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Anti-inflammatory Effects of Mapracorat, a Novel Selective
Glucocorticoid Receptor Agonist, Is Partially Mediated by
MAP Kinase Phosphatase-1 (MKP-1)
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is not fully understood.

tory mediators.
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(Bacl(ground: Mapracorat is a drug candidate for ocular and skin inflammatory diseases. Its anti-inflammatory mechanism
Results: Mapracorat augments MKP-1 expression, accelerates p38 deactivation, and inhibits the production of pro-inflamma-

Conclusion: Mapracorat exerts its anti-inflammatory effects, at least in part, by augmenting MKP-1.
Significance: This study highlights the therapeutic potential of augmenting the endogenous anti-inflammatory regulators.

J

Mapracorat is a novel selective glucocorticoid receptor ago-
nist (SEGRA), structurally distinct from corticosteroids. In pre-
clinical studies, mapracorat potently inhibits the production of
a variety of inflammatory mediators including cytokines and
prostaglandin E2 (PGE,), with limited side effects associated
with traditional corticosteroids. The objective of this study was
to delineate the mechanisms underlying the anti-inflammatory
properties of mapracorat. We found that mapracorat potently
inhibited the production of GM-CSF and TNF-« in LPS-stimu-
lated Raw 264.7 macrophages. Mapracorat also substantially
attenuated the expression of COX-2 and the production of
PGE,. The inhibition of mapracorat on the inflammatory
response was dose-dependent, and substantially inhibitory
effects were observed at concentrations in the 10 -100 nm range.
Examination of the activation kinetics of p38 and its down-
stream target MAPK-activated protein kinase-2 (MK-2)
revealed a shortened activation course after LPS stimulation in
cells pretreated with mapracorat. Supporting the notion that
mapracorat augments a feedback control mechanism restrain-
ing the p38 pathway, we found that mapracorat enhanced the
expression of MAPK phosphatase-1 (MKP-1), a critical negative
regulator of MAPKs that drive the production of cytokines and
other inflammatory mediators. While mapracorat alone did not
stimulate MKP-1 expression, it markedly enhanced the expres-
sion of MKP-1 in cells stimulated by LPS, in a similar manner
and potency to the augmenting effect of dexamethasone. Block-
ing MKP-1 expression by triptolide also abolished the acceler-
ating effects of mapracorat on p38 and MK-2 deactivation, fur-
ther supporting a role of MKP-1 in the anti-inflammatory
mechanism of mapracorat. Taken together, these results indi-
cate that mapracorat exerts its anti-inflammatory effects, at
least in part, by augmenting MKP-1 expression.

Inflammation is a common host defense response to external
pathogens or tissue damage, and inflammatory processes have
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been implicated in a wide variety of diseases (1). While inflam-
mation is an important physiological response for the immune
defense against pathogens or tissue injury, chronic or excessive
inflammation can lead to inflammatory diseases, organ dam-
age, and in severe cases, mortality, such as in patients with
severe sepsis (2). Inflammatory cytokines, such as TNF-« and
GM-CSE, play a pivotal role in the inflammatory response and
contribute to the induction of enzymes responsible for the
physiology of the inflammatory cascade (3, 4). One of the
enzymes induced during the inflammatory response is COX-2
(5-7), which is responsible for the production of prostaglan-
dins, including PGE,, another important pro-inflammatory
mediator. Signaling pathways mediating the inflammatory
response during microbial infection have been studied exten-
sively in antigen-presenting cells, such as macrophages (8 -10).
The conserved molecular patterns in microbes, like LPS in the
cell wall of Gram-negative bacteria, are sensed by macrophages
through pathogen recognition receptors, such as membrane-
associated Toll-like receptors (TLRs)? or the cytosol nucleotide
binding and oligomerization domain (NOD)-like receptors. For
example, LPS is detected by TLR4, which initiates a cascade of
signaling events that ultimately result in activation of the tran-
scription factor NF-«kB and the MAPK pathways (8, 11). NF-«B
is crucial for the transcription of numerous inflammatory cyto-
kine genes, including TNF-a and GM-CSF. MAPKSs, including
ERK, JNK, and p38, can regulate the production of cytokines
through both transcriptional and post-transcriptional mecha-
nisms (12, 13). p38 was initially identified as the target of a class
of small molecule inhibitors that block the production of
inflammatory cytokines (14, 15), highlighting its critical func-
tion in the inflammatory response. The critical role of p38 in the
inflammatory response is also illustrated by the phenotypes of
the MK-2 knock-out mice (16, 17). MK-2 is the downstream
target of p38, and knock-out of MK-2 abrogates the production

2 The abbreviations used are: TLR, Toll-like receptor; MK, MAPK-activated pro-
tein kinase; MKP, mitogen-activated protein kinase phosphatase; ARE, AU-
rich element; UTR, untranslated region; SEGRA, selective glucocorticoid
receptor agonist; GR, glucocorticoid receptor.
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of inflammatory cytokines and protects mice from endotox-
emia (16).

It has been shown that the p38/MK-2 pathway can stimulate
cytokine biosynthesis through at least three mechanisms. First,
p38 stimulates the activity of the transcription factor AP-1,
which plays a significant role in the induction of inflammatory
genes (18, 19). Second, the 3’-untranslated region (UTR) of
many pro-inflammatory mediator mRNAs contains AU-rich
elements (AREs) that render these mRNAs susceptible to deg-
radation (17, 20-22). Like the mRNA transcripts of many pro-
inflammatory cytokines, COX-2 mRNA also contains several
AREs in its 3'-UTR (23). The p38/MK-2 cascade enhances the
inflammatory response by phosphorylating proteins that medi-
ate the degradation of ARE-containing mRNA, such as tristet-
raprolin (17, 20-23). Third, the p38/MK-2 cascade also pro-
motes the translation of ARE-containing mRNAs through the
activation of the eukaryotic translation initiation factor 4E (24,
25).

