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Abstract. Naturally occurring coumarins 7-isopentenyloxycoumaauraptene, and umbelliprenin
are able to modulate the biosynthesis of melanmunine Melan-a cells probably through the
interaction with selected biological targets lilstregen receptd@ and aryl hydrocarbon receptor.
Such a modulation strictly depends on the individtraicture of the coumarin: the presence of a
3,3-dimethylallyloxy side chain is a structural@®binant for tanning activation whereas a farnesyl
one leads to the opposite effect. The parent comgbauith a free OH group, umbelliferone, did not
provide any interaction. Other coumarins assayadnly shorter chains and/or being substituted in
other positions, and prenyloxypsoralens, were otiweor not further investigated in this context

being cytotoxic at low doses.

Keywords. AurapteneCitrus spp., 7-Isopentenyloxycoumarin, Melanogenesis,poxyylated

phenylpropanoids, Umbelliprenin.

List of abbreviations
AMP adenosinemonophosphate

AhR aryl hydrocarbon receptor



CREB CAMP-responsive element binding protein

DOPA 3,4-dihhydroxyphenylalanine

ER estrogen receptor

MITF microphthalmia-associated transcription facto
a-MSH a-melanocyte stimulating hormone

TRP tyrosinase-related protein

uv ultraviolet

Introduction

Pigmentation of skin, eyes, and hair in humansathdr mammals is due to and regulated by the
biosynthesis and distribution of melanin. This nag¢ali plays a pivotal role in protecting skin
tissues from the hazardous effects of UV radiatidi® melanin biosynthetic machinery comprises
three enzymes: tyrosinase (polyphenol oxidase, BE€.18.10), TRP-1, and TRP-2. The first is the
enzyme catalyzing the rate-limiting step of the {ghmelanogenesis and is able to promote two
different reactions: the hydroxylation of tyrositeeDOPA and the oxidation of this latter to
DOPAquinone [1,2]. The overall machinery is trafgoonally modulated by the MITF that in turn
is sensitive to the-MSH through a cascade of events, the last of wbatsists in the
phosphorylation of the CREB that is able to bindhte CRE motif of MITF, thus stimulating
melanin biosynthesis [3]. On the other hand, meajasis is inhibited by the activation of the
extracellular signal-regulated kinase that leadti¢gphosphorylation and degradation of MITF [4].
Disorders in melanin biosynthesis may provide abrabipigmentation of the skin. Massive
production of such a mediator causes its accunaulati the epidermis leading to melisma, freckles,
and senile lentigines [5,8Dn the other hand, hypopigmentation, associateddecrease in

melanin biosynthesis, may lead to vitiligo, albmisGriscelli syndrome, and scalp problems
(dandruff, lice, cradle cap, and ringworms) [ifferent remedies based on the use of natural

products and/or plant extracts have been propasdtid treatment of both disorders. Compounds



able to inhibit melanin production include arbuaimd its aglycone derived from bearberry,
cranberries, mulberries, blueberries, and sevéhalr plant species, kojic acid, a by-product of the
fermentation process of malting rice, azelaic agidpmponent of wheat, rye, and barley,
flavonoids like luteolin and quercetin, phytocheatscfrom licorice, alisol B, a triterpene isolated
from Alisma orientale (Sam.) Juz (Alismatacea&);methylflavones frongcutellaria baicalensis
Georgi (Lamiaceae), protocatechuic acid, and sewénrar natural products, the effectiveness of
which has been recently reviewed [8]. Tanning attixs include furanocoumarins like psoralen,
bergamottin, and bergaptene, all components ofdoeog)essential oil [9pratol, a methoxyflavone
isolated fromTrifolium pratense L. (Fabaceae) [10flavonoids like sinensetin, tangeretin, and
nobiletin, all widespread in the gen@grus[11], ferulic acid [12], and 6,7-dimethoxycoumarin
[13]. However, the use of some of the above listettl’e principles for cosmetic and/or therapeutic
purposes is associated to severe side effect@xaonple, arbutin and hydroquinone are able to
evoke skin irritation and contact dermatitis [1djic acid causes allergic reactions and
sensitization [15]and finally psoralen and related furanocoumariessaispected to possess a great
photocarcinogenic potential [16], because of wigsbralens have been banned as sunscreen
ingredients in several countries worldwide. Therefthe search for novel natural remedies to
generally modulate melanin production for therajpearnd cosmetic purposes is a field of current
and stimulating interest. In this context we wisldéscribe herein for the first time in the literat
the interaction of oxyprenylated umbelliferone idatives, namely 7-isopentenyloxycouma?in
auraptens, and umbelliprenid, with the melanin biosynthetic machinery in nomturigenic
murine melanocyte Melan-a cell line. Also otherunally occurring coumarins, having a different
pattern of substitution respect to compouds have been tested and these include colbnin
lacinartinG, 7-geranyloxy-6-methoxycoumari) 5-geranyloxy-7-methoxycoumar#) and

psoralens 8-geranyloxypsoral@nimperatorinlO, isoimperatoriril, and bergamottid2 (Figure 1).
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Figure 1. Chemical structures of umbelliferoig7-isopentenyloxycoumariy auraptene,
umbelliprenind, collinin 5, lacinartinG, 7-geranyloxy-6-methoxycoumari) 5-geranyloxy-7-
methoxycoumarir8, and psoralens 8-geranyloxypsora®imperatorinlO, isoimperatoriril, and

bergamottinl2.

