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Abstract: Kojic acid, β-arbutin, α-arbutin, and deoxyarbutin have been reported as tyrosinase in-
hibitors in many articles, but some contradictions exist in their differing results. In order to provide
some explanations for these contradictions and to find the most suitable compound as a positive
control for screening potential tyrosinase inhibitors, the activity and inhibition type of the afore-
mentioned compounds on monophenolase and diphenolase of mushroom tyrosinase (MTYR) were
studied. Their effects on B16F10 cells melanin content, tyrosinase (BTYR) activity, and cell viability
were also exposed. Results indicated that α-arbutin competitively inhibited monophenolase activity,
whereas they uncompetitively activated diphenolase activity of MTYR. β-arbutin noncompetitively
and competitively inhibited monophenolase activity at high molarity (4000 µM) and moderate
molarity (250–1000 µM) respectively, whereas it activated the diphenolase activity of MTYR. Deox-
yarbutin competitively inhibited diphenolase activity, but could not inhibit monophenolase activity
and only extended the lag time. Kojic acid competitively inhibited monophenolase activity and
competitive–noncompetitive mixed-type inhibited diphenolase activity of MTYR. In a cellular ex-
periment, deoxyarbutin effectively inhibited BTYR activity and reduced melanin content, but it
also potently decreased cell viability. α-arbutin and β-arbutin dose-dependently inhibited BTYR
activity, reduced melanin content, and increased cell viability. Kojic acid did not affect cell viability
at 43.8–700 µM, but inhibited BTYR activity and reduced melanin content in a dose-dependent
manner. Therefore, kojic acid was considered as the most suitable positive control among these
four compounds, because it could inhibit both monophenolase and diphenolase activity of MTYR
and reduce intercellular melanin content by inhibiting BTYR activity without cytotoxicity. Some
explanations for the contradictions in the reported articles were provided.

Keywords: tyrosinases; kojic acid; α-arbutin; β-arbutin; deoxyarbutin; monophenolase activity;
diphenolase activity; inhibition type; melanin content; cell viability

1. Introduction

Excessive melanin synthesis involves many negative aspects of life, such as hyperpig-
mentation in the epidermis, affecting aesthetics and greatly increasing the risk of malignant
melanoma [1], and enzymatic browning of fruits and vegetables, resulting in the undesir-
able reduction in nutrition and consumer acceptance [2,3]. Tyrosinase (EC 1.14.18.1) is a key
enzyme for the biosynthesis of melanin and catalyzes two types of reaction: (a) monophe-
nolase activity for the conversion of L-tyrosine into 3,4-dihydroxyphenylalanine (L-DOPA),
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and (b) diphenolase activity for the oxidizing L-DOPA to o-dopaquinone. Inhibiting the
activity of tyrosinase is an effective and important way to avoid melanin synthesis.

Positive controls can be used to measure the inhibitory strength of a potentially
effective inhibitor. It is not easy to be influenced by the varied assay conditions, such as
different substrate concentrations, incubation time, and different sources of tyrosinase [4].
Kojic acid and β-arbutin (also called arbutin) are well-known depigmenting agents and
tyrosinase inhibitors [5–7]. They are commonly used as positive controls for screening
emerging components or extracts that effectively inhibit melanin synthesis [5,8,9]. Wang et al.
screened effective antimelanogenic compounds from tea catechins and their dimeric oxidation
products partly by comparing their effect with kojic acid [10]. Except for β-arbutin, many
studies also pay attention to α-arbutin (synthetic counterpart of β-arbutin) and deoxyarbutin
(derivative of β-arbutin), both of which could inhibit melanogenesis or tyrosinase activity in
human or animal skin [11,12], cell system [13], and cell free system [14]. α-arbutin is obtained
principally by enzymatic synthesis from hydroquinone or β-arbutin [6,15,16]. The structure
difference of β-arbutin and α-arbutin lie in the β- or α-anomer of D-glucose bounded to
hydroquinone [17,18]. After all hydroxyls on glycoside side chain are removed, β-arbutin
is converted to deoxyarbutin. This procedure results in an increased liposolubility of
deoxyarbutin compared with that of β-arbutin. Deoxyarbutin was an effective inhibitor of
mushroom tyrosinase (MTYR) with more potency than hydroquinone and β-arbutin [11,19].

However, there were some contradictions among the research results that have been
reported in recent years. Firstly, a number of papers confirmed that β-arbutin could reduce
cellular melanin content by decreasing intracellular tyrosinase activity [20] and inhibit the
activity of MTYR [21]. However, Nakajima et al. reported that the pigmentation in cultured
normal human melanocytes became darker (2–8 mM), whereas the viability (2–8 mM) and
the tyrosinase activity (0.5–4 mM) of the cells decreased in a dose-dependent manner after
being treated with β-arbutin [22]. Secondly, Funayama et al. reported that α-arbutin does
not inhibit diphenolase activity of MTYR (unlike β-arbutin with IC50 of 8.4 mM), but it is
10 times more potent than β-arbutin as an inhibitor of tyrosinase diphenolase from B16
mouse melanoma cells [23]. That is, α-arbutin and β-arbutin show different activities on
tyrosinase of different species. Thirdly, compounds showed different inhibition types in
different experiments. Funayama et al. speculated that the inhibitory type of α-arbutin
against the tyrosinase from B16 cells was a mixed-type inhibition [23]. However, the
inhibitory type of α-arbutin against human tyrosinase (human malignant melanoma cells,
HMV-II) was indicated to be competitive in another study [13].

