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Tyrosinase plays an essential role in melanogenesis. Excess production of melanin can be a reason for
hyperpigmentation skin disorders in mammals and enzymatic browning in plant-derived foods. Catalyzing
the rate-limiting step of melanin synthesis, tyrosinase has become the most studied target for melanogen-
esis inhibition. Over the past ten years, a number of synthetic thiosemicarbazone derivatives have been
reported to possess strong tyrosinase inhibitory properties with ICsq values below 1 puM, placing them
among the most potent tyrosinase inhibitors. This review gives an overview of tyrosinase activity and
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describes tyrosinase-inhibiting thiosemicarbazones in terms of their structure-activity relationships, kinetics
of enzyme inhibition and mechanism of action. Results of the studies of thiosemicarbazones as tyrosinase
inhibitors from over 20 research articles have been analyzed, compared and summarized in the present
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paper. Using thiosemicarbazones as tyrosinase inhibitors is a promising approach in developing anti-
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1. Introduction

Interest in skin whitening agents among the world population
is growing. Around 15% of both men and women use skin
whitening products. Global Industry Analysts, Inc. predicts
that the global market for skin lighteners will reach US$23
billion by 2020."

Melanins are the pigments responsible for skin color. They
are some of the most widely encountered pigments in nature.
Melanins can be found in bacteria, fungi, plants and animals.
Their colors vary from yellow to black. Synthesis process of this
biopolymer is called melanogenesis and it takes place in mela-
nocytes, special cells within the basal layer of the dermis. Mela-
nins are then secreted to surrounding keratinocytes. The
amount and the type of pigment synthesized in melanocytes
and its distribution in keratinocytes determines the color of
the human skin and hair. Melanins also protect the mamma-
lian skin from UV light by absorbing radiation.> However, the
accumulation of overproduced pigment in the skin can be the
reason for hyperpigmentation problems and skin diseases, in-
cluding freckles, age spots, melasma and melanoma.®

Melanin is formed via a series of enzymatic and non-
enzymatic reactions and those, catalyzed by tyrosinase, are
the most important among them. Tyrosinase hydroxylates
monophenols to o-diphenols and oxidizes the o-diphenols to
the corresponding o-quinones.*
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melanogenetic agents for skin-whitening cosmetics and anti-browning agents for food.

Tyrosinase is also responsible for enzymatic browning in
fruits, vegetables, mushrooms and beverages. Formation of
dark pigment shortens the shelf life of fresh products, spoil-
ing the smell and taste. Moreover, o-quinones can bind to
protein residue groups, changing the nutrition characteristics
of the protein.”

Tyrosinase inhibition is the most common approach for
skin hyperpigmentation treatment, as the enzyme catalyzes
the rate-limiting step of the pigmentation process.®

Over the past 30 years, tyrosinase has received consider-
able attention as a target for compounds preventing
hyperpigmentation. Some valuable reviews have appeared on
tyrosinase and melanogenesis inhibitors from natural and
synthetic sources,"”®'® but none of them focused on thio-
semicarbazones in details. Thiosemicarbazones represent a
very interesting class of ligands. They are well-known metal-
chelating compounds. They have a great variety of pharmaco-
logical and biological properties as metal complexes and free
ligands.">*® This versatile group of compounds has been
reported to be used in antimicrobial,* antimalarial®*> and
anticancer>*”* treatment.

Over the past ten years, thiosemicarbazones have been
also intensively studied as potential tyrosinase inhibitors.>>
A number of synthetic thiosemicarbazone derivatives have
been reported to possess strong tyrosinase inhibitory proper-
ties. Results of the studies on thiosemicarbazones as tyrosi-
nase inhibitors from over 20 research articles have been ana-
lyzed, compared and summarized in the present paper. This
review provides a brief overview of tyrosinase characteristics
and describes its inhibition by thiosemicarbazones along
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Scheme 1 Reactions catalyzed by tyrosinase: (a) monooxygenation of
monophenols to o-quinones (monophenolase activity) and (b) oxida-
tion of o-diphenols to o-quinones (diphenolase activity).
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with structure-activity relationships, kinetics of enzyme inhi-
bition and mechanism of action.

2. Tyrosinase overview

Tyrosinase is a copper-containing enzyme belonging to the ox-
ygen oxidoreductase family (EC 1.14.18.1).%°
containing copper can be assigned to one of three classes
based on their spectroscopic and structural properties. Tyrosi-
nase is type-3 metalloprotein, which means that its active site
contains two copper atoms and an activated oxygen atom."”

Tyrosinase is a bifunctional polyphenol oxidase (PPO),
able to catalyze two different reactions: oxidation of mono-
phenols (monophenolase activity) to o-quinones and oxida-
tion of o-diphenols to o-quinones (diphenolase activity),*® as
shown in Scheme 1. Both activities arise from the binding of
dioxygen to the two copper atoms (identified as Cu(A) and
Cu(B), Fig. 1), located in the active site.*

Proteins

2.1. Tyrosinase structure

Tyrosinase from A. bisporus is a heterotetramer, consisting of
two heavy (H) and two light (L) subunits (Fig. 1A), with total
molecular mass of 120 kDa. Heavy subunit is the catalytic
one and the function of i-subunit is still not known.>>>"
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Tyrosinases have three domains: N-terminal, C-terminal
and central. The central domain is conserved in all tyrosi-
nases from different sources, and this is the only conserved
part of the enzyme. The central domain contains two copper
binding sites called Cu(A) and Cu(B) (Fig. 1B)."® Each of two
copper atoms in the tyrosinase molecule is ligated to three
conserved histidine residues (Fig. 1C).>""**

As the protein structure is stabilized mostly by sulfide
linkages, the location of cysteine residues is very important.
The number of cysteines and their location in the central, C-

or N-terminal domains varies between organisms.>">

2.2. Melanins

Melanins have been investigated for a very long time as they
are some of the most widely distributed pigments in nature
(from bacteria to mammals) and play diverse roles in the
lives different organisms.>*>’

Melanins are a family of pigments with diverse structures
and origin, produced by oxidation and polymerization of ty-
rosine in animals or phenolic compounds in lower
organisms.

