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Abstract  

Osteoarthritis (OA) is a chronical-degenerative and inflammatory disease 

affecting joints and involving several cellular and molecular processes in 

different cell types, as chondrocytes, osteoblasts, synoviocytes and immune 

cells. In OA the cartilage, a specialized tissue that allows the sliding between 

the two joint heads, is degraded, and, in the joint, the bones have friction each 

other causing pain and their own remodeling. Synovial membrane cells 

secrete inflammatory mediators and a greater amount of synovial fluid, 

resulting in synovial membrane thickening and contributing to the joint 

damage. To date, there is no specific anti-OA therapy, and so painkillers, 

anti-inflammatory drugs and intra-articular injections of corticosteroids are 

administered. However, considering painkilling and anti-inflammatory drug 

contraindications, in addition to chondroprotectors that preserve cartilage 

from degeneration, nutraceuticals are often introduced in therapies for their 

efficacy and less side effects than traditional drugs. Among them, 

Harpagophytum procumbens, known as Devil’s claw, is one of the most used 

herbs as an anti-OA remedy. Its secondary roots contain several bioactive 

compounds able to relieve patient symptoms decreasing inflammation and 

joint pain. In order to understand its activity on pain and inflammatory 

pathways, in the present study, a H. procumbens root extract (HPE) was 

characterized for its phytochemical composition and effects on Fibroblast- 

like synoviocytes (FLSs) from OA patients. The dry HPE was solubilized in 

different solvents, deionized water (HPEH2O), DMSO (HPEDMSO), 100% v/v 

ethanol (HPEEtOH100), and 50% v/v ethanol (HPEEtOH50), chosen based on 

their biocompatibility and ability to dissolve different classes of 

phytochemical compounds. Preliminary phytochemical analyses have shown 
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that the highest polyphenol levels were found in HPEDMSO and HPEEtOH50, 

whereas different volatile bioactive compounds, mainly β-caryophyllene and 

eugenol, were detected in all the extracts except for HPEH2O. Since these 

compounds have been described to mitigate pain through an agonism on 

endocannabinoid type 2 (CB2) receptors and considering the involvement of 

CB2 in OA pathogenesis demonstrated through our histochemical analyses, it 

was decided to analyse the HPE analgesic effect on OA FLSs. However, even 

if both HPEH2O and HPEDMSO were able to enhance CB2 receptor expression, 

only the latter has been used for subsequent experiments. Considering the 

CB2 receptor association with Gi protein in cell membrane, the HPEDMSO 

effectiveness to affect CB2 pathways was studied by analysing the cAMP 

modulation, the protein kinase A (PKA) and Extra-regulated kinase (ERK) 

activation and the correlated matrix metalloproteinase (MMP) production. In 

line with what expected, HPEDMSO was able to inhibit cAMP production and 

PKA activation, also showing a reduction in ERK1/2 phosphorylation that 

surprisingly disagreed with the extract effect on PKA. Interestingly, although 

it is not due to CB2 receptor stimulation, the effect on the MAPK pathway 

generates a decrease in some extracellular matrix degrading enzyme and pro-

inflammatory interleukin expression, suggesting the HPE antiarthritic role. 

Moreover, to clarify the effects of bioactive constituents and the possible 

interactions occurring in the phytocomplex, harpagoside, the H. procumbens 

root extract biomarker, and the main volatile compounds detected at the 

phytochemical analysis, have been studied in comparison to the whole 

extract. It was observed that β-caryophyllene, α-humulene, eugenol and 

harpagoside alone were always less effective than the H. procumbens whole 

extract and the Mix that contained all the individual compounds. However, 
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the surprising result is that the mixture was also always less effective than 

HPEDMSO whole extract. This evidence suggested the existence of synergistic 

interactions between each analysed compound and other molecules not 

identified in phytochemical analyses that contribute to the entire extract 

bioactivity.  

In our most recent analyses, HPEDMSO has demonstrated a role in the 

inhibition of the phosphoinositide specific-phospholipase C (PI-PLC) γ1 

mRNA splicing process. Sanger sequencing analysis revealed some retained 

introns in HPEDMSO treated FLSs. However, studies describing the H. 

procumbens ability to interfere with the splicing process were not available in 

scientific literature. On the other hand, the accurate analysis of the PI-PLC γ1 

gene, only carried out by the Human and Vertebrate Analysis and Annotation 

(HAVANA) group, identified the intron retention phenomenon in PI-PLC γ1 

gene. Our results were perfectly in line with what described by the 

HAVANA group. However, during our analysis we highlighted a lack of 

HPEDMSO effect on intron retention phenomenon in some FLS samples from 

different OA patients. This inter-individual variability led us to consider 

more carefully some data obtained in our previous experiments. Surprisingly, 

it was shown that HPEDMSO was ineffective in inhibiting MMP gene 

expression in those samples where the intron retention phenomenon in PI-

PLC γ1 mRNA was absent. This result suggested that the decrease of PI-PLC 

γ1 protein, due to lack of splicing, could be associated with the decrease of 

MMP production. 
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1. Introduction 

1.1 Osteoarthritis 

Osteoarthritis (OA) is a chronic-degenerative and inflammatory disease 

which affects joints causing pain and functional limitation to patients. For 

several years, OA disease was called Arthrosis and just considered a 

pathology linked to aging process. Recently, scientific evidence demonstrated 

the inflammation involvement in OA pathogenesis and now is officially 

recognized as Osteoarthritis. Etymologically, the desinence "itis" indicates 

quantitatively variable inflammation which is present in each phase of the 

disease [1,2].   

However, the prevalence of the disease is closely related to aging, that is 

considered as the primary risk factor for OA. Worldwide, the OA incidence is 

about 7.6% in the population aged 18-44, 29.8% in the population aged 45-

64, and over 50% in the population over 65 years old [3]. Among people with 

OA, there are twice as many women as men, especially for those with 

arthritis affecting knees and hands. Symptoms typically begin to appear in 

women around 40-50 years old, and the disparity becomes even greater after 

age 55, when women enter menopause. Indeed, during menopause period, 

estrogen levels drop off and this phenomenon may contribute to accelerate 

the OA process [4]. In addition to age and gender, other risk factors include 

obesity, genetics, diet, and mechanical joint traumas. OA is a leading cause 

of disability in older adults and responsible for impairment of mobility in the 

elderly population. Pain is the predominant symptom, aggravated by joint use 

and alleviated by rest which usually leads affected patients to seek medical 

care [5]. OA is responsible for a very high number of primary healthcare 
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visits, knee and hip replacement surgery and hospital costs in general. 

However, also considering the disease onset in working age, the socio-

economic OA burden is not only limited to the direct costs of healthcare use 

but also includes significant non-healthcare-related costs. These take the form 

of productivity losses and the cost of care associated with the limited 

independence of people with OA [6]. 

Initially, OA was considered a disease that involved exclusively articular 

cartilage, but recent research has shown that all the intra and peri-articular 

tissues are affected by the inflammatory condition. The central element in 

OA pathogenesis still remains the progressive cartilage degradation that 

causes subchondral bones exposition. Cartilage is a specialized tissue with a 

support function, absorbing and distributing mechanical loads applied to the 

entire joint and covering the articular ends allowing a sliding between 

subchondral bones. When the cartilage is degraded, exposed subchondral 

bones have friction each other causing pain and remodelling of bones 

themselves. These mechanical alterations are responsible for variable degrees 

of synovial inflammation, ligaments degeneration, joint capsule hypertrophy, 

and changes in the periarticular muscles, in the nerves, purse and local fat 

pads [7,8]. OA affects mainly diarthrosis of the body, but often is observed a 

multiple joint involvement. The most affected are those of knees, hands, hips, 

and spine [9]. 

1.2 Joints 

Joints, also known as articulations, are a form of connection between bones 

in the body providing stability to the skeletal system as well as allowing 

specialized movement. In the human body, there are about 360 joints, which 
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are distinguished by shape and degree of mobility [10]. Consequently, joints 

can be categorized both structurally and functionally. According to joint 

structural classification that takes into account the type of binding tissue 

connecting the bones to each other, fibrous and cartilaginous joints, and 

synovial ones can be distinguished. Fibrous and cartilaginous joints are 

respectively characterized by the presence of fibrous connective tissue or 

cartilage, responsible for anchoring the bones each other. Otherwise, in 

synovial joints bone heads are not directly connected, but come into contact 

each other within a joint cavity that is filled with a lubricating fluid [11].  

Instead, in the functional classification the degree of movement available 

between the joint heads is described. According to this classification, fibrous 

and cartilaginous joints are further distinguished in synarthrosis, or 

motionless joints, and amphiarthrosis, or slightly mobile joints. On the 

contrary, synovial joints are the most mobile in the human skeleton and are 

also called diarthrosis [12,13]. Anyway, the available movement for each 

joint is related to the functional requirements for the specific articulation and 

depends on its localization in the body. 

1.3  Diarthrosis or synovial joints 

A synovial joint is the most common one in mammals that provides the 

majority of body movements. In the human body there are many types of 

synovial joint and, even if the exact structure of the singular synovial joint 

varies depending on its function, the general anatomic structure is the same. 

A synovial joint is a solid organ that extends from the periosteum of the 

bone, includes articular cartilage that covers subchondral bones, and is 

encapsulated by the articular capsule made by fibrous membranes separated 
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by fat deposits. Inside the articular capsule, a synovial membrane delimits 

and covers the joint cavity, and secrets a specialized fluid, called synovial 

fluid. This fluid creates a lubricating cushion between the two bones, 

allowing them to glide smoothly past each other [11,14].  

Synovial joints comprise most of the extremity joints allowing skeleton 

movements, and are the most accessible joints to direct inspection and 

palpation [15]. These can be found in the elbow, knee and ankle, allowing for 

flexion and extension; in the shoulder and hip, where movements are possible 

in almost any direction; and in the neck allowing only rotation [16]. 

1.3.1 Articular cartilage 

Articular cartilage is the most highly specialized connective tissue of 

diarthrodial joints. It is a resilient and smooth elastic tissue, rubber-like 

padding that covers and protects the ends of long bones in joints. 

For its unique viscoelastic characteristics, the main functions consist in 

providing a smooth, lubricated surface for low-friction articulation and 

facilitating the transmission of loads to the subchondral bones [17]. It is an 

avascular tissue type, so its microarchitecture is less organized than bone’s 

one, and is not innervated and therefore relies on diffusion to obtain nutrients 

[18]. Articular cartilage consists of two phases, a fluid phase and a solid one, 

which together are responsible for the tissue biomechanical properties. The 

liquid phase is composed of water, that represents about 80% of the articular 

cartilage weight, and electrolytes (Ca2+, K+, Na+, Cl-). The solid phase is 

composed of collagen type II, a protein that forms a network of fibres 

responsible for the overall shape of the tissue. This network is filled with 

glycosaminoglycans (GAGs), proteoglycans, and in a minor part with 

https://www.sciencedirect.com/topics/biochemistry-genetics-and-molecular-biology/glycosaminoglycan
https://www.sciencedirect.com/topics/biochemistry-genetics-and-molecular-biology/proteoglycan
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glycoproteins. These two phases constitute the so-called extracellular matrix 

(ECM), that responds to tensile and compressive forces to which the cartilage 

is subjected [19].  

Cartilage is composed by a single cell population, the chondrocytes, 

responsible for ECM production and maintenance of homeostasis. 

Chondrocytes derive from specialized mesenchymal cells and occupy only 

2% of the total articular cartilage tissue. They are located in matrix cavities, 

called lacunae, connected to each other by small canaliculi, which create a 

rich connectivity between cells [20]. Since cartilage is an avascular tissue, 

chondrocytes live in a low-oxygen environment and obtain nutrients and 

metabolites from the surrounded extracellular matrix by diffusion [21].  

Chondrocytes, in healthy adult tissue, are differentiated cells that maintain 

tissue balance by synthesizing a very low level of ECM to replace damaged 

matrix molecules, preserving the structural integrity of cartilage [22]. 

However, during aging and joint disease, this equilibrium is disrupted and the 

rate of loss of matrix may exceed the rate of deposition of newly synthesised 

molecules, exposing the collagen network to irreversible destruction. The 

damage may lead to aberrant chondrocyte behaviour that is reflected in 

changes in quantity or composition of matrix proteins. These alterations are 

associated with significant loss of cartilage mechanical functions and with an 

increase in friction between joint bone surfaces [23,24].  

1.3.2 Synovial membrane 

The synovial membrane is a specialized mesenchymal tissue lining the 

diarthrodial joint spaces, bursae (fluid-filled sacs between tendons and 

bones), and tendon sheaths. On its outside surface, it makes direct contact 

https://www.sciencedirect.com/topics/biochemistry-genetics-and-molecular-biology/glycoprotein
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with the articular capsule fibrous membrane, while on its inside surface it has 

contact with the lubricant synovial fluid [25]. Together with bones, articular 

cartilage, tendons, and ligaments, it represents an important component of the 

joint. As such, it not only has its own specific functions but also interacts 

with other tissues both structurally and functionally. Indeed, from a 

functional point of view, the synovial membrane promotes skeletal 

movement by producing synovial fluid responsible of cartilage and tendon 

surfaces lubrication, decreasing joint friction [26]. Moreover, unlike articular 

cartilage, the synovial membrane is vascularized, and this is an important 

communication channel to transport cartilage nutrients, immune cells, and 

inflammation mediators in the joint [27]. This tissue is composed by a more 

external part or intima consisting of a luminal layer 1-3 cells deep, a capillary 

plexus and a deeper lymph vessel network, and by a more internal part or 

subintima composed by adipose, areolar, or fibrous tissue [28].  

The intima contains synoviocytes, the characteristic cells of synovial 

membrane, that were histologically analysed for the first time by Barland et 

al. in 1962 [29]. Over the years, a controversy has arisen in the scientific 

community about the classification of synoviocytes in the synovial 

membrane. In the past, some studies highlighted the presence of three 

different types of synoviocytes: type A synoviocytes, type B synoviocytes 

and a third type with intermediate morphology among the other two. 

However, transmission electron microscope (TEM) observations in 1982 

disproved the existence of the third cell type by describing it as a variant of 

the other two cell lines. Today, it is officially recognized that only two type 

of morphologically different synoviocytes are present in the human synovial 

membrane [27,30,31].  
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Type A synoviocytes, also called Macrophages-like synoviocytes (MLSs) are 

non-fixed cells, morphologically and functionally similar to macrophages. 

From the morphological point of view, they are round, rich in ripples and 

invaginations of the cytoplasmic membrane, with the cell surface covered by 

microvilli, similar to blood macrophages. TEM analysis evidenced a variable 

number of empty appearing vacuoles and pinocytotic vesicles, whose 

function has not been fully defined yet [27,29]. They are immunoreactive to 

several antibodies against macrophages and express the major complex of 

histocompatibility type II (MHC II) molecules, which plays a fundamental 

role in the early stages of the immune response. MLSs contain lysosomal 

enzymes, esterases, phosphatases and cathepsin B, D and L, which are used 

as markers to identify this cell type and whose expression is increased in the 

case of inflammation. The release of these enzymes in the ECM is 

responsible of tissue damage [27,32–34]. MLSs are involved in phagocytotic 

mechanism by absorbing and degrading extracellular constituents or cell 

debris through their well-developed vesicular system [35]. 

The second synovial membrane cell population (type B) is represented by 

mesenchymal-origin cells defined Fibroblast-like synoviocytes (FLSs). In 

addition to the typical fibroblast elongated morphology, FLSs display many 

fibroblast characteristics such as the expression of type IV and V collagens, 

vimentin, and CD90 [36]. Moreover, they have some unique properties that 

allow them to be distinguished from many other fibroblast lineages, including 

synovial fibroblast. For instance, they express VCAM-1, an adhesion 

molecule, and show a higher activity of uridine diphosphate glucose 

dehydrogenase than fibroblast cells, which is associated to their ability in 

hyaluronan production [35]. Unlike type A synoviocytes, FLSs have a less 
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rippled membrane, fewer vesicles and an extensive wrinkled endoplasmic 

reticulum distributed into the cytoplasm, where protein synthesis takes place. 

Furthermore, histochemical analyses have shown that these cells have long 

cytoplasmic extroflexions, with different dimensions and shapes that make a 

complex network in the synovial membrane intima layer. Unfortunately, the 

functional role of this distinctive network is not totally known, but several 

evidence makes this cellular characteristic correlated to the synoviocytes type 

B secretory function. Indeed, through these cytoplasmic processes, FLSs are 

able to reach the synovial membrane surface and to connect the intima to the 

joint cavity, where proteins and small molecules are secreted [27]. They are 

responsible for the synthesis and secretion of a diverse array of proteins that 

contribute to the synovial membrane properties, as well the composition of 

the synovial fluid. These molecules include collagen, glycosaminoglycans, 

lubricin, pro-matrix metalloproteinases (pro-MMPs), interleukins (IL), and 

eicosanoids, but also hyaluronic acid, a proteoglycan presents in high 

concentrations in the synovial fluid of healthy joints [37]. 

1.3.2.1 Synovial membrane in OA pathogenesis  

The involvement of the synovial membrane in OA pathogenesis is often not 

emphasized, more focus being focused on the articular cartilage and bone. 

Recently, many clinical studies have considered abnormal synovial changes, 

both in its structure and function, as one of the characteristic features in OA 

onset and progression [38]. The hallmark of OA is macroscopically visible 

change to the synovial tissue which becomes inflamed, hyperplastic, and 

invasive of the closer cartilage and bone [39]. Under physiological 

conditions, synoviocytes do not actively divide in the synovial membrane, 
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while in joint disease, such as in OA, rapidly proliferate leading to intima 

hyperplasia and thickening [40]. The lining expands from 1-3 cells deep to a 

depth of up to 10-20 cells, with an inversion of the normal ratio between type 

A and B synoviocytes [36].  

Interestingly, MLS amount serve as a sensitive biomarker of disease since the 

number of infiltrating macrophages within the inflamed synovial membrane 

correlates with joint destruction and pathology progression [41–43]. They 

show a highly activated phenotype and are dynamic in producing pro-

inflammatory cytokines, chemokines, growth factors as well as reactive 

nitrogen and oxygen species contributing to synovial damage [44–46]. 

Additionally, macrophages infiltrate the synovial space with other cells; 

therefore, interaction between the different cell types is likely to be critical. 

The activation of FLSs into the intima, indeed, is driven by MLS products 

that in turn induce the release of array of mediators, especially interleukins 

and MMPs [47,48]. These molecules travel through the synovial fluid to the 

joint heads causing cartilage ECM degradation [49]. In particular, MMPs and 

other proteases are responsible of the dysregulation of chondrocyte functions, 

thus causing an imbalance between anabolic and catabolic processes that 

allow ECM to maintain its structural integrity under physiological conditions 

[50–52]. Wear particles, soluble cartilage-specific antigens, and microcrystals 

are all released into the synovial fluid by the damaged cartilage and 

phagocytosed by MLSs. This process generates a vicious cycle of continuous 

synovial inflammation and cartilage degradation [50]. 

Additionally, the FLS secretory function is altered, affecting the synovial 

fluid composition. They produce a lower amount of lubricant molecules, in 

particular hyaluronic acid and lubricin, that rapidly diffuse out of the joint 
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because of the enhanced inflamed synovial permeability. Therefore, fluid 

synovial viscosity is reduced and its lubrication property diminished, leading 

to increased friction and mechanical forces on the cartilage and finally 

contributing to the tissue damage [53,54]. 

1.4 Inflammation 

For a long time, OA has been considered as an inevitable consequence of 

aging and joint "wear and tear" due to mechanical stress. However, according 

to some recent studies, it is now clear that alongside the joint mechanical 

damage, the inflammation plays a key role in the OA pathogenesis. 

Consequently, the description of this condition with the widely used term 

"degenerative joint disease" denotes only the inevitability of the process, does 

not express its true complexity. [55].  

