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Prostanoids (prostaglandins, prostacyclin and thromboxane) are locally acting lipid
mediators. They are synthetized from arachidonic acid, which is released from
cellular membrane phospholipids by phospholipase A2. Arachidonic acid is
metabolised to prostaglandin G2 (PGG2), and onwards to prostaglandin H2 (PGH2),
by cyclo-oxygenase (COX) enzymes. The isomerisation of these intermediate
products to prostanoid end products is catalysed by specific terminal enzymes.
Prostaglandin E2 (PGE2) is an important prostanoid produced in most cells in the
human body. The production of PGE2 is increased in inflammatory conditions, and
it is known to mediate the classical signs of inflammation, including swelling,
redness, pain and fever. It is produced by three terminal enzymes: cytosolic
prostaglandin E synthase (cPGES) and microsomal prostaglandin E synthases-1
and -2 (mPGES-1, mPGES-2). cPGES and mPGES-2 are constitutively expressed,
whereas the expression of mPGES-1 is enhanced within inflammation by bacterial
products and pro-inflammatory cytokines. The expression of mPGES-1 is increased
in many inflammatory diseases, such as osteoarthritis (OA) and rheumatoid arthritis
(RA). The inflammatory responses, radiographic progression and pain have been
reported to be less severe in mPGES-1 knockout mice as compared to wild type
mice in experimental models of arthritis.
The mechanism of action of currently used non-steroidal anti-inflammatory
drugs (NSAIDs) is based on inhibition of COX enzymes. This leads to a decreased
production of PGs other than PGE2, which is assumed to cause the adverse effects
typical for NSAIDs. It is believed that by using selective inhibitors of mPGES-1, it
is possible to achieve clinical efficacy of NSAIDs with fewer adverse effects, because
the production of PGE2 would be selectively decreased without affecting the
production of other prostanoids or the physiological production of PGE2. Some
inhibitors of mPGES-1 expression have been found, but the regulatory mechanisms
behind mPGES-1 expression are not well known. Compounds inhibiting the activity
of mPGES-1 have been developed and investigated in clinical trials, but there are
none available on the market yet.
The purpose of the present study was to investigate the expression of mPGES-1
in chondrocytes and in macrophages, which are essential cells in the pathogenesis of
13

OA. Moreover, we investigated the effects of some known anti-inflammatory drugs
on mPGES-1 expression. In the first study, aurothiomalate, a gold compound used
for decades in the treatment of RA, was discovered to inhibit the expression of
mPGES-1 and the subsequent production of PGE2 in a manner comparable to
glucocorticoids in chondrocytes from OA patients undergoing a joint replacement
surgery. The other antirheumatics investigated (methotrexate, sulfasalazine,
hydroxychloroquine) did not affect mPGES-1 expression.
In the studies II-IV, we investigated the roles of mitogen-activated protein
kinases (MAPKs) and the endogenous mitogen-activated protein kinase
phosphatase-1 (MKP-1), which inhibits their activity, in the expression of mPGES1. The glucocorticoid dexamethasone, and the phosphodiesterase 4 (PDE4)
inhibitor rolipram were found to enhance MKP-1 expression, which subsequently
inhibited the activity of c-Jun N-terminal kinase (JNK) pathway and mPGES-1
expression in macrophages. Their effects were attenuated in cells from MKP-1deficient mice. Dexamethasone enhanced MKP-1 expression also in chondrocytes
and subsequently inhibited mPGES-1 expression in an MKP-1-dependent manner.
However, in chondrocytes the expression of mPGES-1 seemed to be mediated via
p38 pathway, which endorses that the MAPK pathways mediate the expression of
mPGES-1 in a cell type-dependent manner. In the study V, we investigated the
effects of the mPGES-1 inhibitor MF63 on human OA chondrocytes with a
genome-wide expression analysis. The mPGES-1 inhibitor was found to increase the
expression of endogenous cytokine antagonists interleukin-1 receptor antagonist
(IL-1Ra) and interleukin-36 receptor antagonist (IL-36Ra), and to decrease the
expression of the pro-inflammatory cytokine interleukin-6 (IL-6). Interestingly,
MF63 also enhanced the expression of multiple isoforms of metallothionein 1
(MT1), which has an antioxidative and protective role in cartilage. Any obvious signs
of changes considered harmful for cartilage were not seen in the analysis.
In the present study we discovered novel mechanisms regulating the expression
of mPGES-1, which is essential in terms of development of drugs affecting the
adverse expression of mPGES-1. Furthermore, the findings advance the current
understanding on the mechanisms of action of aurothiomalate and dexamethasone,
two drugs used in the treatment of arthritis. The results also increase our knowledge
about the potential effects of mPGES-1 inhibitors on the disease process of
osteoarthritis.
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Prostanoidit (prostaglandiinit, prostasykliini ja tromboksaani) ovat säätely- ja
viestimolekyyleinä
toimivia
rasvahappojohdannaisia.
Ne
syntetisoidaan
arakidonihaposta, jota vapauttavat solukalvoista fosfolipaasi A2- entsyymit. Syklooksigenaasi (COX) –entsyymien katalysoimissa hapetus- ja pelkistysreaktioissa
arakidonihaposta muodostuvat välituotteet PGG2 ja PGH2, joiden isomerisaatio
prostaglandiineiksi, prostasykliiniksi ja tromboksaaniksi tapahtuu edelleen kullekin
lopputuotteelle spesifisen syntaasin katalysoimassa reaktiossa. Prostaglandiini E2
(PGE2) on keskeinen PG ja sitä tuottavat lähes kaikki elimistön solut. Sen tuotto on
lisääntynyt tulehdustaudeissa, ja se välittää monia tulehdukseen liittyviä kliinisiä
vaikutuksia, kuten kudosturvotusta, punoitusta, kipua ja kuumetta. PGE2:ta tuottaa
kolme terminaalista syntaasia: sytosolinen PGE syntaasi (cPGES), sekä
mikrosomaaliset PGE syntaasit 1 ja 2 (mPGES-1, mPGES-2). cPGES:n ja
mPGES-2:n ilmentyminen on jatkuvaa, kun taas mPGES-1:n ilmentyminen lisääntyy
tulehduksen yhteydessä esim. bakteeriperäisten tuotteiden ja tulehdusta voimistavien
sytokiinien vaikutuksesta. mPGES-1:n ilmentymisen on havaittu lisääntyneen
monissa tulehduksellisissa sairauksissa kuten nivelrikossa ja reumassa. Kokeellisessa
niveltulehdusmallissa tulehdusvasteet, radiologiset muutokset ja kipu olivat
lievemmät mPGES-1 poistogeenisillä hiirillä kuin tavallisilla (villityypin) hiirillä.
Nykyään
käytössä
olevien
tulehduskipulääkkeiden
pääasiallinen
vaikutusmekanismi on COX-entsyymien toiminnan esto. Tällöin PGE2:n lisäksi
myös muiden prostaglandiinien tuotanto vähenee, minkä katsotaan johtavan
tulehduskipulääkkeille ominaisiin haittavaikutuksiin. On esitetty, että spesifisesti
mPGES-1:tä estävillä yhdisteillä voitaisiin saavuttaa nykyisin käytössä olevien
tulehduskipulääkkeiden
terapeuttiset
vaikutukset,
mutta
vähemmän
haittavaikutuksia, koska tällöin voitaisiin selektiivisesti vaimentaa PGE2:n tuottoa
tulehduksessa vaikuttamatta muihin prostanoideihin tai PGE2:n fysiologiseen
tuottoon. Joitakin mPGES-1:n ilmentymiseen vaikuttavia lääkeaineita on löydetty,
mutta ilmentymistä säätelevät mekanismit tunnetaan huonosti. mPGES-1:n
aktiivisuuteen vaikuttavia lääkeaineita on kehitetty ja myös tutkittu kliinisissä
lääketutkimuksissa, mutta yhtään lääkeainetta ei ole vielä kliinisessä käytössä.

15

Tämän väitöskirjatyön tarkoituksena oli tutkia mPGES-1:n ilmentymistä
niveltulehduksen kannalta tärkeissä kondrosyyteissä ja makrofageissa, sekä selvittää
tunnettujen tulehdusta vaimentavien lääkeaineiden vaikutusta siihen. Ensimmäisessä
osatyössä todettiin, että nivelreumaan vuosikymmeniä käytetty kultayhdiste,
aurotiomalaatti, estää mPGES-1:n ilmentymistä ja PGE2:n tuottoa
nivelrikkopotilaiden rustonäytteistä eristetyissä rustosoluviljelmissä ja sen teho oli
verrattavissa glukokortikoidiin. Muilla tutkituilla reumalääkkeillä (metotreksaatti,
hydroksiklorokiini, sulfsalatsiini) ei havaittu vastaavaa vaikutusta.
Osatöissä II-IV tutkittiin mitogeeniaktivoituvien proteiinikinaasien (MAPK:ien)
ja näiden aktiivisuutta estävän endogeenisen fosfataasin, mitogeeniaktivoituvan
proteiinikinaasi-1:n
(MKP-1:n)
roolia
mPGES-1:n
ilmentymisessä.
Glukokortikoideihin kuuluvan deksametasonin ja fosfodiesteraasi 4:n (PDE4:n)
estäjä rolipraamin todettiin lisäävän MKP-1:n ilmentymistä, estävän MAPK-reitti
JNK:n aktiivisuutta ja tätä kautta vähentävän mPGES-1:n ilmentymistä
makrofageissa. Nämä vaikutukset eivät ilmenneet MKP-1 poistogeenisten hiirten
soluissa. Neljännessä osatyössä todettiin, että MKP-1 säätelee mPGES-1:n
ilmentymistä ja deksametasonin vaikutusta siihen myös rustosoluissa, mutta vaikutus
välittyy p38 MAPK-reitin kautta. Tämä todentaa sen, että MAPK-reitit säätelevät
mPGES-1:n ilmentymistä solutyypistä riippuvalla tavalla. Viidennessä osatyössä
tutkimme selektiivisen mPGES-1:n estäjän vaikutuksia nivelrikkopotilaiden
rustosoluissa koko genomin laajuisella ekspressioanalyysillä. Työssä todettiin, että
mPGES-1:n estäjä lisäsi endogeenisten sytokiinivastavaikuttajien, interleukiini-1
reseptoriantagonistin (IL-1Ra:n) ja interleukiini-36 reseptoriantagonistin
(IL-36Ra:n), tuottoa ja vähensi interleukiini-6 (IL-6)-sytokiinin tuottoa rustosoluissa.
Myös metallotioneiini-1:n (MT1:n) alatyyppien tuotanto lisääntyi. MT1:n on todettu
toimivan antioksidanttina ja suojaavana tekijänä rustossa. Rustokudokselle selvästi
haitallisia vaikutuksia ei todettu.
Tämän väitöstutkimuksen tulokset selventävät mPGES-1:n ilmentymisen
säätelyyn vaikuttavia mekanismeja ja tuovat siten uutta tietoa, jota voidaan hyödyntää
kehitettäessä mPGES-1:n ilmentymistä vähentäviä uusia lääkeaineita. Tutkimuksessa
tunnistettiin myös mPGES-1:n ilmentymisen vaimeneminen uutena mekanismina
kahdelle reuman hoidossa käytetylle lääkeaineelle. Lisäksi tulokset tarjoavat uutta
tietoa mPGES-1:n estäjien potentiaalisista vaikutuksista nivelrustoon ja nivelrikon
tautiprosessiin.
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INTRODUCTION

Diseases and conditions related to inflammatory pain have been treated with nonsteroidal anti-inflammatory drugs (NSAID) for decades, and NSAIDs remain among the
most prescribed and consumed drugs worldwide (Wongrakpanich et al., 2018). They are
potent alleviators of pain related to many conditions, but adverse effects limit their use.
The incidence and severity of adverse effects depends on the dose, duration of the use,
and many patient-dependent properties, as the following chapters discuss.
Osteoarthritis (OA) is the most common joint disease in the world. It is a slowly
progressing disorder that impacts the ability to perform activities of daily living and
causes tremendous economic burden (Glyn-Jones et al., 2015; Vaughn et al., 2018). OA
used to be regarded purely as a degenerative disease caused by physical stress on the
joints. Today it is acknowledged to be an inflammatory disease involving imbalance of
chondrocyte metabolism between the anabolic and catabolic states and activation of the
immune system (Haseeb and Haqqi, 2013). This process leads to the destructive
structural changes in cartilage, synovia and bone (Mobasheri and Batt, 2016).
Rheumatoid arthritis (RA) is a different form of arthritis, although joint inflammation is
the most obvious manifestation of both conditions. RA is primarily an autoimmune
disease involving formation of autoantibodies that have an important role both in the
joint and in the systemic inflammation associated with RA (Smolen et al. 2016). The
pathophysiological mechanisms of RA are better understood than those of OA, and
accordingly, there are several disease-modifying drug treatments available.
NSAIDs are widely recommended for symptomatic treatment of pain related to both
OA and RA, especially when the effect of paracetamol is insufficient (da Costa et al.,
2017). Despite intensive research, no disease-modifying drug treatments have proven
effective in clinical trials in patients with OA (Oo et al., 2018). NSAIDs have been
suggested to have some disease-modifying effects in OA cartilage, but the data are
controversial (Nakata et al., 2018).
Microsomal prostaglandin E synthase-1 (mPGES-1) is a terminal enzyme that
catalyses the production of prostaglandin E2 (PGE2), which is regarded as the most
prominent eicosanoid lipid mediator in inflammation and inflammatory pain (Funk,
2001; Jakobsson, 1999; Samuelsson et al., 2007; Korotkova and Jakobsson, 2014). The
17

beneficial effects of NSAIDs are also mainly based on their ability to reduce PGE2
production (Yang, G. and Chen L., 2016), but mPGES-1 has been suggested to be a
more selective drug target for circumventing the adverse effects typical for NSAIDs
(Korotkova and Jakobsson, 2014).
Factors regulating the expression of mPGES-1 are not known in detail. Among many
other potential mediators, mitogen-activated protein kinases (MAPKs) have been
studied in this context. MAPKs form intracellular pathways, which mediate extracellular
signals to intracellular targets to promote pro-inflammatory functions. Accordingly,
MAPKs have also been investigated as potential treatment targets in OA and other
inflammatory diseases (Zhang, Ying et al., 2014).
In this study, we investigated the expression of mPGES-1 in chondrocytes and
macrophages, which are both centrally involved in the pathogenesis of OA and arthritis
in general (Berenbaum, 2013; Kraus et al., 2016). The particular focus was on mitogenactivated protein kinase phosphatase-1 (MKP-1), as it is known to dephosphorylate and,
thus, deactivate MAPKs. Moreover, MKP-1 has been presented to mediate the effects
of certain anti-inflammatory drugs (Korhonen and Moilanen, 2014). Another main
objective was to analyse the effects of a selective mPGES-1 inhibitor on gene expression
in human OA chondrocytes and to estimate the functional responses of mPGES-1
inhibitors in cartilage.
The results present new mechanisms for known anti-inflammatory drugs and shed
light on the role of the MKP-1 – MAPK-axis in the regulation of mPGES-1 expression.
The genome-wide expression analysis provides interesting data and novel viewpoints on
the effects of mPGES-1 inhibitors in OA cartilage.
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 REVIEW OF THE LITERATURE

1.1

The immune system and inflammation

The immune system is functionally divided into innate and adaptive immunity. Innate
immunity is a first-line, non-specific system that protects the body against harmful
microbes, toxins or foreign particles. It consists not only of physical and chemical
barriers, such as skin or gastric acid but also of the complement cascade, “natural killer”
(NK) cells and phagocytic leukocytes, mostly macrophages, neutrophils and dendritic
cells. These cells are able to phagocyte many harmful microbes according to their
structures, called non-specific pathogen-associated molecular patterns (PAMPs). These
molecules are recognised by specific pattern recognition receptors (PRRs), such as Tolllike receptors (TLRs) in phagocytic cells. Many innate immune cells also produce
inflammatory mediators, such as cytokines, eicosanoids, histamine or bradykinin. These
molecules are involved in the recruitment of immune cells, sensitising of pain receptors,
and induction of vasodilatation and vascular permeability to help phagocytic cells
penetrate into the inflammatory site; inflammatory mediators also cause the common
signs and symptoms of inflammation (Sattler, 2017).
Activation of the complement system and phagocytic cells in innate immunity aims
to eliminate foreign pathogens by coordinating the function of immune cells in general
and by recruiting the cells of adaptive immunity if the acute inflammation persists and
turns into chronic inflammation. The adaptive immune system is based on T- and Blymphocytes that function together with macrophages and other antigen-presenting cells
in the site of chronic inflammation. T-lymphocytes differentiate into CD8+ T cells
(cytotoxic or TC cells), which recognise and eliminate cells infected with foreign antigen,
or into CD4+ T cells (T helper or TH cells), which regulate the functions of Blymphocytes, TC cells and phagocytic cells. B-lymphocytes function by producing
antibodies against specific pathogens. Both T- and B-lymphocytes are able to
differentiate into “memory cells”, which are activated if the antigen recognised in the
primary response is retransmitted. These cells form the so-called immunological memory
(Robbins et al., 2015).
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In practice, inflammation, as a physiological response to pathogens or tissue damage,
is triggered and mediated by the described mechanisms. This raises a view that the
physiological role of inflammation is, firstly, to eliminate the pathogen(s) that initially
caused the activation of immune response and, secondly, to promote tissue repair.
However, it may also be the origin of a disease, as is the case in chronic inflammatory
diseases.

1.2

Eicosanoids

Eicosanoids are locally acting lipid mediators that hold numerous physiological and
pathophysiological functions. They are derivatives of polyunsaturated fatty acids, mainly
arachidonic acid. Eicosanoids are generally divided into prostanoids, which are produced
from arachidonic acid via the cyclo-oxygenase (COX) pathway, and to leukotrienes,
which are formed via the 5-lipoxygenase (5-LO) pathway (Murphy et al., 2004; Smith,
W.L. et al., 2011). More recently, some other biologically active lipid mediator
subfamilies, such as resolvins and lipoxins, have been recognised (Serhan, 2014). These
have evoked growing interest in the field of drug development, as they are found to
promote the resolution of inflammation and enhance bacterial clearance (Maddox and
Serhan, 1996; Maderna and Godson, 2009; Serhan, 2014).
Eicosanoids have multiple functions that are transmitted via specific G proteincoupled receptors and secondary messengers. Cells do not store eicosanoids; instead,
they are rapidly synthesised in response to various stimuli, such as cytokines, bacterial
products or mechanical stress (Murphy et al., 2004; Smith, W.L. et al., 2011).

1.2.1

Biosynthesis and pathophysiological functions of prostanoids

The principal prostanoids include prostaglandins PGE2, PGD2, PGF2ơ, PGI2
(prostacyclin) and thromboxane A2 (TXA2). These are synthesised from arachidonic acid
originating from cellular membranes in nearly all nucleated cells. Arachidonic acid is
released from membrane phospholipids mostly by cytosolic phospholipase A2 (cPLA2)
(Shinohara et al., 1999) and metabolised to PGG2, and rapidly onwards to PGH2 by
COX enzymes (Figure 1).
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Figure 1. Biosynthesis of lipid mediators catalysed by cyclo-oxygenase (COX) and lipoxygenase (LO)
enzymes. cPLA2: Cytosolic phospholipase A2; COX: Cyclo-oxygenase; PG: Prostaglandin;
PGDS: Prostaglandin D synthase; PGFS: Prostaglandin F synthase; PGIS: Prostaglandin I
synthase; mPGES-1: Microsomal prostaglandin E synthase-1; mPGES-2: Microsomal
prostaglandin E synthase-2; cPGES: Cytosolic prostaglandin E synthase; TXA2: Thromboxane
A2; TXAS: Thromboxane synthase.

COX enzymes feature two isoforms; constitutively expressed COX-1, which is
responsible for the basal housekeeping production of prostanoids, and COX-2, the
expression of which is induced in inflammatory conditions. COX-1 and COX-2 are
structurally rather similar but their intracellular localisation is different (Vane et al., 1998).
More importantly, their distribution between different cells and tissues differs
dramatically: COX-1 is constitutively expressed in nearly all tissues, whereas basal COX2 expression is principally recognised in the brain, kidney, testes, trachea and female
reproductive tract (Lipsky et al., 2000; Smith, W.L. et al., 1996). COX enzymes serve as
targets for NSAID treatments, as their inhibition reduces the production of prostanoids,
including the most significant pro-inflammatory prostanoid, PGE2 (Portanova et al.,
1996; Vane et al., 1998; Warner and Mitchell, 2004).
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The unstable intermediate product, PGH2, is converted to different prostanoids by
their respective terminal synthases (Figure 1), which are variously distributed between
different cell types with respect to their biological activities (Funk, 2001; Ricciotti and
FitzGerald, 2011). PGE2 plays a significant role in inflammation, but it is also important
in maintaining normal physiology, like the integrity of gastric mucosa (Kabashima et al.,
2002; Takeuchi, 2012), normal blood pressure via regulation of natriuresis in the kidney
(Harris, R.C. and Zhang M., 2011; Villa et al., 1997) and essential functions of the female
reproductive system (Duffy et al., 2010).
PGI2, also known as prostacyclin, is synthetized by prostaglandin I synthase (PGIS),
and its actions are mediated via IP-receptors that are expressed particularly in the
kidneys, liver, lung, platelets, cardiovascular system and neurons associated with
nociception (Doi et al., 2002; Murata et al., 1997; Oida et al., 1995; Smyth and FitzGerald,
2002). PGI2 is a critical mediator of cardiovascular functions in vascular smooth muscle
cells and endothelium, because it acts as a vasodilator and inhibits platelet aggregation.
Antithrombotic properties of PGI2 have been characterised using IP-receptor-deficient
mice, which are more susceptible to thrombotic events than wild type (WT) controls
(Murata et al., 1997). PGI2 together with PGE2 also mediates pain perception and
inflammatory response (Bley et al., 1998). More precisely, PGI2 is suggested to mediate
immediate pain whereas PGE2 is suggested to participate in inflammatory pain
sensitisation in a more general manner (Minami et al., 2001; Murata et al., 1997; Ricciotti
and FitzGerald, 2011; Stock et al., 2001; Ueno et al., 2001).
PGD2 is an eicosanoid that is known to have a role in mediating the sleep-wake cycle,
pain perception, and obesity (Eguchi et al., 1999; Urade and Hayaishi, 2011; Pawelzik et
al., 2019). Since PGD2 enhances bronchoconstriction and attracts eosinophils, it has a
role in the pathophysiology of asthma (Fujitani et al., 2002; Murray et al., 1986).
However, PGD2 and especially its metabolites have been found to inhibit the
inflammatory transcription factors nuclear factor ƪB (NF-ƪB), and consequently, the
expression of inducible nitric oxide synthase (iNOS) and tumour necrosis factor ơ
(TNF-ơ) (Straus et al., 2000). PGD2 metabolites have also been suggested to promote
resolution of inflammation, but knowledge is limited of the underlying mechanisms and
pathophysiological relevance of these findings (Rajakariar et al., 2007; Scher and
Pillinger, 2005).
PGF2ơ is synthesised by prostaglandin F synthase (PGFS) and regulates many
functions related to the female reproductive system. Moreover, it has been reported to
regulate also the renal function (Breyer and Breyer, 2001), intraocular pressure (Giuffrè,
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1985), cardiovascular functions (Jovanovic et al., 2006; Lai et al., 1996) and, importantly,
inflammation and pain (Basu et al., 2001; Basu, 2010; Kunori et al., 2009). However, the
independent role of elevated PGF2ơ levels in clinical signs of inflammation remains
elusive (Basu, 2007).
TXA2 is synthesised by thromboxane synthase (TXAS) mostly by platelets in a
COX-1-dependent manner. It is a significant mediator of hemostasis, because inhibition
of TXA2 production inhibits platelet adhesion and aggregation. The well-established use
of low-dose aspirin in prevention of arterial thromboses is based on reduced TXA2
production via irreversible inhibition of COX-1 (Funk and FitzGerald, 2007). TXA2 also
promotes smooth muscle cell contraction and endothelial atherogenesis (Nakahata,
2008). Since PGI2, in turn, promotes the relaxation of endothelial smooth muscle cells
and inhibits platelet aggregation, TXA2 is deemed as a physiological antagonist for PGI2
(Funk and FitzGerald, 2007; Moncada and Vane, 1980; Warner and Mitchell, 2004).
Disrupted balance between these two prostanoids is, in fact, assumed to have a
significant role in the development of the cardiovascular adverse effects of COX
inhibitors, as will be discussed further.

1.2.2

Role of PGE2 in inflammation and pain

PGE2 has both physiological and pathological functions. It is classically assigned as the
most substantial inflammatory prostanoid, and its production is increased in
inflammatory conditions. PGE2 has been recognised to mediate the classical signs and
symptoms of inflammation, such as pain, swelling, heat, redness and tissue injury (Funk,
2001; Trebino et al., 2003). It cooperates with vasodilative factors, such as histamine or
bradykinin, and increases blood flow and vascular permeability in inflamed tissues
(Omori et al., 2014). PGE2 is additionally an important factor in pain perception,
regardless of the type of pain (Kawabata, 2011). It increases pain sensitisation directly
by increasing the excitability in sensory neurons of dorsal root ganglions (Davidson et
al., 2014; England et al., 1996). PGE2 may increase the activation of protein kinase A
(PKA) or protein kinase C (PKC) in peripheral nociceptors and thus may sensitise
nociceptive ion channels, such as transient receptor potential vanilloid 1 (TRPV1)
(Kawabata, 2011) and transient receptor potential ankyrin 1 (TRPA1) (Dall'Acqua et al.,
2014). PGE2 is also suggested to be an essential mediator of fever in the central nervous
system (Coceani et al., 1986; Coceani and Akarsu, 1998; Engblom et al., 2003; Ivanov
and Romanovsky, 2004) in a manner dependent on prostaglandin E receptor 3 (EP3)
(Ushikubi et al., 1998). Considering these data, it is obvious that inhibition of PGE2
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formation likely plays a role in the development of anti-inflammatory and analgesic
treatments.

1.2.3

Prostaglandin E receptors

The functions of PGE2 are mediated through G-protein-coupled PGE receptors (EP1EP4), which are differently distributed between tissues holding different and partly
counteracting roles in physiology and pathology (Kawahara et al., 2015; Sugimoto and
Narumiya, 2007). According to studies on selective EP receptor agonists and
antagonists, all of these receptors seem to play a role in inflammation and/or pain
(Kawahara et al., 2015; Lebender et al., 2018). Table 1 lists the most prominent PGE2
receptor functions related to inflammation and pain, based on experiments with EP
receptor knockout (KO) mice.
Specific EP receptor antagonists have been proposed as novel anti-inflammatory and
analgesic agents. It is, however, not absolutely clear which receptor(s) would be the most
profitable therapeutic targets. EP2 and EP4 receptors have been proposed especially as
therapeutic targets for new anti-inflammatory and analgesic drugs (Honda et al., 2006;
Johansson et al., 2013; Kirkby Shaw et al., 2015; Lin, C.R. et al., 2006; Murase et al.,
2008), aiming for better tolerability than COX inhibitors. However, EP2-receptordeficient mice have been found to have a decreased fertility rate and to be susceptible to
salt-induced hypertension (Kennedy et al., 1999), while EP4 receptor has been suggested
to mediate the anti-inflammatory effects of PGE2 in lung inflammation (Birrell et al.,
2015). EP4 is also associated with obesity-related inflammation, insulin sensitivity and
so-called alternatively activated M2 polarisation in contrast to classically activated M1
polarisation of macrophages (Yasui et al., 2015). A phase I trial on a specific EP4 receptor
antagonist, LY3127760, was recently completed (Jin, Yan et al., 2018) and at the time of
writing, another EP4 receptor antagonist, CR6086, was under investigation for a novel,
disease-modifying antirheumatic drug (DMARD) in a phase II trial (Caselli et al., 2018).
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Table 1. Inflammation-related properties and functions of different prostaglandin E receptors (EP) based
on receptor knockout mice studies.
Receptor
EP1

EP2

EP3

EP4

Signaling

Function

References

Ca2+

TRPV1 sensitisation in inflammatory thermal
hyperalgesia

(Moriyama et al., 2005)

Promotes joint inflammation in CIA
Mediates pain in spinal hyperalgesia

(Honda et al., 2006)
(Reinold et al., 2005)

Attenuates allergic sensitisation and lung
inflammation

(Zasáona et al., 2014)

Fever

(Ushikubi et al., 1998)

Acetic-acid-induced pain response

(Ueno et al., 2001)

Analgesia and neuronal sensitisation

(Natura et al., 2013)

Tumour-associated angiogenesis

(Amano et al., 2003)

Pain responses induced by viral infections

(Minami et al., 2003)

Mast-cell activation and vascular permeability

(Morimoto et al., 2014)

Promotes joint inflammation in CIA

(Honda et al., 2006)

Attenuates experimental colitis

(Kabashima et al., 2002)

cAMP

cAMP

cAMP

Th1 and Th17 differentiation of T cells
(Yao et al., 2009; Yao et al., 2013)
cAMP: cyclic adenosine monophosphate; TRPV1: transient receptor potential cation channel subfamily V
member 1; CIA: collagen-induced arthritis; DC: dendritic cell; Th: T helper cell

1.3

Nonsteroidal anti-inflammatory drugs

Salicylates derived from plants, such as willow tree bark, have been used to treat fever
and pain at least since 1500 BCE. The effects of willow tree bark in these conditions was
investigated in a clinical trial in the 18th century. Salicin was isolated from willow tree
bark (Salix) in the early 19th century and thereafter advanced to salicylic acid, which was
already at that time found to be irritating to the gastric tissues. Therefore, a derivative
that causes less gastric irritation, acetylsalicylic acid (aspirin), was synthesised, which
occurred for the first time in 1853 (Hawkey, 2005). However, inhibition of prostanoid
synthesis as the mechanism of action for aspirin-like drugs was introduced for the first
time only in the early 1970s (Collier and Flower, 1971; Ferreira et al., 1971; Smith, J.B.
and Willis, 1971; Vane, 1971). The classical NSAIDs act as nonselective inhibitors of
COX enzymes, which reflects on both their efficacy and toxicity. NSAIDs may be
classified into different groups according to their chemical structure or selectivity against
COX-2. Regardless of the category, their analgesic and anti-inflammatory effects are
considered to be based on reduced production of pro-inflammatory prostanoids, mainly
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PGE2, following inhibition of COX (Kawada et al., 2012; Yang, G. and Chen L., 2016).
Aspirin is a certain kind of exception to this, as it irreversibly inhibits COX-1 and
attenuates the production of TXA2 in platelets for a prolonged period and, thus, inhibits
platelet aggregation and acts against thromboembolic vascular events (Gibson, 1949;
Smith, J.B. and Willis, 1971; Toth et al., 2013). Moreover, aspirin promotes production
of the anti-inflammatory lipid mediator 15-(R)-HETE through acetylation of COX-2
(Lecomte et al., 1994; Schror and Rauch, 2015). Although aspirin has lost its popularity
in treating inflammatory pain due to its known adverse effects, the role of low-dose
aspirin in primary and secondary prevention of myocardial infarction and stroke is still
strongly supported (Baigent et al., 2009; Stable Coronary Artery Disease: Current Care
Guidelines Abstract, 2015).
NSAIDS have been the most prescribed and consumed drugs worldwide for a long
time. Their indications are diverse, including OA, musculoskeletal diseases, and various
other conditions related to inflammatory pain. The pharmacological interest in NSAIDs
started to reawaken in the early 1990s, when the COX enzyme was found to exist in two
isoforms. The gastrointestinal risks of traditional NSAIDs were associated with COX-1
inhibition, so it was hypothesised that by inhibiting COX-2 selectively, it would be
possible to achieve a safer drug, especially in terms of reducing gastrointestinal toxicity
(Warner et al., 1999), which has been demonstrated to be true to a certain extent (Hooper
et al., 2004; Silverstein et al., 2000; Yuan et al., 2016). Hence, the development of COX2 selective inhibitors was encouraged, and the first of these, celecoxib, was approved for
clinical use in 1998 and was soon followed by rofecoxib in 1999. The clinical efficacy of
traditional NSAIDs and selective COX-2 inhibitors (coxibs) in alleviating pain and
inflammatory symptoms has been reported to be equivalent (FitzGerald, 2003; Huntjens
et al., 2005).

1.3.1

Adverse effects of NSAIDS

Traditional NSAIDs that inhibit both COX enzymes unequivocally increase the risk of
gastrointestinal ulcers and bleedings (Bjarnason et al., 1993; Bjarnason, 2013). The
tendency of aspirin to cause gastrointestinal damage was first shown in 1938
(Douthwaite and Lintott, 1938). The risk assessment primarily depends on existing risk
factors, such as higher age, previous peptic ulcer, certain drugs (eg. glucocorticoids,
selective serotonin reuptake inhibitors, anticoagulants), and the dose and duration of
NSAID usage (Sostres et al., 2013). Using a COX-2 selective inhibitor indeed reduces
the risk of gastric damage as compared to a traditional NSAID (Bombardier et al., 2000;
Moore, R.A. et al., 2005; Rostom et al., 2007; Schnitzer et al., 2004; Silverstein et al.,
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2000). This is most likely explained by the ability of COX-1-derived prostaglandins to
maintain the integrity of the gastric epithelium (Laine et al., 2008), in which the
expression of COX-2 is very low under physiological circumstances (Kargman et al.,
1996). However, COX-2 is shown to participate in the repair process of gastric ulcers,
and, accordingly, treatment with selective COX-2 inhibitors slows the healing of
NSAID-induced gastric ulcers as compared to placebo (Laine et al., 2008).
Rofecoxib was found to increase the incidence of myocardial infarctions in a placebocontrolled study, where its preventive effect on colorectal adenomas was investigated
(Bresalier et al., 2005). The connection between coxibs and increased cardiovascular risk
was also supported by data from other studies (Baron et al., 2008; Graham et al., 2005;
Jüni et al., 2004), which led to rofecoxib’s withdrawal from the market. The underlying
mechanisms are not definitely addressed, but increased blood pressure, reduced
production of cardioprotective PGI2 or altered PGI2/TXA2 ratio in smooth muscle cells
and endothelium have been suggested (FitzGerald et al., 2001; Mukherjee et al., 2001;
Patrono and Baigent, 2017; Yu, Y. et al., 2012). Inhibition of COX-2 also leads to
impaired function of endothelial nitric oxide synthase (eNOS), which is essential to
vasodilation and normal platelet function (Ahmetaj-Shala et al., 2015; Kirkby et al., 2016;
Mitchell and Kirkby, 2019).
After the potential cardiovascular risks of coxibs emerged, the cardiovascular safety
of NSAIDs in general was questioned (Kearney et al., 2006; Helin-Salmivaara et al.,
2006)). It is currently concluded that all NSAIDS may feature cardiovascular risks and
that the risk likely increases with respect to the intensity of COX-2 inhibition rather than
the selective inhibition of COX-2 as a particular mechanism (Anwar et al., 2015; Gunter
et al., 2017; Warner and Mitchell, 2008). Diclofenac, ibuprofen at high doses (>2400 mg
daily) and coxibs are suggested especially to increase the risk of atherothromboses in a
dose-dependent manner (Bhala et al., 2013; Nissen et al., 2016; Schmidt et al., 2018).
Estimating the possibility of NSAID-related adverse events is even more complicated
for patients with both coronary artery disease and peptic ulcer using low-dose aspirin, as
the profitable effect of selective COX-2 inhibition to gastrointestinal bleedings is lost
due to the effect of aspirin on platelets (Chan, F.K.L. et al., 2017; Rostom et al., 2007).
Another clinically important observation is that the antithrombotic effect of aspirin is
lost with concomitant use of traditional NSAIDs because the COX inhibitor acts as a
competitive antagonist for aspirin in platelet COX-1 (Catella-Lawson et al., 2001).
NSAIDS are known to affect renal function, to increase the risks of hypertension
and congestive heart failure and to antagonise the effect of most commonly used
antihypertensive drugs (Johnson, A.G. et al., 1994; Johnson, A.G., 1997; Musu et al.,
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2011; Arfé et al., 2016). The mechanism was formerly supposed to rest on COX-1
inhibition, as it is generally assumed as a functional housekeeping enzyme. However, as
COX-2 selective inhibitors were introduced, it was revealed that COX-2 is constitutively
expressed in kidneys and plays a significant role in kidney physiology (Cheng, H. and
Harris R.C., 2004). COX-2-derived prostanoids regulate the reabsorption of sodium and
water in the ascending limb and collecting duct of the kidney, participate in the regulation
of renin release and control renal blood flow. Therefore, it is comprehensible that COX
inhibitors potentially affect the therapeutic response of antihypertensive drugs by
mechanisms linked to kidney physiology. Traditional NSAIDs as well as selective
COX-2 inhibitors inhibit the effect of Ƣ-blockers and angiotensin-converting enzyme
(ACE) inhibitors but not that of calcium channel blockers (Morgan and Anderson, 2003;
Whelton et al., 2002).
The less-discussed adverse effects related to COX inhibitors include exacerbation of
asthma, which is caused by shunting of arachidonic acid towards 5-LO pathway and,
thus, increased production of leukotrienes. However, this affects only a minority of
patients with a genetic tendency (Ledford et al., 2014). Hepatotoxicity is an even less
frequent adverse effect, whose mechanism is poorly understood (Bessone, 2010).

1.4

mPGES-1

mPGES-1 belongs to a superfamily of membrane-associated proteins in eicosanoid and
glutathione metabolism (MAPEG) that share structural similarities (Samuelsson et al.,
2007). Not only are the inhibitors of mPGES-1 hypothesised to form a next generation
of NSAIDs (Korotkova and Jakobsson, 2014), but mPGES-1 and increased production
of PGE2 have also been investigated with connection to many different conditions with
an inflammatory component, such as arthritis and inflammatory pain, atherosclerosis,
stroke, Alzheimer’s disease and various types of cancer (Bahia et al., 2014; Hara et al.,
2010; Koeberle and Werz, 2015; Samuelsson et al., 2007).
mPGES-1 shares many characteristics with COX-2, as it is induced by proinflammatory cytokines and also partly colocalised with COX-2, while their kinetics and
regulation of expression are partly different (Diaz-Munoz et al., 2010; Samuelsson et al.,
2007). The two other PGE synthases, mPGES-2 and cPGES, are constitutively
expressed in most tissues, functionally coupled with COX-1 and considered responsible
for basal PGE2 production (Sampey et al., 2005; Samuelsson et al., 2007; Tanikawa et al.,
2002; Tanioka et al., 2000). The considerable relevance of basal PGE2 production by
cPGES is demonstrated by the finding that cPGES-deficient mice are not viable
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(Nakatani et al., 2007), whereas mPGES-1-deficient mice develop normally but have
attenuated inflammatory responses (Ricciotti and FitzGerald, 2011; Samuelsson et al.,
2007). These findings underline the substantial differences between basal and inducible
PGE2 production by the different enzymes.

