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AP736 was identified as an antimelanogenic drug that can be used for the prevention of melasma, freckles, and dark spots in skin
by acting as a suppressor of melanin synthesis and tyrosinase expression. Since macrophage-mediated inflammatory responses are
critical for skin health, here we investigated the potential anti-inflammatory activity of AP736. The effects of AP736 on various
inflammatory events such as nitric oxide (NO)/prostaglandin (PG) E, production, inflammatory gene expression, phagocytic
uptake, and morphological changes were examined in RAW264.7 cells. AP736 was found to strongly inhibit the production of
both NO and PGE, in lipopolysaccharide- (LPS-) treated RAW264.7 cells. In addition, AP736 strongly inhibited both LPS-induced
morphological changes and FITC-dextran-induced phagocytic uptake. Furthermore, AP736 also downregulated the expression of
multiple inflammatory genes, such as inducible NO synthase (iNOS), cyclooxygenase- (COX-) 2, and interleukin- (IL-) 18 in LPS-
treated RAW264.7 cells. Transcription factor analysis, including upstream signalling events, revealed that both NF-«xB and AP-1
were targeted by AP736 via inhibition of the IKK/IxB«x and IRAK1/TAKI pathways. Therefore, our results strongly suggest that
AP736 is a potential anti-inflammatory drug due to its suppression of NF-xB-IKK/IxBa and AP-1-TRAK1/TAKI signalling, which

may make AP736 useful for the treatment of macrophage-mediated skin inflammation.

1. Introduction

The skin harbors a complex immunological defence system
composed of various immune and nonimmune cells such as
epithelial cells, macrophages, keratinocytes, mast cells, and
Langerhans cells [1]. Of all these cell types, the most powerful
immune cells that reside in the skin are macrophages [1, 2].
These cells comprise an important arm of defence against
infections with various Gram (+) or Gram (—) bacteria, fungi,
or viruses; macrophages are also important in the defence
against other environmental stresses such as chemicals,
radiation, pollutants, and ultraviolet (UV) light, all of which

can cause skin inflammation [3-6]. These immunogens
and irritants are known to activate macrophages, which in
turn release various inflammatory mediators and cytokines,
including nitric oxide (NO), tumour necrosis factor- (TNE-)
«, interleukin- (IL-) 1, cyclooxygenase- (COX-) 2, and matrix
metalloproteinases (MMPs) [7-10]. Upon encountering these
cytokines, neighbouring macrophages activate complicated
intracellular signalling cascades involving the activation of
nonreceptor protein tyrosine kinases and serine-threonine
protein kinases, such as mitogen-activated protein kinases
(e.g., p38, extracellular signal-regulated kinase [ERK], and
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c-Jun N-terminal kinase [JNK]), as well as the stimulation
of inflammation-linked transcription factors such as nuclear
factor- (NF-) xB and activator protein- (AP-) 1 [11-13].

The development of new products for successfully
controlling melanogenesis has long been a goal of skin
researchers [14]. Although melanin plays a critical role in
protecting the skin from UV irradiation, an excess release
of melanin from melanocytes can cause melasma, freckles,
and dark spots [15]. Therefore, antimelanogenesis remedies
would potentially be very valuable to the cosmetic and
pharmaceutical industries. In this context, the small molecule
AP736 (Figurel) was recently synthesized from a 1,3-
diphenylpropane skeleton through an optimization process
involving the replacement of a phenyl group by dihydroxyl
and adamantyl moieties [16]; importantly, AP736 was found
to effectively suppress melanin production from melanocytes
[17]. Although AP736 is clearly an effective depigmenting
drug [16], it has not yet been determined whether it can sup-
press macrophage-mediated skin inflammatory responses,
which are crucial for skin health [1]. The aim of this study
was thus to determine the precise effect of AP736 on the
proinflammatory roles of macrophages stimulated with G (-)
bacterium-derived lipopolysaccharide (LPS) and to carefully
elucidate the anti-inflammatory mechanisms of AP736.

