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Abstract

Tyrosinase is the rate-limiting enzyme for melanin production in plant and mammalian
cells. Upregulation of this enzyme results in hyperpigmentation disorders. In order to
treat pigmentation problems, novel skin whitening compounds are extremely screened.
It is found that fatty acids based on their saturation levels either increase or decrease
tyrosinase enzyme activity. Thus, fatty acids and their compositions are promising candi-
dates for the treatment of hyperpigmentation or hypopigmentation disorders. Microalgae
are rich in both saturated and unsaturated fatty acids, as well. In this study, C. cohnii
and S. limacinum fatty acids were evaluated as tyrosinase inhibitor candidates. Mush-
room tyrosinase activity studies displayed that both extracts increase tyrosinase enzyme
activity dose-dependently. On the other hand, S. limacinum at 200 ug ml~' concentration
almost decreased half of tyrosinase enzyme activity in B16-F10 cells. Besides, it was 3
times more efficient for tyrosinase enzyme activity inhibition and 2 times more effective
to decrease melanin synthesis compared to C. cohnii. Considering low toxicity to B16-
F10 melanoma and healthy keratinocyte cells (HaCaT), S. limacinum fatty acids could
be a suitable source for lipid-based tyrosinase inhibitory functional cosmetics products.

Keywords Tyrosinase - B16-F10 melanoma cells - Fatty acids - Microalgae -
Melanogenesis

Introduction

Melanogenesis is the process involving the color development of skin by the production
of a pigment called melanin [1]. Melanin pigments are produced in melanocytes which
are embedded in specialized organelles called melanosomes [2]. Melanin has a major
role in skin homeostasis via protecting the body from harmful UV light and toxic chemi-
cal stresses [3]. The imbalances in the melanin production may result in freckles, solar
lentigo, vitiligo, and melanoma which are either hyper- or hypopigmenting disorders [4].
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Melanin is produced with complex cell signaling pathways and transcriptional regula-
tions; however, the rate-limiting step is the activity of the tyrosinase enzyme [5].

Tyrosinase enzyme (EC 1.14.18.1) is not only essential for mammalians, but can be
also found in bacteria and fungus. It is responsible for the enzymatic browning of fruits
and vegetables [2]. Tyrosinase enzyme catalyzes the formation of 3,4-dihydroxyphenyla-
lanine (L-DOPA) (monophenolase activity) by hydroxylation of L-tyrosine and oxidases
L-DOPA to dopaquinone (diphenolase activity) [5].

Compounds that directly or indirectly regulate melanin synthesis and tyrosinase
activity are emerging for the development of functional cosmetics agents for skin color
corrections [6—-8]. However, most of the compounds used in this field such as kojic
acid, arbutin, azelaic acid, hydroquinone, resveratrol, and vitamin E either have a cyto-
toxic effect or low stability; thus, formulation of products containing these substances
is a bit cumbersome [9]. However, natural compounds are good sources to mine possi-
ble promising novel substances to give a rise to develop tyrosinase inhibitory and skin
pigmenting agents with fewer side effects.

Microalgae are emerging photosynthetic organisms for the development of aquatic
biotechnology [10, 11]. The bioactive molecules in microalgae such as pigments
(astaxanthin, canthaxanthin, lutein, beta-carotene, fucoxanthin) [12], mycosporine-
like amino acids [13], and carbohydrates [14] are already utilized in cosmetics and
functional cosmetics purposes. Their antioxidant, anticancer, antifungal, antibacte-
rial, anti-tyrosinase, and immune regulatory effects have been shown by in vitro and
in vivo studies [15—-17]. Microalgae are also a rich source of polyunsaturated fatty
acids (PUFAs): omega-3 and omega-6 fatty acids [18]. Among these species, Schiz-
ochytrium limacinum and Crypthecodinium cohnii are known as industrial produc-
ers of docosahexaenoic acid (DHA) [18, 19]. DHA has a great potential for human
health; it lowers the risk of Alzheimer’s disease and enhances the immune system,
and it is related to autoimmune diseases and an important component to treat cardio-
vascular and nervous system disorders.

Fatty acids are essential components of the epidermis layer, and they are also found
to be responsible for the regulation of melanogenesis through biosynthetic pathways.
The reports indicate that the saturation level of fatty acids is critical for pigmentation.
Saturated fatty acids (such as palmitic acid (C16:0) and stearic acid (C18:0)) increase
pigmentation; on the other hand, unsaturated fatty acids (oleic acid (C18:1), linoleic
acid (C18:2), and a-linolenic acid (C18:3)) down-regulate tyrosinase activity by pro-
teasomal degradation [9, 20]. Another study revealed that DHA showed tyrosinase
inhibitory activity on B16-F10 cells in a dose-dependent manner [21]. Even though
several studies have been done to see the effect of plant-derived fatty acids on pig-
mentation and tyrosinase activity [22, 23], no study was done to evaluate the effect of
microalgal fatty acids on pigmentation. However, microalgal fatty acids have superior
advantages over plant-derived fatty acids due to their high growth rates, lipid content,
and ease in the extraction processes.

