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Abstract
A chronic inflammatory disorder, rheumatoid arthritis (RA) is an autoimmune and systemic disease characterized by pro-
gressive and prolonged destruction of joints. This results in increased mortality, physical disability and destruction. Car-
diovascular disorders are one of the primary causes of mortality in patients with RA. It is multifactorial in nature and 
includes genetic, environmental and demographic factors which contribute to the severity of disease. Endothelin-1 (ET-1) 
is a peptide which acts as a potent vasoconstrictor and is generated through vascular smooth muscle and endothelial cells. 
Endothelins may be responsible for RA, as under certain circumstances they produce reactive oxygen species which further 
promote the production of pro-inflammatory cytokines. This enhances the production of superoxide anion, which activates 
pro-inflammatory cytokines, resulting in RA. The aim of this review is to elucidate the role of endothelin in the progression 
of RA. This review also summarizes the natural and synthetic anti-inflammatory drugs which have provided remarkable 
insights in targeting endothelin.
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Introduction

Rheumatoid arthritis (RA) is a prototypical autoimmune dis-
order that is chronic in nature and mainly affects the lining of 
the synovial joints, further leading to progressive disability 
and associated with socioeconomic burden and death. The 
chronic inflammation results in progressive joint destruction 
which leads to leucocyte infiltration. This causes blood cell 
formation inside the synovial membrane which leads to bone 
and cartilage damage, ultimately resulting in incapacitating 

pain. Further progression causes destruction of surround-
ing cartilage as well as joints. Proliferation in the synovium 
results in pannus formation, causing invasion and erosion, 
further leading to progressive disability, systemic compli-
cations and even death. The specific cause of RA is not yet 
known; however, with progressive advancement, numerous 
factors have been elucidated, making it a multifactorial dis-
ease. It occurs due to the interaction of numerous factors 
including genetic, lifestyle and environmental aspects (Behl 
et al. 2020; Chadha et al. 2021, 2020). The severity and 
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duration of disease are both regulated by individual factors. 
Disordered innate immunity results in altered complex-
induced adaptive immune response against self-antigens, 
which causes progression of disease. The hallmarks of RA 
are associated with infiltration of inflammatory cells inside 
the synovial membrane which results in increased cell den-
sity and tissue inflammation as a result of the interaction 
between macrophages, lymphocytes and endothelium as well 
as synovial fibroblasts. Attenuated matrix metalloproteinase 
(MMP) levels, DNA histones and micro-RNAs are associ-
ated with the process of gene translation and thus can lead to 
RA (Kaur et al. 2020; McInnes and Schett 2011). Endothe-
lin 1 (ET-1) acts as an endogenously present vasoconstric-
tor that is secreted from endothelial cells and binds to two 
receptors, endothelin receptor type A (ETA) and B (ETB). 
ET-1 also exerts its action by causing fibrosis of vascular 
cells, which in turn promotes the generation of reactive oxy-
gen species (ROS). ET-1 stimulates pro-inflammatory pro-
cesses by enhancing secretion of cytokines and superoxide 
anions (D'Orléans-Juste et al. 2019; Wang and Dashwood 
2011; Alvarez-Cienfuegos et al. 2019). ET-1 promotes acti-
vation of nuclear factor kappa B (NF-κB) (acting as tran-
scription factor) and pro-inflammatory cytokines (including 
interleukin-1 [IL-1], tumour necrosis factor alpha [TNF-α] 
and IL-6) (Mourouzis et al. 2020; Zhang and Lin 2019; 
Liang et al. 2014). It is a polypeptide, containing 21 amino 
acids and two intramolecular disulphide bonds. It ampli-
fies in vitro proliferation of fibroblasts, vascular smooth 
muscle cells and mesangial cells. Factors like transform-
ing growth factor beta (TGF-β), IL-1 and thrombin enhance 
the production of endothelins that exert their effect in RA. 
This shows that endothelins can be produced locally around 
joints and thus can lead to joint destruction (Davenport et al. 
2016; Zarpelon et al. 2013; Elisa et al. 2015; Olender et al. 
2016). The main aim of this review is to explore mechanistic 
pathways through which endothelins produce ROS and pro-
inflammatory cytokines and numerous factors and condi-
tions under which endothelins can cause RA. This review 
also explores the natural and synthetic components having 
the potential to reduce the risk of RA.

Overview of endothelins

Endothelins are naturally occurring peptides which have a 
significant impact on body vasculature, and serve both a 
regulatory and developmental role in the process of normal 
physiology (including water balance maintenance, respira-
tory development and salt balance). Numerous studies have 
shown that overexpression of endothelins is related to sys-
temic rheumatic disease such as pulmonary arterial hyper-
tension and ischaemic digital ulcer. Endothelins play a role 
in numerous diseases by acting and binding to endothelin 