Trying to resolve the above contradictions in the reported articles, the activities of kojic
acid, α-arbutin, β-arbutin, and deoxyarbutin on tyrosinase from mushroom and in B16F10
mouse melanoma cells were studied using L-tyrosine or L-DOPA as the substrates. The
characteristics of each compound were comprehensively compared in order to: (1) deter-
mine which compound is the most appropriate positive control for screening emerging
components or extracts that effectively inhibit tyrosinase activity in cell free system and cell
system; (2) expose activity difference and inhibition type of α-arbutin on monophenolase
and diphenolase, as kojic acid, β-arbutin, or deoxyarbutin; (3) compare diphenolase activity
difference between cell free system and cell system of α-arbutin, as kojic acid, β-arbutin, or
deoxyarbutin; (4) compare tyrosinase inhibitory activity of kojic acid, α-arbutin, β-arbutin,
and deoxyarbutin in a cell-free system or cell system. This study could screen appropriate
positive controls for the detection of tyrosinase inhibitory activity in a cell-free system
or cell system. It also exposed activity difference of these control compounds in differ-
ent tyrosinase activities (monophenolase and diphenolase) and different systems (cell or
cell-free).

2. Materials and Methods
2.1. Reagents

Kojic acid (≥99%) and L-DOPA were purchased from Macklin (Shanghai, China). L-(-
)-tyrosine were purchased from TCI (Shanghai) Development Co., Ltd. Commercial MTYR
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(S10171-100KU-1), α-arbutin (≥98%), β-arbutin (≥99%), and deoxyarbutin (≥99%) was
purchased from Shanghai Yuanye Bio-Technology Co., Ltd. (Shanghai, China). Chemical
structures of α-arbutin, β-arbutin, deoxyarbutin, and kojic acid were shown in Figure 1.
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2.2. MTYR Activity Assay

The activity of MTYR was determined by measuring the rate of dopachrome formation
at 475 nm with Synergy H1 microplate reader (BioTek Instruments, Inc., Winooski, VT,
USA) according to the literature procedure with minor modification [7,24]. L-tyrosine and
L-DOPA were used as the substrates to test the monophenolase activity and diphenolase
activity, respectively. Freshly prepared tyrosinase and substrate solutions were used in
this experiment. For air-saturated solutions, a temperature of 25 ◦C and pH of 6.8 was
maintained throughout the study [7]. All assays were performed in triplicate.

2.2.1. Determination of Monophenolase Activity

In flat-bottom 96-well plates, the reaction media was 200 µL. MTYR (40 µL, 300 U/mL)
in phosphate buffer saline (20 mM, pH 6.8) was incubated with the corresponding com-
pound (40 µL) at 25 ◦C for 10 min. Then, L-tyrosine (40 µL, 2 mM) was added to each
well as a substrate. Once the substrate was added in reaction system, the formation of
dopachrome was immediately measured at 475 nm for 30 min at 1 min intervals. The con-
centrations of kojic acid were 7.5, 15, 30, 60, and 120 µM. The concentrations of α-arbutin
were 480, 960, 2000, 4000, and 8000 µM. The concentrations of β-arbutin were 240, 480, 960,
2000, and 4000 µM. The concentrations of deoxyarbutin were 3.75, 7.5, 15, 30, and 60 µM.
These concentrations were used to determine the progress curves and inhibition rates
of monophenolase. The inhibition percentage of monophenolase activity was calculated
according to the following formula.

∆sample = sample − sample control, ∆control = negative control − blank control (1)

k∆sample = (∆samplet1 − ∆samplet0)/(t1 − t0), k∆control = (∆controlt1 − ∆controlt0)/(t1 − t0) (2)

Inhibition (%) =

(
1 −

k∆sample

k∆control

)
× 100 (3)

In the formula, ‘negative control’ is the treatment without sample; ‘blank control’
is the treatment without sample and substrate; ‘sample’ is the treatment including all
solutions; and ‘sample control’ is the treatment without substrate but including sample. If
the inhibition rate was negative, it meant the tyrosinase was activated. The activation rate
was the absolute value of inhibition rate.

2.2.2. Determination of Diphenolase Activity

In this method, the concentrates of MTYR and L-DOPA were 30 U/mL and 8 mM,
respectively. The concentrations of kojic acid to determine inhibition rate of diphenolase
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were 30, 60, 120, 240, 480, and 960 µM. The concentrations of α-arbutin, β-arbutin, and
deoxyarbutin to determine inhibition rate of diphenolase were 30, 60, 120, 240, 480, 960,
2000, 4000, and 8000 µM. Additionally, three concentrations of every compound were
selected to present progress curves. Once the substrate was added in reaction system,
the formation of dopachrome was immediately measured at 475 nm for 25 min at 1 min
intervals. The other experimental steps and calculated formulae are consistent with those
of Section 2.2.1.

2.3. Kinetic Analysis of MTYR

The experimental method was the same as the MTYR activity assay (Section 2.2),
except for the substrate concentration and compound concentration.