In this study, S. limacinum and C. cohnii lipids were investigated for tyrosinase
inhibition on spontaneous pigmentation with B16-F10 murine melanoma cells. Also,
cytotoxic effects on normal keratinocytes (HaCaT) cells were done for further evalua-
tion for skin treatment. As far as we know; this is the first report demonstrating tyrosi-
nase inhibitory effects of algal lipids both in cell-free and cellular tyrosinase activity.
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Materials and Methods
Chemicals and Reagents

Chloroform, methanol, 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyl] tetrazolium bromide
(MTT), Triton-X100, phenylmethylsulfonyl fluoride (PMSF), butylated hydroxytolu-
ene (BHT), trypsin/EDTA, 3.4-dihydroxy-L-phenylalanine (L-DOPA), L-tyrosine,
mushroom tyrosinase enzyme, synthetic melanin, dimethylsulfoxide (DMSO), and
bovine serum albumin (BSA) were purchased from Sigma. Dulbecco’s modified Eagle
medium (DMEM), fetal bovine serum (FBS), and penicillin/streptomycin were pur-
chased from Gibco; gentamycin sulfate was purchased from Biological Industries
(BI). S. limacinum was a kind gift from MarinBio, Turkey.

Preparation of Crude Lipid Extracts

Ten grams of C. cohnii (CCMP 316) and S. limacinum dry biomasses was mixed with
30 ml of 2:1 (v/v) chloroform:methanol containing 250 ug ml~' BHT. The mixture
was sonicated for 3 min at 9 cycles at 50% power with a probe-type sonicator (Bande-
lin, Sonopuls, UK). The sonication process was done in an ice bath to prevent exces-
sive heating. The samples were sealed and incubated overnight in a rotary shaker with
a mixing frequency of 120 rpm. Then, the samples were centrifuged at 4000 rpm for
5 min (Niive, Turkey). The supernatants were filtered with a syringe-type filter (0.22-
um diameter, PTFE, Sartorious Stedim, Germany) to remove the remaining particles.
The supernatants were evaporated at 45 °C using a rotary evaporator (Stuart, RE300,
UK). The samples were kept at —20 °C for further analysis. Fatty acid methyl esters
(FAME) analyses were done according to a previous study [24]. Fatty acids were
trans-methylated with hydrochloric acid/methanol prior to gas chromatography analy-
sis. After this step, FAMEs were extracted with hexane and analyzed by Agilent 7890
GC equipped with a flame ionization detector and a Supelco sp-2380 A capillary col-
umn (60 mx 250 yum x 0.2 pm) using helium as the carrier gas. The detector and inlet
temperatures were set to 260 °C. The oven temperature was started at 100 °C, then
increased at 10 °C min~! intervals to 250 °C, and held there for 3 min. One microliter
sample was injected, and FAMEs were identified by chromatographic comparison
with authentic standards.

Cell Culture

The B16-F10 murine melanoma cells were a kind gift of Prof. Dr. Azmi Yerlikaya
of Kiitahya Dumlupinar University. Cells were cultured in DMEM supplemented
with 10% FBS, 0.1% penicillin/streptomycin, and 0.1% of gentamycin sulfate
(50 mg ml~"), and maintained at 37 °C in a CO, incubator humidified atmosphere
containing 5% CO,. The cells were sub-cultured every 2 days to maintain the log-
arithmic growth phase and harvested with 0.25% trypsin/EDTA when they reach
approximately 80% confluency.
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Mushroom Tyrosinase Inhibition Assay

Monophenolase and diphenolase activities of mushroom tyrosinase with various con-
centrations (100, 200, 400, 800 pg ml~") of C. cohnii and S. limacinum lipids were done
with some minor modifications according to the previous report [22]. Forty microliters
of 5 mM L-tyrosine (monophenolase activity) or 2 mM L-DOPA (diphenolase activity)
(prepared in 0.1 M sodium phosphate buffer pH 6.8) was mixed with 80 pl of 0.1 M
phosphate buffer (pH 6.8) in a 96-well plate. Forty microliters of various concentrations
of samples and 40 ul of mushroom tyrosinase (50 U ml~! in phosphate buffer) were
added to the reaction mixture. The plate was incubated at 37 °C and the absorbance
of the samples was measured at 490 nm using a microplate reader (BioTek Industries,
USA). PBS was used as a blank control. The tyrosinase inhibition was calculated as
Eq. 1. Kojic acid (200 pg ml~") is used as reference.