In nature, melanin exists in few different forms out of
which eumelanin and pheomelanin are discussed in more
detail. Eumelanin is a black-to-brown pigment. It is polymer-
ized by oxidation of 1-dopa or ri-tyrosine via 5,6-
dihydroxyindole or 5,6-dihydroxyindole-2-carboxylic acid
(DHICA, Fig. 2). Eumelanin has some unique properties, such
as electrical conductivity, paramagnetism, radical scavenging,
metal ion binding and photoelectronic capability. Because of
such a number of great properties, eumelanin is considered
as a material for making functional devices.

Pheomelanin is a yellow-to-reddish pigment, found in red
hair or freckles. It is polymerized via oxidation of 5-S-

His259
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His296
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Fig. 1 Crystal structure of Agaricus bisporus mushroom tyrosinase (PDB:2Y9X): A) heterotetramer structure, B) catalytic subunit, and C) active site
structure. Color representation: orange - copper, grey - carbon, blue - nitrogen, red - oxygen, and yellow - sulphur.
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Fig. 2 Pathway of melanin biosynthesis (Tyr-tyrosinase, Tyrp1-DHICA oxidaze, Tyrp2-dopachrome tautomerase).

cysteinyldopa (i-tyrosine is polymerized with r-cysteine). The
main difference between this pigment and eumelanin is the
presence of sulfur in aromatic ring structures of pheomelanin.

Melanins (in particular pheomelanin) may have toxic
properties upon exposure to UV radiation. Pheomelanin
tends to undergo photodegradation and can contribute to
damage of DNA in melanocytes, as it can generate hydrogen
peroxide and superoxide anions.

Melanin composition (chemical phenotype) correlates with
hair color (visual phenotype). Eumelanin predominates in
dark hair (black, dark brown, brown, light brown, blond, and
the smallest amount in red), whereas pheomelanin level stays
low but constant. As a lighter pigment, pheomelanin, can be
found in red hair and the redder areas of the skin, e.g. lips.
The ratio of these pigments determines different hair, eye
and skin color. The mixing of pigments varies not only be-
tween people but also for one person.

The skin of people whose melanocytes produce smaller
amount of dark pigment is easily burnt after exposure to sun.
White hair contains no melanin at all and grey contains only
a few melanin granules.

Melanocytes are responsible for the synthesis of melanin
within specialized membrane-bound organelles termed mela-
nosomes and the subsequent transfer of the melanosomes to
surrounding epidermal cells, the keratinocytes.

The function of melanin in mammals is protection of the
skin from damage caused by ultraviolet radiation. Melanin is

380 | Med. Chem. Commun., 2019, 10, 378-389

also a free radical scavenger, reducing the production of reac-
tive oxygen species (ROS).

Mammalian eyes also contain melanin-producing cells.
Another type of melanin is found in humans, and the highest
amount is found in substantia nigra and locus coeruleus, re-
gions of the brain that are the main targets of Parkinson's
disease.

Melanins were also found in some birds, reptiles, amphib-
ians, and fish. Black insoluble eumelanin is the component
of cephalopod ink. Melanogenesis in insects is mainly related
to cuticle sclerotization and innate immune response.

Plants need melanin to strengthen their cell wall. In con-
trast to animal pigments, plant melanin does not contain ni-
trogen and its color may range from dark brown to totally
black. In the sclerotization reactions of plants, tyrosinase is
released from vesicles in response to injury and catalyses oxi-
dation of tannins to produce quinones, which bind to protein
groups (e.g. thiol or amine) and produce metalloprotein. The
result is blackening and hardening at a site of injury. This re-
action is called an enzymatic browning.

Melanins are also found in fungi and bacteria.

2.3. Melanin biosynthesis pathway

Pathway of melanin biosynthesis is also called melanogene-
sis. The scheme of reactions leading to eumelanin and
pheomelanin is shown in Fig. 2.°>°®°® Eumelanin and

This journal is © The Royal Society of Chemistry 2019
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pheomelanin are both derived from dopaquinone, the com-
mon precursor which is formed from 1-tyrosine in reaction
catalysed by tyrosinase.

It has been believed that the first stage of melanogenesis
leads to dopaquinone production by, first, hydroxylation of
L-tyrosine to 3,4-dihydroxyphenylalanine (t-dopa) and subse-
quent oxidation of r-dopa to dopaquinone. However, it was
reported by Cooksey et al.®® that dopaquinone and other
o-quinones are formed directly form the phenolic substrate
during the initial stage of melanin biosynthesis.

Dopaquinone is a very reactive compound, and in the ab-
sence of sulfhydryl compounds it undergoes cyclization (the
intramolecular addition of the amino group) to produce
leucodopachrome (cyclodopa).

A redox exchange between cyclodopa and another
dopaquinone leads to dopachrome, the first color (orange)
intermediate of melanogenesis. The second product of this
reaction is L-dopa. r-dopa, produced in abovementioned reac-
tion, is considered to be the source of dopa formed in this
synthesis pathway.

Dopachrome then gradually rearranges to generate 5,6-
dihydroxyindole (DHI) that is subsequently oxidized to
indole-5,6-quinone. Alternative reaction is catalysed by
dopachrome tautomerase and produces dihydroxyindole-2-
carboxylic acid (DHICA) from dopachrome. DHICA is then
oxidized in a redox reaction to form indole-5,6-quinine-
carboxylic acid. DHI is produced in higher quantity than
DHICA. DHI and DHICA are further polymerized to form
eumelanin. Eumelanin derivatives of DHI and DHICA differ
from each other. DHI-derived eumelanin is flocculent and
black, whereas DHICA-derived eumelanin is finely dispersed
and light brown.®*

Regarding the production of pheomelanin, the presence
of sulfhydryl compounds (cysteine) leads only to thiol ad-
ducts of dopa (cysteinyldopas). Further oxidation of the thiol
adducts leads to the formation of pheomelanin via benzo-
thiazine intermediates.

2.4. Tyrosinase inhibitors and their applications

Literature presents many compounds with tyrosinase inhibi-
tory activity from both natural and synthetic sources."*'®
Natural tyrosinase inhibitors like flavonols (e.g. kaempferol
and quercetin),®® chalcones (e.g. glabridin),*® coumarins (e.g.
aloesin),®” stilbenes (e.g. oxyresveratrol),®® and aldehydes (e.g.
cinnamaldehyde, cuminaldehyde and anisaldehyde)®”°
mostly have their origin in plants. Kojic acid”" and azelaic
acid’? are fungus metabolites. Kojic acid is often used as a
positive control in the literature for comparing the strength
of the newly discovered inhibitors.