receptors, which were isolated, purified and sequenced by 
Japanese investigators in the 1980s (Olender et al. 2016; 
Parida and Nayak 2013; Bdolah 2016). The three major iso-
forms of endothelin protein were isolated and termed ET-1, 
ET-2 and ET-3, and are closely related to sarafotoxins (a 
potent vasoconstrictor peptide obtained from snake venom) 
and produced through unique genes. Each endothelin exerts 
its own specific function and tissue localization. Various evi-
dence has shown that endothelins exert their effect inside 
the respiratory, urogenital, cardiovascular, gastrointestinal, 
endocrine and central nervous systems (Bdolah 2016; Ohtaki 
2016). The most significant forms of endothelins in humans 
are ET-1, ET-2 and ET-3, which are abundantly present 
inside the brain and are thus called neural endothelin. ET-1 
is a 21-amino-acid peptide and a potent vasoconstrictor com-
prising G protein-coupled receptors (GPCRs), mainly ETA 
and ETB receptors. The transduction of numerous processes 
is carried out via ET-1, and the ETB receptor assists in its 
role as clearance receptor. ET-1 is synthesized in the form 
of pre-pro-ET-1, which undergoes cleavage to form precur-
sor big ET-1 (pro-ET-1). Under the influence of endothelin-
converting enzyme 1, pro-ET-1 is converted into ET-1 (Zhan 
and Rockey 2011; Bakrania et al. 2017; Bourque et al. 2011). 
ET-1 and nitric oxide act as an antagonist and maintain vas-
cular homeostasis by balancing vasoconstriction and vaso-
dilation (Chester and Yacoub 2014). Disturbance or attenu-
ation between these factors can result in altered conditions 
which may lead to hypertension, and overexpression of ET-1 
inside endothelial cells results in systemic hypertension 
(Rautureau and Schiffrin 2012; Jing et al. 2015).

Endothelins are not stored inside cells, as their production 
is controlled at the transcriptional level. The numerous fac-
tors that inhibit or stimulate the release of ET-1 are shown in 
Table 1. Expression of endothelin production is dependent 

Table 1   Factors that can suppress or enhance the release of ET-1

Factors stimulating ET-1 release Factors inhibiting ET-1 release

IL-1, TNF-α, IL-6 Heparin
Insulin Nitric oxide
Hypoxia Prostacyclin
Adrenalin Prostaglandin
Thrombin High shear stress
Vasopressin Atrial natriuretic peptide
Cardiotrophin-1
Angiotensin II
Endotoxin (LPS)
Calcium ions
Homocysteine
Free radicals
Low shear stress
Transforming growth factor beta
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on calcium-dependent protein kinase C (PKC). Numerous 
stimulating elements including chemical and physical fac-
tors like hypoxia, low shear stress, cytokines, angiotensin II 
and growth factors enhance endothelin expression (Bogda-
nov 2015; Kawanabe and Nauli 2011). The suppression of 
genetic expression is achieved by nitric oxide (NO), ampli-
fied blood flow, prostacyclin and natriuretic peptides. The 
preliminary precursor of ET-1 is pre-pro-ET-1 which is 
a 212-residue peptide. The precursor undergoes cleavage 
twice: initially via endopeptidase (a peptide with 38 amino 
acids) and subsequently by endothelin-converting enzyme. 
Endothelins released from the endothelial cells have lower 
plasma concentration (1 mol/ml), as well as shorter half-life 
in blood (4–7 min), acting as a local hormone and binding 
rapidly to smooth muscle cells (Kawanabe and Nauli 2011; 
Stow et al. 2011; Lozano et al. 2010).

Relation of endothelin with inflammation

Endothelin is mainly responsible for vasoconstriction, and 
its overexpression is related to short- and long-term physio-
logical and pathological processes including tissue remodel-
ling, fibrosis, mitogenesis, inflammation and vascular hyper-
trophy. Regulated expression of endothelin is required for 
maintenance, growth and development of numerous physi-
cal systems including respiratory health, water balance and 
cardiovascular homeostasis. Endothelins act as a powerful 
potentiator of cholinergic neuronal activity, which results in 
amplified formation and enhanced neurohormonal expres-
sion including norepinephrine and angiotensin II (Guarda 
et al. 1993; Shrestha et al. 2009; Yoshida et al. 1998). They 
stimulate adrenaline cells, leading to production of cortisol, 
aldosterone and corticosterone. Phospholipase A2 activa-
tion results in enhanced metabolism of arachidonic acid, 
which elevates prostaglandin and thromboxane production. 
Thromboxane, in turn, attenuates platelet aggregation and 
contributes to vasodilation. Owing to its fibrotic, inflam-
matory and mitogenic action, thromboxane is significantly 
involved in rheumatic disease due to overexpression of 
endothelin. Endothelins are associated with cellular repli-
cation of smooth muscle cells, myocytes and fibroblasts, 
which enhances the mitogenic action of numerous growth 
factors linked with profibrotic activity (Del Rio et al. 2011; 
Leask 2010).

Endothelins can induce and produce fibronectin by modu-
lating its release through epithelial cells. Fibronectin further 
stimulates fibroblast chemotaxis, whose progression results 
in enhanced fibroblast collagen, thus defining the chief role 
of endothelins in synthesis and remodelling of extracellular 
matrix. The endothelin-mediated stimulation of neutrophils 
facilitates the release of elastase, which activates mast cells and 
permits monocytes to release numerous cytokines including 

TNF, interleukins, TGF and macrophage colony-stimulating 
factors. The mechanism of action of endothelin is dependent 
on numerous and abundant factors including concentration of 
endothelins, followed by tissue site, pathological state of tissue 
and the receptor on which binding takes place (Lattmann et al. 
2005; Motte et al. 2006; Nakano et al. 1994).