The activity of p38 is regulated via reversible phosphoryla-
tion (12, 26). The activation of p38 is catalyzed by MKK3 and
MKK®6 through phosphorylation of the adjacent threonine and
tyrosine residues on the TGY signature motif (27). The inacti-
vation of p38 is mediated by dephosphorylation of the adjacent
threonine and tyrosine residues catalyzed primarily by MAPK
phosphatases (MKPs) (13, 28). It has been shown independ-
ently by several laboratories that MKP-1 plays an essential role
in the deactivation of p38 and acts as a restraint for the produc-
tion of inflammatory cytokines (29-33). MKP-1-deficient
macrophages exhibit prolonged activation of p38 and MK-2
following LPS stimulation, and produce substantially greater
quantities of pro-inflammatory cytokines, including TNF-«
and GM-CSF (30-33). These cells also express substantially
greater level of COX-2 (34, 35). While p38 and MK-2 inhibitors
are still considered as promising anti-inflammatory agents, the
development of such drugs has so far been hindered by their
toxicities, particularly in the lymphoid and gastrointestinal sys-
tem (36, 37).

Glucocorticoids are powerful anti-inflammatory drugs,
which modulate the expression of genes involved in inflam-
mation through both transrepression and transactivation
mechanisms (38 —42). While transcriptional repression of pro-
inflammatory cytokines is widely accepted as the primary anti-
inflammatory mechanisms (41, 42), such a mechanism occurs
slowly, usually taking days or weeks to reach their maximal anti-
inflammatory effects. In addition, glucocorticoids have also been
shown to rapidly (within hours) inhibit the production of pro-
inflammatory cytokines, associated with the inhibition of both
p38 and JNK activities (41, 43, 44). Interestingly, several labo-
ratories have shown that glucocorticoids enhance the expres-
sion of MKP-1 in a variety of cell types, including epithelial
cells, mast cells, and macrophages (29, 43, 45). While glucocor-
ticoids alone only modestly enhance the expression of MKP-1
(29, 46, 47), they potently enhance the expression of MKP-1 in
LPS-stimulated macrophages (46, 47). Furthermore, deletion of
MKP-1 abrogated the inhibitory effects of glucocorticoids on
both p38 and JNK and substantially compromised the inhibi-
tory effects on the production of inflammatory cytokines both
in cultured macrophages and in mice after LPS challenge (46 —
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48). While glucocorticoids as a class of potent anti-inflamma-
tory drugs continue to be used for many inflammatory diseases,
the application of glucocorticoids is limited by their side effects
(41). Long-term glucocorticoid treatment can lead to severe
and sometimes irreversible pathological consequences, includ-
ing osteoporosis, diabetes, Cushing’s syndrome, glaucoma, and
muscle atrophy. Therefore, identification of small molecules
that inhibit the p38/MK-2 pathway and yet are devoid of the
undesirable side effects of current anti-inflammatory agents
represents a major focus in the development of new anti-in-
flammatory drugs.

Mapracorat, also referred to as BOL-303242-X and ZK
245186 (49 —51), is a small molecule compound in clinical trials
for the treatment of inflammatory skin and eye diseases.
Mapracorat exhibits potent anti-inflammatory activity both in
vitro and in vivo (49, 50), yet the molecular mechanisms under-
lying the potent anti-inflammatory function has not been fully
explored. In the present study, we demonstrated that maprac-
orat inhibited the production of inflammatory mediators
including cytokines TNF-a and GM-CSF as well as PGE, in
LPS-stimulated macrophages. Examination of the effects of
mapracorat on MAPK signaling revealed that mapracorat
enhanced the expression of MKP-1, and inhibited p38 and its
downstream kinase MK-2. Blockade of MKP-1 induction in
LPS-stimulated macrophages by triptolide abolished MKP-1-
mediated p38 deactivation, and sustained MK-2 activity.
Finally, we showed that mapracorat enhanced MKP-1 induc-
tion in LPS-stimulated macrophages with a potency similar to
dexamethasone. Our studies indicate that mapracorat exerts its
anti-inflammatory effects not only through the inhibition of
inflammatory mediators TNF-a, GM-CSF, COX-2, and PGE2,
but also through augmentation of expression of anti-inflamma-
tory mediators such as MKP-1.