Potency of kojic acid as a tyrosinase inhibitor varies a little
between the enzymes from different sources and the sub-
strates used. For inhibition of tyrosinase diphenolase activity
from A. bisporus, ICs, of kojic acid is around 28 uM.*”"*® Ki-
netic studies revealed that kojic acid inhibits mushroom ty-
rosinase activity in a competitive manner with K; of 0.03 mM

This journal is © The Royal Society of Chemistry 2019
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and r-tyrosine as a substrate, and in a mixed manner with K;
of 0.02 mM and r-dopa as a substrate.”

Inhibitors of synthetic origin (usually drugs or simple
chemicals) were also reported as tyrosinase inhibitors. Capto-
pril (known drug for hypertension),”* tropolone (Cu®* chela-
tor, one of the most potent tyrosinase inhibitors),”
4-substituted resorcinols’®”” and methimazole (drug for thy-
roid problems)’® are examples of chemicals with anti-
tyrosinase activity.

Structures of some natural and synthetic tyrosinase inhibi-
tors are presented in Fig. 3.

Structural investigations of tyrosinase inhibitors with en-
zymes reveal that tyrosinase can be effectively inhibited with-
out direct interaction between copper ions and inhibitors.

Crystal structures of complexes of tyrosinase with kojic
acid”® (A) and tropolone®® (B) are presented in Fig. 4. In both
cases, inhibitors interact with amino acid residues in the ac-
tive site but don't chelate with any of the catalytic coopers.

Investigations of tyrosinase inhibitors as well as discovery
and characterization of the new ones are very useful for their
potential applications. Moreover, understanding the regula-
tion of this enzyme gives a possibility of control of the whole
biosynthesis pathway of melanin production.

Tyrosinase is responsible for formation of dark pigment
in fungi- and plant-derived foods. This process is called en-
zymatic browning and affects the shelf life of fresh prod-
ucts spoiling their smell and taste. Products of tyrosinase
reaction can bind to sulthydryl and amino groups in pro-
teins leading to destruction of essential amino acids resi-
dues. Tyrosinase inhibitors may be considered as preserva-
tives for foods.’

Use of tyrosinase inhibitors is becoming increasingly im-
portant in the cosmetic industry due to their skin-whitening
effect. Unfortunately, because of toxicity most of described in
literature tyrosinase inhibitors can't be used orally or applied
to skin. Kojic acid, a known ingredient of skin-lightening cos-
metics, has been reported to be safe for human skin at a con-
centration of up to 1%, but depigmentation effect was seen
at a concentration of 4%.%

Hydroquinone, another strong depigmenting agent, has
been reported to be dangerous above concentration of 1%
and it should not be used in leave-on cosmetic products.®!
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Fig. 3 Structures of some tyrosinase inhibitors.
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Fig. 4 Crystal structures of tyrosinase active site with A) kojic acid
(tyrosinase from Bacillus megaterium, PDB:3NQ1) and B) tropolone
(tyrosinase from Agaricus bisporus, PDB:2Y9X). Color representation:
orange - copper ions, grey - carbon, blue - nitrogen, red - oxygen,
yellow - sulphur, and green - inhibitors.

In medicine, tyrosinase inhibitors are used to treat some
dermatological disorders, such as age spots, melasma and
sites of actinic damage. They can also be found among the
agents used to treat depigmentation after sunburn.® More-
over, many defects in melanin biosynthesis pathway are re-
lated to some neurodegenerative diseases, such as
Alzheimer's, Parkinson's and Huntington's.**

3. Thiosemicarbazones as tyrosinase
inhibitors

In most cases, mushroom tyrosinase from Agaricus bisporus
has been used in enzymatic assays. Mushroom tyrosinase is
most often applied as a model of human tyrosinase as it has
the highest homology with the mammalian tyrosinase.**
Other arguments in favour of using the enzyme from Agaricus
bisporus as a model system for studying tyrosinase activity
and inhibition are availability of convenient enzymatic assay,
high activity and commercial availability in purified form.*>®*

For the purpose of screening, known tyrosinase inhibitors
(kojic acid, tropolone, and ascorbic acid) were used as refer-
ences and positive controls. L-Tyrosine or L-dopa has been ap-

382 | Med. Chem. Commun., 2019, 10, 378-389
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plied as substrates to identify the monophenolase or
diphenolase activity of the tyrosinase, respectively. It should
also be pointed out that in most cases, only diphenolase ac-
tivity was investigated.

ICs, was used as the standard parameter characterizing the
inhibitory potency of inhibitors. In some cases, more detailed
investigations were performed, suppling kinetic information
about enzyme-inhibitor interactions, such as reversibility, in-
hibition type (competitive, uncompetitive, noncompetitive or
mixed) and inhibition constant K;.

3.1. Thiosemicarbazones

Thiosemicarbazones are derivatives of thiosemicarbazone
with at least one substituted proton (Fig. 5). There are 5 pos-
sibilities for proton substitution and many compounds with
at least one substitution were reported as potent tyrosinase
inhibitors. The presence of electronegative oxygen, sulfur or
nitrogen atoms on the ligand enhances the coordination abil-
ity of ligands. Thiosemicarbazones usually act as chelating
agents with transition metal ions bonding via the sulfur or
hydrazine nitrogen atoms located on the thiosemicarbazide
moiety.®® As tyrosinase possesses two copper ions in its active
site, it is possible for thiosemicarbazones to chelate with the
ions and decrease catalytic activity of the enzyme.>®

3.2. Benzaldehyde thiosemicarbazone and its derivatives

Benzaldehyde thiosemicarbazone (1) (Fig. 6) was reported a
few times as a potent tyrosinase inhibitor.>°° Substitution
of proton with aromatic ring may enhance the affinity of thio-
semicarbazones for the enzyme because of higher similarity
to natural tyrosinase substrates, r-tyrosine and i-dopa also
bearing a phenyl group. High affinity of such compounds for
the enzyme is the result of the van der Waals interactions of
the aromatic ring with the hydrophobic residues present in
the tyrosinase cavity.>

ICs,y values for benzaldehyde thiosemicarbazone vary in
the literature from 0.84 to 9 uM.>***° This compound ex-
hibits noncompetitive inhibition with K; of 3.7 uM>’ or
mixed-type inhibition with K; of 0.93 and Kj, of 93 uM.>®

Based on the manual docking and the following molecular
dynamic simulation, Buitrago et al. suggested that benzalde-
hyde inhibits tyrosinase via interaction of the thio-
semicarbazide moiety with copper ions in the tyrosinase ac-
tive site,”® whereas based on the results of molecular
docking,*” it was reported that benzaldehyde interacts with
the active site via the phenyl ring.

