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ABSTRACT

The human skin is constantly exposed to external factors that affect its integrity, UV radiation being one of the
main stress factors. The repeated exposure to this radiation leads to increased production of Reactive Oxygen
Species (ROS) which activate a series of processes involved in photoaging. Excessive UV exposure also exacer-
bates melanin production leading to a variety of pigmentation disorders. Xanthones are reported to exhibit
properties that prevent deleterious effects of UV exposure and high levels of ROS in the organism, so in this work
a wide library of xanthones with different patterns of substitution was synthesized and tested for their inhibitory
activity against the skin enzymes tyrosinase, elastase, collagenase and hyaluronidase, many of which were
evaluated for the first time. Most of the compounds were tyrosinase inhibitors, with the best one (xanthone 27)
presenting an ICsg of 1.9 uM, which is approximately 6 times lower than the ICs of the positive control kojic
acid. Concerning the other enzymes, only one compound presented ICs lower than 150 uM in elastase inhibition
(xanthone 14 = 91.8 pM) and none in collagenase and hyaluronidase inhibition.

A QSAR model for tyrosinase inhibitory activity was built using six molecular descriptors, with a partial
negative surface area descriptor and the relative number of oxygen atoms being positively contributing to the
tyrosinase inhibitory activity. Docking using AutoDock Vina shows that all the tested compounds have more
affinity to mushroom tyrosinase than kojic acid. Docking results implied that the tyrosinase inhibitory mecha-
nisms of xanthonic derivatives are attributed to an allosteric interaction. Taken together, these data suggest that
xanthones might be useful scaffolds for the development of new and promising candidates for the treatment of
pigmentation-related disorders and for skin whitening cosmetic products.

1. Introduction

then transported to keratinocytes and accumulates within keratinocytes
and melanocytes in the perinuclear area as supranuclear “caps” that are

As the protective barrier of the human body, the skin is constantly
exposed to external factors like air pollutants and UV radiation.
Repeated exposure to UV radiation leads to the formation of ROS, which
initiate a series of processes involved in photoaging or extrinsic aging.'
One of the skin’s mechanisms of protection against UV radiation is the
production of melanin. UV exposure triggers melanin synthesis within
melanocytes on the basal layer of the skin activating the production of
tyrosinase, the key enzyme of the melanin synthesis pathway. Melanin is

thought to shield DNA from UV rays.” However, excessive UV exposure
can lead to an exacerbated activation of tyrosinase production whose
consequence is an excessive and non-uniform accumulation of melanin,
leading to solar lentigo (liver-spots), melasma, or post-inflammatory
hyperpigmentation (melanoderma). Due to its crucial role in melanin
synthesis, tyrosinase inhibition is the main target of new agents for
reduction of melanogenesis.®

The action of ROS formed by UV-exposure induces the expression of
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extracellular matrix degradation (ECM)-degrading enzymes, like colla-
genase (a matrix-metalloprotease (MMP)) or elastase,4 by the activation
of cytokine receptors on the cell surface of keratinocytes and dermal
fibroblasts. The referred phenomenon leads to the breakdown of various
components of the ECM, causing accumulation of fragmented collagen
and elastin fibrils, which activate an inflammatory response.”° The
accumulation of these residues inhibits the synthesis of new collagen
and elastin molecules, hindering the renewal of the ECM structure,
which leads to the flaccidity of the skin and the appearance of wrinkles.*
Other enzyme related with photo-induced skin aging is hyaluronidase.
This enzyme breaks down hyaluronic acid, a glycosaminoglycan that
binds water molecules retaining them in the tissues. In fact, 50% of all
the hyaluronic acid present in the organism is located on the skin, being
the main responsible for maintaining its moisture. When the action of
ROS leads to over-expression of hyaluronidase, the increase in the
breakdown of hyaluronic acid results in a drier and wrinkled skin.” As
these consequences are related to a ROS-induced increase in the
expression levels of tyrosinase, elastase, collagenase and hyaluronidase,
these enzymes are considered preferred targets for developing anti-
aging agents.8

Natural xanthones, displaying a common 9H-xanthen-9-one scaffold
(Fig. 1), are considered ubiquitous polyphenolic compounds. Both nat-
ural and synthetic derivatives have been reported for skin applica-
tions.”'? Simple oxygenated xanthones have been reported to have
antioxidant activity depending on the degree of oxygenation as well as
the position of the substituents. This type of xanthones has shown
scavenging activity against ROS as well as metal chelating capacity and
inhibition of lipid peroxidation'''°. Regarding anti-aging activity, there
are some reports of natural and complex xanthones very active against
tyrosinase, like 3-aryl substituted xanthones'* or  pyr-
anocycloartobiloxanthone A, a naturally-occurring xanthone, ' or with
anti-wrinkle activity, like a-mangostin.'®

In a recent work, our group reported the anti-aging potential of a
very limited group of polyoxygenated xanthones, some of them with
interesting anti-tyrosinase activities.!” Inhibition activities of enzymes
related to skin photoaging (tyrosinase, collagenase, elastase, and hyal-
uronidase), were for the first time investigated for three simple hy-
droxylated xanthones, found to be extremely good tyrosinase inhibitors,
with ICsg in the same order of magnitude and lower than the one ob-
tained for the positive control kojic acid. Taking this information in
account, the aim of the present work was to investigate a wider library of
xanthones with diverse patterns of substitution, obtained by synthesis,
for their anti-aging activities, namely the effects in the inhibition of
tyrosinase, collagenase, elastase, and hyaluronidase. In addition, a
quantitative structure-activity relationship (QSAR) model was built to
establish a relationship between the structure of the referred xanthones
and their tyrosinase inhibitory activity, which will allow a more
straightforward design of new active compounds.

