicrobial 
Resistance Collaborators45. Figure created with BioRender.  
 

Bacterial virulence factors, including cell wall components of Gram-negative (e.g. 

LPS) and Gram-positive bacteria (e.g. LTA), critically contribute to infection severity 

by inducing inflammatory responses and immune dysregulation48-50. In the context 

of increasing AMR, understanding host immune responses to bacterial virulence 

factors has become increasingly important for the development of alternative thera-

peutic strategies, particularly as the burden of AMR-related deaths is expected to 

grow in the elderly population51. 

 

1.2.2. Fructose-induced intestinal barrier dysfunction and immune dysregu-

lation 

In recent years, alterations of the intestinal barrier as well as changes in gut micro-

biota composition have increasingly been discussed as key modulators of human 
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health52,53. Studies have shown that diet composition is a major modulating factor 

of the intestinal barrier and microbiota54,55. In particular, a diet characterized by en-

ergy-dense, nutrient-poor and highly processed foods and beverages and therefore 

rich in saturated fats and sugars and low in fiber, is considered a risk factor for the 

development of non-communicable diseases (NCDs) such as overweight and obe-

sity56, type 2 diabetes57,58, high blood pressure59 and cardiovascular disease60,61, as 

well as cancer62,63 and MASLD64. This dietary pattern is often referred to as the 

“Western-style” diet and is also discussed as one of the key modulators of the in-

testinal barrier, microbiota composition and disease development65.  

“Western-style” diets are typically characterized by high intakes of processed foods, 

saturated fats, and added sugars, particularly through sugar-sweetened beverages, 

processed foods and sweets66,67. Excessive sugar consumption has been linked to 

an increased incidence of NCDs including type 2 diabetes68, cardiovascular dis-

ease69 and cancer70,71. The increasing global prevalence of NCDs linked to exces-

sive sugar consumption constitutes a major public health challenge, accounting for 

approximately 35 million deaths each year72. Studies further show that chronic con-

sumption of a “Western-style” diet not only increases the risk for NCDs, but also the 

susceptibility for infectious diseases by inducing low-grade inflammation and impair-

ing effective immune response73,74.  

In the following, present knowledge on the effects of sugar and especially fructose 

on intestinal barrier is summarized. Experimental studies in rodents demonstrate 

that dietary sugars not only modulate gut microbial composition but also impair in-

testinal barrier function by disrupting tight junction integrity20,75. Notably, fructose 

appears to exert more pronounced detrimental effects on the intestinal barrier com-

pared to other monosaccharides76-78. Bergheim et al. showed that fructose-induced 
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barrier dysfunction was absent when fructose was replaced by glucose, indicating 

sugar-specific effects on intestinal permeability76. These differences may be ex-

plained by the distinct intestinal uptake and insulin-independent metabolism of fruc-

tose in enterocytes, which bypasses key regulatory steps of glycolysis and thereby 

alters intracellular signalling compared to glucose79,80.  

Although the underlying mechanisms are not yet fully understood, increasing evi-

dence suggests that alterations in intestinal NO homeostasis may contribute to fruc-

tose-induced barrier dysfunction81,82. NO is a key signalling molecule in the gastro-

intestinal tract, where it plays a dual role in maintaining mucosal homeostasis but 

can also promote tissue damage when produced in excess83. Its production is tightly 

regulated by the availability of the substrate L-arginine, which is metabolized by both 

nitric oxide synthases (NOS) and arginases84. While NOS converts L-arginine to 

NO, arginase competes for the same substrate and thereby limits NO production85. 

Consequently, an imbalance between these pathways can lead to dysregulated NO 

levels and impaired epithelial function85. 

Fructose-rich diets have been shown to alter intestinal permeability and NO-home-

ostasis86. Previous studies from our group demonstrated that fructose intake in-

creases intestinal NO production while simultaneously reducing arginase activity, 

resulting in an imbalance in NO regulation86,87. These studies further suggest that 

elevated NO levels are associated with structural alterations of tight junction proteins 

and increased epithelial permeability, thereby contributing to intestinal barrier dys-

function86,87.  

In industrialized countries, metabolic diseases such as MASLD and type 2 diabetes 

are associated not only with metabolic complications but have also been proposed 

with increased susceptibility to infections, a more severe disease course and higher 
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infection-related mortality compared to metabolically healthy individuals88,89. Fruc-

tose metabolism additionally promotes uric acid production and oxidative stress, 

which may further exacerbate metabolic and inflammatory disturbances (for over-

view see82). Chronic low-grade inflammation has been proposed to impair liver in-

tegrity and immune function, thereby contributing to immune dysregulation89. How-

ever, the underlying mechanisms linking metabolic disease and altered immune re-

sponses remain incompletely understood. In this context, diet-induced intestinal bar-

rier dysfunction and subsequent bacterial translocation may represent a critical link.  

Together, these findings indicate that fructose acts as a potent dietary modulator of 

intestinal barrier integrity, innate immune activation and bacterial translocation, 

thereby influencing host susceptibility to bacterial infections. 

 

1.3. Hop compounds as modulator of inflammation and infection in human 
health 

 

Nutritional compounds play an important role in the modulation of inflammation and 

immune responses, contributing to the prevention and management of infectious 

and inflammatory diseases. A wide range of nutritional compounds has been shown 

to affect immune pathways through immunomodulatory and antimicrobial mecha-

nisms90. Despite promising evidence, their clinical application remains complex and 

requires further investigation.  

Hop (humulus lupulus) and hop-derived compounds have been used in humans for 

centuries, both in brewing and traditional medicine, for the treatment of various dis-

orders, including inflammation, infections, sleep disturbances and gastrointestinal 

complaints (e.g. mild abdominal pain, bloating or nausea) 91. Traditionally, hop cones 

were applied as mild sedatives and bitter agents to stimulate gastric function, effects 

that have largely been attributed to hop resins92. In recent years, hop-derived 
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compounds have attracted increasing scientific interest due to their potential im-

munomodulatory, anti-inflammatory and antimicrobial properties93. 

The major bioactive constituents of ripe hop cones include bitter acids, terpenes and 

prenylated flavonoids, particularly the chalcone xanthohumol94,95. Bitter acids are 

classified into α-acids and β-acids, with β-acids containing an additional prenyl 

group. The concentrations of β-acids, along with xanthohumol, increase during mat-

uration, highlighting their biological relevance for the plant96-98. 