The concentration of enzyme was fixed, while the concentration of substrate was
changed. The concentrations of L-tyrosine were 0.125, 0.25, 0.5, 1, and 2 mM. The con-
centrations of L-DOPA were 0.0625, 0.25, 1, 4, and 8 mM. When determining inhibition
type of monophenolase, the concentration of kojic acid were 7.5, 30, and 120 µM. The
concentrations of α-arbutin were 500 and 2000 µM. The concentrations of β-arbutin were
250, 1000, and 4000 µM. The concentrations of deoxyarbutin were 3.75, 15, and 60 µM.
When determining inhibition type of diphenolase, the concentration of kojic acid were
7.5, 30, and 120 µM. The concentrations of α-arbutin and β-arbutin were 500, 2000, and
8000 µM. The concentrations of deoxyarbutin were 7.5, 30, and 120 µM. Once the substrate
was added to the reaction system, the formation of dopachrome was immediately detected
at 475 nm once every minute for 30 min. Steady state rate (V0) was defined as the slope
of the linear range of progress curves, also called the dopachrome accumulation curve [7].
The Km (substrate concentration that yield a half-maximal velocity) and Vmax (maximum
velocity) of tyrosinase were determined by Michaelis–Menten equation. Lineweaver–Burk
plot was used to display the data.

2.4. Cellular Assays

Measurement of B16F10 cellular tyrosinase (BTYR) activity, melanin content, and
cell viability were the same as our previous study [10]. Blank group (control 1) was the
treatment containing cells and medium. Control group (control 2) was the treatment
containing cells, medium, and α-MSH. Compound groups were the treatments containing
cells, medium, α-MSH, and related compounds. Experiments were performed at least in
triplicate.

2.4.1. Cell Culture

B16F10 mouse malignant melanoma cell line from Stem Cell Bank (Chinese Academy
of Sciences, Shanghai, China) were cultured in DMEM supplemented with 10% fetal bovine
serum (FBS; Gibco, Grand Island, NV, USA) and antibiotics (100 U/mL penicillin and
100µg/mL streptomycin) in a humidified atmosphere of 5% CO2 at 37 ◦C. B16F10 cells at
the exponential phase were adjusted for cell density and used in the following assay [10].

2.4.2. Measurement of BTYR Activity

The BTYR activity was measured as the L-DOPA oxidase activity. B16F10 cells were
seeded and incubated for 24 h in 24-well cell culture plates. Then, they were treated with
50 µL of 1 µM α-MSH and different molarities of compounds for another 48 h. After being
washed twice with cold D-PBS and lysed with a lysis buffer (P0013J) containing 1% Triton
X-100 for 30 min at −20 ◦C, the lysates were centrifuged at 12,000 rpm for 10 min at 4 ◦C.
The supernatant was used as the BTYR solution. The reaction mixture, containing 50 µL
of cell lysate supernatant and 50 µL of 5 mM L-DOPA, was incubated at 37 ◦C for 1 h
and the level of dopachrome formation was measured spectrophotometrically at 475 nm.
Lysis buffer was used as the control. The BTYR activity was calculated as a percentage of
the control.
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2.4.3. Measurement of Cellular Melanin Content

Briefly, B16F10 cells were treated with compounds as in Section 2.4.2. After being
washed with PBS and dissolved in 1 M NaOH containing 10% DMSO for 1 h at 80 ◦C,
the cell lysates were centrifuged at 12,000 rpm for 10 min. 150 µL of supernatant was
transferred to 96-well plates and the absorbance was measured at 405 nm. The melanin
content is expressed as a percentage of the control.

2.4.4. Measurement of Cell Viability

The cytotoxicity of kojic acid, α-arbutin, β-arbutin, and deoxyarbutin against B16F10
were evaluated by using the CCK-8 assay. Cells were seeded into 96-well plates at a density
of 1 × 104 cells/well and incubated for 24 h. Then, the cells were treated with different
concentrations of compounds for 48 h. After rinsing once with D-PBS, 100 uL DMEM
containing 10% CCK-8 was added and incubated for another 1 h. The absorbance values of
the solution at 450 nm were measured. The cell viability is expressed as a percentage of
the control.

2.5. Statistical Analysis

The results are presented as mean ± standard deviation (SD). Comparisons between
the two groups were performed with Student’s t-test, and one-way analysis of variance
(ANOVA) with Duncan’s post hoc test were performed to measure the significant differ-
ences among multiple comparisons between compound effects. * p < 0.05 and ** p < 0.01
were used to consider statistical significance. Michaelis–Menten equation and Lineweaver–
Burk plot were analyzed and drawn using GraphPad Prism (Version 9.00, GraphPad
Software Inc., San Diego, CA, USA). Chemical structures were drawn by KingDraw (Ver-
sion 1.1.1, KingDraw, Shangdong, China).

3. Results
3.1. Inhibitory Effect of Kojic Acid, α-Arbutin, β-Arbutin, and Deoxyarbutin on Monophenolase
Activity of MTYR