2. Results and discussion
2.1. Chemistry

Three traditional methods can be applied for the synthesis of simple
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Fig. 1. Nucleus of xanthone.
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xanthones (Table 1): the synthesis via condensation of a salicylic acid or
salicylic ester with a phenol derivative (a), the synthesis via benzo-
phenone (b), and the synthesis via diphenyl ether intermediates (c)
(Scheme 1)'819, Compounds 2,20 62’ (Grover, Shah and Shah) and 33
(Eaton’s reagent) were synthesized by via (a), while the compounds 3,20
4,20720820122017.19,%° 26°' and 29°"** were obtained by via (b).
Compound 14°° was obtained through a dehydrative process (d) from
commercial 2,2',4,4'-tetrahydroxybenzophenone. The diaryl process has
led to the synthesis of the compounds 10°° and 15%° by via (e) and the
compounds 5,%° 9,2° 11%° and 16%° by via (f), respectively.

Further structural modifications were performed in compounds 14,
26 and 29, in order to extend the structural diversity of this library of
compounds (Scheme 2) as previously reported”’?%. 3,6-Dichloro-9H-
xanthen-9-one (32) was obtained from 14, by reaction with thionyl
chloride.?*

2.2. In vitro enzyme inhibition analysis

The inhibition of tyrosinase, elastase, collagenase, and hyaluroni-
dase activity by compounds 1-33 was evaluated in vitro and the results
obtained are summarized in Table 2. A concentration of 150 uM was
chosen as the maximum tested concentration and, in a first screening, all
the compounds were tested at that concentration on the enzymatic as-
says. After the first screening, all the compounds which inhibited 50% or
more of enzyme activity were assayed in a range of concentrations
(serial dilutions) to obtain a dose/effect curve to determine the ICsy of
each compound.

None of the 33 compounds assayed inhibited hyaluronidase activity,
with the majority presenting inhibition levels of 3-5% (results not
shown). In fact, in the literature there are no reports of xanthones with
activity against this enzyme and a previous work from our group had
already shown that three xanthone derivatives (10, 24, and 25) were
inactive against hyaluronidase.'”

Tyrosinase inhibition was the assay with most of the compounds
tested being more active than the reference compound, kojic acid, which
is a very good indication of their potential to become effective tyrosinase
inhibitors. In fact, compounds 21, 22, and 31-33 presented an ICsg
higher than the reference compound. The best results were obtained for
compounds 26, 27, and 29, with ICsy approximately 6 times lower than
kojic acid, and in the same magnitude of derivative 25, the hit com-
pound'” that led to the present structure-activity relationship (SAR)
study. At a first glance, this might indicate that the presence of a
methoxy substituent on C-3 and C-4, along with a methyl group on C-1
favours the inhibitory activity. The presence of two hydroxyl groups also
seems to be associated with the increase of inhibitory activity, what can
be inferred from the results obtained for compounds 10-14. Also, the
presence of a hydroxyl and a methoxy group in ortho positioning on ring
A is associated with a higher inhibitory activity (compounds 18-20).
Compounds 31-33 were those with the lowest activity against tyrosi-
nase. It is interesting to observe that between compounds 30 and 31
(Table 1), the only difference is the presence of a OCH;3 group on C-6;
however, their activity is very different — while the ICso of compound 30
is 3.37 pM, for compound 31 that value is higher than 150 yM. This
indicates that the OCH3 group on C-6 impairs in 31 the inhibitory ca-
pacity of the compound.

The obtained anti-tyrosinase activity of this library of xanthonic
derivatives allowed a SAR analysis (Fig. 2). In general, OCH3 and OH
increase activity when in RY, R?, R3, R* and/or R® (two or three OCH3/
OH groups are favourable), although, anti-tyrosinase activity was also
noted for the unsubstituted xanthone 1. Group CHs in R! together with
OCHj3 in two or three positions (R3, R4, R6), is more favourable than a
triple substitution with OH, which in turn is more favourable than a
double substitution with OH (R® and R*). Similarly, CHO in R! is very
favourable when together with a OCH3 double substitution at R and R4;
this increase in activity is not so pronounced when the double substi-
tution in R® and R* is with an OH. When a CHBr, is at R, an increase in
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Table 1
Structure of xanthones 1-33.
R O R'
R’ R?
RG ‘ 0 ‘ R3
R® R*

Comp. R! R? R® R* R® R® R’ R® Comp. R! R? R® R* R® R® R? R®

1 H H H H H H H H 18 H H OH OCHj H H H H

2 OH H H H H H H H 19 H H OCHj OH H H H H

3 H OH H H H H H H 20 OH OCHj3 OH H H H H H

4 H H OH H H H H H 21 CHO H OH OH H H H H

5 H H H OH H H H H 22 CHO H OCHj OCHj H H H H

6 OCHj3 H H H H H H H 23 CHO H OCHj3 OCHj3 H OCHj3 H H

7 H OCHjs H H H H H H 24 CHs H OH OH H H H H

8 H H OCHj3 H H H H H 25 CHj H OH OH H OH H H

9 H H H OCHj H H H H 26 CHj H OCHj OCHj H H H H

10 OH OH H H H H H H 27 CHs cl OCHj3 OCHj3 H H H H

11 H OH OH H H H H H 28 CHj Br OCHj3 OCHj3 H H H H

12 H H OH OH H H H H 29 CHj H OCHj OCHj H OCHj H H

13 OH H H H H H OH H 30 CHBr, H OCHj3 OCHj3 H H H H

14 H H OH H H OH H H 31 CHBr, H OCHj3 OCH3 H OCHjs H H

15 OCH3 OCH3 H H H H H H 32 H H cl H H cl H H

16 H OCHj3 OCHj H H H H H 33 OH H CHj H H CHj H OH

17 H H OCHj3 OCHj3 H H H H

1 2
R + R
b C
a
0 0 COOHOH
R1 R2
R R2 d R! R2 eorf
(0]
O .
OH OR Xanthone Diaryl Ether
Benzophenone .
P a: 2, 6 (GSS), 33 (Eaton's ) c,e:10and 15
d: 14 c, 5,9 11 and 16
b:3,4,7,8,12, 17-19,
26, 29 ¢