 

1.3.1. Iso-α acids in inflammation and infection 

The antibacterial properties of hop-derived compounds have mainly been attributed 

to iso-α acids (IAA) and the prenylated flavonoid xanthohumol99-101. IAA are hydro-

phobic derivates of α-acids formed during the isomerization of humulone (see Figure 

4)102. Their antimicrobial activity has been related to hydrophobic interactions with 

bacterial cell walls and membranes, resulting in membrane disruption and enhanced 

antibacterial efficacy99,100. 

 

Figure 4: Isomerization of α acids found in hop to iso-α acids  
Modified from Laurent et al.103. Figure created with BioRender. 
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IAA are rapidly absorbed in humans in a concentration-dependent manner and have 

been shown to partially reduce hepatic lipid accumulation and inflammatory pro-

cesses104. Human intervention studies have demonstrated that, following ingestion 

of IAA through beer consumption, plasma concentrations increase rapidly, reach 

peak levels approximately 30-60 minutes after intake and decline within approxi-

mately six hours, although their metabolic pathways remain incompletely character-

ized105,106. Despite these promising findings, it remains unclear whether the 

amounts of IAA achievable through nutritional doses in commercially available prod-

ucts, including non-alcoholic beers, are sufficient to achieve clinically relevant im-

munomodulatory or anti-inflammatory effects. Most studies demonstrating antimi-

crobial effects used relatively high concentrations or were conducted in rodent mod-

els104,107,108. 

 

1.3.2. Xanthohumol in inflammation and infection 

Xanthohumol, the most abundant prenylated chalcone in hops, represents another 

major bioactive hop compound. It is localized in the lupulin glands of hop cones and 

contributes approximately 0.1–1% to the dry weight of hop cones109,110.  

During wort boiling xanthohumol is largely isomerized to isoxanthohumol (see Fig-

ure 5), and consequently, beer typically contains up to approximately 3 mg/l of iso-

xanthohumol and around 1 mg/l of xanthohumol, depending primarily on the amount 

and composition of hops used95,111. Xanthohumol is rapidly absorbed in a concen-

tration-dependent manner, with peak plasma levels occurring approximately one 

hour after ingestion112,113.  

Studies suggest that xanthohumol exhibits a broad range of pharmacological activ-

ities. In vitro and in vivo studies have demonstrated effects against Gram-positive 



Introduction 

 
 

13 

bacteria, including Staphylococcus aureus and Streptococcus mutans114,115. More-

over, antiviral116, antifungal117 and antiparasitic118 activies have been reported. In 

addition, in vitro studies have shown that xanthohumol suppresses the expression 

of iNOS, NO, interferon-γ and other pro-inflammatory mediators in macro-

phages119,120, as well as exerting antifibrotic effects in hepatic stellate cells121. How-

ever, many of these effects have been observed at pharmacological doses substan-

tially higher than those achievable through dietary intake. Notably, Jung et al. 

demonstrated that even low, nutritionally relevant doses of xanthohumol, derived 

from a xanthohumol-rich hop extract, can attenuate inflammatory responses in hu-

man immune cells as early as one hour after ingestion122,123. However, evidence 

regarding long-term effects and the impact on disease development in humans is 

still lacking. 

Notably, both IAA and xanthohumol exhibit favorable safety profiles in preclinical 

studies107,124,125. Nevertheless, further research is required to determine whether 

nutritionally relevant doses, such as those obtained through moderate beer con-

sumption, are sufficient to induce clinically meaningful anti-infective or immunomod-

ulatory effects in humans and to clarify potential interindividual differences in re-

sponse.  

 

Figure 5: Isomerization of xanthohumol found in hop to iso-xanthohumol 
Modified from Magalhaes et al.126. Figure created with BioRender. 
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1.4. Research question and objective of the dissertation 
 

The aim of this dissertation was to investigate nutrition-dependent effects of fructose 

on intestinal barrier function, innate immune responses, and the development of 

MASLD, as well as the potential immunomodulatory effects of the hop-derived com-

pounds IAA and xanthohumol at nutritionally relevant concentrations. The following 

research questions were addressed: 

1. Through which mechanisms does fructose alter intestinal barrier function in 

the setting of MASLD? And are fructose-dependent changes in intestinal ni-

tric oxide homeostasis critical herein?  

2. Does dietary fructose intake alter Toll-like receptor 2 (TLR2)-dependent im-

mune responses in humans and if so, which are the underlying mechanisms?  

3. Does the acute and long-term intake of hop compounds, like iso-α acids and 

xanthohumol, modulate lipoteichoic acid- and lipopolysaccharide-induced 

TLR2 and TLR4 inflammatory responses in human immune cells? Does this 

affect the course of upper respiratory tract infections? 
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2. Publications  
 

Publication 1, 2 and 3 are Open Access articles already been published. Publication 

4 and 5 currently being processed for publication. 
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2.1. Publication 1: Antibiotics attenuate diet-induced nonalcoholic fatty liver 
disease without altering intestinal barrier dysfunction 
 

Annette Brandt*, Katja Csarmann*, Angélica Hernández-Arriaga, Anja Baumann, 

Raphaela Staltner, Emina Halilbasic, Michael Trauner, Amélia Camarinha-Silva, Ina 

Bergheim. J Nutr Biochem. 2024 Jan; 123:109495. doi: 

10.1016/j.jnutbio.2023.109495 

*Authors contributed equally 

 
Highlights: 

• In fat and fructose-fed mice, administration of antibiotics prevented the de-

velopment of hepatic steatosis and early signs of inflammation. 

• Although antibiotics eliminate bacterial load in the intestine and normalise 

TLR4 ligands in portal vein blood, increased intestinal permeability and iNOS 

expression remain unchanged. 

• Everted gut sacs from naïve mice showed increased permeability and loss of 

tight junction proteins upon exposure to fructose, independent of antibiotic 

treatment. 

• Inhibition of NO synthesis (aminoguanidine) protected against fructose-in-

duced barrier disruption, indicating that disturbances in intestinal NO home-

ostasis are an important driver. 