Materials and Methods

Chemistry. All oxyprenylated coumarins have been synthesimmtd parent commercially available
hydroxylated coumarins by a single-step Williamseaction using 3,3-dimethyallyl, geranyl, and
all trans farnesyl bromides as the alkylating agents asdyreeported [17]. Their purity (> 97.6 %)
was assessed by and HPLC, following the well védidanalytical method we set up for the
gualitative and quantitative analysis of oxypretgdacoumarins [18,19]. The same general
procedure for NMR and elemental analysis experimastalready reported was followed [17].
Analyses indicated by the symbols of the elementarctions were within + 0.4 % of the
theoretical values. UV light experiments have beeriormed with a UV lamp 254 nm (EMD
Millipore, Burlington, MA, USA).

7-1sopentenyloxycoumarin (2). *H NMR 8 1.66 (s, 3H), 1.72 (s, 3H), 4.55-4.60 (m, 2H) 455449
(m, 1H), 6.29 (d, 1H, J = 9.6 Hz), 6.55-7.07 (m)3HA15 (d, 1H, J = 9.6 Hz}*C NMR & 18.2,
25.7,65.3,101.5, 112.3,112.9, 113.1, 118.5,6,289.2, 143.4, 155.8, 161.2. Anal. Calcd for
C14H1403: C, 73.03; H, 6.13; O, 20.85. Found: C, 72.986199, O, 20.82

Auraptene (3). *H NMR 8 1.38 (s, 3H), 1.42 (s, 3H), 1.72 (s, 3H), 1.85821®, 4H), 4.89-4.96 (m,
2H), 5.02-5.11 (m, 1H), 5.44-5.69 (m, 1H), 6.221H, J = 9.6 Hz), 6.54-7.09 (m, 3H), 7.18 (d, 1H,
J=96 Hz)fL3C NMR & 14.4, 16.9, 25.8, 26.6, 39.1, 65.7, 108.1, 11114,6, 120.5, 122.7, 123.8,
131.9, 134.4, 142.5, 143.2, 148.9, 156.7, 160.4l Avalcd for GgH,,0s: C, 76.48; H, 7.43; O,
16.09. Found: C, 76.42; H, 7.37, O, 16.02

Umbelliprenin (4). *H NMR & 1.56 (s, 3H), 1.602 (s, 3H), 1.67 (s, 3H), 1.78), 1.89-2.42 (m,

8H), 4.62-4.67 (m, 2H), 5.03-5.09 (m, 1H), 5.117(fn, 1H), 5.49-5.55 (m, 1H), 6.52 (d, 1H, J =



9.5 Hz), 6.85-7.13 (m, 3H), 7.17 (d, 1H, J = 95;H°C NMR 5 16.0, 16.7, 17.6, 25.6, 26.1, 26.6,
39.1, 39.6, 65.4, 101.5, 112.4, 112.9, 113.2, 4183.4, 124.2, 128.6, 131.3, 135.5, 142.3, 143 .4,
155.8, 161.2. Anal. Calcd for.gH300s: C, 78.65; H, 8.25; O, 13.10. Found: C, 78.618129, O,
13.04.

Collinin (5) *H NMR & 1.35 (s, 3H), 1.44 (s, 3H), 1.81 (s, 3H), 1.875A, 4H), 3.64 (s, 3H),
4.88-4.95 (m, 2H), 5.01-5.10 (m, 1H), 5.45-5.68 {id), 6.19 (d, 1H, J = 9.4 Hz), 6.28 (d, 1H, J =
4.4 Hz), 6.928 (d, 1H, J = 4.4 Hz), 7.15 (d, 1H, J = 9.4 HAZ NMR 3 14.1, 16.4, 25.6, 26.4,
39.6, 55.9. 69.8, 108.3, 113.3, 113.6, 120.1, 1226.9. 131.6, 134.7, 142.7, 143.6, 148.5, 156.1,
160.5. Anal. Calcd for §gH2404: C, 73.15; H, 7.37; O, 19.49. Found: C, 73.127833, O, 19.44.
Lacinartin (6). '"H NMR & 1.63 (s, 3H), 1.71 (s, 3H), 3.66 (s, 3H), 4.51741%, 2H), 5.42-5.49 (m,
1H), 6.27 (d, 1H, J = 9.5 Hz), 6.32 (d, 1H, J =M%, 6.88 5 (d, 1H, J = 4.2 Hz), 7.12 (d, 1H, J =
9.5 Hz);l3C NMR o 18.4, 25.4, 55.9, 65.2, 101.6, 112.2, 112.8, 1113.8.0, 138.6, 139.1, 143.9,
155.9, 160.0. Anal. Calcd fori€H1604: C, 69.22; H, 6.20; O, 24.59. Found: C, 69.266125, O,
24.63.