Molecular modifications
on xanthone core

Scheme 1. Classical methods for the synthesis of xanthones used in this study. Adapted from

activity is observed in combination with two OCHg (R, RY, but with
three OCHs (R3, R4, R®) this activity decreases. In position Rz, the Br
substituent causes a small decrease in activity, while the Cl is favourable
in R2, but it severely decreases activity when in R® and R®. OH in both R!
and R® decreases activity. In general, for mono and disubstituted xan-
thones, the nature and the position of the substituent (OCHs, OH) did
not affect significantly the anti-tyrosinase activity, except for the case of
the dichloro derivative 32 which was inactive. Among trisubstituted
xanthones, methoxy groups were generally more well-tolerated than
hydroxy groups and for higher degrees of substitution, it was difficult to
stablish conclusive SAR due to the heterogeneity of the substituents.
As referred above, other authors have described other xanthone
derivatives with anti-tyrosinase activity, like 3-aryl substituted xan-
thones'? or pyranocycloartobiloxanthone A'°. The most active 3-aryl
xanthone was 1-hydroxy-3-(4-hydroxyphenyl)-9H-xanthen-9-one with
an ICsg of 11.3 £ 0.16 pM14 which is less active than most of the

20.

compounds tested, and similarly to its parent compound, 1-hydroxyxan-
thone (2) (Table 2). This means that the introduction of an aryl group
(with different substituents) on the C-3 position of the xanthone moiety,
does not favour tyrosinase inhibition. It is not possible to compare the
results with those obtained for pyranocycloartobiloxanthone A because
only the % of inhibition at a much higher concentration than the one
employed in this work was presented.'®

None of the compounds tested inhibited more than 50% of collage-
nase activity at 150 pM, with almost half of the compounds tested pre-
senting an inhibitory activity higher than 30%, at that concentration.
The other half inhibited mostly 15-29% of collagenase activity
(Table 2). Compound 8 was the most active against collagenase, inhib-
iting about 42% of collagenase activity. Compound 33 had the worst
activity of the whole library, having inhibited less than 0.5% of colla-
genase activity at the maximum concentration tested. Since most of the
results range between 15 and 35%, a SAR analysis was not feasible.
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H5CO o) OCHj
OCHj,
27, R?=Cl
28, R? = Br SOCl,
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T(for 29)
(for 14)
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R2
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R4 (for 26
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o)

Cl I 0] I Cl

32

Br Br 0 H

QL - L
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OCH,4 OCHjy
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31,R®=0OH 23, R5=0OH

0 H
0
l 0 i OH
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21

Scheme 2. Structural modifications on xanthones 14, 26, and 29.

For elastase inhibition, the results were not very promising, with
compound 14 being the only one with ICsg lower than the maximum
concentration tested (Table 2). The ICsy obtained for compound 14
(91.8 £ 1.35 uM) is considerably high, especially considering the value
obtained for the reference compound (0.26 + 0.003 pM). At the
maximum concentration tested, a good part of the library of compounds
inhibited 20-45% of elastase activity, while the remaining presented
low inhibition (0-20%). According to the results, the presence of hy-
droxyl groups on both aromatic rings (compound 14) doubles the
inhibitory capacity of xanthones when compared to xanthones with
hydroxyl substituents on only one ring.

This is the first time that a library of xanthone derivatives is tested for
their inhibitory activity of these enzymes, despite the low results ob-
tained for elastase, collagenase, and hyaluronidase. However, it is un-
deniable that the xanthones studied have a great potential to be effective
tyrosinase inhibitors. To better understand the mechanism of action and
the effect of different substituents of these xanthone derivatives, mo-
lecular docking studies and QSAR analysis were developed.

2.3. QSAR model

With the overall biochemical results, a QSAR model was built to
establish a relationship between the structure of the xanthone de-
rivatives and their tyrosinase inhibitory activity, which will guide the
rational design of new active compounds.?® The correlation coefficient
(Rz) (a statistical measure of how close the data are to the fitted
regression line), standard error (s) (which consists of an absolute mea-
sure of the quality of fit), and Fisher’s value (F) (which represents the F-
ratio between the variance of actual and predicted activity), were
employed to evaluate the validity of regression equation.?® A relevant
point in developing QSAR model is the number of descriptors used to

elaborate the equation. Laws of QSAR establish that it should be one
descriptor for each five molecules.”° Therefore, as the training set was
composed of 30 molecules, 6 descriptors were used to build the QSAR
models. The final model was further validated using the test set. The
multilinear regression analysis using Heuristic method for 30 com-
pounds in the six-parameter model is given in Fig. 3.

The best training model had a coefficient of determination (R?) of
0.9051, Fisher value of 36.57, and S of 5.94, which demonstrate that the
proposed model has satisfactory statistical stability and validity in spite
of the small group of molecules used to build the model. The squared
correlation coefficient R? is a relative measure of quality of fit by
regression equation. Correspondingly, it represents more than 90% of
the total variance (R? = 0.9051) in anti-tyrosinase activity exhibited by
xanthone derivatives. Its value is close to 1.0 which represents the better
fit to the regression line.?” The F-test reflects the ratio of the variance
explained by the model and the variance due to the error in the
regression. High value of the F-test indicates that the model is statisti-
cally significant. The QSAR model is significant at 95% level as shown by
their Fischer ratio values which exceed the tabulated values (2.53) as
desired for a meaningful correlation.?® Standard deviation expresses the
variation of the residuals or the variation about the regression line. Thus
standard deviation is an absolute measure of quality of fit and should
have a low value for the regression to be signiﬁcant.28 External (test set)
predictivity was used as validation criteria, and the model was able to
predict the anti-tyrosinase activity with an average difference of 18.3
from the experimental value.?’