 
Contribution to the manuscript: 

• Laboratory analyses of tissue and everted gut sac samples 

• Analysis of data and statistical evaluation  

• Writing – review and editing 

Total contribution: 20% 
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2.2. Publication 2: Fructose intake enhances lipoteichoic acid-mediated im-
mune response in monocytes of healthy humans 
 

Raphaela Staltner, Katja Csarmann, Amelie Geyer, Anika Nier, Anja Baumann, Ina 

Bergheim. Redox Biol. 2025 Sep: 85:103729. doi: 10.1016/j.redox.2025.103729 

 
Highlights: 

• Intake of fructose, in contrast to glucose, increased TLR2 mRNA expression 

in human monocytes. 

• After fructose intake, isolated immune cells showed a significantly increased 

LTA-induced release of pro-inflammatory cytokines 

• Blocking fructose metabolism prevented both the upregulation of TLR2 and 

the increased cytokine release, an indication of a direct metabolic effect of 

fructose. 

• Inhibition of SP1 reduced fructose-dependent TLR2 expression and cytokine 

response, identifying SP1 as a central mediator of fructose-enhanced im-

mune responses. 

 
Contribution to the manuscript: 

• Laboratory chemical analyses of human blood samples 

• Writing – review and editing 

Total contribution: 10% 
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2.3. Publication 3: A single oral dose of an iso-alpha acids rich hop extract 
dampens the lipoteichoic acid mediated immune response of monocytes in 
healthy individuals 
 

Katja Csarmann, Finn Jung, Anja Baumann, Benedikt Simbrunner, Kerstin Schwei-

ger, Katharina Burger, Raphaela Staltner, Claus Hellerbrand, Ina Bergheim. Eur J 

Nutr. 2026 Mar; 65(3):84. doi: 10.1007/s00394-026-03931-x 

 
Highlights: 

• An oral dose of 15 mg IAA-rich extract reduced LTA-induced IL-6 release in 

monocytes within one hour. 

• PBMCs from IAA-treated participants showed significantly lower IL-6 and IL-

1β secretion after LTA stimulation compared to placebo. 

• IAA suppressed JNK-mediated inflammatory signalling without affecting 

TLR2 activation. 

Contribution to the manuscript: 

• Planning parts of the study and preparing the ethics application 

• Conducting parts of the human intervention study 

• Conducting the ex vivo stimulation experiments 

• Performing laboratory chemical analyses of human samples 

• Analysing the data and performing statistical evaluations 

• Preparing tables and figures and drafting the manuscript 

Total contribution: 30%  
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2.4. Publication 4: Oral intake of low doses of an iso-alpha acid-rich hop 
extract dampens the LPS-mediated activation of blood immune cells: Rando-
mized controlled trials in healthy individuals 
 

Katja Csarmann, Finn Jung, Anja Baumann, Benedikt Simbrunner, Kerstin Schwei-

ger, Katharina Burger, Raphaela Staltner, Claus Hellerbrand, Ina Bergheim.  

Prepared for publication  

 
Highlights: 

• An oral dose of 15 mg IAA reduced LPS-induced IL-6 and IL-1β release in 

monocytes one hour after the ingestion. 

• PBMCs from IAA-treated participants showed significantly lower IL-6 and IL-

1β secretion after LPS stimulation compared to placebo. 

• Effects of IAA were related to a suppression of LPS-dependent activation of 

TLR4/JNK signalling. 

Contribution to the manuscript: 

• Planning parts of the study and preparing the ethics application 

• Conducting parts of the human intervention study 

• Conducting the ex vivo stimulation experiments 

• Performing laboratory chemical analyses of human samples 

• Analysing the data and performing statistical evaluations 

• Preparing tables and figures and drafting the manuscript 

Total contribution: 30% 
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2.5. Unpublished data from a study entitled: A xanthohumol-rich hop extract 
as modulator of innate immunity and upper respiratory tract infection in 
adults. Publication 5 
 
Katja Csarmann, Anja Baumann, Katharina Burger, Annette Brandt, Finn Jung, Be-

nedikt Simbrunner, Kerstin Schweiger, Raphaela Staltner, Ina Bergheim.  

Publication in preparation 

Highlights: 

• An acute oral intake of 0.75 mg xanthohumol through a xanthohumol-rich hop 

extract dampens the LPS-induced cytokine release (TNF-α, IL-6 and IL-1ß) 

for 1-6 hours in normal weight individuals. 

• The 90-day long intake of xanthohumol (0.75 mg) twice daily was related with 

a significant decrease in symptom burden during cold episodes.  

• Specifically, the duration of symptoms per cold infection and the area under 

the curve of symptom scores were significantly lower after xanthohumol in-

gestion in comparison to placebo. 

Contribution to the manuscript: 

• Planning parts of the study and contributing to preparing the ethics applica-

tion 

• Conducting parts of the human intervention study 

• Conducting the ex vivo stimulation experiments 

• Performing laboratory chemical analyses of human samples 

• Analysing the data and performing statistical evaluations 

• Preparing tables and figures  

Total contribution: 20% 
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During the course of this dissertation, several human intervention studies were con-

ducted; however, for some study parameters, data analysis was not completed in 

time to allow inclusion in this thesis in the form of a manuscript. 
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2.5.1. Methods used to acquire the so far unpublished data  

Human intervention studies 

All intervention studies were carried out in a randomized placebo-controlled design 

and in accordance with the ethical standards laid down in the Declaration of Helsinki 

of 1975, as revised in 1983. All studies were approved by the ethics committee of 

the University of Vienna, Vienna, Austria (reference numbers: 00848, 00900 and 

00586) and were registered at ClinicalTrials.gov (NCT06286644 and 

NCT06286657) and conducted in accordance with the Consolidated Standards of 

Reporting Trials (CONSORT) guidelines for randomized clinical trials127. The follow-

ing exclusion criteria were defined for the studies: (1) following a special diet or (2) 

food malabsorption or (3) a history of diseases of the gastrointestinal tract. Only 

non-smoking individuals were enrolled after providing written informed consent and 

were required not to have had a viral or bacterial infection within 3 weeks prior to 

the study. Furthermore, the use of anti-inflammatory medication was defined as an 

exclusion criterion for the studies. In all three studies, participants were asked to 

refrain from consuming hop products one week prior to the studies and during the 

intervention.  