7-Geranyl oxy-6-methoxycoumarin (7) *H NMR & 1.39 (s, 3H), 1.48 (s, 3H), 1.77 (s, 3H), 1.8312.2
(m, 4H), 3.72 (s, 3H), 4.91-4.97 (m, 2H), 5.05-5(42 1H), 5.41-5.55 (m, 1H), 6.23 (d, 1H, J = 9.5
Hz), 6.33 (s, 1H), 6.53((s, 1H), 7.09 (d, 1H, J = 9.5 HZfC NMR 8 14.3, 16.6, 24.9, 26.9, 39.9,
56.7,69.2,108.1, 113.2, 113.9, 120.2, 123.7,8 2381.9, 134.1, 142.1, 143.2, 148.2, 156.8, 160.1.
Anal. Calcd for GoH2404: C, 73.15; H, 7.37; O, 19.49. Found: C, 73.19732, O, 19.46.

5-Geranyl oxy-7-methoxycoumarin (8) *H NMR & 1.47 (s, 3H), 1.55 (s, 3H), 1.89 (s, 3H), 1.9232.3
(m, 4H), 3.42 (s, 3H), 4.95-5.03 (m, 2H), 5.09-5(t% 1H), 5.43-5.59 (m, 1H), 6.12 (d, 1H, J = 9.6
Hz), 6.15 (d, 1H, J = 1.0 Hz), 6.72 (d, 1H, J =HiK), 7.22 (d, 1H, J = 9.6 HZ°C NMR 8 15.3,

16.9, 24.6, 26.9, 39.7, 55.8, 69.0, 108.8, 11318,3, 120.1, 123.7, 123.9, 131.0, 134.0, 142.8,
143.4, 148.6, 156.3, 160.1. Anal. Calcd fopH404: C, 73.15; H, 7.37; O, 19.49. Found: C, 73.18;

H, 7.35, O, 19.44



8-Geranyloxypsoralen (9). *H NMR 3 1.74 (s, 3H), 1.76 (s, 3H), 1.88 (s, 3H), 1.95-Qrh0 4H),
5.00-5.09 (m, 3H), 5.58-5.62 (m, 1H), 6.33 (d, #H) = 9.2 Hz), 6.88 (d, 1H,3 2.2 Hz), 7.39 (s,
1H), 7.65 (d, 1H, & 2.2 Hz), 7.79 (1H, d] = 9.2 Hz);**C NMR 5 16.6, 18.4, 24.8, 26.1, 26.7, 39.8,
70.5, 108.0, 115.1, 116.9, 120.2, 123.6, 123.9,113240.1, 144.3, 144.7, 147.0, 149.0, 155.0,
160.9. Anal. Calcd for £H2,04: C, 74.54; H, 6.55; O, 18.91. Found: C, 74.566130, O, 18.91
Imperatorin (10) *H NMR & 1.74 (s, 3H), 1.76 (s, 3H), 5.02-5.07 (m, 2H), 55663 (m, 1H), 6.37

(d, 1H, d,J= 9.5 Hz), 6.83 (d, 1H,3 2.1 Hz), 7.36 (s, 1H), 7.70 (d, 1H=2.1 Hz), 7.76 (1H, d]
=95 HZ);13C NMR & 18.5, 26.2, 70.5, 107.4, 115.1, 116.9, 120.2,11,340.1, 144.3, 144.7,
147.0, 149.0, 160.9. Anal. Calcd fogeB1404: C, 71.10; H, 5.22; O, 23.68. Found: C, 71.12; H,
5.27, 0, 23.64

|soimperatorin (11) *H NMR 8 1.72 (s, 3H), 1.82 (s, 3H), 4.94-4.99 (m, 2H), 55586 (m, 1H),

6.29 (d, 1H, ¥ 9.6 Hz), 6.97 (d, 1H, J = 2.1 Hz), 7.17 (s, 1HB1 (d, 1H, J =2.1 Hz), 8.17 (1H, J
=96 HZ);13C NMR $ 18.6, 26.2, 70.2, 94.7, 105.4,108.0, 113.0, 11419,5, 139.9, 140.2, 145.3,
149.4, 153.1, 158.5, 161.7. Anal. Calcd fagti,O4: C, 71.10; H, 5.22; O, 23.68. Found: C, 71.14;
H, 5.25, O, 23.69