The WNSA-3 Weighted PNSA, the relative number of oxygen atoms
and PPSA-3 Atomic charge weighted PPSA are positively correlated with
the predicted tyrosinase inhibitory activity. By analysing the QSAR
model, the most representative descriptor is WNSA-3 Weighted PNSA
with a positive coefficient and the highest t-test value. WNSA-3



G.P. Rosa et al.

Table 2

Tyrosinase, elastase, and collagenase inhibition activity of xanthones 1-33.
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Anti-Tirosinase

Anti-Elastase

Anti-Collagenase

Comp. % Inhibition 150 pM ICso (UM) % Inhibition 150 pM ICso (UM) % Inhibition 150 pM ICso (uM)
1 84.90 + 2.60 8.84 + 0.270 *® 12.31 + 0.64° - 37.03 + 2.76%P< -
2 85.00 + 1.40 8.83 + 0.150 *P¢ 23.87 + 1.025¢ - 34.45 + 2.77%bed -
3 89.32 + 0.37 5.60 + 0.020 &F 24.18 + 0.99"¢ - 36.68 + 1.483P¢d -
4 81.01 +1.20 9.26 +0.140 2 21.57 + 0.54° - 37.08 + 2.03*>¢ -
5 88.64 + 2.23 8.46 + 0.210°¢ 25.03 + 0.65%¢ - 33.83 + 1.19%>4 -
6 97.29 + 0.89 5.14 + 0.050° 17.14 + 0.08° - 32.68 + 1.83%%68 -
7 88.60 + 0.80 8.47 + 0.080>¢ 15.87 + 0.09° - 35.41 + 2.153>d -
8 97.40 + 2.12 5.14 + 0.110° 19.95 + 0.97° - 42.05 + 2.21P -
9 93.80 + 1.88 5.33 + 0.110%f 18.47 + 0.54%f - 31.91 + 0.70%¢ -
10* 96.17 + 0.88 7.8 + 0.070° 35.2 + 1.845M - 35.77 + 1.82%bcd -
11 96.15 + 0.15 5.7 £ 0.670° 36.87 + 0.65™ - 38.80 + 1.09%P -
12 97.61 + 1.29 5.12 + 0.070° 43.96 + 0.97% - 35.43 + 2,013>¢4 -
13 99.59 + 0.22 452 + 0.0108 39.1 + 0.98" - 38.07 + 0.63™°P -
14 99.54 + 0.21 4.42 + 0.0108 83.35 + 1.06™ 91.8 +1.35 35.29 + 1.28%>d -
15 99.42 + 0.26 4,02 + 0.0108" 29.62 + 0.21" - 33.81 + 2.40%>4 -
16 90.50 + 2.57 8.29 + 0.230%4 28.89 + 0.69" - 33.13 + 1.69%%f -
17 97.62 + 0.88 5.12 + 0.050° 29.87 + 0.98" - 23.03 + 1.46™ -
18 99.63 + 0.22 3.81 + 0.010™ 33.02 + 0.678 - 34.41 + 0.93%>d -
19 96.18 + 2.99 5.2 + 0.160%° 34.12 + 0.85%" - 26.42 + 0.60™1K -
20 99.82 + 0.20 3.01 £ 0.010/ 40.1 +1.9' - 24.66 + 0.77m15k -
21 83.92 + 0.42 89.37 + 0.440" 5.98 + 0.01° - 25.30 + 1.86™1K -
22 99.57 + 0.36 29.13 + 0.110™ 2.11 + 0.01P - 28.85 + 0.1858k -
23 91.77 + 0.59 3.16 + 0.020' 1.97 + 0.03P - 28.18 + 1.83%F -
24 84.05 + 1.87 8.93 + 0.160™" 10.85 + 0.39* - 26.83 + 1.45™% -
25% 91.42 + 0.23 3.28 + 0.010% 18.21 + 0.715F - 24.91 + 0.93M15k -
26 99.93 + 0.10 2+ 0.001% 17.08 + 0.91%" - 20.11 + 0.39" -
27 99.80 + 0.18 1.9 + 0.003% 36.21 + 1.08' - 23.96 + 1.96MHk -
28 89.77 + 0.51 5.57 + 0.030%f 27.54 + 1.3¢ - 21.62 + 0.38 -
29 98.39 + 0.30 2.24 + 0.007 12.54 + 0.25° - 7.80 + 0.90™ -
30 98.96 + 0.35 3.37 + 0.010% 37.15 + 0.98" - 15.61 + 0.96"" -
31 35.97 + 0.54 - 36.52 + 0.96™ - 13.45 + 0.77" -
32 40.12 + 0.12 - 16.54 + 0.84° - 9.72 + 0.20™ -
33 47.32 + 0.22 - 24.12 + 0.54>¢ - 0.38 + 0.09° -
Kojic acid - 12.81 + 0.01" - - - -
MAAPVCK - - - 0.26 + 0.003 - -
EDTA - - - - - 102.95 + 5.30

Kojic acid (for tyrosinase), MAAPVCK (for elastase), and EDTA (for collagenase) were used as positive controls. In each column, different letters indicate significant
differences in the activity of compounds (p < 0.05). * Compounds data previously reported in'”.

Weighted PNSA is a charged partial surface area descriptor, character-
izing the partial negative surface area. In this model, the relative number
of oxygen atoms and PPSA-3 Atomic charge weighted PPSA, which
represents the atomic contribution of atoms with positive partial charge
to the molecular surface area, also positively contribute to the tyrosinase
inhibitory activity.’>*! The Kier and Hall index, ZX Shadow/ZX Rect-
angle, and HA dependent HDSA-1/TMSA have negative coefficients,
being negatively correlated with the tyrosine inhibitory activity. The
Kier and Hall index is a molecular connectivity index that emphasizes
different aspects of atom connectivity within a molecule, the amount of
branching ring structures present and flexibility.>’> ZX Shadow/ZX
Rectangle characterizes the molecular shape within a ZX plane; and HA
dependent HDSA-1/TMSA is the area weighted surface charge of
hydrogen bonding donor atoms.>’ From all the above, it can be
concluded that the QSAR model is applicable for tyrosinase inhibitory
activity, which suggests that the model may have predictive capacity for
more hits.