Asample
Inhibiton% = (1—<—>>><100 (1)

control

Cell Viability Assay

The effect of C. cohnii and S. limacinum lipids on cell viability was assessed with the MTT
assay. For this study, cells were seeded to 96-well plates with a density of 2.5x10? cells
well™! (100 ul well™"). The plates were incubated overnight for cells to adhere. After 24 h
of incubation, various concentrations (25, 50, 100, 200, 400, and 800 ug ml_l) of sam-
ples were added to each well. The plates were incubated in a CO, incubator humidified
with 5% CO, at 37 °C for 48 and 72 h. Cells were incubated with 100 ul MTT solution
(90% (v/v) medium and 10% (v/v) 5 mg ml~! MTT) was added to each well and incubated
for 3 h at 37 °C and 5% CO, in the dark. After 3 h, the MTT solution was replaced with
100 ul DMSO and dissolved formazan crystals absorbance was measured at 570 nm using
a microplate reader (BioTek Instruments, USA). The experiments were done as triplicates.
Cells without sample were used as positive control. The viability of the cells was deter-
mined as percentage viability using Eq. 2.

(ASample - ABlank)

Viability% = x 100 2)

(AComrol - ABlank)

Cellular Tyrosinase Assay

Cellular tyrosinase activity was measured according to a previous report with slight
modifications [25]. B16-F10 cells were seeded with a density of 2X 10° cells well™!
(2 ml well™") to 6-well plates (SPL, Korea). Plates were incubated overnight in a humid-
ified CO, incubator at 37 °C and 5% CO, for cells to adhere to the plate surface. After
24 h, the medium was replaced with fresh DMEM, containing various concentrations
(12.5, 25, 50, 100, and 200 pg ml™") of lipids for 72 h. Cells were washed twice with
ice-cold PBS (0.1 M, pH 6.8). Three hundred microliters of cell lysis buffer (1% Tri-
ton-x 100, 0.1 M PMSF in 0.1 M sodium phosphate buffer, pH 6.8) was added to each
well and incubated for 3—5 min. Cells were detached from the well surface with cell
scrappers (SPL, Korea) and transferred to 1.5 ml tubes. The cells were sonicated for 5 s
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(Bandelin, Sonapuls, UK) at 9 cycles and 50% power in an ice bath and kept in ice for
15 min. The lysates were then clarified with a centrifuge at 13,000 rpm, 15 min, +4 °C.
The protein concentration was determined according to the Bradford method. BSA was
used as the protein standard. One hundred micrograms of protein from each cell lysates
in 100 pl 0.1 M phosphate buffer (pH 6.8) and 100 ul 5 mM L-DOPA (prepared to
0.1 M phosphate buffer, pH 6.8) was added to each well of a 96-well plate. The reac-
tion mixture was incubated for 1 h at 37 °C in dark. The absorbance was measured at
490 nm using a microplate reader (BioTek Instruments, USA). The tyrosinase activity
was determined by Eq. 3. Cells cultivated only in DMEM were used as a control. The
experiments were done in triplicates.

sample

Tyrosinaseactivity(%) = ——— x 100 3)

control

Intracellular Melanin Content Assay

Intracellular melanin content was measured as described in a previous report with slight
modifications [26]. B16-F10 cells were seeded with a density of 2X 10° cells well™!
(2 ml well™") to 6-well plates (SPL, Korea). Plates were incubated overnight in a humid-
ified CO, incubator at 37 °C and 5% CO, for cells to adhere to the plate surface. After
24 h, cells were treated with various concentrations (12.5, 25, 50, 100, and 200 pg ml‘l)
of lipids for 72 h. After cell lysis, the cell debris was washed twice with ice-cold PBS
(0.1 M, pH 6.8). The intracellular melanin was solubilized in 500 ul 1 M NaOH con-
taining 10% DMSO for 1 h at 80 °C. One hundred-microliter melanin samples were
transferred to each well of a 96-well plate and the absorbance was measured at 405 nm.
The melanin content was determined from a standard curve prepared from a standard of
synthetic melanin.

