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Summary

Inflammation is a self-defensive process and is responsible for the pathogenesis of dis-
eases of altered homeostasis [1]. Innate immune cells like human polymorphonuclear
leukocytes (PMNL) and primary human macrophages carry out important roles in the
immune system, including the production of large amounts of soluble mediators. Among
these mediators, cytokines, chemokines, and endogenous bioactive lipids – including pro-
inflammatory eicosanoids and specialized pro-resolving mediators (SPM) – perform critical
functions during the onset, progression, and resolution of inflammation. Pro-inflammatory
eicosanoids such as leukotrienes (LT) and prostaglandins (PG) magnify acute inflammation,
and their overexpression leads to several chronic diseases including rheumatoid arthritis,
atherosclerosis, diabetes, and cancer [2,3]. Similar to the onset of inflammation, resolution
of inflammation is an active process as well, orchestrated by the anti-inflammatory and
pro-resolving properties of SPM [4,5].

Tripterygium wilfordiiHook F (TwHF), a herb used in traditional Chinese medicine, has been
widely reported to be therapeutically efficacious in the treatment of rheumatoid arthritis
[6]. The approved TwHF glycosides tablets, named TWG, are among the most commonly
used TwHF formulations used by RA patients and biomedical researchers [7]. Among
its many constituents, celastrol (CS) is an active triterpene derived from TwHF that has
been used to treat chronic inflammation, arthritis, and other diseases [8,9]. These diseases
are characterized by aberrant production of lipid mediators (LM), biomolecules produced
from polyunsaturated fatty acids primarily by the enzymatic action of cyclooxygenases
(COX) and lipoxygenases (LOX) as part of a complex network controlling inflammatory and
immunological responses. Both TWG and CS show promising biological activity, however,
their role in the modulation of the biosynthesis of inflammation-related lipid mediators,
especially in human macrophages, remained unknown. This thesis provides a more compre-
hensive understanding of TwHF and natural products in general as a constructive reference
for future studies of TWG and CS in the field of the resolution of inflammation.

First, in-depth LM signature profiles by TWG treatment in human monocyte-derived
macrophage (MDM) phenotypes was generated using ultra-performance liquid chromatog-
raphy coupled to tandem mass spectrometry. In exotoxin-challenged pro-inflammatory
M1-MDM, TWG (30 µg/mL) effectively inhibited the production of 5-LOX products. Simi-
larly, TWG (10 µg/mL) showed an inhibitory effect of 5-LOX products in agonist-activated
PMNL. Additionally, TWG directly inhibited 5-LOX in a cell-free assay with IC50 value of
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Summary

2.9 µg/mL. In cell-based assays, TWG surprisingly and prominently inhibited the produc-
tion of thromboxane in M1-MDM while other prostaglandins were inversely affected. TWG
was therefore characterized further in a non-cellular setting and showed no inhibitory
effect on thromboxane synthase. Interestingly, in anti-inflammatory M2-MDM, TWG in-
duced massive formation of SPM and SPM precursors without activating COX or 5-LOX.
At lower concentrations, TWG (1 µg/mL) inhibited the production of pro-inflammatory
5-LOX products during MDM polarization towards M1 or M2 subtypes. Furthermore, TWG
induced a strong reduction in COX-derived LM and their associated biosynthetic enzymes,
pro-inflammatory cytokines, and M1 phenotypic markers during MDM polarization. To
summarize, TWG exhibited beneficial effects against RA via inhibition of pro-inflammatory
LM but stimulation of SPM which may comprise a novel pharmacological strategy for
treatment of RA.

Next, the effects of the natural product CS on LM modulation during the short-term
treatment of polarized MDM was investigated. CS (1 µM) potently inhibits the formation
of 5-LOX-derived pro-inflammatory LT in both activated PMNL and M1-MDM. In a cell-
free environment, CS was further shown to directly and selectively inhibit the activity
of 5-LOX with an IC50 of 0.19-0.49 µM. Of interest, in M2-MDM, CS remarkably induced
the generation of 12-/15-LOX-derived LM including the SPM resolvin D5. CS triggered
the subcellular distribution of soluble 15-LOX-1, but not of 5-LOX. In parallel, elevation
of intracellular Ca2+ influx was not induced by CS. Furthermore, in zymosan-induced
peritonitis mice, CS (10 mg/kg) pretreatment significantly lowered LT biosynthesis but
increased pro-resolving 12-/15-LOX-derived LM and SPM. Conclusively, CS facilitates the
switch from LT biosynthesis to the formation of SPM in vitro and in vivo and thus has a
great potential for the prevention and treatment of inflammatory diseases.

Finally, we evaluated the long-term effects of CS with a low concentration (0.2 µM) on LM
profiles after manipulating the polarization of MDM towards M1- and M2-like phenotypes.
During M1-MDM polarization, CS significantly reduced gene and enzyme expression
of COX-2 and microsomal PGE2 synthase (mPGES-1), as well as M1 surface markers.
Additionally, CS suppressed the phosphorylation of nuclear factor ϰB (nuclear factor
kappa-light-chain-enhancer of activated B cells, NF-ϰB) and p38 mitogen-activated protein
kinase (MAPK). During M2-MDM polarization, CS decreased the capacity to generate large
amounts of almost all LM including pro-inflammatory eicosanoids and pro-resolving SPM
but did not affect the release of fatty acid substrates. Collectively, the data further illustrated
that long-term treatment of CS affects LOX activity not only favorably in M1-MDM but may
also have some deleterious effects such as impairing the production of SPM in M2-MDM.
Therefore, a broad assessment of this natural product’s pharmacological profile should be
addressed in the future and considered for the treatment of inflammatory disorders.

Together, this thesis revealed that TWG and CS differentially regulate the biosynthetic
pathways of inflammation-related LM in human macrophages. TWG promoted an LM class
switch from pro-inflammatory eicosanoids towards pro-resolving SPM in polarized MDM
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without affecting the capacity to generate SPM during M2-MDM polarization. In short-term
experiments, CS showed a LM profile similar to TWG, but with a focus on strongly reduced
5-LOX activity in vitro and in vivo. For long-term incubations, CS mainly suppressed COX-
derived LMs and related biosynthetic enzymes by inhibiting phosphorylation of NF-ϰB and
p38 MAPK during M1-MDM polarization, but had only limited effects on the generation of
beneficial SPM during M2-MDM polarization.
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Zusammenfassung

Unter dem Begriff „Entzündung“ versteht man in der Humanmedizin eine Abwehrreaktion
des Körpers mit dem Zweck, homöostatische Bedingungen wieder herzustellen [1]. Hierbei
spielen Immunzellen des angeborenen Immunsystems wie polymorphkernige Leukozyten
(engl.: polymorphonuclear leukocytes, PMNL) oder primäre Makrophagen eine Schlüs-
selrolle, da sie unter anderem als Produzenten löslicher Mediatoren die Initiierung, die
Aufrechterhaltung, aber auch die aktive Auflösung entzündlicher Prozesse steuern. Zu
diesen Mediatoren gehören Zytokine, Chemokine und bioaktive Lipide, welche zusätz-
lich in pro-inflammatorische Eicosanoide und spezialisierte pro-resolvierende Mediatoren
(specialized pro-resolving mediators, SPM) untergliedert werden können. Zu den pro-in-
flammatorischen Eicosanoiden gehören Leukotriene (LT) und Prostaglandine (PG), welche
im Rahmen einer akuten Entzündung durch Lipoxygenasen (LOX) und Cyclooxygenasen
(COX) produziert werden, deren Dysregulation jedoch auch in chronisch-entzündlichen
Krankheiten wie rheumatoider Arthritis (RA), Atherosklerose, Diabetes oder Krebs eine
wichtige Rolle spielen [2,3]. Umgekehrt werden bei der Auflösung einer Entzündung ver-
mehrt SPM produziert, welche bereits in geringen Konzentrationen anti-zündliche (passive)
und Entzündungs-auflösende (aktive) Effekte zeitigen [4,5].

In der RA-Behandlung hat sich Wilfords Dreiflügelfrucht (Tripterygium wilfordii Hook F,
TwHF), eine in der traditionellen chinesischen Medizin etablierte Arzneipflanze, als erfolg-
versprechend erwiesen [6]. Hierbei finden am häufigsten das tablettierte Pflanzenextrakt
(TwHF-Glycoside, TWG) oder Celastrol (CS), einer seiner Inhaltstoffe, Anwendung [7-9].
Sowohl TWG als auch CS sind aufgrund ihrer vielversprechenden biologischen Aktivität
Gegenstand intensiver Forschungsbemühen, jedoch war der Effekt auf die Biosynthese
entzündungsrelevanter Lipidmediatoren in menschlichen Makrophagen bisher unbekannt.
Dessen Aufklärung ist der Gegenstand dieser Arbeit, mit dem Ziel ein umfassenderes
Verständnis der Wirkungsweise von TwHF sowie von Naturstoffen allgemein beizutra-
gen, welches konstruktive Hinweise für künftige Studien zu TWG und CS im Bereich der
Entzündungsbekämpfung liefern wird.

Zunächst wurde ein detailliertes LM-Profil in menschlichen, von Monozyten abgeleiteten
Makrophagen (monocyte-derived macrophages, MDM) angefertigt, welches mit Hilfe von
Ultra-Performance-Flüssigkeitschromatographie und Tandem-Massenspektrometrie aufge-
nommen wurde. In MDM des pro-inflammatorischen Subtyps M1, die durch Exotoxine zur
Lipidmediatorsynthese angeregt wurden, hemmte TWG (30 µg/mL) effektiv die Produktion

XV



Zusammenfassung

von 5-LOX-Produkten. In ähnlicher Weise zeigte TWG (10 µg/mL) eine hemmende Wir-
kung auf 5-LOX-Produkte in agonistisch aktivierten PMNL. Darüber hinaus zeigte TWG
eine direkte Hemmung von 5-LOX im zellfreien Assay mit einem IC50-Wert von 2,9 µg/mL.
Überraschenderweise hemmte TWG die Produktion von Thromboxan in M1-MDM deutlich,
während andere Prostaglandine entgegengesetzt beeinflusst wurden. TWG wurde in einer
nicht-zellulären Umgebung näher charakterisiert, zeigte jedoch keine hemmende Wirkung
auf das Enzym Thromboxan-Synthase. Interessanterweise induzierte TWG in entzündungs-
hemmenden M2-MDM eine massive Bildung von SPM und SPM-Vorläufern, ohne COX oder
5-LOX zu aktivieren. TWG (1 µg/mL) hemmte die Produktion von pro-inflammatorischen
5-LOX-Produkten auch während der Polarisation von MDM zu M1- oder M2-Subtypen.
Darüber hinaus bewirkte TWG eine starke Verringerung von COX-abgeleiteten LM und
den damit verbundenen biosynthetischen Enzymen, pro-inflammatorischen Zytokinen
und M1-Phänotypmarkern während der MDM-Polarisierung. Zusammenfassend ist die
Hemmung von pro-inflammatorischen LM bei gleichzeitiger Stimulierung anti-zündlicher
SPM durch TWG als heilungsfördernd bei der Therapie der RA einzustufen und tragen
dazu bei, die Wirksamkeit von TwHF besser zu verstehen.

Als nächstes wurde die Rolle des Naturprodukts CS bei der kurzfristigen Behandlung von
polarisierten MDM untersucht. CS (1 µM) hemmte die von 5-LOX gebildeten proinflam-
matorischen LT sowohl in aktivierten PMNL als auch in M1-MDM. In einer zellfreien
Umgebung hemmte CS außerdem direkt und selektiv die Aktivität von 5-LOX mit einer
effektiven IC50 von 0,19 - 0,49 µM. Interessanterweise induzierte CS in M2-MDM in bemer-
kenswerter Weise die Bildung von 12-/15-LOX-abgeleiteten LM einschließlich des SPM
Resolvin D5. CS löste die subzelluläre Translokation von löslichem 15-LOX-1, nicht aber
von 5-LOX aus, und induzierte auch nicht den intrazellulären Einstrom von Ca2+. In Mäusen
mit Zymosan-induzierter Peritonitis führte die Vorbehandlung mit CS (10mg/kg) zu einer
signifikanten Verringerung der LT-Biosynthese, gleichzeitig aber auch zu einem Anstieg
der pro-resolvierenden 12-/15-LOX-abgeleiteten LM-Produkte und SPM. Daraus lässt sich
schließen, dass CS die Umstellung von der LT-Biosynthese auf die Bildung von SPM in vitro
und in vivo erleichtert und somit ein großes Potenzial für die Prävention und Behandlung
chronisch-entzündlicher Krankheiten hat.

Schließlich wurden die langfristigen Auswirkungen von CS in einer niedrigen Konzentra-
tion (0,2 µM) auf das LM-Profil während Polarisierung zu M1- und M2-ähnlichen MDM
untersucht. Während der M1-MDM-Polarisierung reduzierte CS signifikant die Gen- und
Enzymexpression von COX-2 undmikrosomaler PGE2-Synthase (mPGES-1) sowie wichtiger
M1-Oberflächenmarker. Darüber hinaus unterdrückte CS die Phosphorylierung des Nukle-
arfaktors ϰB (nuclear factor kappa-light-chain-enhancer of activated B cells, NF-ϰB) und
der mitogen-aktivierten Proteinkinase (MAPK) p38. Während der M2-MDM-Polarisierung
verringerte CS die Fähigkeit, große Mengen fast aller LM zu erzeugen, einschließlich pro-
inflammatorischer Eicosanoide und entzündungsauflösender SPM, hatte aber keine Aus-
wirkungen auf die Freisetzung von Fettsäuresubstraten. Insgesamt zeigen diese Daten, dass
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eine Langzeitbehandlung mit CS nicht nur therapeutisch als positiv zu bewertende Effek-
te auf M1-MDM bewirkt (Inhibition von 5-LOX), sondern auch negative Auswirkungen
haben kann, wie die Beeinträchtigung der Produktion von SPM in M2-MDM, welche in
der umfassenden Bewertung des pharmakologischen Profils dieses Naturprodukts für die
Behandlung von Entzündungskrankheiten zu beachten ist.

Zusammenfassend konnte in dieser Dissertation gezeigt werden, dass TWG und CS die Bio-
synthesewege von entzündungsbezogenen Lipidmediatoren in menschlichen Makrophagen
unterschiedlich regulieren. TWG förderte einen LM-Klassenwechsel von pro-inflammatori-
schen LM hin zu entzündungsauflösenden SPM in polarisierten MDMs, ohne die Fähigkeit,
SPM während der M2-MDM-Polarisierung zu erzeugen, zu beeinträchtigen. In Kurzzeit-
experimenten zeigte CS ein ähnliches LM-Profil wie TWG, jedoch mit dem Schwerpunkt
einer stark reduzierten 5-LOX-Aktivität in vitro und in vivo. Bei Langzeitinkubationen
unterdrückte CS hauptsächlich COX-abgeleitete LM und verwandte biosynthetische En-
zyme, wahrscheinlich durch Hemmung der Phosphorylierung von NF-ϰB und p38 MAPK
im Zuge der M1-MDM-Polarisierung, während SPM-steigernde Effekte im Rahmen der
M2-MDM-Polarisierung nur schwach ausgeprägt waren.

XVII





1 Introduction

1.1 Lipid mediators in inflammation

Inflammation is a physiological and protective response against microbial pathogens or
injury, whereas para-inflammation targeting tissue stress or malfunction seems to be
responsible for chronic inflammatory conditions [1]. Acute inflammation usually occurs
immediately after injury and includes two stages: an initial pro-inflammatory reaction to
eliminate invaders, followed by a resolution phase which is essential to regain homeostasis
[10]. Nowadays, it is widely accepted and appreciated that resolution is an active and
complex process launched at an early stage of inflammation [10]. However, failed resolution
of acute inflammation is associated with the emergence of chronic inflammation that occurs
with persistent infection. If this persists with no recovery, tissue damage and fibrosis may
arise even with a worse sign of different diseases [5,10].

The emerging area of inflammation research promises novel anti-inflammatory therapeutics,
in particular, endogenous biochemicals (e.g. cytokines, chemokines, and lipid mediators
(LM)) generated by different immune cells (e.g. macrophages, neutrophils) which contribute
to counter-regulating inflammation and promoting resolution [4]. Small molecule inhibitors
may be able to switch off acute inflammation by altering endogenous mediators, and
involved mechanisms may open up new pathways for the resolution of inflammation [11].

LM play a crucial role in the inflammatory process, in particular, prostaglandin E2 (PGE2)
was found to trigger LM class switch from pro-inflammatory leukotriene B4 (LTB4), a
5-lipoxygenase (5-LOX) product, to pro-resolving lipoxin A4 (LXA4), a 15-lipoxygenase
(15-LOX) product to stop PMNL infiltration and promote resolution [12]. Pre-resolving
therapeutic approaches are increasingly being considered rather than anti-inflammatory
strategies, the former actively promote resolution emerging with endogenous specialized
pro-resolving mediators (SPM), while the latter function as antagonists limiting the duration
of the inflammatory response [13-15]. Overall, there is wishful thinking to reduce the
pro-inflammatory LM to prevent excess inflammation, and simultaneously enhance the
production of pro-resolving SPM to restore a healthy state. To understand more knowl-
edge of LM in inflammation it is required to shed light on the potential implications of
drug development, targeting to stimulate endogenous pro-resolving mediators or direct
administration of agonists of resolution in inflammation-based diseases.
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Chapter 1 Introduction

Acute inflammation Resolution

Pathology 
(Disease)

Inflammatory exudate 
(Prostaglandins, 

Leukotrienes)

SPM biosynthesis 
(Lipoxins, Resolvins, 
Protectins, Maresins)

Figure 1.1: Lipid mediators in the inflammatory response. Tissue barrier break,
injury or microbial invasion initiate the vascular response and leukocytes start to traffic
to the site of injury. The prostaglandins (PG) and leukotrienes (LT) as endogenous lipid
mediators (LM) stimulate the migration of neutrophils to the inflamed sites leading to
acute inflammation. LM class switching from eicosanoids to lipoxins (LX) takes place in an
active way to contribute to the resolution as one of the consequences in the excessive pro-
inflammatory responses, and homeostasis is restored - ‘health state’ as an ideal outcome
in the end with the help of specialized pro-resolving mediators (SPM). Failed resolution
causes chronic inflammation to appear with redundant pro-inflammatorymediators, which
further leads to persistent infection - ‘disease state’. Figure modified from Hansen et al
[16].
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1.1 Lipid mediators in inflammation

1.1.1 Eicosanoids

Eicosanoids mainly include PG, LT, and thromboxanes (TX) in the initial steps that are
necessary for immune cell activation and pro-inflammatory messenger synthesis [17].
Arachidonic acid (AA)-derived eicosanoids are the most abundant 2-series PG and 4-series
LT in inflammation; while eicosapentaenoic acid (EPA) as an alternative eicosanoid substrate
produced 3-series PG and 5-series LT in favor of the whole biosynthesis pathway, mainly
involving the COX, the cytochrome P450 monooxygenase (CYP) and the LOX pathways
[18].
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Cytochrome P450 
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Figure 1.2: The eicosanoid biosynthetic pathways from arachidonic acid (AA) and
eicosapentaenoic acid (EPA). Phospholipid-derived AA and EPA are metabolized to
eicosanoids by three major pathways: the cyclooxygenase (COX), the cytochrome P450
monooxygenase (CYP) and the lipoxygenase (LOX) pathways. COX pathways produce
prostaglandins (PG) and thromboxanes (TX) by specific synthases. P450 metabolizes AA
into epoxyeicosatrienoic acids (EET) and hydroxyeicosatetraenoic acids (HETE), and EPA
into epoxyeicosatetraenoic acids (EEQ) and hydroxyeicosapentaenoic acids (HEPE). LOX
pathways mainly convert substrates into leukotrienes (LT) and HETE. Distinct biosynthetic
enzymes involved in the formation of specific eicosanoid are indicated in red color.
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Chapter 1 Introduction

1.1.1.1 Prostanoids

PG actions were identified in the 1930s which gave rise to modern ideas in lipid phar-
macology, and also brightened many outstanding issues related to anti-inflammatory
pharmacology, hemostatic disorders, and reproductive physiology [19]. PG formation
initially requires two steps: 1) the conversion of AA yields PGG2 through cyclooxygenase
reaction; 2) PPG2 conversion to highly unstable PGH2 via peroxidase reaction. Then, PGH2
is immediately metabolized to different PG through specific prostaglandins synthases: the
hematopoietic PGD2 synthase (H-PGDS) and lipocalin type (L-PGDS) form PGD2; the
cytosolic PGE2 synthase (c)PGES and the microsomal (m)PGES-1/-2 produce PGE2; the
PGF synthase (PGFS) generates PGF2α; the PGI synthase (PGIS) forms PGI2 (also named
prostacyclin); the TXA synthase (TXAS) makes TXA2 [20,21].

PG formation from AA to PGH2 proceeds via the bifunctional cyclooxygenase-1 (COX-
1) and cyclooxygenase-2 (COX-2) [22]. COX-1 is constitutively expressed in most cells,
while COX-2 often is inducible and emerged as the more important cyclooxygenase in the
context of inflammation [22,23]. COX-2-selective inhibitors, called “Coxibs” were developed
as promising anti-inflammatory therapeutics with reduced gastrointestinal side effects,
which have the same beneficial effects as the traditional or nonselective nonsteroidal anti-
inflammatory drugs (NSAID) [24]. However, selective inhibition on COX-2 is not the only
beneficial mechanism involved in gastrointestinal toxicity. Coxibs, on the other hand, can
create cardiovascular safety issues [25,26]. As a result, there is a need to develop new
anti-inflammatory drugs to alleviate dysregulated inflammation diseases in the aspects of
the initial and resolving stage of inflammation.

1.1.1.2 Leukotrienes

LT generated by the 5-LOX, their biosynthesis and actions are crucial in the regulation of
innate immunity and inflammation [27]. 5-LOX is mainly expressed in various leukocytes
such as neutrophils, eosinophils, monocytes, macrophages, mast cells, dendritic cells, and
B-lymphocytes [28]. AA is oxygenated by 5-LOX coupled with 5-LOX-activating protein
(FLAP) to yield 5-hydroperoxy-eicosatetraenoic acid (5-HpETE) that is then reduced to 5-
hydroxyeicosatetraenoic acid (5-HETE) or further converted into an unstable intermediate,
leukotriene A4 (LTA4). LTA4 can further form LTB4 via the soluble enzyme LTA4 hydrolase
(LTA4H) or is converted by the nuclear membrane-bound glutathione-S-transferase by
insertion of the tripeptide glutathione into LTA4 to form LTC4 which is further metabolized
to LTD4 and afterward LTE4, these three isoforms are called cysteinyl-LT (Cys-LT, “slow-
reacting substance of anaphylaxis”). Moreover, LXA4 can be generated from LTA4 [29]. AA
also can be metabolized to 15-HpETE through 15-LOX, and then be reduced to 15-HETE
and further converted by 5-LOX into a 5,6-epoxyeicosatrienoic acid, which is the precursor
of both LXA4 and LXB4. Epimers of LXA4 and LXB4 can also be produced in the presence
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1.1 Lipid mediators in inflammation

of aspirin and referred to as aspirin-triggered LX. 12-LOX usually is expressed in platelets
that also can form LXA4 from LTA4 [29,30].

5-LOX translocates from either the nucleus (in macrophages) or cytosol (in neutrophils) to
the nuclear envelope in response to cell activation, and this process is dependent on FLAP
[31]. Cys-LT and the dihydroxy-LT (LTB4) are generated by a series of enzymes/proteins
constituting the LT synthetic pathway or 5-LO pathway. Their function is mediated by
interacting with multiple receptors that are well characterized such as Cys-LT receptors 1
and 2, BLT1 and 2 [32]. Overall, LT, as a family of potent eicosanoid lipid mediators, play
an important role in several diseases processes such as inflammation, neuronal disorder,
tumors and are most notably observed in allergic conditions like asthma [33-36]. Zileuton
is clinically applicable as anti-asthmatic drug by inhibiting 5-LOX, and many studies are
currently targeting FLAP for modulating 5-LOX [37,38].

1.1.2 Specialized pro-resolving mediators (SPM)

The treatment of inflammation has recently been proposed not only to be restricted to the
use of inhibitors or antagonists of acute inflammation but to exploit potential inducers
or agonists of resolution of inflammation. In other words, emphasis has shifted from
just inhibition of inflammation to fostering the termination and resolution of inflamma-
tion. Therefore, the concept of anti-inflammation and pro-resolution are not completely
equivalent [13].

Diverse chemical mediators biosynthesized during the acute cascade later on serve either
as antagonists or agonists, which means they can both inhibit the inflammatory cascade
and actively regulate the restoration of homeostasis. An emerging family of SPM including
lipoxins (LX), resolvins (Rv), and protectins (PD), function as agonists that actively promote
resolution. This novel discovery helps to open more possibilities for drug development
through stimulating endogenous pro-resolving mediators and revealing their involved
signaling pathways [13]. The essential ω3-PUFAs (n-3 polyunsaturated fatty acids, i.e. EPA
and DHA) were found to be the main substrates for SPM biosynthesis, but also have other
critical biological functions. However, EPA and DHA must be absorbed within the diet and
are not de novo biosynthesized [39]. AA-derived LX and n-3 DPA-derived SPM are also
potential immunoresolvents [40,41]. Besides, cell-type-specific and receptor-dependent
actions, SPM may provide a new window for treatment of inflammation-based diseases.

1.1.2.1 AA-derived SPM

AA-derived LX belonging to the leukotriene branch, are usually catalyzed by 5-/12-/15-LOX,
and 15-HETE is the monohydroxylated precursor of these mediators. Two main members
of LX are LXA4 and LXB4, and epi-LX are aspirin-triggered [29,40]. The impairment of the
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Figure 1.3: The biosynthetic pathways of specialized pro-resolving mediators
(SPM). Fatty acid substrates (AA, EPA, DHA and DPA) are converted to different series
of SPM including lipoxins (LX), D/E/T-series resolvins (RvDs, RvEs, RvTs), protectins (PD),
and maresins (MaR).

production of LXA4 and LXB4 are associated with chronic inflammatory diseases, including
asthma [42,43].

LX have been proved to exert beneficial actions on inflammation and resolution [29]. For
instance, transgenic rabbits overexpressing 15-LOX type 1 ameliorates inflammation via
increased production of LXA4 [44]. Similarly, administration of exogenously plant 15-
LOX to mice as well as 15-LOX expressed during infection by Toxoplasma gondii with AA
generated endogenous LXA4, which limited acute inflammation and dampened host immune
responses [45]. LX suppress the biosynthesis of pro-inflammatory cytokines, activate NF-
ϰB, and are actively involved in homeostasis restoration associated with macrophages [46].
LX also stimulate macrophage efferocytosis (phagocytosis of apoptotic neutrophils and
debris) [47]. Moreover, 5-LOX-derived LXA4 enhances the ability to block Mycobacterium
tuberculosis infection, thus inhibitors of LXA4 biosynthesis are crucial for bacterial clearance
[48]. LX also show neuroprotective activities with low levels in the brain and cerebrospinal
fluid from Alzheimer’s disease (AD) patients [49-51].
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1.1 Lipid mediators in inflammation

1.1.2.2 DHA-derived SPM

Maresins (MaR) were first discovered from human macrophages and exhibit pronounced
anti-inflammatory effects as biosynthesized bioactive products from DHA [52]. MaR biosyn-
thesis is mediated by 12-/15-LOXs, which generate MaR1 and MaR2 [53,54]. MaR1 was
found to reduce psoriasis-like inflammation and UVB irradiation damage [55,56], acceler-
ate planaria regeneration [57], and improve functional neurological recovery after spinal
cord injury [58], as well as attenuate neuroinflammation in perioperative neurocognitive
disorders in mice [59].

Resolvins (Rv), a family of bioactive 17-hydroxy-containing di- and tri-hydroxy-docosanoids,
were found in mice and human tissues and are involved in the resolution of inflammation
[60]. Resolvins of D-series (RvDs) are made from DHA by 5-LOX and 15-LOX in hu-
mans, via 12-/15-LOX and 5-LOX in mice, and recently six subtypes of RvDs (RvD1, RvD2,
RvD3, RvD4, RvD5, RvD6) have been found and synthesized from the intermediate product
17S-hydroperoxy-DHA; RvD epimers are aspirin triggered, called AT-RvDs made from
17R-hydroperoxy-DHA [61]. RvDs generally regulate cytokine biosynthesis and inhibit
acute inflammation, and stimulate the polarization of the pro-inflammatory M1-like phe-
notype towards the resolving M2-like phenotype [62,63]. RvD1 and its G-protein coupled
receptors (GPCRs) are considered as potential therapeutic agents and targets, respectively,
for inflammation-related human pathologies [64].

Protectins (PD) are also biosynthesized from DHA by various human cells, murine exudates,
and brain cells, mediated by 15-LOXs [65]. Protectin 1 (PD1, or neuroprotectin D1 (NPD1)),
as the key member of the PDs family, shows powerful anti-inflammatory properties, and
enhances the efferocytosis of apoptotic neutrophils, and displays potent neuroprotective
actions in the brain, retina, and central nervous system [66,67]. The aspirin-triggered epimer
17R-NPD1 shares the action of NPD1 in controlling neutrophils, enhancing macrophage
functions, and attenuating experimental stroke [68,69].

Cysteinyl-SPM (Cys-SPM) based on DHA backbone include three series of peptide-lipid
conjugated SPM: maresin conjugates in tissue regeneration (MCTRs), protectin conjugates
in tissue regeneration (PCTRs), and resolvin conjugates in tissue regeneration (RCTRs),
showing classic pro-resolving function and tissue regenerative ability [70,71].

1.1.2.3 EPA-derived SPM

Resolvins of E-series (RvEs) are derived from EPA, including RvE1, RvE2, RvE3, and RvE4
[72]. RvE1 was reported to be produced in endothelial cells upon treatment with aspirin that
acetylated COX-2 that then converts EPA into 18-HEPE. Further metabolism of 18-HEPE
by activated leukocytes yields RvE1 [73]. RvE1 reduced neuroinflammation in a murine
model of AD and promoted intestinal epithelial wound healing in colitis [74,75]. RvE2
stimulated host-protective actions mediated by leukocyte GPCRs in murine peritonitis
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Chapter 1 Introduction

[74,76]. RvE3 attenuated lipopolysaccharide (LPS) induced depression-like behavior in
mice and allergic airway inflammation via interleukin (IL) 23-IL17A pathway [77-79]. RvE4,
recently identified in M2-macrophages in a hypoxic environment, stimulated efferocytosis
of apoptotic neutrophils and senescent erythrocytes, and reduced mouse hemorrhagic
exudates better than aspirin [72]. Collectively, RvEs exert potent host-protective actions in
target cells and tissues.

