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Whitening cosmetics have a large market scale and broad development prospects, while whitening
products of traditional Chinese medicine have always been a research hotspot. In this study, the
whitening active extract of Platycodon grandiflorum (PGE) was isolated and purified for the first time,
and the whitening activity mechanism and chemical composition of PGE were elucidated. A total of 45
components were identified via high-performance liquid chromatography-mass spectrometry (HPLC-
MS) analysis, including arbutin, syringin, chlorogenic acid, platycoside E, platycodin Ds, baicalin,
platycodin D, and luteolin. The scavenging rates of PGE toward DPPH and ABTS free radicals were
98.03% and 84.30%, respectively. The inhibition rate of PGE toward tyrosinase was up to 97.71%. The
PGE had significant anti-inflammatory effects on RAW264.7 macrophages stimulated by
lipopolysaccharide (LPS) and had significant inhibition effects on tyrosinase and melanin generation of
B16F10 cells stimulated by a-MSH. The results showed that the PGE achieved a synergistic whitening

effect by inhibiting the activation of oxygen free radicals on tyrosinase, antioxidation, anti-inflammatory
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Accepted 9th March 2021 effect, enzyme activity, and melanin generation. As a whitening agent extracted from natural plants,

has great potential in the research and development of plant whitening cosmetics, which lays

DOI: 10.1035/d0ra09443a a foundation for the further development and utilization of Platycodon grandiflorum resources and also
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1. Introduction

In the global beauty industry, there are numerous kinds of
whitening functional cosmetics, and the market share is ex-
pected to further expand. To meet the increasing demand for
skin whitening agents in whitening cosmetic formulations and
achieve the skin whitening effect, the cosmetic industry has
introduced several chemical additives, including hydroqui-
none, cysteine, glutathione, vitamin A, and glucocorticoid.
These compounds have good whitening effects; however, some
of them have toxic side effects; for example, “rhododendrol”
causes white spots in the user's skin," “hydroquinone” has
cytotoxic and mutagenic properties,” and “glucocorticoid” can
cause hormone-dependent dermatitis.® At present, the addition
of these ingredients (rhododendrol, hydroquinone,
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provides a theoretical basis for the development of green and organic whitening cosmetics.

glucocorticoid) to cosmetics is not allowed. The effect of the
product is not the only standard that the consumer considers
when buying cosmetics. In recent years, there has been
a continuous burst of cosmetic product safety problems in the
pursuit of health. Researchers have found that whitening active
substances extracted from natural herbs are less toxic and have
far fewer side effects. An increasing number of consumers value
product safety. Furthermore, green, environmentally friendly,
and organic products have become more popular, as reflected
by the promotion of many direct selling brands. Therefore, the
research and discovery of safe and healthy whitening skin-care
ingredients have become a trend in modern development. The
application of Chinese herbal extracts from natural plants as
raw materials in cosmetics has gradually become a research
hotspot in the development of whitening and skin-care
products.*

Platycodon grandiflorum, a traditional Chinese medicinal
material, has been used in China for more than 2000 years. The
earliest record can be traced back to “Shennong herbal classic”.?
The traditional pharmacological action of Platycodon grandi-
florum is to reduce cough and expectorate. Platycodon grandi-
florum contains saponins, flavones, phenolic acids, sterols, and
polysaccharides.®® The complexity and diversity of chemical
constituents determine the diversity of their biological

© 2021 The Author(s). Published by the Royal Society of Chemistry
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activities.” Modern pharmacological research has shown that
Platycodon grandiflorum has anti-inflammatory, bacteriostatic,
anti-tumor, anti-oxidation, immune-regulation, and other
pharmacological effects.’®'* In Korea and northern China, Pla-
tycodon grandiflorum is widely used as a raw material in food
and cosmetics. Cosmetics made from Platycodon grandiflorum
as the raw material, such as whitening essence, whitening milk,
and whitening shower gel, are favored by consumers in Korea,
Japan, and other Asia countries.” The extract of Platycodon
grandiflorum is also listed in the international cosmetic raw
material catalog.’® However, the whitening active ingredients
and action mechanism of Platycodon grandiflorum are still
unclear, and only few preliminary studies have been conducted
on its whitening activity. Gong X. J. et al. compared the tyrosi-
nase inhibitory activities of various Chinese herbs and found
that Platycodon grandiflorum had the strongest inhibitory
effect.” On this basis, Xu B. J. et al. evaluated the whitening
effect of the effective constituent of Platycodon grandiflorum via
a tyrosinase inhibition experiment and found that the effective
constituent of Platycodon grandiflorum was probably the total
saponin content.” In this study, to further clarify the active
whitening substances and whitening mechanism of Platycodon
grandiflorum, we used the whitening active extract of Platycodon
grandiflorum obtained through pharmacodynamic tracking
method as the research object. By studying the activity and
components, we clarify the composition of the whitening active
substances of Platycodon grandiflorum and explore the whit-
ening mechanism of the whitening active substances of Platy-
codon grandiflorum. The study will provide a theoretical basis for
the better utilization of Platycodon grandiflorum as a raw mate-
rial for whitening cosmetics.