1.4.1

Structure and regulation of mPGES-1

mPGES-1 protein has a 16 kDa homotrimer structure. The gene is located in human
chromosome 9q34.3 (Jakobsson et al., 1999; Samuelsson et al., 2007), and the expression
of mPGES-1 depends on glutathione as a cofactor (Jakobsson et al., 1999). The
promoter of the mPGES-1 gene contains two GC boxes but lacks a TATA box
(Forsberg et al., 2000). The known regulatory elements in the promoters are different
between mPGES-1 and COX-2 (Sampey et al., 2005), which likely contributes to the
regulatory differences between the enzymes.
Many pro-inflammatory factors, for instance IL-1Ƣ, lipopolysaccharide (LPS) or
TNF-ơ, are known to induce mPGES-1 expression in different cell types, and mPGES1 is strongly expressed in tissues with relation to various inflammatory conditions
(Koeberle and Werz, 2015; Sampey et al., 2005; Samuelsson et al., 2007). Basal
expression of mPGES-1 is dependent on specificity proteins (SP1, SP3) (Ekström et al.,
2003) and CCAAT/enhancer-binding protein Ƣ (Walters et al., 2012). Early growth
response protein 1 (EGR-1), an important transcriptional regulator in inflammation and
mitogenesis, enhances stimulus-induced mPGES-1 expression by binding to a GC box
in the mPGES-1 promoter (Cheng, S. et al., 2004; Naraba et al., 2002; Subbaramaiah et
al., 2004). Another essential transcriptional regulator of mPGES-1 expression is NF-ƪB,
which increases the transcriptional activity of the mPGES-1 promoter both directly, and
indirectly by regulating the activity of EGR-1 (Deckmann et al., 2012; Diaz-Munoz et
al., 2010). Other known transcription factors involved in mPGES-1 expression are
hypoxia-inducible factor 2ơ (HIF2ơ) (Xue, X. and Shah, 2013), cyclic adenosine
monophosphate (cAMP) response element-binding protein (CREB) (Diaz-Munoz et al.,
2012) and activator protein 1 (AP-1) (Jüngel et al., 2007; Moon et al., 2005). Disruption
of NF-ƪB pathway has been reported to inhibit mPGES-1 expression in chondrocytes
(Bianchi et al., 2005). Accordingly, concomitant disruption of NF-ƪB and AP-1 signalling
was found to inhibit the expression of mPGES-1 but not that of COX-2 in human
synovial fibroblasts (Jüngel et al., 2007). However, this mechanism cannot be generalised
to all cell types (Kundu et al., 2006), which complicates the interpretation of distinct cell
type-specific findings in practice. Known examples of compounds inhibiting mPGES-1
expression by interfering with NF-ƪB or EGR-1 are curcumin (Moon et al., 2005),
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dimethylcelecoxib (Deckmann et al., 2010) and the peroxisome proliferator-activated
receptor ƣ (PPARƣ) ligand, troglitazone (Cheng, S. et al., 2004).
Mechanisms concerning post-transcriptional regulation of mPGES-1 expression are
less well understood. The MAPK c-Jun N-terminal kinase (JNK) has been suggested to
sustain the stability of the mRNA in mouse cardiomyocytes (Degousee et al., 2006). 7hydroxyl-1-methylindole-3-acetonitrile, a synthetic derivative of arvelexin, has been
presented to inhibit the expression of mPGES-1 in macrophages and in carrageenaninjected paw tissues through destabilising mPGES-1 mRNA, whereas the MAPK
phosphorylation remained intact in that model (Shin et al., 2014). Several microRNAs
(miRNAs) and Hu antigen R (HuR), which affect the stability of COX-2 mRNA (Harper
and Tyson-Capper, 2008), are also suggested to participate in the regulation of mPGES1 (Akhtar and Haqqi, 2012; Moore, A.E. et al., 2011).
Many similarities exist in the inflammatory pathways involved in induction of COX-2
and mPGES-1, and they are often functionally coupled. Yet, not only do their gene
promoters have dissimilarities, but it is also well characterised that the kinetics of
mPGES-1 and COX-2 expression are different and variable between different cell types.
The induction of mPGES-1 expression is significantly slower in macrophages, but the
elevated expression levels are retained for longer than 24 hours, whereas COX-2 protein
expression reaches its apex between 6 and 18 hours in a comparative setting (Xiao et al.,
2012). Moreover, mPGES-1 induction is generally slower compared to COX-2,
especially concerning the protein (Diaz-Munoz et al., 2010). An interesting detail is that
exogenous PGE2 has been reported to augment mPGES-1 but not COX-2 expression,
regardless of dexamethasone treatment. This suggests a positive feedback mechanism
between PGE2 and mPGES-1 expression in human chondrocytes (Shimpo et al., 2009),
which has been reported to concern also COX-2 in human fibroblasts (Yucel-Lindberg
et al., 2006). By contrast, in primary rat spinal cord neurons, stimulation of EP2 receptors
by PGE2 negatively regulates mPGES-1 expression (Brenneis et al., 2011), again
indicating cell type-specific differences in feedback mechanisms mediating mPGES-1
expression.

1.4.2

Expression and functions of mPGES-1 in different tissues

mPGES-1 is induced in most tissues, particularly within inflammation. It has
nevertheless been found to be constitutively expressed in low levels in the reproductive
tissues, lungs, spleen, gastric mucosa and kidneys (Koeberle and Werz, 2015). In spite of
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this, there are no significant abnormalities reported in physiological functions, such as
reproduction, in mPGES-1-deficient mice (Hara et al., 2010).
mPGES-1 is expressed in the kidneys, especially at the distal tubule and collecting
duct (Guan, Y. et al., 2001) and colocalises with both COX-1 and COX-2 (Schneider et
al., 2004), suggesting a role in both basal and induced PGE2 synthesis in these tissues.
Renal function has, nevertheless, been reported to be intact regardless of long-term
inhibition of mPGES-1 (Salazar et al., 2014). mPGES-1 likely contributes to renal
excretion and regulation of electrolyte equilibrium. The data are limited about the
potential role of mPGES-1 in the regulation of kidney function or renal blood pressure
(Yang, G. and Chen L., 2016), but the systemic blood pressure in mPGES-1 KO mice
has been reported to be normal (Cheng, Y. et al., 2006).
mPGES-1 and PGE2 have two-faceted roles in the gastric mucosa, because PGE2 is
essential in maintaining the integrity of the mucosa but may exacerbate the inflammatory
process at high levels (Sheibanie et al., 2007). mPGES-1 is constitutively expressed in
gastric mucosa, and its function is coupled with COX-1, as the COX-1-dependent PGE2
formation is decreased in stomach tissues from mPGES-1-deficient mice (Boulet et al.,
2004), unlike in most other tissues. However, mPGES-1 is upregulated in the gastric
mucosa with helicobacter-infection (Oshima et al., 2004), with mPGES-1 expression
functionally connected to COX-2 expression (Gudis et al., 2005), and in patient samples
with ulcerative colitis or Crohn’s disease (Subbaramaiah et al., 2004), which also
emphasises its inflammatory role in the gastrointestinal tract. A selective mPGES-1
inhibitor, MF63, has not been reported to cause gastrointestinal adverse effects while
inhibiting PGE2 production in stomach tissue of guinea pigs or squirrel monkeys (Xu et
al., 2008). The current hypothesis is that a selective mPGES-1 inhibitor would be as well
tolerated as coxibs concerning the gastrointestinal adverse effects, as the constitutively
expressed PGE2 synthases would stay intact regardless of mPGES-1 inhibition.

1.4.3

Role of mPGES-1 in inflammation and pain

The expression of mPGES-1 is distinctly upregulated in various inflammatory
conditions, such as arthritis (Kojima et al., 2004; Li, X. et al., 2005; Westman et al., 2004;
Zhou et al., 2017) and inflammatory bowel disease (Subbaramaiah et al., 2004). The
implication of mPGES-1 in pain perception has been demonstrated in experimental
models using mPGES-1-deficient mice (Kamei et al., 2004; Trebino et al., 2003). The
role of mPGES-1 has also been studied in different models of inflammatory diseases by
comparing outcomes between mPGES-1 KO and WT mice. Table 2 summarises these.
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Deletion of mPGES-1 has been shown to increase the severity of collagen-antibodyinduced arthritis (CAIA) (Frolov et al., 2013), whereas in a collagen-induced arthritis
(CIA) model, deletion or inhibition of mPGES-1 has resulted in reduced disease severity
(Kojima et al., 2008; Trebino et al., 2003; Zhou et al., 2017). This discrepancy was
explicated by the inability of mPGES-1-deficient mice to produce auto-antibodies
against type II collagen (Frolov et al., 2013), which highlights the pathogenic role of
mPGES-1 in RA particularly as a part of the adaptive immune response, but it also
suggests that inhibiting mPGES-1 might exacerbate neutrophil-mediated inflammatory
conditions. However, due to a lack of clinical trials on mPGES-1 inhibitors, the clinical
relevance of these detected findings in animal/disease models remain elusive.
Table 2. Findings in different in vivo-models in mPGES-1 knockout mice.
Outcome in mPGES-1 KO mice as compared to WT mice

References

Histopathological score in CIA model

(Kojima et al., 2008; Trebino et al., 2003)

Histopathological score in CAIA model

(Frolov et al., 2013)

Histopathological score in CAIA model

(Kamei et al., 2004)

Pain / hypersensitivity responses

(Kamei et al., 2004; Trebino et al., 2003)

Angiogenesis and formation of
granulation tissue

(Kamei et al., 2004)

Fever genesis in experimental
models of peripheral inflammation

(Engblom et al., 2003; Saha et al., 2005)

Activity and aggregation of platelets

(Raouf et al., 2016)

VNS-induced immunosuppression

(Le Maitre et al., 2015)

Neuropathic pain

(Mabuchi et al., 2004)

KO: knockout; WT: wild type; CIA: collagen-induced arthritis; CAIA: collagen-antibody-induced arthritis; VNS:
vagus-nerve stimulation

1.4.4

mPGES-1 as a drug target

Considering the role of mPGES-1 in inflammation, it has been hypothesised that
selective inhibition of mPGES-1 would result in reduced PGE2 production under
inflammatory conditions, whereas the physiological PGE2 production by constitutive
PGE synthases, as well as the production of other prostanoids, would remain intact
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(Hoxha, 2017; Korotkova and Jakobsson, 2014). This is a desired mechanism in reducing
the burden of unwanted side effects associated with NSAIDs and coxibs while retaining
their clinical efficacy. The reduced PGE2 formation in mPGES-1-deficient mice after
pro-inflammatory stimulus follows this hypothesis (Trebino et al., 2003; Uematsu et al.,
2002). In rodent models, the selective mPGES-1 inhibitor MF63 relieved pyresis and
pain without toxic effects in the gastrointestinal tract, as was hypothesised (Xu et al.,
2008).
When mPGES-1 is deleted or inhibited, shunting of the residual substrate PGH2
towards other prostanoid synthases has been reported. This phenomenon has been
investigated using mPGES-1-deficient mice (Idborg et al., 2013; Kamei et al., 2004;
Trebino et al., 2005). Stimulated macrophages from mPGES-1-deficient mice produced
increased amounts of TXA2, PGI2, PGF2ơ and PGD2 as compared to the macrophages
from WT mice (Kamei et al., 2004; Trebino et al., 2005). In the analysis by Kamei et al.,
the PGI2 production in the peritoneum was surprisingly lower in mPGES-1-deficient
mice than in WT controls following LPS treatment, suggesting that formation of PGI2
is dependent on mPGES-1-derived PGE2 in the setting used. According to a more
recent study, the levels of anti-inflammatory lipid mediators, namely 13hydroxyoctadecadienoic acid and metabolites of PGD2 were increased in peritoneal
macrophages from mPGES-1 KO mice (Idborg et al., 2013). This suggests that
inhibition of mPGES-1 might also have anti-inflammatory effects, which are not directly
dependent on reduced PGE2 production.
In LPS-stimulated human whole blood, treatment with the mPGES-1 inhibitor MF63
resulted in increased production of PGF2ơ and thromboxane B2 (a metabolite of TXA2)
along with reduced PGE2 (Mazaleuskaya et al., 2016). In LPS-stimulated leukocytes from
horse whole-blood samples, MF63 only decreased PGE2 levels without any changes in
other prostanoids (Martin and Jones, 2017). In an in vivo study where prostanoid
production was compared between WT and mPGES-1 KO mice in a tissue-specific
manner, it was found that mPGES-1 contributes to basal PGE2 production in the brain,
kidney, spleen and stomach tissues (Boulet et al., 2004). Moreover, production of all
prostanoids except that of PGE2 was increased specifically in the stomach tissues from
mPGES-1 KO mice, which most likely results from shunting of the residual PGH2
towards other prostanoid synthases, as the expression of other terminal prostanoid
synthases and COX-2 stayed unaltered. Effects of the mPGES-1 inhibitor LY3023703
on prostanoid metabolism have been studied in a clinical setting: LY3023703 did not
alter serum TXA2 levels as compared to a placebo, while celecoxib inhibited the
production of TXA2 as expected (Jin, Y. et al., 2016). However, increased urinary
excretion of metabolites of PGI2 and TXA2 was found among patients treated with
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LY3023703, as compared to celecoxib. In conclusion, it seems definite that inhibition of
mPGES-1 actually leads to altered production of other prostanoids in addition to
reduced PGE2 synthesis, most likely through substrate shunting in a tissue-specific
manner. The clinical significance of this requires more in vivo and human studies.
Inhibition of COX-2 likely increases the risk of thrombotic events by disrupting PGI2
production and/or by altering the ratio of PGI2 and TXA2 in endothelium, particularly
under hypoxic conditions, as discussed previously. mPGES-1 inhibitors are regarded as
a better option to coxibs in terms of cardiovascular safety (Cheng, Y. et al., 2006), but
whether the changes in PGI2 and TXA2 production seen with mPGES-1 inhibitors
influence this cannot be evaluated due to a lack of clinical data (Jin, Y. et al., 2016).
Different preliminary studies on the cardiovascular safety of mPGES-1 inhibitors have
been conducted. Increased TXA2 production, which has been linked to mPGES-1
inhibition (Jin, Y. et al., 2016; Trebino et al., 2005), might theoretically promote a
prothrombotic tendency and, moreover, PGI2 partly mediates pain and edema (Ricciotti
and FitzGerald, 2011). These complicated matters might affect the potential efficacy and
safety of mPGES-1 inhibitors in principle. Conversely, reduced activation and
aggregation of platelets in mPGES-1-deficient mice after LPS administration have been
reported (Raouf et al., 2016). Moreover, in an experimental study that compared the
effects of mPGES-1 inhibitor (compound III) and COX-2 inhibitor on human vascular
tone in vitro, the mPGES-1 inhibitor reduced vasoconstriction with a concomitant
increase of PGI2 production under inflammatory conditions (Ozen et al., 2017). Similar
increase in PGI2 was seen in mPGES-1 KO mice as compared to WT mice in a study
where mPGES-1-derived PGE2 also seemed to contribute to harmful remodelling of
endothelium and vascular damage related to hypertension (Avendano et al., 2018).
In mPGES-1 KO mice, neither thrombogenesis nor blood pressure were altered
(Cheng, Y. et al., 2006), whereas atherogenesis (Chen, L. et al., 2014; Wang, M. et al.,
2006) and abdominal aortic aneurysm formation (Wang, M. et al., 2008) were reported
to be restrained. Inhibition of mPGES-1 has also been suggested to retard aortic
aneurysm progression by promoting differentiation of human aortic smooth muscle cells
(Adedoyin and Loftin, 2016). In an experimental model of vascular injury, the outcome
of mPGES-1 deletion has been reported to be cell type-specific and promoted targeting
of macrophages instead of smooth muscle cells or endothelial cells (Chen, L. et al., 2013).
Loss of mPGES-1 does not increase ischemic myocardial damage in a model of coronary
occlusion, unlike inhibition of COX-2 (Wu, D. et al., 2009). Another report, however,
revealed that deletion of mPGES-1 led to unwanted myocardial hypertrophy, ventricular
dilatation and impaired ventricular function 28 days after an experimental myocardial
infarction in mice (Degousee et al., 2008).
34

Urinary osmolality is retained in mPGES-1-deficient mice (Francois et al., 2007). In
a phase I clinical trial comparing mPGES-1 inhibitor to celecoxib, statistically significant
changes in blood pressure or creatinine clearance were not found (Jin, Y. et al., 2016).
However, increased blood pressure has been reported in mPGES-1-deficient mice
challenged with high-salt diet (Jia et al., 2006) or angiotensin II (Zhang, D. et al., 2010).
The latter was later suggested to be strongly dependent on the genetic background of
the mice (Facemire et al., 2010). A diuretic response to acute, but not chronic, water
loading in mPGES-1-deficient mice has also been reported (Soodvilai et al., 2009). These
data suggest a potential role for mPGES-1-derived PGE2 in renal excretion of water and
sodium, as well as for maintenance of blood pressure homeostasis, but the clinical
relevance of pharmacological mPGES-1 inhibition in these terms is unclear. Concerning
the potential renal effects of mPGES-1 inhibitors, the existing data suggest that
mPGES-1 inhibitors are likely to be less harmful as compared to COX inhibitors
(Francois et al., 2007; Salazar et al., 2014).
In addition to the unquestionable role of mPGES-1 in inflammation, it is also
investigated as a potential drug target in various cancers. Chronic inflammation, and
particularly increased production of PGE2 is related to tumorigenesis (Larsson and
Jakobsson, 2015; Werb and Coussens, 2002). NSAIDs and coxibs have additionally been
found to decrease the incidence of many common cancers in epidemiological studies
(Harris, R.E., 2009) and to delay the progression of colon cancer (Ng et al., 2014).
Adverse effects related to NSAIDs and coxibs still prevent their use in primary and
secondary prevention of cancer, therefore, the role of mPGES-1 as a target for anticancer treatments is promising. mPGES-1, usually when united with COX-2, is
overexpressed in many cancer tissues (Larsson and Jakobsson, 2015; Larsson et al., 2015;
Rådmark and Samuelsson, 2010; Samuelsson et al., 2007). mPGES-1 KO mice were
found to have a significant reduction in intestinal cancer and adenomas (Nakanishi et
al., 2008; Nakanishi et al., 2011), although opposite findings have also been reported
(Rådmark and Samuelsson, 2010). Lung metastases (Takahashi et al., 2014), mammary
tumours and related angiogenesis (Howe et al., 2013) have also been found to be reduced
in mPGES-1 KO animals as compared to WT controls. The effect of mPGES-1
inhibitors on tumour formation and progression remains elusive due to lack of in vivo
studies (Larsson and Jakobsson, 2015).
It is known that glucocorticoids and some NSAIDS, in addition to their other antiinflammatory mechanisms of action, inhibit the expression of mPGES-1 (Kojima et al.,
2003; Stichtenoth et al., 2001). Altogether, the preceding data, as well as the fact that the
phenotype of mPGES-1 KO mice appears to be normal (Samuelsson et al., 2007),
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encourages the development of selective mPGES-1 inhibitors in terms of safety.
Whether the safety profile of mPGES-1 inhibitors will turn out to be superior to COX
inhibitors needs to be evaluated in extensive clinical trials.

1.4.5

Inhibitors of mPGES-1

The path towards a selective mPGES-1 inhibitor suitable for clinical use has been long
and challenging, mainly due to interspecies differences related to drug effects and
unfavourable pharmacokinetics and/or selectivity of the candidate drugs (Koeberle and
Werz, 2015; Korotkova and Jakobsson, 2014). Although mPGES-1 was characterised
already in 1999 (Jakobsson et al., 1999), no mPGES-1 inhibitors are available in the
market so far. Selectively reduced PGE2 production can be achieved by inhibiting either
the activity or the expression of mPGES-1. Many compounds are indeed reported to
inhibit mPGES-1 activity or expression in cell-free and in cell-based settings, including
NSAID-based compounds, plant-derived compounds and different synthetic molecules
with different chemical structures. At least four compounds have been investigated in
clinical trials, as discussed further below.
A major challenge in characterizing mPGES-1 inhibitors has been the different
effects between species. This is due to differences in PTGES gene, which codes
mPGES-1. This results from a critical difference between three amino acid residues in
the substrate binding site structure between the human and mouse enzymes (Pawelzik
et al., 2010). In other words, compounds that inhibit mPGES-1 activity in mouse cells,
often fail to do so in human cells, which has complicated the utilisation of wellcharacterised animal models in drug development. However, this question has recently
been processed through rational structure-based techniques, as some mPGES-1
inhibitors potent against both human and murine mPGES-1 have been developed (Ding,
K. et al., 2018; Larsson et al., 2019; Leclerc et al., 2013). Another recurrent problem has
been that many compounds that inhibit mPGES-1 in vitro fail to do so in vivo, which is
mainly caused by high lipophilicity and high affinity for plasma proteins by the
compounds (Chang, H.H. and Meuillet, 2011). Mostly because of these issues, the
number of inhibitors shown to have in vivo activity is limited. Table 3 lists examples of
mPGES-1 inhibitors that hold in vivo potential with plausible concentration / IC50 value.

36

Table 3. mPGES-1 inhibitors with in vivo potency.
Group

Compound

Species/model

Phenantrene imidazoles

MF63

Hyperalgesia, fever and
(Cote et al., 2007; Xu
MIA arthritis in guinea
et al., 2008)
pig / KI mouse

Phenantrene imidazoles

MF63 derivative
(Compound 4b)

Air pouch model in
mouse

(Ding, K. et al., 2018)

Benzoxazoles

PF-4693627

Guinea pig air pouch
model

(Arhancet et al., 2013)

Plant-derived compounds

Arzanol

Carrageenan-induced
pleurisy in rat

(Bauer et al., 2011)

Pirinixic acid derivatives

Compound 161

Peritonitis model in
mouse

(Hanke et al., 2013)

Benzoimidazoles

Compound III

Mouse air pouch model (Leclerc et al., 2013)

2-Acylaminoimidazoles

Compounds I and II

Mouse MIA model of
arthralgia

(Chandrasekhar et al.,
2016)

Ȗ-hydroxybutenoles

BTH2

Mouse air pouch and
CIA models

(Guerrero et al., 2009)

Sepsis model in rat

(Tseng et al., 2012)

Furo[3', 2':3,4]naphtho[1,2Compound 122
d]imidazole derivatives

Compounds 934,
CIA model in rat,
117, 118, 322 and
mouse air pouch
323
MIA: Monosodium iodoacetate; CIA: collagen-induced arthritis; KI: Knockin
1mPGES-1/5-LO dual inhibitor
2Inhibitor of mPGES-1 expression
Piperidine-4-carboxamide
derivatives

Reference(s)

(Larsson et al., 2019)

A significant number of plant-derived molecules have been shown to inhibit
mPGES-1 activity with a variable level of selectivity (Khan, H. et al., 2018; Koeberle and
Werz, 2018). Among these, at least arzanol and hyperforin inhibit PGE2 production in
vivo, at least partly via mPGES-1 inhibition (Bauer et al., 2011; Koeberle et al., 2011).
The first synthetic inhibitors of mPGES-1 were structurally based on inhibition of 5-LO
activating protein (FLAP), which also belongs to the MAPEG superfamily and shares
structural similarities with mPGES-1. The first representative of this group is MK-866
(Mancini et al., 2001). This compound, as well as its newer derivatives, failed to show in
vivo potency due to their strong ability to bind to plasma proteins (Claveau et al., 2003;
Riendeau et al., 2005).
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Substituted phenantrene imidazoles were developed later on as more potent and
orally bioavailable mPGES-1 inhibitors. MF63, a representative of this group, was
shown to inhibit mPGES-1 in human whole blood and to inhibit pyresis and acute
inflammatory hyperalgesia in guinea pigs (Cote et al., 2007; Mazaleuskaya et al., 2016;
Xu et al., 2008). Xu et al. generated human mPGES-1 knockin (KI) mice by replacing
the mouse PTGES gene with the human PTGES gene. MF63 showed analgesic effects
in KI mice in the well-characterised monosodium iodoacetate (MIA)-induced OA
model. Moreover, MF63 did not show the gastrointestinal adverse effects typical to
NSAIDS in the KI mice or squirrel monkeys (Xu et al., 2008). A good gastrointestinal
tolerability was also noticed when the effects of celecoxib and a recently presented
compound 4b (an MF63 derivative) were compared in mice (Ding, K. et al., 2018).
Another orally bioavailable mPGES-1 inhibitor with a benzoxazole
piperidinecarboxamide structure (PF-4693627) was presented in 2013. It was effective
in an air pouch model of inflammation in guinea pigs but not in mice or rats (Arhancet
et al., 2013). Newer 2-acylaminoimidazole-based inhibitors were also shown to attenuate
pain in MIA-induced arthritis in guinea pigs (Chandrasekhar et al., 2016). Any data about
clinical studies on these compounds are unavailable so far.
Some clinically used NSAIDS and coxibs, for instance sulindac (Thoren and
Jakobsson, 2000) and celecoxib (Wobst et al., 2008), inhibit mPGES-1 expression
and/or activity at high concentrations. More precisely, a close derivative of celecoxib,
dimethylcelecoxib, seemingly inhibits both the activity and the expression of mPGES-1.
The mechanism behind downregulation of mPGES-1 transcription is the suppression
of EGR-1 and NF-ƪB activities (Deckmann et al., 2010). Some NSAIDS have also been
presented to inhibit mPGES-1 expression in human OA chondrocytes, which may
contribute to their clinical efficacy in treating OA-related pain (Alvarez-Soria et al., 2008;
Sun, T.W. et al., 2015). Other NSAID-derived mPGES-1 inhibitors have also been
characterised (Elkady et al., 2012; Mbalaviele et al., 2010), but no data are available about
more advanced studies concerning compounds of this class. Another approach has been
to develop mPGES-1/5-LO dual inhibitors to optimise the ratio between efficacy and
adverse effects related to excessive leukotriene formation in inflammation (Koeberle et
al., 2008). A pirinixic acid derivative (compound 16) of this class has been shown to
reduce the production of PGE2 and cysteinyl leukotrienes in a zymosan-induced mouse
peritonitis model (Hanke et al., 2013). Interestingly, some endogenous, antiinflammatory lipid mediators, namely PGD2 metabolite 15d-PGJ2, arachidonic acid,
eicosapentanoic acid, docosahexanoeic acid and leukotriene C4, have been reported also
to inhibit mPGES-1 (Quraishi et al., 2002).
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At least four compounds inhibiting mPGES-1 activity have reached clinical trials.
These include 2-aminoimidazole-based inhibitors, LY3031207 and LY3023703, by Eli
Lilly and Company (Jin, Y. et al., 2016; Jin, Y. et al., 2018) and pyrido[4,3-d]pyrimidin4(3H)-one-based inhibitor GRC 27864 by Glenmark Pharmaceuticals (Sant et al., 2018).
Unfortunately, the 2-aminoimidazole-based inhibitors caused unexpected, dosedependent liver injuries among the subjects; the trials were thus prematurely terminated
(Jin, Y. et al., 2018). The hepatotoxicity induced by these compounds was, nevertheless,
suggested to be caused by reactive metabolites of their imidazole structures and therefore
not to be related to their inhibitory effect on mPGES-1 (Jin, Y. et al., 2018; Norman et
al., 2018). In contrast, the safety and tolerability of GRC 27864 in a phase I clinical trial
appeared to be promising (Sant et al., 2018). A clinical trial on the mPGES-1 inhibitor
GS-248 by Gesynta Pharma for systemic sclerosis was only recently published
(clinicaltrials.gov 2019a).
Some inhibitors of mPGES-1 expression have been described and have been shown
to attenuate the inflammatory response in different murine models with concomitant
and selective reduction of mPGES-1 expression and PGE2 production (Guerrero et al.,
2009; Tseng et al., 2012). Glucocorticoids have been shown to inhibit both the
expression and the activity of mPGES-1 (Stichtenoth et al., 2001). The antiinflammatory PGD2 dehydration product 15d-PGJ2, which inhibits mPGES-1 activity
(Prage et al., 2012; Quraishi et al., 2002), also inhibits mPGES-1 expression (Liu, C. et
al., 2014; Yucel-Lindberg et al., 2006). 15d-PGJ2 is known to activate the PPARƣ. The
PPARƣ ligand troglitazone, better known as an anti-diabetic drug, inhibits the expression
of mPGES-1 mRNA and protein in human synovial fibroblasts by affecting the EGR-1mediated transcription (Cheng, S. et al., 2004). The same mechanism is implicated in the
action of the polyphenolic antioxidant curcumin (Moon et al., 2005). In rat chondrocytes
however, 15d-PGJ2 inhibits mPGES-1 expression by inhibiting NF-ƪB in a manner
independent of PPARƣ (Bianchi et al., 2005; Moulin et al., 2006), which suggests that
15d-PGJ2 most likely downregulates the transcriptional expression of mPGES-1 by two
different mechanisms. This balance between pro- and anti-inflammatory prostanoids,
involving 15d-PGJ2 and mPGES-1-derived PGE2, has been suggested to deserve more
intensive research for future treatments in OA (Bar-Or et al., 2015).
The effects of selective inhibitors of mPGES-1 on cartilage metabolism and disease
progression in arthritis have not been comprehensively investigated. Therefore, in this
study, the effects of selective mPGES-1 inhibitors on gene expression in human OA
chondrocytes were studied by carrying out a genome-wide expression analysis.
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1.5

MAP kinase pathways

Four principal mitogen-activated protein kinase (MAPK) families have been described:
extracellular signal-regulated kinase (ERK)1/2, ERK5, p38 MAPK and JNK. MAPK
pathways are widely expressed intracellular protein cascades. They are evolutionally
conserved and present in all eukaryotic cells. MAPKs are activated by phosphorylation
of their threonine and tyrosine residues in consequence of phosphorylation of their two
upstream kinases (Figure 2). These are named MAPK kinase kinase (MAPKKK) and
MAPK kinase (MAPKK), respectively (Marshall, 1994). The three-tier activation cascade
of MAPKs allows either amplification or suppression of their responses by other
signaling mechanisms, leading to an interactive intracellular signaling network, which is
further complicated by the fact that some of the upstream kinases are able to
phosphorylate many of the MAPK pathways (Chang, L. and Karin, 2001; Pearson, G. et
al., 2001; Plotnikov et al., 2011). Phosphorylation of MAPK pathways gives rise to
intracellular translocation of MAPKs and activation of their target molecules, such as
transcription factors. This finally enhances functional alterations in protein expression.
Activation of the MAPK pathways is triggered by various physiological and
pathological extracellular stimuli, such as stress factors, bacterial products, growth
factors or cytokines. Consequently, MAPKs mediate many fundamental cellular
responses, such as mitosis, cell proliferation and differentiation, or inflammatory
responses through regulation of gene expression (Raman et al., 2007). Interestingly, all
principal MAPKs are suggested to participate in the pathogenesis of RA (Schett et al.,
2000) and they have been suggested as potential targets of disease-modifying treatments
for OA (Loeser et al., 2008; Saklatvala, 2007). p38 and JNK pathways have especially
evoked interest in various types of inflammatory diseases, as their activation is most
prominently associated with inflammation (Plotnikov et al., 2011). Figure 2 summarises
a description of MAPK cascades.
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Figure 2. Structure of the MAP kinase (MAPK) cascades. MAPKs are activated via phosphorylation by
their upstream kinases (MAPKKK and MAPKK), which are activated by different extracellular
stimuli. The transmission of extracellular signals is finally transported by phosphorylated MAPKs
to the nucleus, where they regulate gene expression through transcription factors and other
mechanisms.

1.5.1

ERK pathways

ERK1 and ERK2 were the first characterised MAPK proteins (Boulton et al., 1991;
Courchesne et al., 1989; Sturgill et al., 1988). Both ERK1 and ERK2 are ubiquitously
expressed and activated by mitogens, growth factors, cytokines, G protein-coupled
receptor ligands and other factors related to increased cellular stress (Leroy et al., 2007;
Pearson, G. et al., 2001). These two kinases share many similarities in structure,
intracellular localisation, substrate specificity and functions. ERK1 and ERK2 are
regarded as functionally redundant kinases, so it is interesting that genetic disruption of
ERK2 is lethal in mice (Hatano et al., 2003; Saba-El-Leil et al., 2003), whereas ERK1deficient mice are viable and reproduce normally (Pages et al., 1999). ERK1/2 pathway
includes several cytoplasmic MAPKKKs (RAF-kinases) (Dent et al., 1992; Kyriakis et
al., 1992) and onwards two MAPKKs, namely MEK1 and MEK2, which are structurally
similar (Zheng and Guan K.L., 1993). The pathway leading to phosphorylation of
ERK1/2 is, therefore, designated as the RAF-MEK-ERK pathway.
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The ERK1/2 pathway has an essential role in cell proliferation, differentiation and
survival. Moreover, ERK1/2 is involved in adaptive responses, such as long-term
potentiation related to memory consolidation in the central nervous system (Atkins et
al., 1998; Brambilla et al., 1997; English and Sweatt, 1996). Considering that the ERK1/2
pathway has a central role in cell division, it is obvious that mutations in this pathway
are associated with oncogenesis. Pathological activation of different levels of ERK1/2
pathway is indeed shown in many cancers (Buscà et al., 2016), which is often related to
mutations in genes encoding the kinases of the pathway (Hoshino et al., 1999). In
approximately every second melanoma case, for instance, a mutation in B-RAF gene is
associated (Davies, H. et al., 2002). Therefore, drug research against various types of
cancers have targeted the regulatory kinases of RAF-MEK-ERK pathway. At the time
of this writing, several inhibitors of RAF or ERK are in clinical use for treatment of
certain cancers, such as melanoma. Many other RAF, MEK and ERK inhibitors are
undergoing clinical trials (Roskoski, 2019).
Signaling pathways also activate ERK kinases other than ERK1/2. Among these, the
ERK5 pathway is a signaling cascade that has a role in tumorigenesis and has therefore
evoked interest as a drug target. ERK5 is classified differently from ERK1/2, because
their regulation differs (Hoang et al., 2017; Nishimoto and Nishida, 2006; Plotnikov et
al., 2011). The ERK5 pathway has also been suggested as a potential drug target related
to cancer (Hoang et al., 2017). Another class of kinases to mention in this context is
atypical MAPKs, which include ERK3/4, ERK7/8 and Nemo-like kinase (Coulombe
and Meloche, 2007). However, the characteristics of their regulation and signaling
pathways, as well as their physiological functions, are poorly understood.

1.5.2

p38 pathway

The p38 MAPK pathway is activated by various cellular stress stimulants, including
inflammatory factors, such as LPS, IL-1, transforming growth factor-Ƣ (TGF-Ƣ) or
TNF-ơ (Freshney et al., 1994; Hannigan et al., 1998; Raingeaud et al., 1995), and direct
cellular stress factors, such as heat, hypoxia or ultraviolet radiation. The p38 MAPK
family consists of four isoforms: p38ơ, p38Ƣ, p38ƣ and p38Ƥ, which are encoded by
distinct genes (Ashwell, 2006) and expressed differently between various tissue types
(Yang, Y. et al., 2014) but have partly overlapping substrate specificity and functions (del
Barco Barrantes et al., 2011). The p38 MAPK pathway consists of various MAPKKKs,
which phosphorylate the MAPKKs MKK3, MKK6 and MKK4, as Figure 2 presents
(Cuadrado and Nebreda, 2010; Cuenda and Rousseau, 2007). The JNK pathway is also
activated by MKK4 (Brancho et al., 2003), which emphasises the functional connection
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of these MAPK pathways in inflammation (Pearson, G. et al., 2001; Takekawa and Saito,
1998). The p38 pathway regulates the production of pro-inflammatory cytokines, such
as interleukins, TNF-ơ and COX-2, in various cell types (Clark, A.R. et al., 2003; Gupta
and Nebreda, 2015; Lee, J.C. et al., 1994; Nieminen et al., 2010). Of the known p38
isoforms, p38ơ is the most studied and evidently most involved in inflammatory
responses (Gupta and Nebreda, 2015). However, p38ơ-deficient mice are embryonically
lethal (Adams et al., 2000; Mudgett et al., 2000), whereas mice lacking other isoforms of
p38 are viable (Beardmore et al., 2005; Sabio et al., 2005).
Research on genetically modified mice and specific p38 inhibitors, such as SB203580
or BIRB796, has increased our understanding of the p38 pathway’s physiological
functions. The most fundamental of these include regulation of cytokine production in
inflammatory cells (Smith, S.J. et al., 2006; Yang, Y. et al., 2014), as well as cellular
differentiation and migration. Thus, the drug development that targets the p38 MAPK
pathway is focused on inflammatory diseases, most notably RA and inflammatory lung
diseases, as well as cancer (Cuenda and Rousseau, 2007; Gupta and Nebreda, 2015).
Phosphorylation of p38 is increased in alveolar macrophages from asthma and chronic
obstructive pulmonary disease (COPD) patients (Bhavsar et al., 2008; Renda et al., 2008),
and selective p38 inhibitors have indeed been effective in mouse models of inflammatory
lung diseases (Brando Lima et al., 2011; Duan et al., 2005; Liang et al., 2013; Medicherla
et al., 2008). An orally administered p38 inhibitor, PH-797804, improved lung function
parameters and dyspnea in COPD patients over placebo (MacNee et al., 2013), whereas
another p38 inhibitor, losmapimod, showed no improvement in a later study (Watz et
al., 2014).
Enhanced phosphorylation of p38, as well as its upstream kinases, MKK3 and
MKK6, is associated with RA (Chabaud-Riou and Firestein, 2004; Schett et al., 2000),
and pharmacological inhibition or genetic deletion of these kinases attenuates
inflammatory responses on mouse models of arthritis (Inoue, T. et al., 2006; Medicherla
et al., 2006; Mihara et al., 2008; Yoshizawa et al., 2009). Moreover, dephosphorylation
of p38 is associated with decreased production of pro-inflammatory factors related to
inflammatory arthritis, such as interleukin-6 (IL-6), matrix metalloproteinase-3 (MMP-3)
and COX-2 in human chondrocytes (Nieminen et al., 2010). However, contradictory
results of systemic administration of p38 inhibitor in rat OA models have been reported
(Brown et al., 2008; Prasadam et al., 2012). A few methotrexate- or placebo-controlled
studies of p38 inhibitors for RA have been conducted, but the beneficial effects have
been transient, at best (Alten et al., 2010; Cohen et al., 2009; Damjanov et al., 2009; Li,
L. et al., 2013; Zhang, X. et al., 2010). A p38 inhibitor, BMS-582949, was investigated as
an anti-inflammatory treatment against atherosclerotic plaques in a placebo-controlled
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clinical trial, with a negative outcome (Emami et al., 2015). Contradictory results have
also been provided by clinical trials on the p38 inhibitors losmapimod and dilmapimod
in neuropathic pain (Anand et al., 2011; Ostenfeld et al., 2015). These results suggest
that the p38 pathway might simultaneously regulate pro- and anti-inflammatory actions,
especially in inflammatory arthritis. It is not yet clear whether p38, in itself or possibly
combined with another targeted therapy, could emerge as a reasonable drug target in
inflammatory diseases.

