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Resumo 

A inflamação crónica constitui um dos mecanismos responsáveis por doenças crónicas 

associadas ao envelhecimento. O Factor Nuclear–kapaB (NF-κB) e as cinases de proteínas 

activadas por mitogénios (MAPK) são importantes mediadores da inflamação e dos seus 

efeitos nocivos. Assim, encontrar novas moléculas capazes de interferir com estes 

mediadores é uma importante estratégia para interromper a progressão daquelas doenças. 

Os produtos naturais representam uma fonte de novas moléculas com actividades 

biológicas, em particular actividade anti-inflamatória. Estudos etnofarmacológicos 

descreveram a actividade anti-inflamatória de espécies de menta, nomeadamente as dos seus 

óleos essenciais. Os monoterpenos são os compostos mais abundantes nesses óleos 

essenciais, em particular aqueles com a estrutura básica do p-mentano e pertencentes à via 

biossintética do limoneno. No entanto, existem discrepâncias significativas entre diferentes 

estudos pelo que o primeiro objectivo deste estudo foi realizar um ensaio de screening de 

um grupo de 21 monoterpenos com a estrutura básica do p-mentano. Como ensaio de 

screening primário, avaliou-se a capacidade dos compostos teste para inibir a produção de 

óxido nítrico (NO) induzida por lipopolissacarídeo bacteriano (LPS) em macrófagos 

murinos. Os resultados indicam que: 

• Nove moléculas inibiram significativamente a produção de NO. 

• O IC50 de oito moléculas estabeleceu a ordem de potências: (S)-(+)-carvona (4) > 

(R)-(-)-carvona (5) >> (+)-dihidrocarveol (8) > (S)-8-hidroxicarvotanacetona (20) > 

(R)-8-hidroxicarvotanacetona (21) > (+)-dihidrocarvona (7) > (-)-carveol (6) > (-)-

dihidrocarveol (9). 

• Os estudos de relação estrutura-actividade demonstraram que a conjugação da dupla 

ligação α,β em C1 com o grupo carbonilo em C6 é o maior determinante da potência, 

enquanto a presença de um grupo isopropenilo em C4 e a configuração S do centro 

quiral em C4 são relativamente menos importantes. 

A actividade anti-inflamatória dos compostos mais potentes, (S)-(+)-carvona e (R)-(-)-

carvona, foi confirmada pela inibição da expressão de outros mediadores pro-inflamatórios, 

nomeadamente sintase indutível do NO (NOS2) e interleucina-1β (IL-1β), no mesmo 

modelo. Avaliou-se, então, a actividade anti-inflamatória do composto mais potente num 

modelo celular de osteoartrite que consiste em condrócitos humanos tratados com IL-1β, no 



 

 

qual se confirmou a capacidade da (S)-(+)-carvona para diminuir a expressão da IL-1β e da 

NOS2 e a produção de NO. 

Tendo em conta o papel do NF-B e das MAPKs na inflamação, o efeito da (S)-(+)-

carvona nessas vias foi avaliado em macrófagos tratados com LPS. Os resultados 

demonstraram que a (S)-(+)-carvona diminui a activação da Cinase do terminal amínico da 

proteína c-Jun (JNK), em particular da JNK1, não tendo qualquer efeito nos restantes 

elementos da família das MAPKs, nem no bloqueio da activação do NF-B e sua 

translocação nuclear. No entanto, a (S)-(+)-carvona inibiu a actividade transcripcional do 

NF-B, diminuindo a expressão de IB-α, o inibidor natural e alvo do NF-B. A (S)-(+)-

carvona também diminuiu a acetilação do NF-B/p65 na lisina (Lys) 310 que é fundamental 

para a sua completa actividade transcripcional. Uma vez que a Sirtuína 1 (SIRT1) desacetila 

directamente o NF-B/p65 na Lys310, formulámos a hipótese da (S)-(+)-carvona poder 

reduzir a acetilação do NF-B/p65 por actuar na actividade e/ou expressão da SIRT1. 

Ensaios in chemico e em células confirmaram que a (S)-(+)-carvona activa directamente a 

SIRT1, diminuindo os níveis de NF-B/p65 acetilado na Lys310, sem interferir com a 

expressão desta. Para além disso, a (S)-(+)-carvona reduziu igualmente os níveis de NF-

B/p65 acetilado e aumentou os níveis basais de SRY-Box Transcription Factor 9, outro alvo 

da SIRT1, em condrócitos humanos. 

A (R)-(-)-carvona diminuiu a fosforilação da JNK1, sem afectar os restantes elementos 

da família das MAPKs, nem a activação da via canónica do NF-B e sua translocação 

nuclear, a acetilação do NF-B/p65 na Lys310 e a actividade e expressão da SIRT1. 

Em suma, este estudo identificou os requisitos químicos importantes para a actividade 

anti-inflamatória dos monoterpenos derivados do p-mentano e identificou o primeiro 

monoterpeno, a (S)-(+)-carvona, como activador directo da SIRT1. Identificou, igualmente, 

a (R)-(-)-carvona como inibidor da JNK1 com potencial para interferir com a actividade 

transcripcional do NF-B.  

Os enantiómeros da carvona modulam mecanismos distintos e relevantes na promoção e 

manutenção de respostas inflamatórias crónicas de baixo grau. Estudos in vitro e in vivo são 

necessários para confirmar o potencial terapêutico destes compostos. A combinação desses 

resultados com os apresentados nesta dissertação serão essenciais para guiar o processo de 

drug design e desenvolvimento de estratégias terapêuticas bem sucedidas para travar a 



 

 

inflamação crónica de baixo grau que conduz ao declínio funcional característico do 

envelhecimento e das doenças associadas. 

Palavras-chave: envelhecimento; inflamação; NF-B; MAPKs; SIRT1; monoterpenos; derivados do p-

mentano; relação estrutura-actividade; (S)-(+)-carvona; (R)-(-)-carvona. 

  



 

 

Abstract 

Inflammation, in particular chronic low-grade inflammation, is strongly associated with 

the mechanisms behind chronic age-related diseases. Nuclear Factor kappa-light-chain-

enhancer of activated B cells (NF-B) and Mitogen-Activated Protein Kinase (MAPK) are 

important players in mediating inflammation and its deleterious effects. Thus, finding new 

molecules capable of interfering with those players may have potential to halt the 

progression of chronic age-related diseases. 

Natural products have traditionally been a source of new molecules with biological 

activities, in particular anti-inflammatory properties. Ethnopharmacological studies reported 

the anti-inflammatory activity of mint species, specifically those related to their essential 

oils. Among their composition, monoterpenes are the most abundant class, in particular those 

having the p-menthane backbone and belonging to the limonene synthase pathway. 

Nevertheless, there is significant heterogeneity about the reported anti-inflammatory 

activities due to different experimental conditions. Thus, the first aim of this study was to 

perform a standardised screening assay of a selected group of 21 monoterpenes, derived 

from p-menthane. For that, their ability to inhibit the production of nitric oxide (NO) induced 

by bacterial lipopolysaccharides (LPS) in murine macrophages was evaluated as a primary 

screening assay. The results obtained show that: 

• Nine molecules significantly inhibited LPS-induced NO production. 

• IC50 was determined for eight molecules and the rank of potency was established: 

(S)-(+)-carvone (4) > (R)-(-)-carvone (5) >> (+)-dihydrocarveol (8) > (S)-8-

hidroxycarvotanacetone (20) > (R)-8-hidroxycarvotanacetone (21) > (+)-

dihydrocarvone (7) > (-)-carveol (6) > (-)-dihydrocarveol (9). 

• Structure-activity relationship analyses demonstrate that conjugation of an α,β 

double bond at C1 with a carbonyl group at C6 is the major determinant of potency, 

while the presence of an isopropenyl group at C4 and the S configuration of the 

chiral center at C4 are decreasingly important. 

Then, the anti-inflammatory activity of the two most potent compounds, (S)-(+)-carvone 

and (R)-(-)-carvone, was confirmed by their ability to inhibit the expression of other pro-

inflammatory mediators, namely inducible nitric oxide synthase (NOS2) and interleukin-1β 

(IL-1β), in the same model. Since (S)-(+)-carvone was the most potent compound, its ability 

to interfere with inflammatory pathways in human chondrocytes treated with IL-1β, a cell 



 

 

model of osteoarthritis, was explored. As in murine macrophages, (S)-(+)-carvone decreased 

the expression of IL-1 β and NOS2, as well as NO production induced by IL-1β.  

Considering the role of NF-B and MAPKs in inflammation, the effect of (S)-(+)-carvone 

on those signaling pathways was evaluated in LPS-treated macrophages. The results 

obtained demonstrate that (S)-(+)-carvone decreased c-Jun N terminal Kinase (JNK), in 

particular JNK1 phosphorylation, but had no effect on the other MAPK family members and 

also did not block NF-B activation and nuclear translocation. Nonetheless, (S)-(+)-carvone 

inhibited NF-B transcriptional activity, evidenced by the decreased expression of IB-α, 

the natural inhibitor and target of NF-B. (S)-(+)-carvone also decreased NF-B/p65 

acetylation at Lys310 which is essential for full transcriptional activity. Since Sirtuin 1 

(SIRT1) directly deacetylates NF-B/p65 at Lys310, we hypothesized that (S)-(+)-carvone 

reduces NF-B/p65 acetylation by acting on SIRT1 activity and/or expression. In chemico 

and in cell assays confirmed that (S)-(+)-carvone directly activates SIRT1 and decreases the 

levels of acetylated NF-B/p65 at Lys310 without interfering with SIRT1 expression. 

Moreover, (S)-(+)-carvone also decreased acetylated levels of NF-B/p65 and increased the 

basal levels of SRY-Box Transcription Factor 9, another target of SIRT1, in human 

chondrocytes. 

On the other hand, (R)-(-)-carvone decreased JNK1 phosphorylation, but did not affect 

any of the other MAPKs, nor the canonical NF-B activation pathway, its nuclear 

translocation, acetylation of NF-B/p65 at Lys310 or SIRT1 activity and expression. 

To conclude, this study identified the chemical features important for the anti-

inflammatory activity of p-menthane-derived monoterpenes. Moreover, it pointed out the 

first monoterpene, (S)-(+)-carvone, as a direct activator of SIRT1. It also identified (R)-(-)-

carvone as an inhibitor of JNK1 with impact on NF-B transcriptional activity. The carvone 

enantiomers have the potential to tackle distinct mechanisms relevant in promoting and 

maintaining chronic low-grade inflammatory responses. Further studies, in vitro and in vivo, 

are required to fully ascertain their therapeutic potential. Combining those results with the 

ones presented here will be essential to inform drug design and development to successfully 

halt the chronic low-grade inflammation that drives age-related functional decline and 

associated diseases. 

Keywords: aging; inflammation; NF-B; MAPKs; SIRT1; monoterpenes; p-menthane derivatives; Structure-

Activity Relationship; (S)-(+)-carvone; (R)-(-)-carvone. 
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1.1 Chronic diseases, aging and inflammation   

Chronic diseases represent a group of illnesses and conditions that “tend to be of long 

duration and are the result of a combination of genetic, physiological, environmental and 

behavioural factors” (WHO 2018). Bernell and Howard (2016) drew attention to the fact 

that there is no uniformity about chronic disease definition and the diseases belonging to this 

category. Moreover, these authors claimed that a broader and actual definition should be 

assumed in order to be more inclusive and conscious (Bernell and Howard 2016). For 

instance, with treatment advances, human immunodeficiency virus infection is now 

considered a chronic disease despite being an infectious disease (Deeks, Lewin et al. 2013). 

Besides the controversy about the definition, it is well accepted that people of all age groups, 

regions and countries are affected by chronic diseases (WHO 2018). However, these 

diseases, especially the non-communicable, are often associated with older age groups 

(WHO 2018). According to the Word Health Organization (WHO), cardiovascular diseases, 

cancers, chronic respiratory diseases,diabetes, musculoskeletal diseases and mental 

disorders are the main types of chronic non-communicable diseases. 

Aging is the most important risk factor driving chronic diseases (Kennedy, Berger et al. 

2014, Seals, Justice et al. 2016). It is important to emphasize that aging itself is not a disease, 

but a progressive loss of physiological integrity and impaired function that increases 

vulnerability to pathology or age-associated diseases, such as chronic diseases (Hayflick 

2007, Lopez-Otin, Blasco et al. 2013, Seals, Justice et al. 2016). Aging per se does not cause 

these diseases, but makes them manifest clinically (Fulop, Witkowski et al. 2018), since the 

mechanisms driving aging and those driving age-associated diseases largely overlap (Sierra 

2016). One of these processses is inflammation (Freund, Orjalo et al. 2010).  

Besides its association with age-related diseases, such as neurodegenerative diseases, 

metabolic disorders, cardiovascular diseases, musculoskeletal disorders and cancer (Freund, 

Orjalo et al. 2010, Fulop, Witkowski et al. 2018), inflammation has also been considered 

one of “the hallmarks of aging” (Lopez-Otin, Blasco et al. 2013), and, more recently, a 

“pillar of aging” (Sierra 2016, Franceschi, Garagnani et al. 2018), representing a processs 

that drives chronic diseases and contributes to the acceleration of aging (Franceschi, 

Garagnani et al. 2018) (Fig.1). 
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Figure 1. Interconnection between chronic diseases, aging and inflammation. 

 

1.2 Inflammation: from a protective and homeostatic mechanism to a fuel 

for age-associated diseases 

1.2.1 Inflammation – understanding the concept 

“The classical definition of inflammation comprising its cardinal signs - rubor (redness), 

calor (warmth), dolor (pain) and tumor (swelling) - as described by Celsus and function 

laesa (loss of function) added by Galen, has persisted in modern times” (Netea, Balkwill et 

al. 2017). Functionally, inflammation has been traditionally considered a defense response 

of the organism triggered by infection or tissue injury in order to eliminate the initial 

aggressors (Netea, Balkwill et al. 2017). Nevertheless, some authors claim that the concept 

of inflammation should be updated namely to include any type of endogenous stress as a 

potential initiator of inflammation (Weissmann 2010, Chovatiya and Medzhitov 2014, 

Antonelli and Kushner 2017). According to this concept, Antonelli and Kushner (2017) 

define inflammation as “an innate immune response to harmful stimuli such as pathogens, 

injury and metabolic stress that aims to restore homeostasis”. This new definition repurposes 

inflammation as a mechanism that maintains and defends homeostasis, regardless of whether 

the insult is exogenous, as in the case of infections, or endogenous, as occurs, for instance, 

in metabolic disorders (Medzhitov 2008, Chovatiya and Medzhitov 2014, Antonelli and 

Kushner 2017). 
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1.2.2 The inflammatory pathway 

The inflammatory pathway is an orchestrated mechanism which includes the following 

components: inducers, sensors, mediators and effectors (Medzhitov 2008) (Fig. 2). Inducers, 

which are the signals that initiate the inflammatory response, activate specialized sensors. 

Then, this activation prompts the production of a specific range of mediators, responsible 

for modifying the functional states of tissues and organs, which are the effectors of 

inflammation, in order to allow them to adjust to the conditions indicated by a specific 

inducer (Fig.2). These components form a complex regulatory network and each of them 

determines the type of inflammatory response (Medzhitov 2008).  

 

Figure 2. The inflammatory pathway. Reproduced with permission from Medzhitov, 2008. 

 

1.2.2.1 Inducers 

Inducers of inflammation can be exogenous or endogenous (Fig.3). 

Exogenous inducers can be categorized into microbial and non-microbial (Fig.3) 

(Medzhitov 2008). Microorganism-Associated Molecular Patterns (MAMPs), Pathogen-

Associated Molecular Patterns (PAMPs) and virulence factors are classes of microbial 

inducers. MAMPs and PAMPs are a set of conserved molecular patterns that elicit an 

immune response to commensal and pathogenic microorganisms, respectively (Stuart, 

Paquette et al. 2013). For instance, lipopolysaccharide (LPS) is a component of the cell wall 

of Gram-negative bacteria and its lipid portion, namely lipid A, is responsible for the 

pathogenicity associated to infection with this class of bacteria (Akira, Uematsu et al. 2006). 

The last class of microbial inducers (virulence factors) refers to the content secreted by 

pathogens, namely toxins and bacterial effectors, like proteolytic enzymes, which are 

required for their establishment within the host  (Medzhitov 2008, Stuart, Paquette et al. 

2013). On the other hand, non-microbial exogenous inducers comprise allergens, irritants, 

foreign bodies (e.g. silica and asbestos) and toxic compounds (Medzhitov 2008). 

Endogenous inducers of inflammation are named Damage-Associated Molecular Patterns 

(DAMPs, Fig.3) which are a heterogenous group of endogenous molecules released from 

the intracellular or the extracellular space by stressed, damaged or malfunctioning tissues 
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(Medzhitov 2008, Schaefer 2014). DAMPs are molecules such as Adenosine Triphosphate 

(ATP), potassium (K+) ions, uric acid, monosodium urate, Advanced Glycation End 

products (AGE), alarmins, like High-Mobility Group Box 1 protein (HMGB1) and several 

members of the S100 calcium-binding protein family, and breakdown products of the 

extracellular matrix (Medzhitov 2008, Schaefer 2014, Yang, Han et al. 2017). 

Figure 3. Inducers of inflammation: a schematic representation. Adapted from Medzhitov, 2008. 

 

1.2.2.2 Sensors 

Pattern-Recognition Receptors (PRRs) are responsible for sensing the presence of 

inducers of inflammation, in particular PAMPs and DAMPs (Pandey, Kawai et al. 2014). 

Depending on their structural similarities, PRRs are grouped in different classes which 

include Toll-Like Receptors (TLRs), NOD-Like Receptors (NLRs), C-type Lectin Receptors 

(CLRs), Retinoic acid-Inducible Gene (RIG) I-Like Receptors (RLRs) and cytosolic DNA 

sensors (Pandey, Kawai et al. 2014). For example, TLR4 was identified as the receptor for 

LPS (Poltorak, He et al. 1998). NLRP3, which belongs to the NLR family of receptors, was 

identified as a sensor component of the multiprotein enzymatic complex, termed 

inflammasome, and is activated by specific bacterial infections and treatments that deplete 

intracellular K+ (Mariathasan, Weiss et al. 2006). Moreover, NLPR3 inflammasome is 

responsible for the activation of pro-inflammatory cytokines interleukin-1β (IL-1β) and 

interleukin-18 (IL-18) (Patel, Carroll et al. 2017). PRRs are expressed in myeloid cells such 

as monocytes, macrophages, neutrophils and dendritic cells as well as in various 

nonprofessional immune cells, namely fibroblasts, epithelial cells (Netea, Balkwill et al. 
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2017) and cells of mesenchymal origin [e.g. bone (Kikuchi, Matsuguchi et al. 2001), muscle 

(Schreiner, Voss et al. 2006) and cartilage (Sillat, Barreto et al. 2013) cells and adipocytes 

(Poulain-Godefroy, Le Bacquer et al. 2010)]. Activation of these receptors by the inducers 

of inflammation leads to the production of numerous inflammatory mediators. 

 

1.2.2.3 Mediators 

Mediators of inflammation (Table 1) can be derived from plasma proteins or secreted by 

cells such as specialized leukocytes (e.g. tissue-resident macrophages and mast cells) and 

tissue-specific cells. According to their biochemical properties, inflammatory mediators can 

be grouped into the following classes (Medzhitov 2008, Zlotnik and Yoshie 2012): 

 

Table 1: Types of inflammatory mediators. 

Inflammatory mediators Examples 

Vasoactive amines Histamine; Serotonin. 

Vasoactive peptides Substance P; Fibrinopeptide A; Fibrinopeptide B. 

Complement fragments C3a; C4a; C5a. 

Lipid mediators 
Eicosanoids (e.g. prostaglandins, thromboxanes, 

leukotrienes and lipoxins); Platelet-Activating Factors. 

Cytokines 
Tumour-Necrosis Factor-α (TNF- α); Interleukin-1; 

Interleukin-6 (IL-6). 

Chemokines 
Interleukin-8 (IL-8/CXCL8); Monocyte chemoattractant 

protein-1 (MCP-1/CCL2). 

Proteolytic Enzymes Elastin; Cathepsins; Matrix metalloproteinases. 

 

It should be emphasized that many mediators not only exert direct effects on target tissues 

or cells, but also induce the production of additional mediators (Medzhitov 2008). 

 

1.2.2.4 Effectors 

The effectors of the inflammatory pathway are the tissues and cells which are affected by 

mediators of inflammation. The ultimate goal of those mediators is to control tissue and cell 

homeostasis, promoting their adaptation to noxious conditions (Medzhitov 2008).  
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1.2.3 From acute to chronic inflammation 

Acute inflammation has been best described for microbial infection, in particular for 

bacterial infections. Tissue-resident macrophages and mast cells are responsible for the 

initial recognition of an infection and for the production of a range of inflammatory 

mediators – chemokines, cytokines, vasoactive amines, eicosanoids and products of 

proteolytic cascades (Medzhitov 2008). These mediators elicit an inflammatory exudate 

locally, which is composed by plasma proteins and leukocytes (e. g. neutrophils), as the main 

and immediate effect (Kolaczkowska and Kubes 2013). The selective extravasation of 

leukocytes is promoted by activation of the endothelium of the blood vessels. This 

mechanism is based on the expression of cell-adhesion molecules, also known as selectins, 

in endothelial cells which allows the binding of integrins and chemokine receptors of 

leukocytes and, consequently, promote their diapedesis (Kolaczkowska and Kubes 2013, 

Rea, Gibson et al. 2018). In the afflicted tissue site, leukocytes, in particular neutrophils, 

become activated either by contact with pathogens or through the action of cytokines 

secreted by tissue-resident cells (Medzhitov 2008). In turn, activated neutrophils can 

phagocytose the invading agents or promote their extracellular lysis. Upon phagocytosis, 

neutrophils kill the engulfed microorganisms by using NADPH oxygenase-derived reactive 

oxygen species (ROS) or antibacterial proteins, namely cathepsins and lysozyme, that are 

released in granules into the phagosome. These antibacterial proteins can also be released 

into the extracellular space to act on extracellular pathogens (Kolaczkowska and Kubes 

2013). Moreover, Neutrophil Extracellular Traps (NETs), which are composed of histone 

proteins and enzymes, are released by highly activated neutrophils to eliminate extracellular 

microorganisms. NETs prevent the spreading of microorganisms by immobilizing them and 

facilitating their phagocytosis (Kolaczkowska and Kubes 2013). However, not only the 

invading agent is affected, but also host tissues can be damaged by these effectors, including 

ROS and reactive nitrogen species (RNS) that leak out of the activated neutrophils. 

An effective acute inflammatory response culminates in the elimination of the invading 

agent and, finally, in its resolution (Medzhitov 2008). The resolution of inflammation is an 

active process mainly mediated by tissue-resident and recruited macrophages (Headland and 

Norling 2015). Transition of inflammation to resolution is orchestrated by lipid mediators 

whose switch from pro-inflammatory to anti-inflammatory is a key step (Rea, Gibson et al. 

2018). The anti-inflammatory lipid mediators are called Specialised Pro-resolving Mediators 
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(SPMs) and include lipoxins, resolvins, protectins and maresins (Serhan 2017). Activation 

of resolution comprises the limitation or cessation of neutrophil recruitment and induction 

of activated neutrophil apoptosis (Basil and Levy 2016). The removal of these apoptotic 

cells by macrophages, termed efferocytosis, requires a switch in their phenotype, from pro- 

to anti-inflammatory, which is a prerequisite for their egress via the lymphatic vessels (Basil 

and Levy 2016). Additional production of SPMs, stimulated by efferocytosis, promotes 

restoration of vascular integrity, repair of injured tissues, remission of fever and relief of 

inflammatory pain (Headland and Norling 2015, Basil and Levy 2016). The main outcome 

of resolution of acute inflammation is the return to homeostasis (Headland and Norling 

2015). It is noteworthy that besides SPMs, other mediators take part in the resolution process 

such as annexin A1, interleukin-10, Transforming Growth Factor-β (TGF-β) and carbon 

monoxide (Basil and Levy 2016). 

If the inflammatory trigger is not eliminated by the acute inflammatory response or 

persists for any other reason or the resolution phase is not appropriately induced, a chronic 

inflammatory process will take place (Feehan and Gilroy 2019). This response is localized 

at the initial afflicted site and is frequently associated to a different type of local tissue 

remodeling (Medzhitov 2010). For instance, tuberculosis is a classical example of persistent 

infection by Mycobacterium tuberculosis (Nathan and Ding 2010). Due to its evasion 

strategies, this pathogen instigates chronic inflammation in the lung (Barth, Remick et al. 

2013).  

As mentioned above, the inflammatory process has been well described for bacterial 

infections. Moreover, non-microbial exogenous inducers and DAMPs can also trigger an 

inflammatory response (Medzhitov 2008). However, inflammation which occurs in the 

absence of any microorganism has been termed sterile inflammation (Rock, Latz et al. 2010). 

Sterile inflammation has the same downstream vascular and cellular manifestations as 

inflammation induced by PAMPs (Rock, Latz et al. 2010, Gong, Liu et al. 2020). On the 

other hand, the initial events that elicit and control the inflammatory response can be very 

different (Rock, Latz et al. 2010, Gong, Liu et al. 2020).  
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1.2.4 From para-inflammation to chronic low-grade inflammation in chronic age-

associated diseases 

In basal conditions, tissues are maintained in the homeostatic state with the aid of tissue-

resident macrophages when it is required. Nevertheless, in noxious conditions, tissues 

undergo stress and can malfunction. In case of considerable changes, adaption to these 

conditions requires the help of tissue-resident macrophages or the recruitment of 

macrophages and may require small-scale delivery of additional leukocytes and plasma 

proteins. This response has characteristics that are intermediate between basal and 

inflammatory states and was termed para-inflammation by Medzhitov in 2008, in his essay 

published in Nature. 

Para-inflammation is not a classic form of inflammation triggered by exogenous tissue 

injury or infection, but it is switched on by tissue malfunction in order to promote its 

adaptation to a harmful environment and to maintain its adequate functionality. This state is 

characterized by a low-grade/sub-clinical immune reaction (Medzhitov 2008). Nevertheless, 

if the tissue malfunction is present for a sustained period, para-inflammation progresses into 

a chronic low-grade inflammation (pathophysiological para-inflammation) (Nita, 

Grzybowski et al. 2014, Robinson, Lepus et al. 2016). 

Chronic human diseases, including obesity, type 2 diabetes mellitus, atherosclerosis, 

neurodegenerative diseases and cancer, are characterized by the presence of chronic low-

grade inflammation (Medzhitov 2010). In these diseases, there appears to be a vicious cycle 

connecting inflammation and the underlying pathological process (Medzhitov 2010, 

Robinson, Lepus et al. 2016). For example, obesity can lead to inflammation whereas 

chronic inflammation can promote obesity-associated diabetes in part by inducing insulin 

resistance (Hotamisligil 2006, Mraz and Haluzik 2014).  
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1.2.5 Pathological alterations associated with inflammation 

1.2.5.1 Oxidative stress 

Oxidative stress was classically defined as “an imbalance between prooxidant stress and 

oxidant defense” (Biswas 2016). A prooxidant is “any substance that can generate reactive 

species or induce oxidative stress” (Biswas 2016). On the other hand, an antioxidant is 

defined as “any substance capable of delaying or preventing oxidation of a certain substrate 

when present in low concentrations” (Biswas 2016). Nevertheless, recent evidence points 

out that the disruption of redox signaling is more important for inducing oxidative stress than 

the imbalance of prooxidants and oxidants or the consequences of their disproportion such 

as tissue damage (Biswas 2016). Thus, an update on oxidative stress definition has been 

proposed: “an imbalance between oxidants and antioxidants in favor of the oxidants, leading 

to a disruption of redox signaling and control and/or molecular damage”(Jones 2006). 

Generation of oxidative stress can lead to oxidative damage to biomolecules, disruption 

of signal transduction, mutation and cell death (Biswas 2016).  

During the inflammatory response, the activated phagocytic cells such as neutrophils and 

macrophages produce an extensive quantity of reactive species in order to eliminate the 

invading agents (Fialkow, Wang et al. 2007). Reactive species include ROS (e.g. superoxide 

and hydrogen peroxide), RNS [e.g. nitric oxide (NO) and peroxynitrite] and reactive chlorine 

species (e.g. hypochlorous acid) (Biswas 2016). Nevertheless, under pathological 

inflammatory conditions, an exaggerated generation of reactive species occurs and, 

consequently, those species “diffuse out of the phagocytic cells and can induce a localized 

oxidative stress and tissue injury” (Biswas 2016). Moreover, non-professional phagocytic 

cells such as pancreatic cancer cells (Wu, Lu et al. 2013), non-small cell lung cancer cells 

(Li, Lan et al. 2015) and chondrocytes (Mendes, Caramona et al. 2003) can also produce 

reactive species when stimulated with pro-inflammatory cytokines.  

On the other way around, oxidative stress can induce inflammation (Biswas 2016). By 

activating the NLPR3 inflammasome or the transcription factor, Nuclear Factor kappa-light-

chain-enhancer of activated B Cells (NF-B), oxidative stress triggers the inflammatory 

pathway (Biswas 2016). For instance, oxidized mitochondrial DNA has been shown to 

activate the NLPR3 inflammasome and, consequently, the secretion of IL-1β during 

apoptosis (Shimada, Crother et al. 2012). Binding of oxidized Low-Density Protein (ox-

LDL) to its receptor, Lectin-like Ox-LDL receptor-1 (LOX-1), may lead to NF-B activation 
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and production of intracellular ROS in bovine aortic endothelial cells (Cominacini, Pasini et 

al. 2000).  

Inflammation and oxidative stress are interdependent pathological processes that are 

involved in many chronic diseases. If inflammation appears first, oxidative stress will 

eventually develop and accentuate the inflammatory process or vice-versa (Biswas 2016). 

The interdependence of inflammation and oxidative stress is a vicious cycle that promotes 

the perpetuation of mechanism-driven chronic age-associated diseases. 

 

1.2.5.2 Tissue remodeling 

Repair of damaged tissues is a vital process that will end up restoring homeostasis 

(Kulkarni, Lichtnekert et al. 2016). The purpose of tissue remodeling is to orderly replace 

the damage or dead cells after injury (Wynn 2007). This process usually proceeds an 

inflammatory process (Kulkarni, Lichtnekert et al. 2016) and typically involves two distinct 

phases: a regenerative phase which is based on the replacement of injured cells by cells of 

the same type; and a phase named fibroplasia or fibrosis where normal parenchymal tissue 

is replaced by connective tissue (Wynn 2007). Nevertheless, in case of chronic 

inflammation, fibrosis goes out of control (Wynn 2007). Pathological fibrosis is 

characterized by an excessive deposition of extracellular matrix (ECM), mainly composed 

of Collagen I (Col I) (Suzuki, Hayashi et al. 2008). Main producers of ECM are 

myofibroblasts which directly derive from tissue-resident fibroblasts and have the ability to 

produce enormous amounts of Col I (Ueha, Shand et al. 2012, Suthahar, Meijers et al. 2017). 

Other sources of myofibroblasts have been suggested, such as bone marrow-derived 

fibrocytes and hepatic stellate cells (Ueha, Shand et al. 2012). Moreover, epithelial cells are 

described to trans-differentiate into myofibroblasts induced by chronic inflammation (Ueha, 

Shand et al. 2012). This process is known as epithelial- or endothelial-mesenchymal 

transition (EMT or EndMT) and is characterized by the loss of the original phenotypic 

features and functions of epithelial cells such as cell-cell adhesion and cell polarity, while 

acquiring migratory and invasive properties, as well as mesenchymal markers (Kryczka and 

Boncela 2017). Inflammatory cells of the immune system have also been implicated in 

fibrosis (Kulkarni, Lichtnekert et al. 2016). In particular, macrophages play an important 

role in maintaining ECM composition (Kulkarni, Lichtnekert et al. 2016). In most tissues, 

these immune cells are the main source of Matrix MetalloProteinases (MMPs) and Tissue 
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Inhibitors of MetalloProteinases (TIMPs) (Kulkarni, Lichtnekert et al. 2016). The balance 

between these two groups of enzymes determines ECM remodeling and, thus, its 

composition (Kulkarni, Lichtnekert et al. 2016).  

Inflammatory mediators, including cytokines and chemokines released by activated tissue 

cells and infiltrating leukocytes, are potent inducers of tissue damage and fibroproliferative 

changes (Ueha, Shand et al. 2012, Kulkarni, Lichtnekert et al. 2016). Special emphasis is 

given to TGF-β (Gyorfi, Matei et al. 2018). TGF-β plays a central role in fibrosis since it 

induces fibroblast activation and differentiation into myofibroblasts (Kulkarni, Lichtnekert 

et al. 2016). Additionally, this growth factor also induces the expression of genes for ECM 

components such as Col 1 (Kulkarni, Lichtnekert et al. 2016). 