Skin whitening effects involve the reduction of melanin
production in the skin. Melanin is the main pigment to control
the colors of skin and hair. It is a high-molecular compound
widely distributed in animals and plants. When excessive
melanin is produced, melanin will accumulate in the skin,
forming spots and freckles, which can lead to severe skin
cancer.'® Therefore, to prevent excessive skin pigmentation, it is
necessary to inhibit melanin production. Melanocytes are
located in the epidermal basal layer and are controlled by
tyrosinase. Reactive oxygen species activate tyrosinase activity,
and tyrosinase catalyzes 3,4-dihydroxyphenylalanine (DOPA) to
produce DOPA quinone and then catalyzes DOPA quinone to
produce melanin through autooxidation and enzyme reaction.
Therefore, the inhibition of tyrosinase and melanocyte prolif-
eration can significantly inhibit melanin production."” More-
over, good antioxidative and anti-inflammatory effects can
reduce the damage caused by oxidation and inflammation of
the skin, delay skin aging, and keep skin elastic and smooth and
thus exert a synergistic whitening effect."®*°

Therefore, to find a natural active extract from Platycodon
grandiflorum with whitening, antioxidative, and anti-
inflammatory properties, this study mainly focused on the
effects of Platycodon grandiflorum extract (PGE) on tyrosinase
inhibition, intracellular tyrosinase inhibition, and the inhibi-
tory activity of cell melanin generation. The study aimed to
analyze the inhibitory effect of PGE on tyrosinase activity and
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melanin generation and comprehensively evaluate the whit-
ening and skin-care effect of PGE and its antioxidant and anti-
inflammatory effects. The chemical composition of PGE was
identified and analyzed via high-performance liquid chroma-
tography (HPLC) and liquid chromatography (LC)/mass spec-
trometry (MS), and the specific whitening active material of the
PGE was clarified. It is vital to develop new Platycodon grandi-
florum products and promote the development of the Platycodon
grandiflorum industry.

2. Materials and methods

2.1. Materials

Formic acid, methanol, 2,2-diphenyl-1-picrylhydrazyl (DPPH),
2,2'-azino-bis(3-ethylbenzothiazoline-6-sulfonic acid) (ABTS),
acetylacetone, NaOH, K,S,0s, and Ehrlich reagent were ob-
tained from Beijing Chemical Plant. Platycodin D, arbutin,
platycodin D3, platycoside E, syringin, chlorogenic acid, baica-
lin, and luteolin reference products were obtained from China
Institute of Pharmaceutical Biological Products Identification.
The chromatographically pure acetonitrile and methanol were
obtained from ].T. Baker Co., USA. Tyrosinase, L-tyrosine,
sodium hyaluronate, and hyaluronate were obtained from Bei-
jing Solebo Technology Co., Ltd. The original 264.7 cells and
B16F10 cells were purchased from the Cell Resource Center of
the Shanghai Institute of Biological Sciences, China and stored
in the laboratory of a medical college affiliated with the
Changchun University of Chinese Medicine. Dulbecco's Modi-
fied Eagle's Medium (DMEM), fetal bovine serum, and antibi-
otics (penicillin and streptomycin) were obtained from Gibco
USA. Triton X-100, a-MSH, ELISA kit (NO, IL-6, TNF-a), and cell
counting kit-8 (CCK-8) kit were obtained from Changchun
Baijin Biotechnology Co., Ltd. Pure water was obtained from
Wahaha Food Co. Ltd.

2.2. Preparation of Platycodon grandiflorum whitening
active extract

Platycodon grandiflorum was supplied by Hebei Renxin Phar-
maceutical Co. Ltd. Platycodon grandiflorum was crushed into
fine powder, heated, and refluxed with 95% ethanol solution
three times, 1 h for each time. Then, the product was filtered,
and the filtrate was recovered and merged with the filtrate ob-
tained from three extractions. The filtrate was dried and mixed
with distilled water for resolution, and n-butanol (1 : 1 volume)
saturated with water was extracted five times. The n-butanol
layer was combined, the n-butanol solution was removed, and
the PGE was obtained. The extraction rate of PGE from Platy-
codon grandiflorum was 8.9%.

