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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 the 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 cycloox-
ygenase (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 also reduced
the formation of 12/15-LOX products and specialized pro-resolving mediators, without affecting the levels of liberated fatty acid
substrates.
Conclusion: 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
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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 the one hand, pro-inflammatory eicosanoids that initiate and maintain inflammation but also
specialized pro-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 leuko-
trienes (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 inflam-
mation 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 immu-
nomodulatory activities, and is now being increasingly recognized as a promising clinical candidate for the therapy of
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autoimmune disease, in particular rheumatoid arthritis (RA).30,33,34 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 an anti-inflammatory drug.39,40 Moreover, we recently reported that CS at
1 µM promotes SPM biosynthesis by activation of 15-LOX-1 as a 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.

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). 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, 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.

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 the 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 a vehicle for 15 minutes before the addition of polarizing agents.
Cell supernatants from treated M1-MDMs and M2-MDMs were carefully removed and cells were further incubated in
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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 minutes 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.

Lipid Mediator Metabololipidomics by UPLC-MS-MS
Samples were kept at −20°C for at least 60 minutes to allow for protein precipitation. After centrifugation (1,200×g, 4°C,
10 minutes), 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). 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) and a QTRAP
5500 Mass Spectrometer (ABSciex, Darmstadt, Germany) equipped with a Turbo V™ Source and electrospray ioniza-
tion. 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 minutes and then to 98:2:0.01 for 3 minutes.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 seconds, 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

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), CS, or 1% Triton
X-100 that was used as a positive control, for 15 minutes. 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 hours, 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetra-
zolium bromide (MTT, 5 mg/mL, 20 µL; Sigma-Aldrich, Munich, Germany) solution was added in the darkness for 2–3
hours 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 a vehicle for 15 minutes
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 hours. Then, cells were lysed as previously described42 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 minutes. 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,
GE Healthcare, Freiburg, Germany). The membranes were incubated with the following primary antibodies: rabbit
polyclonal anti-cPLA2α, 1:1,000 (2832S; Cell Signaling Technology); rabbit monoclonal anti-COX-2, 1:1,000 (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, 1:1,000 (ab133512; Abcam); rabbit
polyclonal anti-COX-1, 1:1,000 (4841S; Cell Signaling Technology); rabbit polyclonal anti-mPGES-1, 1:5,000 (kindly
provided by Dr. Per-Johan Jakobsson, Karolinska Institute, Stockholm, Sweden); rabbit polyclonal anti-5-LOX, 1:1,000
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(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, 1:1,000 (ab85227;
Abcam); rabbit monoclonal anti-p38 MAPK, 1:1,000 (8690S; Cell Signaling); rabbit polyclonal anti-phospho-p38
MAPK (Thr180/Tyr182), 1:1,000 (9211S; Cell Signaling); rabbit monoclonal anti-NF-κB p65 (C22B4), 1:1,000
(4764S; Cell Signaling); mouse monoclonal anti-phospho-NF-κB p65 (Ser536), 1:1,000 (13346S; Cell Signaling);
mouse monoclonal anti-β-actin, 1:1,000 (3700S; Cell Signaling); rabbit monoclonal anti-glyceraldehyde-3-phosphate
dehydrogenase (GAPDH), and 1:1,000 (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). Data from
densitometric analysis were background corrected.

Real Time PCR
M0GM-CSF (106/mL) were pre-treated with 0.2 µM CS or 0.1% DMSO as a vehicle for 15 minutes prior to exposure to
100 ng/mL LPS and 20 ng/mL IFNγ. After 0, 6, 24, or 48 hours, total RNAwas 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 0.5–1.5 µg RNA in a 20 µL reaction using a 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, a 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 minutes at 95°C, followed by 40
cycles of denaturation for 15 seconds at 95°C, annealing for 30 seconds at 60°C, and extension for 30 seconds 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 a reference gene. As quality controls, negative control measure-
ments, 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.