The receptors to which endothelin binds are referred to 
as endothelin receptors, which are members of the super-
family of seven-transmembrane GPCRs. Mammals have two 
separate endothelin receptors that exert antagonizing effects, 
namely ETA and ETB. The response of the ETA receptor 
towards ET-1 is specific and selective, whereas the ETB 
receptor is selective towards ET-1, ET-2 and ET-3. The cell 
membrane comprises both receptors, and its regulation is 
carried out in the same way as that of endothelin (Channick 
et al. 2001; Squadrito et al. 2002; Vercauteren et al. 2017). 
Factors such as epidermal growth factor (EGF), cyclic 
adenosine monophosphate (cAMP), hypoxia-inducible fac-
tor and basic fibroblast growth factor aid in upregulating the 
concentrations of ETA receptor in various tissues, whereas 
TGF and PDGF downregulate ETA receptor production. 
ETA receptors are predominantly located on the surface of 
smooth muscle cells, inducing vasoconstriction by increas-
ing intracellular calcium through a biphasic mechanism. The 
primitive transient peak of Ca2+ appears as a result of bind-
ing of endothelin, further leading to cleavage of phospholi-
pase C into activated phosphatidylinositol 4,5-bisphosphate 
(PIP2). This PIP2 is converted to inositol 1,4,5-trisphopshate 
(IP3) and diacylglycerol (DAG). IP3 acts on IP3-sensitive 
Ca2+ channels, resulting in rapid release of calcium through 
intracellular stores (Bagnato et al. 1997; Finsnes et al. 2001; 
Houde et al. 2016; Sánchez et al. 2014). Successive calcium 
upregulation takes place due to the influx of Ca2+ across the 
plasma membrane via calcium channels by direct binding 
of endothelin to their receptor. ETB receptors are predomi-
nantly present on vascular smooth muscle cells and stimulate 
the process of vasoconstriction. Under certain conditions, 
vasodilation is also observed due to the release of NO and 
prostacyclin. Some mediating action of endothelins can 
occur due to accumulation of DAG and Ca2+, which in turn 
mediates PKC activation. This results in vasoconstriction 
and cell proliferation, as shown in Fig. 1. In normal tissues, 
the effect of endothelin is vasodilatory, but pathogenic con-
ditions can lead to vasoconstriction. Studies have shown 
that a disease state can result in dysregulated endothelin 
levels—for example, the level of ETB receptors is increased 
relative to ETA receptors in the case of chronic heart failure 
(Finsnes et al. 2001; Vercauteren et al. 2017). In individuals 
with myocardial ischaemia and hypertension, vasodilation is 
observed. In scleroderma-related fibrotic lung disease, ele-
vated levels of ETB receptors relative to ETA were observed.
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ET‑1 in production of pro‑inflammatory mediators 
resulting in rheumatoid arthritis

ET-1 is implicated as an inflammatory mediator and dem-
onstrates this role in numerous autoimmune diseases such 
as scleroderma and RA. Elevated ET-1 concentration is 
reported (in both synovial fluids and serum) in patients with 
RA compared with normal individuals. ET-1 is produced 
by synovial macrophages, and interacts with inflammatory 
cytokines like TNF-α and IL-1β. It regulates the production 
of adhesion proteins including vascular cell adhesion mole-
cule-1 (VCAM-1), CD44, CD106 and intercellular adhesion 
molecule-1 (ICAM-1) (Elisa et al. 2015; Tatar et al. 2016). 
ET-1 plays a significant role in inflammatory responses 
via recruitment of neutrophils and causes their infiltration 
around inflamed tissues in patients with arthritis. Increased 
levels of local ET-1 are correlated with extra-articular mani-
festation in patients with RA. IL-6 is an abundantly present 
pro-inflammatory cytokine inside the serum and synovial 
joints of RA patients. IL-6 can exhibit direct induction of 
pre-pro-ET-1 messenger RNA (mRNA) expression inside 
the fibrotic kidney of an individual suffering from angio-
tensin II-induced hypertension (Narazaki et al. 2017; Wer-
muth et al. 2016; Yuzugulen 2016). ET-1 exerts its effect 
on synovial inflammation, as articular chondrocytes do not 
express ET-1 by themselves, but under circumstances like 
diseased conditions and natural ageing, its expression is 