EXPERIMENTAL PROCEDURES

Cell Culture and Reagents—Raw 264.7 murine macrophages
were acquired from the American Type Culture Collection
(ATCC, Manassas, VA) and were maintained in DMEM (Invit-
rogen, Carlsbad, CA) supplemented with 10% FBS (Hyclone,
Logan, UT) and penicillin/streptomycin (Invitrogen). LPS (Esche-
richia coli, O55:B5) was purchased from EMD/Calbiochem and
dissolved in PBS containing 0.1% BSA to a concentration of 10
mg/ml. Mapracorat (R-1,1,1-trifluoro-4-(5-fluoro-2,3-dihydro-
benzofuran-7-yl)-4-methyl-2-{[(2-methyl-5-quinolyl)amino]-
methyljpentan-2-ol) (51) was synthesized by Bayer Schering
Pharma (Berlin, Germany). Both dexamethasone (Sigma-
Aldrich) and mapracorat were dissolved in DMSO (Sigma-
Aldrich) to a concentration of 100 um. For the time course, cells
were pretreated with 100 nm mapracorat for 4 h. Triptolide was
acquired from Tocris Bioscience and prepared at a concentra-
tion of 10 mm DMSO. Cells were pretreated with triptolide for
60 min prior to treatment with LPS or mapracorat. The MKP-1
(M-18) and B-actin antibodies were both purchased from Santa
Cruz Biotechnology (Santa Cruz, CA). Antibodies specifically
against phosphorylated p38 (T180/Y182), p38, phosphorylated
MK-2, MK-2, COX-2, and HRP-conjugated anti-rabbit IgG
secondary antibody were purchased from Cell Signaling (Dan-
vers, MA). The GAPDH antibody was purchased from Invitro-
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gen. HRP-conjugated goat anti-mouse IgG (H+L) secondary
antibody was purchased from Bio-Rad.

Western Blotting—Following treatments, cell culture plates
were aspirated of their media and washed twice with ice-cold
PBS (Invitrogen). Cells were incubated on ice for 15 min with
cold cell lysis buffer (Cell Signaling) supplemented with Pro-
teinase Inhibitor Mixture (Sigma-Aldrich) and 1 mm PMSF
(Sigma-Aldrich). Cell lysates were collected and centrifuged for
10 min at 15,000 X g at 4 °C. Following centrifugation, the
supernatant was transferred to fresh microfuge tubes and
assayed for protein concentration using a BCA protein assay kit
(Pierce). Cell lysates were mixed with Laemmli Sample Buffer
and boiled at 95 °C for 5 min, and the proteins were resolved by
electrophoresis on 10% SDS-polyacrylamide gels. Proteins in
the gels were wet-transferred to nitrocellulose. After blocking
the membrane with either 5% blotting grade nonfat dry milk
(Bio-Rad) or 5% BSA (EMD/Calbiochem) in TBS containing
0.1% Tween-20 (TBST), the membrane was incubated with pri-
mary antibody overnight at 4 °C. The blot was then washed, and
incubated with HRP-conjugated secondary antibody. Follow-
ing extensive washing, the blot was exposed to enhanced
chemiluminescent substrate (Pierce). Digital images were col-
lected using the VersaDoc 4000 MP imaging system and Quan-
tity One software (Bio-Rad). The primary antibodies were
removed from the blots by incubating with a stripping buffer
(Pierce) and were re-probed with an antibody against B-actin or
GAPDH, for loading controls. Digital images were processed
using the Image Lab software (Bio-Rad).

Cytokine and PGE,, Detection—Cells (1 X 10° cells per well)
were seeded into 6-well plates and grown to ~80% confluence
prior to treatment. Following treatments, cell culture medium
was collected, centrifuged for 5 min at 800 X g, and stored at
—70 °C. Cytokines in the medium were assayed by using mul-
tiplex bead technology, with a mouse cytokine/chemokine kit
(Millipore, Bellerica, MA) according to the manufacturer’s
instructions. Briefly, samples were incubated overnight with
antibody-immobilized beads at 4 °C on a 96-well filter plate.
Samples were subsequently incubated with biotinylated detec-
tion antibodies followed by streptavidin-phycoerythrin conju-
gate, the reporter molecule. Data were acquired using the
Luminex 200 (Luminex, Austin, TX), and converted to cytokine
concentrations using the Milliplex Analyst software (Millipore)
based on a standard curve.

PGE, release was evaluated in the same set of samples
assayed for cytokine contents. The concentration of PGE, was
determined using a highly sensitive PGE, competitive ELISA
kit (Enzo Life Sciences, Farmingdale, NY), according to the
manufacturer’s instructions. The colors were developed using
p-nitrophenyl phosphate substrate, and the optical density was
measured at 405 nm using a SpectraMAX2 plate reader (Molec-
ular Devices, Sunnyvale, CA). The concentration of PGE, in the
samples was calculated based on a standard curve using StatLia
workflow software (Brendan Technologies, Carlsbad, CA).

Statistical Analysis—Data were analyzed by two-way
ANOVA, and differences were identified via contrast test using
the JMP 8 statistical analysis software (SAS Institute, Cary, NC).
A p value < 0.05 is considered as significant.
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RESULTS

Mapracorat Inhibits the Production of Pro-inflammatory
Mediators in LPS-stimulated Raw 264.7 Macrophages—Ma-
pracorat is a novel small molecule with a potent anti-inflamma-
tory activity, structurally distinct from glucocorticoids (Fig.
1A). Mapracorat, at a concentration of 100 nm, inhibited the
production of pro-inflammatory cytokines, GM-CSF and
TNE-q, in LPS-stimulated Raw 264.7 cells (Fig. 1, Band C). The
inhibition occurred within 4 h. The marked attenuation of the
production of both GM-CSF and TNF-« over a 16-h period
indicated that the inhibitory effect of mapracorat was sustained
within the period examined. Dose response studies indicated
that the inhibition of mapracorat on the inflammatory cytokine
production was dose-dependent (Fig. 1D). A significant inhibi-
tion of GM-CSF by mapracorat was seen at a dose as low as 10
nM, and it reached to its maximal inhibition at ~100 nm (Fig.
1D).