Inflammation in OA is very different than the one observed in rheumatoid or 

psoriatic arthritis that are characterized by an autoimmune response. OA 

inflammation is defined as an innate immune response that typically includes 

cells and mechanisms involved in defending against infections from other 

organisms in a non-specific way. In the joint it is activated following 

mechanical, physiological and biochemical changes [56] and has a role in the 

maintenance of tissue homeostasis [57]. Innate immune cells express 

receptors (“Pattern Recognition Receptors” or PRRs) that can recognize 

exogenous Pathogen-Associated Molecular Patterns (PAMPs) and 

endogenous Damage-Associated Molecular Patterns (DAMPs) released from 

injured tissue or dying cells [58]. Ligand binding to these receptors results in 

activation of inflammatory signalling pathways including Nuclear Factor-κB 
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(NF-κB), Mitogen-Activated Protein Kinase (MAPK) as well as the release 

of cytokines and chemokines [59]. 

1.4.1 NF-κB pathway 

NF-κB is the short name of Nuclear Factor kappa-light-chain-enhancer of 

activated B cells, that was firstly detected in B cells and linked to the gene 

enhancer for the immunoglobulin κ chain, in 1986 by Sen et al. [60]. It 

represents a family of inducible transcription factors, which regulates several 

genes involved in different processes of the immune and inflammatory 

responses. This family is composed of five structurally related members, 

including p50, p52, RelA (or p65), RelB and c-Rel, which work in homo- or 

heterodimer form [61]. The common feature of all these transcription factors 

is a shared N-terminal Rel Homology Domain (RHD) that is responsible of the 

dimerization process, interactions with NF-κB inhibitors (IκB), nuclear 

translocation and DNA binding on target genes [62]. Under unstimulated 

conditions, all the NF-κB members in dimeric form are inactive and located 

in the cytoplasm bound to IκB molecules. Following stimulation, IκB are 

phosphorylated by IκB kinases (IKKs) and degraded by the proteasome, 

allowing free NF-κB dimers to translocate into the nucleus modulating the 

expression of pro-inflammatory cytokines, chemokines, adhesion molecules, 

and growth factors [63].  

In recent years, the existence of two different NF-κB signalling pathways has 

been demonstrated (Fig. 1). The “canonical” pathway that is mainly triggered 

by proinflammatory cytokines, usually leads to activation of RelA or c-Rel 

complexes, while the “non-canonical” one, activated by lymphotoxin β, 

CD40 ligand and B cell activating factor (BAFF), involves RelB/p52 
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complex [62]. The initial step is common to the two pathways and consists in 

IKK complex activation. The IKK complex consists of two kinase subunits, 

IKKα and IKKβ, and a regulatory subunit IKKγ or NEMO [64]. In order to 

be activated, these kinases need a double phosphorylation on two serine 

residues located in an activation loop, but the exact mechanism of activation 

is not clear [65]. Therefore, IKKβ phosphorylation is mainly involved in the 

canonical pathway activation through the phosphorylation of two IκB N-

terminal serine residues, causing its dissociation from the heterodimer p65-

p50 [66]. The active heterodimer moves into the nuclear compartment, 

activating the transcription of several factors among them pro-inflammatory 

mediators and IκB, its inhibitory subunit, generating an auto-feedback loop 

[67,68]. On the other hand, IKKα is the only kinase required for the non-

canonical pathway activation through the phosphorylation and processing of 

p100, the precursor for p52. p100 is usually associated with RelB, so that its 

proteolytic processing induces the formation of an active dimer RelB/p52 

able to translocate into the nucleus where activates the gene transcription 

[69]. 

 



 

 

 

 

24 

 
Figure 1. General schematic representation of canonical and non-canonical NF-κB 

pathways.  

 

In OA, the activation of NF-κB pathway plays a key role in synovial 

inflammation and cartilage breakdown. In chondrocytes, NF-κB transcription 

factors mediate the secretion of many degrading enzymes, such as MMPs and 

the aggrecanases “A Disintegrin and Metalloproteinase domain with 

Thrombospondin motifs” (ADAMTS) 4 and 5, causing the disorganization 

and catabolism of both the collagen and proteoglycan component of ECM, 

thus leading to tissue damage and functional failure. In synovial membrane, 

synoviocytes, stimulated by matrix fragments from cartilage degradation and 

cell stress products, react by enhancing the canonical NF-κB pathway in a 

positive feedback cycle. Cellular Toll like-Receptors (TL-R) and chemokine 
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surface receptors mediate the synthesis of chemokines (IL-8), cytokines (IL-

1β, IL-6 and Tumor Necrosis Factor-α (TNF-α)), and angiogenic factors 

(Vascular-Endothelial Growth Factor or VEGF) causing further cartilage 

degradation and synovial neoangiogenesis both contributing to tissue 

inflammation [62].  

1.4.2 MAPK pathway 

The MAP kinases are Serine/Threonine kinases ubiquitously expressed and 

evolutionarily conserved in eukaryotes. They regulate important cellular 

processes such as proliferation, stress responses, apoptosis and immune 

defence [70]. The MAPK signalling pathway is activated by different stimuli 

including cytokines, growth factors, and matrix proteins that bind to tyrosine 

kinase receptors, G protein coupled receptors, cytokine receptors, and 

integrins on cell membrane. Basically, the MAPK cascade activation occurs 

in a module of consecutive phosphorylations. MAPK kinase kinase 

(MAPKKK) phosphorylates a MAPK kinase (MAPKK) which then, in turn, 

activates a MAPK by double phosphorylation. Once activated, the MAPK 

translocates into the nucleus and interacts with specific targets modulating 

the gene expression in response to the extracellular stimulus [71] (Fig. 2). 

MAPK can be divided into 4 subfamilies that include Extracellular Regulated 

Kinase (two isoforms - ERK 1 and 2), c-Jun NH2-terminal Kinase (three 

isoforms - JNK 1, 2, and 3), p38 (four isoforms - α, β, γ and δ), and ERK5. 

[72]. Generally, ERK is activated in response to growth factors, hormones 

and proinflammatory stimuli, while JNK1/2/3 and p38 α, β, γ, and δ are 

activated by cellular and environmental stresses [70,73]. ERK5, rather, is 

poorly studied and its role in cells is not well understood yet [74]. 
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The activation of the ERK cascade is mostly initiated at the membrane 

receptors, transmitting the signal by recruiting adaptor proteins and exchange 

factors. They, in turn, induce the activation of Ras, a small G protein at the 

plasma membranes [75,76]. Ras recruits to the membrane and activates the 

serine/threonine protein kinase, Raf, a MAPK kinase kinase. This enzyme 

activates the MAPK kinase, MEK, that, in turn, double phosphorylates the 

MAPK, ERK, at both threonine and tyrosine residues [70]. Phospho-ERK 

translocates to the nucleus where activates multiple transcription factors such 

as cAMP response element-binding protein (CREB), c-Fos and c-Jun proto-

oncogenes, also known as activator protein-1 (AP-1) complex, and the 

ternary complex factor Elk-1 [77]. These factors regulate their target gene 

transcription and thereby change the expression of specific proteins, 

ultimately leading to the regulation of cellular metabolism and function [78]. 

The JNK pathway includes a MAPK which belongs to the stress-activated 

protein kinase, a group of kinases that can be activated by any internal or 

external stimuli that cause cell stress [79]. Several MAPKKKs have been 

reported to activate the JNK signalling pathway. These include members of 

the MEKK group, the mixed lineage protein kinase group, the ASK group, 

TAK1 and Tpl2 [77]. The JNK phosphorylation is carried out by two MAPK 

kinases, MKK4 and MKK7 through a dual phosphorylation of threonine and 

tyrosine [80]. Activated JNK can translocate into the nucleus and 

phosphorylate a variety of transcription factors including c-Jun, STAT3 and 

p53. The first identified JNK substrate is c-Jun, whose activation is mediated 

by a double phosphorylation in its N-terminal region. Further, 

phosphorylated c-Jun interacts with c-Fos, which can mediate the 
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transcriptional activity of numerous genes playing an important role in 

apoptosis, inflammation, cytokine production, and metabolism [81]. 

The third and most recently characterized member of the MAPK family is the 

stress-kinase p38. In comparison to the JNK pathway but in contrast to ERK, 

the p38 pathway is not commonly activated by mitogens but it is induced by 

environmental stress [82]. The p38 MAPKs consist of four isoforms with 

distinct substrate specificities and tissue distributions: p38α (MAPK14), p38β 

(MAPK11), p38γ (MAPK12), and p38δ (MAPK13) [83]. Comparably to the 

others MAPK, extracellular stimuli affect the canonical phosphorylation 

cascade, involving sequential activation of a MAPK kinase kinase, a MAPK 

kinase, and finally the p38 MAPK. p38-specific MAPK kinases are MKK3 

and MKK6 responsible of threonine and tyrosine residue phosphorylation 

[84]. Once p38 MAPK is activated, it translocates from the cytosol to the 

nucleus to regulate cellular functions by modulating downstream 

transcriptional targets such as AP-1 complex, STAT1, NF-κB, ELK1, and 

CREB [83]. As JNK, p38 pathway is implicated in the regulation of 

apoptosis, cell survival, differentiation, and inflammation. Therefore, 

although JNK and p38 pathways may have similar functions, are cell-specific 

and context dependent [85]. 
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Figure 2. General schematic representation of MAPK pathways.  
 

 

Accumulating evidence supports a key regulatory role of the MAPK in 

mediating inflammatory and matrix degrading processes that contribute to 

joint tissue destruction in OA. In chondrocytes, MAPK are mainly involved 

in the reduction of proteoglycan synthesis and in the induction of MMP 

release stimulated by extracellular matrix fragments generated during the 

cartilage damage [86]. In synoviocytes, besides a role in regulating processes 

relevant to joint tissue destruction, mounting evidence suggests that MAPK 

are also important mediators in pain signals [87]. For this reason, they have 

been taken into consideration as a possible therapeutic target, to reduce both 
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pain and structural progression in OA. Among the three MAPK, ERK1/2 

inhibitors are those that received less attention. This is due to the potential 

toxicity of systemic ERK1/2 inhibition because of its involvement in a 

multitude of growth factor signalling pathways that regulate cell proliferation 

and tissue homeostasis. On the contrary, JNK and p38 are most commonly 

activated by stress-induced signals and so inhibition of these pathways have a 

better risk-benefit ratio than ERK1/2 inhibition [72]. 

1.4.3 Phospholipases 

Phospholipases are enzymes that hydrolyse phospholipids into fatty acids and 

other lipophilic substances. Acids trigger the release of bound calcium from 

cellular stores and the consequent increase in free cytosolic calcium ions 

(Ca2+), an essential step in calcium signalling to regulate intracellular 

processes [88]. Phospholipid hydrolysis is stimulated by cytokines, growth 

factors, neurotransmitters, hormones and other extracellular signals [89]. 

Cleavage products include second messengers, such as arachidonic acid, 

inositol triphosphate (IP3) and diacylglycerol (DAG), which are implicated in 

cellular responses by activating protein kinase C (PKC) and inducing the 

release of Ca2+ [90]. 

There are four major classes of phospholipases, termed A, B, C, and D, 

which are distinguished by the type of reaction which they catalyse. The 

phospholipases A (PLAs) are acyl hydrolases classified according to their 

hydrolysis of the 1-acyl ester (PLA1) or the 2-acyl ester (PLA2). Some 

phospholipases can hydrolyse both acyl groups and are called phospholipase 

B (PLB). Cleavage of the glycerophosphate bond is catalysed by 

phospholipase C (PLC), while the removal of the base group is catalysed by 
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phospholipase D (PLD). The PLC and PLD are therefore phosphodiesterases 

[88] (Fig. 3). 

 

Figure 3. Phospholipase sites of action. 

 

 

Unlike the other phospholipases, PLCs have a specific target. They utilize 

only phosphatidyl inositol 4,5 bisphosphate (also known as PI(4,5)P2 or 

PIP2), a minor but essential constituent of plasma membranes as substrate, 

hence, they are called phosphoinositide-specific PLCs (PI-PLCs) [91]. The 

two PIP2 cleavage products, DAG and IP3, are critical second messengers to 

mediate cell signalling. DAG, which remains membrane bound, activates the 

PKC, which then phosphorylates downstream effectors to activate an array of 

cellular functions like the regulation of cell proliferation, cell polarity, 

learning, memory, and spatial distribution of signals. The second product, IP3 

is a small water-soluble molecule, which diffuses from the membrane 
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through the cytosol to bind its receptor on the endoplasmic reticulum 

inducing the release of Ca2+. In turn, the cytoplasmic calcium levels are 

quickly elevated [92]. Finally, Ca2+ activates downstream transcription 

factors responsible of gene modulation [93].  

There are thirteen different PI-PLC family members that can be divided into 

six classes based on their primary structures: β, γ, δ, ε, η and ζ [94]. There is 

no α form of PI-PLC, since the protein that was originally described as the α 

form turned out to be an isomerase without phospholipase activity [95]. PI-

PLC β, γ, δ, ε, η and ζ isoforms are distinct according to tissue distribution, 

cell localization, expression, and regulation. PI-PLC β and PI-PLC γ are 

typically activated by extracellular stimuli and are termed primary PI-PLCs, 

whereas PI-PLC δ, ε, η and ζ are activated by intracellular stimuli and known 

as secondary PI-PLCs [96]. The two primary PLC families possess distinct 

mechanisms of activation. PI-PLC β isoforms are activated by Gα of the Gq 

subfamily and Gβγ subunits of all heterotrimeric G proteins, whereas PI-PLC 

γ isoforms are activated by tyrosine kinase receptors (RTK) [97,98]. 

Regarding the secondary PI-PLC isoforms, the activation mechanisms are 

various. PI-PLC ε isoform can be activated by both G proteins coupled 

receptors (GPCR) and RTK systems, while both PI-PLC δ and PI-PLC η are 

activated by GPCR-mediated calcium mobilization. About PI-PLC ζ, its 

nuclear activation and translocation mechanisms remain unknown but it has 

been described as a sperm-specific protein [99]. 

1.4.3.1 PI-PLC β 

The four isoforms of the PI-PLC β family (PI-PLC β1, β2, β3, and β4) are an 

important family of mammalian enzymes that differ for their expression 
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pattern. The same cell type can express more than one isoform. PI-PLC β1 

and β4 are mostly expressed, although not exclusively, in the nervous system. 

PI-PLC β2 can be found in the hematopoietic lineage, while PI-PLC β3 is 

more widely distributed [100].  

From a structural point of view, PI-PLC β proteins share a highly conserved 

catalytic core composed of an N-terminal pleckstrin homology (PH) domain, 

four tandem EF hand repeats, a triose phosphate isomerase (TIM)-like barrel 

domain which houses the active site, and a C2 domain. The PI-PLC β PH 

domain only weakly contributes to membrane association and is responsible 

of the interaction with Gβγ subunits of G protein and with phospholipids. 

Instead, the EF hands do not bind Ca2+, contrary to their role in other well-

known proteins, but they are involved in the interaction with Gα subunit of G 

proteins [101] (Fig. 4). All the PI-PLC β are universally activated by the Gα 

and Gβγ subunits of GPCRs, but the four isoforms differ in their affinity for 

activators. PI-PLC β1 and PI-PLC β3 bind Gα with larger affinity compared 

to PI-PLC β2 or PI-PLC β4. While Gβγ subunits have a good effect on PI-

PLC β3 and PI-PLC β2, a small effect on PI-PLC β1 and do not bind PI-PLC 

β4 [100,102].  

 

 

Figure 4. Domain organisation of PI-PLC β enzymes 
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1.4.3.2 PI-PLC γ 

The PI-PLC γ family comprises two isoforms of PI-PLC, γ1 and γ2, that 

share high sequence homology. PI-PLC γ1 is ubiquitously expressed, 

whereas PI-PLC γ2 is predominantly expressed in hematopoietic cells [102]. 

Structurally, PI-PLCs γ are characterized by a multidomain insert between 

the X domain and Y domain, which consists of a split PH domain, N-terminal 

SH2 (nSH2) domain, C-terminal SH (cSH2) domain, and SH3 domain 

[99,103]. Through the nSH2 domain, PI-PLC γ interacts with phosphorylated 

tyrosine residues in activated RTK, leading to the phosphorylation of a 

conserved tyrosine residue in PI-PLC γ sequence. For this reason, nSH2 

domain has a key function in enzyme activation. On the other hand, the cSH2 

domain has a regulatory role (Fig. 5). Indeed, following the phosphorylation, 

this domain is removed from the catalytic PI-PLC γ active site, allowing PIP2 

access and catabolism [98,103].  

 

 

 

Figure 5. Domain organisation of PI-PLC γ enzymes 
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1.5 Pain 

The International Association for the Study of Pain defines pain as “an 

unpleasant sensory and emotional experience associated with actual or 

potential tissue damage, or described in terms of such damage” [104].  

Pain is the OA hallmark symptom, that contributes to functional limitations 

and drives patients to seek medical attention [105]. OA pain is classically 

considered a nociceptive pain condition due to joint damage and described by 

patients in different ways according to the different stages of the disease 

[106]. It is generally described as intermittent but severe, or constant 

background pain. Intermittent intense pain has the greatest impact on quality 

of life and is typical of the early stages of OA, whereas constant pain at rest, 

particularly during the night, occurs in the middle stages of OA [107]. 

Moreover, unlike structural joint damage, pain perception is subjective with 

natural variability among patients in terms of sensitivity and tolerance, and is 

influenced by biological, psychological and social factors [105,106,108].  

Although articular cartilage is seen as the main target in OA, this is an 

aneural tissue, so its damage cannot be responsible for the nociceptive 

stimulus. Conversely, subchondral bone, synovium, ligaments, and joint 

capsule are all richly innervated tissues and contain nerve endings. It is 

therefore believed that degenerative changes and stress on these sensitive 

structures are the basis of joint pain [109,110]. Diarthrosis joints contain 

sympathetic and sensory nerves [111]. Sympathetic fibres regulate joint 

blood flow through varying the articular blood vessel vasoconstrictor tone. 

While, sensory nerve fibres are distinguished by large diameter myelinated 

fibres that transmit proprioceptive signals, such as sensations of movement or 

sense of position, and medium diameter fibres responsible for the 
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transmission of the painful impulse. The pain-sensitive nerve fibres have a 

diameter of less than 5 μm and can be unmyelinated or myelinated with an 

unmyelinated nerve termination where it is believed that the joint pain 

originates [112,113]. In healthy joints, these nociceptors are quiescent with a 

high threshold of activation; however, following tissue injury or 

inflammatory process, they become active, joint nociceptor threshold is 

reduced and afferent nerves become hyper-responsive to both normal and 

detrimental movement [113]. As result, nociceptors continuously send 

nociceptive information to the central nervous system generating allodynia 

and hyperalgesia, typical features of OA inflammation [114]. 

1.5.1 The endocannabinoid system 

The endocannabinoid system is a neuromodulator system that plays 

important roles in nervous system development, synaptic plasticity, and the 

response to endogenous and environmental insults [115]. It comprises 

endogenous cannabinoids or endocannabinoids, cannabinoid receptors, and 

the enzymes responsible for the synthesis and degradation of 

endocannabinoids [116]. Endocannabinoids are endogenous lipids that bind 

cannabinoid receptors, generating effects similar to those produced by the 

psychoactive components of cannabis Δ-9-THC ((–)-trans-Δ9-

tetrahydrocannabinol). The first discovered endocannabinoids are 

anandamide or arachidonoyl ethanolamide (AEA) and 2-arachidonoyl 

glycerol (2-AG) [117] (Fig. 6).  
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Figure 6. Chemical structures of arachidonoyl ethanolamide (AEA) and 2-arachidonoyl 

glycerol (2-AG) 

 

These two endocannabinoids possess distinct properties. AEA binds with a 

high affinity endocannabinoid receptors and acts as a partial agonist of the 

endocannabinoid type 1 receptor (CB1), while is almost inactive to 

endocannabinoid type 2 receptor (CB2). On the contrary, 2-AG is as a 

complete agonist in both receptors, but with moderate affinity [116,118]. 

