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I Abstract 

Abstract 

For centuries, natural products and their derivatives have provided a rich source of 

compounds for the development of new immunomodulators in the treatment of 

human diseases. Natural immune modulators may provide the key to control and 

ultimately defeat disorders affecting the immune system, by either up- or down-

regulating the immune response with few adverse side effects. Many of these 

compounds are currently undergoing clinical trials, particularly as anti-oxidative, 

anti-microbial, and anti-cancer agents. However, the functions and mechanisms of 

action of natural products, and how they interact with the immune system, has yet to 

be extensively explored.  

In recent years, the increasing body of knowledge regarding the role of macrophages 

in the steady-state and in the context of inflammation has opened diverse new 

avenues of investigation and possibilities for therapeutic intervention targeting the 

inherent plasticity of macrophages for the treatment of acute and chronic 

inflammatory disease. Toll-Like Receptors (TLRs), including TLR4, play a crucial 

role in inflammatory-based diseases, therefore TLR4 signalling has been identified 

as a therapeutic target for pharmacological intervention. 

This work aims to screen and investigate the potential of phytoextracts and 

phytochemicals to affect TLR4 signalling in a macrophage-like cell model. 

Specifically, extracts from green (GCE) and roasted (RCE) coffee beans as well as 

pure chlorogenic acid (5-CQA) were tested. Also, the anti-inflammatory effect of 

palmitoylethanolamide (PEA), and its synthetic analogue RePEA, was assessed. 

Human monocyte-derived macrophages, deriving from the differentiation of a 

monocytic cell line (THP-1) and/or from human primary CD14+ monocytes, were 
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employed as an in vitro model. MTT was used to determine cytotoxic effects of the 

treatments. TLR4 activation was stimulated by exposure of cells to bacterial 

endotoxin LPS (E. coli), in presence or absence of treatments. Different readouts 

were evaluated: endpoint pro-inflammatory cytokines production, as well as 

phosphorylation and nuclear translocation of intracellular signalling mediators. 

These parameters were measured applying different cellular and molecular 

techniques, mainly enzyme-linked immunosorbent assay (ELISA), High Content 

Analysis (immunofluorescence microscopy), and Western blot. Alongside, we 

employed different commercially available stable transfected cells as tools to 

investigate the mechanism of action of our tested extract or molecule, THP1-

XBlue™, RAW-Blue™ and HEK-Blue™ cells, respectively. 

Key findings include a dramatic, dose-dependent, inhibitory effect of both green and 

roasted coffee extracts towards interferon-β (IFN-β) release, upon LPS stimulation. 

Consistently, chlorogenic acid, a major polyphenolic component of coffee extracts, 

showed a comparable biological activity. Additionally, novel evidence towards the 

immunomodulatory effects and mechanism of action of coffee extracts and 

chlorogenic acid as modulators of TLR4-related pro-inflammatory signalling have 

been provided.  Alongside, PEA capability of reducing TNF-α release from LPS-

stimulated microglial cells, was corroborated in our macrophage model also, 

confirming its anti-inflammatory potential. Moreover, RePEA, a synthetic PEA 

analogue designed to be degraded slower, was revealed to be more active than its 

parent compound. 

These experimental data demonstrate that natural products may act as lead molecules 

for the development of safe and effective immunomodulators. 

Taken together, these findings help to validate the above-mentioned natural 

molecules, 5-CQA and PEA, but also RePEA, as potential novel candidates for 

further preclinical investigations for the treatment of inflammatory-based disorders.  
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Riassunto 

Per secoli, i prodotti naturali e i loro derivati hanno fornito una ricca fonte di 

composti per lo sviluppo di nuovi immunomodulatori. Gli immunomodulatori 

naturali possono fornire la chiave per controllare e, infine, sconfiggere i disturbi che 

colpiscono il sistema immunitario, stimolando o inibendo la risposta immunitaria 

con pochi effetti collaterali negativi. Molti di questi composti sono attualmente in 

fase di sperimentazione clinica, in particolare come agenti antiossidanti, 

antimicrobici e antitumorali. Tuttavia, la funzione e il meccanismo di azione dei 

prodotti naturali, e il modo in cui interagiscono con il sistema immunitario, devono 

ancora essere ampiamente esplorati. 

Negli ultimi anni, la conoscenza del ruolo dei macrofagi nel contesto 

dell'infiammazione ha aperto numerose nuove strade, tra cui la possibilità di 

intervento terapeutico mirato sfruttando la plasticità intrinseca dei macrofagi per il 

trattamento di patologie infiammatorie acute e croniche. I recettori Toll-simili 

(TLR), incluso TLR4, svolgono un ruolo cruciale nelle malattie a base 

infiammatoria; pertanto, la via di segnalazione di TLR4 è stata identificata come 

bersaglio terapeutico per l'intervento farmacologico. 

Questo lavoro mira a valutare il potenziale dei fitoestratti e delle sostanze 

fitochimiche di influenzare la via di segnalazione di TLR4 in un modello cellulare 

di macrofago. Nello specifico, sono stati testati estratti ottenuti da chicchi di caffè 

verde (GCE) e tostato (RCE), nonché acido clorogenico puro (5-CQA). Inoltre, è 

stato valutato l'effetto antinfiammatorio della palmitoiletanolamide (PEA) e del suo 

analogo sintetico RePEA. 

Come modello in vitro sono stati impiegati macrofagi originati da monociti umani, 

derivanti dalla differenziazione di una linea cellulare (THP-1) e/o da monociti umani 
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primari. Il saggio MTT è stato utilizzato per determinare gli effetti citotossici dei 

trattamenti. L'attivazione di TLR4 è stata stimolata mediante esposizione delle 

cellule all'endotossina batterica LPS (E. coli) in presenza o assenza di trattamento. 

Sono stati valutati diversi parametri: produzione di citochine pro-infiammatorie, ma 

anche attivazione e traslocazione nucleare dei mediatori di segnalazione 

intracellulare. Questi parametri sono stati misurati applicando differenti tecniche di 

biologia cellulare e molecolare, principalmente test di immunoassorbimento 

enzimatico (ELISA), immunofluorescenza e immunofissazione (Western blot). 

Inoltre, abbiamo impiegato diverse cellule transfettate stabilmente disponibili in 

commercio come strumenti per studiare il meccanismo d'azione del nostro estratto o 

della nostra molecola, rispettivamente le cellule THP1-XBlue™, RAW-Blue™ e 

HEK-Blue™. 

I risultati chiave includono un marcato effetto inibitorio, dose-dipendente, degli 

estratti di caffè verde e tostato verso il rilascio di interferone-β (IFN-β) dopo la 

stimolazione con LPS. Coerentemente, l'acido clorogenico, un importante 

componente polifenolico degli estratti di caffè, ha mostrato un'attività biologica 

comparabile. Complessivamente, i risultati ottenuti forniscono nuove prove sugli 

effetti immunomodulatori e sul meccanismo d'azione degli estratti di caffè e 

dell'acido clorogenico, in particolare come modulatori della via di segnalazione pro-

infiammatoria mediata da TLR4. Inoltre, la capacità della PEA di ridurre il rilascio 

di TNF-α da parte delle cellule microgliali stimolate con LPS è stata corroborata 

anche nel nostro modello di macrofagi, confermando il suo potenziale 

antinfiammatorio. Inoltre, RePEA, un analogo sintetico della PEA progettato per 

essere degradato più lentamente, si è rivelato più attivo del suo composto originario. 

Questi risultati aiutano a convalidare le suddette molecole naturali, 5-CQA e PEA, 

ma anche RePEA, come potenziali nuovi candidati per ulteriori indagini precliniche 

per il trattamento delle malattie autoimmuni e infiammatorie.  



 
V List of Abbreviations 

List of Abbreviations 

5-CQA  5-caffeoylquinic acid  

AGS   Aicardi–Goutieres syndrome 

AIM2  Absent-in-melanoma 2 

AP-1  Activator protein 1 

ATP  Adenosine triphosphate 

ASC Apoptosis-associated speck-like protein containing a caspase-

recruitment domain 

CARD  Caspase recruitment domain 

CASP Caspase 

CD14 Cluster of differentiation 14 

CGA Chlorogenic acid 

CMV Cytomegalovirus 

COX  Cyclooxygenase 

CTLD C-type lectin-like domain 

DAMP  Damage-associated molecular pattern 

DC  Dendritic cell 

dsRNA  double stranded RNA 

FAAH  Fatty acid amide hydrolase 

FADD  Fas-associated protein with death domain 



 
VI List of Abbreviations 

GCE   Green coffee extract 

GM-CSF  Granulocyte/macrophage colony-stimulating factor 

GSDMD Gasdermin D 

HIV  Human immunodeficiency virus 

HSC  Hematopoietic stem cell 

IBD   Inflammatory bowel disease 

IFI16  IFNγ-inducible protein 16 

IFN  Interferon 

IFN-I  Type I interferon 

IFNAR IFN-alpha/beta receptor 

IKK  Inhibitor of NF-κB kinase 

IL  Interleukin 

IL-1β  Interleukin-1 beta 

IL-6  Interleukin-6 

iNOS  inducible nitric oxide synthase 

IRAK  IL-1 receptor-associated kinase 

IRF-3  Interferon regulatory transcription factor 3 

ISG  Interferon-stimulated gene 

ISRE   IFN-stimulated response elements 

JNK  c-Jun N-terminal kinase 

LBP  LPS-binding protein 



 
VII List of Abbreviations 

LOX   Lipoxygenase 

LPS  Lipopolysaccharide 

LRR  Leucine-rich repeat motif 

MAMP Microbial-associated molecular pattern 

MAPK  Mitogen-activated protein kinase 

MCP-1  Monocyte chemoattractant protein-1 

MDA5  Melanoma differentiation-associated gene 5 

MDM  Monocyte-derived macrophage 

MD-2  Myeloid differentiation protein-2 

MHC   Major histocompatibility complex  

MKK  MAPK kinase 

MoDM Monocyte-derived macrophage 

MPS   Mononuclear phagocyte system 

MTT   3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide 

MYD88 Myeloid differentiation primary response 88 

M-CSF  Macrophage colony-stimulating factor 

NAAA  N-acylethanolamine acid amidase 

NAE  N-acylethanolamines 

NEMO  NF-κB essential modifier 

NF-κB  Nuclear factor kappa-light-chain-enhancer of activated B cells 

NK  Natural killer cell 



 
VIII List of Abbreviations 

NMR  Nuclear magnetic resonance 

NLR  Nod-like receptor 

NLRP  NOD-, LRR- and pyrin domain-containing 

NOD  Nucleotide-binding oligomerization domain 

NSAID  Nonsteroidal anti-inflammatory drugs 

PAMP  Pathogen-associated molecular pattern 

PEA  Palmitoylethanolamide 

PPAR-α Peroxisome proliferator-activated receptor alpha 

PRR  Pattern-recognition receptor 

PYD  Pyrin domain 

PYHIN  Pyrin and HIN domain-containing protein 

RA   Rheumatoid arthritis 

RCE  Roasted coffee extract 

RePEA Retro-PEA 

RIG-I   Retinoid acid-inducible gene I 

RIP1   Receptor-interacting protein 1 

RIPK1  Receptor-interacting serine/threonine-protein kinase 1 

SEAP  Secreted embryonic alkaline phosphatase 

SLE  Systemic lupus erythematosus 

ssRNA  single stranded RNA 

STAT  Signal transducer and activator of transcription 



 
IX List of Abbreviations 

TAB  TAK1-binding protein 

TAK1  Transforming growth factor-activated protein kinase 1 

TANK  TRAF family member-associated NF-κB activator 

TBK1  TANK-binding kinase 1 

TBS  Tris-buffered saline 

TCM   Traditional Chinese medicine 

TGF-β   Transforming growth factor beta 

TIR   Toll/interleukin-1 (IL-1) receptor homology domain 

TIRAP  TIR domain-containing adaptor protein 

TLR  Toll-like receptor 

TNF-α  Tumor necrosis factor alpha 

TRAF  TNF receptor associated factor 

TRAM  TRIF-related adaptor molecule 

TRIF  TIR-domain-containing adapter-inducing interferon-β 

TRM  Tissue-resident macrophage 

TRP   Transient receptor potential 

YS  Yolk sac 

  



 
X List of Figures 

List of Figures 

Figure 1. Recognition of PAMPs from different classes of microbial pathogens

 ................................................................................................................................... 4 

Figure 2. Inflammasomes ....................................................................................... 9 

Figure 3. Structural details of lipopolysaccharide from a Gram-negative 

bacterium ............................................................................................................... 13 

Figure 4. The binding mechanism of LPS for TLR4 activation ....................... 14 

Figure 5. Dual TLR4 signalling. .......................................................................... 16 

Figure 6. NF-κB following TLR stimulation ...................................................... 18 

Figure 7. TLR/IRF axis ........................................................................................ 20 

Figure 8. Tissue-resident macrophages and monocyte-derived macrophages 

play distinct roles in tissue injury and repair ..................................................... 29 

Figure 9. Macrophage classification based upon polarization .......................... 32 

Figure 10. M2 macrophage phenotypes .............................................................. 33 

Figure 11. Role and kinetics of macrophages during tissue injury and repair 35 

Figure 12. Common and different characteristics between macrophages and 

dendritic cells ......................................................................................................... 38 

Figure 13. The anatomy of a coffee cherry ......................................................... 65 

Figure 14. Arabica and Robusta coffee beans .................................................... 66 

Figure 15. Coffee melanoidins.............................................................................. 81 

Figure 16. NMR profiling of coffee samples ....................................................... 86 

Figure 17. THP-1-derived macrophages viability .............................................. 88 

Figure 18. NF-κB-dependent transcription and pro-inflammatory cytokines 

profiling in LPS-stimulated THP-1-derived macrophages ............................... 90 

Figure 19. Effect of coffee extracts on THP-1-derived macrophages release of 

IFN-β upon LPS stimulation ................................................................................ 91 



 
XI List of Figures 

Figure 20. Immunofluorescence analysis of p-IRF-3 nuclear translocation.... 93 

Figure 21. Effect of 5-CQA on CD14+ monocytes-derived macrophages cell 

viability and IFN-β release ................................................................................... 94 

Figure 22. Structures of chlorogenic acids occurring in coffee ....................... 100 

Figure 23. THP-1-derived macrophages viability ............................................ 106 

Figure 24. Effect of 5-CQA and coffee extracts on THP-1-derived macrophages 

release of IFN-β upon LPS stimulation ............................................................. 107 

Figure 25. Effect of 5-CQA on THP-1-derived macrophages release of IFN-β 

upon LPS stimulation ......................................................................................... 108 

Figure 26. Phosphorylation of IRF-3 and STAT1 in cells treated with 5-CQA 

and LPS or LPS only .......................................................................................... 110 

Figure 27. Effect of 5-CQA on THP1-XBlue™-derived macrophages treated 

with different pro-inflammatory stimuli........................................................... 112 

Figure 28. Effect of 5-CQA on LPS-stimulated RAW-Blue™ and HEK-Blue™ 

cells ....................................................................................................................... 113 

Figure 29. Chemical structures of some of the most studied bioactive N-acyl-

ethanolamines (NAEs) ........................................................................................ 118 

Figure 30. Metabolic pathways and molecular targets of PEA ...................... 121 

Figure 31. PEA and RePEA effect on cell viability and NF-κB activation .... 126 

Figure 32. TNF-α, IL-6, and IL-1β release after 24 h post LPS administration

 ............................................................................................................................... 128 

Figure 33. PEA pre-treatment effect on NF-κB activation in LPS-stimulated 

PMA-THP1-XBlue™ and HEK-Blue™-hTLR4 cells. .................................... 129 

 

 

 

 

 

 



 
1 INTRODUCTION 

1. INTRODUCTION 

1.1. Immunity and Inflammation in Health and Disease 

 All living organisms, from bacteria to sea anemones to humans, are constantly 

exposed of infection by pathogens, and thus have had to evolve a range of defence 

strategies to persist on Earth. Inflammation, induced by tissue injuries and microbial 

infection, is one of the most organized biological processes. It can be triggered by a 

variety of factors, including pathogens, damaged cells, toxic compounds or 

irradiation.1 Some inflammatory processes lead to symptoms such as swelling, pain, 

and redness, but these are, at least initially, completely normal, and protective. 

However, when inflammation settles in as a permanent feature, it rapidly becomes 

part of the problem. Thus, quieting long-lasting inflammation is increasingly viewed 

as critical to health as research firmly establishes that virtually every chronic disease 

(from Alzheimer’s disease to diabetes to hypertension to periodontal disease to 

inflammatory bowel disease) has an aspect of chronic inflammation at its core. Even 

though widely demonized, inflammation also plays a critical role in healing. In that 

context, it appears worthwhile to target the immune system to modulate the risk of 

certain chronic illnesses. 

This introductory section reports a brief overview of the immune system, including 

a special focus on Toll-like receptor 4 signalling. The pertinence and limitations of 

targeting the immune system to prevent chronic diseases is also discussed. Finally, a 

concise review of some of the most studied natural products showing promising 

immunomodulatory activity is given, as well as the possibilities for translation 

ethnopharmacology evidence into clinical and therapeutic applications. 



 
2 INTRODUCTION 

1.1.1. Innate and adaptive immunity: barriers and receptor-based 

recognition 

The body’s defence system is made up of innate (inborn) and adaptive (acquired) 

immune systems. Innate immunity is the term given to the set of inherited, germ-line 

encoded protection mechanisms that operate as the first line of defence for pathogen 

sensing and host response. The innate immune system is the first line of defence 

against pathogens and consists of physical and chemical barriers as well as 

immunological barriers in the form of different cell types able to recognize invading 

pathogens (monocytes, macrophages, neutrophils, etc.). Physical and chemical 

defence mechanisms are represented by epidermis, ciliated respiratory epithelium, 

vascular endothelium, and mucosal surfaces with antimicrobial secretions.2 On the 

other hand, the innate immune response is mediated primarily by phagocytic cells 

and antigen-presenting cells (APCs), such as granulocytes, macrophages, and 

dendritic cells (DCs), and has been regarded as relatively nonspecific. Contrarily, the 

adaptive immune response is characterized by specificity developed by clonal gene 

rearrangements from a broad repertoire of antigen-specific receptors on 

lymphocytes.3 The innate immune cells must be able to distinguish “self” 

(endogenous) from “non-self” (exogenous). This sophisticated immune response 

relies on the recognition of microorganisms via several distinct receptors known as 

pattern-recognition receptors or PRRs, such as Toll-like receptors, NOD-like 

receptor proteins, C-type lectin receptors and RIG-1-like receptors.4 The activation 

of PRRs triggers a pro-inflammatory signalling that orchestrates the early response 

to infection and ultimately leads to subsequent activation of cells of the adaptive 

immune system (T and B lymphocytes). A major class of molecules involved in 

many aspects of the inflammatory response and upregulated in response to cellular 

pathogen recognition consists of immunoreceptors, including cytokine and 

chemokine receptors, immunoglobulins, TLRs themselves, major histocompatibility 

complex (MHC) molecules, and costimulatory molecules.3,5,6  
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Together, these proteins participate in the activation and recruitment of leukocytes 

to sites of inflammation, in enhanced phagocytosis of microbes, in complement- or 

NK cell-mediated cellular lysis, and in enhanced antigen presentation. Although this 

immune response is a natural defensive mechanism, a robust and excessive activation 

of inflammation is clearly associated with numerous immune diseases such as 

allergic reactions, autoimmune diseases, infectious diseases, cardiovascular disease, 

atherosclerosis, and cancer.1 

 

1.1.2. Pathogen- and Microbial- Associated Molecular Patterns 

(PAMPs/MAMPs) and the innate immune response 

Cells of the innate immune system are responsible for recognizing and responding 

to the general structural patterns exhibited by pathogens, commonly known as 

pathogen-associated molecular patterns (PAMPs) and microbial-associated 

molecular patterns (MAMPs). The innate immune receptors responsible for 

recognizing PAMPs/MAMPs are known as pattern recognition receptors (PRRs) and 

offer general protection to the host.7 Janeway was the first to propose the existence 

of a class of innate immune receptors recognizing conserved microbial structures or 

“patterns,” even prior to the molecular identification of such a system.8 The main 

PRRs and their cognate ligands are depicted in Figure 1. 
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Figure 1. Recognition of PAMPs from different classes of microbial pathogens. Viruses, 

bacteria, fungi, and protozoa display several different PAMPs, some of which are shared 

between different classes of pathogens. Major PAMPs are nucleic acids, including DNA, 

dsRNA, ssRNA, and 5′-triphosphate RNA, as well as surface glycoproteins (GP), 

lipoproteins (LP), and membrane components (peptidoglycans [PG], lipoteichoic acid 

[LTA], LPS, and GPI anchors).9 

 

Toll-like receptors. Among the PRRs, the Toll-like receptors (TLRs) have been 

studied most extensively. TLRs derived their name and were originally discovered 

based on homology to the Drosophila melanogaster Toll protein, which plays a role 

in dorso-ventral patterning during embryogenesis as well as in the antifungal 

response in Drosophila.10,11 TLRs play a critical role in sensing both exogenous and 

endogenous signals that characterize infection and inflammation. TLRs are likely 

very ancient immune sentinels since two of their characteristic building blocks (LRR 

and TIR domains) are observed in placozoans (e.g., Trichoplax animals) and Porifera 

(e.g., Sponges). Full TLRs were detected in Cnidarian species, like the starlet sea 

anemone (Nematostella vectensis; one single TLR) and the acroporid corals 

(Acropora digitifera; four TLRs). Interestingly, both developmental and 

immunological roles of TLRs have been described in Cnidarians. TLRs from both 

the sea anemone (Nematostella vectensis) and the mountainous star coral (Orbicella 

faveolata) have been shown to signal via MyD88 leading to NF-κB activation. In the 

Bilateria phylum, TLRs can be found in most studied species, however, their 
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numbers vary greatly among species, ranging from a single TLR in Nematodes like 

Caenorhabditis elegans, to over two hundred in echinoderms like the pacific purple 

sea urchin Strongylocentrotus purpuratus. The expansion of the TLR repertoire in 

some animals like the sea urchin, reflects the adaptation of their immune arsenal to 

rapidly changing environmental stressors. In contrast to the very diverse set of TLR 

repertoires found in other Bilateria species, chordates and more particularly 

vertebrates contain roughly equal numbers of TLRs, reflecting the reduced need for 

highly diversified pattern recognition due to the acquisition of adaptive immune 

components. The reduced number of TLRs in vertebrates does not necessarily mean 

that the TLR-response in those species cannot be tailored to a particular 

environment.12  

To date, a total of 13 TLR members have been identified in mammals.13 TLRs are 

generally expressed on immune cells, such as monocytes, macrophages, dendritic 

cells, B lymphocytes, T lymphocytes, mast cells, neutrophils, and eosinophils, but 

also on nonimmune cells like epithelial cells, endothelium, fibroblasts, and 

adipocytes.14 Despite the central role played by these innate immune cells, 

recognition of PAMPs by epithelial, endothelial, and hematopoietic cells in different 

tissues through TLRs is also an integral part of innate immune defences at sites of 

infection.3,15 Structurally, TLRs are integral glycoproteins characterized by an 

extracellular or luminal ligand-binding domain containing three structural elements, 

a hydrophobic ectodomain containing a variable number of leucine-rich repeat 

motifs (LRRs), a transmembrane domain and a cytoplasmic signalling 

Toll/interleukin-1 (IL-1) receptor homology (TIR) domain, which mediates 

downstream signalling through adaptor proteins.16 

TLRs can be divided into subfamilies based on the types of ligands they recognize. 

For instance, TLRs 1, 2, and 6 recognize lipopeptides and glycolipids, TLRs 7, 8, 

and 9 identify nucleic acids such as single stranded RNA (ssRNA) and unmethylated 

CpG DNA, TLR3 distinguishes double-stranded RNA (dsRNA) associated with 
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viral infection, TLR4 recognizes fibronectin, lipopolysaccharides (LPS), heat shock 

proteins, and responds to endogenous ligands called danger associated molecular 

patterns (DAMPs). TLR5 identifies bacterial flagellin, and TLRs 11 and 12 

recognize profilin, an actin-binding protein. In mammals, one case of TLR 

adaptation and rapid evolution that is worth mentioning comes from bat species. 

Analyses of TLR evolution in bats reveal adaptations acquired by TLRs 3, 7, 8 and 

9, with unique mutations fixed in ligand-binding sites. These adaptations are thought 

to stem from the unique lifestyle of bat species, that are the only known flying 

mammals, and that represent important viral reservoirs.12 

Another way of grouping TLRs is based on their cellular distribution. Certain TLRs 

(TLR1, -2, -4, -5, -6, and -10) are expressed at the cell surface and mainly recognize 

bacterial products unique to bacteria and not produced by the host, whereas others 

(TLR3, -7, -8, and -9) are located almost exclusively in intracellular compartments, 

including endosomes and lysosomes, and are specialized in recognition of nucleic 

acids, with “self” versus “nonself” discrimination provided by the exclusive 

localization of the ligands rather than solely based on a unique molecular structure 

different from that of the host.3 Ligand binding to TLRs through PAMP-TLR 

interaction induces receptor oligomerization, which subsequently triggers 

intracellular signal transduction ultimately culminating in in the activation of gene 

expression and synthesis of a broad range of molecules, including cytokines, 

chemokines, cell adhesion molecules, and immunoreceptors.4 The latter together 

orchestrate the early host response to infection, and also is a prerequisite for the 

subsequent activation and shaping of adaptive immunity. While an optimum 

activation of TLRs is a prerequisite to mount immune responses against infection, a 

well-regulated negative signalling is also crucial to bring the immune responses to 

homeostatic level. Due to the importance of TLRs in maintaining innate immunity, 

dysregulation of TLR signalling pathways can lead to aging as well as a wide range 
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of autoimmune diseases, including diabetes, hepatitis, rheumatoid arthritis (RA), 

inflammatory bowel disease (IBD), and systemic lupus erythematosus (SLE).17,18 

Besides TLRs, data from animal studies indicated the existence of other classes of 

PRRs. More specifically, evidence suggested that receptors other than TLR3 and 

TLR9 were able to induce type I IFN (IFN-α and IFN-β) production in response to 

RNA, DNA, or viral infections. Subsequent studies revealed that TLR-independent 

recognition of pathogens is accomplished by a large group of cytosolic PRRs, which 

can be broadly divided into retinoid acid-inducible gene I (RIG-I)-like receptors 

(RLRs) and nucleotide-binding oligomerization domain (NOD)-like receptors 

(NLRs).9 

RIG-1-like receptors. RIG-I and melanoma differentiation-associated gene 5 

(MDA5) are IFN-inducible RNA helicases that play a pivotal role in sensing of 

cytoplasmic RNA. These RNA helicases contain an N-terminal caspase recruitment 

domain (CARD) and a central helicase domain with ATPase activity required for 

RNA-activated signalling. Binding of dsRNA or 5′-triphosphate RNA to the C-

terminal domains of RLRs triggers signalling via CARD-CARD interactions 

between the helicase and the adaptor protein IFN-β promoter stimulator 1 (IPS-1), 

ultimately resulting in an antiviral response mediated by type I IFN production.9 

Although RIG-I and MDA5 function by similar mechanisms, studies have suggested 

differential roles of these two helicases, with RIG-I being essential for the response 

to paramyxoviruses and influenza virus, whereas MDA5 seems to be critical for the 

response to picornavirus and norovirus.19 At the biochemical level, these differences 

may be due to length-dependent binding of dsRNA by these two RLRs. Specifically, 

RIG-I and MDA5 recognize short and long dsRNAs, respectively, and in addition, 

RIG-I detects 5′-triphosphate RNA. Although the prevailing view is that the major 

contribution to dsRNA-activated responses is mediated by RLRs, recent data 

suggesting that the IFN-inducible dsRNA-activated protein kinase (PKR) may be 

able to amplify RLR signalling, thus illustrating a cross talk between these different 
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cellular dsRNA-sensing systems involved in antiviral defence.20 Cytoplasmic 

localization of DNA is recognized by the innate immune system independently of 

TLRs, RLRs, and NLRs and seems to be involved in mounting a response to both 

bacteria and DNA viruses.9 Considering the large and heterogeneous group of 

proteins belonging to the family of PRRs, it will not be surprising if even more 

cytoplasmic DNA receptors are identified. Recently, the identification of the first 

cytosolic DNA sensor, DAI (DNA-dependent activator of IFN-regulatory factors), 

was reported.21 

NOD-like receptors. NLRs belong to a family of innate immune receptors which 

have gained increasing interest over the past few years and are now considered key 

sensors of intracellular microbes and danger signals and therefore believed to play 

an important role in infection and immunity. NLRs are defined by a centrally located 

NOD that induces oligomerization, a C-terminal LRR that mediates ligand sensing 

(in analogy with TLRs), and an N-terminal CARD that is responsible for the 

initiation of signalling. The two best-characterized members of the NLR family are 

NOD1 and NOD2, which sense bacterial molecules derived from the synthesis and 

degradation of peptidoglycan. It is currently unresolved whether NOD1 and NOD2 

serve as direct receptors of PAMPs or instead detect modifications of host factors as 

a consequence of the presence of microbial molecules in the cytosol. Irrespective of 

the specific mechanism, activation of NOD1 and NOD2 induces oligomerization and 

recruitment of downstream signalling molecules and transcriptional upregulation of 

inflammatory genes.22 It is also important to mention that other NLR proteins are 

involved in activation of caspases. During infection, microbes induce TLR-

dependent cytosolic accumulation of inactive IL-1β precursor and activation of 

caspase-1, the latter of which catalyses the cleavage of the IL-1 precursor pro-IL-1β. 