COX-2 is responsible for the production of prostaglandins,
including PGE, (5). In unstimulated RAW 264.7 cells, COX-2
protein was not detectable. LPS stimulation resulted in a
marked increase in COX-2 protein levels within 4 h (Fig. 24).
Mapracorat, at a concentration of 100 nm, significantly attenu-
ated the protein levels of COX-2 in LPS-stimulated Raw 264.7
cells. Stimulation with LPS for 8 or 16 h further enhanced
COX-2 expression (Fig. 3B). The potent inhibitory effects of
mapracorat on COX-2 were reflected on the production of
PGE,. The PGE, concentration in the medium was undetect-
able prior to LPS stimulation. Upon LPS stimulation, PGE, con-
centration was dramatically increased, reaching 1.3 and 4.6
ng/ml at 8 and 16 h, respectively (Fig. 3C). In the presence of
mapracorat, PGE, production in response to LPS stimulation
was decreased by more than 70%.

Mapracorat Augments MKP-1 Induction and Shortens the
Course of p38 Activation in LPS-stimulated Macrophages—
MAPKSs are critical for the production of pro-inflammatory
cytokines, through both transcriptional and post-transcrip-
tional mechanisms (12, 26). MAPKSs, particularly p38, are also
pivotal in the induction of COX-2 (23, 52, 53). Since both the
cytokine production and COX-2 induction in LPS-stimulated
macrophages were inhibited by mapracorat, we examined the
effects of mapracorat on p38 and its downstream target MK-2
(Fig. 3A). Raw 264.7 cells were first pretreated with 100 nm
mapracorat for 4 h, and then stimulated with LPS for different
times. The activities of p38 MAPK and its downstream kinase
MK-2 were assessed by Western blot analyses, using phospho-
specific antibodies. In cells pretreated with vehicle (DMSO),
LPS stimulation led to rapid p38 activation. p38 was activated
within 15 min, indicated by the dramatic increase in phospho-
p38 level. Maximal p38 activity persisted at 15-30 min, and
substantially declined by 60 min, although considerable p38
activity was retained up to 120 min post LPS stimulation. By 4 h
post-LPS addition, p38 activity returned to basal levels. Simi-
larly, MK-2 activity was rapidly increased in response to LPS
stimulation within 15 min, and then gradually declined after 30
min, in cells pretreated with vehicle. While pretreatment of
Raw 264.7 cells with mapracorat did not change either the basal
or maximal p38 activity (at 15 min), it accelerated the decline of
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FIGURE 1. Mapracorat inhibits the production of TNF-a and GM-CSF in LPS-stimulated Raw 264. 7 cells. A, molecular structure of mapracorat. B, inhibitory
effect of mapracorat on TNF-a production. Raw 264.7 cells were treated with LPS (100 ng/ml) or with LPS (100 ng/ml) and mapracorat (100 nm) for 4, 8,and 16 h.
Medium was harvested and assayed for TNF-a concentration. C, inhibitory effect of mapracorat on GM-CSF production. Cells were treated as in B, and the
medium was assayed for GM-CSF. D, dose-dependent inhibition of GM-CSF production by mapracorat in LPS-stimulated cells. Cells were treated with DMSO
(control in the bar on the left), or 100 ng/ml LPS (bar graph on the left), 100 nm mapracorat (bar graph on the left), or LPS plus different concentration of
mapracorat (points on the line graph on the right), for 18 h. The values are expressed as means = S.E. of three independent experiments. *, p < 0.05, compared
with cytokine production in the absence of mapracorat at the same time point. t, p < 0.05, compared with cytokine production by the control cells. +, p < 0.05,

compared with cells treated with LPS.

p38 activity after the initial activation. The activity of p38 in
cells pretreated with mapracorat was already lower than in cells
pretreated with vehicle (DMSO) 30 min after LPS stimulation.
By 60 min, p38 activity in mapracorat-pretreated cells already
returned to the basal levels, while at this time point p38 activity
in vehicle-pretreated cells was still markedly higher than the
basal levels. Likewise, mapracorat also accelerated the deacti-
vation of MK-2 following LPS stimulation.

In mammalian cells, MAPK activity is positively regulated by
MAPKKSs and negatively regulated by MKPs. It has been shown
that MKP-1 plays a pivotal role in the deactivation of both p38
and JNK, and acts as a negative regulator of the production of
inflammatory cytokines in macrophages (30-33, 54). Since
mapracorat accelerated the deactivation of p38 in LPS-stimu-
lated macrophages, we examined the effect of mapracorat on
MKP-1 expression (Fig. 3B). In control cells, MKP-1 protein
was not detectable. In the absence of mapracorat, LPS stimula-
tion resulted in a robust increase in MKP-1 protein level by 60
min, which coincided with the substantial decline in p38 activ-
ity (Fig. 3A). The MKP-1 protein levels then markedly subsided
by 120 min, and further declined at 240 min. While mapracorat
alone did not elevate MKP-1 protein levels, it substantially
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accelerated the accumulation of MKP-1 protein in response to
LPS stimulation (Fig. 3B). MKP-1 protein in mapracorat-pre-
treated cells was detectable at as early as 15 min after LPS stim-
ulation. By 30 min, MKP-1 protein levels became substantial.
MKP-1 protein also reached its maximal level at 60 min after
LPS stimulation. It should be pointed out that the maximal
MKP-1 protein level at 60 min post LPS addition in maprac-
orat-pretreated cells was substantially higher than in vehicle-
pretreated cells. Most importantly, the substantial increase in
MKP-1 protein level was associated with an accelerated
dephosphorylation of p38, whose activity returned to basal level
by 60 min. In contrast, in cells pretreated with the vehicle
(DMSO), significant p38 activity remained at least up to 2 h
post-LPS stimulation.