Time- and dose- response study in normal-weight volunteers: To determine the 

optimal dose of xanthohumol (XN) to influence the immune response after the in-

gestion of the XN-rich hop extract, a single-blinded, randomized pilot study was con-

ducted in seven normal-weight (BMI: 18.5-24.9 kg/m²), healthy volunteers. To pre-

pare the study drink, 0, 0.125, 0.375 or 0.75 mg XN of the XN-containing extract 

(Xantho-Flav, Hopsteiner GmbH, Germany) was mixed with powdered-sugar, citric 

acid and a binding agent and was freshly dissolved in 50 ml of water. Drinks were 

prepared right after an overnight fast and obtaining a blood sample, subjects were 
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asked to consume the study drink within 15 minutes together with a standardised 

breakfast (2 medium-sized pretzels with 30 g butter). 1, 2, 3, 4 and 6 hours after the 

consumption of the study drink blood was taken to isolate monocytes (see below). 

Between 4 and 6 hours after the intake of the study drink, all participants consumed 

a second standardised meal. After the first study day and a 1-week wash-out phase, 

in which the participants again were asked to refrain from all hop-containing foods 

and beverages, the intervention was repeated in a cross-over design until all con-

centrations of xanthohumol had been consumed. The study design and the proce-

dure on the study day are summarized in Figure 1a. Clinical parameters were de-

termined in the serum and monocytes were isolated from the whole blood as de-

tailed below. For basic characteristics of the study subjects, see Table 1. 

Long-term study in normal- and overweight volunteers: Based on the time- and 

dose-response study, 0.75 mg xanthohumol was selected to assess the effect of a 

twice-daily intake, compared to placebo, on upper respiratory infections. 39 normal-

weight and overweight (BMI: 18.5-29.9 kg/m²) women (age 21-49 years) were ran-

domly assigned and single-blinded to receive a study drink as described above, 

containing 0 or 0.75 mg of xanthohumol derived from a xanthohumol-rich hop ex-

tract. The study drink was consumed twice daily for 90 days. On the first study day, 

on day 45, and after 90 days, participants underwent a fasting blood draw, and an-

thropometric measurements were taken. During the 90-day intervention, study par-

ticipants completed a health diary and recorded symptoms of illness. As soon as at 

least two symptoms (listed as: runny nose, blocked nose, sore throat, coughing, 

sneezing, coloured discharge and flu-like symptoms (fever, headache, general 

aches and pains, fatigue and weakness or chest discomfort)) occurred on two con-

secutive days, the Wisconsin Upper Respiratory Symptom Survey (WURSS-24)128, 
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a validated illness-specific questionnaire assessing symptom severity and quality-

of-life impact, was completed by participants until recovery. Items were rated on a 

7-point Likert-style severity scale. For each participant, a daily total global severity 

score was calculated by summing WURSS-24 items 2–23. Furthermore, partici-

pants were asked to perform a rapid antigen test capable of detecting SARS-CoV-

2, influenza and respiratory syncytial virus (RSV), in order to determine the type of 

respiratory pathogen involved. The study design and the procedure on the study 

day are summarized in Figure 2a. Clinical parameters were determined in the se-

rum. For basic characteristics of the study subjects, see Table 2.  

Isolation of monocytes from the time- and dose- response study 

Monocytes were isolated from whole blood samples collected from participants in 

the time- and dose-response study. Monocytes were isolated from whole blood sam-

ples as detailed previously129 using the pluriSelect system following the instructions 

of the manufacturer (pluriSelect Life Science UG & Co. KG, Leipzig, Germany). In 

brief, blood was layered onto monocyte density gradient media (1.068 g/ml) in sep-

aration tubes (pluriSelect Life Science UG & Co. KG, Leipzig, Germany) and centri-

fuged at room temperature for 15 minutes. Cells were collected and used for further 

experiments as described below. 

Isolation of monocytes from naïve individuals 

Monocytes were isolated from whole blood samples collected from healthy, naïve 

donors. After obtaining written informed consent and following an overnight fast, 

blood was drawn from healthy, normal weight donors, with approval from the ethics 

committee of the University of Vienna, Vienna, Austria (reference number 00586). 

Monocytes were isolated from whole blood samples as detailed previously129 using 

the pluriSelect system following the instructions of the manufacturer (pluriSelect Life 
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Science UG & Co. KG, Leipzig, Germany). In brief, blood was layered onto mono-

cyte density gradient media (1.068 g/ml) in separation tubes (pluriSelect Life Sci-

ence UG & Co. KG, Leipzig, Germany) and centrifuged at room temperature for 15 

minutes. Cells were collected and used for further experiments as described below. 

Stimulation of monocytes from the time- and dose- response study  

Isolated monocytes were cultivated in RPMI-1640 medium (Sigma-Aldrich Chemie 

GmbH, Steinheim, Germany) with 10% fetal bovine serum (Pan-Biotech GmbH, Aid-

enbach Germany) and 100 μg/ml streptomycin and 100 U/ml penicillin (Pan-Biotech 

GmbH, Aidenbach, Germany) at 37 °C in a humidified 5% CO₂ atmosphere for 1 h. 

Subsequently, cells were challenged with 100 ng/ml LPS for 6 h respectively. Cell 

culture supernatant was collected at the end of the experiment and stored at −80 °C 

until further use. 

Stimulation of monocytes obtained from naïve healthy donors  

Isolated monocytes from eight naïve healthy donors were cultivated in RPMI-1640 

medium (Sigma-Aldrich Chemie GmbH, Steinheim, Germany) with 10% fetal bovine 

serum (Pan-Biotech GmbH, Aidenbach Germany) and 100 μg/ml streptomycin and 

100 U/ml penicillin (Pan-Biotech GmbH, Aidenbach, Germany) at 37 °C in a humid-

ified 5% CO₂ atmosphere for 1 h. Subsequently, cells were challenged with or with-

out 10 ng/ml LPS with or without soluble CD14 (500 ng/ml) (Thermo Fisher Scien-

tific, Massachusetts, USA) and with or without xanthohumol (8 µg/ml) (Xantho-Flav, 

Hopsteiner GmbH, Germany) for 6 h respectively. Cell culture supernatant was col-

lected at the end of the experiment and stored at −80 °C until further use. 
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Enzyme-Linked Immunosorbent Assays (ELISA´s) 

IL-1β, IL-6 and TNF-α protein concentrations were analysed in cell culture superna-

tant of monocytes using commercially available DuoSet® ELISA Development Sys-

tems (R&D®, Minneapolis, USA) kits. 

