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Abstract Due to Its multiple biological activities, coumarin (a main ingredient of Cinnamon extracts) has gained
attention as potentially useful therapeutics for various diseases. However, the efficacy of coumarin for the use of
dermatological health has not been fully explored. To clarify the action mechanism of the skin protecting property of
coumarin, we firstly investigated the molecular docking property of coumarin on the mammalian adenylyl cyclase,
which is the key enzyme of cAMP-induced melanogenesis in the skin cells. In binding study, the benzopyran moiety
of coumarin occupies dual sites of the hydrophobic cleft at the interface of two subunits of adenylyl cyclase. We also
examined the involvement of coumarin in alpha-MSH and forskolin induced cAMP signaling within a cell based
assay. In addition, we inquired into the inhibitory effect of coumarin on melanogenesis and found that the
pretreatment with coumarin inhibited the forskolin-induced melanin contents significantly without annihilating the
cell viability. Our results strongly suggest that coumarin directly inhibits the activity of adenylyl cyclase,
downregulates forskolin-induced cAMP-production pathway, consequently inhibiting melanogenesis. Thus,
coumarin may also be used as an effective inhibitor of hyperpigmentation.
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1. Introduction
Skin-whitening is big cosmetic business in countries
like South Korea, India, China, and Taiwan where many
women view whiter skin as a symbol of good health, high
social status and beauty. Thus, drug discovery in skin
pharmacotherapy is an enormous, continually expanding
field. Melanin is main target for skin pharmacotherapy,
and is synthesized in special organelles called
melanosomes that play an essential role in protecting skin
from deleterious sunlight under normal conditions [1].
However,
enhanced
generation
and
excessive
accumulation of melanin can cause a number of skin
problems such as freckles, age spots, and melasma [2].
Melanin synthesis is stimulated by a large number of
effectors, including 1-oleyl-2-acetyl-glycerol [3], ultraviolet
B radiations [4], and cAMP-elevating agents (forskolin, αMSH, IBMX) [5]. The major signaling pathway leading to
melanin synthesis appears to be the stimulation of
adenylyl cyclase followed by an increase in the cAMP
level and the activation of cAMP-dependent protein
kinases (PKAs). cAMP increases the expression of the
micropthalmia-associated transcription factor (MITF), a
melanocyte-specific transcription factor crucial for
melanocyte development and differentiation, through
activation of the cAMP-dependent protein kinase A (PKA)
and the cAMP-response element binding protein (CREB)

transcription factor, which in turn stimulates tyrosinase
gene expression to allow melanin synthesis [6]. Therefore,
the inhibitors of the melanogenesis via blocking adenylyl
cyclase activity and its signaling pathway, particularly
from natural sources, can be a great interest to industries
that produce skin whitening and cosmetics.
Adenylyl cyclase (AC) is a 12-transmembrane protein
that converts ATP to cAMP upon the stimulation of
various G-protein coupled receptors [7]. In Eukaryotes,
two basic families of AC exist: the G protein-regulated
transmembrane AC isoforms and the soluble AC. The
soluble AC is regulated by bicarbonate and calcium and is
insensitive to forskolin or activated Gα s [8]. The topology
of transmembrane ACs consists of a variable in tracellular
N terminus and two large cytoplasmic domains separated
by two membrane-spanning domains (six transmembranes
each) [9]. The transmembrane class is generally
considered the target of most hormone-sensitive cAMP
control. So far nine mammalian AC isoforms have been
identified. These isoforms show distinct tissue distribution
and biological/pharmacological properties, while they
share the same membrane topology and catalytic core
formation that resembles transporters [7]. All nine
membrane-bound AC isoforms are activated by GTPbound Gαs and the plant diterpene forskolin, with the
exception of AC9. Forskolin, a direct activator of AC, is a
diterpene extract from coleus forskolii, which is a natural
plant used in Indian traditional medicine for the treatment
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of heart failure, bronchial asthma, and alimentary diseases
[10].
Coumarin (2H-chromen-2-one, benzo-α-pyrone) and its
derivatives are widely distributed in plants and are
especially abundant in the bark and leaves of plants
[11,12]. In addition, coumarin is a fragrant chemical
compound of benzopyrone notably found in cinnamon
extracts [13,14,15]. Coumarins have shown evidence of
many biological activities. The biomedical activities of
coumarin includes anti-HIV [16], anti-inflammatory [17],
anti-cancer [18], and anti-diabetes [19]. Despite of
coumarin’s many pharmaceutical effects, the skin
protective function of coumarin has not been fully studied.
Therefore, by using the well-characterized Autodock 4.2
and Autodock Vina 1 computational modeling system and
B16 mouse melanoma cell based systems, we attempted to
determine the skin pharmaceutical effects and molecular
binding mechanisms of coumarin on adenylyl cyclase and
melanogenesis. In this investigation, we first demonstrated
that coumarin effectively inhibits melanogenesis via dual
blocking adenylyl cyclase activity and directly affects on
cAMP production in B16 melanocytes.