Unlike most neurotransmitters, AEA and 2-AG are not stored in vesicles but 

rather their precursors are present in lipid membranes. Upon demand, 

endocannabinoids are synthetized and then released into the extracellular 

space [119]. Both AEA and 2-AG are produced from cell membrane lipids 

via different biosynthetic pathways. The canonical pathway for AEA 

production starts from the precursor phosphatidylethanolamine and requires 

the action of two enzymes, N-acyltransferase and PLD. The first enzyme 

converts phosphatidylethanolamine, into N-acyl-phosphatidylethanolamine 

(NAPE), then PLD cleaves NAPE to yield anandamide [120,121]. On the 

other hand, the canonical pathway to synthetize 2-AG is a 2-step pathway 

that involves removal of the IP3 from arachidonoyl-containing PIP2 mediated 

by a PI-PLC β, followed by the deacylation by a DAG lipase [122]. Once 

synthetized and released into the extracellular space, endocannabinoids move 

from the postsynaptic neuron backward across the synapse, bind presynaptic 
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CB1 receptor, and suppress neurotransmitter release [123]. After completing 

their biological role as retrograde messengers, the endocannabinoids are 

inactivated by enzymatically regulated mechanisms of degradation or 

recycling. The enzyme responsible for the AEA hydrolysis is the Fatty Acid 

Amide Hydrolase (FAAH) that in some conditions is also responsible for the 

2-AG metabolism, for which, however, there are also other more or less 

selective hydrolases [124].  

The effects of endocannabinoids are primarily mediated by CB1 and CB2 

cannabinoid receptors. Histological studies have revealed that these receptors 

display a highly divergent pattern of distribution throughout the organism 

[118,125]. CB1 is mainly present in the central nervous system and 

participates in a variety of brain function modulations, including executive, 

emotional, reward, and memory processing interacting with the 

glutamatergic, GABAergic and dopaminergic systems [126]. CB2 is 

considered as a “peripheral” cannabinoid receptor since is distributed in 

peripheral and immune cells [127].  

1.5.1.1 Endocannabinoid receptor signalling 

Both CB1 and CB2 receptors are G protein-coupled receptors (GPCR), 

exhibiting approximately 44% amino acid similarity overall and 68% 

homology in the transmembrane region which contains the binding sites for 

cannabinoids [128]. GPCR is a family of eukaryote membrane receptors that 

translate external signals into specific cellular responses. GPCRs comprise an 

extracellular N-terminus domain, seven transmembrane α-helices and an 

intracellular C-terminus domain. Generally, ligand binding induces a 

conformational change in the receptor, causing activation of a heterotrimeric 
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G protein docked to the internal face, then initiating a specific cellular 

process [128]. Heterotrimeric G proteins consist of catalytic Gα and closely 

associated regulatory subunits of Gβγ [129]. G proteins are classified into four 

families according to their α subunit: Gi, Gs, G12/13, and Gq. The Gs and Gi 

families regulate adenylyl cyclase activity, while Gq activates PI-PLC β and 

G12/13 can activate small GTPase enzymes [129,130]. CB1 and CB2 receptors 

are coupled to G proteins of the Gi and Gq classes [121]. Their stimulation is 

respectively responsible of the adenylyl cyclase enzyme inhibition or the PI-

PLC-Ca2+ pathway stimulation [131] (Fig. 7). Adenylate cyclase enzyme, 

normally located in the cell membrane, catalyses the conversion of ATP into 

cyclic-AMP (cAMP) and pyrophosphate. cAMP works by activating protein 

kinase A (PKA), that is a normally inactive tetrameric holoenzyme, 

consisting of two catalytic and two regulatory units. The binding of four 

cAMP molecules on the regulatory units of PKA causes the dissociation 

between the regulatory and catalytic subunits, thus leading to the release of 

active catalytic subunits, which may then phosphorylate target proteins [132]. 

One of the main targets of PKA-mediated phosphorylation is CREB protein 

that once activated binds to certain DNA sequences called cAMP response 

elements (CRE), thereby increasing or decreasing the transcription of the 

downstream genes [133]. In addition to CREB, the cAMP/PKA pathway may 

also influence the gene transcription by modulating the MAPK activity [134]. 

Different studies have demonstrated that the inhibition of PKA activity leads 

to the activation MAPK signalling pathways, with the activation of ERK1/2, 

JNK, and p38 [116,135]. On the other hand, another mechanism for MAPK 

activation following GPCR stimulation is proposed. Gi proteins result able to 

stimulate the MAPK signalling pathway by mechanisms that involve the 
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disassociated βγ-subunits of heterotrimeric G proteins. Even if Gβγ is 

generally described as a regulatory subunit for the absence of a catalytic site, 

recent evidence allows to describe this dimer as involved in protein-protein 

interactions [136,137]. In this case, Gβγ released from Gi-heterotrimer 

activates Ras in a mechanism that seems to involve PI-PLC β enzymes [138]. 

CB1 and CB2 receptors are also described as responsible of modulation of 

intracellular Ca2+ concentration that represents a key element for synaptic 

plasticity and nervous transmission. The stimulation of Gq class receptors 

induces elevation in intracellular Ca2+ concentration through the activation of 

PI-PLC-Ca2+ pathway. PI-PLCs β cleave a specific plasma membrane 

phospholipid, PIP2, producing IP3 and DAG, which are required for Ca2+ 

mobilization. IP3 diffuses to bind to IP3 receptors, specialized Ca2+ channels 

in the endoplasmic reticulum that only allow the passage of the ion from the 

endoplasmic reticulum into the cytoplasm [139,140]. DAG together with 

released Ca2+, works to activate PKC, which phosphorylating target 

molecules leads to further altered cellular responses [141]. Once again, 

MAPK signalling is one of the most affected pathways, suggesting a complex 

and multiple involvement of these kinases in the cellular metabolism [138].  
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Figure 7. General schematic representation of endocannabinoid receptor signalling 



 

 

 

 

41 

1.6 OA treatment 

Osteoarthritis (OA) is a debilitating joint disease that causes pain and 

functional limitation with a strongly negative impact on patients’ quality of 

life. Nowadays there is no resolutive treatment against OA disease, but a 

series of therapies can be undertaken aimed at reducing pain and 

inflammation, improving the functioning of the joint and limiting the 

progress of the disease [142,143]. OA therapies, usually, need to be 

individualized according to the level of function and activity of the patient, 

the professional needs, the joints involved and the severity of the disease and 

any medical problem coexisting [144]. 

Current treatment options consist of both non-pharmacological and 

pharmacological modalities. Non-pharmacological treatments are the first-

line therapeutic options that should be considered for mild disease before 

exploring pharmacological approaches. These treatments are based on patient 

education and self-management, exercise programs, weight loss, and the use 

of assistive devices [145,146]. Pharmacological therapy, rather, is used in 

patients with progressive disease who fail to respond to non-pharmacological 

remedies [145]. NSAIDs or nonsteroidal anti-inflammatory drugs are among 

the most commonly administered analgesics in the world, often used as first-

line medications for joint pain. They are relatively inexpensive drugs that 

show not only an analgesic effect, but also an anti-inflammatory and anti-

pyretic one [147–149]. However, although they are largely used, caution 

should be taken in prescribing NSAIDs by carefully evaluating the patient’s 

medical history. Prolonged use of these drugs is a risk factor for 

gastrointestinal, hepatic or renal side effects, especially in elder populations 

[150]. For this reason, OARSI guidelines recommend topical application of 
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NSAIDs for local treatment of joint pain when symptoms are relatively mild, 

as a safer option than oral administration [151,152].  

Patients who do not respond or cannot tolerate NSAIDs and continue to have 

severe pain may be considered as candidates for other therapeutic 

approaches, such as opioid therapy. Nevertheless, tolerance, dependence, and 

other adverse effects, including sedation, dysphoria, respiratory depression, 

and constipation, may occur with opioid use. These are the reasons why most 

international OA guidelines recommend the use of opioids for severe pain 

management only in exceptional circumstances, and their use should be 

avoided for long-term treatment [151,153–155].  

In recent years, chondroprotective drugs have also been included in OA 

therapy of a growing number of patients [156]. This new strategy for OA 

drug development is focused on modifying the structural progression of the 

disease, using substances that protect cartilage from degeneration, by the 

stimulation of the anabolic activity of chondrocytes and by the inhibition of 

catabolic enzymes [157–159]. This approach could potentially cause 

retardation, a complete halt or a reversion in disease progression and even the 

prevention of disease development [160]. The European Medicines Agency 

(EMA) classifies chondroprotective drugs as Symptom Modifying Drugs 

(SMD), that act on symptoms with no detectable effect on the structural 

changes of the disease, or as Symptomatic Slow Acting Drugs for OA 

(SySADOA), that have also a beneficial impact on structural disease 

progression [161]. Chondroprotective substances most commonly used in OA 

therapy are the glucosamine, chondroitin sulphate and hyaluronic acid, the 

latter intra-articularly administered as viscous supplementation [159,162–

164].  
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In patients with severe OA where the combination of non-pharmacological 

and pharmacological treatments has been tried for a long period of time 

without satisfactory results, arthroprosthesis surgery may be necessary [165]. 

This surgery aims to restore the stability and correct mechanical function of 

the joint, thereby improving the quality of life of the patients [166].  

1.6.1 Harpagophytum procumbens 

Nutraceutical is a food providing health improvements in addition to its 

nutritional value that contains bioactive compounds with a pharmacological 

effect [167]. The term nutraceutical is composed by ‘nutrition’, as dietary 

supplement, and ‘pharmaceutical’, according to its physiological benefits. 

However, the term nutraceuticals is not recognized by the US Food and Drug 

Administration (FDA), which uses the term ‘dietary supplements’ [168]. 

During last years, nutraceuticals have been largely assumed in addition to 

traditional drugs as an alternative OA treatment for the early stage of 

pathology, considering their safety and efficacy.  

One of the most widely used nutraceuticals in OA treatment is 

Harpagophytum procumbens, an herbal drug used in Europe during the last 

decades against joint disease [169,170]. Harpagophytum procumbens 

(Burch.) DC. ex Meisn., 1840, also known as Devil’s claw, is native to the 

southern part of the African continent and may be found in Namibia, 

Botswana, South Africa, Angola, Zambia, and Zimbabwe [171,172]. It is a 

tuberous perennial herbaceous plant with visually distinctive fruits. They 

have numerous characteristically long protrusions, like ramps, which give the 

plant the colloquial name of Devil’s claw [173]. The parts usually used for 

the development of pharmaceutical preparations are the secondary roots that 
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contain an higher percentage of bioactive components than the primary roots 

[174] (Fig. 8). They contain a large amount of iridoid glycosides (mainly 

harpagoside, harpagide and procumbide), sugars, triterpenoids (oleanolic, 

ursolic acids), phytosterols (β-sitosterol), aromatic acids (caffeic, cinnamic, 

chlorogenic), and flavonoids (luteolin, kaempferol). Iridoid glycosides, that 

are the most abundant molecules among these components, show anti-

inflammatory and analgesic effects and for this reason are considered to be 

the active substances of the plant [175]. However, it should be pointed out 

that different studies have demonstrated that whole H. procumbens extract 

exerts greater effects than these isolated single components. Therefore, it can 

be assumed that the other constituents such as the flavonoids and terpenoids 

contribute to the pharmacological actions of the herbal drug [176]. 

 

 

Figure 8. Harpagophytum procumbens plant (A). Harpagoside chemical structure (B) 

 

Over the years, the anti-inflammatory and analgesic effect of H. procumbens 

extract was clearly demonstrated in various studies [177]. These researches 

have shown that the roots extracts have the ability to inhibit the release of 
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nitric oxide, pro-inflammatory cytokines, as IL-6, IL-1β and TNF-α, and to 

counteract the action of prostaglandins contributing to the inhibition of the 

inflammatory cascade of arachidonic acid [178,179]. In addition, 

harpagoside, the most expressed iridoid glycoside, was able in in vitro studies 

to reduce the expression of iNOS and COX-2 by inactivation of the NF-κB 

complex [180].  

These scientific findings represent a great step forward in the study of this 

nutraceutical. Although H. procumbens is a remedy used since the time of 

traditional medicine, still little is known about the biochemical mechanisms 

underlying its pharmacological effect in OA treatment. 
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2. Aim of the work 

Osteoarthritis (OA) is an inflammatory joint disease characterized by the 

progressive joint structure degeneration, that can affect one or more 

anatomical districts. In OA patients the cartilage, a specialized tissue with a 

supporting function, comes to be damaged leaving exposed the subchondral 

bones. As a result, the bones have friction each other causing pain and 

remodelling of bones themselves. Since it is a very disabling disease that 

often has an early onset, several studies aim to identify molecules that can 

slow its progression improving patient life quality.  

In recent years, indeed, chondroprotective substances that protect cartilage 

from degeneration, stimulating chondrocyte anabolic activity and inhibit 

catabolic enzymes, have been introduced in OA therapies. However, 

especially during the disease initial stages, in addition to chondroprotectors, 

nutraceuticals are often introduced in therapies for their efficacy and less side 

effects than traditional drugs.  

Among them, Harpagophytum procumbens, known as Devil’s claw, is one of 

the most used herbs as an anti-OA remedy. Its secondary roots contain 

several bioactive compounds able to relieve patient symptoms decreasing 

inflammation and joint pain. Although its therapeutic properties are well 

known, the biochemical mechanisms at the cellular level responsible for its 

pharmacological effects are still not well identified. For this reason, aim of 

this work was to analyse the H. procumbens extract (HPE) effect on human 

primary Fibroblast-like synoviocytes (FLSs) from OA patients to understand 

its activity on pain and inflammation metabolic pathways. Moreover, it aimed 
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to investigate the therapeutic role of single bioactive compounds in root 

extract in order to compare their effects to those of the whole phytocomplex. 
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3. Materials and methods 

3.1 Harpagophytum procumbens Extract 

The dry aqueous extract from H. procumbens root (HPE) was provided by 

Ambiotec S.A.S. The extract was a fine, brown-coloured powder with 

characteristic smell and taste, containing 1.2% (w/w) harpagoside. The 

powder was stored at room temperature in dry and dark conditions until use. 

In order to evaluate antiarthritic activity and to highlight possible bioactive 

constituents, HPE was further dissolved in different solvents, including 

dimethyl sulfoxide (DMSO), 100% v/v ethanol (EtOH), 50% v/v EtOH, and 

deionized water. These solvents were chosen based on their biocompatibility 

and ability to dissolve different classes of phytochemicals, mainly focusing 

on volatile compounds and polyphenols. Particularly, DMSO possesses high 

solubilizing properties for both polar and nonpolar compounds, thus, being 

able to dissolve the entire phytocomplex. Conversely, deionized water and 

ethanol recover mainly polar and nonpolar molecules, respectively, whereas 

50% v/v ethanol can collect compounds dissolved by both solvents. 

3.2 Phytochemical analysis 

 

3.2.1 Determination of Total Polyphenols, Tannins, and 

Flavonoids 

Total amounts of polyphenols and tannins in the tested extracts were 

determined spectrophotometrically by the Folin-Ciocalteu method. Briefly, to 

evaluate total polyphenols, each sample (100 μg/mL) was mixed with the 

Folin-Ciocalteu reagent (100 μL; 10% v/v) and incubated for 5 min. Then, a 
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sodium carbonate solution (80 μL; 7.5% w/v) was added, shaken, and 

incubated for 2 h again.  

Regarding tannins, samples (1 mg/mL) were mixed with 

polyvinylpyrrolidone (100 mg/mL) and centrifuged at 1100 rpm for 10 min to 

allow the phenolic compound precipitation. Then, polyphenol content was 

measured in the supernatant as described above. The tannin content was 

determined by subtracting the polyphenol amount in the supernatant to the 

total polyphenol amount. For both polyphenols and tannins, the absorbance 

was measured at 765 nm, and the amount was calculated as tannic acid 

equivalent (TAE) per milligram of dry HPE extract.  

Furthermore, total flavonoids and its subclass flavonols were measured by 

applying the aluminium chloride method. Specifically, total flavonoids were 

measured after mixing equal volumes of each extract (2 mg/mL) and 

aluminium trichloride (2% w/v in methanol), whereas the content of 

flavonols was determined by mixing 50 µL extract (4 mg/mL), 20 µL 

aluminium trichloride (10% w/v in methanol), 60 µL sodium hydroxide (1 

M), 10 µL sodium nitrite (5% w/v in deionized water), and 70 µL deionized 

water. After a 10 min incubation, the absorbance was measured at 415 nm, 

and the total contents of flavonoids and flavonols were determined and 

expressed as quercetin equivalent (QE) per milligram of dry HPE extract. 

3.2.2 Solid Phase Microextraction (SPME) 

For the extraction of volatile compounds, solid phase microextraction 

(SPME) holders and coating fibers (Supelco; Bellefonte, PA, USA) were 

used. The sampling was performed with an SPME fiber (50/30 µm) 

divinylbenzene/carboxen/polydimethylsiloxane. Before sampling, the SPME 
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fiber was conditioned by heating in the injector of a gas chromatograph at 

270 °C for 30 min in order to remove traces of contaminants. Prior to 

analysis, a fiber blank was run to confirm the absence of contaminant peaks. 

To obtain a better extraction, SPME conditions, such as the most suitable 

temperature and equilibration time, were adjusted. Each sample was placed in 

a septum-sealed glass vial. The fiber was exposed to the headspace of the 

sample for 20 min at 40 °C. During this time, samples were stirred with a 

magnetic stirrer. After equilibration, the fiber was removed from the sample 

and immediately inserted into the GC injection port for the thermal 

desorption (2 min) at 270 °C. 

3.2.3 Gas Chromatography-Mass Spectrometry (GC-MS) 

The extracts were analysed using a GC-MS Perkin Elmer Clarus 500 

instrument (Perkin Elmer, Waltham, MA, USA) equipped with a flame 

ionization detector (FID). Chromatographic separations were performed on a 

Varian FactorFour VF-1 fused-silica capillary column (length 60 m x 0.32 

mm ID x 1.0 µm film thickness). The oven temperature program was as 

follows: 60 °C for 2 min, then, a gradient of 6 °C/min to 250 °C for 10 min, 

and an injector temperature of 270 °C. Helium was used as the carrier gas 

with a flow rate of 1 mL/min. Split injection with a split ratio of 1:20 was 

used. The electron-impact ionization mass spectrometer was operated as 

follows: ionization voltage, 70 eV; ion source temperature, 200 °C; scan 

mode, 30.0 to 500.0 mass range. The volatile compounds were identified by 

comparing mass spectra with those in the NIST02 and Wiley libraries. 

Furthermore, linear retention indices of each compound were calculated 

using a mixture of n-alkane hydrocarbons (C8-C30, Ultrasci, Ultra Scientific 
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Italia, Bologna, Italy) injected directly into GC injector using the same 

temperature program reported above. Semiquantitative analysis was 

performed by normalizing the peak area generated in the FID (%) without 

using correction factors (relative response factors). All analyses were 

repeated twice. 

 

3.2.4 Quantification of Chemical Constituents by GC-FID 

β-caryophyllene, α-humulene, and eugenol, which were the principal volatile 

compounds detected in the extract, were quantified by Perkin Elmer Clarus 

500 gas chromatography equipped with FID using the internal standard 

(nonane solution) method. Chromatographic separations were performed as 

described above.  

In order to calculate absolute quantitative data, the response factors for each 

compound were calculated by injections of pure analytical standards of β-

caryophyllene, α-humulene, and eugenol at the concentration of 1 µg/mL. 

3.2.5 UHPLC-MS Analyses 

LC-MS determination of harpagoside concentration was performed on a 

Waters Acquity H-Class UHPLC system (Waters, Milford, MA, USA), 

including a quaternary solvent manager, a sample manager with flow-through 

needle system, a photodiode array detector, and a single-quadruple mass 

detector with electrospray ionization source (ACQUITY QDa). 

Chromatographic analyses were performed on a Kinetex C18 column 

(Phenomenex, 100 mm x 2.1 mm i.d., 2.6 μm particle size). Solvent A was 

0.1% formic acid in water, and solvent B was 0.1% formic acid in CH3CN. 