Statistical Analyses 

Data are presented as means ± standard error of the means (SEMs). Grubb´s test 

was performed before statistical analysis to identify outliers. Homogeneity of vari-

ances was tested and data were log-transformed if they were not normally distrib-

uted or in case of inhomogeneity of variances before performing further statistical 

tests. A t-test was used to determine statistically significant differences between two 

groups and one-way ANOVA was used for all other comparisons (GraphPad Prism 

Software, CA, USA). A p-value ≤ 0.05 was considered statistically significant.  
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2.5.2. Results 

LPS-stimulation of monocytes isolated from healthy adults 1-6 h after the in-

take of 0-0.75 mg XN through a XN-rich hop extract 

In a randomized placebo-controlled single-blinded cross-over human intervention 

study the effect of an acute, one-time intake of a beverage containing 0, 0.125, 0.375 

and 0.75 mg XN derived through a XN-rich hop extract on LPS-dependent cytokine 

release was assessed in monocytes isolated from seven healthy, normal weight 

women and men (characteristics see Table 1). When comparing cytokine protein 

levels in cell culture medium of cells isolated after the intake of the placebo with 

those detected after the intake of the different XN-rich drinks we observed that IL-

1β concentrations were lower following intake of all three xanthohumol concentra-

tions, except for 0.125 mg after 2 h. A similar trend was observed for IL-6, where 

XN intake resulted in a modest reduction in the release of the cytokine compared to 

placebo at several time points. However, the effect was less consistent for 0.375 mg 

XN after 2 h and 4 h. The release of TNF-α was consistently lower for all XN doses 

after 1 h and, thereafter, at several time points compared to placebo intake. How-

ever, the effect was less consistent for 0.75 mg XN after 2 h and 4 h (see Figure 1 

b-d). 

Based on the preliminary study with normal weight subjects, the beverage contain-

ing 0.75 mg XN was selected for the 90-day intervention study.  
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Table 1. Characteristics of healthy subjects enrolled in the time- and dose re-

sponse study. 

Parameter Baseline 

Sex (m/f) 3/4 

Age (years) 25.3 ± 0.6 

Body weight (kg) 67.5 ± 3.6 

Height (m) 1.7 ± 0.0 

BMI (kg/m²) 22.4 ± 0.7 

Fasting glucose (mg/dl) 76.2 ± 4.1 

AST (U/L) 24.8 ± 4.2 

ALT (U/L) 26.3 ± 5.5 

Cholesterol (mg/dl) 163.9 ± 8.0 

Triglycerides (mg/dl) 92.6 ± 16.1 

Values are means ± standard error of means. ALT: alanine aminotransferase; AST: aspartate ami-

notransferase; BMI: body mass index. 
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Figure 1: Effect of a single intake of different concentrations of a xanthohu-

mol-rich hop extract or placebo on the LPS-induced immune response of pro-

inflammatory cytokine release in monocytes of healthy normal weight partic-

ipants over time. (a) Study design and study day of the time- and dose- response 
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study, protein concentrations of (b) IL-1β, (c) IL-6 and (d) TNF-α over 6 h in cell 

culture supernatant of monocytes stimulated with 100 ng/ml LPS for 6 h isolated 

from healthy study participants of the time- and dose- response study receiving ei-

ther a placebo or XN in different concentrations (0 mg, 0.125 mg, 0.375 mg, 0.75 

mg). Data are presented as means ± SEM. n=7 (except for XN doses 0.125 and 

0.375 mg n=6). IL interleukin, LPS lipopolysaccharide, XN xanthohumol. 
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Upper respiratory tract infections during a 90-day intervention with 0.75 mg 

XN through a XN-rich hop extract in normal-weight and overweight women 

In a second placebo-controlled, randomized intervention study, the effect of con-

suming a beverage containing 0.75 mg of XN derived from a XN-rich hop extract 

twice daily for 90 days on the duration, severity and prevalence of upper respiratory 

tract infections was assessed (see Figure 2a for the study design and Table 2 for 

the baseline characteristics of the study participants). In total, 42 participants initially 

enrolled in the study; however, drop-outs occurred (n=2 in the placebo and n=1 in 

the XN group) due to illness/discomfort, resulting in 39 participants included in the 

final analysis (Placebo group n=19, XN group n=20). The groups were similar with 

respect to age, BMI, seasonal influenza and COVID-19 vaccination as well as clini-

cal parameters. No adverse events related to the study drinks were reported. Fur-

thermore, general health markers remained unchanged, except for diastolic blood 

pressure, which was significantly lower in both groups at the end of the study after 

90 days compared to baseline (see Table 3). Participants who exhibited cold or flu 

symptoms on two consecutive days were required to complete the WURSS-24 

questionnaire, a validated illness-specific questionnaire assessing symptom sever-

ity and quality-of-life impact. During the 90-day intervention, 8 women in the placebo 

group and 13 women in the XN group experienced at least one upper respiratory 

tract infection (URTI) episode, corresponding to an incidence of 42.1 % and 65.0 %, 

respectively (see Table 4 for participant characteristics). As assessed through a 

rapid antigen test, none of the participants in the XN group tested positive for SARS- 

CoV-2, influenza or RSV, while in the placebo group, two participants tested posi-

tive, one for influenza infection and one for RSV.  
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When analysing the WURSS-24 outcomes, which are based on responses recorded 

on a Likert scale and subsequently used to calculate composite scores over the 

course of each illness episode, the area under the curve (AUC) for the total score 

(combining functional and symptom scores), as well as the function score (reflecting 

the impact of illness on daily activities), were comparable between groups (see Fig-

ure 2b,c). The AUC for the symptom score (including nasal, throat, and systemic 

symptoms) was significantly lower in the XN group compared to placebo (see Figure 

2d). The AUC for subjective illness severity, reflecting the participants’ overall per-

ception of illness, tended to be lower in the XN group compared to placebo 

(p=0.0737) (see Figure 2e). The duration of symptoms per episode was significantly 

shorter in the XN group (3 days) compared to the placebo group (4 days) (see Table 

4).  

 

Table 2. Baseline characteristics of healthy subjects enrolled in a study to 
assess the long-term effects of xanthohumol on the immune response. 