In cells treated with LPS alone, MKP-1 expression behaved in
a dampened oscillation pattern: it reached its peak level first
about 60 min post-LPS induction, and then declined (Fig. 3C).
At a later time (6 h), MKP-1 levels were elevated again. Like-
wise, p38 activity also exhibited a pattern of oscillatory decay:
p38 activity reached its peak 15—30 min following LPS stimula-
tion, then substantially declined by 60 min, corresponding to
the peak level of MKP-1. The p38 activity was slightly increased
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FIGURE 2. Mapracorat attenuates the induction of COX-2 and decreases
PGE, release in LPS-stimulated Raw 264. 7 cells. A, effects of mapracorat
on the kinetics of early COX-2 induction in LPS-induced macrophages. Cells
were pretreated for 4 h with either vehicle (DMSO) or mapracorat (100 nm),
and then stimulated with LPS. Cells were harvested at the indicated time
points. COX-2 protein in the cell lysates was detected by Western blotting,
using a rabbit polyclonal antibody (upper panel). The membrane was then
stripped and blotted with an antibody against B-actin (lower panel), to verify
comparable protein loading. B, effects of mapracorat on the later COX-2
induction. Cells were treated with LPS or LPS and 100 nm mapracorat for 4, 8,
and 16 h. COX-2 protein in the cells at different time points was detected by
Western blotting (upper panel). The B-actin blot serves as a loading control
(lower panel). In A and B, the intensity of the bands was quantified by densi-
tometry. The signals of the bands of interest were normalized to the loading
reference bands. Values presented below the blots represent fold-increase
relative to the controls (DMSO treated, without LPS treatment, whose level
was set equal to 1). G, inhibition of mapracorat on PGE, production. Cells were
treated as in B, medium was harvested and assayed for PGE, contents, by
using a competitive ELISA kit. Values in the graph are means = S.E. of three
independent experiments. ¥, p < 0.05, compared with PGE, productionin the
absence of mapracorat at the same time point. Representative images are
presented in A and B. The band marked by an asterisk in A and B is a nonspe-
cific band.

again at a later time (2—4 h) and plummeted again at 6 h. The
perfect association between the increase in MKP-1 protein lev-
els and the corresponding decrease in p38 activity depicted the
critical role of MKP-1 in p38 regulation during the return to
homeostasis. As the level of MKP-1 plays a critical role in shap-
ing the course of p38 activation, we assessed whether the man-
ner of mapracorat treatment also affects the MKP-1 level, par-
ticularly over a longer period of time. This is important since
p38 also plays an important role in the regulation of many later
inflammatory response genes, such as COX-2 (23, 52, 53). For
these experiments Raw 264.7 cells were stimulated with LPS
together with mapracorat or vehicle (DMSO) over 16 h. Mapra-
corataugmented MKP-1 expression not only when it was added
into the cell culture 4 h prior to LPS stimulation, it also
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enhanced MKP-1 expression when mapracorat was added into
the culture together with LPS (Fig. 3D). More importantly,
mapracorat shifted the kinetics of MKP-1 induction. In cells
stimulated by LPS, a second peak of MKP-1 was reached at
about 8 h. However, in the presence of mapracorat, MKP-1
level at 4 h was higher than at 8 h, suggesting an accelerated
process reaching the second peak. Since many later inflamma-
tory events, including induction of COX-2, are mediated by p38
and MK-2 (23, 52, 53), alteration of MKP-1 induction would
have profound effects on the inflammatory program.

Triptolide Abolishes the Accelerating Effects of Mapracorat
on MAPK Deactivation in LPS-stimulated Macrophages—Pre-
viously, it has been shown that triptolide blocks the induction of
MKP-1 in LPS-stimulated macrophages (29). To examine the
importance of MKP-1 on the anti-inflammatory effects of
mapracorat, we used triptolide to block MKP-1 induction by
LPS in the presence of mapracorat, and assessed the effect of
mapracorat on p38 deactivation (Fig. 4). If mapracorat exerts its
effects by modulating MKP-1 expression, blockade of MKP-1
expression should abolish the accelerating effects of maprac-
orat on p38 deactivation. We treated cells with mapracorat or
vehicle (DMSO) with LPS for 30 or 60 min. As expected, stim-
ulation of Raw 264.7 cells with LPS for 30 min triggered a sub-
stantial increase in p38 activity. By 60 min post-LPS stimula-
tion, p38 activity significantly declined, which was associated
with a marked accumulation of MKP-1 protein. MKP-1 protein
levels in cells treated with mapracorat and LPS became detect-
able at 30 min, and reached a substantially higher level by 60
min post-LPS stimulation than in cells treated with LPS alone.
As expected, p38 activity at 60 min post-LPS stimulation in cells
pretreated with mapracorat was considerably lower than in
cells pretreated with DMSO. Pretreatment of cells with trip-
tolide abolished the induction of MKP-1 by either LPS alone or
LPS plus mapracorat. Abolishing MKP-1 induction by trip-
tolide not only protected p38 from inactivation in LPS-stimu-
lated macrophages but also in cells stimulated with both LPS
and mapracorat, supporting a contributory role of MKP-1 aug-
mentation in the anti-inflammatory activity of mapracorat.
Likewise, pretreatment with triptolide also sustained the activ-
ity of MK-2 in cells treated with either LPS alone or with LPS
plus mapracorat. These results suggest that the ability of
mapracorat to accelerate p38 deactivation is dependent on its
augmentative effects on MKP-1 induction.