S
1 5
RN )J\ R
| |
R R R

Fig. 5 General structure of thiosemicarbazone derivatives with all
possible substitution positions.
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Fig. 6 Structures of hydroxy- and methoxy-substituted benzaldehyde
thiosemicarbazone derivatives as tyrosinase inhibitors with their ICsq
values.

Substitution of a phenyl ring with a variety of substituents
has been a very popular strategy for developing novel tyrosi-
nase inhibitors.

3.2.1. Hydroxy- and methoxy-substitution of benzaldehyde
thiosemicarbazone. Yi et al.*° investigated a group of mono-,
di- and tri-substituted benzaldehyde thiosemicarbazone de-
rivatives with hydroxy- and methoxy-groups on the benzene
ring. Structures with the best ICs, values are presented in
Fig. 6.

In general, monosubstitution is more favorable than di-
and trisubstitution. Para position substitution seems to yield
the best results for substitution of the hydroxyl group (ICs, of
0.41 pM). Bromine atom in para position enhances inhibitory
properties, decreasing the value of ICs, to 0.28 uM.

In most cases, disubstitution of the phenyl ring decreases
inhibitory properties of investigated compounds, but hy-
droxyl groups in ortho and para positions yield very good re-
sults with IC5, of 0.18 uM.

Trisubstitution of the phenyl ring drastically increases
ICs, values, which is in accordance with research paper by
Xue et al.,”® also describing the influence of substitution of
the phenyl ring of benzaldehyde thiosemicarbazone on tyrosi-
nase activity, but the source of the enzyme is P. rapae, not A.
bisporus.

As studies show that the 4-substitution of the phenyl ring
is the most favorable for tyrosinase inhibitors, Chen et al.*'
investigated the kinetics of interaction of 4-hydroxy and
4-methoxybenzaldehyde thiosemicarbazones with tyrosinase.
ICs, of 4-hydroxybenzaldehyde thiosemicarbazone for mono-
phenolase activity of the enzyme was 0.76 uM, and inhibition
was achieved only by limiting the rate of the reaction as the
lag time prolongation was not observed. IC;s, for diphenolase
activity of this compound was 3.80 uM. This compound is a
reversible, mixed-type inhibitor of tyrosinase with K; and Kj
values of 2.82 and 6.79 uM, respectively. 4-Methoxy-
benzaldehyde thiosemicarbazone has ICs, value of 7.0 pM,
but in this case, prolongation of the lag period was ob-
served. ICs, for diphenolase activity was 2.62 pM, and for
this activity the kinetics parameters were measured also.
4-Methoxybenzaldehyde thiosemicarbazone turned out to be
a reversible, mixed-type inhibitor of diphenolase activity of
tyrosinase with K; and Kjs values of 1.47 and 15.10 uM, re-

This journal is © The Royal Society of Chemistry 2019
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spectively. Both compounds also exhibited tyrosinase in B16
mouse melanoma cells. However, methoxybenzaldehyde
thiosemicarbazone turned out to be a more potent inhibitor
with an ICs, value of 139 uM.

3.2.2.  2-Chloro- and 4-chlorobenzaldehyde thio-
semicarbazone derivatives. Li et al.*> reported inhibition ki-
netics for 2-chlorobenzaldehyde thiosemicarbazone (15) and
4-chlorobenzaldehyde thiosemicarbazone (16). Their struc-
tures are shown in Fig. 7. Both compounds revealed revers-
ible mechanism of inhibition. IC5, was determined for both
mono- and diphenolase activities of tyrosinase. For (15), IC5,
values were 15.4 and 1.22 uM for mono- and diphenolase ac-
tivity of the enzyme, respectively, and for (16), They were 6.7
and 1.82 uM. Compound (15) is a noncompetitive inhibitor
with K; value of 1.20 uM, and (16) shows mixed-type inhibi-
tion with K; and K;js of 1.25 and 2.49 uM, respectively. For
monophenolase activity, (15) and (16) decreased the reaction
rate but did not influence the lag time.

3.2.3. trans-Cinnamaldehyde thiosemicarbazone. Zhu
et al.>® reported that the derivative of cinnamaldehyde and
thiosemicarbazide (Fig. 7), compound (17), is a reversible
mixed-typed inhibitor of diphenolase tyrosinase activity. Its
K; and K;s values are 4.45 and 8.85 uM, respectively. For
monophenolase activity, inhibitor not only decreases the
steady-state rate but also lengthens the lag time.

3.2.4. 4-Dimethylaminobenzaldehyde thiosemicarbazone
and 4-dimethylaminobenzaldehyde-N-phenyl-thiosemicarbazone.
Yang et al®* examined the inhibitory activity of two
4-dimethylaminobenzaldehyde thiosemicarbazone derivatives
(Fig. 7) and the influence of substitution of proton of thio-
semicarbazide terminal group with a phenyl moiety. In this
case, IC;, values were determined for both mono- and
diphenolase tyrosinase activities, and they were 1.54 and 2.02
uM for (18) and 1.78 and 0.80 uM for (19). Both compounds
revealed a reversible mode of inhibition. (18) decreased tyros-
inase monophenolase activity in a mixed-type mode with K;
and K;, values of 1.77 and 6.49 uM, respectively. Substitution
of proton in position R®> with phenyl group changed the way
(19) inhibits tyrosinase to a noncompetitive type inhibition,
enhancing inhibitory potency (K; 0.77 uM). Both compounds
inhibited tyrosinase activity but slightly prolonged the lag
time.