1.1.2.4 n-3 DPA-derived SPM

Besides the above-mentioned substrates, n-3 DPA is also converted to SPM including MaRn-
3 DPA, RvDn-3 DPA, and PDn-3 DPA, as well as 13-series resolvins (RvTs) [80,81]. They
show similar beneficial actions of EPA- and DHA-derived SPM in regulating the innate
immune response, controlling cardiovascular disease and arthritis, as well as promoting
resolution [82-84]. Systemic treatment with PD1 n-3 DPA or RvD5 n-3 DPA protected
against colitis and intestinal inflammation in mice [85]. Moreover, PD1 n-3 DPA promotes
the resolution of neuroinflammation and arrests epileptogenesis [86].

1.2 Cells of innate immunity

Innate immune cells include monocytes, macrophages, neutrophils, dendritic cells and
others, which serve as a first-line defense against invading pathogens and regulate tissue
homeostasis [87].

1.2.1 Monocytes

Monocytes mainly circulate in peripheral blood, spleen, and bone marrow, which not only
have poor proliferative capacity and heterogeneity but also are critical effectors of innate
immune response [88-90]. Inflammation and immune stimuli increase the recruitment of
monocytes to peripheral sites, which subsequently develop and differentiate into macro-
phages and dendritic cells (DC) [91]. All of them contribute to host defense and tissue
homeostasis [92]. Moreover, monocytes are not just precursors for macrophages or DC but
also are regarded as mononuclear phagocytes with their own functions and roles [93].

Blood monocytes are typically comprised of three cell populations and distinguished by
surface receptor expression: 1) the ‘classical’ inflammatory monocytes (defined as Ly6Chi in
mouse and (cluster of differentiation) CD14++CD16+ in humans), comprising 85% of blood
monocytes and exhibiting high C-C chemokine receptor type (CCR)2 and intermediating
C-X3-C Motif Chemokine Receptor (CX3CR)1 expression; 2) the non-classical patrolling
monocytes (Ly6Clow in mouse, CD14+ CD16++ in humans), showing low CCR2 and high
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Chapter 1 Introduction

CX3CR1 expression; 3) the intermediate monocytes, as a transition from classical to non-
classical monocytes [94-96].

Human peripheral blood monocytes were initially identified by CD14 with respect to LPS
recognition. CD16, known as Fc gamma receptor (FcγR) III, together with CD14 characterize
monocytes as two subsets of CD14+CD16- and CD14+CD16+ cells [94]. The latter ones
express higher amounts of major histocompatibility complex (MHC) class II molecules and
CD32 (also known as FcγRII) and express CCR5 [97]. Both subsets can differentiate into
DC in response to granulocyte/macrophage colony-stimulating factor (GM-CSF) and IL-4
[98]. Furthermore, one more monocyte subset was found by the expression of CD14, CD16,
and CD64 (also known as FcγRI) and showed combined characteristics of monocytes and
DC. In particular, CD14+CD16+CD64+ cells produce numerous cytokines such as tumor
necrosis factor (TNF) and IL-6 and also show higher phagocytic activity in comparison
with CD14+CD16-CD64+ or CD14+CD16+CD64- [99].

Murine monocytes subtypes were identified by expression of CX3CR1, CCR2, CD62L (also
known as L-selectin) [100]. CX3CR1hi mouse monocytes appeared to preferentially migrate
into noninflamed sites compared with CX3CR1low monocytes [95]. The Geissmann’s group
characterized Ly6C (known as part of the epitope of GPI-linked myeloid differentiation
marker like Gr-1) as an additional marker [95]. Ly6Chi monocytes mature in the circulation
and are the precursor for Ly6Clow monocytes, and have the capacity to migrate into
sites of peripheral inflammation [100]. Evidence indicated that CCR2+CD62L+CX3CR1low

Ly6C+ mouse monocytes may correspond to CD14hiCD16- (classic) human monocytes,
mainly expressing CCR2+CX3CR1low; and CCR2-CD62L-CX3CR1hiLy6C- mouse monocytes
correspond to CD14+CD16+CD64- human monocytes, mainly expressing CX3CR1hi, which
is of great importance for a better understanding of human monocyte heterogeneity and
biology by studying systems for monocyte subsets in mice [101].

1.2.2 Macrophages

Tissue-resident macrophages are generally considered to be derived from circulating mono-
cytes, while adult macrophages are also generated from bone marrow-resident hematopoi-
etic stem cells, all of which show a critical role in tissue homeostasis during inflammation
[102,103]. Distinct phenotypes and physiological activities of inflammatory-monocyte-
derived macrophages have received much attention by many researchers, which may apply
to studies of human biology [101]. The two major functional phenotypes are classically
activated M1 macrophages and alternatively M2 macrophages which react differently to
pathogenic bacteria and pharmacologic inhibitors, generating discrete LM profiles that
differentiate inflammatory into pro-resolving behaviors in these cells [70,104,105].
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M1

▪ NF-κβ
▪ PPARγ/α
▪ STAT1/5
▪ IRF3/5
▪ HIF-1α

CD80,CD86

TLR-2/4,
MHC-II, iNOS

TNF-α, IL-1β, IL-
6/12/23, CCL5

M0

Monocytes

Macrophages

GM-CSF

IFN-γ/LPS

M2(a)

▪ PPARγ
▪ STAT3/6
▪ IRF4
▪ cMyc

IL-4/IL-13/IC

M-CSF

CD163,CD206, 
Arg-1,FIZZ1,
Ym1/2

TNF-β, IL-10/1ra, 
CCL17,VEGF

Classical Alternative

Functions:
✓ Pro-inflammatory
✓ Tissue damage
✓ Antibacterial
✓ Anti-tumoral

Functions:
✓ Anti-inflammatory
✓ Tissue regeneration
✓ Antiparasitic
✓ Tumor progression
✓ Phagocytosis

Figure 1.5: Human macrophage polarization. Classical activated (M1) macrophages
(stimulated by LPS and IFN-γ) and alternative activated (M2) macrophages (M2a, stim-
ulated by IL-4) display distinct roles with different surface marker expression, secreted
cytokines release and biological functions related gene expression. LPS, lipopolysaccha-
rides; IFN-γ, interferon-gamma; NF-κB, nuclear factor κB; PPAR, peroxisome proliferator-
activated receptors; STAT, signal transducer and activator of transcription; IRF, interferon
regulatory factor; HIF, hypoxia inducible factor; TLR, Toll-like receptor; MHC, major histo-
compatibility complex; iNOS, inducible nitric oxide synthase; TNF-α, tumor necrosis factor
alpha; IL, interleukin; CCL, chemokine (C-C motif) ligand; IC: interferon consensus; cMyc,
cellular Myc; Arg-1, arginase 1; FIZZ1, resistin-like α; Ym1, chitinase 3-like gene; TGF-β,
transforming growth factor beta; VEGF, vascular endothelial growth factor.
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1.2.2.1 M1 Macrophages

The classically activated, pro-inflammatory M1-like macrophages are associated with high
bactericidal ability, phagocytic and cytotoxic capabilities, and responsible for the produc-
tion of pro-inflammatory cytokines (e.g. IL-6, IL-12, IL-1β, and TNF-α) and chemokines
(e.g., chemokine (C-C motif) ligand (CCL)2, CCL5) as well as tissue remodeling enzymes
(matrix metalloproteinases (MMP)-3 and MMP-12) [105,106]. They are characterized by
their expression of MHC-II, CD14, CD80/CD86, and CD38, as well as inducible nitric oxide
synthase (iNOS) [105]. The pathogenesis of non-allergic asthma is connected to M1 macro-
phages, whereas allergic asthma is dominated by M2 [107]. LM metabololipidomics in M1
macrophages usually reveal higher levels of eicosanoids including PG and LT [108]. The
uptake of apoptotic cells by M1 cells resulted in a reduction in LT, such as LTB4 and LTB5,
as well as an increase in SPM production [108].

1.2.2.2 M2 Macrophages

The alternatively activated, anti-inflammatory M2-like macrophages are associated with
wound healing, clearance of dead cells and tissues, and resolution of inflammation [109].
They express the cell surface markers CD36, CD206, and CD163 [110]. Compared to
M1 macrophages, the M2 phenotype is more complex, and at least four subtypes of pro-
reparative M2 macrophages are thought to exist, namely, M2a, M2b, M2c, and M2d, which
are categorized based on markers and functions [105,111], but not all appear to play a role
in wound healing [112]. However, it is still unclear how these different M2 phenotypes
are developed. Of interest, M2a macrophages, which are linked to Th2-polarized allergic
inflammation in the lungs, can be obtained by polarization with IL-4 and/or IL-13, and pro-
duce a lot of IL-10, transforming growth factor beta (TGF-β) and inflammatory chemokines
like CCL17, CCL18, CCL22, and CCL24 [113,114].

There is evidence that the shift from M1 to M2 is critical for a fast repair process of diabetic
wounds, while in contrast, impaired switching ability to M2 phenotypes are related to poor
angiogenesis, decreased collagen deposition, and delayed wound closure [115]. Likewise,
the inhibitor GW2580 was used to block the switch to M2 macrophages by impairing
the macrophage-colony stimulating factor (M-CSF-1) signaling cascade, which leads to
persistent inflammation and increased M1 macrophages in the wound [116]. Importantly,
M2 macrophages produce more pro-resolving LM such as SPM rather than M1 cells, which
further favors termination of the acute inflammatory process [108].

1.2.3 Neutrophils

Neutrophils also known as polymorphonuclear leukocytes (PMNL), are the most abundant
leukocyte type in human blood and immune effector cells for antimicrobial responses,
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which are critical in host defense and maintenance of tissue homeostasis [117]. During
neutrophils’ extravasation in response to microbial infection, they need to penetrate the
blood vessel wall and several sub-steps are involved such as margination, rolling, firm
adhesion, transmigration to the injured site, and phagocytosis in the end [118]. Besides,
neutrophils express enzymes that potently synthesize bioactive lipids derived from fatty
acids and also have been found as a major producer of key pro-inflammatory lipid mediators
such as LT and PG, and they possess the capacity to generate SPM [5]. The traditional
dogma of neutrophils is considered to act alone to kill the invasive pathogens but has
been currently challenged by multiple experimental evidence that neutrophils and their
products, in fact, interact with other leukocytes and regulate both innate and adaptive
immunity [119,120]. Overall, to better understand how the plastic neutrophils participate
in the process of inflammation-based diseases, how they coordinate other cells to operate
an appropriate immune response, together with their produced pro-inflammatory and
pro-resolving LM upon stimulation may provide new therapeutic approaches in the future.

1.2.4 Other immune-relevant cells

Apart from the above-mentioned cells, there are many other immune cells including DC,
mast cells, natural killer cells, basophil, eosinophil that are also critical for immediate
responses to fight pathogens. DC originate from the bone marrow and migrate to lymphoid
tissues, and distinct subsets have significant phenotypic heterogeneity and functional
plasticity [121]. Mast cells are hematopoietic cells and can produce various bioactive
products with further responses to many biological processes [122]. Natural killer cells
as large granular lymphocytes show anti-tumor and anti-inflammatory functions [123].
Basophil and eosinophil, like neutrophils, are bone marrow-derived granulocytes and
are also recruited and activated in the inflamed site [124]. However, they show different
functional effects in contrast to neutrophils, but nevertheless, research on these granulocytes
is important [124].

1.3 Tripterygium wilfordii Hook F

1.3.1 Chemical constituents and tablet development

Extracts of the root of the Chinese herb Tripterygium wilfordii Hook F (TwHF), also known
in China as “lei gong teng” or “thunder god vine”, have been extensively reported and widely
used as remedies to treat a variety of inflammatory and autoimmune diseases, including
rheumatoid arthritis (RA), muscle and skeletal injury, and skin diseases for several centuries
[125,126]. TwHF has been documented to contain more than 100 components, including
diterpenes, triterpenes, glycosides, and alkaloids, and 95% of them are terpenoids [127,128].
Two primary active components – the triterpenoid celastrol (CS) and the diterpenoid
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Classes Chemical constituents Biological activities
Diterpenes Triptolide, tripdiolide, triptonide Anti-inflammatory, anti-cancer, immuno-suppressive, 

anti-depressive

Triterpenes Celastrol, Pristimerin, WilforlideA Anti-inflammatory, anti-rheumatic, anti-cancer, 
antioxidative

Sesquiterpenes Tripterygiumines, Triptersinines Immunosuppressive, anti‐inflammatory, 
neuroprotective, antiviral, and insecticidal activities

Alkaloids Wilforine, wilfordine, Celabazine, 
celacinnine,
celafurine, and celallocinnine

Anti‐inflammatory, antiviral,
immunosuppressive, and insecticidal activities

Flavonoids Tripteryols A-C Anti‐inflammatory, antiproliferative, anti‐malarial 
activities

Lignans Wilforine A-D Anti‐inflammatory, anti-cancer, antioxidative

Glycosides Tripterycoside A-C, glucose Anti-rheumatic, anti-grave ophthalmopathy, anti-
diabetic nephropathy

Organic acid 3‐oxo‐olean‐9,3‐acetoxy oleanolic acid, 
tricosanoic acid, stearic acid, and 
palmitic acid

Anti‐inflammatory and anti-cancer

Anthraquinones 1,8-Diphydroxy-4-
hydrxymethylanthraquinone, emodin

Anti‐inflammatory, neuroprotective, antioxidative, and 
antifertility 

Coumarin L‐epicatechin, fraxetin Neuroprotective, antifertility activities

Tripterygium wilfordii Hook F 

Figure 1.6: Representative chemical constituents isolated from Tripterygium wil-
fordii root extract and their corresponding biological activities. Figure adjusted
from Zhang et al [6].

triptolide (TP) – account for many pharmacologic activities and immunosuppressive effects
of TwHF [9].

In the initial stage, patients were treated with the decoction of TwHF which is a crude water
extract method. Two new preparations of the extraction procedure (ethanol/ethyl acetate
and chloroform-methanol/T2 extract) were developed in China in the 1970s [129]. Better
therapeutic effects and fewer side effects promote the development of usage and clinical
trials of TwHF [130,131]. As the representative agents of TwHF, Tripterygium wilfordii
Glycoside Tablets (TWG, also named TGT) and Tripterygium wilfordii Tablets (TWT) were
included as Class A drugs in the 2019 edition of Medicine Catalogue for National Basic
Medical Insurance, Injury Insurance, and Maternity Insurance [132]. TwHF is a potential
source for novel drugs against rheumatoid arthritis, but its impact on the immune system,
pharmacological activities and toxic effects need to be explored and may provide a more
scientific way for wider use in clinical treatment.
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1.3.2 Pharmacological activities

1.3.2.1 Anti-inflammatory properties

Impact on pro-inflammatory lipidmediators In the exudate of TwHF extracts-treated
animals, the numbers of white blood cells including neutrophils were significantly reduced,
along with lower concentration of PGE2, nitrite and TNF [133]. TwHF selectively sup-
presses the expression of COX-2 in inflamed tissues/organs while it did not decrease the
expression of COX-1 in non-inflamed tissues/organs. As a result, PGE2 generation in the
inflamed/injured tissue or organ is specifically inhibited by TwHF [133,134]. Aside from
suppressing COX-2, TwHF was also found to disrupt the transcription of the iNOS gene,
and to inhibit the synthesis of MMP-3 and MMP-13 by impairing activator protein-1 (AP-1)
and NF-ϰB binding activities [135].

Impact on pro-inflammatory genes and cytokines TwHF extracts mainly decreased
the expression of pro-inflammatory genes such as IL-2, iNOS, TNF-α, COX-2 and interferon-
gamma (IFN-γ) in immune cells from human and collagen-induced arthritis (CIA) rat model
[136]. In addition, TwHF extracts suppressed the production of pro-inflammatory cytokines
like TNF-α, IL-2/-6/-7, and IFN-γ by T cells and macrophages in response to antigen [137].

Impact on adhesion molecules TwHF extracts also inhibited the secretion and expres-
sion of vascular cellular adhesion molecule (VCAM)-1 and intracellular adhesion molecule
(ICAM)-1 in human neutrophils, synovial fibroblasts, and endothelial cells [138].

Impact on the NF-κB signaling pathway Both in vivo and in vitro studies with TwHF
extract revealed anti-inflammatory and immunosuppressant activity in RA models [6].
TwHF extracts suppressed the inflammatory response by inhibiting the NF-ϰB signaling
pathway and regulated a variety of cytokines, such as the T-helper type 1 or 2 (Th1/Th2)
cytokine expression profile [139,140]. In addition, NF-ϰB activates the transcription of
genes for iNOS and COX-2 and this was reported to be inhibited by TwHF extracts and TP
[135]. Together, these results indicate that the anti-inflammatory effect of TwHF extracts
may be conferred through regulating some or all of the steps of NF-ϰB activation, including
phosphorylation, ubiquitination, degradation of nuclear factor of kappa light polypeptide
gene enhancer in B-cells inhibitor, alpha (IϰBα), nuclear translocation, and DNA binding of
NF-ϰB [141].

1.3.2.2 Anti-arthritic activities

Some systematic reviews and meta-analyses concluded that TwHF-based therapy is ben-
eficial in the treatment of RA and has better clinical efficacy than existing conventional
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synthetic disease-modifying anti-rheumatic drugs (DMARD) [142-144]. Similarly, a two-
stage clinical trial revealed that American College of Rheumatology (ACR) 20 and 50
responses were significantly higher in the TwHF monotherapy group compared to the
methotrexate-sulfasalazine combined therapy group [145]. TwHF extracts effectively sup-
pressed the proliferation of T and B cells and triggered apoptosis of T cells, which may be
the major reason for the therapy of inflammatory or autoimmune diseases [146,147].

1.3.2.3 Other activities

TwHF extracts, as multiple pharmacological targets, show plenty of activities such as
immune modulation, antitumor, antifertility and anti-HIV effects [136,148,149].

1.3.3 Toxicity

There have also been numerous reports of TwHF’s negative consequences related to toxi-
city, which must be taken into account [150]. The major side effects of TwHF that have
been reported include gastrointestinal tract disturbances like diarrhea, leukopenia, loss of
appetite, skin rash and pigmentation, malfunction of the reproductive system [127,151,152].
However, adverse reactions of TwHF can stop spontaneously or with dose adjustment, or
with integrative therapies, of note, age, gender and the cumulative amount of drug taken
probably being the most relevant determinants [153]. In addition, modern research has
steadily progressed from the study of raw materials to the study of single compounds such
as CS and TP, focusing mostly on the identification of active components, their structural
alterations, and the creation of new derivatives with high efficiency but low toxicity [9].
As a result, further clinical trials with longer follow-up periods are needed in the future to
validate clinical effectiveness of TwHF and even its bioactive compounds in the treatment
of RA.

1.4 Celastrol

1.4.1 Chemical properties

Celastrol (3-hydroxy-9β,13α-dimethyl-2-oxo-24,25,26-trinoroleana-1(10),3,5,7-tetraen-29-
oic acid) is a pentacyclic triterpenoid, extracted from the roots of Tripterygium wilfordii, and
has been studied extensively for its anti-inflammatory and anticancer properties [154,155].
In the fields of organic, biochemistry, and medicinal chemistry, CS has received considerable
interest due to its unique chemical structure and potential therapeutic effects [156].

Regarding the interesting therapeutic effects of CS, the market demand of wild plants of
TwHF and other members of the Celastraceae family, where CS is present, increased acutely
[157,158]. Therefore, to reduce the pressure for agriculture production of plants and also
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Figure 1.7: The structure of celastrol. The quinone methyl of the A/B rings, the hydroxyl
at C-3 position, and the carboxyl group at 29-position were found to be the main pharmaco-
dynamic groups and were addressed in view of structure-modifications, structure-activity
relationships, and pharmacology and toxicology.

to investigate more chemistry and biology of CS, the chemical synthesis of CS started to
be at a state-of-the-art method due to its high yields, low cost, sustainability, and other
advantages [159]. Many chemists put strong efforts in the synthesis and luckily that the
total synthesis of this molecule was realized for the first time in 2015 [160].

However, the toxic effect, poor water solubility, and low oral bioavailability of CS limited its
clinical applications and further referred to be classified as a biopharmaceutics classification
system (BCS) class IV drug [161]. To improve its cytotoxic properties, several studies
have revealed that the substitution of the C29 carboxylic group in the E ring and/or the
conversions in A/B rings seems to be a great choice [162-164].

1.4.2 Pharmacological activities

1.4.2.1 Anti-inflammatory properties

CS has been well studied in various cells and mouse models of inflammation-related diseases
such as ulcerative colitis (UC), allergic asthma, skin fibrosis, and LPS-induced inflammation
[165].

Inflammatory bowel disease (IBD) primarily comprises Crohn’s disease (CD) and UC, usu-
ally known as a nonspecific chronic inflammatory bowel disease. In a dextran sulfate
sodium (DSS)-induced UC mouse model, CS was observed to relieve inflammation symp-
toms and colon injury, which is associated with decreased colonic neutrophil infiltration
(myeloperoxidase), inhibition of the NOD-like receptor protein 3 (NLRP3) inflammasome,
suppression of the IL-23/IL-17 pathway but stimulation of colonic IL-10 and TNF-α release,
and intestinal homeostasis through lowering CD98 upregulation [154]. In an IL-10 knock-
out mouse model, CS was found to alleviate colitis by induction of intestinal autophagy
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via suppression of the phosphatidylinositol-3-kinase/protein kinase B and the mammalian
target of rapamycin (PI3K/Akt/mTOR) signaling pathway [166]. Another human CD study
showed that CS decreased the secretion of pro-inflammatory cytokines such as IL-1β, IL-6,
IL-8, and TNF-α [167]. Interestingly, a lipidomics study revealed that CS treatment sig-
nificantly alleviated DSS-induced colitis in mice via upregulation of a key enzyme named
stearoyl-coenzyme A desaturase 1 [168].

The prevalence of allergic disorders such as atopic dermatitis, asthma, and rhinitis, which are
caused by an inappropriate reactivity to antigens, is also a common chronic inflammatory
disease [169]. In an allergic asthma mouse model, CS exerted antiallergic effects via
MAPK/NF-ϰB pathway in inflammatory cells and the inhibition of immunoglobulin Fc
epsilon receptor I (FcεRI) signaling [170,171]. Cannabinoid receptor type 2 (CB2) was
found to show antifibrotic effects in dermal fibrosis [172]. CB2 pathway-related studies
revealed that CS reduces inflammation and alleviated dermal fibrosis and renal fibrosis
[173,174]. CS also exerts its anti-inflammatory effects through the modulation of a variety
of inflammation mediators induced by LPS [175]. In vivo and in vitro studies showed
that CS alleviated LPS-induced inflammation by reduction of NO, PGE2, TNF-α, and IL-6
through inhibiting the activation of NF-ϰB and AP-1, as well as reduction of IL-1β and
suppression of the NLRP3 inflammasome [176,177].

In 2016, Joshi et al first reported that CS relieves inflammation by modulation of the
AA pathway by inhibition of secretory phospholipase A2 group IIA (sPLA2IIA), 5-LOX,
and COX-2 [178]. Aside from inflammatory mediators and cytokines, CS shows its anti-
inflammatory effects via nuclear receptor 77 and TNF receptor associated factor (TRAF)2
interaction and induction of mitochondrial ubiquitination and autophagy [179].

1.4.2.2 Anti-arthritic activities

The clinical efficacy of CS for treating RA has been well-documented, but its mechanism
of action remains unclear. RA synovial fibroblasts (RASFs) are important effector cells in
the pathogenesis of RA, making them a potential therapeutic target in the therapy of RA
[180]. CS inhibits RA-fibroblast-like synovial cells proliferation by inducing DNA damage,
cell cycle arrest, and apoptosis in vitro, which might provide proof for its application in
RA treatment [181]. CS was reported to be able to mobilize cytosolic calcium (Ca2+) and
mapped the target genes of the Ca2+ signaling network in RASFs [182]. A further study
illustrated that Ca2+ signaling causes cell death and is effectively involved in CS treatment
of RA [183]. In a rat model of adjuvant-induced arthritis (AIA), CS appears to decrease
inflammation and limit synovial immune cell infiltration and proliferation [184]. Another
CIA rat model also indicated CS alleviates arthritis by downregulation of inflammatory
cytokine (TNF-α, IL-1β, IL-6, and IFN-γ) and oxidative stress [185].
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1.4.2.3 Other activities

Besides anti-inflammatory features, CS has a wide spectrum of other pharmacological
properties, including anti-obesity and anti-cancer, as well as neuroprotective and antiviral
properties. For instance, CS showed anti-obesity effects by increasing the activity of an-
tioxidant enzymes but suppressing nicotinamide adenine dinucleotide phosphate (NADPH)
oxidase activity as well as regulating signal transducer and activator of transcription 3-
dependent leptin signaling and inhibition of endoplasmic reticulum (ER) stress [187,188].
CS also showed a wide range of anticancer activities mainly through inhibition of heat
shock protein (HSP)90, suppression of angiogenesis, induction of apoptosis, and impair-
ment of DNA damage repair [189-193]. CS treatment showed effectively improved memory,
learning, and psychomotor activities tests in AD [194]. CS showed antiviral properties
against HIV, SARS-CoV, Dengue virus via different mechanisms [195-197]. Considering
that CS constitutes a strong drug candidate for the therapy of multiple human diseases,
further efforts to reveal its underlying molecular mechanisms of action and pharmacological
activity are urgently required.

1.4.3 Toxicity

Despite the wide range of activities offered, one reason for the limited clinical application
of CS is toxicity including cardiotoxicity, hepatotoxicity, reproductive toxicity, and hema-
tological toxicity [164]. The efficient inhibitory activity of CS (200 nmol/L) on rectifying
potassium (Kir)2.1 and human ether-a-go-go-related gene (hERG) potassium channels, as
well as the effective reduction of cell surface channel density highlight the drug’s cardiotoxi-
city [198]. In addition, CS showed its antifertility effects in spermatogenic cells by reduction
of Ca2+ and inhibition of sperm acrosome reaction initiated by progesterone [199]. In the
adult murine hematopoietic system, CS was found to specifically impair the development
of B cells and erythrocytes in all tested organs, suggesting it might be a modulator in the
hematopoietic system [200].

To reduce the cytotoxicity of CS, combination therapy and nanotechnology-based CS
formulations came up to be useful approaches. As an example, CS and the histone deacety-
lase inhibitor suberoylanilide hydroxamic acid were coupled to activate the NF-ϰB and
E-cadherin signaling pathways concurrently, effectively inhibiting the development of
human cancer cells in vitro and in vivo [201]. CS-albumin nanoparticles decreased the
accumulation of free CS in off-target organs and tissues, which effectively lowering its
systemic toxicity [202].

Nevertheless, CS has a strong potential as therapeutics for inflammatory-based diseases,
multiple pharmacological properties of CS may outweigh its toxicological drawbacks, as a
result, more trials need to be conducted to get a clear insight into the safety profile and to
determine the optimum dosage of this compound.
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2 Aim of thesis

Chronic inflammation and autoimmune diseases are a consequence of failure to resolve
inflammation. Resolution of inflammation is connected to a temporal LM class switch,
stopping the production of pro-inflammatory eicosanoids (PG and LT) and starting the
biosynthesis of SPM. TwHF extracts from the roots of the traditional Chinese herb and
its predominant active natural ingredient CS have been shown to possess significant anti-
inflammatory and immunosuppressive properties and thus are widely used for the treatment
of various diseases such as RA, IBD, psoriasis, and kidney disease. TWG, a stable glycoside
tablet made from TwHF, has been approved for the routine treatment of CD, UC, and
RA. However, the toxicity and side effects limited their wider clinical application, and the
mechanisms underlying the pharmacological functions of TwHF remain unclear. Previous
studies demonstrated that TwHF and CS target cytokine release and the NF-ϰB signaling
pathway. However, how TWG and CS regulate functions of innate immune cells with
respect to inflammation-mediated LM is incompletely understood. Therefore, this thesis
aimed at investigating the role of TWG and CS in the modulation of LM biosynthesis in
polarized human macrophages and during M1 and M2 macrophages polarization.

Specific objectives:

1. Explore the role of TWG on LM biosynthetic pathways in human macrophages
(manuscript I).

2. Determine the impact of CS on the 5-LOX activity, allosteric site, and subcellular
localization (manuscript II).

3. Explore the role of CS on the LM class switch in vitro and in vivo (manuscript II).

4. Explore the role of CS on LM biosynthetic pathways during human macrophages
polarization (manuscript III).

5. Study the impact of CS on gene and enzyme expression of COX-2 as well as related
signaling pathways (manuscript III).
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Chapter 3 Manuscripts

3.1 Manuscript I

Beneficial Modulation of Lipid Mediator Biosynthesis in Innate Immune Cells by
Antirheumatic Tripterygium wilfordii Glycosides

Kehong Zhang*, Simona Pace*, Paul M. Jordan, Lukas K. Peltner, Alexander Weber, Dagmar Fischer,
Robert K. Hofstetter, Xinchun Chen, Oliver Werz (2021)

Biomolecules 11 (2021) 746

In this study, we examined LMmodulation in humanmonocyte-derived macrophage (MDM)
phenotypes by TWG, a traditional Chinese medicine applied against RA, by LM metabolo-
lipidomics using ultra-performance liquid chromatography-tandem mass spectrometry
(UPLC-MS/MS). LM are generated primarily by COX and LOX enzymes in complex net-
works and govern inflammation and immunological responses which are highly associated
with RA. The results revealed that TWG (30 µg/mL) potently suppressed the agonist-induced
formation of 5-LOX products in inflammatory M1-MDM, which was further confirmed by
a similar inhibitory effect in human PMNL and traced back to direct inhibition of 5-LOX
(IC50 = 2.9 µg/mL). TWG effectively inhibited the production of thromboxane in M1-MDM
while not inhibiting other prostanoids or COX enzymes. Interestingly, TWG (30 µg/mL)
caused a significant increase in the synthesis of SPM and related 12/15-LOX-derived SPM
precursors without activating COX or 5-LOX in anti-inflammatory M2-MDM. In addition,
TWG (1 µg/mL) inhibited the production of pro-inflammatory 5-LOX and COX products,
cytokines, and M1 phenotypic markers during MDM polarization. Taken together, TWG’s
antirheumatic activities may be due, at least in part, to inhibition of pro-inflammatory LM
production but stimulation of SPM formation.