Mapracorat Enhances MKP-1 Expression in LPS-stimulated
Macrophages with Potency Similar to Dexamethasone—Gluco-
corticoids are powerful anti-inflammatory drugs currently used
in the clinic for the treatment of many inflammatory diseases
(41, 42). It has been shown that the immediate anti-inflamma-
tory function of glucocorticoids is dependent on MKP-1 induc-
tion (46-—48). Moreover, the anti-inflammatory potencies of
glucocorticoids are found to be proportional to their ability to
induce MKP-1 (54). Since both glucocorticoids and mapracorat
induce MKP-1, we compared mapracorat with dexamethasone
for the augmentation of MKP-1 expression. As expected, dex-
amethasone robustly enhanced MKP-1 protein levels in LPS-
stimulated RAW 264.7 macrophages (Fig. 5). The enhancing
effect of dexamethasone was observed at a concentration as low
as 10 nm. Increasing dexamethasone to 100 nm further aug-
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FIGURE 3. Mapracorat enhances LPS-induced MKP-1 expression and accelerates p38/MK-2 deactivation in Raw 264. 7 cells. A, effects of mapracorat on
the kinetics of p38 and MK-2 activation in macrophages following LPS stimulation. Cells were pretreated with 100 nm mapracorat or vehicle (DMSO) for 4 h prior
to stimulation with LPS (100 ng/ml). Cell lysates were collected at the indicated time points, and p38 and MK-2 activation was analyzed by Western blot, using
antibodies against phospho-p38 (top panel) and phospho-MK-2 (third panel). The membranes were then stripped and blotted with antibodies against total p38
(second panel) or total MK-2 (bottom panel), to verify comparable sample loading. B, effect of mapracorat on the accumulation of MKP-1 shortly after LPS
stimulation. Cells were treated as in A, MKP-1 accumulation were examined by Western blot, using an antibody against MKP-1 (upper panel). The membrane
was stripped and reprobed with the B-actin antibody (lower panel), for confirming comparable sample loading. In A and B, the intensity of the bands was
quantified by densitometry. The signals of the bands of interest were normalized to the loading reference bands. Values presented below the blots represent
fold-increase relative to the controls (DMSO treated, without LPS treatment, whose level was set equal to 1). C, dampened oscillatory characteristics of
phospho-p38 and MKP-1 levels in macrophages following LPS stimulation. Cells were stimulated with LPS (100 ng/ml) and harvested at the indicated time.
Phospho-p38 and MKP-1 were detected by Western blot. Comparable loading is indicated by the similar intensities of the nonspecific band on the MKP-1 blot
(marked by an asterisk, lower panel). The intensities of phospho-p38 and MKP-1 were quantified by densitometry. The reciprocal relationship between
phospho-p38 and MKP-1 is depicted in the graph underneath the blots. D, effect of mapracorat on MKP-1 accumulation over a longer time frame. LPS (100
ng/ml) was added to the medium together with either vehicle (DMSO) or mapracorat (100 nm) in the cell culture. Cell lysates were prepared at the indicated
time points. MKP-1 levels in the lysates were detected by Western blotting. Results presented are representative images.

mented MKP-1 expression. Mapracorat also strongly enhanced
the induction of MKP-1, and the potency of mapracorat on
MKP-1 induction is comparable to that observed for dexameth-
asone. At a concentration of 10 nm, mapracorat markedly
enhanced MKP-1 expression in LPS-stimulated macrophages,
and increasing mapracorat to 100 nm further augmented
MKP-1 expression.

DISCUSSION

Mapracorat is under development as a drug candidate for the
treatment of inflammatory skin and eye diseases (49-51). A
number of preclinical studies in both cultured cells and animal
models have demonstrated that mapracorat is a potent anti-
inflammatory agent with limited side effects associated with
traditional corticosteroids such as elevation of intraocular pres-
sure (IOP) in ophthalmology (50, 55, 56). In vitro quantitative
assays of myocilin expression in trabecular meshwork (TM)
cells can be used for characterizing anti-inflammatory drugs
that are glucocorticoid receptor (GR) ligands. It has been
reported previously that, compared with traditional steroids
such as dexamethasone, therapeutic doses of mapracorat elicit
areduced myocilin expression in TM cells by virtue of the par-
tial agonist properties of this compound (57). It has also been
reported previously that mapracorat shows full anti-inflamma-
tory efficacy (similar to dexamethasone) in experimental mod-
els of dry eye and postoperative inflammation in rabbits while
demonstrating reduced effects in IOP and body weight (55).
Taken together, these data indicate that mapracorat, a selective
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glucocorticoid receptor agonist (SEGRA), shows efficacy simi-
lar to that of traditional steroids while exhibiting an improved
side effect profile.