2. Materials and Methods

2.1. Materials. AP736 [5-adamantan-1-yl-N-(2,4-dihydroxy-
benzyl)-2,4-dimethoxybenzamide, 97.5% purity] was synth-
esized according to previously described methods [16].
Polyethylenimine (PEI), 3-(4,5-dimethylthiazol-2-yl)-2,5-
diphenyltetrazolium bromide (MTT), sodium nitroprusside
(SNP), 2'7'—dichlorodihydroﬂuorescein diacetate (DCF-DA),
fluorescein isothiocyanate- (FITC-) dextran, indomethacin,
N,-nitro-L-arginine methyl ester hydrochloride (L-
NAME), and lipopolysaccharide (LPS; E. coli 0111:B4)
were purchased from Sigma Chemical Co. (St. Louis, MO,
USA). BAY11-7082, U0126 (U0), and SP600125 (SP) were
obtained from Calbiochem (La Jolla, CA, USA). The enzyme
immune assay (EIA) kits that were used to determine PGE,
levels were purchased from Amersham (Little Chalfont,
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Buckinghamshire, UK). Fetal bovine serum and RPMI1640
were obtained from Gibco (Grand Island, NY, USA). The
murine macrophage cell line RAW264.7 and the human
embryonic kidney cell line HEK293 were purchased from
ATCC (Rockville, MD, USA). All other chemicals were of
analytical grade and were obtained from Sigma. Luciferase
constructs containing binding sites for NF-xB and AP-1
were gifts from Professor Hae Young Chung (Pusan National
University, Pusan, Korea). Phosphospecific and total
antibodies to NF-«xB subunits (p65 and p50), AP-1 family
proteins (c-Fos and c-Jun), IxBa, AKT, ERK, p38, JNK,
mitogen-activated protein kinase (MKK)4/7, MEK1/2, TAK],
ITAK-1, IRAK-4, lamin A/C, and f-actin were obtained
from Cell Signaling (Beverly, MA, USA).

2.2. Cell Culture. RAW264.7 and HEK293 cells were cul-
tured in RPMI 1640 medium supplemented with 10% heat-
inactivated fetal bovine serum (FBS; Gibco, Grand Island,
NY, USA), glutamine, and antibiotics (penicillin and strep-
tomycin) at 37°C under 5% CO,. Cells were detached with a
cell scraper for all experiments. When cells were cultured for
experiments at 2 x 10° cells/mL, the proportion of dead cells
was less than 1% as determined by Trypan blue dye exclusion.

2.3. Determination of NO and PGE, Production. After prein-
cubation of RAW264.7 cells or peritoneal macrophages (1 x
10° cells/mL) for 18 h, the cells were treated with AP736 (0
to 30 uM) for 30 min and then further incubated with LPS
(1ug/mL) for 6 (PGE,) or 24 (NO) hours. The effects of
AP736 on the production of NO and PGE, were determined
by analyzing the levels of these compounds using Griess
reagents and EIA kits as previously described [18, 19].

2.4. Neutralizing Activity against SNP-Derived Radicals. The
radical-scavenging activity of AP736 was determined by mea-
suring its ability to neutralize the nitric oxide (NO®) radicals
released by spontaneous decomposition of SNP (10 M) for
30 min. The absorbances of the resultant chromophores were
measured at 540 nm. Percent inhibition of NO generation was
measured by comparing the absorbance values of negative
controls (10 mM sodium nitroprusside and vehicle) to assay
preparations.

2.5. Morphological Change Test. AP736-treated RAW264.7
cells, cultured in either the presence or absence of LPS,
were incubated for 6 h. Images of the cultured cells at the
designated time points were obtained using an inverted
phase contrast microscope equipped with a video camera and
captured using NIH image software as previously described
[20]. A cell counter was used to determine the numbers of
morphologically changed cells in each condition.

2.6. Determination of Phagocytotic Uptake. The phagocytic
activity of RAW264.7 cells was determined essentially as
described previously, but with minor modifications [21].
Briefly, RAW264.7 cells (5 x 10%) treated with AP736 were
resuspended in 100 uL PBS containing 1% human AB serum.
Cells were then incubated with fluorescein isothiocyanate-
(FITC-) dextran (1mg/mL) at 37°C for 30 min. Incubations
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were stopped by the addition of 2 mL ice-cold PBS containing
1% human serum and 0.02% sodium azide. The cells were
then washed three times with cold PBS-azide and analyzed
on a FACScan flow cytometer as previously described [22].