As a consequence, fibrosis severely impairs tissue architecture and function, eventually 

leading to organ damage and, consequently, failure (Suthahar, Meijers et al. 2017). For 

instance, synovial fibrosis, which is detected in later stages of osteoarthritis (OA), has been 

described as contributing to joint pain and stiffness, the main OA symptoms (Remst, Blaney 

Davidson et al. 2015). 

  

1.2.5.3 Mitochondrial dysfunction 

Mitochondria are organelles that play a vital role in homeostasis maintenance (Cherry 

and Piantadosi 2015). Impairment of mitochondria activity has been associated with 

inflammation (Lopez-Armada, Riveiro-Naveira et al. 2013, Cherry and Piantadosi 2015, van 

Horssen, van Schaik et al. 2017). Inflammatory mediators, such as IL-1β, TNF-α and NO, 

have been reported as leading to mitochondrial dysfunction in different types of cells, 

including cardiomyocytes (Zell, Geck et al. 1997), hepatocytes (Samavati, Lee et al. 2008), 

astrocytes (Motori, Puyal et al. 2013), adipocytes (Chen, Zhao et al. 2010, Hahn, Kuzmicic 

et al. 2014), chondrocytes (Maneiro, Lopez-Armada et al. 2005, Lopez-Armada, Carames et 

al. 2006) and synovial cells (Cillero-Pastor, Martin et al. 2011). For instance, TNF-α and IL-

1β induced inhibition of complex I of mitochondrial respiratory chain, ATP production and 

mitochondrial membrane potential in human chondrocytes (Lopez-Armada, Carames et al. 

2006).  

On the other hand, mitochondrial dysfunction can also trigger inflammation via ROS 

generation or the release of mitochondrial intracellular content such as mitochondrial DNA 

and ATP. (Lopez-Armada, Riveiro-Naveira et al. 2013, van Horssen, van Schaik et al. 2017).  
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The interrelationship between mitochondrial dysfunction and inflammation promotes a 

vicious inflammatory cycle that contributes to perpetuation of disease-driven mechanisms 

and failure to re-establish homeostasis (van Horssen, van Schaik et al. 2017). 

 

1.2.5.4 Proteostasis abnormalities 

Protein homeostasis or proteostasis regulates protein course from biogenesis to 

conformation folding, subcellular trafficking and degradation within the cells (Klaips, 

Jayaraj et al. 2018). By controlling protein fate, “proteostasis maintains the health of cells 

during development, aging and resistance to environmental stressors, as well as prevents 

disease elicited by excessive protein misfolding, aggregation or degradation” (Liu-Bryan 

and Terkeltaub 2015). This quality control process includes the Unfolded Protein Response 

(UPR), autophagy and the Ubiquitin-Proteasome System (UPS) (Liu-Bryan and Terkeltaub 

2015). 

 

The endoplasmic reticulum (ER) is a membrane-bound organelle which consists of 

interconnected highly branched tubules, vesicles and cisternae (Voeltz, Rolls et al. 2002). 

The main functions of the ER are translocation and integration of proteins, assistance in their 

folding and transport, lipid biosynthesis and maintenance of calcium homeostasis 

(Chaudhari, Talwar et al. 2014). Moreover, the ER is a site for post-translational 

modifications of proteins (Chaudhari, Talwar et al. 2014). However, the ER function is 

determined by cell type, cell function and cell needs (Chaudhari, Talwar et al. 2014). 

Folding and modifications of proteins in the ER occur under the vigilance of ER resident 

molecular chaperones and folding enzymes (Chaudhari, Talwar et al. 2014). When 

unassembled, misfolded or unfolded proteins occur, the ER has the ability to remove them 

from its lumen to the cytosol for subsequent degradation by the UPS (Grootjans, Kaser et al. 

2016). Nevertheless, when ER homeostasis is disturbed by several endogenous and 

exogenous stressors such as oxidative stress, abnormal calcium content, hypoxia, 

hyperlipidemia and viral infections, this organelle can become stressed or even dysfunctional 

(Chaudhari, Talwar et al. 2014, So 2018). In order to respond to those stressors, the ER 

triggers a protective mechanism termed UPR which aims to restore ER homeostasis 

(Chaudhari, Talwar et al. 2014, So 2018). The UPR is activated by the coordinated action of 

three ER transmembrane sensors: Inositol-Requiring Enzyme 1 (IRE1), double-stranded 
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RNA-activated Protein kinase R (PKR)-like ER Kinase (PERK) and Activating 

Transcription Factor 6 (ATF6) (Martins, Alves et al. 2016). Activation of the UPR promotes 

the expression of genes related to protein folding and degradation machinery induced by 

transcription factors such as ATF6, X-box-Binding Protein 1 (XBP1) and Activating 

Transcription Factor 4 (ATF4) (Chaudhari, Talwar et al. 2014). However, in case of severe 

and prolonged stress signals, the ER can elicit cell death pathways (Chaudhari, Talwar et al. 

2014).  

When triggered, the UPR promotes inflammation by activating NF-κB, the master 

transcriptional regulator of pro-inflammatory pathways (Grootjans, Kaser et al. 2016). For 

instance, treatment of rat chondrocytes with thapsigargin, a classic ER stress inducer, leads 

to NF-κB activation, and consequently, to pro-inflammatory cytokine expression, namely 

TNF-α and IL-6 (Chen, Xie et al. 2018). However, the other way around is also possible 

(Hasnain, Lourie et al. 2012). Not as extensively studied as the ER stress as an inflammation 

trigger, inflammatory mediators have also been described as being capable of inducing UPR 

activation (Hasnain, Lourie et al. 2012, Grootjans, Kaser et al. 2016). In insulin-secreting 

INS1E cells, IL-1β increases ER stress in a NO dependent manner (Kacheva, Lenzen et al. 

2011).  

 

Autophagy is a physiological cellular mechanism whereby cytoplasmic material is 

delivered to the lysosome for degradation (Galluzzi, Baehrecke et al. 2017). Different routes 

of autophagy have been described, namely macroautophagy, microauthophagy and 

chaperone-mediated autophagy (Galluzzi, Baehrecke et al. 2017). Macroauthophagy is the 

most well characterized and involves the sequestration of cytoplasmic material, including 

soluble macromolecules and organelles, into a double or a multi-membrane-bound structure, 

named autophagosome, which will fuse with the lysosome, promoting degradation and 

recycling of its content  (Galluzzi, Baehrecke et al. 2017). This section will focus only on 

macroautophagy, henceforth referred to simply as autophagy.  

Under normal conditions, constitutive autophagy occurs as a housekeeping mechanism 

(Netea-Maier, Plantinga et al. 2016). However, autophagy can be activated during starvation 

and stress conditions such as hypoxia, increased ROS production, DNA damage, protein 

aggregates, damaged organelles or intracellular pathogens, in order to restore homeostasis 

(Qian, Fang et al. 2017).  
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Despite maintaining cell homeostasis, autophagy has been considered an important player 

in host defense (Cadwell 2016, Netea-Maier, Plantinga et al. 2016). By direct elimination of 

invading pathogens, control of adaptative immunity, induction of immune memory and 

modulation of inflammation, autophagy improves the defense mechanisms (Netea-Maier, 

Plantinga et al. 2016). As the inflammatory response is triggered, autophagy is also induced 

by activation of PRRs (Netea-Maier, Plantinga et al. 2016). For instance, it was reported that 

LPS, through activation of TLR4, leads to autophagy activation in primary human 

macrophages and in the murine macrophage cell line, RAW 264.7 (Xu, Jagannath et al. 

2007). Besides PRRs, autophagy can also be induced by pro-inflammatory cytokines such 

as TNF-α and IL-1β (Netea-Maier, Plantinga et al. 2016). Thus, autophagy activation by 

sensors and mediators of the inflammatory pathway constitutes an important mechanism to 

contend the harmful stimuli responsible for homeostasis disequilibrium (Netea-Maier, 

Plantinga et al. 2016). 

In case of abnormal inflammation, autophagy is also triggered to protect cells from this 

exacerbated response and, consequently, restore homeostasis (Lapaquette, Guzzo et al. 2015, 

Netea-Maier, Plantinga et al. 2016). For instance, by regulating the inflammasome and 

secretion of IL-1β, autophagy may temper inflammation (Lapaquette, Guzzo et al. 2015, 

Netea-Maier, Plantinga et al. 2016). It was reported that autophagy controls the production 

of IL-1β by targeting its precursor for lysosomal degradation and by regulating NLRP3 

inflammasome activation in antigen-presenting cells (Harris, Hartman et al. 2011). 

Autophagy mediated NLRP3 inflammasome inhibition by improving mitochondria quality 

control (Nakahira, Haspel et al. 2011, Zhou, Yazdi et al. 2011) and by removing 

mitochondrial ROS (Nakahira, Haspel et al. 2011, Zhou, Yazdi et al. 2011) and cytosolic 

translocation of mitochondrial DNA (Nakahira, Haspel et al. 2011). Moreover, it was 

demonstrated that inflammasome activation induces autophagy in order to limit its activity 

by physical engulfment (Shi, Shenderov et al. 2012). Although these autophagy effects on 

inflammasome activation and IL-1β production represent the most studied aspect of the 

interaction between inflammation and autophagy, there are other mechanisms possibly 

involved (Lapaquette, Guzzo et al. 2015, Netea-Maier, Plantinga et al. 2016, Qian, Fang et 

al. 2017).  

According to the literature, it is well-established that autophagy declines with age (Lopez-

Otin, Blasco et al. 2013, Leidal, Levine et al. 2018), allowing the exacerbation of the 
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inflammatory process. Thus, impairment of autophagy “predisposes individuals to age-

associated diseases” (Leidal, Levine et al. 2018), especially those associated with chronic 

low-grade inflammation (Medzhitov 2008). For example, impaired autophagy in neurons 

contributes to the accumulation of damaged organelles and toxic protein aggregates which 

are associated with neurodegenerative diseases (Leidal, Levine et al. 2018). In Parkinson´s 

Disease, perturbations of autophagy lead to accumulation of α-synuclein (Leidal, Levine et 

al. 2018) which will elicit microglia activation and, consequently, a neuroinflammatory 

process (Zhang, Xia et al. 2018). Another age-associated disease where autophagy is 

compromised is OA (Carames, Taniguchi et al. 2010). Using an in vivo model of OA, 

treatment with an autophagy inducer, rapamycin, led to a reduction in the severity of the 

disease, accompanied by an increase in cell number and decreased expression of IL-1β and 

the aggrecan-degrading enzyme, ADAMTS5 (Caramés, Hasegawa et al. 2012).  

 

The UPS is the primary source of protein degradation (Labbadia and Morimoto 2015) 

and accounts for approximately 80-90% of cell protein breakdown (Serrano, Chen et al. 

2018). In the UPS, proteins are initially targeted for degradation by the ubiquitination 

apparatus (Labbadia and Morimoto 2015). Then, the ubiquitinated substrates are recognized, 

unfolded and proteolyzed by the proteasome (Thibaudeau and Smith 2019). The proteasome 

is located in the cytosol and requires ATP to exert its function (Thibaudeau and Smith 2019). 

The assembly of several subunits forms the proteasome, usually, referred to as the 26S 

proteasome (Thibaudeau and Smith 2019). This molecular machine is composed by a core 

catalytic particle, named 20S proteasome, and by a regulatory part, termed 19S proteasome, 

which limits one or both ends of the core (Thibaudeau and Smith 2019). Proteasome activity 

is modulated by different regulators and conditions (Thibaudeau and Smith 2019). Besides 

the maintenance of proteostasis, the proteasome is involved in many other physiologic 

processes such as cell cycle regulation, neuronal function, ER-associated protein degradation 

and NF-κB activation (Thibaudeau and Smith 2019). The proteasome mediates the 

degradation of regulatory elements required for activation of NF-κB via the canonical and 

noncanonical pathways (Thibaudeau and Smith 2019). The relevance of this proteasome 

function is well illustrated by studies in a rat model of OA where the use of a proteasome 

inhibitor, MG-132, effectively alleviated cartilage degradation and synovial inflammation 

by decreasing the expression of NF-κB/p65 and its endogenous inhibitor, IB-α, MMP-9 
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and cyclooxygenase (COX)-2, as well as the protein levels of TNF-α and IL-1β in the 

synovial fluid, probably by blocking the IL-β/IKKβ/NF-κB signaling pathway (Ye, Qing et 

al. 2017). On the other hand, it was also suggested that there is a proteasome impairment in 

human knee OA since the 26S proteasome subunit, non-ATPase 11 (PSMD11), was found 

to be decreased in OA chondrocytes and its overexpression resulted in increased proteasome 

function and levels of SRY-box transcription factor 9 (SOX9)-induced aggrecan and 

collagen 2 mRNA expression, as well as in the inhibition of the extracellular levels of NO 

and MMP-13 induced by IL-1β (Serrano, Chen et al. 2018). 

 

1.2.5.5 Cellular senescence 

Cellular senescence is a state of permanent cell cycle arrest occurring when telomere 

length decreases below a critical size, in response to different damaging stimuli, such as 

oxidative stress and DNA damage (Hernandez-Segura, Nehme et al. 2018, Calcinotto, Kohli 

et al. 2019). This is an important barrier mechanism to tumorigenesis by limiting the growth 

of potentially oncogenic cells (Calcinotto, Kohli et al. 2019). Moreover, cellular senescence 

plays a key role in some physiological processes such as embryogenesis, tissue remodeling 

and tissue repair (Calcinotto, Kohli et al. 2019). 

The senescent phenotype is characterized by chronic activation of the DNA damage 

response, upregulation of cyclin-dependent kinase inhibitors (e.g. p16INK4a, p15INK4b and 

p21CIP), apoptosis resistance, altered metabolic rates, ER stress and increasing secretion of 

proinflammatory and tissue-remodeling factors, known as the Senescence-Associated 

Secretory Phenotype (SASP) or senescence-messaging secretome (SMS) (Hernandez-

Segura, Nehme et al. 2018). The SASP is quite important to ensure the efficient growth arrest 

by autocrine signaling, in particular immediately after senescence induction, to signal 

senescent cells for clearance by the immune system and, consequently, for tissue repair and 

remodeling (Freund, Orjalo et al. 2010, Soto-Gamez and Demaria 2017). Moreover, the 

SASP is highly heterogenous (Hernandez-Segura, Nehme et al. 2018) and can include a wide 

range of cytokines (e.g. IL-6 and IL-1), chemokines (e.g. IL-8, Monocyte chemotactic 

Protein-2 and-3), proteases (e.g. MMP-1, MMP-3), growth factors [e.g. Granulocyte 

Macrophage Colony-Stimulating Factor (GM-CSF), Growth Regulated Oncogene (GRO) α, 

Insulin-like Growth Factor (IGF)-binding proteins and Vascular Endothelial Growth Factor 

(VEGF)] (Freund, Orjalo et al. 2010) and non-macromolecular elements (e.g. NO and ROS) 
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(Calcinotto, Kohli et al. 2019). Although various signaling pathways are involved in the 

regulation of SASP components, most of them converge at NF-κB activation (Freund, Orjalo 

et al. 2010, Calcinotto, Kohli et al. 2019). Moreover, activation of the transcription factor 

CCAAT/Enhancer Binding Protein beta (C/EBPβ) also plays an important role in the 

expression of SASP components (Freund, Orjalo et al. 2010, Calcinotto, Kohli et al. 2019).  

Morphologically, senescent cells show structural aberrations, from enlarged and more 

flattened shape, changed composition of the plasma membrane by an upregulation of 

caveolin-1, increased lysosomal content which is directly correlated with higher senescence-

associated beta-galactosidase activity at pH 6.0, accumulation of mitochondria and nuclear 

changes, such as loss of Lamin B1 and formation of senescence-associated heterochromatin 

foci (Hernandez-Segura, Nehme et al. 2018). 

Excessive and anomalous accumulation of senescent cells in tissues has a negative impact 

on homeostasis mainly via SASP (Soto-Gamez and Demaria 2017). This phenomenon can 

be detrimental to regenerative capacities and generate a disruptive proinflammatory 

environment that is favorable for the onset and progression of a variety of age-related 

diseases (Soto-Gamez and Demaria 2017, Hernandez-Segura, Nehme et al. 2018). The 

accumulation of these cells can occur with age and at sites of age-related diseases such as 

atherosclerosis and OA (Calcinotto, Kohli et al. 2019). In particular, OA hallmarks include 

inflammation and tissue degradation which can be mediated by SASP components (Jeon, 

David et al. 2018). For instance, senescent chondrocytes were identified in human cartilage 

tissues and their localization was predominantly near osteoarthritic lesions (Price, Waters et 

al. 2002). Moreover, accumulation of these cells was associated with aging (Martin, Brown 

et al. 2004) and their selective elimination was shown to ameliorate injury- and age-induced 

OA (Jeon, Kim et al. 2017). The senescent chondrocyte SASP can promote and/or 

exacerbate the inflammatory process and the imbalance between synthesis and degradation 

of the ECM by having IL-1β, IL-6, IL-8, MMP-1 and MMP-13 in its secretory phenotype 

(Jeon, David et al. 2018). Another study showed that extracellular vesicles produced by 

senescent chondrocytes isolated from human arthritic cartilage can propagate senescence to 

non-senescent chondrocytes and inhibit their ability to synthesize ECM components (Jeon, 

Wilson et al. 2019). Taken together, these studies clearly establish a significant 

pathophysiologic role for senescent cells in OA and most likely in many other age-related 

diseases. 
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1.2.5.6 Cell death 

Cell death is characterized by an irreversible degeneration of vital cellular functions 

which culminate in the loss of cellular integrity (Galluzzi, Vitale et al. 2018). Particularly in 

host defense, cell death is a mechanism that aims to restore homeostasis (Yang, Jiang et al. 

2015). For instance, activation of PRRs, such as TLRs and NLRs, by pathogens and their 

components, can induce apoptosis, a programmed type of cell death. (Yang, Jiang et al. 2015, 

Amarante-Mendes, Adjemian et al. 2018). During the resolution of inflammation, previously 

activated neutrophils undergo apoptosis (Basil and Levy 2016).  

The release of inflammatory mediators, such as NO (Blanco, Ochs et al. 1995, Snyder, 

Shroff et al. 2009), IL-1β and TNF-α (Lopez-Armada, Carames et al. 2006), can induce cell 

death in various cell types. Moreover, neutrophils, which are recruited during the 

inflammatory process, have the propensity to release destructive enzymes into the 

extracellular space (Martin 2016). This can lead to undesirable collateral tissue damage that 

can further end up in cell death and exacerbation of the inflammatory process (Martin 2016). 

Apart from being a consequence of inflammation, cell death can also be its cause 

(Amarante-Mendes, Adjemian et al. 2018). There are some types of cell death, such as 

necrosis, necroptosis and pyroptosis, which are characterized by the release of intracellular 

materials that act as DAMPs (Yang, Jiang et al. 2015, Amarante-Mendes, Adjemian et al. 

2018).  

To sum up, inflammation can be the cause and/ or consequence of other pathological 

alterations, giving emphasis to the fact that inflammation is a “common soil” for all the 

mentioned alterations (Fig.4). 

 
 
 

 

 



CHAPTER 1 

46 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4. Pathological alterations associated with inflammation. 
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1.2.6 NF-κB – the master regulator of inflammation 

NF-κB was first identified in 1986 as transcription factor with specific binding affinity 

for the decameric DNA sequence 5´-GGACTTTCC-3´ located within the enhancer region 

of the immunoglobulin kappa (κ) light chain gene in mature B and plasma cells (Sen and 

Baltimore 1986). Due to this, this transcription factor was named according to the cell type 

in which it was identified and the gene that was affected (Zhang, Lenardo et al. 2017). 

Although it was identified in B-lymphoid cells, NF-κB is ubiquitously present in most cell 

types (Sen and Baltimore 1986, Zhang, Yousefzadeh et al. 2019) and its transcriptional 

activity is inducible by a wide range of endogenous and exogenous stimuli (Lee and Burckart 

1998, Pahl 1999, Tilstra, Clauson et al. 2011) with the exception of B cells, certain T cell 

lines, monocytes and neurons which present constitutive NF-κB activity (Schmitz and 

Baeuerle 1995). NF-κB regulates the expression a large number of genes that encode for 

cytokines (e.g. IL-1β and IL-6), chemokines (e.g. IL-8), cell adhesion molecules (e.g. 

vascular cell adhesion molecule-1 and intracellular adhesion molecule-1), acute phase 

proteins (e.g. C-reactive protein), immunoreceptors (e.g. immunoglobulin κ light chain), 

proteins involved in antigen presentation (e.g. proteasome subunit LMP2), stress response 

genes [e.g. inducible NO synthase (iNOS or NOS2) and COX2], cell surface receptors (e.g. 

receptor for advanced glycation end products), apoptosis regulators (e.g. Bcl-2 and other 

inhibitors of apoptosis), growth factors (e.g. GM-CSF and VEGF), early response genes (e.g. 

p62), transcription factors (e.g. proto-oncogene c-myc and  tumor suppression p53), 

enzymes (e.g. Collagenase I and Gelatinase B) and many other genes (Pahl 1999, Kumar, 

Takada et al. 2004, Tilstra, Clauson et al. 2011). Normal activation of NF-κB is vital for 

many physiological functions such as innate and adaptative immunity, stress responses, 

metabolism, proliferation, apoptosis and differentiation (Kumar, Takada et al. 2004, Mauro, 

Leow et al. 2011, Zhang, Yousefzadeh et al. 2019). Nevertheless, persistent and chronic 

activation of NF-κB is associated with various pathological conditions (Kumar, Takada et 

al. 2004), namely cardiovascular diseases (Fiordelisi, Iaccarino et al. 2019), cancer (Xia, Tan 

et al. 2018), OA (Choi, Jo et al. 2019), neurodegenerative diseases (Sivandzade, Prasad et 

al. 2019), chronic obstructive airway disease (Schuliga 2015) and diabetes (Suryavanshi and 

Kulkarni 2017). Apart from its role in human disease, NF-κB has been described as a driver 

of the aging process (Salminen and Kaarniranta 2009, Lopez-Otin, Blasco et al. 2013, 
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Osorio, Soria-Valles et al. 2016), being an important player in the pathogenesis of age-

associated diseases. 

 

1.2.6.1 The NF-κB family: molecular constituents, structure and interactions   

The NF-κB or Rel family of transcription factors is comprised of five members: p50, p52, 

p65/RelA, c-Rel and RelB which are encoded by NFKB1, NFKB2, RELA, REL and RELB, 

respectively (Hayden and Ghosh 2008, Zhang, Lenardo et al. 2017). These constituents share 

a highly conserved 300 amino acid long N-terminal Rel Homology Domain (RHD) 

responsible for DNA-binding to the NF-κB consensus sequence (5´-GGGRNWYYCC-3´ 

where R = adenine or guanine; N = any nucleotide; W = adenine or thymine; Y = cytosine 

or thymine), homo- and hetero- dimerization and inhibitory protein binding (Fig.5) (Hayden 

and Ghosh 2008, Zhang, Lenardo et al. 2017).  Another region, the nuclear localization 

sequence (NLS), is located after the RHD and is essential for nuclear import (Zhang, 

Lenardo et al. 2017). However, the members of the NF-κB family differ in the presence of 

a transactivation domain (TAD) in the C-terminus (Fig.5) (Zhang, Lenardo et al. 2017). p50 

and p52 do not contain a TAD, whereas p65/RelA, RelB and c-Rel do have one or more of 

such domains (Zhang, Lenardo et al. 2017). Another aspect that differentiates p50 and p52 

from the other members of the NF-κB family is the fact that the former arise from partial 

proteolysis of the precursor proteins, p105 (NFKB1) and p100 (NFKB2), respectively, that 

cleaves off a C-terminal region containing Ankyrin Repeats (AnkR) and a Death Domain 

(DD)” (Fig.5) (Zhang, Lenardo et al. 2017). Moreover, the C-terminal region of these 

precursors also contains a Glycine-Rich Region (GRR), which remains after proteolytic 

processing to yield the mature p50 and p52 proteins (Fig.5) (Hayden and Ghosh 2008, 

Mulero, Huxford et al. 2019). 
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Figure 5. The NF-κB protein family. Domains that characterize the NF-κB protein family are indicated. 

AnkR, Ankyrin Repeats; DD, Death Domain; GRR, Glycine-Rich Region; LZ, Leucine Zipper; RHD, Rel 

Homology Domain; TAD, Transcription Domain. 

 
Rel/NF-κB transcription factors bind to 10 base pair DNA sites as dimers (homo or 

heterodimers) since the monomers are unstable (Mitchell, Vargas et al. 2016, Zhang, 

Yousefzadeh et al. 2019). Among the 15 possible dimers (Fig.6), only 12 have sufficiently 

high affinity to stably bind the DNA κB element, whereas those containing RelB bound to 

any other Rel family member (RelB:RelB, RelB:RelA and RelB:RelC) form low-affinity 

dimers that are unable to bind DNA (Mitchell, Vargas et al. 2016). Of the 12 DNA binding 

dimers (Fig.6), only those that contain at least one Rel family member, namely RelA, RelB 

and c-Rel, can function as transcription activators since only these proteins contain the 

required TAD (Mitchell, Vargas et al. 2016). The remaining three dimers, including 

p50:p50, p52:p52 and p50:p52, function essentially as transcriptional repressors because 

they can bind DNA, but lack the TAD. Nonetheless, these dimers can contribute to activate 

transcription when they associate with co-activators (Mitchell, Vargas et al. 2016). 
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Figure 6. The NF-κB dimers. Combinatorial composition of potential NF-κB dimers, indicating their capacity 

to bind DNA (indicated by horizontal grey line) and to activate transcriptions (indicated by grey arrows). A – 

RelA/p65; B – RelB; C – c-Rel; 50 – p50; 52 – p52. Reproduced with permission from Mitchel, Vargas et al 

2006. 

 

It has been reported that the different NF-κB family members have distinct dimerization 

affinities (Mitchell, Vargas et al. 2016). Tsui and co-workers reported affinities of the 

RelA:p50, p50:p50 and RelA:RelA dimers to be in the range of 1-5 nM, 20-50 nM and 0.8-

1.5 µM, respectively (Tsui, Kearns et al. 2015). Moreover, dimerization stability is another 

crucial parameter (Mulero, Huxford et al. 2019) also correlated with affinity. Thus, the 

predicted rank of dimerization stability is: RelA:p50 > p50:p50 > RelA:RelA (Mulero, 

Huxford et al. 2019). The most thermodynamically stable, RelA:p50, is the most ubiquitous 

NF-κB dimer (Mulero, Huxford et al. 2019). Taken together, the generation of NF-κB dimers 

is a highly dynamic mechanism that can also depend on the cell type and the trigger stimuli 

(Mitchell, Vargas et al. 2016, Mulero, Huxford et al. 2019). 

As mentioned before, NF-κB dimers bind to a specific double-stranded κB DNA element 

placed within the promoters or enhancers of numerous target genes (Mulero, Huxford et al. 

2019). These κB sites are “pseudosymmetric containing two nearly identical half sites” 

(Mulero, Huxford et al. 2019). Each component of the NF-κB dimer binds to a half site 

through the RHD located in the N-terminus (Mulero, Huxford et al. 2019). 
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1.2.6.2 The IB family: molecular constituents, structure and interactions 

Inhibitors of κB activity, also known as IκB, are important players in the NF-κB signaling 

pathway (Hayden and Ghosh 2008, Mulero, Huxford et al. 2019). Proteins of this family act 

as inhibitors of NF-κB through non-covalent binding which interferes with its 

nucleocytoplasmic dynamics and, consequently, blocks its DNA binding (Mulero, Huxford 

et al. 2019). All IκB proteins are characterized by the presence of multiple ankyrin repeats, 

which are 33 amino acid ankyrin-like protein-protein association domains (Mulero, Huxford 

et al. 2019) and are functionally classified into three distinct groups: classical IκB, precursor 

IκB and nuclear or “atypical“ IκB (Mulero, Huxford et al. 2019) (Fig.7).  
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Figure 7. Members of the IκB family. Domains that characterize the IκB family are shown as well as its 

division into three groups according to functionality. AnkR, Ankyrin Repeats; DD, Death Domain; GRR, 

Glycine-Rich Region; PEST, region rich in the amino acids proline (P), glutamic acid (E), serine (S) and 

threonine (T); RHD, Rel Homology Domain. 

 

The classical or canonical IκB proteins include IκB-α, IκB-β and IκB-ε, which are 

encoded by the nfκbia, nfκbib and nfκbie genes, respectively (Hayden and Ghosh 2008). In 

addition to ankyrin repeat domains, each IκB protein contains a signal-responsive domain 

that contains phosphorylation and ubiquitination sites in the N-terminus (O'Dea and 

Hoffmann 2009, Mulero, Huxford et al. 2019). In the C-terminus, IκB-α and IκB-β have a 

flexible region “rich in the amino acids proline, glutamic acid, serine and threonine that is 

called a PEST domain” (Hayden and Ghosh 2008, Mulero, Huxford et al. 2019) (Fig.7). This 

PEST domain is commonly found in proteins which have a rapid proteolytic turnover in cells 

(Mulero, Huxford et al. 2019). IκB-α is the prototypical and most extensively studied 

member of this family (Hayden and Ghosh 2008, Mulero, Huxford et al. 2019). Due to its 

folding, IκB-α is thermodynamically instable, being rapidly degraded in cells by a 

mechanism dependent on its own PEST domain and the 20S proteasome (Mulero, Huxford 

et al. 2019). However, the stability of IκB-α significantly increases when bound to NF-κB 

dimers and its degradation becomes dependent on signaling events (Mulero, Huxford et al. 
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2019). Among the NF-κB dimers, RelA/p65:p50 is the main target of IκB-α (Hayden and 

Ghosh 2008). In resting cells, this NF-κB dimer is sequestered in the cytoplasm by IκB-α 

(Hayden and Ghosh 2008). By analyzing the crystal structure of the complex IκB-

α:RelA/p65:p50, it was demonstrated that the “IκB-α protein masks only the NLS of 

RelA/p65 whereas that of p50 remains exposed” (Hayden and Ghosh 2008, Mulero, Huxford 

et al. 2019). The exposed NLS of p50 joins to nuclear export sequences (NES) of IκB-α and 

Rel A, being responsible for the constant transport of the complex IκB-α:RelA/p65:p50 

between the cytoplasm and the nucleus (Hayden and Ghosh 2008). The NLS of RelA/p65 is 

masked by the combination of PEST domain residues and the sixth ankyrin repeats of IκB-

α which “creates a vast acidic surface that appears to electrostatically attract the N-terminus 

of Rel A” to a considerably different position from that found when it is bound to DNA 

(Mulero, Huxford et al. 2019). When the signaling pathway is triggered, IκB-α undergoes 

posttranslational modifications (PTM) that lead to its degradation and consequent release 

and nuclear translocation of NF-κB dimers (Mitchell, Vargas et al. 2016). In addition to 

retaining NF-κB dimers, in particular RelA:p50, in the cytoplasm, IκBα is also capable of 

stripping NF-κB off DNA (Mitchell, Vargas et al. 2016, Mulero, Huxford et al. 2019). This 

mechanism of “molecular stripping” is based on the fact that the PEST sequence of IκB-α 

which is negatively charged, interacts with the positive charged residues of the DNA-binding 

pocket of NF-κB leading to an electrostatically repulsion of NF-κB from DNA (Mulero, 

Huxford et al. 2019). Moreover, this mechanism is also described as a negative feedback 

loop since NF-κB is the transcription factor responsible for IκB-α expression (Mitchell, 

Vargas et al. 2016). It is important to emphasize that IκB-α degradation and resynthesis are 

rapid processes (Mitchell, Vargas et al. 2016). For instance, after 30 minutes of exposure to 

LPS, IκB-α was completely degraded and its re-synthesis was detected upon 1 hour of LPS 

treatment in the Raw 264.7 cell line (Campa, Iglesias et al. 2005). 