As non-competitive and mixed-inhibition are frequent modes
observed in kinetics studies on tyrosinase activities, a kinetic study was
performed. Among the hit compounds, an hydroxylated (25) and a
metoxylated (26) xanthonic derivative were chosen to conduct this
study, due to their high synthetic accessibility. The kinetic analysis
(Table 3) of tyrosinase activity by compounds 25 and 26 points out to an
uncompetitive inhibition, with Vi, and Ky values decreasing when
inhibitor concentration increases (Table 3), while the inhibition by kojic
acid is confirmed as being mixed, implying that inhibition by these

compounds is not limited to the active site.

To better understand the results obtained in the kinetic study, an in
silico docking study was performed using the already available 3D
structure of the mushroom A. bisporus tyrosinase®® that would allow a
more thorough study of the interactions between the active and allo-
steric sites and its substrates or inhibitors (Table 4). Tyrosinase, also
known as monophenol monooxygenase, is a copper enzyme that is
widespread among microorganisms, plants and animals. It catalyses the
o-hydroxylation of phenols to catechols and the oxidation of catechols to
quinones.34 Mushroom tyrosinase contains two nonidentical cupric ions
that are each coordinated by three imidazole rings from three histidine
residues.>> The mushroom tyrosinase is a heterotetrameric protein
formed by two L subunits whose junction is still not clear, and two H
subunits containing the two dicupric clusters that are responsible for
catalytic activity.>® Besides, tyrosinase also has two allosteric sites, and
it has been describe that the known tyrosinase inhibitor kojic acid is a
catalytic and allosteric tyrosinase inhibitor,>® and kinetic results have
pointed out to a mixed inhibition by this compound,”” which is in
accordance with the results obtained herein. Moreover, phtalic and
cinnamic acids are also mixed-type inhibitors as also confirmed by ki-
netic studies, as when the catalytic site is occupied by a substrate or
inhibitor, they bind to alternative locations (allosteric binding sites 1
and 2)°%%° (Figure 4A). Thus, kojic acid, cinnamic acid, and phthalic
acid were used to validate the docking study of the xanthonic de-
rivatives, a class of compounds already described for their potential
tyrosinase inhibitory and antioxidant activities.'>*® The binding
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-Br
+Slighly decreases activity
-CH,
* Favorable if -OCH, in 2 or 3 positions (R3, R4, R6)
* Less favorable if R3=R4=R6=0H
* The least favorable if R3=R4=0H
-CHO
* Favorable for activity if R3=R4= OCH,
* Less favorable for activity if R3=R4= OH
-CHBr,
* Favorable for activity if R3=R4= OCHj,
* Decreases activity if R3=R4=R6= OCH,

R1=R8=0H 8 = ll 1
Iy R 0] R
*Decreases activity :
R’ -Cl
2 | = | * Increases activity
NS NS
O
-cl 5 4
* Decreases activity R R -Cl
* Decreases
-OCH3 or -OH activity

(in 2 or 3 positions)
* Favorable for activity
(except if R1=CHBr, and R3=R4=R6=0CH,)

Fig. 2. Structure-activity relationship (SAR) analysis of xanthone derivatives with anti-tyrosinase activity.

—108.04

-90.03

~72.01

Calculated %inhibition

~53.99
-35.97
5358 720 90.03 108.04
1 1 1 1
Experimental %inhibition
Nr X AX t-test Name of the descriptor
0 198.42 31.58 6.28 Intercept
1 5.15 0,91 5.63 WNSA-3 Weighted PNSA (PHSAZ* TR SALOOO)
2 322.77 123.74 2,60 Relative number of O atoms
3 -12.91 2.29 -5.63 Kier&Hall index {order 2}
4 -115.22 34.42 -3.24 Zx Shadow { ZX Rectangle
5 -143.35 45.94 -3.12 Ha dependent HDSA-LI TR SA
& 260 1.52 2,36 PPSA-3 Atomiccharge weighted PPSA

Fig. 3. QSAR model obtained with the heuristic method for 30 xanthones with the CODESSA software (R* = 0.9051, F = 36.57, and s = 5.94). X, AX and t-test are the
regression coefficient of the linear model, standard errors of the regression coefficient, and the t significance coefficient of the determination, respectively.
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Table 3
Kinetic parameters of tyrosinase in the presence of increasing concentrations of
inhibitors.
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Table 4
Docking scores of 33 xanthonic derivatives and known tyrosinase inhibitors on
tyrosinase binding site (pdb code 2y9x).