Flow rate was set at 0.5 mL/min and column temperature at 25 °C. Elution 
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was isocratically performed for the first minute with 2% solvent B; from min 

1 to min 6, solvent B was linearly increased to 55%, then, in 0.5 min, solvent 

B was set at 100% and maintained for 2 min. The column was re-equilibrated 

with 98% solvent A and 2% solvent B for 4 min before next injection. 

Harpagoside was identified by retention time, mass, and UV-Vis spectra, 

using a commercially available standard. The calibration curve was prepared 

as follows. Harpagoside at concentration of 0.01 mM was prepared in 0.1% 

aqueous formic acid/acetonitrile (95:5) (Merck Life Science, Darmstadt, 

Germany), and then 0.5 µL, 1 µL, 2.5 µL and 5 µL were injected. HPEDMSO 

at concentration of 0.1 mg/mL was prepared in the same solvent, and 10 µL 

or 20 µL were injected. In the above-described chromatographic conditions, 

harpagoside has a retention time of ≈ 4.9 min. Mass spectrometric detection 

was performed in the negative electrospray ionization mode using nitrogen as 

nebulizer gas. Analyses were performed in Total Ion Current (TIC) mode in a 

mass range 100-1200 m/z. Capillary voltage was 0.8 kV, cone voltage 15 V, 

ion source temperature 120 °C, and probe temperature 600 °C. Calibration 

curves were generated with pure single compound, harpagoside (Sigma-

Aldrich, St. Louis, MO, USA), by monitoring the H-ion (m/z 493.14). 

3.3 Human tissues 

Human synovial membranes were isolated from OA patients and non-OA 

(fractured) patients that underwent total knee arthroplasty surgery. Full 

ethical consent was obtained from all donors and the Research Ethics 

Committee, ASL Lazio 2 (#005605/2019, 3 March 2019) approved the study. 
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3.3.1 Immunohistochemistry 

The tissues were fixed in 4% paraformaldehyde in 0.1 M phosphate buffer 

pH 7.2 immediately after removal from patients and embedded in paraffin. 

Histological sections (about 2 to 5 μm thick) were stained with haematoxylin 

and eosin for morphologic evaluation or were used for immunohistochemical 

analysis.  

Histological sections for immunohistochemical analysis were deparaffinized 

and rehydrated in graded ethanol (100°-100°-95°). Endogenous peroxidase 

activity was blocked by 3% hydrogen peroxide for 10 min. Antigen retrieval 

was performed in 10 mM sodium citrate buffer (pH 6.0) for 15 min. The 

sections were then incubated with anti-CB1 and anti-CB2, (Santa Cruz 

Biotechnology, Inc., Dallas, TE, USA), both diluted 1:50, overnight at 4 °C. 

After incubation, specimens were washed and incubated with the secondary-

biotinylated antibody and subsequently, with streptavidin-biotin-peroxidase 

(DAKOLSAB Kit peroxidase; DAKO, Carpinteria, CA, USA). The signals 

were developed by incubating with freshly prepared 3,3’-diaminobenzidine 

substrate-chromogen buffer at room temperature. Slides were mounted with 

permanent mounting media. Negative controls were used in each experiment. 

The samples were scored semi-quantitatively using a score based on the 

intensity and distribution: 0, undetectable; 1+, weak staining; 2+, medium 

staining; 3+, strong staining [181].  

3.3.2 Human Primary Cell Isolation 

Human primary Fibroblast-like synoviocytes (FLSs) were isolated from 

synovial membranes, obtained, as above described, from patients who 

underwent a total knee and hip arthroplasty. In brief, the synovial membrane 
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fragments were minced and treated with 1 mg/mL collagenase type IV and 

0.25% trypsin for 2 h, at 37 °C in agitation. Then, cells were grown to 80% 

confluence in Dulbecco's Modified Eagle Medium (DMEM) high glucose 

(HyClone, Logan, UT, USA) supplemented with L-glutamine, 

penicillin/streptomycin (Sigma-Aldrich), and 10% fetal bovine serum (FBS) 

and cultured at 37 °C and 5% CO2. All experiments were carried out with 

synoviocytes at first passage (p1), isolated from at least 3 different donors. 

3.4 Cell treatment 

Cells were left untreated (CTL) or treated, for the required time, with 0.1 

mg/mL of HPE dissolved in deionized water (HPEH2O), DMSO (HPEDMSO), 

100% v/v EtOH (HPEEtOH100), and 50% v/v EtOH (HPEEtOH50). Solvents 

alone were tested, too. Experiments were independently repeated at least 

three times. 

In order to analyse the effect of single HPEDMSO components on FLSs, cells 

were treated for 24 h with β-caryophyllene (Santa Cruz Biotechnology, Inc, 

sc-251281A; ≥98% purity), α-humulene (Merck Life Science cod. 53675; 

≥96% purity), eugenol (Merck Life Science, cod. W246700; ≥98% purity) 

and harpagoside (Merck Life Science, cod. 68527; ≥95% purity), according 

to the levels detected by phytochemical analysis in 0.1 mg/mL HPEDMSO. 

Moreover, it was prepared a mixture containing all four components at 

concentrations determined in 0.1 mg/mL of HPEDMSO. 

3.5 Cell viability assay 

To assess HPE potential cytotoxic effect on FLSs at different concentrations 

and time points, an MTS (3-(4,5-dimethylthiazol-2–yl)-5-(3-
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carboxymethoxyphenyl)-2-(4-sulfophenyl)-2H-tetrazolium) based 

colorimetric assay was performed (Promega Corporation, Madison, WI, 

USA). Briefly, 8 x 103 cells per well were seeded in a 96-well plate. The day 

after seeding, cells were starved overnight in reduced serum medium, in order 

to align cell cycle progression. Cells were then left untreated (CTL) or treated 

with HPE for 24, 48, and 72 h. After each time point, 100 µL MTS solution 

was added to the wells. Spectrophotometric absorbance was directly 

measured at 492 nm after 3 h incubation. 

3.6 RNA Extraction and Reverse-Transcription 

Total RNA was extracted from untreated and treated FLSs, with 

Blood/Tissues Total RNA extraction kit (Fisher Molecular Biology, Trevose, 

PA, USA), and the reverse transcription was performed according to the 

manufacturers’ instructions by Improm II enzyme (Promega Corporation). 

3.7 Quantitative-Real Time-PCR 

Quantitative-Real Time-Polymerase Chain Reaction (RT-PCR) analysis was 

performed using an ABI Prism 7300 (Applied Biosystems, Thermo Fisher 

Scientific, Waltham, MA, USA). Amplification was carried out using 

SensimixPlus SYBR Master mix (Bioline, London, United Kingdom). 

Primers (Table 1) synthesized by Bio-Fab research (Rome, Italy), were 

designed using Primer Express software v1.4.0 (Applied Biosystems). Data 

were analysed by 2-ΔΔCt method, determining the transcript abundance 

relative to 18S rRNA housekeeping gene [182]. 
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Table 1. RT-PCR primer sequences 

 

GENE PRIMER SEQUENCES (Fw-Rv) 

CB1 

NM_016083 

5’-TTCCTTCTTGTGAAGGCACTG-3’ 

5’-TCTTGACCGTGCTCTTGATGC-3’ 

CB2 

NM_009924 

5’-ATGCTGTGCCTCATCAACTC-3’ 

5’-CTCACACACTTCTTCCAGTG-3’ 

FAAH 

NM_001441 

5’-CAGCTTTCCTCAGCAACATG-3’ 

5’-CAATCACGGTTTTGCGGTAC-3’ 

c-FOS 

NM_005252 

5’-CGAGCCCTTTGATGACTTCCT-3’ 

5’-GGAGCGGGCTGTCTCAGA-3’ 

MMP-13 

NM_002427 

5’-TTCTTGTTGCTGCGCATGA-3’ 

5’-TGCTCCAGGGTCCTTGGA-3’ 

CREB 

NM_004379.5 

5’-ATTGCCCCTGGAGTTGTTATG-3’ 

5’-TTCTACGACACTCTCGAGCTG-3’ 

MMP-3 

NM_002422.5 

5’-CCTGGTACCCACGGAACCT-3’ 

5’-AGGACAAAGCAGGATCACAGTT-3’ 

ADAMTS-5 

NM_007038.5 

5’-GCACTTCAGCCACCATCAC-3’ 

5’-AGGCGAGCACAGACATCC-3’ 

IL-6 

NM_000600 

5’-GATGGATGCTTCCAATCTG-3’ 

5’-CTCTAGGTATACCTCAAACTCC-3’ 

IL-8 

NM_000584 

5’-GACATCAAAGAAGGACTTG -3’ 

5’- GCCACAATTTCAGATCCTG-3’ 

IL-1β 

NM_000576 

5’-ACAGAATCTCCGACCACCACTA-3’ 

5’-TCCATGGCCACAACAACTGA-3’ 

PI-PLC β2 

NM_004573.3 

5’-AGAAGCTGGAGGAGAAGCAG-3’ 

5’-TTCATCCTGGCCTCGTACTC-3’ 

PI-PLC β3 

NM_000932.5 

5’-CGTGATGATCTCATCGCCAG-3’ 

5’-TTGTGACCTCGGAGCTCATC-3’ 

PI-PLC β4 

NM_000933.4 

5’-GTCCAGCTTGAACATCTAG-3’ 

5’-CCATCTGCTGCATCTCCTTC-3’ 

PI-PLC γ1 (204) 

DQ297143.1 

5’-GCCATGTGCCATCTCTATTG-3’ 

5’-CATAAACAGACTCCAACGGC-3’ 

PI-PLC γ1 (205)  
DQ297143.1 

5’-AGCCTGTCCCACAGGTCAG-3’ 

5’-CTGAGAACAGGCAGAGTCAG-3’ 

PI-PLC γ1 (207) 

DQ297143.1 

5’-CAAGGACCTGAGAACATGC-3’ 

5’-GGCAGTCAGATCTTAAGAGG-3’ 

PI-PLC γ1 (208) 

DQ297143.1 

5’-TGACCATTGGTGGGCTTTG-3’ 

5’-AATCTGACAAGCCGGCACAT-3’ 

PI-PLC γ1 (212) 

DQ297143.1 

5’-AGCTTTGCCGAGTGTCCCTTC-3’ 

5’-CAATGTCAGCCCAGCCATAC-3’ 

18S 

NM_003286 

5’-CGCCGCTAGAGGTGAAATTC-3’ 

5’-CATTCTTGGCAAATGCTTTCG-3’ 
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3.8 Semi-Quantitative-PCR 

PCR was used to study the modulation of PI-PLC enzymes in HPEDMSO-

treated FLSs. PCR reactions were performed with MyTaq DNA Polymerase 

(Bioline) following manufacturers’ instructions. Cycling conditions were 

performed with 95 °C initial denaturation step for 1 min, followed by 

30 cycles consisting of 95 °C denaturation (30 sec), annealing (30 sec) at 56 

°C and 72 °C extension (1 min) in MastercyclerTM (Eppendorf, Hamburg, 

Germany) thermocycler. Primers (Table 2) synthesized by Biofab research, 

were designed using Primer Express software v1.4.0 (Applied Biosystems). 

Amplified PCR products were analysed by 1.5% agarose gel electrophoresis 

using Glyceraldehyde 3-phosphate dehydrogenase (GAPDH) as 

housekeeping gene. Image acquisitions were performed by ChemiDoc 

Instrument (Bio-Rad Laboratories, Hercules, CA, USA).  
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Table 2. PCR primer sequences 

 

GENE PRIMER SEQUENCES (Fw-Rv) 

PI-PLC β1 

OMIM*607120 

5’-AGCTCTCAGAACAAGCCTCCAACA-3’ 

5’-ATCATCGTCGTCGTCACTTTCCGT-3’ 

PI-PLC β2 

OMIM *604114 

5’- AAGGTGAAGGCCTATCTGAGCCAA-3’ 

5’- CTTGGCAAACTTCCCAAAGCGAGT-3’ 

PI-PLC β3 

OMIM *600230 

5’- TATCTTCTTGGACCTGCTGACCGT-3’ 

5’- TGTGCCCTCATCTGTAGTTGGCTT-3’ 

PI-PLC β4 

OMIM *600810 

5’- GCACAGCACACAAAGGAATGGTCA-3’ 

5’- CGCATTTCCTTGCTTTCCCTGTCA-3’ 

PI-PLC γ1 

OMIM *172420 

5’- TCTACCTGGAGGACCCTGTGAA-3’ 

5’- CCAGAAAGAGAGCGTGTAGTCG-3’ 

PI-PLC γ2 

OMIM *600220 

5’- AGTACATGCAGATGAATCACGC-3’ 

5’- ACCTGAATCCTGATTTGACTGC-3’ 

PI-PLC δ1 

OMIM *602142 

5’- CTGAGCGTGTGGTTCCAGC-3’ 

5’- CAGGCCCTCGGACTGGT-3’ 

PI-PLC δ3 

OMIM *608795 

5’- CCAGAACCACTCTCAGCATCCA-3’ 

5’- GCCA TTGTTGAGCACGTAGTCAG-3’ 

PI-PLC δ4 

OMIM *605939 

5’- AGACACGTCCCAGTCTGGAACC-3’ 

5’- CTGCTTCCTCTTCCTCATATTC-3’ 

PI-PLC ε 

OMIM *608414 

5’- GGGGCCACGGTCATCCAC-3’ 

5’- GGGCCTTCATACCGTCCATCCTC-3’ 

PI-PLC η1 

OMIM *612835 

5’- CTTTGGTTCGGTTCCTTGTGTGG-3’ 

5’- GGATGCTTCTGTCAGTCCTTCC-3’ 

PI-PLC η2 

OMIM *612836 

5’-GAAACTGGCCTCCAAACACTGCCCGC-3’ 

5’-GTCTTGTTGGAGATGCACGTGCCCCTT-3’ 

GAPDH 

NM_02046 

5’- CGAGATCCCTCCAAAATCAA -3’ 

5’- GTCTTCTGGGTGGCAGTGAT -3’ 
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3.9 Immunofluorescence analysis 

Proteins were visualized by immunofluorescence. Cells, plated at a density of 

8 x 103/cm2, were left untreated (CTL) or treated, for the required time, as 

specified for each individual experiment. Then, cells were washed in 

phosphate buffer saline (PBS), fixed in 4% paraformaldehyde in PBS for 15 

min at 4 °C, and permeabilized with 0.5% Triton-X 100 in PBS for 10 min at 

room temperature. After blocking with 3% bovine serum albumin in PBS for 

30 min at room temperature, cells were incubated at 1 h, at room temperature, 

with primary antibodies. Cells were washed with PBS and then, incubated for 

1 h, at room temperature, with Alexa Fluor secondary antibodies (Table 3). 

Slides were washed and then, stained with DAPI (Invitrogen, Thermo Fisher 

Scientific) to visualize the nuclei. The images were captured by a Leica DM 

IL LED optical microscope, using an AF6000 modular microscope (Leica 

Microsystem, Milan, Italy). 



 

 

 

 

60 

Table 3. Antibodies for immunofluorescence analysis 

PROTEIN PRIMARY  

ANTIBODY 

SECONDARY ANTIBODY 

Vimentin Mouse monoclonal 

antibody 

(Proteintech Group, Manchester, 

UK)  

1:50 

Alexa Fluor 488 donkey anti-rabbit 

antibody  

(Invitrogen, Thermo Fisher 

Scientific) 

1:300, green 

CB2 Mouse monoclonal  

antibody 

(Santa Cruz Biotechnology) 

1:150 

Alexa Fluor 488 donkey anti-goat 

antibody (Invitrogen, Thermo Fisher 

Scientific) 

1:600, green 

p-PKA Rabbit oligoclonal 

antibody 

(Invitrogen, Thermo Fisher 

Scientific) 

1:250 

Alexa Fluor 595 donkey 

anti-rabbit antibody  

(Invitrogen, Thermo Fisher 

Scientific) 

1:400, red 

p-ERK1/2 Rabbit monoclonal  

antibody  

(MyBioSource, San Diego, CA, 

USA) 

1:1000 

Alexa Fluor 488 donkey anti-rabbit 

antibody  

(Invitrogen, Thermo Fisher 

Scientific) 

1:400, green 

PI-PLC γ1 Mouse monoclonal  

antibody  

(Santa Cruz Biotechnology) 

1:50 

Alexa Fluor 595 donkey anti-rabbit 

antibody 

(Invitrogen, Thermo Fisher 

Scientific) 

1:300, red 
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3.10 Western Blot analysis 

Western Blot experiments were performed to analyse the effect of HPEDMSO 

on phosphorylation of ERK1/2 and c-Fos. Cells, untreated and treated with 

HPEDMSO, were washed with PBS and lysated by protein extract kit (Active 

Motif, Carlsbad, CA, USA) in accordance with manufacturers’ instructions. 

Extracts were resolved on Mini-protean TGX precast gels (Bio-Rad 

Laboratories) and transferred to Polyvinylidene difluoride (PVDF) 

membranes (Bio-Rad Laboratories) and probed with specific antibodies in 

accordance with the manufacturers’ instructions. Rabbit anti-ERK1/2 and 

anti-p-ERK1/2 antibodies (MyBioSource) were used at 1:1000; rabbit anti-c-

Fos and anti-p-c-Fos antibodies (Cell Signaling Technology, Danvers, MA, 

USA) at 1:500 and mouse anti-actin (Merck Life Science) at 1:1000. The 

secondary antibodies HRP-conjugate, both anti-rabbit and anti-mouse 

(Immunological Sciences, Rome, Italy) were used at 1:5000. The blots were 

revealed by ECL detection system (Advansta, Menlo Park, CA, USA). Image 

acquisitions were performed by ChemiDoc Instrument (Bio-Rad 

Laboratories). 

3.11 Measurement of cAMP 

The amount of cAMP in untreated (CTL) and treated cells was measured by 

the Direct cyclic AMP Enzyme-Linked Immunosorbent Assay (ELISA) kit 

(Enzo Life Sciences, New York, NY, USA), according to the manufacturers’ 

instructions. Briefly, 10 x 104 cells per well were seeded in 24-well plates 

and cultured for 5 min, 10 min, 20 min, 1 h, 24 h, and 48 h in presence of 

HPEDMSO. The effects of HPEDMSO were also studied under the stimulation of 
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Forskolin (7-beta-Acetoxy-8, 13-epoxy-1a, 6b, 9atrihydroxy-labd-14-en-11-

one), which is a potent, rapid, and reversible stimulator of adenylate cyclase 

activity and consequently an agent responsible of the cAMP increase [183]. 

The cells were treated with Forskolin for 20 min or pre-treated with the 

extract for 1 h and then stimulated with Forskolin for 20 min. 

3.12 MMP-13 ELISA  

The amount of MMP-13 in the cell supernatant was determined using ELISA 

kit (Fine Test ELISA, Fine Biotech Co., Ltd., Wuhan, China) according to 

the manufacturers’ instructions. Optical Density (O.D.) absorbance was 

measured at 450 nm by a microplate reader (NB-12-0035, NeBiotech, 

Holden, MA, USA). 

3.13 Calcium assay 

The intracellular Ca2+ has been measured by Calcium Green-1 AM 

(Invitrogen, Thermo Fisher Scientific) following the manufacturers’ 

instructions, using 3 x 104/cm2 cells treated with HPEDMSO for 20 min, 1 h, 

and 24 h. The assay is based on the use of molecules that exhibit an increase 

in fluorescence upon binding Ca2+. 

3.14 FAAH inhibition assay 

The potential ability of the tested extract to inhibit fatty acid amide hydrolase 

(FAAH) was evaluated using a commercial fluorescence-based kit 

(Cayman’s FAAH Inhibitor Screening Assay Kit, Vinci Biochem, Vinci (FI), 

Italy), according to the manufacturers’ instructions. The fluorescence of the 
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FAAH-catalysed product was measured at an excitation wavelength of 340 to 

360 nm and an emission wavelength of 450 to 465 nm by a BD Accuri. C6 

flow cytometer (BD Biosciences, Milan, Italy). Suitable control wells treated 

with vehicles (maximum FAAH activity) and with the known FAAH 

inhibitor JZL 195 (maximum FAAH inhibition) were included. Each 

treatment was assayed at least in triplicate and at least in two different 

experiments. The enzyme activity was evaluated as % inhibition with respect 

to the vehicle.  