Like IκB-α, IκB-ε expression is upregulated by NF-κB and, consequently, exerts a 

negative feedback loop (Hayden and Ghosh 2008). However, its degradation and resynthesis 

are delayed compared to IκB-α, by almost 45 minutes (O'Dea and Hoffmann 2009). This 

antiphase negative feedback loop was suggested to dampen IκB-α-mediated oscillations 

(Mitchell, Vargas et al. 2016). On the other hand, IκB-ε does not possess a PEST domain 

and is mainly expressed in hematopoietic cells (Hayden and Ghosh 2008) (Fig.7).  
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IκB-β is another member of this group. Similar to IκB-ε, it has a slower degradation and 

re-synthesis cycle (Hayden and Ghosh 2008). Nevertheless, its expression is not dependent 

on NF-κB transcriptional activity and, consequently, it cannot exert a feedback loop 

(Mitchell, Vargas et al. 2016). Moreover, IκB-β is not able to strip NF-κB off DNA 

(Mitchell, Vargas et al. 2016). However, a hypophosphorylated form of IκB-β is capable of 

associating with NF-κB dimers bound to DNA in order to prolong the transcriptional activity 

in certain cell types, after stimulation (Hayden and Ghosh 2008, Scheibel, Klein et al. 2010).   

 

The precursor IκB proteins comprise p100 and p105 (Mulero, Huxford et al. 2019). 

Despite being the immature precursors of NF-κB subunits, unprocessed p100 and p105 act 

as inhibitors of NF-κB and are referred to as IκB-δ and IκB-γ, respectively (Mulero, Huxford 

et al. 2019). By forming multimeric high molecular weight complexes, p100 and p105 bind 

all NF-κB subunits, excluding p50 and RELB, respectively, and, consequently, act as IκB-

like molecules (Mitchell, Vargas et al. 2016, Mulero, Huxford et al. 2019). These multi-

protein inhibitory complexes have been referred to as “kappaBsomes”(Mulero, Huxford et 

al. 2019).  

 

The nuclear or “atypical” IκB proteins include Bcl-3, IκB-ζ, IκB-NS and IκB-η (Mulero, 

Huxford et al. 2019). Since these proteins contain ankyrin repeats and bind with specificity 

to NF-κB, they are classified as IκB proteins (Mulero, Huxford et al. 2019). Nevertheless, 

nuclear IκB proteins function to modulate the transcriptional activity of NF-κB in the 

nucleus, unlike classical IκB proteins which function as inhibitors of NF-κB activation in 

the cytoplasm (Mitchell and Carmody 2018).  

 

1.2.6.3 IκB kinase complex 

The IκB Kinase (IKK) complex catalyzes the key event in the activation of the NF-κB 

signaling pathway which is the PTM of IκB proteins that leads to the release of NF-κB 

dimers (Mitchell and Carmody 2018, Mulero, Huxford et al. 2019).  

The IKK complex is composed of three subunits (Hayden and Ghosh 2008, Mulero, 

Huxford et al. 2019). Two of these polypeptides, IKKα (also known as IKK1) and IKKβ 

(also known as IKK2), are the catalytic kinase subunits, while the third polypeptide, NF-κB 

Essential Modulator (NEMO) or IKKγ, is the regulatory subunit (Hayden and Ghosh 2008, 
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Mulero, Huxford et al. 2019). IKKα and IKKβ “share nearly 50% sequence identity” and 

contain serine/ threonine kinase domains at their N-terminus, dimerization domains which 

include leucine zippers and helix-loop-helix motifs and a C-terminal NEMO-Binding 

Domain (NBD) (Karin 1999, Mulero, Huxford et al. 2019) (Fig.8). Despite sharing a similar 

domain organization, IKKα, but not IKKβ, contains a putative NLS (Mulero, Huxford et al. 

2019). Regarding NEMO, it lacks a kinase domain and its structure is dominated by alpha-

helical elements, including two coiled-coil domains, a leucine zipper and a C-terminal zinc-

finger region (Hinz and Scheidereit 2014, Mulero, Huxford et al. 2019) (Fig.8).  

 

 

 

 

 

 

 

 
Figure 8. Members of the IKK family. Domains that characterize the IKK family. CC1/2, Coiled-Coil 

domain 1/2; HLH, Helix-Loop-Helix domain; LZ, Leucine Zipper domain; NBD, NEMO-Binding Domain; Z, 

zinc finger domain. 

 

The two catalytic subunits of IKK (IKKα and IKKβ) dimerize through the leucine zipper 

domain, which is also a requirement for the kinase activity (Karin 1999, Hayden and Ghosh 

2008). Heterodimers of IKKα and IKKβ are preferentially formed in vivo and in vitro studies 

demonstrated that heterodimers have higher catalytic efficiency than homodimers (Huynh, 

Boddupalli et al. 2000). Although both catalytic IKK subunits have a NBD in the C-

terminus, NEMO interacts preferentially with IKKβ for which it has considerably higher 

affinity than for IKKα (Huynh, Boddupalli et al. 2000, Hayden and Ghosh 2008). In the 

resting state, IKKα and IKKβ heterodimers are held inactive through their interaction with 

NEMO (Hayden and Ghosh 2008). Upon stimulation, a conformational change of NEMO is 

induced, allowing transautophosphorylation or IKK kinase phosphorylation of the IKK T 

loop serine residues (Hayden and Ghosh 2008). Then, active IKK phosphorylates its 

substrates that will end up in the activation of NF-κB transcriptional activity (Hayden and 

Ghosh 2008, Osorio, Soria-Valles et al. 2016). 
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1.2.6.4 NF-κB signaling pathway 

NF-κB transcriptional activity is activated by two different routes (Mulero, Huxford et al. 

2019). These two are referred to as the classical or canonical and the alternative or 

noncanonical NF-κB signaling pathways (Hayden and Ghosh 2004, Mulero, Huxford et al. 

2019). A key step in both these signaling pathways is the PTM of IκB proteins by the IKK 

complex (Mitchell and Carmody 2018). Therefore, activation of the IKK complex is 

essential in both the classical and the alternative NF-κB signaling pathways (Mitchell and 

Carmody 2018). Nevertheless, only the classical NF-κB signaling pathway is NEMO-

dependent (Hayden and Ghosh 2008, Mitchell, Vargas et al. 2016).  

 

Classical NF-κB signaling pathway 

The classical NF-κB signaling pathway can be initiated by physiological stimuli through 

cytokines receptors (e.g. IL-1 receptor and TNF receptor), PRRs (e.g. TLRs), antigen 

receptors (e.g. T-cell receptor and B-cell receptor) and growth receptors (Zhang, 

Yousefzadeh et al. 2019). The binding of specific ligands (e.g. LPS and IL-1β) to those 

receptors relays the signal transduction into the cytoplasm by recruiting different adaptor 

proteins (Wong and Tergaonkar 2009, Zhang, Yousefzadeh et al. 2019). Then, subsequent 

signaling cascades converge on the IKK complex (Wong and Tergaonkar 2009, Zhang, 

Yousefzadeh et al. 2019). Here, NEMO can interact with upstream proteins of the signaling 

cascades [e.g. Tumor necrosis factor Receptor-Associated Factors (TRAFs) and Receptor-

Interacting Proteins (RIPs) or IL-1 Receptor Associated Kinases (IRAKs)] which can induce 

a conformational change that allows transautophosphorylation or phosphorylation of the 

IKK T loop serine residues by upstream kinases [e.g. TGF-β-Activated Kinase-1(TAK1)] 

(Hayden and Ghosh 2008, Zhang, Yousefzadeh et al. 2019). The activated IKK complex, in 

particular IKKβ, phosphorylates IκB-α on serine (Ser) 32 and 36 residues (Zhang, 

Yousefzadeh et al. 2019). This PTM targets IκB-α for polyubiquitination by the SCFβ-TRCP 

ubiquitin ligase at lysine (Lys) 21 and Lys22 (Mitchell and Carmody 2018). Subsequently, 

this leads to IκB-α degradation by the 26S proteasome (Mitchell and Carmody 2018). Upon 

IκB-α degradation, NF-κB dimers, in particular RelA/p65:p50, are free to translocate into 

the nucleus where they can bind to specific DNA sequences, the κB sites present within 

promoter or enhancer regions of distinct target genes, and elevate their levels of transcription 

(Mitchell and Carmody 2018, Mulero, Huxford et al. 2019) (Fig.9). 
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Figure 9. Classical NF-κB signaling pathway. Upon ligand binding to its specific receptor, adaptor proteins 

are activated and lead to TAK1 phosphorylation which triggers activation of the IKK complex. Then, the IKK 

complex, particularly IKKβ, phosphorylates IκB-α. This phosphorylation signals IκB-α for ubiquitination and, 

subsequently, proteasome degradation. After IκB-α degradation, freed NF-κB dimers (p65:p50) translocate to 

the nucleus where they bind to the κB sites, present within promoter regions of pro-inflammatory target genes, 

inducing their transcription. IκB-α, Inhibitor of κB activity; IKKα/β, IκB Kinase α/β; NEMO, NF-κB Essential 

Modulator; p65, RelA/p65; P, phosphate; Ub, Ubiquitin. 

 
Alternative NF-κB signaling pathway 

The alternative NF-κB signaling pathway is activated by non-inflammatory and 

developmental signals through specific receptors such as the LymphoToxin β Receptor 

(LTβR), B cell Activating Factor Receptor (BAFF-R) or CD40 (Mulero, Huxford et al. 

2019). This pathway does not require IKKβ, but relies on NF-κB-Inducing Kinase (NIK) 

and IKKα homodimers (Mulero, Huxford et al. 2019, Zhang, Yousefzadeh et al. 2019). NIK 

is a serine/threonine kinase which is continuously ubiquitinated by E3 ligases and degraded 

in the proteasome in resting cells (Osorio, Soria-Valles et al. 2016, Zhang, Yousefzadeh et 
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al. 2019). Upon pathway activation, NIK degradation is prevented and, consequently 

accumulates in cells (Osorio, Soria-Valles et al. 2016). This NIK accumulation leads to 

phosphorylation of IKKα (Zhang, Yousefzadeh et al. 2019). Then, activated IKKα 

phosphorylates the precursor IκB protein, p100, which is in a complex with RelB (Sun 2017, 

Mulero, Huxford et al. 2019). Phosphorylation signals p100 as a substrate for ubiquitination 

via recruitment of the SCFβ-TRCP ubiquitin ligase (Mulero, Huxford et al. 2019). This later 

PTM of p100 leads to a partial degradation by the 26S proteasome, generating the mature 

p52 monomer (Mulero, Huxford et al. 2019). Then, the p52 subunit is able to dimerize to 

form a transcriptionally active RelB:p52 and other NF-κB dimers (Mulero, Huxford et al. 

2019). RelB:p52 heterodimers translocate to the nucleus, bind to specific DNA sequences, 

the κB sites  (Mulero, Huxford et al. 2019). Activation of this NF-κB signaling pathway is 

associated to the regulation of important biological functions, such as adaptative immunity, 

lymphoid organogenesis, B-cell survival and maturation and dendritic cell activation (Sun 

2011, Cildir, Low et al. 2016) (Fig.10).  
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Figure 10. Alternative NF-κB signaling pathway. Upon ligand binding to its specific receptor, constitutive 

proteasome degradation of NIK is blocked, leading to its accumulation in the cytoplasm. Accumulation of NIK 

enables it to phosphorylate IKKα which becomes active and phosphorylates p100, that was acting as IκB in a 

complex with RelB. Phosphorylation of p100 triggers its ubiquitination and partial proteolysis in the 

proteasome. This partial degradation yields p52 which, dimerized with RelB, undergoes nuclear translocation, 

binds to specific DNA sequences, the κB sites present within promoter regions of distinct target genes, and 

induces their expression. IKKα, IκB Kinase α; NIK, NF-κB-Inducing Kinase; P, phosphate; Ub, Ubiquitin. 

 

In comparison to the classical pathway, the alternative NF-κB signaling pathway is slower 

and its kinetics is dependent on the synthesis of new proteins (Mitchell and Carmody 2018). 

Despite acting independently, it was demonstrated that activation of the classical pathway 

regulates key components of the alternative signaling pathway (Basak, Shih et al. 2008).  

Besides the classical and the alternative pathways, additional pathways of NF-κB 

activation exist and are termed atypical pathways (Zhang, Yousefzadeh et al. 2019). 

Physical, genotoxic, oxidative or organelle stresses, such as ultraviolet radiation, ionizing 

radiation, oxidative stress, hypoxia, dysfunctional mitochondria or ER stress, can lead to 

NF-κB activation via IKK-dependent and independent mechanisms (Perkins and Gilmore 
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2006, Zhang, Yousefzadeh et al. 2019) . However, these mechanisms are quite distinct from 

those found within the classical and the alternative NF-κB signaling pathways (Perkins and 

Gilmore 2006, Zhang, Yousefzadeh et al. 2019). For instance, hydrogen peroxide triggered 

NF-κB activation in a T lymphocytic cell line by inducing IκB-α phosphorylation at the 

tyrosine 42 residue and Ser/threonine residues of the PEST domain. IκB-α degradation 

involves calpain proteases and the proteasome. These findings pointed out new NF-κB 

activation mechanisms unrelated to those triggered by pro-inflammatory cytokines and 

mitogens (Schoonbroodt, Ferreira et al. 2000).  

 

1.2.6.5 Regulation of NF-κB transcriptional activity 

NF-κB is responsible for the expression of a variety of genes which could cause harmful 

consequences in case of dysregulation of this transcription factor (Mitchell and Carmody 

2018). Therefore, there is the need for a tight control of NF-κB activity (Mitchell and 

Carmody 2018). As mentioned before, one of the mechanisms that limits NF-κB activity is 

through a negative feedback loop requiring NF-κB-induced IκB-α expression (Castro-

Caldas, Mendes et al. 2003). Thus, newly synthesized IκB-α enters the nucleus, strips NF-

κB off DNA and relocates it to the cytoplasm, thereby terminating NF-κB-directed 

transcription (Mitchell, Vargas et al. 2016, Mitchell and Carmody 2018). Nevertheless, this 

termination mechanism is not sufficient for the optimal control of NF-κB activity. Over the 

past 20 years, many studies have identified additional mechanisms regulating NF-κB 

transcriptional activity, in particular those involving PTM of NF-κB subunits, such as 

phosphorylation, acetylation, methylation, glycosylation, nitrosylation and ubiquitination, 

which add another important layer of complexity to the transcriptional regulation of NF-κB 

(Huang, Yang et al. 2010, Mitchell and Carmody 2018) (Fig.11).  
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Figure 11. Posttranslational modifications of NF-κB as another layer of regulation. Phosphorylation, 

acetylation, methylation, ubiquitination, glycosylation and nitrosylation are examples of NF-κB modifications 

relevant for its transcriptional activity. 

 

Among the NF-κB subunits, p65/RelA has been the most extensively studied in this 

context (Huang, Yang et al. 2010, Christian, Smith et al. 2016, Collins, Mitxitorena et al. 

2016). The following section summarizes the PTM that affect the transcriptional activity of 

p65/RelA. 

 

Phosphorylation and dephosphorylation 

Phosphorylation of RelA/p65 can occur both in the cytoplasm and in the nucleus in 

response to a variety of stimuli (Huang, Yang et al. 2010). Most phosphorylation sites of the 

RelA/p65 subunit, namely Ser and tyrosine residues, are within the N-terminal RHD and the 

C-terminal TAD (Christian, Smith et al. 2016, Mitchell and Carmody 2018). Depending on 

the sites of phosphorylation, the target genes and the stimuli, phosphorylation results in 

either increased or decreased levels of transcription (Huang, Yang et al. 2010). Of the 
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identified phosphorylation sites of RelA/p65, phosphorylation of Ser276, Ser536 and Ser468 

are the best characterized regarding their impact on NF-κB transcriptional activity 

(Christian, Smith et al. 2016, Mitchell and Carmody 2018). Ser276 of RelA/p65 is the target 

of different kinases such as Protein Kinase A (PKA), Mitogen- and Stress- Activated Kinase-

1 (MSK1) and Pim-1 (Huang, Yang et al. 2010, Christian, Smith et al. 2016). 

Phosphorylation of Ser276 was first identified to be mediated by the catalytic subunit of 

PKA (PKAc) in the pre-B cell line 70Z/3 in response to LPS and in a cAMP-independent 

manner (Zhong, SuYang et al. 1997). Interestingly, Zhong and co-workers (1997) 

demonstrated that in resting cells, PKAc is associated to the IκB-α:NF-κB complex, thus 

being in an inactive state. However, cell treatment with inducers of NF-κB activity result in 

degradation of IκB-α which causes activation of PKAc and subsequent phosphorylation of 

Ser276 of the RelA/p65 subunit (Zhong, SuYang et al. 1997). Phosphorylation on this 

residue is required for efficient transcriptional activation of NF-κB by promoting a 

conformational change that allows its association with the cellular co-activator CREB-

Binding Protein (CBP)/p300 (Zhong, SuYang et al. 1997, Zhong, Voll et al. 1998). Contrary 

to phosphorylation by PKAc which occurs in the cytoplasm, MSK1 phosphorylates 

RelA/p65 on Ser276 in the nucleus in TNF-treated L929sA mouse fibroblasts (Vermeulen, 

De Wilde et al. 2003). Similarly, phosphorylation of Ser276 by MSK1 facilitates the 

recruitment of CBP/p300 to the promoters of NF-κB target genes, such as IL-6, increasing 

their transcription (Vermeulen, De Wilde et al. 2003, Reber, Vermeulen et al. 2009).  

Ser536 of RelA/p65 is also phosphorylated under various conditions, by multiple kinases, 

including IKKs (e.g. IKKα, β and ε), Ribosomal Subunit Kinase-1 (RSK1) and TANK-

Binding Kinase 1 (TBK1), culminating in different outputs (Huang, Yang et al. 2010, 

Christian, Smith et al. 2016). Phosphorylation of the Ser536 residue of RelA/p65 was first 

reported in response to TNF-α treatment in HeLa cells (Sakurai, Chiba et al. 1999). It was 

described that this phosphorylation is mediated by IKKs prior to nuclear translocation 

(Sakurai, Chiba et al. 1999).  Likewise, Yang and co-workers (2003) demonstrated that LPS 

induces phosphorylation on Ser536 of RelA/p65 in monocytes/macrophages. In this study, 

the involvement of IKKβ was clearly demonstrated (Yang, Tang et al. 2003). Besides, 

phosphorylation of this residue increases the RelA/p65 transcriptional activity by enhancing 

the interaction of this subunit with other proteins, namely p300 (Yang, Tang et al. 2003, 
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Chen, Williams et al. 2005). Thus, phosphorylation of Ser536 is considered an active mark 

for classical NF-κB pathway activation (Huang, Yang et al. 2010).  

Ser468 is one of the residues whose phosphorylation negatively modulates NF-κB 

transcriptional activity (Huang, Yang et al. 2010, Christian, Smith et al. 2016). Three kinases 

have been described as phosphorylating this residue such as Glycogen Synthase Kinase-3β 

(GSK-3β), IKKβ and IKKε (Christian, Smith et al. 2016). Ser468 is constitutively 

phosphorylated by GSK-3β in unstimulated cells, blocking NF-κB transcriptional activity. 

In parallel, Protein Phosphatase 1 (PP1) is activated which leads to dephosphorylation of 

both Ser468 of RelA/p65 and Ser9 of GSK-3β. Thus, relative activity of GSK-3β and PP1 

determines the phosphorylation level of Ser468 of RelA/p65 in unstimulated cells (Buss, 

Dorrie et al. 2004). This Ser residue is also phosphorylated by IKKβ in response to TNF-α 

and IL-1β treatment in distinct cell lines and primary cultures despite not being essential for 

NF-κB activation and its nuclear translocation (Schwabe and Sakurai 2005). Interestingly, 

Mao and co-workers (2009) found that phosphorylation of Ser468 mediated by IKK 

promotes p65/RelA ubiquitination and, consequently, its proteasomal degradation. Thus, 

phosphorylation on this residue by IKK sets in motion a process that ends up inhibiting NF-

κB transcriptional activity (Mao, Gluck et al. 2009). Nonetheless, phosphorylation on 

Ser468 by IKKε in response to T cell co-stimulation, which implies pre-activation with 

phorbol-12-myristate-13-acetate and ionomycin, enhances the transcriptional activity of NF-

κB (Mattioli, Geng et al. 2006). To sum up, the different outcomes of phosphorylation on 

Ser468 suggest that this PTM regulates NF-κB transcriptional activity in a context-

dependent manner (Huang, Yang et al. 2010). 

Dephosphorylation has been associated to termination of NF-κB activity (Huang, Yang 

et al. 2010, Chen, Li et al. 2016, Gu, Lei et al. 2017). Dephosphorylation of Ser536 reduces 

RelA/p65´s interaction with p300 and hence, NF-κB transcriptional activity (Chen, Williams 

et al. 2005, Huang, Yang et al. 2010). Protein Phosphatase 2A (PP2A) is one of the enzymes 

responsible for directly dephosphorylating RelA/p65 subunit at the Ser536 residue (Yang, 

Fan et al. 2001, Li, Wang et al. 2006, Tsuchiya, Osaki et al. 2017). Moreover, Wild type p53 

Induced Phosphatase 1 (WIP1) was also described as a direct phosphatase of RelA/p65 

subunit at Ser536 (Chew, Biswas et al. 2009). Although PP2A and WIP1 act on the same 

Ser residue of the p65/RelA subunit, these phosphatases do not cooperate and have non-

redundant roles in vivo (Chew, Biswas et al. 2009).  
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Acetylation and deacetylation 

Acetylation is another important PTM of RelA/p65 which regulates NF-κB 

transcriptional activity (Huang, Yang et al. 2010). This PTM consists in addition of an acetyl 

group to Lys residues of the substrate proteins, mediated by Histone AcetylTransferases 

(HATs) (Park, Jo et al. 2015). Contrary to phosphorylation, acetylation typically occurs in 

the nucleus where most of the HATs catalyzing this modification reside (Huang, Yang et al. 

2010). Coactivators p300/CBP and p300/CBP-Associated Factor (PCAF) are the HATs that 

have been implicated as effectors of RelA/p65 acetylation, both in vitro and in vivo (Chen, 

Fischle et al. 2001, Kiernan, Bres et al. 2003). Acetylation of RelA/p65 has been described 

in seven Lys residues namely 122,123, 218, 221, 310, 314 and 315 (Chen, Mu et al. 2002, 

Kiernan, Bres et al. 2003, Buerki, Rothgiesser et al. 2008).  

Lys310 of RelA/p65 is one of the first acetylation sites that has been reported (Chen, Mu 

et al. 2002). Acetylation of this residue is mediated by p300/CBP (Chen, Mu et al. 2002) and 

although it does not interfere with DNA binding nor impairs the assembly of RelA/p65 with 

IκB-α, it is required for full transactivation function of this NF-κB subunit (Chen, Mu et al. 

2002). Abolishing Lys310 acetylation by mutation to arginine significantly inhibited the 

transactivation activity of NF-κB and the expression of pro-inflammatory cytokines (Chen, 

Mu et al. 2002). Thus, Chen and co-workers (2002) proposed that Lys310 acetylation might 

form a platform for the binding of a bromodomain-containing protein that is required for full 

RelA/p65 transcriptional activity. In line with this proposal, Huang and colleagues (2009) 

demonstrated that acetylated RelA/p65 contributes to the transcriptional activation of NF-

κB and, consequently, to the expression of pro-inflammatory genes by specific recruitment 

of the transcriptional activator, Bromodomain 4 protein (Brd4), via an interaction between 

the acetylated Lys310 and the bromodomain of Bdr4. Then, Brd4 recruits the association of 

Cyclin Dependent Kinase 9 and Positive Transcription Elongation Factor b (CDK9/P-TEFb) 

which phosphorylates the C-terminal domain of RNA polymerase II to stimulate the 

transcription of a subset of NF-κB genes, namely cytokines and chemokines, which are P-

TEFb-dependent (Amir-Zilberstein, Ainbinder et al. 2007, Huang, Yang et al. 2009).  

Unlike Lys310, acetylation of Lys221 by p300/CBP was reported to enhance the binding 

affinity of RelA/p65 and, consequently, that of the NF-κB complex, for DNA-B sites 

(Chen, Mu et al. 2002). This effect might be caused by a conformational change within the 

protein (Chen, Mu et al. 2002). Moreover, acetylation of Lys221, alone or in combination 
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with Lys218, interferes with RelA/p65 assembly with IκB-α (Chen, Mu et al. 2002). Lys221 

directly interacts with methionine 279 located within the six ankyrin repeats of IκB-α (Chen, 

Mu et al. 2002). Consequently, acetylation of Lys221 impairs that interaction, inhibiting 

IκB-α binding (Chen, Mu et al. 2002). Furthermore, phosphorylation of the PEST sequence 

of IκB-α is required for inhibition of DNA binding and might interact with Lys218 of 

RelA/p65 (Chen, Mu et al. 2002). However, acetylation of Lys218 may interfere with this 

interaction, contributing to inhibition of IκB-α binding (Chen, Mu et al. 2002) 

On the opposite, upon immune stimulation of cells and activation of NF-κB 

transcriptional activity, acetylation of Lys122 and 123 of RelA/p65 by p300 and PCAF, 

lowers its affinity for DNA-κB sites (Kiernan, Bres et al. 2003). This facilitates removal of 

NF-κB from enhancer elements by newly synthesized IκB-α and, consequently, export of 

NF-κB:IκB-α from the nucleus to the cytoplasm (Kiernan, Bres et al. 2003). Thus, 

acetylation of Lys122 and 123 of RelA/p65 is vital for turning off NF-κB-mediated gene 

expression (Kiernan, Bres et al. 2003).  

Lys314 and 315 in RelA/p65 are also acetylated by p300 (Buerki, Rothgiesser et al. 

2008). Acetylation of these residues does not affect shuttling, DNA binding nor induction of 

anti-apoptotic genes by TNF-α (Buerki, Rothgiesser et al. 2008). Nevertheless, acetylation 

of RelA/p65 at Lys314 and 315 is reported to possibly modulate the expression of only a 

subset of genes, namely increasing Ccl-20, Ifi-44 and Gbp-2 expressions and decreasing Ccl-

7 (Buerki, Rothgiesser et al. 2008). Moreover, mutation of Lys314 and 315, but not Lys310, 

increases Mmp10 and Mmp13 expressions suggesting that acetylation at Lys314 and 

possibly Lys315 might be related with repression of gene expression (Rothgiesser, Fey et al. 

2010).  

Interestingly, of all the acetylation sites reported for RelA/p65, only Lys310 was 

confirmed by a study carried out by Buerki and co-workers (2008). Differences in the 

experimental approach used could be the explanation for the discrepancy (Kiernan, Bres et 

al. 2003, Buerki, Rothgiesser et al. 2008). Moreover, none of these studies excluded the 

possibility of the existence of other acetylation sites in RelA/p65 besides those already 

identified (Chen, Mu et al. 2002, Buerki, Rothgiesser et al. 2008). 

Similar to phosphorylation, acetylation is also a reversible event (Huang, Yang et al. 

2010). The removal of the acetyl group from lysine residues is mediated by Histone 

DeAcetylases (HDACs). Thus, the effect of HATs is opposed in the cells by HDACs. 
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Several HDACs have been reported to deacetylate RelA/p65 and, consequently, regulate 

NF-κB functions (Huang, Yang et al. 2010). An early study on HDAC-NF-κB interaction 

demonstrated that HDAC3 directly deacetylates RelA/p65 which leads to termination of the 

NF-κB transcriptional response (Chen, Fischle et al. 2001). Deacetylation of RelA/p65 by 

HDAC3 functions as an intranuclear molecular switch promoting IκB-α binding and IκBα-

dependent nuclear export of the NF-κB complex (Chen, Fischle et al. 2001). Chen and co-

workers (2002) demonstrated that deacetylation of RelA/p65 promoted by HDAC3 is likely 

to occur at Lys 221, alone or in combination with Lys 218. Moreover, HDAC3 has also been 

reported to deacetylate Lys122 and Lys123 of RelA/p65 (Kiernan, Bres et al. 2003). As 

mentioned before, acetylation of these two Lys residues by p300 and PCAF is required for 

removal of the DNA-bound NF-kB complex to the cytoplasm by binding to newly 

synthesized IB-α. Then, the relocated cytoplasmic NF-B:IκB-α complex can serve 

additional rounds of activation following deacetylation of those Lys residues by HDAC3 

(Kiernan, Bres et al. 2003). In agreement with this mechanism, another study demonstrated 

that HDAC3 mediates deacetylation of RelA/p65 at Lys 122, 123, 314 and 315 and, 

consequently, promotes IL-1-induced inflammatory gene expression (Ziesche, Kettner-

Buhrow et al. 2013).  

Other members of this class of HDACs have been reported to modulate the acetylation 

status of different Lys residues of RelA/p65 (McIntyre, Daniels et al. 2019). HDAC1, 

enhanced by Breast Cancer Metastasis Suppressor binds to RelA/p65 and deacetylates 

Lys310, thus suppressing NF-κB transcriptional activity and promoting apoptosis (Liu, 

Smith et al. 2006). Moreover, HDAC1 and HDAC2 were described as also capable of 

deacetylating RelA/p65 at Lys314 and Lys315 residues (Ziesche, Kettner-Buhrow et al. 

2013). Nevertheless, the interaction of these two HDACs and RelA/p65 is controversial due 

to discrepant results from different studies (Ashburner, Westerheide et al. 2001, Chen, 

Fischle et al. 2001, Kiernan, Bres et al. 2003, Liu, Smith et al. 2006, Ziesche, Kettner-

Buhrow et al. 2013). HDAC6, a member of another class of HDACs (McIntyre, Daniels et 

al. 2019), was also reported to bind and deacetylate RelA/p65, decreasing its DNA-binding 

activity to the MMP2 promoter and downregulating MMP-2 expression in non-small cell 

lung cancer cells, thus inhibiting their invasiveness. It was postulated that deacetylation of 

p65/RelA by HDAC6 may occur at Lys218, Lys221 and Lys310 residues leading to 
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inactivation of the NF-κB transcriptional activity. However, further studies are required to 

clarify which Lys residues are involved (Yang, Liu et al. 2015). 

Other classes of the HDAC family have also been reported to deacetylate p65/RelA 

subunit, among which Sirtuins (SIRTs) are especially relevant. SIRTs, homologs of the yeast 

SIR2 family, belong to the atypical class III HDACs and unlike the others HDACs 

mentioned, require Nicotinamide Adenine Dinucleotide oxidized form (NAD+) as a cofactor, 

rather than zinc (Wang, He et al. 2019).  Several members of the SIRT family have been 

shown to modulate NF-B transcriptional activity. Among those, SIRT1 was shown to 

inhibit NF-κB transcriptional activity by directly deacetylating the RelA/p65 protein at 

Lys310, sensitizing cells to TNF-α-induced apoptosis (Yeung, Hoberg et al. 2004). Many 

other studies corroborate the role of SIRT1 in antagonizing NF-κB activity which is now 

well established (Hwang, Yao et al. 2013, Kauppinen, Suuronen et al. 2013, Mendes, Lelis 

et al. 2017). For instance, it was demonstrated that overexpression of SIRT1 or addition of 

a SIRT1 activator decreases amyloid-β peptide-induced acetylation of RelA/p65 at Lys310 

in microglia, thus reducing the expression of NF-κB-dependent genes and having 

neuroprotective effects (Chen, Zhou et al. 2005). Moreover, inhibition of SIRT1 expression 

and activity by LPS and two major alcohol metabolites was associated with a marked 

increase in the acetylation of RelA/p65, NF-κB transcriptional activity and release of TNF-

α in RKC1 and Raw 264.7 cell lines (Shen, Ajmo et al. 2009). 

Besides SIRT1, SIRT2 was also described as a deacetylase of RelA/p65 at Lys310 in 

vitro and when overexpressed in cells after TNF-α stimulation (Rothgiesser, Erener et al. 

2010). Rothgiesser and colleagues (2010) postulated that in unstimulated cells, SIRT2 exists 

in a complex with RelA/p65. Following TNF-α stimulation, RelA/p65 translocates to the 

nucleus, whereas SIRT2 remains in the cytoplasm. In the nucleus, p300 binds to RelA/p65 

and acetylates it at Lys310, Lys314 and Lys315 to fine-tune gene transcription. Once the 

NF-κB response is finished, RelA/p65 returns to the cytoplasm, where SIRT2 deacetylates 

RelA/p65 at Lys310, thus resetting the whole NF-κB response (Rothgiesser, Erener et al. 

2010). Moreover, it was also demonstrated that, in microglia, SIRT2 deacetylates Lys310 

on RelA/p65, affecting pro-inflammatory gene expression, by interfering with NF-κB full 

transcriptional activity (Pais, Szego et al. 2013). Deacetylation of RelA/p65 at Lys310 by 

SIRT2 was also reported in a collagen-induced arthritis model, resulting in reduced 

expression of NF-κB-dependent genes since acetylation at this Lys residue is essential for 
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its full transcriptional activity (Lin, Sun et al. 2013). Nevertheless, other groups reported 

contradictory findings towards the anti-inflammatory effect of SIRT2 (Lee, Jung et al. 2014, 

Chen, Wu et al. 2015, Wang, Zhang et al. 2016). Further studies are needed to clarify the 

role of SIRT2 on inflammation, in particular in modulating the NF-κB pathway (Wang, 

Yang et al. 2019). 