Contribution (70%): Cell culture and performance of blood cell isolation, determination of
cell viability, determination of 5-LOX/COX-1/COX-2/mPGES-1 activity in cell-free assays,
determination of TXAS activity, cell samples preparation for flow cytometry, Staphylococcus
aureus-conditioned medium (SACM) preparation, sodium dodecyl sulfate-polyacrylamide
gel electrophoresis (SDS-PAGE) and Western blot, determination of LM formation by UPLC-
MS/MS, analysis of data and preparation of graphs, statistical analysis, writing of the
manuscript.
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Abstract: Tripterygium wilfordii glycosides (TWG) is a traditional Chinese medicine with effective-
ness against rheumatoid arthritis (RA), supported by numerous clinical trials. Lipid mediators
(LM) are biomolecules produced from polyunsaturated fatty acids mainly by cyclooxygenases
(COX) and lipoxygenases (LOX) in complex networks which regulate inflammation and immune
responses and are strongly linked to RA. The mechanism by which TWG affects LM networks in
RA treatment remains elusive. Employing LM metabololipidomics using ultra-performance liq-
uid chromatography-tandem mass spectrometry revealed striking modulation of LM pathways by
TWG in human monocyte-derived macrophage (MDM) phenotypes. In inflammatory M1-MDM,
TWG (30 µg/mL) potently suppressed agonist-induced formation of 5-LOX products which was con-
firmed in human PMNL and traced back to direct inhibition of 5-LOX (IC50 = 2.9 µg/mL). TWG also
efficiently blocked thromboxane formation in M1-MDM without inhibiting other prostanoids and
COX enzymes. Importantly, in anti-inflammatory M2-MDM, TWG (30 µg/mL) induced pronounced
formation of specialized pro-resolving mediators (SPM) and related 12/15-LOX-derived SPM precur-
sors, without COX and 5-LOX activation. During MDM polarization, TWG (1 µg/mL) decreased
the capacity to generate pro-inflammatory 5-LOX and COX products, cytokines and markers for M1
phenotypes. Together, suppression of pro-inflammatory LM but SPM induction may contribute to
the antirheumatic properties of TWG.

Keywords: Tripterygium wilfordii glycosides; lipoxygenase; cyclooxygenase; inflammation; special-
ized pro-resolving mediators

1. Introduction

Lipid mediators (LM) encompass oxygenated polyunsaturated fatty acids (PUFA)
which are involved in maintenance of normal hemostasis but also display significant roles
in host defense as well as in pain, fever and in inflammation and its resolution [1–3].
They are mainly derived from arachidonic acid (AA), eicosapentaenoic acid (EPA) and
docosahexaenoic acid (DHA) that are liberated from membrane phospholipids by phospho-
lipases (PL)A2 upon cell stimulation [4,5]. Cyclooxygenases (COX)-1/2, six lipoxygenases
(LOX) in humans, and CYP enzymes convert these free PUFA towards a broad spectrum of
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LM that act via specific receptors (mainly G protein-coupled receptors (GPCRs)). The most
prominent LM related to inflammation are categorized into (i) the pro-inflammatory COX-
derived prostaglandins (PGs) and 5-LOX-derived leukotrienes (LTs) [1,2,6] and (ii) the
anti-inflammatory so-called specialized pro-resolving mediators (SPM) that are produced
by multiple LOXs, COX-2 or CYP enzymes, with 15-LOX-1 as key enzyme [3,7,8]. SPM are
potent endogenous immunoresolvents with beneficial functions in host defense, pain, or-
gan protection, and tissue remodeling, possessing strong therapeutic potential for treatment
of a multitude of inflammatory pathologies [9].

Rheumatoid arthritis (RA) is a chronic systemic autoimmune inflammatory disorder of
the joints that results in bone and cartilage destruction [10], characterized by the production
of eicosanoids, cytokines, adhesion molecules, and lymphocyte and macrophage infiltration
in the synovium [11]. Current RA treatment options include disease-modifying anti-
rheumatic drugs (DMARDs), corticosteroids, monoclonal antibodies and non-steroidal
anti-inflammatory drugs (NSAIDs) [12], but there is still an unmet clinical need for novel
RA treatments, ameliorating existing strategies. NSAIDs are the most widely used agents
for symptomatic RA treatment which mainly act by blocking COX enzymes and thus
the formation of pro-inflammatory PGs that contribute to the progressive destruction of
cartilage and bone [13]. However, NSAIDs exert severe side effects and toxicity due to
inhibition of PGs which hampers their clinical use [14]. In this respect, harnessing of SPM
to promote resolution of inflammation is a new and alternative approach for the treatment
of RA [15].

Tripterygium wilfordii Hook F (TwHF) is a traditional Chinese medicine made from the
root of the plant that exhibits anti-inflammatory and immune-modulatory activities [16].
Among different TwHF preparations, Tripterygium wilfordii glycosides (TWG) tablets are
the most widely clinically used form. A large number of clinical trials reported on the
effectiveness and safety of TWG in RA [16–18], which was recently documented by a meta-
analysis of 40 randomized controlled trials [19]. Some of these trials have even indicated
that TWG may achieve better effectiveness than DMARDs monotherapy in patients with
RA [20], but multi-organ toxicity and diverse side-effects of TWG have been reported [21].
The anti-rheumatic efficacy of TWG is based on immunosuppression, anti-inflammation,
anti-angiogenesis, and bone and cartilage protection activities, due to reduced expression of
proinflammatory cytokines and PGs, adhesion molecules and matrix metalloproteinases by
macrophages, lymphocytes, synovial fibroblasts and chondrocytes [21,22], but the precise
mechanisms of action are still obscure and await more detailed explorations. Triptolide and
celastrol are the predominant constituents of TWG, accounting for the pharmacological
features as well as for the reported toxicity [23]. Previous studies showed that TWG
interferes with PGE2 biosynthesis by blocking the expression of COX-2 in a variety of
cells [24,25], but how TWG impacts the complex LM networks and whether or not TWG
affects SPM formation and LOX activities has not been addressed yet. We recently reported
that celastrol is a direct 5-LOX inhibitor and promotes SPM biosynthesis [26]. Here we
show that TWG significantly modulates the activity and the expression of various LM-
biosynthetic enzymes leading to beneficial LM profiles supporting the anti-rheumatic
properties of this remedy.

2. Materials and Methods
2.1. Materials

Tripterygium glycosides tablets (TWG, lei gong teng duogan pian, 10 mg/tablet,
Approval number Z31020415) were obtained from Shanghai Fudan Fuhua Pharmaceutical
Co., Ltd. (Shanghai, China). Zileuton (10006967), indomethacin (70270) and MK886 (21753),
were supplied from Biomol GmbH (Hamburg, Germany); dexamethasone (CAS number
50-02-2) and ozagrel hydrochloride hydrate (CAS Number 78712-43-3) were purchased
from Sigma-Aldrich (Steinheim, Germany).

Solvents for reversed phase-high performance liquid chromatography (RP-HPLC)
of 5-LOX products were obtained from Merck (Darmstadt, Germany). Ultrapure wa-
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ter was produced by a Sartorius Arium 611 UV water purification system (Göttingen,
Germany). Deuterated and non-deuterated LM standards for ultra-performance liquid
chromatography-tandem mass spectrometry (UPLC-MS-MS) were purchased from Cay-
man Chemicals (Ann Arbor, MI, USA). All other chemicals and reagents were obtained
from Sigma-Aldrich (Munich, Germany), unless stated otherwise.

2.2. High-Performance Liquid Chromatography (HPLC) Analysis of TWG and Celastrol

For analysis of TWG and celastrol determination we applied a gradient-based C18-
reversed phase high-performance liquid chromatography (RP-HPLC) using an Agilent
1260 Infinity II system equipped with a diode-array-detection system (all Agilent Technolo-
gies Inc., Santa Clara, CA, USA) and a Xterra® RP18 5 µm (4.6 mm × 250 mm) column
(Waters Corporation, Milford, MA, USA). Detection was performed at 421 nm. The soft-
ware OpenLAB CDS Rev. C.01.07 (Agilent Technologies) was used for method control and
analysis. As mobile phase A acetonitrile (HPLC grade) and as mobile phase B 1% phospho-
ric acid in ultrapure water (both Carl Roth GmbH + Co. KG, Karlsruhe, Germany) were
used. Each run was conducted with an injection volume of 50 µL. Elution was performed
with 1 mL/min at 38 ◦C using the following gradient: 0–3 min 58A:42B, 3–8 min 58A:42B
→ 95A:5B, 8–13 min 95A:5B, 13–15 min 95A:5B→ 58A:42B, 15–18 min 58A:42B. A calibra-
tion curve was established with celastrol (abcr GmbH, Karlsruhe, Germany) as reference
substance in a concentration range from 0.5 to 250 µg/mL. Correlation coefficient displayed
linearity with a value of 0.99997. The limit of detection (LOD) was 231.5 ng/mL, and the
limit of quantification (LOQ) 241.7 ng/mL. One tablet containing 10 mg TWG was grinded,
1.5 mL acetonitrile were added and treated by ultrasonication. After centrifugation at
14,500 rpm for 5 min, the supernatant was analyzed by RP-HPLC. The amount of celastrol
in the tablets containing 10 mg of TWG was determined at 15.8 µg or 0.158% based on
the amount of extract, respectively. A representative chromatogram of TWG including
detection of celastrol is shown in Supplementary Figure S1.

2.3. Isolation of Cells from Human Blood

For cell isolation, leukocyte concentrates from freshly withdrawn blood (16 IU hep-
arin/mL blood) from healthy adult volunteers were obtained from the Department of
Transfusion Medicine at the University Hospital of Jena, Germany. The experimental proto-
cols were approved by the local ethical committee and were performed in accordance with
guidelines and regulations; informed consent was obtained. Peripheral blood mononuclear
cells (PBMC) were separated using dextran sedimentation, followed by centrifugation on
lymphocyte separation medium (C-44010, Promocell, Heidelberg, Germany). PBMC were
seeded in RPMI 1640 (Thermo Fisher Scientific, Schwerte, Germany) containing 10% (v/v)
heat-inactivated fetal calf serum (FCS), 100 U/mL penicillin, and 100 mg/mL strepto-
mycin in cell culture flasks (Greiner Bio-one, Frickenhausen, Germany) for 1.5 h at 37 ◦C
and 5% CO2 for adherence of monocytes. Differentiation of monocytes to macrophages
and polarization towards M1-monocyte-derived macrophages (MDM) and M2-MDM was
performed as recently described [27]. Briefly, M0GM-CSF and M0M-CSF were generated by
incubating monocytes with 20 ng/mL GM-CSF or M-CSF (Cell Guidance Systems Ltd.,
Cambridge, UK), respectively, for 6 days in RPMI 1640 supplemented with 10% FCS,
2 mmol/L L-glutamine and 100 U/mL penicillin-streptomycin. Then, 100 ng/mL LPS
and 20 ng/mL IFNγ (Peprotech, Hamburg, Germany) were added to M0GM-CSF for 48 h
to obtain M1-MDM, while 20 ng/mL IL-4 (Peprotech) were added to M0M-CSF for 48 h
to obtain M2-MDM. To obtain polymorphonuclear leukocytes (PMNL), contaminating
erythrocytes of pelleted PMNL after the density centrifugation step were removed by hypo-
tonic lysis using water. PMNL were washed twice in ice-cold PBS and finally resuspended
in PBS pH 7.4 containing 1 mg/mL glucose and then incubated as described below for the
analysis of 5-LOX product formation. Platelet-rich plasma was obtained from the super-
natants after density gradient centrifugation, mixed with PBS pH 5.9 (3:2 v/v), centrifuged
(2100× g, 15 min, room temperature), and the pelleted platelets were resuspended in PBS
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pH 5.9/0.9% NaCl (1:1, v/v). Washed platelets were finally resuspended in PBS pH 7.4 and
1 mM CaCl2.

2.4. Determination of LM Formation in Human MDM

M2-MDM (2 × 106/mL) were incubated with vehicle (0.1% DMSO) and TWG (3,
30 µg/mL) in PBS containing 1 mM CaCl2 for 180 min at 37 ◦C. The reaction was stopped
by transferring supernatants (1 mL) into 2 mL ice-cold MeOH. In another set of experiments,
with the scope to elucidate the effect of TWG on challenged M1-MDM, cells (2 × 106/mL)
were pre-treated with TWG (3, 30 µg/mL) in PBS containing 1 mM CaCl2 for 15 min
prior to stimulation with 1% Staphylococcus aureus 6850 wt-conditioned medium (SACM)
for another 90 min. Cultivation of S. aureus and preparation of SACM was performed
as previously described [28]. The vehicle group received 0.1% DMSO. The reaction was
stopped by transferring supernatants (1 mL) into 2 mL ice-cold MeOH.

To assess long-term effects of TWG on LM formation during macrophage polarization,
M0GM-CSF as well as M0M-CSF (2 × 106/mL) were pre-treated with TGW (1 µg/mL) for
15 min before the addition of LPS and IFNγ (for M1-MDM) or IL-4 (for M2-MDM) for
subsequent 48 h polarization. Afterwards, 1% SACM was added to cells in PBS containing
1 mM CaCl2 for 90 min to induce LM biosynthesis. The reaction was stopped by transferring
supernatants (1 mL) into 2 mL ice-cold MeOH. After addition of the deuterated LM
standards (200 nM d8-5S-HETE, d4-LTB4, d5-LXA4, d5-RvD2, d4-PGE2 and 10 µM d8-AA;
Cayman Chemical/Biomol GmbH, Hamburg, Germany), samples were processed for LM
analysis using UPLC-MS-MS as described below.

2.5. Lipid Mediator Metabololipidomics by UPLC-MS-MS

Samples obtained from incubated MDM were kept at −20 ◦C for at least 60 min to
allow protein precipitation. After centrifugation (1200× g, 4 ◦C, 10 min), acidified H2O
(8 mL, final pH = 3.5) was added and samples were subjected to solid phase cartridges
(Sep-Pak® Vac 6cc 500 mg/6 mL C18; Waters, Milford, MA, USA). The columns had been
equilibrated with 6 mL methanol and 2 mL H2O before sample loading. After washing
with 6 mL H2O and then with 6 mL n-hexane, LM were eluted with 6 mL methyl formate.
The samples were brought to dryness using an evaporation system (TurboVap LV, Biotage,
Uppsala, Sweden) and resuspended in 100 µL methanol/water (50/50, v/v) for UPLC-MS-
MS analysis. LM were analyzed with an Acquity™ UPLC system (Waters, Milford, MA,
USA) and a QTRAP 5500 Mass Spectrometer (ABSciex, Darmstadt, Germany) equipped
with a Turbo V™ Source and electrospray ionization. LM were eluted using an ACQUITY
UPLC® BEH C18 column (1.7 µm, 2.1 mm × 100 mm; Waters, Eschborn, Germany) at 50 ◦C
with a flow rate of 0.3 mL/min and a mobile phase consisting of methanol-water-acetic
acid of 42:58:0.01 (v/v/v) that was ramped to 86:14:0.01 (v/v/v) over 12.5 min and then
to 98:2:0.01 (v/v/v) for 3 min [29]. The QTRAP 5500 was operated in negative ionization
mode using scheduled multiple reaction monitoring (MRM) coupled with information-
dependent acquisition. The scheduled MRM window was 60 s, optimized LM parameters
were adopted [29], and the curtain gas pressure was set to 35 psi. The retention time and
at least six diagnostic ions for each LM were confirmed by means of an external standard
(Cayman Chemical/Biomol GmbH, Hamburg, Germany). Quantification was achieved by
calibration curves for each LM. Linear calibration curves were obtained for each LM and
gave r2 values of 0.998 or higher. Additionally, the limit of detection for each targeted LM
was determined [29].

2.6. Determination of 5-LOX Activity in a Cell-Free Assay

Human recombinant 5-LOX was expressed in E. coli BL21 (DE3) transformed with
pT3–5LO plasmid and purified by affinity chromatography on an ATP-agarose column as
described previously [30]. Briefly, E. coli was lysed in 50 mM triethanolamine/HCl, pH 8.0,
5 mM EDTA, 60 µg/mL soybean trypsin inhibitor, 1 mM phenylmethanesulphonyl fluoride,
1 mM dithiothreitol and 1 mg/mL lysozyme and then sonified (3 × 15 s). The homogenate
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was then centrifuged at 40,000× g for 20 min at 4 ◦C. 5-LOX in the supernatant was partially
purified by affinity chromatography on an ATP-agarose column (Sigma–Aldrich, Munich,
Germany). Semi-purified 5-LOX was diluted in PBS containing EDTA (1 mM) and ATP
(1 mM) and immediately used for 5-LOX activity assays.

Purified 5-LOX (0.5µg) in PBS pH 7.4 containing EDTA (1 mM) and ATP (1 mM) was
pre-incubated with vehicle (DMSO 0.1%), TWG (0.1, 0.3, 1, 3, 10 µg/mL) or zileuton (3 µM)
for 15 min at 4 ◦C. Then, samples were pre-warmed for 30 s at 37 ◦C, and 2 mM CaCl2
plus 20 µM AA were added to start 5-LOX product formation. The reaction was stopped
after 10 min by addition of one volume of ice-cold methanol, and the formed metabolites
were analyzed by RP-HPLC. For the extraction of 5-LOX products, 200 ng of internal
PGB1 standard was added to each sample and samples were centrifuged at 2000 rpm
for 10 min. 5-LOX products were purified by solid phase extraction. After elution with
300 µL methanol, samples were analyzed for all-trans isomers of LTB4 and 5-H(p)ETE by
RP-HPLC using a C-18 Radial-PAK column (Waters, Eschborn, Germany) as previously
reported [31].

2.7. Determination of 5-LOX Activity in Human PMNL

Freshly isolated PMNL (5 × 106) were pre-incubated with vehicle (DMSO, 0.1%),
TWG (0.1, 0.3, 1, 3, 10 µg/mL), or zileuton (3 µM) for 10 min at 4 ◦C. Then, 2.5 µM A23187
was added together with 20 µM AA for another 10 min at 37 ◦C in order to induce 5-LOX
product formation. The reaction was stopped by adding 1 mL of ice-cold MeOH to the cell
suspension on ice. For the extraction of 5-LOX products (all-trans isomers of LTB4, LTB4
and 5-H(p)ETE), 200 ng of internal PGB1 standard was added, samples were centrifuged at
2000× g for 10 min, and solid phase extraction and analysis by RP-HPLC was performed
as described above.

2.8. Determination of Cell Viability by MTT Assay

Freshly isolated human M0GM-CSF or M0M-CSF (2 × 105/mL) in a 96-well plate were
pre-incubated with 0.1% vehicle (DMSO), TWG (1, 3, 10, 30 µg/mL) or 1% Triton X-100 for
15 min, then LPS and IFNγ or IL-4 (for M1 and M2 polarization, respectively) were added
for 48 h at 37 ◦C and 5% CO2. For short term treatment, polarized M1-MDM and M2-MDM
were incubated with 0.1% vehicle (DMSO) or TWG (1, 3, 10, 30 µg/mL) or 1% Triton X-100
for 3 h. Then, calcein-AM and 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide
(MTT, 5 mg/mL, 20 µL; Sigma-Aldrich, Munich, Germany) solution were added in darkness
for 2–3 h at 37 ◦C and 5% CO2. The formazan product was solubilized with sodium dodecyl
sulfate (SDS, 10% in 20 mM HCl), and absorbance was measured at 570 nm using a Multiskan
Spectrum microplate reader (Thermo Fisher Scientific, Schwerte, Germany).

2.9. Determination of COX-1 and -2 Activity

For determination of COX activities, purified ovine COX-1 (Cayman Chemicals;
50 units) or human recombinant COX-2 (Cayman Chemicals; 20 units) were diluted in
Tris buffer (100 mM, pH 8) supplemented with glutathione (5 mM), EDTA (100 µM) and
hemoglobin (5 µM). After pre-incubation with TWG, vehicle (0.1% DMSO) or indomethacin
(IND, 10 µM) for 5 min at RT, the samples were pre-warmed for 30 s at 37 ◦C, and the
reactions were started by addition of 5 µM AA (COX-1) or 2 µM AA (COX-2). After 5 min
at 37 ◦C the reactions were stopped by addition of one volume of ice-cold methanol. For-
mation of COX-derived 12(S)-hydroxy-5-cis-8,10-trans-heptadecatrienoic acid (12-HHT)
was analyzed by RP-HPLC on a Nova-Pak C18 Radial-Pak Column (4 µm, 5 × 100 mm,
Waters) as described [31].

2.10. Determination of mPGES-1 Activity in a Cell-Free Assay

Microsomes of A549 cells stimulated by IL-1β (2 ng/mL for 48 h) were used as source
for microsomal prostaglandin E2 synthase (mPGES)-1, as described elsewhere [32]. In brief,
A549 cells were incubated with ice-cold homogenization buffer (0.1 M potassium phos-
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phate buffer pH 7.4, 1 mM phenylmethanesulphonyl fluoride, 60 µg/mL soybean trypsin
inhibitor, 1µg/mL leupeptin, 2.5 mM glutathione and 250 mM sucrose). After sonication,
the lysate was first centrifuged at 10,000× g for 10 min, and then at 174,000× g for 1 h at
4 ◦C. The pelleted microsomal fraction was then resuspended into 1 mL of homogenization
buffer and diluted in a potassium phosphate buffer (0.1 M, pH 7.4) containing 2.5 mM glu-
tathione. Afterwards, TWG, vehicle (0.1% DMSO), or the positive control MK886 (10 µM)
were added for 15 min on ice in 100 µL incubation volume. The reaction was started after
addition of PGH2 (20 µM) and stopped after 1 min at 4 ◦C using 100 µL of a stop solution
(40 mM FeCl3, 80 mM citric acid, and 10 µM of 11β-PGE2 as internal standard). PGE2
and 11β-PGE2 were extracted by solid phase extraction using acetonitrile as eluent and
quantified by RP-HPLC.

2.11. Determination of Thromboxane A Synthase Activity

Thromboxane A synthase (TXAS) activity was determined in lysates of human platelets.
Freshly isolated cells were resuspended in ice-cold PBS pH 7.4 containing 1 mM EDTA
(1 × 108 cells/mL) and sonicated (4 × 10 s) on ice. The reaction was initiated by the
addition of 20 µM PGH2 for 1 min at 4 ◦C in cell homogenates (1 mL) after pre-incubation
with TWG (1 and 10 µg/mL), vehicle (0.1% DMSO) or the positive control ozagrel (OZA,
50 µM) for 15 min at 4 ◦C and terminated by the addition of ice-cold MeOH (2 mL). Then,
samples were processed as described for LM metabololipidomics analysis and formed
TXB2 was determined by UPLC-MS-MS, as reported above.

2.12. SDS-PAGE and Western Blot

M0GM-CSF and M0M-CSF MDM were treated with vehicle (DMSO), 1 µg/mL TWG or
100 nM dexamethasone for 15 min prior to addition of polarizing agents for 48 h at 37 ◦C
and 5% CO2 and then lysed, as described previously [28]. Then, lysates were centrifuged
(15,000 rpm, 5 min, 4 ◦C), cell supernatants were collected, and their protein concentration
determined by DC-protein assay kit (Bio-Rad Laboratories GmbH, Munich, Germany).
After addition of 4×SDS loading buffer (50 mM Tris-HCl, pH 6.8, 2% (w/v) SDS, 10% (v/v)
glycerol, 1% (v/v) β-mercaptoethanol, 12.5 mM EDTA, 0.02% (w/v) bromophenol blue)
to the lysates, samples were heated at 95 ◦C for 5 min. Equal aliquots were separated on
8% (for cPLA2α and COX-2), 10% (for 5-LOX, 15-LOX-1), 16% (for COX-1, mPGES-1) SDS-
PAGE gels and then blotted onto nitrocellulose membranes (Amersham Protran Supported
0.45 µm nitrocellulose, GE Healthcare, Freiburg, Germany). The membranes were incu-
bated with the following primary antibodies: rabbit polyclonal anti-cPLA2α,1:1000 (2832S;
Cell Signaling Technology); rabbit polyclonal anti-5-LOX, 1:1000 (to a peptide correspond-
ing to the C-terminal 12 amino acids of 5-LOX: CSPDRIPNSVAI; kindly provided by Dr.
M. E. Newcomer, Louisiana State University, Baton Rouge, LA, USA); mouse monoclonal
anti-15-LOX-1, 1:500 (ab119774; Abcam, Cambridge, UK); rabbit polyclonal anti-COX-1,
1:1000 (4841S; Cell Signaling Technology); rabbit monoclonal anti-COX-2, 1:1000 (12282S;
Cell Signaling Technology); rabbit polyclonal anti-mPGES-1, 1:5000 (kindly provided by
Dr. Per-Johan Jakobsson, Karolinska Institute, Stockholm, Sweden); mouse monoclonal
anti-β-actin, 1:1000 (3700S; Cell Signaling). Immunoreactive bands were stained with
IRDye 800CW Goat anti-Mouse IgG (H + L), 1:10,000 (926-32210, LI-COR Biosciences,
Lincoln, NE), IRDye 800CW Goat anti-Rabbit IgG (H + L), 1:15,000 (926 32211, LI-COR Bio-
sciences) and/or IRDye 680LT Goat anti-Mouse IgG (H + L), 1:40,000 (926-68020, LI-COR
Biosciences), and visualized by an Odyssey infrared imager (LI-COR Biosciences, Lincoln,
NE, USA). Data from densitometric analysis were background corrected.

2.13. Determination of Cytokine Levels

M0M-CSF macrophages were treated with TWG (1 µg/mL), 100 nM dexamethasone
or vehicle (0.1% DMSO) and stimulated with 100 ng/mL LPS for 20 h. For measurement
of extracellular cytokine levels, supernatants were collected by centrifugation (2000× g,
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4 ◦C, 10 min). The cytokines IL-1β and TNF-α were analyzed by in-house–made ELISA
kits (R&D Systems, Bio-Techne, Abingdon, UK).

2.14. Flow Cytometry

M0M-CSF MDM were treated with TWG (1 µg/mL) or vehicle (0.1% DMSO) for 48 h.
Then, cells were stained in PBS pH 7.4 containing 0.5% BSA, 2 mM EDTA and 0.1% sodium
azide by Zombie Aqua™ Fixable Viability Kit (Biolegend, San Diego, CA, USA) for 5 min at
4 ◦C to determine cell viability. Non-specific antibody binding was blocked by using mouse
serum (10 min at 4 ◦C) prior to staining by the following fluorochrome-labelled antibodies
(20 min, 4 ◦C): FITC anti-human CD14 (clone M5E2, #555397, BD Bioscience, San Jose, CA,
USA), APC-H7 anti-human CD80 (clone L307.4, #561134, BD Bioscience), PE-Cy7 anti-
human CD54 (clone HA58, #353115, Biolegend, Koblenz, Germany), PE anti-human CD163
(clone GHI/61, #556018, BD Biosciences, Heidelberg, Germany), APC anti-human CD206
(clone 19.2, #550889, BD Bioscience) to determine M1 and M2 surface marker expression
using LSRFortessaTM cell analyzer (BD Bioscience), and data were analyzed using FlowJo
X Software (BD Bioscience).

2.15. Statistical Analysis

Results are expressed as mean + S.E.M. of each independent experiment, where n
represents the indicated numbers from separate donors performed on different days.
Statistical analysis and graphs were made by using GraphPad Prism 8 software (San Diego,
CA, USA). Paired t-test was used to analyze experiments for comparison of two groups;
while for multiple comparisons, ANOVA with Bonferroni or Dunnett multiple comparison
tests were applied as indicated. A p-value ≤ 0.05 is a criterion for statistical significance.

3. Results
3.1. TWG Modulates LM Formation in Activated Pro-Inflammatory Macrophages

Human MDM were polarized with IFNγ and LPS for 48 h towards a pro-inflammatory
M1-like phenotype and preincubated with TWG (3 or 30 µg/mL, as low or high dose) for
15 min prior to activation with SACM [28] to induce LM biosynthesis. LM profile signatures
in the medium were analyzed by UPLC-MS-MS after 90 min of these M1-MDM incubations,
and revealed substantial amounts of COX- and 5-LOX-derived LM, with only minor
formation of 12/15-LOX products (Table 1), as reported before [27,28]. Analysis of the
cell viability by MTT assay revealed no detrimental effects of TWG within 180 min up to
30 µg/mL (Figure 1A). TWG at the high dose of 30 µg/mL potently suppressed formation
of all 5-LOX products (LTB4, t-LTB4, 5-HETE, 5-HEPE and 7-HDHA) with minor efficiency
at the low dose of 3 µg/mL (Table 1, Figure 1B,D). The sum of COX-derived products was
not altered by TWG, however, PGE2 and PGD2 were elevated but formation of TXB2 was
strongly diminished (Table 1, Figure 1B,C), suggesting that conversion of the COX product
PGH2 by terminal prostanoid synthases is differentially affected by TWG. Of interest,
TWG suppressed generation of 12-LOX products (i.e., 14-HDHA, 12-HETE and 12-HEPE)
and RvD5, while 15-LOX products (i.e., 17-HDHA, 15-HETE and 15-HEPE) were rather
elevated (Table 1), at least at 30 µg/mL TWG. The release of PUFA as LM substrates was
not markedly affected by TWG.
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Table 1. Heatmap of LM produced by pro-inflammatory human M1-MDM and effects of Table 1.
MDM were pre-treated for 15 min with 3 or 30 µg/mL TWG or 0.1% DMSO as vehicle. Then,
cells were stimulated with 1% S. aureus-conditioned medium (SACM) for 90 min. LM were analyzed
by UPLC-MS/MS in the supernatants of cells. Data are means ± S.E.M., n = 3.