Bergamottin (12). *H NMR & 1.60 (s, 3H), 1.68 (s, 3H), 1.69 (s, 3H), 1.94-31134H), 4.93-4.98
(m, 2H), 5.01-5.04 (m, 1H), 5.52-5.56 (m, 1H), 6(831H, d,J= 9.6 Hz), 6.96 (d, 1H, 3 2.3 Hz),
7.16 (s, 1H), 7.58 (d, 1H,52.3 Hz), 7.99 (1H, d] = 9.6 Hz);**C NMR 5 16.8, 17.8, 25.8, 26.3,
39.6, 70.0,94.4, 105.2, 107.7, 112.7, 114 .4, 11198.6, 132.2, 139.8, 143.2, 145.0, 149.1, 152.9,
158.3, 161.3. Anal. Calcd for,@1,004: C, 74.54; H, 6.55; O, 18.91. Found: C, 74.516132, O,
18.90.

Cell culture

Melan-a cells, an immortalized mouse melanocytkliogl, were obtained from the Wellcome Trust
Functional Genomics Cell Bank. Cells were maintdimeRPMI 1640 (Lonza, Basel, Switzerland)

supplemented with 10% fetal bovine serum, 50 U/rahi@llin, 50 U/mL streptomycin (PS Lonza)



and 200 nM PMA (phorbol 12-myristate 13-acetatgn®i). Cells were incubated at 37°C in a
humidified 5% CQ/air atmosphere. The stock solutions of isopentetydoumarin, auraptene, and
umbelliprenin were prepared in DMSO (1000X) andensored at —20 °C until use. The
concentrations used for the study were 1, 10, 20 4&uM, which were freshly prepared for each
experiment with a final DMSO concentration of 0.1@@ntrols were always treated with the same
amount of DMSO (0.1%, v/v) as used in the corredpanexperiments.

Cdll viability measurement

Non-tumoral murine melanocytes were seeded at 6Q6lls on six plate wells and treated for 48 h
with auraptene, isopentenyloxycoumarin, or umbeliin at the indicated concentrations or
DMSO. Cells were detached by trypsinization, calddn phosphate buffer saline and centrifuged
at 1500 rpm for 5 min. at 4 °C. Cells pellets wersuspended in the trypan blue solution (0.25%,
w/v in PBS) and counted in a Malassez cell undeyhé microscope. The percentage of cell
viability was calculated using the following fornaulso cell viability= [1-(blue cells/total cells)]
x100.

RNA isolation and gPCR analysis

Total RNA from cultured cells treated as indicateas isolated using TRIzol Reagent (Invitrogen).
RNA was quantified (nanodrop; Thermofisher). TR&IA (1 ug) was reverse-transcribed using an
iScript cDNA synthesis kit (Bio-Rad), accordingthe manufacturer’s instructions. gRT-PCR was
performed with an iCycler iQreal-time PCR detectsystem (Bio-Rad) using iQ SYBR Green
Supermix (Bio-Rad) and the indicated primers. Tireghold cycle (Ct) values of the gene of
interest were normalized with the Ct values of Gptiline Al.

Melanin content measurement

Non-tumoral murine melanocytes were seeded at 68G;8lls on six plate wells and treated for 48
hours with increasing doses of auraptene, isopglabeycoumarin, umbelliprenin, and kojic acid at
the indicated concentration or carrier solvent (0D)S5x1G cells were centrifuged at 1500 rpm for

5 min. at 4 °C. The cell pellet was washed twicthywhosphate buffer saline, transferred in an



Eppendorf vial and centrifuged at 5000 g for 5 nairnd °C. The supernatant was discarded. 200 pL
of water and 1 mL of EtOH/Ether (1/1) were addedetoove opaque substances other than
melanin. The mixture was incubated for 15 min.catn temperature, centrifuged at 5000 g for 5
min. and the supernatant was discarded. The pta@pmontaining melanin was solubilized by 300
pL of a mixture of agueous sodium hydroxide (1 MWSO 90/10 after heating at 80°C for 1 h.
The absorbance was measured at 405 nm. The melamient was expressed as a percentage of
control (= 100%). UV experiments have been perfarfiedowing the method reported by
Liebermann and Hopkins in 2004 [20] and using a Wediometer (UVP, Inc., Upland, CA,

USA).