The inhibitory effect of kojic acid, α-arbutin, β-arbutin, and deoxyarbutin on monophe-
nolase of MTYR was investigated, and the reaction process curve of catalyzing L-tyrosine
into dopachrome was shown in Figure 2A. The lag time of kojic acid for monophenolase
activity was extended in a molarity-dependent manner, so too with α-arbutin, β-arbutin,
and deoxyarbutin. After the lag period, the system reached a steady state rate that the
absorbance increased linearly with time.
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Figure 2. Progress curves of kojic acid, α-arbutin, β-arbutin, and deoxyarbutin on monophenolase
and diphenolase of mushroom tyrosinase (MTYR). (A) Progress curves of kojic acid (7.5–120 µM), α-
arbutin (480–8000 µM), β-arbutin (240–4000 µM), and deoxyarbutin (3.75–60 µM) on monophenolase
of MTYR. (B) Progress curves of kojic acid (7.5, 30, and 120 µM), α-arbutin (500, 2000, and 8000 µM),
β-arbutin (500, 2000, and 8000 µM), and deoxyarbutin (7.5, 30, and 120 µM) on diphenolase of MTYR.
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The enzyme activity, which was reflected as the slope of the linear range of the kinetic
curve, was reduced with the increasing molarity of kojic acid, α-arbutin, and β-arbutin in
the reaction system. However, deoxyarbutin did not influence the slope of the linear range
of the kinetic curve, so deoxyarbutin could not inhibit monophenolase activity of MTYR.
As shown in Figure 3A,C, kojic acid showed the most potent tyrosinase inhibitory activity
with IC50 value of 70 ± 7 µM compared to arbutins. The inhibitory effect of α-arbutin
(IC50 value of 6499 ± 137 µM) on monophenolase of MTYR was weaker than β-arbutin
(IC50 value of 1687 ± 181 µM). Therefore, the results illustrated that the effect of kojic acid,
β-arbutin, and α-arbutin on monophenolase of MTYR was both to extend the lag time
and to reduce the enzyme activity in the steady state, while deoxyarbutin only extend the
lag time.

Antioxidants 2022, 11, x FOR PEER REVIEW 6 of 15 
 

 
Figure 2. Progress curves of kojic acid, α-arbutin, β-arbutin, and deoxyarbutin on monophenolase 
and diphenolase of mushroom tyrosinase (MTYR). (A) Progress curves of kojic acid (7.5–120 µM), 
α-arbutin (480–8000 µM), β-arbutin (240–4000 µM), and deoxyarbutin (3.75–60 µM) on monophe-
nolase of MTYR. (B) Progress curves of kojic acid (7.5, 30, and 120 µM), α-arbutin (500, 2000, and 
8000 µM), β-arbutin (500, 2000, and 8000 µM), and deoxyarbutin (7.5, 30, and 120 µM) on dipheno-
lase of MTYR. 

 
Figure 3. IC50 value of kojic acid, α-arbutin, β-arbutin, and deoxyarbutin on monophenolase and 
diphenolase of MTYR. (A) Inhibition rate of monophenolase by compounds; (B) Inhibition rate of 
diphenolase by compounds; (C) IC50 value of compounds on monophenolase and diphenolase. If 
the inhibition rate was negative, it meant the tyrosinase was activated. The activation rate was the 
absolute value of inhibition rate. 

3.2. Kinetic Analysis on Monophenolase 
In this experiment, constant concentration of enzyme and changed concentration of 

L-tyrosine were used to measure the effects of different concentrations of compounds on 
monophenolase activity. 

Lineweaver–Burk plot was used to display the inhibition type. The plots of 1/V 
versus 1/[S] gave a series of lines with different slopes and intersecting at the y-axis (Figure 
4). Enzyme kinetic analysis indicated that kojic acid was a competitive inhibitor 
(intersection on y axis), Vmax remained constant and Km increased with increasing 
concentrations of kojic acid, so too with α-arbutin. When at moderate molarity (250–1000 
µM), Km increased, but Vmax remained constant with increasing concentration of β-arbutin, 

Figure 3. IC50 value of kojic acid, α-arbutin, β-arbutin, and deoxyarbutin on monophenolase and
diphenolase of MTYR. (A) Inhibition rate of monophenolase by compounds; (B) Inhibition rate of
diphenolase by compounds; (C) IC50 value of compounds on monophenolase and diphenolase. If
the inhibition rate was negative, it meant the tyrosinase was activated. The activation rate was the
absolute value of inhibition rate.

3.2. Kinetic Analysis on Monophenolase

In this experiment, constant concentration of enzyme and changed concentration of
L-tyrosine were used to measure the effects of different concentrations of compounds on
monophenolase activity.

Lineweaver–Burk plot was used to display the inhibition type. The plots of 1/V versus
1/[S] gave a series of lines with different slopes and intersecting at the y-axis (Figure 4).
Enzyme kinetic analysis indicated that kojic acid was a competitive inhibitor (intersection
on y axis), Vmax remained constant and Km increased with increasing concentrations of
kojic acid, so too with α-arbutin. When at moderate molarity (250–1000 µM), Km increased,
but Vmax remained constant with increasing concentration of β-arbutin, which was com-
petitive inhibitor (intersection on y-axis). When at high molarity (4000 µM), Km remained
constant, but Vmax decreased of β-arbutin compared to no β-arbutin group (intersection on
x axis), which was noncompetitive inhibitor. In addition, Km and Vmax remained constant
with increasing concentration of deoxyarbutin, this indicated deoxyarbutin did not influ-
ence monophenolase activity. This result of deoxyarbutin was consistent with that of 3.1
(Figure 3A,C).
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3.3. Inhibitory Effect of Kojic Acid, α-Arbutin, β-Arbutin, and Deoxyarbutin on Diphenolase
Activity of MTYR

The diphenolase activity of MTYR was investigated using L-DOPA as a substrate.
There was no lag time for kojic acid, α-arbutin, β-arbutin, and deoxyarbutin on diphenolase
activity (Figure 2B). As shown in Figure 3B,C, kojic acid showed potent tyrosinase inhibitory
activity with IC50 values of 121 ± 5 µM. Deoxyarbutin (30–8000 µM) inhibited tyrosinase
activity in a dose-dependent manner, but did not reach half maximal inhibitory concen-
tration (IC50) in experimental molarity. Conversely, α-arbutin and β-arbutin prompted
tyrosinase activity in a dose-dependent manner, which was more obvious at higher mo-
larities (4000–8000 µM). Tyrosinase promoting activity of α-arbutin at 4000–8000 µM was
stronger than β-arbutin.