Parameter Placebo Xanthohumol 

Sex (m/f) 0/19 

26.2 ± 1.5 

65.0 ± 2.0 

1.7 ± 0.0 

23.1 ± 0.6 

0/20 

26.3 ± 1.4 

61.9 ± 1.8 

1.7 ± 0.0 

22.0 ± 0.6 

Age (years) 

Body weight (kg) 

Height (m) 

BMI (kg/m²) 

Seasonal Covid-19 vaccination (%) 15 25 

Seasonal Influenza vaccination (%) 5 5 

Values are means ± standard error of means. BMI: body mass index.  
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Table 3. Long-term (90 d) effects of xanthohumol on the immune response. 

Parameter Placebo 
T0 

Placebo 
T90 

Xanthohumol 
T0 

Xanthohumol 
T90 

Systolic blood pressure 
(mmHg) 

117.2 ± 1.9 118.5 ± 2.1 125.7 ± 2.2 122.2 ± 2.0 

Diastolic blood pressure 
(mmHg) 

79.3 ± 1.5 76.2 ± 1.7* 84.3 ± 1.6 80.9 ± 1.7* 

Fasting glucose (mg/dl) 84.2 ± 1.7 81.2 ± 1.7 85.3 ± 2.0 84.7 ± 1.8 

AST (U/L) 22.7 ± 1.2 21.5 ± 1.0 20.8 ± 1.6 21.5 ± 0.7 

ALT (U/L) 18.8 ± 1.4 19.2 ± 1.4 16.4 ± 1.5 16.5 ± 1.0 

Cholesterol (mg/dl) 173.8 ± 6.0 171.3 ± 8.0 170.9 ± 7.8 166.7 ± 7.4 

Triglycerides (mg/dl) 76.3 ± 5.0 70.8 ± 5.4 69.5.0 ± 5.5 73.4 ± 5.3 

Values are means ± standard error of means. ALT: alanine aminotransferase; AST: aspartate ami-

notransferase. *p≤0.05 compared to T0. 

 

 

Table 4. WURSS-24 analysis of healthy subjects enrolled in a study to as-
sess the long-term effects of xanthohumol on the immune response.  

Parameter Placebo 
n=19 

Xanthohumol 
n=20 

p-value 

Individuals with URTI 8 13 0.205 

Incidence (%) 42.1 65.0 0.205 

Nr. of episodes 1 1 n.s. 

Duration of symptoms per episode (d) 4 3* *0.0495 

Values are means ± standard error of means. URTI: upper respiratory tract infection. *p≤0.05 compared 

to placebo. 
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Figure 2: Effect of a daily consumption of 2 x 0.75 mg xanthohumol-rich hop 

extract or a placebo over 90 days on health parameters like susceptibility to 

diseases, severity and symptoms. (a) Study design and study day of the assess-

ment of the long-term consumption of a xanthohumol rich hop extract, AUC of the 



Publications 

 
 
108 

(b) total score, (c) function score (impairment in everyday life), (d) symptom score 

(severity of symptoms), and (e) subjective feeling of illness in people that got sick. 

Data are presented as means ± SEM. n = 8 - 11. *p≤0.05. AUC Area under the 

curve, WURSS Wisconsin Upper Respiratory Symptom Survey, XN xanthohumol. 
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To further investigate the molecular mechanism, naïve primary monocytes were in-

cubated ex vivo with xanthohumol and soluble CD14 (sCD14) and subsequently 

stimulated with 10 ng/ml LPS, which was selected to mimic a milder infectious stim-

ulus and to better determine the effects of XN on IL-1β release. The presence of 

sCD14 significantly increased IL-1ß secretion in LPS-stimulated cells, whereas con-

comitant treatment with XN significantly reduced IL-1β levels (see Figure 3). 
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Figure 3: Interaction of sCD14 and xanthohumol in the regulation of LPS-in-

duced IL-1β protein secretion in human monocytes. IL-1 β protein concentration 

in cell culture supernatant of naïve monocytes that were challenged with or without 

sCD14 (500 ng/ml), with or without XN (8 µg/ml) and with LPS (10 ng/ml) over 6 h. 

Data are presented as means ± SEM. n = 8. ap≤0.05 compared to LPS (10 ng/ml) 

stimulation, cp≤0.05 compared to LPS (10 ng/ml) with sCD14 (500 ng/ml) with XN 

(8 µg/ml) stimulation. sCD14 soluble cluster of differentiation 14, IL interleukin, LPS 

lipopolysaccharide, XN xanthohumol. 
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3. Discussion 
 

Diet plays a key role in maintaining health and regulating disease processes. Diet 

and compounds consumed through different foods play a critical role in maintaining 

intestinal barrier integrity, limiting the translocation of bacteria and their toxins while 

enabling nutrient absorption130. The present dissertation aimed to elucidate how di-

etary factors such as fructose can modulate intestinal barrier function and innate 

immune responses, thereby contributing to inflammatory processes relevant to met-

abolic and infectious diseases. In addition, the potential of hop-derived compounds 

to modulate innate immune signalling and inflammatory responses in humans was 

investigated.  

 
3.1. Dietary fructose as a modulator of intestinal barrier function and innate 
immune responsiveness 
 

Genetic predisposition and low physical activity, as well as an unhealthy diet rich in 

saturated fatty acids and sugars, particularly fructose, are associated with the de-

velopment of MASLD (for an overview, see131). In this context, disturbances of in-

testinal homeostasis, including tight junction disruption, increased intestinal perme-

ability, loss of the mucus layer, and dysbiosis, have been identified as central mech-

anisms contributing to bacterial translocation and hepatic inflammation in 

MASLD132.  

 

The results of this dissertation suggest that fructose, even in the absence of intesti-

nal microbiota, impairs intestinal barrier integrity through NO-mediated tight junction 

disruption.  
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In line with our findings, previous studies from our group and others have demon-

strated that broad-spectrum antibiotic treatment diminishes MASLD development in 

rodent models, underscoring the relevance of intestinal barrier integrity in disease 

pathogenesis133-135. Here we further demonstrated that fructose appears to contrib-

ute to metabolic diseases not only through its caloric load, but also via direct effects 

on intestinal barrier function. Supporting this concept, a study by Guo et al. in piglets 

suggests that fructose-associated barrier alterations may not only result from 

changes in intestinal microbiota composition, but may also arise from direct effects 

of fructose metabolism in enterocytes, as chronic fructose intake was shown to de-

crease the expression of tight junction proteins136. Consistent with these findings, 

the present dissertation further adds weight to the hypothesis that high fructose in-

take may directly alter intestinal barrier function, as evidenced by increased perme-

ability and altered tight junction regulation (see Publication 1). Furthermore, ele-

vated relative iNOS protein levels were observed in mice fed a high fructose diet 

(see Publication 1). In line with this, previous reports demonstrate that genetic or 

pharmacological inhibition of iNOS abolishes LPS-induced bacterial translocation 

and intestinal barrier damage137,138, underscoring the central role of NO-dependent 

mechanisms in maintaining barrier integrity. 