Western blotting

Cells treated as indicated were washed with icé P&S, then scraped and centrifuged at 800 x g
for 5 min at 4 °C. Pellets were resuspended in,lO6f extraction buffer (50 mM Tris pH 7.4,
5mM NaCl, 1% Triton X-100, 10% glycerol) with 1%qgpease inhibitor mixture (Sigma-Aldrich),
then vortexed and centrifuged at 10,000 x g fomli® at 4 °C. Whole-cell extracts were
fractionated by SDS/PAGE and transferred to a poisdene difluoride membrane using a
transfer apparatus according to the manufactupeoscols (Life Technologies). After incubation
with 5% nonfat milk in TBST (10 mM Tris, pH 8.0, @%5nM NacCl, 1% Tween 20) for 60 min., the
membrane was incubated with antibodies againssityase (1:1,000), TRP1 (1:500), TRP2
(1:500), MITF (1: 500), Rab27a (1: 200), or acti¥?(Q,000, C4; Merck Millipore) at 4 °C
overnight. Membranes were then washed three tioreBX min. each and incubated either with a
1:10,000 dilution of horseradish peroxidase-conjgdanti-mouse (W402B; Promega) or antirabbit
antibodies (W401B; Promega) for 1 h. Blots werenthvashed three times with TBST and
developed with the ECL system (Amersham Bioscieneesording to the manufacturer’s
protocol.

Reporter cell lines and luciferase assay



MELN cells expressed luciferase in an estrogen-daget manner. Cells were routinely grown in
DMEM, supplemented with 5% FBS. For experimentisaeere grown for 5 days in phenol red-
free medium containing 5% dextran-coated charcealt¢d FBS. Luciferase assay were carried out
exactly as described previously [21].

Satistical analysis

Values are the mean = S.E. of three independemramnpnts, each carried out in duplicate.
Statistical analysis was carried out with Graph&sidg a Student’stest for unpaired variables. *,

** and *** in the figures refer td® values of < 0.05, <0.01, p<0.001 respectively, carag with

control cells that received the solvent vehiclealo

Results and Discussion

The choice of Melan-a cell line, as an alternatovenalignant melanocytes B16F10 or SK-MEL 28
strains, has been addressed by the fact thatrgsepts a pharmacological model more suitable to
investigate the effects of chemicals on melanogenigdas been in fact put in evidence how
melanin biosynthesis is significantly up-regulaitedancer cells respect to Melan-a ones, so that
the response of tumour lines to an elicitor orrdmhitor of melanin biosynthesis, like 7-
isopentenyloxycoumarin or umbelliprenin respectiyebn be more hardly tuned in B16F10 and
SK-MEL 28 cells than in Melan-a line [22]. Melarcall line have been introduced for the first time
by Bennet and coworkers in 1987 [23]. These Autletearly outlined the differences between non-
tumoral and tumorigenic B16 lines: all Melan-a salbntain the melanin pigment, even in the case
of a rapid growth, they proliferate providing a ilaent monolayer well visible under microscope
examination, are round shape and dendritic, amabtigrow in absence of a tumour promoter. On
the other hand, B16F10 cells are irregularly pigreénwith few dendrites and proliferate randomly
even in the absence of a tumour promoter. Simdasiclerations can be drawn for the comparison
with SK-MEL 28 line [24]. Thus, in our opinion, thesponsiveness of Melan-a cells is more

sensitive and recordable. Oxyprenylated coumarmsih under investigation were synthesized



following a well validated and high yield methodezldy reported in the literature[17]. Compounds
1-12 werepreliminarily screened for their capacities in affecting cell viability and subsequently
in modulating melanin biosynthesis in Melan-a menmelanocytes. We first investigated the
impact of oxyprenylated coumarins on proliferataord viability. Compounds$-4 displayed no
significant impact on cell viability (Figure 2A ar2B), whereas other coumarins under
investigation exhibited either a marked cytotoxXfe& at low doses (< 2 uM, e.g. psoral&nk?)

or no appreciable tanning or whitening effect respe controls at the same dose used for samples
2-4 (compound$-8) in subsequent assays. Thus, these latters weseleated to perform further
experiments. The concentration applied (40 pMufobelliferonel and its derivativeg-4
corresponded to the highest solubility of such pblyemicals in the medium used to accomplish
biological assays. Melanin content was measurddelan-a cells exposed to increasing dose of
oxyprenylated coumarirz4 and umbelliferone for 48 hours. Figures 2A and BBvweed that at the
concentration of 40 uM cell viability remained wially unaffected respect to untreated control cells
As reported in Figure 2C, all prenylated compoustttsved appreciable differences on the extent
of melanin biosynthesis compared to control. Therenylated counterpart umbelliferohelid not
virtually display any changes respect to the control unlezdtts and was assayed merely to put in
evidence the role of th®-side chain. A behaviour practically equal to connubl was recorded

for hydroxylated coumarins, parent products of dastp12. We observed that 7-
isopentenyloxycoumarif is a strong inducer of melanin production whergabelliprenine