3.4. Kinetic Analysis on Diphenolase

L-DOPA was used as the substrate to measure inhibition type of these compounds on
diphenolase of MTYR. Enzyme kinetic analysis indicated that kojic acid was a competitive–
noncompetitive mixed-type inhibitor (intersection on second quadrant), Vmax decreasing
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and Km increasing with increasing concentrations of kojic acid, which interacted with both
free enzyme and enzyme–substrate complex. On the other hand, results indicated that
Km and Vmax values increased with increasing concentrations of α-arbutin and a series
of parallel lines were on a Lineweaver–Burk plot, which presumed that α-arbutin was an
uncompetitive activator of diphenolase. Km and Vmax values increased with increasing
concentrations of β-arbutin, and the intersection of a series of lines occurred in the first
quadrant. Activation type of β-arbutin was not clear. Km values increased with increasing
concentrations of deoxyarbutin, but Vmax remained constant. The intersection of a series of
lines was on the y-axis. With these results, it could be presumed that deoxyarbutin was a
competitive inhibitor of diphenolase (Figure 4B,C).

3.5. Effects of Compounds on BTYR Activity (Tyrosinase-Mediated Dopachrome Formation)

As shown in Figure 5A and Table S1, B16F10 cells markedly increased tyrosinase activ-
ity upon exposure to α-MSH stimulation. At the molarity of 43.8–700 µM, all compounds
significantly inhibited BTYR activity in a dose-dependent manner compared to control 2.
The ability of deoxyarbutin (3 ± 1% to 40 ± 2% BTYR activity) to inhibit BTYR activity was
significantly stronger than other three compounds and control 1 (56 ± 7% BTYR activity)
at 43.8–700 µM. At the same molarity (43.8–700 µM), the ability of β-arbutin (56 ± 2% to
83 ± 7% BTYR activity) to inhibit BTYR activity was significantly stronger than kojic acid
(71 ± 7% to 90 ± 6% BTYR activity) and α-arbutin (86 ± 5% to 91 ± 4% BTYR activity).
The ability of kojic acid to inhibit BTYR activity was between α-arbutin and β-arbutin at
350–700 µM with significant difference.
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3.6. Effects of Compounds on Melanin Content of B16F10 Cells

Upon exposure to α-MSH stimulation, B16-F10 cells markedly increased melanin
content (Figure 5B and Table S2). This change was consistent with the change of BTYR
activity, which indicated that α-MSH increased melanin content by promoting BTYR activity.
At molarities of 43.8–700 µM, all compounds reduce melanin content in a dose-dependent
manner. Compared to control 2, deoxyarbutin (43.8–700 µM), β-arbutin (43.8–700 µM),
kojic acid (175–700 µM), and α-arbutin (350–700 µM) significantly reduced melanin content.



Antioxidants 2022, 11, 502 9 of 14

The ability of deoxyarbutin (18 ± 2% to 67 ± 7% melanin content) to reduce melanin
content was significantly stronger than other three compounds, β-arbutin (59 ± 8% to
87 ± 7% melanin content), kojic acid (69 ± 7% to 94 ± 5% melanin content), and α-arbutin
(81 ± 3% to 95 ± 11% melanin content), at experimental molarity. It was also stronger than
control 1 (78 ± 8% melanin content), which meant that 43.8–700 µM deoxyarbutin reduced
melanin content less than the unstimulated level. At the same molarity (87.5–700 µM), the
ability of β-arbutin to reduce melanin content was significantly stronger than kojic acid
and α-arbutin. The ability of kojic acid to reduce melanin content was between α-arbutin
and β-arbutin at 175–700 µM, while it was significantly stronger than α-arbutin at 700 µM.

3.7. Effects of Compounds on Cell Viability of B16F10 Cells

In order to verify the safety profile of this class of compounds, the cytotoxicity of kojic
acid, α-arbutin, β-arbutin, and deoxyarbutin against B16F10 cells were tested by using
CCK-8 assay. As shown in Figure 5C and Table S3, deoxyarbutin inhibited cell viability
in a dose-dependent manner. Conversely, α-arbutin and β-arbutin promoted cell viability
in a dose-dependent manner. Deoxyarbutin exhibited high cytotoxicity against B16F10
at 87.5–700 µM (71 ± 8% to 30 ± 1% cell viability). The ability of β-arbutin (115 ± 5% to
195 ± 20% cell viability) to increase cell viability was stronger than α-arbutin (108 ± 5% to
145 ± 14% cell viability) at the same molarity. Kojic acid did not affect cell viability at the
concentration of 43.8–700 µM (105 ± 4% to 112 ± 4%).