Since impaired intestinal barrier integrity increases systemic exposure to bacterial 

ligands, an important question is whether fructose not only promotes ligand translo-

cation but also alters host responsiveness to such stimuli. 

 

Results of this dissertation suggest that fructose intake metabolically and SP1-de-

pendently upregulates TLR2 expression in human monocytes, thereby amplifying 

TLR2-driven pro-inflammatory cytokine responses.  
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However, as this study used an ex vivo approach with postprandial stimulation of 

immune cells, it remains unclear whether these findings translate to humans in the 

presence of an active infection. 

From a nutritional perspective, it is important to consider both the type of sugar con-

sumed and the matrix in which fructose is ingested. Epidemiological studies indicate 

that in many regions worldwide, a substantial proportion of dietary sugar intake de-

rives from sugar-sweetened beverages, with average sugar consumption ranging 

around 100 g per day139-141. Furthermore, Staltner et al. demonstrated that the intake 

of a beverage containing moderate amounts of fructose (58 g/l) is sufficient to induce 

postprandial translocation of bacterial endotoxin and TLR2 ligands into the circula-

tion of healthy individuals142. Notably, no comparable increase in circulating endo-

toxin levels was observed when an isocaloric, naturally cloudy apple juice spritzer 

was consumed or when fructose was replaced by non-fructose carbohydrates, such 

as maltodextrin, or artificial sweeteners, such as sucralose142. These findings sug-

gest that fructose-induced barrier dysfunction may critically depend on the matrix in 

which fructose is consumed, rather than sugar content per se. In this context, matrix-

associated components present in fruit-based beverages may partially counteract 

fructose-induced intestinal barrier disruption.  

While alterations of the intestinal microbiota have been proposed as a contributing 

factor, sugar-sweetened beverage consumption has also been associated with 

dysbiosis in humans140,143,144. Recent human and animal studies further indicate that 

fructose may directly affect intestinal NO homeostasis and tight junction integrity in 

the small intestine77,86,145. However, conflicting evidence exists, as short-term fruc-

tose consumption in humans did not uniformly result in alterations of intestinal 
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permeability or microbiota composition146. The precise molecular mechanisms un-

derlying these context-dependent effects of fructose therefore remain to be eluci-

dated.  

Previous studies have shown that fructose promotes the development of a pro-in-

flammatory immune phenotype147-150, yet the underlying molecular mechanisms re-

main incompletely understood. In the present work, we demonstrated in humans 

that TLR2 upregulation following fructose intake increased monocyte responsive-

ness to ex vivo LTA stimulation, but not maltodextrin. Consistent with this, Jones et 

al. reported enhanced cytokine induction in monocytes following fructose incubation 

and subsequent LPS stimulation150.  

Taken together, these findings suggest that fructose-induced metabolic stress alters 

hepatic energy homeostasis and primes innate immune signalling, thereby linking 

metabolic and inflammatory pathways and supporting the idea that dietary fructose 

is a relevant and potentially modifiable factor in intestinal barrier dysfunction and 

metabolic inflammation. 

 

3.2. Hop-derived compounds as nutritional modulators of Toll-like receptor-
dependent inflammatory signalling 
 

After investigating fructose as a dietary trigger contributing to metabolic disease on-

set, intestinal barrier dysfunction and immune dysregulation, the present disserta-

tion next addressed the potential of nutritionally relevant bioactive compounds to 

modulate innate immune responses. In this context, the hop-derived bitter acid IAA 

and the flavonoid xanthohumol were investigated as dietary modulators of inflam-

mation in humans. Previous studies in rodents and humans have demonstrated ben-

eficial metabolic effects of IAA on risk factors associated with metabolic syndrome, 

including modulation of blood lipid profiles151, reduction of endotoxemia152, 
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improvement of insulin resistance153 and attenuation of MASLD107. These metabolic 

disorders are closely linked to chronic low-grade inflammation and nutritional strat-

egies employing anti-inflammatory bioactives such as IAA may represent promising 

approaches to dampen excessive innate immune activation154-156.  

 

The present dissertation demonstrates that acute oral intake of physiologically rele-

vant doses of IAA through a hop-rich extract suppresses pro-inflammatory cytokine 

release in response to bacterial ligands in healthy individuals. 

 

While previous murine studies mainly reported anti-inflammatory effects of IAA in 

neuroinflammatory settings or models of alcohol-and metabolism-associated liver 

injury104,107,157,158, the present findings suggest that IAA can modulate innate im-

mune responses at nutritionally relevant doses, which were generally lower than 

those applied in previous murine studies. 

A central mechanistic finding of this work is that IAA primarily modulates intracellular 

signalling downstream of receptor activation rather than affecting PRR abundance 

or ligand recognition. Accordingly, neither IAA intake nor LPS stimulation altered 

CD14 protein levels. However, IAA selectively attenuated LPS-induced TLR4 acti-

vation (see Publication 4), while leaving LTA-induced TLR2 signalling unaffected 

(see Publication 3). This differential modulation is consistent with differences be-

tween TLR pathways159. Whereas TLR2 forms heterodimers with TLR1 or TLR6 and 

signals predominantly via MyD88/TIRAP, TLR4 recognizes LPS from the cell wall 

of Gram-negative bacteria and activates MyD88-dependent pathways, resulting in 

qualitative differences in signal integration and downstream inflammatory re-

sponses159. These pathway-specific characteristics likely underlie the selective 
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inhibition of TLR signalling observed for IAA. Similarly, polyphenolic bioactive com-

pounds such as epigallocatechin-3-gallate and quercetin have been shown to se-

lectively attenuate TLR4-mediated inflammatory responses by modulating intracel-

lular signalling cascades downstream of receptor activation rather than altering 

PRRs expression or ligand recognition160,161.  