LM Vehicle TWG, 3 µg/mL % TWG, 30 µg/mL %
PGE2 7899 ± 1734 10,047 ± 1975 127 14,612 ± 2939 185
PGD2 132 ± 28 300 ± 82 226 651 ± 33 492
PGF2α 517 ± 78 410 ± 56 79 917 ± 109 177
TXB2 9799 ± 2114 3474 ± 636 35 517 ± 119 5

11-HETE 859 ± 215 560 ± 119 65 1265 ± 323 147
11-HEPE 37 ± 7 26 ± 2 69 54 ± 12 145
5-HETE 5643 ± 3000 2825 ± 1677 50 492 ± 364 9
5-HEPE 534 ± 269 214 ± 97 40 46 ± 27 9
t-LTB4 717 ± 413 587 ± 405 82 84 ± 69 12
LTB4 1488 ± 467 1577 ± 572 106 322 ± 237 22

7-HDHA 55 ± 11 21 ± 6 38 9 ± 2 16
17-HDHA 79 ± 14 72 ± 12 91 96 ± 11 122
15-HETE 821 ± 156 630 ± 101 77 1649 ± 392 201
15-HEPE 13 ± 2 11 ± 1 86 26 ± 1 202

14-HDHA 14 ± 4 12 ± 4 87 10 ± 3 73
12-HETE 75 ± 22 49 ± 26 66 56 ± 29 74
12-HEPE 8 ± 2 5 ± 2 65 5 ± 2 69

RvD5 3 ± 0 2 ± 0 65 1 ± 0 39
AA 35,272 ± 6967 40,740 ± 7838 116 40,043 ± 7620 114
EPA 4272 ± 659 5274 ± 685 123 4669 ± 575 109
DHA 25,373 ± 4809 27,362 ± 6445 108 24,547 ± 3921 97

3.2. TWG Selectively Inhibits 5-LOX among LM-Biosynthetic Enzymes

Intrigued by the significant and differential modulation of certain LM by TWG in
activated MDM, we assessed the effects of TWG on enzymatic activities of isolated LM-
biosynthetic enzymes in cell-free assays. TWG concentration-dependently inhibited the
activity of human recombinant 5-LOX with IC50 of 2.9 µg/mL (Figure 2A,B). COX-1 activity
was not inhibited, and COX-2 activity was moderately suppressed at 10 µg/mL TWG,
the highest concentrations tested (Figure 2A). Surprisingly, TXAS was not affected despite
efficient suppression of TXB2 formation in MDM (see Figure 1C), but mPGES-1 activity
was reduced by 44% at 10 µg/mL TWG (Figure 2A). To explore 5-LOX inhibition we
also assessed the effects of TWG in a robust and well-recognized cell-based assay, that is,
A23187-activated human PMNL. Again, TWG concentration-dependently inhibited 5-LOX
activity (Figure 2C), like in MDM.
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Figure 1. Effects of TWG on cell viability and LM modulation in human M1-MDM. (A) M1-MDM were treated with TWG
at the indicated concentrations, 1% triton X-100, or 0.1% DMSO as vehicle for 3 h. Then, cell viability was assessed by MTT
assay. Values are means + S.E.M., n = 3, expressed as percentage of vehicle control (=100%); **** p < 0.0001 TWG vs. control
group, one-way ANOVA for multiple comparisons with Bonferroni’s correction. (B–D) M1-MDM were pre-treated with
3 and 30 µg/mL TWG or 0.1% DMSO as vehicle for 15 min and then stimulated with 1% S. aureus-conditioned medium
(SACM) for 90 min. Produced LM were analyzed by UPLC-MS-MS in the supernatants. (B) The sum of COX products,
5-LOX products, 12/15-LOX products, and PUFA are expressed as pg/2 × 106 cells of TWG-treated and vehicle-treated
cells. (C,D) Individual members of COX products (C) and of 5-LOX products (D). Data are means ± S.E.M., n = 3 and were
log-transformed for statistical analysis, * p < 0.05, ** p < 0.01, **** p < 0.0001, TWG vs. control group, one-way ANOVA and
Dunnett’s multiple comparisons test.
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Figure 2. TWG selectively inhibits 5-LOX. (A) Effect of 1 and 10 µg/mL TWG on the residual activities of isolated ovine
COX-1, human recombinant COX-2 and 5-LOX, mPGES-1 in microsomes from A549 cells, and TXAS in homogenates of
human platelets. Data are expressed as percentage of vehicle (=100%) and given as means ± S.E.M., n = 3 (for COX-1/2,
5-LOX) or n = 4 (for mPGES1, TXAs). Indomethacin (IND) 10 µM, MK886 10 µM, and zileuton 3 µM were used as positive
controls. * p < 0.05, ** p < 0.01, *** p < 0.001, TWG vs. control group, one-way ANOVA and Dunnett’s multiple comparisons
test. (B,C) Concentration response curves of TWG for inhibition of (B) isolated human recombinant 5-LOX incubated with
20 µM AA, and (C) 5-LO in human intact PMNL stimulated with 2.5 µM A23187 plus 20 µM AA. Data are means + S.E.M.,
n = 3.

3.3. TWG Induces the Formation of SPM and 12/15-LOX Products in
Anti-Inflammatory Macrophages

Novel recent pharmacological approaches for treatment of chronic and excessive
inflammatory disorders favor the formation of SPM, besides blocking pro-inflammatory
PGs and LTs [8,33]. We employed the use of anti-inflammatory M2-MDM polarized with
IL-4 that possess high capacities for SPM production due to substantial expression of
15-LOX-1, with moderate formation of PGs and LTs [27]. Like for M1-MDM, cell viability
analysis by MTT assay showed no detrimental effects by TWG up to 30 µg/mL within
180 min for M2-MDM (Figure 3A). Intriguingly, exposure of M2-MDM to TWG at 30 µg/mL
caused a massive formation of the SPMs PDX, RvD5 and MaR2 along with substantial
formation of their monohydroxylated precursors 17-HDHA and 14-HDHA as well as other
12/15-LOX products with minor effects at 3 µg/mL TWG (Table 2, Figure 3B,C). The very
low amounts of 5-LOX products in M2-MDM were not diminished by TWG (Table 2,
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Figure 3B). COX products were much less efficiently elevated by TWG as compared to SPM
(Figure 3C), again with differential effects depending on the individual prostanoids: PGD2
was most potently elevated while TXB2 was not altered (Table 2). Together, these data
indicate that TWG suppresses pro-inflammatory 5-LOX products in M1- but elevates
inflammation-resolving SPM and 12/15-LOX products in M2-MDM.

Figure 3. TWG induces LM production in anti-inflammatory human M2-MDM. (A) M2-MDM were treated with TWG at the
indicated concentrations, 1% triton X-100, or 0.1% DMSO as vehicle for 3 h. Then, cell viability was assessed by MTT assay.
Values are means + S.E.M., n = 3, expressed as percentage of vehicle control (=100%); **** p < 0.0001, TWG vs. control group,
one-way ANOVA for multiple comparisons with Bonferroni’s correction. (B,C) M2-MDM were treated with 3 or 30 µg/mL
TWG or with 0.1% DMSO as vehicle for 180 min and LM from cells supernatants were analyzed by UPLC-MS/MS. (B) The
sum of COX products, 5-LOX products, 12/15-LOX products and PUFA are expressed as pg/2 × 106 cells of TWG-treated
and vehicle-treated cells. (C) Individual members of 12/15-LOX products, expressed as pg/2 × 106 cells of TWG-treated
and vehicle-treated cells. Data are means + S.E.M., n = 5 and were log-transformed for statistical analysis, * p < 0.05,
** p < 0.01, TWG vs. control group, one-way ANOVA and Dunnett’s multiple comparisons test.
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Table 2. Heatmap of LM produced by anti-inflammatory human M2-MDM and effects of TWG.
M2-MDM were treated for 180 min with 3 or 30 µg/mL TWG or 0.1% DMSO as vehicle. Then,
formed LM released into the medium were extracted and analyzed by UPLC-MS/MS. Data are
means ± S.E.M., n = 5.

LM Vehicle TWG, 3 µg/mL Fold TWG, 30 µg/mL Fold
PGE2 34 ± 7 46 ± 9 1.4 121 ± 28 3.6
PGD2 9 ± 3 35 ± 2 3.7 217 ± 52 22.8
PGF2α 41 ± 16 61 ± 21 1.5 131 ± 21 3.2
TXB2 1181 ± 454 1386 ± 546 1.2 1409 ± 632 1.2

11-HETE 5 ± 2 6 ± 2 1.2 44 ± 10 8.5
11-HEPE 3 ± 1 2 ± 1 0.8 9 ± 1 3.4
5-HETE 25 ± 8 46 ± 11 1.8 30 ± 2 1.2
5-HEPE 5 ± 1 7 ± 1 1.3 5 ± 1 1.0
t-LTB4 6 ± 2 6 ± 2 1.0 6 ± 0 1.0
LTB4 3 ± 1 4 ± 1 1.1 5 ± 1 1.5

7-HDHA 12 ± 2 13 ± 3 1.1 18 ± 3 1.5
17-HDHA 27 ± 11 43 ± 23 1.6 1259 ± 340 46.3
15-HETE 38 ± 15 92 ± 44 2.4 3039 ± 716 78.9
15-HEPE 10 ± 3 20 ± 10 2.1 431 ± 92 45.0

14-HDHA 6 ± 2 8 ± 4 1.4 272 ± 71 49.2
12-HETE 33 ± 14 18 ± 5 0.5 233 ± 54 7.0
12-HEPE 4 ± 1 4 ± 2 1.0 70 ± 15 18.3

PDX 1 ± 0 1 ± 0 2.0 12 ± 3 20.5
RvD5 2 ± 1 3 ± 2 2.1 60 ± 25 38.3
MaR2 1 ± 0 1 ± 0 1.1 9 ± 3 7.6

AA 4155 ± 1678 4330 ± 1388 1.0 15,991 ± 1863 3.8
EPA 680 ± 297 546 ± 189 0.8 3148 ± 245 4.6
DHA 3926 ± 1814 3232 ± 1294 0.8 9167 ± 2329 2.3

3.4. TWG Modulates the Expression of LM-Biosynthetic Enzymes in Macrophages
during Polarization

Next, we investigated if TWG may also affect LM biosynthetic pathways during
polarization of the MDM with consequence for LM-producing capacities of the cells.
MDM were pre-treated with TWG for 15 min, polarized for 48 h towards M1-MDM using
IFNγ plus LPS or towards M2-MDM using IL-4, harvested, and then activated with SACM
to elicit LM production. Analysis by MTT assay showed that during 48 h exposure to
TWG, both M1- and M2-MDM were susceptible to TWG ≥ 3 µg/mL with loss of viability
(Figure 4A), and thus we applied lower TWG concentrations of only 1 µg/mL. As shown
in Table 3 and Figure 4B, 5-LOX and COX products formed by M1-MDM were significantly
impaired when cells had been pre-treated with TWG, and also 15-LOX products were
diminished, while 12-LOX products remained elevated; release of PUFA was not markedly
altered. In M2-MDM, a significant but moderate reduction of 5-LOX products was observed
without significant alterations of other LM (Table 3, Figure 4C).
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Figure 4. Effects of TWG on cell viability and LM pathway modulation during polarization of human M1- and M2-MDM.
Human monocytes were differentiated towards M0 macrophages using GM-CSF or M-CSF for 6 days. These M0GM-CSF and
M0M-CSF were pretreated for 15 min with test compounds or vehicle and then polarized for 48 h towards M1-MDM using
LPS plus IFNγ or towards M2-MDM using IL-4, respectively. (A) TWG at the indicated concentrations, 10% triton X-100
or 0.1% DMSO as vehicle were added as test compounds and after 48 h polarization, cell viability was assessed by MTT
assay. Data are means + S.E.M., n = 3 (both M1-MDM and M2-MDM), expressed as percentage of vehicle control (=100%);
* p < 0.05, ** p < 0.01, *** p < 0.001, **** p < 0.0001, TWG vs. control group, one-way ANOVA for multiple comparisons with
Bonferroni’s correction. (B,C) TWG (1 µg/mL) or 0.1% DMSO as vehicle was added. After 48 h polarization, M1-MDM (B)
and M2-MDM (C) were incubated with 1% S. aureus-conditioned medium (SACM) for 90 min. Produced LM were analyzed
by UPLC-MS-MS in the supernatants. The sum of COX products, 5-LOX products, 12/15-LOX products and PUFA are
expressed as pg/2 × 106 cells of TWG-treated and vehicle-treated cells. Data are means + S.E.M., n = 5 (both M1-MDM and
M2-MDM). Data were log-transformed for statistical analysis, * p < 0.05, ** p < 0.01, *** p < 0.001, TWG vs. control group,
paired t-test.

We then assessed if TWG affects the amounts of LM-biosynthetic enzymes during
polarization; dexamethasone (DEX, 100 nM) was used as reference drug. Western blot
analysis with M1-MDM showed no significant changes of cPLA2, 5-LOX, COX-1 and COX-
2 protein amounts by TWG, but mPGES-1 was significantly reduced; DEX suppressed
COX-2 protein levels as expected without affecting other enzymes addressed (Figure 5A,B).
In M2-MDM, TWG impaired the amounts of 5-LOX protein (yet no statistical significance
was reached) without affecting 15-LOX-1 levels, while DEX caused the opposite: it slightly
decreased the protein amounts of 15-LOX-1 without affecting those of 5-LOX (Figure 5C,D).
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Figure 5. Effects of TWG on LM-biosynthetic enzyme expression during polarization of human M1- and M2-MDM.
Human monocytes were differentiated towards M0 macrophages using GM-CSF or M-CSF for 6 days. These M0GM-CSF and
M0M-CSF were pretreated for 15 min with 1 µg/mL TWG, 100 nM dexamethasone (DEX) or 0.1% DMSO as vehicle and then
polarized for 48 h towards M1-MDM using LPS plus IFNγ or towards M2-MDM using IL-4, respectively. (A–D) Protein
expression in lysates of M1-MDM (A,B) and M2-MDM (C,D) were analyzed by Western blotting. For densitometric analysis
(B,D), 5-LOX, cPLA2, COX-1, COX-2 and mPGES-1 proteins were normalized to β-actin; exemplary results (A,C) are shown
as means + S.E.M. from n = 3 separate donors (both M1-MDM and M2-MDM). Values shown are percentages of DMSO
controls (=100%). Densitometric ratios were used for statistical analysis, * p < 0.05, TWG vs. control group, one-way ANOVA
and Dunnett’s multiple comparisons test.
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Table 3. Heatmap of LM produced by human M1- and M2-MDM and effects of TWG. M0GM-CSF and M0M-CSF MDM were
pre-treated with 1 µg/mL TWG or 0.1% DMSO as vehicle for 15 min prior to polarization toward M1- or M2-MDM for 48 h
by the addition of LPS/IFNγ (M1-MDM, left) and IL-4 (M2-MDM, right), respectively. Cells in PBS plus 1 mM CaCl2 were
then stimulated with 1% SACM for 90 min. LM from cells released into the supernatants were extracted and analyzed by
UPLC-MS/MS. Data are means ± S.E.M., n = 5 (both M1-MDM and M2-MDM); n.d., not detectable.

LM (M1) Vehicle TWG % LM (M2) Vehicle TWG %
PGE2 5670 ± 2179 1961 ± 986 35 PGE2 650 ± 123 774 ± 158 119
PGD2 90 ± 30 39 ± 14 43 PGD2 85 ± 19 107 ± 26 126
PGF2α 303 ± 81 155 ± 51 51 PGF2α 238 ± 70 259 ± 93 109
TXB2 5326 ± 2078 2622 ± 1158 49 TXB2 7994 ± 2012 6988 ± 1382 87

11-HETE 288 ± 116 107 ± 49 37 11-HETE 279 ± 54 288 ± 63 103
11-HEPE 17 ± 4 8 ± 3 48 11-HEPE 24 ± 5 27 ± 8 113
5-HETE 1346 ± 635 353 ± 134 26 5-HETE 3886 ± 1074 3008 ± 805 77
5-HEPE 142 ± 67 42 ± 14 29 5-HEPE 483 ± 153 411 ± 130 85
t-LTB4 378 ± 204 74 ± 34 20 t-LTB4 310 ± 74 222 ± 36 72
LTB4 880 ± 406 194 ± 81 22 LTB4 967 ± 301 695 ± 199 72

7-HDHA 30 ± 10 14 ± 3 47 7-HDHA 59 ± 10 44 ± 7 74
17-HDHA 56 ± 12 45 ± 16 81 17-HDHA 792 ± 205 802 ± 266 101
15-HETE 319 ± 99 150 ± 58 47 15-HETE 5070 ± 2588 5922 ± 3409 117
15-HEPE 9 ± 1 7 ± 2 75 15-HEPE 510 ± 282 642 ± 397 126

14-HDHA 7 ± 2 9 ± 3 128 14-HDHA 211 ± 79 214 ± 77 101
12-HETE 18 ± 2 18 ± 2 102 12-HETE 560 ± 259 606 ± 314 108
12-HEPE 3 ± 0 3 ± 1 114 12-HEPE 96 ± 49 112 ± 63 117

PDX n.d. n.d. - PDX 2 ± 1 2 ± 1 83
RvD5 n.d. n.d. - RvD5 25 ± 8 19 ± 7 73
AA 12,388 ± 6118 9969 ± 4046 80 AA 51,707 ± 10,270 57,824 ± 12,417 112
EPA 1926 ± 674 1499 ± 343 78 EPA 11,310 ± 2601 13,841 ± 3753 122
DHA 10,974 ± 5412 9362 ± 3783 85 DHA 18,926 ± 3274 19,709 ± 3947 104

3.5. TWG Suppresses Pro-Inflammatory Cytokines and Impacts Macrophage Polarization

Since TWG suppressed pro-inflammatory COX and 5-LOX pathways during polar-
ization of M1-MDM, we studied if also pro-inflammatory cytokines are affected by TWG.
In fact, TWG (1 µg/mL) blocked release of TNF-α and IL-1β in M0M-CSF MDM, simi-
lar as the reference drug DEX (Figure 6A). Finally, we investigated if TWG may affect
macrophage polarization by assessing CD54 and CD80 as M1 markers and CD163 and
CD206 as markers for M2 macrophages [27]. In agreement with the impaired capacities
to generate pro-inflammatory LM (i.e., COX/5-LOX products) and cytokines (TNF-α and
IL-1β) but increasing anti-inflammatory SPM, the markers for M1-MDM, i.e., CD54 and
CD80 were significantly decreased but those for M2 (CD163, CD206) were slightly in-
creased (Figure 6B). Together, TWG apparently impairs polarization of pro-inflammatory
macrophages, characterized by suppression of pro-inflammatory cytokines and LM in M1,
while promoting inflammation-resolving SPM in M2 macrophages.
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Figure 6. Effects of TWG on cytokine release and macrophage surface marker expression. Human monocytes were
differentiated towards M0 macrophages using M-CSF for 6 days. (A) The M0M-CSF were then treated with 1 µg/mL TWG,
100 nM dexamethasone (DEX) or 0.1% DMSO as vehicle. After 20 h of stimulation with 100 ng/mL LPS, TNFα and IL-1β
in the cell supernatants were analyzed by ELISA (presented as 100% of vehicle). Data are means + S.E.M., n = 4 separate
experiments. Absolute values (shown in pg/106 cells) were log-transformed for statistical analysis, * p < 0.05, ** p < 0.01,
*** p < 0.001, TWG vs. control group, one-way ANOVA and Dunnett’s multiple comparisons test. (B) The M0M-CSF were
then treated with 1 µg/mL TWG or 0.1% DMSO as vehicle. After 48 h, expression of the surface markers CD54 and CD80
(M1-like) as well as CD163 and CD206 (M2-like) among living CD14+ cells was analyzed by flow cytometry; shown are
representative pseudocolor dot plots of M1-like and M2-like surface markers. Mean fluorescence intensity (MFI) of each
marker was determined. The change of the MFI from TWG-treated macrophages against the MFI of DMSO-treated cells
(control) was calculated and given in % of control in scatter dot plots as single values and means ± S.E.M., n = 3. Statistics
are calculated with raw data (MFI), * p < 0.05 TWG vs. control group, ratio paired t-test.

4. Discussion

Employing a comprehensive LM metabololipidomics approach we show here that
TWG beneficially modulates the biosynthesis of LM networks in various innate immune
cells, that is, suppressing the formation of pro-inflammatory 5-LOX products and throm-
boxane in M1-MDM and PMNL, but elevating the levels of inflammation-resolving SPM
in anti-inflammatory M2-MDM. Our results suggest multiple points of attack of TWG in
the LM networks, such as direct inhibition of 5-LOX activity and blocking 5-LOX expres-
sion, reducing the expression and activity of mPGES-1, and intriguingly, induction of the
activation of 12/15-LOXs. Since these bioactions of TWG occurred at fairly low effective
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concentrations (i.e., 1–30 µg/mL) that might be of pharmacological relevance, our data
suggest that such beneficial switch from pro-inflammatory to pro-resolving LM production
in innate immune cells may contribute to the anti-rheumatic features of TWG documented
in numerous clinical trials of RA [16,18,19,21]. Future studies on how TWG modulates
LM production in co-culture system that more closely recapitulate RA pathology such as
human RA synovial fibroblasts or synovial cell lines with macrophages may sustain the
direct link with RA.

Modulation of LM networks in innate immune cells by TWG has not been reported
yet, to the best of our knowledge. Only one study was published that demonstrated
suppression of PGE2 formation due to inhibition of COX-2 expression [24]. Therefore,
modulation of cellular LOX activities and thus LT and SPM formation by TWG are novel
findings. We confirmed PGE2 suppression using pro-inflammatory human M1-MDM that
acquire substantial amounts of COX-2 protein during polarization [27]. When TWG was
present during M1-MDM polarization, the cells showed reduced capacities to generate
PGE2, but also other COX-derived prostanoids such as PGD2, PGF2α and TXB2 upon
subsequent stimulation. Interestingly, we discovered that besides interference with COX-2,
TWG also inhibited the induction of mPGES-1 protein and slightly impaired its enzy-
matic activity, which may sustain the reduced PGE2 formation by TWG. Among the three
PGE2 synthases, mPGES-1 is an inducible isoform and strongly linked to inflammatory
diseases [34], including RA [35].

While long-term treatment of M1-MDM with TWG clearly impaired formation of all
COX-derived products possibly due to COX-2 suppression, short term exposure of these
cells to TWG selectively blocked formation of only TXB2, suggesting an inhibitory effect
on the biosynthetic branch from PGH2 towards TXA2 [36] potentially by acting on TXAS.
Surprisingly, TWG however failed to inhibit TXAS in a cell-free assay, excluding direct
interaction of TWG with the enzyme. It is reasonable that TXAS inhibition requires the
intracellular environment, for example to convert the responsible bioactive ingredient(s)
into the active form, a phenomenon well-known for naturally occurring quinones (like
celastrol), which act as potent inhibitors of 5-LOX as reduced hydroquinones [37].

Our study reveals 5-LOX as a direct target of TWG by using cell-free assays and
inhibition of 5-LOX products in M1-MDM and in PMNL; 5-LOX and its products, especially
LTB4, have been implicated in RA as well [6,11], playing essential roles in the induction of
pain and bone damage [38]. Also, 5-LOX was strongly expressed in lining and sublining
macrophages, neutrophils and mast cells of RA synovial biopsies which was suppressed
by glucocorticoid treatment [39]. Results of several studies underline the crucial role for
LTB4 and its receptor BLT1 in the pathogenesis of inflammatory arthritis [40]. Therefore,
the potent impairment of LT formation in pro-inflammatory M1-MDM and PMNL due
to 5-LOX inhibition may reasonably contribute to amelioration of RA by TWG treatment.
This is also supported by our recent finding that the pentacyclic triterpenoid quinone
methide celastrol, as major bioactive TWG constituent [23], potently inhibits 5-LOX in
cell-free and cell-based assays at 0.1 to 1 µM [26]. Our RP-HPLC analysis and calculation
revealed a celastrol content of 0.158% in TWG, implying that at the IC50 of 2.9 µg/mL TWG
for 5-LOX, 0.0044 µg/mL or ~0.1 µM celastrol is present, which fits to the reported IC50 of
0.19 µM for celastrol under the same 5-LOX assay conditions [26].

Although our results are in favor of beneficial properties of TWG for treatment of
RA, the well-known toxicity of TWG observed in clinical trials is still a concern [18,19].
We have carefully considered the issue of potential cytotoxicity and thus avoided the use
of high concentrations of TWG, i.e., ≤30 µg/mL in short-term and 1 µg/mL in long-term
incubations, along with exclusion of cytotoxic effects under the experimental conditions
that we employed.

We suggest that promoting a switch from pro-inflammatory LTs and PGs towards
inflammation-resolving SPM by smart manipulation of LM networks using TWG might a
beneficial strategy for RA treatment. In contrast to LTs and PGs that initialize and maintain
persistent and excessive inflammation-promoting various inflammatory pathologies [1,2],
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the SPM are anti-inflammatory immunoresolvents and promote the resolution of inflam-
mation leading to tissue repair and return to homeostasis [3,9,41]. Recent studies indicated
that RA may arise from a decreased ability of the immune response to engage resolution
programs that terminate inflammation and prevent chronicity [15]. Experimental models
of delayed or non-resolving joint inflammation showed that SPM, i.e., RvD3, were down-
regulated [42]. In arthritic patients, synovial levels of RvE2 correlated with decreased joint
pain [43]. Recently, SPM levels in peripheral blood of RA patients were linked with both
DMARD responsiveness and disease pathotype [44] and strategies to increase SPM produc-
tion have been shown to be connected with decreased joint inflammation and promotion
of joint protection [45]. Intriguingly, exposure of M2-MDM to 30 µg/mL TWG caused
massive induction of 12-/15-LOX product formation including the biosynthesis of SPM.
Note that in contrast to reduced capacities of MDM to generate COX and 5-LOX products
upon long-term treatment with TWG, the remedy did not impair the ability to form 12/15-
LOX-derived LM. How such potent 12-/15-LOX activation is induced by TWG remains
to be investigated but might be again caused by celastrol that induced SPM formation in
M2-MDM at 1 µM [26], the calculated celastrol concentration present in 30 µg/mL TWG.

Besides celastrol, other bioactive ingredient(s) contained in TWG might be responsible
for the observed actions on LM pathways, especially related to the suppression of the
expression of the LM biosynthetic enzymes COX-2, mPGES-1 and 5-LOX. The diterpenoid
triepoxide triptolide is another major constituent of TwHF with glucocorticoid-like proper-
ties that mediates many of the pharmacological actions and the anti-rheumatic activity of
TWG [23]. Studies on celastrol and triptolide with focus on modulation of expression of
LM pathways under long-term conditions are currently ongoing in our laboratory.

Taken together, TWG causes beneficial modulation of LM biosynthesis in prime innate
immune cells by suppressing pro-inflammatory PG and LT pathways via multiple points
of attack and by promoting SPM formation. In view of the well-established detrimental
impact of PG and LT in RA pathology on one hand and the beneficial features of SPM on
the other, our findings may help to explain the ameliorating effects of TWG in RA treatment
and encourage future evaluation of the efficacy and safety of such remedies.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/
10.3390/biom11050746/s1: Supplementary Figure S1: Chromatograms of the RP-HPLC analysis of
TWG and determination of celastrol.
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Figure S1 RP-HPLC Chromatograms of TWG and determination of celastrol  

Chromatogram of celastrol reference substance (A) and of TWG (B) at 421 nm VIS detection. 

Under optimized conditions retention times of 10.168 ± 0.02 min for celastrol could be realized. 
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Simona Pace*, Kehong Zhang*, Paul M. Jordan, Rossella Bilancia, Wenfei Wang, Friedemann Börner,
Robert K. Hofstetter, Marianna Potenza, Christian Kretzer, Jana Gerstmeier, Dagmar Fischer, Stefan
Lorkowski, Nathaniel C. Gilbert, Marcia E. Newcomer, Antonietta Rossi, Xinchun Chen, Oliver

Werz (2021)

Pharmacological Research 167 (2021) 105556

CS isolated from TwHF effectively reduces inflammation and has therapeutic potential
for inflammatory disorders. However, the molecular mechanisms underlying the anti-
inflammatory and inflammation-resolving features of CS are still unknown. Here, we
found CS potently inhibits cellular formation of the 5-LOX-derived pro-inflammatory
LM and simultaneously showed a direct inhibition of 5-LOX (IC50 = 0.19-0.49 µM). Short
time exposed activated human PMNL and M1-MDM, as well as resting M2-MDM with
CS were analyzed by UPLC-MS/MS. In the former two pro-inflammatory cell settings, CS
(1 µM) potently suppressed 5-LOX-derived products without impairing the formation of
products of 12-/15-LOXs as well as fatty acid substrate release. In human M2-MDM, CS
remarkably induced the generation of 12-/15-LOX-derived LM including the SPM resolvin
D5. Importantly, CS showed a strong reduction of LT formation and meanwhile promoted
the production of 12-/15-LOX-derived LM and SPM in a zymosan-induced mouse model.
Conclusively, CS promotes a switch from LT biosynthesis to the formation of SPM in
vitro and in vivo, which may underlie the anti-inflammatory and inflammation-resolving
properties of CS, offering an interesting pharmacological strategy for the treatment of
inflammatory diseases.

Contribution (45%): Cell culture and performance of blood cell isolation, determination of
cell viability, determination of COX-1/COX-2 activity in cell-free assays, determination of
TXAS activity, 5-LOX activity in isolated enzyme and PMNL homogenates, competitive
assay and wash out experiments, E. coli culture and SACM preparation, determination
of LM formation by UPLC-MS/MS, analysis of data and preparation of graphs, statistical
analysis, writing of the manuscript.
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A B S T R A C T   

The pentacyclic triterpenoid quinone methide celastrol (CS) from Tripterygium wilfordii Hook. F. effectively 
ameliorates inflammation with potential as therapeutics for inflammatory diseases. However, the molecular 
mechanisms underlying the anti-inflammatory and inflammation-resolving features of CS are incompletely un
derstood. Here we demonstrate that CS potently inhibits the activity of human 5-lipoxygenase (5-LOX), the key 
enzyme in pro-inflammatory leukotriene (LT) formation, in cell-free assays with IC50 = 0.19–0.49 µM. Employing 
metabololipidomics using ultra-performance liquid chromatography coupled to tandem mass spectrometry in 
activated human polymorphonuclear leukocytes or M1 macrophages we found that CS (1 µM) potently sup
presses 5-LOX-derived products without impairing the formation of lipid mediators (LM) formed by 12-/15-LOXs 
as well as fatty acid substrate release. Intriguingly, CS induced the generation of 12-/15-LOX-derived LM 
including the specialized pro-resolving mediator (SPM) resolvin D5 in human M2 macrophages. Finally, intra
peritoneal pre-treatment of mice with 10 mg/kg CS strongly impaired zymosan-induced LT formation and 
simultaneously elevated the levels of SPM and related 12-/15-LOX-derived LM in peritoneal exudates, spleen and 
plasma in vivo. Conclusively, CS promotes a switch from LT biosynthesis to formation of SPM which may un
derlie the anti-inflammatory and inflammation-resolving effects of CS, representing an interesting pharmaco
logical strategy for intervention with inflammatory disorders.  
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1. Introduction 

Inflammation is a physiological protective event that occurs in the 
body in order to eliminate harmful agents, to repair damaged tissue, and 
to promote the return to homeostasis [1]. As persistent and uncontrolled 
inflammation can lead to chronic inflammatory disorders [2], coordi
nated orchestration of the inflammation process from the onset to the 
resolution phase is of major importance. Bioactive lipid mediators (LM) 
derived from the enzymatic conversion of free polyunsaturated fatty 
acids (i.e., arachidonic acid (AA), eicosapentaenoic acid (EPA) and do
cosahexaenoic acid (DHA)) by lipoxygenases (LOXs) and cyclo
oxygenases (COXs)) play key roles in the regulation of inflammation [3, 
4]. These LM are commonly divided into pro-inflammatory eicosanoids 
(prostaglandins (PGs), thromboxanes (TX) and leukotrienes (LTs)) that 
exacerbate inflammation and are mediators of pain, swelling, edema 
formation and smooth muscle cell contractions [5], and into specialized 
pro-resolving mediators (SPM) including lipoxins (LX), maresins (MaR), 
protectins (PD), and resolvins (Rv)) that actively promote termination of 
the inflammatory reaction and tissue repair [3,6]. 