Although the mechanism underlying the potent anti-inflam-
matory effects of mapracorat has not been fully explored, we
have reported previously that incubation of human corneal epi-
thelial cells with mapracorat inhibits hyperosmolar-induced
cytokine release, and increased phosphorylation of p38 and
JNK MAPKs caused by hyperosmolarity is inhibited by mapra-
corat. This inhibition is reversed by the glucocorticoid receptor
antagonist mifepristone (RU-486) (50). Mapracorat also signif-
icantly decreases the hyperosmolar-induced increase in NF«B
and AP-1 transcriptional activity (50). In the present study, we
showed that mapracorat potently inhibited the production of
inflammatory cytokines, TNF-a and GM-CSF, in macrophages
stimulated with LPS (Fig. 1). The expression of COX-2 and the
production of PGE, were also substantially attenuated by
mapracorat in LPS-stimulated macrophages (Fig. 2). Since p38
MAPK and its downstream target, MK-2, are critical for the
production of pro-inflammatory cytokines and for the induc-
tion of COX-2 (12, 13, 23), we examined the effects of maprac-
orat on the activities of these kinases (Fig. 3). We found that
although it did not inhibit the initial activation of p38 and MK-2
in LPS-stimulated macrophages, mapracorat accelerated the
decline of p38 and MK-2 activity (Fig. 3). To understand the
molecular mechanisms underlying the accelerated deactivation
of p38, we examined the effects of mapracorat on the expres-
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FIGURE 4. Triptolide blocks MKP-1 induction and abolishes the ability of
mapracorat to accelerate p38 deactivation in LPS-stimulated Raw 264. 7
macrophages. Cells were pre-incubated with 1 um triptolide or vehicle
(DMSO) for 60 min and then treated with LPS or LPS and mapracorat simulta-
neously for either 30 or 60 min. The cell lysates were subjected to Western
blot analyses, for detection of MKP-1, phospho-p38, and phospho-MK-2. The
membranes were stripped and blotted with antibodies against $-actin, total
p38, and total MK-2, to verify comparable protein loading. Results presented
are representative images. The intensity of the bands was quantified by den-
sitometry. The signals of the bands of interest were normalized to the loading
reference bands. Values presented below the blots represent fold-increase
relative to the controls (DMSO treated, without LPS treatment, whose level
was set equal to 1).
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FIGURE 5. Mapracorat augments LPS-induced MKP-1 expression with
potency similar to dexamethasone in Raw 264.7 macrophages. Cells were
first pretreated with vehicle, different concentrations of dexamethasone, or
different doses of mapracorat for 4 h, and then stimulated with LPS (100
ng/ml) for 60 min. Cell lysates were collected, and samples were assessed for
protein expression by Western blotting using an antibody specific to MKP-1.
The blots were stripped and re-probed using a GAPDH-specific antibody, to
verify comparable loading. Results presented are representative images. The
intensity of the bands was quantified by densitometry. The signals of the
bands of interest were normalized to the loading reference bands. Values
presented below the blots represent fold-increase relative to the controls
(DMSO treated, without LPS treatment, whose level was set equal to 1).

sion of MKP-1, which is induced in response to LPS. We found
that mapracorat potently enhanced MKP-1 induction in LPS-
stimulated macrophages, and the robust induction of MKP-1
coincided with the deactivation of p38 (Fig. 3). Previously, it has
been demonstrated that the deactivation of p38 within 60 min
in LPS-stimulated macrophages is mediated by MKP-1 (30—
33), and knock-out of MKP-1 prolonged the activation of p38
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and its downstream target, MK-2 (30). To evaluate the role of
MKP-1 in the accelerated deactivation of p38, we took advan-
tage of the fact that MKP-1 induction can be blocked by trip-
tolide (29), a diterpene triepoxide. We found that blockade of
the induction of MKP-1 by triptolide abrogated the inhibitory
effects of mapracorat on p38 activity (Fig. 4), suggesting that the
enhancing effect of mapracorat on p38 deactivation is depend-
ent on MKP-1. Taken together, our results strongly support the
idea that mapracorat exerts its anti-inflammatory action, at
least in part, by augmenting MKP-1 expression. Joanny E. et al.
have reported recently that two selective GR modulators
(SGRMs), Cpd1 and Cpd?2, are able to up-regulate dual speci-
ficity phosphatase 1 (DUSP1; MKP-1) in several cell types, and
this response correlates with the ability of the compounds to
suppress COX-2 expression. Several anti-inflammatory effects
of SGRMs are ablated or significantly impaired in Duspl—/—
macrophages (58).

MAPKSs are critical regulators of myriad cellular processes,
including cell proliferation, metabolism, differentiation, and
stress response (12, 59, 60). MAPK pathways are not only reg-
ulated by a linear kinase-mediated activation cascade, but also
controlled by many feedback loops and a variety of crosstalks
with other signaling pathways (13, 28, 61). Through sophisti-
cated regulatory networks, MAPKs are tightly controlled to
prevent dysregulation of the various cellular processes. Because
of the complex function of MAPKs in the various cellular
responses, it is not surprising that many MAPK inhibitors have
failed in clinical trials as therapeutic drug candidates (36, 37,
61). The pharmacological inhibitors of p38 were initially con-
sidered as promising drug candidates for a variety of inflamma-
tory diseases (14, 62, 63). However, the enthusiasm for p38
inhibitors as therapeutic drug candidates was dampened by
their severe toxicity in the liver, gastrointestinal and lymphoid
systems (36, 37). Likewise, similar toxicity was also observed
with MK-2 inhibitors in preclinical investigations (37). Since
MKPs play a critical role in determining both the magnitude
and the duration of MAPKSs, modulation of MKP offers a wide
window for the manipulation of MAPK activities, and poten-
tially avoids the side effects associated with MAPK inhibitors.