 

Methylation  

In addition to phosphorylation and acetylation, methylation has been emerging as another 

important PTM for the regulation of NF-κB function (Lu and Stark 2015, Wei, Prabhu et al. 

2018). This PTM is characterized by the addition of a methyl group to non-histone proteins, 

namely NF-κB, in particular to Lys and arginine (Arg) residues of RelA/p65 subunit (Lu and 

Stark 2015, Wei, Prabhu et al. 2018). This reaction is catalyzed by different histone 

methyltransferases (Lu and Stark 2015, Wei, Prabhu et al. 2018). One of these enzymes is a 

histone lysine methyltransferase, named Set9 (Ea and Baltimore 2009, Yang, Huang et al. 

2009). Yang and colleagues (2009) showed that methylation of RelA/p65 at Lys314 and 

Lys315 by Set9 negatively regulates the transcriptional activity of NF-κB by inducing the 

proteasome-mediated degradation of promoter-associated RelA/p65. This PTM is required 

for the effective degradation of RelA/p65 in part by recruiting an unknown E3 ligase 

responsible for ubiquitination (Yang, Huang et al. 2009). On the other hand, Ea and co-

workers (2009) demonstrated that RelA/p65 is monomethylated at Lys37 by Set9 in response 

to TNF-α and IL-1β stimulation. Methylation at this Lys residue of RelA/p65 is required for 

the induction of a subset of genes regulated by NF-κB (Ea and Baltimore 2009).  This nuclear 

modification of RelA/p65 affects the stability of DNA-RelA/p65 complexes to the promoter 

(Ea and Baltimore 2009). Differences in the results between these two studies may be due 

to different methodological approaches (Ea and Baltimore 2009). However, methylation at 

Lys37 of RelA/p65 is likely to occur before Lys314 and Lys315 modification (Ea and 

Baltimore 2009). Lys37 methylation is required for the gene activation whereas Lys314 and 

Lys315 methylations are essential for the termination of NF-κB transcriptional activity (Ea 

and Baltimore 2009). Another member of Set family, SetD6, was reported to monomethylate 

RelA/p65 at Lys310 (Levy, Kuo et al. 2011). This methylation attenuates NF-κB 

transcriptional activity by forming a docking site to protein Lys methyltransferase G9a-Like 

Protein (GLP) via its AnkR on RelA/p65 gene promoter. Thus, GLP promotes methylation 
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of histone H3 at Lys9 which represses the expression of inducible inflammatory genes, 

creating a silent chromatin state. Levy and colleagues (2011) found that SetD6-mediated 

methylation at Lys310 of RelA/p65 occurs in the absence of stimulation, being a 

physiological repressor of the population of RelA/p65 which resides in the nucleus (Levy, 

Kuo et al. 2011). It was also demonstrated that RelA/p65 subunit is methylated at Lys218 

and Lys221 residues by Nuclear receptor-binding Set Domain-contain protein 1 (NSD1) in 

response to a trigger such as TNF-α or IL-1β treatment or when NF-κB is constitutively 

activated. Methylation of RelA/p65 by NSD1 enhances NF-κB transcriptional activity (Lu, 

Jackson et al. 2010). Lu and co-workers (2010) also reported that RelA/p65 is demethylated 

at Lys218 and Lys221 residues by F-Box and Leucine-rich repeat protein 11 (FBXL11), 

leading to inhibition of NF-κB transcriptional activity. However, it was also shown that 

FBXL11 gene is induced upon NF-κB activation (Lu, Jackson et al. 2010). Therefore, 

FBXL11 expression is NF-κB-dependent and, like IκB-α, is a negative regulator of NF-κB 

(Lu, Jackson et al. 2010). 

Apart from Lys modifications, methylation of RelA/p65 at Arg residues has also been 

reported (Lu and Stark 2015, Wei, Prabhu et al. 2018). According to Wei et al. (2013), 

RelA/p65 subunit is dimethylated at Arg30 by Protein arginine MethylTransferase 5 

(PRMT5) after being freed from IκB-α. This PTM leads to an increase of NF-κB affinity for 

the κB elements of many genes and, consequently, enhances the expression of these genes 

which encode, for example, cytokines, chemokines and growth factors (Wei, Wang et al. 

2013). Still about PRMT5, it was also reported that this enzyme methylates RelA/p65 at 

Arg30 and Arg35, enhancing CXCL10 gene expression in response to TNF-α in endothelial 

cells (Harris, Bandyopadhyay et al. 2014). Moreover, Harris et al. (2016) concluded that 

methylation at Arg174, Arg30 and Arg35 of RelA/p65 by PRMT5 is critical for the 

recruitment of this NF-κB subunit to the CXCL11 gene promoter and, consequently, its 

induction in response to TNF-α plus INF-γ co-stimulation (Harris, Chandrasekharan et al. 

2016). Methylation at Arg174 is required for RelA/p65 recruitment to the CXCL11 gene 

promoter (Harris, Chandrasekharan et al. 2016). Thus, methylation at Arg residues tends to 

enhance the association of RelA/p65 to the gene promoter and improve gene transcription 

(Harris, Bandyopadhyay et al. 2014, Harris, Chandrasekharan et al. 2016). 
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Ubiquitination 

Ubiquitination is a highly adaptable PTM characterized by the attachment of ubiquitin, a 

small protein with 76 aminoacids, to a protein substrate. This process is achieved by a three 

component enzymatic system, the UPS, consisting of an ubiquitin-activating enzyme (E1), 

an ubiquitin-conjugating enzyme (E2) and an ubiquitin ligase (E3). Covalent attachment of 

ubiquitin is vital for a plethora of cellular processes, such as regulation of protein stability. 

Moreover, ubiquitination can serve as a molecular signal targeting the modified protein to 

the proteasome for degradation (Collins, Mitxitorena et al. 2016). Regarding NF-κB, 

ubiquitination plays an important role in its upstream activation through both the classical 

and alternative pathways (Mitchell and Carmody 2018) and is also required to terminate its 

transcriptional activity as described above. This mechanism acts in synergism with newly 

synthesized IκB-α to assure a timely termination of the NF-κB response in normal cells 

(Saccani, Marazzi et al. 2004, Collins, Mitxitorena et al. 2016).  

Seven Lys residues (Lys6, Lys11, Lys27, Lys29, Lys33, Lys48 and Lys63) of ubiquitin 

are used during the formation of a polyubiquitin chain. Polyubiquitin chains assembled 

through Lys48 are the predominant form of RelA/p65 ubiquitination, targeting this subunit 

for proteasome degradation. However, other ubiquitin linkages have been reported (Collins, 

Mitxitorena et al. 2016). Furthermore, it was also described that RelA/p65 is 

monoubiquitinated in case of RelA/p65 hypo-phosphorylation or proteasome inhibition 

(Hochrainer, Racchumi et al. 2012). According to Hochrainer et al. (2012), 

monoubiquitination of RelA/p65 decreases NF-κB transcriptional activity by lowering the 

affinity of RelA/p65 to its co-activator CBP, despite extending its nuclear presence. Thus, 

this modification represents a degradation-independent mechanism for regulation of nuclear 

RelA/p65 activity. However, further studies are required to fully elucidate the role of this 

PTM (Hochrainer, Racchumi et al. 2012). 

Several E3 ligases have been reported to be involved in RelA/p65 ubiquitination, such as 

Suppressor of Cytokine Signaling 1 (Ryo, Suizu et al. 2003, Maine, Mao et al. 2007, Mao, 

Gluck et al. 2009), Postsynaptic density 65–Discs large–Zonula occludens 1(PDZ) and 

Abnormal cell Lineage 11–Islet 1–Mechanosensory abnormal 3 (LIM) Domain 2 (PDLIM2) 

(Tanaka, Grusby et al. 2007), Peroxisome Proliferator Activated Receptor-γ (Hou, Moreau 

et al. 2012), Inhibitor of Growth 4 (Hou, Zhang et al. 2014), Makorin Ring Finger Protein 2 
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(Shin, Ito et al. 2017), RNF182 (Cao, Sun et al. 2019) and Tripartite Motif Containing 7 (Jin, 

Lu et al. 2020).  

Analogous to other PTM, ubiquitination of proteins is counteracted by deubiquitination 

which is based on the proteolytic removal of polyubiquitin chains from substrates. This 

reaction is catalyzed by deubiquitinases (DUBs) (Colleran, Collins et al. 2013). 

Deubiquitination of p65/RelA by Ubiquitin Specific Protease 7 (USP7), a nuclear DUB, was 

demonstrated following TLR and TNFR activation (Colleran, Collins et al. 2013). USP7 is 

recruited to NF-κB target promoters and binds to RelA/p65 where it removes polyubiquitin 

chains from this subunit. This PTM promotes NF-κB activity by increasing the stability and 

half-life of transcriptionally active RelA/p65. Therefore, USP7 is a NF-κB regulator which 

defines a transcription control mechanism through the active recycling of ubiquitinated 

RelA/p65 (Colleran, Collins et al. 2013). 

 

Interplay between PTM 

According to the literature, there are several different interactions between PTM of 

p65/RelA. These interactions may regulate each other and, consequently, NF-κB 

transcriptional activity (Huang, Yang et al. 2010). For example, it was demonstrated that 

prior phosphorylation of RelA/p65 at Ser276 is essential for the acetylation of this subunit 

at Lys310 by enhancing the binding of RelA/p65 to p300, while phosphorylation of Ser536 

seems to facilitate that process without being indispensable (Chen, Williams et al. 2005). 

Therefore, these sequential modifications are important for the full transcriptional activity 

of NF-κB (Chen, Williams et al. 2005).  

The interplay between acetylation and methylation is another example (Huang, Yang et 

al. 2010). Yang and co-workers (2010) reported that acetylation of RelA/p65 at Lys310 

inhibits methylation at Lys314 and Lys315 of this subunit by Set9, and, the subsequent 

ubiquitination and degradation (Yang, Tajkhorshid et al. 2010). Consequently, the stability 

of RelA/p65 increases, leading to enhanced NF-κB transcriptional activity (Yang, 

Tajkhorshid et al. 2010). Acetylation at Lys310 interferes with the binding of Set9 to 

RelA/p65 by neutralizing the positive charge of Lys310 (Yang, Tajkhorshid et al. 2010). 

This positive charge is crucial for its recognition by a “exosite” which is negatively charged 

and located within the Set domain of Set9 (Yang, Tajkhorshid et al. 2010). Nevertheless, the 

interplay between acetylation and methylation of RelA/p65 is unidirectional since prior 
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methylation at Lys314 and Lys315 has no effect on acetylation at Lys310 (Yang, 

Tajkhorshid et al. 2010).  

Site-specific phosphorylation of RelA/p65 may also be regulated by the ubiquitination of 

this subunit (Huang, Yang et al. 2010). As mentioned before, phosphorylation at Ser468 of 

RelA/p65 favors its ubiquitination and, consequently, proteasome degradation (Geng, 

Wittwer et al. 2009, Mao, Gluck et al. 2009). According to Geng et al. (2009), 

phosphorylation of RelA/p65 at Ser468 affects its conformation, promoting the relief of an 

intramolecular masking that allows the interaction with the E3 ligase complex and the 

subsequent polyubiquitination and degradation (Geng, Wittwer et al. 2009). Other example 

is the phosphorylation at Ser536 of RelA/p65 by casein kinase 1 which promotes its 

ubiquitination by the E3 ligases, COMM Domain-containing protein-1 (COMMD1) and 

Cullin-2 (CUL2), and consequent degradation and inhibition of NF-κB transcriptional 

activity (Wang, Hu et al. 2014).  

The interplay between methylation and phosphorylation has also been described 

(Christian, Smith et al. 2016). As previously described, SetD6-mediated methylation at 

Lys310 of RelA/p65 under basal conditions acts as a repressor of its population residing in 

the nucleus (Levy, Kuo et al. 2011). However, TNF-induced phosphorylation at Ser311 of 

RelA/p65 by the atypical protein kinase C suppresses SetD6 methylation at Lys310 by 

disrupting the association of GLP and RelA/p65, thus promoting activation of the NF-κB 

target genes that were repressed (Levy, Kuo et al. 2011). 
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1.2.7 Mitogen-Activated Protein Kinases   

 Signaling through PRRs also leads to the activation of other pathways, such as Mitogen-

Activated Protein Kinases (MAPKs). MAPKs are a family of Ser/threonine protein kinases 

which play an important role in proliferation, differentiation, apoptosis, survival, 

inflammation and innate immunity (Arthur and Ley 2013, Chen, Deng et al. 2018). In 

mammals, MAPKs subfamilies include the Extracellular signal-Regulated Kinase (ERK), 

p38 and Jun N-terminal Kinase (JNK). Each member of subfamilies of MAPKs “exists in 

several isoforms”. ERK1 and 2 represent the “prototype of eight isoforms of ERK”. Four 

isoforms of p38 have been described, namely α, β, γ and δ. JNK1, 2 and 3 are the isoforms 

of JNK that have been reported, being JNK 1 and 2 expressed in most tissues (Kim and Choi 

2015). MAPKs subfamilies are activated in response to diverse stimuli, namely osmotic 

stress, mitogens, heat shock and inflammatory cytokines (Chen, Deng et al. 2018). In 

particular, ERKs are usually activated by mitogens and differentiation signals while JNK 

and p38 are triggered by inflammatory mediators and stress (Sabio and Davis 2014). 

 

1.2.7.1 MAPK cascade and its cross-signaling with the NF-κB pathway 

The MAPK signaling pathway (Fig.12) is composed of, at least, three components, 

namely a MAPK kinase kinase (MAP3K), a MAPK kinase (MAP2K) and a MAPK. MAP3K 

phosphorylates MAP2K, which, in turn, phosphorylates MAPK. Then, activated MAPKs 

can phosphorylate or activate other target proteins, namely transcription factors, pro- and 

anti-apoptotic proteins, both at the cytoplasm and the nucleus (Herlaar and Brown 1999, 

Kim and Choi 2015).  
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Figure 12. MAPK signaling cascade. MAP3K, MAPK kinase kinase; MAP2K, MAPK kinase; MAPK, 

Mitogen-Activated Protein Kinase. Reproduced with permission from Kim and Choi, 2015. 

 

 In particular, TAK1, also known as MAP3K7, is a member of MAP3K family (Sakurai 

2012) and it was shown that this kinase is essential for MAPK and NF-κB activation in 

response to stimulation of TLRs, IL-1R and TNFR (Sato, Sanjo et al. 2005). As mentioned 

before, TAK1 is pointed out as the IKK kinase responsible for activating the IKK complex 

and, consequently, leading to NF-κB activation (Hayden and Ghosh 2008, Hinz and 

Scheidereit 2014). Moreover, it was demonstrated that TAK1 can directly phosphorylate 

MAPK kinases for both p38 and JNK activation (Wang, Deng et al. 2001, Arthur and Ley 

2013). Regarding ERK activation, TAK1 is not directly involved, but it was shown that the 

MAP3K, Tumor progression Locus 2 (TLP-2), plays an important role in establishing the 

connection between these two (Arthur and Ley 2013). Studies in TLR-stimulated 

macrophages demonstrated that IKKβ is responsible for releasing TLP-2 from its inhibitor, 

p105, by triggering this to proteolysis in the proteasome (Beinke, Robinson et al. 2004) and 

for directly phosphorylating TLP-2 on Ser 400 residue (Roget, Ben-Addi et al. 2012). This 

allows TLP-2 to function as a MEK1/2 kinase which mediates the activation of ERK1/2 

(Beinke, Robinson et al. 2004, Roget, Ben-Addi et al. 2012). Despite the clear participation 
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of TAK1 in MAPK activation, other MAP3Ks can be involved such as Apoptosis Signal-

Regulating Kinase-1 (Arthur and Ley 2013). 

 

1.2.7.2 MAPK targets: Activator Protein-1 

Activating Protein-1 (AP-1) is a family of transcription factors composed of four sub-

families, Jun (c-Jun, JunB and JunD), Fos (c-Fos, FosB, Fra1 and Fra2), Activating 

Transcription Factor (ATF; ATF2, LRF1/ATF3, BATF, JDP1 AND JDP2) and 

Musculoaponeurotic fibrosarcoma (Maf; c-Maf, MafB, MafA, MafG/F/K and Nrl) which 

are characterized by pleiotropic effects such as modulation of proliferation, apoptosis, 

differentiation, survival, migration and transformation (Trop-Steinberg and Azar 2017, 

Atsaves, Leventaki et al. 2019). AP-1 controls the constitutive and inducible transcription of 

several genes (Trop-Steinberg and Azar 2017) and its activity is controlled by a variety of 

MAPKs which are, in turn, activated by a variety of extracellular stimuli (Trop-Steinberg 

and Azar 2017, Atsaves, Leventaki et al. 2019). 

By phosphorylating distinct substrates, MAPKs enhance AP-1 activity (Shaulian and Karin 

2002, Atsaves, Leventaki et al. 2019). For instance, JNK phosphorylation of c-Jun at Ser73 

and Ser63 residues located within its transactivation domain, heightens its ability to activate 

transcription as either a homo- or heterodimer with c-Fos (Karin 1995). Moreover, AP-1 

activity is also controlled at the level of gene expression by several distinct transcription 

factors, like Elk-1 and MSK1, that are activated by different MAPKs and induce the 

expression of various members of the AP-1 family (Herlaar and Brown 1999).  

The transcriptional activity of AP-1 is associated with the expression of pro-inflammatory 

mediators such as MMPs (Angel, Imagawa et al. 1987), COX-2 (Hannemann, Jordan et al. 

2017), IL-8 (Harris, Smith et al. 2002) and IL-23 (Liu, Ouyang et al. 2009). Nevertheless, 

the expression of pro-inflammatory genes frequently requires not one but two or more 

transcription factors, namely NF-κB and AP-1 (Perkins 2007) (Fig.13). 
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Figure 13. Cross-signaling between NF-κB and MAPK activation pathways. Upon ligand binding to its 

specific receptor, adaptor proteins are activated and lead to TAK1 phosphorylation which triggers activation 

of the IKK complex. Then, the IKK complex, particularly IKKβ, phosphorylates IκB-α. This phosphorylation 

signals IκB-α for ubiquitination and, subsequently, proteasome degradation. After IκB-α degradation, freed 

NF-κB dimers (p65:p50) translocate to the nucleus where they bind to the κB sites, present within promoter 

regions of pro-inflammatory target genes, inducing their transcription. In parallel, activated TAK1 also leads 

to MAPK activation, namely p38 and JNK, which culminates with enhancing AP-1 transcriptional activity. 

Moreover, IKKβ also triggers a cascade that ends up in ERK1/2 phosphorylation, which then phosphorylates 

components of the AP-1 complex and other transcription factors that regulate the expression of AP-1 family 

members, thus enhancing their transcriptional activity. AP-1, Activating Protein-1; ERK1/2, Extracellular-

Regulated Kinases 1/2; IκB-α, Inhibitor of κB activity; IKKα/β, IκB Kinase α/β; JNK, Jun N-terminal Kinase; 

MAPKs, Mitogen-Activated Protein Kinases; NEMO, NF-κB Essential modulator; p65, RelA/p65; P, 

phosphate;TAK1,TGF-β-Activated Kinase; Ub, ubiquitin. 

 

Taking into consideration the relevance of the canonical NF-κB and MAPK signaling 

pathways in the inflammation-driven mechanisms, interfering with these two pathways may 

be a therapeutic opportunity to block the progression of chronic age-related diseases and 

even prevent their consequences (Gaspar, Sousa et al. 2020).  
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1.3 Objectives and organization of the dissertation  

Considering the impact and involvement of inflammation, in particular chronic low-grade 

inflammation, in chronic age-related diseases (Rea, Gibson et al. 2018), it is essential to find 

new therapeutic strategies capable of interfering with inflammation-driven mechanisms. 

Moreover, anti-inflammatory therapies available are not targeted to chronic low-grade 

inflammation (Gejjalagere Honnappa and Mazhuvancherry Kesavan 2016). Non-steroidal 

anti-inflammatory drugs and COX inhibitors, which act by modulating the arachidonic acid 

cascade, are the traditional anti-inflammatory drugs (Gejjalagere Honnappa and 

Mazhuvancherry Kesavan 2016). Despite their popularity, these drugs are associated with 

various adverse effects, especially in the course of their long-term use at high doses 

(Gejjalagere Honnappa and Mazhuvancherry Kesavan 2016). Therefore, there is an urgent 

need for new drugs capable of constraining chronic low-grade inflammation in age-related 

diseases. Taking this need into account, natural products emerge as potential sources of new 

molecules with anti-inflammatory properties (Recio, Andujar et al. 2012, Killeen, Linder et 

al. 2014, Azab, Nassar et al. 2016).  

Mint species, in particular their essential oils, are among those with reported anti-

inflammatory properties in ethnopharmacological studies. Monoterpenes are major 

components of those essential oils and several members of this class, namely those belonging 

to the limonene synthase pathway, have been shown to have anti-inflammatory properties in 

distinct cell and animal models of various diseases (Miguel 2010). Moreover, our previous 

work demonstrated that limonene has anti-inflammatory properties in human chondrocytes 

(Rufino, Ribeiro et al. 2015).  

Nonetheless, studies regarding the anti-inflammatory activity of monoterpenes frequently 

report discrepant results, at least in part, related to the significant heterogeneity of their 

experimental design. Moreover, information regarding the structure-activity relationship 

(SAR) of monoterpenes is scarce, although essential for optimizing their development as 

drugs with therapeutic potential. In this way, the first objective of this dissertation was to 

perform a standardised screening assay of the anti-inflammatory properties of limonene-

derived monoterpenes and establish the SAR. Once the SAR has been established, the 

second objective of this dissertation is to explore the mechanism of action of the most potent 

compounds found in the screening assay. The study of the mechanism of action of these 
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compounds was focused on the NF-κB pathway and the MAPK cascade, given their central 

role in the inflammatory process. 

In the following chapters (2, 3 and 4) of this dissertation, the results addressing these 

objectives will be presented. Chapter 2 will focus on the first objective of this dissertation – 

the standardised screening assay and the SAR. Chapters 3 and 4 will show the results 

concerning the investigation of the mechanism of action of the most potent compounds – 

second objective. Finally, chapter 5 will summarise the main conclusions and point out 

future perspectives of the lead compounds. 
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Abstract 

Mint species are widely used in traditional and conventional medicine as topical 

analgesics for osteoarthritic pain and for disorders of the gastrointestinal and respiratory 

tracts which are all associated with chronic inflammation. To identify the structural 

determinants of anti-inflammatory activity and potency which are required for chemical 

optimization towards development of new anti-inflammatory drugs, a selected group of 

monoterpenes especially abundant in mint species was screened by measuring bacterial 

lipopolysacharide (LPS)-induced nitric oxide (NO) production in murine macrophages.  

Nine compounds significantly decreased LPS-induced NO production by more than 30%. 

IC50 values were calculated showing that the order of potency is: (S)-(+)-carvone > (R)-(-)-

carvone > (+)-dihydrocarveol > (S)-8-hydroxycarvotanacetone > (R)-8-

hydroxycarvotanacetone > (+)-dihydrocarvone > (-)-carveol > (-)-dihydrocarveol > (S)-(+)-

pulegone. Considering the carbon numbering relative to the common precursor, limonene, 

the presence of an oxygenated group at C6 conjugated to a double bond at C1 and an 

isopropenyl group and S configuration at C4 are the major chemical features relevant for 

activity and potency. The most potent compound, (S)-(+)-carvone, significantly decreased 

the expression of NOS2 and IL-1β in macrophages and in a cell model of osteoarthritis using 

primary human chondrocytes. 

(S)-(+)-carvone may be efficient in halting inflammation-related diseases, like 

osteoarthritis. 
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2.1 Introduction 

Inflammation is an orchestrated physiological response elicited by exogenous inducers 

such as infectious agents, allergens, irritants and toxic compounds, as well as by endogenous 

triggers released from stressed or damaged tissues/cells (Antonelli and Kushner 2017). 

Although aiming at restoring homeostasis, inflammation has the potential to cause tissue 

damage and perpetuate itself (Kotas and Medzhitov 2015). Likewise, inflammation has been 

reported as an important component associated with most chronic human diseases, such as 

rheumatic (Rosa, Judas et al. 2008), metabolic and neurodegenerative diseases and cancer 

(Nathan and Ding 2010, Kotas and Medzhitov 2015). Due to the increased incidence of these 

diseases in relation with population aging and the lack of efficacy and adverse side effects 

of currently available anti-inflammatory drugs more directed to acute inflammation, new 

therapeutic agents are needed to contend chronic inflammation-associated diseases 

(Dinarello 2010, Killeen, Linder et al. 2014, Ghosh, Ali et al. 2016). 

Natural products are increasingly used for their anti-inflammatory properties and as 

sources of new anti-inflammatory compounds (Killeen, Linder et al. 2014, Ghosh, Ali et al. 

2016). Among the species most widely used, those of the family Lamiaceae, genus Mentha 

L., commonly designated as mint species, are widely used in traditional (Mimica-Dukic and 

Bozin 2008) and conventional medicine, especially as essential oils. These are well-known 

for anti-inflammatory, antimicrobial, carminative, antispasmodic and analgesic properties. 

Among several chemical classes identified in mint essential oils, monoterpenes belonging to 

the limonene synthase pathway, such as menthol, menthone, pulegone and carvone, are 

especially abundant (Mimica-Dukic and Bozin 2008). Some components of this group of 

monoterpenes have been reported to possess anti-inflammatory activity (de Cassia da 

Silveira e Sa, Andrade et al. 2013) that may justify, at least in part, the beneficial effects 

attributed to mint species by traditional and conventional medicine (Karousou, Balta et al. 

2007, Fatiha Brahmi 2017). However, mint species exhibit many different chemotypes with 

significant diversity in qualitative and quantitative chemical composition (Fatiha Brahmi 

2017, Singh and Pandey 2018) that causes substantial variability, although poorly 

characterized, in terms of pharmacological activity of distinct plants and their essential oils. 

Besides differences related to distinct chemotypes, disparities in the experimental design, 

namely concerning the range of concentrations tested and the cell and animal models and 

inflammatory stimuli used, also make comparisons or prediction of the efficacy and potency 
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of different plants, their essential oils and individual compounds impossible. This 

heterogeneity also makes it impossible to identify the structural determinants of activity, that 

is the structure-activity relationship (SAR) of this class of natural compounds.  

The chemical optimization of an active compound requires that knowledge and is 

essential to improve its physicochemical properties and/or increase its potency and safety, 

thus yielding a suitable lead. This is especially important for monoterpenes whose volatility 

is a major drawback significantly limiting their use as active ingredients for the large scale 

production of medicines. Hence, elucidating the SAR is essential to guide the chemical 

modification of these compounds, namely to lower their vapour pressure at room 

temperature, without compromising pharmacological activity and/or increasing toxicity, and 

therefore to enable their progression towards new therapeutic agents (Hughes, Rees et al. 

2011). Further, such knowledge is also essential to explain the different anti-inflammatory 

properties and potency of distinct mint chemotypes and their essential oils and can be used 

to predict the therapeutic potential of a given product based on its chemical composition. 

Thus, the purpose of this study was to assess, under standardized conditions, the anti-

inflammatory activity of a selected group of monoterpenes belonging to the limonene 

synthase pathway that are abundant in mint species (Fig. 1a) and to compare the potency of 

the active ones by determining their half-maximal inhibitory concentrations (IC50). These 

data were then correlated with structural features to identify chemical determinants of 

activity and potency useful to enable chemical optimization of the active compounds.  

For this, the ability of the test compounds to inhibit the production of nitric oxide (NO), 

a potent and destructive inflammatory mediator (Nagy, Clark et al. 2007, Chung, Lee et al. 

2011, Thomas and Wink 2017), induced by bacterial lipopolysaccharide (LPS) in the mouse 

macrophage cell line, Raw 264.7, was used as a well-established primary screening assay 

for the identification of small molecules with anti-inflammatory activity (Yu, Zeng et al. 

2016, Kumar and Abraham 2017). Then and to further confirm their anti-inflammatory 

activity, we determined the ability of the two most potent compounds to inhibit the 

expression of NO synthase 2 (NOS2), the enzyme that produces large amounts of NO in 

response to inflammatory stimuli (Forstermann and Kleinert 1995, Nagy, Clark et al. 2007), 

and interleukin-1β (IL-1β), two critical inflammatory mediators strongly associated with 

several acute and chronic human inflammatory diseases (Rosa, Judas et al. 2008, Asiimwe, 

Yeo et al. 2016, Thomas and Wink 2017). 
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Finally, the most potent compound identified in macrophages, S-(+)-carvone (4), was 

tested in primary human chondrocyte cultures treated with the pro-inflammatory and 

catabolic cytokine, IL-1β, as a widely used cell model of osteoarthritis (OA) (Johnson, 

Argyle et al. 2016). This is the most common musculoskeletal disease, causing pain and loss 

of mobility and quality of life to millions of people worldwide (Cross, Smith et al. 2014). 

While no curative therapies are yet available (Goldring and Berenbaum 2015, Martel-

Pelletier, Barr et al. 2016) essential oils from Mentha spicata, which is especially abundant 

in S-(+)-carvone (4), are broadly used to decrease osteoarthritic pain (Mahboubi 2017). 

Therefore, we hypothesized that such analgesic effect can be, at least in part, secondary to 

the anti-inflammatory properties of that compound. To test this hypothesis and evaluate its 

potential as an anti-osteoarthritic drug, we determined whether S-(+)-carvone (4) is also 

effective in reducing inflammatory responses in human chondrocytes. 
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Figure 1. Structures of the monoterpenes tested. (a) Selected commercially available limonene-derived 

monoterpenes found in Mentha spp. (b) non-limonene-derived monoterpenes and (c) semi-synthetic limonene-

derived monoterpenes were used to elucidate the role of specific chemical features. Stereochemistry of each 

chiral centre is indicated only where enantiomerically pure compounds were used. The numbering system 

employed here is based on compound 1. 
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2.2 Results 

2.2.1 Nine out of twenty-one test compounds inhibit LPS-induced NO production in 

Raw 264.7 macrophages 

Commercially available compounds with substituents in specific positions of the p-

menthane skeleton in limonene were selected for the primary screening assay (Fig.1a). We 

also tested four unrelated natural compounds (Fig. 1b), as well as two semi-synthetic carvone 

derivatives (Fig. 1c), to further elucidate the relevance to anti-inflammatory activity of 

specific chemical features of the limonene-derived compounds tested.  

Various concentrations of the test compounds, in the absence or presence of LPS, were 

first evaluated for cytotoxicity using the resazurin reduction assay (O'Brien, Wilson et al. 

2000) (figure S1 and figure S2). Concentrations above 400 µg/mL (approximately 2600 µM 

on average) were found not to be completely miscible in aqueous solution, even in the 

presence of 0.1% DMSO, and so this was the maximal concentration tested. Cytotoxicity 

was defined, according to the standard for cytotoxicity assessment, ISO 10993-5 

(Standardization 2009), as the highest concentration that did not decrease cell viability by 

more than 30% relative to cells treated with LPS alone. Non-cytotoxic concentrations of 

each compound were then selected for the screening assay and subsequent studies. 

To confirm the quality of the screening assay, we used Bay 11-7082, a selective IκB 

Kinase inhibitor that abrogates NF-κB activation (Pierce, Schoenleber et al. 1997) and the 

expression of its target genes, including NOS2 (Mendes Sdos, Candi et al. 2009), as a 

pharmacological control. Pre-treatment with 5 M Bay 11-7082 decreased NO production 

to 48.1  5.2% relative to cells treated with LPS alone, as expected. 

At non-cytotoxic concentrations, none of the compounds tested affected basal NO 

production when added to macrophage cultures in the absence of LPS (data not shown) and 

eight (1, 2, 10, 11, 12, 14, 15 and 16) also had no effect on LPS-induced NO production 

(Table 1). Thirteen compounds were found to elicit a statistically significant decrease of 

LPS-induced NO production at the highest concentration tested, but of these, four (3, 17, 18 

and 19) had only a negligible effect of less than 20%. The other nine compounds (4, 5, 6, 7, 

8, 9, 13, 20 and 21) elicited a robust inhibition greater than 30% (Table 1) and, therefore, 

were selected for further studies.  
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a NO production was assessed as the amount of nitrite (NO2
-) accumulated in culture supernatants. 