For LT production, 5-LOX converts AA that is liberated from mem
brane phospholipids by the cytosolic phospholipase A2 (cPLA2) in a two- 
step reaction, yielding first 5-hydroperoxyeicosatetraenoic acid (5- 
HpETE) and then the epoxide LTA4 [7]. Subsequently, LTA4 can be 
hydrolyzed into LTB4 by LTA4 hydrolase or conjugated with glutathione 
to yield LTC4 by LTC4 synthase; the consecutive cleavage of the gluta
thione residue yields LTD4 and then LTE4 [7]. In the cell, translocation of 
5-LOX to the nuclear envelope and interaction with the 5-LOX-activating 
protein (FLAP) is necessary to access AA as substrate for conversion to 
LTA4 [7,8]. For PG formation, AA is transformed by COX-1/2 enzymes 
into PGH2 [5]. This unstable intermediate is substrate for different 
isomerases that catalyze the formation of the bioactive prostanoids 
PGE2, PGD2, PGF2α, PGI2 or TXA2 [9]. For SPM biosynthesis AA, EPA and 
DHA are metabolized by the concerted action of the different LOXs 
(5-/12-/15-LOX) or CYP enzymes, which first results in 
mono-hydroxylated precursors (i.e., 7-/14-/17-HDHA, 12-/15-HETE or 
18-HEPE) and subsequently in SPM by further introduction of hydroxy 
groups [3]. 

A common strategy to intervene with inflammation is the utilization 
of anti-inflammatory drugs that suppress the formation of pro- 
inflammatory mediators, namely non-steroidal anti-inflammatory 
drugs (NSAID) to inhibit COXs as well as the use of glucocorticoids. An 
alternative and more effective approach to counteract inflammation 
might be to suppress the formation of pro-inflammatory mediators and 
simultaneously increase the production of inflammation-resolving SPM 
in order to accelerate the return to homeostasis and minimize the 
development of side effects often evident with NSAID or glucocorticoid 
therapies that can block resolution of inflammation and act as immu
nosuppressants [4,10,11]. 

We here investigated how the natural compound celastrol (CS) from 
Tripterygium wilfordii Hook. F. (TwHF), also known as Thunder God 
Vine, affects inflammation by modulating the biosynthesis of LM. Ex
tracts of TwHF have been largely used in Traditional Chinese Medicine 
for ameliorating symptoms of rheumatoid arthritis, and its efficacy 
against inflammatory and immune disorders is well documented [12]. 
Among the various bioactive ingredients isolated from TwHF extracts, 
CS has been intensively investigated for its anti-inflammatory and 
antioxidant properties [13,14]. Several reports showed that CS is able to 
ameliorate inflammation by acting through HSP90 or by reducing the 
production of interleukin (IL)-1β and IL-18 as well as by suppressing the 
NPL3 inflammasome [12–15], but the effect of CS on LM formation in 
inflammation remains still poorly explored. Hence, we here employed in 
vitro and in vivo models of inflammation with different stimuli in order 
to elucidate the ability of CS to modulate the biosynthesis of LM with 
crucial roles in inflammation. 

2. Materials and methods 

2.1. Materials 

Solvents for reversed phase-high performance liquid chromatog
raphy (RP-HPLC) were obtained from Merck (Darmstadt, Germany). 
Ultrapure water was produced by a Sartorius Arium 611 UV water pu
rification system (Göttingen, Germany). Celastrol (item number 70950), 
zileuton (10006967), celecoxib (10008672), arachidonic acid (90010), 
indomethacin (70270), Resolvin (10007280), and MK886 (21753) were 
supplied from Biomol GmbH (Hamburg, Germany). Zymosan A (Z4250) 
was purchased from Merck (Munich, Germany). Deuterated and non- 
deuterated LM standards for ultra-performance liquid 
chromatography-tandem mass spectrometry (UPLC-MS-MS) were pur
chased from Cayman Chemicals (Ann Arbor, MI). 

2.2. Isolation of cells from human blood 

Human leukocyte concentrates obtained from freshly withdrawn 
blood (16 I.E. heparin/mL blood by healthy adult volunteers) were 
provided by the Department of Transfusion Medicine at the University 
Hospital of Jena, Germany. The procedures were approved by the local 
ethical committee and were performed in accordance with the guide
lines and regulations, an informed consent was obtained. As described 
elsewhere [16], human polymorphonuclear leukocytes (PMNL) and 
peripheral blood mononuclear cells (PBMC) were separated by a 
two-step procedure: i) sedimentation by dextran, and ii) density 
gradient centrifugation on lymphocyte separation medium (C-44010, 
Promocell, Heidelberg, Germany). Platelet-rich plasma was obtained 
from the supernatants after density gradient centrifugation, mixed with 
phosphate-buffered saline (PBS) pH 5.9 (3:2 v/v), centrifuged (2100×g, 
15 min, room temperature), and the pelleted platelets were resuspended 
in PBS pH 5.9/0.9% NaCl (1:1, v/v). Washed platelets were finally 
resuspended in PBS pH 7.4 and 1 mM CaCl2. For obtaining monocytes, 
PBMC were collected from the intermediate fraction after the gradient 
centrifugation and seeded in RPMI medium containing 5% 
heat-inactivated fetal calf serum (FCS), 2 mM L-glutamine, 100 U/mL 
penicillin and 100 μg/mL streptomycin in culture flasks (Greiner 
Bio-one, Nuertingen, Germany) for 1.5 h (37 ◦C, 5% CO2). Adherent 
monocytes were then collected by scraping and resuspended in PBS. 
PMNL were isolated from the pelleted fraction after hypotonic lysis of 
erythrocytes [16]. 

2.3. Monocyte-derived macrophages (MDM): differentiation, polarization 
and incubation 

In order to differentiate monocytes into macrophages, freshly iso
lated monocytes were kept at 37 ◦C in RPMI medium (supplemented 
with 10% FCS, 2 mM L-glutamine, 100 U/mL penicillin and 100 μg/mL 
streptomycin) containing 20 ng/mL GM-CSF or M-CSF (Peprotech, 
Hamburg, Germany) for 6 days. Polarization towards a M1 phenotype 
was obtained by stimulation of GM-CSF-treated macrophages (M0GM- 

CSF) with 100 ng/mL lipopolysaccharide (LPS) and 20 ng/mL interferon 
(IFN)-γ (Peprotech, Hamburg, Germany) for 48 h, while M2 macro
phages were obtained by addition of 20 ng/mL IL-4 to M-CSF-treated 
macrophages (M0M-CSF) (Peprotech, Hamburg, Germany), as described 
[17]. Adherent M1 MDM (2 ×106 /mL) were pre-treated with CS (0.1 or 
1 µM), MK886 (0.3 µM), celecoxib (5 µM) or vehicle (DMSO, 0.1%) for 
15 min. Afterwards, 1% Staphylococcus aureus 6850 wt-conditioned 
medium (SACM) was added for 90 min at 37 ◦C in order to induce LM 
formation [18]. The group “vehicle (-)” was left untreated. The reaction 
was stopped by transferring supernatants (1 mL) containing released LM 
into 2 mL ice-cold MeOH. In another set of experiments, adherent M1 
and M2 MDM were treated with CS (1 µM) with or without a mixture of 
EPA and DHA (3 µg/mL) for 180 min at 37 ◦C in order to induce LM 
formation. The group termed “DMSO” received only DMSO (0.1%) for 
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180 min, and the group “SACM” received 1% SACM plus 0.1% DMSO for 
180 min. The reaction was stopped by transferring supernatants (1 mL) 
into 2 mL ice-cold MeOH. Experiments showed that the fraction of 
released LM clearly dominate (approx. 80–90%) the fraction of those 
remaining inside the cells. After addition of the deuterated LM standards 
(200 nM d8–5S-HETE, d4-LTB4, d5-LXA4, d5-RvD2, d4-PGE2 and 10 µM 
d8-AA; Cayman Chemical/Biomol GmbH, Hamburg, Germany), samples 
were processed for LM analysis using UPLC-MS-MS as described below. 

2.4. PMNL stimulation for lipid mediator formation 

Immediately after isolation, PMNL were resuspended in PBS con
taining 1 mg/mL glucose and 1 mM CaCl2 at a density of 5 × 106/mL. 
Cells were pre-treated with CS (0.1 and 1 µM) at 37 ◦C for 15 min. Then, 
LM biosynthesis was induced by the addition of E. coli (serotype O6:K2: 
H1, ratio 1:50). After 90 min, the reaction was stopped by the addition of 
1 mL of ice-cold MeOH. The group “Vehicle (-)” was left untreated. After 
centrifugation of samples (1200×g, 5 min, 4 ◦C), the cell supernatants (2 
mL) were transferred to new glass vials containing 1 mL of ice-cold 
MeOH and deuterated LM standards (200 nM d8–5S-HETE, d4-LTB4, 
d5-LXA4, d5-RvD2, d4-PGE2 and 10 µM d8-AA; Cayman Chemical/Bio
mol GmbH, Hamburg, Germany), and the samples were processed for 
LM analysis using UPLC-MS-MS as described below. 

2.5. Metabololipidomics analysis of lipid mediators 

Samples obtained from incubated MDM and PMNL (see 2.3. and 2.4.) 
were kept at − 20 ◦C for 60 min to allow protein precipitation. After 
centrifugation (1200×g, 4 ◦C, 10 min) acidified H2O (8 mL) was added 
(final pH = 3.5) and samples were subjected to solid phase cartridges 
(Sep-Pak® Vac 6cc 500 mg/6 mL C18; Waters, Milford, MA) that had 
been equilibrated with 6 mL methanol and 2 mL H2O before samples 
were loaded onto columns. After washing with 6 mL H2O and then with 
6 mL n-hexane, LM were eluted with 6 mL methyl formate. The samples 
were brought to dryness using an evaporation system (TurboVap LV, 
Biotage, Uppsala, Sweden) and resuspended in 100 µL methanol/water 
(50/50, v/v) for UPLC-MS-MS analysis. LM were analyzed with an 
Acquity™ UPLC system (Waters, Milford, MA, USA) and a QTRAP 5500 
Mass Spectrometer (ABSciex, Darmstadt, Germany) equipped with a 
Turbo V™ Source and electrospray ionization. LM were eluted using an 
ACQUITY UPLC® BEH C18 column (1.7 µm, 2.1× 100 mm; Waters, 
Eschborn, Germany) at 50 ◦C with a flow rate of 0.3 mL/min and a 
mobile phase consisting of methanol-water-acetic acid of 42:58:0.01 (v/ 
v/v) that was ramped to 86:14:0.01 (v/v/v) over 12.5 min and then to 
98:2:0.01 (v/v/v) for 3 min [4]. The QTRAP 5500 was operated in 
negative ionization mode using scheduled multiple reaction monitoring 
(MRM) coupled with information-dependent acquisition. The scheduled 
MRM window was 60 s, optimized LM parameters were adopted [4], and 
the curtain gas pressure was set to 35 psi. The retention time and at least 
six diagnostic ions for each LM were confirmed by means of an external 
standard (Cayman Chemical/Biomol GmbH, Hamburg, Germany). 
Quantification was achieved by calibration curves for each LM. Linear 
calibration curves were obtained for each LM and gave r2 values of 0.998 
or higher. Additionally, the limit of detection for each targeted LM was 
determined [4]. 

2.6. Determination of 5-LOX product formation in cell-free assays 

5-LOX was expressed in E. coli BL21 (DE3) transformed with pT35- 
LO plasmid and purified by affinity chromatography on an ATP- 
agarose column as previously described [19] and immediately used 
for 5-LOX activity assays. 5-LOX (0.5 µg) in PBS pH 7.4 containing EDTA 
(1 mM) was pre-incubated with test compounds (0.01, 0.03, 0.1, 0.3, 1 
µM CS or vehicle (0.1% DMSO) or 3 µM zileuton). After 15 min, samples 
were pre-warmed for 30 s at 37 ◦C, and 2 mM CaCl2 plus 20 µM AA were 
added to start 5-LOX product formation. For the “substrate competitivity 

assay” different concentrations of AA (2.5 – 5 – 10 – 20–40 µM) were 
added to start product formation. For determining 5-LOX product for
mation in cell homogenates, PMNL (5 × 106) were resuspended in 1 mL 
PBS containing 1 mM EDTA for 5 min at 4 ◦C and sonicated (4 × 10 s, 
4 ◦C). PMNL homogenates were incubated with test compounds for 15 
min at 4 ◦C, pre-warmed for 30 s at 37 ◦C and the reaction was started by 
addition of 2 mM CaCl2 plus 20 µM AA. After 10 min at 37 ◦C, an equal 
volume (1 mL) of ice-cold methanol was added and formed 5-LOX 
products (all-trans isomers of LTB4, LTB4 and 5-H(p)ETE) were extrac
ted. Briefly, 500 µL acidified PBS and 200 ng of internal PGB1 standard 
were added and solid phase extraction was performed [20]. After elution 
with methanol, samples were analyzed by RP-HPLC using a C-18 
Radial-PAK column (Waters, Eschborn, Germany) as previously re
ported [20]. 

In order to evaluate whether inhibition of 5-LOX by CS is reversible, 
purified 5-LOX (0.5 µg) was pre-incubated with CS at 2 and 0.2 μM, 
where the sample with 2 µM CS was kept as is or 10-fold diluted to a final 
compound concentration of 0.2 μM on ice for 20 min. Then, 2 mM CaCl2 
plus 20 µM AA was added and samples were incubated at 37 ◦C. The 
reaction was terminated after 10 min and 5-LOX products were extrac
ted and analyzed via RP-HPLC as described for intact PMNL. 

2.7. Determination of microsomal prostaglandin E2 synthase-1 activity in 
a cell-free assay 

The microsomal prostaglandin E2 synthase (mPGES)-1 was obtained 
from microsomes of A549 cells that had been stimulated by IL-1β (2 ng/ 
mL) over 48 h, as described elsewhere [21]. A549 cells were sonicated 
and the lysate was first centrifuged at 10,000×g for 10 min, and then at 
174,000×g for 1 h at 4 ◦C. The pelleted microsomal fraction was then 
resuspended into 1 mL of homogenization buffer (0.1 M potassium 
phosphate buffer, pH 7.4, 1 mM phenylmethanesulfonyl fluoride, 60 
µg/mL soybean trypsin inhibitor, 1 µg/mL leupeptin, 2.5 mM gluta
thione, and 250 mM sucrose). Microsomes were diluted in potassium 
phosphate buffer (0.1 M, pH 7.4) containing glutathione (2.5 mM) and 
placed into a 96-well plate (100 µL). Afterwards, CS (1 µM) or vehicle 
(0.1% DMSO) were added for 15 min on ice. The reaction was started 
after addition of PGH2 (20 µM) and stopped after 1 min using 100 µL of a 
stop solution (40 mM FeCl3, 80 mM citric acid, and 10 µM of 11β-PGE2 as 
internal standard). PGE2 and 11β-PGE2 were extracted by solid phase 
extraction using acetonitrile as eluent, and PGE2 formation was quan
tified by RP-HPLC, as previously described [22]. MK886 (10 µM) was 
used as positive control (residual mPGES-1 activity = 17.6 ± 1.5%). 

2.8. Determination of COX-1 and COX-2 activities in cell-free assays 

Inhibition of COX activity was assayed by using purified ovine COX-1 
and recombinant human COX-2, respectively, as described [23]. Briefly, 
the enzymes were diluted in Tris buffer (100 mM, pH 8) supplemented 
with glutathione (5 mM), EDTA (100 µM) and hemoglobin (5 µM) to a 
final concentration of 50 U/mL (COX-1) or 20 U/mL (COX-2). After 
pre-incubation with test compounds or vehicle (0.1% DMSO) for 5 min 
at RT, the samples were pre-warmed for 30 s at 37 ◦C, and the reactions 
were started by addition of 5 µM AA (COX-1) or 2 µM AA (COX-2). After 
5 min at 37 ◦C the reactions were stopped by addition of one volume of 
ice-cold methanol. Solid phase extraction was performed as described 
above (chapter 2.5.) after addition of 200 ng PGB1 as internal standard, 
and COX product formation was determined by analysis of 12-hydroxy
heptadecatrienoic acid (12-HHT) formation. 

2.9. Determination of thromboxane synthase activity 

Freshly isolated platelets were resuspended in ice-cold PBS pH 7.4 
containing 1 mM EDTA (1.6 × 109 cells/mL) and sonicated (4 × 10 s) on 
ice. Platelet homogenates (1 mL) were pre-incubated with CS (1 µM) or 
vehicle for 15 min at 4 ◦C. The reaction was initiated by addition of 20 
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µM PGH2 for 1 min at 4 ◦C and terminated by the addition of ice-cold 
MeOH (2 mL). Then, samples were processed as described below for 
LM analysis and thromboxane A synthase (TXAS) activity was deter
mined by UPLC-MS-MS and evaluated as pg of TXB2 formed. 

2.10. Cell viability 

Cell viability was evaluated in PMNL and M0GM-CSF MDM. Cells (2 
×106 cells/mL) were incubated with different concentrations of CS (0.1, 
0.3, 1, 3, 10 µM) or with vehicle for 90 min (PMNL) or 180 min (M0GM- 

CSF-MDM) at 37 ◦C. Cell viability was assessed by trypan blue staining 
using automated cell-counter (VI-CELLTM XR, Beckman Coulter). 

2.11. Subcellular localization of 5-LOX and 15-LOX-1 by 
immunofluorescence microscopy 

M0-MDM (0.8 × 106 cells) were seeded onto glass coverslips in a 12- 
well plate and polarized to M1 or M2 MDM for 48 h. Cells were washed 
and then stimulated in PBS containing 1 mM CaCl2 and 0.5 mM MgCl2 
with 1 µM CS or vehicle (0.1% DMSO) or 1% SACM (as positive control 
[18]) for 180 min at 37 ◦C. Cells were then fixed using 4% para
formaldehyde solution. Acetone (3 min, 4 ◦C) and 0.25% triton X-100 
(10 min, room temperature) were used for permeabilization before 
blocking with normal goat serum (10%, 50062Z, Thermo Fisher Scien
tific). Samples of M1 MDM were incubated with mouse monoclonal 
anti-5-LOX antibody, 1:100 (610694, BD Biosciences) and rabbit poly
clonal anti-FLAP antibody, 5 µg/mL (ab85227, Abcam, Cambridge, UK 
Abcam) at 4 ◦C overnight. Samples of M2 MDM were incubated with 
mouse monoclonal anti-15-LOX-1 antibody, 1:100 (ab119774, Abcam, 
Cambridge, UK) and rabbit anti-5-LOX antibody, 1:100 (1550 AK6, 
provided by Dr. Olof Radmark, Karolinska Institutet, Stockholm, Swe
den) overnight at 4 ◦C. 5-LOX, FLAP and 15-LOX-1 were stained with the 
fluorophore-labeled secondary antibodies; Alexa Fluor 488 goat 
anti-rabbit IgG (H + L), 1:500 (A11034, Thermo Fisher Scientific) and 
Alexa Fluor 555 goat anti-mouse IgG (H + L); 1:500 (A21424, Thermo 
Fisher Scientific). Nuclear DNA was stained with ProLong Gold Antifade 
Mountant with DAPI (15395816, Thermo Fisher Scientific). Samples 
were analyzed by a Zeiss Axiovert 200 M microscope, and a Plan Neo
fluar ×40/1.30 Oil (DIC III) objective (Carl Zeiss, Jena, Germany). An 
AxioCam MR camera (Carl Zeiss) was used for image acquisition. 

2.12. Ca2+ assay 

M2 MDM were pre-stained with 1 µM Fura-2/AM (Thermo Fisher 
Scientific) for 30 min at 37 ◦C in the dark. Cells were resuspended in 
modified Krebs-HEPES buffer (135 mM NaCl, 5 mM KCl, 1 mM MgSO4 x 
7H2O, 0.4 mM KH2PO4, 5.5 mM glucose, and 20 mM HEPES; pH 7.4) 
containing 0.1% BSA at a density of 1.25 × 106/mL. Then, 200 µL of the 
cell suspension was transferred into a 96-well plate. After 10 min, CaCl2 
was added to a final concentration of 1 mM. CS (1 µM), fMLP (1 µM) or 
vehicle (1% DMSO) were added by automated pipetting and the signal 
was monitored in a thermally (37 ◦C) controlled NOVOstar microplate 
reader (BMG Labtechnologies GmbH); emission at 510 nm, excitation at 
340 nm (Ca2+-bound Fura-2) and 380 nm (free Fura-2). After cell lysis 
with triton X-100 (1%), the maximal fluorescence signals were moni
tored (=100%) and after chelating Ca2+ with 20 mM EDTA, the minimal 
fluorescence signals (=0%) were recorded. [Ca2+]i was calculated ac
cording to [24]. 

2.13. Docking of celastrol into Stable-5-LOX 

CS was downloaded from pubchem and geometry restraints were 
checked in Phenix.elbow [25,26]. Stable-5-LOX with 3-O-acetyl-11-ke
to-β-boswellic acid (AKBA) in an allosteric site [27] was fetched from the 
Protein Data Bank (PDB; 6NCF, chain B). Preparation for docking was 
performed in Chimera; the solvent was deleted and hydrogen atoms and 

charges were added to the protein [28]. The Autodock Vina routine was 
performed through Chimera [29]. Restraints of 10 binding modes with 
the highest exhaustiveness and a maximum energy difference of 3 
kcal/mol were utilized. Binding was performed using different target 
search volumes including options of the whole protein or focused 
searches in the binding cleft of AKBA, which is located between the 
membrane-binding and catalytic domains of Stable-5-LOX. The docking 
of CS to Stable-5-LOX was performed more than 5 times with different 
search volumes. For each docking routine, CS was placed in the AKBA 
allosteric site within the top three scores. 

2.14. Animals 

Adult (6–8 weeks) male CD1 mice (Charles River, Calco, Italy) were 
housed at the animal care facility of the Department of Pharmacy of the 
University of Naples “Federico II” and kept under controlled environ
ment (i.e., temperature 21 ± 2 ◦C and humidity 60 ± 10%) and provided 
with normal chow and water ad libitum. Prior to experiments, mice were 
allowed to acclimate for 4 days and were subjected to 12 h light/dark 
schedule. Treatments were conducted during the light phase. The 
experimental procedures were approved by the Italian Ministry and 
carried out in accordance with the EU Directive 2010/63/EU and the 
Italian DL 26/2014 for animal experiments and in compliance with the 
ARRIVE guidelines and Basel declaration including the 3 R concept. 

2.15. Zymosan-induced peritonitis in mice 

Peritonitis in male mice was induced as described before [30]. Mice 
(n = 6/group) received intraperitoneally (i.p.) 10 mg/kg CS or the 
vehicle (2% DMSO in saline) in 0.5 mL saline/mouse 30 min prior to 
induction of peritonitis by injection of zymosan (1 mg/mouse in 0.5 mL 
saline, i.p.). After 2 h, mice were euthanized in a saturated CO2-atmo
sphere and blood, spleen and peritoneal exudates were collected for 
further analysis. Peritoneal lavage was obtained by washing the peri
toneal cavity with 3 mL ice-cold PBS and subsequent centrifugation (18, 
000×g, 5 min, 4 ◦C). Blood (0.7–0.9 mL) was obtained by intracardiac 
puncture through the insertion of 1 mL syringe with a needle of 22 gauge 
(Carl Roth GmbH & Co. KG, Karlsruhe, Germany) using citrate as anti
coagulant (3.8% (w/v)), immediately after killing mice with CO2. 
Plasma was obtained by centrifugation of the blood at 800×g at 4 ◦C for 
10 min. Spleens were weighted and approx. 30–40 mg were homoge
nized in ice-cold MeOH (20 µL/mg tissue). Cell-free supernatants of the 
exudates, plasma and spleens were immediately frozen and stored for 
the analysis of LM levels via UPLC-MS-MS as described below. 

3. Statistical analysis 

Data are shown as mean ± S.E.M. of the indicated number of inde
pendent experiments which is given in the figure legends for each and 
every figure panel. For animal experiments n = 6 mice in each group 
were examined. Statistical analysis and graphs were made by using 
Graphpad Prism 8 software. Paired t-test was used to analyze experi
ments with PMNL and macrophages, while unpaired t-test was used for 
animal experiments, and one-way ANOVA was used for the cytotoxicity 
assessment. 

4. Results 

4.1. Celastrol inhibits 5-LOX product formation in pro-inflammatory 
experimental cellular settings 

Human PMNL are a major source for pro-inflammatory 5-LOX 
products in the body [8]. To investigate whether CS inhibits 5-LOX 
product formation, freshly isolated human PMNL were pre-treated 
with CS (0.1 or 1 µM) for 15 min and then challenged with pathogenic 
E. coli (O6:K2:H1 1:50, 90 min). Exposure of PMNL to E. coli induced 
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marked formation of 5-LOX [31] and 12-LOX products (analyzed by LM 
metabololipidomics using UPLC-MS-MS [4,17]) when compared to the 
unstimulated control group “vehicle (-)”, while among the COX prod
ucts, E. coli increased only TXB2 formation (Fig. 1A). The marked for
mation of 12-HETE likely originates from platelets that express 
abundant 12-LOX and that contaminate PMNL preparations due to 
strong adherence, as reported by others before [32]. Pre-treatment of 
PMNL with 1 µM CS prior to E. coli challenge significantly inhibited 
5-LOX product formation independently from the fatty acid substrates (i. 
e., LTs and 5-HETE from AA, 7-HDHA from DHA, and 5-HEPE from EPA; 
Fig. 1A and B). Of note, CS (0.1 and 1 µM) caused shunting towards the 
conversion of AA by COX resulting in increased PG formation (PGE2, 
PGD2, and PGF2α) while in contrast, CS markedly reduced the formation 
of TXB2 (Fig. 1A). Moreover, CS (1 µM) increased formation of 12-LOX 
products (12-HETE, 12-HEPE and 14-HDHA; Fig. 1A and B). These 
data suggest that CS inhibits 5-LOX product formation and seemingly 
induces the biosynthesis of 12-LOX and COX products, except TXB2. 

Macrophages are key players in the innate immune response where 
the M1 phenotype acts as promoter of the inflammatory response by 
producing pro-inflammatory cytokines and eicosanoids [17,33]. Since 
exposure of M1 MDM to S. aureus-conditioned medium (SACM) causes 

substantial formation of a broad spectrum of pro-inflammatory LM [18], 
we used 1% SACM to stimulate human M1 MDM for 90 min to induce 
LM formation. Indeed, stimulation of M1 MDM with SACM generated 
LM derived from COX and 5-/12-/15-LOX and caused liberation of free 
fatty acid substrates (Fig. 1C), as found before [18]. Notably, the M1 
MDM used in these experiments produced relatively high amounts of 
LTB4 and 5-HETE even in the absence of a stimulus, although with 
marked variability between donors, suggesting that some M1 prepara
tions were rich in 5-LOX/FLAP and/or became pre-activated prior 
stimulation. Pre-treatment of M1 MDM with 0.1 or 1 µM CS inhibited 
formation of 5-LOX products at both concentrations with more marked 
effects at 1 µM (Fig. 1C and D). It appeared that CS was somewhat more 
efficient to suppress 5-LO activity in PMNL (Fig. 1A and B) as compared 
to M1 (Fig. 1C and D). As noticed in PMNL, shunting phenomena of AA 
conversion by COX with consequent elevated PGs were evident also in 
M1 MDM with a trend in the upregulation of also 12- and 15-LOX 
product formation (Fig. 1C and D). The reference inhibitors MK886 
(0.3 µM) and celecoxib (5 µM) reduced the formation of 5-LOX and COX 
products in M1 MDM, respectively, as expected (Supplementary Fig. 1). 
Cell viability assays using trypan blue staining revealed no immediate 
cytotoxic effects of CS at concentrations < 3 µM within 90 and 180 min 

Fig. 1. Celastrol (CS) inhibits cellular formation of pro-inflammatory 5-LOX products. A) and B) Human PMNL were pre-incubated with CS (0.1 and 1 µM) for 15 min 
and then challenged with pathogenic E. coli (serotype O6:K2:H1, ratio 1:50) for 90 min. LM were analyzed by UPLC-MS/MS in the supernatants of cells. A) Heatmap 
of LM produced by PMNL and effects of 0.1 and 1 µM CS versus vehicle. B) Bar charts of prominent 5-LOX and 12-/15-LOX products (expressed as pg/5 × 106 cells) of 
CS-treated vs. vehicle-treated cells. C) and D) Human M1 MDM were pre-treated with CS (0.1 and 1 µM) for 15 min and cells were stimulated with 1% S. aureus- 
conditioned medium (SACM) for 90 min. C) Heatmap of LM produced by M1 MDM and effects of 0.1 and 1 µM CS versus vehicle. D) Bar charts of prominent 5-LOX 
and 12-/15-LOX products (expressed as pg/2 × 106 cells) of CS-treated vs. vehicle-treated cells. Data are means ± S.E.M. of single data points, n = 4 (for PMNL) or 
n = 3 (for M1 MDM) independent experiments; paired t-test, *p < 0.05; **p < 0.01 CS vs. control group. 
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in PMNL and MDM, respectively, excluding that CS suppresses 5-LOX 
product due loss of cellular integrity (Supplementary Fig. 2). 
Together, CS inhibits formation of pro-inflammatory LM produced by 
5-LOX in two different experimental cellular settings, independent of the 
cell type and the stimulus. 

4.2. Celastrol directly and selectively inhibits 5-LOX 

Prompted by the finding that CS suppresses 5-LOX product formation 
in intact cells, we next aimed to investigate whether CS directly inhibits 
5-LOX activity in a cell-free environment. Concentration-response 
studies showed that CS inhibits the activity of isolated human recom
binant 5-LOX (IC50 = 0.19 µM, Fig. 2A) and of 5-LOX in PMNL ho
mogenates (IC50 = 0.49 µM, Fig. 2B). The 5-LOX reference inhibitor 
zileuton (3 µM) inhibited recombinant 5-LOX and 5-LOX in PMNL ho
mogenates down to a residual activity of 18% and 26%, respectively 
(Supplementary Fig. 3). Additionally, we screened CS (1 µM) for inhi
bition of other enzymes involved in pro-inflammatory LM biosynthesis. 
As shown in Table 1, CS failed to inhibit COX-1/2, mPGES-1 and TXAS. 
Together, the data suggest that among the enzymes within the pro- 
inflammatory LM pathways, CS selectively inhibits 5-LOX. 