Flow Cytometry
M0M-CSF (2×106/mL) were treated with CS (0.2 µM) or vehicle (0.1% DMSO) for 48 hours. Then, cells were stained in PBS
pH 7.4 containing 0.5% bovine serum albumin, 2mMEDTA, and 0.1% sodium azide by Zombie Aqua™Fixable Viability Kit
(Biolegend, San Diego, CA) for 5 minutes at 4°C to determine cell viability. Non-specific antibody binding was blocked by
using mouse serum (10 minutes at 4°C) prior to staining by the following fluorochrome-labeled antibodies (20 minutes, 4°C):
FITC anti-human CD14 (clone M5E2, #555397, BD Biosciences, San Jose, CA), 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

Table 1 Prime Sequences for qPCR Assays

Target Genes Sequence (5’-3’)

PTGS2 Forward Primer TGCCTGATGATTGCCCGACT

Reverse Primer TGAAAGCTGGCCCTCGCTTA

PTGES Forward Primer AGTATTGCAGGAGCGACCCC
Reverse Primer GCATCCAGGCGACAAAAGGG

GAPDH Forward Primer TTTGCGTCGCCAGCCGAG

Reverse Primer TTCTCAGCCTTGACGGTGCC
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GHI/61, #556018, BD Biosciences), and APC anti-human CD206 (clone 19.2, #550889, BD Biosciences) to determine M1
and M2 surface marker expression using a LSRFortessaTM cell analyzer (BD Biosciences), and data were analyzed using
FlowJo X Software (BD Biosciences).

Statistical Analysis
Results are expressed as mean±SEM 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). 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.

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 hours towards M1- and
M2-like phenotypes or left untreated for 48 hours, 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 hours 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 (Figure 1A and B). Thus, we limited the concentration of CS to 0.2 µM
for subsequent experiments, in order to exclude cytotoxicity as a 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-
MDMs41 in the presence or absence of 0.2 µM CS. We found a significant reduction of the two M1 markers CD54 and
CD80 by CS after 48 hours with a minor impact on M2 markers, where only CD206 was slightly reduced but not CD163
(Figure 1C and 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 minutes) with 0.2 µM CS and then polarized for 48 hours 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
minutes. 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 (Figure 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 (Figure 2, Table 2). A similar pattern was
observed for generation of 12/15-LOX products (Figure 2), although the overall amounts of these LMs were comparably
low (Table 2).
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Figure 1 Impact of celastrol (CS) on cell viability and polarization of humanMDM. (A andB) 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 minutes before adding the polarizing agents (LPS/IFNγ for M1-, IL-4 for M2-MDM).
After 48 hours, cell viabilitywas assessed byMTTassay. Values aremeans±SEM, n=3, expressed as a percentage of vehicle control (=100%); * p<0.05, ** p<0.01 vs control group, one-way
ANOVA formultiple comparisons with Dunnett’s correction. (C andD) Effects of CS on the expression of macrophage phenotype surface markers. M0M-CSF were treatedwith 0.2 µM
CSor 0.1%DMSO (as vehicle) for 48 hours. (C) Expression of surfacemarkersCD54 andCD80 (M1-like) aswell as CD163 andCD206 (M2-like) among livingCD14+ cellswas 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 theMFI fromCS-treatedMDMagainst theMFI of vehicle-treated cells was calculated and is given in %of control in scatter dot plots as single values andmeans
±SEM, n=3. * p<0.05, ** p<0.01 CS vs control group, ratio paired t-test.
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Figure 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 minutes before adding the polarizing agents LPS/IFNγ or vehicle. After 48 hours, 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 minutes. 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±SEM, 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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Table 2 Effects of Celastrol (CS) on LM Pathways During Human M1-MDM Polarization

A

w/o

LM LPS/IFNγ (-) LPS/IFNγ (+)