The Hill equation E = Emax/ (1+(10LogEC50/A) HillSlope) (E, effect at a given 

concentration; Emax, maximum activity; EC50 or IC50, concentration giving a 

50% inhibition; A, concentration of agonist; HillSlope, slope of the agonist 

curve) was applied to obtain a concentration-response curve. 

3.15 Spheroids culture 

In order to mimic FLS physiological conditions, cells were cultured in 3D by 

performing spheroid culture. 3 x 105 FLSs were pelleted by centrifuging for 5 

min, at 250 x g, and then cultured in DMEM high glucose with 10% FBS, in 

presence of 50 μg/mL of ascorbic acid. Spheroids were left untreated (CTL) 

or treated with 0.1 mg/mL of HPEDMSO and were cultured for 21 days. Then 

were fixed with 4% paraformaldehyde and paraffin embedded. Sequentially 

sections were used for immunohistochemical analysis, staining them with 

mouse monoclonal anti-CB2 antibody, anti-PI-PLC β2, anti-PI-PLC β3, and 

anti-PI-PLC β4 (all Santa Cruz Biotechnology, Inc) all diluted 1:50.  

Section stained with anti-CB2 antibody were incubated with the secondary-

biotinylated antibody and subsequently, with streptavidin–biotin–peroxidase 

(DAKOLSAB Kit peroxidase). The signals were developed by incubating 
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with freshly prepared 3,3’-diaminobenzidine substrate-chromogen buffer at 

room temperature. Slides were mounted with permanent mounting media. 

Sections stained with anti-PI-PLC β2, anti-PI-PLC β3, and anti-PI-PLC β4 

antibodies were incubated with Alexa Fluor secondary antibodies. PI-PLC β2 

and β3 were stained in red with Alexa Fluor 595 donkey anti-rabbit antibody 

1:300, while PI-PLC β4 was stained in green with Alexa Fluor 488 donkey 

anti-rabbit antibody (all Invitrogen, Thermo Fisher) 1:300. Slides were 

washed and stained with DAPI (Invitrogen, Thermo Fisher Scientific) to 

visualize the nuclei. The images were captured by a Leica DM IL LED 

optical microscope, using an AF6000 modular microscope (Leica 

Microsystem). 

3.16 Densitometric analysis 

To perform the densitometric analysis of protein production, the free 

software ImageJ v1.52t (https://imagej.nih.gov/ij/) was used. For each cell 

culture condition, the integrated density values of chemiluminescence and 

fluorescence obtained in Westerns Blot and in immunofluorescence 

experiments, respectively, were considered. 

3.17 Statistical analysis 

All data were obtained from at least three independent experiments, each 

performed either in duplicate or in triplicate. Data were statistically analysed 

with two-way repeated measures analysis of variance (ANOVA) with 

Bonferroni’s multiple comparison test, using Prism 5.0 software (GraphPad 

Software, San Diego, CA, USA). p value < 0.05 was considered significant. 



 

 

 

 

65 

4. Results and Discussions 

4.1 Histological comparison between non-OA and OA 

synovial membrane 

Osteoarthritis (OA) is the most common type of arthritis worldwide, 

characterized by pain and decline in physical function. While classically it 

has been considered only as an articular cartilage "wear and tear" pathology, 

it is currently recognized that OA is a whole-joint disease with a complex 

aetiology that also involves the synovial membrane and surrounding tissues. 

However, the involvement of the synovial membrane in OA pathogenesis is 

often not emphasized in scientific publications, which place more attention 

on the articular cartilage and bone. 

For this reason, this study began with a first preliminary and exploratory 

histological analysis of the synovial membrane from non-OA and OA 

patients. Synovial tissues were explanted by a team of orthopedists during 

arthroplasty surgery from both non-OA and OA patients who underwent total 

knee replacement. By staining the histological sections of non-OA synovial 

membrane with haematoxylin and eosin, it resulted that synoviocytes, 

coloured in blue, were immersed in an amorphous granular matrix, and lied 

mainly on synovial membrane intimal part forming from one to three layers. 

On the other hand, the subintimal area contained mainly loose connective 

tissue with collagen and elastin fibers as well as fibroblasts, macrophages, 

and adipocytes. OA synovial membranes, rather, showed some 

morphological abnormalities typical of chronic inflammation. These included 

the hyperplasia of the lining cell layer with a dense cellular infiltrate 

composed largely of lymphocytes and monocytes that contribute to the 
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synovial inflammation and pannus formation (Fig. 9). However, it should be 

noted that in non-OA synovial membranes, deriving from patients 

undergoing arthroplasty surgery following traumatic fractures, the 

inflammatory infiltrate is not entirely absent. This is due to a condition of 

acute inflammation developed as a result of the experienced trauma and is 

less intense than the typical chronic inflammatory infiltrate of OA. 

 

 

 
 
Figure 9. Immunohistochemical sections of synovial membranes from non-OA and OA 

patients. Slides were stained with haematoxylin and eosin and mounted with permanent 

mounting media. This figure shows representative images of different experiments (n = 5 

non-OA and n = 5 OA). The yellow arrow indicates the hyperplastic lining cell layer, while 

the blue one the dense cell infiltrate composed largely of lymphocytes and monocytes. 



 

 

 

 

67 

Pain is the most common symptom of both acute and chronic inflammation 

that affects the quality of life of patients by prompting them to seek medical 

attention. Within the joint, there are pain-sensing afferent neurons or 

nociceptors in many of the anatomic tissues affected by OA including 

subchondral bone and synovial membrane. While, although cartilage loss is 

largely involved in OA pathogenesis, it is not innervated and therefore cannot 

be a direct source of pain [5].  

The endocannabinoid system, that participates in the modulation of the 

nociceptive transmission of pain, has been described as associate to OA 

inflammation [184]. In particular, CB2 receptor is involved in anti-

inflammatory and immunosuppressive actions by modulating the release of 

cytokines and inflammatory mediators [185]. Considering its participation in 

OA pain and inflammation, immunohistochemical analyses were performed 

to investigate the expression of CB1 and CB2 receptors, in non-OA and OA 

synovial membrane.  

CB1 receptors, classically described as localized only in the central nervous 

system, resulted expressed in both normal and pathological tissues but with 

different scores based on their intensity and distribution. They were 

moderately present in non-OA synovial membrane (score 1+), while strongly 

present in OA ones (score 3+). On the other hand, CB2 receptors were 

detected only in non-OA tissue (score 2+) (Fig.10). The reduced expression 

of CB2 receptors is likely to have a role in OA pathogenesis, agrees with the 

observations of Fukuda and co-workers. They found that CB2 receptors were 

expressed only in rheumatoid arthritis synovial membranes and not in OA 

synovial membranes [186].  
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Figure 10. Immunohistochemical analysis of synovial membranes from non-OA and OA 

patients. Slices were stained with anti-CB1 and anti-CB2 receptor antibodies and 

counterstained with haematoxylin and eosin and mounted with permanent mounting media. 

This figure shows representative images of different experiments (n = 5 non-OA and n = 5 

OA). 
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4.2 Harpagophytum procumbens phytochemical 

characterization 

Harpagophytum procumbens, commonly known as Devil’s claw, is a plant 

used worldwide as a traditional remedy for joint pain associated with mild 

OA. Its activity is caused and started by the secondary root chemical 

constituents like iridoid glycosides (mainly harpagoside, harpagide and 

procumbide), triterpenoids, phytosterols and flavonoids. Harpagoside, that is 

the most abundant molecule among these components, show anti-

inflammatory and analgesic effects and for this reason is considered to be the 

active substance of the plant [187]. However, although H. procumbens is a 

remedy used since the time of traditional medicine, still little is known about 

the biochemical mechanisms underlying its pharmacological effect. Recently, 

studies aimed at understanding the H. procumbens root extract individual 

components activity have highlighted the analgesic role of some of its 

phytochemical constituents. Among them, β-caryophyllene and eugenol has 

been described to mitigate pain through an agonism on CB2 receptors and, at 

the same time, to reduce inflammation acting on NF-κB pathway [188–191]. 

In light of these findings, considering the absence of CB2 receptors in OA 

samples, thus suggesting their involvement in pathology, it was decided to 

analyse the effect of H. procumbens root extract on human primary 

synoviocytes from OA synovial membranes. Preliminarly, HPE dissolved in 

different solvents, DMSO, 100% v/v EtOH, 50% v/v EtOH, and H2O, chosen 

basing on their ability to dissolve different classes of molecules, was 

phytochemically characterized. Spectrophotometric analyses of the four 

extracts, HPEDMSO, HPEEtOH100, HPEEtOH50 and HPEH2O, revealed that the 
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highest amount of total polyphenols were extracted by DMSO and 50% v/v 

EtOH, followed by deionized water and pure ethanol. Indeed, their levels in 

HPEDMSO and HPEEtOH50 were 1.2- to 1.4-fold higher than in HPEH2O and 

HPEEtOH100. Among polyphenols, tannins were mainly recovered by H2O and 

DMSO, their amount in HPEH2O and HPEDMSO being 1.5- to 1.9-fold higher 

than that found in HPEEtOH100 and HPEEtOH50. Regarding flavonoids and their 

subclass flavonols, the highest extraction power was exhibited by DMSO; 

HPEDMSO exhibited about 1.5- to 3-fold and 1.5- to 1.7-fold higher 

concentrations of total flavonoids and flavonols than HPEEtOH50 or 

HPEEtOH100 and HPEH2O, respectively (Table 4). 

 

 

Table 4. Amounts of total polyphenols, tannins, flavonoids, and flavonols in HPEDMSO, 

HPEEtOH100, HPEEtOH50, and HPEH2O. Data are the mean ± SEM of at least three independent 

experiments with three replicates for each experiment (n = 9). 

TAE-tannic acid equivalent. QE-quercetin equivalent. ** p < 0.01 and *** p < 0.01 

significantly higher than HPEEtOH100 (ANOVA followed by Bonferroni’s multiple 

comparison post hoc test). § p < 0.05 and §§ p < 0.01 significantly higher than HPEH2O 

(ANOVA followed by Bonferroni’s multiple comparison post hoc test). 

 

 

COMPOUNDS 
HPEDMSO HPEEtOH100 HPEEtOH50  HPEH2O 

µg/mg of dry extract (mean ± SEM) 

Polyphenols (TAE) 99.6 ± 0.05***§ 69.6 ± 0.05 97.9 ± 0.01***§ 84.2 ± 0.04** 

Tannins (TAE) 14.2 ± 0.02** 9.2 ± 0.04 9.2 ± 0.02 17.9 ± 0.03*** 

Flavonoids (QE) 113.0± 5.1***§§ 71.3 ± 6.6§§ 75.1 ± 6.1§§ 37.6 ± 4.3 

Flavonols (QE) 43.8 ± 2.4***§§ 27.6 ± 3.2 30.1 ± 2.0§ 25.1 ± 2.0 
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Altogether, these results revealed that DMSO was the most suitable for 

recovering total polyphenols, including tannins, flavonoids, and flavonols, 

followed by 50% v/v EtOH, especially for total flavonoids and flavonols. 

Pure ethanol extract retained similar features compared to 50% v/v EtOH 

regarding total flavonoids and flavonols, with a lower recovery of total 

polyphenols. Finally, pure deionized water was able to better extract tannins, 

with significantly lower flavonoid levels. 

In order to determine the presence of minor volatile compounds a SPME-GC-

MS analysis was performed. This investigation highlighted the presence of 

different volatile compounds in all the samples except for the aqueous 

extract. Among them, eight biologically active compounds, listed in Table 5, 

were identified and their relative percentage amounts were calculated. 

Eugenol and β-caryophyllene were the main volatile phytochemicals in all 

extracts. Eugenol achieved a maximum 51.6% amount in HPEEtOH50, while 

HPEDMSO and HPEEtOH100 contained the highest percentages of β-

caryophyllene (i.e., 77.4% and 77.1%, respectively). Moreover, β-pinene 

(5.1%) and isoeugenol (1.0%) were found in HPEEtOH50, while thymol (0.8%) 

was found in HPEDMSO. α-copaene was also identified in ethanolic extracts 

HPEEtOH100 and HPEEtOH50 (6.3% and 3.7%, respectively). On the other hand, 

α-humulene (10.0%; 0.8%) and δ-cadinene (5.8%; 1.3%) were detected in 

HPEDMSO and HPEEtOH100, respectively. 
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Table 5. Volatile compounds (relative percentage in the volatile fraction) detected in 

HPEDMSO, HPEEtOH100, HPEEtOH50, and HPEH2O.  

 

 

1 Compound identification number; 2 compounds are reported according to their elution order 

on column; 3 linear retention indices measured on apolar columns; 4 linear retention indices 

from literature; + normal alkane RI; 5 identification by MS spectra, tr < 0.1%. 

No.1 Compound2 

 

LRI3 

 

   RI 4 

 

MS5 HPEDMSO 

(%) 

HPEEtOH100 

(%) 

HPEEtOH50 

(%) 

HPEH2O 

(%) 

1 β-pinene 978 974 + - - 5.1 - 

2 thymol 1308 1310 + 0.8 - - - 

3 eugenol 1339 1344 + 6.0 14.6 51.6 - 

4 -copaene 1381 1387 + - 6.3 3.7 - 

5 β-caryophyllene 1412 1416 + 77.4 77.1 38.6 - 

6 isoeugenol 1432 1439 + - - 1.0 - 

7 -humulene 1450 1454 + 10.0 0.8 - - 

8 δ-cadinene 1528 1530+ + 5.8 1.3 - - 

 Total (%)    100.0 100.0 100.0  
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4.3 Effects of HPE on FLS Cell Viability 

The effect of each HPE was analysed on synoviocytes isolated from OA 

synovial membranes. Considering the presence of several different cell 

populations in the synovial membrane, isolated primary human cells were 

first characterized by the presence of vimentin protein. Vimentin is a cell 

cytoskeleton protein typically expressed in mesenchymal origin cells such as 

Fibroblast-like synoviocytes (FLSs). In addition to the different morphology, 

the presence of this protein allows to distinguish them from Macrophage-like 

synoviocytes (MLSs), the second most abundant cell population of the 

synovial membrane.  

Human primary cells stained with primary anti-vimentin antibody are 

characterized by an elongated shape and expressed vimentin in their 

cytoskeleton (Fig.11). These features suggest a uniform isolated cell 

population characterized by FLSs. 

 

 

Figure 11. Human primary FLSs, isolated by synovial membranes and cultured in vitro, 

were stained with anti-vimentin primary antibody and with Alexa Fluor 488 (green) 

secondary antibody. Nuclei were stained with DAPI. 
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The effects of the four HPE, HPEDMSO, HPEEtOH100, HPEEtOH50 and HPEH2O, 

on FLS cell viability were determined by the MTS colorimetric method. The 

extracts, tested at 1 mg/mL, 0.5 mg/mL, and 0.1 mg/mL for 24, 48, and 72 h, 

did not show detrimental effects at any analysed concentration or time point 

(Fig.12). It was decided to use 0.1 mg/mL as final concentration for further 

experiments. 

 

 

 

 

Figure 12. Cell viability was assessed by the MTS colorimetric method, and FLSs were 

treated with three concentrations, 1 mg/mL, 0.5 mg/mL, and 0.1 mg/mL of HPEH2O, 

HPEDMSO, HPEEtOH100, and HPEEtOH50, for 24, 48, and 72 h. Cell viability of treated samples 

was normalized to the untreated cells, which is reported as 100% and represented by a 

horizontal line. 
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4.4 HPE mechanism of action on FLSs: CB2 

receptors 

The four extracts previously characterised by the presence of bioactive 

compounds were tested on human primary FLSs to assess the effect on the 

endocannabinoid system. They were added to cell culture medium at a 

concentration of 0.1 mg/mL for 24 h, then, the mRNA expression level of 

CB1 and CB2 receptors was analysed. Although CB1 receptors are typically 

described as associated with the central nervous system, our previously 

conducted immunohistochemistry experiments have detected their presence 

in the synovial membranes. For this reason, they have been objects of this 

analysis. The HPEH2O and HPEDMSO and to a lesser extent, HPEEtOH50, were 

able to increase the CB2 mRNA expression level, whereas HPEEtOH100 did not 

show any effect. On the other hand, CB1 receptor mRNA expression level 

was increased by HPEH2O and HPEDMSO and to a lesser extent by HPEEtOH100, 

whereas it was decreased by HPEEtOH50 (Fig.13). 
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Figure 13. Effects of all HPE extracts on CB1 and CB2 mRNA expression level in human 

primary FLSs. After 24 hour-treatment with 0.1 mg/mL of HPEH2O, HPEDMSO, HPEEtOH100, 

and HPEEtOH50, cells were harvested, and mRNA was extracted and analysed by RT-PCR. 

CB1 and CB2 receptor mRNA levels were reported as relative mRNA expression level with 

respect to 18S rRNA (2-ΔΔCt method). Results are expressed as mean ± SEM of data obtained 

by three different experiments. Statistical significance was * p < 0.05; **p < 0.01 vs CTL. 

 

In line with these findings, HPEH2O and HPEDMSO have been found to be the 

best extracts in stimulating CB2 receptor gene expression, although they have 

been shown to be also effective on CB1 even if to a lesser extent. However, 

considering that only CB2 receptors are associated with the modulation of 

inflammation and nociceptive transmission in OA disease, it was decided to 

focus the study exclusively on CB2 signalling pathways. Consequently, an 

immunofluorescence analysis was performed in order to evaluate whether the 

effect of HPEs on CB2 expression was confirmed also at protein level. FLSs 

were treated with 0.1 mg/mL of the four extracts for 24 and 48 h, then the 
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cells were stained with antibody anti-CB2. At protein level, HPEH2O and 

HPEDMSO extracts were able to stimulate the exposure in membrane of CB2 

receptors, both at 24 and 48 h, whereas HPEEtOH50 and HPEEtOH100 did not 

stimulate CB2 receptor expression at any analysed time (Fig.14 and 15). 

 

Figure 14. Effects of all HPE extracts on CB2 receptor protein production. Cells were 

treated with 0.1 mg/mL of HPEH2O, HPEDMSO, HPEEtOH100, and HPEEtOH50, for 24 h and then, 

analysed by immunofluorescence using anti-CB2 primary antibody and Alexa Fluor 488 

(green) secondary antibody. Nuclei were stained with DAPI (original magnification 40X). 

The pixel intensities in the region of interest were obtained by ImageJ. *p < 0.05 vs CTL. In 

this figure representative images from three different experiments are reported. 
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Figure 15. Effects of all HPE extracts on CB2 receptor protein production. Cells were 

treated with 0.1 mg/mL of HPEH2O, HPEDMSO, HPEEtOH100, and HPEEtOH50, for 48 h and then, 

analysed by immunofluorescence using anti-CB2 primary antibody and Alexa Fluor 488 

(green) secondary antibody. Nuclei were stained with DAPI (original magnification 40X). 

The pixel intensities in the region of interest were obtained by ImageJ. **p < 0.01 vs CTL. In 

this figure representative images from three different experiments are reported. 
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In light of these results, HPEH2O and HPEDMSO showed a similar activity at 

both mRNA and CB2 receptor protein expression. This same effect can be 

partially explained by their similar composition in terms of bioactive 

compounds as emerged from our preliminary analysis. HPEH2O and 

HPEDMSO, indeed, showed a comparable content of polyphenols and tannins. 

This hypothesis is supported by several studies where the polyphenol 

cannabimimetic action on endocannabinoid receptors has been highlighted, 

suggesting an anti-inflammatory and anti-nociceptive role of these 

compounds [192,193]. However, it is actually clear that even the minor 

components, such as the volatile compounds, have a fundamental role in the 

phytocomplex therapeutic effect [194–196]. Contrary to the similar 

polyphenol and tannin content, the two extracts had an extremely different 

amount of volatile compounds. While water was unable to recover volatile 

compounds, eight biologically active volatile molecules were identified in the 

DMSO extract. Among these, β-caryophyllene (77.4%), eugenol (6.0%) and 

α-humulene (10.0%) were the most recovered. For this reason, it was decided 

to continue with subsequent experiments by analysing the antiarthritic effect 

of HPEDMSO only. This extract has been proved to be the one with the highest 

amount of bioactive compounds and effective in stimulating CB2 receptors. 