The protein complex responsible for this catalytic activity has been identified by 

Martinon et al. and was termed the inflammasome.23 Inflammasomes are typically 

formed by a ‘receptor’ protein, the adaptor molecule apoptosis-related speck-like 
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protein (ASC) and the effector molecule pro-caspase-1. Inflammasome 

oligomerization results in activation of caspase-1, which subsequently cleaves the 

accumulated IL-1 precursor, eventually resulting in secretion of biologically active 

IL-1. Several inflammasome sensor molecules can detect a broad range of molecular 

signatures to sense microorganisms and tissue stress triggering the formation of 

inflammasomes. Most of the inflammasomes that have been described to date 

contain a NLR sensor molecule, namely NLRP1 (NOD-, LRR- and pyrin domain-

containing 1), NLRP3, NLRP6, NLRP7, NLRP12 or NLRC4 (NOD-, LRR- and 

CARD-containing 4; also known as IPAF).24 Two other inflammasomes have been 

described that contain the PYHIN (pyrin and HIN domain-containing protein) family 

members absent in melanoma 2 (AIM2) and IFNγ-inducible protein 16 (IFI16) rather 

than an NLR.25 The different inflammasomes differ in their domain organization and 

composition as depicted in Figure 2. 

 

 

Figure 2. Inflammasomes. Upon their activation inflammasomes form multi-molecular 

protein complexes that typically consist of an NLR protein, or AIM2, the adapter molecule 

ASC and the effector pro-caspase-1. The NLRP1 inflammasome contains both a CARD and 

a PYD domain and can recruit several caspases, while the NLRC4 inflammasome can also 

contain NAIP5.26 
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Among all, NLRP3 inflammasome is critical for host immune defence against 

bacterial, fungal, and viral infections. NLRP3 inflammasome can be activated by a 

plethora of agonists, endogenous and exogenous, sterile or pathogen-derived. 

NLRP3 is unique among the NLRs in that its basal expression is not sufficient for 

inflammasome activation in resting cells.27,28 Canonical activation consists in a two 

checkpoint activation mechanism for NLRP3 inflammasome activation. In this 

model, a first signal that is provided by microbial components or endogenous 

cytokines primes the NLRP3 inflammasome; a second signal from extracellular 

ATP, pore-forming toxins, or particulate matter activates the NLRP3 inflammasome. 

In fact, in macrophages, the presence of NLRP3 activators alone is insufficient for 

inducing inflammasome activation and a priming signal (signal 1) is required for its 

activation. Macrophages must first be exposed to priming stimuli, such as ligands 

for toll-like receptors (TLRs), NLRs (e.g., NOD1 and NOD2), or cytokine receptors, 

which activate the transcription factor NF-κB. NF-κB upregulates the expression of 

NLRP3, which is thought to exist at concentrations that are inadequate for initiating 

inflammasome activation under resting conditions, and pro-IL-1β, which is not 

constitutively expressed in resting macrophages. Moreover, both signalling 

molecules MyD88 and TRIF of the NF-κB signalling pathway regulate the induction 

of NLRP3 and pro-IL-1β in response to TLR ligands.27,28 Thus, NLRP3 undergoes 

post-translational modifications that license its activation. The activation signal 

(signal 2) is provided by a variety of stimuli including extracellular ATP, pore-

forming toxins, RNA viruses, and particulate matter. However, transcription-

independent roles of the priming signal have been recently appreciated. In a rapid 

priming procedure, acute priming with LPS (10 min stimulation) enhances NLRP3 

inflammasome activation in the absence of NLRP3 induction. IL-1 receptor-

associated kinase 1 (IRAK-1), which is a signalling molecule downstream of TLRs 

and MyD88, mediates this rapid transcription-independent priming. LPS-induced 

phosphorylation of IRAK-1 promotes inflammasome activation in a manner that is 

independent of the IKK complex, which suggests that downstream NF-κB signalling 
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is not essential to IRAK-1’s role in promoting inflammasome activation. In 

conclusion, the priming signals regulate NLRP3 inflammasome activation through 

both transcription-dependent and independent pathways.29 Moreover, it was 

discovered that cytoplasmic LPS is sufficient for eliciting endotoxic shock 

independently of TLR4 signalling. This pathway is called the non-canonical 

inflammasome and it responds to Gram-negative but not Gram-positive bacteria.30 

The non-canonical inflammasome involves caspases 4/5 in humans and caspase-11 

in mice, rather than caspase-1.31,32 These caspases sense intracellular LPS 

independently of TLR4 by directly binding to LPS.33 Priming, as with the canonical 

pathway, enhances the inflammatory response in mice due to the low basal 

expression of caspase-11.34 In contrast, priming is unnecessary for non-canonical 

inflammasome activation in human cells that express high levels of caspase-4.33 

TLR4-dependent and TRIF-dependent IFN-α/β production are required for caspase-

11 activation in macrophages, and they are partially required for pro-caspase-11 

expression.35 Caspases-4/5/11 induce pyroptosis through the processing of GSDMD, 

and pannexin-1, which is a protein channel that releases ATP from the cell.29 An 

alternative pathway was observed to function unlike either the canonical or non-

canonical pathways. Human monocytes do not require secondary stimuli following 

LPS stimulation to activate caspase-1 and induce IL-1β maturation and secretion.36,37 

The alternative inflammasome pathway does not require K+ efflux, induce ASC 

speck formation, or lead to subsequent pyroptosis. TLR4-TRIF-RIPK1-FADD-

CASP8 signalling is involved in this alternative pathway.29,38  

C-type lectins. Sugar-dependent receptors such as C-type lectins on macrophages 

and dendritic cells play important roles in innate immunity also. C-type lectins are 

an extraordinary superfamily of proteins that recognize a wide diversity of ligands 

and that are required for numerous essential functions in mammals.39 They are 

defined by having one or more characteristic C-type lectin-like domains (CTLDs) 

that include the EPN (Glu–Pro–Asn) and QPD (Gln–Pro–Asp) motifs, which confer 
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specificity for mannose-type and galactose-type carbohydrates, respectively. 

However, the CTLDs of many C-type lectins lack the components required for Ca2+-

dependent carbohydrate recognition and can recognize a broader repertoire of 

ligands including proteins, lipids, and even inorganic molecules, such as ice. C-type 

lectins are found as secreted molecules or as transmembrane proteins, and they have 

been implicated in a diverse range of physiological functions because of their ability 

to recognize self and non-self ligands. Many C-type lectins function as PRRs that 

recognize DAMPs, thereby promoting inflammatory responses. Therefore, it goes 

without saying that C-type lectins have a key role in the control of immunological 

tolerance that is responsible for preventing autoimmune disease. In fact, their 

functions have been implicated at all stages of disease progression because of their 

ability to recognize endogenous and exogenous ligands, regulate cellular and 

inflammatory responses and control adaptive immunity.  

 

1.1.3. Molecular mechanism of Toll-like receptor 4 signalling and the 

initiation of the inflammatory response 

TLRs are highly conserved PRRs that activate the innate immune system and 

participate in initiating the inflammatory response by recognizing non-self-

molecules, i.e., pathogen-associated molecular patterns (PAMPs) derived from 

various pathogens.40 Lipopolysaccharide (LPS) is an outer membrane component 

found exclusively in Gram-negative bacteria (Figure 3).  
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Figure 3. Structural details of lipopolysaccharide from a Gram-negative bacterium. 

Lipopolysaccharide (LPS) provides structural and functional integrity to outer membrane of 

Gram-negative bacteria. LPS is an amphipathic molecule with a general structure consisting 

of three different regions: hydrophobic lipid A, core polysaccharide, and O-antigen (repeats 

of polysaccharide chain, where n can be up to 40 repeats). Lipid A consists of 

bisphosphorylated diglucosamine backbone substituted with six acyl chains that are attached 

by ester or amide linkage.41 

 

Extracellular LPS is a potent PAMP recognized primarily by Toll-like receptor-4 

(TLR4) which is present on the surface of phagocytic cells like macrophages, 

neutrophils, and dendritic cells. Recent advances in lipopolysaccharide recognition 

systems have been recently summarized.41 While TLR4 was thought to be the only 

sensor for LPS, recent studies have provided insight into two TLR4-independent LPS 

recognition systems: transient receptor potential (TRP) channel-dependent sensing 

of extracellular LPS and caspase-4/5/11-dependent sensing of intracellular LPS. 
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Efficient LPS recognition and production of inflammatory mediators by TLR4 

requires an orchestrated action of various accessory proteins such as LPS-binding 

protein (LBP), CD14, and MD-2 (Figure 4).  

 

Figure 4. The binding mechanism of LPS for TLR4 activation. A series of events takes 

place prior to LPS recognition by the TLR4-MD2 complex. (1) LBP extracts LPS from the 

bacterial membrane and (2) transfers it to membrane anchored CD14, where it binds to the 

hydrophobic pocket located at the N-terminus and forms a monomeric complex. (3) CD14 

facilitates LPS transfer to the TLR4-MD2 complex where it initiated the intracellular 

pathway.42 

 

More in detail, initiation of LPS recognition begins with dissociation of the LPS 

monomer from the aggregates by LPS-binding protein (LBP) which traffics it to 

CD14 (glycosylphosphatidylinositol-anchored protein), present on most phagocytic 

cells (except dendritic cells) that make use of soluble CD14 (sCD14). CD14 then 

carries and loads LPS to the TLR4/MD-2 receptor complex. Interaction of TLR4 

with LPS results in the induction of two distinct pathways. Firstly, TLR4–LPS 
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binding promotes homodimerization of the ectodomains of TLR4, and the 

subsequent structural and conformational changes induce dimerization of 

cytoplasmic TIR (Toll-interleukin-1 receptor) domains. The dimerized TIR domain 

structure is recognized by the downstream adaptor proteins MyD88 (myeloid 

differentiation primary response gene 88) and TIRAP (TIR domain-containing 

adaptor protein), leading to the formation of a protein complex, called Myddosome, 

along with several other serine-threonine kinases of the IRAK family. Myddosome 

mediates the signalling cascade that leads to the activation and subsequent 

translocation of transcription factor NF-κB and expression of pro-inflammatory 

cytokines such as TNF-α, IL-1β, and IL-6. Furthermore, the MyD88-dependent 

pathway also activates the downstream MAP kinase pathway that leads to 

transcription factor activator protein 1 (AP-1) transcription and expression of other 

pro-inflammatory cytokines. 

In addition to signalling at the cell surface, TLR4 signalling within the endosomes 

begins with the assembly of TRIF (TIR domain-containing adaptor inducing IFN-β) 

and TRAM (TRIF-related adaptor molecule), leading to the assembly of triffosome 

which promotes activation of IRF-3 (interferon regulatory factor 3) and induction of 

type-1 interferons. Indeed, signalling cascades downstream of TLR4 in distinct 

subcellular sites leads to the production of different pro-inflammatory cytokines. 

For this reason, TLR4 is unique among all TLRs, being the only that signal through 

both a MyD88-dependent and an independent mechanism (Figure 5).  
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Figure 5. Dual TLR4 signalling. TLR4 activates both the MyD88-dependent and MyD88-

independent, TRIF-dependent pathways. The MyD88-dependent pathway is responsible for 

early-phase NF-κB and MAPK activation, which control the induction of pro-inflammatory 

cytokines. The MyD88-independent, TRIF-dependent pathway activates IRF-3, which is 

required for the induction of IFN-β- and IFN-inducible genes. In addition, this pathway 

mediates late-phase NF-κB as well as MAPK activation, also contributing to inflammatory 

responses. Created with BioRender.com. 

 

1.1.3.1. The MyD88-dependent signalling pathway 

NF-κB and AP-1 are two key transcription factors that drive expression of a bulk of 

inflammatory genes in macrophages. The intricate network of events occurring 

downstream of TLR4 activation has been extensively reviewed elsewhere.9 A 

simplified scheme is depicted in Figure 6. Briefly, in response to TLR4 stimulation 

by LPS, MyD88 associates with the cytoplasmic part of the receptor and 

subsequently recruits members of the IL-1 receptor (IL-1R)-associated kinase 
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(IRAK) family. Following association with MyD88, IRAK4 and IRAK1/2 are 

sequentially phosphorylated, with IRAK4 being of particular importance, as it has 

been demonstrated to be indispensable for the response to IL-1 and various TLR 

ligands. IRAK1 was originally thought to play an essential role in TLR-induced NF-

κB activation, but more recent data have emerged suggesting that instead IRAK2 

may play a prominent role in NF-κB activation, particularly during the late phase of 

TLR signalling. Further downstream, IRAK1, or alternatively IRAK2, associates 

with TRAF6, which acts as a ubiquitin protein ligase (E3) that, together with the 

ubiquitination enzyme complex (E2), catalyses the synthesis of K63-linked 

polyubiquitin chains on TRAF6 itself and other substrates, including transforming 

growth factor-activated protein kinase 1 (TAK1) and the IκB kinase (IKK) subunit 

NF-κB essential modifier (NEMO). A central step in the downstream signalling 

events is the recruitment of TAK1-binding protein 2 (TAB2) and TAB3 to 

ubiquitinated TRAF6, which brings TAK1 into proximity to the signalling complex, 

leading to its activation. TAK1 then stimulates two distinct pathways involving the 

IKK complex and the MAPK pathway, respectively. In the first pathway, TAK1-

mediated activation of the IKK complex results in site-specific phosphorylation of 

the inhibitory IκB protein. Being the point of convergence for multiple NF-κB-

inducible stimuli, IKK represents an essential component in many inflammatory 

signalling pathways. This high-molecular-weight kinase is composed of two 

structurally related kinases, IKKα and IKKβ, as well as the chaperone IKK complex-

associated protein and the adaptor NEMO/IKKγ. Despite early reports of IKK 

dependency upon ubiquitination for optimal kinase activity, it was only recently 

resolved that direct ubiquitination of NEMO is mediated by TRAF6. Following 

phosphorylation, IκB undergoes proteasomal degradation to allow activation and 

translocation of NF-κB to the nucleus, where it binds to κB sites present in promoters 

and enhancers of a broad range of pro-inflammatory genes, which are then 

transcribed. In the second pathway, TAK1 phosphorylates members of the MAPK 

kinase (MKK) family, including MKK3, -4, -6, and -7. MKK3/6 subsequently 
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phosphorylate and activate p38, whereas MKK4/7 activate c-Jun N-terminal kinase 

(JNK). However, an alternative mechanism involving p38 autophosphorylation 

proceeding in a TAK1-dependent and MKK3/6-independent pathway has been 

described. Ultimately, these signalling pathways lead to activation of the 

transcription factor activator protein 1 (AP1). Moreover, other members of MKK 

kinases, most notably MKK kinase 3 and tumor-progression locus 2, have also been 

implicated in MAPK activation downstream of TLR4. The essential and 

nonredundant role played by TAK1 is strongly suggested by significantly reduced 

NF-κB, c-Jun N-terminal kinase (JNK), and p38 responses to various TLR ligands 

in cells derived from mice deficient in this kinase.9 

 

Figure 6. NF-κB following TLR stimulation. MyD88 recruits TRAF6 and members of the 

IRAK family. TRAF6 activates the TAK1 complex via K63-linked ubiquitination (Ub). The 

activated TAK1 complex then activates the IKK complex consisting of IKKγ, IKKα and 

IKKβ, which catalyses the phosphorylation of IκB proteins (P). IκBs are destroyed by the 

proteasome-dependent pathway, allowing NF-κB (p65/c-Rel–p50 heterodimer) to 

translocate into the nucleus (canonical pathway). NF-κB controls inflammatory responses 

through the induction of inflammatory cytokines. Created with BioRender.com. 
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1.1.3.2. The TRIF-dependent pathway 

The existence of a MyD88-independent pathway downstream of TLR3 and TLR4 

was indicated by Kaway et al. data that showed MyD88-deficient mice displaying 

normal IFN-β production.43,44 Extensive molecular studies by Akira and associates 

then led to the identification of TRIF as the adaptor responsible for signalling in the 

MyD88-independent pathway.45 Subsequently, the equally important discovery of 

two IKK-related kinases, TRAF family member-associated NF-κB activator 

(TANK)-binding kinase 1 (TBK1) and IKKɛ, and their essential role in induction of 

type I IFN were reported.46 During TLR4-mediated signalling, TRIF, associated with 

TRAM is responsible for initiating a signalling pathway in which TRAF3 and TANK 

serve to bridge to the IKK-related kinases TBK1 and IKKɛ, which mediate direct 

phosphorylation of IRF-3 and IRF-7. Studies with cells lacking TBK1 or IKKɛ have 

revealed that TBK1 and, to a lesser extent, IKKɛ are responsible for TRIF-mediated 

IFN responses. It is notable, however, that whereas TBK1 and IKKɛ are essential for 

TRIF-dependent IRF-3/7 phosphorylation, these kinases are not involved in TLR-

mediated NF-κB activation. As a consequence of phosphorylation, IRF-3 and IRF-7 

form hetero- or homodimers, translocate to the nucleus, and bind to target sequences 

in DNA, such as IFN-stimulated response elements (ISRE). Importantly, IRFs 

together with NF-κB and AP1 form a multiprotein complex termed the 

enhanceosome, which induces transcription of the IFN-β gene (Figure 7).  
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Figure 7. TLR/IRF axis. TRIF recruits TRAF3, which then interacts with TBK1 and IKKi. 

These kinases mediate phosphorylation of IRF3 (P). Phosphorylated IRF3 dimerizes and 

translocates into the nucleus to regulate transcription. Activation of the IRF3 is required for 

induction of type I IFN, particularly IFN-β. Created with BioRender.com. 

 

Noteworthy, there are two types of NF-κB activation in TLR4 signalling: the 

MyD88-dependent pathway described in the previous paragraph, which mediates 

early phase activation of NF-κB and the TRIF-dependent pathway, which mediates 

the late phase activation of NF-κB.47 TRIF-dependent activation of NF-κB occurs 

through binding of TRAF6 to TRIF and subsequent ubiquitination-dependent 

recruitment and activation of TAK1. To obtain robust NF-κB activation, a second 

molecule, receptor-interacting protein 1 (RIP1), involved in TNF-receptor mediated, 

is also recruited to TRIF. RIP1 is polyubiquitinated to form a complex with TRAF6, 

and these two molecules appear to cooperate in facilitating TAK1 activation, 

resulting in IKK-mediated activation of NF-κB as well as activation of the MAPK 

pathway.9 
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Shen et al., demonstrate TRIF signalling playing a larger role in the LPS activation 

of macrophages being critical for IFN-β production.48 Moreover, their results, in 

accordance with a previous work49, indicate that the type I IFNs are major active 

components of the secreted factors that induce upregulation of costimulatory 

molecules (UCM) during LPS activation. In fact, after 24h of LPS stimulation, both 

studies demonstrate that UCM is almost entirely TRIF-dependent.  

Although controlled production of the above-mentioned inflammatory mediators is 

required for clearance of invading pathogens, uncontrolled production of 

inflammatory cytokines can provoke fatal consequences such as septic shock.50 

Therefore, fine tuning of pro- and anti-inflammatory mediators is required for proper 

immune function and homeostasis maintenance. 

 

1.1.4. NF-κB-inducible pro-inflammatory mediators 

The central role played by NF-κB in both innate and adaptive inflammation and 

immunity is mediated by the coordinate expression of multiple genes essential for 

the immune response. The importance of NF-κB is revealed by the extensive list of 

NF-κB-inducible genes, including those for pro-inflammatory cytokines such as IL-

1, IL-6, and TNF-α, as well as chemokines, including IL-8 and RANTES.5 

Moreover, NF-κB governs the expression of cell adhesion molecules, such as 

intercellular adhesion molecule-1 and E-selectin, is upregulated. Finally, in some 

instances, it appears to be advantageous for the host to stimulate cell division and 

inhibit apoptosis, and to achieve these effects, NF-κB induces several growth factors 

and antiapoptotic proteins.5,51  
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1.1.5. Type I IFN production and the IRF/STAT signalling  

Interferons (IFNs) were named for their ability to restrict viral replication 

(“interference”) in vertebrate cells, which has now been shown for many viruses both 

in human and mouse cells and cell lines.52 There are three distinct interferon (IFN) 

families: IFN-I, IFN-II and IFN-III, which differ in their immunomodulatory 

properties, their structural homology and the group of cells from which they are 

secreted. IRFs have heterogeneous functions in the regulation of both innate and 

adaptive immunity and are associated with the recognition of pathogen-associated 

molecular patterns from TLRs.53 Notably, only a subset of TLRs, including TLR3, -

4, -7, and -9, have the ability to induce IFN, although through different signalling 

pathways. However, since many pathogens activate several TLRs or additional 

PRRs, most antimicrobial responses seem to include some degree of IFN production. 

The type I IFN (IFN-I) family is a multigene cytokine family, consisting of 13 (in 

humans, 14 in mice) partially homologous IFN-α subtypes, a single IFN-β, as well 

as several other poorly defined single gene products including IFNε, IFNτ, IFNκ, 

IFNω, IFNδ and IFNζ.54 IFN-I-induced signalling converges on transcription factors, 

which rapidly induces the expression of hundreds of genes called interferon-

stimulated genes (ISGs).55,56 This antiviral signalling cascade occurs in virtually all 

cell types exposed to IFN-I. ISGs, along with other downstream molecules controlled 

by IFN-I (including pro-inflammatory cytokines), have diverse functions, ranging 

from direct inhibition of viral replication to the recruitment and activation of various 

immune cells. A robust, well-timed, and localized IFN-I response is thus required as 

a first line of defence against viral infection because it promotes virus clearance, 

induces tissue repair, and triggers a prolonged adaptive immune response against 

viruses. 

The type II IFN family consists of the single gene product, IFNγ, that is 

predominantly produced by T cells and natural killer (NK) cells and can act on a 

broad range of cell types that express the IFNγ receptor (IFNγR).57  
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Type III IFN family comprises IFNλ1, λ2 and λ3 (also known as IL-29, IL-28A, and 

IL-28B, respectively) and the recently identified IFNλ4, which have similar 

functions to cytokines of the type I IFN family but restricted activity as expression 

of their receptor is largely restricted to epithelial cell surfaces.58   

IFN regulatory factor (IRF) family include transcription factors that are crucial for 

the promotion of IFN production.59 In most cases, IRF-3 and IRF-7 are the 

fundamental IRFs required, although others such as IRF1, IRF5 and IRF8 can also 

induce IFN gene transcription. The central tenet of IFN-α/β induction is that IFNB 

and IFNA4 genes are induced in an initial wave of transcription that relies on IRF-3. 

This initial IFN burst triggers the transcription of IRF7 that then mediates a positive-

feedback loop, leading to the induction of a second wave of transcription of genes 

including additional IFN-α subtypes.60 Immediately upstream of IRFs, the kinases 

IκB kinase-ε (IKKε) and TANK-binding kinase 1 (TBK1) are responsible for the 

phosphorylation of IRF-3 and IRF7. TLR4 use the adaptor molecule TRIF, which 

associates with TBK1, leading to the activation of IRF-3. Although all 17 type I IFNs 

bind to a heterodimeric cell surface receptor complex consisting of 2 subunits, type 

I IFN receptor 1 (IFNAR1) and 2 (IFNAR2)54, they result in different biological 

outcomes.61  

Ligation of the IFNAR activates the receptor associated protein tyrosine kinases 

Janus kinase 1 (JAK1) and tyrosine kinase 2 (TYK2). In the canonical IFN-α/β 

signalling, activated JAK1 and TYK2 phosphorylate signal transducer and activator 

of transcription 1 (STAT1) and STAT2 present in the cytosol, leading to their 

dimerization, nuclear translocation, and binding to IRF9 to form IFN-stimulated 

gene factor 3 (ISGF3). ISGF3 complex then binds to IFN-stimulated response 

elements (ISREs) upstream of ISGs, leading to the activation of their transcription. 

In this manner, IFNα/β induces the expression of several hundred ISGs, many of 

which act to induce an antiviral state within the cell. Most viruses devote a part of 

their limited genome to mechanisms that perturb IFN-α/β production and/or IFN-α/β 
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signalling to stop these ISGs being induced illustrating the importance of this 

cytokine family in host cell protection from viral infection.62  

However, IFN-α/β signalling is not limited to this canonical pathway. In addition to 

signalling through STAT1–STAT2 heterodimers, IFNα/β can signal through STAT1 

homodimers, which are more commonly associated with IFN-γ signalling, that bind 

to γ-activated sequences (GAS) in gene promoters. IFN-α/β can also signal through 

other STATs that are usually associated with other cytokine signalling pathways, 

including STAT3, STAT4 and STAT5. The phosphoinositide 3-kinase (PI3K)–

mammalian target of rapamycin (mTOR) pathway and multiple mitogen-activated 

protein kinase (MAPK) pathways can also be activated downstream of the IFNAR. 

This diversity of signalling pathways may in part explain the broad effects of IFN-

α/β signalling, as it allows for the transcription of a broad range of genes beyond 

those dedicated to viral restriction.63 In fact, the role of IFNα/β on boosting the host 

response to infection are not limited to the acute cell-intrinsic antiviral response, but 

includes also effects on myeloid cells, B cells, T cells and natural killer (NK) cells 

that act to enhance the immune response, more effectively resolve viral infection and 

improve the generation of memory responses for reacting to future viral challenge, 

making IFN-I being a bridge between innate and adaptive immunity. To complicate 

the picture, recent studies describe a role for IFNα/β either as mediators of host-

microbiota interactions and/or as downstream targets of these interactions, leading 

to further effects on immune system function.64 

Accumulating evidence suggests that type I IFN may not only be involved in antiviral 

defences but also may play a role in antibacterial defences.  IFN-α/β can be protective 

or detrimental to the host during bacterial infection, in an infection-specific manner, 

although less is known about their role in bacterial infections than viral infections. 

Two well-described examples of a harmful role for IFN-α/β are in infections with L. 

monocytogenes and M. tuberculosis, both of which are intracellular pathogens that 

preferentially infect macrophages. In the first case, IFN-α/β production which is a 
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method of self-regulation by immune cells, is subverted by L. monocytogenes for its 

own advantage. During L. monocytogenes infection, aberrant IFN-α/β production 

potently inhibit responsiveness of macrophages to IFN-γ.65 On the other hand, 

patients with active tuberculosis had a prominent whole blood IFN-α/β 

transcriptional profile that correlated with the extent of radiographic disease and was 

diminished upon successful treatment.66 Moreover, Dejager and colleagues’ findings 

reveal that type I IFNs play an important detrimental role during sepsis by negatively 

regulating neutrophil recruitment. They published a paper providing data that 

support pharmacologic inhibition of type I IFN signalling as a novel therapeutic 

treatment in severe sepsis,  proposing IFNAR1 as a potential drug target for sepsis.67 

Dysregulation of IFN-related responses strongly support the linkage between IFN-I 

and autoimmunity. Dysregulation of the IFN-I system has been well studied in 

systemic lupus erythematosus (SLE). The common mechanism, by which TLRs play 

a role in SLE pathogenesis, is believed to be via production of IFN-α. An association 

between genetic variants of IRF5, which is involved in regulating IFN-α production, 

and SLE in multiple ethnic groups has been established.68–70 Biologics that target 

type I interferons appear effective in SLE and are in phase III trials.71 Moreover, 

there is evidence of increased IFN-I activity in many other autoimmune and 

inflammatory diseases potentially sharing common molecular pathways (e.g., 

inflammatory myositis, rheumatoid arthritis). Additionally, IFN-I has complex roles 

in chronic infection (HIV72, CMV73) as well as in cancer and response to 

radiotherapy.74 Finally, researcher identified interferonopathies as a heterogeneous 

group of disorders, mainly presenting an autosomal recessive inheritance pattern, 

characterized by constitutive upregulation of IFN-I. Among them, the Aicardi–

Goutieres syndrome (AGS), the most well-studied interferonopathy, usually presents 

an early onset during childhood, with symptoms resembling those of SLE.75 Recent 

evidence also implicates type I IFN-dependent signalling as a key inflammatory 

driver in non-autoimmune diseases such as certain solid tumours76 and myocardial 
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infarction77. Therapeutic strategies that target ligands, receptors, or TLRs may have 

markedly different clinical effects. As regards the latter, a number of small molecule 

or oligonucleotide inhibitors of TLRs for potential use in SLE and other autoimmune 

diseases are in pre-clinical or phase I development.78 

 

1.1.5.1. Interplay between SARS-CoV-2 and the type I interferon 

response  

Given the fact that mounting an inflammatory response through PRRs is a 

prerequisite for containment and eradication of invading pathogens, it is not 

surprising that most pathogens have developed mechanisms for modulating or 

interfering with PRR-mediated responses. Viruses are the class of pathogens that 

have evolved the most diverse and sophisticated molecular mechanisms for 

interfering with antimicrobial and pro-inflammatory responses. Due to the ability of 

viruses to exploit the cellular machinery during their replication cycle, an intricate 

virus-host relationship has developed throughout evolution, and this allows many 

types of viruses to interfere profoundly with host signalling.79 Overall, viruses can 

interfere in multiple ways with NF-κB and IRF pathways to inhibit induction of pro-

inflammatory molecules and IFN. Of note, coronaviruses have developed multiple 

strategies to escape and counteract innate sensing and IFN-I production. 

The severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) is a beta-

coronavirus that emerged at the end of 2019 in China and rapidly spread around the 

world, causing a pandemic.80,81 COVID-19 is an infectious disease that can lead to 

severe acute respiratory syndrome. As mentioned above, coronaviruses possess 

various mechanisms to defeat the IFN-I response within infected cells, and this 

inhibition ability is associated with clinical severity.82 Clinical studies showed that 

coronaviruses evade innate immunity during the first 10 days of infection, which 

corresponds to a period of widespread inflammation and steadily increasing viral 
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load. A distinct phenotype was observed in severe and critical patients, consisting of 

a highly impaired interferon (IFN) type I response (characterized by no IFN-β and 

low IFN-α production and activity), which was associated with a persistent blood 

viral load. Elevated virus replication eventually leads to an excessive and 

uncontrolled inflammatory response which is associated with hypercytokinemia, 

referred to as a “cytokine storm”. The delayed IFN-I response indeed promotes the 

accumulation of pathogenic monocyte-macrophages. This cell infiltrate results in 

lung immunopathology, vascular leakage, and suboptimal T cell response. The 

immune system attacks the host violently, causing multiple organ failure which can 

lead to death.83 The cytokine storm associate with COVID-19 is partially driven by 

the transcriptional factor NF-κB and characterized by increased TNF–α and IL-6 

production and signalling, showing similarities with those observed in other 

pathologies such as sepsis, acute respiratory distress syndrome, acute lung injury and 

other viral infection including severe cases of influenza.  

 

1.1.6. Macrophages: origins, differentiation, and functions 

Macrophages are immune cells with heterogeneous phenotypes and complex 

functions in tissue homeostasis and innate and acquired immunity. Macrophages are 

found in tissues, body cavities, and mucosal surfaces. Nobel Prize Ilya Ilich 

Metchnikoff was the first to describe macrophages in the late 19th century as large 

phagocytic cells (macro “big” + phage “eat”). Honoured as the "father of innate 

immunity," Mechnikov was the first to posit that the process of phagocytosis served 

as a natural immune system.84,85 

In 1980, van Furth proposed the theory of the “mononuclear phagocyte system” 

(MPS) suggesting that all macrophages, not only those in inflammatory foci but also 

those in tissues in the steady-state, are derived from monocytes, which differentiate 

via promonocytes from monoblasts originating in bone marrow.86 However, 
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macrophage origin has been debated extensively during the past years.87  Researchers 

have questioned the validity of the MPS model and argued that tissue-resident 

macrophages are a separate lineage seeded during development and maintained by 

self-renewal. In 2019, Hume et al. reviewed different studies summarizing the 

evidence that during postnatal life, monocytes can replace resident macrophages in 

all major organs and adopt their tissue-specific gene expression, concluding that the 

original MPS lineage concept remains valid and accurate.88 According to Sheng and 

colleagues, most of tissue-resident macrophages are progenies of classical 

hematopoietic stem cells (HSC), being only microglia and, partially epidermal 

Langerhans cells, the only macrophages that are yolk sac (YS)-derived.89 

Consistently, in both brain and liver, resident population of macrophages plays a role 

in promoting apoptosis and/or clearance of the infiltrating monocyte-derived 

macrophage population during the recovery phase, thus infiltrating monocytes do not 

contribute to the resident macrophage pool rather, during recovery, microglia and 

Kupffer cells are replenished through local proliferation.90 

This paradigm was overturned within the last decade due to the results of genetic 

lineage tracing studies in mice. They found that in many tissues, macrophages 

originate from precursor cells derived from the yolk sac or foetal liver and 

differentiate into macrophages as part of prenatal or antenatal development. These 

“tissue-resident macrophages” can be very long-lived (months to years in the brain, 

liver, lung, and skin) and self-renewing, maintaining their homeostatic pool without 

a contribution from circulating monocytes. In other tissues, tissue-resident 

macrophage populations are replaced by monocyte-derived cells over different time 

scales. For example, in the intestine, locally maintained tissue-resident macrophages 

coexist with monocyte-derived populations with relatively short half-life, which 

have distinct roles in gut homeostasis and intestinal physiology. Indeed, most tissues 

are now recognized to contain multiple macrophage populations localized to distinct 

microanatomical domains. Each of these populations differs in its ontogeny, rate of 
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replacement by monocyte-derived cells, and capacity for self-renewal, and each is 

likely to play a specialized role in tissue homeostasis, injury, and repair (Figure 8).91 

 

Figure 8. Tissue-resident macrophages and monocyte-derived macrophages play 

distinct roles in tissue injury and repair. Tissue-resident macrophages (TRMs) originate 

from the yolk sac and foetal liver during development and persist in many tissues via self-

renewal. During homeostasis (left panel), TRMs clear apoptotic cells, proteins, and 

phospholipids and either clear or respond to toxins, particulates, and pathogens within the 

local microenvironment. Many TRMs can maintain themselves by local proliferation 

without the contribution of monocyte-derived macrophages (MoMs). TRMs produce a 

variety of factors that stimulate the activation, proliferation, and differentiation of immune 

cells, epithelial cells, endothelial cells, fibroblasts, and stem cells that facilitate tissue 

homeostasis. In response to tissue injury (middle panel), bone marrow–derived monocytes 

are recruited to the injured tissue, where they differentiate into MoMs. During injury, TRMs 

and MoMs play distinct roles; usually MoMs exhibit a more robust inflammatory response. 

During the resolution of injury (right panel), TRMs may die or expand through self-renewal 

and repopulate the niche. MoMs either undergo apoptosis or persist, sometimes gaining the 

capacity for self-renewal. Over time, the phenotypes of TRMs and MoMs become 

increasingly similar.91 

 

Monocytes derive from a common progenitor termed Macrophage Dendritic Cell 

Precursor (MDP), emphasizing a continuum differentiation potential of monocytes 

to both inflammatory macrophages and DCs.92 Relatedness between the two is 

confirmed also by the fact that monocytes and macrophages share the expression of 
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many surface markers and dependence upon specific growth factors and 

transcriptional regulators.93 Circulating blood monocytes in humans represent about 

10% of leukocytes. Circulating monocytes generated in the bone marrow can be 

divided into three subsets based on differential expression of CD14 and CD16. 

Approximately 90% of them, termed “classical monocytes,” present CD14 but are 

negative for CD16 (CD14+CD16−). The “nonclassical monocytes” are 

CD14lowCD16+. Finally, a third subtype termed “intermediate” has been defined as 

CD14+CD16+. However, this latter subtype has recently been under debate as certain 

studies indicate clear transcriptomic94 and phenotypic95 differences between the 

three subtypes while other authors shows that, transcriptionally, only classical and 

nonclassical subtypes can be distinguished96, being the intermediate subset a 

population in transition between the other two subtypes. 

Pools of monocytes can be found in the spleen and this reservoir can be mobilized 

quickly in case of injury or acute inflammation. Leukocyte recruitment is a complex 

process involving a series of interactions with integrins expressed on vascular 

endothelium. The sequential rolling, adhesion, and migration of leukocytes into the 

inflamed tissue is tightly regulated through induced expression of cell adhesion 

molecules and integrins in response to PRR activation.3 The acute inflammatory 

cellular infiltrate consists of monocytes, DCs, neutrophils, and NK cells. Ultimately, 

the progression of tissue specific pathophysiological insults is dependent on both 

resident and infiltrating monocyte-derived macrophages. The monocyte subtypes 

possess differences in their capacity to infiltrate tissues. “Classical” CD14+ 

monocytes tend to be recruited first and at higher levels in inflammatory conditions 

whereas “nonclassical” monocytes have a monitoring function for tissue damage in 

the form of dying endothelial cells and promoting recruitment of other immune cells 

in that case.97 Traditionally defined and categorized by their anatomical territory 

(e.g., brain microglia, liver Kupffer cells and lung alveolar, splenic red pulp, and 

peritoneal macrophages) resident tissue macrophages adapt to each tissue 
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environment to perform specific functions. They have important roles in organ 

development, tissue homeostasis and repair. For instance, alveolar macrophages 

regulate pulmonary surfactant turnover while osteoclasts promote bone resorption, 

and red-pulp macrophages (RPMs) in the spleen promote red blood cell clearance 

and regulate iron recycling.98 Besides their homeostatic functions, tissue-resident 

macrophages drive local and systemic defensive responses to pathogens as effectors 

of innate immunity, playing an indispensable role in boosting initial defense.99  

Macrophages have been implicated in a wide range of diseases, not only those that 

encompass inflammatory conditions that lead to immune activation, such as 

atherosclerosis, sepsis, rheumatoid arthritis, and systemic lupus erythematosus, but 

also those that are accompanied by immune suppression, such as tolerance to 

bacteria, or cancer. Although it is clear that tissue-resident macrophages are essential 

in health and disease, the contribution of MDMs to the tissue macrophage population 

in homeostasis and disease increases over time and strongly affects the course and 

outcome of subsequent inflammation, immune activation, and disease 

development.90 

 

1.1.7. Macrophage polarization 

Two processes that impact on macrophage phenotype can be distinguished: 

differentiation and polarization. As described in the previous paragraph, the term 

differentiation indicates the transitions of a monocyte into a more mature state of a 

macrophage, induced by cytokines, growth factors, or other stimuli. Macrophage 

polarization, also sometimes referred to as activation, refers to the process by which 

macrophages produce distinct functional phenotypes as a reaction to specific 

microenvironmental stimuli and signals, such as pathogen-related molecules (e.g., 

LPS) or cytokines.  
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In vivo, macrophages with different polarization and different activation markers 

coexist in tissues. In vitro, macrophages change their polarization state based on 

diverse stimuli such as cytokines, microbes, microbial products, and other 

modulators.100 Literature comprises several terms and definitions to describe the 

macrophage activation and polarization. Initially, only two closed activation states 

were considered, M1 (classically activated) or M2 (alternatively activated) (Figure 

9). The two states represent opposite characteristics and their nomenclature was 

originally based on Th1 and Th2 cytokines.101 More specifically, different 

metabolism of arginine after LPS injection elicits different phenotypes of 

macrophages in C57BL/6J and Balb/c mice. C57BL/6J peritoneal macrophages 

induced iNOS resulting in nitric oxide and a T-helper 1 (Th1) CD4 T cell response, 

while BALB/c mice induced arginase to produce ornithine and a Th2 response.102  

 

 

Figure 9. Macrophage classification based upon polarization. Macrophages can be 

polarized into classically activated (M1) and alternatively activated (M2) macrophages. 

M1/M2 polarity arises from arginine metabolism via two antagonistic pathways: M1-like 

macrophages are the products of the iNOS pathway, which produces citrulline and NO from 

arginine, whereas M2-like macrophages are the products of the arginase pathway, which 

produces ornithine and urea from arginine.103 The different stimuli, surface markers, secreted 

cytokines, and biological functions between M1 and M2 macrophages were depicted.104 
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This classical separation of macrophage activation has been expanded and a 

spectrum of different activation states have been depicted, from highly pro-

inflammatory to pro-fibrotic, pro-tumoral, anti-inflammatory, and many more. 

Mantovani et al. called classically activated macrophages (by IFN-γ combined with 

LPS or TNF) M1. In vitro alternatively activated macrophages (by IL-4) were re-

named M2a. Two other M2-like macrophage phenotypes were induced by Fc 

receptor engagement by immune-complexes (M2b) or by IL-10 and glucocorticoids 

(M2c). These macrophages differ in their cell surface markers, secreted cytokines, 

and biological functions (summarized in Figure 10). Further clear differences 

between the phenotype subtypes with respect to size, morphology, and transcriptome 

has been extensively described elsewhere.105 Here, for the sake of simplicity, simple 

dichotomy of M1 and M2 activation will be described.  

 

 

Figure 10. M2 macrophage phenotypes. Different stimuli, surface markers, secreted 

cytokines, and biological functions characterizing the different subsets.104 

 

Following the activation by lipopolysaccharide (LPS) and Th1 cytokines (such as 

IFN-γ and TNF-α), macrophages are polarized into M1 macrophages and 
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characterized by TLR2, TLR4, CD80, CD86, iNOS, and MHC-II surface 

phenotypes. These cells release various cytokines and chemokines (for example, 

TNF-α, IL-1α, IL-1β, IL-6, IL-12, CXCL9, and CXCL10) which exert positive 

feedback on unpolarized macrophages. Key transcription factors, such as NF-κB, 

STAT1, STAT5, IRF-3, and IRF-5 have been shown to regulate the expression of 

M1 genes. It seems that NF-κB and STAT1 are the two major pathways involved in 

M1 macrophage polarization and result in microbicidal and tumoricidal functions.104  

M2 polarization occurs in response to downstream signals of cytokines such as IL-

4, IL-13, IL-10, IL-33, and TGF-β. Notably, only IL-4 and IL-13 directly induce M2 

macrophage activation, whereas other cytokines (such as IL-33 and IL-25) amplify 

M2 macrophage activation by producing Th2 cytokines. M2 macrophages can be 

additionally identified by their expression of surface markers, such as mannitol 

receptor, CD206, CD163, CD209, FIZZ1, and Ym1/2. Up-regulation of cytokines 

and chemokines, such as IL-10, TGF-β, CCL1, CCL17, CCL18, CCL22, and CCL24 

also attract unpolarized macrophages to polarize into the M2 state. Key transcription 

factors, such as STAT6, IRF4, JMJD3, PPARδ, and PPARγ have been shown to 

regulate the expression of M2 genes. Thus far, STAT6 pathway has been considered 

to be the pathway to activate M2 macrophages.  

However, work from many groups in the last decade reveals macrophages as 

remarkably plastic cells that are epigenetically programmed in response to signals 

originating from the tissue environment.99,106 This was definitively shown by Xue et 

al., who found that the M1/M2 paradigm failed to describe the transcriptome of 

human monocyte-derived and alveolar macrophages stimulated with LPS/IFN-γ or 

IL-4/IL-13 in the presence of factors known to be present in different tissue or 

disease microenvironments.107 Having said that, revisiting the M1/M2 paradigm in 

the context of macrophage ontogeny will be essential to determine the extent of 

plasticity of individual populations of macrophages.90 
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1.1.8. The role of macrophages in the resolution of inflammation  

As extensively described in the previous paragraphs, during tissue injury, pathogens, 

infected cells, and cells dying from necroptosis or pyroptosis release PAMPs or 

DAMPS, which activate inflammatory signalling pathways in macrophages and 

other resident cell populations that recruit neutrophils, monocytes, and other 

inflammatory cells to the tissue. Once the acute injury has been controlled, 

macrophages play a role in suppressing inflammation and initiating wound repair by 

clearing debris and producing growth factors and mediators that provide trophic 

support to the tissue in which they reside.108 In 2019, Watanabe91 and colleagues 

suggest two nonexclusive pathways by which tissue macrophages might contribute 

to repair (Figure 11). 

 

Figure 11. Role and kinetics of macrophages during tissue injury and repair. (A) 

Monocytes are recruited to the tissue during injury, where they differentiate into 

macrophages in response to cues provided by the injured microenvironment. Watanabe et 

al. propose two models to understand the distinct roles of monocytes in promoting tissue 

injury and tissue repair during injury resolution, which are not mutually exclusive. In the 

passive repair model (top panel), tissue regeneration restores signals that promote 

macrophage differentiation into cells that increasingly resemble tissue-resident 

macrophages. As the homeostatic function of macrophages is restored, tissue repair is 

accelerated, creating a feed-forward loop that restores homeostasis. In the active repair 

model (bottom panel), monocyte-derived macrophages respond to cues in their 
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microenvironment and express or secrete factors that drive tissue repair. Interactions include 

the uptake of apoptotic cells (often neutrophils), regulatory T cells, pathogens, and epithelial 

cells. These monocyte-derived macrophages might promote the resolution of inflammation 

through secretion of anti-inflammatory and pro-repair mediators including metabolic 

intermediates, pro-resolution lipid mediators, anti-inflammatory cytokines, and matrix 

remodelling proteins. (B) The kinetics of monocyte-derived macrophage recruitment to 

tissues is a subject of active investigation. A single wave of monocytes may enter during 

injury and be progressively reshaped into pro-resolving macrophages in response to cues 

within the local microenvironment (top panel). Alternatively, distinct waves of monocyte-

derived macrophages might be involved in tissue injury (red) and tissue repair (purple) 

(middle panel), or monocytes with varying functions might be continuously recruited over 

the course of tissue injury and repair (bottom panel).91 

 

The first process, referred to as “passive macrophage repair,” involves the 

progressive differentiation of monocyte-derived macrophages in response to a 

growing number of “normal” signals originating from the regenerating tissue 

microenvironment. As this process of differentiation occurs, the macrophages take 

on phenotype and function increasingly similar to those of homeostatic tissue-

resident macrophages. The result is a positive-feedback loop in which an increasing 

normalization of the tissue microenvironment drives a progressively more 

homeostatic role for macrophages, which in turn promote tissue repair. Alternatively, 

monocyte-derived macrophages might die by apoptosis, allowing the restoration of 

tissue-resident macrophages through proliferation and migration. The second 

process, called “active macrophage repair,” involves activation of specific 

transcriptional programs in macrophages in response to factors uniquely present in 

the injured tissue microenvironment. One described mechanisms involves 

macrophage efferocytosis of apoptotic neutrophils recruited to the tissue during 

injury that results in a reduced expression of pro-inflammatory cytokines and 

chemokines from macrophages.109 In addition to efferocytosis, other factors in the 

injured tissue microenvironment can activate anti-inflammatory signalling pathways 

in macrophages. For example, regulatory T cells that expand in the injured tissue can 

release amphiregulin, TGF-β, and IL-10, or directly interact with macrophages via 

ligand/surface interactions induced by CD40/CD80.110 Moreover, microvesicles 
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originating from macrophages or other recovering cell populations have been 

reported to carry signalling molecules including SOCS2 or signalling microRNAs 

that induce reparative phenotypes.91  

However, as described thoroughly in the previous sections, also those repair 

mechanisms can be detrimental in case of dysregulation. For example, cell-

autonomous activation of mTOR signalling in macrophages induces a systemic 

granulomatous disease with features suggestive of sarcoidosis in multiple tissues.111 

Furthermore, some pathogens might take advantage from macrophage repair 

pathways to persist.112 

Another interesting topic is the study of the relationship between macrophages 

(dys)functions and aging. Several groups of investigators have observed impaired 

macrophage transcription and function in normal aging. These include reduced 

phagocytosis, impaired polarization in vitro, a loss of wound healing response, and 

a reduced response to Toll-like receptor activation.113 

It is therefore clear that failure to control macrophage plasticity may result in 

maladaptive response leading either to inflammatory diseases and tissue damage (in 

a case of excessive M1-polarized response) or to tissue fibrosis and cancer (in case 

of extensive M2-polarized response). Hence improving the inflammatory 

environment by modulating the activation state of macrophages could be an effective 

therapeutical approach. 

 

1.1.9. Common and different features between macrophages and 

dendritic cells (DCs) 

Although both macrophages and DCs are members of the mononuclear phagocyte 

system and originate from a common myeloid precursor, they are often considered 

distinct cell types based on their morphology, functions, and specific transcriptional 

profiles. Macrophages are defined as large vacuole cells that are highly phagocytic 
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and modulate immune responses by releasing various immune mediators, while DC 

are characterized as stellate migratory cells that act as sentinels in non-lymphoid 

tissues and migrate into lymphoid tissues upon antigen encounter, present antigen, 

and subsequently activate native T lymphocytes. In vitro, macrophage colony-

stimulating factor (M-CSF) induces the differentiation of monocytes into 

macrophages114, while the combination of granulocyte/macrophage colony-

stimulating factor (GM-CSF) and interleukin 4 (IL4) induces the differentiation of 

monocytes into DCs.115 While, macrophages are classified into 2 subgroups (M1 and 

M2 - M2a, M2b, M2c, M2d) depending on their anti- or pro-inflammatory 

properties116, DCs comprise two functionally distinct populations: plasmacytoid 

(pDC) and myeloid (mDC). mDCs have been further subdivided into 2 subsets based 

on their expression of BDCA3/CD141 (mDC1) and BDCA1/CD1c (mDC2)117. Of 

all the different cell characteristics, surface markers are often used to distinguish DCs 

from macrophages (Figure 12).104 

 

 

Figure 12. Common and different characteristics between macrophages and dendritic 

cells. Surface markers, transcription factors, and biological functions.104,118 
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The use of TLR-matured DCs may be an effective therapeutic strategy to treat cancer 

and provide protection against pathogens.119 Maximal immune-boosting properties 

of TLR4-based DC immunotherapy for cancer and infectious diseases may require 

dual signalling via MyD88 and TRIF.48 

 

1.1.10. Pharmacological strategies targeting TLR4 signalling 

The pivotal role of TLRs in innate host defences was first indicated by the finding 

that C3H/HeJ mice with non-functional TLR4 are resistant to LPS-mediated shock120 

and valuable insights into TLR-mediated pathogen recognition and signalling has 

since been gained from the use of knockout mice and/or in vitro single TLR-

expressing engineered cells (e.g., human embryonic kidney (HEK) 293 cells) 

challenged with individual purified PAMPs or entire microbial pathogens. Because 

of TLR4 signalling cascade’s huge role, its extracellular and intracellular 

components are very attractive therapeutic targets for the treatment of both acute (e. 

g., sepsis) and chronic disorders, associated with excessive cytokine production (also 

called cytokine storm, an expression we all have learned due to the COVID-19 

pandemic). 

In addition to PAMPs, TLR4 can be also triggered by damage-associated molecular 

patterns (DAMPs) derived from damaged and necrotic tissues (sterile inflammation), 

such as fibronectins, small fragments of hyaluronan, and even saturated fatty acids 

in response to cellular damage. Besides the exogenous stimuli, endogenous host 

molecules, such as the oxidized phospholipids or high-mobility group box 1 

(HMGB1) have also been shown to activate TLR4. While different LPS shares a 

conserved lipid A moiety with chemical determinants that ensure the optimal 

interaction with CD14 and MD-2 (5 or 6 lipophilic fatty acid chains attached to a 

disaccharide backbone, and one or two phosphate groups) DAMPs are chemically 

diverse molecules and the molecular mechanism of TLR4 activation including the 
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role of CD14 and MD-2 in the sensing of these molecules are not completely 

understood. DAMPs have been implicated in many pathologies caused by TLR4 

activation, including atherosclerosis, rheumatoid arthritis, neuroinflammation, and 

trauma and haemorrhage. Very recently, our group proposed TLR4 as a promising 

therapeutic target for amyotrophic lateral sclerosis.121 Moreover, possible 

application of TLR4 antagonists in treatment of peripheral neuropathic pain has also 

been suggested.122 

Among the diseases caused by TLR4 abnormal activation by bacterial endotoxin, 

sepsis is the most dangerous because it is a life-threatening acute system 

inflammatory condition that still lacks specific pharmacological treatment. Septic 

shock with increased lipopolysaccharide (LPS) levels in blood, overexpression of 

pro-inflammatory cytokines, activation of blood coagulation system, and 

accumulation of fibrinogen degradation products leads to a violation of local and 

general hemodynamic and endothelial dysfunction. In western countries, mortality 

in patients with severe sepsis is 20­50%, if there is no organ dysfunction it can be 

diminished (less than 20%).123  

Numerous compounds have been tested, in vitro and/or on animal models, for their 

capacity to block TLR4-mediated cytokine production. The known TLR4 

antagonists belong to various classes of chemical compounds - mainly glycolipids 

that mimic the natural TLR4 ligand pharmacophore, lipid A, but also heterocycles, 

peptides, opioids, taxanes, steroids, etc, of natural and synthetic origin.124 Notably, 

Professor Peri (University of Milano-Bicocca) has substantially contributed to this 

field with the development of a series of synthetic glycolipid small molecule 

modulators of TLR4, referred to as FPs compounds.125,126 Main synthetic TLR4 

antagonists and agonists will be described below. 

Synthetic TLR4 antagonists. Several TLR4 antagonists were synthesized. The 

majority of them are mimetics of lipid A, the natural MD-2 ligand.124 The most 

famous lipid A mimetic is Eisai’s Eritoran that entered clinical phase. Other TLR4 
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antagonists with a chemical structure unrelated to lipid A have been recently 

developed. However, only TAK-242 (resatorvid) entered clinical trials. TAK-242 

(resatorvid) is a small-molecule compound that selectively inhibits TLR4 signalling. 

TAK-242 inhibits the TLR4 pathway by binding directly to a Cys747 in the 

intracellular TLR4 domain. It has been observed that TAK-242 disrupts the 

interactions of TLR4 with its adaptor molecules, TIRAP (toll-interleukin 1 receptor 

(TIR) domain containing adaptor protein), and TRAM (TIR domain-containing 

adapter inducing IFN-β-related adapter molecule). Treatment of the HEK293 cells 

transfected with plasmids encoding FLAG-TLR4, MD-2, and FLAG-TIRAP/FLAG-

TRAM proteins with TAK-242 inhibited the co-precipitation of TIRAP with TLR4 

in a concentration-dependent manner. TAK-242 inhibited the association of TRAM 

with TLR4 at concentrations similar to those at which it inhibited the association of 

TIRAP with TLR4.127,128 Fully deuterated TAK-242 retains TLR4-antagonistic 

activity, while having better pharmacokinetic and distribution properties than TAK-

242.129  

Eritoran is probably the most known antagonist of TLR4. It mimics the lipid A, but 

presents four instead of six fatty acid chains, one of them being unsaturated. The 

crystallographic analysis of the Eritoran/MD-2 complex revealed that Eritoran binds 

MD-2 more similarly than lipid A, by accommodating the four fatty acid chains into 

MD-2 binding pocket. However, when bound to MD-2 cavity, Eritoran is rotated 

180° respect to lipid A. According to this model, Eritoran acts thus as a classic 

competitive inhibitor of MD-2 competing with LPS for the binding of the MD-2 

pocket.130 After successful results were obtained on animal models, Eritoran was 

suggested for testing on humans. However, both TLR4 antagonists Eritoran and 

TAK-242 failed to pass clinical trials as drugs against acute sepsis and septic 

shock.131 

Alongside, cationic amphiphiles (IAXO compounds) based on monosaccharide 

scaffolds efficiently inhibited TLR4 signalling in vitro and in vivo.132 The 
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mechanism of the antagonist action of this class of compounds was studied in the 

case of IAXO-102. A direct interaction of hydrophobic fatty acid chains of this 

compound and MD-2 was found by NMR measurements, confirming that very likely 

these compounds directly compete with LPS for MD-2 binding. Moreover, it has 

been observed in in vitro binding tests high affinity of IAXO compounds for CD14, 

so that interaction with CD14 probably reinforces the antagonist effect on the TLR4 

signal pathway.133 

Recently, new synthetic glycolipids, named FP7 and FP12, has been developed as 

TLR4 antagonists. FP7 and FP12 compete with LPS (and other TLR4 ligands) for 

the MD-2 binding site, thus inhibiting TLR4 activation (formation of the TLR4/MD-

2/LPS complex).134 In 2018, it has been shown that FP7 can negatively regulate 

MyD88-dependent TLR4 signalling in both non-haematopoietic and haematopoietic 

cells, suggesting that this TLR4 antagonist could potentially be used therapeutically 

for the treatment of inflammatory-related diseases.135 More recently, the results from 

a study demonstrated that synthetic TLR4 antagonists FP7 and FP12 were effective 

in blocking MyD88-independent TLR4 signalling in THP-1 macrophages. 