Cytotoxicity Measurements on HaCaT Cells

HaCaT (human keratinocytes cells) cells were grown in DMEM supplemented with 10%
FBS, 0.1% penicillin/streptomycin, and 0.1% of gentamycin sulfate (50 mg m1™") in culture
flasks, and maintained at 37 °C in a CO, incubator humidified atmosphere containing 5%
CO, in the air. The cytotoxic effects of C. cohnii and S. limacinum lipids on HaCaT cells
were measured using MTT cell viability assay. Cells were seeded with a density of 1x 10°
cells well™' (100 pl well™!). Cells were incubated overnight for cells to adhere to the sur-
face. After 24 h, cells were incubated with 25, 50, 100, and 200 pg ml~! concentration of
crude lipids for 48 and 72 h in a CO, incubator humidified with 5% CO, at 37 °C for 48
and 72 h. Cells were incubated with 100 ul MTT solution (90% (v/v) medium and 10%
(v/v) 5 mg ml~' MTT), added to each well, and incubated for 3 h at 37 °C and 5% CO,
in the dark. After 3 h, the MTT solution was replaced with 100 pl DMSO and dissolved
formazan crystals absorbance was measured at 570 nm using a microplate reader (BioTek
Instruments, USA). The experiments were done as triplicates. Cells without samples were
used as a positive control. The viability of the cells was determined as percentage viability
using Eq. 2.
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Statistical Analysis

All the analysis was done in triplicates and presented with the average value. Data were
expressed as means =+ standard deviation. The experimental data were analyzed using a
one-way analysis of variance (ANOVA). A probability value of p <0.05 was considered to
define a statistically significant difference.

Results and Discussion

Skin pigmentation disorders, either hypopigmentation or hyperpigmentation, cause
serious psychological and physiological problems [27]. Topical active metabolites
from synthetic, semi-synthetic, and natural sources are commonly utilized for skin
color-correcting cosmeceutical products [28]. However, there is emerging research
ongoing for finding natural sources to be novel skin whitening agents. Fatty acids are
vital molecules in the regulation of cellular signaling [20]. They are the foundation of
cell structure and are responsible for important metabolism in mammalian and plant
organization. Fatty acids have anticancer, UV-protective, antioxidant, and pro-inflam-
matory effects [29]. Some studies also evaluated the effect of saturated and unsatu-
rated fatty acids including PUFAs on melanin production and melanoma cell viabil-
ity [21, 30]. Some fatty acids such as DHA and linoleic acid significantly decreased
melanin production and down-regulated tyrosinase enzyme expression by proteasomal
degradation [20]. However, fatty acids such as palmitic acid, lauric acid, and stearic
acid increased tyrosinase enzyme expression and melanin production [31-33]. As it
could be seen here, fatty acids create a differing response with respect to their satura-
tion level.

C. cohnii and S. limacinum species are promising heterotrophic microalgae for
rapid and mass production of omega-3 fatty acids, EPA, and DHA [18, 19]. In this
study, lipids from C. cohnii and S. limacinum were evaluated as novel natural sources
for skin pigmentation disorders, considering the relation of fatty acids with tyrosinase
enzyme activity and melanin synthesis. The previous reports suggest that fatty acids,
as also one of the major components in the epidermis, have a strong relation with
tyrosinase enzyme activity which regulates skin pigmentation directly or indirectly
[20, 22, 34]. Thus, this study aimed to display that microalgal lipids can be sustain-
able sources for the formulation of skin pigmentation products.

Fatty Acid Composition

The extraction yield was 25-30% (w/w) lipid to biomass and no significant differ-
ence was seen for both species (p>0.05). Fatty acid distribution was checked using
GC-FID. Of the total composition, 99.51% and 99.92% were determined from C.
cohnii and S. limacinum, respectively (Table 1). Total unsaturated fatty acids were
20.86% and 32.95%; total saturated fatty acids were 77.69% and 66.55% in C. cohnii
and S. limacinum, respectively. The majority of polyunsaturated fatty acids (PUFAs)
were DHA for both species. DHA content in S. limacinum was almost 2 times higher
than C. cohnii (S. limacinum, 27.63% and C. cohnii, 13.92%). Linolenic acid was
not detected in C. cohnii. However, S. limacinum had trace amounts of linolenic acid
which could be neglected. Followed by linolenic acid, EPA was also found in trace
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Table 1 Fatty acid composition

(%) according to gas Fatty acids C. cohnii S. limacinum

chromfdtography (GEI)-FID Omega-3

analysis of C. cohnii and S. .

limacinum crude lipid extracts Docosahexaenoic acid (C22:6 n-3) 13.93 27.63
Eicosapentaenoic acid (C20:5 n-3) 0.02 0.82
Linolenic acid (C18:3 n-3) - 0.10
Omega-6
Oleic acid (C18:1n9c¢) 6.73 1.11
Linoleic acid (C18:2n6¢) 0.18 2.99
Others
Caproic acid (C6:0) 0.15 -
Caprylic acid (C8:0) 0.74 -
Capric acid (C10:0) 5.48 0.01
Lauric acid (C12:0) 19.15 0.26
Myristic acid (C14:0) 28.23 5.92
Pentadecanoic acid (C15:0) 0.07 4.12
Palmitic acid (C16:0) 22.28 53.86
Palmitoleic acid (C16:1) 0.56 0.16
Heptadecanoic acid (C17:0) - 1.16
Stearic acid (C18:0) 1.32 1.22
Arachidic acid (C20:0) 0.25 -
Total saturated 77.69 66.55
Total unsaturated 20.86 32.95
Trace quantities total 0.96 0.42
Total 99.51 99.92

amounts. The results were also in accordance with previous studies [18, 19]. Oleic
acid was 6 times higher in C. cohnii; however, linoleic acid, a major skin whitening
fatty acid for hyperpigmentation disorders, was at trace amounts. On the other hand, it
was 3% in S. limacinum.