1.5.3

JNK pathway

c-Jun-N-terminal-kinases (JNK) are MAPKs that play an important role in
inflammation and immune response. They are also known as stress-activated protein
kinases, as their phosphorylation is notably enhanced by cellular stress and inflammatory
cytokines. JNKs are products of three different genes: JNK1, JNK2 and JNK3, of which
JNK1 and JNK2 are ubiquitously expressed, whereas JNK3 is expressed in the central
nervous system, testis and pancreatic Ƣ-cells (Abdelli et al., 2009; Johnson, G.L. and
Nakamura, 2007; Kumar et al., 2015).
The JNK pathway consists of multiple MAPKKKs that phosphorylate MKK4 or
MKK7 and which are onwards able to phosphorylate JNKs. Many of these upstream
kinases may also phosphorylate kinases that activate other parts of the MAPK system,
underlining the complexity of MAPK activation cascades (Chang, L. and Karin, 2001;
Kyriakis and Avruch, 1996). As an example, the JNK pathway is generally activated by
factors similar to the p38 kinases, and they partly have overlapping functions. JNK, in
turn, phosphorylates the protein c-Jun, which is a part of the transcription factor AP-1
and regulates gene expression in response to inflammatory stimuli. This axis has been
suggested to be involved in the pathogenesis of inflammatory arthritis (Ge et al., 2017;
Hammaker et al., 2004; Han, Z. et al., 2001). Increased JNK phosphorylation is also
associated with synovitis and increased production of collagenase in patients with RA
(Han, Z. et al., 1999; Schett et al., 2000). The JNK inhibitor AS601245 has shown
efficacy in a mouse model of RA (Gaillard et al., 2005). Like the other MAPK pathways,
JNK also plays a role in carcinogenesis (Davies, C. and Tournier, 2012).
Studies of mice lacking different JNK isoforms have shed light on the immunological
roles of these kinases. Mice deficient in a single JNK are viable and have a normal
phenotype (Aouadi et al., 2006). However, genetic deletion of both JNK1 and JNK2
results in embryonic lethality due to defects in neural tube closure and apoptotic
processes in embryonic fibroblasts (Kuan et al., 1999; Sabapathy et al., 1999; Tournier
44

et al., 2000). JNK1 and JNK2 are also essential for maintaining normal differentiation
of CD4+ T-helper cells (Th-cells) (Kuida and Boucher, 2004); in JNK1 KO mice,
differentiation of CD4+ T-helper cells is directed towards Th2, suggesting that JNK1
inhibits Th2 differentiation of T-cells (Dong et al., 1998). In contrast, JNK2 is
considered to direct the differentiation of T-cells towards Th1 by a mechanism
dependent on IFN-ƣ production (Yang, D.D. et al., 1998).
JNK isoforms participate in metabolic regulation; therefore, they are implicated in
obesity-induced insulin resistance and type 2 diabetes by multiple mechanisms (Solinas,
G. and Becattini, 2016; Solinas, Giovanni and Karin, 2010). JNK activity is generally
increased in obesity, and JNK1 KO mice are resistant to weight gaining and have
improved insulin sensitivity (Belgardt et al., 2010; Hirosumi et al., 2002; Tuncman et al.,
2006), whereas disruption of the JNK2 gene is suggested to be implicated in the
pathogenesis of type 1 diabetes in a mouse model by a mechanism related to
unfavourable differentiation of CD4+ T-cells (Jaeschke et al., 2005). Although JNK3 is
mainly expressed in the brain, the brain’s structure and histology are intact in JNK3 KO
mice. However, they have been shown to be resistant to neuronal apoptosis induced by
glutamate (Centeno et al., 2007; Yang, D.D. et al., 1997), whereas a JNK inhibitor
protects neurons from cell death in murine models of cerebral ischemia (Borsello et al.,
2003; Borsello and Bonny, 2004; Sugino et al., 2000). Inhibitors targeting JNK3 have
been preclinically studied as treatments of neurodegenerative conditions, such as
ischemic stroke, Parkinsons’s disease or Alzheimer’s disease (Antoniou et al., 2011;
Resnick and Fennell, 2004; Wang, W. et al., 2004).
SP600125 is a prototypic JNK inhibitor that inhibits the activity of all JNK subtypes
but does not affect other MAPKs (Bennett et al., 2001). It is widely used in both in vitro
and in vivo studies (Bogoyevitch et al., 2004). Although JNK undoubtedly plays a role in
the regulation of inflammation and immune responses, only a few clinical trials with
newer small molecule inhibitors of JNK have been accomplished. A phase I study of
CC-401, a molecule based on the structure of SP600125, in patients with acute myeloid
leukemia was prematurely terminated (Okada et al., 2016). Tanzisertib (CC-930), which
is also based on SP600125, reached phase II clinical trials in patients with idiopathic
pulmonary fibrosis but the development was not continued due to a poor risk/benefit
profile (Messoussi et al., 2014; Plantevin Krenitsky et al., 2012). Another new JNK
inhibitor, bentamapimod (AS602801) has shown potential in the treatment of
inflammation-induced endometriosis in animal models (Hussein et al., 2016; Palmer et
al., 2016) and was therefore selected to be investigated in a clinical trial, whose results
are not known to date. This novel drug candidate has also shown promising efficacy
against cancer stem cells (Okada et al., 2016).
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In summary, the development of safe and effective JNK inhibitors has been
challenging. A substantial difficulty in characterising potential inhibitors for clinical use
is the different, and in some cases opposite, functions of different JNK subtypes and
limited selectivity of the existing inhibitors (Davies, C. and Tournier, 2012; Graczyk,
2013; Koch et al., 2015; Messoussi et al., 2014). Exploration of specific functions of
different JNK subtypes, as well as determination of meaningful targets in different
indications, is continuous (Gehringer et al., 2015).

1.6

MKP-1

MAP kinase phosphatases (MKPs) are enzymes that inactivate MAPKs via
dephosphorylation and thus downregulate signaling mediated through MAPK pathways.
Considering this, MKPs are important regulators of immune responses and
inflammation. MKPs are included in a larger family of dual-specificity phosphatases
(DUSP), whose name originates from their ability to dephosphorylate both tyrosine and
threonine residues in their substrates. Eleven different MKPs have been characterised
(Lloberas et al., 2016). They are onwards divided into three subgroups according to their
subcellular localisation, domain structure and specificity for separate MAPKs (Caunt and
Keyse, 2013; Kondoh and Nishida, 2007).
MAP kinase phosphatase-1 (MKP-1) is the first-characterised and most-studied
member of the MKP family. It is also known as dual specificity phosphatase 1 (DUSP1),
according to its encoding gene. MKP-1 is localised in the nuclear compartment of cells.
It is ubiquitously expressed and induced by growth factors, physical or chemical stress,
bacterial products or inflammatory cytokines (Boutros et al., 2008; Caunt and Keyse,
2013; Owens and Keyse, 2007). MKP-1 was first described to dephosphorylate all
principal MAPKs ERK, p38 and JNK (Groom et al., 1996; Keyse and Emslie, 1992; Liu,
Y. et al., 1995; Sun, H. et al., 1993). In subsequent studies by Franklin et al., MKP-1 was
found to dephosphorylate most prominently p38 and JNK (Franklin and Kraft, 1997;
Franklin et al., 1998), which was also confirmed by studies with MKP-1-deficient mice
(Chi et al., 2006; Zhao et al., 2006). However, lack of MKP-1 is associated with increased
ERK1/2 phosphorylation in lung tissue, possibly due to exceptionally high expression
levels of MKP-1 in the lungs (Wang, X. et al., 2009). A connection between MKP-1 and
ERK1/2 dephosphorylation has also been discussed in studies on cardiomyocytes,
intestinal epithelial cells and macrophages, for instance (Bavaria et al., 2014; Comalada
et al., 2012). This indicates that the substrate specificity of MKP-1 to separate MAPKs
might be dependent on the cell type.
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MKP-1 primarily acts as a factor restricting inflammation and immune responses,
discussed in the next chapters. In addition to these functions, MKP-1 acts as a signaling
mediator between bone, skeletal muscle, connective tissue and adipose tissue, and is thus
suggested to be involved in inflammation-related pathophysiological states, such as
osteoporosis and sarcopenia, in these tissues (Broome and Datta, 2016; Shi et al., 2010).
MKP-1 is suggested to have a potential role as a target in obesity and related diseases
(Roth Flach and Bennett, 2010; Roth et al., 2009). It regulates glucose metabolism and
energy homeostasis in the liver, and overexpression of MKP-1 has been linked to obesity
and related hepatosteatosis (Lawan et al., 2015). Moreover, MKP-1 KO mice are
resistant to diet-induced obesity and do not develop insulin resistance (Wu, J.J. et al.,
2006). In atherosclerosis, MKP-1 seems to have a cell type-dependent role; the
endothelium of MKP-1 KO mice is protected against atherosclerosis, whereas MKP-1
deficiency in macrophages accelerates the formation of atherosclerotic lesions due to an
unrestrained inflammatory response (Kim, H.S. and Asmis, 2017). MAPKs mediate
inflammation and cell proliferation; therefore, MKP-1 is a putative factor in cancer
development. MKP-1 is indeed overexpressed in various types of cancer tissues (Keyse,
2008; Low and Zhang Yongliang, 2016; Wancket et al., 2012), especially in the early
stages of disease (Haagenson and Wu G.S., 2010). However, the role of MKP-1 and
other MKPs as drug targets or markers of prognosis in cancer require further studies, as
it is not thoroughly clear whether impaired expression of MKP-1 leads to development
of cancer or whether stress factors in cancer cells induce MKP-1 expression. In the
nervous system, MKP-1 is suggested to promote the survival of dopaminergic neurons
in Parkinson’s and Huntington’s diseases (Collins et al., 2013; Taylor et al., 2013). MKP-1
has been shown to be upregulated in postmortem tissue samples of depression-related
brain areas from patients with serious depression (Duric et al., 2010). MKP-1 KO mice
are accordingly resistant to depression induced by neuropathic pain, and MKP-1 is thus
suggested as a drug target for depressive disorders (Barthas et al., 2017).
In summary, MKP-1 seems to participate not only in the pathophysiology of
inflammatory diseases but also in various diseases that are not traditionally considered
inflammatory. Still, this does not exclude the possibility that the mechanism of MKP-1
in these conditions is based also on the role of MKP-1 as a gatekeeper of inflammatory
and immune responses.
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1.6.1

Regulation of MKP-1 expression

Expression of MKP-1 is rapid and transient, reaching the maximum between 15 and 60
minutes after stimulation and degrading in a few hours (Kwak et al., 1994; Lasa et al.,
2002; Wancket et al., 2012). The MKP-1 promoter contains binding sites for several
transcription factors, such as AP-1 and -2, NF-ƪB, SP-1 and -3, cAMP responsive
element (CRE), glucocorticoid responsive element (GRE) and vitamin D response
element (VDRE), among others (Comalada et al., 2012; Korhonen and Moilanen, 2014;
Moosavi et al., 2017). Phosphorylation and acetylation of histone H3 is also required for
MKP-1 transcription (Li, J. et al., 2001). MKP-1 expression is also regulated at posttranscriptional and post-translational levels (Moosavi et al., 2017). Tristetraprolin, Hu
antigen R (HuR) and nuclear factor 90 (NF90) have been reported to stabilise MKP-1
mRNA, thus increasing the expression of MKP-1 protein (Clark, A.R. and Dean, 2016;
Kuwano et al., 2008). Moreover, microRNAs (miRNAs) play a role in regulating MKP-1
expression; induction of miR-101 attenuates MKP-1 protein expression (Zhu, Q.Y. et
al., 2010), whereas miR-708 has an opposite effect (Dileepan et al., 2014).
MKP-1 is induced by similar factors known to activate the MAPK cascades,
suggesting that it acts as an endogenous feedback mechanism for MAPK
phosphorylation, preferentially that of p38 and JNK, in inflammatory cells (Caunt and
Keyse, 2013; Korhonen and Moilanen, 2014). However, expression of MKP-1 and
phosphorylation of MAPKs are interactive, as the expression of MKP-1 is dependent
on the phosphorylation status of related MAPKs (Brondello et al., 1999; Comalada et
al., 2012; Farooq and Zhou, 2004; Sanchez-Tillo et al., 2007). As an example,
phosphorylation of the ERK1/2 pathway increases the stability of MKP-1 mRNA
(Brondello et al., 1999).

1.6.2

Role of MKP-1 in inflammation and immunity

Mice lacking MKP-1 develop normally and have a normal appearance (Dorfman et al.,
1996). However, they are very vulnerable when challenged with LPS. Systemic LPS
administration causes a severe inflammatory response, including hypotension, kidney
failure and increased mortality as compared to WT mice (Chi et al., 2006; Frazier et al.,
2009; Hammer et al., 2006; Salojin et al., 2006; Zhao et al., 2006). MKP-1-deficient
macrophages and other immune cells produce significantly more cytokines, such as IL-6,
IL-10, and TNF-ơ, and also certain inflammatory chemokines, than cells from WT mice
(Hammer et al., 2006). MKP-1-deficient macrophages also show enhanced activation
towards the pro-inflammatory M1-polarised state and suppressed activation towards the
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M2-polarised state, of which the latter favours the resolution of inflammation (Kim, H.S.
et al., 2016; Pemmari et al., 2019). Expression of inflammatory enzymes, such as COX2 and iNOS, is also increased in various cells when MKP-1 expression is disrupted or
knocked out (Korhonen and Moilanen, 2014; Wancket et al., 2012). The mechanism
behind these findings is suggested to be prolonged activation of p38 and JNK in the
absence of MKP-1 (Comalada et al., 2012), which indicates that a MKP-1 deficiency
leads to an excessive innate immune response and subsequent dysfunction of multiple
organs and increased mortality.
MKP-1 has been presented also to regulate adaptive immune responses. It is
important for retaining the proliferation and function of T cells, particularly in a manner
dependent on JNK dephosphorylation (Zhang, Yongliang et al., 2009). In MKP-1 KO
mice, the ratio of CD4+ and CD8+ T cells remains intact, but their function and T celldependent humoral responses are disrupted. MKP-1 is suggested to promote Th1
response by stimulating IL-12 production in antigen-presenting cells (Huang, G. et al.,
2011; Korhonen et al., 2012). T cells from MKP-1 KO mice produced significantly less
IL-2, which is a universal mediator of T cell proliferation. MKP-1 is shown to uphold
the differentiation of T cells towards Th1 and Th17, as those responses were defective
in MKP-1 KO mice (Zhang, Yongliang et al., 2009). These immunological alterations
resulted in impaired responses against influenza A virus, whereas MKP-1 KO mice did
not develop autoimmune encephalomyelitis when exposed to myelin oligodendrocyte
glycoprotein, unlike their WT littermates.
Normal expression of MKP-1 protects from excessive inflammatory and
immunological responses, which is convincingly demonstrated in various disease models
utilising MKP-1 KO mice. Table 4 summarises the most important outcomes of these.
An intriguing finding was that the mortality was significantly higher among MKP-1 KO
mice as compared to WT mice when challenged by living gram-negative (E. Coli) bacteria
(Frazier et al., 2009). In contrast, no difference in survival rate existed between WT and
MKP-1 KO mice infected with living S. Aureus (gram-positive) (Wang, X. et al., 2007),
although serum cytokine levels among the latter were significantly higher. However, the
mortality among MKP-1 KO mice was again reported to be greater when infected with
heat-killed S. Aureus. This difference between responses concerning living gram-positive
bacteria and other pathogens has been suggested to result from differences concerning
Toll-like receptor (TLR) activation by differently distributed levels of produced
cytokines, which are different between the pathogens (Korhonen and Moilanen, 2014).
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Table 4. Findings in different in vivo-models using MKP-1 knockout mice.
Outcome in MKP-1 KO mice as compared to WT mice

Reference(s)

Mortality after LPS-induced sepsis/endotoxic shock

(Chi et al., 2006; Hammer et al.,
2006; Zhao et al., 2006)

Mortality in gram-negative sepsis / polymicrobial
peritonitis

(Frazier et al., 2009; Hammer et al.,
2010)

Mortality in gram-positive sepsis

(Wang, X. et al., 2007)

Production of pro-inflammatory cytokines after
experimentally induced sepsis/endotoxic shock

(Chi et al., 2006; Frazier et al.,
2009; Salojin et al., 2006; Wang, X.
et al., 2008)

Blood pressure after experimentally induced
sepsis/endotoxic shock

(Calvert et al., 2008; Frazier et al.,
2009; Zhao et al., 2006)

Susceptibility to experimentally induced
anaphylaxis

(Maier et al., 2007)

Incidence and severity of experimentally induced
arthritis

(Salojin et al., 2006; Vattakuzhi et
al., 2012)

Intensity of carrageenan-induced paw edema

(Korhonen et al., 2011)

Bone loss in an experimental model of periodontitis

(Sartori et al., 2009)

KO: knockout; WT: wild type;

: increased;

: decreased;

: no difference

In addition to these disease models straightforwardly related to inflammation or
immunity, MKP-1 KO mice also had exacerbated stroke injury and neurological deficits
in an experimental model of transient middle cerebral artery occlusion with elevated
serum levels of IL-6, IL-10 and TNF-ơ after stroke when MKP-1 inhibitor was utilised
(Liu, L. et al., 2014). According to other MKP-1 KO mouse models, MKP-1 seems to
protect against pulmonary hypertension (Jin, Y. et al., 2010) and excessive vascular
growth in lungs (Shields et al., 2011) under hypoxic conditions. MKP-1 also protects
from lung injury related to mechanical ventilation (Park et al., 2012).
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1.6.3

MKP-1 as a drug target

Certain anti-inflammatory drugs and compounds are known to enhance the expression
of MKP-1, which is likely to contribute, at least partly, to their anti-inflammatory
efficacy. These include glucocorticoids (Abraham et al., 2006; Kassel et al., 2001; Shipp
et al., 2010), gold-containing antirheumatic compounds (Nieminen et al., 2010),
phosphodiesterase 4 (PDE4) inhibitors (Korhonen et al., 2013), vitamin D (Sutherland
et al., 2010; Zhang, Yong et al., 2014), Ƣ2-agonists (Keränen et al., 2016; Patel et al., 2015)
and eucalyptus oil (Yadav and Chandra, 2017).
1.6.3.1 Glucocorticoids
Glucocorticoids belong to steroidal hormones. They are secreted from the cortical layer
of the suprarenal glands. The most abundant endogenous glucocorticoid is
hydrocortisone (i.e. cortisol), which has numerous physiological functions, such as
regulation of energy metabolism and immune responses. Glucocorticoids bind to
glucocorticoid receptors (GR), which are located in the cytoplasm. In addition to
hydrocortisone, several synthetic glucocorticoids have been developed, all of which have
different pharmacokinetics and affinity to GR. After the binding of the glucocorticoid
to its receptor, the GR is dimerised, and this complex is translocated to the nucleus,
where it onwards binds to GRE in the target promoters and is thus able to regulate the
transcription of an array of genes. In addition, glucocorticoids regulate gene expression
through their effects on transcription factors (Rhen and Cidlowski, 2005; Barnes, 2017;
Timmermans et al., 2019).
The anti-inflammatory and immunosuppressive effects of glucocorticoids are
diverse. They are known to upregulate the expression of several anti-inflammatory genes
through the transactivation mechanism described above while they downregulate the
expression of an array of cytokines and other pro-inflammatory factors. Glucocorticoids
are able to repress the function of transcriptional regulators of inflammation, such as
transcription factors AP-1 or NF-ƪB through diverse mechanisms. Glucocorticoids may
interact with corepressor molecules to attenuate NF-ƪB-associated coactivator activity.
They can also increase the expression of proteins that suppress pro-inflammatory
factors, for instance, the inhibitor of kappaB (IƪB), which is a kinase-suppressing NFƪB, is induced by glucocorticoids (Auphan et al. 1995; Vandewalle et al., 2018).
Glucocorticoids have also been suggested to have non-genomic effects (Vandewalle et
al., 2018; Panettieri et al., 2019). The production of PGE2 may be affected by
glucocorticoids at multiple levels by inducing the expression of lipocortin-1, which
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inhibits cPLA2 (Kim S.W et al., 2001), by inhibiting the expression of COX-2 (Ristimäki
et al., 1996), and by inhibiting the expression of mPGES-1 (Stichtenoth et al., 2001).
Glucocorticoids, such as dexamethasone, were the first group of anti-inflammatory
drugs presented to promote MKP-1 expression. The MKP-1 promoter contains GRE
(Shipp et al., 2010) and glucocorticoids consistently increase the expression of MKP-1
in various cell types and delay its degradation, leading to enhanced and prolonged
upregulation of MKP-1 (Hoppstädter and Ammit, 2019; Kassel et al., 2001).
Furthermore, dimerisation of the GR is essential for MKP-1 upregulation (Vandevyver
et al., 2012). Glucocorticoids suppress the phosphorylation of p38 and JNK in mouse
primary macrophages in an MKP-1- dependent manner, as the MAPK
dephosphorylation was decreased in MKP-1 KO mice (Abraham et al., 2006). However,
in a recent study, a more ambiguous relation between glucocorticoids and MKP-1 was
presented: whereas glucocorticoids generally attenuate MAPK-dependent production of
inflammatory cytokines, interferon regulatory factor 1 (IRF1) and IRF1-dependent
chemokine CXCL10 were also enhanced within increased MKP-1 expression in A549
cells (Shah et al., 2016). Upregulation of these factors is associated with increased
production of IL-12 (Korhonen et al., 2012), increased Th1 polarisation of T cells (Hsieh
et al., 1993) and, conversely, glucocorticoid insensitivity (Shah et al., 2016). The in vivoand clinical relevance of these findings remain elusive.
Importantly, glucocorticoids protect WT mice from lethality in LPS-induced
endotoxemia but fail to do so in MKP-1 KO mice (Wang, X. et al., 2008). Glucocorticoid
treatment, nevertheless, also partly downregulated the production of inflammatory
cytokines in MKP-1 KO mice. Production of TNF-ơ was also downregulated by
glucocorticoid treatment in MKP-1-deficient mast cells (Maier et al., 2007). Production
of IL-10, an anti-inflammatory cytokine, was also more significantly increased in MKP1 KO mice after glucocorticoid administration (Wang, X. et al., 2008). These findings
and the present study’s findings suggest that various anti-inflammatory mechanisms of
glucocorticoids are dependent on MKP-1, but other mechanisms are also involved.
1.6.3.2 Aurothiomalate
Aurothiomalate is a traditional DMARD that has been in clinical use since the 1930’s
(Kean and Kean, 2008). The efficacy of aurothiomalate in RA is well-described (Clark,
P. et al., 1989; Clark, P. et al., 2000). Its popularity has been decreasing, however, during
the last few decades, as other treatments with a more positive benefit-risk balance,
namely combination therapies that include methotrexate (Rantalaiho et al., 2014), and
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biologics (Smolen et al., 2014), have become more common. Another obvious reason is
the relatively high risk of side effects associated with aurothiomalate (Kean and
Anastassiades, 1979), the most common of which are dermatitis, oral ulcers, proteinuria
and thrombocytopenia (Kean and Kean, 2008).
The mechanism of action of aurothiomalate and other gold-containing DMARDs is
not known in detail. Aurothiomalate is associated with multiple but relatively incoherent
immunosuppressive mechanisms: complement inactivation (Schultz et al., 1974),
restrained lymphocyte transformation (Davis et al., 1979), decreased production of
immunoglobulins and rheumatoid factor (Lorber et al., 1979) and inhibition of B cell
activation (Hirohata, 1996). It was later discovered to inhibit NF-ƪB by inducing IƪB
kinase in macrophages (Jeon et al., 2000), to inhibit the expression of iNOS in
chondrocytes (Vuolteenaho et al., 2005), and to disrupt the function of MHC proteins
in antigen-presenting cells (De Wall et al., 2006). During recent years, aurothiomalate
has been used as a pharmacological tool in cancer research, because it has been found
to disrupt the interaction between partitioning-defective protein 8 and atypical protein
kinase C, thus inhibiting growth of various tumours (Ruan et al., 2017).
Aurothiomalate was shown to inhibit prostaglandin synthesis already in 1974
(Penneys et al., 1974), particularly the production of PGE2 20 years later (Yamashita et
al., 2003). More recently, aurothiomalate was presented as suppressing the expression of
COX-2, MMP-3 and IL-6 in human and murine chondrocytes by destabilising COX-2
mRNA via a mechanism dependent on MKP-1 and related p38 dephosphorylation
(Nieminen et al., 2010).
1.6.3.3 PDE4 inhibitors
PDE4 inhibitors form a relatively novel group of anti-inflammatory drugs. PDE4 is a
family of enzymes consisting of four PDE4 subtypes (PDE4A-D). Their function is to
catalyse the degradation of cAMP, and inhibition of PDE4 thus leads to increased
intracellular levels of cAMP. This is presumed to result in an anti-inflammatory response
in immune cells, most prominently macrophages (Houslay, 2010). More precisely,
upregulation of PDE4B is associated with LPS-induced stimulation of TLR; moreover,
TNF-ơ production was attenuated in macrophages deficient in PDE4B (Jin, S.L. et al.,
2005), whose isoform has been particularly associated with neuroinflammation (Avila et
al., 2017; Pearse and Hughes, 2016).
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Three PDE4 inhibitors have been approved for clinical use: roflumilast as an antiinflammatory treatment for COPD (Rabe, 2011), apremilast for the treatment of plaque
psoriasis and psoriatic arthritis (Papp et al., 2015) and, recently, also crisaborole for the
treatment of atopic dermatitis (Paton, 2017). In addition to these diseases, PDE4
inhibitors have been investigated in the treatment of asthma (Thomson, 2016),
inflammatory bowel disease (Spadaccini et al., 2017) and RA (Crilly et al., 2011; Jacques
and Van den Bosch, 2013). Rolipram has also been investigated clinically as an
antidepressant but was discarded due to adverse effects (Zhu, J. et al., 2001). Besides
PDE4 inhibitors, cAMP-enhancing inhibitors of PDE7 also seem to have potential antiinflammatory effects and are under research related to various inflammatory and
neurodegenerative diseases (Jankowska et al., 2017).
Rolipram is a prototypic PDE4 inhibitor that has been used in research going into
the effects of selective PDE4 inhibition and the related increase of intracellular cAMP.
The MKP-1 promoter contains CRE (Kwak et al., 1994), and rolipram has indeed been
shown to enhance MKP-1 expression in macrophages (Korhonen et al., 2013; Pan et al.,
2017), human epithelial cells (Lee, J. et al., 2012) and airway smooth muscle cells (Patel
et al., 2015), whose mechanisms reflect enhanced levels of cAMP. Interestingly, the antiinflammatory effect of rolipram is suggested to be dependent on MKP-1, as rolipram
attenuated the production of TNF-ơ in macrophages from WT mice but not from KO
mice; moreover, the inhibitory effect of rolipram in carrageenan-induced paw edema
seen in WT mice was lost in MKP-1 KO mice (Korhonen et al., 2013).
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2 AIMS OF THE STUDY

Microsomal prostaglandin E synthase-1 (mPGES-1) has been considered an interesting
drug target for various inflammatory diseases and conditions. Several inhibitors of
mPGES-1 activity have been characterised, and some clinical trials have been conducted,
but no genome-wide expression analyses of the effects of mPGES-1 inhibitors have
been carried out. The regulatory mechanisms of mPGES-1 expression are not fully
understood, although some compounds have been recognised to inhibit the expression
of mPGES-1. MKP-1 inhibits MAP kinase signaling and acts as a limiting factor in
inflammation. It is also known to mediate certain anti-inflammatory drug effects.
The present study investigated the pharmacological control of mPGES-1 expression
and activity in osteoarthritis (OA) by using two critical cell types, namely macrophages
and chondrocytes.
The specific aims of the present study were:
1. To investigate the expression of mPGES-1 in human OA chondrocytes and its
pharmacological regulation by drugs used in the treatment of arthritis (I, IV)
2. To investigate the role of MKP-1 and MAP kinases in the regulation of
mPGES-1 expression in chondrocytes and in macrophages and to test the
hypothesis that MKP-1-enhancing drugs, the glucocorticoid dexamethasone and
the PDE4 inhibitor rolipram, downregulate the expression of mPGES-1
through increased MKP-1 expression and decreased MAP kinase
phosphorylation (II, III, IV)
3. To investigate the effects of a selective inhibitor of mPGES-1 on gene
expression in human OA chondrocytes with RNA sequencing-based genome
wide expression analysis (V)
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3 MATERIALS AND METHODS

3.1

Reagents

The following drugs, special chemicals and antibodies were used in the experiments. All
other reagents were from Sigma-Aldrich Inc., St. Louis, MO, USA, unless otherwise
indicated.

3.1.1

Chemicals

Axon MedChem, Groningen, Netherlands
BIRB796 (1-(5-tert-butyl-2-p-tolyl-2H-pyrazol-3-yl)-3(4-(2-morpholin-4-ylethoxy)naphthalen-1-yl)urea); p38 inhibitor
Rolipram (4-(3-cyclopentyloxy-4-methoxyphenyl)-pyrrolidin-2-one); PDE4
inhibitor
Calbiochem, Darmstadt, Germany
JNK inhibitor VIII (N-(4-amino-5-cyano-6-ethoxypyridin-2-yl)-2-(2,5dimethoxyphenyl)acetamide)
Cayman Chemical, Ann Arbor, MI, USA
MF63 (2-(9-chloro-1H-phenanthro[9,10-d]imidazol-2-yl)-1,3benzenedicarbonitrile); mPGES-1 inhibitor
Ibuprofen, non-selective COX inhibitor (NSAID)
Gibco, Wien, Austria
Penicillin
Streptomycin
Amphotericin B
Invitrogen, Carlsbad, CA, USA
Dulbecco’s Modified Eagle’s medium (DMEM)
RNA Later solution
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Lonza, Verviers, Belgium
Fetal bovine serum (FBS)
Roswell Park Memorial Institute (RPMI) 1640 medium
Orion Corp., Espoo, Finland
Dexamethasone
Hydroxychloroquine
Medetomidine (Domitor® 1mg/ml)
Methotrexate
Pfizer Inc. Animal Health, Helsinki, Finland
Ketamine (Ketalar® 10mg/ml)
R&D Systems Inc., Abingdon, UK
Interleukin-1Ƣ
Sigma-Aldrich Inc., St. Louis, MO, USA
Collagenase D
GenEluteTM Mammalian Total RNA Miniprep Kit
Lipopolysaccharide (LPS) from E.coli strain 0111:B4
Ethylenediaminetetraacetic acid (EDTA)
Dimethyl sulfoxide (DMSO)
SP600125 (1,9-pyrazoloanthrone); JNK inhibitor
SB203580 (4-(4-fluorophenyl)-2-(4-methylsulfinylphenyl)-5-(4-pyridyl)-1Himidazole); p38 inhibitor

3.1.2

Antibodies used in the Western Blot analysis

Abcam, Cambridge, UK
p38 antibody (ab27986)
Agisera AB, Vännäs, Sweden
mPGES-1 antibody (AS-03031)
Cell Signaling Technology Inc., Beverly, MA, USA
Phospho-JNK antibody (#9251)
Phospho-p38 antibody (#9211)
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Santa Cruz Biotechnology, Santa Cruz, CA, USA
Ƣ-actin antibody (sc-1616R)
Polyclonal goat anti-rabbit antibody (sc-2004)
JNK antibody (sc-571)
Sigma-Aldrich Inc., St. Louis, MO, USA
MKP-1 antibody (SAB2500331)

3.2

Mice (II, III, IV)

MKP-1(-/-) C57BL/6 mice (Dorfman et al., 1996), originally generated in the laboratory
of R. Bravo at Bristol-Myers Squibb Pharmaceutical Research Institute (Princeton, NJ,
USA), and their WT controls were used in studies II, III and IV. The genotypes of the
mice were experimentally confirmed during the studies. Mice were bred at Tampere
University, Faculty of Medicine and Health Technology (formerly known as Faculty of
Medicine and Life Sciences, and School of Medicine) animal facilities under standard
conditions (12:12 light-dark cycle, +22 ± 1°C temperature, 50–60% humidity), and food
and water provided ad libitum. Animal experiments were carried out in accordance with
the legislation for the protection of animals used for scientific purposes (Directive
2010/63/EU), and the study was approved by the National Animal Experiment Board
(ESAVI/5019/04.10.03/2012).

3.2.1

Lipopolysaccharide-Induced Paw Edema (II)

50 l of LPS [2 mg/ml in phosphate-buffered saline (PBS)] were injected into the hind
paw of mice anesthetised with 0.5 mg/kg medetomidine and 75 mg/kg ketamin. The
contralateral paw was injected with the corresponding volume of endotoxin-free PBS.
Mice were treated 1 h prior to the injection of LPS with dexamethasone (2 mg/kg
intraperitoneally) or with vehicle (PBS). Paw volumes were measured up to 6 h with a
plethysmometer (Ugo Basile, Comerio, Italy) and compared to the baseline value. After
the last measurement, the mice were sacrificed (by cervical dislocation), and paw tissues
were collected into RNA Later solution for quantitative Reverse Transcription
Polymerase Chain Reation (qRT-PCR) experiments. The (relatively low) mPGES-1
levels detected in the paws injected with a vehicle were subtracted from the mPGES-1
levels of the contralateral paws injected with LPS.
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3.3

Cell culture

3.3.1

J774 Cells (II, III)

J774 mouse macrophages (American Type Culture Collection, Rockville Pike, MD,
USA) were cultured at 37°C in 5% CO2 atmosphere in Dulbecco’s Modified Eagle’s
medium (DMEM supplemented with penicillin (100 U/ml), streptomycin (100 Ƭg/ml)
and amphotericin B (250 ng/ml) containing 10% fetal bovine serum (FBS). Cells (2.5 x
105 per well) were seeded on 24-well plates, and the cell monolayers were grown for 72
h prior to the experiments. LPS and the compounds under investigation were dissolved
in dimethyl sulfoxide (DMSO) or PBS and added to the cells in a fresh culture medium
containing 10% FBS and the supplements. The incubations were continued for the time
indicated before removing the culture medium and harvesting the cells.

3.3.2

Mouse peritoneal macrophages (II, III)

Mouse peritoneal macrophages were obtained by peritoneal lavage with sterile PBS
supplemented with 0.2 mM ethylenediaminetetraacetic acid (EDTA). Cells were washed
and seeded on 24-well plates (1x106 cells/well) in RPMI supplemented with penicillin
(100 U/ml), streptomycin (100 Ƭg/ml) and amphotericin B (250 ng/ml) containing 2%
FBS. Cells were incubated overnight and washed and treated with the compounds under
investigation for the period indicated.

3.3.3

Human osteoarthritic chondrocytes (I, IV, V)

Leftover pieces of cartilage from OA patients undergoing total knee replacement surgery
at Coxa Hospital for Joint Replacement, Tampere, Finland, were used in studies I, IV
and V. The patients fulfilled the American College of Rheumatology classification
criteria for OA (Altman et al., 1986). The studies were approved by the Ethics
Committee of Tampere University Hospital (ETL R09116) and carried out in
accordance with the Declaration of Helsinki. The patients’ written, informed consent
was obtained. Full-thickness pieces of articular cartilage from femoral condyles, tibial
plateaus and patellar surfaces were removed aseptically from subchondral bones with a
scalpel and cut into small pieces. Cartilage pieces were washed with PBS, and
chondrocytes were isolated by enzymatic digestion for 16 h at 37°C in a shaker by using
a collagenase enzyme blend (1 mg/ml LiberaseTM Research Grade medium; Roche,
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Mannheim, Germany). Isolated chondrocytes were washed, counted and plated on 24well plates (1.5 x 105 cells/ml) in DMEM supplemented with penicillin (100 U/ml),
streptomycin (100 Ƭg/ml) and amphotericin B (250 ng/ml) containing 10% FBS, and
cultured for 24 h before conducting the experiments. During the experiments, the
chondrocytes were stimulated with IL-1Ƣ together with the reagents of interest.

3.3.4

Mouse chondrocytes (IV)

After the mice were sacrificed, full-thickness articular cartilage from the femoral heads
was removed. Chondrocytes were isolated from cartilage by enzymatic digestion
overnight at 37°C in 5% CO2 with Collagenase D (3 mg/ml) according to the protocol
by Jonason et al. (Jonason et al., 2015). Isolated chondrocytes were plated on 24-well
plates (2.0 x 105 cells/ml) in DMEM supplemented with penicillin (100 U/ml),
streptomycin (100 Ƭg/ml) and amphotericin B (250 ng/ml) containing 10% FBS, and
cultured for seven days before conducting the experiments.

3.4

Protein extraction and Western blot (I, II, III, IV)

At the indicated time points, the culture medium was removed and the cells were washed
with ice-cold PBS and solubilised in cold lysis buffer containing 10 mM Tris–HCl, 5 mM
EDTA, 50 mM NaCl, 1% Triton X-100, 0.5 mM phenylmethylsulfonyl fluoride, 1 mM
sodium orthovanadate, 20 mg/ml·leupeptin, 50 mg/ml aprotinin, 5 mM sodium
fluoride, 2 mM sodium pyrophosphate and 10 mM n-octyl-b-D-glucopyranoside (all
from Sigma-Aldrich Inc.). After incubation for 15 min on ice, lysates were centrifuged,
and the supernatants were collected and mixed in a ratio of 1:4, with SDS loading buffer
(62.5 mM Tris–HCl, pH 6.8, 10% glycerol, 2% SDS, 0.025% bromophenol blue and 5%
b-mercaptoethanol; all from Sigma-Aldrich Inc.), and stored at -20°C until analysed.
Equal amounts of protein (10 or 20 g) were loaded on a 12% SDS-polyacrylamide
gel and separated by electrophoresis. Proteins were transferred to nitrocellulose
membranes by dry electroblotting using iBlot gel transfer stacks and the Invitrogen iBlot
Device (Invitrogen, Carlsbad, CA, USA) according to the manufacturer’s instructions.
After transfer, the membrane was blocked in TBS/T [20 mM Trisbase (pH 7.6), 150
mM NaCl, 0.1% Tween-20] containing 5% non-fat milk for 1 hour at room temperature.
For detection of phosphorylated proteins, membranes were blocked in TBS/T
containing 5% BSA. Proteins were detected by using antibodies listed in the reagentssection above. Membranes were incubated overnight at 4°C with the primary antibody
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and for 1 hour at room temperature with the secondary antibody. The bound antibody
was detected using SuperSignalWest Dura chemiluminescent substrate (Thermo Fischer
Scientific, Waltham, MA, USA), and the signal was detected by ImageQuant™ LAS 4000
mini (GE Healthcare Bio-Sciences AB, Uppsala, Sweden). The chemiluminescent signal
was quantified with ImageQuant TL 7.0 Image Analysis Software (GE Healthcare BioSciences AB).