2.7. Flow Cytometric Analysis. The level of FITC-dextran in
RAW264.7 cells was determined by flow cytometric analysis
[23, 24]. Briefly, RAW264.7 cells (2 x 10° cells/mL) treated
with AP736 in either the presence or absence of FITC-dextran
(1 mg/mL) were washed with staining buffer [2% rabbit serum
and 1% sodium azide in phosphate-buffered saline (PBS)]
and then incubated with directly labelled antibodies for an
additional 45min on ice. After washing three times with
staining buffer, stained cells were analysed on a FACScan flow
cytometer (Becton-Dickinson).

2.8. Cell Viability Test. RAW264.7 cells (1 x 10° cells/mL)
were cultured for 18 h, after which time AP736 (0 to 30 uM)
was added to the cells for an additional 8 or 24 h of culture.
The cytotoxic effect of AP736 was then evaluated by a
conventional MTT assay as previously described [25, 26].
For the final 3h of culture, 10 uL MTT solution (10 mg/mL
in phosphate-buffered saline, pH 7.4) was added to each
well. Reactions were stopped by the addition of 15% sodium
dodecyl sulfate (SDS) into each well, which solubilized the
formazan products [27]. Absorbances at 570 nm (ODx_¢3,)
were measured using a SpectraMax 250 microplate reader
(BioTek, Bad Friedrichshall, Germany).

2.9. mRNA Analyses Using Semiquantitative and Quantita-
tive Reverse Transcriptase-Polymerase Chain Reactions. In
order to determine the mRNA expression levels of var-
ious cytokines, total RNA was isolated from LPS-treated
RAW264.7 cells using TRIzol reagent according to the
manufacturer’s instructions. Total RNA was stored at =70°C
until use. Semiquantitative RT reactions were conducted as
previously described [28]. Quantification of mRNA levels was
performed by real-time RT-PCR using SYBR Premix Ex Taq
according to the manufacturer’s instructions (Takara, Shiga,
Japan) and a real-time thermal cycler (Bio-Rad, Hercules,
CA) as previously reported [29]. All primers used in this
study were obtained from Bioneer (Daejeon, Korea) and are
shown in Table 1.

2.10. Preparation of Cell Lysates, Preparation of Nuclear
Fractions, and Immunoblot Analysis. RAW264.7 cells (5 x
10° cells/mL) were washed three times in cold PBS supple-
mented with ImM sodium orthovanadate, resuspended in
lysis buffer [20 mM Tris-HCI (pH 7.4), 2mM EDTA, 2mM
ethyleneglycotetraacetic acid, 50 mM f3-glycerophosphate,
1 mM sodium orthovanadate, 1 mM dithiothreitol, 1% Triton
X-100, 10% glycerol, 10 ug/mL aprotinin, 10 ug/mL pepstatin,
1 mM benzamide, and 2 mM PMSF], and lysed by sonication
with rotation for 30 min at 4°C. Lysates were clarified by
centrifugation at 16,000 xg for 10 min at 4°C and stored at
—20°C until use.

Nuclear lysates were prepared following a three-step
procedure [30]. After treatment as appropriate, cells were
collected with a rubber policeman, washed with PBS, and

TABLE 1: Primer sequences used in RT-PCR and real-time PCR
analysis.

Gene  Direction Sequences
Real-time PCR
IL-18 F 5-GTTGACGGACCCAAAAAGAT-3
R 5-CCTCATCCTGGAAGGTCCAC-3
iINOS F 5-CCCTTCCGAAGTTTCTGGCAGCAGC-3
R 5-GGCTGTCAGAGCCTCGTGGCTTTGG-3
COX-2 F 5-CACTACATCCTGACCCACTT-3
R 5-ATGCTCCTGCTTGAGTATGT-3
GAPDH F 5-CACTCACGGCAAATTCAACGGCAC-3
R 5-GACTCCACGACATACTCAGCAC-3
RT-PCR
1L-18 F 5-CAGGATGAGGACATGAGCACC-3
R 5-CTCTGCAGACTCAAACTCCAC-3
INOS F 5-CCCTTCCGAAGTTTCTGGCAGCAGC-3
R 5-GGCTGTCAGAGCCTCGTGGCTTTGG-3
COX-2 F 5-CACTACATCCTGACCCACTT-3
R 5-ATGCTCCTGCTTGAGTATGT-3
GAPDH F 5-CAATGAATACGGCTACAGCA-3
R 5-AGGGAGATGCTCAGTGTTGG-3