3.2.5. 4-O-Substituted benzaldehyde thiosemicarbazones.
Yi et al.®® investigated a group of 4-O-substituted derivatives

s cl s s
oo, DI QL k.
2 ZONH NH, Z SNH ONH,
cl

(15) (16) (17)
?Hs (-|7H3
Tk, LD
N
=z \NHJkNHz /N\NHJ\NH
(18) (19)

Fig. 7 Structures of 2-chlorobenzaldehyde thiosemicarbazone (15),
4-chlorobenzaldehyde thiosemicarbazone (16), trans-cinnamaldehyde
thiosemicarbazone (17), 4-dimethylaminobenzaldehyde thiosemicarbazone
(18) and 4-dimethylaminobenzaldehyde-N-phenyl-thiosemicarbazone (19).
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of benzaldehyde thiosemicarbazone. Structures of the most
potent tyrosinase inhibitors are shown in Fig. 8. The most ac-
tive inhibitor has ICs, of 0.34 uM. All presented compounds
can be considered very potent inhibitors, but introducing ei-
ther oxygen or hydroxyl group into the structure definitely de-
creases the ICs, value. Branching of alkyl chain has a positive
impact when the chain is short. Elongation of alkyl chain to
8, 10 and 12 carbon atoms drastically decreased inhibitory
properties of the compounds. When the thiosemicarbazide
moiety of the most active compound (22) was replaced by
semicarbazide moiety, the compound lost all its activity. This
observation suggests that the sulphur atom in thio-
semicarbazide moiety is crucial for biological activity of
thiosemicarbazones.

3.3. Acetophenone thiosemicarbazone and its derivatives

3.3.1. Paeonol thiosemicarbazone derivatives. Zhu et al.>®

investigated a series of methoxy- and hydroxy-substituted
paeonol thiosemicarbazone analogues for their ability to in-
hibit mushroom tyrosinase. Structures of the group of such
compounds with methyl group in R® position are presented
in Fig. 9. Disubstitution of the phenyl ring with hydroxyl
groups on C-2 and C-4 was the most beneficial for inhibition.
The IC;, value for (39) was 6 uM. The advantage of such type
of substitution was confirmed by the results described for
compound (8). However, when methyl group in R®> was re-
placed by a phenyl ring, inhibition activity drastically de-
creased and ICs, for all analogues was higher than 300 pM.
Nonetheless, in both cases, inhibition activity was much
higher than that of parent paoenol compounds where ICs,
for most structures was above 1000 uM. Kinetic studies have
been performed for (39). The inhibitor exhibited reversible
and competitive inhibition with K; value of 5 uM. Competi-
tive inhibition indicates that (39) competes with 1-dopa for
the access to the active site. In addition, fluorescence studies
confirmed that the inhibitor chelates with copper ion in the
active site.

3.3.2. Aminoacetophenone thiosemicarbazone derivatives.
You et al®® investigated 3- and 4-aminoacetophenone thio-
semicarbazones and their modifications, leading to 3- and
4-amidoacetophenone thiosemicarbazone derivatives. Fig. 10
portrays chemical structures of 4-substituted phenyl ring of

(20): R = CH:CHzOH  ICs0 = 0.53 pM
(21): R = CH2CH20CH2CH2CH2CH3  1Cs0 = 0.92 pM
(22): R = CH2CH20CH2CH20CHs  1Cs0 = 0.34 uM
(23): R =CH2CH2CH2CH20CH3  ICs0 = 0.41 pM
(24): R = CH2CH20CHs  ICs0 = 0.75 uM

(25): R = CH2OCH2CH20H  ICs0 = 0.37 uM

RO. (26): R = CH20CH(CH20H)2 ICs0 = 0.94 pM
s (27): R = CHaCHa  ICs0 = 1.92 pM
N J\ (28): R = CH(CHa)2 ICs0=0.90 pM
2 SNH ONH, (29)R=(CH2:CHs 1Ce0=3.03 uM

(30): R = CH2CH=CHz 1Cs0=1.29 uM
(31): R = CH2CH(CH3)2 ICs0=2.21 uM
(32): R = (CH2):CHs ICs0=1.31 pM
(33): R = (CH2)CHs  ICs0=1.09 pM
(34 R=Ph ICs0=0.98 uM
(35):R=p-FPh  ICs0=1.46 uM

Fig. 8 Structures of 4-O-substituted derivatives of benzaldehyde
thiosemicarbazone as tyrosinase inhibitors with their ICsq values.
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(36): R = 2-OH; 4-OCHs  ICs0 = 18 pM
s (37):R=24H ICeo=213pM
& N J\ on. (B8:R=20H ICi= 108 M
I 3 ‘R= - =
A VTN (39):R=24-0H  ICs0=6 M

(40): R =4-OCHs ICs0= 65 pM
CHj,

Fig. 9 Structures of paeonol derivatives as tyrosinase inhibitors with
their 1Cs5q values.

aminoacetophenone thiosemicarbazones as this group
showed better inhibitory properties than compounds with
3-substitution.

Kinetic studies were performed for compound (52), which
had the lowest IC5, value of 0.291 uM. Compound (52) turned
out to be a reversible noncompetitive inhibitor. Unfortu-
nately, the inhibition constant has not been reported by the
authors. Modification of amino group and formation of am-
ide group had a very positive impact. There was no obvious
tendency of the acyl group to influence the inhibitory
strength, so it can be assumed that the amide group was cru-
cial for enhancing the inhibitory potency of investigated
compounds.