2.3. Cell culture

B16F10 mouse melanoma cells and RAW264.7 cells were
cultured in DMEM supplemented with 10% fetal bovine serum,
100 U mL™" penicillin, and 100 g mL™" streptomycin in
humidified air of 5% CO, at 37 °C. When the cells were grown to
the fusion state, they were digested by trypsin and the cells were
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passed every two days. All experiments were performed three
times and repeated three times to ensure repeatability.

2.4. Cell viability assay

To evaluate the safety of PGE, the effects of PGE on B16F10 and
RAW264.7 cells were determined through the CCK-8 method
according to the manufacturer's instructions.” First, B16F10 cells
and RAW264.7 cells were cultured in 96-well plates at concentra-
tions of 5 x 10 cells per well and 1 x 10* cells per well for 24 h and
then treated with PGE or DMEM at different concentrations for
72 h. After treatment, 10 pL CCK-8 reagent was added to each well,
and the cell was further cultured for 2 h. The absorbance at 450 nm
was measured using a microplate reader.

2.5. Antioxidant activity

The antioxidant activity of PGE was determined via DPPH and
ABTS free-radical scavenging tests, and ascorbic acid was used
as the positive control.*** The results were expressed as the
percentage inhibition rate.

Furthermore, PGE solution, ascorbic acid, and platycodin D
with different concentrations (0.2, 0.4, 0.6, 0.8, 1.0, and 1.2 mg
mL ") were added to a clog test tube. Then, 2 mL DPPH solution
was added into each test tube; the tubes were vortexed, the mixture
was mixed and allowed to react in a dark chamber for 30 min, and
the absorbance A; at 520 nm was determined. Then, 2 mL meth-
anol was used as the control group instead of DPPH solution to
determine the absorbance value A,. The absorbance value A, was
determined by replacing the sample solution with 2 mL methanol
as the blank control group. Adjusted the absorbance value to
0 with methanol. The DPPH radical scavenging rate was calculated
according to the following formula:

DPPH radical scavenging rate (%) = (4o — A; + A5)/ 4y x 100.
@)

To prepare ABTS' mother liquor, 35.2 mg ABTS and
6.139 mg potassium persulfate were mixed to a constant volume
of 10 mL. The liquor was diluted with methanol after 12-16 h of
reaction at room temperature until the absorption value of the
solution at 734 nm was about 7.0 + 0.2. Then, 30 uL PGE
solution, ascorbic acid, and platycodin D with different
concentrations (0.2, 0.4, 0.6, 0.8, 1.0, 1.2 mg mL™ ") were mixed
with 220 uL ABTS"" solution in a 96-well enzyme-labeled plate,
and the absorbance at 734 nm was measured after reaction in
the dark for 6 min.

ABTS free-radical scavenging rate (%) = (4o — A4s)/4y x 100,
(2)

where 4, is the absorbance of the blank sample, and Ag is the
absorbance of the sample to be measured.

2.6. Lipopolysaccharide-induced anti-inflammatory activity
of RAW264.7 macrophages

RAW264.7 macrophages in 1 mL medium were seeded into a 24-
well plate, with 1 x 10* cells per well, and cultured overnight so
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that the cells adhered to the wall. The cells were cultured for
24 h after exposure to lipopolysaccharide (LPS) and PGE extracts
at different concentrations (10, 50, 100 ug mL ™). The concen-
trations of NO, IL-6, and TNF-a in the cell supernatant were
determined using an ELISA kit, as directed by the
manufacturer.*

2.7. Tyrosinase activity

Using a method reported in the literature, with phosphate buffer
(25 mmol, pH = 6.8) as solvent, r-tyrosine substrate solution
(0.5 mg mL™"), tyrosine enzyme solution (50 U mL ™), and other
solutions in 96-well plates of a 240 pL total reaction system, along
with 120 pL substrate solution, 40 pL phosphate buffer, 40 pL
sample solution, and blender. Then, 40 pL tyrosine enzyme solu-
tion was added to the above system. The response of constant
temperature of a 37 °C water bath for 20 min was noted, and the
absorbance was measured at 475 nm.*

Tyrosinase inhibition (%) = [(4 — B)/(C — D)}/(4 — B) x 100,
(3)

where 4 is the absorbance of the sample solution replaced by
the equivalent buffer solution, B is the absorbance of the
sample solution and tyrosinase solution replaced by the
equivalent buffer solution, C is the absorbance of the sample
solution, and D is the absorbance of the equivalent buffer
solution instead of the tyrosinase solution (Table 1).