Myristic acid (28.23) followed by palmitic acid (22.28%) and lauric acid (19.15%)
was abundant in C. cohnii fatty acid composition. Especially, palmitic acid, myristic
acid, stearic acid, and lauric acid are known to be tyrosinase activator fatty acids in
mushroom and mammalian enzymes. These 4 fatty acids contributed to 70.98% of
C. cohnii and 61.26% of S. limacinum. Palmitic acid in S. limacinum was more than
half of the fatty acids (53.86%). Stearic acid was 1.32 and 1.22% for C. cohnii and S.
limacinum. A trace amount of lauric acid was also found in S. limacinum. In general,
the fatty acid distribution of both species was valuable for tyrosinase enzyme activity
regulation.

Mushroom Tyrosinase Inhibition

Prior to animal cell culture experiments, the effect of microalgal lipids on mushroom
(Agaricus bisporus) tyrosinase enzyme activity was determined with increasing lipid
concentrations. As a universal tyrosinase enzyme inhibitor, kojic acid (200 ug ml™h)
was used as a positive control. At this concentration, mushroom tyrosinase activity was
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Fig. 1 Mushroom tyrosinase activity of C. cohnii and S. limacinum lipids; a monophenolase activity of
mushroom tyrosinase (L-tyrosine), b diphenolase activity of mushroom tyrosinase (L-DOPA). Each column
represents the mean + SEM of three independent experiments. The x-axis represents the various concentra-
tions of C. cohnii and S. limacinum lipids

20.17 £ 1.25%. The concentration of microalgal lipids increased mushroom tyrosinase
activity after 100 ug ml~!, significantly (p <0.05), when L-tyrosine was used as sub-
strate (Fig. la, monophenolase activity). Mushroom tyrosinase enzyme activity was
121.04+0.48% and 123.4+0.47% for C. cohnii and S. limacinum, respectively, for
800 ug ml~!'. However, there was no significant difference between C. cohnii and S.
limacinum. When L-DOPA was used as substrate (Fig. 1b, diphenolase activity), S.
limacinum did not significantly affect enzyme activity (p>0.05). The enzyme activ-
ity was around 95+2%. But a significant increase in enzyme activity with respect to
increasing concentration was observed when the enzyme was treated with C. cohnii
lipids (p <0.001). The increase in the enzyme activity could be attributed to the higher
amount of saturated fatty acids in both microalgae lipids. C. cohnii lipids were almost
10% higher in saturated lipid concentration, but in mushroom tyrosinase enzyme, these
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differences in the concentration did not affect enzyme activity in between samples con-
sidering monophenolase activity. However, diphenolase activity results clearly dis-
played the difference in saturated lipid values for C. cohnii.

The results in mushroom tyrosinase enzyme indicated that lipid extracts from C. cohnii
increased tyrosinase enzyme activity by monophenolase and diphenolase activity in a dose-
dependent way. On the other hand, significant activation occurred for S. limacinum only on
monophenolase activity. The increased effect has resulted from the high amount of saturated
fatty acids. Even though S. limacinum has 53.86% of its lipid composition consisting of pal-
mitic acid, C. cohnii’s overall saturated lipid levels are 10% higher than S. limacinum. The
previous report showed that DHA has no significant activity on mushroom tyrosinase activity
[21]. It is considered that the activation effect is based on palmitic acid in S. limacinum and
a synergistic effect of myristic acid, palmitic acid, and lauric acid for C. cohnii. There is no
data on the effect of capric acid and tyrosinase enzyme activity relations. However, C. cohnii
also contained almost 6% of capric acid too. This fatty acid is also considered to have an acti-
vation effect on mushroom tyrosinase enzyme, which requires further investigation.