3.3.3. 4-Alkoxy and 4-acyloxyacetophenone thio-
semicarbazones. You et al.®>” reported a series of 4-alkoxy and
4-acyloxyacetophenone thiosemicarbazones. Plenty of substit-
uents were tested to find a potent tyrosinase inhibitor. The
influence of the length of methylene linker between the phe-
nyl ring and the thiosemicarbazone moiety was also exam-
ined. As can be seen in Fig. 11, there is no obvious relation-
ship between the distance of phenyl group from the scaffold
of the compound and inhibitory activity. Introduction of a
proper 4-alkoxy or 4-acyloxy substituent can significantly en-
hance inhibition potency of investigated compounds as their
presence results in ICs, values below 1 pM. In turn, substitu-
tion of phenyl ring with 4-hydroxy group in the case of (76)
decreased inhibitory ability. Authors also tested the effect of
replacing a proton from the terminal NH, group on thio-
semicarbazide moiety by an amino group on (56), (57) and
(60) activity. In all cases this substitution resulted in drastic
decrease of inhibition potency. Compound (71) showed the
best inhibitory properties with ICs, of 0.072 uM, which in
suggests that 4-OCOCHj; substitution on the phenyl ring (dis-
tant from the thiosemicarbazone scaffold of two methylene
groups) was the most favorable. Kinetics studies have been

HoN (42):R=CHs ICs0 = 0.508 pM
S (43): R=CFs ICso = 1.336 uM
N /U\ (44):R=CCl: ICso = 0.406 pM
z \NH NH, (45): R =C2Hs 1Cs0=0.372 upM
(46): R = CsHr™ ICs0 = 0.644 uM
CHj (47): R=C3H7"*®  ICso=0.814 uM
(41)  ICs0=2.62 uM (48): R = C4He™  ICso = 0.492 pM
(49): R=CsHi™ 1Cs0 =0.762 pM
R NH (50): R = CgHiz™ ICs0 = 0.356 uM
Y S (51):R=0CHs ICso = 0.498 M
o N J\ (52):R=Ph ICso=0291puM
Z SNH NH, (53): R=p-FPh 1C5=0.610 uM
(54): R = p-CHsPh  ICs0 = 1.142 uM
CH; (55): R = CH2Ph ICso = 0.578 uM

Fig. 10 Structures of 4-substituted phenyl ring of
aminoacetophenone thiosemicarbazones as tyrosinase inhibitors with
their 1Cs5q values.
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(56):R=H n=2 ICs=0.54pM
(67):R=CHa n=2 ICso=0.188 uM
(58):R=CzHs n=2 ICso =0.209 pM
(69):R=CsHr" n=2 ICso=0.264 uM
(60):R=CsHe™ n=2 ICso=0272 M
(61):R=CsHi™ n=2 ICs0= 0412 pM
(62): R = (CH2)2CH(CHa)2n =2  ICso = 0.475 pM
(63):R=CeHis" n=2  ICs0=0.754 uM
(64):R=CeHir" n=2 ICso = 0.865 uM

s (65): R=CH(CzHs)2n =2  ICso = 0.445 uM

(66):R=CH:Phn=2 ICs=0217 uM

PN

(67):R=CH:PhBr4n=2 ICe = 0.438 uM
2 SNH TNH, (68):R=(CHz:Phn=2 ICs =0.835 uM
(69): R= CH2C0:C2Hs n=2  ICeo = 0.515 uM
CHj (70): R = (CH2)sCO2C2Hsn =2 ICs0 = 0.328 uM
RO (T1):R=COCHsn=2 ICs=0.072 uM
(72): R = COCH(CHa)2n =2  ICso = 0.288 M
(73))R=COPhn=2 ICso=0.156 uM
(74):R=CH:CO:HN=2 ICs0=0.593 uM
(75): R=(CH2):CO2Hn=2 ICs0 = 0.678 pM
(76))R=H n=1 ICs0=271puM
(77):R=CHs n=1 ICso=0.42 uM
(78):R=CsHi™ n=1 ICz0=0613 M
(79):R=CH:Phn=1 ICso=0.34 uM
(80): R = (CH2):CO:HN =1 ICzo = 0.478 uM

Fig. 11 Structures of 4-alkoxy and 4-acyloxyacetophenone thio-
semicarbazones as tyrosinase inhibitors and their ICsq values.

also performed for (66) and (79), which bear the same
4-substituent and exhibit similar IC5, values, to check if the
number of methylene groups in the linker influences the
mechanism of inhibition. Both compounds turned out to be
reversible competitive inhibitors of tyrosinase.

3.3.4. 4-Substituted acetophenones thiosemicarbazones.
When methyl group is in position R? a variety of
4-substitutions on the phenyl ring yields low ICs, values (be-
low 1 pM). Some interesting examples are presented in
Fig. 12.*%° Even the addition of a huge biphenyl moiety with
various substituents (90-94) resulted in low ICs, values®
(Fig. 12) when methyl was in R” position.

3.4. Substitution of thiosemicarbazone scaffold with alkyl
chain in R? position

l.38 l.27

Song et al.”® and Haldys et al.”’ investigated the influence of
elongation and branching of alkyl chain in R* position on ty-
rosinase inhibition activity. Both papers present consistent
results. No matter if R' is a phenyl ring®” or a substituted
phenyl ring (4-methyl, 4-butyl or 4-cyclohexyl),*® the elonga-
tion of the alkyl chain decreases the ability of the compound
to inhibit tyrosinase, leading to a total loss of biological activ-
ity. However, methyl substituent is the most favorable,
resulting in greater potency than a proton in R> posi-
tion.””*®3% Starting with ethyl group, substitution inhibition
activity decreases with chain elongation.

(81): R=CsHg™ ICs0 = 0.339 M
(82): R = CaHg™* ICs0=0.610 uM
(83): R = CaHg'®* |Czo = 0.960 M
(84): R=CsHi™ ICs0 = 0.495

R (85): R =CeHi"  ICs0 = 0.483
S (86): R = cyclohexyl ICso = 0.632
i /U\ (87):R= CHs ICe0=027 pM
Z SNH SNH, (88} R=Br 1C0=0.17 M
(89):R=F ICso=054 M
CH, (90): R=PhCH:COOH  ICeo = 1.661 M

(91): R=PhCH2COOCHz  ICs0=0.278 pM
(92): R = PhCH2COOCH:CHs  ICe0 = 0.437 uM
(93): R = PhCH2COOCH2CH2CHa  1Cs0= 0.485 uM
(94): R = PhACH2COOCH2CH2CH2CHs  [Ceo = 0.562 pM
Fig. 12 Structures of acetophenone thiosemicarbazone derivatives as

tyrosinase inhibitors with their ICsq values.