Following activation of TLR4 by LPS, data revealed that FP7 and FP12 inhibited 

TBK1, IRF-3 and STAT1 phosphorylation which was associated with IFN-β and IP-

10 down-regulation. Specific blockage of the type I IFN receptor (IFNAR) showed 

that these novel molecules inhibited IFN-β signalling by interfering with TRIF-

dependent TLR4 pathway.125 

Synthetic TLR4 agonists. On the flip side of the coin, several studies have 

demonstrated that TLR agonists can act as effective adjuvants for host defence 

against pathogens and cancer.126,136 Indeed, an intense interest in developing TLR 

agonists as adjuvants for clinical vaccines has raised in the past years.126,137 For 

instance, TLR4 agonist monophosphoryl lipid A (MPLA) is an approved adjuvant 

for vaccines against human papilloma virus and hepatitis B.138 Additionally, new 

glycolipid-based TLR4 modulators mimicking lipid A chemical structure have been 
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recently described as innovative vaccine adjuvants by Peri’s research group, FP11 

and FP18. Mechanistically, FP11 and FP18 were more effective at inducing MyD88-

dependent signalling than TRIF-dependent but may still activate signalling via 

IFNAR.126 

Among the synthetic molecules we have seen so far, most of them are still in the 

early stage of preclinical development, a small number is employed for ongoing 

clinical studies and only a few licensed compounds have been marketed as TLR4-

based therapeutics. As mentioned before, TLR4 agonists with a structure related to 

lipid A (MPL and AS04) have been licenced as vaccine adjuvants. Other lipid A 

mimetics (AS04, GLA-SE, GSK1795091 and OM-174) are in clinical Phase I or II 

as anticancer therapeutics. Small molecular TLR4 antagonist AV-411 (Ibudilast) is 

in Phase II clinical trials for the treatment of asthma and poststroke disorders. NI-

0101 is the first anti-TLR4 monoclonal antibody to pass Phase I clinical trials for 

rheumatoid arthritis, showing safety and tolerability.131 At this point it becomes clear 

that extending the chemical variety of TLR4 signalling modulators is an effort that 

must be addressed, for example by discovering new active molecules drawing from 

natural sources. 
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1.2. Natural Products and Immune Modulation 

 

1.2.1. Phytochemicals as phytopharmaceuticals and nutraceuticals 

Often patients are given anti-inflammatory drugs for acute or chronic inflammation 

to ease the suffering. However, sometimes anti-inflammatory drugs worsen the 

disease processes, is the case of osteoarthritis and rheumatoid arthritis. Also 

considering their enormous costs (in case of biologics), necessity of utilizing 

alternatives becomes evident.139 Classical natural product chemistry methodologies 

enabled a vast array of bioactive secondary metabolites from terrestrial and marine 

sources to be discovered. Historically, natural products have been used since ancient 

times and in folklore for the treatment of many diseases and illnesses.140 Scientific 

evidence is also emerging to explain their medicinal uses. Some studies suggest some 

plant species and their constituents have anti-inflammatory effects relevant for a 

particular therapeutic use. In these circumstances, plants may be used as 

phytopharmaceuticals to treat or alleviate inflammatory diseases offering one 

appealing way to reduce the use of anti- inflammatory drugs. This chapter describes 

some plant constituents that have been associated with anti-inflammatory effects 

relevant for use as nutraceuticals, phytopharmaceuticals, or as both. However, before 

continuing, it is necessary to reflect upon the differences between anti-inflammatory 

drugs and plant possessing anti-inflammatory properties. Nonsteroidal anti- 

inflammatory drugs (NSAID), one of the most common categories of such drugs, 

work primarily (if not exclusively) by inhibiting both isoforms of cyclooxygenase 

(COX- 1 and COX- 2). Contrarily, herbal medicines have never been demonstrated 

to act on a single enzyme or receptor. Instead, they have multiple constituents 

ranging from phenolics, terpenoids, polysaccharides, and proteins that act on 

multiple targets, and generally to a lesser extent than pharmaceuticals. The result is 

a gentler, slower onset of action coupled with vastly reduced or absent adverse 

effects compared to fast-acting, powerful, more toxic drugs and ultimately with long- 
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lasting effects.141 Plants have been well documented for their medicinal uses for 

thousands of years, for example in Traditional Hindu Ayurveda as well as Traditional 

Chinese medicine (TCM).142 They have evolved and adapted over millions of years 

to withstand bacteria, insects, fungi, and weather to produce unique, structurally 

diverse secondary metabolites. The earliest records of natural products were depicted 

on clay tablets in cuneiform from Mesopotamia (2600 B.C.) which documented oils 

from Cupressus sempervirens (Cypress) and Commiphora species (myrrh) which are 

still used today for treatment of the common cold, coughs, and inflammation.143 

Examples of drugs derived from natural sources include morphine and codeine, 

which are isolated from the plant Papaver somniferum, artemisinin, a TCM used to 

treat malaria, and anticancer taxol and halichondrin B, derived from the pacific yew 

tree and marine sponges, respectively.17 Another example is Zingiber officinale. 

Ginger is a tropical plant in the Zingiberaceae family and is esteemed in natural 

medicine around the world. The rhizome is used medicinally for many conditions 

characterized by excessive inflammation. Numerous studies have documented that 

many constituents of ginger, particularly 6-gingerol and related molecules, inhibit 5- 

lipoxygenase (5- LOX), COX- 1, COX- 2, NF-κB signalling pathway, and 

thromboxane synthetase.144 Due to this wide pattern of activity ginger’s action is 

deeper and broader than simply having multiple effects on inflammation related 

eicosanoid and cytokine pathways. Curcuma longa (turmeric) rhizome is another 

inflammation modulator from the Zingiberaceae family, native to the tropics of 

Central and South-eastern Asia like its cousin ginger. Much work has investigated 

the inflammation-modulating aspects of its diarylheptanoid constituents known as 

curcuminoids. A thorough review of research through 2002 found evidence that 

curcuminoids inhibit phospholipases, LOX, COX, leukotrienes, thromboxane, 

prostaglandins, nitric oxide, collagenase, elastase, hyaluronidase, monocyte 

chemoattractant protein- 1 (MCP- 1), interferon- inducible protein, tumor necrosis 

factor (TNF), and interleukin- 12 (IL- 12).145  
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Another example is parthenolide, an anti-inflammatory compound, which is 

naturally present in the plant Tanacetum parthenium (also known as feverfew) that 

is used in herbal remedies. Parthenolide can interfere with the ATPase activity of 

NLRP3, thereby hindering inflammasome activation.146 

Nutritional biology can significantly contribute to the discovery of new molecular 

targets in both health and diseases. Natural bioactive compounds occurring in food 

that provide medical or health benefits, including the prevention and treatment of a 

disease, are referred as “nutraceuticals,” a hybrid term of “nutrition” and 

“pharmaceuticals”, coined by Stephen DeFelice147. In addition to their basic 

nutritional value, nutraceutical agents have been shown to exert physiological 

benefits or provide health protection against different diseases. An extensive body 

of scientific evidence suggests that dietary factors exert their influence largely 

through their effects on blood pressure, lipids, and lipoproteins, as well as on markers 

of inflammation and coagulation.148 This evidence implies that dietary interventions 

designed to reduce the inflammatory process could be of benefit in reducing the risk 

of inflammation-related diseases, blurring the line between food and drugs. 

According to an up-to-date review published in 2021149, pharmacological 

modulation of immune responses by nutritional components can occur through three 

distinct mechanisms. First, nutritional components directly, or their metabolites 

produced during the digestion process, can interact with intestinal bacteria, and 

change the gut microbiota composition, leading to physiologic and immunologic 

changes in the body, which can affect human physiology in both positive and 

negative ways. The second mechanism by which diet can alter the immunologic 

response is via epigenetic modifications. Nutritional components can activate or 

inhibit specific histone deacetylases altering the transcription of proteins and, 

therefore, the activity of the immune system. The third mechanism is the 

involvement of pharmacological receptors on the cell surface to which nutritional 
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molecules can bind and either activate or inhibit the pathway downstream of the 

receptor.  

Given the significance of TLR dysregulation in the onset of disease, there is a need 

to understand compounds derived from natural sources that modulate TLR signalling 

pathways, especially in various disease settings. To understand the action of 

promising molecules treating inflammation, is needed to identify bioactive 

components of the food matrix or herb extract, mechanisms of their action, and in 

vivo pharmacological effects using appropriate disease models to ultimately adapt 

the findings for clinical use.  

 

1.2.2. Naturally occurring TLR4 antagonists 

Research efforts have begun to focus on plant extracts as potential sources for new 

therapies in immunology. The first naturally occurring TLR4 antagonist discovered 

was from a photosynthetic Gram-negative bacterium that was non-pathogenic, 

known as Rhodobacter sphaeroides.150 The LPS produced from this bacterium, 

known as Rhodobacter sphaeroides lipid A (RsDPLA), was non-toxic towards 

murine and human cells and was able to compete with toxic LPS for binding sites. 

RsDPLA was also able to interact with the TLR4/MD2 complex found in rodents 

and humans with antagonistic effects.151 Further in vitro and in vivo studies on the 

LPS produced by Rhodobacter sphaeroides and other bacteria/cyanobacteria have 

shown potent antagonistic activity of this type of LPS in murine and human cells as 

well as preventing endotoxic shock in mice. 

Additionally, plant-based extracts can have modulatory effects on TLR expression, 

signalling, and activation, whether by direct activation at the receptor level or further 

downstream of TLRs.152 In particular, the study of TLR4 as a target of natural 

products is gaining popularity among researchers and currently, various natural 

compounds and their derivatives were found to act as agonists or antagonists for 
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TLR4 and its downstream signalling molecules. Most TLR4-active natural 

compounds are polyphenolic and aromatic compounds sharing interesting 

similarities in their chemical structures and in their mechanism of action, with TLR4 

dimerization inhibition being the most characterised.124 An elegant study published 

by Shibata et al. based on an extensive screening of vegetable extracts for TLR-

inhibiting activity in HEK293 cells co-expressing TLR with the NF-κB reporter gene 

results in the acknowledgement of cabbage and onion extracts as the richest sources 

of a TLR signalling inhibitor. They identified 3-methylsulfinylpropyl isothiocyanate 

(iberin) from the cabbage and quercetin and quercetin 4′-O-β-glucoside from the 

onion as the main active substances, among which iberin showed the most potent 

inhibitory effect. It was revealed that iberin specifically acted on the dimerization 

step of TLRs in the TLR signalling pathway. To gain insight into the inhibitory 

mechanism of TLR dimerization, they developed a novel probe combining an 

isothiocyanate-reactive group and an alkyne functionality for click chemistry and 

detected the probe bound to the TLRs in living cells, suggesting that iberin disrupts 

dimerization of the TLRs via covalent binding.153 

Disruption of TLR4.MD-2 heterodimer by formation of covalent adducts with 

solvent-exposed MD-2 and/or TLR4 cysteines has been proposed as mechanism of 

action also for isoliquiritigenin (liquorice), 6-shoagol (ginger), caffeic acid phenethyl 

ester (CAPE) (honeybee propolis) and cinnamaldehyde (cinnamon), thus suggesting 

an upstream effect on the extracellular TLR4.MD-2 complex.124 Also sulforaphane 

(SFN), obtained from cruciferous vegetables such as broccoli or cabbages, interrupts 

LPS engagement to TLR4/MD2 complex by direct binding to Cys133 in MD2, 

attenuating LPS-induced nitric oxide synthase (iNOS), cyclooxigenase-2 (COX-2) 

and tumor necrosis factor-α (TNF-α) production in macrophage cell lines.154 

Contrarily, (-)-epigallocatechin-3-gallate (EGCG), a green tea polyphenol, do not 

prevents LPS-induced dimerization of TLR4, but inhibit TLR4 signal downstream, 

blocking both MyD88- and TRIF-dependent signal pathways by targeting IKKβ and 
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TBK1 kinases, respectively.155 Another group in 2015 reported a similar finding, in 

which natural product dioscin, a saponin derived from various herbs attenuates renal 

ischemia/reperfusion injury by inhibiting the TLR4/MyD88 signalling pathway via 

up-regulation of HSP70.156  

A variety of natural products and their derivatives act via stimulation of multiple 

TLR signalling pathways. For example, Yi et al. reported that ω-3 polyunsaturated 

fatty acids (PUFAs), abundant in nuts, oils, and fish, suppress the excessive 

inflammation in patients with severe trauma interacting with TLRs and NF-κB 

signalling pathways and decreasing levels of COX-2, IL-2, and TNF-α.157 In 

particular, Depner et al. showed that docosahexaenoic acid (DHA), an omega-3 fatty 

acid isolated from fish oil, inhibit hepatic inflammation by targeting both TLR4 and 

TLR9.158 Additionally, studies have shown that damage or defects in the TLR4 and 

TLR2 signalling pathways can lead to inflammatory bowel disease (IBD) as a result 

of sustained chronic inflammation. Nasef et al. identified various fruit fractions 

extracted from strawberries, blackberries, and feijoa that in the context of 

inflammatory bowel disease act together to mediate the anti-inflammatory response 

via both the TLR2 and TLR4 pathways.159 Similarly, Liang and others revealed that 

sparstolonin B, a compound derived from Chinese herb Spaganium stoloniferum, has 

selective TLR2 and TLR4 antagonist properties, causing inhibition of the 

inflammatory response.160 In 2014, Lee and colleagues discovered that ethanol 

extract from chungkookjang (CHU), a fermented Korean soybean, has anti-

inflammatory effects on TLR ligands, particularly on TLRs 2, 3, 4, and 9, via 

inhibition of NF-κB activation.161 Moreover, Xu et al. observed that total glucosides 

of paeony (TGP), active compounds of the flowering plant Paeonia lactiflora, 

significantly inhibited TLR2 and TLR4 activation in kidneys of diabetic rats leading 

to reduced expression of pro-inflammatory cytokines TNF-α and IL-1β.162 In 2010, 

Villa et al. reported a natural product named malyngamide F acetate, extracted from 

marine cyanobacterium Lyngbya majuscule, that selectively inhibits MyD88-
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dependent pathways involving TLR4 and TLR9. Interestingly, the group also 

observed a unique cytokine expression pattern, in which IL-6 and IL-1β were down-

regulated and TNF-α was upregulated.163 

Nonetheless, plant-derived compounds not only can act inhibiting TLR4-mediated 

immune response, but also triggering TLR4 signalling. For example, Li et al. showed 

that water extract of the edible mushroom Pleurotus ferulae, enhanced the function 

and maturation of murine bone marrow-derived dendritic cells through TLR4 

signalling.164 Likewise, Tian et al.165 described the mechanism in which Astragalus 

mongholicus, a common traditional Chinese herbal medicine used to alleviate 

ischemic heart disease and hypertension, acts in inhibiting the growth of human 

stomach cancer promoting the maturation of dendritic cells through stimulation of 

TLR4-mediated NF-κB signal transduction pathways. Moreover, a group discovered 

that an herbal melanin extracted from Nigella sativa, or black cumin, modulates 

cytokine production and suggested it as a agonist for TLR4.166  

Recent clinical trials on natural products. Various clinical trials have tested the 

therapeutic use of natural products, particularly in the context of immune regulation. 

For instance, in 2003 the effect of ganopoly, a Ganoderma lucidum polysaccharide 

extract, on the immune functions was evaluated in 34 advanced-stage cancer 

patients167. In 2015, a randomized dietary intervention in 52 healthy young adults 

shows that supplementing the diet with 5g or 10g of dried shiitake (Lentinula edodes) 

mushrooms for 4 weeks improved the immune response, decreased levels of acute 

inflammatory cytokines and modulate the overall cytokine secretion patterns.168 

However, some natural products failed in the clinical trial stage. For example, all the 

double blinded, placebo controlled clinical trials employing curcumin failed to 

demonstrate any effect, casting a dark shadow on the results published in the 

literature demonstrating curcumin activity.169 
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2. AIM OF THE WORK 

Macrophages are relevant cells in the context of inflammation, both as direct 

effectors and regulatory cells. Plasticity of these important myeloid cells place them 

at the heart of the inflammatory process and, consequently, the possibility to 

modulate these cells offers great opportunity for novel potential interventions within 

inflammatory diseases. Considering the important role of both tissue-resident 

macrophages and MDMs in homeostasis and disease it has always been crucial to 

develop representative in vitro models to study these cells.170 For such applications, 

it is worthwhile to differentiate monocytes into specific macrophage phenotypes. 

Cytokines can polarize macrophages in vitro, thus, to generate such macrophages 

appropriate cytokines are routinely added to culture media. Thereby, monocytic cells 

will acquire similar morphology and gene expression patterns as macrophages. In 

our case, we obtain macrophage-like cells through the in vitro differentiation of a 

monocytic cell line (THP-1) and primary CD14+ monocytes isolated from freshly 

donated human blood. For the in vitro generation of macrophages, a range of PMA 

and M-CSF concentrations can be used, respectively.114,171 In this this study, we 

exposed cells to 25 ng/mL PMA or 50 ng/mL M-CSF, to obtain THP-1-derived 

macrophages (TDM) and CD14+ monocyte-derived macrophages (MDM), 

respectively.  

Lipopolysaccharide (LPS)-induced macrophages activate a variety of inflammatory 

signalling pathways, which can be widely used to evaluate anti-inflammatory effects. 

This cellular model of inflammation allows to discriminate between compounds - or 

mixtures - capable of attenuating the inflammatory response and those that do not.  

The current body of work aims to elucidate the immunomodulatory activities of 

coffee extracts (CE), chlorogenic acid (5-CQA), palmitoylethanolamide (PEA) and 

its synthetic analogue RePEA, respectively, by studying the influence of each plant 
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extract or chemical on TLR4-related inflammatory pathways. To this end, 

macrophage-like cells were obtained through the in vitro differentiation of a 

monocytic cell line (THP-1) and primary CD14+ monocytes isolated from peripheral 

human blood. MTT was used to determine cytotoxic effects of the treatments. TLR4 

activation was triggered by cells exposure to bacterial endotoxin LPS (E. coli) in 

presence or absence of treatments. Different readouts were evaluated: endpoint pro-

inflammatory cytokines production, as well as phosphorylation and nuclear 

translocation of intracellular signalling mediators. These parameters were measured 

applying different cellular and molecular techniques, mainly enzyme-linked 

immunosorbent assay (ELISA), High Content Analysis (immunofluorescence 

microscopy), and Western blot. Alongside, we employed different commercially 

available stable transfected cells as tools to investigate the mechanism of action of 

our tested extract or molecule, THP1-XBlue™, RAW-Blue™ and HEK-Blue™ 

cells, respectively. 
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3. MATERIAL AND METHODS 

3.1. Green and Roasted Coffee Beans Extraction 

Coffee extracts from green (GCE) and medium-roasted (RCE) Coffea canephora 

beans (cultivar Robusta, origin Brazil) were obtained using a hydro-alcoholic 

extraction procedure described in a previous work.172 Ground coffee beans were 

received from Beyers Koffie, Belgium. Each sample was analysed in triplicate. 

Briefly, 200 mg of ground green or roasted coffee beans were extracted with 20 mL 

of a mixture of acidified (with 0.1 M HCl) water (pH 4.5; 70%) and methanol (30%) 

by sonication at 37 kHz for 15 min at 30 °C in an ultrasound bath (Elmasonic P 30 

H, Elma Schmidbauer GmbH, Singen, Germany). After 1 h, solutions were filtered 

through cotton wool and 0.45 µm PTFE filters (Pall Corporation, Port Washington, 

NY, USA), concentrated under reduced pressure at 40 °C and freeze-dried. The 

extraction yield was calculated for each sample. The lyophilized samples were stored 

at -20 °C.173 

 

3.2. NMR-based Metabolic Profiling 

Freeze-dried samples were suspended in 10 mM deuterated phosphate buffer (PB, 

pH 7.4) at a final concentration of 5 mg/mL, sonicated (37 kHz, 20 min, Elmasonic 

P 30 H, Elma Schmidbauer GmbH, Singen, Germany) and centrifuged (9425 x g, 10 

min, 20 °C, ScanSpeed 1730R Labogene, Lynge, Sweden). 4,4-Dimethyl-4-

silapentane-1-sulfonic acid (DSS, final concentration 1 mM) was added to the 

supernatant as an internal reference for concentrations and chemical shift. The pH of 

each sample was verified with a microelectrode (Mettler Toledo, Columbus, OH, 

USA) for 5 mm NMR tubes and adjusted to 7.4 with NaOD or DCl. All pH values 

were corrected for the isotope effect. The acquisition temperature was 25 °C. All 
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spectra were acquired on an AVANCE III 600 MHz NMR spectrometer (Bruker, 

Billerica, MA, USA) equipped with a QCI (1H, 13C, 15N/31P and 2H lock) cryogenic 

probe. 1H-NMR spectra were recorded with water suppression (cpmgpr1d pulse 

sequences in Bruker library) and 64 scans, spectral width 20 ppm, relaxation delay 

30 s. They were processed with 0.3 Hz line broadening, automatically phased and 

baseline corrected. Chemical shifts were internally calibrated to the DSS peak at 0.0 

ppm. Compound identification and assignment were carried out with the support of 

2D NMR experiments, comparison with reported assignments174 and the SMA 

(Simple Mixture Analysis) analysis tool integrated in MestreNova Software. The 

1H,1H-TOCSY (Total Correlation SpectroscopY) spectra were acquired with 48 

scans and 512 increments, a mixing time of 80 ms and relaxation delay 2 s. 1H,13C-

HSQC (Heteronuclear Single Quantum Coherence) spectra were acquired with 48 

scans and 256 increments, relaxation delay 2 s. For coffee bean metabolites 

quantification, the global spectrum deconvolution (GSD) algorithm, available in the 

Mnova software package (MestReNova v 14.2.0, 2021, Mestrelab Research, 

Santiago de Compostela, Spain) was used. Overlapping regions were deconvoluted, 

and absolute quantification was assessed also for coffee bean metabolites with 

resonances in rare crowded spectral areas. For each compound, the mean of the 

different assigned signals was determined. 

 

3.3. Chemicals 

3-(4,5-Dimethylthiazol-2-Yl)-2,5-Diphenyltetrazolium Bromide (MTT) and 

lipopolysaccharide (LPS) from Escherichia coli 055:B5 were purchased from Sigma-

Aldrich (Sigma-Aldrich, Inc., Saint Louis, MO 63103, USA). Reagent-grade water 

used to prepare all solutions was obtained from a Milli-Q purification system 

(Millipore, Bedford, MA, USA). Palmitoylethanolamide (PEA, CAS N° 544-31-0) 

was purchased from Cayman Chemical (Ann Arbor, MI, USA) with a declared purity 
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≥98%. PEA analogue, 3-Hydroxy-N-pentadecylpropanamide (RePEA) was 

chemically synthetised.175 

 

3.4. Cell Cultures 

THP-1 cells (ATCC® TIB-202™) were purchased from ATCC® (Manassas, VA 

20110 USA), while THP1-XBlue™ cells from InvivoGen (InvivoGen, San Diego, 

CA 92121, USA). Both cell lines were cultured in RPMI 1640 medium, 2 mM L-

glutamine, 10% heat-inactivated foetal bovine serum, 100 U/ml-100 μg/ml Pen-

Strep. Cells were maintained in a humidified 37°C, 5% CO2 incubator. Cells were 

subcultured every two days. Exponentially growing cells were adjusted to 0.5 × 

106/mL according to the routine procedure. RAW-Blue™ and HEK-Blue™-hTLR4 

cells were purchased from InvivoGen (InvivoGen, San Diego, CA 92121, USA). 

Cells were maintained in DMEM, 2 mM L-glutamine, 10% heat-inactivated foetal 

bovine serum, 100 U/ml-100 μg/ml Pen-Strep and subcultured at 80% confluence. 

To maintain selection pressure, 100 μg/mL of Zeocin™ and HEK-Blue™ Selection 

(InvivoGen, San Diego, CA 92121, USA) were added to the growth medium of 

THP1-XBlue™, RAW-Blue™ and HEK-Blue™ cells, respectively, every other 

passage. Media and supplements were purchased from Euroclone (Euroclone S.p.A., 

Pero, Milan, Italy) unless otherwise stated. 

 

3.5. Generation of THP-1-derived macrophages from THP-1 cell lines 

(TDM) 

THP-1-derived macrophages (TDM) were generated from THP-1 or THP1-XBlue™ 

monocytic cells (3.5 × 105 cells/ml) by exposure to 25 ng/mL phorbol 12-myristate-

13-acetate (PMA) (InvivoGen, San Diego, CA 92121, USA). Aliquots (180 μl/well) 

of the cell suspensions were seeded into a 96-well plate before culture at 37°C, 5% 
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CO2. Following 72 h of differentiation, medium was removed and replaced with 

fresh medium, in absence of PMA, prior to further treatments. 

 

3.6. Primary CD14+ Monocytes Isolation 

Human CD14+ monocytes were isolated from total peripheral blood mononuclear 

cells of healthy donors, by immunomagnetic cell sorting. Samples from healthy 

donor subjects were obtained within a clinical protocol (n°463-2021), approved by 

the institutional Ethical Committee at IRCCS MultiMedica Milano, Milan, Italy, in 

accordance with the Helsinki Declaration of 1975 as revised in 2013. 30 mL of whole 

blood (< 1 h old), collected into heparinized tubes, were subjected to Ficoll 

Histopaque®-1077 (Sigma-Aldrich, Inc., Saint Louis, MO 63103, USA) density 

gradient stratification at 800 x g, for 25 minutes, room temperature (RT), without 

brake. The white ring interface, enriched in mononuclear cells, was collected, and 

washed in PBS at 300 x g for 5 minutes, RT. Residual red blood cells were removed 

by treating the cell pellets with 1X Red blood lysis buffer solution (10X stock 

solution: NH4Cl 83g, KHCO3 10g, EDTA 1mM, pH 7,2-7,4 in 1 L of H2O), 

incubated for 10 minutes at 4°C, then washed in PBS at 300 x g for 5 minutes, RT.  

Monocytes were purified from PBMCs by immunomagnetic cell sorting (positive 

selection) using CD14 MicroBeads UltraPure (Miltenyi Biotec, Auburn, CA) 

according to the manufacturer’s instructions. 

 

3.7. Generation of CD14+ Monocyte-derived Macrophages (MDM) 

Magnetically enriched CD14+ monocytes (3.5 × 105 cells/ml) were differentiated 

into adherent monocyte-derived macrophages (MDM), by exposure to 50 ng/mL M-

CSF (Miltenyi Biotec, Auburn, CA). Aliquots (180 μl/well) of the cell suspensions 

were loaded into a 96-well plate before culture at 37°C, 5% CO2. Cells were pulsed 
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with M-CSF every 3 days. Following macrophage differentiation, medium was 

removed and replaced with fresh RPMI medium, prior to further treatments. 

 

3.8. Cell Viability Assay (MTT) 

Cells were treated with increasing concentrations of the tested extract or molecule. 

After 24 h, cell supernatants were removed and cell viability was assessed by MTT 

assay, according to the method first described by Tim Mosmann in 1983.176 This 

colorimetric assay uses reduction of a yellow tetrazolium salt (3-(4,5-

dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide, or MTT) to measure 

cellular metabolic activity as an indicator of cell viability. Viable cells contain 

NAD(P)H-dependent oxidoreductase enzymes which reduce the MTT reagent to 

formazan, an insoluble crystalline product with a deep purple colour. After 4 h- 

incubation with the MTT solution at 37 °C, formazan crystals are then dissolved 

using a solubilizing solution and absorbance is measured at 570 nm using a plate-

reader (LabTech Microplate Reader LT-4000). 

 

3.9.  Coffee Extracts and 5-CQA Pre-treatment 

In case of GCE, RCE and 5-CQA, cells have been pre-treated with the tested extract 

or molecule (1 h) and then stimulated with 100 ng/mL LPS. Supernatants and / or 

cells were collected at different time points after LPS stimulation, adjusted according 

to further analyses needs. Samples were stored at -20°C prior to be examined. 

 

3.10. PEA and RePEA Post-treatment 

In case of PEA and its analogue RePEA, TDM were stimulated with 10 ng/mL LPS 

for 1 h, then the medium containing LPS was removed, and cells were incubated for 

1 h with 100 nM PEA or RePEA. Next, the medium was replaced with fresh complete 
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RPMI, and supernatants collected after 24 h post LPS administration. Samples were 

stored at -20°C prior to be analysed. 

 

3.11. PEA pre-treatment 

TDM and HEK-Blue™-hTLR4 cells were pre-treated 100 µM PEA (1h) and 

subsequently challenged with 10 ng/mL LPS. Supernatants were collected after 

additional 6 h. Samples were stored at -20°C prior to be examined. 