observed. The concentration of ET receptors on articular 
chondrocytes is prominently affected by age, growth factors, 
cytokines (including TGF-a, IL-1β, TNF-a) and PDGF-BB. 
IL-1β, PDGF-BB and TNF-α may cause increased respon-
siveness of articular chondrocytes towards ET-1 (Amin et al. 
1995; Del Rio et al. 2011; Kuryliszyn-Moskal et al. 2006). 
Elevated ET-1 levels result in enhanced MMP 1 and 13 
expression via osteoarthritic chondrocytes (enzyme largely 
responsible for damaging cartilaginous matrix in RA and 
osteoarthritis) (Felx et al. 2006; Sin et al. 2015). Overexpres-
sion of endothelial ET-1 can result in exaggerated hyper-
trophic differentiation of articular chondrocytes, which can 
lead to thinning of the cartilage, resulting in structural dam-
age to cartilage. ET-1 can promote the production of col-
lagen through articular chondrocytes in a dose-dependent 
manner. Moreover, it can also lead to dysfunction of disc 
cells in the lumbar region. Endothelins demonstrate their 
role in inflammation and the pain it induces. Subcutaneous 
injection of ET-1 can induce pain by activating nociceptive 
C fibres in a dose-dependent manner (Fernandes et al. 2020; 
Wong et al. 2012).

It was found that endothelin type A receptor antagonist 
significantly reduced joint pain in rats suffering from RA. 
The ETA receptor antagonist, when given in combination 
with bradykinin receptor antagonists, reduces pain and 
protects the knee joint in patients with arthritis (Guarda 
et al. 1993). Inflammatory and mechanical stimuli enhance 
expression and manifestation of nerve growth factor (NGF) 
by activating articular chondrocytes present at the osteo-
chondral junction, thus serving a major role in arthritic joint 
pain. Although the exact reason is unknown, through radi-
ographic techniques, bone marrow lesions were observed 
which exhibited a direct relation with the severity of pain. 
Moreover, higher concentrations of inflammatory cytokines 
such as IL-6, IL-1β and TGF-β1 can lead to defective osteo-
blasts, as shown in Fig. 2, causing alterations in phenotypic 
characteristics of normal articular chondrocytes towards 
hypertrophic differentiation. This occurs due to suppression 
of parathyroid hormone-related protein (PTHrP) as well as 
MMP elevation (Hughes et al. 1996; Tchetina et al. 2005).

Role of endothelins in generation/
production of ROS

The stimulatory effect of ET-1 on ROS production primarily 
enhances superoxide anions and leads to enhanced oxidative 
stress. Vasodilation of blood vessels is observed through 
intravenous injection, followed by longer-lasting contrac-
tion. Increased production takes place in numerous cells 
and occurs through the COX, NF-κB and NADPH oxidase-
dependent pathways (Hughes et al. 1996; Loomis et al. 
2005). Activation of NF-κB is correlated with increased 

ET-1 Ca++

VSMC
ETA

Gq

PLC
PIP2DAG + IP3

PKC

MAPK

IP3

Ca++

Ca++ SR

Ca++

Calponin

CaldesmonNucleus
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Fig. 1   Action of endothelin by binding with endothelin A receptor, 
which is a G protein-stimulatory receptor (Gq), on vascular smooth 
muscle cells (VSMC), leading to cleavage of phospholipase C (PLC) 
into activated phosphatidylinositol 4,5-bisphosphate (PIP2), which is 
further converted into inositol 1,4,5-trisphopshate (IP3) and diacylg-
lycerol (DAG). IP3 acts on IP3-sensitive Ca2+ channels and results in 
quick release of calcium through intracellular stores in the sarcoplas-
mic reticulum (SR), which in turn leads to their action at the nuclear 
level
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levels of pro-inflammatory cytokines like IL-1, TNF-α and 
IL-6. The pro-inflammatory cytokines produced thus stimu-
late ET-1 production , subsequently enhancing/amplifying 
the synthesis of TNF-α inside monocytes and macrophages. 
These cytokines result in increased inflammatory responses 
through processes such as phagocytosis and chemotaxis of 
neutrophils and monocytes. Excessive levels of pro-inflam-
matory cytokines can activate and enhance the generation 
of prostaglandins in multiple cells, such as vascular smooth 
muscle cells and vascular endothelial cells. COX is also 
referred to as prostaglandin endo-peroxide synthase, which 
serves as a key enzyme responsible for prostaglandin pro-
duction and exists in two forms, COX-1 and COX-2. Phos-
pholipase A2 accelerates the release of arachidonic acid 
through membrane phospholipids. COX in turn catalyses the 
transformation of arachidonic acid into prostaglandins. Of 
the two isoforms of COX, COX-1 is expressed constitutively 
in the presence of normal physiological conditions and is 
responsible for maintenance of vascular homeostasis as well 
as physiological responses. COX-2 is not detectable under 
normal conditions, but exerts its expression inside inflam-
matory cells induced through endotoxins, growth factors and 
cytokines. COX-2 plays a major role in the expression of 
inflammatory responses such as vascular inflammation and 
leads to the production of potent inflammatory mediators, 
causing neurodegeneration. ET-1 promotes enhanced pro-
duction of COX-2 as well as prostaglandin E2 (PGE2) via 
the mitogen-activated protein kinase (MAPK) and NF-κB 
pathways, which results in inflammation. ET-1 activates ET 
receptors (ETA/ETB), which are a heterotrimer GPCR and 