MKP-1, which prefers p38 and JNK as substrates (64, 65), is
an endogenous feedback control regulator of p38. It acts to
restrain the production of pro-inflammatory cytokines (30—
33). MKP-1 is not expressed in unstimulated innate immune
effector cells, such as macrophages, monocytes, and dendritic
cells. Upon microbial infection p38 undergoes a robust activa-
tion, allowing the initiation of robust innate immune responses,
including production of pro-inflammatory cytokines (13, 28,
66). MKP-1 is induced at a slower pace than p38 activation (Fig.
3). Unlike p38 activation, which relies on modification of pre-
existing proteins, MKP-1 protein accumulation depends on de
novo gene transcription and protein synthesis. For this reason,
MKP-1-mediated p38 deactivation occurs in a delayed manner
(Fig. 3). This brief delay likely sets the magnitude and temporal
course of the inflammatory response that adequately facilitates
the clearance of the invading pathogens yet avoids the collateral
damage of excessive inflammation. The pivotal role of MKP-1
in shaping the p38 activation course in the innate immune sys-
tem is consistent with the findings from mathematical model-
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ing (67), which demonstrated that constrained MAPK signaling
occurs by controlling MKP expression, rather than through
MAPK activation. Using mathematical modeling in combina-
tion with growth factor-stimulated NIH 3T3 cells, Bhalla et al.
have shown that at higher MKP levels, MAPK signaling system
behaves as a proportional response system (67). If this mathe-
matical model is applicable to the innate immune system, we
would predict that in the presence of higher MKP-1 levels the
p38-mediated inflammatory response will be elicited in propor-
tion to the amount of pathogen detected. Such prediction is
consistent with clinical observations that overwhelming inflam-
mation only occurs in patients with severe sepsis. Because of the
critical role of MKP-1 in the control of the inflammatory response,
it is not surprising that some endogenous immune regulators
modulate the innate immune response through altering the activ-
ity of MKP-1 (13). For example, the pro-inflammatory cytokines
IFN-vyand macrophage migration inhibitory factor (MIF) inhibit
MKP-1 induction (30, 68, 69), while the anti-inflammatory
cytokine IL-10 and glucocorticoids booster MKP-1 expression
(29,47,70). As MKP-1 expression level shapes the course of p38
activation, it is not surprising that agents capable of enhancing
MKP-1 expression, such as mapracorat will substantially
inhibit the production of proinflammatory cytokines, the
expression of COX-2, and biosynthesis of PGE, in LPS-stimu-
lated macrophages (Figs. 1 and 2). Since MKP-1 expression lev-
els vary substantially in different organs, enhancing MKP-1 in a
selective manner may avoid the toxicity observed with p38
inhibitors, which block p38 activity in all organs. From this
point, the profile of mapracorat is particularly favorable, since
augmentation of MKP-1 induction by mapracorat is dependent
on the LPS stimulation (Fig. 3). The synergistic nature of
MKP-1 enhancement by mapracorat in a sense serves as a tar-
geting mechanism to intervene on the most appropriate cells
where MKP-1 is needed for the feedback control of MAPKs.

It is clear that MKP-1 plays a role in the anti-inflammatory
function of mapracorat since abrogating MKP-1 expression
using triptolide affects the inhibitory effects of mapracorat on
p38 activity (Fig. 4). However, the underlying mechanism
responsible for the augmenting effects of mapracorat on
MKP-1 expression remains unclear. On the mouse MKP-1 pro-
moter, there are at least three putative GR-binding elements
(45, 71). We speculate that mapracorat-bound GR may interact
with the GR-binding elements in the MKP-1 promoter to
enhance MKP-1 expression. Like glucocorticoids, which only
have a very weak effect on MKP-1 expression by themselves (29,
47), mapracorat alone also had little effect on MKP-1 expres-
sion under basal condition (Fig. 3B). Both mapracorat and dex-
amethasone (47) synergistically interact with LPS to induce
MKP-1 expression (Fig. 5). This property is also somewhat sim-
ilar to that of IL-10, a potent anti-inflammatory cytokine. Like
mapracorat, IL-10 substantially enhances the expression of
MKP-1 in LPS-stimulated macrophages, although IL-10 by
itself does not alter MKP-1 expression (70).

MKP-1 expression can be regulated at several levels, includ-
ing gene transcription, protein stability, and phosphatase activ-
ity. This multi-level regulation allows for tight control of MAPK
activities (13). It has also been reported that dexamethasone
increases the expression of MKP-1 gene at the promoter level,
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and attenuates proteasomal degradation of MKP-1 (45). How-
ever, it is not clear whether the effect of mapracorat on MKP-1
is through transcription or post-transcriptional events based on
the results from the present study, and further study is needed.

Atleast 10 MKPs have been identified in mammalian cells so
far, with MKP-1 being the archetype of the MKP family (13).
We have focused on MKP-1, a well characterized anti-inflam-
matory member of MKP family in the present study. It will be
interesting to find out if other MKPs are involved in the anti-
inflammatory effects of mapracorat.

In summary, we demonstrated that mapracorat, a novel
selective glucocorticoid receptor agonist under clinical devel-
opment for the treatment of inflammatory diseases, robustly
inhibits the production of inflammatory mediators such as
inflammatory cytokines and PGE, in macrophages. Our results
suggest that mapracorat exerts its anti-inflammatory effects, at
least in part, by inactivating MAPK pathways through aug-
menting the expression of MKP-1. Our studies also highlighted
the great potential of compounds that augment the endogenous
anti-inflammatory regulators as novel anti-inflammatory

drugs.
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