3.5

RNA extraction and quantitative reverse transcription
polymerase chain reation (I, II, III, IV, V)

At the indicated time-points, the culture medium was removed, and cell homogenisation
and RNA extraction was carried out by using GenEluteTM Mammalian Total RNA
Miniprep Kit according to the manufacturer’s instruction. In the case of paw tissue
samples, RNA was extracted with TRIzol reagent (Thermo Fisher Scientific). Paw tissue
was first homogenised in TRIzol, and thereafter RNA was extracted with chloroform
and precipitated with isopropanol, washed with 75% ethanol and resuspended in RNAse
free water. RNA from human OA chondrocytes in study V was extracted using
RNAeasy Mini Kit (Qiagen, Hilden, Germany) with on-column DNase digestion
according to the manufacturer’s instruction. Reverse transcription of the RNA to cDNA
was performed with TaqMan® Reverse Transcription Reagents (Applied Biosystems,
Foster City, CA, USA) in the case of J774 cells and chondrocytes (studies I-IV), and with
Maxima First strand cDNA synthesis kit for qRT-PCR (Thermo Fisher Scientific) in the
case of mouse peritoneal macrophages (studies II-III), paw tissues (study II) and human
OA chondrocytes (study V). Primers and probes were purchased from Metabion
(Martinsried, Germany). Their sequences were optimised according to the
manufacturer’s guidelines in TaqMan Universal PCR Master Mix Protocol part number
4304449 revision C (Applied Biosystems) and are presented in Table 5. In study V, the
mRNA levels of metallothionein 1 (MT1) subtypes, IL1RN and IL36RN were
determined with TaqMan Gene Expression assays (Table 6).
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Table 5. The primer and probe sequences used in the qRT-PCR experiments.
Species Gene
Mouse

mPGES-1

MKP-1

Sequence
forward

CCTGGATACATTTCCTCGTTGTC

reverse

GAAGGCGTGGGTTCAGCTT

probe

ACAGGCCGTGTGGTACACACCG

forward

CTCCTGGTTCAACGAGGCTATT

reverse

TGCCGGCCTGGCAAT

probe
GAPDH

forward

GCATGGCCTTCCGTGTTC

reverse

GATGTCATCATACTTGGCAGGTTT

probe
Human

mPGES-1

CACGCTGCTGGTCATCAAGA

reverse

CCGTGTCTCAGGGCATCCT
ACGAGGCCATTGACTTCATAGAC

reverse

TCGATTAGTCCTCATAAGGTAAGCAA
CCACTGCCAGGCAGGCATTTCC

forward

TACCCCCAGGAGAAGATTCCA

reverse

CCGTCGAGGATGTACCGAATT

probe
GAPDH

AGCCTCACTTGGCCCGTGATG

forward
probe

IL-6

TCGTGGATCTGACGTGCCGCC

forward
probe

MKP-1

CCATCAAGGATGCTGGAGGGAGAGTGTT

forward
reverse

CGCCCCACACAGACAGCCACTC
AAGGTCGGAGTCAACGGATTT
GCAACAATATCCACTTTACCAGAGTTAA

probe
CGCCTGGTCACCAGGGCTGC
qRT-PCR: Quantitative reverse transcription polymerase chain reaction; mPGES-1: Microsomal
prostaglandin E synthase-1; MKP-1: MAP kinase phosphatase-1; IL-6: Interleukin-6: GAPDH:
glyceraldehyde 3-phosphate dehydrogenase.

qRT-PCR was carried out by using the TaqMan Universal PCR Master Mix and ABI
Prism 7500 sequence detection system (Applied Biosystems). The PCR cycling
parameters were incubation at 50°C for 2 min, incubation at 95°C for 10 min, 40 cycles
of denaturation at 95°C for 15 s and annealing and extension at 60°C for 1 min. The
standard curve method was used to estimate the relative mRNA levels, as described in
the Applied Biosystems User Bulletin. In study V, the mRNA levels of MT1 subtypes,
IL1RN and IL36RN were determined with the 2(îƅƅCT) method. When calculating the
results, the mRNA levels of interest were normalised against the housekeeping gene
glyceraldehyde-3-phosphate dehydrogenase (GAPDH).
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Table 6. Assays used in qRT-PCR experiments.
Gene

Assay number
IL1RN

Hs00893626_m1

IL36RN

Hs01104220_g1

MT1F

Hs00744661_sH

MT1X

Hs00745167_sH

MT1M

Hs00828387_g1

MT1H

Hs00823168_g1

MT1G

Hs01584215_g1

MT1B
Hs00538861_m1
qRT-PCR: Quantitative reverse transcription polymerase chain reaction; IL1RN: Interleukin-1 receptor
antagonist; IL36RN: Interleukin-36 receptor antagonist; MT1: Metallothionein 1

3.6

Enzyme linked immunosorbent assay (I, V)

All ELISA kits were purchased from Cayman Chemical and the measurement protocols
were carried out in accordance with the manufacturer’s instructions.

3.7

Next-generation sequencing (NGS) and data analysis (V)

Cartilage from 10 individual OA patients was obtained and processed as previously
described. The extracted RNA from the isolated chondrocytes was treated with DNase
I (Qiagen). RNA concentration and integrity, as defined as RIN > 7, were confirmed
with the 2100 Bioanalyzer (Agilent, Santa Clara, CA, USA).
Sample sequencing was performed in the Biomedicum Functional Genomics Unit,
University of Helsinki, Finland, using the Illumina NextSeq 500 system. Sequencing
depth was 15 million single-end reads 75 bp in length. Read quality was first assessed
using FastQC (Andrews, S., 2010), and the reads were trimmed using Trimmomatic
(Bolger et al., 2014). Trimmed reads were aligned to reference human genome with
STAR (Dobin et al., 2013). Count matrices were prepared with the featureCounts
program (Liao et al., 2014). Differential expression was assessed with edgeR (Robinson
et al., 2010). Normalised gene expression levels are represented by trimmed mean of
M-values (TMM). Functions of the genes were obtained from NCBI Gene database. The
functional analysis of differentially expressed genes by MF63 was performed by using
the Gene Ontology (GO) database (Ashburner et al., 2000; The Gene Ontology
Consortium, 2017) with the DAVID tool (Huang da et al., 2009). The interactions
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between differentially expressed genes by MF63 were analysed with STRING database
(Szklarczyk et al., 2015).

3.8

Statistics

Results are expressed as mean ± standard error of the mean (SEM). Data were analysed
by using GraphPad InStat version 3.10 for Windows (GraphPad Software, San Diego,
CA, USA) by one-way or two-way ANOVA with Dunnett’s or Bonferroni’s post-test,
Wilcoxon matched-pairs signed-ranks test or paired t-test where appropriate.
Differences were considered significant at P < 0.05. For NGS data analysis,
normalisation was performed and differential expression studied using a negative
binomial model implemented in edgeR (McCarthy et al., 2012).
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4 SUMMARY OF THE RESULTS

4.1

mPGES-1 expression in human osteoarthritic chondrocytes

The initial goal was to study the expression of mPGES-1 in primary human OA
chondrocytes and its regulation by drugs used in arthritis treatment. The time-dependent
upregulation of mPGES-1 expression by IL-1Ƣ was first determined to discover the
optimal time point for investigating the drug effects.

Figure 3. The time-dependent induction of mPGES-1 mRNA (A) and protein (B) expression in primary
human chondrocytes stimulated with IL-1ȕ (100 pg/ml). mRNA (A) and protein (B) were extracted
at the indicated time points. mPGES-1 mRNA levels were analysed with quantitative reverse
transcription polymerase chain reaction (qRT-PCR) and normalised against the levels of
glyceraldehyde 3-phosphate dehydrogenase (GAPDH) mRNA. Actin was used as a loading
control in the Western blot experiments. Values are mean ± SEM expressed as fold increase
from baseline (considered as 1) in arbitrary units, n=4-6. One-way ANOVA with Dunnett’s posttest was performed, and the statistical significance is indicated as ** < 0.01. Modified from Tuure
et al. Scand J Rheum 2015; 44(1): 74-79.
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The expression of mPGES-1 in unstimulated cells was relatively low, as expected. A
fourfold increase of the mPGES-1 mRNA levels was seen 24 hours after stimulation
with IL-1Ƣ (Figure 3A). A similar but slower increase was seen in mPGES-1 protein
levels, which continued to increase throughout the 96-hour follow-up (Figure 3B).

4.2

Effects of DMARDs on the expression of mPGES-1 in
osteoarthritic chondrocytes

The Finnish Current Care Guidelines recommend the combination of methotrexate,
sulfasalazine and hydroxychloroquine together with a small daily dose of glucocorticoid
for the treatment of early RA (Rheumatoid arthritis: Current Care Guidelines Abstract
2015). We investigated the effects of methotrexate, sulfasalazine, hydroxychloroquine
and a traditional DMARD aurothiomalate on the expression of mPGES-1 in primary
human OA chondrocytes. Dexamethasone was used as a control, because it has been
shown to inhibit mPGES-1 expression earlier (Stichtenoth et al., 2001). We noticed that
aurothiomalate inhibited the expression of mPGES-1 mRNA (Figure 4A) and protein
(Figure 4C) in a manner comparable to dexamethasone. By contrast, the other DMARDs
investigated had no significant effect. Moreover, the effect of aurothiomalate on
mPGES-1 inhibition (Figure 4B), as well as on PGE2 reduction (Figure 4D) was dose
dependent and was achieved at concentrations that can be found in the inflammatory
tissue during intramuscular aurothiomalate treatment (Freyberg et al., 1941; Gerber et
al., 1972).
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Figure 4. The effects of dexamethasone and DMARDs on the expression of mPGES-1 and the production
of PGE2 in primary human chondrocytes. (A) Cells were treated with IL-1ȕ (100 pg/mL) and the
compounds of interest for 48 h and RNA were extracted thereafter, subjected to qRT-PCR and
normalised against GAPDH, n= 4–11. (B) Cells were treated with IL-1ȕ (100 pg/mL) and
aurothiomalate for 48 h, and RNA was extracted thereafter, subjected to qRT-PCR and
normalised against GAPDH, n=4. (C) Cells were incubated with IL-1ȕ (100 pg/mL) and the
compounds of interest for 72 h, and proteins were extracted thereafter. Actin was used as a
loading control in the Western blot experiment. n=8. (D) Cells were incubated with IL-1ȕ (100
pg/mL) and the compounds of interest for 48 h, and cell culture medium was collected thereafter.
PGE2 levels were determined by ELISA. n=3-4. Values are indicated as mean ± SEM. The IL1ȕ-treated cells were considered as 100%, and the other values were related to that. One-way
ANOVA with Dunnett’s post-test was performed, and the statistical significance is indicated as
** < 0.01. Modified from Tuure et al. Scand J Rheum 2015; 44(1): 74-79.
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4.3

MKP-1 regulates the expression of mPGES-1

4.3.1

Effect of dexamethasone on the expression of MKP-1

Glucocorticoids have previously been shown to enhance MKP-1 expression in various
cell types (Korhonen and Moilanen, 2014). The present study investigated this effect in
chondrocytes and in macrophages. In human OA chondrocytes, dexamethasone
significantly increased the expression of MKP-1 mRNA (Figure 5A) and protein (Figure
5B) with and without stimulation with IL-1Ƣ. Dexamethasone also increased MKP-1
expression in primary chondrocytes from wild type mice, whereas aurothiomalate did
not affect MKP-1 expression (Figure 6). Accordingly, dexamethasone increased MKP-1
expression both in J774 murine macrophages (Figure 7A and B) and in mouse peritoneal
macrophages (Figure 7C) in the presence or absence of the pro-inflammatory stimulant
LPS.

Figure 5. Effect of dexamethasone on MKP-1 mRNA (A) and protein (B) expression in primary human OA
chondrocytes. Unstimulated and IL-1ȕ-stimulated chondrocytes were incubated with or without
dexamethasone for 90 minutes. MKP-1 mRNA levels were measured by qRT-PCR and
normalised against GAPDH levels (A). MKP-1 protein expression was measured by Western blot
and normalised against actin levels (B). Mean MKP-1 expression in the unstimulated cells was
set as 1, and the other values were related to that. The results from five (n=5) (A) or six (n=6)
(B) patients were combined, and the experiments were carried out in duplicate. The results are
expressed as mean ± SEM. Repeated measures ANOVA with Bonferroni’s post-test was
performed, and statistical significance is indicated as *** p < 0.001 and * p < 0.05 as compared
to the unstimulated control samples. Modified from Tuure et al. Int Immunopharmacol 2019; 71:
139-143.
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Figure 6. Effects of dexamethasone and aurothiomalate on MKP-1 expression in IL-1ȕ-stimulated primary
chondrocytes from wild type mice. The cells were stimulated with IL-1ȕ and incubated with
dexamethasone for 90 minutes. MKP-1 mRNA levels were measured by qRT-PCR and
normalised against GAPDH mRNA levels. Mean MKP-1 expression level in the unstimulated
cells was set as 1.0, and the other values were related to that. The results are expressed as
mean ± SEM, n=5. One-way ANOVA with Bonferroni’s post-test was performed, and statistical
significance is indicated as *** P < 0.001 as compared to the IL-1ȕ-stimulated cells. Modified
from Tuure et al. Int Immunopharmacol 2019; 71: 139-143.
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Figure 7. Effect of dexamethasone on the expression of MKP-1 mRNA (A) and protein (B) in J774 murine
macrophages and in mouse peritoneal macrophages (C). Cells were incubated with
dexamethasone with and without LPS for 60 minutes. MKP-1 mRNA levels were measured by
qRT-PCR and normalised against GAPDH levels (A and C). MKP-1 protein levels were
measured by Western blot, and actin was used as a loading control (B). Mean expression level
of MKP-1 in LPS-stimulated cells was set as 100%, and the other values were related to that.
The results are expressed as mean ± SEM. n=11-12 (A), n=9 (B) and n=5 (C). One-way ANOVA
with Bonferroni’s post-test was performed, and statistical significance is indicated as ***p < 0.001.
Modified from Tuure et al. Front Pharmacol. 2017; 8:646.
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4.3.2

The role of MKP-1 in the effect of dexamethasone on mPGES-1
expression

IL-1Ƣ-stimulated primary chondrocytes and LPS-stimulated peritoneal macrophages
were treated with dexamethasone to test the hypothesis that MKP-1 mediates the
inhibitory effect of dexamethasone on mPGES-1 expression. The expression of
mPGES-1 was indeed inhibited in both cell types by dexamethasone in the cells from
WT mice, but the effect was not statistically significant in the cells from MKP-1 KO
mice (Figure 8A and 8B). Interestingly, aurothiomalate inhibited the expression of
mPGES-1 in chondrocytes regardless of the genotype, whereas it did not affect mPGES1 expression in macrophages in either of the genotypes investigated (Figure 8A and 8B).
Figure
8.
Effects
of
dexamethasone
and
aurothiomalate on mPGES-1
mRNA expression in primary
chondrocytes
(A)
and
peritoneal macrophages (B)
from wild type (WT) and MKP1
knockout (MKP-1 KO) mice.
Chondrocytes from WT and
MKP-1 KO mice were
stimulated with IL-1ȕ (A) or LPS
(B) and incubated in the
presence or absence of
dexamethasone for 24 hours.
mPGES-1 mRNA levels were
measured by qRT-PCR and
normalised against GAPDH
levels. Mean expression level of
mPGES-1 in IL-1ȕ-stimulated
cells was set as 100%, and the
other values were related to
that. The results are expressed
as mean ± SEM, n=9-13 (A)
and n=4 (B). One-way ANOVA
with Bonferroni’s post-test was
performed, and statistical
significance is indicated as ***P
< 0.001 and ns = not significant
as compared to the stimulated
cells. Modified from Tuure et al.
Int Immunopharmacol 2019; 71:
139-143 (A) and from Tuure et
al. Front Pharmacol. 2017;
8:646 (B).
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The inhibitory effect of dexamethasone on the expression of mPGES-1 was
discovered to be dependent on MKP-1, so the validity of this dependence was tested in
an in vivo model. This was investigated by comparing the ability of systemically
administered dexamethasone to suppress LPS-induced paw edema between WT and
MKP-1 KO mice and by measuring the concurrent production of mPGES-1 mRNA in
the paw tissues. Indeed, dexamethasone significantly reduced mPGES-1 expression in
the LPS-treated paw tissue in the WT mice (Figure 9A). In support of the in vitro data,
dexamethasone had no effect on mPGES-1 expression levels in the paw tissue in
MKP-deficient mice. Dexamethasone also reduced LPS-induced inflammatory paw
edema in WT but not in MKP-1-deficient mice, while the latter developed a more severe
edema following LPS injection (Figure 9B).

Figure 9. Effect of dexamethasone on mPGES-1 expression (A) and edema (B) in paw tissues from wild
type and MKP-1 knockout (MKP-1 KO) mice. Dexamethasone (2 mg/kg) was given
intraperitoneally an hour before LPS (50 l of 2 mg/ml in phosphate buffered saline, PBS) was
injected into the hind paw of anesthetised mice to induce acute inflammation. The paw volume
was measured with a plethysmometer before and 6 h after the LPS injection. The contralateral
control paw injected with the solvent (endotoxin-free PBS) developed no measurable edema.
Paw edema is expressed as the volume change as compared to the pretreatment value, and the
results are displayed as mean ± SEM, n=8 (A). The paw tissues were collected 6 h after the LPS
injection, and mPGES-1 mRNA levels were measured by qRT-PCR and normalised against
GAPDH mRNA levels. mPGES-1 mRNA levels in LPS treated paw tissue from wild type mice
were set as 100 %, and the other values are related to that. Results are expressed as mean +
SEM, n=6-8 (B). One-way ANOVA with Bonferroni’s post-test was performed, and statistical
significance is indicated as * P < 0.05 and ns = not significant. Figure B modified from Tuure et
al. Front Pharmacol 2017; 8:646.
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4.3.3

Effect of the PDE4 inhibitor rolipram on the expression of mPGES-1

In addition to glucocorticoids, PDE4 inhibitors also have been reported to attenuate
clinical signs of inflammation in a manner dependent on MKP-1 (Korhonen et al., 2013;
Pan et al., 2017). The effect of PDE4 inhibitor rolipram on the expression of mPGES-1
and MKP-1 in macrophages was therefore investigated. Rolipram inhibited the
expression of mPGES-1 mRNA (Figure 10A) and protein (Figure 10B) in J774 murine
macrophages in a manner comparable to dexamethasone, which was used as a control
compound. Rolipram also enhanced MKP-1 mRNA (Figure 11A) and protein (Figure
11B) expression in J774 cells, and the MKP-1 mRNA-enhancing effect was confirmed
in mouse peritoneal macrophages (Figure 11C).

Figure 10. Effects of rolipram and dexamethasone on mPGES-1 mRNA (A) and protein (B) expression in
J774 murine macrophages. Cells were incubated with LPS and rolipram or dexamethasone for
24 hours. mPGES-1 mRNA levels were measured by qRT-PCR and normalised against GAPDH
levels (A). In the Western blot experiments, actin was used as a loading control (B). Mean
expression level of mPGES-1 in LPS-stimulated cells was set as 100%, and the other values
were related to that. The results are expressed as mean ± SEM. n=6-7 (A) and n=5-6 (B). Oneway ANOVA with Bonferroni’s post-test was performed, and statistical significance is indicated
as ** p < 0.01 and ***p < 0.001. Modified from Tuure et al. Pharmacol Res Perscpect 2017; 5(6):
e00363.
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Figure 11. Effects of rolipram and dexamethasone on the production of MKP-1 in J774 murine macrophages
(A and B) and in mouse peritoneal macrophages (C). Cells were incubated with rolipram or
dexamethasone and stimulated with LPS for 60 minutes. MKP-1 mRNA levels were measured
by qRT-PCR and normalised against GAPDH levels (A and C). Actin was used as a loading
control in the Western blot experiments (B). Mean expression level of MKP-1 in LPS-stimulated
cells was set as 100%, and the other values were related to that. The results are expressed as
mean ± SEM. n=11 (A), n=9 (B) and n=5 (C). One-way ANOVA with Bonferroni’s post-test was
performed, and statistical significance is indicated as *p < 0.05, **p < 0.01 and ***p < 0.001.
Modified from Tuure et al. Pharmacol Res Perscpect. 2017; 5(6): e00363.
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The effect of rolipram was compared between peritoneal macrophages from WT and
MKP-1 KO mice to confirm whether the inhibitory effect of rolipram on mPGES-1
expression is dependent on MKP-1. Rolipram significantly inhibited the expression of
mPGES-1 in cells from WT mice, whereas there was no measurable effect (Figure 12)
in cells from MKP-1 KO mice, indicating that MKP-1 mediates the effect of rolipram
on mPGES-1 expression in macrophages.

Figure 12. Effect of rolipram on mPGES-1 expression in peritoneal macrophages from wild type and MKP1
knockout (MKP-1 KO) mice. Peritoneal macrophages were incubated with LPS in the presence
and absence of rolipram for 24 hours. mPGES-1 mRNA levels were measured by qRT-PCR and
normalised against GAPDH levels. Mean expression level of mPGES-1 in LPS-stimulated cells
was set as 100%, and the other values were related to that. The results are expressed as mean
± SEM. n=4. One-way ANOVA with Bonferroni’s post-test was performed, and statistical
significance is indicated as *** p < 0.001 and ns=not significant. Modified from Tuure et al.
Pharmacol Res Perscpect 2017; 5(6): e00363.
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4.3.4 MKP-1 in the baseline expression of mPGES-1
The role of MKP-1 in the baseline expression of mPGES-1 was investigated by
comparing the expression of mPGES-1 in unstimulated primary chondrocytes and
peritoneal macrophages between WT and MKP-1 KO mice. The expression of
mPGES-1 was greater in MKP-1 KO mice compared to that in WT mice concerning
both cell types (Figure 13A and 13B).

Figure 13. Baseline expression of mPGES-1 in unstimulated primary chondrocytes (A) and primary
macrophages (B) from wild type and MKP-1 knockout (MKP-1 KO) mice. The expression of
mPGES-1 mRNA was measured by qRT-PCR and normalised against GAPDH mRNA. The
mean expression of mPGES-1 in cells from wild type mice was set as 1.0, and the mPGES-1
expression in MKP-1 knockout mice was compared to that. The results are expressed as mean
± SEM, n=7-9 (A) and n=4 (B). Data were analyzed by using unpaired T-test, and the actual p
value between the groups is given in the figure. Figure A modified from Tuure et al. Int
Immunopharmacol 2019; 71: 139-143.

4.4

Effects of dexamethasone and rolipram on MAPK
phosphorylation

MKP-1 is a restrictive factor in inflammation, primarily based on its ability to
dephosphorylate and thus deactivate the MAPKs p38 and JNK (Franklin 1996; Franklin
1998). These effects are suggested to be cell type-dependent (Korhonen and Moilanen,
2014). The present study found that dexamethasone and rolipram enhanced MKP-1
expression; therefore, the effects of dexamethasone and rolipram on the
dephosphorylation of MAPKs JNK and p38 were investigated.
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Dexamethasone inhibited the phosphorylation of both JNK and p38, whereas
rolipram inhibited the phosphorylation of JNK only in LPS-stimulated J774
macrophages (Figure 14). These results were next confirmed to be similar also in mouse
peritoneal macrophages (Figure 15). Moreover, the dependence of this
dephosphorylation on MAPKs JNK and p38 by dexamethasone and rolipram were
shown by comparing these drug effects between peritoneal macrophages from WT and
MKP-1 KO mice. As expected, the inhibitory effects of dexamethasone and rolipram
seen in cells from WT mice were abolished in cells from MKP-1 KO mice, which
indicates that MKP-1 indeed mediates these effects.

Figure 14. Effects of dexamethasone and rolipram on the phosphorylation of MAPKs JNK (A) and p38 (B)
in J774 murine macrophages. The cells were pre-incubated with the compounds of interest for
60 minutes and stimulated with bacterial lipopolysaccharide (LPS) for 30 minutes. The levels of
phosphorylated and total MAPK were measured by Western blot, and the levels of
phosphorylated JNK and p38 were normalised against the total JNK and p38, respectively. The
expression levels in LPS-stimulated cells were set as 100%, and the other values were related
to that. Results are expressed as mean ± SEM, n=6 (A) and n=4 (B). One-way ANOVA with
Bonferroni’s post-test was performed, and statistical significance is indicated as *** p < 0.001,
** p < 0.01, *p < 0.05 and ns=not significant. Modified from Tuure et al. Front Pharmacol. 2017;
8:646 and from Tuure et al. Pharmacol Res Perscpect 2017; 5(6): e00363.
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Figure 15. Effects of dexamethasone and rolipram on the phosphorylation of MAPKs JNK (A) and p38 (B)
in peritoneal macrophages from wild type and MKP-1 knockout (KO) mice. Cells were preincubated with dexamethasone or rolipram for 60 minutes and stimulated with LPS for 30
minutes. The levels of phosphorylated and total MAPKs were measured by Western blot and the
levels of phosphorylated JNK (pJNK) and p38 (pp38) were normalised against the total JNK and
p38, respectively. The expression levels in LPS-stimulated cells were set as 100%, and the other
values were related to that. Results are expressed as mean ± SEM, n=5 (A) and n=9 (B). Oneway ANOVA with Bonferroni’s post-test was performed, and statistical significance is indicated
as ***p < 0.001, and ns=not significant. Modified from Tuure et al. Front Pharmacol 2017; 8:646
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As dexamethasone enhanced the expression of MKP-1 (Figure 6) in human OA
chondrocytes, we investigated the effect of dexamethasone on MAPK
dephosphorylation in these cells. Dexamethasone inhibited the phosphorylation of both
JNK (Figure 16A) and p38 (Figure 16B) in primary human OA chondrocytes, indicating
similar effects between macrophages and chondrocytes.

Figure 16. Effect of dexamethasone on phosphorylation of MAPKs JNK and p38 in IL-1ȕ-stimulated primary
human OA chondrocytes. The cells were pre-incubated with dexamethasone for 60 minutes and
stimulated with IL-1ȕ for 30 minutes. The levels of phosphorylated p38 (pp38) and
phosphorylated JNK (pJNK) were measured by Western blot and normalised against the levels
of total p38 (p38) and total JNK (JNK), respectively. The expression levels in LPS-stimulated
cells were set as 100%, and the other values were related to that.The results from seven (JNK,
n=7) or eight (p38, n=8) patients were combined and the experiments were carried out in
duplicate. The results are expressed as mean ± SEM. Repeated measures ANOVA with
Bonferroni’s post-test was performed, and statistical significance is indicated as ***P < 0.001 as
compared to the IL-1ȕ-stimulated cells. Modified from Tuure et al. Int Immunopharmacol 2019;
71: 139-143.
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4.5

Regulation of mPGES-1 expression by MAPKs

The effects of selective inhibitors of these MAPKs were investigated in macrophages
and in chondrocytes to elucidate the roles of MAPKs JNK and p38 in the regulation of
mPGES-1 expression. In LPS-stimulated J774 macrophages, the selective JNK inhibitor
SP600125 (Bennett et al., 2001) inhibited the expression of mPGES-1 mRNA (Figure
17A) and protein (Figure 17B) in a manner comparable to that of dexamethasone and
rolipram. However, the selective p38 inhibitor, BIRB796 (Kuma et al., 2005), did not
affect mPGES-1 expression.
In IL-1Ƣ-stimulated human OA chondrocytes, two structurally different inhibitors of
p38, BIRB796 and SB203580 (Cuenda et al., 1995), inhibited mPGES-1 expression
(Figure 18), whereas inhibitors of JNK, SP600125 and JNK inhibitor VIII
(Szczepankiewicz et al., 2006) had no effect. These results thus suggest that the
expression of mPGES-1 is regulated by JNK in macrophages, and by p38 in
chondrocytes.
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Figure 17. Effects of selective
inhibitors of p38 (BIRB796) and
JNK
(SP600125)
MAPKs,
dexamethasone and rolipram on
the expression of mPGES-1
mRNA (A) and protein (B) in J774
murine macrophages. Cells were
incubated with LPS and the
compounds of interest for 24
hours. mPGES-1 mRNA levels
were measured by quantitative
RT-PCR and normalised against
GAPDH levels (A). mPGES-1
protein levels were measured by
Western blot analysis and used
actin as a loading control (B).
Mean expression level of
mPGES-1 in LPS-stimulated
cells was set as 100%, and the
other values were related to that.
Results are expressed as mean
± SEM, n=5-7. One-way ANOVA
with Bonferroni’s post-test was
performed,
and
statistical
significance is indicated as
***P < 0.001 and **P < 0.01 as
compared to the IL-1ȕ-stimulated
cells. Modified from Tuure et al.
Pharmacol Res Perscpect 2017;
5(6): e00363.
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Figure 18. Effects of selective MAPK inhibitors on mPGES-1 expression in primary human OA chondrocytes.
The cells were stimulated with IL-1 ȕ and treated with selective inhibitors of p38 (SB203580 and
BIRB796) or JNK (SP600125 and JNK inhibitor VIII) for 24 hours. Mean expression of mPGES1 in IL-1ȕ-stimulated cells was set as 100%, and the other values were related to that. The results
are expressed as mean ± SEM. The results from five patients (n=5) were combined and the
experiments were carried out in duplicate. Repeated measures ANOVA with Bonferroni’s posttest was performed, and statistical significance is indicated as ***P < 0.001, **P < 0.01, *P < 0.05
and ns = not significant as compared to the IL-1ȕ-stimulated cells. Modified from Tuure et al. Int
Immunopharmacol 2019; 71: 139-143.

4.6

Effects of the selective mPGES-1 inhibitor MF63 on gene
expression in human OA chondrocytes

The aim in study V was to investigate the effects of the selective inhibitor of mPGES-1
on gene expression in human OA chondrocytes. As a reference, the effects of the
NSAID ibuprofen were likewise investigated. Cartilage pieces from ten individual OA
patients were obtained to do this, and chondrocytes were isolated in a manner described
previously. These were onwards cultured with and without IL-1Ƣ and the mPGES-1
inhibitor MF63, which has been shown to be effective in vivo in various inflammatory
models (Cote et al., 2007; Ding, K. et al., 2018; Xu et al., 2008). The differences in gene
expression between chondrocytes treated with and without MF63 were compared in
these experiments. The gene expression was investigated separately in IL-1Ƣ-stimulated
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chondrocytes and in chondrocytes cultured in the absence of added cytokines. Gene
expression levels are given as TMM-normalised counts and reported as mean expression
levels with and without MF63. Fold change (FC) values reflect the actual differences in
gene expression between cells treated with and without MF63.
In IL-1Ƣ-stimulated cells, the expression of 14938 genes were altered by MF63 in a
statistically significant manner [false discrimination rate (FDR)-corrected p-value <
0.05]. However, only 39 protein-coding genes were up- or downregulated with FC  2.0
into either direction. Tables 7 and 8, respectively, present the 25 most upregulated and
downregulated protein-coding genes. The upregulated genes included several subtypes
of MT1, as well as endogenous antagonists for proinflammatory cytokines IL-1 and
interleukin-36 (IL-36). In contrast, the expression of IL-6 was downregulated. Among
the genes downregulated by MF63, hyaluronan synthase 1 (HAS1), growth
differentiation factor 5 (GDF5) and receptor-interacting serine/threonine kinase 4
(RIPK4) have been associated with the maintenance of cartilage, whereas insulin-like
growth factor binding protein 4 (IGFBP4) and a disintegrin and metalloproteinase with
thrombospondin motif 6 (ADAMTS6) have been associated with the degradative
changes in OA. The significance of these findings will be discussed further.
The effects of MF63 on gene expression in chondrocytes cultured without IL-1Ƣ
were measured as a reference. The number of altered genes was smaller as compared to
that in IL-1Ƣ-stimulated cells, and none of the genes was altered with FC  2.0. MT1
subtypes were still largely upregulated similarly to that in the IL-1Ƣ-stimulated cells,
whereas the downregulated genes were mostly related to lipid metabolism.
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RP1, axonemal microtubule associated

Family with sequence similarity 189 member A2

Trichohyalin

DS cell adhesion molecule like 1
Metallothionein 1A
Interleukin-1 receptor antagonist
Metallothionein 1E
carbohydrate sulfotransferase 8

RP1

FAM189A2

TCHH

DSCAML1
MT1A
IL1RN
MT1E
CHST8
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Name
Metallothionein 1B
Xin actin binding repeat containing 1
Metallothionein 1G
Metallothionein 1H
Metallothionein 1M
Metallothionein 1X
Solute carrier family 30 member 2
Synaptotagmin 7
Metallothionein 1F
C2 calcium dependent domain containing 4B
Protocadherin 8
Protein tyrosine phosphatase, receptor type R
Brain expressed associated with NEDD4 1
SLAM family member 7
Interleukin-36 receptor antagonist
Purinergic receptor P2Y1
V-set and transmembrane domain containing 2A

Gene
MT1B
XIRP1
MT1G
MT1H
MT1M
MT1X
SLC30A2
SYT7
MT1F
C2CD4B
PCDH8
PTPRR
BEAN1
SLAMF7
IL36RN
P2RY1
VSTM2A

Function
Regulation of metal homeostasis
Striated muscle protein
Regulation of metal homeostasis
Regulation of metal homeostasis
Regulation of metal homeostasis
Regulation of metal homeostasis
Zinc transporter
Exocytosis in synaptic membranes
Regulation of metal homeostasis
Unknown
CNS-specific cell adhesion
Cell growth and differentiation
Purkinje cell development
Immune response
Anti-inflammatory
Platelet aggregation
Adipogenesis
Morphogenesis of retinal rod
photoreceptors
Unknown
Structural protein in hair follicles and
filiform papillae of the tongue
Cell adhesion, neuronal differentiation
Regulation of metal homeostasis
Anti-inflammatory
Regulation of metal homeostasis
Protein sulfation
2,02
2,02
2,01
2,00
1,96

2,04

2,04

2,07

FC
3,68
3,43
3,20
2,90
2,73
2,57
2,70
2,39
2,35
2,34
2,30
2,27
2,20
2,18
2,15
2,12
2,09

0,3
51,2
23,3
1365,0
0,5

1,8

4,1

0,3

Mean (IL-1Ȗ)
0,9
5,6
2106,6
208,7
291,7
429,8
16,1
0,3
178,8
0,4
0,2
0,3
0,2
0,6
116,8
0,3
0,8

0,5
102,3
45,4
2729,0
1,0

3,8

8,4

0,7

Mean(+MF63)
3,5
18,8
6716,4
609,2
793,8
1109,7
42,1
0,7
425,3
0,9
0,5
0,7
0,6
1,3
240,4
0,6
1,6

0.0009
<0.0001
<0.0001
<0.0001
<0.0001

<0.0001

<0.0001

0.00087

Adj. p
<0.0001
<0.0001
<0.0001
<0.0001
<0.0001
<0.0001
<0.0001
<0.0001
<0.0001
<0.0001
0.00173
<0.0001
0.00057
<0.0001
<0.0001
0.0004
<0.0001

Table 7. The 25 most upregulated genes by MF63 in IL-1ȕ-stimulated primary OA chondrocytes. Gene expression levels in chondrocytes are given as mean in
TMM-normalised values, and the differences between the groups are given as fold change (FC) values. Functions of the genes were obtained from NCBI Gene
database.

Name
Cytochrome P450 Family 1 Subfamily B Member 1
Insulin Like Growth Factor Binding Protein 4
Fatty Acid Desaturase 2
Aldehyde Dehydrogenase 3 Family Member A1

Cytochrome P450 Family 1 Subfamily A Member 1

Low Density Lipoprotein Receptor
7-Dehydrocholesterol Reductase

Growth Differentiation Factor 5

Shisa Family Member 3
Histidine Rich Carboxyl Terminus 1
Transmembrane Protein 97
Methylsterol Monooxygenase 1
Receptor-Interacting Serine/Threonine Kinase 4

Cell Death-Inducing DFFA-Like Effector A

Gamma-Glutamyltransferase 5
Histidine Ammonia-Lyase
Solute Carrier Family 14 Member 1
Cytidine Deaminase
Immediate Early Response 3
Protein Kinase C And Casein Kinase Substrate In Neurons 3
Interleukin-6
Hyaluronan synthase 1
NDC80, kinetochore complex component
A metallopeptidase with thrombospondin type 1 motif 6
Copine 5

Gene
CYP1B1
IGFBP4
FADS2
ALDH3A1

CYP1A1

LDLR
DHCR7

GDF5

SHISA3
HRCT1
TMEM97
MSMO1
RIPK4

CIDEA

GGT5
HAL
SLC14A1
CDA
IER3
PACSIN3
IL6
HAS1
NDC80
ADAMTS6
CPNE5

Regulation of apoptosis, thermogenesis and
lipolysis
Leukotriene metabolism
Histidine catabolism
Urea transporter
Pyrimidine metabolism
Regulation of apoptosis
Neuron development
Immune response
ECM formation
Chromosome segregation
ECM degradation
Calcium-dependent intracellular signaling

Function
Drug metabolism, lipoprotein synthesis
Regulation of insulin-like growth factors
Lipid metabolism
Metabolism of aldehyde substrates
Metabolism of drugs, xenobiotics and
lipoproteins
Lipid metabolism
Lipid metabolism
Development of cartilage, bone, brown fat and
neuronal tissue
Suppressor of FGF and WNT signaling
Unknown
Lipid metabolism
Lipid metabolism
Intracellular signaling

0,49
0,52
0,53
0,53
0,53
0,54
0,54
0,54
0,54
0,55
0,56

0,47

0,44
0,46
0,46
0,46
0,47

0,42

0,40
0,41

0,38

FC
0,34
0,34
0,36
0,38

0,7
1,7
1,5
4,5
1,3
5,0
938,0
0,7
0,9
10,2
0,6

1,2

2,1
0,6
10,3
98,3
6,7

7,6

65,4
39,8

0,6

Mean (IL-1Ȗ)
779,6
209,2
19,6
5,2

0,3
0,9
0,8
2,4
0,7
2,6
519,5
0,4
0,5
5,8
0,3

0,6

0,9
0,3
4,4
44,8
3,1

3,2

26,4
16,0

0,2

Mean (+MF63)
280,5
70,8
6,7
2,1
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0.0010
<0.0001
<0.0001
<0.0001
<0.0001
<0.0001
<0.0001
0.01238
0.00017
<0.0001
0.00856

<0.0001

<0.0001
0.0004
<0.0001
<0.0001
<0.0001

<0.0001

<0.0001
<0.0001

0.0025

Adj. p
<0.0001
<0.0001
<0.0001
<0.0001

Table 8. 25 genes with the lowest expression in IL-1ȕ-stimulated chondrocytes treated with MF63 as compared to chondrocytes without MF63. Gene expression
levels in chondrocytes are given as mean in TMM-normalised values, and the differences between the groups are given as fold change (FC) values. Functions of
the genes were obtained from NCBI Gene database.