% inhibition of NO production was calculated with the formula:   

100 − (
( [𝑁𝑂2

−]𝐿𝑃𝑆  −  [𝑁𝑂2
−]𝑡𝑒𝑠𝑡) x 100 %

 [𝑁𝑂2
−]𝐿𝑃𝑆

) 

where [NO2
-]LPS is the concentration of NO2

- in LPS-treated cells and [NO2
-]test is the concentration 

of NO2
- in cells treated with LPS in the presence of each test compound. 

b Adjusted p value relative to LPS-treated cells. 
c The highest non-cytotoxic concentration tested in the presence of LPS was 1331 µM (200 
µg/mL). As 666 µM (100 µg/mL) decreased LPS-induced NO production to control levels, no 

further concentrations were tested in this primary screening assay. 

Table 1. Results of the primary screening assay relating the highest non-cytotoxic concentration 

tested and the % inhibition of LPS-induced NO production 

Compound 

Highest non-

cytotoxic 

concentration 

tested 

[µM (µg/mL)] 

% inhibition of 

LPS-induced NO 

production a 

 [% ± SEM] 

Adjusted  

p value b 

 

(S)-(-)-limonene (1) 36.7 (5) 11.08 ± 4.65 0.1968 

(R)-(+)-limonene (2) 367 (50)  -1.80 ± 0.55 0.4140 

(1S,2S,4R)-(+)-limonene-1,2-diol (3) 2349 (400)  13.90 ± 2.03 < 0.0001 

(S)-(+)-carvone (4) c 666 (100)  68.73 ± 1.55 < 0.0001 

(R)-(-)-carvone (5) c 666 (100)  71.50 ± 1.74 < 0.0001 

(-)-carveol (6) 2628 (400)  52.30 ± 5.54 0.0020 

(+)-dihydrocarvone (7) 2628 (400)  73.57 ± 2.81 < 0.0001 

(+)-dihydrocarveol (8) 1297 (200)  71.03 ± 2.28 0.0002 

(-)-dihydrocarveol (9) 2593 (400)  62.03 ± 8.62 0.0141 

(+)-isopulegol (10) 2593 (400)  -18.47 ± 5.65 0.0002 

(-)-isopulegol (11) 2593 (400)  -12.63 ± 1.30 < 0.0001 

(R)-(+)-pulegone (12) 1314 (200)  7.80 ± 2.98 0.1881 

(S)-(-)-pulegone (13) 2628 (400)  35.60 ± 4.86 < 0.0001 

(-)-menthone (14)  1297 (200)  -9.88 ± 2.85 0.0041 

(-)-menthol (15) 2560 (400)  -6.90 ± 1.24 0.0071 

β-myrcene (16) 183 (25)  16.48 ± 17.00 0.1496 

p-cymene (17) 37 (5)  8.50 ± 5.53 0.0100 

carvacrol (18) 33 (5)  10.78 ± 1.34 < 0.0001 

thymol (19) 83 (12.5)  8.93 ± 1.91 0.0002 

(S)-8-hydroxycarvotanacetone (20) 2378 (400) 78.43 ± 1.60 < 0.0001 

(R)-8-hydroxycarvotanacetone (21) 2378 (400) 76.25 ± 1.97 < 0.0001 
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Thus and to compare the active compounds in terms of potency, the respective 

concentration required to inhibit NO production by 50% (IC50) was determined by testing 

further non-cytotoxic concentrations. Since the maximal inhibition achieved with the highest 

non-cytotoxic concentration of (S)-(-)-pulegone (13) tested, did not exceed 36%, the IC50 

for this compound was not determined. Results in Table 2 show that the order of potency of 

the remaining 8 active compounds is (S)-(+)-carvone (4) > (R)-(-)-carvone (5) >> (+)-

dihydrocarveol (8) > (S)-8-hydroxycarvotanacetone (20) > (R)-8-hydroxycarvotanacetone 

(21) > (+)-dihydrocarvone (7) > (-)-carveol (6) > (-)-dihydrocarveol (9). 

 

a Concentration range within the 95% Confidence Interval (CI) of the IC50 value. 

  

Table 2. IC50 values for the eight compounds found to significantly decrease LPS-induced NO 

production in the Raw 264.7 cell line 

Compound 

IC50 

 [µM 

(µg/mL)] 

95% CIa  

[µM (µg/mL)] 

(S)-(+)-carvone (4) 109.7 (16.50) 
100.6-119.6  

(15.13-17.98) 

(R)-(-)-carvone (5) 122.8 (18.46) 
113.8-132.7 

(17.08-19.95) 

(-)-carveol (6) 1997 (304.0) 
1731-2303 

(263.5-350.6) 

(+)-dihydrocarvone (7) 1472 (224.0) 
1105-1961 

(168.2-298.4) 

(+)-dihydrocarveol (8) 532.2 (82.13) 
444.2-637.7 

(68.54-98.41) 

(-)-dihydrocarveol (9) 2141 (330.2) 
1851-2475 

(285.5-381.8) 

(S)-8-hydroxycarvonatacetone (20) 762.0 (116.3) 
670.4-866.0 

(101.3-133.5) 

(R)-8-hydroxycarvonatacetone (21) 841.5 (141.6) 
776.0-912.4 

(130.5-153.5) 
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2.2.2 Identification of chemical features relevant for activity by correlation with 

potency 

Having determined the order of potency of the active compounds, we then correlated 

those results with structural features of all compounds tested to identify the relevant 

structural determinants of anti-inflammatory activity. For this, we defined a carbon 

numbering system applicable to all compounds tested, since their different functional groups 

and application of IUPAC rules would lead to different numbering of the same carbon atoms. 

Thus, IUPAC rules were used to define carbon numbering for limonene (Fig.1) and the 

resulting numbering sequence was applied to all test compounds without considering their 

specific substituents. Besides limonene-derived compounds, four other natural 

monoterpenes, β-myrcene (16), p-cymene (17), carvacrol (18) and thymol (19) (Fig. 1b), 

were tested mainly to assess the relevance of the rigidity or flexibility of the molecule for 

anti-inflammatory activity. Additionally, two carvone derivatives (20 and 21, Fig. 1c) were 

synthesized and tested to assess the relevance of the isopropenyl group at C4.  

A functional oxygenated group, either a carbonyl or a hydroxyl group, at C6 is present in 

all active compounds (4-9, 20 and 21) and absent (1 and 2) or present at other positions (3, 

10-12, 14 and 15) in all inactive or only slightly active (below 20% inhibition at the maximal 

non-cytotoxic concentration tested) compounds with the exception of (S)-(-)-pulegone (13) 

which bears a carbonyl group at C3 and showed weak activity. 

Another important feature for activity seems to be the presence of an α,β double bond at 

C1, since its absence is the only difference between (+)-dihydrocarvone (7) and the much 

more potent carvone enantiomers (4 and 5). Moreover, the conjugation of this double bond 

to the carbonyl group at C6 also seems relevant for activity since the two most potent 

compounds, (S)-(+)-carvone (4) and (R)-(-)-carvone (5), present this feature which is also 

present in their derivatives (20 and 21), but not in the other less potent compounds. 

Nonetheless, (R)-(+)-pulegone (12) and (S)-(-)-pulegone (13) which have no or little 

activity, also have an α,β double bond conjugated to a carbonyl group, but involving the 

carbonyl group at C3 and the double bond at C4. Thus, the localization of the conjugated 

double bond and carbonyl group seems especially relevant for activity. Nevertheless, while 

(R)-(+)-pulegone (12) is inactive, its S enantiomer (13) showed weak activity, indicating 

that the stereochemistry can be relevant for activity.  
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Then and to elucidate the relevance of the isopropenyl group at C4, present in six active 

compounds (4, 5, 6, 7, 8 and 9), but also in five inactive ones (1, 2, 3, 10 and 11), we 

synthesized derivatives of the two most potent compounds, the carvone enantiomers, where 

that group was replaced by a 2-hydroxyisopropanyl group. The 8-hydroxycarvotanacetone 

enantiomers (20 and 21) synthesized showed significant activity, although much lower than 

the respective parent compounds (4 and 5) (Table 2), thus confirming the relevance of the 

isopropenyl group at C4 for anti-inflammatory activity. Nonetheless, the isopropenyl group 

per se is not sufficient for activity, as compounds with such group, but lacking the 

oxygenated group at C6 (1, 2, 3, 10 and 11) are inactive. 

The results also show that (S)-(+)-carvone (4) and its derivative (20) are slightly more 

potent than their respective R isomers (5 and 21), from which they differ only in terms of 

stereochemistry at the chiral C4 atom. The third most potent compound used, (+)-

dihydrocarveol (8), is a mixture of isomers of which the most abundant, (1S,2S,5S)-

dihydrocarveol, presents the S configuration at all its chiral centres, including C5 that 

corresponds to C4 of limonene, while its isomer, (-)-dihydrocarveol (9), four times less 

potent, is also a mixture of isomers, the most abundant of which, (1R,2R,5R)-

dihydrocarveol, presents the R configuration (detailed composition and purity of each test 

compound in Supplementary Table S1). Moreover, (-)-carveol (6) and (+)-dihydrocarvone 

(7) also have additional chiral centres at C6 or C1 and the products used are mixtures of S 

and R isomers at those positions, but in both, the most abundant is the isomer presenting the 

R configuration at the carbon atom corresponding to C4 (detailed composition in 

Supplementary Table S1). Similarly, (R)-(+)-pulegone (12) is inactive, while its S 

enantiomer (13) shows weak activity. Taken together, these results suggest that the S 

configuration, especially at C4, is more favourable for activity. 

Finally, we tested four monoterpenes (16-19) unrelated to the limonene synthase pathway 

(Fig. 1b), but presenting various degrees of rigidity to elucidate the relevance of this feature 

for activity. Neither the more rigid (17-19), nor the more flexible (16) of these four 

compounds showed any activity. 

Table 3 summarizes the chemical features found relevant for anti-inflammatory activity. 
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Table 3. Relationship between chemical features and potency of the nine active compounds 

Chemical features  Order of potency  

 4 > 5 >> 8* > 20 > 21 >7* >6* >9*  >>13 

=CO (C6) + + - + + + - - - 

-OH (C6) - - + - - - + + - 

= bond at C1 + + - + + - + - - 

Michael centre + + - + + - - - + 

Michael centre 

sterically hindered  
No No - No No - - - Yes 

Isopropenyl group 

at C4 
Yes Yes Yes No No Yes Yes Yes No 

Chirality at C4 S R S S R R R R - 

Chirality at C1 - - S - - S/R - R S 

Chirality at C6 - - S - - - S/R R - 

+/- denotes presence/absence; S/R denotes mixture of diastomers; *denotes the stereochemistry of the most 

abundant isomer in the compound tested. Detailed composition is provided in Supplementary Table S1.  

 

2.2.3 The carvone enantiomers inhibit LPS-induced NOS2 and IL-1β expression in 

macrophages 

To further confirm the anti-inflammatory properties of the two most potent compounds, 

the expression of NOS2 and IL-1β were evaluated at the mRNA and protein levels. 

Macrophage treatment with 1 µg/mL LPS significantly increased NOS2 mRNA (Fig. 2a) 

and protein (Fig. 2b) levels which, as expected, were decreased by Bay 11-7082. The 

carvone enantiomers, (4) or (5), also significantly reduced LPS-induced NOS2 mRNA (Fig. 

2a) and protein levels (Fig. 2b), as well as IL-1β mRNA levels (Fig. 3a). Upon transcription, 

this mRNA is translated into a precursor protein (pro-IL-1) that undergoes partial 

hydrolysis by a proteolytic complex, the inflammasome, being converted into the mature IL-

1 protein which is then secreted (Patel, Carroll et al. 2017). In agreement with the decrease 

in IL-1β mRNA levels, (S)-(+)-carvone (4) and (R)-(-)-carvone (5) significantly decreased 

the levels of both pro-IL-1β (Fig. 3b) and mature IL-1β secreted into the cell culture medium 

(Fig. 3c), relative to treatment with LPS alone. 
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To further characterize the mechanism of action of the carvone enantiomers (4 and 5), we 

determined whether they are also effective when added to the cells after the inflammatory 

stimulus and the mechanism involved, that is, whether they act by modifying NOS2 protein 

levels and/or its enzyme activity. For this, we treated macrophages with LPS for 8 h to induce 

NOS2 expression and protein synthesis. Then, the cells were washed to remove LPS and 

new medium with the carvone enantiomers (4 and 5) was added to the respective wells for 

18 h. The results in Figure 4a show that treatment with either compound decreased NO 

production by approximately 30% while NOS2 protein levels were reduced by 

approximately 60% (Fig. 4b). This suggests that the decrease in NO production is secondary 

to the decrease in NOS2 protein and not to a direct inhibition of the enzyme activity. 

To determine whether this decrease was due to inhibition of NOS2 protein synthesis, still 

occurring after removal of LPS, or to induction of its degradation, we evaluated its protein 

levels 8 h after treatment with LPS. The results obtained show that NOS2 protein levels still 

increased after removal of LPS (Fig. 4c), indicating that NOS2 protein synthesis continues 

even after removal of the inducing stimulus. This indicates that the decrease in NO 

production observed in Figure 4a is not due to inhibition of NOS2 enzyme activity, but rather 

to inhibition of its synthesis.  
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Figure 2. (S)-(+)-carvone (4) and (R)-(-)-carvone (5) decrease LPS-induced Nos2 mRNA (a) and protein 

(b) levels in the Raw 264.7 cell line. Macrophage cultures were treated with 1 µg/mL LPS, for 6 h (a) or 18 h 

(b), following pre-treatment for 1 h with 666 µM of each test compound (a) or with the concentrations indicated 

in (b). As a positive control, the cells were similarly treated with the selective NF-B inhibitor, Bay 11-7082, 

5 M. Control cells (Ctrl) were treated with the vehicle (0.1% DMSO) in the absence of LPS. Each column 

represents the mean ± SEM of four independent experiments. The blots shown are representative of, at least, 

three independent experiments and are cropped for clarity and conciseness. The corresponding full-length blots 

are presented in figure S3. **p<0.01, ***p<0.001 and ****p<0.0001 relative to LPS-treated cells. ##p<0.01 

relative to the Ctrl. §p<0.05, §§§p<0.001 and §§§§p<0.0001 between the conditions indicated. MW: molecular 

weight marker. 
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Figure 3. (S)-(+)-carvone (4) and (R)-(-)-carvone (5) decrease LPS-induced IL-1β mRNA (a) and protein 

(b and c) levels in the Raw 264.7 cell line. Macrophage cultures were treated with 1 µg/mL LPS, for 6 h (a) 

or 18 h (b and c), following pre-treatment for 1 h with 666 µM of each test compound (a and c) or with the 

concentrations indicated in (b). Control cells (Ctrl) were treated with vehicle (0.1% DMSO) in the absence of 

LPS. Each column represents the mean ± SEM of, at least, three independent experiments. The blots shown 

are representative of, at least, three independent experiments and are cropped for clarity and conciseness. The 

corresponding full-length blots are presented in figure S3. *p<0.05, **p<0.01 and ****p<0.0001 relative to 

LPS-treated cells. ##p<0.01, ###p<0.001 and ####p<0.0001 relative to the Ctrl. §p<0.05 between the conditions 

indicated. MW: molecular weight marker. 

  



CHAPTER 2 

94 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4. Effects of (S)-(+)-carvone (4) and (R)-(-)-carvone (5) on NO production and NOS2 protein 

levels pre-induced by treatment with LPS. In panels a and b, macrophage cultures were treated with 1 g/mL 

LPS, for 8 h to induce NOS2 expression. Then, the medium was changed to remove LPS and the cells were 

treated for another 18 h with 666 µM of each test compound or the vehicle (0.1% DMSO). Controls were set 

up by leaving the cells untreated for 8h followed by addition of vehicle for 18h. In panel c, cells were pre-

treated with LPS or left untreated for 8h and immediately processed for protein extraction or treated with or 

without LPS for 8 h and then further incubated with vehicle for another 18 h. Each column represents the mean 

± SEM of, at least, three independent experiments. The blots shown are representative of, at least, three 

independent experiments and are cropped for clarity and conciseness. The corresponding full-length blots are 
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presented in figure S3. ***p<0.001 and ****p<0.0001 relative to LPS, 8 h + vehicle, 18 h.  ###p<0.001 and 

####p<0.0001 relative to untreated cells, 8 h + DMSO, 18h. p<0.05 relative to LPS, 8h. N/A: not applicable. 

 

2.2.4 S-(+)-carvone (4) inhibits inflammatory responses induced by IL-1β in human 

chondrocytes 

First, the highest concentrations of (S)-(+)-carvone (4) not toxic to murine macrophages 

were tested in human chondrocytes and found not to affect cell viability relative to cells 

treated with IL-1β alone (Fig. 5a). At the same concentrations, (S)-(+)-carvone (4) 

significantly decreased IL-1β-induced NOS2 protein levels (Fig. 5b) and NO production 

(Fig. 5c) in human chondrocytes. 5 µM Bay 11-7082 significantly decreased both parameters 

(Figs. 5b and 5c), confirming the quality of the model system. Finally, (S)-(+)-carvone (4) 

also significantly decreased pro-IL-1β protein levels in a concentration-dependent manner 

(Fig. 5d). 

  



CHAPTER 2 

96 

 

 

Figure 5. (S)-(+)-carvone (4) does not affect cell viability (a) and decreases IL-1β-induced NOS2 protein 

levels (b) and NO production (c) as well as pro-IL-1 protein levels (d) in human chondrocytes. The cells 
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were treated with 10 ng/mL IL-1 for 24 h (a, b, c and d), following pre-treatment for 1 h with 666 or 1331 

µM of (S)-(+)-carvone (4). As a positive control, the cells were similarly treated with 5 M Bay 11-7082 (b 

and c). Control cells (Ctrl) were treated with the vehicle (0.1% DMSO) in the absence of IL-1. Each column 

represents the mean ± SEM of, at least, three independent experiments. The blots shown are representative of, 

at least, three independent experiments and are cropped for clarity and conciseness. The blots shown in Fig. 5b 

were vertically sliced before the last condition (Bay 11-7082) to exclude a condition not relevant for the present 

study. The corresponding full-length blots are presented in figure S3. ***p<0.001 and ****p<0.0001 relative 

to IL-1β-treated cells. ##p<0.01, ###p<0.001 and ####p<0.0001 relative to the Ctrl. §§§p<0.001 and §§§§p<0.0001 

between the conditions indicated. 

 

2.3 Discussion 

To the best of our knowledge and among the nine active compounds, (S)-(+)-carvone (4), 

(+)-dihydrocarvone (7), (+)- (8) and (-)-dihydrocarveol (9), (S)-(-)-pulegone (13) and the 

carvone derivatives (20 and 21), were never reported to have anti-inflammatory effects, 

while carvone, either as the racemic mixture (Sepúlveda-Arias, Veloza et al. 2013) or the 

(R)-(-) enantiomer (5) (Abe, Maruyama et al. 2003, Marques, Figueira et al. 2019)  and (-)-

carveol (6) (Marques, Figueira et al. 2019) were recently reported to inhibit some effects 

correlated with inflammation. 

Among the compounds that showed no activity, the lack of inhibition of LPS-induced NO 

production by the limonene enantiomers (1 and 2), (R)-(+)-pulegone (12), (-)-menthone (14), 

(-)-menthol (15), β-myrcene (16), p-cymene (17), carvacrol (18) and thymol (19) contrasts 

with other reports that suggest anti-inflammatory activity for these compounds (Yao and 

Chiou 1993, Yoon, Lee et al. 2010, Kim, Ko et al. 2013, Nagoor Meeran, Jagadeesh et al. 

2015, Rufino, Ribeiro et al. 2015, Xue, Li et al. 2015, Li, Hua et al. 2016, Ghasemi-Pirbaluti, 

Motaghi et al. 2017, Choi, Kim et al. 2018). At least in part, these discrepancies can be due 

to the use of distinct models, namely cell lines, animal models and endpoints analysed, as 

well as to different concentrations tested. Significant anti-inflammatory effects were recently 

reported for limonene (racemic mixture, up to 200 g/mL) and -myrcene (up to 50 g/mL) 

in human chondrocytes (Rufino, Ribeiro et al. 2015), as well as in the Raw 264.7 cell line 

(Yoon, Lee et al. 2010, Kim, Ko et al. 2013), but at concentrations much higher than those 

used in the current study. These discrepancies can be due in part to the use of distinct 

methods to assess cell viability, namely the lactate dehydrogenase (LDH) release assay, 

based on the integrity of the plasma membrane (Fotakis and Timbrell 2006), used in the 

studies by Kim et al. (2013) and Yoon et al. (2010), versus the resazurin or the MTT 
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reduction assays dependent on the integrity and activity of mitochondria (Rampersad 2012), 

used in our studies. Nonetheless, since cytotoxicity to human chondrocytes and murine 

macrophages was evaluated by similar methods, the much lower cytotoxic concentrations 

observed in mouse macrophages indicate that these cells are more sensitive to cytotoxicity 

induced by those monoterpenes, suggesting that their effects are species and/or cell type-

specific, which further highlights the importance of standardised side-by-side comparisons 

of different compounds. 

Having performed such a standardized comparison, some chemical features were 

identified as relevant for activity and potency (Table 3). Among those, the presence of a 

functional oxygenated group at C6 appears as the major determinant for activity while the 

conjugation of the carbonyl group at that position with the α,β double bond at C1, present in 

the carvone enantiomers (4 and 5) and their derivatives (20 and 21), was found to further 

increase potency. Such a conjugation provides a Michael acceptor site, that is, an 

electrophilic site due to the presence of an electron-withdrawing group in close proximity to 

a double bond, which is a chemical feature relevant for interaction with biomolecules, 

namely proteins (Talalay, De Long et al. 1988, Zheng, Kenney et al. 1992), and thus likely 

relevant for interaction of these molecules with their target. However, the pulegone 

enantiomers (12 and 13) which have no or little activity, also have an α,β double bond 

conjugated to a carbonyl group, but involving the carbonyl group at C3 and the double bond 

of the isopropylidene group at C4. In this case, the proximity of the methyl group at C10 to 

the carbonyl group at C3 can cause a sterical hindrance impairing the interaction with the 

molecular target (Talalay, De Long et al. 1988) and thus impeding activity. 

The lower potency of the carvone derivatives (20 and 21) relative to the parent 

compounds (4 and 5) can only be due to the replacement of the isopropenyl at C4 by a 2-

hydroxyisopropanyl group. The presence of the hydroxyl group can provide an additional 

hydrogen binding site, thus creating a new site for chemical interactions that may negatively 

impact anti-inflammatory activity. Furthermore, this hydroxyl group also increases the 

volume of the molecule at that region which can hinder access to the pharmacological target 

and thus decrease the activity of those compounds. Replacement of the isopropenyl group at 

C4 can also explain why these two compounds are less potent than the third most potent 

compound, (+)-dihydrocarveol (8), which despite bearing a hydroxyl group at C6, retains 

the isopropenyl group at C4. 
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Another relevant feature for activity must be chirality as, otherwise, all the enantiomer 

pairs tested should have similar activities which is not the case. Moreover, 3 of the active 

compounds (6-8) have additional chiral centres at C1 and/or C6. Interestingly, the order of 

potency of the nine active compounds is closely related to the S configuration of the chiral 

atom at C4, although other chemical features, namely the presence of a functional 

oxygenated group at C6, the double bond at C1 and the isopropenyl group at C4, seem more 

relevant (Table 3). Since the S or R configurations significantly affect the 3D conformation 

of a molecule, the S conformation at C4 by conferring some planarity to that region of the 

molecules is likely relevant for access to and interaction with the target. 

Finally, we tested four monoterpenes (Fig. 1b) unrelated to the limonene synthase 

pathway, but presenting various degrees of rigidity to elucidate the relevance of this feature 

for activity. None of these four compounds showed activity, including carvacrol (18) even 

though it bears a hydroxyl group at C6. Unlike the nine active compounds, including those 

bearing a hydroxyl group at the same position (6, 8 and 9), the cyclohexane ring in carvacrol 

(18) is aromatic suggesting that its rigidity impairs the interaction with the target, leading to 

almost no activity. Likewise, thymol (19) which differs from carvacrol only in the position 

of the hydroxyl group, and p-cymene (17) which has no functional groups, also showed no 

activity. On the other hand, -myrcene (16), an aliphatic compound representing a flexible 

structure, also showed no activity, suggesting that too flexible (16) or too rigid (17, 18 and 

19) structures are unfavourable for activity. 

In summary, the results obtained indicate that higher potency is conferred by 1) the 

carbonyl group at C6, rather than the hydroxyl group, 2) the presence of a Michael centre 

resulting from the conjugation of an α,β double bond at C1 to a carbonyl group at C6, 3) an 

isopropenyl group at C4 or, at least, the absence of hydrogen binding sites and bulky groups 

at that position, and 4) the S configuration, especially at C4. These findings can be useful to 

predict the anti-inflammatory activity of distinct mint species and their chemotypes once 

their composition in limonene-derived monoterpenes is known. 

As found for inhibition of NO production, the two most potent compounds found, the 

carvone enantiomers, also significantly decreased the mRNA and protein levels of NOS2 

(Figs. 2 and 4) and IL-1β (Fig. 3), further strengthening their anti-inflammatory activity and 

suggesting that they act at the transcriptional or pre-transcriptional levels. Moreover, (S)-

(+)-carvone (4) was found to have similar anti-inflammatory effects in human chondrocytes. 
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This indicates that (S)-(+)-carvone (4) is not only effective in inhibiting LPS-induced 

inflammatory responses in macrophages, but also efficiently inhibits the responses induced 

by a distinct inflammatory and catabolic stimulus in a different cell type. The anti-

inflammatory effects of (S)-(+)-carvone (4) in human chondrocytes are especially relevant 

because inflammatory cytokines, like IL-1β, drive joint destruction by inducing the 

expression of catabolic enzymes (Liu-Bryan and Terkeltaub 2015) and also contribute to OA 

pain (Eitner, Hofmann et al. 2017), namely by inducing the expression of nerve growth factor 

by synovial macrophages (Takano, Uchida et al. 2017). Moreover, unlike other 

monoterpenes, e.g. limonene, (S)-(+)-carvone (4) is effective as an anti-inflammatory agent 

both in macrophages and human chondrocytes at similar concentrations. Given the relevance 

of both cell types and the inflammatory stimuli used to OA pathophysiology (Goldring and 

Berenbaum 2015, Liu-Bryan and Terkeltaub 2015), (S)-(+)-carvone (4) may be efficient in 

halting joint destruction in OA and also contribute to reduce pain. Future studies will aim at 

further elucidating its mechanism of action and evaluating its anti-osteoarthritic properties 

in vivo. 

 

2.4 Methods 

2.4.1 Test compounds 

Test compounds 1-17 and 19 were from Sigma-Aldrich Co. (St Louis, MO, USA). 

Thymol (18) was from British Drug Houses. Compounds 20 and 21 were synthesized at our 

laboratory, as described below. Details about purity and isomer composition are provided in 

Supplementary Table S1.  

2.4.2 Chemical synthesis of compounds 20 and 21 

The synthetic procedure was adapted from Buechi and Wueest (1979).  

a) Synthesis of (S)-5-(2-hydroxypropan-2-yl)-2-methylcyclohex-2-en-1-one [(S)-8-

hydroxycarvotanacetone, 20].  

1 mL of 50% aqueous sulphuric acid was slowly added to 150 mg (1 mmol) of (S)-(+)-

carvone (4) at 0ºC. The mixture was stirred for 24 h at 0ºC. After extraction with 2 mL of 

hexane-ether (3:1), the aqueous layer was extracted with diethyl ether (6 x 2 mL) for 24 h. 

The ether solution was washed with brine containing sodium bicarbonate, dried over 

anhydrous sodium sulphate and evaporated under reduced pressure. The remaining aqueous 
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layer was extracted with ethyl acetate (3 x 2 mL) for 12 h. The organic phases were washed 

with brine containing sodium bicarbonate, dried over anhydrous sodium sulphate and 

evaporated under reduced pressure. The combined crude extract was purified by flash 

chromatography (hexane: ethyl acetate 1:1) to give compound 20 (80 mg, 48% yield) as a 

viscous liquid. Purity (GC-MS): 99.7%. 1H NMR (400 MHz, CDCl3) δ: 6.77 (m, 1H), 

2.64-2.42 (m, 1H), 2.28-2.21 (m, 1H), 2.28-2.21 (m, 2H), 1.78 (s, 3H), 1.24 (s, 3H), 1.23 (s, 

3H). 13C NMR (101 MHz, CDCl3) δ: 200.35 (C=O), 145.15 (CH), 135.24 (CH), 71.64 

(C-OH), 46.05 (CH), 39.61 (CH2), 27.31 (CH3), 27.25(CH2), 27.02(CH3), 15.61(CH3). IR 

(ATR) cm-1: 3424, 2973, 2925, 2891, 1656, 1381, 1367, 1143, 1111, 1059, 928, 903,813, 

711, 678. MS m/z: 28.1, 43.0, 59.1, 95.0, 110.1, 135.1, 150.1, 168.1. 

b) Synthesis of (R)-5-(2-hydroxypropan-2-yl)-2-methylcyclohex-2-en-1-one [(R)-8-

hydroxycarvotanacetone, 21].  

Compound 21 was synthesized as described for compound 20 using as starting material 

(R)-(-)-carvone (5). The combined crude was purified by flash chromatography (hexane: 

ethyl acetate 1:1) to give compound 21 (78 mg, 48% yield) as a viscous liquid. Purity (GC-

MS): 99.5%. 1H NMR (400 MHz, CDCl3) δ: 6.77 (m, 1H), 2.64-2.42 (m, 1H), 2.28-2.21 (m, 

1H), 2.28-2.21 (m, 2H), 1.78 (s, 3H), 1.24 (s, 3H), 1.23 (s, 3H). 13C NMR (101 MHz, CDCl3) 

δ: 200.35 (C=O), 145.15 (CH), 135.24 (CH), 71.64 (C-OH), 46.05 (CH), 39.61 (CH2), 27.31 

(CH3), 27.25(CH2), 27.02(CH3), 15.61(CH3). IR (ATR) cm-1: 3424, 2973, 2925, 2891, 1656, 

1381, 1367, 1143, 1111, 1059, 928, 903,813, 711, 678. MS m/z: 28.1, 43.0, 59.1, 95.0, 110.1, 

135.1, 150.1, 168.1. 

 

2.4.3 Cell culture and treatment 

a) Macrophages 

The mouse macrophage cell line, Raw 264.7 (ATCC No. TIB-71), was cultured in 

DMEM supplemented with 10% non-heat inactivated foetal bovine serum (FBS), 100 U/mL 

penicillin and 100 µg/mL streptomycin. Raw 264.7 cells were plated at a density of 3x105 

cells/mL and left to stabilize for up to 24 h. 

b) Human chondrocytes 

Human knee cartilage was collected within 24 h of death from the distal femoral condyles 

of multi-organ donors (48-77 years old, mean=65, n=7) at the Bone and Tissue Bank of the 

University and Hospital Centre of Coimbra (CHUC). Only waste tissue resulting from the 

preparation of bone tissue for cryopreservation was used. All procedures were approved by 
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the Ethics Committee of CHUC (protocol approval number 8654/DC), which follows the 

Declaration of Helsinki and Oviedo Convention and the Portuguese legislation for organ 

donation. 

Chondrocytes were isolated by enzymatic digestion from cartilage samples as previously 

described (Rosa, Judas et al. 2008). Briefly, cartilage shavings underwent sequential 

digestion with Pronase (Roche, Indianapolis, IN, USA) and collagenase A (Roche, 

Indianapolis, IN, USA). To avoid chondrocyte dedifferentiation, non-proliferating 

monolayer cultures were setup by plating 1x106 chondrocytes/mL in HAM: F12 medium 

containing 3% antibiotics and 5% FBS and allowed to recover for 24 h at 37ºC in a 

humidified atmosphere with 5% CO2. Prior to any treatments, chondrocytes were serum-

starved overnight and thereafter maintained in culture medium without FBS. 

c) Cell treatments 

Test compounds and Bay 11-7082 (Calbiochem, San Diego, CA, USA), used as a 

pharmacological control, were dissolved in dimethyl sulfoxide (DMSO; Sigma-Aldrich Co) 

so that its final concentration in the culture medium did not exceed 0.1% (v/v). This vehicle 

was used as control. Lipopolysaccharides from Escherichia coli 026:B6 (LPS; Sigma-

Aldrich Co.) were dissolved in phosphate buffered saline (PBS). Recombinant human 

interleukin-1β (IL-1β; Peprotech, Rocky Hill, NJ, USA) was dissolved in PBS containing 

0.1% Bovine Serum Albumin. Test compounds or the vehicle were added to macrophage 

cell cultures or human chondrocytes 1 h before the pro-inflammatory stimulus, 1 µg/mL LPS 

or 10 ng/mL IL-1β respectively, and maintained for the rest of the experimental period, 

except for experiments in figure 4 (details in the Results section and figure legend). The 

concentrations of each compound and the experimental treatment periods are indicated in 

figure legends.  