 

3.12. Detection of NF-κB Activation (SEAP assay) 

THP1-XBlue™ cells were specifically designed for monitoring the NF-κB signal 

transduction pathway. THP1-XBlue™ were derived from the human THP-1 

monocyte cell line by stable integration of an NF-κB-inducible secreted embryonic 

alkaline phosphatase (SEAP) reporter construct. THP1-XBlue™ cells are highly 

responsive to PRR agonists that trigger the NF-κB pathway. HEK-Blue™-hTLR4 

cells were obtained by co-transfection of the human TLR4, MD-2 and CD14 co-

receptor genes, and an inducible SEAP (secreted embryonic alkaline phosphatase) 

reporter gene into HEK293 cells. RAW-Blue™ cells are derived from the murine 

RAW 264.7 macrophages with chromosomal integration of a secreted embryonic 

alkaline phosphatase (SEAP) reporter construct inducible by NF-κB and AP-1. In 

general, cell supernatants were collected after 6, 18 or 24 h, depending on the case. 

Monitoring of NF-κB activation by determining the activity of SEAP in the cell 

culture supernatant, was assessed with QUANTI-Blue™ reagent according to the 

manufacturer’s instruction (InvivoGen, San Diego, CA, USA). Briefly, 50 µL of the 

supernatants of SEAP-expressing cells were incubated with 180 µL of QUANTI-

Blue™ substrate in a 96-well plate for 0.5 − 4 h at 37 °C, then optical density (OD) 

was measured at 630 nm. 
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3.13. Enzyme-linked Immunosorbent Assay (ELISA) 

Pro-inflammatory cytokines and interferons released in the medium by human 

macrophage-like cells were measured by ELISA assays. TDM or MDM were treated 

as described above. At defined time points of incubation, cell culture supernatants 

were collected and stored at −20 °C. Samples were analysed in duplicate in each 

experiment and at least three experiments were performed. The concentrations of IL-

1β, IL-6, TNF-α, IFN-β were detected using commercial ELISA kits according to 

manufacturer’s instructions (DuoSet® ELISA Development Systems, R&D 

Systems, Inc., Minneapolis, MN, Canada, USA). Briefly, 100 μl of standards and 

samples were added in respective wells of 96 wells antibody coated plate and 

incubate for 2 h. After incubation and washing steps, conjugated secondary 

antibodies were added for 2 h followed by same washing steps. Then substrate 

solution was added in each well followed by addition of stop solution. A standard 

curve was obtained by using 2-fold dilutions of the standard for each independent 

experiment. The concentration of cytokines and interferons was calculated using a 

standard curve. 

 

3.14. Immunofluorescence Analysis 

Cellular localization of the phosphorylated form of the transcription factor IRF-3 (p-

IRF-3) was examined by confocal immunofluorescence analysis. TDM (2 x 104 

cells/well) were seeded and differentiated into CellCarrier-96 Ultra Microplates 

(6055500, PerkinElmer Inc., Milan, Italy). After differentiation, cells have been 

treated with LPS only or LPS after 1 h pre-treatment with 250 μg/mL GCE or RCE. 

Cells were exposed to LPS for a maximum of 4 h. Different time points between 0 

and 4h have been investigated. Paraformaldehyde 4% (F8775, Sigma-Aldrich, Inc., 

Saint Louis, MO 63103, USA) fixed cells were permeabilized with ice-cold 100% 

methanol, blocked, and labelled with Phospho-IRF-3 (Ser386) (E7J8G) XP® Rabbit 

mAb (E7J8G, Cell Signalling Technology, Inc.). Cells were then tagged with 
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PhenoVue™ Fluor 568 conjugated anti-rabbit secondary antibody (2GXRB568C1, 

PerkinElmer Inc., Milan, Italy). The nucleus was counter-labelled with PhenoVue™ 

Hoechst 33342 Nuclear Stain (CP71, PerkinElmer Inc., Milan, Italy). Images have 

been acquired using the Operetta CLS™ High-Content Analysis System and 

analysed through Harmony 4.5 software (PerkinElmer Inc., Milan, Italy). 

 

3.15. Protein Extraction and Western Blot Analysis 

TDM and MDM cells were plated into 24-well plates at a density of 0.6 × 106 

cells/well. Cells were treated with 250 μM 5-CQA. After 1 h, cells were exposed 

further for 0 - 4 h to lipopolysaccharide (LPS) to induce inflammation (100 ng/mL). 

For protein extraction, cells were washed with 1 mL of PBS and then lysate adding 

50 + 20 µL of RIPA Buffer (#9806, Cell Signalling Technology, Inc.), containing a 

protein inhibitor cocktail mixture (SIGMAFAST Protease Inhibitor Cocktail Tablet, 

S8820, Sigma-Aldrich) and a phosphatase inhibitor cocktail mixture (Phosphatase 

Inhibitor Cocktail (100X) #5870, Cell Signalling Technology, Inc.), and incubated 

for 30 min on ice. Then, the whole cell lysates were collected and centrifuged for 

membrane removal. Protein concentration was measured by spectrophotometric 

analysis using the Pierce™ BCA Protein Assay Kit (23227, Thermo Scientific™) 

according to manufacturer instructions. Western blot analysis was performed on 20 

µg of total protein extracts. Cell extracts were separated using 10% Mini-Protean 

TGX Stain-Free Gels reagent kit (Bio-Rad Laboratories) and transferred to 

membranes using Trans-Blot Turbo Transfer System (Bio-Rad Laboratories). 

Antibodies against actin (1:1000 dilution/#4970; Cell Signalling Technology, Inc.), 

p-IRF-3 (1:500 dilution/E7J8G, Cell Signalling Technology, Inc.), and p-STAT1 

(1:1000 dilution/#9167, Cell Signalling Technology, Inc.) were diluted in 0.1% TBS-

Tween 20 (TBS-T) buffer containing 5% BSA and applied to membranes, followed 

by overnight incubation at 4°C. The next day, filters were washed three times with 

TBS-T for 5 min and incubated for 45 min with anti-rabbit secondary antibody 
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conjugated to peroxidase (#7074, Cell Signalling Technology, Inc.). The antigen–

antibody complexes were then detected using ECL Star Enhanced 

Chemiluminescent Substrate (EMP001005, Euroclone) or LiteAblot Turbo Extra-

Sensitive Chemiluminescent Substrate (EMP012001, Euroclone). Quantitative 

densitometry of bands was carried out through ChemiDoc system (Bio-Rad 

Laboratories), and the quantification of the signal was performed by ImageJ. 

 

3.16. Statistical Analysis 

Data related to biological assays were analysed using GraphPad Prism software 

(ver.9.0.2, GraphPad Software Inc., San Diego, CA, USA) and the results were 

shown as means ± standard error of the mean (SEM). Data obtained in three or more 

independent experiments were compared by one-way analysis of variance (ANOVA) 

followed by post hoc Dunnett’s test. Differences between samples were considered 

statistically significant when p < 0.05. Two groups of data were compared using 

Student’s t-test (statistically different when, p < 0.05).  
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4. RESULTS AND DISCUSSION 

Discussion of the experimental results obtained has been organized into three 

different chapters. First chapter will introduce to coffee extracts, their chemical 

composition and health properties associated with coffee consumption. Here, 

original data concerning the immunological effects of coffee extracts on human 

macrophages are reported. 

 

The second chapter focuses on the anti-inflammatory bioactivities of chlorogenic 

acid, as one of the major coffee polyphenols. After a brief introduction regarding the 

well-known and established biological effects of chlorogenic acid, a newly 

discovered effect on macrophage inflammatory response modulation is disclosed and 

new insights into its mechanism of action are described. 

 

Third chapter revolves around palmitoylethanolamide (PEA), an endocannabinoid-

like lipid mediator with extensively documented anti-inflammatory, analgesic, 

antimicrobial, immunomodulatory and neuroprotective effects. Capability of PEA 

itself, and its synthetic analogue RePEA, to modulate human macrophage response 

to lipopolysaccharide (LPS) has been investigated and results are given in this 

section. 
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4.1. Background 

With 500 billion cups consumed every year, which is roughly equivalent to about 

2.25 billion cups per day, it’s no surprise that coffee is one of the world’s most 

popular beverages. In 2020/2021, around 166.63 million bags, which consist of 60 

kilograms’ worth of coffee each, were consumed worldwide, a slight increase from 

164 million bags in the previous year.177 Finland is the country with the highest 

coffee consumption per capita.178 Coffee isn’t just one of the most traded goods on 

the market, it’s also one of the oldest. Coffee beverages can be produced using 

dozens of different techniques that stem from every corner of the globe. Most of all 

require the mixing of ground coffee beans with hot water, followed by a removal of 

the coffee grounds prior to drinking. A coffee bean is a seed found inside the red 

fruit (called the cherry) of a coffee plant (Figure 13).  

 

 

Figure 13. The anatomy of a coffee cherry. The coffee fruit (also called berry or cherry) 

consists of a smooth, tough outer skin or pericarp, usually green in unripe fruits but that turns 

red-violet or deep red when ripe. The pericarp covers the soft yellowish, fibrous, and sweet 

pulp or outer mesocarp. This is followed by a translucent, colourless, thin, viscous, and 

highly hydrated layer of mucilage (also called the pectin layer). Then, there is a thin endocarp 

yellowish in colour, also called parchment. Finally, the silverskin covers each hemisphere 

of the coffee bean (endosperm).179 
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The genus Coffea belongs to the family Rubiaceae, subfamily Ixoroideae, and tribe 

Coffeeae, and include at least 120 species, ranging from shrubs to trees. Coffea 

arabica and Coffea canephora var. Robusta plants are the two main source of coffee 

beans, and, among all the coffee species, the most traded and investigated (Figure 

14).180  

 

 

Figure 14. Arabica and Robusta coffee beans. Arabica beans (left) are a little longer and 

oval, while Robusta (right) ones are smaller and rounded. 

 

Coffee beans start out green. They are roasted at a high heat to produce a chemical 

change that releases the rich aroma and flavour that we associate with coffee. They 

are then cooled and ground for brewing. Roasting levels range from light to medium 

to dark. The lighter the roast, the lighter the colour and roasted flavour and the higher 

its acidity. Dark roasts produce a black bean with little acidity and a bitter roasted 

flavour.  

Beside the high popularity of coffee brews from roasted coffee, green coffee recently 

came to attention for its nutritional potential. Therefore, green coffee consumption 

as a dietary supplement or as a beverage is increasing. Green coffee is considered a 

novel food product because consumers usually consume only roasted coffee. Made 

with green, unroasted coffee beans, green coffee is an earthy, herbal, tea-like 
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beverage with light levels of caffeine. To make it, it is necessary to boil green coffee 

beans in water. Caffeine and especially chlorogenic acids (CGA) in green coffee 

came into focus because of their beneficial health effects like anti-inflammatory, 

anti-obesity, and other effects, which were observed in in vivo animal and human 

studies. Green coffee beans can be marketed as such or as an extract obtained from 

water or alcohol extraction processes.181 Green coffee products can be sold as 

powder, capsules, chewing gum, and oils for ingestion or as soaps, body and facial 

creams, and oils for body massage products for aesthetics purposes. 

Health benefits of coffee consumption. Coffee lovers around the world who reach 

for their favourite morning brew probably aren’t thinking about its health benefits or 

risks. Historically, this beverage has been subject to a long history of debate. Despite 

nowadays the cumulative research on coffee points in the direction of a health 

benefit, more research is needed to understand the benefits of coffee. Much of the 

currently available information on the health effects of coffee is derived from 

epidemiological research. However, the study of coffee consumption in human 

populations raises several issues regarding exposure classification and potential 

confounders that should be considered when interpreting the results of 

epidemiological studies of coffee consumption. To name but one among others, few 

epidemiological studies collected information about the brewing process used to 

prepare coffee. Finally, genetic and lifestyle factors (e.g., cigarette smoking) can 

affect individual exposure to other bioactive compounds in coffee.182–184 The 

identification of biomarkers that accurately reflect the consumption of bioactive 

compounds in coffee represents an important tool for studying relationships between 

coffee consumption and health-related endpoints.185 In the following lines the current 

updates about the benefits of coffee consumption on health outcomes as well as its 

side effects were summarized. Coffee consumption has been associated with 

reductions in the risk of several chronic diseases, including cardiovascular disease186, 
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type 2 diabetes mellitus187, metabolic syndrome188, cirrhosis189, Parkinson’s 

disease190, and cancer191,192.  

Evidence suggests that drinking coffee regularly may lower the risk of heart disease 

and stroke. Moderate coffee drinking was associated with a 21% reduced risk of heart 

disease193, 20% lower risk of stroke194 and a 21% lower risk of cardiovascular disease 

deaths195 compared with non-drinkers. Decaffeinated coffee also showed an 

association, with 2 or more cups daily and a 11% lower stroke risk, the authors found 

no such association with other caffeinated drinks such as tea and soda. Thus, these 

coffee-specific results suggest that components in coffee other than caffeine may be 

protective.194 Moreover, a meta-analysis of 36 studies including men and women 

reviewed coffee consumption and risk of cardiovascular diseases (including heart 

disease, stroke, heart failure, and deaths from these conditions) revealing that heavier 

coffee intake of 6 or more cups daily was neither associated with a higher nor a lower 

risk of cardiovascular disease.186 

Although ingestion of caffeine can increase blood sugar in the short-term, long-term 

studies have shown that habitual coffee drinkers have a lower risk of developing type 

2 diabetes compared with non-drinkers.196,197 Inflammation has also been implicated 

in the biology of type 2 diabetes, therefore, coffee drinking may antagonize the 

inflammation process by subclinical inflammation.198,199 Polyphenols and minerals 

in coffee, such as magnesium, may improve the effectiveness of insulin and glucose 

metabolism in the body.200,201 

Metabolic syndrome (MetS) is defined as the co-occurrence of multiple metabolic 

abnormalities, including central obesity, high blood pressure, hyperglycaemia, and 

dyslipidaemia.202 As previously reported in the lines above, coffee consumption has 

been shown to be associated with a lower risk of type 2 diabetes and CVDs, both of 

which are likely to appear in people with metabolic syndrome.203 Additionally, 

different prospective studies have showed that liver fat accumulation per se precedes 

the onset of the metabolic syndrome.204 Recently, the association between coffee 
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consumption and the onset and progression of metabolic disorders, including non-

alcoholic fatty liver disease (NAFLD) and metabolic syndrome (MetS) were 

systematically reviewed.205 Authors reported that among four studies reporting 

fibrosis scores, all of them revealed an inverse association of coffee intake with 

fibrosis severity, although the lack of comparable exposure and outcomes did not 

allow to perform pooled analysis. Regarding MetS, seven studies met the inclusion 

criteria to be included in the meta-analysis. The results showed that individuals 

consuming higher quantities of coffee were less like to have MetS. However, the 

association of coffee and individual components of MetS was not consistent across 

the studies. 

Liver cirrhosis is a large burden on global health, causing over one million deaths 

per year. Observational studies have reported an inverse association between coffee 

and cirrhosis. Five cohort studies and four case–control studies were recently 

reviewed.206 The pooled RR of cirrhosis for a daily increase in coffee consumption 

of two cups was 0.56 thus suggesting that increasing coffee consumption may 

substantially reduce the risk of cirrhosis. 

Parkinson’s disease (PD) is mainly caused by low dopamine levels. There is 

consistent evidence from epidemiologic studies that higher consumption of caffeine 

is associated with lower risk of developing PD. A systematic review of 26 studies 

including cohort and case-control studies found a 25% lower risk of developing PD 

with higher intakes of caffeinated coffee.207 Likewise, a large cohort of men and 

women were followed for 10 and 16 years, respectively, to study the relationship 

between caffeine and coffee intake and PD. The results showed an association in 

men drinking the most caffeine (6 or more cups of coffee daily) and a 58% lower 

risk of PD compared with men drinking no coffee. Women showed the lowest risk 

when drinking moderate intakes of 1-3 cups coffee daily.190 Turning to Alzheimer’s 

disease (AD), three systematic reviews were inconclusive about coffee’s effect on 
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Alzheimer’s disease due to a limited number of studies and a high variation in study 

types that produced mixed findings.208–210  

Various polyphenols in coffee have been shown to prevent cancer cell growth. 

Published in 2021, a recent work demonstrated the antitumor activity of coffee 

extracts in both 2D and 3D culture cell models, showing that coffee extracts have 

both antiproliferative and cytotoxic effects on breast cancer cells without affecting 

viability on human epithelial breast cell lines (noncarcinogens).211 Previously, Bauer 

and colleagues, demonstrated that coffee extracts promote a decrease in cell viability, 

modulate cell cycle and induce apoptosis in human prostate carcinoma cell line (DU-

145).212 Coffee has also been associated with decreased oestrogen levels, a hormone 

linked to several types of cancer.213 Regarding human studies on the association 

between coffee and cancer, a large body of epidemiologic evidence has been recently 

reviewed.214  

Most of the clinical trials included in this chapter showed that coffee consumption 

could benefit human health. In 2021, a systematic review reported similar benefits 

related to green coffee including improved blood pressure, plasma lipids, and body 

weight, thus a contribution to the improvement of Metabolic Syndrome’s risk 

components. Also, other effects have been shown, including benefits for the skin and 

cognitive functions.215 

Potential risks. A large body of evidence suggests that consumption of caffeinated 

coffee does not increase the risk of cardiovascular diseases and cancers. In fact, 

consumption of 3 to 5 standard cups of coffee daily has been consistently associated 

with a reduced risk of several chronic diseases.216 However, some individuals may 

not tolerate higher amounts of caffeine due to symptoms of jitteriness, anxiety, and 

insomnia. Specifically, those who have difficulty controlling their blood pressure 

may want to moderate their coffee intake. Pregnant women are also advised to aim 

for less than 200 mg of caffeine daily because caffeine passes through the placenta 
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into the foetus and has been associated with pregnancy loss and low birth 

weight.217,218 

Green coffee. Reported moisture contents of green coffee beans range from 8 to 13% 

for arabica and from 12-13% for robusta. The proximate composition of green 

arabica (A) and robusta (R) coffees (dry basis) includes protein levels ranging from 

11 to 17% (A) and from 11 to 13% (R); lipid contents ranging from 9 to 18% (A) 

and from 9 to 18% (R); carbohydrate (by difference) ranging from 60 to 76% (A) 

and from 69 to 76% (R); and mineral levels ranging from 4 to 5% (A, R). The 

reported variations are related to several factors including species/variety, origin, 

agricultural practices, growth and storage conditions and maturation degree.219 

Caffeine (1 - 4%) and trigonelline (0.8%) are present, but caffeine is in prominence, 

and its content is related to its quality due to its bitterness. Caffeine has been 

historically linked to most of the physiological effects of coffee and caffeine levels 

in green coffees vary mainly with respect to species. Robusta coffees have 

approximately twice the amount of caffeine found in arabica coffees, with average 

values ranging from 0.6 to 1.9% for arabica and approximately 2.2% for robusta. 

The lipids from green coffee include mainly triacylglycerols, sterols, diterpenes, and 

tocopherols.220 Cafestol is one of the most abundant diterpenes found in coffee. 

Kahweol is another relevant compound, and its concentrations may differ 

substantially in different species of coffee.215  Phenolic compounds are mainly found 

in coffee beans as chlorogenic acids (CGA). CGAs represent a family of esters that 

are structural analogues of quinic acid (QA) carrying one or more cinnamate 

derivatives such as caffeic, ferulic, and p-coumaric acids.221 There are at least 30 

different types of CGA found in green coffee, including caffeoylquinic acids (CQA), 

dicaffeoylquinic acids, feruloylquinic acids, and pcoumaroylquinic acids. 5-CQA is 

the most abundant CGA found in green coffee, representing over 50% of total CGAs. 

In 2019, Macheiner et al. describes green coffee infusion as a novel and emerging 

food, source of caffeine and chlorogenic acid. They reported the first study on 
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caffeine and chlorogenic acid content in green coffee infusion as ingested by the 

consumer. Results of chlorogenic acid ranged from 628 to 1040 mg/L in C. arabica 

infusions, and from 682 and 1210 mg/L in C. canephora infusions while caffeine 

intake can be compared with Camellia sinensis green tea beverages.222 The majority 

of studies that have been developed so far on the antioxidant potential of green coffee 

beans or their infusions have associated the significant antioxidant activity to the 

presence of phenolics, mainly chlorogenic acids. One of the earlier studies on 

antioxidant activity of green coffee was developed by Daglia and collaborators223, 

assessing antioxidant properties of both green and roasted coffee, as affected by 

species (C. arabica and C. robusta) and roasting degree. The levels of reducing 

substances (RS) of green coffee aqueous solutions were significantly higher for C. 

robusta (~11 g/100 g) in comparison to C. arabica (~5 g/100 g), whereas in vitro 

antioxidant activity was similar. The significant differences in RS values consistently 

were attributed to their different content of polyphenol compounds, particularly 

chlorogenic acids. All green coffee solutions showed an immediate, strong ability to 

decrease the lipid peroxidation rate in a model system, by at least 90%. Naidu et 

al.224 also compared the antioxidant potential of C. arabica and C. robusta green 

beans. The extracts were prepared with solvent mixtures of isopropanol and water in 

different ratios. The total polyphenol content (based on Folin-Ciocalteau assay) 

increased as the amount of water in the mixture was increased, with the best results 

(~32 g/100 g gallic acid equivalents) obtained from extraction with isopropanol 

60/water 40 solution. DPPH-based free radical scavenging activity of the extracts 

ranged from 92 to 76% inhibition and from 88 to 78% inhibition for arabica and 

robusta coffees, respectively. Both hydroxyl radical scavenging activity and 

reducing capacity were also found to be significant for all extracts. Results indicated 

that extracts obtained from green coffee present potential antioxidant activity and 

could be used as nutraceuticals as well as preservatives in food formulations. 

Ramalakshmi et al.225 developed another study on the antioxidant potential of 

defective green coffee beans. To evaluate the antioxidant potential of green coffee 
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beans, extracts of beans were prepared using different solvents (hexane, chloroform, 

acetone, and methanol). The extracts were evaluated through in vitro models of 

radical scavenging activity (α,α-diphenyl-β-picrylhydrazyl radical), antioxidant 

activity (β-carotene-linoleate model system), reducing power (iron reducing activity) 

and antioxidant capacity (phosphomolybdenum complex) in comparison to a 

synthetic antioxidant (butylated hydroxy anisole, BHA). Methanolic extract 

presented highest activity compared to the other solvents: free radical scavenging 

activity 92.5% (similar to BHA), antioxidant activity 58.2% (significantly lower than 

BHA 90%). Results for reducing power were in the following order: ascorbic acid > 

chlorogenic acid > BHA > methanol extract. The antioxidant capacity of the 

methanol extract was 1367 ± 54.17 μmol/g as equivalents to ascorbic acid, in 

comparison to 3587.9 ± 43.87 μmol/g for pure chlorogenic acid and 5098 ± 34.08 

μmol/g for propyl gallate. In a subsequent study Ramalakshmi and co-workers 

further investigated the bioactivity of the methanolic extract of green low-quality 

beans with reference to antioxidant (ORAC assay), anti-tumour (P388 cell assay) 

anti-inflammatory (J774A.1 cell assay) and anti-allergenic (RBL-2H3 cell 

degranulation assay) properties. The ORAC-based antioxidant capacity was 

significantly high (4416 μmol Trolox eq/g). Anti-tumor activity was observed, with 

P388 cell viability being reduced to 50.1 ± 3.6%, whereas anti-allergenic activity 

was not significant. These studies confirmed the potential of green coffee beans as 

source of antioxidants. It was particularly interesting as a proposition of an 

alternative use for low quality coffee beans. In 2014, Gawlik-Dziki and co-

workers226 evaluated the antioxidant potential and capacity for inhibition of 

lipoxygenase of green coffee beans from different origins (Ethiopia, Kenya, Brazil 

and Colombia). The major antioxidant compounds identified in all the samples were 

5-caffeoylquinic acid (5-CQA), 4-caffeoylquinic acid (4-CQA), 3-feruoylquinic acid 

(3-FQA) and 5-feruoylquinic acid (5-FQA). There were variations in total phenolics 

contents (TPC) in the following order: Kenya > Brazil > Colombia and Ethiopia. 

Evaluation of changes in TPC during simulated digestion and absorption was based 
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on the Folin-Ciocalteau method. Results showed that green coffee beans possessed 

the ability to protect lipids against oxidation, regardless of origin, this activity was 

relatively low in the raw extracts. However, digestion in vitro released compounds 

able to protect lipids against oxidation. The authors concluded that green coffee 

beans are a potential source of bioavailable compounds with multidirectional 

antioxidant activity. Amigoni et al.173 investigate the chemical composition of green 

coffee extract by NMR and UPLC/ESI-HRMS analyses. Also, the antioxidant 

activity of the green coffee extract was assessed. In this study, green coffee extract 

displayed an anti-aging effect in Caenorhabditis elegans, that consisted in increased 

stress resistance, fertility, and adult mean lifespan. A recent study by Stelmach et 

al.227  the content of nutritionally important macro (Ca, Mg) and microelements (Fe, 

Mn, Cu) in infusions of green coffees was evaluated, in order to access a possible 

correlation with antioxidant activity. It was found that Ca and Mg were present in 

the highest concentrations in the infusions, with average concentrations of 6.49 and 

12.4 μg/g, respectively. Concentrations of minor elements (Cu, Fe, Mn) were in the 

range from 0.04 to 0.13 μg/mL in the prepared infusions. Moderate positive 

correlation was observed between the antioxidant activity of green coffee infusions 

and their total content of phenolic compounds and Ca levels. 

Roasted coffee. Several researchers have investigated the difference in chemical 

composition between green and roasted beans. Coffee roasting is an important step 

during coffee preparation. During roasting, the green beans are heated at 200-240ºC 

for 10-15min depending on the degree of roasting required, which is generally 

evaluated by colour.228 Temperature, time, and the speed at which coffee is roasted 

importantly affects the organoleptic properties of coffee. Coffee brew is an intricate 

chemical mixture reported to contain more than a thousand different chemicals, 

including carbohydrates, lipids, nitrogenous compounds, vitamins, minerals, 

alkaloids, and phenolic compounds.229 The proximate composition remains similar, 

since changes occur within a specific class of compounds. Slightly higher values and 
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higher variations of lipids in roasted coffee in comparison to green coffee are 

attributed to the beans dry matter loss during roasting, which in turn varies with the 

roasting degree.230 Studies have shown that roasting can cause caffeine levels to be 

reduced down to 70% of the amount detected in green coffee.231,232 Given that the 

solubility of this compound in water increases with temperature, the caffeine loss 

can be attributed to dragging, by the water vapor released during roasting. Another 

substance that is interesting from a nutrition point of view in roasted coffee is 

nicotinic acid (niacin or vitamin B3), the major non-volatile component resulting 

from demethylation of trigonelline during roasting. Niacin levels in roasted coffee 

range from 10 to 40 mg/100 g.219 coffee roasting could also generate "undesirable" 

compounds, such as the carcinogenic acrylamide. Robusta coffee upon roasting 

contained more acrylamide than Arabica coffee.233 The high temperatures observed 

in the roasting process mainly led to the decomposition of sugars and 

decarboxylation of carboxylic acids. CGA may be isomerized, hydrolysed, or 

degraded into low molecular weight compounds during coffee processing. 

According to the intensity, coffee roasting leads to reduction in the total CGAs.234 

Such antioxidants will be partly decomposed during roasting and thus it is expected 

that the antioxidant activity associated to chlorogenic acids for example will decrease 

upon roasting. Nonetheless, roasting results in the generation of Maillard reaction 

products (melanoidins), which in turn presents significant antioxidant activities. 

Moreover, trigonelline can undergo degradation during the roasting process, 

resulting in N-methylpyridinium (NMP).235 Therefore, there is a significant number 

of studies that evaluate the antioxidant potential of roasted coffee and the resulting 

beverages. Some studies have focused on comparing the antioxidant potential of 

green and roasted coffees as well as the effect of roasting degree. However, results 

on the effect of roasting on antioxidant activity are contradictory. Some studies 

report that the antioxidant activity increases from light to medium roasts and then 

decrease in dark roasts.236–239 Others concluded that the antioxidant activity increases 

with roasting240,241, whereas some claimed the opposite242. Recently, our colleagues 
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developed an experimental protocol that combines NMR spectroscopy and in vitro 

cell assays to detect anti-Aβ molecules naturally occurring in coffee extracts.172 In 

fact, in the case of crude extracts, NMR analysis can help in distinguishing 

differences between relatively similar extracts, enabling the association with a 

specific (generally in vitro) biological activity. They found that both green and 

roasted coffee extracts show a “multi-target” anti-amyloidogenic activity, hindering 

Aβ peptide aggregation and cytotoxicity in a human neuroblastoma cell line (SH-

SY5Y). Moreover, they identified chlorogenic acids and melanoidins as the most 

active components of coffee extracts. Additionally, they report that coffee extracts 

were able to reduce oxidative stress and modulate autophagy in vitro. In 2020, 

Funakoshi-Tago et al. investigated the anti-inflammatory activity of roasted coffee 

extracts analysing the inflammatory response of LPS-stimulated murine 

macrophages (RAW264.7).243 They reported that coffee extract significantly 

inhibited LPS-induced iNOS mRNA expression and NO production in a dose-

dependent manner. Coffee extract also markedly inhibited the LPS-induced mRNA 

expression and secretion of CCL2, CXCL1, IL-6, and TNF-α. Additionally, the LPS-

induced expression of IL-10, which is a representative anti-inflammatory cytokine, 

was found to be decreased. In 2021, Castaldo et al.244 assessed the changes in the 

anti-inflammatory and antioxidant activity of coffee after simulated gastrointestinal 

digestion. Digested coffee samples exhibited higher antioxidant capacity and total 

phenolic content than not-digested coffee samples. Moreover, digested coffee 

samples showed a higher reduction in IL-6 levels in LPS-stimulated HT-29 cells 

treated for 48 h (compared to not-digested samples) and fewer cytotoxic effects in 

the MTT assay. 