This journal is © The Royal Society of Chemistry 2019
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It was reported®’ that in spite of the negative impact of
elongation of alkyl chain on inhibition (in vitro), the tendency
of melanogenesis inhibition is opposite in B16 mouse mela-
noma cells (Fig. 13). Thus, it can be predicted that those
compounds inhibit melanin biosynthesis also at stages other
than the step catalyzed by tyrosinase, for example, affecting
activity of other key enzymes in melanin biosynthesis, such
as dopachrome tautomerase, microphthalmia associated
transcription factor or tyrosinase related protein 1.5

Kinetics parameters for (95) were measured. Compound
(95) exhibited reversible competitive inhibition with K; of
0.38 uM. When phenyl ring was substituted with 3-naphthyl
ring, inhibition potency was maintained, and it was reported
that this inhibitor was a mixed-type with K; and K5 of 0.83
and 1.4 pM, respectively.’’

3.5. Aromatic heterocyclic thiosemicarbazones

3.5.1. Five-membered aromatic heterocyclic thio-
semicarbazones. Thiosemicarbazones with aromatic heterocy-
clic substituents have gained interest of researchers,
presenting an alternative for aromatic benzene moiety. Xie
et al.*® investigated influence of thiophene, furan and pyrrole
rings (Fig. 14) on the inhibition potency of investigated
compounds towards tyrosinase. ICs, values for (104), (105)
and (106) were 3.99, 2.35, and 0.43 pM, respectively. In all
those cases, replacing one of the protons on a terminal NH,
group of thiosemicarbazide moiety with a methyl or a phe-
nyl group drastically decreased inhibitory properties of the
compounds. More detailed investigations have been
performed for (104), (105) and (106). All the compounds
turned out to be reversible mixed inhibitors of tyrosinase,
having higher affinity for the free enzyme than for the en-
zyme-substrate complex. Inhibition constants were K; 0.08
uM and Kjs 0.29 uM, K; 0.60 uM and Kjs 1.18 uM, and K;
167 uM and Kjs 2.59 uM for (104), (105) and (106), respec-
tively. Fluorescence quenching studies showed that the in-
vestigated compounds bound to tyrosinase active site via
static forces and formed complexes with copper ions. Molec-
ular docking and "H NMR titration revealed that the sulfur
atom of thiourea moiety of (106) and dicopper ions of the
active site formed a complex, and the NH group of the pyr-
role ring forms hydrogen bonds with amino acid residue
His 224 in the active site of tyrosinase.

(1):R=H IC50=102pM

(95:R=CHs 1C50=2.0 uM
(96): R = CH:CHs  1C50 < 1.0 M
S (97): R = CHz(CHs):  IC50 < 2.3 uM
(98): R = (CH2):CHz  1C50 < 1.0 yM
~ (99): R = (CH2)2(CHa)2  1C50 < 1.0 pM
= TN TNH (100): R = (CH2):CHs  1C50 = 1.2 uM
R (101): R = (CH2)4«CHz  1C50 < 1.0 uM
(102): R = (CH2)sCHz  1C50 < 1.0 M
(103): R = (CH2)1oCHs  1C50 < 1.0 pM

Fig. 13 Structures of thiosemicarbazones with substitution in R2
position with ICso values of melanogenesis inhibition in B16 mouse

melanoma cells.
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s (104):X=NH R=H ICso=3.99uM
74 | (105):X=0 R=H ICs=235uM
N JL (106):X=S R=H ICs=043pM
X Z SNH NH, (107):X=NH R=CHs ICso=4.148 uM
(108):X=0 R=CHs ICso=0.824 pM
R (109): X=S R=CHs ICe = 1.406 uM

Fig. 14 Structures of thiosemicarbazone derivatives with 5-membered
aromatic heterocyclic substituents as tyrosinase inhibitors and their
ICs50 values.

Based on the abovementioned results, Dong et al*“*

performed further investigation of aromatic heterocycle thio-
semicarbazones (Fig. 14). Replacement of a proton in position
R> with a methyl group slightly decreased the inhibitory po-
tency of (104) and (106) and produced ICs, values of 4.148 and
1.406 pM for (107) and (109), respectively. For the compound
with a furan ring, replacing a proton with a methyl group in
R” position resulted in decrease of ICs, to 0.824 pM (108).

It was reported*®*"*> that 6-membered aromatic heterocy-
cles or fused-ring aromatic heterocycles in position R' on a
thiosemicarbazone skeleton decrease inhibitory potency of
these compounds.

3.5.2. Thiophene-2-carbaldehyde thiosemicarbazone deriv-
atives. As thiophene ring turned out to be most promising
substituent in position R', a group of thiosemicarbazones
with a modified thiophene ring was investigated*'™** to find
a moiety that enhances inhibitory properties. Some electro-
negative groups in position C-4 on a thiophene ring (Fig. 15)
greatly contributed to enhanced biological activity. Addition
of sterically bulky substituents decreased ICs, to 0.068 pM,
indicating that (121) is the most potent inhibitor. Such a low
1Cs, value also suggests that (121) is one of the most potent
tyrosinase inhibitors of all. Changing the position of substitu-
ent of (110), (111), (113) and (115) on a thiophene ring from
C-4 to C-5 decreased inhibitory activity. Carbonyl group
seems to be crucial for enhancing inhibition properties. Ki-
netic studies performed for compounds (110-113) revealed
that they are mixed-type reversible inhibitors of tyrosinase
diphenolase activity.

4. Conclusions and future prospects

Tyrosinase is the most studied target for melanogenesis inhi-
bition. Catalyzing the rate-limiting step of melanin synthesis,

(110): R=4-CH:0H  ICs0 = 0.670 pM
(111): R =4-H;0CHz  ICs0 = 0.740 pM

(112): R = 4-CH20CHzCH:  ICs0 = 0.490 pM
(113): R =4-CH20CHzCHs  ICs0 = 1.420 pM
(114): R = 4-CH20CHCHO  ICs0 = 0.196 pM

R S (115): R = 4-CH;0COCH:  ICso = 0.340 pM
\ N J\ (116): R = 4-CH20COCHCHs  ICs0 =0.161 pM
n NN S, (117) R = 4-CHIOCOCH:CH:CH, - ICs0 =0.105 uM

2 (118): R = 4-CH;0COCH2CH,CHs  1Cs0 = 0.110 pM
(119): R = 4-CH20CO-cyclopentyl  ICso = 0.140 pM
(120): R = 4-CH20CO-cyclohexyl  ICso = 0.136 pM
(121): R =4-CH20COPh  ICso = 0.068 pM
(122): R=5-Ph ICs0 = 0.670 uM
Fig. 15 Structures of 4- and 5-functionalized thiophene-2-
carbaldehyde thiosemicarbazone derivatives as tyrosinase inhibitors

with their ICsq values.
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tyrosinase has become one of the most important targets for
the development of anti-hyperpigmentation agents.