 

2.4.4 Selection of non-cytotoxic concentrations by the resazurin reduction assay 

Resazurin is a redox dye used as an indicator of cellular metabolic activity for various 

applications, namely cell viability, proliferation and toxicity. The assay is based on the 

intracellular reduction of the non-fluorescent resazurin to resorufin (a fluorescent and pink 

coloured compound) by mitochondrial or microsomal enzymes that use NADH or NADPH 

as electron sources. Since only metabolically active cells can reduce the dye, the increase in 
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fluorescence or absorbance is directly proportional to the number of viable cells (O'Brien, 

Wilson et al. 2000, Prabst, Engelhardt et al. 2017).  

To select non-cytotoxic concentrations of the test compounds, the resazurin solution was 

added to each well to a final concentration of 50 µM, 90 min before the end of the treatment 

period indicated in the figure legends. Then, absorbances at 570 nm and 620 nm (reference 

wavelength) were read in a Biotek Synergy HT plate reader (Biotek, Winooski, VT, USA).  

 

2.4.5 Nitric oxide production 

NO production was measured as the amount of nitrite accumulated in the culture 

supernatants using the Griess reaction which is based in the reaction of nitrite with 

sulfanilamide under acidic conditions, yielding a diazonium ion that couples to 

N-(1-napthtyl)ethylenediamine dihydrochloride to form a water-soluble red-violet azo dye 

that absorbs at 550 nm (Green, Wagner et al. 1982). Briefly, equal volumes of culture 

supernatants and reagents [equal volumes of 1% (w/v) sulphanilamide in 5% (v/v) 

phosphoric acid and 0.1% (w/v) N-(1-napthtyl)ethylenediamine dihydrochloride] were 

mixed and incubated for 10 min, at room temperature, in the dark. The concentration of 

nitrite accumulated in the culture supernatants was calculated by interpolation of the 

absorbance of each sample, read in Biotek Synergy HT plate reader (Biotek), in a standard 

curve of sodium nitrite. 

 

2.4.6 Total RNA extraction and quantitative real-time PCR (qRT-PCR) 

Total RNA extraction and qRT-PCR were performed as described before (Rosa, 

Goncalves et al. 2009). Briefly, total RNA was extracted using the NZYol (NZYTECH, 

Lisbon, Portugal) and quantified in a NanoDrop ND-1000 spectrophotometer at 260 nm. 

RNA purity was assessed by analysis of 260/230 and 260/280 absorption ratios. The cDNA 

was reverse-transcribed using NZY First Strand cDNA Synthesis Kit (NZYTECH), 

beginning with 2 µg of total RNA. qRT-PCR was performed, in duplicate for each sample, 

using NZYSpeedy qPCR Green Master Mix (2x) (NZYTECH) on CFX96 Real-Time PCR 

Detection System (Bio-Rad, Hercules, CA, USA). 

The efficiency of the amplification reaction for each gene was calculated using a standard 

curve of a series of diluted cDNA samples and the specificity of the amplification products 

was assessed by analysing the melting curve generated in the process. 
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Gene expression changes were analysed using the built-in CFX Manager software which 

enables the analysis of the results by the Pfaffl method, a variation of the ΔΔCT method 

corrected for gene-specific efficiencies (Pfaffl 2001). The results were normalized using 

Hprt1 as housekeeping gene. This gene was experimentally determined with Genex software 

using NormFinder and geNorm algorithms (MultiD Analyses AB, Göteberg, Sweden) as the 

most stable for the treatment conditions used. Specific sets of primers for Nos2, Il1b and 

Hprt1 (Table 4) were designed using Beacon Designer software version 8 (Premier Biosoft 

International, Palo Alto, CA, USA). 

 

2.4.7 Western blotting 

Total cell extracts were prepared and western blot was performed as described before 

(Sousa, Ribeiro et al. 2017). Briefly, total (25 µg for Raw 264.7 cell line and 20 µg for human 

chondrocytes) proteins were separated by SDS-PAGE under reducing conditions and 

electrotransferred onto PVDF membranes. These were probed overnight at 4 ºC or for 2 h at 

room temperature with rabbit polyclonal antibody against IL-1β (dilution 1:500; sc-7884, 

Santa Cruz Biotechnology, INC., Texas, USA) or mouse monoclonal antibody NOS2 

(dilution 1:500; MAB9502, R&D Systems, Minneapolis, MN, USA) and then with anti-

rabbit or anti-mouse alkaline phosphatase-conjugated secondary antibodies (dilution 

1:20000; GE Healthcare, Chalfont St. Giles, UK) for 1 h at room temperature. Immune 

complexes were detected with Enhanced ChemiFluorescence reagent (GE Healthcare) in the 

imaging system Thyphoon FLA 9000 (GE Healthcare). The membranes were reprobed with 

a mouse monoclonal anti-β-Tubulin I antibody (Sigma-Aldrich Co.), diluted at 1:20000, as 

a loading control, for 1 h at room temperature. Image analysis was performed with TotalLab 

TL120 software (Nonlinear Dynamics Ltd). 

Table 4. Oligonucleotide Primer Pairs Used for qRT-PCR 

Gene 

name 

Genbank 

accession 

number 

Forward sequence Reverse sequence 

Hprt-1 NM_013556 
GTTGAAGATATAATTG

ACACTG 

GGCATATCCAACAACA

AAC 

Nos2 NM_010927 
GCTGTTAGAGACACTTC

TGAG 

CACTTTGGTAGGATTTG

ACTTTG 

Il1b NM_008361 
ACCTGTCCTGTGTAATG

AAAG 

GCTTGTGCTCTGCTTGT

G 
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2.4.8 Measurement of secreted IL-1β 

The concentration of IL-1β in the culture supernatants was measured using the Mouse 

IL-1β ELISA kit (ThermoScientific, Rockford, USA), following the manufacturer’s 

instructions. 

 

2.4.9 Statistical Analysis 

Results are presented as means ± SEM. Statistical analysis using GraphPad Prism version 

6.0 (GraphPad Software, San Diego, CA, USA). Normal distribution of the data was 

evaluated with the D’Agostino & Pearson omnibus, the Shapiro-Wilk and the Kolmogorov-

Smirnov tests. In cases where the number of samples is too small, we assumed the data 

follow a normal distribution, as this was verified in all cases where the sample number was 

larger, including analysis of the same analyte under different experimental treatments. 

Statistical analysis was performed by one-way ANOVA with the Dunnett post-test for 

comparison to a control group and the Tukey post-test for multiple comparisons, except in 

Fig. 4c where the unpaired t-test was used to compare a specific condition with its respective 

control. Results were considered statistically significant at p< 0.05. 
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Data Availability 

The datasets generated and analysed during the current study are available from the 

corresponding author on reasonable request. 
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Figure S1. Evaluation of the cytotoxicity of the test compounds. Raw 264.7 cells were treated with the 

indicated concentrations of the each compound or with the vehicle (0.1% DMSO, control, Ctrl) for 18 h. Each 

column represents the mean ± SEM of, at least, three independent experiments. #p ≤ 0.05, ##p ≤ 0.01, ###p ≤ 

0.001 and ####p ≤ 0.0001 relative to Ctrl. The dotted line represents the threshold (70% of maximal viability) 

below which cytotoxicity is recognized, in agreement with standard ISO 10993-5. 
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Figure S2. Evaluation of the cytotoxicity of the test compounds in the presence of bacterial 

lipopolysaccharide (LPS). Raw 264.7 cells were treated with LPS, 1 µg/mL, for 18 h, following pre-treatment 

for 1 h with the indicated concentrations of the test compounds or with vehicle (0.1% DMSO, Ctrl). Each 

column represents the mean ± SEM of, at least, three independent experiments. *p ≤ 0.05, **p ≤ 0.01, ***p ≤ 

0.001 and ****p ≤ 0.0001 relative to LPS-treated cells. #p ≤ 0.05, ##p ≤ 0.01, ###p ≤ 0.001 and ####p ≤ 0.0001 

relative to Ctrl. The dotted line represents the threshold (70% of maximal viability) below which cytotoxicity 

is recognized, in agreement with standard ISO 10993-5. 
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Figure S3. Uncropped images of the blots shown in figures 2-5.  
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Table S1. Purity and isomer composition of the test compounds 
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*Purity relative to sum of enantiomers determined by gas chromatography 

**The purities of  (1) (96.9%) and (4) (96.8%), which were in stock at our lab for over a year, were confirmed 

by GC-MS prior to starting the experiments and found to be within the limits defined by the manufacturer



 

 
 
 

Chapter 3: Elucidation of the mechanism underlying the anti-

inflammatory properties of (S)-(+)-carvone identifies a novel 

class of Sirtuin-1 activators 

  
 

Cátia Sousa, Bruno Miguel Neves, Fernando Judas, Alcino Jorge Leitão, Alexandrina 

Ferreira Mendes 

 

Manuscript submitted for publication 

 

  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Note: The results presented in this chapter are formatted according to the style of the journal where the paper 

was submitted, with minor modifications 



CHAPTER 3 

120 

 

Graphical abstract 

Highlights 

• (S)-(+)-carvone decreases LPS-induced JNK1 phosphorylation  

•  (S)-(+)-carvone directly activates SIRT1 and NF-B/p65 deacetylation at lysine 310 

• (S)-(+)-carvone inhibits NF-B-dependent gene expression  

• (S)-(+)-carvone is a drug with potential to treat chronic age-related diseases 
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Abstract 

 The signaling pathways involved in age-related inflammation are increasingly 

recognized as relevant targets for the development of preventive and therapeutic strategies. 

Our previous study elucidated the structure-activity relationship of p-menthane derivatives 

as potential anti-inflammatory drugs and identified (S)-(+)-carvone as the most potent 

among the compounds tested. This study aims at identifying the molecular mechanism 

underlying the anti-inflammatory properties of (S)-(+)-carvone. The results obtained in the 

murine macrophage cell line, Raw264.7, stimulated with bacterial lipopolysaccharide (LPS) 

as a pro-inflammatory stimulus, show that (S)-(+)-carvone inhibited LPS-induced JNK1 

phosphorylation, but not that of p38 and ERK1/2. Moreover, (S)-(+)-carvone also did not 

inhibit the phosphorylation and degradation of the NF-B inhibitor, IB-α. Accordingly, 

(S)-(+)-carvone did not affect LPS-induced phosphorylation of NF-B/p65 on Ser536 and 

its nuclear translocation, but it significantly decreased LPS-induced IB-α resynthesis, a NF-

B-dependent process, and NF-B/p65 acetylation on lysine (Lys) 310. Deacetylation of 

that Lys residue is dependent on the activity of Sirtuin 1 (SIRT1). Using an in vitro 

fluorimetric assay (S)-(+)-carvone was found to directly activate SIRT1, while it did not 

affect SIRT1 protein levels in murine macrophages. The ability of (S)-(+)-carvone to 

activate SIRT1 was further confirmed by its capacity to deacetylate NF-B/p65 on Lys310 

in human chondrocytes treated with interleukin-1β, as a cell model of osteoarthritis. Taken 

together, these results show that (S)-(+)-carvone is a new SIRT1 activator with potential to 

counteract the chronic low grade inflammation characteristic of age-related diseases, like 

osteoarthritis. Human chondrocytes used for this study were isolated from distal femoral 

condyle cartilage collected from multi-organ donors at the Bone and Tissue Bank of the 

University and Hospital Center of Coimbra with approval by the Ethics Committee. 

 

Keywords: Sirtuin-1 activating compound; aging; inflammation; NF-B; SIRT1, 

osteoarthritis.  
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3.1 Introduction 

Persistent low grade inflammation represents a pathological mechanism associated with 

age-related diseases, such as metabolic, cardiovascular, neurodegenerative and 

musculoskeletal diseases and cancer (Medzhitov 2010). A large range of stimuli, including 

inflammatory cytokines [e.g. Interleukin (IL)-1β, Tumor Necrosis Factor-α (TNF-α) and 

IL6], microbial products and cellular components released by dead or damaged cells (e.g. 

ATP and the alarmins, HMGB1 and members of the S100 family) (Malaquin, Martinez et 

al. 2016) activate multiple intracellular signalling cascades that bring about the inflammatory 

response. Of those signalling cascades, members of the Mitogen-Activated Protein Kinases 

(MAPKs) family and the transcription factor, Nuclear Factor kappa-light-chain-enhancer of 

activated B Cells (NF-B), are especially relevant since their activation leads to the 

production of inflammatory mediators and effector enzymes that drive and perpetuate 

inflammation-associated tissue damage and functional impairment, thus promoting disease 

development and/or progression (Malaquin, Martinez et al. 2016, Chen, Deng et al. 2018).  

Considering their role in chronic inflammation and the lack of efficient therapeutic 

strategies for chronic inflammation-associated diseases, the signalling pathways that lead to 

MAPKs and NF-κB activation are promising targets for drug development (Kaminska 2005, 

Gupta, Sundaram et al. 2010).  

Our previous work screened various compounds of natural origin in standardised 

conditions to identify small molecules capable of interfering with those inflammatory 

pathways and to establish the structural features required for activity. (S)-(+)-carvone was 

identified as the lead compound of that serie, decreasing inducible nitric oxide (NO) synthase 

(NOS2) and IL-1β expression, both in a mouse macrophage cell line and in primary human 

chondrocytes in response to bacterial lipopolysaccharide (LPS) and IL-1β, respectively 

(Sousa, Leitão et al. 2020).  

The purpose of this work was to elucidate the molecular mechanism(s) by which (S)-(+)-

carvone interferes with the expression of pro-inflammatory mediators. Taking into account 

the crucial role of MAPKs and NF-κB activation on pro-inflammatory gene expression, we 

hypothesised that these signalling pathways may be targeted by this compound. 
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3.2 Material and methods 

3.2.1 Cell culture and treatments 

a) Macrophages 

The mouse macrophage cell line, Raw 264.7 (ATCC No. TIB-71), was cultured in 

DMEM supplemented with 10% non-heat inactivated fetal bovine serum (FBS), 100 U/mL 

penicillin and 100 µg/mL streptomycin. Raw 264.7 cells were plated at a density of 3x105 

cells/mL and left to stabilize for up to 24 h. 

b) Human chondrocytes 

Human knee cartilage was collected within 24 h of death from the distal femoral condyles 

of multi-organ donors (48-77 years old, mean=66.7, n=6) at the Bone and Tissue Bank of 

the University and Hospital Centre of Coimbra (CHUC). Only waste tissue resulting from 

the preparation of bone tissue for cryopreservation was used. All procedures were approved 

by the Ethics Committee of CHUC (protocol approval number 8654/DC), which follows the 

Declaration of Helsinki and Oviedo Convention and the Portuguese legislation for organ 

donation. 

Chondrocytes were isolated by enzymatic digestion from cartilage samples as previously 

described (Rosa, Judas et al. 2008). Briefly, cartilage shavings underwent sequential 

digestion with pronase (Roche, Indianapolis, IN, USA) and collagenase A (Roche, 

Indianapolis, IN, USA). To avoid chondrocyte dedifferentiation, non-proliferating 

monolayer cultures were setup by plating 1x106 chondrocytes/mL in HAM: F12 medium 

containing 3% antibiotics and 5% FBS and allowed to recover for 24 h at 37ºC in a 

humidified atmosphere with 5% CO2. Prior to any treatments, chondrocytes were serum-

starved overnight and thereafter maintained in culture medium without FBS. 

c) Cell treatments 

For cell treatments, (S)-(+)-carvone (#435759, purity 96%, Sigma-Aldrich Co., St Louis, 

MO, USA), resveratrol (Res; Extrasynthese, Genay Cedex,France), Bay 11-7082 

(Calbiochem, San Diego, CA, USA), MG-132 (Z-Leu-Leu-Leu-CHO, Boston Biochem, 

Cambridge, MA, USA) and SP600125 (Anthra[1,9-cd]pyrazol-6(2H)-one, Calbiochem, San 

Diego, CA, USA), were dissolved in dimethyl sulfoxide (DMSO; Sigma-Aldrich Co). LPS 

from Escherichia coli 026:B6 (Sigma-Aldrich Co.) were dissolved in phosphate buffered 

saline (PBS). Recombinant human interleukin-1β (IL-1β; Peprotech, Rocky Hill, NJ, USA) 

was dissolved in PBS containing 0.1% Bovine Serum Albumin (BSA). The concentrations 
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of each compound and the experimental treatment periods are indicated in figures and/or 

figure legends. DMSO was used as vehicle and added to control and LPS or IL-1β -treated 

cell cultures to match the same concentration as in cells treated with the chemicals indicated 

above. In any case, the final concentration of DMSO did not exceed 0.1% (v/v). The 

chemicals used or the vehicle were added to murine macrophage or human chondrocyte 

cultures 1 h before the pro-inflammatory stimulus, 1 µg/mL LPS or 10 ng/mL IL-1β, 

respectively, and maintained for the rest of the experimental period.  

 

3.2.2 Preparation of cell extracts 

For preparation of total cell extracts, cell cultures were washed with ice-cold PBS and 

lysed with ice-cold RIPA buffer [150 mM sodium chloride, 50 mM Tris (pH 7.5), 5 mM 

ethylene glycol-bis(2-aminoethylether)-N,N,N´,N´-tetraacetic acid (EGTA), 0.5% sodium 

deoxycholate, 0.1% sodium dodecyl sulfate (SDS), 1% Triton X-100] supplemented with 

protease (Complete, Mini, Roche Diagnostics, Mannheim, Germany] and phosphatase 

(PhosSTOP, Roche Diagnostics, Mannheim, Germany)] inhibitor cocktails for 30 min. The 

lysates were centrifuged at 14000 rpm for 10 min at 4ºC and the supernatants were stored 

at -20ºC until use. 

For preparation of cytoplasmic and nuclear extracts, the Nuclear Extract Kit (Active 

Motif, La Hulpe, Belgium) was used, following the manufacturer’s instructions.  

Protein concentration in the extracts was determined with the bicinchoninic acid kit 

(Sigma-Aldrich Co.). 

 

3.2.3 Western Blotting 

Western Blot was performed as described previously (Sousa, Ribeiro et al. 2017). Briefly, 

total (25 µg for Raw 264.7 cell line and 20 µg for human chondrocytes), cytoplasmic (25 

µg) or nuclear (30 µg for Raw 264.7 cell line and 90 µg for human chondrocytes) proteins 

were separated by SDS-PAGE under reducing conditions and electrotransferred onto PVDF 

membranes. These were probed overnight at 4 ºC or for 2 h at room temperature with the 

primary antibodies indicated in Table 1 and then with anti-rabbit or anti-mouse alkaline 

phosphatase-conjugated secondary antibodies (dilution 1:20000; GE Healthcare, Chalfont 

St. Giles, UK). Mouse monoclonal anti-β-Tubulin I and rabbit polyclonal anti-Lamin B1 

were used as a loading controls of total and cytoplasmic extracts and of nuclear extracts, 
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respectively. Immune complexes were detected with Enhanced ChemiFluorescence reagent 

(GE Healthcare) in the imaging system ThyphoonTM FLA 9000 (GE Healthcare). Image 

analysis was performed with TotalLab TL120 software (Nonlinear Dynamics Ltd). 

 

Table 1: List of primary antibodies used in Western Blot 

Protein Source Clonality Dilution Supplier 
Reference 

number 

IκB-α rabbit polyclonal 1:1000 

Cell Signaling 

Technology, 

Inc., Danvers, 

MA, USA 

#9242 

phospho-p44/42 

MAPK 

(ERK1/2) 

(Thr202/Tyr204) 

rabbit polyclonal 1:1000 

Cell Signaling 

Technology, 

Inc. 

#9101 

p44/42 MAPK 

(ERK1/2) 
rabbit polyclonal 1:1000 

Cell Signaling 

Technology, 

Inc. 

#9102 

phospho-p38 

MAPK 

(Thr180/Tyr182) 

rabbit polyclonal 1:1000 

Cell Signaling 

Technology, 

Inc. 

#9211 

p38 MAPK rabbit polyclonal 1:1000 

Cell Signaling 

Technology, 

Inc. 

#9212 

SAPK/JNK rabbit polyclonal 1:1000 

Cell Signaling 

Technology, 

Inc. 

#9252 

acetyl-NF-κB 

p65 

(Lys310) 

rabbit polyclonal 1:750 

Cell Signaling 

Technology, 

Inc. 

#3045 

IL-1β 

(H-153) 
rabbit polyclonal 1:500 

Santa Cruz 

Biotechnology, 

INC., Texas, 

USA 

sc-7884 

Sirtuin-1 rabbit polyclonal 1:1000 
Sigma-Aldrich 

Co. 
07-131 

Lamin B1 rabbit polyclonal 1:1000 

Abcam, 

Cambridge, 

UK 

ab16048 

phospho-

SAPK/JNK 

(Thr183/Tyr185) 

rabbit monoclonal 1:1000 

Cell Signaling 

Technology, 

Inc. 

#4668 

NF-κB p65 

(D14E12) XP® 
rabbit monoclonal 1:1000 

Cell Signaling 

Technology, 

Inc. 

#8242 
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phospho- 

NF-κB p65 

(Ser536) 

rabbit monoclonal 1:1000 

Cell Signaling 

Technology, 

Inc. 

#3033 

phospho-IκB-α 

(Ser32/36) 
mouse monoclonal 1:1000 

Cell Signaling 

Technology, 

Inc. 

#9246 

NOS2 

 (clone #2D2-

B2) 

mouse monoclonal 1:1000 

R&D Systems, 

Minneapolis, 

MN, USA 

MAB9502 

SOX9 mouse monoclonal 1:240 

Development 

Studies 

Hybridoma 

Bank, 

Department of 

Biology, 

University of 

Iowa, Iowa, IA, 

USA 

PCRP-

SOX9-

1A2 

β-Tubulin I mouse monoclonal 1:20000 
Sigma-Aldrich 

Co. 
T7816 

 

3.2.4 Immunocytochemistry 

Macrophages were seeded onto 1 µ-Slide 8 Well ibiTreat (Ibidi, Martinsried, Germany). 

After treatment, the cells were washed with ice-cold PBS pH=7.4 and, then, fixed in 4% 

paraformaldehyde at room temperature, for 15 minutes. After fixing, cells were washed three 

times with PBS pH=7,4 with 0.1 M glycine for 5 minutes each and blocked with 5% Goat 

Serum, 0.3% Triton in PBS, pH=7.4 for 1 h at room temperature. Then, the slides were 

incubated with a rabbit monoclonal anti-NF-κB p65 (D14E12) XP® antibody (dilution 

1:400; #8242, Cell Signaling Technology, Inc.) in 1% BSA in PBS (pH=7.4) overnight at 

4ºC. The cells were washed three times with PBS (pH=7.4) for 5 min each at room 

temperature and incubated for 1 h at room temperature with anti-rabbit IgG (H+L) 

CFTM488A (dilution 1:400; Biothium, Inc., Fremont, CA, USA) and Alexa Fluor TM 555 

Phalloidin (dilution 1:1000; Molecular Probes, Invitrogen, Eugene, OR) to stain the 

cytoskeleton (especially F-actin) which enhances visualization of the cytoplasm (Wulf, 

Deboben et al. 1979). Following three washes with PBS (pH=7.4), the cells were 

counterstained with DAPI (0.2 ng/mL; Molecular Probes, Invitrogen, Eugene, OR) to allow 

nucleus visualization and after another washing step, the slides were mounted with Ibidi 

Mounting Medium (Ibidi, Martinsried, Germany). Specificity was evaluated in negative 
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controls set up by omitting the primary antibody. Fluorescence images were obtained in an 

Axio Observer ZI fluorescence microscope (Carl Zeiss, Germany).  

3.2.5 Nitric oxide production 

The production of nitric oxide (NO) was measured as the amount of nitrite accumulated 

in the culture supernatants under the conditions described in figure legends. Nitrite 

concentration was measured using the colorimetric method based on the Griess reaction 

(Green, Wagner et al. 1982).  

 

3.2.6 SIRT1 activity assay 

Interaction of (S)-(+)-carvone with human SIRT1 was evaluated using the SIRT1 Direct 

Florescent Screening Assay Kit (Cayman Chemical Company, Ann Arbor, MI, USA) 

following the manufacturer’s instructions. Briefly, the assay uses a specific substrate, in this 

case, a peptide derived from the p53 sequence coupled to a fluorophore (Arg-His-Lys-Lys(e-

acetyl)-AMC), which is incubated with human recombinant SIRT1 along with its co-

substrate, NAD+. Deacetylation sensitizes the substrate such that treatment with a developer 

reagent releases a fluorescent product. The activity of the enzyme is proportional to the 

fluorescence intensity. The ability of resveratrol to activate the enzyme was evaluated in 

parallel assays as a positive control. Results are presented as mean of fluorescence intensity 

(arbitrary units) ± SEM.  

 

3.2.7 Statistical Analysis 

Results are presented as mean ± SEM. Statistical analysis was performed using GraphPad 

Prism version 6.0 (GraphPad Software, San Diego, CA, USA). Statistical significance was 

evaluated with the t-test to compare each condition with its respective control and one-way 

ANOVA with the Dunnett post-test for comparison of all conditions to a control group, 

except in Fig. 6B and 8 where one-way ANOVA with the Tuckey post-test for multiple 

comparisons was used. Results were considered statistically significant at p< 0.05. 
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3.3 Results 

3.3.1 (S)-(+)-carvone decreases JNK1 phosphorylation induced by LPS in 

macrophages 

The effects of (S)-(+)- carvone on the three MAPK subfamilies, namely Extracellular 

signal-Regulated Kinase 1/2 (ERK1/2), p38 and Jun N-terminal Kinase (JNK), were 

evaluated by measuring their phosphorylated levels in response to macrophage stimulation 

with LPS.  

The results obtained (Fig. 1) show that LPS induces the phosphorylation of all three 

MAPK family members when compared to vehicle-treated cells, as expected. (S)-(+)-

carvone differentially affects LPS-induced activation of the three MAPKs, having no effect 

on ERK1/2 (Fig. 1A) and p38 phosphorylation (Fig. 1B), while significantly decreasing 

JNK1 phosphorylation to, approximately, 38% of the levels found in cells treated with LPS 

alone (Fig. 1C). Furthermore, a tendency for reduced JNK2 and 3 phosphorylation is also 

observed, but in no case did it reach statistical significance (Fig. 1C).  
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Figure 1. Effect of (S)-(+)-carvone on p38 (A), ERK1/2 (B) and JNK activation (C). Raw 264.7 

macrophage cultures were pre-treated with 666 µM of (S)-(+)-carvone for 1 h and then with 1 µg/mL LPS for 

5 min (A and C) or 1 h (B). Control cells (Ctrl) were treated with the vehicle (0.1% DMSO) in the absence of 

LPS for the same time periods. Each column represents the mean ± SEM of four (A and C) and three (B) 

independent experiments. Representative images are shown. *p<0.05, ***p<0.001 and ****p<0.0001 relative 

to LPS-treated cells. #p<0.05 and ###p<0.001 relative to the Ctrl. MW: molecular weight marker. 
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To determine whether inhibition of JNK phosphorylation, especially of JNK1 which is 

the isoform most significantly affected by the test compound (Fig. 1C), can be involved in 

the anti-inflammatory effects observed in our previous study (Sousa, Leitão et al. 2020), we 

evaluated the ability of a non-cytotoxic concentration of SP600125, a known pan-JNK 

inhibitor, to decrease LPS-induced NOS2, NO and IL-1β production. SP600125 elicited a 

small decrease of LPS-induced NOS2 protein levels (Fig. 2A) and NO production (Fig. 2B) 

of approximately 30% and 20%, respectively, but was unable to affect IL-1β precursor 

protein levels (Fig. 2A). Taken together, these results suggest that JNKs contribute 

marginally for NOS2 expression and subsequent NO production in Raw 264.7 macrophages, 

but not for IL-1β expression under the experimental conditions used. Thus, these results 

suggest that inhibition of JNK1 cannot not play a major role in the ability of (S)-(+)-carvone 

to inhibit NOS2 expression and activity and is not all involved in the inhibition of IL-1β 

production that we observed previously (Sousa, Leitão et al. 2020). 
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Figure 2. Effect of the selective JNK inhibitor, SP600125, on NOS2 expression (A), NO production (B), 

and pro-IL-1β expression (A). Raw 264.7 macrophage cultures were treated with 1 µg/mL LPS for 18 h, 

following pre-treatment with the vehicle (0.1% DMSO ) or 20 µM SP600125 for 1 h. Control cells (Ctrl) were 

treated with the vehicle (0.1% DMSO) in the absence of LPS. Each column represents the mean ± SEM of 

three independent experiments. Representative images are shown. *p<0.05, ***p<0.001 and ****p<0.0001 

relative to LPS-treated cells. ###p<0.001 relative to the Ctrl. MW: molecular weight marker. 
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3.3.2 (S)-(+)-carvone does not interfere with the canonical NF-κB activation 

pathway 

NF-B-inducing signals, like LPS upon binding to TLR4, trigger the activation of the 

IB Kinase complex (IKK) which phosphorylates IκB-α, the natural inhibitor of NF-κB. 

Once phosphorylated, IκB-α is ubiquitinated and, subsequently, undergoes proteasomal 

degradation, releasing the NF-κB dimers, composed of p65 and p50 proteins, which 

constitutes the canonical NF-B activation pathway. Upon release from IB-α, the NF-B 

dimers translocate to the nucleus and undergo several modifications that modulate their 

transcriptional activity on target genes (Roy, Srivastava et al. 2016). Since phosphorylation 

and degradation of IκB-α are essential for NF-κB activation, the ability of (S)-(+)-carvone 

to interfere with these steps was evaluated. Figure 3A and 3B show that LPS (1 µg/mL) 

induced IκB-α phosphorylation and degradation, respectively, but (S)-(+)-carvone was 

unable to block or even decrease those LPS-induced responses at concentration previously 

observed to be sufficient to decrease inflammatory gene expression (Sousa, Leitão et al. 

2020). On the contrary, Bay 11-7082 (5 µM), a selective NF-B inhibitor, decreased LPS-

induced IκB-α phosphorylation and degradation (Fig. 3A and 3B), as expected, although the 

difference relative to cells treated with LPS alone did not reach statistical significance. 

Moreover, MG-132 (10 µM), a synthetic proteasome inhibitor peptide, increased the levels 

of phosphorylated IκB-α induced by LPS (Fig. 3A), showing that its proteasomal 

degradation was inhibited relative to LPS-treated cells (Fig. 3B). These results confirm that 

LPS effectively activated the canonical pathway, inducing IB-α phosphorylation and 

degradation which were not affected by (S)-(+)-carvone (Fig. 3A and B).  

Another target of IKK is NF-B/p65 which is phosphorylated by this kinase on the Ser536 

residue located in its transactivation domain (Sakurai, Chiba et al. 1999, Yang, Tang et al. 

2003). Therefore, and to further confirm the results obtained for IκB-α, the ability of (S)-

(+)-carvone to interfere with LPS-induced NF-B/p65 phosphorylation at Ser536 was 

explored. The results in Fig. 3C show that the test compound was unable to decrease LPS-

induced NF-B/p65 phosphorylation on Ser536, further supporting that it does not interfere 

with the canonical NF-κB activation pathway. 
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Figure 3. (S)-(+)-carvone does not interfere with the canonical NF-κB activation pathway, namely, 

phosphorylation (A) and degradation (B) of IκB-α and NF-B/p65 phosphorylation at Ser536 (C) in Raw 

264.7 macrophages. Macrophage cultures were treated with 1 µg/mL LPS for 5 min (A) or 15 min (B and C), 

following pre-treatment with the vehicle (0.1% DMSO, Ctrl), 666 µM (S)-(+)-carvone, the selective IKK 

inhibitor, 5 µM Bay 11-7082, or the proteasome inhibitor, 10 µM MG-132 for 1 h. Each column represents the 
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mean ± SEM of five (A) and four (B and C) independent experiments. Representative images are shown. 

*p<0.05 and ****p<0.0001 relative to LPS-treated cells. #p<0.05, ###p<0.001 and ####p<0.0001 relative to the 

Ctrl. MW: molecular weight marker. 