Although receptor-level effects appeared more selective for TLR4, downstream sig-

nalling suppression in J774A.1 cells was observed irrespective of upstream receptor 

activation, suggesting that IAA may converge on shared inflammatory signalling 

nodes such as JNK and p38. Differences from previous studies describing no effects 

of related hop-derived compounds on p38 or JNK phosphorylation in RAW 264.7 

cells162 may reflect differences in compound composition (IAA versus rho iso-α ac-

ids), species-specific signalling characteristics, or experimental model systems. 

Complementing these acute, mechanistically focused studies with IAA, the present 

dissertation also investigated xanthohumol as a hop-derived bioactive compound, 

allowing evaluation of both acute and 90-day intervention effects on innate immune 

function (see Publication 5).  

 

In line with previous studies, the present work demonstrates that both acute and 

long-term intake of xanthohumol may dampen LPS-dependent immune responses 

in human monocytes and may reduce cold symptoms, duration and severity.  

 

Mechanistic support for these observations is provided by two additional studies 

from our group demonstrating that low doses of xanthohumol acutely modulate TLR-

dependent immune responses in humans. Jung et al. further demonstrated that oral 

intake of xanthohumol attenuated both LTA- and LPS-induced cytokine release in 
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PBMCs and suppressed TLR2- and TLR4-mediated signalling122,123. Moreover, in-

dependent of the present findings, xanthohumol and its prenylated derivatives have 

been reported to interfere with viral protease activity, including that of SARS-CoV-

2, indicating that these compounds may exert both host-directed immunomodulatory 

and pathogen-directed effects163.  

These observations suggest that long-term xanthohumol intake may not prevent in-

fection per se but may attenuate the severity and duration of infection-associated 

inflammatory responses through combined host-directed immunomodulatory and 

pathogen-directed mechanisms. Taken together, the results of this dissertation to-

gether with studies from Jung et al. suggest that intake of IAA (15 mg) and xantho-

humol (0.75 mg) may represent novel approaches for modulating inflammatory re-

sponses in human immune cells, likely through modulation of downstream signalling 

pathways such as JNK or p38 (see Figure 6)122,123. In contrast to fructose, which 

appears to promote innate immune activation, hop-derived bitter compounds may 

counteract excessive inflammatory signalling, highlighting nutrition as both a driver 

and modulator of immune function. 
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Figure 6: Graphical summary of hop-derived compounds as modulators of 
Toll-like receptor-dependent inflammatory signalling and upper respiratory 
tract infections 
The findings of this dissertation indicate that 1) ingestion of an IAA-rich hop extract attenu-
ate cytokine responses through JNK/p38-dependent pathways, and 2) long-term ingestion 

of an XN-rich hop extract reduces URTI severity. IAA: Iso-α acids; JNK: C-jun-N-terminal 
kinase; LPS: Lipopolysaccharide; LTA: Lipoteichoic acid; PBMCs: Peripheral blood mono-
nuclear cells; TLR: Toll-like receptor 2/4; URTI: upper respiratory tract infection; XN: Xan-
thohumol. Figure created with BioRender. 
 
 

3.3. Conclusion and Outlook 
 

Overall, the findings of this dissertation demonstrate that fructose intake 1) alters 

intestinal barrier function and 2) alters TLR2-dependent activation of immune cells. 

In contrast, compounds such as IAA and xanthohumol derived from hop extracts 

attenuate pro-inflammatory cytokine responses by modulating downstream signal-

ling pathways at doses found in foods and beverages. Importantly, these findings 

emphasize the importance of nutrition and support the concept that the food matrix 

can modulate the physiological effects of foods and beverages.  
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In conclusion, these results suggest that fructose-induced inflammatory alterations, 

including NO-dysregulation and enhanced TLR2-mediated signalling, may be mod-

ulated by hop-derived bioactive compounds such as IAA and xanthohumol. A key 

question for future research is how these fructose-induced immune effects, and their 

attenuation by bioactive dietary compounds, are modulated in the context of mixed 

diets and metabolically compromised cohorts. Addressing this question will be es-

sential to elucidate dose-response relationships and to evaluate the long-term clin-

ical relevance of these findings in larger human intervention studies.  
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4. Abstract 
 

Die Zusammensetzung der Ernährung beeinflusst maßgeblich metabolische und 

entzündliche Prozesse und spielt eine zentrale Rolle bei der Entstehung der meta-

bolisch bedingten steatotischen Lebererkrankung, sowie bei der Modulation der an-

geborenen Immunantwort. Insbesondere ein hoher Fruktosekonsum wird mit einer 

gestörten Darmbarrierefunktion und einer erhöhten Entzündungsanfälligkeit assozi-

iert. Gleichzeitig weisen aus Hopfen gewonnene bioaktive Verbindungen entzün-

dungshemmende Eigenschaften auf, deren Wirkung beim Menschen in ernährungs-

relevanten Dosen bislang unzureichend untersucht sind.  

Ziel dieser Dissertation war es, die Mechanismen zu untersuchen, durch die 

Fruktose die intestinale Barrierefunktion und die Toll-like Rezeptor (TLR)-abhängige 

Immunantwort beeinflusst, sowie zu prüfen, ob Hopfenverbindungen wie Iso-α Säu-

ren (IAA) und Xanthohumol entzündliche Signalkaskaden beim Menschen modulie-

ren können. Hierzu wurden neben Untersuchungen im Mausmodell auch Human-

studien durchgeführt. 

In einem Mausmodell führte eine fett- und fruktosereiche Ernährung zu einer ge-

störten Darmbarriere, einer Dysregulation der Stickstoffmonoxid-Homöostase und 

frühen Zeichen einer Leberentzündung. Ergänzende Humanstudien zeigten, dass 

die akute Fruktoseaufnahme die TLR2-abhängige Zytokinantwort von Monozyten 

verstärkt. Demgegenüber reduzierten IAA- und Xanthohumol-reiche Hopfenextrakte 

in Interventionsstudien die durch bakterielle Toxine induzierte Freisetzung proin-

flammatorischer Zytokine. Eine längerfristige Aufnahme von Xanthohumol in Form 

eines Xanthohumol-reichen Hopfenextrakts war zudem mit milderen Erkältungs-

symptomen assoziiert.  
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Zusammenfassend zeigen die Ergebnisse dieser Arbeit, dass Fruktose die intesti-

nale Barrierefunktion und die angeborene Immunantwort negativ beeinflusst, wäh-

rend ausgewählte Hopfenverbindungen entzündliche Signalwege abschwächen 

können.  
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