Veh. CS % Veh. CS %

PGD2 27.5±8.7 26.7±4.3 97 110±20.5 75.6±13.7 69

PGE2 94.1±10.5 83.6±10.9 89 11,262±1,937 6,190±1,018 55

PGF2α 165±28.0 169±11.3 102 422±67.7 278±13.7 66

TXB2 2,038±195 2,194±239 108 3,484±618 2,382±214 68

11-HEPE 0.5±0.1 0.5±0.1 95 5.9±1.2 3.6±0.7 61

11-HETE 7.7±1.7 7.5±1.1 98 109±13.1 62.2±12.8 57

t-LTB4 81.1±49.3 41.3±18.2 51 845±118 749±219 89

LTB4 114±80.4 59.5±34.1 52 1,487±425 1,228±413 83

5-HEPE 19.7±10.7 11.9±4.9 60 197±49.7 203±81.0 103

5-HETE 79.7±34.8 55.7±17.1 70 810±220 781.3±291 96

7-HDHA 7.3±2.0 6.4±1.9 87 23.2±7.0 20±6.6 85

17-HDHA 2.5±1.3 5.1±1.3 201 11.6±3.1 5.4±2.4 46

15-HEPE 1.1±0.3 1.3±0.3 117 3.5±0.7 3.1±1.0 87

15-HETE 14.9±2.4 13.3±2.3 90 79.4±10.4 54.6±14.1 69

14-HDHA 0.7±0.4 0.4±0.2 52 2.3±1.3 0.8±0.3 34

12-HEPE 0.6±0.2 0.6±0.2 100 2.0±0.4 1.6±0.5 78

12-HETE 9.0±5.5 6.4±0.5 71 10.8±2.0 7.6±2.5 70

4-HDHA 2.0±0.5 1.5±0.4 78 3.8±0.8 3.2±0.6 84

18-HEPE 6.4±1.3 5.4±1.0 85 8.1±0.5 6.7±1.7 82

9-HODE 137±22.2 132±16.1 96 166±21.9 133±9.2 80

13-HODE 204±38.5 206±30.9 101 253±38.3 192±10.3 76

RvD5 0.6±0.2 0.6±0.1 90 3.3±0.8 2.4±0.8 72

AA 6,940±675 7,095±645 102 18,773±3,175 14,351±2,817 76

EPA 905±92.3 990±93.9 109 2,167±319 1,718±322 79

DHA 2,602±273 2,776±348 107 4,595±942 3,602±665 78

B

+SACM

LM LPS/IFNγ (-) LPS/IFNγ (+)

Veh. CS % Veh. CS %

PGD2 40.8±2.4 36.0±4.0 88 105±15.9 61.1±2.8 58

PGE2 267±40.0 236±20.5 88 11,309±3,111 4,414±697 39

PGF2α 450±111 440±80.7 98 388±95.1 218±10.0 56

(Continued)

Journal of Inflammation Research 2022:15 https://doi.org/10.2147/JIR.S356964

DovePress
3293

Dovepress Zhang et al

Powered by TCPDF (www.tcpdf.org)Powered by TCPDF (www.tcpdf.org)

https://www.dovepress.com
https://www.dovepress.com


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 hours incubation (Figure 2, Table 2A
and 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 by CS, with major effects in unpolarized/unstimulated cells and in SACM-activated
M1-MDMs (Figure 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 and 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 (Figure 2, Table 2A and 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.

Table 2 (Continued).

TXB2 5,001±787 4,926±676 99 4,597±1,035 2,851±311 62

11-HEPE 11.8±3.2 11.9±3.3 101 23.6±6.6 14.9±1.5 63

11-HETE 140±16.3 134±9.4 96 592±79.2 318±40.8 54

t-LTB4 296±68.0 283±75.9 95 1,193±75.6 775±190 65

LTB4 669±276 616±258 92 2,619±361 1,775±478 68

5-HEPE 257±52.7 235±33.8 92 718±85.6 533±125 74

5-HETE 894±127 841±190 94 3,327±348 2,358±590 71

7-HDHA 31.6±1.2 35.3±7.5 112 79.0±6.9 60.6±11.2 77

17-HDHA 71.5±10.8 58.1±10.9 81 92.6±8.9 99.1±11.7 107

15-HEPE 13.1±1.1 12.2±1.4 93 12.6±1.2 14.6±1.4 117

15-HETE 190±20.0 174±21.5 92 520±56.8 331±61.2 64

14-HDHA 9.2±2.3 10.3±2.4 113 19.1±1.5 18.7±0.5 98

12-HEPE 6.3±0.8 6.4±0.4 102 9.5±2.2 9.4±1.7 98

12-HETE 44.0±8.9 41.8±7.9 95 77.8±13.9 63.5±12.3 82

4-HDHA 14.1±2.0 14.3±1.4 102 22.2±1.9 22.0±2.3 99

18-HEPE 22.2±2.8 19.0±2.2 86 17.9±1.6 15.8±2.0 88

9-HODE 199±7.1 168±13.0 85 256±32.4 226±27.0 88

13-HODE 243±20.9 206±17.4 85 342±53.4 292±39.3 86

RvD5 4.8±0.8 5.8±1.4 119 9.6±0.9 7.0±1.3 73

AA 49,528±4,386 56,911±5,904 115 110,116±5,337 97,293±11,106 88

EPA 9,625±1,034 12,429±1,570 129 17,833±1,239 16,860±1,564 95

DHA 19,817±2,038 23,170±,2457 117 60,363±2,442 54,893±2,246 91
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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
minutes) with 0.2 µM CS, polarized for 48 hours towards M2-MDMs or left untreated (= unpolarized), and LM
biosynthesis was then assessed in unstimulated or SACM-challenged cells after 90 minutes 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 hours) that received no SACM (Table 3, Figure 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).