 

3.3.3 NF-κB/p65 nuclear translocation is not affected by (S)-(+)-carvone 

Since (S)-(+)-carvone was unable to prevent the dissociation of IκB-α from the NF-κB 

dimers, we hypothesized that this compound could be interfering with the nuclear 

translocation of this transcription factor. To explore this possibility, immunocytochemistry 

was performed to detect NF-B/p65 traslocation to the nucleus. In vehicle-treated cells 

(Ctrl), NF-B/p65 was clearly present in the cytoplasm, while upon treatment with LPS (1 

µg/mL), immunoreactivity was exclusively located in the nucleus (Fig. 4). Pre-treatment 

with 10 µM MG-132 fully inhibited NF-B/p65 nuclear translocation, as immunoreactivity 

is only visible in the cytoplasm. On the opposite, (S)-(+)-carvone was unable to prevent LPS-

induced NF-B/p65 nuclear translocation, as immunoreactivity is localized to the nucleus 

with no differences relative to cells treated with LPS alone (Fig. 4). 

Confirming these results, western blot analysis shows that neither the LPS-induced 

decrease in the cytoplasmic levels of NF-κB/p65 (Fig. S1A), nor the increase in its nuclear 

levels (Fig. S1B) were affected by treatment with (S)-(+)-carvone. Thus, these results 

corroborate those found in the immunofluorescence assay, collectively showing that (S)-(+)-

carvone does not interfere with LPS-induced NF-κB/p65 release from complexes with IκB-

α and nuclear translocation. 
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Figure 4. (S)-(+)-carvone does not inhibit NF-κB nuclear translocation. Raw 264.7 macrophages were 

treated with 1 µg/mL LPS for 20 min, following pre-treatment with the vehicle (0.1% DMSO), 666 µM (S)-

(+)-carvone or 10 µM MG-132 for 1 h. Control cells (Ctrl) were treated with the vehicle in the absence of LPS. 

Immunofluorescence staining of NF-B/p65 (green) and fluorescence staining of the cytoskeleton (red) and 

the nuclei (blue) were performed as described in the Materials and methods. Scale bar 20 µm. Representative 

images of each condition are shown.  
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3.3.4 NF-κB transcriptional activity is inhibited by (S)-(+)-carvone  

Although (S)-(+)-carvone did not inhibit the canonical NF-κB activation pathway, our 

previous work demonstrated that this compound is capable of decreasing the expression of 

two NF-B target genes and major inflammatory mediators, NOS2 and IL-1β (Sousa, Leitão 

et al. 2020). Thus and to further elucidate these findings, the protein product of another NF-

κB target gene, the IκB-α gene (Cheng, Ryseck et al. 1998), was also evaluated. For this, we 

performed a time course of stimulation with LPS to determine the time points where IκB-α 

degradation ended and its resynthesis started. Figure S2 shows that IκB-α degradation was 

complete within 10 to 15 min after addition of LPS, whereas its resynthesis started at 20 min 

and reached its maximal level within 60 min. Thus, using this time point, we determined that 

(S)-(+)-carvone is effective in preventing LPS-induced IB-α resynthesis (Fig. 5), 

supporting the hypothesis that the anti-inflammatory effects of this compound involve 

modulation of NF-B activity. 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 5. Effect of (S)-(+)-carvone on LPS-induced IκB-α resynthesis in Raw 264.7 macrophages. The 

cells were pre-treated with the vehicle (0.1% DMSO) or 666 µM (S)-(+)-carvone for 1 h, followed by 

stimulation with 1 µg/mL LPS for 1 h. Control cells (Ctrl) were treated with the vehicle in the absence of LPS. 

Each column represents the mean ± SEM of seven independent experiments. Representative images are shown. 

*p<0.05 relative to LPS-treated cells. ##p<0.01 and ####p<0.0001 relative to the Ctrl. MW: molecular weight 

marker. 
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3.3.5 (S)-(+)-carvone promotes NF-B/p65 deacetylation at Lys310 and directly 

activates SIRT1 activity 

Besides release from IB-α and nuclear translocation, NF-B full transcriptional activity 

requires several modifications of NF-B/p65 which impact on DNA binding affinity, 

interaction with coactivators and corepressors and termination of the NF-κB response 

(Huang, Yang et al. 2010). Thus, we hypothesized that (S)-(+)-carvone may interfere with 

one or more of those modifications. Among those, NF-B/p65 acetylation, particularly at 

Lys310, has been reported as essential for full NF-κB transcriptional activity (Huang, Yang 

et al. 2010). Thus, we evaluated the levels of NF-B/p65 acetylated on Lys 310 induced by 

LPS. Figure 6A shows that pre-treatment with (S)-(+)-carvone decreased the levels of 

acetylated Lys310 on NF-B/p65. (Fig. 6A). Furthermore, resveratrol (Res), a natural 

polyphenolic compound known to promote NF-B/p65 deacetylation (Yeung, Hoberg et al. 

2004) used as a positive pharmacological control, shows a tendency to reduce the levels of 

acetylated NF-B/p65 present in the nucleus (Fig. 6A), although this effect was blunted 

because Res also inhibits the canonical NF-κB activation pathway, decreasing the nuclear 

levels of total NF-B/p65 (Holmes-McNary and Baldwin 2000, Manna, Mukhopadhyay et 

al. 2000). 

These results led us to hypothesize that (S)-(+)-carvone may directly activate Sirtuin 1 

(SIRT1), a NAD+-dependent class III histone/protein deacetylase. SIRT1interacts with NF-

B/p65 and specifically deacetylates its Lys310 residue, which inhibits NF-κB 

transcriptional activity (Yeung, Hoberg et al. 2004). To investigate this hypothesis, we used 

an in vitro fluorimetric assay based on the deacetylation of a p53-derived synthetic peptide 

by recombinant human SIRT1. Figure 6B shows that (S)-(+)-carvone activated SIRT1 in a 

concentration-dependent manner, reaching a maximum at a concentration of 266 µM (Fig. 

6B). As expected, Res was also effective in increasing SIRT1 activity. 

On the other hand, increased deacetylation of SIRT1 target proteins in vivo can also occur 

in response to stimuli that increase the expression of this enzyme, with or without affecting 

its activity. Thus and to further elucidate the mechanism underlying the ability of (S)-(+)-

carvone to deacetylate NF-B/p65, we evaluated the protein levels of SIRT1. Figure 6C 

shows that LPS did not significantly affect SIRT1 levels relative to untreated cells and (S)-

(+)-carvone also had no influence on those levels. 
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Taken together, the results show that (S)-(+)-carvone promoted NF-B/p65 

deacetylation, likely by directly activating SIRT1 and this mechanism probably underlies 

the inhibitory effect of (S)-(+)-carvone on NF-B-dependent gene transcription. 
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Figure 6. Effect of (S)-(+)-carvone on Lys310-acetylated NF-B/p65 levels (A) and SIRT1 activity (B) 

and protein levels (C). (A) Raw 264.7 macrophages were pre-treated with vehicle (0.1% DMSO), 666 µM 

(S)-(+)-carvone or 5.5 µM Resveratrol (Res) for 1 h, before treatment with 1µg/mL LPS for 1 h. (B) Different 

concentrations of (S)-(+)-carvone were directly incubated with human recombinant SIRT1 and specific 
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substrate, as described under Materials and methods. Resveratrol (Res) was used as a pharmacological control 

of SIRT1 activation. (C) Raw 264.7 cells were treated with 1 µg/mL LPS, following pre-treatment with the 

vehicle (0.1% DMSO) or 666 µM (S)-(+)-carvone for 1 h. Control cells (Ctrl) were treated with the vehicle 

(0.1% DMSO) in the absence of LPS. Each column represents the mean ± SEM of four (A), six to fifteen (B) 

and three (C) independent experiments. On panel A, the intensities, in arbitrary units, of the bands 

corresponding to Ac-p65 (Lys310) and total NF-B/p65 in the control were subtracted from the intensities of 

the corresponding bands in each condition to allow calculation of the ratio of Ac-p65 (Lys310) to total NF-

B/p65 and subsequent normalization to LPS. Representative images are shown. *p<0.05 relative to LPS-

treated cells. For (B), *p<0.05, **p<0.01 and ***p<0.001 relative to SIRT1 basal activity; §p<0.05 and 

§§§p<0.001 between the conditions indicated. MW: molecular weight marker. 

 

3.3.6 (S)-(+)-carvone also promotes NF-B/p65 deacetylation at Lys310 in Il-1β-

treated human chondrocytes  

To confirm that the ability of (S)-(+)-carvone to activate SIRT1 and promote NF-B/p65 

deacetylation is a broad mechanism relevant in other cell types, we performed the same 

experiment in human chondrocytes treated with IL-1β. As expected, treatment with IL-1β 

(10 ng/mL) increased Lys310 acetylation which was decreased by pretreatment with either 

(S)-(+)-carvone or Res, used as a pharmacological control (Fig.7). However, neither the 

effect of (S)-(+)-carvone nor that of Res reached statistical significance, probably due to the 

large inter-individual variability of cartilage sample donors. 
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Figure 7. (S)-(+)-carvone decreases IL-1β-induced NF-B/p65 acetylation at Lys310 in human 

chondrocytes. Human chondrocyte cultures were pre-treated with vehicle (0.1% DMSO), 666 µM (S)-(+)-

carvone or 5.5 µM Resveratrol (Res) for 1h, and then stimulated for 45 min with 10 ng/mL IL-1β. Control cells 

(Ctrl) were treated with the vehicle (0.1% DMSO) in the absence of IL-1β. The intensities, in arbitrary units, 

of the bands corresponding to Ac-p65 (Lys310) and total NF-B/p65 in the control were subtracted from the 

intensities of the corresponding bands in each condition to allow calculation of the ratio of Ac-p65 (Lys310) 

to total NF-B/p65 and subsequent normalization to IL-1β. Each column represents the mean ± SEM of four 

independent experiments. Representative images are shown. MW: molecular weight marker. 

 

3.3.7. (S)-(+)-carvone increases SOX9 levels in human chondrocytes 

To further assess the relevance of (S)-(+)-carvone in regulating chondrocyte functions, 

besides inhibition of inflammatory responses, we evaluated its ability to modulate the protein 

levels of SRY-box transcription factor 9 (SOX9), a transcription factor essential for the 

expression of cartilage-specific genes, namely collagen 2 and aggrecan, whose activity is 

dependent on SIRT1(Dvir-Ginzberg, Gagarina et al. 2008, Bar Oz, Kumar et al. 2016). 

Figure 8 shows that treatment of human chondrocytes with (S)-(+)-carvone for 24 h 

increases SOX9 protein levels by approximately 2.5 fold. No significant differences were 

found between the two concentrations of (S)-(+)-carvone tested, suggesting that the maximal 

effect was achieved. This is in agreement with the results presented in Fig. 6B where the 

same concentrations also elicited maximal SIRT1 activation. 
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Figure 8. (S)-(+)-carvone increases SOX9 protein levels in human chondrocytes. The cells were treated 

with the indicated concentrations of the test compound or vehicle (0.1% DMSO) for 24 h. Each column 

represents the mean ± SEM of, at least, three independent experiments. A representative image is shown. 

#p<0.05 and ##p<0.01 relative to the Ctrl MW: molecular weight marker. 

 

3.4. Discussion  

Inhibition of MAPK and/or NF-B signaling pathways are mechanisms relevant to 

dampen chronic low-grade inflammation that are targeted by many compounds of natural 

origin (Azab, Nassar et al. 2016, Lin and Li 2018), from polyphenols, like Res (de Sá 

Coutinho, Pacheco et al. 2018), to monoterpenes, such as myrcene and limonene (Rufino, 

Ribeiro et al. 2015) and α-pinene (Rufino, Ribeiro et al. 2014). Thus, to elucidate the 

molecular mechanism of the anti-inflammatory effects of (S)-(+)-carvone that we observed 

in murine macrophages and human chondrocytes (Sousa et al., 2020), we started by 

evaluating its ability to inhibit those signaling pathways. Interestingly, the results 

demonstrate that only JNK1 is significantly inhibited by (S)-(+)-carvone, while it does not 

prevent LPS-induced activation of any of the other MAPK family members to a significant 

extent. Moreover, (S)-(+)-carvone also does not prevent any of the steps involved in the 

canonical NF-B activation pathway, that is, IB-α phosphorylation and degradation and 

NF-B/p65 nuclear translocation and phosphorylation on Ser536 (Figs. 3 and 4). 
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Nonetheless, we further confirmed that this compound is effective in inhibiting the 

expression of IB-α, another NF-B target gene (Fig. 5). 

Since several post-translational modifications of NF-B/p65 play a critical role in 

modulating its DNA-binding affinity and transcriptional activity (Huang, Yang et al. 2010), 

we hypothesized that (S)-(+)-carvone may exert its anti-inflammatory effects by modulating 

such modifications. Among those, acetylation of Lys310 by the co-activator and 

histone/protein acetyltransferase, CBP/p300, is required for the full transcriptional activity 

of NF-κB, without interfering with DNA binding (Huang, Yang et al. 2010). Deacetylation 

of that Lys residue prevents and contributes to cease NF-B transcriptional activity because 

it allows subsequent ubiquitination and degradation of promoter-associated NF-B/p65 

(Huang, Yang et al. 2010). As shown in Figure 6A, (S)-(+)-carvone significantly decreased 

LPS-induced Lys310-acetylated NF-B/p65 levels in mouse macrophages, suggesting that 

this can be the mechanism underlying inhibition of NF-B-dependent gene expression. 

Decreased levels of acetylated NF-B/p65 can occur due to inhibition of Histone 

AcetylTransferase (HAT) enzymes or activation of Histone DeAcetylases (HDAC). Among 

HDACs, SIRT1 has a major role in modulating NF-B transcriptional activity by directly 

interacting with and deacetylating NF-B/p65 on Lys310 (Yeung, Hoberg et al. 2004). Thus, 

we hypothesized that SIRT1 could be the target of (S)-(+)-carvone and found that it directly 

activates SIRT1 which correlates with decreased levels of acetylated NF-B/p65 both in 

murine macrophages (Fig. 6) and human chondrocytes (Fig. 7), although in this case 

interindividual variability likely precluded the observation of statistically significant 

differences.  

Finally and to further assess the relevance of SIRT1 activation by (S)-(+)-carvone in the 

context of a chronic disease like osteoarthritis, we evaluated its ability to modulate SOX9. 

SIRT1 is responsible for SOX9 deacetylation which is required for its nuclear translocation 

and enhancement of collagen 2 (Dvir-Ginzberg, Gagarina et al. 2008, Oppenheimer, Kumar 

et al. 2014) and aggrecan (Bar Oz, Kumar et al. 2016) expression. The results presented in 

Figure 8 show that treatment of human chondrocytes with (S)-(+)-carvone significantly 

increases the protein levels of SOX9. However, these results are in contrast with other 

studies that found no changes in SOX9 protein levels upon activation or inhibition of SIRT1 

(Bar Oz et al., 2016). Nonetheless, a cleaved inactive form of SOX9 has been found to 

accumulate in OA and aged-chondrocytes, correlating with decreased expression and 
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activity of SIRT1 (Bar Oz et al., 2016). Moreover, known SIRT1 activators, like Res and 

fisetin, have been shown to increase basal SOX9 levels and to counteract the inhibitory effect 

induced by inflammatory stimuli (Buhrmann, Popper et al. 2017, Zheng, Feng et al. 2017). 

Clearly, more studies are required to fully assess the role of the acetylation status on the 

stability of SOX9 and the relevance of activating or inhibiting SIRT1 on that process (Zheng 

et al., 2017).  

 

3.5. Conclusion 

In summary, the results presented show that (S)-(+)-carvone directly activates SIRT1 

which, in turn, leads to inhibition of NF-B transcriptional activity, resulting in anti-

inflammatory effects.  

To our knowledge, this is the first study identifying a monoterpene compound as a direct 

activator of SIRT1. Although studies using (S)-(+)-carvone are scarce, previous studies 

using the racemic mixture containing both carvone enantiomers, (S)-(+)- and (R)-(-)-

carvone, reported some pharmacological activities, including antioxidant (Sabir, Singh et al. 

2015), anti-inflammatory (Sepúlveda-Arias, Veloza et al. 2013, Sousa, Leitão et al. 2020), 

anti-carcinogenic (Wattenberg, Sparnins et al. 1989), anti-hyperglycemic and anti-

hyperlipidemic (Muruganathan and Srinivasan 2016, Alsanea and Liu 2017) properties. 

Interestingly, SIRT1 activation has been shown to have a role in all these processes (Haigis 

and Sinclair 2010, Gomes, Leal et al. 2019), suggesting that, at least in part, this can be the 

mechanism underlying the pharmacological activities previously reported for carvone.  

Remarkably, NF-B and SIRT1 are involved in an antagonistic crosstalk whereby SIRT1 

inhibits NF-B activity by deacetylating NF-B/p65 and this transcription factor inhibits 

SIRT1 expression (Kauppinen, Suuronen et al. 2013). Decreased SIRT1 expression and 

increased NF-B activity are found in many metabolic and age-related diseases, so that NF-

B inhibition is envisaged as a promising therapeutic strategy for those diseases, as well as 

to delay the consequences of aging (Gaspar, Álvaro et al. 2019, Gomes, Leal et al. 2019, 

Mahmoudi, Xu et al. 2019). Therefore, the ability of (S)-(+)-carvone to directly increase the 

activity of SIRT1 leading to NF-B inhibition has a huge therapeutic potential. Further 

studies addressed at pharmacokinetic and further pharmacodynamic elucidation, namely in 

terms of selectivity, efficacy and safety, in cell and animal models of disease are required to 
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fully ascertain the therapeutic potential of (S)-(+)-carvone and support its role as the first in 

monoterpene class SIRT1 activator. 
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3.6 Supplementary material  

 

Figure S1.(S)-(+)-carvone does not inhibit NF-κB nuclear translocation in Raw 264.7 cells. Macrophages 

were treated with 1 µg/mL LPS for 1 h, following pre-treatment with the vehicle (0.1% DMSO) or 666 µM 

(S)-(+)-carvone for 1 h. Cytoplasmic (A) and nuclear (B) levels of RelA/p65 were evaluated by western blot. 

Control cells (Ctrl) were treated with the vehicle in the absence of LPS. Each column represents the mean ± 

SEM of three (A) and six (B) independent experiments. Representative images are shown. ***p<0.001 relative 

to LPS-treated cells. ###p<0.001 and ####p<0.0001 relative to the Ctrl. MW: molecular weight marker. 

 
 
 

 

 

 

 

 

 

Figure S2. Effect of LPS on IκB-α degradation/resynthesis in Raw 264.7 cells. Cells were stimulated with 

1 µg/mL LPS for the indicated time periods. MW: molecular weight marker. 
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Figure S3. Uncropped images of the blots shown in figures 1-3 and 5-8. The portions of the membranes 

shown in each of those figures are surrounded by a dashed line box.  
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Graphical Abstract 

Highlights 

• (R)-(-)-carvone decreases LPS-induced JNK1 phosphorylation  

• (R)-(-)-carvone does not interfere with the canonical NF-B activation pathway 

• (R)-(-)-carvone inhibits NF-B-dependent gene expression  

• (R)-(-)-carvone does not affect SIRT1 
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Abstract 

Our previous work identified two enantiomeric monoterpenes belonging to the limonene 

synthase pathway, (S)-(+)- and (R)-(-)-carvone, with promising anti-inflammatory activity. 

Despite being enantiomers, these two compounds showed differences in potency that suggest 

potentially distinct mechanisms of action. Thus, the purpose of this work was to explore the 

molecular mechanisms responsible for the anti-inflammatory activity of (R)-(-)-carvone, in 

particular its ability to inhibit the signaling pathways involving the Mitogen-Activated 

Protein Kinases (MAPKs) and the transcription factor, Nuclear Factor kappa-light-chain-

enhancer of activated B Cells (NF-B). (R)-(-)-carvone significantly decreased the 

phosphorylation levels of the MAPK, JNK1, induced by bacterial lipopolysaccharide (LPS) 

in the murine macrophage cell line, Raw264.7, while it did not interfere with the canonical 

NF-B activation pathway, namely phosphorylation and degradation of its inhibitor, IB-α, 

phosphorylation of its major component, p65, at serine 536 and nuclear translocation of its 

complexes. Nonetheless, (R)-(-)-carvone significantly inhibited IκB-α resynthesis induced 

by LPS, suggesting that it interferes with NF-B transcriptional activity, even though it 

doesn’t seem to affect its activation. Moreover, (R)-(-)-carvone also showed a tendency to 

decrease the levels of acetylated NF-B/p65 in the nucleus, but the difference relative to 

cells treated with LPS alone did not reach statistical significance. Corroborating these 

results, (R)-(-)-carvone also did not affect the activity and protein levels of sirtuin-1, the 

major NF-B/p65 deacetylating enzyme. Taken together, these results show that the anti-

inflammatory activity of (R)-(-)-carvone probably involves inhibition of JNK1. Since JNK1 

is involved in the regulation of NF-B transcriptional activity by activating enzymes that 

contribute to its acetylation, inhibition of that enzyme by (R)-(-)-carvone is likely to 

negatively modulate NF-B activity without interfering with its canonical activation 

pathway. Further studies are required to evaluate the ability of (R)-(-)-carvone to modulate 

other mechanisms required for full NF-B transcriptional activity. This study highlights the 

diversity of molecular mechanisms that can be involved in the anti-inflammatory activity of 

natural compounds, particularly of monoterpenes, and identifies (R)-(-)-carvone as the 

prototype of a new class of anti-inflammatory compounds capable of modulating JNK1 and 

NF-B activity without interfering with its canonical activation pathway. 

 

Keywords: (R)-(-)-carvone; inflammation; aging; NF-B; MAPKs 
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4.1 Introduction  

Natural products are an enriched source of compounds with a variety of pharmacological 

activities. Anti-inflammatory activity is among the most studied and reported for natural 

products and their components (Azab, Nassar et al. 2016). Monoterpenes are a well-known 

class of natural compounds with anti-inflammatory activity (de Cassia da Silveira e Sa, 

Andrade et al. 2013). The anti-inflammatory properties of most of these compounds result 

from the inhibition of one or both of two critical signalling pathways that orchestrate the 

inflammatory response and include members of the Mitogen-Activated Protein Kinase 

(MAPK) family and the transcription factor, Nuclear Factor kappa-light-chain-enhancer of 

activated B Cells (NF-B) (Rufino, Ribeiro et al. 2014, Rufino, Ribeiro et al. 2015, Chen, 

Deng et al. 2018). Nonetheless, significant differences have been reported, with distinct 

compounds presenting different abilities to inhibit each one of those signalling pathways, 

even in the same cell type (Rufino, Ribeiro et al. 2014, Rufino, Ferreira et al. 2015).  

In our previous work, we performed a standardized screening of the anti-inflammatory 

activity of selected monoterpene compounds that identified nine compounds with anti-

inflammatory activity and allowed the recognition of structure-activity relationships. Among 

the active compounds, (S)-(+)-carvone and (R)-(-)-carvone were the most potent, inhibiting 

the expression of pro-inflammatory mediators [e.g. inducible nitric oxide synthase (NOS2) 

and interleukin-1β (IL-1β)] induced by lipopolysaccharides (LPS) in murine macrophages 

(Sousa, Leitão et al. 2020). Nonetheless, the two enantiomers showed distinct potencies 

which prompted us to further investigate their molecular mechanism of action. Thus, the 

purpose of this study is to explore the molecular mechanism involved in the anti-

inflammatory activity of (R)-(-)-carvone. Considering the importance of the MAPKs and 

NF-B in orchestrating the inflammatory response by inducing inflammatory gene and 

protein expression, we evaluated the ability of (R)-(-)-carvone to modulate these signaling 

pathways. 
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4.2 Material and methods 

4.2.1 Cell culture and treatments 

The mouse macrophage cell line, Raw 264.7 (ATCC No. TIB-71), was cultured in 

DMEM supplemented with 10% non-heat inactivated fetal bovine serum, 100 U/mL 

penicillin and 100 µg/mL streptomycin. Raw 264.7 cells were plated at a density of 3x105 

cells/mL and left to stabilize for up to 24 h. 

For cell treatments, (R)-(-)-carvone (#124931, purity 98%, Sigma-Aldrich Co., St Louis, 

MO, USA), resveratrol (Res; Extrasynthese, Genay Cedex,France), Bay 11-7082 

(Calbiochem, San Diego, CA, USA) and MG-132 (Z-Leu-Leu-Leu-CHO, Boston Biochem, 

Cambridge, MA, USA) were dissolved in dimethyl sulfoxide (DMSO; Sigma-Aldrich Co). 

LPS from Escherichia coli 026:B6 (Sigma-Aldrich Co.) were dissolved in phosphate 

buffered saline (PBS). DMSO was used as vehicle and added to control and LPS-treated cell 

cultures, so that its final concentration did not exceed 0.1% (v/v). The chemicals used or the 

vehicle were added to macrophage cell cultures 1 h before the pro-inflammatory stimulus, 1 

µg/mL LPS, and maintained for the rest of the experimental period. The concentrations of 

each chemical and the experimental treatment periods are indicated in figures and/or figure 

legends. 

 

4.2.2 Preparation of cell extracts 

Preparation of total cell extracts was performed as described previously (Sousa, Leitão et 

al. 2020). 

Nuclear Extract Kit (Active Motif, La Hulpe, Belgium) was used for the preparation of 

cytoplasmic and nuclear extracts, following the manufacturer’s instructions.  

Protein concentration in the extracts was determined with the bicinchoninic acid kit 

(Sigma-Aldrich Co.). 

 

4.2.3 Western Blotting 

Western Blot was performed as described previously (Sousa, Ribeiro et al. 2017). Briefly, 

total (25 µg), cytoplasmic (25 µg) or nuclear (30 µg) proteins were separated by SDS-PAGE 

under reducing conditions and electrotransferred onto PVDF membranes which were probed 

overnight at 4ºC or for 2 h at room temperature with the primary antibodies listed in Table 

1 and then with anti-rabbit or anti-mouse alkaline phosphatase-conjugated secondary 
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antibodies (dilution 1:20000; GE Healthcare, Chalfont St. Giles, UK). Mouse monoclonal 

anti-β-Tubulin I and rabbit polyclonal anti-Lamin B1 were used as a loading controls of total 

and cytoplasmic extracts and of nuclear extracts, respectively. Immune complexes were 

detected with Enhanced ChemiFluorescence reagent (GE Healthcare) in the imaging system 

ThyphoonTM FLA 9000 (GE Healthcare). Image analysis was performed with TotalLab 

TL120 software (Nonlinear Dynamics Ltd). 

 

Table 1: List of primary antibodies used in Western Blot 

Protein Source Clonality Dilution Supplier 
Reference 

number 

IκB-α rabbit polyclonal 1:1000 

Cell Signaling 

Technology, 

Inc., Danvers, 

MA, USA 

#9242 

phospho-p44/42 

MAPK 

(ERK1/2) 

(Thr202/Tyr204) 

rabbit polyclonal 1:1000 

Cell Signaling 

Technology, 

Inc. 

#9101 

p44/42 MAPK 

(ERK1/2) 
rabbit polyclonal 1:1000 

Cell Signaling 

Technology, 

Inc. 

#9102 

phospho-p38 

MAPK 

(Thr180/Tyr182) 

rabbit polyclonal 1:1000 

Cell Signaling 

Technology, 

Inc. 

#9211 

p38 MAPK rabbit polyclonal 1:1000 

Cell Signaling 

Technology, 

Inc. 

#9212 

SAPK/JNK rabbit polyclonal 1:1000 

Cell Signaling 

Technology, 

Inc. 

#9252 

acetyl-NF-κB 

p65 

(Lys310) 

rabbit polyclonal 1:750 

Cell Signaling 

Technology, 

Inc. 

#3045 

Sirtuin-1 rabbit polyclonal 1:1000 
Sigma-Aldrich 

Co. 
07-131 

Lamin B1 rabbit polyclonal 1:1000 

Abcam, 

Cambridge, 

UK 

ab16048 

phospho-

SAPK/JNK 

(Thr183/Tyr185) 

rabbit monoclonal 1:1000 

Cell Signaling 

Technology, 

Inc. 

#4668 
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NF-κB p65 

(D14E12) XP® 
rabbit monoclonal 1:1000 

Cell Signaling 

Technology, 

Inc. 

#8242 

phospho- 

NF-κB p65 

(Ser536) 

rabbit monoclonal 1:1000 

Cell Signaling 

Technology, 

Inc. 

#3033 

phospho-IκB-α 

(Ser32/36) 
mouse monoclonal 1:1000 

Cell Signaling 

Technology, 

Inc. 

#9246 

β-Tubulin I mouse monoclonal 1:20000 
Sigma-Aldrich 

Co. 
T7816 

 

4.2.4 Immunocytochemistry 

To evaluate NF-κB/p65 nuclear translocation, immunocytochemistry was performed. 

Macrophages seeded onto 1 µ-Slide 8 Well ibiTreat (Ibidi, Martinsried, Germany) and 

treated as indicated in figure legends. At the end of the treatment period, cells were washed 

with ice-cold PBS pH=7.4 and, then, fixed in 4% paraformaldehyde at room temperature, 

for 15 min. After fixing, cells were washed three times with PBS pH=7,4 with 0.1 M glycine 

for 5 min each and blocked with 5% Goat Serum, 0.3% Triton in PBS, pH=7.4 for 1 h at 

room temperature. Then, the slides were incubated with a rabbit monoclonal anti-NF-κB p65 

(D14E12) XP® antibody (dilution 1:400; #8242S, Cell Signaling Technology, Inc.) in 1% 

Bovine Serum Albumin (BSA) in PBS (pH=7.4) overnight at 4ºC and then incubated with 

anti-rabbit IgG (H+L) CFTM488A (dilution 1:400; Biothium, Inc., Fremont, CA, USA) and 

Alexa Fluor TM 555 Phalloidin (dilution 1:1000; Molecular Probes, Invitrogen, Eugene, OR) 

to stain the cytoskeleton (especially F-actin) and enhance visualization of the cytoplasm 

(Wulf, Deboben et al. 1979). The cells were counterstained with DAPI (0.2 ng/mL; 

Molecular Probes, Invitrogen, Eugene, OR) to stain the nuclei. Specificity was confirmed in 

negative controls set up by omitting the primary antibody. Fluorescence images were 

obtained in an Axio Observer ZI fluorescence microscope (Carl Zeiss, Germany).  

 

4.2.5 SIRT1 activity assay 

Interaction of (R)-(-)-carvone with human SIRT1 enzyme was evaluated using the SIRT1 

Direct Florescent Screening Assay Kit (Cayman Chemical Company, Ann Arbor, MI, USA) 

following the manufacturer’s instructions. Results are presented as mean of fluorescence 

intensity (arbitrary units) ± SEM.  
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4.2.6 Statistical Analysis 

Results are presented as means ± SEM. Statistical analysis was performed using 

GraphPad Prism version 6.0 (GraphPad Software, San Diego, CA, USA). Statistical analysis 

was performed by using the t-test to compare each condition with its respective control and 

one-way ANOVA with the Dunnett post-test for comparison of all conditions to a control 

group, except in Fig.5B where one-way ANOVA with the Tuckey post-test for multiple 

comparisons was used. Results were considered statistically significant at p< 0.05. 

 

4.3 Results 

4.3.1 (R)-(-)-carvone inhibits LPS-induced phosphorylation of JNK1, but not of p38 

and ERK1/2 

Upon binding to its receptor, the Toll-Like Receptor 4 (TLR4), LPS triggers the activation 

of all MAPK family members, namely Extracellular signal-Regulated Kinase (ERK)1/2, p38 

and c-Jun N terminal Kinase (JNK), by inducing their phosphorylation on specific 

serine/threonine residues (Arthur and Ley 2013). Treatment with LPS for 5 min was 

sufficient to significantly increase p38 and JNK phosphorylation in comparison to control 

cells, while ERK1/2 phosphorylation was maximal after 1 h (data not shown). Using these 

time points, pre-treatment with (R)-(-)-carvone did not significantly affect LPS-induced p38 

(Fig.1A) and ERK1/2 (Fig.1B) phosphorylation. On the opposite, (R)-(-)-carvone 

significantly decreased LPS-induced phosphorylation of JNK1 (Fig.1C), while the other two 

isoforms, JNK2 and 3, were not significantly affected (Fig.1C). Taken together, these results 

suggest that only inhibition of JNK1 by (R)-(-)-carvone can contribute to its anti-

inflammatory activity. 
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Figure 1. Effect of (R)-(-)-carvone on p38 (A), ERK1/2 (B) and JNK (C) phosphorylation induced by 

LPS in Raw 264.7 cells. Macrophage cultures were pre-treated with 666 µM of (R)-(-)-carvone or with the 

vehicle (0.1% DMSO) for 1 h and then with 1 µg/mL LPS for 5 min (A and C) or 1 h (B). Control cells (Ctrl) 

were treated with the vehicle (0.1% DMSO) in the absence of LPS. Each column represents the mean ± SEM 

of four (A and C) or three (B) independent experiments. Representative images are shown. **p<0.001, 

***p<0.001 and ****p<0.0001 relative to LPS-treated cells. #p<0.05 and ##p<0.01 relative to the Ctrl. MW: 

molecular weight marker. 
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4.3.2 (R)-(-)-carvone does not interfere with the NF-B canonical pathway activation 

and nuclear translocation 

In the NF-B canonical pathway, recognition of a stimulatory ligand (e.g. LPS) by its 

receptor (e.g. TLR4) triggers a signaling cascade targeting IB kinase complex (IKK), in 

particular its catalytic subunit, IKKβ (Mulero, Huxford et al. 2019). Once activated, IKKβ 

phosphorylates IBα, the natural inhibitor of NF-κB, at serine (Ser) 32 and 36, which 

triggers its ubiquitination and subsequent proteasomal degradation (Mulero, Huxford et al. 