We next questioned if the inhibitory activity of CS on the recombi
nant 5-LOX enzyme is due to competition with AA as substrate and if 5- 
LOX inhibition is reversible. We thus conducted concentration-response 
studies with CS against isolated recombinant 5-LOX at various concen
trations of AA (2.5 – 5 – 10 – 20 – 40 µM). Increasing concentrations of 

exogenous AA did not significantly alter the potency of CS, suggesting 
that CS does not compete with AA for inhibition of 5-LOX (Fig. 2C). 
Wash out experiments (10 times dilution of CS) indicated reversible 5- 
LOX inhibition as dilution of 2 µM CS to 0.2 µM reversed the strong 
suppression of 5-LOX activity (Fig. 2D). 

We recently showed that the pentacyclic triterpenoid 3-O-acetyl-11- 
keto-β-boswellic acid (AKBA) from frankincense inhibits 5-LOX in a 
substrate concentration-independent manner via binding to an allosteric 
site [27]. We utilized AutoDock Vina [29] to ask whether CS might also 
dock into the recently solved structure of Stable-5-LOX bound to AKBA 
[27]. Docking was performed more than five times with different target 
search volumes, which included the entire Stable-5-LOX protein as well 
as volumes localized around the cleft between the membrane-binding 
and catalytic domains of 5-LOX. AutoDock Vina consistently placed CS 

Fig. 2. Celastrol (CS) is a direct inhibitor of 5-LOX. Concentration-response curves of CS for inhibition of A) isolated human recombinant 5-LOX and B) 5-LOX in 
PMNL homogenates, and C) of isolated human recombinant 5-LOX at various concentrations of AA (2.5 – 5 – 10 – 20–40 µM). D) Wash-out experiment with isolated 
human recombinant 5-LOX and CS. Data are means ± S.E.M., n = 3 independent experiments and expressed as % residual activity versus uninhibited control 
(DMSO = 100%). E) Stable-5-LOX bound to AKBA is shown in cartoon with the membrane-binding domain as gray and catalytic domain as tan. Red circle highlights 
the active site and black box denotes the AKBA allosteric site. (F) AKBA in sticks (green carbons) is wedged between the two domains illustrated in surface rendering. 
(G/H) CS (purple, carbons) docked in the 5-LOX allosteric site in two different conformations. 

Table 1 
Effect of CS on the activities of isolated enzymes.  

Enzyme Residual activity (%) Positive control Residual activity (%) 

COX-1 118 ± 4.3a IND 38.4 ± 7.5 
COX-2 96.4 ± 5.3a IND 35.3 ± 1.1 
mPGES-1 100 ± 7.7a MK886 17.6 ± 1.5 
5-LOX 0.19b Zileuton 18.5 ± 3.5 
TXB synthase 93.7 ± 2.8a – –  

a Residual activity at 1 µM CS (% of control). 
b IC50 value in µM is given; data are means ± S.E.M., n = 3. Indomethacin 

(IND) 10 µM; MK886 10 µM; zileuton 3 µM. 
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in the interdomain allosteric site of AKBA. Burial of the hydrophobic 
triterpenoid appears to be the primary molecular driver of binding, and 
there are potential H-bond interactions with the carboxy, hydroxyl, and 
oxo group from CS with amino acids Arg 101, Arg 138, and His 130 of 
Stable-5-LOX from the different dockings. These amino acids also 
interact with AKBA. These results combine to suggest that disturbance of 
the cation-π and ionic interactions between the two domains by CS re
sults in noncompetitive inhibition, as is the case for AKBA. 

4.3. Celastrol induces formation of 12-/15-LOX products in M2 MDM 

In contrast to PMNL and M1 macrophages with mainly pro- 
inflammatory phenotype, M2 macrophages are considered as pro- 
resolving subtypes with strong capacities to generate SPM involving 
12-/15-LOX activities upon adequate challenge [17]. Since CS elevated 
12-/15-LOX products in PMNL and in M1 MDM, it appeared possible 
that CS could evoke formation of SPM and their precursors in M2 MDM 

that strongly express 15-LOX-1 [17]. Therefore, M2 MDM were treated 
with CS (1 µM) for 180 min and LM in the supernatants were analyzed. 
The data presented in Fig. 3A show that CS, when compared to the 
vehicle control, inhibits 5-LOX product formation but strongly increases 
12-/15-LOX products reaching a significant effect for the mono
hydroxylated precursor 17-HDHA and for the production of RvD5 
(Fig. 3B). Interestingly, cells from donors showing the highest increase 
of RvD5 also showed the highest increase of 17-HDHA. When compared 
with bacterial exotoxins (present in SACM) that induced the formation 
of all LOX-derived products, the stimulatory effect of CS is confined only 
to 15-LOX being less pronounced vs. exotoxins (Supplementary Fig. 4A). 
In resting M1 MDM, exposure to 1 µM CS caused only moderate for
mation of 12-/15-LOX products (Supplementary Fig. 4B), most likely 
due to the fact that this phenotype expresses only modest levels of 
15-LOX-1 [17]. 

Activation of LOX enzymes is tightly regulated by their subcellular 
localization and by intracellular Ca2+ levels [7,17]. Treatment of M2 

Fig. 3. Celastrol (CS) induces formation of 12-/15-LOX products in M2 MDM. A) and B) Human M2 MDM were exposed to CS (1 µM) for 180 min at 37 ◦C and 
formed LM were extracted from the supernatants and analyzed by UPLC-MS-MS. A) Changes in LM formation due to CS vs. vehicle control (=100%) are presented in 
a heatmap. Data expressed as pg/2 × 106 cells are means ± S.E.M., n = 5. B) Paired data of the 12-/15-LOX products as well as SPM (expressed as pg/2 x* 106 cells) 
are shown; paired t-test *p < 0.05. C) Subcellular redistribution of 5-LOX in M1 MDM and of 5-LOX and 15-LOX-1 in M2 MDM. The MDM were exposed to 1 µM CS, 
1% of SACM (as positive control) or DMSO (0.1%, as vehicle) for 180 min at 37 ◦C. Cells were fixed, permeabilized, and incubated with antibodies against 5-LOX 
(red), FLAP (green), and 15-LOX-1 (cyan blue); scale bars = 10 µm. Results shown for one single cell are representative for approximately 100 individual cells 
analyzed in n = 3 independent experiments. D) Determination of [Ca2+]i. M2 MDM were pre-stained with Fura-2/AM (1 µM) for 30 min at 37 ◦C. Cells (1.25 × 106/ 
mL) received 1 mM CaCl2 prior to the measurement. CS (1 µM), fMLP (1 µM) or vehicle (1% DMSO) were added, and the signal was monitored in a NOVOstar 
microplate reader. Data are shown as a representative line plot of changes in [Ca2+]i and as percentage of vehicle control during the first 40 s after injection, n = 3. E) 
Bar charts of LM formed in M2 MDM after treatment with DMSO (0.1%) or CS (1 µM) or mixture of DHA and EPA (3 µg/mL, each) or CS (1 µM) and DHA and EPA 
(3 µg/mL, each). Data are given as means ± SEM of n = 3 independent experiments. 
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MDM with 1 µM CS induced the subcellular redistribution of soluble 
15-LOX-1 from the cytosol to subcellular membranous compartments 
(Fig. 3C), similar as observed for SACM but again less pronounced. In 
contrast, translocation of 5-LOX to the nuclear membrane for accessing 
FLAP is not induced by CS, neither in M2 nor in M1 MDM (Fig. 3C). Of 
note, the positive control SACM (1%) evoked marked redistribution of 
both 5-LOX and 15-LOX-1 (Fig. 3C). 

Since elevation of the intracellular Ca2+ concentration ([Ca2+]i) is a 
prerequisite for 5-LOX/15-LOX-1 activation by the SACM and other 
stimuli (e.g. fMLP) that induce LM formation in M2 macrophages [17, 
18], we hypothesized that increasing [Ca2+]i plays a role in CS-induced 
LM formation as well. For the measurement of [Ca2+]i, 
Fura-2/AM-stained M2 MDM were challenged with CS (1 µM) or the 
positive control fMLP (1 µM). As shown in Fig. 3D, CS did not alter the 
[Ca2+]i versus vehicle, in contrast to fMLP that rapidly and strongly 
increased [Ca2+]i. Thus, CS activates 15-LOX-1 in M2 MDM resulting in 
the production of SPM without concomitant elevation of [Ca2+]i. 

It appeared possible that induction of LM formation by CS is pri
marily due to elevation of the availability of free fatty acids as substrate. 
Therefore, we analyzed LM formation in M2 MDM treated with CS 
(1 µM) in the presence of a mixture of exogenously added DHA and EPA 
(3 µg/mL). Administration of the mixture of fatty acids alone induced 
the production of 12-/15-LOX products but co-treatment with CS 
markedly enhanced this effect (Fig. 3E). These data suggest that the 
marked formation of 12- and 15-LOX-derived products by CS is not 
simply due to enhancing fatty acid substrate supply, but instead CS 
promotes also the conversion of substrate by respective LOXs. 

4.4. Celastrol suppresses LT formation but promotes SPM generation in 
vivo 

In order to address whether CS is able to modulate LM formation in 
vivo in a model of acute inflammation, we made use of the zymosan- 
induced peritonitis in mice. Animals were pre-treated with vehicle 
(2% DMSO), CS (10 mg/kg) intraperitoneally (i.p.) 30 min before 
zymosan challenge (1 mg per mouse, i.p.). After 2 h mice were sacri
ficed, and LM were analyzed in the peritoneal exudates, in plasma as 
well as in the spleens (Fig. 4A). CS pre-treatment of the animals was able 
to switch the LM composition in the peritoneal exudates from pro- 
inflammatory 5-LOX products to the pro-resolving 12-/15-LOX-derived 
LM (Fig. 4B). Thus, CS significantly lowered LTB4 and 5-HETE levels in 
the exudates, but significantly increased the mono-hydroxylated 12-/15- 
LOX products (i.e., 12-/15-HETE, 14-/17-HDHA, 12-/15-HEPE) and 
promoted the formation of resolvins (i.e., RvD1, RvD2, RvD3, and 
RvD4). Also, the levels of the SPM PD1, PDX and MaR1 were markedly 
increased by CS, although statistical significance was not reached 
(Fig. 4C). Analysis of spleens and plasma showed a similar pattern of LM 
profile modulation by CS, as there was a trend in the reduction of 5-LOX 
products with a concomitant increase of 12-/15-LOX-derived LM 
(Fig. 4D and E). Together, these data demonstrate that CS is able to 
suppress the biosynthesis of pro-inflammatory LT but elevates the for
mation of inflammation-resolving SPM in mice in vivo. 

5. Discussion 

Here we show that CS from TwHF modulates LM biosynthesis in vitro 
and in vivo. We found that 1) CS suppresses 5-LOX product formation in 
two different pro-inflammatory experimental cellular models, 2) CS is a 
direct inhibitor of 5-LOX without affecting related LM biosynthetic en
zymes, 3) CS induces the formation of 12/15-LOX products including 
pro-resolving SPM in M2 MDM and that 4) in vivo, CS inhibits the for
mation of 5-LOX products but simultaneously increases the production 
of SPM during acute inflammation in mice. Such an impetus of the LM 
class switch from pro-inflammatory LTs to inflammation-resolving SPM 
by a natural product is of great interest for inflammation pharmaco
therapy and offers an alternative strategy for intervention with 

inflammatory disorders over classical NSAIDs. 
CS has been reported to be bioactive in a variety of inflammation- 

related in vivo models, for review see [13,14]. Thus, CS ameliorated 
joint inflammation as well as paw swelling in experimental models of 
arthritis [34,35], and in dextran sodium sulfate-induced colitis CS 
improved colon injury, PMNL infiltration and histological signs of 
damage at the intestinal level [36,37]. Both, experimental arthritis and 
colitis used as inflammatory disease models in these studies are typically 
related to aberrant LM biology, that is, elevated LT and reduced SPM [3, 
5,38,39]. Thus, shifting LM formation from LTs towards SPM may 
contribute to the reported beneficial anti-inflammatory effects of CS. 
Furthermore, in obese asthmatic mice, CS alleviated the airway hyper
responsiveness [40], which may be explained, at least in part, by sup
pressing formation of LTs that are potent bronchoconstrictors [41]. On 
the molecular level, the anti-inflammatory action of CS has been con
nected to inhibition of the NLRP3 inflammasome activation [42] and to 
the suppression of the PI3K/AKT/mTOR signaling [43] as well as to the 
blockade of NF-κB activation and the increase in IL-10 levels [37]. 

Manipulation of LM biosynthesis by CS is poorly explored and in 
particular modulation of SPM by CS has not been reported yet. SPM 
terminate and actively resolve inflammatory processes, limit tissue 
damage, promote wound healing and facilitate the return to homeostasis 
[3,6]. SPM cause cessation of neutrophil influx and activation, effer
ocytosis of apoptotic neutrophils and debris, bacterial killing, and 
clearance/phagocytosis of bacteria by macrophages [6]. Thus, SPM 
represent endogenous relievers of inflammation and recent evidence 
suggests that unresolved inflammation might be due to failure in the 
biosynthesis of appropriate amounts of SPM [44]. Therefore, that CS 
effectively enhances SPM formation is of great interest with respect to 
treatment of unresolved inflammation. In 2016, Joshi et al. first reported 
about modulation of the AA pathway by CS [45]. The authors found that 
CS inhibits the activity of human 5-LOX isolated from PMNL with an IC50 
= 5 µM [45]. In our hands, CS was much more potent as it inhibited the 
activity of human recombinant 5-LOX and 5-LOX in homogenates of 
human PMNL with IC50 values of 0.19 and 0.49 µM, respectively. This 
discrepancy in the potency of CS might be explained by different 
experimental conditions: while we applied biologically relevant con
centrations of substrate (2.5–40 µM AA), Joshi et al. assayed 5-LOX in
hibition by CS at 150 µM AA [45]. Accordingly, also in intact PMNL and 
M1 MDM, CS displayed potent inhibitory activities on 5-LOX product 
formation at 1 µM, with higher efficiency in PMNL versus M1 MDM. 
Note that 5-LOX is mainly cytosolic in PMNL [8] but mainly nucleosolic 
in M1 MDM [17], so there might be a better accessibility of CS for 5-LOX 
in the cytosol of PMNL. Also, the amounts of formed 5-LOX products per 
106 cells is much higher under these incubation conditions in M1 MDM 
vs. PMNL, indicating that 5-LOX catalytic activity might be superior in 
M1 MDM over PMNL, and allosteric inhibition of 5-LOX in M1 MDM by 
CS is thus less efficient compared to PMNL. We want to emphasize that 
in agreement with the literature [46,47] CS is cytotoxic in a variety of 
mammalian cells and also in our hands CS at concentrations > 3 µM 
caused detrimental effects on the viability of PMNL and MDM within a 
few hours of exposure. 

Pro-inflammatory M1 and pro-resolving M2 macrophage phenotypes 
are associated with differential LM formation, that is, M1 macrophages 
produce dominantly PG and LT but barely SPM while the M2 subtype is a 
rich source for SPM generation [4,17]. CS effectively inhibited forma
tion of LT and other 5-LOX products in M1 MDM. Given the balance and 
the co-existence of the M1 and M2 phenotypes in the body [33], we 
questioned if besides suppression of 5-LOX product formation CS 
treatment could result in increased SPM formation. It was shown that CS 
suppresses M1 polarization along with suppression of the M1 bio
markers IL-6, IL-1β, TNFα, iNOS and impaired activation of Nrf2 and 
HO-1 coupled to reduced ERK-1/2, p38 MAPK and JNK activation [48]. 
We employed M2 MDM and we found that CS induced the activation of 
15-LOX-1, but not of 5-LOX, along with 15-LOX-derived product for
mation. This ability of CS to activate 15-LOX-1 for induction of SPM 
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Fig. 4. Celastrol (CS) modulates LM formation in vivo. A) Experimental timeline of mouse peritonitis. Mice received CS (10 mg/kg) i.p. 30 min prior to induction of 
peritonitis by zymosan (1 mg/mouse, i.p.). After 2 h, animals were euthanized, and blood and spleen were collected as well as peritoneal exudates by lavage with 
3 mL cold PBS. B) Pie charts of LM formed in the peritoneal cavity of vehicle group and CS-treated animals. Data are given as sum of LM formed by the different 
enzymes. C) Bar charts and single dot representing the 5-/12-/15-LOX products and SPMs in the different animals. D) and E) Absolute amounts of LM produced in 
spleen, presented as pg/mg tissue (D), and in plasma, presented as pg/mL (E), as well as respective heatmaps (% of vehicle group = 100%). Data are means ± S.E.M 
of n = 6 animals per group. Statistical analysis has been performed by unpaired t-test. *p < 0.05; *p < 0.01. 
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generation without evoking pro-inflammatory 5-LOX and COX products 
is intriguing and supports the potential as novel pharmacological 
strategy for intervention with inflammatory disorders. Such pharma
cological profile of CS is in line with our previous report on synthetic 
small molecules that favorably modulated the agonist-induced LM pro
files in MDM by inhibiting 5-LOX production and by enhancing SPM 
formation [4,11]. In this respect, CS may impact the phenotype of mu
rine peritoneal macrophages during zymosan-induced peritonitis, due to 
the LM class switch from pro-inflammatory to pro-resolving LM, which 
will be subject in future studies using flow cytometry. The mechanisms 
underlying the ability of CS to induce pro-resolving mediators are still 
not completely elucidated. Recently, we showed that the pentacyclic 
triterpene acid AKBA binds at an allosteric site of 5-LOX between the 
C2-like and the catalytic domain which not only mediates inhibition of 
LT formation but also changes the enzyme’s regiospecificity to convert 
AA to 12- and 15-LOX products [27]. Our docking experiments clearly 
support binding of CS at the same 5-LOX allosteric site as AKBA. 
Therefore, it is tempting to speculate that the pentacyclic triterpenoid CS 
may act in a similar fashion as the pentacyclic triterpene acid AKBA, but 
not only on 5-LOX but also on 15-LOX-1, thereby activating this enzyme. 
In fact, small molecules that activate 15-LOX via interaction with an 
allosteric site were recently reported, even though with a distinct 
chemical structure [49]. 

In conclusion, we identified 5-LOX as high affinity target for CS 
which is potently inhibited at submicromolar IC50 values in vitro and 
with high efficiency also in vivo. Interestingly, in M2 MDM, CS evoked 
the formation of 12-/15-LOX-derived LM with elevated production of 
SPM in the absence of any agonist, seemingly by activation of 15-LOX-1. 
Most intriguingly however, in an in vivo mouse model of acute inflam
mation CS promoted the LM class switch from pro-inflammatory LT to 
inflammation-resolving SPM. Our findings call for consideration of the 
application of small molecules such as CS in inflammatory diseases to 
“switch on” resolution of inflammation by promoting endogenous SPM 
formation. 
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Fig. S1 Effect of MK886 and celecoxib on LM formation in M1 macrophages.
Heatmap of the effect of MK886 (0.3 µM) and celecoxib (5 µM) pre-treatment on M1
MDM prior to stimulation with SACM. Data are expressed as. % of vehicle control
treated SACM-stimulated M1-like MDM and represent the mean of n=3 independent
experiments.
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Supplementary Fig. 2

Fig. S2 Effect of CS on cell viability. Evaluation of cell viability after treatment with
CS in A) Human PMNL (2*106 cells/mL) for 90 min and B) M0GM-CSF MDM for
180min. Cell viability was assessed by trypan blue staining by authomated cell
counter. Data are shown as mean ± S.E.M. of n=3. For statistical analysis, ordinary
one-way ANOVA has been performed. *p<0.05; **p< 0.01; ***p<0.001 vs vehicle
treated cells.

Supplementary Fig. 3

Fig. S3 Effect of CS and zileuton on 5-LOX activity. Inhibition of A) isolated human 
recombinant 5-LOX and B) 5-LOX in human PMNL homogenates by CS and zileuton 
at the indicated concentrations. Data are means ± S.E.M., n=3 independent 
experiments and expressed as % residual activity versus uninhibited control (DMSO = 
100%). 
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A B

Fig. S4 Celastrol (CS) modulates LM production in MDM A) Heatmap of M2
MDM stimulated with 1% SACM for 180 min. Fold change vs Vehicle (-); B)
Heatmap of M1-like MDM treated with CS (1 µM) 180 min. Data (expressed as
pg/2*106 cells) are shown as mean ± S.E.M., n=5 or n=7.
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Modulation of inflammation-related lipid mediator pathways by celastrol during
human macrophage polarization

Kehong Zhang, Paul M. Jordan, Simona Pace, Robert K. Hofstetter, Markus Werner, Xinchun Chen,
Oliver Werz (2022)

Journal of Inflammation Research, in press

Here, we studied the long-term effects of CS at a low, sub-cytotoxic concentration (0.2 µM)
on LM profiles after manipulation of human MDM during polarization towards M1- and
M2-like phenotypes. During M1-MDM polarization, CS significantly reduced gene and
enzyme expression of COX-2 and mPGES-1, as well as M1 surface markers, and impeded
phosphorylation of NF-ϰB and p38 MAPK. During M2-MDM polarization, CS decreased the
capacity to generate large amounts of almost all LMs, assessed by LM metabololipidomics,
including pro-inflammatory COX and 5-LOX products as well the formation of 12-/15-
LOX products and SPM, but without affecting the release of fatty acid substrates. To
summarize, CS not only favorably affects LOX activities in macrophages but also the
expression of LM-biosynthetic enzymes during macrophage polarization which is linked
to inflammation-related alterations of LM biosynthesis. The strong impairment of pro-
inflammatory mediator levels by CS treatment may be favorable in view of the potential
application of CS to treat inflammatory disorders.

Contribution (75%): Cell culture and performance of blood cell isolation, determination of
cell viability, cell samples preparation for flow cytometry, SACM preparation, SDS-PAGE
andWestern blot, determination of LM formation by UPLC-MS/MS, qPCR analysis, analysis
of data and preparation of graphs, statistical analysis, writing of the manuscript.
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Abstract 

Background and purpose: Celastrol (CS) is a major active ingredient of the Chinese/Asian herb 

Tripterygium wilfordii that is frequently used as phytomedicine to treat inflammation and 

autoimmune diseases. We showed before that short-term exposure to CS (1 µM) favorably impacts 

the biosynthesis of inflammation-related lipid mediators (LM) in human polarized macrophages 

by modulating the activities of different lipoxygenases (LOXs). However, whether CS regulates 

the expression of LOXs and other related LM-biosynthetic enzymes during macrophage 

polarization is unknown. Here, we investigated how CS affects LM-biosynthetic enzyme 

expression on the protein level and studied concomitant LM signature profiles during polarization 

of human monocyte-derived macrophages (MDM) towards M1- and M2-like phenotypes.  

Methods and Results: We used LM metabololipidomics to study long-term effects of CS on LM 

profile signatures after manipulation of human monocyte-derived macrophages (MDM) during 

polarization. Exposure of MDM to low concentrations of CS (ie, 0.2 µM) during polarization to 

an inflammatory M1 phenotype potently suppressed the formation of pro-inflammatory 

cyclooxygenase (COX)- and 5-LOX-derived LM, especially prostaglandin (PG)E2. Notably, gene 

and enzyme expression of COX-2 and microsomal PGE2 synthase (mPGES)-1 as well as M1 

markers were strongly decreased by CS during M1-MDM polarization, along with impaired 

activation of nuclear factor-κB and p38 mitogen-activated protein kinase. During IL-4-induced 

M2 polarization, CS decreased the capacity of the resulting M2-MDM to generate pro-

inflammatory COX and 5-LOX products as well but it reduced also the formation of 12/15-LOX 

products and specialized pro-resolving mediators, without affecting the levels of liberated fatty 

acid substrates.  
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Conclusions: Depending on the timing and concentration, CS not only favorably affects LOX 

activities in macrophages but also the expression of LM-biosynthetic enzymes during macrophage 

polarization connected to changes of inflammation-related LM which might be of relevance for 

potential application of CS to treat inflammatory disorders. 

 

Keywords: Inflammation, macrophages, lipoxygenase, cyclooxygenase, lipid mediators, 

specialized pro-resolving mediators, celastrol. 

 

Introduction 

Inflammation is an essential immune response to pathogens, tissue injury and other harmful events, 

in order to remove the stimulus and to accomplish tissue repair and regeneration 1. Prolonged 

inflammatory processes can lead to persistent inflammation and tissue damage, and ultimately to 

chronic diseases 1-4. Numerous anti-inflammatory drugs, either steroidal or nonsteroidal, have long 

been applied to treat inflammatory disorders, however, the inevitable and various side effects are 

limiting their therapeutic use 3,5-9. In this respect, the discovery of anti-inflammatory agents from 

natural sources with better tolerability is continuously popular and accepted for modern 

pharmaceutical therapies 10-13.  

Aberrant biosynthesis of lipid mediators (LMs) is causative for many chronic inflammatory 

diseases 2,14-16. LMs are generated from polyunsaturated fatty acids (PUFA) in complex networks 

via cyclooxygenases (COX), lipoxygenases (LOX) and cytochrome P450 enzymes as key players 

in conjunction with additional LM-biosynthetic enzymes 17-19. These LMs include on one hand 

pro-inflammatory eicosanoids that initiate and maintain inflammation but also specialized pro-
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resolving mediators (SPMs) promoting the resolution of inflammation and the return to 

homeostasis on the other 2,16,18. Pro-inflammatory eicosanoids such as COX-derived 

prostaglandins (PGs) and 5-LOX-derived leukotrienes (LTs) are derived from arachidonic acid 

(AA) that is liberated from membrane phospholipids mainly by cytosolic phospholipase (cPL)A2 

upon cell stimulation 20. Thus, 5-LOX and the inducible COX-2 isoform are major targets to treat 

pathological inflammation by suppressing the biosynthesis of pro-inflammatory LMs 21. However, 

uncontrolled inflammation is now widely appreciated to be promoted also by a deficiency of SPMs 

including lipoxins (LX), maresins (MaR), protectins (PD), and resolvins (Rv) that all counter-

regulate excessive and persistent inflammation and promote its resolution 22-24. Therefore, 

pharmacological strategies capable of shifting from formation of pro-inflammatory PGs and LTs 

to inflammation-resolving SPMs may constitute novel and innovative approaches for intervention 

with chronic inflammatory diseases 24,25.  

Plant-derived pentacyclic triterpenes from the lupane, oleanane and ursane groups possess 

substantial pharmacological relevance with multi-target properties such as anti-inflammatory, 

wound healing, anti-bacterial, anti-viral, hepatoprotective and anti-tumoral effects, combined with 

low toxicity 26-28. Major representatives with marked anti-inflammatory features encompass 

betulin/betulinic acid, lupeol, boswellic acids, ursolic acid, glycyrrhetinic acid and oleanolic acid. 

The pentacyclic triterpenoid quinone methide celastrol (CS) is one major active component 

contained in the Chinese traditional medicinal plant Tripterygium wilfordii Hook F (TwHF) and 

has been examined for the treatment of various inflammation-associated diseases 29-32. Like other 

pentacyclic triterpene acids, CS possesses anti-inflammatory, anti-tumor, anti-oxidant and 

immunomodulatory activities, and is now being increasingly recognized as a promising clinical 

candidate for the therapy of autoimmune disease, in particular rheumatoid arthritis (RA) 30,33,34. 
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The compound has been studied in-depth for interference with pro-inflammatory cytokines and 

chemokines, and modulation of cellular inflammatory responses 35-37. But still, the exact 

mechanisms underlying the beneficial actions of CS in the treatment of inflammatory disease are 

not entirely clear. Compared to other pentacyclic triterpene acids, CS contains an α,β-unsaturated 

carbonyl as part of the quinone methide conferring it susceptible to conjugate addition due to the 

highly electrophilic carbon C-6 38, and thus CS may differ in its pharmacological profile and target 

interactions. 

With respect to interference with LM biosynthesis, CS is a multi-enzyme inhibitor targeting 

sPLA2-IIA in addition to 5-LOX and COX-2, supporting its potential as anti-inflammatory drug 

39,40. Moreover, we recently reported that CS at 1 µM promotes SPM biosynthesis by activation of 

15-LOX-1 as key enzyme during short-term (3 h) treatment in human monocyte-derived 

macrophages (MDM) 40. In mice, CS impaired zymosan-induced LT formation along with elevated 

levels of SPM and other 12-/15-LOX-derived LM in peritoneal exudates, spleen and plasma in 

vivo 40. But how CS impacts the LM networks on the protein expression level under long-term 

treatment has not been elucidated yet. Here we employed human MDM that were polarized 

towards M1- and M2-like subtypes in order to acquire phenotypic LM profiles 41, and we aimed 

at elucidating how CS affects LM-biosynthetic enzyme expression on the protein level and 

concomitant LM signature profiles during macrophage polarization. Our results show for the first 

time that CS considerably impacts the expression of LM-biosynthetic enzymes during macrophage 

polarization with implications for the respective LM signature profiles and thus for the occurrence 

of the macrophage phenotype.  
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Materials and Methods 

Materials 

Celastrol (CS; item number 70950) was supplied from Biomol GmbH (Hamburg, Germany). 

Deuterated and non-deuterated LM standards for ultra-performance liquid chromatography-

tandem mass spectrometry (UPLC-MS-MS) were purchased from Cayman Chemicals (Ann Arbor, 

MI, USA). All other chemicals and reagents were obtained from Sigma-Aldrich (Steinheim, 

Germany), unless stated otherwise. 

 

Isolation of cells from human blood 

Human leukocyte concentrates from freshly withdrawn blood (16 IU heparin/mL) from healthy 

adult male and female volunteers were obtained from the Department of Transfusion Medicine at 

the University Hospital of Jena, Germany. The research was conducted in accordance with the 

Declaration of Helsinki. The research protocols have been approved by the local ethical committee 

and were performed in accordance with guidelines and regulations; informed consent was obtained. 