4. Discussion

Tyrosinase, containing two copper ions located in the active site, is widely distributed
in plants, animals, and microorganisms [25]. It plays an important role in melanin biosynthe-
sis and enzymatic browning of fresh-cut fruits and vegetables [24,26]. Tyrosinase inhibitors
have been usually recognized as skin-whitening agents and food preservatives [8,27]. Kojic
acid and β-arbutin are well-known tyrosinase inhibitors [8,28]. They explicitly displayed
the ability to inhibit browning of fruits and vegetables and reduce the prominence of stains
in previous reports. Shah et al. reported that litchi fruit treated with 6 mmol/L kojic acid
in pre-storage can delay pericarp browning [29]. In organ culture experiments, β-arbutin
eliminated the hyperpigmentation effects of α-MSH in brownish guinea pig and human
skin explants [30]. α-arbutin and deoxyarbutin, synthetic counterpart and derivative of
β-arbutin, have attracted more and more attention with the in-depth study of β-arbutin.
Part of the reason is that they show stronger antimelanogenic and tyrosinase inhibitory
activity than β-arbutin in some studies. α-arbutin could inhibit 60% of melanin synthesis in
a three-dimensional human skin model [31]. Deoxyarbutin demonstrated a rapid and sus-
tained skin lightening effect, whereas kojic acid and β-arbutin exhibited a non-significant
skin lightening effect in a hairless and pigmented guinea pig model [11].

Tyrosinase catalyzes the first two key steps in melanin biosynthesis—the hydroxylation
of L-tyrosine to L-DOPA, and the oxidation of L-DOPA to dopaquinone [13]—due to
possessing both monophenolase activity and diphenolase activity. Some studies reported
that the same compound showed different activities on monophenolase and diphenolase.
Qin et al. reported that α-arbutin inhibited monophenolase activity, whereas it activated
diphenolase activity of MTYR [7]. Xu et al. [32] reported that 200 µM β-arbutin inhibited
monophenolase activity and did not inhibit diphenolase activity of MTYR. Our results
indicated that α-arbutin and β-arbutin had dual effect on MTYR, inhibiting monophenolase
activity, but activating diphenolase activity, which is consistent with the study reported
above. There are also some studies that contradict to the results of our study. Funayama
et al. [23] reported that α-arbutin below 10 mM did not inhibit the diphenolase activity of
MTYR, but β-arbutin could inhibit with the IC50 of 8.4 mM. In their experiment, 600 units of
MTYR and 0.83 mM L-DOPA were used (L-DOPA/MTYR = 0.83 mM/600 U). In our study,
40 µL of 30 U/mL MTYR and 40 µL of 8 mM L-DOPA was added in 200 µL reaction system
(L-DOPA/MTYR = 800 mM/600 U). The amount of substrate, L-DOPA, was sufficient in
our experiment and far outweighed that in Funayama et al.’s experiment, which may be the
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reason why β-arbutin presented different activities on diphenolase activity of MTYR. Kojic
acid could inhibit both monophenolase and diphenolase activity of MTYR. Additionally,
deoxyarbutin inhibited diphenolase activity in a dose-dependent manner, while it could not
inhibit monophenolase activity but only extend the lag time. In a hairless and pigmented
guinea pig model, deoxyarbutin demonstrated rapid and sustained skin lightening that was
completely reversible within 8 weeks after halting topical application [11]. Another report
indicated that, after treating human melanocytes with deoxyarbutin for 5 days and halting
the treatment for 8 days, the tyrosinase activity and melanin of human melanocytes returned
to the same level as before treatment, indicating that the inhibitory effect of deoxyarbutin on
tyrosinase activity is reversible [19]. These reversible phenomena of deoxyarbutin applied
to skin or cells may be partly explained by its activity on monophenolase (extending lag
time but not inhibiting tyrosinase activity), due to L-DOPA being almost absent in skin
cells [33].

Kinetic analysis on monophenolase and diphenolase further revealed the activity
mechanism of kojic acid, α-arbutin, β-arbutin, and deoxyarbutin. Garcia-Jimenez et al.
demonstrated that both α- and β-arbutin were competitive inhibitors against the monophe-
nolase activities of MTYR [6]. In another study, β-arbutin was reported to be an inhibitor in
a competitive relationship with L-tyrosine [21]. In our study, α-arbutin was competitive in-
hibitor of monophenolase and β-arbutin was also a competitive inhibitor of monophenolase
when at moderate molarity (250–1000 µM). These results were consistent with the above
reports. A competitive inhibitor can bind to a free enzyme and prevent substrate from
binding to the enzyme active site [4,34]. However, the inhibition type of β-arbutin seems
to be influenced by its concentration. When at high molarity (4000 µM), β-arbutin was
found to be a noncompetitive inhibitor of monophenolase in this study. Noncompetitive
inhibitors bind to free enzymes or enzyme–substrate complexes with the same equilibrium
constant [35]. Both α-arbutin and β-arbutin were activators of diphenolase of MTYR, but
their inhibition types were different. Although Vmax and Km were increasing with the
increased molarity of α-arbutin and β-arbutin, a series of lines with different slopes showed
different intersection in Lineweaver–Burk plots of α-arbutin and β-arbutin. There were
a series of parallel lines in the Lineweaver–Burk plot of α-arbutin, while there were a
series of lines that intersected in first quadrant in the Lineweaver–Burk plot of β-arbutin.
Therefore, α-arbutin was assumed to be an uncompetitive activator of diphenolase. The
inhibition type of β-arbutin on diphenolase was not clear. Qin L. et al. [7] reported that
α-arbutin acted as an activator for diphenolase activity, and its activation mechanism was
a mixed-type activation. The difference of activation mechanism between uncompetitive
activation in our test and mixed type activation in the research of Qin L. et al. [7] was
unclear so far. Deoxyarbutin was a competitive inhibitor of diphenolase. Interestingly, kojic
acid could inhibit monophenolase and diphenolase activity of MTYR, but the inhibition
type of kojic acid on monophenolase and diphenolase was different. Kojic acid was a
competitive inhibitor of monophenolase, while it was a mixed-type of both competitive and
noncompetitive inhibitor of diphenolase, which was consistent with the results of He et al.
on diphenolase activity [24].