Coffee by-products. Additionally, industrial processing can generate many coffee 

by-products such as cherry husks and pulps, silver skin, and spent coffee. 

Sustainability issues lead to the study of new active ingredients obtained from those 

by-products. The study conducted by Castro et al. found that Coffee arabica green 
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coffee residue extract showed potential as a raw material for dietary supplements, 

cosmetics, and pharmaceuticals, as a source of antioxidants.245 In 2012, Murthy and 

Naidu tested different coffee by-products and found that their antioxidant activity 

levels ranging from 61% to 70%.246 In 2014, Bresciani et al. analysed Coffea arabica 

silverskin (CSS) and found that its phenolic profile was similar to that of coffee 

brews. The most abundant quantified phenolics were caffeoylquinic acids, with the 

5- and 3-isomers being the most relevant (199 mg/100 g and 148 mg/100 g, 

respectively). Together, the three caffeoylquinic acid isomers reached a total 

concentration of 432 mg/100 g, corresponding to 74% of the total chlorogenic acids 

detected in CSS. To note, caffeine content in CSS was equal to 10 mg/g of product, 

3.5 times lower than most coffee brews. Due to the extremely high total antioxidant 

capacity (139 mmol Fe2+/kg) they observed, authors suggested CSS as an innovative 

functional ingredient.247 In 2018, Magoni and co-workers demonstrated that pre-

treatments with coffee pulp extracts was effective in preventing IL-8 release by 

gastric epithelial cells. Chemical evaluation performed by liquid chromatography 

mass spectrometry showed that quinic acid derivatives are abundant in coffee pulp 

extract together with procyanidins derivatives, thus those compounds might be 

responsible for the observed biological activity.248  

Bioactive Components in Coffee. Coffee may present over 2000 different chemical 

components. However, the amounts of these compounds may differ in other species, 

cultivation conditions, time of collection, and storage of fruits.249 Also the brewing 

process has a role in this, as “coffee is never ‘just coffee’” and that the content of 

bioactives in a cup of coffee may vary significantly.250,251  As a mixture of countless 

bioactive compounds, coffee may exhibit its benefits variously, with its 

antioxidant252,253 and anti-inflammatory effects254–256 having a crucial role. Coffee 

bioactivity is manly related to caffeine, trigonelline, cafestol, kahweol, chlorogenic 

acids and melanoidins.257,258  



 
78 Coffee Bean Extracts: Inflammation‐Modulating Phytochemical Mixtures 

Although coffee is appreciated for its aroma and flavour, its caffeine content likely 

plays a role in its popularity. Caffeine is naturally found in the fruit, leaves, and beans 

of coffee, cacao, and guarana plants. Its stimulating effect on the central nervous 

system259 can cause different reactions in people. Low to moderate doses of caffeine 

(50–300 mg) may cause increased alertness, energy, and ability to concentrate. Many 

people appreciate the temporary energy boost after drinking an extra cup of coffee. 

Moreover, caffeine in coffee has been found to protect cells in the brain that produce 

dopamine in animal and cell studies.260 However, in sensitive individuals, higher 

caffeine doses may have negative effects such as anxiety, restlessness, insomnia, and 

increased heart rate.261 There are two most common methods used to remove caffeine 

from coffee: chemical solvents (methylene chloride or ethyl acetate) or carbon 

dioxide gas. Both are applied to steamed or soaked beans, which are then allowed to 

dry. The solvents bind to caffeine, and both evaporate when the beans are rinsed 

and/or dried. Both methods may cause some loss of flavour as other naturally 

occurring chemicals in coffee beans that impart their unique flavour and scent may 

be destroyed during processing.262 The literature reports several in vitro and in vivo 

studies reporting the effect of caffeine on BDNF, whereas the effect of a Coffea 

arabica extract from fruits was investigated only in one clinical study.263 

The acknowledgment that coffee and caffeine are not equivalent has increased the 

interest in whether other components of coffee might contribute to the protective 

action in the human body. 

Another substance that has been reported not only as an important precursor of 

important flavour compounds (furans, pyrazine, alkyl-pyridines, and pyrroles), but 

also as a beneficial nutritional factor is trigonelline, a pyridine derivative.264–266  

Trigonelline levels are reduced during roasting, with N-methylpyridinium and 

nicotinic acid (niacin or vitamin B3) being the major non-volatile decomposition 

products. To note, vitamin B3 is highly bioavailable in coffee, more than in other 

food sources.267 Concerning their biological effects, trigonelline and its derivatives 
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have been related to anti-diabetic, neuroprotective, and anti-proliferative 

activities.268  

Kahweol, together with cafestol was first isolated in coffee oil and identified as 

cholesterol-raising factors.269 As reported in a meta-analysis of 14 randomized 

controlled trials examining the effect of coffee consumption on serum cholesterol 

concentrations, the consumption of boiled coffee dose-dependently increased serum 

total and LDL cholesterol concentrations, while the consumption of filtered coffee 

resulted in very little increase in serum cholesterol.270 Thus, these diterpenes are 

extracted from ground coffee during brewing but are mostly removed from coffee 

by paper filters. However, succeeding studies have demonstrated that cafestol and 

kahweol can have a two-faced effect, exhibiting a wide variety of pharmacological 

activities, including anti-inflammatory, anti-angiogenic and anti-tumorigenic 

properties which were recently reviewed.271  

The unroasted, green coffee beans are a rich source of polyphenols such as 

chlorogenic acids. The content of chlorogenic acids in unprocessed coffee bean 

declines with fruit maturation and the ripe and fully ripe fruit has a marked 

distinction. The various degrees of maturity are ascribed to an increase in 3-

caffeoylquinic acid and a decrease in 5-caffeoylquinic acids.272 Of the two varieties 

of coffee that are commercially cultivated, Coffea arabica contains 3.5 - 7.5% (w/w 

of dry matter) chlorogenic acids, while Coffea canephora chlorogenic acids content 

range is 7–14%. Three main classes of chlorogenic acids: caffeoylquinic acid (CQA), 

dicaffeoylquinic acid (diCQA) and feruoylquinic acid (FQA), together account for 

more than 80% of the total chlorogenic acids (CGAs) present in green coffee.273 

According to the IUPAC nomenclature, CGA is referred as 5-CQA and its isomers 

are 3-CQA and 4-CQA, while according to the IUPAC numbering system, the carbon 

1 and 3 of the quinic acid contain axial hydroxyl groups whereas carbon 4 and 5 

contain equatorial hydroxyl groups. 5-CQA is the most abundant CGA found in 

green coffee, representing over 50% of total CGAs, followed by 3- and 4-CQAs. 
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During coffee processing, CGAs are primarily hydrolysed to quinic acid and caffeic 

acids.274 Moreover, chlorogenic acid lactones are built up as a consequence of 

roasting.179 Generally, CGAs have been endorsed with several biological activities, 

such as inhibiting reactive oxygen species production, improving endothelial 

function by modulating nitric oxide (NO) production and/or thromboxane activation, 

and reducing blood LDL-cholesterol levels.275 Additional details regarding the 

biological properties of chlorogenic acids, especially those linked to inflammation 

are given in CHAPTER II – Pharmacologic Overview of Chlorogenic Acid in 

Inflammation.  

Positive biological activities of the coffee brew have been associated to compounds 

built during the roasting process. Rearrangement and reactions between amino acids 

and sugars via Maillard and Strecker reactions generate new compounds of very 

different chemical classes, including hydroxyphenylindans, hydroxyl-dihydrocaffeic 

acid, and cinnamoyl-shikimic acids, and melanoidins, that can affect the overall 

antioxidant capacity and anti-inflammatory effect of coffee.241,257,276,277  

Coffee brew is one of the main natural sources of melanoidins of the daily diet 

worldwide (Figure 15). These complex macromolecules possess multiple health-

promoting properties, such as antioxidant, anti-inflammatory, and prebiotic capacity, 

which make them very interesting from a nutritional point of view.278 For instance, 

coffee melanoidins act as an anticariogenic agent since they inhibit the adhesion of 

Streptococcus mutans, the major causative agent of dental caries in humans, almost 

completely at a concentration of 6 mg/ml.279 Moreover, melanoidins have been 

demonstrated to confer to human HepG2 cells a significant protection against 

oxidative insults and prevent oxidative endogenous formation of oxidative DNA 

damage by reducing TNF-α, tissue transglutaminase, and transforming growth factor 

beta (TGF-β) expression in the liver.277 Interestingly, they are also able to lower the 

blood glucose peak and insulin response due to the chlorogenic acids linked to their 

structure (Figure 15B).280 Moreover, a study revealed that polyphenol-rich 
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melanoidins, such coffee melanoidins, can scavenge α-dicarbonyl compounds 

(DCs), thus mitigating the negative consequences of their reaction with other 

macromolecules in physiological conditions.281 

 

 

Figure 15. Coffee melanoidins. (A) Dietary intake of coffee brew melanoidins. (B) 

Pathway of formation and structure of coffee brew melanoidins.278 
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Interestingly, in 2021 Ribeiro et al.282 evaluated protein extracts of green and roasted 

coffee beans as sources of bioactive peptides. Their findings showed that 11S coffee 

globulin is a precursor of bioactive peptides. 

Coffee-derived compounds as inflammation modulators. Even though a plethora 

of evidence linked coffee consumption and the reduced risk of the onset of 

inflammation-related diseases, few studies have explored the detailed mechanism of 

action of the coffee-derived products involved, thus it will be interesting to determine 

whether the TLR signalling pathways are at least partially involved.  

Caffeine (1,3,7-trimethylxanthine) is the most widely consumed psychostimulant 

substance in the world. At nontoxic doses, caffeine acts as a nonselective adenosine 

receptor antagonist. Besides its well-known psychoactive effects, caffeine has a 

broad range of actions. It regulates several physiological mechanisms as well as 

modulates both native and adaptive immune responses by various ways. In humans, 

99% of caffeine is absorbed from the gastrointestinal tract in about 45 min after 

ingestion.283 Chavez Valdez et al. provide observations on the relationship between 

serum caffeine levels and cytokine concentrations in tracheal aspirates and peripheral 

blood in a cohort of preterm infants. The results show that serum caffeine levels were 

higher after more than a week of treatment than they were after the initial doses. The 

relationship between caffeine levels and pro-inflammatory cytokines was U-shaped, 

meaning that at low serum caffeine levels TNF-a, IL-1 and IL-6 were reduced in 

concentration but at higher caffeine levels their levels were increased.284 In 2020, a 

Spanish group investigated the effects of caffeine and green coffee extract (GCE) on 

hepatic lipids in lean female rats with steatosis. Interestingly, their conclusion was 

that a low dose of caffeine alone did not reduce hepatic steatosis in lean female rats, 

but the same dose provided as a green coffee extract led to lower liver triglyceride 

levels.285 To note, in 2021 Kovács and colleagues286 reported a comparative analysis 

of the effect of caffeine on two subpopulations of human monocyte-derived 

macrophages differentiated in the presence of macrophage colony-stimulating factor 
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(M-CSF) or granulocyte-macrophage colony-stimulating factor (GM-CSF), M-MΦs 

and GM-MΦs, respectively. They showed that although TNF-α secretion was 

downregulated in both LPS-activated MΦ subtypes by caffeine, the secretion of IL-

8, IL-6, and IL-1β as well as the expression of Nod-like receptors was enhanced in 

M-MΦs, while it did not change in GM-MΦs. Moreover, they showed that caffeine 

(1) altered adenosine receptor expression, (2) changed Akt/AMPK/mTOR signalling 

pathways, and (3) inhibited STAT1/IL-10 signalling axis in M-MΦs, concluding that 

these alterations could play an important modulatory role in the upregulation of 

NLRP3 inflammasome-mediated IL-1β secretion in LPS-activated M-MΦs 

following caffeine treatment. 

In a model of inflamed and dysfunctional human adipocytes, N-methylpyridinium 

(NMP) at concentrations as low as 1 µmol/L reduced the TNF-α-triggered expression 

of several pro-inflammatory mediators, including C-C Motif chemokine ligand 

(CCL)-2, C-X-C Motif chemokine ligand (CXCL)-10, and intercellular adhesion 

Molecule (ICAM)-1, but left the induction of prostaglandin G/H synthase (PTGS)2, 

interleukin (IL)-1β, and colony stimulating factor (CSF)1 unaffected. Moreover, 

NMP reduces adipose dysfunction in pro-inflammatory activated adipocytes, 

suggesting that bioactive NMP in coffee may improve the inflammatory and 

dysmetabolic milieu associated with obesity.287 

Cafestol and kahweol can significantly reduce the mRNA levels of COX-2 and iNOS 

and decrease the expression of COX-2 and iNOS protein, therefore inhibiting the 

synthesis of PGE2 and NO in a dose-dependent manner. Further experiments 

demonstrate that coffee diterpenes can inhibit the activation of IKK in LPS-induced 

macrophages in a dose-dependent manner (within the concentration range of 0.5–10 

μM) indicating the inhibition of NF-κB activation as the primary mechanism of 

action.288 Later, Shen and colleagues discovered that Kahweol can down-regulates 

phosphorylation of signal transducers and activators of transcription 1 (STAT1) 

without altering its total level. However, the inhibition of JAK2 phosphorylation by 
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kahweol was not stronger than that of JAK2 inhibitor AG490, so there may be other 

pathways to block phosphorylation of STAT1.289 Similarly, another study suggested 

that the suppression of the transcriptional activation of iNOS by kahweol might be 

mediated through the inhibition of NF-κB activation.290 

Pyrocatechol, a component of roasted coffee, exhibits anti-inflammatory activity. 

Moon and Shibamoto reported that pyrocatechol was released from chlorogenic acid 

under reactive conditions (250 °C, 30 min)291, which resemble coffee roasting 

conditions. A recent study showed that pyrocatechol inhibits LPS-induced NF-κB 

activation and induces Nrf2 activation, which negatively regulates LPS-induced 

inflammatory responses. As a result, pyrocatechol in roasted coffee beans suppresses 

NO production by inhibiting the mRNA expression of iNOS as well as CCL2, 

CXCL1, and IL-6. However, the direct target protein in the LPS signalling pathway 

for pyrocatechol has not yet been identified.243 

Coffee melanoidins were found to contribute to reduce liver damage in a rat model 

of steatohepatitis.277 In this study, 1.5 mL/day of decaffeinated coffee or its 

polyphenols or melanoidins were added for 8 weeks to the drinking water of rats who 

were being fed a high-fat, high-calorie solid diet (HFD) for the previous 4 weeks. 

Percentage variations of cytokine concentration of HFD-fed rats versus control rats 

were assessed. Several pro-inflammatory cytokines (except IL-6 and IFN-γ, which 

were unchanged) were significantly less abundant in HFD-fed rats drinking 

melanoidins than those drinking water. The effect of melanoidins was more 

important in TNF-α, IL-1α, and IL-1b, because reductions of 58%, 31%, and 15%, 

respectively, were found in melanoidin-drinking versus water-drinking rats. 

 

4.2. Hypothesis 

Numerous epidemiological studies have reported a relationship between coffee 

consumption and reduced incidence of chronic diseases. Experimentally, in vivo and 
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in vitro studies demonstrate the ability of coffee and coffee-related components to 

modulate inflammation. However, most of them have employed murine cell models 

or specimens. 

In the present study we investigate the putative immune modulatory properties of 

both green and roasted coffee beans extracts, employing both immortalized and 

primary human macrophages. We also aim at determining whether the coffee 

processing have an impact or not.  

 

4.3. Experimental Design 

First, we performed an NMR-based metabolic profiling of green and roasted Robusta 

(Coffee canephora) coffee bean extracts (GCE and RCE). Then, we evaluated coffee 

extracts (CE) cytotoxicity on human macrophages. To this end, cell viability after 

coffee extracts treatment was estimated by MTT assay. Next, we investigated CE 

immune modulatory activities, measuring the production of both inflammatory 

cytokines and type I interferons in human LPS-stimulated THP-1-derived 

macrophages (TDM). Moreover, High Content Analysis was performed to visualise 

the intracellular effects of coffee extracts. Finally, primary CD14+ monocyte-derived 

macrophages (MDM) were employed.  

 

4.4. Results 

4.4.1. NMR-based Metabolic Profiling of Coffee Extracts 

Green (GCE) and roasted (RCE) coffee beans hydroalcoholic extracts were prepared 

as previously described.172,173,292,293 The methodology is described in section 3.1. 

They were characterized by NMR spectroscopy. 1H-NMR metabolic profiles of GCE 

and RCE are depicted in Figure 16. 
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Figure 16. NMR profiling of coffee samples. 1H-NMR spectra of Robusta green (bottom) 

and roasted (up) coffee extracts from Brazil. Each sample, containing 5 mg/mL of extract, 

was dissolved in a 10 mM deuterated phosphate buffer, pH 7.4, DSS 1 mM. Spectra were 

acquired at 25 °C and 600 MHz. Assignments of the resonances of the most important 

metabolites are shown (5-HMF, 5-hydroxymethylfurfural; Trigo, trigonelline; N-Me 

pyridinium, N-methyl pyridinium; For, formate; Caff, caffeine; CGAs, chlorogenic acids; 

Suc, sucrose; 5-CQA, 5-O-caffeoylquinic acid; Cho, choline; Ala, alanine; Lac, lactate). 

 

As previously reported172,293, the main differences among GCE and RCE rely in the 

complete disappearance of sucrose in RCE, together with a significant reduction of 

the amount of CGAs, due to melanoidin formation occurring during the roasting 

process, and the formation of N-methyl pyridinium, nicotinic acid, 5-hydroxy-methyl 

furfural and 2-furylmethanol. Moreover, a significant decrease in trigonelline and 

choline content can be observed. Metabolites identification was based on the analysis 

of mono (1H) and bi-dimensional (1H,1H-TOCSY, 1H,13C-HSQC) NMR spectra and 

by the use of specific libraries built in-house for the Simple Mixture Analysis (SMA) 

tool implemented in the MestReNova 14.2.0 software.294,295 Data were in agreement 

with those previously reported by our and other groups.172,293,296–298 SMA allowed 

not only the identification but also the simultaneous quantitation of all the 
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metabolites over the detection limit (about 50 nM). Quantification values are 

reported in Table 1. Melanoidin content in RCE was quantified by UV spectroscopy 

as 683.89 ± 33.99 µg/mg of RCE. 

 

 

 

4.4.2. Effect of Coffee Extracts on THP-1-derived Macrophages (TDM) 

Viability 

Toxicity of coffee extracts on cells was first tested by treating THP-1-derived 

macrophages (TDM) with increasing concentrations of GCE and RCE (10 to 500 

µg/mL). After 24 h, cell supernatants were removed, and the remaining cell 
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monolayers were immediately used to assess cytotoxicity via the MTT assay. The 

integrity of cell morphology before and after treatment was inspected by a light 

microscope. Treatment effect on cell viability was expressed by setting the 

percentage of non-treated cells at 100%. As shown in Figure 17, viability of cells 

was generally unaffected by coffee extracts, except for RCE treatment of TDM at 

the highest concentration of 500 μg/mL. Therefore, for TDM, the highest 

concentration limit was set at 250 μg/mL in subsequent experiments.  

 

Figure 17. THP-1-derived macrophages viability. THP-1-derived macrophages (TDM) 

cell viability after treatment with increasing concentrations of GCE (green, down-up 

diagonal pattern) and RCE (brown, up-down diagonal pattern) was evaluated by MTT assay 

(24 h). Data are represented as mean ± SEM of three independent experiments (n=3). Results 

are referred to untreated control (100%) (one-way ANOVA, followed by post hoc Dunnett’s 

test *p<0.05). 

 

4.4.3. Effects of Coffee Extracts on NF-κB Activation in THP1-XBlue™ 

cells 

LPS stimulation of cells induces NF-κB activation by phosphorylation and 

subsequent activation of downstream cytokines gene expression. To assess the 

activity of molecules on the LPS-induced NF-κB activation, a transcriptional 

reporter assay was used. In the absence of stimuli, NF-κB is associated with the 
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inhibitory protein IκBα, which restrains translocation of the transcription factor from 

cytoplasm to the nucleus. LPS stimulation causes rapid IκBα degradation, allowing 

NF-κB activation by phosphorylation. The ability of GCE and RCE to counteract the 

activation of NF-κB occurring upon LPS-stimulation was assessed by using THP1-

XBlue™ cells, an engineered THP-1 cell line which expresses a reporter gene under 

the control of the NF-κB promoter. In these experimental conditions, LPS markedly 

increased the activation of NF-κB compared to the unstimulated control (Figure 

18A). Both extracts inhibited NF-κB-driven transcription in a dose-dependent 

manner. GCE appear to be more active than RCE, GCE pre-treatment results in a 

50% inhibition at the maximum dose of 250 μg/mL, while with RCE pre-treatment 

20% inhibition was observed at the same concentration. 

 

4.4.4. Effects of Coffee Extracts on Pro-inflammatory Cytokines 

Release in THP-1-derived Macrophages 

The effects of GCE and RCE on the production of the main inflammatory cytokines 

TNF-α, IL-6 and interleukin-1-β (IL-1β) produced downstream to the TLR4/MyD88 

signal pathway was investigated in TDM. Cells were treated with coffee extracts, 

then stimulated with LPS and cytokines were quantified in cell supernatants after 24 

h from LPS stimulation. Pro-inflammatory cytokines levels of negative (non-treated) 

and positive (treated with LPS only) samples were compared with samples pre-

treated with increasing concentrations of both GCE and RCE (10, 25, 50, 100, and 

250 μg/mL) as depicted in Figure 18. Coffee extracts treatment of TDM resulted in 

a weak dose-dependent reduction of TNF-α release in response to LPS (Figure 18B). 

Contrarily, IL-1β and IL-6 production was more effectively inhibited by coffee 

extracts. IL-1β release was more strongly reduced by CGE compared to RCE pre-

treatment (Figure 18C). This different behaviour was also confirmed by the 

Pearson’s correlation analysis, which show a significant linear correlation for GCE 

treatment but not for RCE treatment (Pearson r = -0.7391, p = 0.0932). IL-6 
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production in TDM was markedly reduced in a dose-dependent manner by both CGE 

and RCE pre-treatments (Figure 18D).  

 

Figure 18. NF-κB-dependent transcription and pro-inflammatory cytokines profiling 

in LPS-stimulated THP-1-derived macrophages. THP-1-derived macrophages (TDM) 

cells were pre-treated with increasing concentrations of GCE (green, down-up diagonal 

pattern) and RCE (brown, up-down diagonal pattern) for 1 h and then challenged with 100 

ng/mL LPS. Activation of NF-κB pathway (A) was assessed by using THP1-XBlue™ cells 

as a reporter cell line and quantifying the activity of SEAP released in the medium after 18 

h. Percentage is referred to positive control (red, 100%) Negative control (unstimulated 

cells) is indicated in blue. TNF-α (B), IL-1β (C) and IL-6 (D) release in the medium after 24 

h were quantified via ELISA. Data are represented as mean ± SEM of three independent 

experiments (n=3). (one-way ANOVA, followed by post hoc Dunnett’s test *p<0.05, 

**p<0.01, ***p<0.001, ****p<0.0001). 
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4.4.5. Coffee Extracts Inhibit IFN-β Release in THP-1-derived 

Macrophages 

TLR4 activation and signalling through the MyD88-independent TRAM/TRIF 

pathway leads to the activation of TBK1 and IRF-3 thus inducing the IFN-β gene 

transcription. As for other cytokines, IFN-β release was assessed by monitoring its 

concentration in cell supernatants, after 3 h LPS stimulation. The IFN-β levels of 

negative (non-treated cells) and positive (cells treated with LPS only) samples were 

compared with samples pre-treated with increasing concentrations of GCE or RCE 

(10, 25, 50, 100, 250 or 500 μg/mL), as indicated in Figure 19. A strong dose-

dependent inhibition of IFN-β release was observed upon pre-treatment with CGE 

and RCE.  

 

Figure 19. Effect of coffee extracts on THP-1-derived macrophages release of IFN-β 

upon LPS stimulation. THP-1-derived macrophages (TDM) cells were pre-treated with 

increasing concentrations of GCE (light green, down-up diagonal pattern) and RCE (brown, 

up-down diagonal pattern) for 1 h and then challenged with 100 ng/mL LPS. Supernatants 

were collected after 3 h. IFN-β released in the medium was quantified via ELISA. Negative 

control (unstimulated cells) is indicated in blue. Data are represented as mean ± SEM of 

three independent experiments (n=3) (one-way ANOVA, followed by post hoc Dunnett’s 

test *p<0.05, ***p<0.001, ****p<0.0001). 
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4.4.6. Green and Roasted Coffee Extracts Inhibit p-IRF-3 Nuclear 

Translocation in THP-1-derived Macrophages 

To investigate the subcellular events linked to the effects of GCE and RCE on 

inflammatory pathways, in particular on TLR4-mediated IFN-β production, we 

performed confocal microscopy analyses by using an automated screening 

microscope, the Operetta CLS™ High-Content Analysis System. We investigated 

the effect of coffee extracts pre-treatment on LPS-triggered nuclear translocation of 

the phosphorylated form of IRF-3. In fact, TLR4/TRIF pathway leads mainly to IRF-

3 activation,299,300 and subsequent production of IFN-β. We therefore verified the 

activation of TLR4/TRIF pathway by monitoring the downstream activation of IRF-

3. LPS stimulation of TDM cells (0-4h) triggered the phosphorylation of IRF-3 

resulting in a fluorescence signal. Nuclei-located fluorescence signal of LPS-

stimulated samples was higher compared to non-treated samples, peaking at 2h. 

Treatment with RCE and GCE turned out to inhibit p-IRF-3 nuclear translocation, 

resulting in a significant reduction of the p-IRF-3-associated nuclei-located 

fluorescence (Figure 20). This observation parallels with the observation of the 

strong inhibitory effect of RCE, and GCE, on IFN-β release. Images (2000 

cells/sample) were analysed using the built-in Harmony® high-content analysis 

software and percentage of positive nuclei for p-IRF-3 (PhenoVue™ Fluor 568 

intensity threshold: 7000) was calculated. RCE and GCE pre-treatment resulted in a 

marked inhibition of p-IRF-3 nuclear translocation (about 40%). 
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Figure 20. Immunofluorescence analysis of p-IRF-3 nuclear translocation. Phospho-

IRF-3 localization in THP-1-derived macrophages (TDM) after 250 µg/mL GCE or RCE 

pre-treatment (1 h) and LPS stimulation (2 h). Images have been acquired using the Operetta 

CLS™ High-Content Analysis System and analysed through Harmony 4.5 software with the 

following settings: original magnification 20X, water objective, confocal mode. Pictures are 

representative. Data represent the percentage of positive nuclei (PhenoVue™ Fluor 568 

intensity threshold: 7000) of different acquired fields of view/sample (fov=9). 
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4.4.7. Green and Roasted Coffee Extracts Inhibit Interferon-β Release 

in CD14+ Monocyte-derived Macrophages 

Macrophage-like cells differentiated from purified CD14+ monocytes (MDM) were 

treated with increasing concentrations of GCE and RCE (10 to 500 µg/mL) to first 

assess toxicity of coffee extracts on primary cells. Cell viability after treatment is 

depicted in Figure 21A. None of the concentration used negatively affect cell 

viability, therefore the entire dose curve was maintained in subsequent experiments. 

Given the remarkable results obtained regarding the inhibition of IFN-β release in 

THP-1-derived macrophages, we were strongly encouraged to see if this effect 

should be confirmed on primary cells also. Thus, we treated MDM with GCE or RCE 

for 1 h and then we add LPS. As in previous experiments, we collected supernatant 

after 3h and we measured the IFN-β released in the medium. As shown in Figure 

21B, GCE and RCE are both able to decrease the amount of IFN-β released in a dose-

dependent manner. These data are consistent with those obtained using TDM (Figure 

19). 