lysed on ice for 4min in 500 uL lysis buffer containing
50 mM KCl, 0.5% Nonidet P-40, 25mM HEPES (pH 7.8),
ImM phenylmethylsulfonyl fluoride, 10 yg/mL leupeptin,
20 pg/mL aprotinin, and 100 uM 1,4-dithiothreitol (DTT).
Cell lysates were then centrifuged at 19,326 xg for 1min.
For the second step, the nuclear fraction pellet was washed
once in washing buffer (identical to the lysis buffer described
above, except without Nonidet P-40). In the final step, the
nuclei were treated with extraction buffer containing 500 mM
KCl, 10% glycerol, and all other reagents included in the lysis
buffer described above. The nuclei/extraction buffer mixture
was frozen at —80°C, thawed on ice, and centrifuged at
19,326 xg for 5 min. The resultant supernatant was collected as
the nuclear extract. Soluble cell lysates were immunoblotted
with the designated antibodies, and immunoreactive bands
were visualized as previously reported [31].

2.11. Plasmid Transfection and Luciferase Reporter Gene
Activity Assay. HEK293 cells (1 x 10° cells/mL) were trans-
fected with 1pug of plasmids driving the expression of f3-
galactosidase and either NF-«xB-Luc or AP-1-Luc in the pres-
ence or absence of an inducing molecule (MyD88 or TRIF).
Transfections were performed using the PEI method in 12-
well plates as previously outlined [32, 33]. Transfected cells
were used at 48 h after transfection for all experiments. Cells
were treated with AP736 for the final 8 h of each experiment.
Luciferase assays were performed using the Luciferase Assay
System (Promega, Madison, WI), as previously reported [34].

2.12. Statistical Analysis. All quantitative data are expressed
as means =+ standard deviations (SDs) as calculated from one
of two independent experiments. Each experiment was done
with 6 replicates. All other data shown are representative
of three independent experiments. Statistical analyses were



performed using analysis of variance/Scheffe’s post hoc test
and the Kruskal-Wallis/Mann-Whitney test. P values < 0.05
were considered statistically significant. All statistical tests
were conducted using SPSS (SPSS Inc., Chicago, IL, USA).

3. Results and Discussion

In a previous study, AP736 was shown to downregulate the
expression of tyrosinase by inhibiting the cAMP-PKA-CREB
signalling pathway [17]. In addition, AP736 has also been
reported to strongly suppress melanin production [16]. In
the present study, we examined whether AP736 is able to
modulate macrophage-mediated inflammatory responses in
order to identify potential immunopharmacological roles for
this compound.

To this end, we first tested the inhibitory activity of
AP736 on NO and PGE, production, two indicators of the
extent of the inflammatory response [35], using LPS-treated
RAW264.7 cells. As shown in Figures 2(a) and 2(b), AP736
effectively suppressed the production of both NO and PGE,.
To determine whether AP736-mediated inhibition of NO
release involves the direct scavenging of NO-derived radicals,
we examined the ability of AP736 to inhibit SNP-derived
NO release. As shown in the right panel of Figure 2(a),
only marginal inhibition (25%) by AP736 was observed at
30 uM, indicating that AP736-mediated suppression of NO
production is due to not only direct radical scavenging by
AP736, but also other pharmacological mechanisms. We
also confirmed that two control compounds, L-NAME (used
in the NO assay) and indomethacin (used in the PGE,
assay), exerted dose-dependent inhibition of NO release and
PGE, secretion, respectively (Figure 2(c)), consistent with
previous results [36]. Importantly, AP736 did not show any
cytoxicity to RAW264.7 cells at concentrations up to 30 uM
at 8 and 24 h (Figure 2(d) left and right panels). Cumulatively,
these results clearly indicate that (1) our assays provide an
accurate measure of the inflammatory response and (2) the
inhibitory activity of AP736 is not simply due to nonspecific
pharmacological activities.