Table 3 Effects of Celastrol (CS) on LM Pathways During Human M2-MDM Polarization

A

w/o

LM IL-4 (-) IL-4 (+)

Veh. CS % Veh. CS %

PGD2 16.2±2.1 16.3±3.3 100 28.7±4.8 26.8±5.9 94

PGE2 92.5±51.6 74.3±41.5 80 137±61.0 135±65.8 98

PGF2α 66.4±18.9 51.7±20.7 78 72.6±20.4 69.1±20.8 95

TXB2 1,368±294 1,116±477 82 2,329±407 2,287±567 98

11-HEPE 1.0±0.5 1.2±0.6 118 1.4±0.3 1.1±0.5 80

11-HETE 11.9±5.8 12.0±6.6 101 14.4±5.4 19.0±8.8 132

t-LTB4 12.9±8.7 11.7±8.3 91 8.2±3.5 8.6±4.9 105

LTB4 21.7±16.9 17.5±14.6 81 9.0±6.4 10.5±7.9 117

5-HEPE 11.6±6.9 13.8±6.4 119 10.2±3.5 12.9±6.4 126

5-HETE 34.5±13.8 49.8±23.4 144 31.9±10.0 44.5±22.1 139

7-HDHA 9.4±0.5 23.1±7.9 247 25.2±8.4 17.1±2.9 68

17-HDHA 18.1±3.5 20.0±6.9 111 38.8±8.8 44.1±15.1 114

15-HEPE 4.5±1.4 3.8±1.1 83 12.1±3.9 7.8±2.8 65

15-HETE 55.1±18.4 57.1±15.7 104 87.7±14.0 76.8±30.9 88

14-HDHA 3.1±0.9 2.7±0.4 85 7.3±3.0 6.5±4.0 90

12-HEPE 1.3±0.3 1.9±0.6 142 3.3±0.7 2.8±0.7 86

12-HETE 10.3±3.2 11.7±3.8 114 13.5±1.7 12.7±5.9 94

4-HDHA 5.7±0.6 6.2±0.8 109 6.1±0.5 6.5±1.1 106

18-HEPE 8.1±2.9 7.3±2.3 90 9.2±2.4 7.8±3.3 85

9-HODE 87.8±40.8 110±28.9 125 115±37.0 121±56.0 105

13-HODE 112.6±56.1 141.5±44.4 126 149±55.2 177±91.8 119

PDX n.d. 0.5±0.1 n.d. 1.1±0.4 1.0±0.3 88

(Continued)
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Table 3 (Continued).

RvD5 1.2±0.3 0.8±0.1 66 6.8±1.9 4.2±1.3 61

MaR2 0.6±0.1 0.9±0.2 150 0.8±0.1 0.7±0.1 87

RvE4 1.5±0.3 1.8±0.3 115 1.9±0.5 2.3±0.7 122

AA 16,737±2,299 23,393±3,204 140 11,367±3,956 17,709±5,424 156

EPA 2,107±332 3,412±844 162 1,378±472 2,567±851 186

DHA 6,176±796 10,458±651 169 4,499±1,010 8,397±1,251 187

B

+SACM

LM IL-4 (-) IL-4 (+)