 

 

Figure 21. Effect of 5-CQA on CD14+ monocytes-derived macrophages cell viability 

and IFN-β release. (A) CD14+ monocytes-derived macrophages (MDM) cell viability after 

treatment with increasing concentrations of GCE (A, green, down-up diagonal pattern) and 

RCE (A, brown, up-down diagonal pattern) was evaluated by MTT assay (24 h). (B) MDM 

cells were pre-treated with increasing concentrations of GCE (light green, down-up diagonal 

pattern) and RCE (brown, up-down diagonal pattern) for 1 h and then challenged with 100 

ng/mL LPS. Supernatants were collected after 3 h. IFN-β released in the medium was 
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quantified via ELISA. Negative control (unstimulated cells) is indicated in blue. Data are 

represented as mean ± SEM of three independent experiments (n=3) (one-way ANOVA, 

followed by post hoc Dunnett’s test *p<0.05, **p<0.01, ****p<0.0001). 

 

4.5. Discussion 

Several studies showed the anti-inflammatory properties of coffee extracts in terms 

of inhibition of the main inflammatory mediators released upon LPS stimulation, 

both in vitro and in vivo, employing mainly murine models and focusing on the 

MyD88-dependent pathway. As far as we know, this is the first investigation of 

coffee extracts effects on another important inflammatory pathway occurring after 

LPS challenge, the TRIF-dependent cascade that led to Type I interferon production. 

First, this study reports a qualitative and quantitative characterization of the GCE 

and RCE molecular components by NMR. To summarize, the roasting process 

results in a reduction of total CGAs, and the formation of polymeric melanoidins 

together with other small molecules, such as N-methyl pyridinium, nicotinic acid, 5-

hydroxy-methyl furfural and 2-furylmethanol. On the contrary some small molecular 

components such as trigonelline and choline are reduced during the roasting process. 

The main molecular components of both GCE and RCE are the chemically 

heterogeneous CGAs, among them 5-CQA is the most abundant isomer. Cell-based 

assays showed that both GCE and RCE were able to modulate inflammation in LPS-

stimulated human TDM. Interestingly, the release of IL-1β and IL-6 was clearly 

inhibited by coffee extracts while TNF-α production was only slightly affected. NF-

κB activation in macrophages derived from THP1-XBlue™ cells was inhibited as 

well. Those data are in line with previous studies on coffee extract anti-inflammatory 

effects performed in vitro and in experimental animals' models.301,302 Interestingly, 

we report for the time that also the TRIF-dependent TLR4 signalling was modulate 

by coffee extracts. Specifically, IFN-β release was inhibited in human TDM. 

Inhibition of interferon-β was much more pronounced compared to the other 

cytokine examined: whether we observed a 50% inhibition of IL-6 and IL-1β release 



 
96 Coffee Bean Extracts: Inflammation‐Modulating Phytochemical Mixtures 

with extracts concentration of 250 μg/mL, the same IFN-β inhibition occurred with 

25 μg/mL coffee extracts. Molecular mechanism of IFN-β inhibition was further 

investigated by immunofluorescence confocal microscopy analysis that showed a 

diminished nuclear translocation of p-IRF-3, the main transcription factor 

responsible for IFN-β synthesis. The inhibition of IFN-β release by RCE and GCE 

was also confirmed by using human primary cells, specifically CD14+ monocytes-

derived macrophages (MDM), opening striking translational perspectives. Taken 

together, our findings support the role of coffee extract as putative immunonutrient 

supplements, particularly in relation to those pathological conditions characterised 

by an impaired type I interferon activity, e.g., SLE and other autoimmune diseases.  
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4.6. Background 

Although greater knowledge about the chemical composition of coffee extracts 

could help to understand the possible compounds responsible for the observed 

effects, attribute to a single compound in the bioactive properties of the complex 

mixture obtained when preparing coffee remain a difficult task. Hence, many authors 

have investigated the effect of isolated compounds (caffeine, phenolic compounds, 

trigonelline, flavonoids, chlorogenic acid, caffeic acid, etc.). This second chapter 

aims to give an insight of the various studies conducted to understand the biological 

properties of chlorogenic acid. 

History and nomenclature. The term chlorogenic acid often refers to 5-O-

caffeoylquinic acid (5-CQA), an ester of caffeic acid with quinic acid. However, the 

term chlorogenic acids (CGAs) stand for the whole set of hydroxycinnamic esters 

with quinic acid, including caffeoyl-, feruloyl-, dicaffeoyl- and coumaroylquinic 

acids.  

Plant dietary sources. Coffee is one of the well-known dietary sources of CGAs 

and among the most highly consumed drinks worldwide. Accordingly, dietary intake 

of CGAs is closely associated with coffee consumption. The most common isomer 

in green coffee beans (76–84% of the total CGA) or coffee beans (10 g/100 g) is 5-

caffeoylquinic acid (5-CQA) (Figure 22).303  
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Figure 22. Structures of chlorogenic acids occurring in coffee. Phenolic acids are the 

most abundant polyphenols in coffee. Caffeic acid, which is unrelated to caffeine, is the main 

phenolic acid in coffee. Caffeic acid may be converted to ferulic acid. Both compounds may 

form an ester bond with quinic acid and generate any of the many isomers included in the 

family of the chlorogenic acids. The most frequent isomer is the 5-O-caffeoylquinic acid 

that, because of that, is commonly called chlorogenic acid.304,305  
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Green Coffea canephora var. Robusta beans contain higher amount of CGA on 

average compared to green Coffea arabica beans.306 While much of the CGAs are 

degraded during the roasting process, for those who drink it, coffee beans are still 

considered the main source of CGAs in the human diet (up to 1750 mg/L) and 5-

CQA still remained the major CGAs isomer in roasted coffee.307 Besides coffee, 

vegetables and fruits also contribute to 5-CQA dietary consumption. Eggplant has 

also been reported to contain a high concentration of 5-CQA (1.4 to 28.0 mg/g), 

accounting for between 80 and 95% of the total hydroxycinnamic acids.308 In 

addition, carrot (0.3 to 18.8 mg/g), artichoke (1.1 to 1.8 mg/g), and pepper (0.7 to 

0.9 mg/g) also make a substantial contribution to 5-CQA intake in the human diet. 

Additionally, 5-CQA is also found in apples, pears, peaches, plums, cherries, 

tomatoes, and potatoes.309 The content of 5-CQA in various dietary sources was 

extensively reviewed.310 About two–thirds of ingested chlorogenic acid reaches the 

colon where it may be metabolized by the colonic microflora. Here, chlorogenic acid 

is likely hydrolysed to caffeic acid and quinic acid. Studies in colostomy patients 

indicate that about 33% of ingested chlorogenic acid and 95% of caffeic acid are 

absorbed intestinally.311,312  

Chlorogenic acid in green coffee and roasted coffee. As evident from most 

methods of coffee preparation, chlorogenic acids are freely and easily solubilized in 

water. Chlorogenic acids are soluble in ethanol, methanol, water, and acetonitrile, 

owing to their polar nature due to the presence of numerous hydroxyl groups. The 

primary groups of CGA observed in green coffee beans include caffeoylquinic acids, 

dicaffeoylquinic acids, feruloylquinic acids, p-coumaroylquinic acids, and quinic 

acid blended diesters, each group having at least three isomers. Other than its 

biological properties, CGA also contributes for the colour, flavour, aroma, and 

phenolic derivatives during roasting.313,314 During this process of roasting, some part 

of the CGA isomerizes, while another small part is converted to quinolactones by 

dehydration and intra-molecular bonds, while still another part is hydrolysed and 
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decomposed into compounds of low molecular weight. Intense roasting conditions 

lead to losses of up to 95% of CGA.313 An Italian study evaluated chlorogenic acids 

content in 65 different capsule-brewed coffees, commercialised by 5 of the most 

representative brands in Italy. Large (lungo) coffees have the highest average amount 

of CQAs (60.4 ± 26.6 mg/serving), followed by regular (49.6 ± 16.0 mg/serving) and 

decaffeinated (43.0 ± 17.4 mg/serving) expresso coffees.251 After coffee 

consumption, chlorogenic acids undergo extensive metabolism prior to absorption, 

first in the small intestine (~30%) and then in the large intestine (~70%) where the 

colonic microflora produces a unique spectrum of colonic catabolites which are then 

excreted in urine (~29%).315 Even though absorption occurs in the small intestine, 

substantial quantities pass to the large intestine where the parent compounds and 

their catabolites can impact on both colonic health and the colonic microflora. Also, 

the level of urinary excretion indicates that substantial quantities of the colonic 

catabolites are absorbed into the portal vein and pass through the body in the 

circulatory system prior to excretion.305 

Pharmacological effects and safety evaluation. Among CGAs, 5-CQA has 

received increasing attention due to its multiple pharmacological effects and 

biological activities such as antioxidant, anti-inflammatory, anti-obesity, antitumor, 

antihypertensive, improvement of metabolic disorders, and gastrointestinal tract-

protective effects.316 In 2018, a study was conducted to explicate the effects of 

decaffeinated green coffee bean extract (GCE) on patients with markers of metabolic 

syndrome. In a total of 50 subjects, 25 were randomly assigned to consume 400 mg 

decaffeinated GCE capsules (each capsule contained 186 mg chlorogenic acid) and 

25 consumed placebo capsules twice per day for 8 weeks. Chlorogenic acid 

consumption resulted in reduction of all the investigated  markers, including 

anthropometric indices, blood pressure, lipid profile, glycaemic control, insulin 

resistance and their appetite.317 
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Animal studies have shown that chlorogenic acid is effective against obesity. Cho et 

al. studied the impact of chlorogenic acid on body weight, visceral fat mass, plasma 

leptin and insulin levels, triglycerides in liver and heart, and cholesterol in adipose 

tissue and heart in mice, discovering that those parameters were significantly reduced 

(p< 0.05) due to the effect of chlorogenic acid and caffeic acid when compared with 

the high-fat control group.318 Similarly, Huang et al. reported comparable outcomes: 

chlorogenic acid repressed the increase in weights of body and visceral fat and 

hepatic free fatty acids caused by high-fat diet in male Sprague-Dawley rats.319 

Another study investigated effects of decaffeinated green coffee bean extract for 

prevention of obesity and improvement in insulin resistance. The results indicated 

that mice within the group fed with high fat diet supplemented with 0.3% green 

coffee bean extract (decaffeinated) showed reduced body weight gain and increased 

plasma lipids, glucose and insulin levels when induced due to the high fat diet. The 

extract also assisted in down-regulation of genes involved in WNT10b- and galanin-

mediated adipogenesis and TLR4-mediated pro-inflammatory pathway. 

Translocation of GLUT4 to the plasma membrane in white adipose tissue was also 

stimulated.320 Hypercholesterolemia often occurs in obesity and leads development 

of cardiovascular disease and non-alcoholic fatty liver disease. The results of an in 

vivo research performed to demonstrate the hypocholesterolemic and 

hepatoprotective impacts of chlorogenic acid intake showed that chlorogenic acid is 

able to reduce the HDL level caused by a hypercholesterolemic diet showing reduced 

lipid depositions in the liver of hypercholesterolemic rats.321 

Very recently, an Italian research group investigated the putative protective role that 

coffee phenolic metabolites may have in counteracting diesel exhaust particles 

(DEPs)-induced oxidative stress in rat C6 glioma cells.322 The authors reported that 

the pre-treatment of cells with two different coffee metabolites mix (0.5 µM Mix 1, 

1 µM Mix 2) or 1 μM caffeic acid for 48 h followed by DEP exposure, successfully 

prevented oxidative stress and cytotoxicity induced by DEP treatment. Notably, ROS 
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production and cell viability were kept almost at the control’s value. The MEK-

ERK1/2 pathway is involved in the antioxidant response in C6 glioma cells after 

DEP exposure, resulting in Nrf2 activation, thus causing an increase in antioxidant 

enzymes such as HO-1. While the ERK1/2 expression levels did not change 

significantly following any treatment, authors data suggested that p-ERK2/ERK2 

ratio decreased after pre-treatment with coffee phenolic metabolites. Thus, authors 

claimed that coffee phenolic metabolites can be promising molecules to protect 

against oxidative stress induced by daily exposure to air pollution generated by motor 

vehicle traffic. 

In 2019, Amano et al. used in vitro and ex vivo profiling assays according to ICH 

S7A guideline to evaluate the safety of 5-CQA and found that 5-CQA and its 

metabolites were safe to use and could have beneficial effects as a pharmaceutical323, 

however, literature lack a pharmacological safety evaluation of 5-CQA to determine 

the maximum effective and safe doses of 5-CQA in both animals and humans.  

Immunomodulatory effects. Intravenous administration of chlorogenic acid 

protected C57BL/6 mice from septic shock after intraperitoneal LPS challenge. At 

the dosage 3 mg/kg chlorogenic acid, the survival rate was increased up to 70%. In 

addition, the cytokine levels in blood of treated animals were decreased, too. In vitro, 

kinase assays demonstrated that MAPK activation was blocked by chlorogenic acid, 

as well as auto-phosphorylation of IRAK4. Protein or mRNA levels of TNF-α, IL-

1α, and HMGB-1 (high-mobility group box-1) in the peritoneal macrophages, 

induced by LPS, were also attenuated by CGA treatment.324 

Chlorogenic acid inhibits staphylococcal exotoxin (SE)-induced inflammatory 

cytokines and chemokines, e.g., IL-1β, TNF, IL-6, IFN-γ, monocyte chemotactic 

protein I (MCP-l), macrophage inflammatory protein (MIP)-lα, and MIP-lβ by 

human peripheral blood mononuclear cells and inhibits SE-induced T-cell 

proliferation (by 98%)325. 
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Notably, among chlorogenic acid-derived catabolites, ferulaldehyde, a ferulic acid 

catabolite, had been tested in a murine lipopolysaccharide (LPS)-induced septic 

shock model. When intraperitoneally administered, ferulaldehyde (6 mg/kg every 

12 h) prolonged the lifespan of LPS-treated mice, decreasing the inflammatory 

response (pro-inflammatory cytokines TNF-α and IL-1β), increasing anti-

inflammatory IL-10 levels in serum, and inhibiting LPS-induced activation of NF-

κB in the liver of the mice.326 

 

4.7. Hypothesis 

In the previous chapter, we demonstrate for the first time a novel biological activity 

of green and roasted coffee extracts. In fact, we showed that hydroalcoholic extracts 

obtained from both unroasted and roasted coffee beans were able to dramatically 

decrease LPS-induced IFN-β release in human macrophages. In the current chapter, 

we aimed to elucidate the contribution of 5-CQA, one of the most abundant 

phytochemicals in coffee extract, to this biological effect. Moreover, we performed 

mechanistic studies to better explain how chlorogenic acid modulatory effects occur. 

 

4.8. Experimental Design 

In the previous chapter, we demonstrated that macrophage-like cells pre-treated with 

250 μg/mL GCE showed a diminished LPS-induced IFN-β release. In the following 

experiments, the concentration of pure 5-CQA used (88.5 μg/mL) reproduce the total 

concentration of chlorogenic acids present in 250 μg/mL GCE. Also, in an attempt 

to preliminarily explore the underlying mechanisms of its action, we performed 

Western blot analyses assessing the capability of 5-CQA to modulate the 

phosphorylation of IRF-3 and STAT1, two key events occurring before and after 

IFN-β release, respectively. Additionally, we evaluate 5-CQA capability to 

counteract the inflammatory cascade that led to NF-κB activation using both stimuli 
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different from LPS (TNF-α and IL-1β) and different cell models, a macrophage 

murine cell line (RAW-Blue™) and HEK293 cells expressing the human TLR4 

receptor (HEK-Blue™ hTLR4).  

 

4.9. Results 

4.9.1. Effect of 5-CQA on THP-1-derived Macrophages (TDM) 

Viability 

Toxicity of coffee extracts on cells was first tested by treating THP-1-derived 

macrophages (TDM) with increasing concentrations of 5-CQA (10 to 500 µM). After 

24 h, cell supernatants were removed, and the remaining cell monolayers were 

immediately used to assess cytotoxicity via the MTT assay. The integrity of cell 

morphology before and after treatment was inspected by a light microscope. 

Treatment effect on cell viability was expressed by setting the percentage of non-

treated cells at 100%. As shown in Figure 23, viability of cells was generally 

unaffected.  

 

Figure 23. THP-1-derived macrophages viability. THP-1-derived macrophages (TDM) 

cell viability after treatment with increasing concentrations of 5-CQA (square pattern) was 

evaluated by MTT assay (24 h). Data are represented as mean ± SEM of three independent 

experiments (n=3). Results are referred to untreated control (100%) (one-way ANOVA, 

followed by post hoc Dunnett’s test *p<0.05, ***p<0.001). 
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4.9.2. 5-CQA Inhibits IFN-β Release in THP-1-derived Macrophages 

TLR4 activation and signalling through the MyD88-independent TRAM/TRIF 

pathway leads to the activation of TBK1 and IRF-3 thus inducing the IFN-β gene 

transcription and its subsequent expression. We started from the assumption that, in 

our experimental conditions: (i) GCE and RCE exhibited the ability to diminish IFN-

β release; (ii) the main molecular components of both GCE and RCE are the 

chemically heterogeneous CGAs, among them 5-CQA is the most abundant isomer. 

Thus, we perform a comparison between the two extracts (mixtures) and pure 5-

CQA. TDM cells were treated with 250 μg/mL GCE, 250 μg/mL RCE and 250 μM 

5-CQA (88.5 μg/mL - corresponding to the 5-CQA content in 250 μg/mL GCE). 

IFN-β release was assessed by monitoring its concentration in cell supernatants 

collected 3 h after LPS stimulation. As shown in Figure 24, although 5-CQA was 

able to diminish IFN-β release, it seemed to be less effective if compared with GCE 

and RCE, suggesting an additive or synergistic effect may occur within the mixtures. 

 

 

Figure 24. Effect of 5-CQA and coffee extracts on THP-1-derived macrophages release 

of IFN-β upon LPS stimulation. TDM cells were pre-treated with 88.5 μg/mL 5-CQA (dark 

green, square pattern), 250 μg/mL GCE (light green, down-up diagonal pattern) and 250 

μg/mL RCE (brown, up-down diagonal pattern) for 1 h and then challenged with 100 ng/mL 

LPS. Cells treated with LPS only served as positive control. Supernatants were collected 

after 3 h. IFN-β released in the medium was quantified via ELISA. Negative control 
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(unstimulated cells) is indicated in blue. Data are represented as mean ± SEM of three 

independent experiments (n=3) (one-way ANOVA, followed by post hoc Dunnett’s test vs 

LPS group, ****p<0.0001). Differences between 5-CQA vs GCE and 5-CQA vs RCE were 

tested using Student’s t-test and comparison visualized as bars placed above columns 

(*p<0.05, ***p<0.001). 

 

5-CQA ability to counteract IFN-β release was also investigated in time course 

experiments, by pre-treating cells with 5-CQA (1h), challenging them with LPS and 

then collecting supernatant at different time points (0-4 h). Cells treated with LPS 

only were used as positive control. Figure 25 shows that LPS-induced IFN-β release 

started between 1 and 1.5 h and increased up to 4 h. Pre-treatment with 5-CQA 

dramatically decreases IFN-β release over time. 

 

 

Figure 25. Effect of 5-CQA on THP-1-derived macrophages release of IFN-β upon LPS 

stimulation. THP-1-derived macrophages (TDM) cells were pre-treated with 250 μM 5-

CQA (green squares) for 1 h and then challenged with 100 ng/mL LPS. TDM treated with 

LPS only are depicted in red circles. Supernatants were collected at different time points (0-

4 h). IFN-β released in the medium was quantified via ELISA. Data are represented as mean 

± SEM of three independent experiments (n=3) (t-test, *p<0.05, **p<0.01). 
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4.9.3. 5-CQA Effects on IRF-3 and STAT1 Phosphorylation in THP-1-

derived Macrophages 

Since we observed that 5-CQA pre-treatment results in a dramatic reduction of LPS-

induced IFN-β release we asked ourselves two challenging questions: (i) is this a 

result of a reduced activation of its transcriptional factor IRF-3? (ii) will the IFN-β 

release reduction have consequences on the canonical IFN signalling? Thus, we 

performed time course western blot analyses on untreated cells (negative control), 

cells treated with LPS only (positive control) and cells pre-treated with 250 μM 5-

CQA (1h) and subsequently challenged with 100 ng/mL LPS. As shown in Figure 

26, untreated cells and cells treated with 5-CQA only did not show any activation of 

IRF-3. Phosphorylated IRF-3 (p-IRF-3) begins to be appreciable after 1 h post LPS 

stimulation and increased over time reaching a peak at 2 h, before slowing down 

again. This phenomenon seemed to be not affected by 5-CQA pre-treatment (Figure 

26B). IFN-β released in the medium can act in both autocrine and paracrine manner 

activating the JAK-STAT pathway in the cell itself and/or in neighbouring cells. 

Phosphorylation of STAT-1 triggered by IFN-β recognition started 1.5 h after LPS 

administration and peaked at 2 h. As expected, cells pre-treated with 5-CQA before 

receiving LPS showed a less pronounced activation of STAT1, which we conjecture 

is as a direct consequence of a reduced amount of IFN-β released (Figure 26C). 
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Figure 26. Phosphorylation of IRF-3 and STAT1 in cells treated with 5-CQA and LPS 

or LPS only. Western blot analyses were performed on the total protein content of untreated 

cells (negative control), cells treated with LPS only (positive control) and cells pre-treated 

with 250 μM 5-CQA (1h) and subsequently challenged with 100 ng/mL LPS. Proteins were 

separated by SDS-PAGE and transferred to a nitrocellulose membrane; membranes were 

then probed with anti-p-IRF-3 and anti-p-STAT1. β-actin was used to normalize sample 

loading. A representative membrane is shown (A). Densitometric analysis was carried out 

through ChemiDoc system (Bio-Rad Laboratories), and the quantification of the signal area 

was performed by ImageJ. Numerical data corresponding to p-IRF-3 and p-STAT1 were 

normalised on β-actin expression and expressed as arbitrary units. Mean ± SEM of three 

independent experiments (n=3) are depicted in panel (B) and (C), respectively. 

Corresponding groups of data were compared using Student’s t-test *p<0.05. M: markers, 

N: non-treated cells, C: cells treated with 5-CQA only. 0.5-4: time points (h). 
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4.9.4. 5-CQA Inhibits NF-κB Pathway Downstream to TLR4 

To better characterize the biological effects of 5-CQA observed on TDM we perform 

a transcriptional reporter assay employing THP1-XBlue™ cells (as described in 

section 3.12). After differentiation into macrophages, cells were treated with 

increasing concentration of 5-CQA (10-500 μM) and then stimulated with 100 

ng/mL LPS. Treatment with LPS result in a prominent release of SEAP as a 

consequence of NF-κB-driven transcription, while cells treated with 5-CQA only do 

not exhibit NF-κB activation (Figure 27A). On the contrary, pre-treatment of cells 

with 5-CQA 1 h before the addition of LPS significantly inhibit NF-κB-driven 

transcription of SEAP in a dose-dependent manner (Figure 27B). Two pro-

inflammatory stimuli different from LPS and capable of trigger the NF-κB pathway 

without targeting TLR4 were used, namely the cytokines TNF-α and IL-1β. In fact, 

although structurally different, Toll-like receptors as well as receptor for TNF-α and 

IL-1, use similar signal transduction mechanisms that include activation of IkB 

kinase (IKK) and NF-κB.327 In both cases, 5-CQA pre-treatment was able to inhibit 

NF-κB-driven transcription of SEAP causes by both the stimulation with 10 ng/mL 

TNF-α (Figure 27C) and 100 ng/mL IL-1β (Figure 27D).  
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Figure 27. Effect of 5-CQA on THP1-XBlue™-derived macrophages treated with 

different pro-inflammatory stimuli. (A) THP-1-derived macrophages (TDM) cells treated 

with increasing concentrations of 5-CQA (dark green, square pattern) for 1 h or challenged 

with 100 ng/mL LPS. (B) TDM cells pre-treated with increasing concentrations of 5-CQA 

(dark green, square pattern) for 1 h and then challenged with 100 ng/mL LPS. (C) TDM 

cells pre-treated with increasing concentrations of 5-CQA (dark green, square pattern) for 1 

h and then challenged with 10 ng/mL TNF-α. (D) TDM cells pre-treated with increasing 

concentrations of 5-CQA (dark green, square pattern) for 1 h and then challenged with 100 

ng/mL IL-1β. Activation of NF-κB pathway was assessed by using THP1-XBlue™ cells as 

a reporter cell line and quantifying the activity of SEAP released in the medium after 18 h. 

Results are referred to positive control (red, 100%). Negative control (unstimulated cells) is 

indicated in blue. Data are represented as mean ± SEM of three independent experiments 

(n=3). Results are referred to untreated control (100%) (one-way ANOVA, followed by post 

hoc Dunnett’s test ***p<0.001, ****p<0.0001). 
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To unveil the role of TLR4, we applied the same experimental setting on murine 

macrophages RAW-Blue™ that naturally express TLR4, and HEK-Blue™ cells, 

cells co-transfected with the human TLR4, MD-2 and CD14 co-receptor genes, as 

well as the inducible SEAP. Our data indicated that 5-CQA weakly inhibited LPS-

stimulated NF-κB activation in murine macrophages (Figure 28A) and was totally 

inactive in HEK-Blue™-hTLR4 cells (Figure 28B). 

 

 

Figure 28. Effect of 5-CQA on LPS-stimulated RAW-Blue™ and HEK-Blue™ cells. 

(A) RAW-Blue™ cells treated with increasing concentrations of 5-CQA (dark green, square 

pattern) for 1 h or challenged with 100 ng/mL LPS. (B) HEK-Blue™ cells pre-treated with 

increasing concentrations of 5-CQA (dark green, square pattern) for 1 h and then challenged 

with 100 ng/mL LPS. Activation of NF-κB pathway was assessed by using RAW-Blue™ or 

HEK-Blue™ cells as a reporter cell line and quantifying the activity of SEAP released in the 

medium after 18 h. Results are referred to positive control (red, 100%). Negative control 

(unstimulated cells) is indicated in blue. Data are represented as mean ± SEM of three 

independent experiments (n=3). Results are referred to untreated control (100%) (one-way 

ANOVA, followed by post hoc Dunnett’s test *p<0.05, ***p<0.001). 
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4.10. Discussion 

To discover the bioactive component of coffee extracts responsible for the 

previously denoted immunomodulatory activity (Chapter I), we performed 

experiments on TDM using pure 5-CQA. Results shown the capability of 5-CQA to 

counteract IFN-β release upon LPS stimulation (0-4h), clearly indicating its 

involvement in the biological effect exerted by coffee extracts. However, pure 5-

CQA was less effective in diminishing IFN-β compared to GCE or RCE total extract. 

A further characterization of the mechanism of action of 5-CQA was performed 

involving the use of different cell reporter assays. Human macrophages obtained 

from the differentiation of THP1-XBlue™ cells shown the ability of 5-CQA to 

inhibit the activation of the NF-κB pathway not only upon stimulation with LPS, but 

also with inflammatory stimulus different from LPS, TNF-α and IL-1β, which 

recognition and initiation of the signalling is independent from TLR4, thus 

suggesting that the molecular target of this compounds belong to the inflammatory 

cascade downstream to TLR4. This behaviour was observed, even if to a less extent, 

also in murine RAW-Blue™ macrophages. The observation that 5-CQA is inactive 

in inhibiting the LPS-triggered NF-κB pathway in HEK-Blue™-hTLR4 cells also 

imply that the molecular target of this compound is not the membrane TLR4/MD-2 

complex but another intracellular protein involved in inflammatory response, with a 

cell-type-specific effect on innate immune cells. Notably, whereas TBK1 is 

expressed in a wide variety of tissues, IKKi expression is restricted to immune cells 

and is further upregulated in response to various stimuli, including LPS, TNF-α, IL-

1β, IFN-γ and IL-6.328 Moreover, IKKi functions not only as an IRF-3 kinase but 

also as a STAT1 kinase. In fact, IKKi can phosphorylate a serine residue in STAT1 

that is crucial for its transcriptional activity. We noted that 5-CQA pre-treatment did 

not resulted in a reduced phosphorylation of IRF-3, while p-STAT1 level at its peak 

was diminished. Together, these observations open interesting perspectives for the 

investigation of the role of IKKi and its related downstream signalling in 5-CQA 

mechanism of action. TLR4 recognition of lipopolysaccharide (LPS) from bacteria 
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is the most potent type I IFN inducer, signalling through the adaptor protein TIR-

domain-containing adaptor protein inducing IFNβ (TRIF).329 Numerous studies 

investigated the role of type I IFN in the immunopathology of autoimmune and 

inflammatory diseases (reviewed in71). Qin and colleagues, indicate that direct LPS 

induction of NF-κB activation and LPS-induced production of IFN-β, which 

subsequently activates STAT-1α, are important events for CD40 gene expression in 

macrophages and microglia.330 In addition, the partial inhibition of LPS-induced 

CD40 expression on inclusion of IFN-β–neutralizing antibody demonstrates the 

importance of this signalling pathway in CD40 gene expression. In this perspective 

the possibility to modulate IFN-β secretion by chlorogenic acid could be beneficial 

in those autoimmune inflammatory diseases that share aberrant expression of CD40, 

such as multiple sclerosis and rheumatoid arthritis.  
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4.11. Background 

Since a decade, N-acylethanolamines (NAEs), both as saturated fatty amides and 

as poly-unsaturated forms, are found to play an important physiological role in the 

modulation of immune reactions in several autoimmune disorders via a number of 

different receptors. Among this class of compounds, we must mention: (i) N-

arachidonoyl-ethanolamine (anandamide, AEA), the first endocannabinoid that was 

discovered; (ii) the anorectic mediator N-oleoyl-ethanolamine (OEA); (iii) N-

palmitoyl-ethanolamine (PEA) (depicted in Figure 29).331  

 

 

 

Figure 29. Chemical structures of some of the most studied bioactive N-acyl-

ethanolamines (NAEs).331 

 

One of them, worth of particular attention is palmitoylethanolamide (PEA), an 

endogenous fatty acid amide with the chemical structure of N-(2-hydroxyethyl)-

esadecanamides. PEA is a food component known since 1957.332 In that year, Kuehl 

and colleagues succeeded in isolating a crystalline anti-inflammatory factor first 

from soybean lecithin and then also from a phospholipid fraction of egg yolk and 

from hexane-extracted peanut meal.  
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The crystalline material had a melting point of 98-99°C and was described as neutral, 

optically inactive, and possessing the chemical formula C18H37O2N, which 

hydrolysis resulted in palmitic acid and ethanolamine. Kuehl et al. further analysed 

the anti-inflammatory activity of several derivatives of PEA and could prove that the 

basic moiety of the molecule was responsible for its anti-inflammatory activity.332 

Pea was then found in a wide variety of food sources (recently summarised by 

Petrosino and Di Marzo,333  Table 2). 