Effects of Microalgal Lipids on B16-F10 Cell Viability

Cytotoxic effect on murine melanoma, B16-F10 cells, at various concentrations ranging from
25 to 800 pg ml~! (Fig. 2) was evaluated for 48 and 72 h. The lipid extracts showed a significant
level of cytotoxicity which was well observed at dose after 200 ug mI™". The cytotoxic effect of
C. cohnii extracts was significantly different than S. limacinum (p <0.05). At 72 h, almost more
than 90% of cells were dead. C. cohnii showed a more toxic effect than S. limacinum. How-
ever, both microalgae lipid extracts were significantly cytotoxic with respect to concentration
(p<0.001). Based on toxicity, ICs, values were 121.99+0.61 g ml~" and 151.23 +4.65 pg ml™!
for S. limacinum and C. cohnii. Considering the toxic effect of the lipid extracts, tyrosinase activ-
ity, and melanin content was evaluated up to 200 ug ml~! extract concentration.

The cell viability experiments were done on B16-F10 murine melanoma cells prior
to understanding the effect of crude lipid extracts on melanin production and tyrosinase
enzyme activity. Both extracts showed a high cytotoxic effect with respect to increasing
concentration. However, the lethal effect of C. cohnii was slightly higher than S. limaci-
num. At 800 ug ml~!, only 3% of viable cells were detected. It is known that fatty acids
could be highly lethal to cancer cell lines [35]. A study done with pure DHA on B16-F10
showed that up to 25 ug ml™! concentration cell viability was not affected [21]. DHA con-
tent was almost 2 times higher in S. limacinum extracts, so the higher lethal effect of C.
cohnii is thought to be not only related to DHA content. Along with DHA, EPA, and ara-
chidonic acid, linoleic acid is also known to be a great tumor-suppressing fatty acid based
on in vitro, in vivo, and clinical studies. Dietary intake of EPA and DHA is known as a
great suppressor of melanoma as well. One other study revealed algal oils rich in PUFAs
(DHA and EPA) decreased the metastatic effect of B16-F10 cells in the lungs [36]. When
melanoma cells were injected with algal oils through an intravenous application on mice,
melanoma cells showed metastatic events in the lungs but not in the liver or kidney. After
several weeks, algal oil-treated samples showed great recovery from pulmonary metastasis
[36]. Fatty acids derived from algal extracts generally show a cytotoxic effect on cancer-
ous cells but not on healthy cells. A great example is the selective toxicity of palmitic acid
to leukemic cells and normal human dermal fibroblasts (Harada et al., 2002). Almond oil
rich in oleic acid showed a cytotoxic effect in human colon cancer cell line models [37]. C.
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Fig.2 Effect of C. cohnii and S. limacinum lipids on cell viability (%) to B16-F10 cells, a 48 h, b 72 h.
Each column represents the mean+ SEM of three independent experiments. The x-axis represents the vari-
ous concentrations of C. cohnii and S. limacinum lipids

cohnii was rich in oleic acid compared to S. limacinum and this could reveal that a part of
the cytotoxic effect is based on the synergistic activity of lipid extracts.

Melanin Synthesis and Tyrosinase Enzyme Activity
Tyrosinase enzyme activity results (Fig. 3a) showed that C. cohnii lipids could decrease

enzyme activity at concentrations over 100 pug ml~'. However, the effect of concentration
for C. cohnii lipids was statistically insignificant (p >0.05). The tyrosinase activity was
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Fig.3 Tyrosinase activity and melanin content of B16-F10 cells, cells were incubated with 12.5, 25,
50, 100, and 200 pg mL~! C. cohnii and S. limacinum crude lipid extracts for 72 h. Values represent the
mean + SD of three independent experiments performed in triplicates. **p <0.05. a Tyrosinase activity (%
of control), b melanin content (% of control), ¢ dose-dependent melanin concentration with C. cohnii lipid
extracts, d dose-dependent melanin concentration with S. limacinum lipids
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decreased to 86.14+0.02% at 200 ug ml~! concentration. On the other hand, S. limaci-
num lipids showed a good dose-dependent enzyme inhibition (p <0.05). The activity at
200 pg ml~! was 63.27+0.25%. Almost 40% of enzyme activity inhibition was observed.
ICs, values were 260+2.38 ug ml~" and 797.92+3.61 pg ml~! for S. limacinum and C.
cohnii, respectively. Kojic acid had 70 +2.3% enzyme inhibition at 200 ug ml~' concentra-
tion and the ICs value was 123.48 +3.84 ug ml™".

Along with tyrosinase enzyme activity, melanin synthesis was also checked to see the
extract’s effects on melanin synthesis (Fig. 3b). Even though C. cohnii extracts did not
significantly down-regulate enzyme activity, and a dose-dependent melanin inhibition
was observed (p <0.05), S. limacinum showed a higher potential to decrease melanin syn-
thesis. At 200 ug mI~! concentration, C. cohnii had 77.93 +1.85% but S. limacinum had
58.53 +4.64% compared to the control sample. ICs, values were 222.34 +1.38 ug ml~! and
477.48 +2.69 pg ml~! for S. limacinum and C. cohnii, respectively. As is observed from
ICs values, S. limacinum was 2 times more effective to decrease melanin synthesis. As for
tyrosinase activity, it was 3 times more potential to inhibit the enzyme’s catalytic reactions.