Uromodulin like 1

Xin actin binding repeat containing 1

Dishevelled binding antagonist of beta catenin 1

Colony stimulating factor 2

PPARG coactivator 1 beta

Interleukin-23 subunit alpha

Hyaluronan synthase 1

Insulin like growth factor binding protein 4

Interleukin-6

Phosphodiesterase 3A

Signal transducer and activator of transcription 4

Proprotein convertase subtilisin/kexin type 1

A metallopeptidase with thrombospondin type 1 motif 6

Histidine ammonia-lyase

Dynein axonemal heavy chain 17

Colony stimulating factor 3

Amphiregulin

UMODL1

XIRP1

DACT1

CSF2

PPARGC1B

IL23A

HAS1

IGFBP4

IL6

PDE3A

STAT4

PCSK1

ADAMTS6

HAL

DNAH17

CSF3

AREG
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Peroxisome proliferator activated receptor gamma

PPARG

Function

Growth factor in skin and neuronal cells

Regulator of granulocyte differentiation

Dynein motor protein

Histidine catabolism

ECM degradation

Metabolism of peptide hormones

Regulator of T-cell differentiation

Mediator of intracellular cAMP levels

Immune response

Regulation of insulin-like growth factors

ECM formation

Immune response

Genes downregulated with a fold change (FC  0.5)

PPAR signaling

Regulator of leukocyte differentiation

Regulation of cell proliferation and apoptosis

Striated muscle protein

Neuronal development (?)

PPAR signaling

Genes upregulated with a fold change (FC)  2.0

Name

Gene

0,50

0,50

0,49

0,47

0,46

0,46

0,42

0,40

0,40

0,37

0,36

0,31

2,07

2,09

2,10

2,38

2,39

2,87

FC

2,3

19,8

1,0

1,7

10,5

7,2

2,5

0,9

958,4

213,8

0,8

15,2

0,4

5,2

4,0

5,7

0,3

0,3

1,2

9,9

0,5

0,8

4,9

3,2

1,0

0,3

403,8

79,7

0,3

4,7

0,8

11,2

8,4

13,4

0,7

0,9

<0.0001

<0.0001

<0.0001

<0.0001

<0.0001

<0.0001

<0.0001

0.0001

<0.0001

<0.0001

<0.0001

<0.0001

0.0002

<0.0001

<0.0001

<0.0001

<0.0001

<0.0001

Mean (IL-1Ȗ) Mean (+Ibu) Adj. p

Table 9. Genes with altered expression by FC  2.0 or FC  0.5 in IL-1ȕ-stimulated chondrocytes by the NSAID ibuprofen. Gene expression levels in chondrocytes
are given as mean in TMM-normalised values, and the differences between the groups are given as fold change (FC) values. Functions of the genes were obtained
from NCBI Gene database.

The effects of the commonly used NSAID, ibuprofen, on gene expression in human
OA chondrocytes were investigated as a reference for MF63. There were no statistically
significant changes whatsoever in gene expression levels in the unstimulated cells treated
with and without ibuprofen. When comparing chondrocytes treated with IL-1Ƣ and
ibuprofen to those treated with IL-1Ƣ alone, six protein-coding genes were upregulated
and twelve were downregulated in a statistically significant manner with FC  2.0 into
either direction (Table 9). XIRP1 was upregulated by both ibuprofen and MF63. Among
the twelve genes downregulated by ibuprofen, IL6, ADAMTS6, IGFBP4 and HAS1
were also downregulated by MF63 (Table 8).

4.6.1

Functional and pathway analyses of differentially expressed genes by
MF63

To utilise the data within the present genome-wide expression analysis, we studied which
functional gene categories were enriched among the genes that were expressed
differentially between human OA chondrocytes treated with and without MF63. Of the
50 genes whose expression was most significantly altered by MF63 (Tables 7 and 8),
three GO terms were found (Table 10). All of the differentially expressed genes included
in these three GO terms were subtypes of metallothionein 1 (MT1).
Table 10. GO terms covering the 25 most-upregulated and the 25 most-downregulated genes in IL-1ȕstimulated primary human OA chondrocytes treated with the mPGES-1 inhibitor MF63 as compared to the
cells without MF63. The genes were analysed with DAVID tool using Gene Ontology (GO) database. The pvalues are adjusted by the False Discovery Rate (FDR).

GO term

Number
of altered
genes

Altered genes

Genes in the GO FDR-adjusted
p-value
term

Cellular response
to zinc ion

8

MT1M, MT1A, MT1E, MT1B, MT1H,
MT1X, MT1G, MT1F

19

4,19E-11

Negative regulation
of growth

8

MT1M, MT1A, MT1E, MT1B, MT1H,
MT1X, MT1G, MT1F

19

4,19E-09

Cellular response
to cadmium ion

6

MT1A, MT1E, MT1H, MT1X, MT1G,
MT1F

17

9,29E-07
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Interactions between the 50 most differentially expressed genes (Table 7 and 8) were
analysed. Figure 19 shows that MT1 subtypes and SLC30A2 are bound and activated by
each other, as are the genes associated with lipid metabolism. IL6 appears to be a
connective factor between the other sets of genes in this analysis.

Figure 19. Interactions among the genes significantly altered by MF63. Genes with no interactions are
excluded from the graph. Colors of the edges: green = activation, blue = binding, black =
chemical reaction, red = inhibition, violet = catalysis, pink = posttranslational modification.
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4.7

Differences in gene expression by the mPGES-1 inhibitor
MF63 and the COX inhibitor ibuprofen

MF63 induced the upregulation of different subtypes of MT1, as well as of endogenic
antagonists of the pro-inflammatory cytokines IL-1 and IL-36 (Table 7). It also
downregulated the expression of IL-6 (Table 8). MT1 has been suggested to protect
cartilage from degradation in experimental arthritis models (Kim, J.H. et al., 2014; Sun,
J. et al., 2018). Firstly, we confirmed these interesting results in samples from another
ten patients by qRT-PCR. Secondly, we wanted to investigate whether the NSAID
ibuprofen could affect the expression of these factors.

Figure 20. Effects of the mPGES-1 inhibitor MF63 and the NSAID ibuprofen on the mRNA expression levels
of MT1 subtypes, IL-6, IL-1Ra and IL-36Ra in human OA chondrocytes. Cells were treated with
or without IL-1ȕ and the compounds under investigation for 24 hours. mRNA expression of the
genes investigated were measured by qRT-PCR and normalised against GAPDH mRNA levels.
Results are expressed as mean ± SEM in arbitrary units, mRNA expression levels in IL-1ȕstimulated cells were set as 100%, and the other values were related to that. The results from
ten patients (n=10) were combined, and the experiments were carried out in duplicate. Wilcoxon
matched-pairs signed-ranks test was performed, and statistical significance is indicated as #
p<0.05 as compared to control and * p<0.05 as compared to the IL-1ȕ-stimulated cells.
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MF63 significantly increased the mRNA expression of MT1 subtypes, IL-1 receptor
antagonist (IL-1Ra) and IL-36 receptor antagonist (IL-36Ra) in the IL-1Ƣ-stimulated
chondrocytes, while IL-6 was downregulated (Figure 20). The mRNA expression of
MT1 subtypes was likewise increased in the unstimulated cells. All of these findings are
consistent with the NGS-data (Tables 7 and 8). However, ibuprofen slightly inhibited
the expression of MT1 subtypes and had no effect on the expression of IL-1Ra. The
results concerning IL-6 and IL-36Ra were fairly similar between MF63 and ibuprofen.
The effects of MF63 and ibuprofen on production of PGE2, PGF2ơ, PGD2 and 6-ketoPGF1ơ (a metabolite of PGI2/prostacyclin) were compared in the OA chondrocytes to
confirm the differential effects of MF63 and ibuprofen on PG production. Both MF63
and ibuprofen significantly inhibited PGE2 production, as expected (Figure 21A). While
ibuprofen reduced the production of all four prostaglandins, MF63 oppositely enhanced
the production of PGs other than PGE2 (Figures 21B-21D).

Figure 21. Effects of the mPGES-1 inhibitor MF63 and the NSAID ibuprofen on production of PGE2 (A),
PGF2Į (B), PGD2 (C) and PGI2 (measured as its metabolite 6-keto-PGF1Į) (D) in human OA
chondrocytes. Cells were stimulated with IL-1ȕ (100 pg/ml) and treated with the compounds
under investigation for 24 hours. The PG levels in the culture medium were determined by ELISA.
Results are expressed as mean ± SEM in arbitrary units. The PG level in IL-1ȕ-treated cells were
set as 100 %, and the other values were related to that. The results from ten patients (n=10)
were combined. Wilcoxon matched-pairs signed-ranks test was performed, and statistical
significance is indicated as # p<0.05 as compared to control and * p<0.05 as compared to the
IL-1ȕ-stimulated cells.
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5 DISCUSSION

5.1

Methodology

Diverse methods were used to conduct this study’s experiments. The expression levels
of mRNA and protein were measured by qRT-PCR and Western blot, respectively. The
PG levels in the cell culture medium samples in studies I and V were determined by
ELISA. All of these are highly standardised methods in cellular and molecular biology
and usually provide repeatable results. Western blot is based on antigen-antibody
reaction. The antibodies used in this study were commercial polyclonal antibodies, which
are mixed pools of immunoglobulins; therefore, they may have cross-reactivity with
unwanted targets, which it is necessary to notice when assessing the accuracy of the
results. MAPK inhibitors were used to investigate the role of JNK and p38 in mPGES1 expression. Kinase inhibitors are also susceptible to off-target interactions, which may
affect the results (Wynn et al., 2011). Study IV intended to circumvent this issue by using
two different inhibitors of JNK and p38.
Primary human OA chondrocytes isolated from patient samples were used in the
studies in which mPGES-1 was investigated in chondrocytes (I, IV, V). This gives a good
opportunity to study inflammatory responses and the effects of anti-inflammatory agents
in cells from patients with diagnosed osteoarthritis, as compared to cell lines or murine
chondrocytes. It is still important to notice that findings made in a cell culture might be
different from those present in vivo, in which interactions with the extracellular matrix
and factors produced by other cells could affect the responses. Responses between
human and mouse cells may also differ, which encouraged the use of human cells when
appropriate. A disadvantage of primary human chondrocytes is the heterogeneity of the
cartilage samples. The samples were obtained from OA patients, so there are factors that
might affect either the yield of the RNA or protein of interest or the cell responses. The
individual factors that are difficult to standardise are, e.g., the state of the disease, the
medication or other diseases. Study V excluded patients with diabetes from the study
due to the potential effects in metabolism-related genes among patients with diabetes
(Louati et al., 2015).

91

Cell lines are valuable tools especially in studies in which a large number of samples
are needed but the responses in immortalised line cells may not always be consistent
with those in primary cells. The J774 murine macrophage cell line was used in the
macrophage studies (II, III). The effects were well consistent between the cell line and
mouse primary peritoneal macrophages, confirming the feasibility of J774 cells in these
experiments.
Ethical perspectives limit the possibility to perform all of the experiments using only
primary cells. The human cartilage samples in this study were obtained from patients
undergoing a knee replacement surgery. In this case, the patients were not exposed to
any additional procedures, because the cartilage pieces removed during operative
procedures are disposed of under normal circumstances. Only necessary animal
experiments can be ethically justified to gain the evidence needed to answer the research
questions. For this reason, only mRNA levels were measured in some experiments
conducted with primary mouse chondrocytes or macrophages.

5.1.1

LPS-induced paw edema

In study II, LPS-induced paw edema was used to investigate the influence of MKP-1 in
experimental inflammation, and its role in the expression of mPGES-1. This model of
acute inflammation has been used earlier in similar experiments (Chen, C.C. et al., 2016;
Wu, S. et al., 2017). LPS was selected for a stimulant, because it had been clearly shown
to induce the expression of mPGES-1 both in macrophages and in preliminary in vivo
experiments. This was also supported by an earlier study on LPS vs. carrageenan,
indicating that LPS is a more potent inductor of IL-1Ƣ and TNF-ơ, both of which are
known inducers of mPGES-1 (Vajja et al., 2004). The experiment was performed by
injecting LPS in the hind paw, and vehicle to the contralateral paw in anesthetised
animals. The latter developed no measurable edema.

5.1.2

NGS analysis

Study V investigated the effects of the mPGES-1 inhibitor MF63 and the NSAID
ibuprofen on gene expression in primary human OA chondrocytes using a genome-wide
expression analysis, based on NGS. It is a modern method whose popularity has been
increasing during the last few years. The superiority of NGS compared to more
traditional, microarray-based methods is based on its capability to interrogate the whole
genome without any prior knowledge of the targets of interest (probes), which reduces
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the bias related to gene selection. NGS is also more precise in detecting the genes with
a very high or very low expression. Although the costs of NGS analyses have recently
been falling, the expenses still remain a challenge for this method and limit the number
of samples to be sequenced in most cases. Another challenge is the massive amount of
data from the analysis, which may lead to difficulties in setting the focus of the study
(Kulkarni and Frommolt, 2017). NGS analysis is a relatively new method, so there are
many sequencing platforms, genome databases and data analysis tools available, which
may give somewhat different results (Pabinger et al., 2014). The lack of standardised
procedures for data analysis thus complicates the interpretation of results. The
expression levels of genes were given as TMM-values in this study. The function of
TMM-normalisation is to account for different scales of cDNA libraries between the
samples sequenced (Robinson and Oshlack, 2010). It is, however, not possible to set any
absolute boundaries for gene expression levels that could be stated to be clinically
relevant, but the expression levels in this study rather reflect the differences between the
expression levels between different genes.

5.2

Pharmacological regulation of mPGES-1 expression

The expression of mPGES-1 mRNA in human OA chondrocytes was significantly
enhanced 24 h after stimulation with IL-1Ƣ and stayed nearly unchanged until it started
to decline after 72 h. However, the protein expression continued to increase until the 96
h time point was reached, after which the experiment was discontinued. This is
consistent with an earlier study concerning mPGES-1 protein expression in RA
synoviocytes (Stichtenoth et al., 2001), indicating that the mPGES-1 protein degrades at
a relatively slow rate. In fact, both the onset and the reduction of mPGES-1 expression
was generally slow, as noticed also earlier in a study in which the expression kinetics of
mPGES-1 and COX-2 were compared in bone-marrow derived macrophages (Xiao et
al., 2012). These findings suggest that post-transcriptional and indirect transcriptional
mechanisms are likely involved in the regulation of mPGES-1 expression.
Time-dependent expression of mPGES-1 in LPS-stimulated macrophages has been
shown to resemble that found in the chondrocytes in the present study (Diaz-Munoz et
al., 2010; Xue, J. et al., 2010). The time point for mPGES-1 mRNA expression was
selected between 24 and 48 hours for the futher pharmacological studies. For mPGES-1
protein expression, the time point was chosen between 24 and 72 hours in the following
experiments, which has also commonly been used in the literature.
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5.2.1

Aurothiomalate

Aurothiomalate was the only one of the DMARDs investigated that was found to inhibit
mPGES-1 expression in human OA chondrocytes, which is an original finding. A
significant decrease was seen with 25 M concentration, which can be clinically achieved
in plasma during intramuscular treatment with aurothiomalate (Gerber et al., 1972). The
concentration of aurothiomalate in synovial fluid is similar to that in plasma (Freyberg
et al., 1941), indicating that the observed effect is clinically relevant. PGE2 production
was slightly decreased already at 2,5 M and more considerably at 10 M concentration.
However, aurothiomalate did not increase MKP-1 expression in the present study,
and it inhibited mPGES-1 expression similarly in chondrocytes from both WT and
MKP-1 KO mice. Aurothiomalate has earlier been shown to increase MKP-1 expression
in murine H4 chondrocytes (Nieminen et al., 2010), which might reflect the differences
in responses between cell lines and primary cells. Another possible explanation might be
that NF-ƪB could be the mediator of this effect, as it is known to enhance mPGES-1
expression (Deckmann et al., 2012; Diaz-Munoz et al., 2010), and to be suppressed by
aurothiomalate (Belsky et al., 2011).

5.2.2

Dexamethasone

The glucocorticoid dexamethasone inhibited the expression of mPGES-1 both in
chondrocytes and in macrophages. Glucocorticoids have been previously found to
inhibit the expression and activity of mPGES-1 in synovial fibroblasts (Stichtenoth et
al., 2001). Reduced expression has also been shown in rat macrophages (Murakami et
al., 2000) and in human lung epithelial cell line A549 (Thoren and Jakobsson, 2000).
Dexamethasone reduced mPGES-1 expression in synovial tissues from RA patients,
whereas TNF-ơ antagonist was ineffective (Korotkova et al., 2005).
The mechanisms behind the effect of corticosteroids, either transcriptional or posttranscriptional, have been unclear. 11Ƣ-hydroxysteroid dehydrogenase-1, which converts
inactive glucocorticoids into active form, has been shown to mediate mPGES-1
expression in IL-1Ƣ-stimulated synoviocytes; thus, it is suggested to act as an endogenous
feedback factor in osteoarthritis via a mechanism based on attenuated expression of
mPGES-1 (Wei et al., 2017). The present study found that dexamethasone inhibits the
expression of mPGES-1 in a mechanism dependent on MKP-1, as will be discussed
further.
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5.2.3

Rolipram

In study III, the PDE4 inhibitor rolipram was discovered, for the first time, to inhibit
the expression of mPGES-1 both in J774 macrophages and in primary mouse peritoneal
macrophages in a manner dependent on increased expression of MKP-1 and subsequent
dephosphorylation of the MAPK JNK, as the next chapters discuss.
Increased intracellular cAMP is believed to mediate the therapeutic effects of PDE4
inhibitors because they reduce the enzymatic degradation of cAMP. The cAMP response
element-binding protein (CREB) has also been shown to participate in the
transcriptional expression of mPGES-1 in a positive feedback loop between PGE2 and
mPGES-1, suggesting that increased levels of intracellular cAMP enhance the expression
of mPGES-1 (Diaz-Munoz et al., 2012).
However, the polyphenolic compound resveratrol, which also enhances intracellular
cAMP levels, has been reported to inhibit mPGES-1 expression, without affecting
COX-2, in rat microglial cells stimulated with LPS (Candelario-Jalil et al., 2007). The
same compound also enhances MKP-1 in a cAMP-PKA-dependent manner (Andrews,
C.S. et al., 2016). The sum effect of PDE4 inhibitors might therefore be dependent on
the conditions and / or cell types. The PDE4 inhibitor rolipram inhibited the expression
of mPGES-1 in macrophages through a mechanism dependent on increased MKP-1
expression in the present study, but our results cannot exclude the possibility that the
effect of PDE4 inhibitor rolipram on mPGES-1 could be cAMP-independent.

5.3

MKP-1 regulates the expression of mPGES-1

The role of MKP-1 in the expression of mPGES-1 had not been investigated earlier.
The present study found that MKP-1 mediates the inhibitory effect of the glucocorticoid
dexamethasone on mPGES-1 expression in chondrocytes and macrophages, as well as
the inhibitory effect of the PDE4 inhibitor rolipram on mPGES-1 expression in
macrophages. The basal expression of mPGES-1 was also shown to be regulated by
MKP-1, which was shown by comparing the expression of mPGES-1 between
unstimulated cells from WT and MKP-1 KO mice. MKP-1 was also confirmed to
mediate the inhibitory effect of dexamethasone on mPGES-1 expression in vivo.
MKP-1 has been shown to regulate the anti-inflammatory effects of glucocorticoids,
such as attenuated production of cytokines (Keränen et al., 2017; Prabhala et al., 2016;
Wang, X. et al., 2008) and decreased lethality in the mouse model of endotoxemia (Wang,
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X. et al., 2008). MKP-1 was also recently presented to mediate the effects of
dexamethasone on macrophage polarisation towards the resolution of inflammation
(Pemmari et al., 2019). The promoter of the MKP-1 gene includes both GRE and CRE
(Kwak et al., 1994; Shipp et al., 2010). PDE4 inhibitors enhance intracellular
concentration of cAMP, which interacts with CRE, so rolipram can be expected to affect
the transcriptional expression of MKP-1. Accordingly, rolipram has been shown to
inhibit TNF-ơ production and experimental inflammatory paw edema in an MKP-1dependent manner (Korhonen et al., 2013).
In support of the in vitro data concerning MKP-1 as a regulator of mPGES-1
expression, this finding was also translated to in vivo conditions in an experiment in which
dexamethasone inhibited paw edema and concomitantly downregulated mPGES-1
expression in paw tissues from WT but not from MKP-1 KO mice. This result highlights
the potential clinical relevance of MKP-1 in drug development that is aiming at
inhibition of mPGES-1 expression. Edema in the MKP-1 KO mice was more severe
after the LPS injection, which is consistent with the data concerning MKP-1 as a limiting
factor in inflammation (Korhonen and Moilanen, 2014; Wancket et al., 2012). These
results underline the role of MKP-1 as a protective factor against LPS-induced
inflammatory edema and locally increased mPGES-1 expression in the inflamed tissue.
Therefore, the results present MKP-1 as a mediator of mPGES-1 expression and
pinpoint MKP-1 as an interesting drug target. The normal phenotype and development
of MKP-1 KO mice (Dorfman et al., 1996) onwards encourages the targeting of MKP-1
in terms of safety.

5.4

MAPKs in the regulation of mPGES-1 expression

The phosphorylation state of p38 and JNK have been investigated in connection to the
downregulation of mPGES-1 expression in some previous studies, but only a few
publications utilised selective MAPK inhibitors. MKP-1 is primarily described to inhibit
the phosphorylation of p38 and JNK rather than MEK-ERK-pathway (Franklin and
Kraft, 1997; Franklin et al., 1998); thus, this study’s focus was set on the former ones.

5.4.1

JNK

The present study found that SP600125, an inhibitor of all three isoforms of JNK
(Bennett et al., 2001), inhibited the expression of mPGES-1 in J774 macrophages. The
p38 inhibitor BIRB796, also known as doramapimod, was ineffective. Accordingly,
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rolipram inhibited mPGES-1 expression and JNK phosphorylation without affecting
p38 in J774 cells or in mouse peritoneal macrophages.
The association between dephosphorylation of JNK and transcription of mPGES-1
in macrophages could be explained by the existence of the AP-1 binding site in the
promoter of the PTGES gene that encodes mPGES-1 (Jüngel et al., 2007; Moon et al.,
2005). JNK activates the AP-1 complex via phosphorylation of its crucial part, c-Jun;
therefore, JNK dephosphorylation may be suggested to inhibit transcription of
mPGES-1.
Curcumin, a phytophenolic compound, has been investigated clinically in OA and
RA patients (Chin, 2016; Salehi et al., 2019). It is known to inhibit AP-1 (Huang, T.S. et
al., 1995) and has been previously found to inhibit mPGES-1 expression in A549 human
lung epithelial cells involving JNK dephosphorylation, as well as suppression of EGR-1
and NF-ƪB (Moon et al., 2005). Curcumin has recently been shown to upregulate
MKP-1 expression (Konduru et al., 2017), which supports the role of MKP-1 as a
regulator of mPGES-1 expression as the present study shows.
JNK signalling has been shown to be involved in mPGES-1 expression in other cell
types, as well: In gingival fibroblasts, disruption of the JNK pathway is associated with
the attenuated expression of mPGES-1 (Holzberg et al., 2003), which result was later
confirmed by using the JNK inhibitor SP600125 (Båge et al., 2010). The same inhibitor,
also used in the present study, has been shown to inhibit the expression of mPGES-1 in
human synovial fibroblasts (Jüngel et al., 2007), rat cardiac fibroblasts (Giannico et al.,
2005), rat microglial cells (de Oliveira et al., 2008) and in murine microglial N9 cells (He
et al., 2016).
Post-transcriptional mechanisms have been suggested to participate in the regulation
of mPGES-1 expression due to the relatively slow kinetics of mPGES-1 expression
(Koeberle and Werz, 2015). SP600125 inhibited mPGES-1 expression in mouse
cardiomyocytes by affecting the mRNA stability (Degousee et al., 2006), which supports
this view. However, it has been shown that mPGES-1 expression may be inhibited by
decreasing mRNA stability also without affecting MAPK pathways (Shin et al., 2014).
The mechanism by which JNK dephosphorylation downregulates mPGES-1 expression
is likely to involve both transcriptional and post-transcriptional mechanisms according
to these studies.
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5.4.2

p38

We found that the effects of MAPK inhibitors on mPGES-1 downregulation in
chondrocytes was different from those in macrophages. Study IV used two different
inhibitors of p38. BIRB796 inhibits all three isoforms of p38 (Kuma et al., 2005),
whereas SB203580 inhibits p38ơ and p38Ƣ (Sicard et al., 2010). Both of these p38
inhibitors attenuated the expression of mPGES-1 in human OA chondrocytes,
indicating a significant role for the isoforms p38ơ and/or p38Ƣ. At the same time, two
different inhibitors of all three JNK isoforms, SP600125 and JNK inhibitor VIII
(Szczepankiewicz et al., 2006), did not affect the expression of mPGES-1 in
chondrocytes. Our results in chondrocytes are supported by previous studies, in which
inhibition of mPGES-1 expression with the p38 inhibitor SB203580 has been shown in
orbital fibroblasts (Han, R. et al., 2002) and in human OA chondrocytes (Masuko-Hongo
et al., 2004)

5.4.3

mPGES-1 expression is regulated in a cell type-dependent manner

The present study found that the selective inhibitor of the MAPK JNK inhibits the
expression of mPGES-1 in macrophages, whereas mPGES-1 is inhibited by p38
inhibitors in chondrocytes. These results are also supported by previous studies. The
present study’s results clearly show that different MAPKs are involved in the expression
of mPGES-1 in a cell type-dependent manner.
Differences in MAPKs regulating the expression of mPGES-1 between cell types
have been demonstrated in a study comparing the involvement of MAPK pathways in
mPGES-1 expression between rat neonatal ventricular myocytes and fibroblasts
stimulated with IL-1Ƣ (Giannico et al., 2005). In fibroblasts, inhibitors of MEK and JNK
inhibited mPGES-1 expression, whereas the p38 inhibitor was ineffective. In myocytes,
however, the expression of mPGES-1 was significantly attenuated by inhibitors of JNK
and p38, whereas the effect of the MEK inhibitor was insignificant. Also in myocytes
but not in fibroblasts, the inhibitory effects were greater in protein than mRNA in a
manner suggesting a post-transcriptional mechanism of action (Giannico et al., 2005).
The present study raises a question about the underlying mechanisms concerning the
expression of mPGES-1 in different cell types. Possible explanations might be different
expression levels of the member MAPK pathway proteins or different regulation of
MAPK phosphorylation between different cell types. The present study used LPS to
induce the expression of mPGES-1 in macrophages, whereas the chondrocytes were
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stimulated with IL-1Ƣ. In macrophages, LPS induces the expression of mPGES-1 via
activation of Toll-like receptor 4 (TLR4) and myeloid differentiation primary response
88 (MyD88)-protein, which is activated by TLR4 (Uematsu et al., 2002). TLR4 is also
expressed in chondrocytes (Bobacz et al., 2007), and IL-1Ƣ production is increased by
LPS. IL-1 signaling features activation of MyD88 among other pathways. The family of
IL-1 receptors and their downstream targets is, therefore, multifaceted (Boraschi et al.,
2018). Because of the differences in downstream signaling between LPS and IL-1Ƣ, it is
possible that different stimulants might affect the phosphorylation of MAPKs in a
different manner, which might explain the different results concerning the relation of
MAPK signaling and mPGES-1 expression.
This study focused on mPGES-1 expression in macrophages and chondrocytes,
which are considered as the most essential cells in inflammatory arthritis (Benito et al.,
2005; Berenbaum, 2013; Goldring, 2000; Kraus et al., 2016; Revell et al., 1988). We found
that enhanced MKP-1 and a subsequent decrease in phosphorylated MAPKs (JNK and
/ or p38) are involved in attenuated expression of mPGES-1 in the cells investigated.
However, these results cannot necessarily be generalised in all cell types and
inflammatory diseases. In a recent study, silencing of mPGES-1 with shRNA was shown
to inhibit the MAPK signaling pathway as determined by GO analysis in jurkat cells (Li,
Y.Q. et al., 2018). This suggests a bidirectional regulation between MAPKs and
mPGES-1, underlining the complexity of the relations between MAPK pathways and
mPGES-1. The same study also suggested a positive feedback regulation between JNK
and mPGES-1, whereas a similar mechanism has been presented earlier between
ERK1/2 and mPGES-1 expression in a manner dependent on EGR-1 in macrophages
(Khan, K.M. et al., 2012). In the genome-wide expression analysis included in the present
study, neither the expression of JNK isoforms, nor those of p38 were significantly
altered by the selective inhibitor of mPGES-1 activity, MF63, in human OA
chondrocytes. The next chapter more thoroughly discusses the effects of MF63.
Overall, the results indicate that the enhanced MKP-1 expression that
dephosphorylates JNK and p38 and inhibits mPGES-1 expression is likely involved in
the anti-inflammatory effects of dexamethasone and rolipram. Moreover, several other
types of MKPs are able to dephosphorylate MAPKs. Whether some of them also
participate in the regulation of mPGES-1 expression remains to be investigated. Our
current findings underline the role of MKP-1 as a drug target in the development of
anti-inflammatory treatments based on reducing the expression of mPGES-1 in
conditions associated with adverse mPGES-1 expression.
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Research in the field of mPGES-1 inhibitors has mainly been focusing on inhibiting
the activity of the mPGES-1 enzyme (Bahia et al., 2014; Chang, H.H. and Meuillet, 2011;
Koeberle and Werz, 2015; Korotkova and Jakobsson, 2014; Psarra et al., 2017).
However, the inhibition of mPGES-1 expression and its mechanisms could be an
interesting target, as in that way it might be possible to circumvent questions
encountered with enzyme activity inhibitors, such as the interspecies differences.

5.5

Effects of mPGES-1 inhibitor on gene expression in human OA
chondrocytes

The effects of selective inhibitors of mPGES-1 on cartilage metabolism and disease
progression in arthritis have not been comprehensively investigated. Therefore, in this
study, the effects of selective mPGES-1 inhibitors on gene expression in human OA
chondrocytes were studied by carrying out a genome-wide expression analysis.
The results suggest that the mPGES-1 inhibitor MF63 might have beneficial, diseasemodifying effects in human OA chondrocytes. The mPGES-1 inhibitor MF63 enhanced
the production of multiple MT1 subtypes, which have recently been presented to protect
the cartilage from degradation in arthritis models. MF63 also increased the expression
of endogenous antagonists of IL-1 and IL-36 receptors and decreased IL-6 expression,
revealing previously unkown anti-inflammatory mechanisms that were only partly shared
with the NSAID ibuprofen.
Ibuprofen depleted the production of PGE2, PGF2ơ, PGD2 and PGI2 (measured as
6-keto-PGF1ơ), which was expected for a non-selective COX enzyme inhibitor, but
MF63 instead reduced PGE2 and increased the production of PGs other than PGE2.
This likely happens due to redirection of residual PGH2 towards other terminal
prostaglandin synthases when cytokine-induced mPGES-1 is inhibited. Similar effects
also were detected earlier in mPGES-1 KO mice (Idborg et al., 2013; Kamei et al., 2004;
Trebino et al., 2005) in human whole blood treated with MF63 (Mazaleuskaya et al.,
2016) in a clinical trial on the mPGES-1 inhibitor LY3023703 (Jin, Y. et al., 2016), and
in A549 cancer cell line (Bergqvist et al., 2019). The magnitude of the increase in PG
levels related to mPGES-1 inhibition seems to differ between cell types and tissues, and
the clinical relevance of this phenomenon remains elusive. Moreover, as both MF63 and
ibuprofen decreased IL-6 production and increased IL-36Ra production, these effects
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could be considered to dependend on the decreased production of PGE2, which was
common for both drugs.
Progressive degradation of cartilage is characteristic for OA (Berenbaum, 2013). It is
logical to expect that decreased production of PGE2 itself could preserve cartilage from
degradation, because PGE2 has been reported to increase the production of enzymes
that enhance the degradation of cartilage in chronic arthritis (Kapoor et al., 2011). On
the level of EP receptors, the EP2 and EP4 receptors have been linked to antianabolic
effects in human OA chondrocytes (Li, X. et al., 2009), although the EP2 receptor is,
conversely, suggested to enhance the growth of human chondrocytes in vitro (Aoyama et
al., 2005). Many genes related to lipid metabolism were downregulated by MF63 in the
present study. This is an interesting finding, as OA has been associated with high levels
of cholesterol in serum (de Munter et al., 2016) and in chondrocytes (Ali et al., 2016).
Further studies are needed to evaluate the significance of the downregulated genes
related to lipid metabolism in terms of inflammatory arthritis.

5.5.1

Metallothionein 1

The genome-wide expression analysis found that the mPGES-1 inhibitor MF63
enhanced the expression of MT1 subtypes, IL-1Ra and IL-36Ra and downregulated
IL-6. These main results were also confirmed with a qRT-PCR analysis in samples from
another group of OA patients. All of these factors were expressed in relatively high levels
as compared to most of the genes with statistically significant alterations. In contrast,
the NSAID ibuprofen slightly decreased the expression of MT1 subtypes. The effect of
MF63 on MT1 seems to be independent of the reduced level of PGE2, because both
MF63 and ibuprofen abolished the PGE2 production.
MF63 increased the expression of multiple subtypes of MT1 in chondrocytes
cultured either with or without IL-1Ƣ. MTs exists in 10 isoforms in humans: there are
four major groups (MT1-4), of which MT1 is divided into eight subgroups. The
functional differences between MT1 subtypes are poorly known (Inoue, K. et al., 2009;
Si and Lang, 2018). MT1 and MT2 are present in all cells, whereas MT3 and MT4 are
expressed in a cell type-dependent manner. The best-known function of MT1 is to act
as an intracellular antioxidant involved in detoxification and intracellular transportation
of heavy metal ions (Ziller and Fraissinet-Tachet, 2018).
MT1 is upregulated by inflammatory factors (Coyle et al., 1995). Increased levels of
MT1 have been detected in plasma from RA patients and in synovial fluid and OA
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cartilage from mice and humans (Sun, J. et al., 2018; Won et al., 2016). Exogenous MT1
has recently been reported to suppress inflammation and cytokine expression in
experimental models of arthritis, possibly by affecting the differentiation of
T-lymphocytes (Sun, J. et al., 2018). Moreover, cartilage destruction was enhanced in
MT1-deficient mice as compared to that in WT mice (Kim, J.H. et al., 2014), suggesting
a protective role for MT1 in inflammatory arthritis. However, MTs have not been
previously associated with anti-inflammatory drug effects. According to our results,
many of the MT1 subtypes were significantly upregulated by MF63 in the human OA
chondrocytes. SLC30A2, which encodes a zinc exporter protein ZnT2, was also
upregulated by MF63. Zinc influx has been associated with the severity of OA (Kim,
J.H. et al., 2014). Therefore, the results of the present study suggest that upregulation of
these genes in chondrocytes might have beneficial effects on cartilage in inflammatory
arthritis. Whether the potential chondroprotective effects of MT1 and the zinc
transporter SLC30A2 straightforwardly associate with their function in transportation of
heavy metals also needs to be investigated further.

5.5.2

Inflammatory cytokines and endogenous cytokine antagonists

IL-1 is a superfamily of inflammatory cytokines. Its best-known member, IL-1Ƣ, is
especially associated with cartilage degradation in OA (Jenei-Lanzl et al., 2019; Kapoor
et al., 2011). IL-1Ra, whose expression was upregulated by MF63, impairs the functions
of the pro-inflammatory cytokines IL-1ơ and IL-1Ƣ. It has been shown to protect mice
from the development of spontaneous arthritis (Horai et al., 2004), and the upregulation
of IL-1Ra (encoded by IL1RN) by mPGES-1 inhibitors might thus be presumed to have
a disease-modifying potential in arthritis. The levels of IL-1Ra in plasma have been
reported to correlate positively with the severity of OA (Attur et al., 2015), and IL-1Ra
(anakinra) has been evaluated as a disease-modifying therapy in OA (Chevalier et al.,
2009). For patients with RA, anakinra was approved in 2001 (Nikfar et al., 2018).
IL-36 is an inflammatory cytokine that similarly belongs to the IL-1 superfamily
(Bassoy et al., 2018; Jenei-Lanzl et al., 2019). It has been reported to promote the
production of other cytokines in chondrocytes, although to a lesser extent than IL-1Ƣ
(Magne et al., 2006). IL-36Ra has only recently been investigated in a clinical trial for
generalised pustular psoriasis (Bachelez et al., 2019), but the results in experimental mice
models for arthritis have remained negative so far (Bassoy et al., 2018; Ding, L. et al.,
2017). In the present study, both the mPGES-1 inhibitor MF63, and the NSAID
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ibuprofen increased the expression of IL-36Ra, which suggests that these drugs might
have previously unknown, disease-modifying properties in inflammatory arthritis.
Based on the genome-wide expression analysis, the expression of IL-6 was
significantly downregulated by both the mPGES-1 inhibitor MF63 and the NSAID
ibuprofen in the OA chondrocytes stimulated with IL-1Ƣ. Whether the downregulation
of PGE2 itself inhibits IL-6 production seems to depend on the cell type (Callery et al.,
1990; Pruimboom et al., 1994; Rummel et al., 2011; Yu, J. et al., 2017), but MF63 and
ibuprofen decreased PGE2 production in a similar manner in the present study. IL-6 is
a fundamental cytokine involved in many inflammatory diseases, including RA and OA
(Schett, 2018; Tanaka et al., 2014). It has been demonstrated to mediate pain sensation
(Lin, Y. et al., 2017; Miller et al., 2014) and increased the production of cartilagedegrading enzymes (Haseeb and Haqqi, 2013) in chronic arthritis. IL-6 has additionally
been suggested to play an essential role in the inflammatory responses of obesity-related
adipocytokines in OA (Pearson, M.J. et al., 2017; Wang, T. and He, 2018). Anti-IL-6
treatments have been used in the treatment of RA for many years. IL-6 is suggested as a
potential disease-modifying target for OA as well (Mobasheri, 2013). The IL-6 receptor
antagonist tocilizumab is under a clinical trial for hand OA patients at the time of writing
(Clinicaltrials.gov 2019b).