In cellular experiment, deoxyarbutin can effectively inhibit BTYR activity and reduce
melanin content. However, deoxyarbutin also potently decreased cell viability. Therefore,
the ability of deoxyarbutin to inhibit BTYR activity and to reduce melanin content may be
achieved by its powerful cytotoxicity. The cell viability (128.2 ± 14.02%) of deoxyarbutin
at 43.8 µM was more than 90%, and is non-toxic to cells at this molarity. The melanin
content and BTYR activity at 43.8 µM were 67 ± 7% and 40 ± 2%, respectively. Therefore,
the concentration of deoxyarbutin that can effectively inhibit BTYR activity and melanin
synthesis in cell experiments should be less than or equal to 43.8 µM, that could maintain
more than 90% cell viability. Effective tyrosinase inhibitors were commonly screened as
inhibiting tyrosinase activity or reducing melanin content without influencing cell viability.
However, α-arbutin and β-arbutin not only dose-dependently inhibited BTYR activity and
reduced melanin content, but also dose-dependently increased cell viability in this study,
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which was more prominent in β-arbutin. The antimelanogenic mechanism of α-arbutin
and β-arbutin in cells was reported to directly inhibit catalytic activity of expressed tyrosi-
nase without affecting the mRNA expression and protein levels of tyrosinase. Therefore
α-arbutin and β-arbutin could hinder the synthesis of L-DOPA and dopaquinone, thus
inhibiting the production of melanin [20,31,32,36]. β-arbutin did not change the molecular
size or the content of tyrosinase, DHICA oxidase (TRP1), or dopachrome tautomerase 2
(TRP2), but it might inhibit the melanogenesis process of the rest of the enzymes at the
post-translational level [36]. As Akiu et al. [20] reported that β-arbutin reduced the melanin
content of cultured murine melanoma B16 cells by decreasing intracellular tyrosinase
activity. Consequently, it can be assumed that the increase in cell viability is to sponta-
neously reduce the BTYR catalytic activity in cells and then reduce the content of melanin.
A study reported that 0.25–0.5 mM α-arbutin reduced melanin content and decreasing
tyrosinase activity in a dose dependent manner, but 0.25–1 mM α-arbutin did not influence
cell proliferation in cultured human melanoma cells [31]. The activity difference with our
result on cell viability may result in the difference of origins of the tyrosinase (cultured
human melanoma cells/B16F10 mouse malignant melanoma cells) and cultured time with
α-arbutin (6 d/2 d). Another study reported that the cytotoxicity of tert-butyl hydroperoxid
(t-BHP) was significantly reduced by β-arbutin pretreatment in Hep-G2 cell line [37], which
indicated that β-arbutin has the ability to protect cells and improve cell viability in some
cases. However, the ability of α-arbutin and β-arbutin to improve cell viability of B16F10
cells in a dose-dependent manner is worthy of close attention. B16F10 cell is a kind of tumor
cell. It is a very important consideration index and a very serious side effect when applied
to human skin care products or fruit and vegetable preservatives if α-arbutin and β-arbutin
can indeed promote the viability of tumor cells. Therefore, this phenomenon needs to
be further verified in other cells. Kojic acid did not affect cell viability at 43.8–700 µM,
but inhibited BTYR activity and reduced melanin content in a dose-dependent manner. It
showed that kojic acid reduced melanin content, due to inhibiting BTYR activity rather
than possessing cytotoxicity.