can stimulate numerous processes. The mechanism respon-
sible is carried out via ETB receptor-coupling Gq proteins, 
which ultimately causes phospholipase C activation. Further 
hydrolysis of phosphoinositide leads to the formation of IP3 
and DAG, which causes an increase in the concentration of 
PKC as well as Ca2+. Activation of Gq and Gi protein recep-
tors can take place through signalling pathways resulting in 
stimulation of MAPKs. ET-1 stimulates MAPK in order to 
regulate different cellular responses, such as cell growth, 
proliferation and survival. The MAPK activation is associ-
ated with elevated regulation of COX-2. Agonists of GPCR 
(such as thrombin, bradykinin and sphingosine-1-phosphate) 
can lead to stimulation of NF-κB and MAPK activation, 
which amplifies COX-2 expression. ET-1 promotes transla-
tional regulation of COX-2, which is mediated through the 
ETB receptor and leads to PGE2 synthesis, further producing 
pro-inflammatory mediators (Peng et al. 2008; Phull et al. 
2018). Moreover, enhanced expression of adhesion mol-
ecules is observed on the surface of endothelial cells, which 
aggregates to form polymorphonuclear neutrophils (PMNs). 
These PMNs contribute to endothelial dysfunction as well 
as inflammation via production of ROS and arachidonic acid 
metabolites. ET-1 also stimulates arterial VCAM-1, which 
causes adhesion of inflammatory cells. ET-1 stimulates 
the production of macrophages and monocytes in order to 
release IL-6 and TNF-α in a dose-dependent manner. Evi-
dence supports the association of ET-1 with stimulation of 
alveolar macrophages, which results in increased arachi-
donic acid, in turn enhancing cytokine release, as mentioned 
above, and the whole process is depicted in the form of a 
flow chart in Fig. 3 (Yu et al. 2021).

ET‑1 in rheumatoid arthritis 
and inflammation

RA is associated with articular and extra-articular mani-
festations. Investigations have shown that patients with RA 
develop atherosclerotic lesions at a faster rate than that in the 
general population. Endothelins are key mediators involved 
in the development of RA and atherosclerosis. Endothe-
lin dysfunction was first identified in RA patients in 2002 
by Bergholm and co-workers. ET-1 leads to activation of 
numerous inflammatory and fibrotic signalling pathways and 
thus can cause hypertension, fibrosis of the heart, lungs, kid-
ney and skin, and even diabetes. The blockade of endothelin 
signalling pathways results in decreased secretion of TGF-β 
(inside fibroblasts), attenuating fibrosis. TGF-β1 promotes 
ET-1 production via a Smad2/3-dependent mechanism, 
and this can be attenuated by the ALK5/c-Jun N-terminal 
kinase signalling pathway. ET-1 has been implicated in 
autoimmune disorders like RA and scleroderma. It has been 
observed that synovial macrophages lead to the production 

ET-1

Wnt ↑ intracellular 
Calcium

Other genes 
activated 

Bone Development

↑ Osteoblast Proliferation

↑ Osteoblast 
Differentiation

↑ Osteoblast Survival 

Suppression of 
Apoptosis

↑ Osteoblast Activity 

↓ Osteoclast Activity 

↑ Osteoblast 
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Calcineurin / 
NFATc1

OPG, COX-2, 
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CTGF, Klf10 

Fig. 2   Various intracellular factors which disrupt the formation of 
osteoclasts and thus can cause bone resorption. Wnt wingless-related 
integration site, NFATc 1 nuclear factor of activated T cells 1, OPG 
osteoprotegerin, COX-2 cyclooxygenase 2, TGF-β1 transform-
ing growth factor beta 1, CTGF connective tissue growth factor, Klf 
Krüppel-like family of transcription factors
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of ET-135, which interacts with numerous inflammatory 
cytokines including TNF-α and IL-1β to regulate the produc-
tion of ICAM-1 (Hans et al. 2008; Yu et al. 2021). ET-1 is 
involved in mediating inflammatory responses of synovitis, 
which occurs via recruitment of neutrophils and endothe-
lial cells, leading to inflammation inside the tissues. An 
increased concentration of ET-1 has been linked with extra-
articular manifestations of RA and hypertension. IL-6 is the 
most prevalent and abundant pro-inflammatory cytokine pre-
sent in the synovial joints of patients with RA. IL-6 induces 
the expression of pre-pro-ET-1 mRNA, which acts directly 
on articular chondrocytes, leading to fibrosis and synovial 
inflammation. Conditions like growth factors, age, and 
cytokines including PDGF-BB/IL-1β affect the expression 
of ET receptors on articular chondrocytes. ET-1 is involved 
in stimulating increased levels of MMP-1 and MMP-13 via 
osteoarthritic chondrocytes. An elevated level of ET-1 leads 
to hypertrophic differentiation of articular chondrocytes, 
resulting in thickening of calcified cartilage, which damages 
the hyaline cartilage. ET-1 also stimulates and enhances col-
lagen and proteoglycan production in a dose-dependent man-
ner. In RA, higher levels of inflammatory cytokines (such 
as TGF-β1, IL-6, IL-1β, and PGE2) indicate the presence of 

defective osteoblasts. These defective osteoblasts alter the 
phenotype of articular chondrocytes; the same occurs by 
ameliorating the expression of parathyroid hormone (PTH) 
and increasing MMP concentration (Shinagawa et al. 2017; 
Zhao et al. 2016).