5.5.3

Genes related to maintenance of the cartilage matrix

5.5.3.1 HAS1, GDF5 and RIPK4
MF63 decreased the expression of GDF5 and HAS1. GDF5 belongs to the TGF-Ƣ
superfamily and promotes the development and differentiation of many cells and
musculoskeletal and neuronal tissues, also including chondrogenesis (Francis-West et al.,
1999). GDF5 polymorphisms seem to correlate positively with susceptibility to OA
(Aghili et al., 2018; McHugh, 2017; Zhang, R. et al., 2015). Recombinant human GDF5
has been reported to enhance cartilage repair in a rat OA model (Parrish et al., 2017).
Hyaluronan is the most abundant polysaccharide molecule in the extracellular matrix
of cartilage tissue. It is formed by three synthase enzymes (HAS1-3), of which HAS1
was downregulated by MF63 (and by the NSAID ibuprofen). Expression of HAS1 is
upregulated in primary human synoviocytes from OA (David-Raoudi et al., 2009) and
RA patients (Stuhlmeier and Pollaschek, 2004). HAS1 deficiency results in exacerbated
joint inflammation and cartilage damage in mice (Chan, D.D. et al., 2015). However,
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HAS2 is considered the most essential hyaluronan synthase in human chondrocytes,
which suggests that the effect of MF63 on HAS1 might not be clinically relevant
(Knudson et al. 2019). MF63 also downregulated the expression of receptor interacting
serine/threonine kinase 4 (RIPK4). According to a recent report, silencing of RIPK4
with siRNA enhanced the proliferation and inhibited the apoptosis of chondrocytes in
vitro (Zou et al., 2018).
When interpreting the significance of the effects of MF63 on the genes related to the
cartilage matrix, it is essential to notice the relatively small expression levels of the genes
mentioned, namely HAS1, GDF5 and RIPK4. When comparing the relative expression
levels between those three genes and MT1, genes encoding interleukin receptor
antagonists or IL-6, for instance, expression levels are in a different order of magnitude.
This emphasises the difficulty of interpreting the clinical significance of the findings in
expression studies of this kind, even when the FC values are unequivocal. The
downregulation of GDF5 or HAS1 by MF63, as indicated by our results, might result in
impaired cartilage regeneration, so the relatively low expression levels of these genes
suggests that these findings might not be clinically relevant.
5.5.3.2 IGFBP4 and ADAMTS6
IGFBP 4, which was expressed in relatively high levels, was downregulated by MF63.
Pharmacological disruption of the connection between IGFBP 4 and insulin-like growth
factor 1 (IGF-1) has been reported to promote the anabolic properties of human OA
chondrocytes (De Ceuninck et al., 2004). IGFBP4 expression was also found to be
upregulated in OA-affected cartilage as compared to healthy cartilage in a previous
genome-wide expression study (Karlsson et al., 2010). MF63 also downregulated the
expression of ADAMTS6, although the expression levels of ADAMTS6 were relatively
low. ADAMTS is a family of proteinases participating in the degradation of the
extracellular matrix in OA cartilage (Kelwick et al., 2015). ADAMTS 6 has been
suggested to be involved in OA pathogenesis (Yang, C.Y. et al., 2017), and it was
upregulated in another genome-wide analysis on differential gene expression between
OA and healthy cartilage (Ramos et al., 2014). The effects of MF63 on IGFBP4 and
ADAMTS6 are likely beneficial in terms of cartilage maintenance, which emphasises the
potential disease-modifying characteristics of MF63 in osteoarthritis.
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5.5.4

Analysis of signalling pathways and networks

Three GO terms associated with the genes were the most differentially expressed
between the chondrocytes treated with and without MF63. The known function of MTs
in transportation of heavy metal ions explains the high counts of genes related to cellular
responses to zinc and cadmium seen among the detected GO terms. MT1 also regulates
cell cycle, apoptosis and tumorigenesis (Si and Lang, 2018), which likely explains the
appearance of the GO term “negative regulation of cell growth” in the results. Bergqvist
et al.’s recent report showed that the mPGES-1 inhibitor CIII to downregulated many
pathways related to cancer in A549 cells, whereas the COX-2 inhibitor NS-398 was
shown to activate them, underlining the potential of mPGES-1 inhibitors in cancer
(Bergqvist et al. 2019).
The STRING network analysis revealed a key role for IL-6, because it was connected
with the genes related to transportation of heavy metal ions (MT1 subtypes and
SLC30A2), antagonists of IL-1 family and the genes related to lipid and cholesterol
metabolism. IL-6 has been previously reported to mediate the expression of MT1
(Ashino et al., 2007; Lee et al., 1999), which was supported by the the present study’s
STRING analysis.

5.5.5

Ibuprofen

NSAIDs have a central role in the treatment of pain related to OA. They have also
previously been suggested to have disease-modifying effects in OA cartilage. Some
chondroprotective effects have been shown (Nakata et al., 2018), whereas detrimental
effects on cartilage, including increased chondrocyte apoptosis, in rats receiving longterm ibuprofen or indomethacin treatment have also been presented (Ou et al., 2012).
Celecoxib has been shown to promote the maintenance of hyaluronan and proteoglycans
and to decrease MMP production in different in vitro and in vivo studies (Cho et al., 2015;
El Hajjaji et al., 2003; Fioravanti et al., 2012; Mastbergen et al., 2005). Celecoxib
nevertheless failed to inhibit the degradation of cartilage volume in patients with knee
OA in a clinical setting (Raynauld et al., 2010). The data concerning the diseasemodifying potential of NSAIDs in OA is thus controversial.
The effects of ibuprofen on gene expression in IL-1Ƣ-stimulated human OA
chondrocytes partly overlapped with those related to MF63. Effects on MT1 or
endogenous antagonists of IL-1 were not seen, but IL-36Ra expression was upregulated
and IL-6 expression was somewhat similarly downregulated by both drugs. The
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downregulation of ADAMTS 6 and IGFBP4, which can be regarded to be potentially
beneficial for cartilage, was also seen with both MF63 and ibuprofen. Ibuprofen also
downregulated the expression of subunit alpha of the cytokine IL-23, which can be
regarded as an anti-inflammatory effect.
Among the genes upregulated by ibuprofen, peroxisome proliferator activated the
receptor gamma (PPARƣ) and its coactivator PPARGC1B, could be underlined as
potential anti-inflammatory factors, although their relative levels of expression were
fairly low. Agonists of PPARƣ attenuate the production of many pro-inflammatory
factors, such as TNF-ơ, iNOS and IL-6 in macrophages (Paukkeri et al., 2007; Paukkeri
et al., 2013). PPARƣ agonists reduce the production of degradative enzymes in cartilage
(Fahmi et al., 2011); accordingly, they have been investigated in clinical trials for RA
(Hanke et al., 2016; Ormseth et al., 2013) and suggested as potential disease-modifying
treatments in OA (Fahmi et al., 2011). PPARƣ seems to contribute to the pathogenesis
of OA, as PPARƣ KO mice develop spontaneous OA-like arthritis (Vasheghani et al.,
2013). As an interesting detail, the PPARƣ agonist troglitazone inhibits the expression of
mPGES-1 mRNA and protein in human synovial fibroblasts by inhibiting the EGR-1mediated transcription (Cheng, S. et al., 2004). Some NSAIDs are also known to inhibit
mPGES-1 expression, so our results provide a hypothesis that upregulation of PPARƣ
could be the mechanism behind the mPGES-1 downregulation in the case of certain
NSAIDs.
When assessing the potential clinical relevance of the gene expression data, it is again
essential to recognise the scale of differences between expression levels (counts) of
different genes, as earlier discussed. For instance, the counts of IGFBP4 and IL6, which
were downregulated by ibuprofen, were at least one hundredfold higher as compared to
most of the other differentially expressed genes, as discussed previously, which inevitably
affects the relevance of these changes.
As a conclusion to the results of the present study, either MF63 or ibuprofen do not
seem to have any obvious catabolic effects in human OA chondrocytes, although some
genes that are potentially important for the maintenance of cartilage were
downregulated. MF63 modified the gene expression in OA chondrocytes in a more
versatile, and possibly more beneficial, manner, because it increased the expression of
MT1 subtypes and IL-1Ra, whose effects were not shared with ibuprofen. However, no
other inhibitors of mPGES-1 or COX were investigated; therefore, these effects cannot
necessarily be generalised to these drug groups based on our data, which could be
considered as a weakness of the present study.
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6 SUMMARY AND CONCLUSIONS

In the present study, we investigated the pharmacological control of mPGES-1
expression and activity in two cell types, namely chondrocytes and macrophages, which
are important in the pathogenesis of osteoarthritis. The principal aim of the study I was
to investigate the kinetics of mPGES-1 expression and the effects of drugs used in the
treatment of arthritis on the expression of mPGES-1 in primary human OA
chondrocytes. Aurothiomalate was discovered to inhibit the expression of mPGES-1 in
a dose-dependent manner, as did the glucocorticoid dexamethasone, whereas the other
antirheumatic drugs investigated (methotrexate, sulfasalazine and hydroxychloroquine)
had no effect. In the studies II and III, dexamethasone and the PDE4 inhibitor rolipram
were found to inhibit the expression of mPGES-1 in macrophages by a mechanism
mediated by the increased expression of MKP-1 and subsequent dephosphorylation of
the MAP kinase JNK. Moreover, MKP-1 mediated the downregulation of mPGES-1 by
dexamethasone in vivo in the model of LPS-induced mouse paw edema. The role of
MKP-1 as a mediator of mPGES-1 expression was confirmed also in chondrocytes
(study IV): mPGES-1 expression was increased in chondrocytes from MKP-1-deficient
mice. Dexamethasone additionally inhibited the expression of mPGES-1 in
chondrocytes from wild type mice but not in chondrocytes from MKP-1 knockout mice.
However, dephosphorylation of the MAP kinase p38 by MKP-1 seemed to mediate
mPGES-1 downregulation in chondrocytes, indicating that MAP kinases regulate
mPGES-1 expression in a cell type-specific manner. These findings are summarised in
Figure 22.
The mechanisms regulating mPGES-1 expression have been discussed in the
literature to some extent. The existing data are somewhat scattered, usually focusing on
a single cell type, compound or disease. The number of publications focusing on the
mechanisms regulating mPGES-1 expression has not increased significantly during this
research project. Based on the findings of the present study, MKP-1 and MAPKs are
essential regulators of mPGES-1 expression, at least in chondrocytes and macrophages,
emphasising the potential of MKP-1 as a drug target for developing novel antiinflammatory treatments based on reduced expression of mPGES-1. Moreover,
downregulation of mPGES-1 expression was recognised as a novel anti-inflammatory
mechanism for certain clinically used anti-inflammatory drugs, namely glucocorticoids,
aurothiomalate and PDE4 inhibitors.
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Figure 22. Summary of the role of MKP-1 in the regulation of mPGES-1 expression by glucocorticoids and
PDE4 inhibitors in chondrocytes and in macrophages. MKP-1: MAP kinase phosphatase-1;
mPGES-1: Microsomal prostaglandin E synthase-1; PDE4: Phosphodiesterase 4; pJNK:
phosphorylated JNK MAP kinase; pp38: phosphorylated p38 MAP kinase.
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The effects of the mPGES-1 inhibitor MF63 on gene expression in human OA
chondrocytes were investigated and compared to those of ibuprofen by carrying out an
RNA-seq-based, genome-wide expression analysis, which was supplemented with
functional pathway analyses. Neither the mPGES-1 inhibitor MF63 nor ibuprofen
showed any changes in gene expression in OA chondrocytes, which could be interpreted
as clearly harmful for the cartilage. Instead, the effects of the mPGES-1 inhibitor MF63
especially suggest new potential anti-inflammatory mechanisms, such as upregulation of
metallothioneins and endogenous receptor antagonists of the IL-1 family and
downregulation of IL-6, all of which might hold positive, disease-modifying properties
in the inflammatory diseases of the joint.
The major findings and conclusions of the present study are:
1) Microsomal prostaglandin E synthase-1 is expressed in human OA chondrocytes,
and its expression is enhanced by the arthritis-associated cytokine IL-1 in a timeand concentration-dependent manner. Out of the drugs used in the treatment of
arthritis, the glucocorticoid dexamethasone and the DMARD aurothiomalate
inhibited the expression of mPGES-1 in human OA chondrocytes.
2) MKP-1 regulates the expression of mPGES-1:
a) mPGES-1 expression is enhanced in peritoneal macrophages and in
chondrocytes from MKP-1-deficient mice as compared to wild type mice.
b) Dexamethasone inhibits the expression of mPGES-1 in macrophages by
enhancing MKP-1 expression and subsequent dephosphorylation of the MAP
kinase JNK. MKP-1 also mediates the effect of dexamethasone on mPGES-1
expression and concomitant paw edema in vivo.
c) The PDE4 inhibitor rolipram inhibits the expression of mPGES-1 in
macrophages by enhancing MKP-1 expression and subsequent
dephosphorylation of the MAP kinase JNK.
d) Dexamethasone inhibits the expression of mPGES-1 also in chondrocytes. The
effect is mediated by enhanced MKP-1 expression and subsequent
dephosphorylation of MAP kinase p38.
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3) The mPGES-1 inhibitor MF63 affects gene expression and signaling pathways in
human OA chondrocytes in a diverse manner. Increased production of antioxidative
metallothionein 1 subtypes, cytokine antagonists IL-1Ra and IL-36Ra, and the
downregulation of the proinflammatory cytokine IL-6 were recognised as potential
anti-inflammatory and chondroprotective effects and those were only partly shared
by the NSAID ibuprofen. No evident signs of harmful changes for cartilage were
seen in the gene expression analysis.
The present study introduces MKP-1 as a regulator of mPGES-1 expression and
underlines the cell type-dependent differences in the regulation of mPGES-1 expression
at the level of MAPK phosphorylation. Downregulation of mPGES-1 expression was
recognized to be involved in the anti-inflammatory mechanism of aurothiomalate and
PDE4 inhibitors, in addition to glucocorticoids. The study also identified new antiinflammatory mechanisms related to the mPGES-1 inhibitor MF63, with potential
disease-modifying effects in chronic arthritis. The results could be implicated in the
development of novel anti-inflammatory drug treatments targeting mPGES-1.
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ABSTRACT
Objectives
Microsomal prostaglandin E synthase-1 (mPGES-1) is a terminal enzyme in the production of prostaglandin
E2 (PGE2) and its expression is upregulated during inflammation. mPGES-1 is considered as a potential drug
target for the treatment of arthritis to reduce adverse effects related to the current non-steroidal antiinflammatory drugs (NSAIDs). Our aim was to study the expression of mPGES-1 in primary human
chondrocytes and whether the expression is affected by clinically used antirheumatic drugs.
Methods
Primary human chondrocytes were isolated from cartilage samples obtained from patients undergoing a total
knee replacement surgery. Expression of mPGES-1 was studied by quantitative real-time polymerase chain
reaction (PCR) and Western blot analysis. PGE2 levels were measured by enzyme-linked immunosorbent assay
(ELISA).
Results
mPGES-1 expression in primary human chondrocytes was enhanced when the cells were exposed to
interleukin-1β (IL-1β) and mPGES-1 protein levels continued to increase up to the 96-h follow-up.
Aurothiomalate inhibited mPGES-1 expression and PGE2 production in a dose-dependent manner, as did the
anti-inflammatory steroid dexamethasone. Other disease-modifying antirheumatic drugs (DMARDs) studied
(sulfasalazine, methotrexate and hydroxychloroquine) did not alter mPGES-1 expression.
Conclusion
The results introduce aurothiomalate as the first, and so far the only, DMARD found to be able to inhibit
mPGES-1 expression. The effect is likely involved in the mechanisms of action of this gold-containing
DMARD in rheumatic diseases. The results are implicated in the regulatory mechanisms of mPGES-1
expression, which are under intensive research.
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mPGES-1, DMARD, aurothiomalate, PGE2, arthritis
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INTRODUCTION

Prostaglandins are essential regulator molecules synthesized from arachidonic acid originating from cellular
membranes. Arachidonic acid is first released from cellular phospholipids by phospholipases and metabolized
to prostaglandin G2 (PGG2) and prostaglandin H2 (PGH2) by the constitutive cyclooxygenase 1 (COX-1) and
by the inducible cyclooxygenase 2 (COX-2) enzyme, which is up-regulated especially during inflammation
(Figure 1).
Prostaglandin E2 (PGE2) is formed from PGH2 by enzymes known as PGE synthases. Microsomal
prostaglandin E synthase-1 (mPGES-1) is an inducible enzyme expressed in various human cell types (1)
whereas the other two PGE2 synthases, microsomal prostaglandin E synthase-2 (mPGES-2) and cytosolic
prostaglandin E synthase (cPGES), are constitutively expressed and presumed to produce PGE2 under
physiological conditions. mPGES-1, as well as COX-2 and certain phospholipase A2 enzymes, is induced by
inflammatory cytokines such as interleukin-1β (IL-1β), lipopolysaccharide (LPS), and tumour necrosis factorα (TNF-α) (2-4). COX-2 and mPGES-1 are both overexpressed in connection with pathological processes
including inflammation.
Non-steroidal anti-inflammatory drugs (NSAIDs) inhibit both of the COX enzymes, suppressing the formation
of PGH2 and all of its terminal products including PGE2. Inhibition of PGE2 synthesis is regarded as the main
mechanism of the therapeutic effects of NSAIDS. Unfortunately, the most common adverse effects of NSAIDs
also appear to be mediated through reduced prostanoid production. In particular, the cardiovascular side-effects
now known to be associated with the use of both non-selective and COX-2 selective NSAIDs are mediated
through inhibition of the synthesis of prostanoids other than PGE2 (3,5,6). A specific mPGES-1 inhibitor is
therefore hypothesized to retain the therapeutic activity of NSAIDs with less adverse effects (6,7).
In addition to its physiological roles, PGE2 is a vital mediator of inflammatory responses, pain and fever
playing an important role in the mechanisms and symptoms of rheumatic diseases. mPGES-1 levels have
previously been shown to be high in the synovial cells from patients with rheumatoid arthritis (RA) (8) and
osteoarthritis (OA) (9). Convincing evidence of its pathophysiological role is also presented in an experimental
model of RA in mPGES-1 knockout mice, where the incidence and severity of the disease, its clinical score
and joint damage were reduced in knockout mice compared to wild type controls (10). This suggests that
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inhibition of the pathological increase of mPGES-1 levels during arthritis might suppress the inflammatory
activity and prevent / retard the progression of joint erosions.
The aim of the present study was to investigate the expression of mPGES-1 in activated primary human
chondrocytes, and to determine how this expression is affected by the DMARDs methotrexate, sulfasalazine
aurothiomalate, and hydroxychloroquine, and also the glucocorticoid dexamethasone.

METHOD

The study was approved by the Ethics Committee of Tampere University Hospital, Finland and a written
informed consent was obtained from the patients. Leftover pieces of OA cartilage from knee joint replacement
surgery were received from Coxa Hospital for Joint Replacement, Tampere, Finland and processed as described
earlier (11).
Isolated chondrocytes were plated at the density of 0.15 x 105 cells/mL onto 24-well plates in Dulbecco’s
Modified Eagle’s medium (DMEM) with GIBCO GlutaMAX-I supplemented with penicillin (100 U/mL),
streptomycin (100 μg/mL), amphotericin B (250 ng/mL) and 10% fetal bovine serum, and cultured at 37°C in
a humidified 5% carbon dioxide atmosphere. After incubation for 24 h, the cells were treated with the
compounds of interest. RNA or proteins were extracted and cell culture media collected after the desired time
of incubation. RNA extraction and real-time reverse transcription-polymerase (RT-PCR), preparation of cell
lysates for Western blot, and Western blot analysis were carried out as described previously (12).
Primer and probe sequences for human mPGES-1 were CACGCTGCTGGTCATCAAGA (forward),
CCGTGTCTCAGGGCATCCT (reverse) and AGCCTCACTTGGCCCGTGATG (probe). Antibodies used in
Western blot analysis were rabbit polyclonal antibody for mPGES-1 (AS-03031, Agrisera AB, Vännäs,
Sweden; primary antibody) and goat anti-rabbit IgG-HRP (sc-2004, Santa Cruz, CA, USA; secondary
antibody). Concentrations of PGE2 in the cell culture medium samples were determined by enzyme-linked
immunosorbent assay (ELISA; Cayman Chemical Co, MI, USA).
Cell culture medium and its supplements were from Invitrogen/Life Technologies (CA, USA), IL-1β was
purchased from R&D Systems Inc (MA, USA), dexamethasone, methotrexate and hydroxychloroquine were
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from Orion Corp. (Espoo, Finland), and all other reagents were obtained from Sigma Chemical Co (MO, USA).
The concentrations of antirheumatic drugs used in this study were based on our preliminary experiments. An
XTT assay (Cell Proliferation Kit II, Roche Diagnostics GmbH, Mannheim, Germany) was performed to
ensure the viability of the cells in the presence of the compounds used.
The results were analysed with a one-way analysis of variance (ANOVA) followed by Dunnett’s post-hoc tests
using InStat version 3.05 for Windows. The results are expressed as mean + standard error of the mean (SEM).
A p-value < 0.05 was considered to indicate statistical significance.

RESULTS

mPGES-1 expression in unstimulated chondrocytes was low and a clear increase in its expression levels were
found when IL-1β was introduced into the culture (Figure 2). mPGES-1 mRNA expression increased up to 48
h and declined thereafter (Figure 2A) whereas the protein expression continued to increase throughout the 96h follow-up (Figure 2B). As shown in Figure 2, mPGES-1 expression in IL-1β –activated primary chondrocytes
demonstrated relatively slow onset and long duration.
The effects of dexamethasone, aurothiomalate, sulfasalazine, methotrexate and hydroxychloroquine on IL-1β
–induced mPGES-1 expression were investigated. Aurothiomalate and dexamethasone significantly downregulated mPGES-1 expression whereas sulfasalazine, methotrexate and hydroxychloroquine had no effect
(Figure 3A). The effect of aurothiomalate on mPGES-1 mRNA expression was dose-dependent (Figure 3B)
and was shown by a reduction in mPGES-1 protein levels (Figure 3C) and PGE2 production (Figure 3D).

DISCUSSION

In the present study we measured the expression of mPGES-1 in primary human chondrocytes, and
investigated the effects of the DMARDs aurothiomalate, sulfasalazine, methotrexate and hydroxychloroquine,
and also dexamethasone on it. Our novel finding was that aurothiomalate inhibited the expression of mPGES-
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1. The other DMARDs studied did not effect mPGES-1 expression whereas dexamethasone reduced mPGES1 levels and PGE2 production, as expected. The effects of aurothiomalate on mPGES-1 expression and PGE2
production were dose-dependent, and a significant inhibition was achieved at a clinically relevant
concentration of 25 μM, which can be maintained in serum during intramuscular aurothiomalate treatment
(13). Furthermore, aurothiomalate levels in synovial fluid are reported to correspond the serum levels during
drug treatment (14).
It has previously been reported that glucocorticoids inhibit the expression of both mPGES-1 and COX-2
enzymes (2) and therefore dexamethasone was selected as a control compound when we evaluated the effects
of DMARDs on the expression of mPGES-1. Methotrexate, sulfasalazine, and hydroxychloroquine were
selected to this design because their use as a triple therapy with a small dose of glucocorticoid is evidently a
more effective treatment in RA than using a single DMARD with or without a small daily dose of
glucocorticoid (15). The above-mentioned combination is also recommended in the ”Current Care Guidelines”
in Finland as a primary treatment of early active RA. TNF blockers, which are now widely used in the treatment
of RA not responding adequately to traditional DMARDs, have been shown not to have an effect on mPGES1 expression in synovial tissue (16) and therefore they were not included in this study.
Aurothiomalate is a traditional antirheumatic drug that has been used in the treatment of RA since the early
1930s (17). It is known to be an effective treatment for RA but its clinical use is limited because of adverse
effects. The molecular mechanisms of the anti-inflammatory and antirheumatic action of aurothiomalate are
not known in detail. In 1974, aurothiomalate was reported to inhibit prostaglandin synthesis (18) and it was
found to down-regulate the expression of COX-2 in murine chondrocytes by destabilizing its mRNA (19).
More recently, aurothiomalate was reported to enhance the expression of mitogen activated protein kinase
phosphatase 1 (MKP-1) in murine and human chondrocytes (20), which can be linked to down-regulation of
inflammatory genes. In the present study we found that aurothiomalate reduced mPGES-1 mRNA and protein
expression, and PGE2 synthesis in human articular chondrocytes. As the latter was achieved at somewhat lower
drug concentrations, it is possible that aurothiomalate also inhibits mPGES-1 activity. The findings in the
present study introduce mPGES-1 as a novel target of aurothiomalate and extend our knowledge on the
mechanisms of action of this DMARD.
The key role of mPGES-1 in pain and inflammatory responses has been convincingly demonstrated in
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experiments with mPGES-1 deficient mice. The knockout mice seem to develop normally but they have
attenuated inflammatory and pain responses, also in mouse models of arthritis. Nephrotoxicity, skin reactions
and gastrointestinal complications, which are known adverse effects related to aurothiomalate treatment, have
not been reported in mPGES-1 knockout mice (10) indicating that those adverse effects are probably not
mediated by down-regulation of mPGES-1.
PGE2 is an essential mediator of inflammatory pain. It has been found to induce and amplify pain perception
by activating peripheral nociceptors through specific PGE2 receptors, and also to modulate the activity of pain
pathways in the spinal cord (21). The connection between different forms of pain and different PGE2 receptor
subtypes is currently under intensive research.
Selective inhibition of PGE2 formation is thought to be an effective method of treating pain with less adverse
effects than NSAIDs. Intensive research on mPGES-1 inhibitors has been ongoing since the enzyme was
characterized, and several compounds with different molecular structures have been reported to inhibit
mPGES-1, but a specific inhibitor for clinical use is yet to be discovered (6,22-25). Another approach to
reducing PGE2 production, especially in inflammatory conditions, would be down-regulation of mPGES-1
expression. Interestingly, Idborg et al (26) recently reported that genetic deletion of mPGES-1 resulted in
changes in prostanoid profiles and fatty acid composition in addition to reduction of PGE2 levels; for example,
levels of PGD2 metabolites and the fatty acid 13-(S)-hydroxyoctadecadienoic acid (13-HODE), both with antiinflammatory properties, were increased. This suggests that down-regulation of mPGES-1 might have antiinflammatory properties that are not shared by NSAIDS. According to the present findings, down-regulation
of mPGES-1 is also achieved with aurothiomalate but not with the other commonly used DMARDs.

CONCLUSIONS

The results of the present study introduce aurothiomalate as the first, and so far the only, DMARD found to be
able to inhibit mPGES-1 expression. The effect is likely involved in the mechanisms of action of this gold
containing DMARD in rheumatic diseases. These results are implicated in the regulatory mechanisms of
mPGES-1, which are under intensive research to develop improved treatments for inflammation and
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inflammatory pain.
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FIGURE LEGENDS

Figure 1: Biosynthesis of prostaglandin E2 (PGE2) and other prostanoids from arachidonic acid originated from
cellular membranes. COX, cyclooxygenase; PGG2, prostaglandin G2; PGH2, prostaglandin H2; mPGES-1/2,
microsomal prostaglandin E synthase 1/2; cPGES, cytosolic prostaglandin E synthase; PGE2, prostaglandin
E2; PGD2, prostaglandin D2; PGF2α, prostaglandin F2α; PGI2, prostaglandin I2; TXA2, thromboxane A2.

Figure 2: The time-dependent expression of mPGES-1 enzyme in primary human chondrocytes in response to
IL-1β.
A: Cells were incubated with IL-1β (100 pg/mL) and RNA was extracted at the indicated time-points. mPGES1 mRNA levels were analysed with quantitative real-time reverse transcription–polymerase chain reaction (RTPCR) and normalized against glyceraldehyde 3-phosphate dehydrogenase (GAPDH). Untreated cells were
used as control, and expression levels were quantified against them.
B: Cells were incubated with IL-1β (100 pg/mL) and proteins were extracted at the time-points indicated.
Untreated cells were used as control, and mPGES-1 expression levels determined by Western blotting were
quantified against them. Actin was used as a loading control.
Values are mean + SEM expressed as fold increase from baseline (considered as 1) in arbitrary units, n=4-6,
** = p < 0.01.

Figure 3: The effects of dexamethasone and DMARDs on the expression of mPGES-1 and production of PGE2
in primary human chondrocytes. The IL-1β-treated cells were considered as 100 % and the expression levels
were quantified as percentages of them.
A: Cells were treated with IL-1β (100 pg/mL) and the compounds of interest for 48 h and RNA was extracted
thereafter, subjected to RT-PCR and normalized against GAPDH. Untreated cells were used as control, and
expression levels were quantified against IL-1β –treated cells. Values are mean + SEM, n=4-11, ** = p < 0.01.
B: Cells were treated with IL-1β (100 pg/mL) and the compounds of interest for 48 h and RNA was extracted
thereafter, subjected to RT-PCR and normalized against GAPDH. Untreated cells were used as control, and
expression levels were quantified against IL-1β –treated cells. Values are mean + SEM, n=4, ** = p < 0.01.
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C: Cells were incubated with IL-1β (100 pg/mL) and the compounds of interest for 72 h, and proteins were
extracted thereafter. Untreated cells were used as control, and mPGES-1 expression levels determined by
Western blotting were quantified against IL-1β –treated cells. Actin was used as a loading control. Values are
mean + SEM, n=8, ** = p < 0.01.
D: Cells were incubated with IL-1β (100 pg/mL) and the compounds of interest for 48 h, and cell culture
medium was collected thereafter. Untreated cells were used as control, and PGE2 levels determined by ELISA
were quantified against IL-1β –treated cells. Values are mean + SEM, n = 3-4, ** = p < 0.01.
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Microsomal prostaglandin E synthase-1 (mPGES-1) is an inducible enzyme situated
downstream of cyclo-oxygenase-2, promoting the excessive PGE2 production in
inﬂammation. Dexamethasone is known to suppress mPGES-1 but the mechanisms
regulating mPGES-1 expression remain poorly known. MKP-1 is a phosphatase
controlling the proinﬂammatory MAP kinase pathways p38 and JNK, thus limiting
the inﬂammatory responses. We have now investigated the role of MKP-1 and MAP
kinases p38 and JNK in the regulation of mPGES-1 expression by dexamethasone.
Dexamethasone increased MKP-1 and decreased mPGES-1 expression in J774
macrophages and in peritoneal macrophages from wild-type but not from MKP-1
deﬁcient mice. Dexamethasone also reduced p38 and JNK phosphorylation along with
enhancement of MKP-1, while inhibition of JNK reduced mPGES-1 expression. These
ﬁndings were also translated to in vivo conditions as dexamethasone downregulated
mPGES-1 expression in paw inﬂammation in wild-type but not in MKP-1 deﬁcient
mice. In conclusion, dexamethasone was found to downregulate mPGES-1 expression
through enhanced MKP-1 expression and reduced JNK phosphorylation in inﬂammatory
conditions. The results extend the understanding on the regulation of mPGES-1
expression and highlight the potential of MKP-1 as an anti-inﬂammatory drug target.
Keywords: mPGES-1, prostaglandins, MAP kinases, MKP-1, JNK

INTRODUCTION
Microsomal prostaglandin E synthase-1 (mPGES-1) is a terminal enzyme catalyzing the synthesis
of prostaglandin E2 (PGE2 ), an essential prostanoid linked to pathophysiological conditions, such
as inﬂammation, pain, fever and tumorigenesis (Samuelsson et al., 2007; Stables and Gilroy,
2011; Coulombe et al., 2014; Ruan and So, 2014; Koeberle and Werz, 2015). Two other PGE2
synthesizing enzymes have been characterized so far, namely microsomal prostaglandin E synthase2 (mPGES-2) and cytosolic prostaglandin E synthase (cPGES). Constitutively expressed mPGES-2
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and cPGES are presumed to be responsible for physiological
PGE2 formation, whereas mPGES-1 is an inducible enzyme, the
expression of which is induced under inﬂammatory conditions in
various cells and tissues (Samuelsson et al., 2007).
The anti-inﬂammatory eﬀects of non-steroidal antiinﬂammatory drugs (NSAIDs) are considered to be based
predominantly on reduced formation of PGE2 due to inhibition
of cyclo-oxygenase (COX) enzymes. However, the known adverse
eﬀects of NSAIDs, such as gastrointestinal, cardiovascular and
renal problems are also linked to the same mechanism of action,
that is, inhibition of cyclo-oxygenases, restricting the use of
NSAIDs among many patient groups. For example, the increased
risk of myocardial infarction may in part reﬂect the reduced
formation of prostacyclin (prostaglandin I2 , PGI2 ) following
inhibition of COX-2 in the vascular wall, while mucosal erosions
and bleedings in the gastrointestinal track are considered to
result from decreased formation of protective physiological
prostanoids after inhibition of COX enzymes (Cheng et al., 2006;
Grosser et al., 2010; Coxib and traditional, NSAID Trialists’
(CNT) Collaboration, et al., 2013).
Such observations could indicate that mPGES-1 is therefore
a potential drug target for treating inﬂammatory conditions
and pain by selectively decreasing PGE2 production under
inﬂammatory conditions. An inhibitor of mPGES-1 activity or
expression could thus lead to a selective decrease of excessive
PGE2 formation during inﬂammation since the synthesis of other
prostanoids are not reduced similarly, as under the treatment
with NSAIDs; furthermore, the constitutive PGE2 synthesis
through mPGES-2 and cPGES remains unchanged. Moreover,
it has been reported that genetic deletion or pharmacological
inhibition of mPGES-1 may also lead to an increased production
of prostanoids exhibiting anti-inﬂammatory properties (Idborg
et al., 2013) and possibly modulate platelet function during
inﬂammation (Raouf et al., 2016). Overall, inhibition of mPGES1 may therefore result in therapeutic activity comparable to
NSAIDs but with less adverse eﬀects (Samuelsson et al., 2007;
Korotkova and Jakobsson, 2013; Koeberle and Werz, 2015).
Inhibitors of mPGES-1 activity are indeed under
development. Recently, a phase I trial with the selective
mPGES-1 inhibitor LY3023703 indicated a decreased level of
a urinary metabolite of PGE2 to an extent comparable to that
caused by the COX-2 inhibitor celecoxib. In addition, a more
favorable eﬀect on the production of prostanoids other than
PGE2 was found (Jin et al., 2015). Development of mPGES-1
inhibitors currently appears to be focused on molecules aﬀecting
the activity of mPGES-1 and subsequent PGE2 production
(Chang and Meuillet, 2011; Korotkova and Jakobsson, 2013;
Koeberle and Werz, 2015; Chandrasekhar et al., 2016; Gupta
and Aparoy, 2016; Koeberle et al., 2016). However, as presented
in this study, an alternative approach might be to focus on
the downregulation of the expression of mPGES-1 rather than
directly aﬀecting the activity of the enzyme.
Mitogen activated protein (MAP) kinases, namely
extracellular signal-regulated kinase (ERK), p38 MAP-kinase and
c-Jun N-terminal kinase (JNK), regulate the cellular response
to various extracellular inﬂammatory stimuli (Johnson and
Lapadat, 2002; Raman et al., 2007). These enzymes are activated
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by phosphorylation and play an essential role in the promotion
of inﬂammatory responses and innate immune system (Kramer
et al., 1996; Ashwell, 2006; Rincon and Davis, 2009; Plotnikov
et al., 2011; Korhonen and Moilanen, 2014). Mitogen-activated
protein kinase phosphatases (MKPs) inactivate MAP kinases
through dephosphorylation and form a negative feedback system
for the activity of MAP kinases, thus controlling and limiting the
inﬂammatory reaction and innate immune responses (Chi et al.,
2006; Hammer et al., 2006; Zhao et al., 2006; Wang and Liu, 2007;
Li et al., 2009; Wancket et al., 2012). MKP-1 is the most studied of
MKP enzymes and it has been shown to dephosphorylate MAP
kinases p38 and / or JNK, depending on the cell type, and thereby
decreasing the expression of many MAP kinase-dependent
pro-inﬂammatory factors (Franklin and Kraft, 1997; Franklin
et al., 1998; Chi et al., 2006; Zhao et al., 2006; Turpeinen et al.,
2010, 2011; Comalada et al., 2012). MKP-1 has been identiﬁed
as a mediator of some anti-inﬂammatory eﬀects of drugs such
as the glucocorticoids, the anti-rheumatic drug aurothiomalate,
phosphodiesterase 4 inhibitors (Kassel et al., 2001; Abraham
et al., 2006; Nieminen et al., 2010; Shipp et al., 2010; Korhonen
et al., 2013; Keränen et al., 2017) and recently, also β2 -agonists
(Keränen et al., 2016). In addition, inﬂammatory responses
have been found to be more severe and even lethal in MKP-1
knock-out mice as compared to wild-type controls (Chi et al.,
2006; Zhao et al., 2006; Frazier et al., 2009; Korhonen et al., 2011,
2013), emphasizing the role of MKP-1 as a limiting factor in
inﬂammation.
Mechanisms regulating the expression of mPGES-1 are not
fully known, but one of the few drugs found to inhibit the
expression of mPGES-1 is the glucocorticoid dexamethasone
(Stichtenoth et al., 2001), known also to enhance the expression
of MKP-1 (Kassel et al., 2001; Abraham et al., 2006; Shipp et al.,
2010). Therefore, we tested the hypothesis that dexamethasone
inhibits the expression of mPGES-1 via an elevated MKP-1
expression and subsequent dephosphorylation of MAP kinases,
by using the J774 macrophage cell line and conﬁrmed the ﬁndings
by using peritoneal macrophages from MKP-1 deﬁcient and
corresponding wild-type mice. To evaluate the signiﬁcance of
these ﬁndings in vivo, the eﬀects of dexamethasone on the
expression of mPGES-1 in mouse paw inﬂammation in MKP-1
deﬁcient and corresponding wild-type mice was also studied.

MATERIALS AND METHODS
Materials
Dexamethasone was received from Orion Corp. (Espoo,
Finland). Lipopolysaccharide (LPS) from Escherichia coli strain
0111:B4 and all other reagents were purchased from SigmaAldrich Inc. (St. Louis, MO, USA) unless otherwise stated.

Animals
Wild-type and MKP-1(-/-) C57BL/6 mice originally generated
in the laboratory of R. Bravo at Bristol-Myers Squibb
Pharmaceutical Research Institute (Princeton, NJ, USA)
were used in the present study. Mice were bred at the animal
facilites in Faculty of Medicine and Life Sciences, University
of Tampere under standard conditions (12:12 light-dark cycle,
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+22 ± 1◦ C temperature, 50–60% humidity), and food and water
provided ad libitum. Animal experiments were carried out in
accordance with the legislation for the protection of animals
used for scientiﬁc purposes (Directive 2010/63/EU), and the
study was approved by the National Animal Experiment Board.