Figure 1. Chemical structure of 2H-chromen-2-one (coumarin)

2. Materials and Methods
2.1. Reagents
Coumarin, forskolin, -MSH, MTT and other chemical
reagents were purchased from Sigma Chemical Co. (St.
Louis, MO, U.S.A.). [3H]cAMP was purchased from
PerkinElmer Life and Analytical Sciences (Boston, MA).

2.2. Molecular Docking
AutoDock 4.2 [20] and AutoDock Vina 1 [21] were
used for the docking study of coumarin. The
crystallographic structures of two catalytic subunits of
mAC, VC1 and IIC2 as well as that of forskolin, a known
ligand of mAC, were adopted from the PDB file 1U0H
[22]. To prepare ligands and the receptor molecule for
docking, ADT [23] was used to add hydrogens and
calculate atomic charges. Coumarin has zero rotatable
bonds. Ten amino acid residues at the docking site in the
receptor molecule were assumed to be flexible; Leu A438,
Asp A440, Thr A512, Asn A515, Lys B938, Ile B940, Ser
B942, Asp B1018, Asn B1025, and Lys B1065. A search
box was defined to contain both binding sites of forskolin
and 2 '(3')-O-(N-methylanthraniloyl) (MANT)-GTP (37.5
× 24.0 × 27.0Å3). AutoDock Vina uses a grid spacing of 1
Å and Autodock 4.2 uses 0.375 Å by default. The docking
computation was performed on a 64bit Linux PC with a
3GHz, 8 multi-threaded Intel CPU and 16 GB RAM. The
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result was analyzed and visualized by the software
PyMOL [24].

2.3. Cell Culture
B16 cells were purchased from Korean Cell Line Bank
(Seoul, Korea) were cultured in DMEM with 10% fetal
bovine serum (FBS; Gibco, NY, U.S.A.) and
penicillin/streptomycin (100 IU/50μg/ml) in a humidified
atmosphere containing 5% CO2 in air at 37°C. B16 cells
were cultured in 24-well plates for each assay. All the
experiments were performed in triplicate and repeated
three times to ensure reproducibility.

2.4. Measurement of [3H] cAMP
Intracellular cyclic AMP generation was determined by
[3H]-cyclic AMP competition assay in binding to cyclic
AMP binding protein as described previously by [25] with
some modification. To determine the cyclic AMP
production induced by α-MSH and forskolin, the B16 cells
were stimulated with agonists for 20 min in the presence
of the phosphodiesterase inhibitor Ro 20-1724 (5 μM) and
the reaction was quickly terminated by three repeated
cycles of freezing and thawing. The samples were then
centrifuged at 2500×g for 5 min at 4°C. The cyclic AMP
assay is based on the competition between [3H]-labelled
cyclic AMP and unlabelled cyclic AMP present in the
sample for binding to a crude cyclic AMP-binding protein
prepared from bovine adrenal cortex according to the
method of [26]. Each sample was incubated with 50μl of
[3H]-labelled cyclic AMP (5mCi) and 100μl of binding
protein for 2h at 4°C. Separation of the protein-bound
cyclic AMP from the unbound cyclic AMP was achieved
by the adsorption of the free cyclic AMP onto charcoal
(100 μl) followed by centrifugation at 12,000×g at 4°C.
The 200μl of supernatant were then placed into an
Eppendorf tube containing 1.2ml of scintillation cocktail
to measure the radioactivity. The cyclic AMP
concentration in the sample was determined based on a
standard curve and expressed as pmol per number of cells.

2.5. Estimation of Melanogenesis in B16 Cells
Melanin content was used as an index of melanogenesis.
Determination of melanin content was performed using a
modified method of previous study [27]. In brief, B16
cells (5X104) were plated on 24-well, multi-dishes and
pretreated with coumarin at concentrations ranging from 0
to 300 μM. Then added and incubated with 100 nM of
forskolin for 24hrs. After washing twice with PBS,
samples were dissolved in 100mll of 1 N NaOH. The
samples were incubated at 60°C for 1 hr and mixed to
solubilize the melanin. Absorbance at 405nm was
compared with a standard curve of synthetic melanin.

2.6. Determination of Chrysin for Cell
Viability
The cell viability assay was performed as described in
the previous study [28] using 3-(4,5-dimethylthiazol-2yl)-2,5-diphenyltetrazolium bromide (MTT). Shortly
thereafter, 5 X 104 B16 cells/well were plated in a 24-well
plate. After cells were exposed to coumarin at various
time scales, MTT solutions were added and the insoluble
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derivative formed by cellular dehydrogenase was
solubilized with EtOH–dimethyl sulfoxide (DMSO) (1:1
mixture solution); the absorbance of each well was read at
560nm using a microplate spectrophotometer.

between the carbonyl group of coumarin and the nearby
hydrogen donor, which is Ser B942 or Asn B1025,
respectively (Figure 2. panel B and C).