To confirm the HPEDMSO effect on CB2 receptors, FLSs were cultured for 21 

days in 3D by performing spheroid culture and treated with 0.1 mg/mL 

extract. Compared to monolayer, the use of 3D cell cultures allows to have an 

in vitro model with a cell arrangement comparable to that taken in the tissue, 

maintaining cell intrinsic phenotypic properties by cell-extracellular matrix 

interactions [197]. After 21 days of treatment, spheroid sections were stained 

with anti-CB2 antibody. Immunohistochemical analysis proved that 
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HPEDMSO was able to stimulate the CB2 receptor protein expression also in 

3D cell culture. In particular, the receptor expression was more increased in 

FLSs arranged in the central area of the spheroid, suggesting the ability of 

phytocompounds to penetrate deep into the tissue (Fig. 16).  

 

 

 

Figure 16. Effects of HPEDMSO extracts on CB2 receptor protein production in 3D-cultured 

FLSs. Cells were treated with 0.1 mg/mL of HPEDMSO for 21 days and then, analysed by 

immunohistochemistry using anti-CB2 antibody. In this figure representative images from 

three different experiments are reported. 
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4.5 HPE effects on FAAH enzyme 

In addition to CB1 and CB2 receptors, the other elements of the 

endocannabinoid system involved in modulating nociceptive stimulus are the 

endogenous endocannabinoids and the enzymes involved in their synthesis 

and degradation. Arachidonoyl ethanolamide, also called Anandamide, 

(AEA) is the first identified and best characterized endogenous ligand of 

cannabinoid receptors that was found involved in OA disease [198,199]. Its 

participation in the nociceptive process in chronic pain has been shown in 

several studies that have found its presence in both synovial fluid and 

synovial membrane of OA patients [199–201]. However, AEA is also 

characterized by a short half-life particularly due to an effective enzymatic 

degradation catalysed by Fatty Acid Amide Hydrolase (FAAH) enzyme 

generating arachidonic acid and ethanolamine. AEA degradation has a dual 

effect: on one side, the decrease of analgesic impact on CB receptors, on the 

other one, the release of arachidonic acid, a polyunsaturated fatty acid which 

involved in the synthesis of eicosanoids, a class of inflammatory mediators. 

Therefore, targeting FAAH degrading enzyme can be a promising strategy to 

treat the pain stimulus and inflammation. 

Considering the effect of H. procumbens on CB receptors, its action on the 

FAAH enzyme has also been evaluated as a possible additional target for 

antiarthritic activity. Despite the HPEDMSO improved efficacy in the previous 

experiments, for this analysis it was decided to test all four extracts to 

evaluate their effect both on FAAH mRNA expression level in FLSs and on 

the enzymatic activity. All HPEs were added to FLS culture medium at a 

concentration of 0.1 mg/mL for 24 h, then, the mRNA expression level was 

analysed. HPEH2O was able to decrease the FAAH mRNA level even if the 
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downregulation was not statistically significant, whereas all other extracts 

were ineffective (Fig.17A). While on the other hand, under our experimental 

conditions, all the extracts were able to interfere with the FAAH activity in 

an in vitro assay, although with different efficacy and potency. Particularly, 

HPEH2O was the least effective sample, achieving a maximum 58.5% enzyme 

inhibition at the highest concentration of 2500 μg/mL. Conversely, the other 

extracts could almost completely inhibit the FAAH enzyme, HPEEtOH100 

being slightly more potent than HPEDMSO and HPEEtOH50, which displayed 

similar potencies (Fig.16B). Indeed, the IC50 value of HPEEtOH100 was about 

1.2- to 1.5-fold lower than those of HPEEtOH50 and HPEDMSO. Under the same 

experimental conditions, 100 μg/mL harpagoside (corresponding to 200 μM) 

was found to be ineffective in inhibition of the FAAH enzyme (about 9% 

inhibition compared the control). Conversely, the positive control JZL 195 

(20 μM corresponding to 8.7 μg/mL) produced a maximum 90% enzyme 

inhibition. As expected, the positive control was significantly more potent 

than the HPE extracts (Table 6). 

 

Table 6. IC50 values of HPEDMSO, HPEEtOH100, HPEEtOH50, HPEH2O and the positive control 

JZL 195 in the FAAH inhibition assay. 

Compound IC50 (CL) μg/mL 

HPEDMSO 94.7 (23.8–97.5) 

HPEEtOH100 65.5 (19.2–87.9) * 

HPEEtOH50 73.8 (24.5–94.3) 

HPEH2O - 

JZL 195 0.03 (0.01–0.06) * 

 - Not evaluable being lower than 80% inhibition achieved. *p < 0.05 significantly lower than 

HPEDMSO (ANOVA followed by Bonferroni’s multiple comparison post-hoc test). 
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Figure 17. Effects of HPEs on FAAH expression and enzymatic activity. A: Cells were 

treated with 0.1 mg/mL of HPEH2O, HPEDMSO, HPEEtOH100, and HPEEtOH50, for 24 h. Cells 

were then harvested, and mRNA was extracted and analysed by RT-PCR. FAAH mRNA 

levels were reported as relative mRNA expression level with respect to 18S rRNA (2-ΔΔCt 

method). Results are expressed as mean ± SEM of data obtained by three different 

experiments. B: Concentration-response curves showing the inhibitory effects on FAAH 

from HPEDMSO, HPEEtOH100, HPEEtOH50, and HPEH2O. Data are the mean ± SEM of at least 

three independent experiments with two replicates for each experiment (n = 6). 
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4.6 Effect of HPEDMSO on CB2 receptor signalling 

coupled to Gi protein  

The pharmacological effect of molecules targeting CB2 receptors is caused 

by activation of downstream signalling pathways. These receptors are 

integral membrane proteins coupled with heterotrimeric G proteins (Gαβγ) that 

are activated following ligand binding at the extracellular level. In particular, 

they are mainly associated with the Gi class of G proteins, therefore involved 

in the modulation of the adenylate cyclase enzyme catalytic activity [202]. As 

a result, the enzyme inhibition leads to the modulation of some signalling 

pathways responsible for the interaction with nuclear transcription factors 

involved in gene expression. One of the most affected pathways in the 

activation of CB2 receptors is the MAPK cascade, a complex transduction 

pathway that involves several proteins through subsequent phosphorylations. 

MAPK are considered central regulators to control cell proliferation, 

survival, matrix synthesis, and production of pain mediators; and for this 

reason, deemed to be potential therapeutic targets for several diseases 

including OA [72].  

From our previous analyses, HPEDMSO has shown to be the extract with 

multiple bioactive compounds capable of stimulating CB2 receptor gene and 

protein expression in FLSs. Therefore, in order to deepen its antiarthritic 

effect, it was decided to investigate its ability to interfere with the CB2 

receptor downstream signalling pathway. 
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4.6.1 Effect of HPEDMSO on cAMP production 

Adenylate cyclase is the enzyme directly involved in the activation of Gi 

protein coupled to CB2 receptors. Therefore, in the first place to clarify the 

HPEDMSO effect in treated FLSs, the cAMP production was assessed. Cells 

were treated with 0.1 mg/mL of HPEDMSO for 5 min, 10 min, 20 min, 1 h, 24 

h and 48 h, and the amount of cAMP was determined by cAMP ELISA kit. 

Our experiments revealed that the decrease in cAMP could be observed even 

after only 5 min of incubation, followed by a slight increase between 10 and 

20 min. Finally, cAMP intracellular concentration reached a statistically 

significant reduction after 24 h up to 48 h of treatment, indicating a long-

lasting effect of HPEDMSO on Gi protein (Fig.18A).  

To confirm this result, the effects of HPEDMSO were also studied under the 

stimulation of Forskolin, a powerful, rapid, and reversible stimulator of 

adenylate cyclase activity and consequently an agent responsible of the 

cAMP increase [183]. Cells were treated with Forskolin for 20 min or pre-

treated with the HPEDMSO for 1 h and then stimulated with Forskolin for 20 

min. It was found that, despite Forskolin mediated the increase of cAMP 

concentration, HPEDMSO was able to significantly reduce the cAMP level 

even compared to untreated FLSs (Fig.18B). 
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Figure 18. Determination of cAMP in cells treated with HPEDMSO. A: FLSs were treated 

with 0.1 mg/mL of HPEDMSO, and after the indicated times, the amount of cAMP was 

determined by cAMP ELISA kit. B: The amount of cAMP was determined in cells with pre-

treated with HPEDMSO for 1 h and then stimulated with Forskolin for 20 min. * p < 0.05 vs 

CTL; # p < 0.05 vs Forskolin. 

 

4.6.2 Effect of HPEDMSO on PKA activation 

At the intracellular level, the change in cAMP concentration affects the 

activation of many effectors, among which the most studied is the protein 

kinase cAMP dependent, commonly known as PKA. Downstream of GPCR 

signalling, cAMP activates PKA by cooperatively binding to the regulatory 

subunits, allowing their phosphorylation, and leading to release and 

activation of the catalytic subunits. When PKA is activated, it phosphorylates 

a variety of substrates contributing to the signal transmission [203].  
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Considering the HPEDMSO inhibitory effect on cAMP production, and in order 

to further study the signalling pathway associated with endocannabinoid 

receptors, the PKA activation was analysed in treated FLSs. The PKA 

phosphorylation, as mechanism of activation, was evaluated by performing 

immunofluorescence experiments. Cells were treated with 0.1 mg/mL of 

HPEDMSO for 20 min, 1 h, 24 h and 48 h, and then stained with anti-p-PKA 

primary antibody. Experiments revealed that the amount of p-PKA was 

decreased after 20 min of treatment and to a greater extent after 1 h, 24 h, and 

48 h. The confirmation that the extract acts on the pathway associated with 

the Gi protein is the temporal course of p-PKA expression. The trend indeed 

agrees with the modulation of the cAMP intracellular levels at the 

corresponding times observed. It can be assumed that the lower PKA 

phosphorylation, statistically significant at 24 h and 48 h, is due to the 

reduction of cAMP level at the same time, while the decrease of p-PKA 

expression at 1 h probably reflects the one of cAMP after 5 min of treatment 

(Fig.19). 
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Figure 19. Effects of HPEDMSO extract on PKA phosphorylation. Cells were treated with 0.1 

mg/mL HPEDMSO for the reported times and then analysed by immunofluorescence using 

anti-p-PKA primary antibody and Alexa Fluor 594 (red) secondary antibody. Nuclei were 

stained with DAPI (original magnification 40X). The bar graph represents the pixel 

intensities in the region of interest, obtained by ImageJ. * p < 0.05; ** p < 0.01 vs. CTL. In 

this figure representative images from three different experiments are reported. 

 

Given the HPEDMSO effect on both cAMP and p-PKA, which are closely 

related, the activation of PKA was also evaluated under Forskolin 

stimulation, a cAMP activator. Cells were treated with Forskolin for 30 min 

or pre-treated with the HPEDMSO for 1 h and then stimulated with Forskolin 

for 30 min. Comparably with the results of previous experiments on cAMP 

levels, HPEDMSO was able to counteract the increase in p-PKA expression due 

to treatment with Forskolin (Fig.20). These data confirm that the inhibition of 

PKA activation was a consequence of cAMP decrease. 
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Figure 20. Effects of HPEDMSO extract on PKA phosphorylation after Forskolin stimulation. 

Cells were treated with Forskolin for 30 min or pre-treated with HPEDMSO for 1 h and then 

stimulated with Forskolin for 30 min. Cells were analysed by immunofluorescence using 

anti-p-PKA primary antibody and Alexa Fluor 594 (red) secondary antibody. Nuclei were 

stained with DAPI (original magnification 40X). The graph represents the pixel intensities in 

the region of interest, obtained by ImageJ. # p < 0.05 vs. Forskolin. In this figure 

representative images from three different experiments are reported. 

 

To assess the effect of phosphorylation reduction due to HPEDMSO treatment, 

the modulation of target downstream of PKA was evaluated. Regulation of 

transcription by PKA is mainly achieved by direct phosphorylation of the 
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transcription factors as cAMP-response element-binding protein (CREB). Its 

phosphorylation is a crucial event because it allows this protein to interact 

with the transcriptional coactivators CREB-binding protein and when bound 

to cAMP-response elements (CRE) in target genes, increasing or decreasing 

their transcription.  

Performing a RT-PCR experiment, the gene modulation of CREB was 

analysed in FLSs treated for 24 h with 0.1 mg/mL HPEDMSO. After treatment 

with the extract, CREB gene expression decreased, although the reduction 

was not statistically significant (Fig.21). In light of this mild effect of 

HPEDMSO on CREB expression, it was decided to focus on other pathways 

downstream PKA. 

 

 

 
Figure 21. Effects of HPEDMSO on CREB mRNA expression level in human primary FLSs. 

After 24 hours-treatment with 0.1 mg/mL of HPEDMSO, cells were harvested, and mRNA was 

extracted and analysed by RT-PCR. CREB mRNA level was reported as relative mRNA 

expression level with respect to 18S rRNA (2-ΔΔCt method). Results are expressed as mean ± 

SEM of data obtained by three different experiments.  
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4.6.3 Effect of HPEDMSO on ERK activation 

In addition to CREB phosphorylation, p-PKA targets also the MAPK 

cascade, mainly by modulating the activation of ERK protein and its nuclear 

translocation. This cascade transmits signals through sequential activation of 

protein kinases consisting of an upstream activator, a MAPKKK, a MAPKK 

and a MAPK. In ERK pathway, Ras acts as an upstream activating protein, 

Raf acts as MAPKKK, MEK as MAPKK and ERK is the MAPK, forming 

the Ras-Raf-MEK-ERK pathway [75]. In Gi protein-associated pathway, p-

PKA has been described as able to act on the protein Ras, antagonizing its 

inhibitory activity on Raf. Once phosphorylated by p-PKA, Ras can release 

Raf protein in its active form, marking the start of ERK signalling cascade 

[204]. 

The HPEDMSO effect on cAMP levels and PKA activation demonstrated in 

our previous experiments, led us to assume that also the MAPK 

phosphorylation could be modulated. Given the importance of the MAPK 

cascade activation in many cellular processes including inflammation and 

nociceptive transmission, a Western Blot analysis was carried out to assess 

the phosphorylation levels of proteins involved in the signalling pathway. 

Protein extracts from FLSs treated for 5 min, 1 h, 4 h and then 24 h were 

analysed using anti-p-ERK1/2, ERK1/2, and Actin primary antibodies. The 

decrease in ERK1/2 phosphorylation was observed both at short times, after 1 

h and 4 h of treatment, and more at longer times, after 24 h of treatment 

(Fig.22). In contrast, HPEDMSO was shown to be ineffective in modulating 

JNK and p38 phosphorylation under the same experimental conditions (data 

not shown). 
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Figure 22. Effects of HPEDMSO on ERK phosphorylation. Cells were left untreated (CTL) or 

treated with 0.1 mg/mL of HPEDMSO. Cell extracts were analysed at 5 min, 1 h, 4 h and 24 h 

after treatment by Western Blot, using anti-ERK1/2, anti-p-ERK1/2 and anti-Actin 

antibodies (upper side). The densitometric analysis (bottom side) was performed by ImageJ. 

Results are expressed as mean ± SEM of data obtained by three independent experiments. * p 

< 0.05; ** p < 0.01 vs. CTL.  

 

 

Although the data obtained on ERK1/2 phosphorylation were very 

interesting, surprisingly they disagreed with the inhibition of PKA activation. 

Thus, if on one hand it was clear that in our case the modulation of ERK1/2 

phosphorylation was not dependent on CB2 activation, on the other hand it 

was difficult to understand the cellular pathway affected upstream of MAPK. 
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The MAPK signalling pathway, indeed, is activated by different stimuli 

including cytokines, growth factors, and matrix proteins that bind to tyrosine 

kinase receptors, G protein coupled receptors, cytokine receptors, or integrins 

on cell membrane, indicating a complex and multiple involvement of these 

kinases in the cellular metabolism.  

In 2019, while evaluating alternative mechanisms to explain the activation of 

the MAPK cascade, Saroz and colleagues demonstrated the involvement of 

Gβγ subunits in the modulation of ERK1/2 phosphorylation. They found that 

the two subunits, traditionally described as regulatory, performed catalytic 

functions by activating the MAPK pathway in the presence of CB2 receptor 

antagonists [205]. However, the complete signalling mechanism is not fully 

known yet.  

Moreover, taking into account that CB2 receptor is also described as 

associated with Gq proteins, it is possible to consider the MAPK pathway 

regulation by PI-PLC β enzymes. In this instance, PKC phosphorylation on 

target proteins triggers kinase cascade activation [206]. 

Therefore, considering the complexity and the multiplicity of the activation 

mechanisms of the MAPK pathway, on the base of the data obtained 

following HPEDMSO treatment it was difficult to uniquely identify the affected 

mechanism. However, for the purpose of this study it was decided not to 

focus on the mechanisms regulating this signalling pathway, but to analyse 

the downstream effects following the inhibition of ERK1/2 phosphorylation. 
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4.6.3.1 Effect of HPEDMSO on c-Fos expression and activation 

The activation of the AP-1 family of transcription factors, including c-Fos 

and c-Jun family members, is one of the earliest nuclear events induced by 

molecules that stimulate ERK. More specifically, a dual control mechanism 

by MAPK operates over these transcription factors. In the case of c-Fos, ERK 

activation leads to the modulation of c-fos mRNA expression by acting on 

transcription factors bound at the c-fos promoter, and the c-Fos post-

translational modification by the direct phosphorylation of its activation 

domain, thereby enhancing c-Fos transcriptional activity [207]. However, the 

precise mechanism by which phosphorylation by MAPKs alters the function 

of this transcription factor remains not fully understood [208]. 

Considering the observed effect on ERK1/2 phosphorylation after treatment 

with HPEDMSO, it was decided to analyse its impact on c-Fos. Given the 

double control mechanism operated by ERK, both the modulation of the c-fos 

gene and its activation by phosphorylation have been evaluated. Therefore, 

FLSs were treated for 24 h with 0.1 mg/mL HPEDMSO and then mRNA and 

proteins were extracted for RT-PCR and Western Blot analyses, respectively. 

The treatment induced a statistically significant down-regulation of c-fos 

mRNA expression level (Fig. 23A) and the decrease in total c-Fos protein 

level but was unable to inhibit c-Fos phosphorylation (Fig.23B and C). From 

the densitometric analysis carried out on the protein bands, in fact, by 

analysing the expression of p-c-Fos compared to its total protein, it is not 

possible to appreciate a statistically significant decrease in the 

phosphorylated protein. However, by looking at the p-c-Fos and c-Fos 

protein bands, it seemed that a decrease in both phosphorylated and not 

phosphorylated protein expression, in the treated sample, could be observed. 
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In order to clarify this observation, a second densitometric analysis was 

carried out by comparing both the phosphorylated and the total protein 

expression in relation to Actin. From this analysis, it emerged that treatment 

with HPEDMSO was able to reduce the total c-Fos protein expression, recalling 

its effect on gene modulation. This allowed us to affirm that the decrease of 

p-c-Fos expression, which was visible observing the bands and obtained also 

putting in relation this protein to Actin (data not shown), showed no real 

inhibition of phosphorylation since it has an effect on the total protein 

expression. 