Literature presents a number of studies devoted to the
thiosemicarbazone derivatives possessing great capability of
inhibiting the tyrosinase enzyme. Considering the general
structure of thiosemicarbazone derivatives (see Fig. 16), some
general points regarding structure-activity relationship of
thiosemicarbazones can be mentioned based on the above
minireview. Thiosemicarbazide moiety is a crucial group in
the inhibition process. Specifically, a sulfur atom has the
ability to chelate copper ions in the active site of tyrosinase.
The most favorable substituent in position R® is a proton or a
phenyl ring. Longer chains decrease inhibitory properties of
the compound. The biggest groups of thiosemicarbazones as
tyrosinase inhibitors are reported for benzaldehyde or
acetophenone derivatives what indicates that proton or
methyl group is favorable in position R>. Phenyl ring in this
position also seems to have a positive impact in some cases.
Elongation or branching of the chain in R* leads to a loss of
biological activity.

A number of substitutions have been made in position R,
leading to great inhibitory activity of modified analogues.
The presence of aromatic ring seems to be crucial as it can
interact with pocket of tyrosinase. Substitutions of the phenyl
ring improve inhibitor parameters. Substituents in para posi-
tion yield the best results. Among many investigated modifi-
cations, some of them deserve to be mentioned. Substitution
with hydroxyl groups makes a strong impact on thio-
semicarbazone inhibition activity, but it seems to be obvious
as such moiety is similar to natural tyrosinase substrates,
L-tyrosine and r-dopa. 4-O- and 4-N-substitutions also have
been intensively investigated and should be pointed out as
beneficial for inhibitory activity. Halogen substitution of phe-
nyl ring definitely deserves further investigation by re-
searchers. Another big group of substituents is aromatic
heterocycles. Five-membered aromatic heterocyclic com-
pounds, especially functionalized thiophene rings, should be
considered as substituents for thiosemicarbazones when de-
veloping new tyrosinase inhibitors.

Crucial for tyrosinase
* 4-substituted phenyl ring inhibitory actlwty

* 5-membered aromatic
heterocyclic compounds

/\@

l
[M] R?and R‘ =
No proton
substitutions have
been tested for
these positions

/

N

Fig. 16 General points regarding structure-activity relationship of
thiosemicarbazones with mushroom tyrosinase.
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There is no information available in the literature regard-
ing substitutions of protons in R* and R* positions in the
context of tyrosinase inhibition.

As it was presented, many thiosemicarbazones have ICs,
values lower than 1 uM, which places them among the best
described tyrosinase inhibitors.

Kinetic investigations have been made for plenty of po-
tent analogues. All of them reveal reversible mechanism of
inhibition. Most often, inhibition was mixed or
noncompetitive, indicating that thiosemicarbazones have
the ability to interact with both the free enzyme and the en-
zyme-substrate complex. For mixed inhibition, K; value was
always lower than Kjs, suggesting higher affinity of thio-
semicarbazones for the free enzyme than the enzyme-sub-
strate complex.

Inhibition of tyrosinase enzyme has been the most com-
mon approach in depigmenting research. Unfortunately, only
a few tyrosinase inhibitors, described in the literature, found
a practical application. Efficiency in enzyme inhibition
in vitro is not the only factor that should be considered. Pa-
rameters, related to stability, solubility, cytotoxicity, absorp-
tion and penetration also have a great impact on the real pos-
sibility of using the inhibitors in the industry.®

In vitro effectiveness of inhibitors is not always reflected
in in vivo research and clinical trials. Differences in results of
in vitro and in vivo investigations may suggest that a new
strategy combining two or more inhibitors with different
mechanisms is needed.® Active thiosemicarbazones could in-
hibit the enzyme much better in synergistic effect with al-
ready known inhibitors.

One of the main issues in effective depigmentation is find-
ing a proper drug formulation and delivery system, which en-
sures that proper compound concentrations will reach the
melanocyte. Possible examples include liposomes as carriers
for lipophilic thiosemicarbazones or encapsulation of
thiosemicarbazone.®

The enzyme from Agaricus bisporus is highly homologous
with the mammalian one, so it is commonly used as a model
for studies on melanogenesis. Actually, almost all studies on
tyrosinase inhibition have been performed using mushroom
tyrosinase because of the enzyme's commercial availability in
purified form, existence of a convenient enzymatic assay and
high activity.®8*%

However, there are also limitations of such approach.
First, it is known that the affinity of inhibitors for mamma-
lian tyrosinase is commonly lower than the affinity for mush-
room tyrosinase.® Mushroom tyrosinase is, therefore, a good
model system for selecting potential compounds as good in-
hibitors, but testing them with human enzyme will be eventu-
ally necessary.

Moreover, in spite of high homology and conserved active
site of mushroom and human tyrosinases, slight structural
differences might influence the activity and toxicity of thio-
semicarbazones of interest. The human tyrosinase is mem-
brane bound while the mushroom enzyme is located in cyto-
sol. In addition, in contrast to the tetramer form of

This journal is © The Royal Society of Chemistry 2019
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mushroom tyrosinase, human enzyme is a monomer under-
going glycosylation during its maturation process.'®

There is no information on thiosemicarbazones as human
or mammalian tyrosinase inhibitors. As it was concluded, the
success of inhibiting of melanogenesis by thio-
semicarbazones may be related to inhibition of other stages
of melanin biosynthesis in addition to the reaction, catalyzed
by tyrosinase.

Results of some in vivo research indicate that thio-
semicarbazones can inhibit melanogenesis in mammalian
cell lines. However, it is not clear if tyrosinase is the main
target in the melanin biosynthesis process. Further investiga-
tions should be made as the compounds are usually tested
on mushroom tyrosinase and some differences in structures
between mushroom and human tyrosinases may influence
the inhibition process and safety of the cells.

We hope that this review will be useful to medicinal
chemists, developing novel melanogenesis inhibitors with
drug-like properties, and for researchers looking for com-
pounds with applications in food preservatives and cosmetics
industries.
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