Lipopolysaccharide-Induced Paw Edema
Lipopolysaccharide [50 μl of 2 mg/ml in phosphate-buﬀered
saline (PBS)] was injected into the hind paw of anesthetized mice
R
; Orion Oyj, Espoo, Finland, and 75 mg/kg,
(0.5 mg/kg, Domitor
R
Ketalar
; Pﬁzer Oy Animal Health, Helsinki, Finland). The
contralateral paw was injected with the corresponding volume of
endotoxin-free PBS. Mice were treated 1 h prior to the injection
of LPS with dexamethasone (2 mg/kg intraperitoneally) or with
vehicle (PBS). Paw volumes were measured up to 6 h with a
plethysmometer (Ugo Basile, Comerio, Italy) and compared to
the baseline value. After the last measurement mice were sacriﬁed
(cervical dislocation) and paw tissues were collected into RNA
Later solution (Invitrogen, Carlsbad, CA, USA).

Cell Culture
J774 mouse macrophages (American Type Culture Collection,
Rockville Pike, MD, USA ) were cultured at +37◦ C in 5% CO2
atmosphere in Dulbecco’s Modiﬁed Eagle’s medium (DMEM,
Invitrogen, Paisley, UK) containing 10% (v/v) heat-inactivated
fetal bovine serum (FBS), 100 U/ml penicillin, 100 μg/ml
streptomycin and 250 ng/ml amphotericin B (all from Gibco,
Wien, Austria). Cells (2.5 × 105 per well) were seeded on 24-well
plates and the cell monolayers were grown for 72 h prior to the
experiments. SP600125 and SB203580 were dissolved in dimethyl
sulfoxide (DMSO), dexamethasone and LPS in PBS. LPS and the
compounds under investigation in concentrations indicated or
the solvent (DMSO, ﬁnal concentration 0.1% v/v in all wells)
were added to the cells in fresh culture medium containing 10%
FBS and the supplements, and the incubations were continued
for the time indicated before removing the culture medium and
harvesting the cells.
Mouse peritoneal macrophages were obtained by
peritoneal lavage with sterile PBS supplemented with 0.2
mM ethylenediaminetetraacetic acid (EDTA). Cells were washed
and seeded on 24-well plates (1 × 106 cells/well) in RPMI
medium supplemented with 2% FBS, 100 U/ml penicillin, 100
μg/ml streptomycin and 250 ng/ml amphotericin B. Cells were
incubated overnight, washed and treated with the compounds
under investigation for the period indicated.

FIGURE 1 | Dexamethasone inhibits mPGES-1 expression in activated
macrophages in an MKP-1 dependent manner. (A) Effects of dexamethasone
on peritoneal macrophages from wild-type and MKP-1 knock-out (KO) mice.
Cells were incubated with LPS in the presence or absence of dexamethasone
for 24 h. mPGES-1 mRNA levels were measured by quantitative RT-PCR and
normalized against GAPDH mRNA levels. Results are expressed in arbitrary
units, mPGES-1 mRNA levels in unstimulated cells from wild type mice were
set as 1, and the other values were related to that. Results are expressed as
mean + SEM, n = 4. One-way ANOVA with Bonferroni’s post-test was
performed and statistical signiﬁcance is indicated as ***P < 0.001 and
ns = not signiﬁcant. # P = 0.0286 vs unstimulated cells from wild-type mice.
(B) Effect of dexamethasone on mPGES-1 mRNA production in J774 murine
macrophages. Cells were stimulated with LPS in the presence or absence of
dexamethasone for 24 h. mPGES-1 mRNA levels were measured by
quantitative RT-PCR and normalized against GAPDH mRNA levels. Results are
expressed in arbitrary units, mPGES-1 mRNA levels in LPS-stimulated cells
were set as 100 % and the other values were related to that. Results are
expressed as mean + SEM, n = 6–7. One-way ANOVA with Bonferroni’s
post-test was performed and statistical signiﬁcance is indicated as
***P < 0.001. (C) Effect of dexamethasone on mPGES-1 protein expression in
J774 murine macrophages. Cells were stimulated with LPS in the presence or
absence of dexamethasone for 24 h. mPGES-1 protein levels were measured
by Western blot analysis and actin was used as a loading control. Results are
expressed in arbitrary units, mPGES-1 protein levels in LPS-stimulated cells
were set as 100% and the other values were related to that. Results are
expressed as mean + SEM, n = 6. One-way ANOVA with Bonferroni’s
post-test was performed and statistical signiﬁcance is indicated as
***P < 0.001. Shown is a representative gel of six with similar results.

Preparation of Cell Lysates and Western
Blot Analysis
At the indicated time points, the culture medium was
removed and the cells were washed with ice-cold PBS and
solubilized in cold lysis buﬀer containing 10 mM Tris–
HCl, 5 mM EDTA, 50 mM NaCl, 1% Triton X-100, 0.5 mM
phenylmethylsulfonyl ﬂuoride, 1 mM sodium orthovanadate,
20 mg/ml leupeptin, 50 mg/ml aprotinin, 5 mM sodium
ﬂuoride, 2 mM sodium pyrophosphate and 10 mM n-octyl-bD-glucopyranoside. After incubation for 15 min on ice, lysates
were centrifuged, and the supernatants were collected and mixed
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phospho-JNK antibody (#9251; Cell Signaling Technology Inc.,
Beverly, MA, USA).

RNA Extraction and Quantitative
Real-Time Reverse Transcription
Polymerase Chain Reaction (qRT-PCR)
At the indicated time points, the culture medium was removed,
and cell homogenization and RNA extraction was carried out
by using GenEluteTM Mammalian Total RNA Miniprep Kit
according to the manufacturer’s instruction. In the case of
paw tissue samples, RNA was extracted with TRIzol reagent.
Brieﬂy, tissue was ﬁrst homogenized in TRIzol (Thermo Fisher
Scientiﬁc, Waltham, MA, USA), and thereafter RNA was
extracted with chloroform and precipitated with isopropanol,
washed with 75% ethanol and resuspended in RNAse free
water. Reverse transcription of the RNA to cDNA was
R
Reverse Transcription Reagents
performed with TaqMan
(Applied Biosystems, Foster City, CA, USA) in the case of J774
cells and with Maxima First strand cDNA synthesis kit for RTqPCR (Thermo Fisher Scientiﬁc) in the case of PM cells and paw
tissue.
Primers and probes were purchased from Metabion
(Martinsried, Germany). Their sequences and concentrations
were optimized according to the manufacturer’s guidelines
in TaqMan Universal PCR Master Mix Protocol part number
4304449 revision C (Applied Biosystems) and were as follows:
mouse mPGES-1 CCTGGATACATTTCCTCGTTGTC (forward,
300 nM), GAAGGCGTGGGTTCAGCTT (reverse, 300 nM),
and ACAGGCCGTGTGGTACACACCG (probe, 150 nM);
mouse MKP-1 CTCCTGGTTCAACGAGGCTATT (forward,
300 nM), TGCCGGCCTGGCAAT (reverse, 300 nM), and
CCATCAAGGATGCTGGAGGGAGAGTGTT (probe, 150
nM); mouse GAPDH GCATGGCCTTCCGTGTTC (forward,
300 nM), GATGTCATCATACTTGGCAGGTTT (reverse, 300
nM) and TCGTGGATCTGACGTGCCGCC (probe, 150 nM).
Quantitative PCR was carried out by using TaqMan Universal
PCR Master Mix and ABI Prism 7500 sequence detection
system (Applied Biosystems). The PCR cycling parameters were
incubation at 50◦ C for 2 min, incubation at 95◦ C for 10 min,
40 cycles of denaturation at 95◦ C for 15 s and annealing and
extension at 60◦ C for 1 min. A standard curve method was
used to estimate the relative mRNA levels. When calculating the
results, mPGES-1 and MKP-1 mRNA levels were ﬁrst normalized
against GAPDH.

FIGURE 2 | Dexamethasone inhibits mPGES-1 expression in acute
inﬂammatory response in vivo in an MKP-1 dependent manner.
Dexamethasone (2 mg/kg) was given intraperitoneally an hour before LPS (50
μl of 2 mg/ml in PBS) was injected into the hind paw of anesthetized mice to
induce acute inﬂammation. The paw tissues were collected 6 h after the LPS
injection and mPGES-1 mRNA levels were measured by quantitative RT-PCR
and normalized against GAPDH mRNA levels. Results are expressed in
arbitrary units, mPGES-1 mRNA levels in LPS treated paw tissue from
wild-type mice were set as 100% and the other values are related to that.
Results are expressed as mean + SEM, n = 6–8. One-way ANOVA with
Bonferroni’s post-test was performed and statistical signiﬁcance is indicated
as *P < 0.05 and ns = not signiﬁcant.

in a ratio of 1:4 with SDS loading buﬀer (62.5 mM Tris–
HCl, pH 6.8, 10% glycerol, 2% SDS, 0.025% bromophenol
blue and 5% β-mercaptoethanol), and stored at −20◦ C until
analyzed.
Equal amounts of protein (10 or 20 μg) were loaded on a
12% SDS-polyacrylamide gel and separated by electrophoresis.
Proteins were transferred to nitrocellulose membranes by dry
electroblotting using iBlot gel transfer stacks and the Invitrogen
iBlot Device according to the manufacturer’s instructions. After
transfer, the membrane was blocked in TBS/T [20 mM Trisbase
(pH 7.6), 150 mM NaCl, 0.1% Tween-20] containing 5%
non-fat milk for 1 h at room temperature. For detection of
phosphorylated proteins, membranes were blocked in TBS/T
containing 5% BSA. Membranes were incubated overnight
at 4◦ C with the primary antibody and for 1 h with the
secondary antibody, and the chemiluminescent signal was
detected by ImageQuantTM LAS 4000 mini (GE Healthcare BioSciences AB, Uppsala, Sweden). The chemiluminescent signal
was quantiﬁed with ImageQuant TL 7.0 Image Analysis Software
(GE Healthcare Bio-Sciences AB). Following antibodies were
used in the Western blot analysis: mPGES-1 antibody (AS03031; Agrisera AB, Vännäs, Sweden); polyclonal goat anti-rabbit
(sc-2004), actin (sc-1616R) and JNK antibody (#9251; Santa
Cruz Biotechnology, CA, USA), MKP-1 antibody (SAB2500331;
Sigma-Aldrich Inc), p38 MAPK antibody (ab27986; Abcam
plc., Cambridge, UK), phospho-p38 MAPK (#9211) and
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Statistics
Results are expressed as mean + standard error of the mean
(SEM). One-way ANOVA with Bonferroni’s post-test was
performed using GraphPad InStat version 3.10 for Windows.
Diﬀerences were considered signiﬁcant at *P < 0.05, **P < 0.01
or ***P < 0.001.

RESULTS
Expression of mPGES-1 in unstimulated macrophages from
MKP-1 deﬁcient mice was elevated as compared to macrophages

4

September 2017 | Volume 8 | Article 646

Tuure et al.

Dexamethasone Inhibits mPGES-1 Expression MKP-1-dependently

FIGURE 3 | Dexamethasone enhances MKP-1 expression in macrophages. (A) Effect of dexamethasone on MKP-1 mRNA expression in J774 murine macrophages.
Cells were stimulated with LPS in the presence or absence of dexamethasone for 1 h. MKP-1 mRNA levels were measured by quantitative RT-PCR and normalized
against GAPDH mRNA levels. Results are given in arbitrary units, MKP-1 mRNA levels in LPS-stimulated cells were set as 100% and the other values were related to
that. Results are expressed as mean + SEM, n = 11–12. One-way ANOVA with Bonferroni’s post-test was performed and statistical signiﬁcance is indicated as
***P < 0.001. (B) Effect of dexamethasone on MKP-1 protein expression in J774 murine macrophages. Cells were stimulated with LPS in the presence or absence of
dexamethasone for 1 h. MKP-1 protein levels were measured by Western blot analysis and actin was used as a loading control. Results are expressed in arbitrary
units, MKP-1 protein levels in LPS-stimulated cells were set as 100% and the other values were related to that. Results are expressed as mean + SEM. n = 9.
One-way ANOVA with Bonferroni’s post-test was performed and statistical signiﬁcance is indicated as ***P < 0.001. Shown is a representative gel of nine with similar
results. (C) Effect of dexamethasone on MKP-1 mRNA production in peritoneal macrophages from wild-type mice. Cells were stimulated with LPS in the presence or
absence of dexamethasone for 1 h. MKP-1 mRNA levels were measured by quantitative RT-PCR and normalized against GAPDH mRNA levels. Results are expressed
in arbitrary units, MKP-1 mRNA levels in LPS-stimulated cells were set as 100% and the other values were related to that. Results are expressed as mean + SEM,
n = 5. One-way ANOVA with Bonferroni’s post-test was performed and statistical signiﬁcance is indicated as ***P < 0.001.

from wild-type mice (Figure 1A). A noticeable increase in
the expression level was seen following stimulation with
LPS both in mouse peritoneal macrophages (Figure 1A)
and in J774 macrophage cell line (Figures 1B,C). Incubation
with dexamethasone signiﬁcantly downregulated mPGES1 expression in both LPS-stimulated J774 macrophages
(Figures 1B,C) and in peritoneal macrophages from wild-type
mice (Figure 1A).

Frontiers in Pharmacology | www.frontiersin.org

In contrast, incubation with dexamethasone had no eﬀect on
LPS-induced mPGES-1 expression in peritoneal macrophages
from MKP-1 deﬁcient mice (Figure 1A). This suggests that
MKP-1 has an essential role in mediating the suppression by
dexamethasone of mPGES-1 expression in inﬂammation.
We next investigated whether MKP-1 could mediate the
attenuation by dexamethasone of mPGES-1 expression also
under in vivo conditions. To do this, the eﬀect of dexamethasone
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FIGURE 4 | Continued
phosphorylated p38 were normalized against the levels of total p38. Results
are expressed in arbitrary units, phosphorylated p38 levels in LPS-stimulated
cells were set as 100% and the other values were related to that. Results are
expressed as mean + SEM, n = 4. One-way ANOVA with Bonferroni’s
post-test was performed and statistical signiﬁcance is indicated as
***P < 0.001 and ns = not signiﬁcant. Shown is a representative gel of four
with similar results. (B) Effect of dexamethasone on JNK phosphorylation.
J774 macrophages were preincubated with dexamethasone for 1 h and
stimulated with LPS for 30 min. JNK and phosphorylated JNK (pJNK) protein
levels were measured by Western blot analysis and the levels of
phosphorylated JNK were normalized against the levels of total JNK. Results
are expressed in arbitrary units, phosphorylated JNK levels in LPS-stimulated
cells were set as 100% and the other values were related to that. Results are
expressed as mean + SEM, n = 6. One-way ANOVA with Bonferroni’s
post-test was performed and statistical signiﬁcance is indicated as **P < 0.01,
***P < 0.001 and ns = not signiﬁcant. Shown is a representative gel of six with
similar results.

treatment on mPGES-1 expression in paw inﬂammation in wildtype and MKP-1 deﬁcient mice was examined. Dexamethasone,
in a dose (2 mg/kg intraperitoneally) that inhibited the
concurrent paw edema (by 44%; P < 0.05) in wild-type but
not in MKP-1 deﬁcient mice, signiﬁcantly reduced mPGES1 expression in LPS-treated paw tissue in wild-type mice. In
support of the in vitro data, dexamethasone had no eﬀect
on mPGES-1 expression levels in the paw tissue in MKP1 deﬁcient mice (Figure 2). To conﬁrm that dexamethasone
could stimulate MKP-1 expression in macrophages, MKP-1
mRNA and protein levels in J774 cells were measured. MKP1 expression was low in unstimulated cells but it was increased
by LPS. Furthermore, dexamethasone enhanced MKP-1 mRNA
(Figure 3A) and protein (Figure 3B) levels in J774 macrophages
both in the absence and in the presence of LPS. Dexamethasone
likewise enhanced MKP-1 expression in unstimulated and
LPS-stimulated peritoneal macrophages from wild-type mice
(Figure 3C).
Because MKP-1 has been reported to inactivate p38 and JNK
MAP kinases through dephosphorylation (Franklin and Kraft,
1997; Franklin et al., 1998; Kassel et al., 2001; Abraham et al.,
2006; Chi et al., 2006; Zhao et al., 2006; Turpeinen et al., 2010,
2011; Comalada et al., 2012), the eﬀects of dexamethasone on the
levels of phosphorylated p38 and JNK in activated macrophages
were investigated. Exposure to LPS caused a rapid increase in p38
and JNK phosphorylation in J774 macrophages (Figures 4A,B)
and in mouse peritoneal macrophages (Figures 5A,B). This eﬀect
was reduced by dexamethasone in J774 cells (Figures 4A,B) and
in peritoneal macrophages from wild-type mice (Figures 5A,B).
The role of MKP-1 in the dexamethasone eﬀect was conﬁrmed by
the ﬁnding that dexamethasone did not reduce the LPS-enhanced
levels of phosphorylated p38 (Figure 5A) or JNK (Figure 5B) in
peritoneal macrophages from MKP-1 deﬁcient mice.
Furthermore, the JNK inhibitor SP600125 (Bennett et al.,
2001; Nieminen et al., 2006) but not the p38 inhibitor SB203580
(Cuenda et al., 1995; Shi et al., 2015) reduced LPS-induced
mPGES-1 expression in a manner comparable to that of
dexamethasone (Figures 6A,B).
Together, these data suggest that dexamethasone reduces
mPGES-1 expression in classically activated macrophages in

FIGURE 4 | Dexamethasone inhibits the phosphorylation of MAP kinases p38
and JNK in activated J774 macrophages. (A) Effect of dexamethasone on p38
phosphorylation. J774 macrophages were preincubated with dexamethasone
for 1 h and stimulated with LPS for 30 min. p38 and phosphorylated p38
(pp38) protein levels were measured by Western blot analysis and the levels of
(Continued)
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FIGURE 5 | Dexamethasone inhibits the phosphorylation of MAP kinases p38
and JNK in activated macrophages in an MKP-1 dependent manner. (A) Effect
of dexamethasone on p38 phosphorylation. Peritoneal macrophages from
wild-type and MKP-1 knock-out (KO) mice were preincubated with
dexamethasone for 1 h and stimulated with LPS for 30 min. p38 and
phosphorylated p38 (pp38) protein levels were measured by Western blot and
the levels of phosphorylated p38 were normalized against the levels of total
p38. Results are expressed in arbitrary units, phosphorylated p38 levels in
LPS-stimulated cells were set as 100 % and the other values were related to
that. Results are expressed as mean + SEM, n = 9. One-way ANOVA with
Bonferroni’s post-test was performed and statistical signiﬁcance is indicated
as ***P < 0.001 and ns = not signiﬁcant. Shown is a representative gel of nine
with similar results. (B) Effect of dexamethasone on JNK phosphorylation.
Peritoneal macrophages from wild-type and MKP-1 knock-out (KO) mice were
pre-incubated with dexamethasone for 1 h and stimulated with LPS for
30 min. JNK and phosphorylated JNK (pJNK) protein levels were measured by
Western blot analysis and the levels of phosphorylated JNK were normalized
against the levels of total JNK. Results are expressed in arbitrary units,
phosphorylated JNK levels in LPS-stimulated cells were set as 100% and the
other values were related to that. Results are expressed as mean + SEM,
n = 5. One-way ANOVA with Bonferroni’s post-test was performed and
statistical signiﬁcance is indicated as ***P < 0.001 and ns = not signiﬁcant.
Shown is a representative gel of ﬁve with similar results.
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FIGURE 6 | JNK inhibitor SP600125 inhibits the expression of mPGES-1 in
activated macrophages. (A) Effects of a JNK inhibitor (SP600125), a p38
inhibitor (SB203580) and dexamethasone on mPGES-1 mRNA production in
J774 murine macrophages. Cells were incubated with LPS and the
compounds under investigation for 24 h. mPGES-1 mRNA levels were
measured by quantitative RT-PCR and normalized against GAPDH mRNA
(Continued)
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introduced to wild-type cells in the absence or in the presence
of LPS, as shown also earlier (Abraham et al., 2006; Shipp et al.,
2010; Zhu et al., 2010; Prabhala et al., 2016; Keränen et al., 2017).
MKP-1 is an early response gene, the expression of which is
transiently increased following exposure to inﬂammatory and
cellular stress factors (Owens and Keyse, 2007; Boutros et al.,
2008; Caunt and Keyse, 2013). In addition, MKP-1 promoter
contains glucocorticoid responsive elements (Shipp et al., 2010)
indicating that glucocorticoids may directly enhance MKP-1
transcription. MKP-1 expression is also regulated by various
post-transcriptional mechanisms (Wong et al., 2005; Kuwano
et al., 2008; Korhonen and Moilanen, 2014). As glucocorticoids
have been shown not only to enhance but also to prolong MKP-1
expression (Keränen et al., 2017), they may regulate MKP-1 gene
expression at post-transcriptional level in addition to their direct
transcriptional eﬀect.
MKP-1 regulates the inﬂammatory responses by inactivating
MAP kinases p38 and JNK through dephosphorylation (Franklin
and Kraft, 1997; Franklin et al., 1998; Chi et al., 2006;
Zhao et al., 2006; Turpeinen et al., 2010, 2011; Comalada
et al., 2012). Therefore, it is interesting that dexamethasone
was found to reduce p38 and JNK phosphorylation in wildtype but not in MKP-1 deﬁcient macrophages exposed to
inﬂammatory stimulus. In support of our data, Abraham
and co-workers reported that dexamethasone inhibits p38
and JNK phosphorylation in murine bone-marrow derived
macrophages (Abraham et al., 2006), whereas in another study
dexamethasone was found to downregulate p38 but not JNK
or ERK phosphorylation (Bhattacharyya et al., 2007). These
ﬁndings show that the glucocorticoid-induced enhancement in
MKP-1 expression has functional consequences at the level of
reduced MAP kinase phosphorylation, which is likely to result
in deactivation of these inﬂammatory pathways possibly by a
cell-type dependent manner.
The present ﬁndings provide support for MAP kinase JNK
being a seminal downstream factor regulating the expression
of mPGES-1 under inﬂammatory conditions in macrophages:
dexamethasone was found to reduce the phosphorylation of both
p38 and JNK kinases along with its stimulatory eﬀect on MKP1 expression. However, the JNK inhibitor but not p38 inhibitor
attenuated the expression of mPGES-1. That is supported by
the ﬁndings in human gingival ﬁbroblasts (Yucel-Lindberg
et al., 2006; Båge et al., 2010), in rat neonatal cardiomyocytes
(Degousee et al., 2006) and in murine microglial cells (de Oliveira
et al., 2008; He et al., 2016) in which JNK was found to be involved
in the regulation of mPGES-1 expression. The eﬀect may be cell
type dependent because in human osteoarthritic chondrocytes
stimulated with IL-1β, MAP kinases p38 and ERK had a crucial
role in the regulation of mPGES-1 expression, whereas JNK was
insigniﬁcant (Masuko-Hongo et al., 2004).
In inﬂammation, various pro-inﬂammatory cytokines and
bacterial products are known to enhance mPGES-1 expression.
The transcriptional mechanisms are not known in detail, but
early growth response protein 1 (EGR-1) and nuclear factor
kappa B (NF-kB) have been identiﬁed as key transcription factors
for mPGES-1 (Koeberle and Werz, 2015). Activator protein 1
(AP-1) is one of the additional factors reported to be involved

FIGURE 6 | Continued
levels. Results are expressed in arbitrary units, mPGES-1 mRNA levels in
LPS-stimulated cells were set as 100% and the other values were related to
that. Results are expressed as mean + SEM, n = 6–7. One-way ANOVA with
Bonferroni’s post-test was performed and statistical signiﬁcance is indicated
as ***P < 0.001 and ns = not signiﬁcant. (B) Effects of a JNK inhibitor
(SP600125), a p38 inhibitor (SB203580) and dexamethasone on mPGES-1
protein expression in J774 murine macrophages. Cells were stimulated with
LPS and the compounds under investigation for 24 h. mPGES-1 protein levels
were measured by Western blot analysis and actin was used as a loading
control. Results are expressed in arbitrary units, mPGES-1 protein levels in
LPS-stimulated cells were set as 100% and the other values were related to
that. Results are expressed as mean + SEM, n = 5–6. One-way ANOVA with
Bonferroni’s post-test was performed and statistical signiﬁcance is indicated
as ***P < 0.001, **P < 0.01 and ns = not signiﬁcant. Shown is a
representative gel of ﬁve with similar results.

a manner dependent on enhanced MKP-1 expression and
subsequently reduced JNK phosphorylation.

DISCUSSION
Microsomal prostaglandin E synthase-1 is an inducible
inﬂammatory enzyme, the expression of which has been reported
to be inhibited by glucocorticoids (Stichtenoth et al., 2001; Tuure
et al., 2015). The present study extends the previous data by
showing that the glucocorticoid eﬀect on mPGES-1 is mediated
through enhanced expression of the regulatory phosphatase
MKP-1 and subsequent dephosphorylation of the MAP kinase
JNK in inﬂammatory conditions.
MKP-1 deﬁcient mice have a normal phenotype in resting
conditions but they develop enhanced responses in inﬂammatory
states. For example, they have impaired tolerance against
bacterial endotoxin and when exposed to LPS, signiﬁcantly
higher levels of cytokines and other inﬂammatory factors are
released and the inﬂammatory response is much more severe
as compared to wild-type controls (Chi et al., 2006; Hammer
et al., 2006; Zhao et al., 2006; Korhonen et al., 2011; Turpeinen
et al., 2011). Those ﬁndings support a signiﬁcant role for MKP1 as an endogenous factor regulating and limiting excessive
inﬂammatory responses and as a potential target to be increased
with anti-inﬂammatory treatments. In the present experiments
with cells from wild-type and MKP-1 deﬁcient mice, we found
that MKP-1 mediates the suppression by dexamethasone of
mPGES-1 expression in activated macrophages. This eﬀect was
also translated to in vivo conditions, as dexamethasone reduced
mPGES-1 expression in inﬂamed paw tissue in wild-type but
not in MKP-1 deﬁcient mice. Dexamethasone also suppressed
inﬂammatory edema in wild-type but not in MKP-1 deﬁcient
mice. Although this is dependent on several inﬂammatory factors
(Naidu et al., 2010; Zar et al., 2014; Chen et al., 2016), the reduced
mPGES-1 expression may contribute to the anti-inﬂammatory
eﬀect of dexamethasone because mPGES-1 inhibitors have been
reported to attenuate inﬂammatory paw edema in experimental
models (Koeberle et al., 2009; Siemoneit et al., 2011).
In addition to its suppressive eﬀect on mPGES-1,
dexamethasone augmented the expression of MKP-1 when
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in the transcriptional activation of mPGES-1 (Moon et al., 2005;
Jungel et al., 2007). This observation is relevant in the light of the
present results because AP-1 is activated by JNK. Expression of
mPGES-1 may also be regulated by JNK at post-transcriptional
level as a JNK inhibitor has been found to destabilize mPGES-1
mRNA and reduce mPGES-1 protein levels in murine neonatal
cardiomyocytes (Degousee et al., 2006). However, additional
studies are needed to clarify the detailed mechanisms of how JNK
regulates mPGES-1 expression.
In conclusion, dexamethasone was found to down-regulate
mPGES-1 expression in classically activated macrophages
through increased expression of the regulatory phosphatase
MKP-1 and subsequently decreased phosphorylation of the MAP
kinase JNK. These results extend the previous understanding
of the molecular mechanisms regulating mPGES-1 expression
in inﬂammatory conditions. The ﬁndings also highlight the
potential of MKP-1 as an anti-inﬂammatory drug target.
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Abstract
Phosphodiesterase-4 (PDE4) inhibitors have recently been introduced to the
treatment of COPD and psoriatic arthritis. Microsomal prostaglandin E synthase-1 (mPGES-1) is an inducible enzyme synthesizing PGE2, the most abundant prostanoid related to inﬂammation and inﬂammatory pain. mPGES-1 is a
potential drug target for novel anti-inﬂammatory treatments aiming at an
improved safety proﬁle as compared to NSAIDs. Here we investigated the effect
of the PDE4 inhibitor rolipram on the expression of mPGES-1 in macrophages;
and a potential mediator role in the process for MAP kinase phosphatase-1
(MKP-1) which is an endogenous factor limiting the activity of the proinﬂammatory MAP kinases p38 and JNK. The expression of mPGES-1 was decreased,
whereas that of MKP-1 was enhanced by rolipram in wild-type murine macrophages. Interestingly, rolipram did not reduce mPGES-1 expression in peritoneal
macrophages from MKP-1-deﬁcient mice. A reduced phosphorylation of JNK,
but not p38 MAP kinase, was speciﬁcally associated with the decreased expression of mPGES-1. Accordingly, mPGES-1 expression was suppressed by JNK but
not p38 inhibitor. These ﬁndings underline the signiﬁcance of the increased
MKP-1 expression and decreased JNK phosphorylation associated with the
downregulated expression of mPGES-1 by PDE4 inhibitors in inﬂammation.
Abbreviations
cAMP, cyclic AMP; COXs, cyclo-oxygenases; DMSO, dimethyl sulfoxide; EDTA,
ethylenediaminetetraacetic acid; FBS, fetal bovine serum; LPS, lipopolysaccharide;
MAPK, mitogen-activated protein kinase; MKP-1, mitogen-activated protein kinase
phosphatase 1; mPGES-1, microsomal prostaglandin E synthase-1; PBS, phosphatebuffered saline; PDE4, phosphodiesterase-4; PGE2, prostaglandin E2.

Introduction
Phosphodiesterase-4 (PDE4) is a family of enzymes
expressed widely in immune cells, including macrophages.
PDE4 enzymes catalyze the degradation of cyclic AMP
(cAMP), modulate immune cell functions and have an
essential role in inﬂammation (Gantner et al. 1997; Essayan 1999; Spina 2008). Speciﬁc inhibitors of PDE4 are
novel anti-inﬂammatory drugs, of which roﬂumilast was
lately introduced for the treatment of COPD and apremilast for plaque psoriasis and psoriatic arthritis (Lipworth

2005; Rabe 2011; Kavanaugh et al. 2015; Papp et al.
2015). Recently, PDE4 was also presented as a beneﬁcial
drug target in B-cell lymphoma, based on the ﬁndings of
the anti-inﬂammatory properties of PDE4 inhibitors
(Cooney and Aguiar 2016).
Rolipram is a selective PDE4 inhibitor, the anti-inﬂammatory effects of which have been shown to be, at least
partly, dependent on the MAP kinase phosphatase-1
(MKP-1) (Lee et al. 2012; Korhonen et al. 2013; Patel et al.
2015). MKP-1 is an endogenous enzyme able to dephosphorylate and hence inactivate the proinﬂammatory MAP
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kinase p38 and JNK pathways (Franklin and Kraft 1997;
Chi et al. 2006; Hammer et al. 2006; Zhao et al. 2006;
Korhonen et al. 2011). MKP-1 expression is enhanced by
various inﬂammatory factors and serves as a limiting factor
against excessive inﬂammatory response (Korhonen and
Moilanen 2014). In addition, some anti-inﬂammatory
compounds further enhance MKP-1 expression or activity
leading to substantial suppression of inﬂammatory
responses (Kassel et al. 2001; Nieminen et al. 2010).
mPGES-1 has evoked interests as a potential antiinﬂammatory drug target since it was characterized in
1999 (Jakobsson et al. 1999; Samuelsson et al. 2007). It is
an inducible enzyme catalyzing the synthesis of prostaglandin E2 (PGE2), situated downstream of cyclo-oxygenases (COXs) in the prostaglandin synthesis pathway. It
has been therefore suggested that by inhibiting the activity
or expression of mPGES-1, it would be possible to achieve
therapeutic effects comparable with COX-inhibitors (i.e.,
nonsteroidal anti-inﬂammatory drugs, NSAIDS) but with
less adverse effects (Samuelsson et al. 2007; Korotkova
and Jakobsson 2014; Koeberle and Werz 2015). Several
inhibitors of the activity of mPGES-1 have been characterized with a promising preclinical proﬁle but unfortunately,
none of them is available for clinical use so far (Koeberle
and Werz 2015). Interestingly, the effects of mPGES-1
inhibitors may not be limited to inhibition of PGE2 synthesis or classical effects of PGE2 in inﬂammation. For
instance, Idborg et al. (2013) recently reported that
genetic deletion of mPGES-1 shifted eicosanoid proﬁles
toward anti-inﬂammatory direction in activated macrophages by reducing PGE2 production and enhancing
PGD2 metabolites and some anti-inﬂammatory fatty acids.
Also, Raouf et al. (2016) reported that platelet activation
associated with inﬂammation is tempered in mPGES-1deﬁcient mice as compared to wild-type animals.
Another pharmacological approach could be inhibition
of mPGES-1 expression in inﬂammatory conditions. The
regulation of mPGES-1 is not known in detail but it has
been shown to be suppressed by anti-inﬂammatory drugs
dexamethasone and aurothiomalate (Stichtenoth et al.
2001; Korotkova et al. 2005; Tuure et al. 2015). In addition, mPGES-1 expression has been reported to be upregulated by p38 and/or JNK MAP kinases. (Han et al. 2002;
Masuko-Hongo et al. 2004; Degousee et al. 2006; de Oliveira et al. 2008; B
age et al. 2010; He et al. 2016). On the
other hand, anti-inﬂammatory effects of the PDE4 inhibitor rolipram (Korhonen et al. 2013), like those of dexamethasone (Kassel et al. 2001; Abraham et al. 2006; Shipp
et al. 2010) and aurothiomalate (Nieminen et al. 2010)
have been shown to be mediated by enhanced expression
of the anti-inﬂammatory phosphatase MKP-1 which leads
to reduced activity of MAP kinases through dephosphorylation. We therefore aimed to study if the PDE4 inhibitor

2017 | Vol. 5 | Iss. 6 | e00363
Page 2

rolipram downregulates the expression of mPGES-1 and if
MKP-1 is involved in mediating the effect.
There are no published reports on the effects of PDE4
inhibitors on the expression of mPGES-1 and neither
those on the role of MKP-1 in the expression of mPGES1. The knowledge about interactions of phosphorylated
MAP kinases and the expression of mPGES-1 is also limited. Therefore, we investigated the effects of the selective
PDE4 inhibitor rolipram on the expression of mPGES-1
and MKP-1 and on the (de)phosphorylation of MAP
kinases p38 and JNK in classically activated macrophages
using the J774 murine macrophage cell line. Moreover,
we tested the hypothesis that the effects of rolipram on
the expression of mPGES-1 could be mediated by MKP-1
by studying the effects of rolipram on peritoneal macrophages from MKP-1-deﬁcient and corresponding wildtype mice.

Materials and Methods
Cell culture
J774 mouse macrophages (American Type Culture Collection, Rockville Pike, MD, USA) were cultured at +37°C
in 5% CO2 atmosphere in Dulbecco’s Modiﬁed Eagle’s
medium (DMEM; Invitrogen, Paisley, UK) containing
10% (v/v) heat-inactivated fetal bovine serum (FBS),
100 U/mL penicillin, 100 lg/mL streptomycin and
250 ng/mL amphotericin B (all from Gibco, Wien, Austria). 2 9 105 cells per well were seeded on 24-well plates
and the cell monolayers were grown for 72 h to conﬂuence prior to the experiments. SP600125 (Sigma-Aldrich
Inc., St. Louis, MO, USA) and BIRB796 (Axon MedChem, Groningen, Netherlands) were dissolved in
dimethyl sulfoxide (DMSO) and rolipram (Axon MedChem), dexamethasone (Orion Corp., Espoo, Finland)
and lipopolysaccharide (LPS) from Escerichia coli strain
0111:B4 (Sigma-Aldrich Inc.) in phosphate-buffered saline
(PBS). LPS and the compounds of interest in concentrations indicated or the solvent were added to the cells in
fresh culture medium containing 10% FBS and the supplements, and the ﬁnal concentration of DMSO was
adjusted to 0.1% in all wells. Cells were further incubated
for the time indicated before collecting cellular proteins/
RNA and the culture medium.
Mouse peritoneal macrophages were harvested from
MKP-1-deﬁcient and corresponding wild-type C57BL/6
mice originally generated in the laboratory of R. Bravo at
Bristol-Myers Squibb Pharmaceutical Research Institute
(Princeton, NJ, USA). Mice were bred at the University
of Tampere animal facility under standard conditions
(12:12 light:dark cycle, +22  1°C temperature, 50–60%
humidity), and food and water provided ad libitum.
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Animal experiments were carried out in accordance with
the legislation for the protection of animals used for scientiﬁc purposes (Directive 2010/63/EU), and the study
was approved by the National Animal Experiment Board.
Peritoneal macrophages were obtained by peritoneal
lavage with sterile PBS supplemented with 0.2 mmol/L
ethylenediaminetetraacetic acid (EDTA; Sigma-Aldrich
Inc.). Cells were washed and seeded on 24-well plates
(1 9 106 cells/well) in RPMI medium supplemented with
2% FBS, 100 U/mL penicillin, 100 lg/mL streptomycin
and 250 ng/mL amphotericin B. Cells were incubated
overnight, washed and treated with the compounds of
interest for the time indicated.

Preparation of cell lysates and Western blot
analysis
At the indicated time-points, the culture medium was
removed from the cells. Cells were washed with ice-cold
PBS and solubilized in cold lysis buffer containing
10 mmol/L Tris–HCl, 5 mmol/L EDTA, 50 mmol/L
NaCl, 1% Triton X-100, 0.5 mmol/L phenylmethylsulfonyl ﬂuoride, 1 mmol/L sodium orthovanadate, 20 lg/
mL leupeptin, 50 lg/mL aprotinin, 5 mmol/L sodium ﬂuoride, 2 mmol/L sodium pyrophosphate and 10 lmol/L
n-octyl-b-D-glucopyranoside (all from Sigma-Aldrich
Inc.). After incubation for 15 min on ice, lysates were
centrifuged, and the supernatants were collected and
mixed in a ratio of 1:4, with SDS loading buffer
[62.5 mmol/L Tris–HCl, pH 6.8, 10% glycerol, 2% SDS,
0.025% bromophenol blue and 5% b-mercaptoethanol
(all from Sigma-Aldrich Inc)], and stored at 20°C until
analyzed. Equal amounts of protein (10 or 20 lg) were
loaded on a 12% SDS-polyacrylamide gel and separated
by electrophoresis. Proteins were transferred to nitrocellulose membranes by dry electroblotting using iBlot gel
transfer stacks and the Invitrogen iBlot Device (Invitrogen, Carlsbad, CA, USA) according to the manufacturer’s
instructions. After transfer, the membrane was blocked in
TBS/T [20 mmol/L Trisbase (pH 7.6), 150 mmol/L NaCl,
0.1% Tween-20] containing 5% non-fat milk for 1 h at
room temperature. For detection of phosphorylated proteins, membranes were blocked in TBS/T containing 5%
BSA. Membranes were incubated overnight at +4°C with
primary antibody and for 1 h with secondary antibody,
and the chemiluminescent signal was detected by ImageQuantTM LAS 4000 mini (GE Healthcare Bio-Sciences AB,
Uppsala, Sweden). The chemiluminescent signal was
quantiﬁed with ImageQuant TL 7.0 Image Analysis Software (GE Healthcare Bio-Sciences AB). Following antibodies were used in the Western blot analysis: mPGES-1
antibody (AS-03031; Agrisera AB, Vännäs, Sweden), actin
antibody (sc-1616R, Santa Cruz Biotechnology, CA,
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USA), JNK antibody (#9251, Cell Signaling Technology
Inc., Beverly, MA, USA) and polyclonal goat anti-rabbit
antibody (sc-2004; Santa Cruz Biotechnology), MKP-1
antibody (SAB2500331; Sigma-Aldrich Inc), p38 MAPK
antibody (ab27986; Abcam plc., Cambridge, UK), phospho-p38 MAPK antibody (#9211, Cell Signaling Technology Inc), and phospho-JNK antibody (#9251; Cell
Signaling Technology Inc).