exhibits whitening properties in a dose dependarimar. Results of auraptedstand in the
middlewith a slight pro-pigmenting effect (1.3-fold indian) at the highest dose tested (40 uM).
Tests have also been performed on Melan-a treatadd@ LM of oxyprenylated coumarins for 72
hours. The effect of these compounds on melaniteabmvas higher at 72 hours of treatment
compared to 48 hours underlying a time dependéattefCompoun@ triggers a huge pigmenting
effect with a 6-fold increase of melanin contenewdas3 increases melanin content by 2-fold

compared to control (Figure 2D). On the other haodipoundt reduces melanin content by more



than 70% compared to control (Figure 2D). The pb@tphs of cell pellets of Melan-a cells

exposed to oxyprenylated coumarins highlight thengt impact of these natural compounds on
pigmentation (Figure 2E).
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Figure 2. Effects of prenyoxycoumarins on cell proliferatiaell viability, and melanin content in
Melan-a cells. Cell number analysis of Melan-ac#kated with 7- isopentenyloxycoumazin
auraptene, and umbelliprenid at 40 uM for 3 days (A). Cell viability analysisaa/performed by
trypan blue exclusion test on Melan-a cells treatgd 1, 2, 3, and4 at 40 uM for the indicated
time (B). Melanin content measurement on Melants teated withl, 2, 3, and4 at the indicated
concentrations for 2 days (C). Melanin content mmesment on Melan-a cells treated wiif?, 3,
and4 at 40 uM for 3 days (D). Photographs of Melandésdesated with solvent vehicle (control),
1, 2, 3, and4 at 40 uM for 3 days at 40 uM for 3 days (E) Datashown as mean + SEM; *p <

0.05, **p<0.01, **p<0.001 compared with solventhiele treated cells (control), t test.

The main consideration that can be drawn from tle@periments is that: a) prenyloxycoumarins
impact melanin production without inducing cytotaky and b) the type of prenylation (e.g. length
of the side chain) has a deep influence on thetsfiexerted by coumarins on melanogenesis: the

shorter is the chain, the greater is the pigmetatvhile the longer is the chain the more evident



the depigmentation. We then investigated whethgpenylated coumarins that display potent
impact on melanogenesis (i.e compou2@snd4) modulate the expression of major players in
melanin production (tyrosinase, TRP-1, TRP-2, art@Ml For this purpose, gPCR analysis was
performed on Melan-a cells treated for 24 hours ®iand4. As shown in Figure 3A, we revealed
that2 induces the expression of the melanogenic enzyynesinase, TRP-1 and TRP-2 as well as
MITF. Consistently with its whitening proper# nhibits by more than 2-fold the expression of
proteins belonging to the melanogenic machinergufé 3A).Quite surprisingly however Western
Blotting analysis revealed thatslightly increases tyrosinase protein level whesegted at 4QM
(Figure 3B). It can be hypothesized, stating thedlRime PCR and Western Blotting analysis have
been assayed at different times, 24 h and 48 lecésply, the inhibitory effect of umbelliprenin on
the genomic expression of tyrosinase can be tnanarel after a prolonged time a slight increase in
the concentration of this enzyme could be obseageautlined in Figure 2B. On the contrary it
virtually abolished the synthesis of TRP-1, TRMEZTF, and Rab27a, this latter being a
melanosome transporter protein the lack of whidhesmain cause of the Griscelli syndrome, and
such inhibition may the effective mechanism undedythe depigmenting effects of umbelliprenine.
Western Blotting analysis on the same proteinsalss carried out in the case of compoand
providing a pattern of results completely overlaygpiesults reported in Figure 2A and thus was not
reported herein. Altogether, these data showedptigglyloxycoumarins impact the expression of
enzymes (tyrosinase, TRP-1 and TRP-2), transcrigtiotor (MITF) and transporter (Rab27a) that

are key players of the melanogenic machinery.
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Figure 3. Effects of prenyoxycoumarins on the expressionrofgins of the melanogenic
machinery. Real-time PCR of tyrosinase, TRP-1, PTRBad MITF expression in Melan-a cells
treated with 40 uM o2 and4 for 24 hours (A). Western blot analysis of tyr@sa, TRP-1, TRP-2,

MITF and Rab27a levels in Melan-a cells treatedvwiat 40 uM for 2 days (B).