After 72 h of treatment, the microscopic images were taken from each sample (Fig. 4).
A visible decrease in melanin deposits was monitored with the increasing concentration of
each sample. The control sample (Fig. 4f) had higher numbers of melanin deposits. Espe-
cially at 200 ug ml~!, S. limacinum had fewer deposits compared to C. cohnii as melanin
content results also corresponded to similar results (Fig. 3c, d). As a result, S. limacinum
had a better relation to decreasing tyrosinase enzyme activity and melanin synthesis.

Contrary to the results obtained from mushroom tyrosinase activity, lipid extracts
showed an inhibitory effect on B16-F10 tyrosinase enzyme activity and melanin produc-
tion. Results from both enzymes concluded differently which could be attributed to the
protein structure differences between mammalian and mushroom tyrosinase. In the case
of DHA, this fatty acid did not significantly affect mushroom tyrosinase activity however
decrease mammalian tyrosinase enzyme activity based on cellular signaling metabolism
[21]. Mushroom tyrosinase-based experiments are a good screening tool for the primary
introduction of possible tyrosinase enzyme inhibitory candidates in cell-free systems.
However, when candidates are treated with B16-F10 melanoma cells, various signaling
pathways, transcriptional, and post-transcriptional controls could be observed to down-reg-
ulate or up-regulate tyrosinase enzyme activity [2].

Fig.4 The microscopic images of B16-F10 cells under various concentrations of C. cohnii and S. limaci-
num lipids. The scale bars represent 200 um, the magnification of the microscope is 10X (microscope code
marka), and the white arrows represent the melanin deposits in melanima cells. a C. cohnii 12.5 ug ml™!, b
C. cohnii 25 ug ml™!, ¢ C. cohnii 50 pg mi~!, d C. cohnii 100 ug mi~!, e C. cohnii 200 pg mI~!, f control
(without any sample), g S. limacinum 12.5 pg ml~', h S. limacinum 25 pg m1~', i S. limacinum 50 pg mi~",
i S. limacinum 100 ug ml~', k S. limacinum 200 pg ml~!, 1 Kojic acid 200 ug ml.™!
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S. limacinum extracts were 3 times more efficient for tyrosinase inhibition and 2 times
more effective to decrease melanin deposition. These results could be attributed to higher
DHA levels and lower saturated fatty acid content of S. limacinum (DHA was found 2 times
higher). Even though the overall contribution to linoleic acid was low (3%) in S. limacinum,
there was only a trace amount (0.18%) of it in C. cohnii. Linoleic acid is a well-documented
agent to reverse hyperpigmentation and it shows inhibitory activity through proteasomal
degradation. Palmitic acid was dominant in S. limacinum (53.86%) and 2.4 times higher than
C. cohnii. However, the results displayed that even though 1:3 of total lipids were unsatu-
rated, probably synergistic effect of linoleic acid and DHA was dominant. S. limacinum ICs,
values were almost 2 times lower than kojic acid but the results were promising to develop
algae-based tyrosinase inhibitor cosmetics for skin whitening purposes.

Lotus flower oils rich in saturated fatty acids, especially methyl esters of palmitic
acid, showed increased melanogenesis in human melanoma cells [32]. However, due to
the relatively high concentration of palmitic acid and related methyl esters, the essential
oil extracts significantly increased melanogenesis via microphthalmia-associated tran-
scription factor-M and tyrosinase-related protein-2. Besides, these fatty acids increased
the phosphorylation of ERK and cAMP response element-binding protein. Another study
using Amazonian forest flora plant oils found that the degree of melanogenesis is highly
affected by the fatty acid composition [38]. Acai plant fatty acids had a significant effect
on mushroom tyrosinase inhibition. The composition analysis revealed a high amount of
(>50%) oleic acid followed by palmitic acid and linoleic acid. Another study revealed
Camellia oleifera seed oil rich in oleic acid resulted in the efficient decrease of melanin
production in the B16 melanoma cell line [33]. Schinus terebinthifolius Raddi extract and
linoleic acid from Passiflora edulis synergistically decreased melanin formation in B16
cells. Schinus terebinthifolius Raddi extract was able to down-regulate tyrosinase activity
but adding linoleic acid increased the turnover rate of melanin production [39]. As it was
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Fig.5 Effect of C. cohnii and S. limacinum lipids on cell viability (%) to HaCaT cells after 72 h. Each col-
umn represents the mean + SEM of three independent experiments. x-axis represents the various concentra-
tions of C. cohnii and S. limacinum lipids
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displayed by various oil-rich plants and seeds, fatty acid concentration and distribution
critically affect melanin production and tyrosinase enzyme activity.