Compound [Inhibitor] Vimax (A Abs/ K, (mM) Inhibition Docking Scores (kCal.mol 1)
uM min) Type Catalytic site Allosteric site 1 Allosteric site 2
25 0 0.0042 + 0.070 + Uncompetitive 1 —6.8 -5.8 -7.1
0.0002° 0.004% 2 -7.4 —5.4 -7.2
1.65 0.0037 + 0.063 + 3 —6.8 -5.5 -7.3
0.0002*° 0.004*° 4 7.1 -6 -7.2
3.30 0.0035 + 0.051 + 5 -7.5 -5.8 -7.3
0.0004° 0.011° 6 -7.3 -5.5 -7.1
6.60 0.0032 + 0.046 + 7 —6.8 -5.6 -8
0.0002"¢ 0.009%¢ 8 -6.9 -5.7 -7.6
13.2 0.0028 + 0.028 + 9 -7 —-4.9 -7.4
0.0001°¢ 0.003¢ 10 -7 —-6.2 -7.8
26 0 0.0042 + 0.070 + Uncompetitive 11 -7.1 —-4.7 -7.8
0.0002% 0.004% 12 -7.6 -5.6 -7.7
2.0 0.0036 + 0.053 + 13 -7.3 -5.9 -7.6
0.0003" 0.001° 14 -7.3 -5.8 7.7
4.0 0.0031 + 0.041 + 15 —6.5 -5.2 -7.2
0.0002° 0.001° 16 -6.8 -5.1 -8
8.0 0.0025 + 0.027 + 17 —6.7 —4.1 7.6
0.0001¢ 0.009¢ 18 -6.8 4.4 -7.5
16.0 0.0019 + 0.026 + 19 —-7.2 -5.6 -7.7
0.0002¢ 0.001¢ 20 -6.8 -5 -8.1
Kojic Acid 0 0.0042 + 0.070 + Mixed 21 -7.9 —4.9 -7.3
0.0002° 0.004% 22 -5.9 —4 -7.2
3.20 0.0038 + 0.069 + 23 —6.5 —4.2 7.3
0.0001* 0.002° 24 —7.4 -5.6 —7.4
6.40 0.0030 + 0.077 £ 25 -7.9 -5.9 -8.0
0.0002° 0.001° 26 -6.2 -3.3 ~7.2
12.8 0.0025 + 0.083 + 27 6.3 -3 -7.0
0.0002¢ 0.002¢ 28 —6.3 -3.1 —6.7
25.6 0.0019 + 0.087 + 29 —6.8 -3.2 -7.2
0.0001¢ 0.0014 30 -6.1 -2.3 —-6.2
- - — — - 31 6.2 0.8 -6.1
In each section of each column, different letters indicate significant differences 32 _6.7 _46 68
in the kinetic parameters (p < 0.05). 33 6.9 56 6.9
Kojic acid -5.5 —4.5 -5.2
between the active site of mushroom tyrosinase and the test and control Cinnamic Acid 5.8 —4.7 -6.3
Phtalic acid —6.4 -5.9 -5.1

molecules was simulated using AutoDock Vina.

Docking results show that 26 out of the 33 tested compounds
combine with mushroom tyrosinase preferably at the allosteric binding
site 2, as stated by the higher binding affinities (i.e., lower docking
scores) when compared to the catalytic site and the allosteric site 1.
Moreover, 31 out of the 33 test xanthones presented higher binding
affinities towards the allosteric site 2 than known allosteric site 2 binder
cinnamic acid (—6.3 kCal.mol1).%® Kojic acid, a mixed-type inhibitor,*’
binds more strongly to the catalytic site (—5.5 kCal.mol ™), followed by
the allosteric site 2 (-5.2 kCal.mol 1). Based on enzyme kinetic studies,
25 and 26 exerted a noncompetitive-type inhibition; the higher binding
affinity of 25 (—8.0 kCal.mol™') and 26 (—7.2 kCal.mol™!) to the allo-
steric site 2 is in accordance to this allosteric inhibitory profile. Figure 4
shows top score docked conformation of test compounds, with detailed
analysis of compounds 25 and 26 in the allosteric site 2 of tyrosinase.

Cinnamic acid established four polar interactions with residues Asn-
310, Asp-312, Val-313, and GIn-307, which is in agreement with pre-
viously reported docking and molecular dynamics studies*®>?; it also
establishes T-shaped n-stacking interactions with Trp-358 (Figure 4B).
Compound 25 established four polar interactions (GIn-307, Lys-379,
Asp-357 and Glu-359); parallel n-stacking interactions also occurred
between the xanthonic tricyclic ring system and Trp-358 (Figure 4C).
Compound 26 forms 3 polar interactions (GIn-307, Lys-379, Asp-357), a
parallel-displaced =-stacking interaction (Trp-358) and a C—H:--xn
interaction”! (Phe-368) (Figure 4D). In conclusion, three anchoring
points seem relevant for xanthonic derivatives polar interactions (Gln-
307, Lys-379, and Asp-357), with additional zn-stacking interactions
(Trp-358) further strengthening the affinity towards the allosteric
pocket.

As in agreement with the QSAR model, not only the partial negative
surface area and relative number of oxygen atoms contribute to activity,

but also the substitution pattern seems to be influencing activity.
Docking results implied that the tyrosinase inhibitory mechanisms of
xanthonic derivatives is attributed to an allosteric mechanism of action.
It is hypothesized that, in the presence of a tyrosinases substrate, such as
tyrosine, the xanthonic derivatives occupy non-catalytic binding sites.

3. Conclusions

The results obtained in this study show that tested xanthone de-
rivatives can behave as tyrosinase inhibitors, with most of the com-
pounds studied being more potent than the commercially used kojic
acid, showing the ability for application on cosmetic formulations and
treatment of pigmentation disorders. Regarding the inhibition of other
enzymes related with photoaging, the xanthone derivatives tested were
not very effective. However, it must be valued that this is the first time
such a kind of library of xanthonic derivatives was tested for activity
against elastase, collagenase, and hyaluronidase. According to the QSAR
model and docking studies, it can be concluded that the partial negative
surface area, the relative number of oxygen atoms and the substitution
pattern of the xanthonic core, allowing interaction with residues on the
allosteric binding site, contribute to the tyrosinase inhibitory activity.
These structural characteristics will allow a more rational design of new
xanthonic derivatives with application, in a near future, as skin anti-
aging agents.
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Fig. 4. Docking prediction of binding poses of known tyrosinase inhibitors kojic, phtalic and cinnamic acid, and test compounds 25 and 26. (A) Top score docking
poses of kojic acid (green sticks) on catalytic site, phthalic acid (orange sticks) on allosteric site 1, and cinnamic acid on allosteric site 2 (yellow sticks) are shown as
exemplification to better locate the different binding pockets on the tyrosinase 3D structure; compounds 25 (light blue sticks) and 26 (magenta sticks) top poses are
represented on allosteric site 2. Tyrosinase (pdb code 2y9x) is represented as ribbon. The spheres represent the copper ions. Close view of docking pose of the know
allosteric inhibitor cinnamic acid (B), compounds 25 (C), and compound 26 (D), in the tyrosinase allosteric pocket 2. Ligand and core amino acid residues are
displayed as sticks. Hydrogen interactions are represented with yellow broken lines. n Interactions and C—H = interactions are represented with yellow double arrow

and orange double arrow, respectively.
4. Experimental part
4.1. Materials and methods

Xanthone (1) was purchased from Sigma-Aldrich, and the oxygen-
ated xanthones 2-12,%° 13,%° 14,%° 15-21,7° 22,%! 23,%% 24,%? 25 ?? 26 %!
27,4 28,72 29 4> 30,%' 31,*” and 33" were synthesized as described
before.