2.7. Statistical Analysis
The values are expressed as mean ± standard error (n =
3) and the biological significance p < 0.05 was
determined by the Student’s t-test.

3. Results
3.1. Molecular Docking of Coumarin
Coumarin is a small and planar compound with the
molecular weight of 146.04. This suggests that the
docking of coumarin to two relatively large binding clefts
of mAC might be a hard optimization problem. The
docking solutions obtained from initial trials of coumarin
to mAC with AutoDock 4.2 showed poor separations
among the clusters of docked conformations. In total, 41
distinct conformational clusters were found out of 256
lamarckian genetic algorithm docking runs using an
RMSD tolerance of 2.0Å. The difference in mean binding
energy between the top and the second clusters was
0.30kcal/mol. Therefore, care must be taken in adopting
the top solution right away.
An additional independent docking calculation was
performed with AutoDock Vina which adopted a
stochastic global optimization algorithm in addition to a
modified scoring function. It is shown that Vina has a
much improved speed and accuracy in predictions when
compared to AutoDock 4 [21]. As a control experiment,
docking of forskolin, the known ligand of mAC was
performed using Vina. In 10 out of 10 docking runs with a
different random seed, the crystallographic binding mode
was successfully found with an average RMSD of 0.6Å,
which is significant improvement when compared with
1.1Å from the same experiment in our previous report
using AutoDock 4 [29].
For the docking study of coumarin, 20 independent
docking runs using Vina were performed with different
random seeds. As with AutoDock 4, the separation of the
top cluster from the second cluster was only 0.3kcal/mol
in average, which again suggests the existence of local
minima in the energy landscape and, thus, several possible
binding modes. Interestingly, the best solutions of 20 runs
are distributed in two distinct binding sites. In 16 out of 20
runs, the best docking cluster of coumarin was found at
the forskolin binding site with the minimal binding energy
of -6.6 kcal/mol and in the remaining four runs, the best
docking cluster was found at the MANT-GTP binding site
with the minimal binding energy of -6.4 kcal/mol (Figure
2. panels A). The existence of two binding modes was
also observed with the docking runs using AutoDock 4. In
this case, the best cluster composed of 19 runs out of 256
runs was found at the MANT-GTP binding pocket, while
the second best cluster composed of 37 runs was found at
the forskolin binding pocket.
In both possible binding modes, the benzopyran moiety
of coumarin occupies the hydrophobic cleft at the
interface of two subunits of mAC. The orientation of
coumarin seems to be guided by hydrogen bonding

Figure 2. The predicted binding mode of coumarin to mAC. (A). Two
best docking solutions of coumarin (stick, white colored) are visualized
on the mAC structure (ribbon). For comparison, the crystallographic
conformations of forskolin (FSK) and MANT-GTP are also displayed
(lines). (B and C). Each docked coumarin molecule is visualized with the
electrostatic potential mapped on the surface of mAC. The docked
molecules are viewed from the center of the binding pocket space. The
calculation was done by PyMOL using AMBER99 vacuum electrostatic
potential.

Figure 3. The inhibition of α-MSH- and Forskolin- induced cAMP
production with the increase in the concentration of coumarin treatment.
B16 cells were preincubated with various concentrations of coumarin for
5min, then cells were stimulated with α-MSH (100nM, white bar) and
forskolin(100nM, closed bar), respectively. The data are the
mean±S.E.M. of assay triplicates with at least six independent
experiments. (**p < 0.05).

3.2. Inhibitory Action of Coumarin on
Adenylyl Cyclase-Induced cAMP Production.
To check whether coumarin really blocks adenylyl
cyclase activity in living cellular system or not, we chose
the B16 melanoma cell line and investigated the
coumarin’s inhibitory effect. Both α-MSH and forskolin
are known to increase intracellular cAMP concentration
via activating adenylyl cyclase signaling pathways in B16
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cells [30]. We preliminarily checked the cAMP production
induced by α-MSH and forskolin in B16 cells (data not
shown), and EC50 for both were 100nM. 5min
pretreatment of coumarin showed strong inhibitory-effect
on α-MSH- and forskolin-induced cAMP production in a
concentration-dependent manner (Figure 3) suggesting
that coumarin inhibits cAMP production signaling
pathways via blocking adenylyl cyclase.

3.3. Inhibitory Action of Coumarin on
Melanin Content in B16 Cells
In order to obtain evidence for the inhibitory effect of
coumarin on forskolin-induced melanogenesis signaling
pathway in B16 cells, melanin production in B16 cells
was examined. As shown in Figure 4a, the melanin
content of the cells that were pretreated with coumarin
decreased in dose-dependent manners, showing 50.5% at
18M and 35.5% at 35μM compared to the forskolin alone
treated control group.