Considering that compourdis a whitening agent, we evaluate its abilityrtbibit the pigmenting
effect of physiological regulator of melanin protlan (UV irradiation andi-MSH). Melan-a cells
were exposed for 48 hoursdeMSH, UV irradiation (254 nm, 30 mJ/&yor 4 alone or to the
combinationu-MSH /4 or UV irradiation /4. Melanin content measurement showed 4fally
inhibits the stimulation of melanin production iredal by UV irradiation and-MSH (Figure 4).
Our results demonstrate that umbelliprenin is éffedo reduce melanin content both in basal
condition or after exposure to a physiological prgmenting stimulus. Globally considered the
data collected herein indicated that all the tlmegorenylated coumarirz4 are able to interfere
with melanogenesis and thus can be claimed asegatinciples of plant origin with a great

potential for therapeutic and cosmetic purposes.
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Figure 4. Effects of compound on the pigmenting effect of physiological pro-pigmting stimuli.
Melanin content measurement on Melan-a cells tdefaie2 days witht (40 uM),a-MSH (100
nM), UV irradiation (254 nm) or the indicated comaiion. Data are shown as mean + SEM,;

**p<0.01, **p< 0.001, t-test.

To this concern we subsequently decided to invatgitheir chemical stability in view of their
potential use as ingredients of preparations for &lpical applications, in the same way we
recently did with umbelliprenin [24]. Indeed, weepiously reported the formation of products
deriving from inter- and intramolecular [2+2] cyabiditions for umbelliprenin exposed to UV (254
nm) and sunlightThe stability of both 7-isopentenyloxycoumarin angaptene (as 0.5 % w/w
solution in ethanol) was assayed over a perioddd#y® under light exposure by TLC analysis.
Light exposure of umbelliprenin was also perforraed used as reference. As shown in Figure 5A,
coumarin® and3 were largely degraded after a 6 days exposurefasithation of products
(compound P1) with lowerRHowever, the degradation profile of both aurapteme
isopentenyloxycoumarin differ from those of umbkm#inin since no compounds with higher Rf

(compound P2, Figure 5A) resulting from an intragcolar interaction between double bonds of



the side chain and theB-unsaturated carbon-carbon double bond have besamadal. The addition
of UV-A filters commonly found in commercially avable sunscreens like Uvinul A
(diethylaminohydroxybenzoylhexyl benzoate) (FigiBeand 5C) prevented to a large extent the
degradation of both coumarins. Preparative TLOwadlh to isolate the main product P1 from the
degradation of both coumarins. As expected, these wientified as the coumarin-dimers by LC-
MS analysis (data not shown). Our data showedctbrapound® and3 undergo under light

exposure an intermolecular [2+2] cycloaddition tisgirevented by UV-A filters.
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Figure 5. Evaluation of isopentenyloxycoumarin and auraptability under light exposure.
Representative TLC of umbelliprenin, auraptene,iaodentenyloxycoumarin photodegradation.
Ethanolic solutions of coumarins (0.5% w/w) wer@@sed to sunlight for 6 days and analyzed by
TLC. Lane 1: umbelliprenin; lane 2: auraptene; lansopentenyloxycoumarin (A). TLC showing
the impact of Uvinul A (0.5% w/w) on the photodedg#ion of isopentenyloxycoumarin (B) and
auraptene (C) after 6 days of light exposure uthegconditions described in the Experimental
Section. Lane 1: prenyloxycoumarin control; lan@rZznyloxycoumarin exposed to light; lane 3:
prenyloxycoumarin + Uvinul A control; lane 4: prémyycoumarine + Uvinul A exposed to light.

Prenyloxycoumarins are respectively isopentenyloxyearin and auraptene for Fig 3B and 3C.

Trying to rationalize the mechanism of action uhdeg the herein observed effects, we took in
consideration our previous acquired data abouintieeaction of auraptene with BR21]. As a

result of this investigation, we showed that comqubBibehaves as a partial agonist. Furthermore, it



is well known that ER play a crucial role in melanogenesis [26]. Soasgsessed the extent of the
induction capacities of the three oxyprenylatedncauns2-4 towards ER using the same

experimental model used by us in 2010 [20]. Resukseported in Figure 6A.
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Figure 6. Interaction of compounda4 with ERB (A) and effects of 7-isopentenyloxycoumarin on

melanin content in Melan-a cells in the presencthefsteroidal estrogen antagonist ICl 182780 (B).



What is evident at a glance is that opposite reddte been obtained again for 7-
isopentenyloxycoumarin and umbelliprenin. Thusaeafelism with results recorded in Melan-a
cells can be traced. So, it may be hypothesizedileanodulation in both senses of melanogenesis
by oxyprenylated coumarins may be due to theiraugon with ER. To further enforce our
hypothesis, we estimated also the effect of comg@uon melanin biosynthesis in the same cell
line pre-treated with ICI 182780M (Faslodexl), a steroidal estrogen antagonist, over a period
of 48 h. Results are reported in Figure 6B. As etguk ICI 182780 was able to maintain the
melanin biosynthesis ate the same level of contvdide 7-isopentenyloxycoumarin was

effectively able to antagonize its effect. Indead;ells pretreated with the ER antagonist for 1 h
and then with compoun2| biosynthesis of melanin was almost double resjoeittat recorded for
cells treated only with ICI 182780. For what comsethe pigmenting activity displayed by 7-
isopentenyloxycoumarin, its effect can be also rewedi by the aryl hydrocarbon receptor, towards
which we have recently demonstrated that comp@.isdan effective agonist. The involvement of
this receptor as an efficient activator of melamegts has been also demonstrated [27].