 

Table 1. PEA content in different food sources.333 

 

 

In animals, the biosynthesis of PEA occurs through the hydrolysis of its direct 

phospholipid precursor, N‐palmitoyl‐phosphatidyl‐ethanolamine, by the action of N‐

acyl‐phosphatidyl‐ethanolamine‐selective phospholipase D (NAPE‐PLD) (Figure 

30A). The degradation of PEA to palmitic acid and ethanolamine occurs by the 

action of two different hydrolytic enzymes, that is, fatty acid amide hydrolase 

(FAAH) and, more specifically, N‐acylethanolamine‐hydrolysing acid amidase 

(NAAA) (Figure 30A).  
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Interestingly, the biosynthesis and degradation of PEA, as well as other N‐

acylethanolamines, in plants, where these compounds exert quite different 

physiological functions, seem to occur via identical routes and often similar 

enzymes.333 PEA exerts a multitude of physiological functions related to metabolic 

and cellular homeostasis. It is an interesting anti-inflammatory therapeutic substance 

and might also hold great promise for the treatment of several (auto)immune 

disorders, including inflammatory bowel disease and inflammatory diseases of the 

central nervous system (CNS).334,335 Several efforts have been made to identify the 

molecular mechanism of action of PEA and explain its multiple effects both in the 

central and the peripheral nervous system. Nobel laureate Rita Levi-Montalcini's 

clarified PEA's mechanism of action, analysing the role of PEA as an anti-

inflammatory agent. In fact, Rita Levi‐Montalcini's research group suggested that 

PEA acts via ‘Autacoid Local Injury Antagonism (ALIA)’ to down‐regulate mast 

cell activation.336 Further research has revealed that PEA can act via multiple 

mechanisms, depicted in Figure 30B–E).337 The anti‐inflammatory effects of PEA 

have also been investigated in numerous inflammatory in vitro and in vivo models. 

In 2009, Hoareau et al. investigate the anti-inflammatory effect of PEA on human 

adipocytes, as well as in a murine model.338 TNF-α production by LPS-treated 

human subcutaneous adipocytes in primary culture and CF-1 mice, an ideal in vivo 

infectious disease model, was investigated by enzyme-linked immunosorbent assay. 

The effects of PEA on adipocyte TNF-α secretion were explored as well as some 

suspected PEA anti-inflammatory pathways: the NF-κB pathway, PPAR-α gene 

expression, and TNF-α-converting enzyme (TACE) activity. The effects of PEA on 

the TNF-α serum concentration in intraperitoneally LPS-treated mice were also 

studied. They demonstrate that the LPS induced secretion of TNF-α by human 

adipocytes is inhibited by PEA. This action is neither linked to a reduction in TNF-

α gene transcription nor to the inhibition of TACE activity. Moreover, PPAR-α is 

not implicated in this anti-inflammatory activity. Lastly, PEA exhibits a wide-

reaching anti-inflammatory action as the molecule can completely inhibit the strong 
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increase in TNF-α levels in the serum of mice treated with high doses of LPS. In 

2015, Impellizzeri and colleagues investigate the effects of PEA, in rats subjected to 

LPS-induced uveitis.339 PEA treatment decreased the inflammatory cell infiltration 

and improved histological damage of eye tissues. In addition, PEA treatment reduced 

pro-inflammatory TNF-α levels, protein extravasation and lipid peroxidation. 

Immunohistochemical analysis showed ICAM-1 and nitrotyrosine was significantly 

reduced in eye sections from LPS-injected rats treated with PEA. In addition, PEA 

strongly inhibited iNOS expression and nuclear NF-κB translocation. 

 

 

Figure 30. Metabolic pathways and molecular targets of PEA. (A) PEA is biosynthesized 

from a membrane phospholipid, N‐palmitoylphosphatidylethanolamine (NPPE), via several 

routes, the most investigated of which is through the direct hydrolysis by NAPE‐PLD. PEA 

can be then degraded to palmitic acid and ethanolamine by either FAAH or NAAA. (B) PEA 

can directly activate PPAR‐α or, more controversially, GPR55. (C) PEA, for example 

through the inhibition of the expression of FAAH, may increase the endogenous levels of 

AEA and 2‐AG, which directly activate CB2 (or CB1) receptors and TRPV1 channels 

(entourage effect). (D) PEA, possibly through an allosteric modulation of TRPV1 channels, 

potentiates the activation and desensitization by AEA and 2‐AG of TRPV1 channels 

(entourage effect). (E) PEA may also activate TRPV1 channels via PPAR‐α. NAT, N‐acyl‐

transferase.333 
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Inflammation is a key element in the pathobiology of neurodegenerative diseases. 

Different neuronal and non-neuronal cells are involved as players able to respond to 

inflammatory signals of immune origin. Among them, microglial cells, parenchymal 

tissue-resident macrophages resident in the central nervous system, plays a central 

role in mediating tissue homeostasis in health and disease.340 Microglia are 

characterized by morphological features that reflect their functional capacity. In a 

healthy brain, microglia are in a quiescent state, or have a “down-regulated” 

phenotype, and exhibit a ramified shape, with short fine processes and thus increased 

surface area for tissue surveillance.341 This down-regulated phenotype is 

characterized by an attenuated innate immune function correlated with homeostatic 

tissue remodelling and steady-state wound healing functions.342 Early in disease 

progression, microglial cells develop an altered inducible “activated” state that is 

functionally different from steady-state microglia. This activated state is then further 

subdivided into a classical pro-inflammatory M1 and alternative M2 state. Same as 

peripheral macrophages, in vitro studies demonstrate that M1 and M2 activation can 

be induced in microglia by LPS and IL-4, respectively.343,344 Morphologically, 

activated microglia exhibit an amoeboid shape in contrast to the quiescent ramified 

shape of steady-state microglia.345 In the brain, infiltrating monocyte-derived 

macrophages promote nodal demyelination90,346 and exhibit  a highly phagocytic and 

inflammatory behaviour, while resident microglia, required for the initiation of 

disease, are relatively quiescent upon disease onset347. Lipopolysaccharide (LPS) is 

widely known to induce potent neuroinflammatory responses in the brain.348 In 2020, 

an in vitro study was performed on different neuronal (SH-SY5Y) and non-neuronal 

cell lines (C6, BV-2, and Mo3.13) subjected to NAAA enzyme silencing and then 

treated with PEA ultra-micronized (PEA-um) (1, 3, and 10 μM).349 Results showed 

that concomitant treatment of neuronal and non-neuronal cells with PEA-um, after 

NAAA genic downregulation, successfully counteracted LPS/INF-γ-provoked 

neuroinflammation without affecting cell viability. 
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4.12. Hypothesis 

Microglia-mediated inflammatory response is associated with the majority of 

neurodegenerative conditions. PEA is licensed for use in humans as nutraceutical, 

food supplement, or food for medical purposes for its analgesic and anti-

inflammatory properties demonstrating efficacy and tolerability. However, 

exogenously administered PEA is rapidly inactivated by fatty acid amide hydrolase 

(FAAH) enzyme, that plays a key role both in hepatic metabolism and in intracellular 

degradation. Costa’s research group extensively investigated PEA pharmacological 

activity in pain perception and inflammatory diseases.350–356 Recently they conducted 

a study where they synthetized a small library of PEA analogues designed to be more 

resistant to FAAH-mediated hydrolysis. Molecular docking and density functional 

theory calculations were applied to find the more stable analogue. The computational 

investigation identified RePEA as the best candidate in terms of both synthetic 

accessibility and metabolic stability to FAAH-mediated hydrolysis. The selected 

compound was synthesized and assayed ex vivo to monitor its enhanced resistance 

to FAAH-mediated hydrolysis. 1H-NMR spectroscopy performed on membrane 

samples containing FAAH in integral membrane protein demonstrated that RePEA 

is not processed by FAAH, in contrast with PEA. Moreover, RePEA retained PEA’s 

ability to inhibit LPS-induced cytokine release in murine N9 microglial cells. The 

rationale for our study was to examine the role of PEA and its analogue RePEA in 

the regulation of pro-inflammatory cytokines released by LPS-challenged 

macrophages. The ultimate goal was obtaining a comparison between the effect of 

PEA and its analogue RePEA on microglial cells and on macrophage cells. 

Later, they explored the possibility that PEA could exert its neuroprotective and anti-

inflammatory effects through the modulation of microglia reactive phenotypes. They 

found that in N9 microglial cells, the pre-incubation with PEA blunted the increase 

of LPS-induced M1 pro-inflammatory markers, concomitantly increasing M2 anti-

inflammatory markers. They also acquired and processed microglial cells images to 
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obtain a set of morphological parameters that can be used to distinguish different 

phenotypes. They found that PEA is able to inhibit the LPS-induced M1 polarization 

and suggested that PEA might induce the anti-inflammatory M2a phenotype. 

Microglia function strongly relies on intracellular calcium signalling. PEA prevented 

Ca2+ transients in both N9 cells and primary microglia and antagonized the neuronal 

hyperexcitability induced by LPS, as revealed by multi-electrode array (MEA) 

measurements on primary cortical neurons, microglia, and astrocytes. Since LPS is 

a TLR4 ligand, we thought it could be interesting to obtain further insight about the 

role of the TLR4/NF-κB axis in the previously observed PEA-induced inhibition of 

pro-inflammatory cytokines. Thus, our contribute to this work consisted in the 

investigation of the putative effects of PEA on the NF-κB activation triggered by 

TLR4 stimulation in human macrophage-like cells obtained from the in vitro 

differentiation of THP1-XBlue™ cells. Moreover, we employed HEK-Blue™-

hTLR4 cells as a tool to investigate whether PEA acts involving TLR4 directly. 

 

4.13. Experimental Design 

THP-1 and THP1-XBlue™ cells were differentiated into macrophage-like cells (as 

described in section 3.5.), referred as PMA-THP-1 and PMA-THP-1 X-Blue™ cells, 

correspondingly. Cells were treated with PEA and/or RePEA and cytotoxicity was 

assessed via MTT assay. Then, cells were challenged with LPS, either before or after 

PEA/RePEA administration (sections 3.10. and 3.11.). Supernatant concentration of 

different pro-inflammatory cytokines, and also SEAP (as a result of its NF-κB-driven 

transcription), were measured by ELISA and SEAP assay, respectively. SEAP 

released by LPS-stimulated HEK-Blue™-hTLR4 cells pre-treated with PEA was 

also assessed. 
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4.14. Results 

4.14.1. PEA and RePEA Post-treatment Effects on Cell Viability and 

NF-κB Activation in Human Macrophages 

As PEA and its analogue RePEA are intended to be used on human beings, we 

executed the same experiments previously performed on murine microglial cells 

(N9) on macrophage-like cells of human origin. First, cell viability was assessed at 

24 h. Results showed that both PEA and RePEA were not cytotoxic (Figure 31B). 

To further explore the role of the TLR4/NF-κB axis in the previously observed 

inhibition of pro-inflammatory cytokines, NF-κB activation triggered by TLR4 

stimulation was investigated using THP-1 X-Blue™-derived macrophages (PMA-

THP-1 X-Blue™ cells) as a tool to investigate whether PEA and/or RePEA act 

involving TLR4 directly. Cells were treated as described in section 3.10. As shown 

in Figure 31A both PEA and RePEA were able to inhibit NF-κB activation triggered 

by TLR4 stimulation. RePEA was more effective in decreasing SEAP release 

compared with its parent compound PEA, 50% versus 30%, respectively. 
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Figure 31. PEA and RePEA effect on cell viability and NF-κB activation. (A) PMA-

THP-1 X-Blue™ cells were challenged with 10 ng/mL LPS for 1 h; then, the LPS-containing 

medium was removed, and cells were incubated for 1 h with 100 nM PEA and RePEA, 

respectively. Then, the medium was replaced with fresh RPMI. The amount of SEAP 

(Secreted Embryonic Alkaline Phosphatase) released into the culture medium was quantified 

after 24 h as a measure of NF-κB activation. Data are presented as mean ± SEM (n = 3 

independent experiments), normalized on MTT data (the activity of SEAP, expressed as OD, 

was normalized on the MTT OD value of each corresponding well, as a measure of cell 

viability). Differences between treated groups (PEA and RePEA) and the positive control 

(LPS) were determined using nonparametric one-way analysis of variance (ANOVA) with 

post hoc Dunnett’s multiple comparison tests. *** p < 0.001, **** p < 0.0001. (B). PMA-

THP-1 X-Blue™ cells were incubated for 1 h with 100 nM PEA and RePEA. Then, medium 

was replaced with fresh RPMI. Cell viability was assessed after 24 h. Data are presented as 

mean ± SEM (n = 3 independent experiments). 
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4.14.2. PEA and RePEA Post-treatment Effect on Pro-inflammatory 

Cytokines Release in Human Macrophages 

Furthermore, PEA and RePEA ability to counteract TNF-α release was evaluated. 

LPS markedly induce TNF-α release in PMA-THP-1 cells. Both PEA and RePEA 

showed to be effective in reducing TNF-α content in supernatants after LPS 

stimulation. Notably, RePEA was more efficient in inhibiting TNF-α release 

compared to PEA, corroborating previously obtained data on NF-κB activation 

assessment (Figure 32A). These results support the hypothesis that RePEA is slower 

hydrolysed by FAAH. Finally, other cytokines associated with microglial activation 

have been measured, specifically IL-6 and IL-1β. PEA and RePEA treatment after 

LPS challenge significantly decreased IL-6 release, compared with LPS only 

(Figure 32B). RePEA only was able to diminish IL-1β release (Figure 32C). These 

results were closely related with those obtained using N9 cells. 
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Figure 32. TNF-α, IL-6, and IL-1β release after 24 h post LPS administration. Human 

macrophage-like cells (PMA-THP-1) were stimulated with 10 ng/mL LPS for 1 h; then, 

LPS-containing medium was removed, and cells were incubated for an additional 1 h with 

100 nM PEA and its analogue, RePEA. Next, medium was replaced with fresh RPMI. The 

amount of TNF-α (A), IL-6 (B), and IL-1β (C) released in the medium was quantified after 

24 h post LPS administration. Data are presented as mean ± SEM (n = 3 independent 

experiments). Differences between treated groups (PEA and RePEA) and the positive 

control (LPS) were determined using nonparametric one-way analysis of variance 

(ANOVA) with post hoc Dunnett’s multiple comparison tests. * p < 0.05; ** p < 0.01; *** 

p < 0.001. Difference between PEA and RePEA treatment was determined using unpaired t-

test * p < 0.05. 
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4.14.3. PEA Pre-treatment Counteracts LPS-Induced NF-κB Activation 

in Human Macrophages Without Directly Involving TLR4 

PEA pre-treatment was showed to inhibit LPS-triggered M1 pro-inflammatory 

markers (including iNOS, IL-1β, TNF-α, IL-6 and MCP-1), concomitantly 

increasing M2 anti-inflammatory markers (Arg-1 expression), thus inducing an M2a 

anti-inflammatory phenotype in murine microglial cell (N9).357 Hence, we 

investigated PEA effect on NF-κB activation triggered by TLR4 stimulation in 

human macrophages. PMA-THP1-XBlue™ cells were pre-incubated with 100 µM 

PEA (1h) before administering 10 ng/mL LPS. As shown in Figure 33A, SEAP 

expression significantly decreased (40%) in human macrophages when cells are pre-

treated with PEA, compared to cells treated with LPS only. Thus, PEA is not only 

capable to inhibit NF-κB activation if administered after LPS (section 4.14.1.), but 

also if it is added before LPS stimulation occur in THP-1-derived macrophages.  

 

Figure 33. PEA pre-treatment effect on NF-κB activation in LPS-stimulated PMA-

THP1-XBlue™ and HEK-Blue™-hTLR4 cells. PMA-THP1-XBlue™ (A) and HEK-

Blue™-hTLR4 (B) cells were incubated with 100 µM PEA (1h) before treatment with 10 

ng/mL LPS. The amount of SEAP released in the medium was quantified 6h later as a 

measure of NF-κB activation. Data are presented as mean ± SEM (n = 3 independent 
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experiments) normalized on the control sample. Differences between groups were evaluated 

applying the ANOVA test and Tukey's test for post hoc analysis. ** p < 0.01, **** p < 

0.0001. 

To assess whether TLR4 is directly involved in PEA mechanism of action, we 

investigated NF-κB activation in HEK-Blue™-hTLR4 cells. Results indicated that 

PEA pre-treatment did not affect NF-κB activation induced by LPS (Figure 33B). 

Taken together, our findings suggested that PEA is able to inhibit NF-κB activation 

triggered by LPS administration in human macrophages, but this effect is not 

mediated by its direct interaction with TLR4. Further experiments suggested a partial 

involvement of CB2R in the PEA mechanism of action. Briefly, SR144528, a 

selective CB2R inverse agonist, significantly reduced the ability of PEA to inhibit 

LPS stimulation of iNOS expression in N9 cells. Similarly, SR144528 was able to 

antagonize PEA capability to shift the morphology of N9 cells treated with LPS from 

the M1 to M2 shape.357  
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4.15. Discussion 

Nowadays, N-palmitoyl-ethanolamine (PEA) is recognized worldwide for its 

efficient anti-inflammatory and analgesic effects in experimental models of visceral, 

neuropathic, and inflammatory diseases, acting through several possible 

mechanisms.333 However, so far scarce experimental data have been reported about 

PEA’s use in animals, or particularly, humans. PEA naturally occur in several food 

sources. Moreover, under inflammatory and neurodegenerative conditions, it can be 

produced as a “on-demand” protective endogenous mediator to counteract 

inflammation, neuronal damage, and pain itself. Our collaborators in Costa’s 

research group deeply investigate PEA potential as an anti-inflammatory drug in 

several in vitro models of neuroinflammation induced by LPS and ATP. The aim of 

our work was employing our well-established human macrophage-like cell models 

to prove or disprove the hypothesis that PEA could act similarly on human 

macrophages. Our results demonstrated that: (i) both PEA and RePEA post-

treatment were able to inhibit NF-κB activation triggered by TLR4 stimulation; (ii) 

PEA post-treatment decreased TNF-α and IL-6 release, while RePEA post-treatment 

significantly inhibited TNF-α, IL-6 and IL-1β release, also; (iii) RePEA seemed to 

be more effective compared with its parent compound PEA, suggesting a slower 

degradation rate caused by FAAH; (iv) PEA can counteract NF-κB activation also if 

it is added before LPS stimulation occur; (v) PEA capability to interfere within the 

TLR4/NF-κB axis is not attributable to a direct interaction between PEA and TLR4. 

Our results contributed to unravel PEA mechanism of action in human macrophages. 

Moreover, we reported the in vitro evaluation of the biological activity of a newly 

synthetized PEA analogue, RePEA. Although the specific mechanism of action and 

the in vivo evaluation of its metabolic stability need further investigation, RePEA 

could represents a good candidate for pre-clinical studies aiming at developing a drug 

with the same well-known therapeutic properties of PEA but with a better 

pharmacokinetic profile.  
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5. CONCLUSIONS 

Toll-Like Receptor 4 (TLR4) plays a key role in the host defence mechanism and 

can recognize a variety of PAMPs and DAMPs. On the other hand, any dysregulation 

of the TLR4 pathway can initiate various diseases. The inhibition of TLR4 by a 

small-molecule can be achieved by blocking (1) ligand-receptor interaction, (2) 

dimerization of the TLR4-MD2 complex, or (3) downstream signalling. Botanical 

extracts present a large source of natural immune modulators, many of which have 

been used in traditional medicine for centuries. At the intersection between nutrition 

and immunomodulation, plant extracts turned out to be a promising source of new 

therapies directed toward TLR-related diseases. Goal of the present work is to 

contribute with new insights on innate immunity modulation by natural compounds. 

Intake of coffee is hypothesized to reduce the risk of several chronic diseases, but 

current scientific evidence is not conclusive. Also, the health effects of consuming 

chlorogenic acid have been studied but its exact mechanism of action is yet to be 

elucidated. In our study, we investigated the capability of coffee extracts to 

counteract LPS-induced inflammation employing different cell-based assays. After 

a chemical characterization of both green (GCE) and roasted (RCE) coffee extracts, 

we tested their ability to inhibit the release of pro-inflammatory cytokines and 

interferons by human macrophages. We found that GCE and RCE pre-treatment 

were effective in mildly modulate the MyD88-dependent pathway downstream of 

TRL4 LPS recognition, resulting in a reduced NF-κB activation and a lower release 

of TNF-α, IL-6 and IL-1β, in THP-1-derived macrophages. Then, we focused our 

attention on the TLR4/TRIF/IRF axis. We reported here the unprecedented 

observation that GCE and RCE pre-treatment dramatically inhibited IFN-β release, 

in a dose-dependent manner. Thus, we explored GCE and RCE intracellular effects 

and we observed that both extracts could reduce LPS-triggered IRF-3 nuclear 
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translocation, the latter being the main transcriptional factor responsible for IFN-β 

expression. Subsequently, the same experimental setting was carried out employing 

primary human macrophages, derived from the in vitro differentiation of CD14+ 

monocytes isolated from human peripheral blood. In this conditions, macrophage-

like cells pre-treated with GCE or RCE and then challenged with LPS exhibited a 

lower IFN-β release, paralleling the results obtained using THP-1-derived 

macrophages. This observation could bring interesting information for a translational 

point of view. Moreover, IFN-β release inhibition by coffee extracts parallels with 

the activity of their main phytochemical component, 5-CQA, thus suggesting that 

this compound is involved in the immunomodulatory effect observed. Further 

experiments, aiming at clarifying the molecular mechanism of 5-CQA, revealed that 

5-CQA was able to modulate NF-κB-driven transcription triggered not only by LPS 

stimulation, but also upon TNF-α and IL-1β administration. Additionally, 5-CQA 

pre-treatment counteracted LPS-induced NF-κB activation in murine macrophages. 

On the contrary 5-CQA was not effective in HEK cells expressing human TLR4. 

This observation led us to conclude that 5-CQA molecular target it is not TLR4 itself 

but, instead, could be an effector molecule downstream of TLR4 shared by both 

human and murine immune cells. Additionally, we provided the results of western 

blot analyses that showed 5-CQA pre-treatment did not resulted in a reduced 

phosphorylation of IRF-3, but rather in a variation of p-STAT1 level at its peak. 

Taken together, our insights on 5-CQA bioactivity will complement the information 

currently available310, offering new perspectives for considering 5-CQA as a 

preclinical drug candidate, functional food additive, and natural health promoter. 

Additionally, our work carried out in tandem with the pharmacologists of our 

department, highlighted how chemical modification of a natural compound could 

improve its biological activity. It has been observed that RePEA, a PEA analogue 

rationally designed to be more resistant to FAAH-mediated degradation, was more 

effective than PEA in modulating macrophage and microglial activity. Moreover, we 

provided additional information about PEA mechanism of action, demonstrating that 
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do not directly involve TLR4. To summarize, we demonstrate PEA capability to 

modulate human macrophage activation triggered by LPS, corroborating previous 

data obtained using murine microglial cells. 

In conclusion, two important considerations should be addressed. First, it should be 

pointed out that in case of natural products, health benefits are actually related to 

synergic effects of the whole matrix as opposed to individual substances or classes 

of compounds. Hereby, not only synergistic but also additive effects were 

observed.358 In our case, coffee extracts immunomodulatory effects likely rely not 

only on the presence of 5-CQA but also on the synergistic effect with other bioactive 

compounds. Second, some might doubt the physiological relevance of a direct 

treatment of macrophages with food-derived extracts without considering their 

pharmacokinetic and metabolic transformation in the body. Regarding this aspect, 

recent literature provided more in-depth knowledge about the absorption and 

bioavailability process, pharmacokinetic activity and the mechanisms underlying 

coffee-derived bioactives absorption.359–363 Moreover, to increase distribution and 

pharmacokinetic properties of natural compound, macrophage-specific delivery of 

selected phytochemicals might be enhanced through nanomaterials that are avidly 

phagocytosed by tissue macrophages. This approach has already been exploited for 

the delivery of therapeutics to tumour-associated macrophages, for example.364 

Taking everything into consideration, future work will be required to completely 

unveil how macrophages immune response can be regulated by the phytochemicals 

presented in this thesis, and their possible therapeutic implications.  
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6. OUTLOOKS 

Unravelling Plant Natural Chemical 

Diversity for Drug Discovery 

Purposes 

The biosynthesis and breakdown of proteins, fats, nucleic acids, and carbohydrates, 

which are essential to all living organisms, is known as primary metabolism with the 

compounds involved in the pathways known as “primary metabolites”. The 

mechanism by which an organism biosynthesizes compounds called ‛secondary 

metabolites’ (natural products) is often found to be unique to an organism or is an 

expression of the individuality of a species and is referred to as “secondary 

metabolism”. Secondary metabolites are generally not essential for the growth, 

development or reproduction of an organism and are produced either as a result of 

the organism adapting to its surrounding environment or are produced to act as a 

possible defence mechanism against predators to assist in the survival of the 

organism. The biosynthesis of secondary metabolites is derived from the 

fundamental processes of photosynthesis, glycolysis, and the Krebs cycle to afford 

biosynthetic intermediates which, ultimately, results in the formation of secondary 

metabolites. The most important building blocks employed in the biosynthesis of 

secondary metabolites are those derived from the intermediates: Acetyl coenzyme A 

(acetyl-CoA), shikimic acid, mevalonic acid and 1-deoxyxylulose-5-phosphate. 

They are involved in countless biosynthetic pathways, involving numerous different 

mechanisms and reactions (e.g., alkylation, decarboxylation, aldol, Claisen and 
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Schiff base formation.140 Although the number of building blocks are limited, the 

formation of novel secondary metabolites is infinite, thus plant secondary 

metabolism provides an endless source of chemically diverse bioactive and 

pharmacologically active compounds. The screening and testing of extracts against 

a variety of pharmacological targets to benefit from the immense natural chemical 

diversity is a concern in many laboratories worldwide. Several successes have been 

recorded in finding new actives in natural products, some of which have become new 

drugs or new sources of inspiration for drugs. Between 1940 and 2014, 49% of 

anticancer molecules approved were natural products or chemical derivatives 

worldwide.365 However, less than 10% of the world’s biodiversity has been evaluated 

for potential biological activity, many more useful natural lead compounds await 

discovery.140  

With this work, we aimed to give a contribute to this field of research with novel 

insights about coffee extracts, chlorogenic acid and palmitoylethanolamide as 

potential natural immune modulators of the TLR4 signalling. In the future, sustained 

research into the inflammation realm will lead to further discoveries about TLR 

biology and aid in the development of novel TLR modulators for clinical 

applications. Within this context, future investments in the identification of natural 

molecules that target TLR4 intracellular signalling platforms or the receptor itself 

could generate a novel class of highly effective anti-inflammatory phytotherapeutics. 

 

As a Plant, Food and Agri-environmental Biotechnologist 

passionate about Food research and Immunonutrition, with this 

experimental thesis I hope have added a puzzle piece to the vast 

area of research that focuses on the molecular mechanisms of 

action of natural immune modulators. 
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