HaCaT Cell Viability with Exposure to Microalgal Lipids

Due to the high toxicity of microalgal extracts on B16-F10 mouse melanoma cells, normal
healthy keratinocyte cells (HaCaT) were used to evaluate the toxicity of lipid extracts. In skin
layers, melanocyte cells are highly communicating with keratinocyte cells. Melanocytes are
surrounded by keratinocytes and it is important to see the effect of a potential skin whiten-
ing compound on healthy skin cells. As it can be seen from Fig. 5, the lower concentration
of S. limacinum extracts (12.5-50 pg ml~") was not toxic to HaCaT cells. On the other hand,
C. cohnii showed a dramatic decrease in cell viability from 90.17+2.21 to 58.92+1.78%
when the concentration is doubled from 12.5 to 25 ug mI~'. Cell viability at 200 ug ml~' con-
centration was 60.73 +1.80 and 28.07 + 1.34% for S. limacinum and C. cohnii, respectively.
S. limacinum-treated HaCaT cells were almost 2.5 times more viable than C. cohnii-treated
samples (p <0.05). ICs, values were 253.67+0.95 ug ml™' and 81.28 +1.47 ug ml™" for S.
limacinum and C. cohnii. These results indicate that for melanoma and healthy keratinocytes,
C. cohnii showed a higher cytotoxic effect than S. limacinum.

The toxic effect of candidate compounds on healthy skin cells is important. It is known
that fatty acids show a toxic effect on cancer cell lines with various pathways including
autophagy induction; however, toxicity to healthy skin cells is not desired from a possi-
ble cosmeceutical active ingredient. In this study, lower doses of microalgal lipid extracts
showed no significant toxicity in S. limacinum-treated HaCaT cells; however, the toxic
effect of C. cohnii was visible even though in low concentrations (25 ug ml™).

Microalgae possess a great potential to replace vegetable oils for cosmeceutical pur-
poses. For years, the food vs. fuel debate was argued through the scientific evidence
to whether to use plant-based oils for biofuel purposes. During that time, microalgal
fatty acids were introduced as a novel ingredient for fuel applications to decrease the
tension on using vegetable and arable lands for fuel purposes. Since that, microalgal
fatty acids contribute to various industries for animal and aquaculture feed, nutraceuti-
cal extracts, omega-3 fatty acid supplements, baby food formulations, and so on [40].
The volumetric production capacity and composition of fatty acids are competing with
plant-based resources; thus, microalgal fatty acids are considered a sustainable and
efficient replacement for plant oils as the means of value-added molecules. Fatty acids
are one of the essential components of the skin layer and are highly used in the formu-
lation of topical cosmetic applications such as lotion, hair conditioners, shampoos, lip-
sticks, moisturizing creams, and cleaning products in the form of bars, sticks, or liquid
[33, 41]. Also, fatty acids are formulated to help recover from dermal conditions pri-
marily psoriasis and eczema. The interaction of fatty acids for hyper- or hypopigmen-
tation disorders gains new aspects for the formulation of efficient skin tone correcting
products with possibly high transdermal ability. The formulations based on microalgal
lipids could give a new approach to tyrosinase inhibitory and activator functional cos-
metics approach. Microalgal fatty acids could be formulated either as the only active
ingredient for skin pigmentation regulators or added to the formulations to affect syn-
ergistically. Another aspect could be the utilization of algal fatty acids for liposome
formulations of certain candidate skin whitening compounds to increase the stability
and use, (i) skin whitening efficiency and (ii) increasing dermal transportation ability
of the bioactive molecule [42].
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Conclusion

Pigmentation disorders are common problems affecting individuals psychologically and
physiologically. There is a high motivation to discover novel, sustainable tyrosinase inhibi-
tory compounds from natural resources with less toxicity and high efficiency. Fatty acids
are catching attention as tyrosinase enzyme activity enhancers of inhibitors based on the
saturation level. In this study, for the first time, oil-rich heterotrophic microalgae species, C.
cohnii and S. limacinum, was utilized for cell-free and cellular tyrosinase enzyme activity
determination. The results showed that microalgal lipids rich in PUFAs and saturated fatty
acids increase mushroom tyrosinase activity. Since previous reports mention that PUFAs do
not affect mushroom tyrosinase activity, the increase can be attributed to saturated lipids.
However, the B16-F10 murine melanoma cell tyrosinase enzyme activity was inhibited. The
inhibitory effect of S. limacinum was 2-3 times more efficient compared to C. cohnii with
less toxicity effect. This study is promising for novel skin whitening cosmeceutical formula-
tion from microalgal fatty acids as a sustainable replacement for vegetable oils.
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