RNA extraction and quantitative reverse
transcription polymerase chain reaction
(qRT-PCR)
At the indicated time-points, the culture medium was
removed, and cell homogenization and RNA extraction were
carried out using GenEluteTM Mammalian Total RNA Miniprep Kit (Sigma-Aldrich Inc.) according to the manufacturer’s instruction. Reverse transcription of RNA extracted
from J774 cells and from peritoneal macrophages to cDNA
was performed by TaqMan Reverse Transcription Reagents
(Applied Biosystems, Foster City, CA, USA) and Maxima
First strand cDNA synthesis kit for RT-qPCR (Thermo
Fisher Scientiﬁc, Waltham, MA, USA), respectively. Primers
and probes were purchased from Metabion (Martinsried,
Germany). Their sequences and concentrations were optimized according to the manufacturer’s guidelines in TaqMan Universal PCR Master Mix Protocol part number
4304449 revision C (Applied Biosystems) and were as follows: mouse mPGES-1 CCTGGATACATTTCCTCGTTGTC
(forward, 300 nmol/L), GAAGGCGTGGGTTCAGCTT (reverse, 300 nmol/L), ACAGGCCGTGTGGTACACACCG
(probe, 150 nmol/L); mouse MKP-1 CTCCTGGTTCAAC
GAGGCTATT (forward, 300 nmol/L), TGCCGGCCTGG
CAAT (reverse, 300 nmol/L), CCATCAAGGATGCTGGAG
GGAGAGTGTT (probe, 150 nmol/L); and mouse GAPDH
GCATGGCCTTCCGTGTTC (forward, 300 nmol/L), GATG
TCATCATACTTGGCAGGTTT (reverse, 300 nmol/L) and
TCGTGGATCTGACGTGCCGCC (probe, 150 nmol/L).
Quantitative PCR was performed using TaqMan Universal
PCR Master Mix and ABI Prism 7500 sequence detection
system (Applied Biosystems). The PCR cycling parameters
were incubation at 50°C for 2 min, incubation at 95°C for
10 min, 40 cycles of denaturation at 95°C for 15 sec and
annealing and extension at 60°C for 1 min. A standard curve
method was used to estimate the relative mRNA levels.
When calculating the results, mPGES-1 and MKP-1 mRNA
levels were ﬁrst normalized against GAPDH.

Statistics
Results are expressed as mean + standard error of the
mean (SEM). One-way ANOVA with Bonferroni’s posttest was performed using GraphPad InStat version 3.10 for
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Windows. Differences were considered signiﬁcant at
*P < 0.05, **P < 0.01 and ***P < 0.001.

Results
An evident increase in the expression of mPGES-1 was
found when J774 macrophages were stimulated with LPS
(Fig. 1). The PDE4 inhibitor rolipram signiﬁcantly inhibited the expression of mPGES-1 mRNA and protein in
stimulated cells, which is an original ﬁnding. The glucocorticoid dexamethasone was used as a positive control
for inhibition of mPGES-1 expression (Stichtenoth et al.
2001) and it also decreased the expression of mPGES-1 as
expected.
To test the hypothesis that the inhibition of the expression of mPGES-1 by rolipram could be mediated by
MKP-1, we ﬁrst measured the effects of rolipram on the
expression of MKP-1. Rolipram signiﬁcantly increased
the expression of MKP-1 mRNA and protein both in the

absence and in the presence of LPS as compared to the
unstimulated cells (Fig. 2). Dexamethasone was used as a
positive control (Kassel et al. 2001) and it also enhanced
MKP-1 levels as expected.
MKP-1 is known to control the intensity of inﬂammation by dephosphorylating MAP kinase p38, JNK or both
depending on the cell type (Korhonen and Moilanen 2014).
Therefore, we measured the effect of rolipram on the levels
of phosphorylated p38 and JNK in LPS-stimulated murine
macrophages. Both p38 and JNK were rapidly phosphorylated when the cells were exposed to LPS (Fig. 3). Rolipram
signiﬁcantly reduced the levels of phosphorylated JNK but
not the levels of phosphorylated p38 (Fig. 3). This suggests
that the effect of rolipram on the expression of mPGES-1 is
speciﬁcally mediated by attenuated phosphorylation of
MAP kinase JNK rather than p38.
Therefore, we next investigated the effects of a JNK
inhibitor compared to those of a p38 inhibitor on J774
macrophages. The JNK inhibitor SP600125 (Bennett et al.

Figure 1. Effects of the PDE4 inhibitor rolipram and dexamethasone on mPGES-1 expression in murine J774 macrophages. Cells were incubated
with bacterial lipopolysaccharide (LPS) and rolipram or dexamethasone (which was used as a control compound) for 24 h. mPGES-1 mRNA levels
were measured by quantitative RT-PCR and normalized against GAPDH mRNA levels (A). mPGES-1 protein expression was measured by Western
blot where actin was used as a loading control (B). mPGES-1 expression levels in unstimulated (control) cells were set as 1 and the other values
were related to that. Results are expressed as mean + SEM, n = 6–7 (A) and 5–6 (B). One-way ANOVA with Bonferroni’s post-test was performed
and statistical signiﬁcance is indicated as **P < 0.01 and ***P < 0.001.
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Figure 2. Effects of rolipram and dexamethasone on the production of MKP-1 in murine J774 macrophages (A and B) and in mouse peritoneal
macrophages (C). Cells were incubated with rolipram or dexamethasone (which was used as a control compound) with and without bacterial
lipopolysaccharide (LPS) for 1 h. MKP-1 mRNA levels were measured by quantitative RT-PCR and normalized against GAPDH mRNA levels (A and
C). MKP-1 protein expression was measured by Western blot where actin was used as a loading control (B). MKP-1 expression levels in the
unstimulated (control) cells were set as 1 and the other values were related to that. Results are expressed as mean + SEM, n = 11–12 (A), 9 (B)
and 5–6 (C). One-way ANOVA with Bonferroni’s post-test was performed and statistical signiﬁcance is indicated as *P < 0.05, **P < 0.01 and
***P < 0.001.

2001) reduced the expression of mPGES-1 mRNA and
protein to a similar extent as rolipram (Fig. 4). In contrast, the p38 inhibitor BIRB796 (Kuma et al. 2005) did
not have a signiﬁcant effect.
Finally, we wanted to investigate the causal role of
MKP-1 as a mediator of the observed drug effect by comparing the effect of rolipram on the expression of
mPGES-1 in peritoneal macrophages from MKP-1-deﬁcient and corresponding wild-type mice. Rolipram signiﬁcantly decreased the expression of mPGES-1 in peritoneal

macrophages from wild-type mice, but not in those from
MKP-1-deﬁcient mice (Fig. 5), whereas mPGES-1 expression was higher in unstimulated MKP-1-deﬁcient macrophages than in wild-type cells supporting the known role
of MKP-1.
In conclusion, this data suggests that the PDE4 inhibitor rolipram decreases the expression of mPGES-1 by a
mechanism related to increased expression of MKP-1 and
decreased phosphorylation of the MAP kinase JNK in
classically activated macrophages.
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Figure 3. Effects of rolipram on the phosphorylation of MAP kinases p38 (A) and JNK (B). J774 cells were preincubated with the rolipram for 1 h
and stimulated with bacterial lipopolysaccharide (LPS) for 30 min. The levels of phosphorylated and total p38 and JNK were measured by Western
blot and the amounts of phosphorylated p38 and JNK were normalized against the total p38 and JNK, respectively. Levels of pp38 and pJNK in
the unstimulated (control) cells were set as 1 and the other values were related to that. Results are expressed as mean + SEM, n = 4 (A) and 6
(B). One-way ANOVA with Bonferroni’s post-test was performed and statistical signiﬁcance is indicated as *P < 0.05, ***P < 0.001 and ns = not
signiﬁcant.

Discussion
In this study, we found that rolipram enhanced the
expression of MKP-1 with a concomitant decrease in the
expression of mPGES-1. Furthermore, the inhibitory
effect on mPGES-1 expression seen in peritoneal macrophages from wild-type mice was abolished in cells from
MKP-1-deﬁcient mice strongly suggesting that the antiinﬂammatory effect of rolipram on mPGES-1 expression
is indeed dependent of MKP-1. The results also indicate
that excessive mPGES-1 expression can be downregulated
by compounds which enhance MKP-1 in classically activated macrophages.
Rolipram is a prototypic selective inhibitor of PDE4 with
a promising preclinical proﬁle, but the compound was
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discarded from clinical development due to unfortunate
adverse effects (Zhu et al. 2001). Later, rolipram has been
widely used as a pharmacological tool in research focusing
on effects mediated via suppressed PDE4 activity and
enhanced intracellular cAMP levels. Recently, rolipram was
found to inhibit the expression of the proinﬂammatory
cytokine TNF-a with a concomitant increase in the expression of the anti-inﬂammatory phosphatase MKP-1 in murine macrophages and to attenuate carrageenan-induced
inﬂammatory paw edema in wild-type mice (Korhonen
et al. 2013). Both of these effects were abolished in MKP-1
knock-out mice proposing a role for MKP-1 as a mechanism mediating anti-inﬂammatory effects of PDE4
inhibitors. This could be explained by the fact that the
MKP-1 promoter contains two cAMP-responsive elements
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Figure 4. Effects of the selective JNK inhibitor SP600125 and the selective p38 inhibitor BIRB796 on mPGES-1 expression in J774 murine
macrophages. Cells were incubated with bacterial lipopolysaccharide (LPS) and SP600125 or BIRB796 for 24 h. mPGES-1 mRNA levels were
measured by quantitative RT-PCR and normalized against GAPDH mRNA levels (A). mPGES-1 protein expression was measured by Western blot
where actin was used as a loading control (B). mPGES-1 expression levels in the unstimulated (control) cells were set as 1 and the other values
were related to that. Results are expressed as mean + SEM, n = 5–7. One-way ANOVA with Bonferroni’s post-test was performed and statistical
signiﬁcance is indicated as **P < 0.01, ***P < 0.001 and ns = not signiﬁcant.

(CREs) (Kwak et al. 1994) which bind the transcription
factor CREB, and the expression of MKP-1 has been shown
to be enhanced by activated cAMP-PKA-CREB signaling.
In support of that, PDE4 inhibitors, including rolipram,
have recently been presented to enhance the anti-inﬂammatory effects of b2-agonists with a concomitant increase
in MKP-1 expression in airway smooth muscle cells and
murine macrophages (Patel et al. 2015; Ker€anen et al.
2016).
Increased intracellular cAMP is believed to mediate the
therapeutic effects of PDE4 inhibitors because they reduce
the enzymatic degradation of cAMP. Therefore, it is interesting and seemingly contradictory to our results that elevated cAMP levels triggered by activation of EP2
receptors have previously been reported to increase
mPGES-1 expression in RAW 264.7 macrophages (DiazMunoz et al. 2012). That study proposed a positive feedback process for PGE2 production, but PDE4 inhibitors
or MKP-1 were not investigated. In this study, we found
that rolipram increased MKP-1 expression and reduced
mPGES-1 expression both in J774 macrophages and in

primary mouse peritoneal macrophages. Based on these
studies it is possible that the effects of cAMP on mPGES1 expression differ between cell lines or types. On the
other hand, the kinetics, intensity and intracellular compartmentalization of increased intracellular cAMP may be
different following activation of G-protein-coupled receptors and following inhibition of cAMP degrading PDEs.
Another possibility is that increased intracellular cAMP
has two distinct and opposite effects on mPGES-1 expression: directly through activation of mPGES-1 promoter
and indirectly through increased MKP-1 expression. Yet,
our results cannot entirely exclude the possibility that the
effects of rolipram on MKP-1 and mPGES-1 could be
cAMP-independent.
The anti-inﬂammatory role of MKP-1 is suggested to
be based on dephosphorylation of MAP kinases p38 and/
or JNK depending on the cell type (Franklin and Kraft
1997; Franklin et al. 1998; Korhonen and Moilanen
2014). In addition, mPGES-1 expression has been
reported to be regulated by p38 and/or JNK kinases
depending on the cell type, stimulating agent, and
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Figure 5. Effects of rolipram on the expression of mPGES-1 in
peritoneal macrophages from wild-type and MKP-1-deﬁcient (knockout, KO) mice. Peritoneal macrophages were incubated with bacterial
lipopolysaccharide (LPS) or the combination of LPS and rolipram for
24 h. mPGES-1 mRNA levels were measured by quantitative RT-PCR
and normalized against GAPDH mRNA levels. mPGES-1 mRNA levels
in unstimulated cells from wild-type mice were set as 1, and the other
values were related to that. Results are expressed as mean + SEM,
n = 4. One-way ANOVA with Bonferroni’s post-test was performed
and statistical signiﬁcance is indicated as ***P < 0.001, #P = 0.0286
versus unstimulated cells from wild-type mice and ns = not
signiﬁcant.

signaling cascade concerned. On this account, we wanted
to elucidate if the MKP-1-dependent effect of rolipram
would limit the expression of mPGES-1 by dephosphorylating p38 or JNK in macrophages. Based on our results,
rolipram reduced the levels of phosphorylated JNK but
not p38 in association with the enhanced MKP-1 and
suppressed mPGES-1 expression. This suggests that the
downregulation of mPGES-1 expression by rolipram is
mediated via reduced phosphorylation of the JNK kinase.
Accordingly, JNK inhibitor was found to suppress the
expression of mPGES-1 in J774 macrophages to an extent
comparable with that of rolipram, whereas the speciﬁc
inhibitor of p38 did not have any signiﬁcant effect. Apart
from our study, the dephosphorylation of JNK as a mechanism behind decreased expression of mPGES-1 has previously been presented in rat neonatal cardiomyocytes
(Degousee et al. 2006), mouse peritoneal macrophages
(Cardeno et al. 2014) and recently also in murine microglial cells (He et al. 2016), which ﬁndings support our
current results.
mPGES-1 expression is enhanced by a variety of
inﬂammatory factors including IL-1b, TNF-a, and LPS,
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Figure 6. Proposed mechanism of the downregulation of mPGES-1
by the PDE4 inhibitor rolipram. The PDE4 inhibitor rolipram was
discovered to inhibit the expression of mPGES-1, which is an enzyme
closely associated with inﬂammation and inﬂammatory pain. The
results suggest that the inhibitory effect is mediated via increased
expression of MKP-1 and decreased phosphorylation of MAP
kinase JNK. PDE4 = Phosphodiesterase 4; MKP-1 = MAP kinase
phosphatase 1; JNK = Jun N-terminal kinase; mPGES-1 = Microsomal
prostaglandin E synthase-1.

the latter of which was also used in this study. Early
growth response protein 1 (EGR-1) and nuclear factor
kappa B (NF-jB) are regarded as key transcription factors
for induction of mPGES-1 in inﬂammation but also other
factors have been identiﬁed (Koeberle and Werz 2015).
One of those is AP-1 (Moon et al. 2005; Jungel et al.
2007) which is activated by JNK and could explain the
JNK-mediated enhancement of mPGES-1 found in this
study. Another explanation could base on the ﬁnding in
cardiomyocytes (Degousee et al. 2006) that JNK stabilizes
mPGES-1 mRNA leading to enhanced mPGES-1 protein
levels. Further studies are, however, needed to understand
the detailed molecular mechanisms linking JNK activity
to enhanced mPGES-1 expression.
In summary, our results show that the PDE4 inhibitor
rolipram inhibits the expression of mPGES-1 in classically
activated macrophages. That is a novel anti-inﬂammatory
activity associated with PDE4 inhibitors, which likely
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contributes to their clinical efﬁcacy. The mechanism in
question was found to be mediated via increased expression of MKP-1 and decreased phosphorylation (i.e.,
reduced activity) of the MAP kinase JNK (Fig. 6). These
results also underline the signiﬁcance of MKP-1 and JNK
as targets for development of new anti-inﬂammatory
treatments targeting conditions complicated with excessive expression of mPGES-1.
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Objectives: Microsomal prostaglandin E synthase-1 (mPGES-1) catalyses the formation of PGE2 in inﬂammatory
tissues. It is considered a potential drug target in inﬂammatory conditions to achieve clinical beneﬁts comparable to NSAIDs with a better tolerability. Inhibitors of mPGES-1 are under development but the pharmacological regulation of mPGES-1 expression remains poorly known. MAP kinase phosphatase-1 (MKP-1) is an
enzyme that limits the activity of pro-inﬂammatory MAP kinases p38 and JNK. In the present study, we discovered that dexamethasone down-regulates mPGES-1 expression in articular chondrocytes in an MKP-1 and p38
kinase dependent manner.
Methods: Primary human chondrocytes were isolated from cartilage samples obtained from osteoarthritis (OA)
patients undergoing knee replacement surgery. Primary mouse chondrocytes were isolated from cartilage
samples of MKP-1 deﬁcient (knock-out, KO) and corresponding wild type (WT) mice. Expression of mPGES-1 and
MKP-1 were measured by quantitative reverse transcription polymerase chain reaction (qRT-PCR) and Western
blot, and MAP kinase phosphorylation by Western blot.
Results: Dexamethasone inhibited the expression of mPGES-1 in primary human chondrocytes and in chondrocytes from wild type but not from MKP-1 deﬁcient mice. Dexamethasone enhanced MKP-1 expression in
chondrocytes from wild type mice as well as in primary human OA chondrocytes. Dexamethasone induced the
dephosphorylation of both p38 and JNK, whereas mPGES-1 expression was downregulated by selective inhibitors of p38 only.
Conclusions: The results show that MKP-1 is a crucial mediator of pharmacological control of inﬂammatory
mPGES-1 expression by glucocorticoids, and underline MKP-1 as a potential anti-inﬂammatory drug target.

1. Introduction
Prostaglandin E2 (PGE2) belongs to prostanoids, which are produced
from arachidonic acid in virtually all cell types. PGE2 has various
physiological functions but it also plays an essential role as a pro-inﬂammatory mediator. Non-steroidal anti-inﬂammatory drugs (NSAIDs)
inhibit prostanoid production through their eﬀects on the cyclo‑oxygenase enzymes (both the constitutive COX-1 and the inducible COX2). Cyclo‑oxygenases catalyse the production of prostaglandin endoperoxides, which are subsequently transformed to PGE2 and other
prostanoids by speciﬁc prostanoid synthases. The use of NSAIDs in the
treatment of various inﬂammatory conditions is principally based on
their ability to reduce excessive PGE2 production. However, when COX

enzymes are inhibited, the production of physiologically important
prostanoids other than PGE2 is also reduced. This is the proposed mechanism behind the known adverse eﬀects of NSAIDs, for instance increased risk of myocardial infarction and renal insuﬃciency [1].
Transformation of prostaglandin endoperoxides to PGE2 is catalyzed
by three enzymes: microsomal prostaglandin E synthase-1 (mPGES-1),
microsomal prostaglandin E synthase-2 (mPGES-2) and cytosolic prostaglandin E synthase (cPGES). mPGES-1 is an inducible enzyme and its
expression is signiﬁcantly enhanced in inﬂammation, whereas the two
other enzymes are constitutively expressed and assumed responsible for
the physiological PGE2 production [2,3].
The expression of mPGES-1 is increased in cartilage/chondrocytes
from osteoarthritis (OA) patients, as well as in synovia from patients
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with rheumatoid arthritis (RA) [4,5]. The incidence and histopathological severity of arthritis was found to be attenuated in mPGES-1 deﬁcient (knock-out, KO) mice compared to wild type (WT) mice in experimentally induced inﬂammatory arthritis [6]. Therefore, mPGES-1
can be considered as a promising target to develop “NSAID-like” drugs
with improved safety for the treatment of arthritis and related conditions. Inhibitors of mPGES-1 are under investigation but less is known
about pharmacological control of mPGES-1 expression.
Mitogen-activated protein (MAP) kinase pathways, particularly p38
and JNK, play an evident role to activate inﬂammatory responses and
accordingly, they have been investigated as drug targets in various
types of arthritis [7]. MAP kinase phosphatase-1 (MKP-1) is an enzyme
that dephosphorylates and thus inactivates p38 and JNK MAP kinases
and subsequently limits inﬂammatory responses in various cells and
tissues. Accordingly, the incidence and severity of experimentally induced arthritis are pronounced in mice lacking MKP-1 [8].
In the present study, we investigated the role of MKP-1 in the regulation of mPGES-1 expression in chondrocytes by using activated
primary chondrocytes from MKP-1 KO and corresponding WT mice. To
translate the results to human context, we studied the eﬀects of dexamethasone on MKP-1 and mPGES-1 expression and MAP kinase
phosphorylation in primary human OA chondrocytes, and investigated
the eﬀects of MAP kinase inhibitors on mPGES-1 expression.

SP600125 (JNK inhibitor; Sigma-Aldrich) and/or JNK inhibitor VIII
(Calbiochem, Darmstadt, Germany), and the expression of mPGES-1
and MKP-1 were measured at indicated time points.
2.3. RNA extraction and quantitative reverse transcription polymerase
chain reaction (qRT-PCR)
At the indicated time-points, the culture medium was removed, and
the cells were homogenized and the RNA was extracted using
GenElute™ Mammalian Total RNA Miniprep Kit (Sigma Aldrich) according to the manufacturer's instruction. Reverse transcription of RNA
to cDNA was performed by TaqMan Reverse Transcription Reagents
(Applied Biosystems, Foster City, CA, USA). Primers and probes were
purchased from Metabion (Martinsried, Germany). Their sequences and
concentrations were optimized according to the manufacturer's guidelines in TaqMan Universal PCR Master Mix Protocol part number
4304449 revision C (Applied Biosystems). The primer and probe sequences for mouse genes were as follows: mPGES-1 CCTGGATACATT
TCCTCGTTGTC (forward, 300 nM), GAAGGCGTGGGTTCAGCTT (reverse, 300 nM) and ACAGGCCGTGTGGTACACACCG (probe, 150 nM);
mouse MKP-1 CTCCTGGTTCAACGAGGCTATT (forward, 300 nM),
TGCCGGCCTGGCAAT (reverse, 300 nM) and TGCCGGCCTGGCAAT
(probe, 150 nM); mouse GAPDH GCATGGCCTTCCGTGTTC (forward,
300 nM), GATGTCATCATACTTGGCAGGTTT (reverse, 300 nM) and
TCGTGGATCTGACGTGCCGCC (probe, 150 nM). The primer and probe
sequences for human genes were as follows: mPGES-1 CACGCTGCTG
GTCATCAAGA (forward, 300 nM), CCGTGTCTCAGGGCATCCT (reverse, 300 nM) and AGCCTCACTTGGCCCGTGATG (probe, 150 nM);
MKP-1 ACGAGGCCATTGACTTCATAGAC (forward, 300 nM), TCGATT
AGTCCTCATAAGGTAAGCAA (reverse, 300 nM) and CCACTGCCAGGC
AGGCATTTCC (probe, 150 nM); GAPDH AAGGTCGGAGTCAACGGA
TTT (forward, 300 nM), GCAACAATATCCACTTTACCAGAGTTAA (reverse, 300 nM) and CGCCTGGTCACCAGGGCTGC (probe, 150 nM).

2. Materials and methods
2.1. Mouse chondrocytes
WT and MKP-1 (−/−) C57BL/6 mice originally generated in the
laboratory of R. Bravo at Bristol-Myers Squibb Pharmaceutical Research
Institute (Princeton, NJ, USA) were used [9]. Animal experiments were
carried out in accordance with the legislation for the protection of
animals used for scientiﬁc purposes (Directive 2010/63/EU), and the
study was approved by the National Animal Experiment Board.
After the mice were euthanized, full-thickness articular cartilage
from the femoral heads was removed and chondrocytes were isolated
by enzymatic digestion o/n without agitation at 37 °C in 5% CO2 with
Collagenase D enzyme (3 mg/ml, Collagenase D, Sigma-Aldrich, St.
Louis, MO, USA), according to the protocol by Jonason et al. [10].
Isolated chondrocytes were plated on 24-well plates (2.0 × 105 cells/
ml) in Dulbecco's Modiﬁed Eagle's Medium (DMEM, Sigma-Aldrich)
supplemented with penicillin (100 U/ml), streptomycin (100 μg/ml)
and amphotericin B (250 ng/ml, all from Gibco/Life Technologies,
Carlsbad, CA, USA) containing 10% fetal bovine serum (Lonza, Verviers, Belgium), and cultured for seven days before conducting the
experiments. During experiments, the cells were treated with IL-1β (R&
D Systems Europe, Abingdon, UK) and/or dexamethasone (Orion Corp.,
Espoo, Finland), and the expression of mPGES-1 and MKP-1 were
measured at indicated time points.

2.4. Western blot
Preparation of cell lysates and the Western blot analysis were carried out as described previously [12]. Following antibodies were used
in the Western blot analysis: mPGES-1 antibody (AS-03031; Agrisera
AB, Vännäs, Sweden); polyclonal goat anti-rabbit (sc-2004), actin (sc1616) and JNK antibody (#9251; Santa Cruz Biotechnology, CA, USA),
MKP-1 antibody (SAB2500331; Sigma-Aldrich), p38 MAPK antibody
(ab27986; Abcam, Cambridge, UK), phospho-p38 MAPK (#9211) and
phospho-JNK antibody (#9251; Cell Signaling Technology, Beverly,
MA, USA).
2.5. Statistics
Results are expressed as mean + standard deviation (sd). Data were
analyzed with GraphPad InStat version 3.10 for Windows. t-test and
ANOVA with Bonferroni's post-test were used in the statistical analysis.
Diﬀerences were considered signiﬁcant at P < 0.05.

2.2. Human OA chondrocytes
The study was approved by the Ethics Committee of Tampere
University Hospital, Finland and carried out in accordance with the
declaration of Helsinki. Written informed consent was obtained from
the patients. Leftover pieces of cartilage from knee replacement surgery
from OA patients were processed and cells isolated as previously described [11]. Chondrocytes were plated on 24-well plates
(2.0 × 105 cells/ml) in DMEM (Sigma-Aldrich) supplemented with penicillin (100 U/ml), streptomycin (100 μg/ml) and amphotericin B
(250 ng/ml, all from Gibco/Life Technologies), containing 10% fetal
bovine serum (Lonza), and cultured for 24 h before conducting the
experiments. During the experiments, the cells were treated with IL-1β
(R&D Systems Europe Ltd., Abingdon, UK) and dexamethasone (Orion
Corp., Espoo, Finland), SB203580 (p38 inhibitor; Sigma-Aldrich),
BIRB796 (p38 inhibitor; Axon MedChem, Groningen, The Netherlands),

3. Results
The expression of mPGES-1 was strongly enhanced in chondrocytes
from WT as well as MKP-1 deﬁcient mice when IL-1β was introduced to
the culture (Fig. 1A). In the cells from WT mice, dexamethasone distinctly inhibited mPGES-1 expression whereas in the cells from MKP-1
KO mice dexamethasone did not have any statistically signiﬁcant eﬀect,
indicating that MKP-1 mediates the downregulation of mPGES-1 expression by dexamethasone in chondrocytes. Moreover, in unstimulated
chondrocytes from MKP-1 deﬁcient mice, mPGES-1 expression was
higher than in chondrocytes from WT mice (Fig. 1B), which supports
the concept that MKP-1 regulates mPGES-1 expression in chondrocytes.
Next, we investigated the eﬀect of dexamethasone on MKP-1
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investigated the eﬀect of dexamethasone in primary chondrocytes from
patients with OA. As shown in Fig. 2, the expression of MKP-1 mRNA
(Fig. 2A) and protein (Fig. 2B) was increased by dexamethasone in the
presence and absence of IL-1β. Subsequently, dexamethasone inhibited
mPGES-1 mRNA and protein expression in IL-1β-stimulated human OA
chondrocytes in a dose-dependent manner (Fig. 2C).
MKP-1 has been shown to limit the phosphorylation of MAP kinases
p38 and JNK in many cell types [8]. To conﬁrm the situation in OA
chondrocytes, we determined the eﬀects of dexamethasone on the
phosphorylation of these MAP kinases in primary human OA chondrocytes. Dexamethasone did not aﬀect the phosphorylation of p38 or
JNK in unstimulated cells, in which the phosphorylation level of MAP
kinases was generally low. By contrast, IL-1β induced a strong phosphorylation of both p38 and JNK kinases and that was attenuated by
dexamethasone treatment (Fig. 2D) supporting the functional signiﬁcance of the observed increase in MKP-1 expression. To gain evidence on the role of MAP kinase activation in mPGES-1 expression, we
tested if the selective inhibitors of p38 or JNK pathways could inhibit
the expression of mPGES-1 in IL-1β-stimulated human OA chondrocytes. In these studies, two diﬀerent p38 inhibitors (SB203580 and
BIRB796) inhibited mPGES-1 expression whereas the inhibitors of JNK
pathway (SP600125 and JNK inhibitor VIII) were ineﬀective (Fig. 2E).
4. Discussion
PGE2 plays a notable role in the pathophysiology of rheumatic
diseases, as it induces the production of degradative enzymes and cytokines in the cartilage in addition to its sensitizing eﬀects in sensory
nerves to augment pain and its proinﬂammatory functions in synovium
[14,15]. mPGES-1, as a terminal PGE2 producing enzyme, has been
indicated as an essential drug target in animal models of inﬂammatory
arthritis, where selective inhibitors of mPGES-1 have been eﬀective in
attenuating the signs and symptoms of inﬂammation, along with their
inhibitory eﬀect on PGE2 production [16]. In addition to the decreased
PGE2 production, genetic deletion of mPGES-1 has been shown to alter
the distribution of other prostanoids and non-prostanoid lipid mediators in a tissue-dependent manner, which is believed to provide another
potential anti-inﬂammatory mechanism for pharmacological inhibition
or down-regulation of mPGES-1 [17].
In the present study, we found that dexamethasone decreases
mPGES-1 expression in human articular chondrocytes, most likely
through enhanced expression of MKP-1 and subsequent dephosphorylation and inactivation of p38 kinase. Increased phosphorylation
of p38 is especially linked to the pathophysiology of arthritis [18].
Previous studies have shown that p38 mediates the production of degradative MMP enzymes and inﬂammatory factors in human chondrocytes [11,19] and it has been proposed as a target of disease modifying drugs in RA and OA [20]. The present study shows that p38
inhibitors suppress mPGES-1 expression in human OA chondrocytes,
and that glucocorticoids induce MKP-1 expression and p38 dephosphorylation introducing that as a mechanism to regulate mPGES-1
expression in chondrocytes in inﬂammatory conditions.
Signaling pathways and transcription factors involved in mPGES-1
upregulation are not known in detail [3]. Involvement of MAP kinase
pathways in the regulation of mPGES-1 expression has been studied
previously, and disruption of p38 pathway was suggested to inhibit
mPGES-1 expression in IL-1β-stimulated human chondrocytes [4],
which is in agreement with our current results. However, other MAP
kinase pathways have also been suggested to participate in the regulation of mPGES-1 expression in other cell types [12,21], which indicates a cell-type dependent speciﬁcity of MAP kinase phosphorylation
as a regulator of mPGES-1 expression. It is as well likely that there are
other, still elusive, signaling pathways mediating mPGES-1 expression
in chondrocytes.
In conclusion, our results show that the downregulating eﬀect of
dexamethasone on mPGES-1 expression in chondrocytes is mediated by

Fig. 1. A) Eﬀect of dexamethasone on mPGES-1 expression in IL-1β-stimulated
primary chondrocytes from wild-type and MKP-1 deﬁcient (knock-out) mice.
Chondrocytes from wild-type and MKP-1 knock-out mice were stimulated with
IL-1β and incubated in the presence or absence of dexamethasone for 24 h.
mPGES-1 mRNA levels were measured by quantitative RT-PCR and normalized
against GAPDH levels. Mean expression level of mPGES-1 in IL-1β-stimulated
cells was set as 100% and the other values were related to that. The results are
expressed as mean + sd, n = 9–13. One-way ANOVA with Bonferroni's post-test
was performed and statistical signiﬁcance is indicated as ***P < 0.001 and
ns = not signiﬁcant as compared to the in IL-1β-stimulated cells.
B) Baseline expression of mPGES-1 in unstimulated primary chondrocytes from
wild-type and MKP-1 deﬁcient (knock-out) mice. The expression of mPGES-1
mRNA was measured by quantitative RT-PCR and normalized against GAPDH
mRNA. The mean expression of mPGES-1 in cells from wild-type mice was set as
1.0 and the mPGES-1 expression in MKP-1 knock-out mice was compared to
that. The results are expressed as mean + sd, n = 7–9. Data were analyzed by
using unpaired t-test and the actual p value between the groups is given in the
Figure.
C) Eﬀect of dexamethasone on MKP-1 expression in IL-1β-stimulated primary
chondrocytes from wild-type mice. Chondrocytes from wild-type mice were
stimulated with IL-1β and incubated with dexamethasone for 90 min. MKP-1
mRNA levels were measured by quantitative RT-PCR and normalized against
GAPDH mRNA levels. Mean MKP-1 expression level in the unstimulated cells
was set as 1.0 and the other values were related to that. The results are expressed as mean + sd, n = 5. One-way ANOVA with Bonferroni's post-test was
performed and statistical signiﬁcance is indicated as ***P < 0.001 and
ns = not signiﬁcant as compared to the unstimulated control cells.

expression in the chondrocytes. Incubation with dexamethasone
showed a signiﬁcant increase in MKP-1 expression in chondrocytes
from WT mice (Fig. 1C), which eﬀect has been shown earlier in other
cell types [12,13]. In order to translate this ﬁnding to human cells, we
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Fig. 2. A) Eﬀect of dexamethasone on MKP-1 mRNA expression in primary human OA chondrocytes.
Unstimulated and IL-1β-stimulated chondrocytes were
incubated with or without dexamethasone for 90 min.
MKP-1 mRNA levels were measured by quantitative RTPCR and normalized against GAPDH levels. Mean MKP-1
expression in the unstimulated cells was set as 1 and the
other values were related to that. The results from ﬁve
(n = 5) patients were combined and the experiments
were carried out in duplicate. The results are expressed as
mean + sd. Repeated measures ANOVA with Bonferroni's
post-test was performed and statistical signiﬁcance is
indicated as ***P < 0.001 as compared to the unstimulated control samples.
B) Eﬀect of dexamethasone on MKP-1 protein expression
in primary human OA chondrocytes. Unstimulated and
IL-1β-stimulated chondrocytes were incubated with or
without dexamethasone for 90 min. MKP-1 protein expression was measured by Western blot and normalized
against actin levels. Mean MKP-1 expression in the unstimulated cells was set as 1 and the other values were
related to that. The results from six (n = 6) patients were
combined and the experiments were carried out in duplicate. The results are expressed as mean + sd. Repeated
measures ANOVA with Bonferroni's post-test was performed and statistical signiﬁcance is indicated as
***P < 0.001 and *P < 0.05 as compared to the unstimulated control samples.
C) Dose-dependent eﬀect of dexamethasone on mPGES-1
mRNA and protein expression in primary human OA
chondrocytes. The primary chondrocytes were stimulated
with IL-1 β and treated with increasing concentrations of
dexamethasone for 24 h (mRNA) or 48 h (protein). Mean
expression of mPGES-1 in IL-1β-stimulated cells was set
as 100% and the other values were related to that. The
results are expressed as mean + sd. The results from six
(mRNA, n = 6) and seven (protein, n = 7) patients were
combined and the experiments were carried out in duplicate. Repeated measures ANOVA with Bonferroni's
post-test was performed and statistical signiﬁcance is
indicated as ***P < 0.001 as compared to the IL-1βstimulated cells.
D) Eﬀect of dexamethasone on the phosphorylation of
MAP kinases p38 and JNK in IL-1β-stimulated primary
human OA chondrocytes. The cells were preincubated
with dexamethasone for 60 min and stimulated with IL1β for 30 min. The protein levels of phosphorylated p38
(pp38) and phosphorylated JNK (pJNK) were measured
by Western blot and normalized against the levels of total
p38 (p38) and total JNK (JNK), respectively. Results are
expressed in arbitrary units where the ratio between
phosphorylated and total MAP kinase levels in IL-1β-stimulated cells was set as 1.0 and the other values were
related to that. The results from eight (p38, n = 8) or seven (JNK, n = 7) patients were combined and the experiments were carried out in duplicate. The results are
expressed as mean + sd. Repeated measures ANOVA with Bonferroni's post-test was performed and statistical signiﬁcance is indicated as ***P < 0.001 as compared
to the IL-1β-stimulated cells.
E) Eﬀects of selective MAP kinase inhibitors on mPGES-1 expression in IL-1β-stimulated primary human OA chondrocytes. The cells were stimulated with IL-1 β and
treated with selective inhibitors of p38 (SB203580 and BIRB796) or JNK (SP600125 and JNK inhibitor VIII)) for 24 h. Mean expression of mPGES-1 in IL-1βstimulated cells was set as 100% and the other values were related to that. The results are expressed as mean + sd. The results from ﬁve patients (n = 5) were
combined and the experiments were carried out in duplicate. Repeated measures ANOVA with Bonferroni's post-test was performed and statistical signiﬁcance is
indicated as ***P < 0.001, **P < 0.01, *P < 0.05 and ns = not signiﬁcant as compared to the IL-1β-stimulated cells.

enhanced MKP-1 expression and subsequent dephosphorylation of MAP
kinase p38. MKP-1 also appears to mediate the baseline expression of
mPGES-1 in chondrocytes. These ﬁndings increase our knowledge
about the mechanisms regulating mPGES-1 expression and underline
the role of MKP-1 as an anti-inﬂammatory drug target.
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