Evidence supporting the relation 
between endothelins and rheumatoid 
arthritis

Various supporting evidence is reported in reference to 
endothelins and their ascribed role in RA. Helset and co-
workers studied the impact of endothelins on the release 
of interleukins and TNF-α. Increased levels of endothelins 
suggested their role in the pathophysiology of pro-inflam-
matory mediators and reactions. The effects of ET-1 were 
investigated with respect to the release kinetics of cytokines 
from monocyte-derived macrophages, and a time-dependent 
release was observed. It was determined that ET-1 in a con-
centration of 0.01–1 nM could lead to a 200–400% increase 
in the level of cytokine release. The study concluded that 
increased ET-1 stimulates monocytes and macrophages, 

Fig. 3   Inflammatory effects of ET-1 via its actions on numerous cells 
and its role in the generation of inflammatory cytokines which can 
cause bone degradation, thus resulting in rheumatoid arthritis. TNF-
α tumour necrosis factor alpha, IL-1 interleukin-1, TGF-β transform-

ing growth factor beta, COX-2 cyclooxygenase 2, VEGF vascular 
endothelial growth factor, iNOS inducible nitric oxide synthase, NO 
nitric oxide, PGE2 prostaglandin E2, MMP matrix metalloproteinase
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leading to the release of pro-inflammatory cytokines to exert 
inflammatory responses (Kowalczyk et al. 2015).

Another study conducted by Agata and co-workers aimed 
at identifying the impact of ET-1 in inflammatory responses. 
The study revealed that ET-1 acts as a potent endogenous 
vasoconstrictor which enhances the formation of ROS and 
further intensifies pro-inflammatory mechanisms. ET-1 
receptor antagonists can be employed for prediction of 
numerous disorders. In a study conducted by Nobuyuki, 
the generation of ET-1 was observed in patients suffering 
from inflammatory arthritis. Using radioimmunoassay, 
ET-1 activity was measured in the synovial fluid of arthritic 
patients, and from observations it was concluded that ET-1 
contributes significantly to synovial proliferation, which 
occurs in an autocrine manner (Soldano et al. 2017).

The relationship/expression between ET-1 and adhesion 
molecules located on fibroblast-like synovial cells was stud-
ied experimentally. The study investigated the expression 
of adhesion molecules CD44, VCAM-1 and ICAM-1 via 
fibroblast-like synoviocytes. Fibroblasts were treated using 
ET-1 in the presence and absence of C1306, which acts as 
an antagonist of ETA. The cell expression was studied using 
immunofluorescence. Increased expression of ICAM-1, 
CD44 and VCAM-1 was experimentally observed on the 
surface of fibroblast-like synoviocytes. ET-1 also enhances 
the production of IL-1. This effect could be blocked by 
C-1306, which acts as a selective ETA receptor antagonist 
and thus inhibits its activity. From this study, it was con-
cluded that ET-1 exerts its immunoregulatory functions in 
the recruitment of cells inside inflamed tissues, and this can 
be inhibited by treatment with a selective antagonist (Donate 
et al. 2012).

Anti‑inflammatory natural drugs targeting 
endothelin

Dietary components or nutraceuticals are essential agents 
to protect against disease states in the human body and are 
known for their appreciable medicinal properties. One of the 
most commonly used pharmaceuticals for inflammation is 
aspirin i.e., a COX inhibitor, which originally was derived 
from a natural product (Maroon et al. 2010). In line with 
this, multiple plant species and phytoconstituents have been 
shown to exhibit anti-inflammatory potential and have been 
utilized in different groups of disorders and ailments.

Isonahocol E3, obtained from Sargassum siliquastrum 
(brown algae), has been found to play both an anti-inflam-
matory and anti-angiogenic role by antagonizing the actions 
of the ET-1 receptor (Sah et al. 2013). Cell division and 
release of inflammatory mediators such as TNF-α, IL-6 and 
IL-8 and pro-angiogenic factors such as metalloproteinases 
has been reported to be inhibited by isonahocol E3 in human 

keratinocytes (Sah et al. 2013). Furthermore, ETA and ETB 
receptor levels, along with ET-1-mediated phosphorylation 
of extracellular signal-regulated kinase (ERK), are also 
found to be suppressed by isonahocol E3 (Sah et al. 2013).

The major ingredient of turmeric, curcumin, is an 
anti-inflammatory agent that has been shown to exhibit 
neuroprotective action by protecting the neurons of the 
hippocampus from degeneration via ET-1, reportedly pro-
ducing a twofold increase in the level of c-Jun, accord-
ing to immunoblot analysis results (Stankowska et  al. 
2017). However, co-treatment with curcumin mitigated 
the release of c-Jun, mediated by ET-1. Furthermore, 
the release of cleaved fodrin, cleaved caspase-3 and cas-
pase-7 was also attenuated by curcumin treatment, which 
in turn induced neuroprotection in Alzheimer’s disease 
(Stankowska et al. 2017).