2.8. Inhibitory activity of melanin formation

B16F10 melanoma cells in 1 mL medium were seeded into a 24-
well culture plate, with 1 x 10* cells per well, and cultured
overnight for the cells to adhere to the wall. The cells were
cultured with a-melanocyte-stimulating hormone (100 nM o-
MSH) for 48 h and cultured with different PGE and arbutin
concentrations (100, 150, 200 mg mL ") for 24, 48, and 72 h.
After the administration time, the cells were washed twice with
PBS (pH = 7.2) and mixed with PBS 200 pL containing 1%
Triton X-100. The cells were lysed by freezing and thawing. After
the system was centrifuged at 12 000 rpm for 30 min, the
supernatant was removed, and 1 M NaOH containing 10%
dimethyl sulfoxide (300 pL) was added into the cell granules;
then reacted at 80 °C for 2 h to lyse melanin in the cells.”® The
absorbance at 450 nm was determined.

Melanin production inhibition (%) = (administration group

Ayso — blank group A4sg)/
(control group A4so — blank group Ayse) x 100.  (4)

Table 1 Tyrosinase catalyzed reaction system

Reagent A B c D
Phosphate buffer with pH = 6.8 80 120 40 80
0.5 mg mL ™" r-tyrosine 120 120 120 120
PGE sample solution — — 40 40

50 U mL ™' tyrosinase solution 40 — 40 —

© 2021 The Author(s). Published by the Royal Society of Chemistry
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2.9. Cell tyrosinase activity

B16F10 melanoma cells in 1 mL medium were seeded into a 24-
well culture plate, with 1 x 10 cells per well, and cultured
overnight for the cells to adhere to the wall. The cells were
cultured with a-melanocyte-stimulating hormone (100 nM o-
MSH) for 48 h and cultured with different concentrations (100,
150, 200 mg mL~*) of PGE and arbutin for 24, 48, and 72 h. After
the administration time, the cells were washed twice with PBS
(pH = 7.2) and mixed with PBS 200 pL containing 1% Triton X-
100. The cells were lysed by freezing and thawing. After centri-
fugation at 12 000 rpm for 30 min, the supernatant was
deposited into a 96-well plate, 100 uL per well, and mixed with
100 pL 0.1% 1-DOPA solution. After incubation at 37 °C for 2 h,
the absorbance at 475 nm was immediately determined.>®

Cell tyrosinase inhibition (%) = (administration group
Ay7s — blank group A47s)/
(control group A475 — blank group A475) x 100. (5)

2.10. Chemical composition analysis

2.10.1. HPLC analysis. The PGE sample solution was
analyzed using a Shimadzu LC-2010AHT HPLC system with an
ELSD6000 evaporative light scattering detector (Alltech
CHROM).”” The chromatographic separation was performed on
a Sepax Bio-C18 column (4.6 x 250 mm, 5 pm, from Sepax
Technologies, Delaware, USA). The mobile phase system was
composed of mobile phase A (acetonitrile) and mobile phase B
(0.1% formic acid water). The solvent gradient is presented in
Table 2. The chromatographic conditions were as follows: the
flow rate was 0.8 mL min~ ', the initial evaporative light scat-
tering detection (ELSD) temperature was 105 °C, the gas flow
rate was 2.8 L min~', and the injection quantity was 20 L.
Twenty batches of PGE were prepared.

2.10.2. Analysis of PGE chemical composition via HPLC
combined with mass spectrometry. The Q-Orbitrap high-
resolution LC/MS technology was used in combination with
the Q Exactive high-resolution mass spectrometer on the Ulti-
mate 3000 RS chromatography system to analyze and identify
the chemical composition of the PGE sample solution via MS.*®
The MS conditions are as follows: ion source: electrospray
ionization source; scan mode: positive and negative ions scan-
ning switch; detection method: full mass/dd-MS2; resolution:
70 000 (full mass), 17 500 (dd-MS2); scanning range: 150.0-
2000.0 m/z; electrospray voltage: 3.8 kV (positive); capillary

Table 2 Gradient elution procedures

A: acetonitrile B: 0.1%
Time (min) (%) formic acid water (%)
0-12 5.0 95.0
12-15 5.0-15.0 95.0-85.0
15-45 15.0-35.0 85.0-65.0
45-50 35.0-50.0 65.0-50.0
50-60 50.0 50.0

© 2021 The Author(s). Published by the Royal Society of Chemistry
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Table 3 Gradient elution procedures