Inhibitory activity of kojic acid, α-arbutin, β-arbutin, and deoxyarbutin on tyrosinase
was compared. In the ability of inhibiting monophenolase activity of MTYR, kojic acid
was stronger than β-arbutin, and β-arbutin was stronger than α-arbutin. All of them
extended the lag time and reduced the enzyme activity in the steady state. Deoxyarbutin
only extended the lag time. Kiato et al. reported that the ability of α-arbutin to inhibit
monophenolase activity of MTYR was weaker than β-arbutin [14]. The IC50 of α-arbutin
and β-arbutin on the inhibitory activity of MTYR monophenolase was 8 mM and 0.9 mM
respectively [6], which meant β-arbutin possessing stronger inhibitory activity than α-
arbutin. These results were consistent with our result. As for the ability of inhibiting
diphenolase activity of MTYR, kojic acid was stronger than deoxyarbutin. Diphenolase
promoting activity of α-arbutin at 4000–8000 µM was stronger than β-arbutin at the same
molarity. That means α-arbutin and β-arbutin both act as activators in the reaction of
catalyzing L-DOPA into dopachrome by diphenolase. Different from the above results
about diphenolase activity of MTYR, all compounds inhibit intracellular BTYR activity
(diphenolase activity) in a dose-dependent manner at the molarity of 43.8–700 µM. At
43.8 µM, the cell viabilities of all compounds were among 108 ± 5% to 128 ± 14%, that
is cytotoxicity of deoxyarbutin and activation of α-arbutin and β-arbutin on B16F10 cells
being minimized as far as possible, so the ability of four compounds inhibiting BTYR
activity can be compared. All compounds (43.8 µM) could significantly inhibit diphenolase
activity of BTYR. Deoxyarbutin was significantly stronger than β-arbutin and attenuated
α-MSH-induced BTYR activity lower than the unstimulated states (control 1). β-arbutin
was significantly stronger than kojic acid and α-arbutin. There was no significant difference
between kojic acid and α-arbutin. Maeda et al. [38] showed that β-arbutin inhibited
tyrosinase activity in human melanocytes in a dose dependent manner (0.1 to 1.0 mM)
without significantly decreasing cell viability, and it reduced cellular melanin synthesis
more potent than kojic acid when compared at 0.5 mM. This stronger activity to reduce
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melanin content of β-arbutin compared with kojic acid was consistent with our results.
There are some contradictory results in published papers. Funayama et al. reported that the
inhibitory activity of α-arbutin on tyrosinase from B16 mouse melanoma was 10 times that
of β-arbutin [23]. Sugimoto et al. reported that α-arbutin is more potent than β-arbutin as
an inhibitor of the tyrosinase (L-DOPA as the substrate) from human malignant melanoma
cells, HMV-II [13]. These results obtained by using the tyrosinase from mammalian cells
indicated that a-arbutin is a more effective skin-whitening agent than β-arbutin. It is worth
noting that, in the assay of tyrosinase activity reported by Funayama [23] and Sugimoto [13],
tyrosinase in the mammalian cell was extracted first, and then reacted with substrate (L-
DOPA) in the presence of samples. While in our experiment, B16F10 cells was cultured
by medium containing samples first and intracellular tyrosinase activity was influenced
by samples in this procedure. Then, tyrosinase in the cells was extracted, followed by
reacting with L-DOPA. The effect of α-arbutin and β-arbutin on tyrosinase (diphenolase)
may be affected by the method in which α-arbutin and β-arbutin come into contact with the
tyrosinase. It can be presumed that α-arbutin was stronger than β-arbutin in direct contact,
while β-arbutin was stronger than α-arbutin in indirect contact with mammalian tyrosinase
(diphenolase). Additionally, the different law of inhibitory activity in cell system and cell
free system may be influenced by the origin of tyrosinases. Since MTYR is commercially
available, it might have been thought to be useful for the first screening of a tyrosinase
inhibitor. However, the amino acid sequence identity between human tyrosinase and MTYR
(Gene bank accession no. O42713) is only 23%. Therefore, the tyrosinase from mushroom
could not always be used as a model enzyme to obtain the inhibitor of tyrosinase from
mammalian origins [39]. On the other hand, human tyrosinase and murine tyrosinase are
highly homologous with 82% sequence identity. Therefore, it is definitely important to use
human tyrosinase for screening skin-whitening agents [13].

This study did not explain all contradictory results that have been reported before.
However, the activities of four compounds in mushroom and mouse cells tyrosinase were
studied as much as possible under unified experimental conditions, such as the origin and
purity of the enzyme, the conformational state of the enzyme, the type and concentration
of substrates, oxygen concentration, pH, temperature, and the purity of tested compounds.

5. Couclusions

Based on the results of mushroom monophenolase and diphenolase activity exper-
iment and cell experiment, kojic acid was considered the most suitable positive control
among the four compounds because it could inhibit monophenolase and diphenolase activ-
ity of MTYR and reduce intercellular melanin content by inhibiting BTYR activity without
cytotoxicity. Activity difference and inhibition type of four compounds on monopheno-
lase and diphenolase of MTYR were exposed. Their effects on intercellular BTYR activity,
melanin content, and cell viability were also systematically studied. Some interesting
results were found. Firstly, both α-arbutin and β-arbutin had a dual effect on mushroom
tyrosinase, inhibiting monophenolase activity but activating diphenolase activity. Secondly,
both α-arbutin and β-arbutin promote cell viability in a dose-dependent manner, and β-
arbutin was stronger than α-arbutin. Thirdly, deoxyarbutin did not reduce the activity but
it increased the lag time of monophenolase of mushroom tyrosinase. Fourthly, diphenolase
inhibitory activity difference in cell-free and cell systems, may be a result of the different
origins of the tyrosinases, mushroom tyrosinase and murine tyrosinase. In order to explain
some novel phenomena found in this study, a mechanism should be developed further,
such as changes in gene and protein expression in pathways related to melanin synthesis
and cell viability. Melanin transfer and release mechanisms may also be influencing fac-
tors. Moreover, considering the difference of tested compounds on monophenolase and
diphenolase activity of MTYR, the difference of tested compounds on monophenolase and
diphenolase inhibition type of MTYR, the difference of tested compounds on diphenolase
activity of MTYR and BTYR, clinical experiments (animal or human skins), and brown-
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ing experiments of fruits and vegetables could provide more valuable and useful results
compared with only using MTYR as test material.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/antiox11030502/s1, Table S1: Effect of compounds on tyrosinase
activity of B16F10 cells stimulated by α-MSH; Table S2: Effect of compounds on melanin content of
B16F10 cells stimulated by α-MSH; Table S3: Effect of compounds on cell viability of B16F10 cells.
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