Tyrosinase, L-tyrosine, kojic acid, monosodium phosphate, sodium
phosphate dibasic elastase, N-methoxysuccinyl-Ala-Ala-Pro-Val-p-
nitroanilide, N-methoxysuccinyl-Ala-Ala-Pro-chloro, 2-[4-(2-hydrox-
yethyl)piperazin-1-yl]lethanesulfonic acid (HEPES), N-[3-(2-furyl)
acryloyl]-Leu-Gly-Pro-Ala (FALGPA), N-[tris(thydroxymethyl)methyl]-
2-aminoethanesulfonic acid (TES) sodium salt, ninhydrin, citric acid,

sodium citrate, EDTA, hyaluronidase, hyaluronic acid, calcium chloride,
sodium aurothiomalate, potassium metaborate, 4-dimethylaminoben-
zaldehyde (DMAB), sodium acetate, acetic acid, and hydrochloric acid
were purchased from Sigma-Aldrich. Collagenase was supplied by
Merck. Tin (II) chloride was obtained from Riedel-deHaén. The water
used in all experiments was purified water obtained using a Direct-Q
Water Purification System (Merck Millipore) with a reverse osmosis
process.

4.2. Synthesis of 3,6-dichloro-9H-xanthen-9-one (32)

3,6-Dihydroxy-9H-xanthen-9-one (14, 0.200 g, 876 umol) was dis-
solved in thionyl chloride (15 ml, 0.21 mol) and the reaction mixture
was refluxed for 48 h. After cooling to room temperature, the reaction
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was carefully quenched with water. The organic phase was extracted
with CHyCly, washed with saturated NapCO3 (aq.) and water to give the
crude product which was then purified by column chromatography
using a mixture of EtOAc/Hexane (3:7) as mobile phase.

3,6-Dichloro-9H-xanthen-9-one (32); White solid (0.188 g, 81%
yield); m.p.: 165-168 °C; 'H NMR (Lit.*®) (300 MHz, CDCls, & ppm):
8.25 (2H, d, 3J; » = %Jg 7 = 8.6 Hz, H-1, H-8), 7.50 (2H, d, “J4 2 = “Js 7 =
1.9 Hz, H-4, H-5), 7.36 (2H, dd, J,1 =3J; 8 = 8.6 Hzand ‘U 4 = Uy 5 =
1.9 Hz, H-2, H-7) ppm.

4.3. Enzyme inhibition assay

4.3.1. Tyrosinase inhibition assay

This activity was assayed by an adaptation of the tyrosinase inhibi-
tion method described by Shimizu et al.** and modified by Manosroi
et al.*® Briefly, 25 uL of tyrosinase enzyme solution (135 U/mL), 25 uL of
ten serial concentrations of the compounds (0.3-150 pM dissolved in
0.1 M phosphate buffer pH 6.8 containing no more than 2.5% DMSO)
and 100 pL phosphate buffer were mixed in a 96-well plate and incu-
bated at 37 £+ 2 °C for 20 min. Then, 50 pL of 1.66 mM of tyrosine so-
lution in 0.1 M phosphate buffer (pH 6.8) were added. The enzyme
activity was measured at 490 nm every 10 min for 30 min in a Bio Rad
Model 680 Microplate Reader (Bio-Rad Laboratories, Inc., Hercules, CA,
USA). Kojic acid was used as positive control. The experiments were
done in triplicate. For each concentration, enzyme activity was calcu-
lated as a percentage of the velocities compared to that of the assay using
buffer without any inhibitor. The ICsy value was determined as the
concentration of compound that inhibited 50% of enzyme activity. The
mode of inhibition and inhibition parameters of the compounds, i.e. the
Michaelis-Menten constant (Km), maximal velocity (Vmax), were
determined by Lineweaver-Burk plot analysis using various concentra-
tions of L-tyrosine.

4.3.2. Elastase inhibition assay

The compounds were assayed by the method described by Ndlovu
et al.*® with some modifications. Briefly, 25 pL of elastase enzyme so-
lution (0.3 U/mL), 50 pL of ten serial concentrations of the compounds
(0.3-150 pM dissolved in 0.1 M HEPES buffer pH 7.5 containing no more
than 2.5% DMSO) and 125 pL HEPES buffer were mixed in a 96-well
plate and incubated at room temperature for 20 min. Then, 50 pL of
N-methoxysuccinyl-Ala-Ala-Pro-Val-p-nitroanilide (1 mM) were added.
The enzyme activity was measured at 405 nm in the moment of substrate
addition and after 40 min of incubation at 25 °C in a Bio Rad Model 680
Microplate Reader (Bio-Rad Laboratories, Inc., Hercules, CA, USA). N-
Methoxysuccinyl-Ala-Ala-Pro-chloro was used as positive control. The
experiments were done in triplicate. For each concentration, enzyme
activity was calculated as a percentage of the velocities compared to that
of the assay using buffer without any inhibitor. The ICso value which
was the concentration of the sample that inhibited 50% of the enzyme
activity was determined.