Since we previously found that macrophage-mediated
inflammatory responses are positively regulated by
morphological changes mediated by the actin cytoskeleton
[37, 38], we next examined whether LPS-induced morp-
hological alterations are also affected by AP736. As shown
in Figure 2(e), AP736 clearly suppressed LPS-induced
structural alterations of macrophages by up to 90%, imply-
ing that the inhibitory activity of AP736 is also linked
to the suppression of morphological changes in macro-
phages, as is the case for actin cytoskeleton-disrupting
agents such as cytochalasin B [38]. In agreement with
this hypothesis, AP736 also markedly suppressed the
phagocytic uptake of RAW264.7 cells (Figure 2(f)).
Phagocytic uptake is an extremely important part of
the innate immune response and also in other inflammatory
events. Since phagocytic uptake is also entirely dependent on
actin cytoskeleton rearrangement [37], our results strongly
imply that AP736 could suppress inflammatory responses
by blocking actin cytoskeleton-dependent inflammatory
events. The exact mechanism of how AP736 modulates actin
cytoskeleton will be further explored in terms of actin and
its regulatory proteins such as Rho A, Rac, and CDC42.
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Indeed, actin cytoskeleton rearrangement has been
reported to be closely linked to the activation of NF-xB. In
fact, two IKK inhibitors, BAY 11-7082 and ginsenoside Rpl,
have been shown to suppress actin cytoskeleton-dependent
phagocytic uptake and cell-cell adhesion [39, 40], suggesting
that inflammatory responses that rely on the actin cytoskele-
ton may be regulated by transcription factor (e.g., NF-
kB) activity. To determine whether AP736-mediated anti-
inflammatory responses are mediated by the activation of
transcription factors, we determined the expression levels
of various inflammatory genes, such as IL-15, iNOS, and
COX-2. As expected, the expression of inflammatory genes
was strongly downregulated in cells treated with either 20
or 30 uM AP736, according to both real-time (Figure 3(a))
and semiquantitative (Figure 3(b)) RT-PCR analysis. Thus,
these results strongly support the idea that AP736-mediated
inhibition can be regulated at the transcriptional level. This
type of regulation has also been reported for other known
chemicals and inhibitors such as quercetin, lancemaside
A, NSC95397, caffeic acid, the resveratrol derivative 2,4-
dihydroxy-N-(4-hydroxyphenyl)benzamide, and lutein [39,
41-44].

We next examined whether AP736 can also modulate the
transcriptional activation of inflammatory transcription fac-
tors. For these experiments, we took advantage of the fact that
transcription factor activity can be assessed with a luciferase
reporter gene assay using cotransfection with TLR adaptor
proteins (e.g., MyD88 and TRIF) [32, 45]. Interestingly, NF-
kB activation induced by TRIF was suppressed by 20 and
30 uM of AP736, whereas MyD88-induced luciferase activity
was only inhibited by 30 uM of AP736 (Figure 4(a)). On the
other hand, AP-1 activation upon MyD88 cotransfection, but
not TRIF cotransfection, was inhibited by AP736 (30 uM)
(Figure 4(b)). These results imply that NF-«B inhibitory
activity of AP736 can be predominantly linked to the sup-
pression of TRIF while inhibition of AP-1 activity could be
marginally associated by blockade of MyD88 pathway. In fact,
many signalling proteins have been reported to be activated
by the overexpression of such adaptor molecules [32, 46]. The
phosphorylation of NF-xB and AP-1 subunits is known to be
induced by cotransfection with MyD88 and TRIF [47, 48].
Therefore, TLR signalling pathways and the corresponding
activation of transcription factors regulated by TLR adaptor
molecules can be targeted by AP736. In agreement with our
reporter gene assay, we also analysed nuclear extracts by
immunoblotting and found that AP736 treatment strongly
inhibited the nuclear translocation of p65, p50, and c-Jun at
15min and c-Fos at 15 and 30 min (Figure 4(c)). The nuclear
translocation of transcription factors from the cytosol is
known to be mediated by the activation of these factors [49].
Thus, the observation that the nuclear levels of the NF-«B and
AP-1 subunits were decreased by AP736 indicates that these
transcription factors could be targets of this compound.