Veh. CS % Veh. CS %

PGD2 345±104 274±75.7 79 849±229 453±101 53

PGE2 1,142±274 814±142 71 2,440±339 1,716±232 70

PGF2α 677±113 433±67.0 64 824±173 544±88.7 66

TXB2 14,145±2,892 10,672±2,017 75 37,119±9,532 25,916±5,290 70

11-HEPE 46.4±16.1 19.6±3.3 42 198±62.0 85.0±26.4 43

11-HETE 622±181 354±64.6 57 2,610±720 1,273±381 49

t-LTB4 1,531±772 568±293 37 2,286±1,130 896±345 39

LTB4 2,703±951 753±257 28 6,694±3,100 1,430±476 21

5-HEPE 2,324±1,430 512±226 22 1,484±499 1,031±504 69

5-HETE 9,563±4,715 3,773±1,796 39 7,956±2,554 5,681±2,200 71

7-HDHA 62.9±9.6 46.4±4.8 74 566±193 215±57.8 38

17-HDHA 431±150 428±153 99 14,993±5,607 4,812±2,165 32

15-HEPE 99.3±42.9 63.6±25.6 64 9,182±4,386 2,027±1,101 22

15-HETE 1,782±826 1,347±661 76 36,279±13,339 19,208±10,538 53

14-HDHA 18.6±5.1 16.7±2.8 90 4,168±1,873 851±501 20

12-HEPE 25.6±7.8 13.6±4.9 53 1,821±873 400±220 22

12-HETE 188±63.9 105±39.3 56 10,642±5,535 2,089±1,426 20

4-HDHA 40.4±3.4 33.7±1.3 83 73.9±13.9 42.2±3.8 57

18-HEPE 53.0±14.1 28.0±3.0 53 194±59.1 86.6±25.1 45

9-HODE 157±29.3 130±29.9 83 263±26.2 186±8.3 71

13-HODE 190±37.2 160±34.8 84 2,275±876 598±205 26

PDX 1.6±0.2 1.4±0.4 91 205±87.5 41.9±20.1 20

RvD5 5.7±1.0 4.5±1.2 78 2,143±931 331±139 15

MaR2 1.3±0.1 1.0±0.1 78 89.7±40.0 14.2±4.7 16

(Continued)
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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, Figure 3). However, in the case of SACM stimulation, treatment of MDMs (unpolarized or M2 cells) with CS
for 48 hours 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 (Figure 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 minutes) with 0.2 µM CS and then kept for 48 hours with and without polarizing agents (LPS/IFNγ for
M1; IL-4 for M2). In the absence of LPS/IFNγ, CS did not affect protein levels of any of the LM-biosynthetic enzymes in
M0GM-CSF within 48 hours (Figure 4A and B). However, the upregulated expression of COX-2 obtained during
polarization of M0GM-CSF towards M1-MDMs, was significantly reduced by CS, with a concomitant decrease of
mPGES-1 protein, but without alteration of the levels of other enzymes (ie, cPLA2, 5-LOX, FLAP, LTA4H, 15-LOX-
2, COX-1) (Figure 4A and B). In analogy to M0GM-CSF the protein levels after 48 hours culture of M0M-CSF were not
significantly affected by CS (Figure 4C and D). When M0M-CSF were polarized towards M2-MDMs with IL-4 for 48
hours, 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 (Figure 4C and 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 polarization48 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 hours (Figure 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.

Table 3 (Continued).

RvE4 20.0±10.7 2.6±0.6 13 590±369 53.6±26.8 9

AA 644,949±173,254 500,628±87,037 78 539,612±56,101 667,516±132,276 124

EPA 119,181±32,375 95,981±25,042 81 102,144±14,530 98,053±19,004 96

DHA 142,616±21,950 162,353±26,174 114 157,759±27,198 175,629±27,256 111
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Figure 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
minutes before adding the polarizing agent IL-4 or vehicle. After 48 hours, 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 minutes. 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±SEM, 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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Figure 4 Celastrol (CS) modulates the expression of LM-biosynthetic enzymes during polarization of human MDM. (A and B) M0GM-CSF and (C and D) M0M-CSF were pre-
treated with 0.2 µM CS or 0.1% DMSO (as vehicle) for 15 minutes before adding the polarizing agents LPS/IFNγ or IL-4, respectively, or vehicle. After 48 hours, 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 analyzed by densitometry for proteins derived from (B) M1-MDM and (D) M2-
MDM, normalized to β-actin. Data are shown as means±SEM 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 minutes and polarized for 0, 6, 24, and 48 hours 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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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 hours. This was clearly reduced when 0.2 µM CS was included during the incubation (Figure 5A).
Phosphorylation of p38 MAPK was slightly elevated by LPS/IFNγ-treatment after 6 hours (but not yet after 3 hours), and
again, CS impaired this stimulatory effect (Figure 5B). Together, these data suggest that CS may block the phosphoryla-
tion of both NF-κB p65 and p38 MAPK during M1-polarization 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-inflam-
matory 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 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 hours) 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 hours) 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 a direct enzyme modulator, inhibiting 5-LOX activity with reduced

Figure 5 Effects of celastrol (CS) on the activation of NF-κB and p38 MAPK in human M1-MDM. M0GM-CSF were pretreated for 15 minutes with 0.2 µM CS or 0.1% DMSO
(as vehicle) prior to polarization to M1-MDM using LPS/IFNγ for 3 or 6 hours. 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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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 an 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 hours 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

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 polarization48 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 polariza-
tion. 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 Tat53 and proteostasis.38 In fact, NF-κB contains redox-regulated cysteine residues and covalently
modification of the thiol moieties (eg, by S-nitrosylation at Cys-6254) 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 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 affected 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 hour) incubations at concentrations ≥1 µM, which is in agreement with the well-
known toxicity of CS63 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 isoniazid65 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 polariza-
tion 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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