Peripheral blood mononuclear cells (PBMC) were separated by dextran sedimentation, followed 

by density gradient centrifugation on lymphocyte separation medium (C-44010, Promocell, 

Heidelberg, Germany). PBMC from the intermediate fraction were washed with PBS pH 5.9/0.9% 

NaCl (1:1, v/v) and resuspended in PBS pH 7.4 and 1 mM CaCl2. PBMC were finally seeded in 

RPMI 1640 (Thermo Fisher Scientific, City Schwerte, Germany) containing 10% (v/v) heat-

inactivated fetal calf serum (FCS), 2 mM L-glutamine, 100 U/mL penicillin, and 100 µg/mL 

streptomycin in cell culture flasks (Greiner Bio-one, Frickenhausen, Germany) for 1.5 h at 37 °C 

and 5% CO2 for adherence of monocytes. 
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Differentiation and polarization of human MDM and incubation for LM formation 

For differentiation of monocytes to macrophages, M0GM-CSF and M0M-CSF were generated by 

incubating freshly isolated blood monocytes with 20 ng/mL granulocyte macrophage-colony 

stimulating factor (GM-CSF) or M-CSF (Cell Guidance Systems Ltd., Cambridge, UK), 

respectively, in RPMI 1640 supplemented with 10% FCS, 2 mmol/L L-glutamine and 100 U/mL 

penicillin-streptomycin for 6 days. M1-MDM were obtained by incubation of M0GM-CSF with 100 

ng/mL lipopolysaccharide (LPS) and 20 ng/mL interferon (IFN)γ (Peprotech, Hamburg, Germany) 

for 48 h, while M2-MDM were obtained by incubation of M0M-CSF with 20 ng/mL interleukin (IL)-

4 (Peprotech) for 48 h. To assess effects of CS on LM pathways during macrophage polarization, 

M0GM-CSF or M0M-CSF (2 × 106/mL, each) were pre-treated with CS (0.2 µM) or DMSO (0.1%) as 

vehicle for 15 min before the addition of polarizing agents. Cell supernatants from treated M1-

MDMs and M2-MDMs were carefully removed and cells were further incubated in 1 mL PBS 

containing 1 mM CaCl2 and kept at 37 °C with or without 1% Staphylococcus aureus 6850-

conditioned medium (SACM) for another 90 min to generate LM 42. The reaction was stopped by 

transferring supernatants (1 mL) into 2 mL ice-cold MeOH, and deuterated LM standards (200 nM 

d8-5S-HETE, d4-LTB4, d5-LXA4, d5-RvD2, d4-PGE2 and 10 µM d8-AA; Cayman 

Chemical/Biomol GmbH, Hamburg, Germany) were added. Then, samples were processed for LM 

analysis by solid phase extraction and UPLC-MS-MS as described below. 
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Lipid mediator metabololipidomics by UPLC-MS-MS 

Samples were kept at −20 °C for at least 60 min to allow for protein precipitation. After 

centrifugation (1200 × g, 4 °C, 10 min), acidified H2O (8 mL, final pH = 3.5) was added and 

samples were subjected to solid phase extraction (Sep-Pak® Vac 6cc 500 mg/6 mL C18; Waters, 

Milford, MA, USA). Briefly, columns were equilibrated with 6 mL methanol and 2 mL H2O before 

sample loading, washed with 6 mL H2O and 6 mL n-hexane, before eluting LMs with 6 mL methyl 

formate. The eluent was evaporated (TurboVap LV, Biotage, Uppsala, Sweden) and the residue 

resuspended in 100 µL methanol/water (50/50, v/v) for UPLC-MS-MS analysis using an 

Acquity™ UPLC (Waters, Milford, MA, USA) and a QTRAP 5500 Mass Spectrometer (ABSciex, 

Darmstadt, Germany) equipped with a Turbo V™ Source and electrospray ionization. LM were 

separated on an ACQUITY UPLC® BEH C18 column (1.7 µm, 2.1 mm × 100 mm; Waters, 

Eschborn, Germany) at 50 °C with a flow rate of 0.3 mL/min and a mobile phase consisting of 

methanol-water-acetic acid (starting at 42:58:0.01, v/v/v) that was ramped to 86:14:0.01 over 12.5 

min and then to 98:2:0.01 for 3 min 43. The QTRAP 5500 was operated in negative mode using 

scheduled multiple reaction monitoring (MRM) coupled with information-dependent acquisition. 

The scheduled MRM window was 60 s, optimized LM parameters were adopted 43, and the curtain 

gas pressure was set to 35 psi. The retention time and at least six diagnostic ions for each LM were 

confirmed by means of an external standard (Cayman Chemical/Biomol GmbH, Hamburg, 

Germany). Quantification was achieved by calibration curves for each LM. Linear calibration 

curves were obtained for each LM and gave r2 values of 0.99 43.  
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Determination of cell viability by MTT assay 

M0GM-CSF or M0M-CSF (2 × 105/mL) in a 96-well plate were pre-incubated with 0.1% vehicle 

(DMSO), 0.2 µM CS or 1% Triton X-100 that was used as positive control, for 15 min. Then, 100 

ng/mL LPS and 20 ng/mL IFNγ or 20 ng/mL IL-4 (for M1 and M2 polarization, respectively) were 

added. After 48 h, calcein-AM and 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide 

(MTT, 5 mg/mL, 20 µL; Sigma-Aldrich, Munich, Germany) solution were added in the darkness 

for 2 – 3 h at 37 °C and 5% CO2, and formazan product was solubilized with sodium dodecyl 

sulfate (SDS, 10% in 20 mM HCl). The absorbance was measured at 570 nm using a Multiskan 

Spectrum microplate reader (Thermo Fisher Scientific, Schwerte, Germany). 

 

Analysis of LM-biosynthetic enzyme expression by SDS-PAGE and Western Blot 

M0GM-CSF and M0M-CSF MDM (2 × 106/mL) were pre-treated with 0.2 µM CS or 0.1% DMSO as 

vehicle for 15 min prior to addition of 100 ng/mL LPS plus 20 ng/mL IFNγ or 20 ng/mL IL-4 (for 

M1- or M2-MDM polarization, respectively) or vehicle for 48 h. Then, cells were lysed as 

previously described 42 and the protein concentration was determined by DC-protein assay kit 

(Bio-Rad Laboratories GmbH, Munich, Germany). Lysates were mixed with 4×SDS loading 

buffer (50 mM Tris-HCl, pH 6.8, 2% (w/v) SDS, 10% (v/v) glycerol, 1% (v/v) β-mercaptoethanol, 

12.5 mM EDTA, 0.02% (w/v) bromophenol blue) followed by heating at 95 °C for at least 5 min. 

Each sample was adjusted to the same amount of protein and separated on 8% (for cPLA2α and 

COX-2), 10% (for 15-LOX-1, 15-LOX-2, LTA4H, phospho-p38 MAPK, p38 MAPK, phospho-

NF-κB p65, NF-κB p65), 16% (for COX-1, mPGES-1, 5-LOX and FLAP) SDS-PAGE gels and 

then blotted onto nitrocellulose membranes (Amersham Protran Supported 0.45 μm nitrocellulose, 
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GE Healthcare, Freiburg, Germany). The membranes were incubated with the following primary 

antibodies: rabbit polyclonal anti-cPLA2α,1:1000 (2832S; Cell Signaling Technology); rabbit 

monoclonal anti-COX-2, 1:1000 (12282S; Cell Signaling Technology); mouse monoclonal anti-

15-LOX-1, 1:500 (ab119774; Abcam, Cambridge, UK); rabbit polyclonal anti-15-LOX-2, 1:500 

(ab23691; Abcam); rabbit monoclonal anti-LTA4H, 1:1000 (ab133512; Abcam); rabbit polyclonal 

anti-COX-1, 1:1000 (4841S; Cell Signaling Technology); rabbit polyclonal anti-mPGES-1, 

1:5000 (kindly provided by Dr. Per-Johan Jakobsson, Karolinska Institute, Stockholm, Sweden); 

rabbit polyclonal anti-5-LOX, 1:1000 (to a peptide corresponding to the C-terminal 12 amino acids 

of 5-LOX: CSPDRIPNSVAI; kindly provided by Dr. M. E. Newcomer, Louisiana State University, 

Baton Rouge, LA); rabbit polyclonal anti-FLAP, 1:1000 (ab85227; Abcam); rabbit monoclonal 

anti-p38 MAPK, 1:1000 (8690S; Cell Signaling); rabbit polyclonal anti-phospho-p38 MAPK 

(Thr180/Tyr182), 1:1000 (9211S; Cell Signaling); rabbit monoclonal anti-NF-κB p65 (C22B4), 

1:1000 (4764S; Cell Signaling); mouse monoclonal anti-phospho-NF-κB p65 (Ser536), 1:1000 

(13346S; Cell Signaling); mouse monoclonal anti-β-actin, 1:1000 (3700S; Cell Signaling); rabbit 

monoclonal anti-glyceraldehyde-3-phosphate dehydrogenase (GAPDH), 1:1000 (5174S; Cell 

Signaling). Immunoreactive bands were stained with IRDye 800CW Goat anti-Mouse IgG (H + 

L), 1:10,000 (926-32210, LI-COR Biosciences, Lincoln, NE), IRDye 800CW Goat anti-Rabbit 

IgG (H + L), 1:15,000 (926 32211, LI-COR Biosciences) and/or IRDye 680LT Goat anti-Mouse 

IgG (H + L), 1:40,000 (926-68020, LI-COR Biosciences), and visualized by an Odyssey infrared 

imager (LI-COR Biosciences, Lincoln, NE, USA). Data from densitometric analysis were 

background corrected. 
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Real time PCR 

M0GM-CSF (106/mL) were pre-treated with 0.2 µM CS or 0.1% DMSO as vehicle for 15 min prior 

to exposure to 100 ng/mL LPS and 20 ng/mL IFNγ. After 0, 6, 24 or 48 h, total RNA was isolated 

from the cells using E.Z.N.A.® Total RNA Kit I (Omega Bio-tek, Inc. via VWR, Dresden, 

Germany) according to the manufacturer´s protocol and then quantified by NanoVue (GE 

Healthcare; Spekol, Analytic Jena, Germany). Reverse transcription reaction was performed with 

0.5 to 1.5 µg RNA in a 20 µL reaction using High-Capacity cDNA Reverse Transcription Kit with 

RNase Inhibitor (Applied Biosystems™ via Thermo Fisher Scientific, Schwerte, Germany) 

according to the manufacturer’s instructions. The qPCR reaction was performed in a qTOWER³ 

G touch Instrument (Analytik Jena) using the PerfeCTa™ SYBR® Green SuperMix, ROX™ kit 

(Quantabio via VWR, Dresden, Germany) containing optimized concentrations of MgCl2, dNTPs, 

AccuStart Taq DNA Polymerase, SYBR Green I dye, ROX Reference Dye, and stabilizers. For 

qPCR, 25 µL reaction mix containing PerfeCTa SYBR Green SuperMix, ROX (2X), diluted 

cDNA template and 0.5 µM of forward and reverse primer (listed in Table 1) was used. Reaction 

mixes were prewarmed for 10 min at 95 °C, followed by 40 cycles of denaturation for 15 s at 95 °C, 

annealing for 30 s at 60 °C and extension for 30 s at 72 °C.  Data were collected and processed 

with qPCRsoft 4.1 software (Analytik Jena). The 2-ΔΔCT method was used to calculate relative gene 

expression levels 44. GAPDH was used as reference gene. As quality controls, negative control 

measurements, melting curves analysis and determination of qPCR efficiency by LinRegPCR 

2021.1 software (developed by Dr. J. M. Ruijter, Dept. Medical Biology Amsterdam, Academic 

Medical Centre, University of Amsterdam) 45 were performed.  
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Flow Cytometry 

M0M-CSF (2 × 106/mL) were treated with CS (0.2 µM) or vehicle (0.1% DMSO) for 48 h. Then, 

cells were stained in PBS pH 7.4 containing 0.5% bovine serum albumin, 2 mM EDTA and 0.1% 

sodium azide by Zombie Aqua™ Fixable Viability Kit (Biolegend, San Diego, CA, USA) for 5 

min at 4 °C to determine cell viability. Non-specific antibody binding was blocked by using mouse 

serum (10 min at 4 °C) prior to staining by the following fluorochrome-labelled antibodies (20 

min, 4 °C): FITC anti-human CD14 (clone M5E2, #555397, BD Biosciences, San Jose, CA, USA), 

APC-H7 anti-human CD80 (clone L307.4, #561134, BD Biosciences), PE-Cy7 anti-human CD54 

(clone HA58, #353115, Biolegend)), PE anti-human CD163 (clone GHI/61, #556018, BD 

Biosciences), APC anti-human CD206 (clone 19.2, #550889, BD Biosciences) to determine M1 

and M2 surface marker expression using LSRFortessaTM cell analyzer (BD Biosciences), and data 

were analyzed using FlowJo X Software (BD Biosciences). 

 

Statistical Analysis 

Results are expressed as mean ± S.E.M. of each independent experiment, where n represents the 

indicated numbers from separate donors performed on different days. Statistical analysis and 

graphs were made by using GraphPad Prism 9 software (San Diego, CA, USA). Paired t-test was 

used to analyze experiments for comparison of two groups; while one-way ANOVA or multiple 

paired t-tests were applied for multiple comparisons as indicated. A p-value ≤ 0.05 is a criterion 

for statistical significance. 
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Results 

Impact of CS on MDM viability and expression of M1- and M2-phenotypic surface markers 

during polarization 

Macrophages exhibit high plasticity where inflammatory M1-like cells strongly express COX-2 

and 5-LOX generating mainly PGs/TX and LTs, while anti-inflammatory M2-like phenotypes 

express abundant 15-LOX-1 and produce substantial amounts of SPMs 41,43,46. In order to study 

how CS affects these LM networks and connected LM formation during macrophage polarization, 

we employed human MDMs that were either polarized for 48 h towards M1- and M2-like 

phenotypes or left untreated for 48 h, in the presence and absence of CS, with subsequent 

stimulation by bacterial exotoxins (using SACM) to evoke several LM-biosynthetic pathways 42.  

Since CS (at ≥ 3 µM) can be cytotoxic for innate immune cells 40, we first determined its impact 

on the viability of MDMs during polarization. MDMs, differentiated with GM-CSF (M0GM-CSF) 

were polarized to M1-MDMs by LPS and IFNγ, while MDMs, differentiated with M-CSF (M0M-

CSF) were polarized to M2-MDMs by IL-4. MTT assays after 48 h of polarization showed that CS 

up to 0.3 µM caused only minor detrimental effects but at ≥ 1 µM CS, the viability of both M1- 

and M2-MDMs was significantly reduced; the EC50 values were determined at 3.5 µM and 2.7 µM 

for M1- and M2-MDM, respectively (Fig. 1A,B). Thus, we limited the concentration of CS to 0.2 

µM for subsequent experiments, in order to exclude cytotoxicity as trigger for potential modulatory 

effects on LM networks.  

We then assessed whether CS could affect macrophage polarization, as suggested by others before 

37,47. We studied the expression of CD54 and CD80 as markers for human M1-MDMs and CD163 

and CD206 as markers for M2-MDMs 41 in the presence or absence of 0.2 µM CS. We found a 
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significant reduction of the two M1 markers CD54 and CD80 by CS after 48 h with minor impact 

on M2 markers, where only CD206 was slightly reduced but not CD163 (Fig. 1C,D). These data 

indicate that CS impairs the polarization towards pro-inflammatory M1-like macrophages, while 

marginally affecting M2-like markers. 

 

Impact of CS on LM signature profiles in human M1-like MDM 

In order to study how CS affects LM signature profiles of M1-like MDMs, we used M0GM-CSF that 

were pre-incubated (15 min) with 0.2 µM CS and then polarized for 48 h with LPS/IFNγ towards 

M1-MDMs or left unpolarized. Afterwards, LM biosynthesis was assessed in unstimulated or 

SACM-challenged MDMs upon incubation for another 90 min. In agreement with results from 

previous studies 40-43, polarization to M1-MDMs led to high amounts of COX products (PGE2, 

PGD2, PGF2α, TXB2, 11-HEPE and 11-HETE), formed even in the absence SACM as stimulus, 

especially PGE2 (Fig. 2, Table 2). Also, the capacity to generate 5-LOX products (LTB4, t-LTB4, 

5-HETE, 5-HEPE) and to release the PUFAs AA, eicosapentaenoic acid (EPA) and 

docosahexaenoic acid (DHA) was strongly upregulated during polarization and further elevated 

by subsequent SACM-challenge (Fig. 2, Table 2). A similar pattern was observed for generation 

of 12/15-LOX products (Fig. 2), although the overall amounts of these LMs were comparably low 

(Table 2).  

CS (0.2 µM) suppressed the strong formation of COX products in M1-MDMs by about 50% 

regardless of SACM-challenge, while in unpolarized MDMs, CS was without marked effects after 

48 h incubation (Fig. 2, Table 2A,B). Most striking (> 60%) inhibition was evident for PGE2 

(Table 2B). Formation of 5-LOX products (LTB4, t-LTB4, 5-HETE, 5-HEPE) was less affected 
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by CS, with major effects in unpolarized/unstimulated cells and in SACM-activated M1-MDMs 

(Fig. 2, Table 2B). A similar pattern was found for modulation of 12/15-LOX products (14-HDHA, 

12-HETE, 12-HEPE, 17-HDHA, 15-HETE and 15-HEPE) by CS, although it should be noted that 

unstimulated cells produced rather low amounts of several 12/15-LOX products (eg, 15-HEPE, 

14-HDHA, 12-HEPE; Table 2A,B) due to minute protein levels of the 12- and 15-LOXs in M1-

MDMs 41,43. Suppression of 12/15-LOX products in SACM-activated M1-MDMs by CS was 

evident only for the substantially formed 15-HETE (Table 2B) that can be generated in M1-MDMs 

as 15(R)-HETE by COX enzymes 43. Liberation of PUFA, regardless of the experimental 

conditions, was not significantly altered by CS (Fig. 2, Table 2A,B). Together, CS efficiently 

repressed the strong COX product formation acquired during M1 polarization, especially of PGE2, 

with a tendency of reduced 5-LOX and 12/15-LOX product levels in M1-MDMs when elicited by 

SACM. 

 

Impact of CS on LM profiles in anti-inflammatory M2-like MDM 

We then assessed the effects of CS on LM formation in M2-like MDMs using M0M-CSF that were 

pre-incubated (15 min) with 0.2 µM CS, polarized for 48 h towards M2-MDMs or left untreated 

(= unpolarized), and LM biosynthesis was then assessed in unstimulated or SACM-challenged 

cells after 90 min incubation. Except TXB2, only relatively low amounts of COX, 5-LOX and 

12/15-LOX products were formed in unpolarized M0M-CSF or M2-MDMs (cultured for 48 h) that 

received no SACM (Table 3, Fig. 3A). However, challenge with SACM strikingly induced 

formation of essentially all LMs regardless of polarization. As reported before 40-43, M2-MDMs 

produced much higher amounts of 12/15-LOX products and SPMs compared to M1-MDMs, 

especially upon challenge with SACM (Table 3B).  
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In the presence of CS, unpolarized M0M-CSF or M2-MDMs (that generated low amounts of LMs) 

were hardly and inconsistently affected, without significant modulation of LM biosynthesis, albeit 

levels of free PUFAs were elevated (Table 3A, Fig. 3). However, in case of SACM stimulation, 

treatment of MDMs (unpolarized or M2 cells) with CS for 48 h suppressed the subsequent COX 

and 5-LOX product formation, most prominently for 5-LOX products in unpolarized M0M-CSF. 

Also, a tendency for reduced 12/15-LOX product formation was obvious in SACM-challenged 

cells due to CS, and formation of the detectable SPM, that is, PDX, RvD5, MaR2 and RvE4 as 

well as their monohydroxylated precursors 17-HDHA, 14-HDHA and 15-HEPE were suppressed 

by CS (Table 3B). Note that despite the suppressive effects of CS on generation of essentially all 

COX/LOX products upon challenge with SACM, the levels of free PUFAs remained mainly 

unaffected by CS (Fig. 3). Taken together, incubation of M0M-CSF in the presence of CS with or 

without polarization agent IL-4 strongly suppresses the subsequent capacity to generate massive 

COX and 5-LOX products as well as SPMs elicited by SACM-challenge. 

 

Effect of CS on the expression of LM-biosynthetic enzymes in human MDM 

Since CS markedly affected LM pathways during MDMs culture and polarization with mainly 

suppressive outcome, it appeared reasonable that CS may compromise the expression level of the 

respective LM-biosynthetic enzymes during the incubations. Thus, we assessed the protein levels 

of the enzymes in M1- and M2-MDMs by Western Blot which are relevant for the biosynthesis of 

those LMs that were affected by CS, namely cPLA2, 5-LOX, FLAP, LTA4H, 15-LOX-1 (only in 

M2-MDMs), mPGES-1 (only in M1-MDMs), COX-1, COX-2, and 15-LOX-2. M0GM-CSF and 

M0M-CSF were pretreated (15 min) with 0.2 µM CS and then kept for 48 h with and without 

polarizing agents (LPS/IFNγ for M1; IL-4 for M2). In the absence of LPS/IFNγ, CS did not affect 
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protein levels of any of the LM-biosynthetic enzymes in M0GM-CSF within 48 h (Fig. 4A,B). 

However, the upregulated expression of COX-2 obtained during polarization of M0GM-CSF towards 

M1-MDMs, was significantly reduced by CS, with concomitant decrease of mPGES-1 protein, but 

without alteration of the levels other enzymes (ie, cPLA2, 5-LOX, FLAP, LTA4H, 15-LOX-2, 

COX-1) (Fig. 4A,B). In analogy to M0GM-CSF the protein levels after 48 h culture of M0M-CSF were 

not significantly affected by CS (Fig. 4C,D). When M0M-CSF were polarized towards M2-MDMs 

with IL-4 for 48 h, the presence of CS caused a tendency for reduced protein levels of most of the 

enzymes, except for LTA4H, being most pronounced and significant for 15-LOX-1 and -2 (Fig. 

4C,D). Conclusively, CS clearly impairs COX-2 and mPGES-1 protein during M1 polarization 

with minor inhibitory effects on cPLA2 and 5-LOX but markedly on 15-LOX-1 and -2 during 

polarization towards M2, which fits well to the strong suppression of COX product formation, 

especially of PGE2, in M1- and overall decreased LM formation in M2-MDMs after SACM-

challenge, respectively. 

Since COX-2 and mPGES-1 are known to be upregulated during M1 macrophage polarization 48 

and because CS efficiently impaired COX-2 and mPGES-1 protein levels in M1-MDMs, we 

investigated if CS would affect these enzymes also on the mRNA level. Analysis by qPCR showed 

that CS downregulated both PTGS2 (COX-2) and PTGES (mPGES-1) during M1-MDM 

polarization, after 6 and 24 h (Fig. 4E). These data suggest that CS interferes with COX-2, and to 

a lesser extent with mPGES-1, at the transcription level, with respective consequences for COX-

2/mPGES-1 protein and COX-2 product formation.  
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Effects of CS on the activation of NF-κB and p38 MAPK in human MDMs 

LPS-stimulated phosphorylation (and thus activation) of NF-κB and p38 MAPK is crucial for 

COX-2 expression in macrophages 49,50. Accordingly, the phosphorylation of NF-κB p65 was 

increased upon LPS/IFNγ-treatment of M0GM-CSF after 3 and 6 h. This was clearly reduced when 

0.2 µM CS was included during the incubation (Fig. 5A). Phosphorylation of p38 MAPK was 

slightly elevated by LPS/IFNγ-treatment after 6 h (but not yet after 3 h), and again, CS impaired 

this stimulatory effect (Fig. 5B). Together, these data suggest that CS may block the 

phosphorylation of both NF-κB p65 and p38 MAPK during M1-polariaztion of human MDMs 

which may result in impaired expression of COX-2.   

 

Discussion 

Here we show that CS from anti-rheumatic Tripterygium wilfordii modulates the biosynthetic 

pathways of pro-inflammatory and anti-inflammatory LMs which are acquired during macrophage 

polarization. When human MDMs were polarized to the M1 phenotype, CS markedly suppressed 

the capacity for exotoxin-elicited formation of pro-inflammatory COX products, especially of 

PGE2, and to a minor extent also of 5-LOX-derived LM such as LTB4. Accordingly, CS markedly 

decreased the protein levels of COX-2 and mPGES-1 with moderate suppression of 5-LOX during 

M1-MDM polarization, in parallel to impaired expression of M1 phenotypic surface markers. 

Similarly, during polarization of MDMs towards the M2 phenotype, CS suppressed the capacity 

of exotoxin-challenged cells to generate COX and 5-LOX products but also SPM formation was 

considerably inhibited along with impaired 15-LOX-1 and -2 protein levels. Since pro-

inflammatory PG and LT are typical features of M1 macrophages 41, lowering these LM by CS 
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confirms impaired M1 polarization. Thus, our data suggest mainly anti-inflammatory properties 

of CS by suppressing pro-inflammatory LM pathways in M1-like macrophages, but they imply 

also an impact of CS on inflammation resolution by impairing the acquired capacity for 

pronounced SPM generation in M2 macrophages by down-regulating 15-LOX-1/2.    

CS was recently shown to promote a switch from LT biosynthesis to formation of SPM and other 

12/15-LOX-derived LM in short-term (3 h) incubations when given to polarized MDMs that either 

were in a resting state or stimulated by SACM 40. These effects were traced back to direct 

interference of CS with 5-LOX and 15-LOX-1. Also, after short-term (2.5 h) treatment of mice, 

CS given intraperitoneally impaired zymosan-induced LT formation and simultaneously elevated 

the levels of SPM and related 12-/15-LOX-derived LM in peritoneal exudates, spleen and plasma 

40. Under these short-term conditions, CS appears to act as direct enzyme modulator, inhibiting 5-

LOX activity with reduced LTB4 levels but promoting 15-LOX-1 activation yielding elevated 

SPM concentrations. Such LM class switch from pro-inflammatory to pro-resolving LOX-derived 

LM is considered as innovative pharmacological strategy for actively promoting the resolution of 

inflammation 23-25. In the present study, where CS was evaluated in long-term incubations during 

macrophage polarization, the compound affected the protein level of the LM biosynthetic enzymes 

with consequent changes in the LM profiles upon subsequent cell stimulation. CS-containing 

Tripterygium wilfordii glycosides (TWG) also efficiently suppressed agonist-induced formation 

of 5-LOX products during short-term incubations of M1-MDMs and neutrophils while pronounced 

SPM formation and 12/15-LOX products were evident in M2-MDMs 51. Note that in analogy to 

our present data with CS, during 48 h M1-MDM polarization these TWG decreased the capacity 

to generate 5-LOX and COX products and impaired COX-2 and mPGES-1 protein levels as well 

as M1 markers 51.   
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Our results suggest that the suppression of the COX-2 and mPGES-1 protein levels by CS during 

M1 polarization is due to inhibition of the NF-κB and, at least to some extent, of the p38 MAPK 

pathways. COX-2 and mPGES-1 are upregulated during M1 macrophage polarization 48 and NF-

κB and p38 MAPK are known to be required for induction of COX-2 expression in macrophages 

by LPS 49,50, the agent used together with IFNγ to trigger M1-MDM polarization. Previous studies 

demonstrated that CS could control macrophage polarization through modulating the cross-talk 

among LPS-stimulated MAPKs (ie, p38 MAPK, ERK1/2, JNK) and nuclear translocation of NF-

κB p65 and other transcription factor-related axes 37,52. The α,β-unsaturated carbonyl of the 

quinone methide of CS confers its position C-6 highly electrophilic and thus susceptible for  

conjugation to cysteine thiols, whereby CS targets the early virus-encoded protein Tat 53 and  

proteostasis 38. In fact, NF-κB contains redox-regulated cysteine residues and covalently 

modification of the thiol moieties (e.g. by S-nitrosylation at Cys-62 54) results in the inhibition of 

NF-κB DNA recognition and binding 55. Possibly, CS binds these crucial thiols of the reactive 

cysteine residues in NF-κB thereby suppressing its signaling activity.Macrophage polarization 

towards functionally opposite phenotypes is eventually caused by the activation of different 

signaling pathways, transcription factors and cytokine secretion, which are of importance for the 

progression and resolution of inflammatory responses of various human diseases 56-58. Canonically 

activated macrophages (M1-like) often exhibit antibacterial and antitumor functions, and are 

characterized by a high production of various pro-inflammatory cytokines as well as PGs and LTs 

41,46,56. On the other hand, alternatively activated macrophages (M2-like) are regarded as anti-

inflammatory phenotypes involved in immunosuppression and tissue repair, producing anti-

inflammatory cytokines and numerous SPMs 41,46,56,59. Our current data suggest that CS may 

govern the balance of macrophage polarization suppressing the occurrence of a M1-like phenotype 
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since the characteristic upregulation of COX-2 and mPGES-1 as well as CD54 and CD80 were 

prevented by CS during M1 polarization. This is supported by findings in mice, where CS blocked 

M1 polarization in diet-induced obese animals 37, and when loaded in nanomicelles, reduced the 

expression of the M1 biomarkers TNF-α, IL-1β, IL-6, and inducible nitric oxide synthase 47. In our 

hands, CS did not or hardly affect the M2-like markers CD163 and CD206, but impaired the 

expression levels of the 15-LOX-1 and 15-LOX-2 that are key enzymes in SPM biosynthesis 60,61, 

and where at least 15-LOX-1 protein is strongly upregulated in human M2-MDMs 41. Similarly, 

in diet-induced obese mice, the expression of the M2 biomarkers  arginase-1 and IL-10 were only 

marginally altered by CS, while M1 markers were strikingly impaired 47. Another study 

demonstrated that CS protects against acute ischemic stroke-induced brain injury by promoting 

microglia/macrophage M2 polarization 62. Our results show that M2 polarization in the presence 

of CS impaired the capacity to produce SPMs upon exotoxin challenge of M2-MDMs, which 

implies rather detrimental consequences for inflammation resolution. Moreover, CS significantly 

impaired the viability of M1- and M2-MDMs during long-term (48 h) incubations at 

concentrations ≥ 1 µM, which is in agreement with the well-known toxicity of CS 63 and thus 

further questions the pharmacotherapeutic safety of this natural product. It is interesting that a 

variety of nanotechnology-based CS formulations have been developed that were able to reduce 

the toxicity and/or improved bioavailability 64. Future investigations of nanotechnology-based CS 

formulations in our experimental systems of macrophage polarization and LM biosynthesis might 

reveal if cytotoxicity and SPM-impairing effects may be circumvented. Indeed, drug delivery by 

nanofluids improved the efficacy of isoniazid 65 or of bromocriptine 66, and encapsulation of a 

cytotoxic indirubin derivative into polymer-based nanoparticles reduced its detrimental impact on 

monocyte viability 67. 
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Conclusions 

Our data show that CS considerably impacts the expression of LM-biosynthetic enzymes during 

macrophage polarization with implications for the subsequent LM signature profiles produced by 

these cells after adequate challenge. In particular, CS mainly blocked the upregulation of the 

inducible COX-2 and mPGES-1 in inflammatory M1-MDMs along with strong suppression of the 

respective pro-inflammatory LM, namely PGE2. Although CS hardly affected polarization to the 

M2 phenotype, it clearly impaired the capacity to produce SPMs along with reduced expression of 

15-LOX-1 and -2. Therefore, despite the favorable anti-inflammatory properties of CS due to 

interference with pro-inflammatory LM pathways in M1-like macrophages, a detrimental impact 

on inflammation resolution due to the suppression of SPM generation should be considered in the 

overall judgment of the pharmacological profile of this natural product.    
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Fig. 1. Impact of celastrol (CS) on cell viability and polarization of human MDM. (A,B) 

Effects of CS on cell viability. M0GM-CSF (A) and M0M-CSF (B) were pre-treated with CS at the 

indicated concentrations, 0.1% DMSO as vehicle, or 1% Triton X-100 as positive control, for 15 

min before adding the polarizing agents (LPS/IFNγ for M1-, IL-4 for M2-MDM). After 48 h, cell 

viability was assessed by MTT assay. Values are means + S.E.M., n = 3, expressed as percentage 

of vehicle control (= 100%); * p < 0.05, ** p < 0.01 vs. control group, one-way ANOVA for 

multiple comparisons with Dunnett’s correction. (C,D) Effects of CS on the expression of 

macrophage phenotype surface markers. M0M-CSF were treated with 0.2 µM CS or 0.1% DMSO 

(as vehicle) for 48 h. (C) Expression of surface markers CD54 and CD80 (M1-like) as well as 

CD163 and CD206 (M2-like) among living CD14+ cells was analyzed by flow cytometry; shown 

are representative pseudocolor dot plots of the M1-like and M2-like surface markers. (D) Mean 

fluorescence intensity (MFI) of each marker in (C) was determined. The change of the MFI from 

CS-treated MDM against the MFI of vehicle-treated cells was calculated and is given in % of 

control in scatter dot plots as single values and means + S.E.M., n = 3. * p < 0.05, ** p < 0.01 CS 

vs. control group, ratio paired t-test. 
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Fig. 2. Celastrol (CS) modulates LM pathways during polarization towards human M1-

MDM. M0GM-CSF were pre-treated with 0.2 µM CS or 0.1% DMSO (as vehicle) for 15 min before 

adding the polarizing agents LPS/IFNγ or vehicle. After 48 h, cells were incubated in 1 mL PBS 

pH 7.4 plus 1 mM CaCl2 without or with 1% S. aureus-conditioned medium (SACM) for 90 min. 