4.3.3. Collagenase inhibition assay

An adaptation of the method of Moore and Stein®’ with modifica-
tions by Mandl et al.”® was used to determine anticollagenase activity.
To 2 ml test tubes was added: 25 pL of collagenase solution (0.8 U/mL),
25 pL TES buffer (50 mM) with 0.36 mM calcium chloride (pH 7.4) and
50 pL of test sample or the reference compound EDTA (with concen-
trations ranging between 9.4 and 150 pM). The tubes were incubated in
a water bath at 37 °C for 20 min. Thereafter, 50 pL FALGPA (1 mM)
solution was added to the tubes and incubated further for 60 min at
37 °C. To all tubes, 200 pL of a solution containing equal volumes of a
1.6 mg/mLTin chloride (II) solution in 200 mM citrate buffer (pH 5) and
50 mg/mL ninhydrin solution in DMSO was added. All tubes were
placed in a water bath (100 °C) for 5 min and left to cool to room
temperature before adding 200 pL of 50% isopropanol to each tube.
Contents in the tubes were then transferred to respective wells in 96-well
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plates. Absorbance was detected at 550 nm Bio Rad Model 680 Micro-
plate Reader (Bio-Rad Laboratories, Inc., Hercules, CA, USA). Percent-
age of collagenase inhibition was calculated as

% collagenase inhibition = [(AbSconiol — AbSgample )/ AbScontror] % 100

where Abscontrol is the absorbance of buffer + collagenase; Abssample is
the absorbance of buffer + collagenase + sample/standard. All assays
were carried out in triplicate and results expressed as % collagenase
inhibition and/or ICsy, i.e., as the concentration yielding 50% of colla-
genase inhibition, calculated by interpolation from the % collagenase
inhibition vs concentration curve.

4.3.4. Hyaluronidase inhibition assay

The methods described by Ndlovu et al.*® and Zhou et al.*’ were
applied for the hyaluronidase inhibition assay. Into 2 ml test tubes was
placed: 50 pL of calcium chloride (12.5 mM), 50 pL of test samples or
sodium aurothiomalate diluted in 0.1 M acetate buffer; pH 3.5 (with
concentrations ranging between 9.4 and 150 pM), and 25 pL hyal-
uronidase (0.5 mg/ml). The tubes were incubated in a water bath (37 °C;
20 min) after which 50 pL of the substrate hyaluronic acid (0.25 mg/ml
in 0.1 M acetate buffer; pH 3.5) was added and the tubes incubated for
further 40 min. Twenty-five microlitres of KBO5 e 4 HO (0.8 M) was
added to all tubes which were placed in a water bath (100 °C) for 3 min,
left to cool to room temperature and 800 pL of DMAB (4 g DMAB in 40
ml acetic acid and 5 ml 10 N HCI) was added. The tubes were then
incubated for 20 min and the contents transferred to respective wells in a
96-well plate. Absorbance was detected at 585 nm in a Bio Rad Model
680 Microplate Reader (Bio-Rad Laboratories, Inc., Hercules, CA, USA).
Percentage of hyaluronidase inhibition was calculated as

% hyaluronidase inhibition = [(AbSconror — AbSgample )/ AbSconrot] X 100

where Abs ool is the absorbance of buffer +- hyaluronidase; Abssample is
the absorbance of buffer + hyaluronidase + sample/standard. All assays
were carried out in triplicate and results expressed as % hyaluronidase
inhibition and/or ICsy, i.e., as the concentration yielding 50% of hyal-
uronidase inhibition, calculated by interpolation from the % hyaluron-
idase inhibition vs concentration curve.

4.4. QSAR studies

Thirty-three xanthonic derivatives were used to construct QSAR
models using the biological data obtained in in vitro studies (% tyrosi-
nase inhibition, Table 2). % Inhibition was adopted as a dependent
variable in the QSAR analysis. The 33 xanthones were randomly
distributed into a training set (30 molecules) and a test set (3 molecules).
CODESSA software (version 2.7.10, University of Florida, USA) was used
to calculate more than 500 constitutional, topological, geometrical,
electrostatic, quantum-chemical and thermodynamical molecular de-
scriptors.”” The heuristic multilinear regression procedures available in
the framework of the CODESSA program were used to perform a com-
plete search for the best multilinear correlations with a multitude of
descriptors of the training set.”' The heuristic method proceeds with a
preselection of descriptors by eliminating: those descriptors that are not
available for each structure; descriptors having a small variation in
magnitude for all structures; descriptors found to be correlated pairwise;
descriptors found to be of no statistical significance.”>> The two
dimensional (2D)-QSAR model with the best correlation coefficient (Rz),
F-test (F) and standard error (s) was selected.

4.5. Docking study

Crystal structure of Agaricus bisporus tyrosinase (PDB code: 2Y9X),>"
downloaded from the protein databank (PDB),”® was used for the
docking study. Structure files of the 33 test xanthones and test com-
pound kojic acid were drawn and minimized by the semi-empirical AM1
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method with Polak-Ribiere conjugate gradient (RMS < 0.1 kCal.A~L.
mol 1) using the chemical structure drawing tool Hyperchem 7.5 (Hy-
percube, FL, USA).>* Structure-based docking was carried out using
AutoDock Vina (Molecular Graphics Lab, CA, USA).>° AutoDock Vina
was run using an exhaustiveness of 8 and a grid box with the dimensions
of 15.0, 20.0, and 25.0 A, engulfing the crystallographic ligand binding
site of tyrosinase.*® Top 9 poses were collected for each molecule. The
lowest docking score pose that fit the allosteric or catalytic tyrosinase
binding pocket was associated with the more favourable binding
conformation. PyMol1.3 (Schrodinger, NY, USA)°® was used for visual
inspection of results and graphical representations.

4.6. Statistical analysis

The assays were carried out in triplicate. The results were expressed
as mean values + standard deviations. The data was analysed using a
one-way ANOVA with Tukey’s test. The p-values less than 0.05 were
considered statistically significant.
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