Figure 4. (a) The melanin content reduction with the increase in the
concentration coumarin treatment on the melanin biosynthesis. The
results are expressed as percentages of control, and the data are the
mean±S.E.M. of at least three determinations. (**p < 0.05) (b) The
viability of B16 melanocytes during the coumarin treatments. Cells were
treated over the indicated time (from 0hrs to 24hrs) with 18μM of
coumarin. The viability was evaluated by MTT assay and represented as
percentages of control. The data are the mean±S.E.M. of assay triplicates.

3.4. The Effect of Coumarin on Cell Viability
The data from the cell viability assay using MTT for
B16 cells are shown in Figure 4b. At IC50 concentration
of coumarin (18μM), the B16 cells were treated for 24hrs.
Long-term treatment of coumarin did not induce
significant cellular death. These data clearly indicate that
the anti-melanogenesis effect of coumarin is not due to its
cytotoxicity.

4. Discussion
The result of docking study implies two binding sites of
coumarin in mAC, one at the forskolin binding pocket and
the other at the MANT-GTP binding pocket. The
difference of binding free energy between two binding
modes was indistinguishable, considering the reported
standard error in the binding energy calculation by Vina is
2.85kcal/mol [21]. When compared to the best docking
energy of forskolin, which is -10.3kcal/mol, the obtained
binding energy of coumarin is significantly larger. The
calculated inhibition constant Ki of forskolin and
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coumarin are 14.5nM and 28.2μM, respectively. The
calculated Ki vaule of coumarin to mAC in the micromolar
range is comparable to the Ki values of coumarin to
various other target enzymes registered at the Binding
Database [31].
Although the competition between inhibitor and
substrate is needed to infer IC50 from Ki, our cellular assay
showed that the IC50 value of coumarin was also slightly
larger than that of chrysin, which showed a comparable Ki
with forskolin previously [29]. Interestingly, the
difference of IC50 between coumarin and chrysin was not
as dramatic as in docking energy comparison. If coumarin
can occupy two substrate binding pockets of mAC
simultaneously and each binding interaction is
independent and inhibitory to mAC activity, coumarin can
be a more potent inhibitor than Ki suggests. Roughly
speaking, at the concentration of Ki, half of coumarin
molecules are bound to mAC, however, only one quarter
of mAC molecule is free from coumarin and, therefore, is
active. Existence of two possible binding sites would be
an interesting hypothesis to test in the future study.
The two predicted binding modes follow a common
binding mechanism observed in the crystal structure of
cytochrome P450 2A6 [32], where coumarin binds to a
compact, hydrophobic active site of the protein and
Asn297 residue acts as a hydrogen bond donor to orient
coumarin. However, mAC offers much larger possible
binding surface to coumarin. The two found binding
positions of coumarin are approximately 22Å away from
each other, leaving the major part of the binding pocket
open. Due to this larger open space, the flexibility of the
interacting side chains becomes influential by creating
many suboptimal binding modes and therefore contributes
to make the optimization process in docking calculation
difficult. Under the realistic cellular environment, the
precise binding coordinates will be fixed by the actual
conformation of these side chains. It will be also
interesting to test if metabolic products or derivatives of
coumarin utilizing the remaining space can be much
potent mAC inhibitors.
Coumarin is a polyphenol compound and known as
very powerful anti-oxidants that smell like either vanilla
or freshly mown hay (it's what smells nice after clover is
cut). Because of this lovely smell, it's often used in
perfumes and fragrance oils. Plant derived polyphenolic
compounds, as potentially safe and effective skin
protecting agents, have attracted many researchers in
cosmeceutical industries. In many previous studies
[33,34,35,36,37], polyphenolic hydroxyl compound may
show skin protection and whitening activity because of its
ability to donate an electron and/or chelate transition
metals, such as copper or ferrous ions, thereby inhibit free
radical reactions and diminish ROS generation. One of the
interesting findings of our study is that the potency of
coumarin is likely related to its dual efficacy on
antimelanogenic and antioxidative activities. As shown in
this study, coumarin inhibited melanogenesis induced by
adenylyl cyclase activity and was able to decrease melanin
content without showing any adverse effect on cell
viability. These strong anti-melanogenic and skin
protecting actions of coumarin are ascribed to its structural
arrangement.
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5. Conclusions
Overall, the elucidation of the dual binding site of
coumarin on adenylyl cyclase could provide a structural
basis for the pharmacological modulation of ACs and
clues for the treatment related incurable diseases.
Coumarin may be considered as a potent therapeutic agent
for skin hyperpigmentation such as melanosis.
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