Flavonoids are the largest category of polyphenolic com-
pounds, and exhibit multiple functions owing to their wide 
biological activity. Investigations have assessed the role of 
flavonoids as endothelin antagonists in carrying out poten-
tial functions in the body, such as the role of apigenin in 
ET-1–mediated collagen gel contraction, as observed in an 
in vitro model of extracellular matrix remodelling. Apigenin 
was found to block the ET-1–induced contraction of collagen 
gel, due to which it was reported to be given as a dietary sup-
plement in retarding skin fibrosis in patients with systemic 
sclerosis (Jun et al. 2010).

Naringenin, a flavonoid, has been reported to inhibit 
superoxide ion-induced COX-2 mRNA expression. COX-2 
has been found to be closely associated with cytokines, 
which are further related to ET-1. The antagonists of the 
ET-1 receptor inhibit the hyperalgesia mediated by cytokines 
(Manchope et al. 2016). The cytokines promote the pre-
pro-ET-1 mRNA expression as well as production of ET-1. 
Therefore, besides alleviating the production of cytokines, 
naringenin has also been reported to inhibit the pre-pro-
ET-1 mRNA expression and COX-2 levels, thereby block-
ing superoxide ion-induced inflammatory pain (Manchope 
et al. 2016).

Luteolin is another anti-inflammatory flavonoid com-
pound that has been found to alleviate the secretion and 
genetic expression of ET-1 in porcine aortic endothelial cells 
(Kozakai et al. 2005).

Diosgenin is an anti-inflammatory pharmaceutical agent 
that possesses a steroidal ring (steroidal saponin), and has 
been reported to inhibit ET-1 production in endothelial cells 
and restore the loss of insulin-induced vasodilation in the 
presence of palmitate (Liu et al. 2012).

Similarly, another steroidal compound, withaferin A also, 
attenuates ET-1 levels and restores impaired vasodilation, 
mediated by endothelium, in isolated aortic preparations 
(Batumalaie et al. 2016). Such results illustrate the poten-
tial of withaferin A to block the production of ROS as well 
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as inflammation to restore disturbed insulin resistance in 
cultured endothelial cells and modulate the impairment of 
these cells in rat aortic rings (Batumalaie et al. 2016).

Finally, an anti-inflammatory nutraceutical, resveratrol, 
has been found to inhibit the secretion of ET-1 and ET-1 
mRNA concentration in endothelial cells in humans. In addi-
tion, the endothelin-converting enzyme-1 mRNA concentra-
tion was inhibited by resveratrol and its analogue, to further 
mitigate the enzyme concentration (Coppa et al. 2011).

Anti‑inflammatory synthetic drugs targeting 
endothelin

The ET-1 receptor activates transcription factors such 
as NF-κB and pro-inflammatory cytokines such as IL-6, 
IL-1 and TNF-α, which stimulate the body’s inflammatory 
responses (Urbanowicz et al. 2005). Bosentan, a mixed ETA 
and ETB receptor antagonist, was found to potentially attenu-
ate both inflammation and swelling in knee joints, and also 
reduced inflammatory mechanical hyperalgesia (Imhof et al. 
2011). Moreover, chronic administration of this drug pre-
vented destruction of joints during antigen-induced arthri-
tis flare-up reactions (Imhof et al. 2011). An ETA receptor 
antagonist, BQ-123, was shown to ameliorate the concentra-
tion of TNF-α and IL-1β in the lung tissue of a rat model 
during oxidative stress conditions mediated by the intraperi-
toneally administered extract of cigarette smoke (Urbanow-
icz et al. 2004). Studies have investigated the role of BQ-123 
in activating polymorphonuclear myeloid-derived suppres-
sor cells in mice, which inhibited acute inflammation in a 
T-cell-dependent manner, thus providing a reliable approach 
for treating conditions of acute inflammation (Chen et al. 
2021). Another study demonstrated lowering of TNF-α lev-
els when patients with optic nerve damage were adminis-
tered BQ-788, an endothelin antagonist (Tonari et al. 2012). 
Another agent, ambrisentan, an ETA antagonist, was found 
to be useful in patients with pulmonary arterial hyperten-
sion and to mitigate the progression of cancer metastasis 
(Kappes et al. 2020). ABT-627, a novel selective antagonist 
of the ETA receptor, exhibited antinociceptive activity in a 
streptozotocin (STZ)-induced diabetic rat model of neuro-
pathic pain (Jarvis et al. 2000). Multiple studies have also 
evaluated the role of endothelin and platelet-activating fac-
tor (PAF) in the body’s inflammatory responses (Sato et al. 
2013). Substantial evidence has suggested a primary role of 
ET-3, but not ET-1 and ET-2, receptors in attenuating the 
inflammation induced by PAF, via direct interaction with 
the peptide Tyr-Lys-Asp (YKD) region to the factor along 
with its metabolite (Sato et al. 2013). This is then followed 
by blockage of the association between PAF and its receptor. 
In addition, the peptide encompassing the YKD sequence 
might be a suitable therapeutic anti-inflammatory candidate 