Produced LM were analyzed in cell supernatants by UPLC-MS-MS. The sum of COX products 

(PGE2, PGD2, PGF2α, TXB2), 5-LOX products (LTB4, t-LTB4, 5-HETE, 5-HEPE), 12/15-LOX 

products (17-HDHA, 15-HETE, 15-HEPE, 14-HDHA, 12-HETE, 12-HEPE), and PUFA (AA, 

EPA, DHA) are shown as pg/2 × 106 cells of CS-treated and vehicle-treated cells, in the resting 

state or upon challenge with SACM. Data are means + S.E.M., n = 4 and were log-transformed for 

statistical analysis, * p < 0.05, CS vs. control group, one-way ANOVA for multiple comparisons 

with Sidak’s correction.  
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Fig. 3. Celastrol (CS) modulates LM pathways during polarization towards human M2-

MDM. M0M-CSF were pre-treated with 0.2 µM CS or 0.1% DMSO (as vehicle) for 15 min before 

adding the polarizing agent IL-4 or vehicle. After 48 h, cells were incubated in 1 mL PBS pH 7.4 

plus 1 mM CaCl2 without or with 1% S. aureus-conditioned medium (SACM) for 90 min. 

Produced LM were analyzed in cell supernatants by UPLC-MS-MS. The sum of COX products 

(PGE2, PGD2, PGF2α, TXB2), 5-LOX products (LTB4, t-LTB4, 5-HETE, 5-HEPE), 12/15-LOX 

products (17-HDHA, 15-HETE, 15-HEPE, 14-HDHA, 12-HETE, 12-HEPE), and PUFA (AA, 

EPA, DHA) are shown as pg/2 × 106 cells of CS-treated and vehicle-treated cells, in the resting 

state or upon challenge with SACM. Data are means + S.E.M., n = 4 and were log-transformed for 

statistical analysis, * p < 0.05, CS vs. control group, one-way ANOVA for multiple comparisons. 

with Sidak’s correction.  
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Fig. 4. Celastrol (CS) modulates the expression of LM-biosynthetic enzymes during 

polarization of human MDM. (A, B) M0GM-CSF and (C, D) M0M-CSF were pre-treated with 0.2 

µM CS or 0.1% DMSO (as vehicle) for 15 min before adding the polarizing agents LPS/IFNγ or 

IL-4, respectively, or vehicle. After 48 h, cells were harvested, lysates were prepared, and proteins 

were analyzed by SDS-PAGE and Western blotting. Immunoreactive protein bands of LM-

biosynthetic enzymes are shown for (A) M1-MDM and (C) M2-MDM. Immunoreactive bands of 

LM-biosynthetic enzymes were analysed by densitometry for proteins derived from (B) M1-MDM 

and (D) M2-MDM, normalized to β-actin. Data are shown as means + S.E.M. from n = 4 separate 

donors. Densitometric ratios were used for statistical analysis. * p < 0.05, CS vs. control group, 

one-way ANOVA for multiple comparisons with Sidak’s correction. (E) Effects of CS on PTGS2 

and PTGES mRNA levels during polarization towards human M1-MDM. M0GM-CSF were 

pretreated with 0.2 µM CS or 0.1% DMSO (as vehicle) for 15 min and polarized for 0, 6, 24 and 

48 h towards M1-MDM using LPS/IFNγ. RNA was isolated, transformed in cDNA by reverse 

transcription and amplified by qPCR for quantification. Data are expressed as fold increase to 

DMSO control for n = 3 separate donors. Statistics: * = expression ratio is significantly different 

from 1, p < 0.05, CS vs. control group; multiple paired t- test with Holm-Sidak correction. 
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Fig. 5. Effects of celastrol (CS) on the activation of NF-κB and p38 MAPK in human M1-

MDM. M0GM-CSF were pretreated for 15 min with 0.2 µM CS or 0.1% DMSO (as vehicle) prior to 

polarization to M1-MDM using LPS/IFNγ for 3 or 6 h. Protein phosphorylation of (A) NF-κB p65 

and (B) p38 MAPK was analyzed by SDS-PAGE and Western blotting using phospho-specific 

antibodies of cell lysates; the respective unphosphorylated proteins were used for normalization. 

Representative Western blots of n=3 independent experiments are shown; data are means + SEM. 

Densitometric ratios were used for statistical analysis. * p < 0.05, CS-treated vs. DMSO-treated, 

one-way ANOVA for multiple comparisons with Sidak’s correction.  
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Table 1. Prime sequences for qPCR assays 
   
Target genes   Sequence (5’-3’) 

PTGS2 Forward Primer TGCCTGATGATTGCCCGACT 
Rervese Primer TGAAAGCTGGCCCTCGCTTA 

PTGES Forward Primer AGTATTGCAGGAGCGACCCC 
Rervese Primer GCATCCAGGCGACAAAAGGG 

GAPDH 
Forward Primer TTTGCGTCGCCAGCCGAG 
Rervese Primer TTCTCAGCCTTGACGGTGCC 

 

 
 
Table 2. Effects of celastrol (CS) on LM pathways during human M1-MDM polarization. 
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Table 3. Effects of celastrol (CS) on LM pathways during human M2-MDM polarization. 
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4 Discussion

The host defense response against invading pathogens and tissue damage is generally
divided into two phases of inflammation: initiation and resolution [5]. The concept of reso-
lution has been expanded to provide a highly coordinated, active process that contributes
to pathogen clearance and can be mediated by various biomolecules such as cytokines,
chemokines, and lipid mediators including eicosanoids and SPM [5]. Human macrophages
as major innate immune cells play essential roles in both initiation and resolution phases
of inflammation producing LM families that are specific for different macrophage subtypes
[203,204]. Because of the promising therapeutic effects of TwHF extracts and its bioactive
ingredient CS they are emerging as interesting drugs for treatment of inflammation [126].
This thesis describes the specific modulation of inflammation-related LM by TWG and
CS, which might explain their potential to be amenable for therapeutic intervention with
inflammation-based diseases.

4.1 Inhibition of Tripterygium wilfordii glycosides in human
macrophages

Previous clinical trials revealed that TwHF-based therapy is of potential value for anti-RA
therapy due to its prominent anti-inflammatory and immunosuppressive effects [6,205].
However, several crucial gaps in the knowledge of the modes of action remain to explain its
therapeutic effects on the premise of safety assurance. This thesis focuses on the important
and emerging aspects of LM modulation and highlights the major challenges and strategies
for using the LM metabololipidomics approach to gain new insights into an unresolved
question – how TWG beneficially regulates the biosynthesis of the LM network in innate
immune cells. The data show that TWG suppresses 5-LOX products and thromboxane
formation in polarized M1-MDM, but enhances the production of 12-/15-LOX in polarized
M2-MDM. During macrophage polarization, TWG reduces both 5-LOX and COX product
formation inM1-MDM, and intriguingly, induces 12-/15-LOX inM2-MDM. Our data disclose
the crucial roles of TWG in the regulation of the biosynthesis of LM in human macrophages
(manuscript I), which might help to explain its wide and successful application in RA
treatment.

In our study, TWG was clearly shown to act as a direct 5-LOX inhibitor in cell-free assay
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and also suppressed 5-LOX-derived LM products in M1-MDM and PMNL for both short-
and long-time treatment. 5-LOX and its product LT are powerful mediators in inflammation
processes which usually causes pain, fibrosis, and bone erosion, thus targeting 5-LOX
activity was retained to be a satisfactory approach for treating rheumatoid inflammation
[28,206]. Likewise, both treatments with 5-LOX inhibitors and knockdown of 5-LOX
using shRNA exerted similar effects in attenuating TNF-α-induced inflammation in human
synovial fibroblasts [207]. It has been demonstrated that LTB4 is highly expressed in RA
patients and synovial fluid from RA patients compared to levels seen in healthy donors
[208,209]. Many studies have implicated that blockade of LTB4 receptors such as BLT1
and 2, markedly suppresses arthritic features in cell lines and animal models [210,211]. In
addition, Li et al. reported the IC50 value of 5-LOX inhibition by using TW extract to be 22
µg/ml, while in our experimental setting, it is more potent at 2.9 µg/ml, which could be
explained by different conditions of 5-LOX assay and applied TwHF extract due to different
extraction methods [212]. Therefore, our finding that TWG suppressed LT formation in
M1-MDM and PMNL may reasonably contribute to the amelioration of RA.

In short-term polarized M1-MDM, TWG selectively blocked TXB2 formation but with
opposite upregulation of other COX-derived prostanoids (PGD2, PGF2α, and PGE2). Studies
have shown that serum and urine TXA2 levels are significantly higher in RA patients than
in healthy individuals [213,214], and TXB2 are also detected in the synovial fluid of RA
patients [215]. This could be one reason for the beneficial effects of TWG for RA treatment.
We confirmed that TWG does not directly inhibit the TXAS which converts PGH2 towards
TXA2 (rapidly hydrolyzed to TXB2) using a cell-free assay, indicating TXAS inhibition may
require an intact cellular environment.

While during M1-MDM polarization in a long-term setting, TWG strongly diminished
all COX-derived products seemingly due to suppression of COX-2 expression. Of note,
TWG reduced the capacities to generate PGE2 which is consistent with a previous study
that described that two TwHF extracts suppressed the up-regulation of COX-2 without
affecting COX-1 expression and thereby blocking PGE2 production in various human
cells [134]. Dysregulated PGE2 synthesis or degradation is known to be associated with
a wide range of pathological conditions, and leads to the classic signs of inflammation
such as redness, swelling and pain [27]. Our results also revealed that TWG significantly
reduced COX-2 on the protein level and slightly impaired the mPGES-1 enzyme activity
and expression. mPGES-1 as a major terminal synthase in PGE2 formation, relates to
numerous inflammatory diseases [216]. Thus, mPGES-1 inhibitors are promising agents in
the prevention of inflammation including RA [217,218]. This suggests that TWG may be
beneficial for treatment RA by inhibition of PGE2 through impairment of mPGES-1 enzyme
expression.

In-depth research on the mechanism of the anti-inflammatory and anti-rheumatic mech-
anism of TWG in vivo is the limitation of this study, which together with development
of reduced toxicity helps the clinical application of TWG in the therapy of diseases. In
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IL-1β-stimulated RA synovial fibroblasts, TwHF extract inhibited COX-2 protein and mRNA
expression similarly to dexamethasone, also inhibited PGE2 production in a concentration-
dependent manner, possibly via inhibition of NF-ϰB activity [219]. Different immune
cell-based experiments further confirmed the alternative modes of action of TwHF extract,
that is, inhibition of expression of proinflammatory genes such as those for IL-1, and
IL-17-inducible MMP-3 and MMP-13 through interfering with AP-1 and NF-ϰB activities
but not with p38 and c-Jun N-terminal kinase (JNK) MAPK pathway [135]. Of interest,
another study showed TWG decreases the pro-inflammatory cytokines such as IL-6, IL-1β,
and TNF-α, but induces the upregulation of anti-inflammatory cytokine IL-37 associated
with extracellular signal-regulated kinase ERK1/2 and p38 MAPK signal pathways [220].
Apart from the fact that TwHF can suppress numerous proinflammatory cytokines (e.g.,
TNF-α, IL-1β, IL-6, IL-8, and IFN-γ) in different T cell subsets and macrophages [221], it also
reduced T/B cell proliferation and synovial fibroblast growth as well as induce T cell apop-
tosis [146,147]. All these processes are crucial for the development and propagation of RA.
Future studies on how TWG modulates LM production in co-culture systems like human
macrophages and synovial cell lines or testing the anti-inflammatory and anti-rheumatic
effects by using a combination of conventional DMARD may sustain the direct link to the
favorable impact on RA.

We hypothesized that TWG, promoting a switch from pro-inflammatory LT and PG towards
pro-resolving SPM, is a possibility or new strategy for RA treatment. It is known that LT
and PG play important roles in numerous excessive inflammatory responses, including
synovitis, arthritis, and airway inflammation [222,223]. Nevertheless, current innovative
therapeutic strategies favor SPM and resolution which promotes tissue restoration and
regeneration and extends our knowledge in regulating host responses in arthritis [224,225].
Several studies have proved the importance of SPM and their cognate GPCRs in autoimmune
disorders including inflammatory arthritis. For instance, RvD5 and RvE2 were found to
be significantly correlated with arthritis disease activity [224,226], and LXA4, RvD1, RvE1
were expressed at lower levels in RA patients [227]. Also, metabololipidomics profiling in
arthritic joints revealed 17R-RvD1 increased levels of protective SPM while the protective
actions disappeared in RvD1 receptor-deficient ALX/Fpr2/3-/- (Fpr2/3; ortholog to human
FPR2 (formyl peptide receptor)/ ALX (lipoxin A4 receptpr)) mice [228]. In line with these
studies, our experiments with short-time exposure of M2-MDM to TWG revealed striking
production of 12-/15-LOX products and SPM; while during long time treatment by TWG
in M2-MDM, it did not impair the ability to form 12-/15-LOX products even existing
the reduced capacities to generate 5-LOX products and partial COX products. Further
understanding of how TWG directly links to some GPCRs could be of great interest.

TWG contains many different bioactive ingredients and which of them accounts for the
increased production of 12-/15-LOX products and SPM remains to be investigated. CS
as one major component (calculated to be 0.158% in TWG using RP-HPLC analysis in
the current study), may positively correlate to our another LM experiments showing that
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Figure 4.1: Schematics of Tripterygium wilfordii glycosides on lipid mediator
network in human macrophages.

massive formation of 12-/15-LOX in M2-MDM due to short time incubation with CS [229].
Another major constituent of TwHF is TP, a diterpene triepoxide that was also found to
downregulate COX-2 and iNOS in human RA synovial fibroblasts [230]. How TP exerts
therapeutic effects in RA through whole complex LM networks (in particular SPM) requires
further investigations.

In summary, we evaluated the pharmacological potential of TWG on the modulation of LM
formation in activated human macrophages with implications related to the use of TwHF
in inflammatory arthritis. Our investigations suggest that TWG is detrimental to LT and
PG and facilitates the production of SPM, opening up new perspectives for the treatment
of RA.

4.2 Inhibition of celastrol in polarized human macrophages

We show that CS from TwHF modulates inflammation-related LM biosynthesis in vitro and
in vivo (manuscript II). Importantly, on the one hand, CS strikingly suppressed 5-LOX
products in pro-inflammatory M1-MDM and PMNL as well as directly inhibited 5-LOX
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without affecting other related LM biosynthetic enzymes in cell-free assays. On the other
hand, CS significantly induced 12-/15-LOX activity and SPM formation in anti-inflammatory
M2-MDM and in vivo in a model of acute inflammation. Such an LM profile induced by
a small molecule like CS offers an alternate strategy for intervention with inflammatory
disorders.

The broad spectrum of the pharmacological properties of CS makes this compound an
attractive therapeutic option in a variety of inflammation-related diseases [8,231]. CS
shows anti-RA effects in CIA or AIA mice [185,232]. CS also ameliorates murine colitis
and colitis-related colorectal cancer in mice via suppression of the inflammatory response
[154,233]. In terms of molecular perspective, CS attenuates the release of IL-1β and IL-
18 from macrophages through a process mediated by the NLRP3 inflammasome [177].
Since NLRP3 inflammasome activation contributes to the pathogenesis of RA [234], CS was
subsequently found to exert anti-RA effects by suppressing NLRP3 inflammasome activation
through 1) inhibiting ROS-NF-ϰB-NLRP3 axis [235] or 2) inhibiting K63 deubiquitination
of NLRP3 [236].

Of note, aberrant LM formation with upregulation of pro-inflammatory PG, TX, LT, and
downregulation of SPM plays crucial roles connected to arthritis and colitis as common
inflammatory diseases models [224,237]. Over the past few decades, 5-LOX-derived LT
are known to contribute to numerous inflammatory disorders, for review see [238-240].
Regarding the dual role of 5-LOX in the formation of pro-inflammatory LT and pro-resolving
LX and other SPM [5], we questioned if there is a feasible way to exclusively limit LT
formation without lower pro-resolving mediators of the 5-LOX pathway? Recently, studies
with synthetic small molecules such as ginkgolic acid, benzenesulfonamide-derivatives,
and 3-O-acetyl-11-keto-β-boswellic acid (AKBA) reported to be potential 5-LOX inhibitors
support our hypothesis that inhibition of LT formation can trigger SPM generation, calling
for consideration as a promising pharmacological strategy for anti-inflammatory therapy
[241-243]. Interestingly, we found a similar LM pattern induced by CS that effectively
suppressed LT in M1-MDM but induced massive formation of SPM in M2-MDM. This
is in consistent with previous findings that macrophage phenotypes are associated with
different LM production, pro-inflammatory M1 are usually generating more PG and LT but
few SPM, while anti-inflammatory M2 appear to induce substantial SPM [244,245]. Thus, a
shift from LT formation towards SPM by CS treatment may explain why CS ameliorates
many inflammatory diseases.

In addition, CS showed quite potent inhibitory activity for human recombinant 5-LOX and
5-LOX in PMNL homogenates with IC50 values in the range of 0.19-0.49 µM, compared
with somewhat different findings by Joshi et al. (IC50 = 5 µM) possibly due to different
concentrations of AA that were used [178]. Also, CS exhibited potent inhibitory activity on
cellular 5-LOX in both intact M1-MDM and PMNL at 1 µM, but with higher efficiency in
PMNL. This could be explained by CS having better accessibility for 5-LOX in the cytosol
of PMNL than 5-LOX in the nucleosol of M1-MDM [246].
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Macrophage populations may possess diverse phenotypes in the body [247], and we as-
sume that the co-existence of polarized M1 and M2 are in balance in our experimental
context. We wondered if the complex LM production regulated by CS treatment is likewise
dynamically balanced with decreased 5-LOX formation but increased SPM? However, how
CS modulates macrophage polarization and phenotypes is poorly understood. Here are
only two studies that mentioned the relationship between CS and M1 and M2 macrophage
subtypes. One is that CS exhibited anti-obesity effects via suppressing pro-inflammatory
M1 macrophage polarization via regulating Nrf2/HO-1, MAP kinase, and NF-ϰB path-
ways [248]. Another study showed that CS treatment reduces ischemic stroke-induced
brain damage through 1) increasing both inflammatory cytokines like IL-1β, IL-6, and
TNF-α, as well as the anti-inflammatory cytokine such as IL-33 and IL-10, in patients
and animal models; and 2) decreasing inflammatory cytokine expression via an IL-33/ST2
axis-mediated M2 microglia/macrophage polarization in cell models [249]. In M2-MDM,
we found that CS 1) induced the activation of 15-LOX-1 but did not affected 5-LOX, and 2)
induced 12-/15-LOX-derived LM and SPM but decreased 5-LOX-derived LM, in line with
our hypothesis.

SPM promotes the resolution of inflammation in an active process, and its biosynthesis and
activities on phagocytes showing beneficial effects in animal models of diseases has been
previously proved, for review see [250-252]. For instance, RvD1 and its metabolic precursor
17-HpDHA were shown to reduce tissue damage and pain more efficiently than steroids in
a murine model of arthritis [253]. LXA4 and its analogs improved DSS-induced colitis in
mice [254,255]. Hence, the SPM induced by CS treatment may counteract inflammatory
diseases. However, the mechanism underlying how CS induces the pro-resolving mediators
is still not clear. On this theme, it would be exciting to see how CS impacts the phenotype
of murine peritoneal macrophages in zymosan-induce mice models alongside the LM class
switch.

Recently, the pentacyclic triterpene acid AKBA was shown to bind at an allosteric site of
5-LOX between the C2-like and the catalytic domain which not only mediates inhibition
of LT formation but also changes the enzyme’s regiospecificity to convert AA to 12- and
15-LOX products [243]. Our docking experiments clearly support the binding of CS at
the same 5-LOX allosteric site as the one for AKBA. It is tempting to speculate that the
pentacyclic triterpenoid CS, like the pentacyclic triterpene acid AKBA, would activate both
5-LOX and 15-LOX-1. Even though they have a different chemical structure, small chemicals
that engage with an allosteric site to activate 15-LOX have recently been described [256].
Further docking on 15-LOX-1 by AKBA and CS is ongoing.

Besides, CS showed a similar LM pattern as compared to TWG, that is, suppression of
pro-inflammatory LM but SPM induction in a short-term manner which may imply its
contribution to the antirheumatic properties [257]. In fact, CS was restricted in further
application mostly due to its cytotoxicity [9,164], thus we carefully checked its effect on the
viability of PMNL and MDM in all short-term experiments. We were also interested to see
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Figure 4.2: Manipulation of lipid mediator biosynthesis by short-time exposure of
celastrol in polarized human macrophages.

how CS affects the LM network after long-term exposure during macrophage polarization,
which will be discussed in the next section. Overall, our studies revealed 5-LOX as a
high-affinity target for CS that can be effectively inhibited in vitro at sub-micromolar IC50
values and also in vivo with great effectiveness. CS noticeably evoked the production of
12-/15-LOX-derived LM and SPM by activation of 15-LOX-1 in M2-MDM. Intriguingly,
CS promoted the LM class switch from pro-inflammatory LT to inflammation-resolving
SPM also in vivo in a mouse model of acute inflammation. Our findings imply that small
compounds like CS could be used to turn on the button of resolution of inflammation by
boosting endogenous SPM production in inflammatory disorders.

4.3 Inhibition of celastrol during human macrophages
polarization

We studied how CS modulates LM biosynthesis pathways during human macrophage polar-
ization (manuscript III). For MDM polarized to M1 phenotype, CS strikingly impaired the
capacity for exotoxin-induced formation of pro-inflammatory COX products, particularly
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of PGE2, and also slightly hampered 5-LOX-derived LM such as LTB4. CS strongly reduced
both mRNA and protein levels of COX-2 and mPEGS-1, but to a minor extent affected
5-LOX expression during M1 polarization, along with diminished M1 phenotypic surface
markers. The inhibition of the COX-2 pathway by CS was further found to be associated
with phosphorylation of both NF-ϰB and p38 MAPK. During M2-MDM polarization, CS not
only inhibited pro-inflammatory COX and 5-LOX products but also reduced 12-/15-LOX
activities and SPM generation upon challenge with exotoxin. This is in parallel with the
marked reduction of 15-LOX protein expression. But CS did not affect fatty acid release.
Taken together, CS mainly impaired pro-inflammatory LM pathways in M1-MDM which
may contribute to its anti-inflammatory properties, while the unfavorable impact of CS
in downregulation of pro-resolving SPM in M2-MDM cannot be ignored and needs to be
further investigated.

In a previous study, our group reported that CS promotes a switch from LT biosynthesis to
formation of SPM in a short-term (3 h) incubation in polarized human MDMs and also in
mice (2.5 h) [229]. Such LM class switch is considered as a novel pharmacological strategy
for promoting the resolution of inflammation [5]. In the present study, CS was found to
impair pro-inflammatory LM and its biosynthetic enzymes in long-term incubations (48
h) during MDM polarization. Since CS is one major component from TWG, our data are
also in compliance with our previous study where TWG reduced the capacities of MDM
to produce 5-LOX and COX products and impairment of COX-2 and mPEGS-1 enzyme
expression as well as M1 surface marker [257].

During M1 polarization, CS clearly showed inhibition of COX-derived LM products, es-
pecially PGE2, and also impaired both mRNA and protein levels of COX-2 and mPEGS-1,
which may be due to the inhibition of NF-ϰB and to some extent of the p38 MAPK. In vitro
data have revealed that low concentrations (0.05–1 µM) of CS inhibit the production of
NO and PEG2, accompanied by a decrease in iNOS and COX-2 protein expression, and
inhibit TNF and IL-6 release, and suppress the activity of NF-ϰB and AP-1 in LPS-stimulated
macrophages [258,259]. In CD biopsies, CS suppressed the production of pro-inflammatory
cytokines by inhibiting the nuclear translocation of NF-ϰB and the phosphorylation of
p38 kinase [167]. CS is a potent inhibitor of the IϰB kinase/NF-ϰB (IKK/NF-ϰB) signaling
and it has been used for hundreds of years as an ingredient of Thunder God Vine [260].
CS not only suppressed IKKβ activity but also exerted anti-inflammatory and anti-tumor
activities [258]. Other studies demonstrated that CS could control macrophage polarization
through modulating the cross-talk among LPS-stimulated MAPKs (ie, p38 MAPK, ERK1/2,
JNK) and nuclear translocation of NF-ϰB p65 and other transcription factor-related axes
[248,261]. In addition, p38 MAPK activation by cell stress was found to induce LT formation
in leukocytes [262]. This contradicts our findings that CS increased the capacity to generate
5-LOX products upon SACM challenge while p38 MAPK activation is slightly inhibited
during M1 polarization.

Inhibition of PG biosynthesis can impede the class switch of lipid mediators and may
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Figure 4.3: Proposed mechanism of celastrol inhibition in affecting COX-2 path-
ways during M1 macrophages polarization.

delay resolution [12,263], this may explain why SPM were generated in large amounts
in M2-MDM but were downregulated after long time incubation of CS in the current
study. CS impaired protein levels of 15-LOX-1 and 15-LOX-2 that are key enzymes in
SPM biosynthesis [186], alongside hardly affected M2-MDM surface marker expression,
indicating long-term treatment of CS may be detrimental for resolution of inflammation
through two possibilities of macrophage subtype phenotypic interfering – 1) negatively
regulated M0 macrophages polarize towards to M2 phenotype; or 2) inhibition of the
repolarizing process from M1 to M2 subtypes. Likewise, CS exhibited anti-obesity effects
via suppressing pro-inflammatory M1 macrophage polarization [248]. In contrast, CS
treatment protects against acute ischemic stroke-induced brain injury by promoting an IL-
33/ST2 axis-mediatedmicroglia/macrophageM2 polarization [249]. CS-loaded nanomicelles
were also reported to reduce the expression of macrophage M1 biomarkers (e.g., IL-6, IL-1β,
TNF-α, iNOS) in a dose-dependent manner and marginally increased the expression of
macrophage M2 biomarkers (e.g., arginase-1 (Arg-1), IL-10) [264].

In addition, TwHF extracts and TP caused inhibitory effect on PGE2 formation in a variety of
human cells by blocking the up-regulation of COX-2 [134]. Ethyl acetate extracts of TwHF
inhibited PGE2 production by downregulating the expression of the COX-2 gene at the
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inflammatory site without interfering with COX-1 production in the non-inflammed organs
[133]. Mechanistic studies of TwHF revealed no impact on the activation of extracellular
signal-regulated kinase, p38 MAPK, and JNK. Instead, TwHF partially inhibited the DNA
binding capacity of cytokine-stimulated AP-1 and NF-ϰB transcription factors [135]. TP,
a principal bioactive component of TwHF, was recently revealed to dysregulate glucose
uptake via inhibition of the IKKβ-NF-ϰB pathway by p53 activation in cardiomyocytes
[265]. Other studies reported that TP and its analogs (5R)-5-hydroxytriptolide (LLDT-8) and
tripchlorolide (T4) inhibit NF-ϰB activation and JNK phosphorylation but not ERK1/2 and
p38 phosphorylation in an LPS-triggered macrophage cell line (RAW 264.7) and microglial
cells, suggesting that NF-ϰB and JNK were probably crucial targets for TwHF extracts
[266,267].

Severe systemic toxicity of CS, resulting in a narrow therapeutic window, has been exten-
sively reported [9,164]. Thus, the present study applied low concentration of CS (0.2 µM)
that caused no cytotoxicity under the applied incubation conditions. Further investiga-
tion on nanotechnology-based and co-therapy of CS may further reduce the toxicity and
improve bioavailability and may provide more evidence for the pharmacological therapy
using this natural product.

In conclusion, our results revealed that CS affected polarization to M1 phenotypes via inhi-
bition of pro-inflammatory COX-2 expression, COX-derived LM, especially PGE2, through
inhibition of inducible mPEGS-1. CS hardly affected polarization to the M2 phenotype but
has a detrimental impact on the capacity to generate SPM which might be due to blocking
15-LOX-1 and 15-LOX-2 expression. These studies reveal complex LM network modulation
by CS in a long-term manner, calling for consideration of the application of this natural
product to treat inflammatory diseases.
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