 

 

 
 

 
Figure 23. Effects of HPEDMSO on c-Fos production and activation. A: Cells were treated 

with 0.1 mg/mL HPEDMSO for 24 h and then the mRNA was extracted and analysed by RT-

PCR. c-Fos mRNA level was reported as relative mRNA expression level with respect to 

18S rRNA (2-ΔΔCt method). B: Cells were treated as described in A and then proteins were 

extracted and analysed by Western Blot using anti-c-Fos, anti-p-c-Fos and anti-Actin 

antibodies. C: Densitometric analysis of bands obtained in Western Blot experiment, 

performed by ImageJ. Results are expressed as mean ± SEM of data obtained by three 

independent experiments. * p < 0.05 vs. CTL. 
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4.6.3.2 Effect of HPEDMSO on MMP and ADAMTS expression  

Activation or suppression of intracellular signalling via the MAPK family has 

been linked to expression of MMPs, ADAMTSs and degrading enzymes by 

several studies [72,209–211]. Most of the genes encoding matrix-degrading 

MMPs, but also inflammatory cytokines, are indeed under the control of c-

Fos that activates such genes by binding directly their promoter AP-1 motifs 

[212]. Consequently, this pathway plays a key role in OA pathogenesis. The 

extracellular matrix degrading enzymes are considered the main contributors 

to the joint degenerative process causing progressive cartilage destruction 

and, finally, complete loss of chondrocytes [213].  

The MMPs family includes many enzymes with different functions and 

targets [214]. Among them, collagenase MMP-13, mainly released from 

chondrocytes and synoviocytes, has a predominant role in OA pathogenesis 

in collagen II degradation. Moreover, it also degrades the aggrecan, a 

proteoglycan molecule, giving it a dual role in matrix destruction. The 

expression of other MMPs such as MMP-2, MMP-3, MMP-9, and MMP-10, 

is also elevated in OA. These enzymes degrade non-collagen matrix 

components of the joints [215].  

However, in addition to the well-characterised MMPs, ADAMTS-4 and 

ADAMTS-5, and many other ADAMTSs are expressed in cartilage and show 

significantly altered expression in OA [216]. Similar to MMP-13, these 

ADAMTSs are responsible for the aggrecan degradation in the extracellular 

matrix, generating irreversible collagen loss [217].  

Considering the role played by these enzymes in OA progression, following 

c-Fos modulation it was decided to evaluate the HPEDMSO effect on their gene 

expression in order to establish a possible chondroprotective effect of the 
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phytocomplex. Performing a RT-PCR experiment, the gene modulation of 

extracellular matrix degrading enzymes was analysed in FLSs treated for 24 

h with 0.1 mg/mL HPEDMSO. In line with the expected result, a statistically 

significant down-regulation of MMP-3, MMP-13 and ADAMTS-5 at the 

transcriptional level has been demonstrated (Fig. 24A, left graph and B), 

while surprisingly, HPEDMSO was ineffective in modulating the MMP-10 and 

ADAMTS-4 gene expression (data not shown).  

Moreover, since MMP-13 is the crucial enzyme for the aggressive 

degradation of type II collagen and an attractive target for the OA treatment, 

the role of our extract on the enzyme release in the cell culture medium has 

also been evaluated. The amount of produced MMP-13 was measured in the 

culture supernatant of cells cultured under the same experimental conditions 

of the previous experiment and analysed by ELISA. The obtained results 

confirmed the HPEDMSO inhibitory effect on the release of MMP-13 by FLSs 

(Fig. 24A, right graph). 
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Figure 24. Effects of HPEDMSO on the production of degrading enzymes. Cells were treated 

with 0.1 mg/mL HPEDMSO for 24 h and then the mRNA was extracted and analysed by RT-

PCR. A, left graph: MMP-13 mRNA level was reported as relative mRNA expression level 

with respect to 18S rRNA (2-ΔΔCt method). B: MMP-3 and ADAMTS-5 mRNA level was 

reported as relative mRNA expression level with respect to 18S rRNA (2-ΔΔCt method). A, 

right graph: The amount of MMP-13 produced was measured in the culture medium of cells 

and analysed by ELISA. The results are reported as pg/mL. Results are expressed as mean ± 

SEM of data obtained by three independent experiments. * p < 0.05 *** p < 0.005 vs. CTL.  
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4.6.4 Effect of HPEDMSO on NF-κB pathway 

The effect of MMP-10 and ADAMTS-4 is described in literature as mediated 

by several pathways, including NF-κB. Considering that in our cellular 

system these two genes were not modulated by HPEDMSO as result of 

downstream effect on ERK1/2 inhibition, it was decided to evaluate the effect 

of the extract on NF-κB signalling pathway in order to give a possible 

explanation to the lack of modulation of the two enzymes. NF-κB represents 

a family of inducible transcription factors which regulates a large array of 

genes involved in inflammatory responses [61]. Moreover, the role of NF-κB 

is prominent in the inflammation as well as in the cartilage degradation, 

synovial cell proliferation, angiogenesis, and pannus formation. 

Consequently, targeted strategies that interfere with NF-κB signalling could 

offer novel potential therapeutic options for OA treatment [62,218].  

For the assessment of the HPEDMSO effect on NF-κB, FLSs were treated with 

0.1 mg/mL HPEDMSO for 1 h and then stimulated with 10 ng/mL TNF-α for 

30 min, or only stimulated with 10 ng/mL TNF-α for 30 min. The expression 

of intercellular adhesion molecule-1 (ICAM-1), monocyte chemoattractant 

protein-1 (MCP-1) and IκBα genes modulated by the NF-κB pathway were 

evaluated using RT-PCR. However, under these experimental conditions 

HPEDMSO was proved to be unable to modulate the expression of these genes 

that were up-regulated by TNF-α, suggesting a failure effect on this pathway 

(data not shown). Furthermore, this result led us to confirm a correlation 

between the lack of modulation of MMP-10 and ADAMTS-4 and the 

ineffectiveness of the extract on the NF-κB pathway. In light of this HPEDMSO 

effect on the NF-κB gene expression, it has been decided not to continue with 

the analysis of this pathway. 
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4.6.5 Anti-inflammatory effect of HPEDMSO in TNF-α-stimulated 

FLSs 

As is well known, MAPK and NF-κB pathways are widely involved in the 

inflammatory response in OA. While HPEDMSO has been shown to be unable 

of modulating the genes involved in the NF-κB pathway, it has been proved 

to significantly reduce ERK protein activation.  

Consequently, in order to assess its anti-inflammatory effect, it was decided 

to focus again on the MAPK pathway and the molecules involved in the 

downstream inflammatory response. Preliminary, the modulation of p-

ERK1/2 protein expression by HPEDMSO following cytokine pro-

inflammatory stimulus was evaluated. Cytokines, such as TNF-α used in this 

experiment, are among the many different stimuli capable of activating the 

ERK1/2 pathway and able to simulate in vitro the inflammatory environment 

typical of OA. Protein extracts from FLSs treated with 0.1 mg/mL HPEDMSO 

for 1 h and stimulated with 10 ng/mL TNF-α for 30 min or only stimulated 

with 10 ng/mL TNF-α for 30 min were analysed performing a Western Blot 

analysis using anti-p-ERK1/2, anti-ERK1/2, and anti-Actin primary 

antibodies. As expected, HPEDMSO was able to counteract the mild p-ERK1/2 

increased protein expression due to stimulation with TNF-α cytokine, 

bringing the ERK1/2 phosphorylation below that related to untreated cells 

(Fig.25). This result is comparable to the effect observed in the absence of 

inflammatory stimulus, confirming its ability to act on the MAPK pathway. 
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Figure 25. Effects of HPEDMSO on ERK phosphorylation under TNF-α stimulus. Cells were 

left untreated (CTL) or treated with 0.1 mg/mL HPEDMSO for 1 h and stimulated with 10 

ng/mL TNF-α for 30 min or only stimulated with 10 ng/mL TNF-α for 30 min. Cell extracts 

were analysed after treatment by Western Blot, using anti-ERK1/2, anti-p-ERK1/2 and anti-

Actin antibodies (upper side). The densitometric analysis (bottom side) was performed by 

ImageJ. Results are expressed as mean ± SEM of data obtained by three independent 

experiments. # p < 0.05 vs. TNF-α.  
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Among the various effects on intracellular metabolism, ERK1/2, through 

transcription factors of the AP-1 complex, is responsible for the transcription 

of pro-inflammatory genes, such as interleukins and TNF-α [219], in addition 

to the MMP and ADAMTS degrading enzymes, as our previous experiments 

have shown.  

Performing a RT-PCR experiment, the gene modulation of IL-1β, IL-6 and 

IL-8 was analysed in FLSs treated with 0.1 mg/mL HPEDMSO for 1 h and 

stimulated with 10 ng/mL TNF-α for 30 min or only stimulated with 10 

ng/mL TNF-α for 30 min, to assess the extract anti-inflammatory effect. 

HPEDMSO resulted able to reduce the gene expression of the three analysed 

interleukins, overexpressed following TNF-α stimulation. For IL-6, however, 

this decrease was not statistically significant (Fig.26).  

All together these results allowed to consider HPE a phytocomplex with 

antiarthritic properties able to counteract both the nociceptive stimulus, 

through agonism on CB2 receptors, and the inflammation and extracellular 

matrix degenerative effects, by acting on the pathways associated with these 

receptors. 
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Figure 26. Effects of HPEDMSO on interleukin expressions under TNF-α stimulus. Cells were 

left untreated (CTL) or treated with 0.1 mg/mL HPEDMSO for 1 h and stimulated with 10 

ng/mL TNF-α for 30 min or only stimulated with 10 ng/mL TNF-α for 30 min and then the 

mRNA was extracted and analysed by RT-PCR. IL-1β, IL-6 and IL-8 mRNA level was 

reported as relative mRNA expression level with respect to 18S rRNA (2-ΔΔCt method). 

Results are expressed as mean ± SEM of data obtained by three independent experiments. ** 

p< 0.01 vs. CTL; # p < 0.05; ## p< 0.01 vs. TNF-α 
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4.6.6 Activity of pure compounds contained in HPEDMSO alone and 

in combination compared to HPEDMSO 

From experiments carried out so far, the whole extract of H. procumbens 

solubilized in DMSO has been shown to act on the signalling pathway 

associated with CB2 receptors as an agonist. This extract, in addition to 

stimulating the endocannabinoid receptor expression, through action on the 

Gi protein was able to modulate the signalling downstream cAMP, and also 

to inhibit the ERK enzyme activation and correlated transcription factors, 

although with a mechanism not clarified yet. Preliminary experiments 

showed that HPEEtOH100, HPEEtOH50 and in particular HPEH2O were also able 

to increase the CB2 receptor expression, but with a lower effect than 

HPEDMSO. This greater effect may be linked with the results obtained from 

our phytochemical characterization analyses. Among the four extracts, 

HPEDMSO was found to contain the largest number of bioactive compounds, 

and in the highest concentration. For instance, compared to HPEH2O, with 

which it shared a similar in vitro effect, it contained a higher amount of 

volatile compounds to which a therapeutic function is attributed. For this 

reason, in order to clarify the role of some of the bioactive molecules 

contained in the HPEDMSO in its effect on the observed biochemical 

pathways, it was decided to individually analyse those most abundant on 

primary FLSs.  

Taking into account the previously conducted GC-MS analyses, the three 

more represented volatile compounds in the HPEDMSO, β-caryophyllene, α-

humulene, eugenol, and in the end the harpagoside, which is considered the 

HPE active substance, were tested. Preliminary, the concentration of each 

compound was measured in 0.1 mg/mL of the HPEDMSO. GC-MS analysis 
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was performed to quantify the three volatile compounds, whereas, to 

determine the harpagoside amount the UHPLC-MS analysis was used (Table 

7).  

 

Table 7. Absolute concentration of major single volatile compounds and harpagoside, the 

main component of HPEDMSO. The concentrations were determined in 0.1 mg/mL HPEDMSO. 

Data are expressed as mean (μg) ± SEM per mg of extract (n =3). 

 

Compound HPEDMSO 

Mean (µg) ± SEM in 1 mg 

extract 

β-Caryophyllene 0.082 ± 0.0002 

α-Humulene 0.024 ± 0.0004 

Eugenol 0.004 ± 0.0002 

Harpagoside 4 ± 0.0049 

 

 

It was then decided to evaluate the effect of these single molecules on some 

key points of the signalling pathway: the CB2 receptor expression and the 

related intracellular cAMP amount, the ERK1/2 phosphorylation and finally 

the expression of MMP-13 extracellular matrix degrading enzyme. The effect 

of a mixture (Mix) containing β-caryophyllene, α-humulene, eugenol and 

harpagoside at the same concentration found in 0.1 mg/mL HPEDMSO has also 

been tested and compared to the whole extract activity. FLSs were treated 

with 0.1 mg/mL HPEDMSO, 8 ng/mL β-caryophyllene, 2 ng/mL α-humulene, 

0.4 ng/mL eugenol and 0.4 μg/mL harpagoside and with Mix at same 

concentration, for 24 h, when performing these analyses.  

Initially, the effect of single compounds on the mRNA expression level of 

CB2 gene was determined. The RT-PCR experiment revealed that the CB2 

expression was increased by all compounds except for -caryophyllene, even 
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if the -humulene, eugenol and harpagoside were found to be less effective 

than the Mix of all four compounds, and particularly when compared to 

HPEDMSO (Fig.27A). As consequence of the effect on CB2 receptors, the 

effect of single compound on modulation of intracellular cAMP levels was 

evaluated. According to the results obtained on the CB2 mRNA expression 

level, all compounds as well as the mixture were able to decrease the cAMP 

production, even though -caryophyllene decreased the cAMP in a non-

statistically significant manner (Fig.27B). This result was very surprising in 

terms of β-caryophyllene effects. This bioactive compound, indeed, although 

it is described in several research as a CB2 receptor agonist, has been shown 

to be unable to up-regulate the expression of endocannabinoid receptors and 

consequently to interfere with their signalling pathway. 

Considering the significative HPEDMSO inhibition on ERK1/2 

phosphorylation and the multiple involvement of this pathway in OA disease, 

the effect of single substances and Mix was tested by carrying out an 

immunofluorescence analysis. Among the four analysed substances, α-

humulene and harpagoside were totally inactive on the ERK1/2 activation, 

while β-caryophyllene, the Mix and more than all the eugenol inhibited the 

phosphorylation. However, β-caryophyllene and Mix inhibition was not 

statistically significant, while eugenol had even a higher inhibitory effect 

than HPEDMSO. This result clearly suggested that the whole extract effect on 

the MAPK pathway is mainly due to the presence of eugenol (Fig.28).  

Finally, in order to evaluate the effect of the treatments on the MMP-13 

production, the mRNA expression level of this metalloprotease was analysed. 

It was found that only the harpagoside and the Mix of the four components 

were able to decrease its production even if to a lower extent compared to 
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HPEDMSO. Thus, although eugenol has been shown to be very effective in 

reducing ERK1/2 phosphorylation, it has not been able to modulate the 

MMP-13 expression, which on the contrary was affected by harpagoside 

treatment (Fig.27C). Hence, in both cases, the MMP-13 modulation was 

probably not correlated with the MAPK pathway. 

 

 

 

 

Figure 27. Effects of HPEDMSO on CB2, cAMP and MMP-13 production. Cells were treated 

with 0.1 mg/mL HPEDMSO, 8 ng/mL -caryophyllene, 2 ng/mL -humulene, 0.4 ng/mL 

eugenol and 0.4 g/mL harpagoside and with the mixture of all four compounds (Mix) at 

same concentration, for 24 h. After treatment, the mRNA was extracted and analysed by RT-

PCR. A and C, respectively: CB2 and MMP-13 mRNA level was reported as relative 

mRNA expression level with respect to 18S rRNA (2-Ct method). B: The cAMP amount 

was measured by cAMP ELISA kit. Results are expressed as mean  SEM of data obtained 

by three independent experiments. *p<0.05; **p<0.01; *** p<0.005 vs. CTL 
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Figure 28. Effects of HPEDMSO on ERK1/2 phosphorylation. Cells were treated with 0.1 

mg/mL HPEDMSO, 8 ng/mL -caryophyllene, 2 ng/mL -humulene, 0.4 ng/mL eugenol and 

0.4 g/mL harpagoside and with the mixture of all four compounds (Mix) at same 

concentration, for 24 h. Cells were analysed by immunofluorescence using anti-p-ERK1/2 

primary antibody and Alexa Fluor 488 (green) secondary antibody. Nuclei were stained with 

DAPI (original magnification 40X). The graph represents the pixel intensities in the region 

of interest, obtained by ImageJ. **p<0.01; *** p<0.005 vs. CTL. In this figure representative 

images from three different experiments are reported. 

 

In conclusion, performing these experiments, it was observed that the single 

compounds were always less effective than the H. procumbens whole extract 

and the Mix, suggesting a synergistic action between the analysed molecules. 

However, the surprising result was that the mixture was less effective than 

HPEDMSO whole extract, although containing individual compounds in the 

same concentrations. This evidence suggested the existence of synergistic 
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interactions between the individual compounds analysed and other molecules 

not identified in phytochemical analyses or contained in smaller quantities 

that contribute to the bioactivity of the entire extract.  

Finally, it was possible to undoubtedly affirm the existence of a 

phytocomplex, characterized by the cooperation between several molecules, 

to which the antiarthritic effect can be attributed.  
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4.7 Effect of HPEDMSO on CB2 receptor signalling 

coupled to Gq protein 

The investigation of the H. procumbens effects on Gi protein coupled CB2 

receptors has made it possible to fully understand the extract antiarthritic role 

attributable to the modulation of this signal pathway.  

Historically, endocannabinoid receptors have been described exclusively as 

being associated with the cAMP and PKA pathway for nociceptive 

transmission at the intracellular level. However, in recent years there is an 

increasing amount of data showing other alternative regulatory pathways 

which are modulated by this receptor activation, depending on the cell type 

involved [220]. In the nervous system, for example, the involvement of CB1 

receptors in decreasing Ca2+ entry into cells through calcium channels has 

been demonstrated to be critical for the neuronal signal integration [221]. 

These findings are supported by more recent evidence also demonstrating the 

CB2 receptors involvement in Ca2+ signalling in several cell types [222]. 

CB2, in contrast to CB1, regulates the Ca2+ release at the peripheral level, but 

it is now clear that both act with the same mechanism through the modulation 

of the PI-PLC/DAG/IP3 pathway [223]. Although researches are still 

ongoing, the effect on the PI-PLC pathway following endocannabinoid 

receptor activation appears to be mediated either by the involvement of the Gi 

protein βγ subunit catalytic activity, or by a switch from Gi to Gq protein 

coupled receptors [224]. To continue our study on the HPE agonism on CB2 

receptors, it was decided to analyse its effect on PI-PLC enzymes and their 

downstream mediators, in order to deepen the knowledge of HPE antiarthritic 

activity through less explored signalling pathways. 
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4.7.1 Effect of HPEDMSO on PI-PLC expression 

Members of the PI-PLC β family are among the most well studied PI-PLC 

isoforms involved in a myriad of biological functions downstream of GPCR 

activation including inflammation and pain. There are four isoforms of the 

PI-PLC β family that show different tissue expression and G protein 

regulation. All PI-PLC β isoforms are activated by the Gα subunits of the Gq 

class: PI-PLC β1 and PI-PLC β3 bind Gα with larger affinity compared to PI-

PLC β2 or PI-PLC β 4. Gβγ subunits have a good effect on PI-PLC β3 and PI-

PLC β2, a small effect on PI-PLC β1 and do not bind PI-PLC β4 [100]. 

Moreover, PI-PLC β1 and β4 are mostly expressed, although not exclusively, 

in the nervous system. PI-PLC β2 can be found in the hematopoietic lineage, 

while PI-PLC β3 is more widely distributed [100,225]. 

To evaluate the HPEDMSO effect on the signalling pathway downstream of the 

activation of Gq or Giβγ protein coupled CB2 receptor, a gene modulation 

experiment performing a semi-quantitative-PCR was carried out. Although 

only the PI-PLC β isoforms are described as directly coupled to GPCR 

signalling, it was decided to preliminarily analyse all the primary and 

secondary PI-PLC isoforms. From this explorative analysis only the PI-PLC ζ 

was excluded because it has been described as a sperm-specific protein [99]. 