2019). Thus, NF-κB dimers, typically composed of p65 and p50 proteins, are freed and 

translocate to the nucleus (Mulero, Huxford et al. 2019). Since phosphorylation and 

degradation of IBα are key steps in the canonical signaling pathway for NF-B activation, 

the effect of (R)-(-)-carvone on these processes was evaluated. As expected, LPS induced 

IBa phosphorylation (Fig. 2A) and, consequently, its degradation (Fig. 2B) in comparison 

to control cells. However, (R)-(-)-carvone did not interfere with any of these steps (Fig. 2A 

and B). Bay 11-7082, a selective IKK inhibitor, and MG-132, a synthetic proteasome 

inhibitor peptide, were used as pharmacological controls. Despite not being statistically 

significant, Bay 11-7082 showed a tendency to decrease LPS-induced IBα phosphorylation 

(Fig. 2A) and degradation (Fig. 2B) while MG-132 increased the levels of phosphorylated 

and total IBa protein (Fig. 2B), consistent with the inhibition of its proteasomal degradation 

(Fig. 2A). Thus, LPS effectively activated the canonical NF-B activation pathway which 

was not affected by pre-treatment with (R)-(-)-carvone. 

Besides release from complexes with IB-α, NF-B activation requires the NF-B/p65 

subunit to undergo various post-translation modifications (PTM) for full transcriptional 

activity (Mitchell and Carmody 2018). Phosphorylation of NF-B/p65 on the Ser536 residue 

by IKKβ is one of those PTM and is considered a marker of the canonical NF-B activation 

pathway (Sakurai, Chiba et al. 1999, Yang, Tang et al. 2003, Huang, Yang et al. 2010). Thus, 

the ability of (R)-(-)-carvone to affect NF-B/p65 phosphorylation at Ser536 was evaluated. 

Figure 2C shows that LPS significantly induced NF-B/p65 phosphorylation at Ser536, 

relative to control cells, but the test compound had no effect (Fig.2C).  
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Figure 2. (R)-(-)-carvone does not affect the NF-κB activation pathway, namely, phosphorylation (A) 

and degradation (B) of IκB-α and NF-B/p65 phosphorylation at Ser536 (C). Macrophage cultures were 

pre-treated with the vehicle (0.1% DMSO, Ctrl), 666 µM (R)-(-)-carvone, the selective IKK inhibitor, Bay 11-
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7082 (5 µM), or the proteasome inhibitor, MG-132 (10 µM) for 1 h, following treatment with 1 µg/mL LPS 

for 5 min (A) or 15 min (B and C). Each column represents the mean ± SEM of five (A) or four (B and C) 

independent experiments. Representative images are shown. *p<0.05 and ****p<0.0001 relative to LPS-

treated cells. ##p<0.01, ###p<0.001 and ####p<0.0001 relative to the Ctrl. MW: molecular weight marker. 

 

Since (R)-(-)-carvone was found to not interfere with activation of the canonical NF-B 

signalling pathway, we hypothesized that it could interfere with the nuclear translocation of 

the NF-B dimers. To detect NF-B translocation to the nucleus, an immunocytochemistry 

assay for NF-B/p65 was performed. Figure 3 shows that NF-B/p65 is clearly present in 

the cytoplasm in vehicle-treated control cells, while after treatment with LPS for 20 min, 

immunoreactivity is exclusively located in the nucleus (Fig. 3). Pre-treatment with (R)-(-)-

carvone is unable to interfere with LPS-induced NF-B/p65 nuclear translocation as 

immunoreactivity is still localized to the nucleus (Fig. 3). Pre-treatment with MG-132, 

however, completely abrogated NF-B/p65 nuclear translocation, as immunoreactivity is 

only visible in the cytoplasm.  

Further confirming these results, western blot analyses show that LPS decreased the 

cytoplasmic (Fig. S1A) and increased the nuclear (Fig. S1B) levels of NF-κB/p65.  

  



CHAPTER 4 

171 

 

Figure 3. NF-κB/p65 nuclear translocation is not inhibited by (R)-(-)-carvone. Macrophages were pre-

treated with the vehicle (0.1% DMSO), 666 µM (R)-(-)-carvone or 10 µM MG-132 for 1 h and, then, treated 

with 1 µg/mL LPS for 20 min. Control cells (Ctrl) were treated with the vehicle (0.1% DMSO) in the absence 

of LPS. Immunofluorescence staining of NF-κB/p65 (green) and fluorescence staining of the cytoskeleton (red) 

and the nuclei (blue) were performed as described in Materials and methods. Scale bar: 20 µm. Representative 

images of each condition are shown.  
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4.3.3 (R)-(-)-carvone inhibits IB-α resynthesis 

Our previous results demonstrated that (R)-(-)-carvone decreased the expression of two 

NF-B target genes, NOS2 and IL-1β (Sousa, Leitão et al. 2020). However, the results above 

showed that this compound did not interfere with the canonical NF-B activation pathway, 

nor with its nuclear translocation. Thus, to further confirm that (R)-(-)-carvone does inhibit 

the transcriptional activity of NF-B, the expression of another NF-B-dependent gene, 

IB-α, (Cheng, Ryseck et al. 1998) was evaluated. For this, we first performed time course 

experiments to determine the time point after addition of the inflammatory stimulus, at which 

IB-α protein levels start to increase after having been degraded. IBα resynthesis began to 

be detectable 20 min after addition of LPS to macrophage cultures, reaching the maximum 

at 60 min (data not shown). Thus, the effect of (R)-(-)-carvone on IB-α expression was 

assessed 60 min after addition of LPS. Figure 4 shows that pre-treatment of macrophage 

cultures with (R)-(-)-carvone significantly reduced the increase in protein levels of IBα 

induced by LPS. This result further confirms that (R)-(-)-carvone interferes with NF-B 

transcriptional activity. 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4. LPS-induced IκB-α resynthesis is inhibited by (R)-(-)-carvone. Cell cultures were pre-treated 

with the vehicle (0.1% DMSO) or 666 µM (R)-(-)-carvone for 1 h, followed by stimulation with 1 µg/mL LPS 

for 1 h. Control cells (Ctrl) were treated with the vehicle (0.1% DMSO) in the absence of LPS. Each column 

represents the mean ± SEM of seven independent experiments. Representative images are shown. *p<0.05 

relative to LPS-treated cells. ##p<0.01 and ###p<0.001 relative to the Ctrl. MW: molecular weight marker. 
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4.3.4 (R)-(-)-carvone decreases LPS-induced acetylation of NF-B/p65 at Lys310 

independently of SIRT1 activity and expression 

The results presented above show that despite not interfering with the canonical NF-B 

activation pathway and its nuclear translocation, (R)-(-)-carvone  negatively affects its 

transcriptional activity. Thus, we hypothesized that the underlying mechanism may involve 

inhibition of activating PTM of the NF-B/p65 subunit. Among these PTM, acetylation of 

lysine (Lys) 310 on NF-B/p65 is especially relevant, being required for full transcriptional 

activity of NF-B, without affecting its DNA binding and IBα assembly (Chen, Mu et al. 

2002). Therefore, we hypothesized that (R)-(-)-carvone may interfere with NF-B/p65 

acetylation at Lys310. Figure 5A shows that treatment with LPS increased the levels of NF-

B/p65 acetylated at Lys310, which tended to decrease by pre-treatment with either (R)-(-)-

carvone or Res used as a positive pharmacological control of NF-B/p65 deacetylation 

(Yeung, Hoberg et al. 2004). Nonetheless, the differences are not statistically significant 

with either compound, perhaps because the increase in acetylated NF-B/p65 levels induced 

by LPS is small. 

Changes in the levels of acetylated NF-B/p65 can be caused by either activation of 

acetylating enzymes, namely p300, by inducing stimuli like LPS or by activation of 

deacetylase enzymes. Among these, Sirtuin 1 (SIRT1), a NAD+-dependent class III Histone 

DeAcetylase (HDAC), has been shown to physically interact with NF-B/p65, specifically 

deacetylating its Lys310 residue, and, consequently, inhibiting the transcriptional activity of 

NF-κB (Yeung, Hoberg et al. 2004). Thus, we next evaluated the ability of (R)-(-)-carvone 

to modulate SIRT1 activity and expression. Figure 5B shows that (R)-(-)-carvone was unable 

to modify the activity of SIRT1 towards a specific acetylated substrate, while Res, used as a 

positive pharmacological control (Howitz, Bitterman et al. 2003), significantly increased 

fluorescence intensity relative to the basal enzyme activity (Fig.5B). Furthermore, (R)-(-)-

carvone also did not affect SIRT1 protein levels when compared to cells treated with LPS 

alone (Fig.5C). Altogether, these results point out that induction of SIRT1expression and/or 

activity is unlike to be the mechanism responsible for the inhibitory effect of (R)-(-)-carvone 

on the transcriptional activity of NF-B induced by LPS. 
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Figure 5. Effect of (R)-(-)-carvone on acetylated Lys310 NF-B/p65 (Ac-p65) levels (A) and SIRT1 

activity (B) and protein levels (C). In A and C, macrophages were pre-treated with vehicle (0.1% DMSO), 

666 µM (R)-(-)-carvone or 5.5 µM Resveratrol (Res) for 1 h, following treatment with 1µg/mL LPS for 1 h. 

Control cells (Ctrl) were treated with the vehicle (0.1% DMSO) in the absence of LPS. (B) Different 

concentrations of (R)-(-)-carvone were directly incubated with human recombinant SIRT1 and a specific 

substrate, as described under Materials and methods. Res was used as a pharmacological control of SIRT1 
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activation. Each column represents the mean ± SEM of four (A), six to fifteen (B) and three (C) independent 

experiments. On panel A, the intensities, in arbitrary units, of the bands corresponding to Ac-p65 and total NF-

B/p65 in the control were subtracted from the intensities of the corresponding bands in each condition to 

allow calculation of the ratio of Ac-p65 to total NF-B/p65 and subsequent normalization to LPS. 

Representative images are shown. **p<0.01 relative to SIRT1 basal activity. MW: molecular weight marker. 

 

4.4 Discussion  

 The results presented demonstrate that (R)-(-)-carvone inhibits LPS-induced JNK1 

phosphorylation, but does not affect other MAPK family members (Fig. 1), nor does it 

interfere with the canonical NF-B activation pathway (Figs. 2 and 3), even though it 

effectively decreases its transcriptional activity [Fig. 4 and (Sousa, Leitão et al. 2020)].  

JNK plays an important role in the inflammatory response, especially by phosphorylating 

c-Jun, which reduces its ubiquitination and subsequent degradation and increases its 

transcriptional activity, particularly as a component of the transcription factor, Activating 

Protein-1 (AP-1) (Hambleton, Weinstein et al. 1996, Meng and Xia 2011) which is 

associated to the induction of inflammatory genes, like Nos2 (Spitsin, Koprowski et al. 1996, 

Martin and Wesche 2002). Moreover, c-Jun phosphorylation induced by IL-1 has been 

shown to be required for NF-B/p65 recruitment to the ccl2 gene which codes for C-C Motif 

Chemokine Ligand 2 (CCL2) or Monocyte Chemoattractant Protein-1 (MCP-1), a potent 

chemokine and inflammatory mediator (Wolter, Doerrie et al. 2008). Interestingly, this study 

also showed that JNK1/2-induced phosphorylation of c-Jun facilitates Histone DeAcetylase 

3 (HDAC3) dissociation from that gene, while enhancing the recruitment of the acetylase, 

CBP/p300, and NF-B, thus promoting ccl2 transcription. CBP/p300 is a co-activator and 

histone/protein acetyltransferase essential for full NF-κB transcriptional activity by 

acetylating NF-B/p65 on Lys310, without interfering with its DNA binding (Huang, Yang 

et al. 2010). Even though cell, stimulus and gene specificities can be involved, the ability of 

(R)-(-)-carvone to inhibit LPS-induced JNK1 activation is in line with that mechanism, 

whereby inhibition of c-Jun phosphorylation would impair NF-B/p65 recruitment to target 

genes and acetylation by CBP/p300, thus inhibiting NF-B-dependent gene expression. This 

mechanism may also explain the small effect of this compound on NF-B/p65 acetylation 

on Lys310 (Fig. 5), since it affects HDAC3, but may not interfere with SIRT1 which has 

been reported to be essential to deacetylate NF-B/p65 in response to many different stimuli 

in various cell types (Kauppinen, Suuronen et al. 2013), but whose expression and activity 
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are not affected by (R)-(-)-carvone (Fig. 5). Thus, inhibition of c-Jun phosphorylation may 

decrease NF-B/p65 recruitment to target genes without significantly affecting its 

acetylation status. Further studies are required to confirm these mechanisms and that 

phosphorylated c-Jun plays the same role in modulating the expression of other NF-B-

dependent genes, like IB-α (Fig. 4), NOS2 and IL-1β (Sousa, Leitão et al. 2020), in 

response to a different yet also pro-inflammatory stimulus, such as LPS. 

 

4.5 Conclusion 

To sum up, these results demonstrate that inhibition of JNK activation, in particular 

isoform 1, by (R)-(-)-carvone is likely the mechanism through which it decreases NF-B 

transcriptional activity in LPS-treated macrophages. This is in agreement with a recent study 

that reported the ability of (R)-(-)-carvone to inhibit NF-κB transcriprional activity induced 

by TNF-α in human embryonic kidney cell line (Marques, Figueira et al. 2019).  

Considering the role of the JNK and NF-κB pathways in chronic age-related 

inflammation, (R)-(-)-carvone shows potential to slow down age-related diseases and their 

consequences.  
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4.6 Supplementary material 

 

Figure S1. (R)-(-)-carvone does not inhibit NF-κB/p65 nuclear translocation in Raw 264.7 cells. 

Macrophages were pre-treated with the vehicle (0.1% DMSO) or 666 µM (R)-(-)-carvone for 1 h, following 

treatment with 1 µg/mL LPS for 1 h. Control cells (Ctrl) were treated with the vehicle in the absence of LPS. 

Cytoplasmic (A) and nuclear (B) levels of RelA/p65 were evaluated by western blot. Each column represents 

the mean ± SEM of four (A) or six (B) independent experiments. Representative images are shown. 

***p<0.001 relative to LPS-treated cells. ##p<0.01 relative to the Ctrl. MW: molecular weight marker 
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Figure S2. Uncropped images of the blots shown in figures 1-2 and 4-5. The portions of the membranes 

shown in each of those figures are surrounded by a dashed line box.  

 



 

 
 
 

Chapter 5: Discussion and Conclusion 
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The role of inflammation in chronic age-related diseases prompted us to look for new 

molecules capable of interfering with pro-inflammatory signaling pathways and establishing 

the SAR to guide the drug discovery process. The results presented in chapter 2 identified 

nine compounds with potential anti-inflammatory activity, based on their ability to inhibit 

LPS-induced NO production in murine macrophages. Moreover, calculation of IC50 values 

allowed the comparison of those active compounds and the identification of the structural 

features most relevant for efficacy and potency. In summary, the results show that: 

• Nine compounds, (S)-(+)-carvone (4), (R)-(-)-carvone (5), (-)-carveol (6), 

(+)-dihydrocarvone (7), (+)-dihydrocarveol (8), (-)-dihydrocarveol (9), (S)-(-)-

pulegone (13), (S)-8-hidroxycarvotanacetone (20) and (R)-8-

hidroxycarvotanacetone (21), are capable of significantly inhibiting NO production 

by more than 30%, at concentrations that do not affect cell viability.  

•  Calculation of IC50 values was possible for eight of those compounds and 

was used to rank their order of potency: (S)-(+)-carvone (4) > (R)-(-)-carvone (5) >> 

(+)-dihydrocarveol (8) > (S)-8-hidroxycarvotanacetone (20) > (R)-8-

hidroxycarvotanacetone (21) > (+)-dihydrocarvone (7) > (-)-carveol (6) > (-)-

dihydrocarveol (9). 

• The conjugation of an α,β double bond at C1 with a carbonyl group at C6 is 

the major determinant of potency, while the presence of an isopropenyl group at C4 

and the S configuration of the chiral center at C4 are decreasingly important. 

Figure 1 summarizes the chemical features found relevant for the anti-inflammatory 

activity. 
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Figure 1. Chemical features relevant for anti-inflammatory activity and potency. The presence of an 

oxygenated group (hydroxyl or carbonyl group) at C6 is essential for activity. When the oxygenated group at 

C6 is a carbonyl, potency is maximal due to its conjugation to the α,β double bond at C1, which provides a 

Michael centre. The presence of an isopropenyl group at C4 favours the anti-inflammatory activity or, at least, 

the absence of hydrogen binding sites and bulky groups at that position. The S configuration at C4 is also 

important for potency. Neither too flexible nor too rigid structures are suitable for activity.  

 
Findings about chemical features are very useful to predict the anti-inflammatory activity 

of distinct mint species and their chemotypes once the composition in limonene-derived 

monoterpenes is known. Furthermore, the identification of these features represents a critical 

insight into the chemistry of this class of compounds and, thus, a significant contribution to 

the drug discovery process by guiding the synthesis of new compounds with improved 

pharmacological and physicochemical characteristics. In particular, the SAR established 

identifies the isopropenyl group at C4 as a potential site for chemical modification that does 

not affect efficacy, even though potency may be decreased. Nonetheless, modifications at 

that site may be useful to modify the physicochemical characteristics of these compounds, 

for instance, in order to increase molecular weight and, thus, decrease volatility which may 

be important, for instance, to increase shelf life. On the other hand, it is conceptually possible 
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to modify that centre in such a way that volatility can be decreased without affecting or even 

increasing potency, relative to the parent compounds, namely (S)-(+)- and (R)-(-)-carvone. 

The anti-inflammatory properties of these two compounds were further confirmed by 

their ability to inhibit the expression of two major inflammatory mediators, NOS2 (chapter 

2, Fig. 2) and IL-1β (chapter 2, Fig. 3), in LPS-treated murine macrophages. Furthermore, 

(S)-(+)-carvone was also found to inhibit the expression of those mediators in IL-1β-treated 

human chondrocytes (chapter 2, Fig. 4), which are widely used as a cell model of 

osteoarthritis. Thus, the results obtained point out that (S)-(+)-carvone effectively inhibits 

the responses induced by distinct inflammatory and catabolic stimuli in different cell types.  

Taking the potential of (S)-(+)-carvone to interfere with the expression of pro-

inflammatory mediators in mouse macrophages and human chondrocytes, the mechanisms 

behind these effects were then investigated, in particular those involving the MAPK and NF-

κB signalling pathways. (S)-(+)-carvone significantly inhibited LPS-induced JNK activation 

(chapter 3, Fig. 1C), in particular JNK1 phosphorylation, in macrophages, but had no effect 

on the activation of the other two MAPK family members, p38 and ERK1/2 (chapter 3, Fig. 

1A and B). Inhibition of JNK activation may not be sufficient to explain its anti-

inflammatory effects, since SP600125, a selective JNK inhibitor, decreased NOS2 

expression and NO production, but did not affect the expression of IL-1β (chapter 3, Fig. 2). 

Moreover, (S)-(+)-carvone did not interfere with the initial steps of NF-κB activation, 

namely phosphorylation and degradation of IκB-α, phosphorylation of RelA/p65 at Ser536 

(chapter 3, Fig. 3) and NF-κB nuclear translocation (chapter 3, Fig. 4). Nevertheless, LPS-

induced IκB-α resynthesis was inhibited by (S)-(+)-carvone (chapter 3, Fig. 5). Since PTM 

confer another layer of regulation of NF-κB, we hypothesised that (S)-(+)-carvone could be 

interfering with a specific modification, in particular acetylation at Lys310 of RelA/p65 

which is necessary for full NF-κB transcriptional activity (Huang, Yang et al. 2010). (S)-

(+)-carvone did decrease LPS-induced acetylation of RelA/p65 at Lys310 in macrophages 

(chapter 3, Fig. 6A). The involvement of SIRT1 in deacetylation of RelA/p65 at Lys310 and 

consequent inhibition of NF-κB transcriptional activity has been described (Yeung, Hoberg 

et al. 2004, Kauppinen, Suuronen et al. 2013). Thus, we hypothesised that (S)-(+)-carvone 

could target SIRT1 activity and/or expression. In chemico assays demonstrated that (S)-(+)-

carvone directly activates SIRT1 (chapter 3, Fig. 6B), while studies in mouse macrophages 

showed its ability to decrease the levels of acetylated RelA/p65without interfering with 
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SIRT1 expression (chapter 3, Fig. 6C). These results were essentially confirmed in human 

chondrocytes (chapter 3, Fig. 7), although the decrease in the levels of acetylated RelA/p65 

at Lys310 induced by IL-1β did not reach statistical significance, most likely due to the 

substantial variability observed among cells from distinct cartilage donors. Further studies 

using a larger number of cartilage samples would be required to compensate for that 

variability. On the other hand, further studies, namely silencing SIRT1 expression and/or 

using known SIRT1 inhibitors, such as sirtinol or EX-527 (Wang, He et al. 2019) would be 

useful to confirm the direct activation of SIRT1 as the mechanism underlying the anti-

inflammatory effects of (S)-(+)-carvone. 

Figure 2 summarizes the mechanisms responsible for the anti-inflammatory effects of 

(S)-(+)-carvone in mouse macrophages and human chondrocytes. 

 

Figure 2. Molecular mechanisms responsible for the anti-inflammatory effects of (S)-(+)-carvone. (S)-

(+)-carvone inhibits JNK activation, in particular JNK1, while activating SIRT1 which directly deacetylates 

RelA/p65, decreasing the transcriptional activity of the master regulator of inflammatory gene expression, NF-

B. Ac, acetyl;p65, RelA/p65; P, phosphate; Ub, ubiquitin. 
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To our knowledge, (S)-(+)-carvone is the first monoterpene reported as a direct activator 

of SIRT1. Other compounds of natural origin have also been reported as SIRT1 activators, 

such as Res, curcumin, fisetin and berberine (Iside, Scafuro et al. 2020), but these are 

compounds with a polyphenolic structure which is quite different from that of (S)-(+)-

carvone. The availability of different compounds with diverse chemical structures, capable 

of activating SIRT1 provides the variety required for innovative drug design and 

development. In this particular case, the identification of a monoterpene structure like (S)-

(+)-carvone as a SIRT1 activator may be especially important by providing a completely 

new scaffold whose chemical modification may provide new compounds that overcome the 

bioavailability and solubility issues presented by the polyphenolic SIRT1 activators that 

currently represent a significant obstacle for their therapeutic use (Iside, Scafuro et al. 2020).  

SIRT1 has been emerging as a promising therapeutic target for metabolic and age-related 

diseases (Haigis and Sinclair 2010, Gomes, Leal et al. 2019). Particularly, its antagonistic 

crosstalk with NF-κB seems quite relevant for those diseases (Kauppinen, Suuronen et al. 

2013). As mentioned in Chapter 1, NF-κB has been shown to play a central role in the 

development of metabolic and age-related diseases (Salminen and Kaarniranta 2009, Baker, 

Hayden et al. 2011). Thus, mechanisms that interfere with the NF-κB signalling pathway, 

such as SIRT1 activation, are quite relevant and promising targets for the development of 

innovative strategies to prevent and treat those diseases. Moreover, SIRT1 expression has 

been reported as being downregulated in age-related diseases and increasing its expression 

and/or activity represents an effective strategy to slow down aging effects (Grabowska, 

Sikora et al. 2017). Accordingly, various clinical trials to assess the efficacy of SIRT1 

activators, like fisetin and Res, in various diseases are currently underway (Gaspar, Sousa et 

al. 2020). One of those diseases is OA (Dvir-Ginzberg, Mobasheri et al. 2016). For this 

reason, we confirmed the results regarding the acetylation of RelA/p65 at Lys310 in primary 

human chondrocyte cultures treated with IL-1β, as a cell model of OA. Moreover, (S)-(+)-

carvone also increased the protein levels of another target of SIRT1, the transcription factor 

SOX9 (chapter 3, Fig. 8). SIRT1 deacetylates SOX9 which is required for its nuclear 

translocation and enhancement of collagen 2 (Dvir-Ginzberg, Gagarina et al. 2008, 

Oppenheimer, Kumar et al. 2014) and aggrecan (Bar Oz, Kumar et al. 2016) expression, the 

major components of the cartilage ECM that are downregulated in OA (Charlier, Deroyer et 

al. 2019). Despite contradictory studies, Res and fisetin, known SIRT1 activators, have been 
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shown to increase SOX9 protein levels or to reverse the decrease induced by an 

inflammatory stimulus, respectively (Buhrmann, Popper et al. 2017, Zheng, Feng et al. 

2017). Clearly, further studies are needed to clarify the role of SIRT1 in SOX9 protein levels 

and transcriptional activity and its significance in cartilage homeostasis in health and 

disease. 

Given the relevance of macrophages and chondrocytes, which were used in this work, 

and the inflammatory stimuli used to OA pathophysiology (Goldring and Berenbaum 2015, 

Liu-Bryan and Terkeltaub 2015), further studies in animal models of the disease are 

warranted to further demonstrate the efficacy of (S)-(+)-carvone in halting join destruction 

in OA and to evaluate safety and pharmacokinetic issues, including identification of the best 

route of administration, namely by comparing the oral and intra-articular routes. In parallel, 

evaluation of the selectivity of (S)-(+)-carvone to SIRT1 is an essential requirement due to 

the great homology with other SIRTs (Wang, He et al. 2019). Moreover, potential off target 

effects also need to be addressed since (S)-(+)-carvone is quite lipophilic which is a feature 

that facilitates interaction with multiple protein targets and thus is associated with 

pharmacological promiscuity (Sturm, Desaphy et al. 2012, Gilberg, Jasial et al. 2016). 

Furthermore, (S)-(+)-carvone is a volatile low water solubility organic compound 

(Kesselmeier and Staudt 1999), which may represent limitations for its pharmaceutical 

formulation, production and storage. Nonetheless, these limitations can be overcome by 

encapsulation of (S)-(+)-carvone, for example. in cyclodextrin particles (Guimarães, 

Oliveira et al. 2015) or by lead optimization for which the SAR identified is an important 

tool. 

On the other hand, volatility of (S)-(+)-carvone may be an advantage for some 

applications, namely for nose-to-brain administration, providing a minimally invasive way 

of targeting neurological diseases, such as Alzheimer’s and Parkinson’s diseases (Gänger 

and Schindowski 2018) for which no curative therapies yet exist and pharmacological 

activation of SIRT1 represents a promising therapeutic strategy (Fujita and Yamashita 

2018). This prompted us to evaluate the potential of (S)-(+)-carvone in a Parkinson’s disease 

model that uses mesencephalic mouse neuron cultures treated with LPS. This is a well-

established in vitro model of Parkinson’s disease that elicits its major cellular alterations and 

pathological hallmarks, namely the accumulation, misfolding, and aggregation of α-

Synuclein and its progressive deposition in large intracellular aggregates (Tufekci, Genc et 
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al. 2011). The smaller aggregates, namely soluble oligomers, are the most toxic species of 

α-Synuclein (Ingelsson 2016) and thus, inhibition of their formation is a major target to 

prevent disease development and progression (Tufekci, Genc et al. 2011). Preliminary 

results show that (S)-(+)-carvone completely abolished the formation and accumulation of 

α-synuclein oligomers induced by LPS, thus suggesting that it can have protective effects 

against Parkinson’s disease development and progression (data not shown).  

Even though SIRT1 activation and, to a less extent, JNK1 inhibition were identified as 

major mechanisms behind the anti-inflammatory effects of (S)-(+)-carvone , the question 

remained whether its enantiomer, (R)-(-)-carvone, acts by the same mechanisms. Following 

the same experimental approach used for (S)-(+)-carvone, we found that (R)-(-)-carvone also 

significantly inhibited JNK1 (chapter 4, Fig. 1C), but not p38 and ERK1/2 (chapter 4, Fig. 

1A and B) phosphorylation induced by LPS in murine macrophages. Similarly, (R)-(-)-

carvone also did not interfere with the canonical NF-B activation pathway, namely 

phosphorylation and degradation of IB-α, phosphorylation of RelA/p65 subunit at Ser536 

(chapter 4, Fig. 2) and its nuclear translocation (chapter 4, Fig. 3), but significantly inhibited 

IκB-α resynthesis induced by LPS (chapter 4, Fig. 4), suggesting that it interferes with NF-

B transcriptional activity. Unlike its enantiomer, however, (R)-(-)-carvone did not 

significantly decrease the levels of acetylated RelA/p65 in the nucleus in response to 

treatment of murine macrophages with LPS (chapter 4, Fig. 5A). Importantly, (R)-(-)-

carvone also did not affect the activity and protein levels of SIRT1 (chapter 4, Fig. 5B and 

C). Thus, contrary to its enantiomer, (R)-(-)-carvone does not seem to block NF-B 

transcriptional activity through modulation of SIRT1 expression and/or activity, suggesting 

that enantiomerism may play a relevant role in SIRT1 activation.  

Nonetheless, the mechanism underlying the anti-inflammatory effect of (R)-(+)-carvone 

also involves inhibition of the NF-B transcriptional activity, without affecting its canonical 

activation pathway. Interestingly, (R)-(-)-carvone significantly decreased LPS-induced 

JNK1 phosphorylation which has been shown to enhance the recruitment and association of 

the acetylase, CBP/p300, with NF-B, thus promoting its acetylation and activation of 

transcription. While this mechanisms can explain, at least in part, the anti-inflammatory 

effects of (R)-(-)-carvone, further studies are required to confirm its relevance in the cell 

model of inflammation used in our study. Furthermore, this mechanism may explain the 
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differences in potency observed in inhibition of NO production by both carvone 

enantiomers. 

Figure 3 summarizes the mechanisms involved in the anti-inflammatory effects of (R)-(-

)-carvone. 

 

Figure 3. Molecular mechanism involved in the anti-inflammatory effects of (R)-(-)-carvone. JNK, in 

particular JNK1, inhibition is likely to interfere with p65 acetylation at Lys310 and thus, impair the 

transcriptional activity of NF-B. Ac, acetyl; p65, RelA/p65 P, phosphate; Ub, ubiquitin. 

 
To conclude, this work identified the relevant chemical features for anti-inflammatory 

activity of monoterpenes belonging to the limonene synthase pathway which are abundant 

in mint species. Among those, (S)-(+)-carvone and (R)-(-)-carvone are the most potent, 

although they differ partially, at least, regarding the underlying mechanism. While (S)-(+)-

carvone is a direct activator of SIRT1, its enantiomer does neither affect the expression nor 

the activity of this enzyme. Nonetheless, both carvone enantiomers are capable of inhibiting 

JNK1 which impairs c-Jun phosphorylation and, thus, may interfere with the transcriptional 

activity of NF-B by hindering RelA/p65 acetylation by CBP/p300. Moreover, inhibition of 
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c-Jun phosphorylation also interferes with the activation of other transcription factors, 

namely AP-1, that is required to enhance the transcription of many inflammation-related 

genes, like NOS2 (Spitsin, Koprowski et al. 1996, Martin and Wesche 2002) and the matrix 

metalloproteases, MMP-1 and MMP-13 (Catterall, Carrère et al. 2001, Mengshol, Vincenti 

et al. 2001, Tardif, Reboul et al. 2001, Sun, Wenger et al. 2002). Thus, the carvone 

enantiomers have the potential to tackle distinct mechanisms relevant in promoting and 

maintaining the chronic low-grade inflammatory responses that drive many age-related 

diseases. Further studies, in vitro and in vivo, are required to fully ascertain their therapeutic 

potential. Combining those results with the ones presented here will be essential to inform 

drug design in order to obtain the compounds with the pharmacological and pharmacokinetic 

profiles required for the development of new drugs successful in halting the chronic low-

grade inflammation that drives age-related functional decline and associated diseases. 
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