In this paper we disclosed for the first time tffec of naturally occurring prenyloxycoumarins
biosynthetically related to umbelliferone on melgewesis using a non tumoral cell line. The
research on skin tanning and lightening agentalgaeat importance not only for therapeutic
aspects, but also for economic ones, when considerfe context of cosmetic products market.
The profits for companies commercializing tannisg\ators and skin whitening lotions and
creams are in rapid increase over the last de¥sedave clearly demonstrated how a minor
structural modification (e.g. increase from 5 carlaboms to 15 carbon atoms) has a deep impact on
the modulatory properties on melanogenesis. Furtbes, other determinants of capacities of the
interaction of prenyloxycoumarins with the melanmiganachinery seem to be the presence of only
hydrogen atoms in positions of the benzochromamgather than 7. Indeed, as stated above,
coumarins substituted in positions 8, like collibiand lacinartirs, 6, like 7-geranyloxy-6-

methoxycoumarir?, and 5, like, 5-geranyloxy-7-methoxycoumaBirwere totally ineffective in



boosting or decreasing melanin biosynthesis in Rtal@ells. Psoralens cannot be taken into
consideration for the elaboration of a structurivéy relationship due to their great toxicity
towards the same cell line at very low doses. Tiseved effects seem not to be mediated by a
direct triggering of one or more components ofrtiedanin biosynthetic machinery but instead it
may rely on an interaction with BRAIl the three coumarins herein under investigatiave been
found as components of the phytochemical pool wéise plant species, the most of which
belonging to the Rutaceae and Apiaceae families. iSithe case oAngelica sinensis [Oliv.

(Diels)] for which a marked depigmenting effectdypolar extracts from roots has been recorded
[28], of Citrus spp. for which extracts from fruienriched in flavonoids exhibited a skin whitening
effects of more than 60 % and half of that recorfdedkojic acid [29]and of several other species
exhibiting both or tanning activities. Apart fromdividual natural products or phytopreparations,
other natural remedies like bee products, in winerhave recently demonstrated the presence of 7-
isopentenyloxycoumarin, auraptene, and umbellipr&s], have shown effects on melanogenesis.
In 2015 Jantakee and Tragoolpua reported that hioagyn anti-tyrosinase activity [28], caffeic
acid derivatives from propolis inhibit melanogerseat different levels [29]. Tanning and/or skin
lightening effects have been ascribed in all regmbdases to selected classes of secondary
metabolites like flavonoids, monoterpenes, tanrang, chromenes. The one reported herein is the
first example in the literature, to the best of kmowledge, showing the modulatory properties of
naturally occurring oxyprenylated coumarins on metgenesis in a non-cancer cell line. Results
described herein may largely contribute to conssdeh phenylpropanoids and phytopreparations
containing them as effective therapeutic remediesKin diseases featured by hyper- or
hypopigmentation of dermal tissues as well as &hdass of ingredients for cosmetics and
cosmeceuticals. Effects have been recorded forepgbses up to 40 uM. Such a range of
concentration values are similar to those of ingnet3, like arbutin and kojic acid, commonly
employed in commercial products and thus can bsidered safe for a potential use in humans,

also considering that up to 40 uM practically niees on cell viability were recorded. Our recent



studies clearly indicate that oxyprenylated counsgan be regarded as additional components of
the phytochemical pool of Apiaceae and Rutacea# plzecies as well as of bee products like
honey and propolis of different geographical origdoumarins investigated herein may act in
synergy with already described chemicals from sulahts or food preparations sharing the same
activity on melanogesis (e.g. flavonoids, caffeidalerivatives, quinones). Such synergies surely
deserve to be studied in more details in the nexré as well as the search for alternative

oxyprenylated secondary metabolites and their effeis the melanin biosynthetic machinery.

Conclusions

In conclusion we have demonstrated herein thab@eistenyloxycoumarin, auraptene, and
umbelliprenin are able to modulate the biosynthesmmelanin in murine Melan-a cells through the
interactions with selected biological targets &3 and AhR, the effectiveness of which we have
investigated recently with both receptors [20, Z]ch a modulation is strongly dependant on the
structure of the coumarin being the presence @naiterpenyl chain a structural determinant for
tanning activation whereas a farnesyl one leadsempposite effect. The compound without such
moiety, like umbelliferone, or placed in differgrasition of the benzopyrone ring, did not provide
any interaction. Once more it is confirmed how ptation largely ameliorate the pharmacological

effectiveness of a natural and/or a semisynthetduyect [30].
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1) Oxyprenylated coumarins as skin tanning or whitening agents
2) The observed effect strictly depends on the length of the O- side chain

3) Oxyprenylated coumarins show a great potential in the cosmetic field