Numerous studies have indicated that nuclear transloca-
tion of inflammatory transcription factors is regulated by a
variety of intracellular signalling networks. These signalling
cascades include a series of activation events involving Syk,
Src, PI3K, PDK1, AKT, IKK, and IxBa for NF-xB activation
and IRAK1/4, TAK1, MKK, and MAPK (ERK, p38, and INK)
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for AP-1 activation [50-52]. Therefore, we also examined pathway was first examined. As shown in Figure 5(a), the
whether AP736 inhibits any of the intracellular signalling  level of phosphorylated IxBa was highly reduced after 5 min
cascades that are known to affect both NF-xB and AP-1  of treatment with AP736 (left panel), while other upstream
activation. To identify possible signalling events upstream of ~ phosphorylation events for IKK and AKT were not affected
NF-xB activation that are affected by AP736, the IxkBa/IKK  (right panel), indicating that IKK may be a target of AP736.
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FIGURE 5: Effects of AP736 on signalling cascades upstream of NF-«xB and AP-1 activation. ((a), (b), and (c)) Phosphoprotein or total protein
levels of IxBa, IKK, AKT, p38, ERK, JNK, MEK1/2, MKK4/7, TAKI, IRAKI, IRAK4, and f-actin were determined by immunoblot analysis
of cell lysates using phosphospecific or total protein antibodies. (d (left panel)) RAW264.7 cells (1 x 10° cells/mL) were treated with FITC-
dextran (1mg/mL) or LPS (1 ug/mL) in either the presence or absence of BAY 11-7082 (10 and 15 uM). Cells were then incubated for 30 min
(phagocytic uptake assay) or 24 h (NO assay). The levels of NO in culture supernatants were determined using the Griess assay. (d (right
panel)) RAW264.7 cells (1 x 10° cells/mL) were treated with LPS (1 ug/mL) in the presence or absence of SP600125 (SP, 25 uM) or U0126 (U0,
25 uM). Cells were incubated for 6 h (PGE, assay) or 24 h (NO assay). The levels of NO or PGE, in culture supernatants were determined
using the Griess assay and EIAs, respectively.
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We also evaluated the phosphorylation patterns of MAPK
signalling proteins after treatment with AP736. As shown in
Figure 5(b), the levels of phosphorylated JNK and ERK were
decreased after 5 min of treatment with AP736. In agreement
with these results, both the phosphorylation and degradation
of signalling proteins upstream of MAPK (MEK1/2, MKK4/7,
TAKI, and IRAK-1) were reduced by AP736, implying that
AP736-mediated suppression of AP-1 may be mediated by the
targeting of IRAKI. Taken together, these data clearly indicate
that the activities of NF-xB and AP-1 can be suppressed
by AP736 via inhibition of upstream signalling pathways,
including IKK/IxBx and IRAKI1/TAKI. To more precisely
clarify the dual inhibitory actions of AP736, kinase assays
with purified IKK and IRAKI or luciferase assays employing
the overexpression of IKK or IRAKI that focus on subsequent
downstream events will be performed in future studies.

In summary, our results indicate that AP736 can act as
a potent anti-inflammatory drug. This compound remarka-
bly suppressed multiple macrophage-mediated inflammatory
responses, including NO/PGE, production, inflammatory
gene (iNOS, COX-2, and IL-1B) expression, phagocytic
uptake, and morphological changes in activated macro-
phages. Analysis of potential target transcription factors
revealed that NF-xB and AP-1, in addition to their upstream
signalling partners (IKK/IxB«x and IRAK1/TAKI, resp.), are

dual immunopharmacological targets of AP736, as summa-
rized in Figure 6. Based on these results, we conclude that
AP736 can be either developed as an anti-inflammatory drug
or further derivatized to improve its pharmacological activity,
which would make it useful for the treatment of inflammation
and/or pigmenting diseases of the skin.
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