for attenuating the progression of inflammatory disorders 
by targeting the functions mediated by endothelin and PAF 
(Sato et al. 2013). An anti-inflammatory ETA antagonist 
drug, avosentan, was investigated in a randomized, placebo-
controlled, parallel-design, double blind investigation, which 
evaluated the impact of avosentan on the urinary excretion 
rate of albumin in patients with diabetic nephropathy (Wen-
zel et al. 2009). It was observed that the excretion rate was 
decreased in patients upon administration of avosentan with 
angiotensin-converting enzyme (ACE) inhibitors or angio-
tensin receptor blockers (ARBs) (Wenzel et al. 2009). Tezos-
entan, a non-selective ETA and ETB receptor antagonist, was 
reported to mitigate lipopolysaccharide-induced liver injury 
by retarding intrahepatic neutrophil infiltration in rat models. 
The drug also increased survival in the rats (Urbanowicz 
et al. 2004).

Future perspective

The above-mentioned studies support the extensive network 
and role of ET-1 resulting in inflammation and arthritis. The 
synthesis of endothelins is stimulated through Ca2+ via a 
number of stimuli (including mechanical/chemical, along 
with various factors mentioned above). Therefore, ET-1 can 
be considered one of the modulating factors responsible for 
RA, and its treatment can be designed on this basis. The 
endothelin receptor antagonist may be one such particu-
lar target for treatment of endothelin-associated RA. In an 
investigation conducted by Paula and co-workers, the action 
of bosentan was checked in reference to RA. Bosentan is an 
endothelin receptor antagonist and thus can be useful for 
treating collagen-induced arthritis. The evaluation assess-
ment showed clinical aspects and application of bosentan 
in order to treat hyperalgesia and paw swelling. Bosentan 
was also shown to reduce the level of pro-inflammatory 
cytokines, leukocyte infiltration, and pain as well as joint 
damage. In addition, it enhanced the expression of pre-pro-
ET mRNA and inhibited TNF-α (Muller et al. 2000; Conte 
et al. 2008).

In another investigation conducted by Conte and co-work-
ers, the action of lipoxin A in zymosan-induced arthritis 
was assessed. Lipoxin A4 (LXA4) acts as lipid mediator 
and serves a role in resolution of inflammation. Endothelins 
exhibit a major role in articular responses, and treatment was 
performed using LXA4. The assessed data and observations 
showed that administration of LXA4 resulted in inhibition 
of neutrophil infiltration and was associated with reduced 
levels of ET-1-related neutrophil chemotaxis. Thus, LXA4 
can serve as a preferred treatment for patients with RA due 
to elevated ET-1 levels. Another ETA receptor antagonist, 
ambrisentan, has emerged as useful for treating pulmonary 
arterial hypertension, and can also be employed for cancer 
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and RA. Endothelin A is most prominently involved in 
tumour formation via the process of metastasis. Ambrisen-
tan, along with an antihypertensive effect, exerts an inhibi-
tory effect on numerous tumour cells. It acts via invasion and 
migration inside tumour cells and is useful for the treatment 
of ovarian cancer, metastatic pancreatic adenocarcinoma, 
pro-myelocytic leukaemia and breast adenocarcinoma. It 
also acts by inhibiting the process of metastasis and thus can 
be used for RA (Conte et al. 2010). Various other drugs are 
mentioned in Table 2 which can be useful for RA treatment.

Clinical outcome

ET-1 signalling frequently affects cells of the joints includ-
ing osteoblasts, synoviocytes and articular chondrocytes. 
Thus, liberation of ROS and pro-inflammatory cytokines can 
lead to RA. The initial effect on the osteoblast will be an 
anabolic effect, leading to inhibition of osteoclasts, followed 
by enzymatic degradation of articular cartilage. It further 
progresses through recruitment of pro-inflammatory media-
tors (monocytes, neutrophils and macrophages) around the 
inflamed synovial tissues, thereby leading to local/systemic 
inflammatory pain. Increased levels of ET-1 in RA patients 
are further related to extra-articular manifestations. The 
in vitro proliferation of fibroblasts, mesangial cells and vas-
cular smooth muscle cells along with factors such as TGF-
β, interleukin-1 and thrombin enhances the production of 
endothelins. Enhanced endothelins can exert their effect 
in RA. ET-1 exerts its role in mediating inflammation and 
inducing pain. Subcutaneous injection of ET-1 can induce 
pain by activating the nociceptive C-receptors in a dose-
dependent manner. Mechanical and inflammatory stimuli 
activate NGF at the osteochondral junction, which results 
in arthritic joint pain. ET-1 exerts its role in mediating pain 

by activating receptors at the osteochondral junction. This 
shows that endothelin can be produced locally around the 
joints and thus can lead to joint destruction. Taken together, 
the information discussed in this review highlights the 
effects of endothelin signalling on the inflammatory signal-
ling cascade, suggesting a key role of this peptide in RA. 
Thus, treatment aimed at blocking the effects of ET-1 rep-
resents a promising and innovative pharmaceutical approach 
for preventing cartilage destruction in RA.
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