FLSs were treated for 24 h with 0.1 mg/mL HPEDMSO, then the mRNA was 

extracted, and PCR reactions were performed. After treatment with the 

extract, a modulation of PI-PLC β gene expression was observed. In 

particular, HPEDMSO was able to reduce the expression of PI-PLC β2 isoform 

and to increase that of β3 and β4 isoforms. However, in addition to the mild 

effect on PI-PLC β gene expression, a very interesting modulation of the γ1 

isoform, which deserves to be deepened with further experiments within this 
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study, has also emerged. On the other hand, HPEDMSO has been shown to be 

irrelevant in gene modulation of all other PI-PLC enzymes and therefore they 

will not be further analysed in this study (Fig.29). 
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Figure 29. Effects of HPEDMSO on PI-PLC expressions. Cells were left untreated (-) or 

treated with 0.1 mg/mL HPEDMSO for 24 h (+), then the mRNA was extracted and analysed 

by semi-quantitative-PCR. All PI-PLC mRNA levels were reported as relative mRNA 

expression level with respect to GAPDH, as housekeeping gene. PI-PLC expression of 

treated samples was normalized to the untreated cells, reported as 1 and represented by a 

horizontal line. The densitometric analysis (bottom right) was performed by ImageJ. Results 

are expressed as mean ± SEM of data obtained by three independent experiments. 
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4.7.2 Effect of HPEDMSO on PI-PLC β expression 

Considering our preliminary analysis results on PI-PLC β, it was decided to 

explore the HPEDMSO treatment effect on this enzyme expression, in more 

detailed way. At first, the extract effect on PI-PLC β2, β3 and β4 gene 

modulation, highlighted by the semi-quantitative-PCR experiment, was 

confirmed by performing a RT-PCR analysis to obtain a more accurate result. 

Through this experiment, it was possible to observe a statistically significant 

modulation of PI-PLC β2 and β4 gene expression, and a more moderate 

modulation of PI-PLC β3 mRNA levels (Fig.30).  

Then, the HPEDMSO effect on PI-PLC β2, β3 and β4 was also tested at protein 

level by culturing FLSs in 3D performing spheroid culture for 21 days, in the 

presence of 0.1 mg/mL of the extract. HPEDMSO was able to decrease PI-PLC 

β2 protein level and to increase those of PI-PLC β3 and β4, as shown by 

immunofluorescence experiments using anti-PI-PLC β2, β3 and β4 antibodies 

(Fig.31). Therefore, all these results were in line with those previously 

obtained by PCR analysis. 
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Figure 30. Effects of HPEDMSO on PI-PLC β expressions. Cells were left untreated (CTL) or 

treated with 0.1 mg/mL HPEDMSO for 24 h and then mRNA was extracted and analysed by 

RT-PCR. PI-PLC β2, β3 and β4 mRNA levels were reported as relative mRNA expression 

level with respect to 18S rRNA (2-ΔΔCt method). Results are expressed as mean ± SEM of 

data obtained by three independent experiments. * p<0.05 vs. CTL 
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Figure 31. Effects of HPEDMSO extracts on PI-PLC β2, β3 and β4 protein production in 3D-

cultured FLSs. Cells were treated with 0.1 mg/mL of HPEDMSO for 21 days and then, 
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analysed by immunofluorescence using anti-PI-PLC β2 (A) and β3 (B) primary antibody and 

Alexa Fluor 594 (red) secondary antibody and anti-PI-PLC β4 (C) primary antibody and 

Alexa Fluor 488 (green) secondary antibody. Nuclei were stained with DAPI (original 

magnification 40X). In this figure representative images from three different experiments are 

reported. 

 

4.7.2.1 Effect of HPEDMSO on Ca2+ intracellular level 

At the intracellular level, the change in the PI-PLC β activation affects the IP3 

and DAG release following the PIP2 cleavage catalysed by these enzymes. 

DAG, which remains bound to membrane, activates the PKC, modulating a 

signalling pathway like that modulated by PKA. IP3, a small water-soluble 

molecule, diffuses from the membrane through the cytosol to bind its 

receptor on the endoplasmic reticulum inducing the release of Ca2+. Ca2+, as a 

second messenger, activates downstream transcription factors responsible of 

gene modulation [92,93].  

Accordingly, to further explore the HPEDMSO downstream effect on the PI-

PLC β pathway coupled to CB2 receptors, the intracellular Ca2+ amount in 

FLSs treated was measured. Cells were treated for 20 min, 1 h and 24 h with 

0.1 mg/mL HPEDMSO and then the fluorescence intensity was determined. The 

assay revealed that after 20 min HPEDMSO treatment was able to drastically 

decrease the Ca2+ amount. Then, it increased to nearly untreated cell level 

after 1 h and was stable over time (Fig.32). 
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Figure 32. Effects of HPEDMSO on intracellular Ca2+ concentration. Cells were treated with 

0.1 mg/mL HPEDMSO for 20 min, 1 h and 24 h, then the amount of intracellular Ca2+ 

concentration was measured by Calcium Green-1 AM (original magnification 40X). The 

densitometric analysis (bottom) was performed by ImageJ. Results are expressed as mean  

SEM of data obtained by three independent experiments. * p<0.05 vs. CTL 

 

Although the effect on the intracellular Ca2+ amount was very evident, it is 

also difficult to explain and to correlate this decrease with the observed PI-

PLC β modulation. Firstly, HPEDMSO was able to modulate three of the four 

PI-PLCs β, causing the decrease in β2 and the increase in β3 and β4 

expression. Since it is not well described which of the four PI-PLC isoforms 

β is involved in the activation of the signalling pathway downstream CB2 

receptors in synoviocytes, or alternatively if there is a cooperation between 

the four isoforms, it is not possible to attribute the effect precisely to one of 

these PI-PLCs. Secondly, while the HPEDMSO effect on PI-PLC β was 
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observed after 24 h of treatment, the intracellular Ca2+ variation was already 

detected after 20 min in the presence of HPEDMSO. Therefore, to give an 

explanation to what was observed, we have made the hypothesis that the cell 

compensates for the ion decrease, which could be due to the rapid Ca2+ 

channel opening, restoring its concentration to almost the untreated cell level. 

Indeed, it is essential to consider the importance of intracellular Ca2+ level for 

both for cell metabolism and cell itself survival. However, although the 

HPEDMSO activity on the PI-PLC β signalling pathway was evident, it was 

difficult to further explore each isoform involvement in the intracellular 

transmission and antiarthritic activity, as little is known about this from 

scientific literature.  

Therefore, to continue the study of the phytocomplex effect on FLSs, we 

decided to shift the focus to the very interesting PI-PLC γ1 modulation 

emerged from our preliminary PCR experiment. 

4.7.3 Effect of HPEDMSO on PI-PLC γ expression 

While the PI-PLC β isoforms are activated following the stimulation of 

GPCR receptors, PI-PLC γ1 and γ2 are coupled with RTK receptors. 

Consequently, they are directly activated by tyrosine phosphorylation in 

response to a wide variety of extracellular stimuli. Once phosphorylated, PI-

PLC γ1 and γ2 control numerous aspects of cell metabolism including the 

development of the vascular, neuronal, and immune systems during the 

embryogenesis, adaptive immune responses, neuronal transmission, bone 

homeostasis, chemotaxis, and platelet aggregation, playing a fundamental 

role in several human diseases [226]. 
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As a result, whereas they are linked to RTK receptors, the HPEDMSO effect on 

these enzymes should not be described as a consequence of the extract 

agonism on CB2 receptors. However, although not attributable to this 

pathway, our preliminary gene modulation experiment showed an HPEDMSO 

effect on PI-PLC γ1 expression. Interestingly, by analysing both untreated 

and treated cDNA samples in PCR reactions with a pair of forward-reverse 

primers, specific for the PI-PLC γ1 gene, two different bands in each sample 

were obtained (Fig.29 and 33). 

 

 

 

Figure 33. Effects of HPEDMSO on PI-PLC γ1 expression. Cells were left untreated (-) or 

treated with 0.1 mg/mL HPEDMSO for 24 h (+) and then the mRNA was extracted and 

analysed by semi-quantitative-PCR. PI-PLC γ1 mRNA level was reported as relative mRNA 

expression level with respect to GAPDH, as housekeeping gene. 

 

The primer pair was designed in our laboratory by placing them on different 

exons of the PI-PLC γ1 gene sequence to obtain a PCR product of about 300 

bp. However, the electrophoresis gel, in addition to this expected PCR 

product, revealed an additional band of about 500 bp in both samples. The 

surprising result emerged from this experiment concerned the HPEDMSO 
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ability to modulate the expression of the two PCR products. While in the 

untreated sample the 300 bp product was the most expressed, the HPEDMSO 

treatment induced a decrease in this product expression, increasing that of the 

product with more base pairs.  

Excluding possible contamination by genomic DNA, in order to investigate 

this unexpected product formation, the PCR product was purified from the 

agarose gel and sequenced by Sanger method at Bio-Fab research 

laboratories. The gene sequencing analysis provided a 500 bp sequence 

perfectly overlapping with a Homo sapiens PI-PLC γ1 complete coding 

sequence (NCBI accession number: DQ297143.1) region. This region 

consisted of both protein encoding exons and non-coding introns. 

Surprisingly, by removing the introns from this analysed region, a fragment 

300 bp long corresponding to our smaller PCR product was obtained 

(Fig.34). In light of these findings, HPEDMSO treatment was able to reduce, 

but not to completely inhibit, the splicing process in this analysed region of 

the PI-PLC γ1 gene. 

 

 

Figure 34. Schematic representation of the two PCR products obtained from PI-PLC γ1 

analysis. 
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However, studies describing the H. procumbens ability to interfere with the 

splicing process were not available in scientific literature. Moreover, also 

considering that many enzymes and factors are involved in the process, it was 

very difficult to understand the inhibition mechanism of the extract. 

An accurate analysis of the PI-PLC γ1 gene has been carried out by the 

Human and Vertebrate Analysis and Annotation (HAVANA) group at the 

Wellcome Trust Sanger Institute (Cambridge, UK) and published on the 

Ensembl database [227]. Performing the gene sequence analysis, they 

identified some intron complete retention, which were not eliminated during 

mRNA maturation. More specifically, their analyses showed that not all the 

introns were retained, but those retained were only 16, located in 5 different 

regions of the gene sequence. The 5 alternative transcripts obtained from 

intron retention were respectively named by the HAVANA group as PLCG1-

212, PLCG1-207, PLCG1-205, PLCG1-208 and PLCG1-204 (Fig.35). For 

this reason, in our study we decided to use these names to indicate the gene 

sequence regions where the intron retention phenomenon was described. 

 

 

 

Figure 35. Schematic representation of the 5 different regions (in blue) of the PI-PLC γ1 

gene sequence where introns (in light blue) are retained [227]. 

 

By comparing these analyses to our previous PCR and Sanger sequencing 

results, we verified that the introns that were retained in our experimental 
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conditions were also described by the HAVANA group as corresponding to 

the PLCG1-207 region.  

Taking these findings into account, it was decided to deepen the the 

investigation of the HPEDMSO effect on intron retention in PI-PLC γ1 gene. 

Therefore, its ability to interfere with the splicing process of the other 

retained introns described by the HAVANA group was evaluated. To 

perform these analyses, primer pairs with the primer forward on the intron 

and the primer reverse on the adjacent exon were designed in our laboratory. 

Then, RT-PCR experiments were performed on cDNA samples of both 

untreated and 0.1 mg/mL HPEDMSO treated FLSs. These experiments revealed 

that HPEDMSO was able to interfere with PI-PLC γ1 splicing process by 

increasing the retention of introns described on Ensembl database (Fig.36). In 

contrast, splicing was not inhibited in other regions of the gene sequence 

where the intron retention phenomenon was not detected by the HAVANA 

group (data not shown). 
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Figure 36. Effects of HPEDMSO on PI-PLC γ1 intron retention. Cells were left untreated 

(CTL) or treated with 0.1 mg/mL HPEDMSO for 24 h and then mRNA was extracted and 

analysed by RT-PCR. PLCG1-212, 207, 205, 208 and 204 mRNA levels were reported as 

relative mRNA expression level with respect to 18S mRNA (2-ΔΔCt method). Results are 

expressed as mean ± SEM of data obtained by three independent experiments. ** p< 0.01 vs 

CTL. 

 

As described in the Ensembl database, the splicing process inhibition in PI-

PLC γ1 ultimately results in protein not being translated, due to stop codons 

insertion inside the mRNA sequence. By analysing the PI-PLC γ1 gene 

sequence, indeed, a stop codon was found within an intron in the PLCG1-212 

region. Consequently, to confirm the intron retention effect on protein 

translation, an immunofluorescence experiment was carried out. FLSs were 

treated for 24 h with 0.1 mg/mL HPEDMSO and then stained with anti-PI-PLC 

γ1 primary antibody. As expected, in HPEDMSO treated sample the PI-PLC γ1 

protein expression was significantly reduced (Fig.37).  
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Figure 37. Effects of HPEDMSO on PI-PLC γ1 expression. Cells were treated with 0.1 mg/mL 

HPEDMSO for 24 h and then analysed by immunofluorescence using anti-PI-PLC γ1 primary 

antibody and Alexa Fluor 594 (red) secondary antibody. Nuclei were stained with DAPI 

(original magnification 40X). The graph represents the pixel intensities in the region of 

interest, obtained by ImageJ. * p < 0.05 vs CTL. In this figure representative images from 

three different experiments are reported. 

 

4.7.4 The inter-individual variability of HPEDMSO effect on PI-PLC 

γ1 expression 

During these analyses on PI-PLC γ1 gene, several human primary FLSs 

samples isolated from different OA patients were treated, in order to better 

understand the HPEDMSO effects. This allowed to demonstrate that samples 

from different patients had diverse treatment responses with regard to the 

phenomenon of intron retention. Indeed, it has been observed that only in 

approximately 37% of the HPEDMSO treated samples the intron retention 

phenomenon occurred, while in the remaining part of the samples no 

modulation was observed. However, as the mechanism by which the extract 

inhibited the splicing process was not clear enough, similarly we have not 
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been able to understand what mentioned inter-individual variability depends 

on. Interestingly, the PCR analyses showed that although PI-PLC γ1 intron 

retention was markedly evidenced in some FLS samples after HPEDMSO 

treatment, the same FLS samples showed intron retention also in the 

untreated condition, even if to a lesser extent. This was evidenced by the 

presence of two bands in the electrophoresis gel both in the untreated and in 

the HPEDMSO treated sample. In the latter, however, as a result of stimulated 

intron retention, an increase in 500 bp band expression was observed. 

Conversely, in samples where only a single band of about 300 bp was 

obtained, intron retention phenomenon was not stimulated following 

HPEDMSO treatment (Fig.38A). This result, obtained by both PCR and RT-

PCR experiments, was in line with the lack of modulation of PI-PLC γ1 

protein expression observed by immunofluorescence analysis (Fig.38B). 
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Figure 38. Effects of HPEDMSO on PI-PLC γ1 expression. A: Cells were left untreated (-) or 

treated with 0.1 mg/mL HPEDMSO for 24 h (+) and then the mRNA was extracted and 

analysed by semi-quantitative-PCR. PI-PLC γ1 mRNA level was reported as relative mRNA 

expression level with respect to GAPDH, as housekeeping gene B: Cells were treated as 

described in A and then analysed by immunofluorescence using anti-PI-PLC γ1 primary 

antibody and Alexa Fluor 594 (red) secondary antibody. Nuclei were stained with DAPI 

(original magnification 40X). The graph represents the pixel intensities in the region of 

interest, obtained by ImageJ. In this figure representative images from three different 

experiments are reported. 
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4.7.4.1 The inter-individual variability effect on MMP and 

ADAMTS expression following HPEDMSO treatment 

Although the mechanism by which HPEDMSO stimulates the intron retention 

in the PI-PLC γ1 gene has not been understood, the effect on the protein 

expression decrease is very interesting at the metabolic level. 

Many studies have analysed the PI-PLC γ1 role in OA pathogenesis for its 

involvement in the synthesis and release of extracellular matrix degrading 

enzymes. Among these, particular attention was paid to the MMP enzymes, 

whose gene expression and extracellular release is modulated by the PI-PLC 

γ1 through a mechanism involving PKC [228–232]. 

This evidence led us to consider more carefully some data obtained in our 

previous experiments on MMP and ADAMTS production. By analysing the 

HPEDMSO effect on several human primary FLS samples from OA patients as 

a result of ERK1/2 inhibition, a different response to the treatment was 

highlighted depending on the cell sample. While, as described above, in some 

samples HPEDMSO was able to inhibit MMP-3, MMP-13 and ADAMTS-5 

gene expression and MMP-13 release, in other samples it was quite totally 

ineffective. Considering the PI-PLC γ1 downstream effect on MMPs 

described in literature, we speculated a link on the inter-individual variability 

of PI-PLC γ1 gene modulation and the lack of effect on these degrading 

enzymes in some FLS samples. Surprisingly, comparing the FLS samples 

analysed for these different experiments, it was shown that HPEDMSO was 

ineffective in inhibiting the MMP-3, MMP-13 and ADAMTS-5 gene 

expression and MMP-13 release precisely in those samples where the PI-PLC 

γ1 protein expression was not reduced for the absence of the intron retention 

phenomenon. Only a slight modulation in MMP-13 protein release was 
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observed in treated FLSs for 48 h and 72 h in presence of 0.1 mg/mL 

HPEDMSO, but still not statistically significant (Fig.39). These results strongly 

suggested that the reduction of PI-PLC 1 protein level was responsible for 

the MMP and ADAMTS-5 gene expression decrease, described above 

(Fig.24). 
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Figure 39. Effects of HPEDMSO on the production of degrading enzymes. Cells were treated 

with 0.1 mg/mL HPEDMSO for 24 h and then the mRNA was extracted and analysed by RT-

PCR. A, left graph: MMP-13 mRNA level was reported as relative mRNA expression level 

with respect to 18S mRNA (2-ΔΔCt method). B: MMP-3 and ADAMTS-5 mRNA level was 

reported as relative mRNA expression level with respect to 18S mRNA (2-ΔΔCt method). A, 

right graph: The amount of MMP-13 produced was measured in the culture medium of cells 

treated with 0.1 mg/mL HPEDMSO for 24 h, 48 h and 72 h and analysed by ELISA. The 

results are reported as pg/mL. Results are expressed as mean ± SEM of data obtained by 

three independent experiments. 
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5. Conclusions 
 

 

 

 

Figure 40. Schematic representation of metabolic pathways modulated by HPEDMSO in FLSs 

resulting from this study. 

 

During the last decades, Harpagophytum procumbens has been one of the 

most used herbal drugs as a natural remedy for joint diseases. However, 

although its therapeutic properties were well known, the biochemical 

mechanisms at the cellular level responsible for its pharmacological effects 

had not been described yet. For this reason, the purpose of this study was to 

explore the HPE activity on metabolic pathways involved in inflammation 

and nociceptive transmission, in order to understand the biochemical 

processes downstream of the known therapeutic effects.  

Summarizing, our analysis showed a triple HPE antiarthritic effect. Firstly, 

this extract has been able to modulate the pathway downstream of CB2 
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receptors involved in the nociceptive stimulus. Secondly, it has proven to 

counteract the pro-inflammatory process acting on ERK1/2 activation and on 

interleukin expression. Lastly, it has established a possible chondroprotective 

role reducing the production of extracellular matrix degrading enzymes 

(Fig.40). Besides, the results obtained from experiments with single bioactive 

molecules also highlighted the phytocomplex role in these antiarthritic 

effects. Indeed, the synergistic and cooperative interactions between several 

molecules in the whole extract contributed to the demonstrated therapeutic 

effect [233,234].  

However, the most surprising result obtained, which deserves to be deepen 

investigated in the coming months, concerns the HPEDMSO effect on the 

intron retention phenomenon in PI-PLC γ1 gene. This phenomenon, although 

subject to an inter-individual variability, was found to be responsible for the 

downstream effect on the modulation of extracellular matrix degrading 

enzymes (Fig.40), confirming once again the H. procumbens antiarthritic 

activity.  
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