A: acetonitrile B: 0.1%

Time (min) (%) formic acid water (%)
0-1 2.0 98.0

1-5 2.0-20.0 98.0-80.0

5-10 20.0-50.0 80.0-50.0

10-15 50.0-80.0 50.0-20.0

15-20 80.0-95.0 20.0-5.0

20-25 95.0 5.0

25-26 95.0-5.0 5.0-95.0

26-30 5.0 95.0

temperature: 300 °C; collision gas: high-purity argon (purity =
99.999%); sheath gas: nitrogen (purity = 99.999%, 40 arb);
auxiliary gas: nitrogen (purity = 99.999%, 350 °C); data acqui-
sition time: 30.0 min. Chromatographic conditions: chromato-
graphic column: RP-C18 (150 x 2.1 mm, 1.8 um, Welch); flow
rate: 0.30 mL min~'; aqueous phase: 0.1% formic acid aqueous
solution; organic phase: 0.1% formic acid acetonitrile; needle
washing liquid: methanol; column temperature: 35 °C; injec-
tion volume: 5.00 pL. The solvent gradient is shown in Table 3.

2.11. Data statistics

All experiments were conducted at least three times. The data
were reported as mean value + standard deviation. Statistical
analyses were conducted using SPSS 21.0 and Origin 9.0. For
multiple comparisons, data were subjected to one-way ANOVA
(Turkey's post hoc) and paired t-test to determine statistical
significance. p < 0.05 was considered statistically significant
differences between the groups.

3. Results

3.1. The effects of PGE on the viability of B16F10 cells and
264.7 cells

The effects of PGE on B16F10 melanoma cells and RAW264.7
macrophage were detected via the CCK-8 method. The cells
were treated with different PGE concentrations for 24 h and
then detected using the CCK-8 method. The results are
expressed as a percentage of the survival relative to the control
group. Under PGE concentrations of 10-100 pg mL ™' (cell
viability: 99.42 £ 1.951-107.17 £ 2.601%), the PGE exhibited no
cytotoxicity on the 264.7 cells (Fig. 1). However, a significant
decrease in cell activity occurred at the PGE concentration of
200 pg mL~" (cell viability: 74.91 & 1.574%). Therefore, a dosage
range of 10-100 ug mL ™" (The extraction rate of PGE in Platy-
codon Grandiflorum was 8.9%. A concentration of 10-100 pg
mL~" of PGE is equivalent to 0.11-1.12 mg mL ™" of Platycodon
Grandiflorum. Adding 1 mL of drug-containing medium per well
is equivalent to adding 0.11-0.12 mg of Platycodon Grandi-
florum.) should be selected. Here, 10 ug mL™*, 50 ug mL™*, and
100 pg mL™' (concentration of plant medicinal materials:
0.11 mg mL ™%, 0.56 mg mL ', 1.12 mg mL ', respectively) were
selected as low, medium, and high concentrations.

RSC Adv, 2021, 11, 10814-10826 | 10817
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Cell viability (% of control)

T
Control  LPS 10 20 50 80 100 200
100nM PGE extract (ug/mL)

Fig.1 Effect of PGE concentration on the activity of 264.7 cells. 264.7
Cells were treated with different PGE concentrations for 24 h, and the
cell viability was determined via the CCK-8 method. The absorbance at
450 nm was measured using a microplate reader. The value represents
the average of the three experiments. Data were analyzed by paired t-
test. There was a significant difference between the treatment group
and the control group: *p < 0.05, **p < 0.001. The error line represents
the SD.

The activity of B16F10 cells was slightly different from that of
264.7 cells. When the PGE concentration was 10-200 pg mL ™"
(cell viability: 99.03 + 1.965%-91.48 + 1.382%), the activity of
B16F10 cells was not significantly different from that of the
control group. However, when the concentration was 250 pg
mL ™" (cell viability: 85.69 + 2.284%), the activity of B16F10 cells
began to decline, and the cell activity under PGE concentration
of 1000 pg mL ™" (cell viability: 70.75 + 3.337%) was the lowest.
Therefore, a dosage range of 10-200 ug mL™" (The extraction
rate of PGE in Platycodon Grandiflorum was 8.9%. A concentra-
tion of 100-200 pg mL ™" of PGE is equivalent to 1.12-2.24 mg
mL~' of Platycodon Grandiflorum. Adding 1 mL of drug-
containing medium per well is equivalent to adding 1.12-
2.24 mg of Platycodon Grandiflorum.) should be selected. Here,
100 pg mL ™", 150 pg mL ', and 200 pg mL " (concentration of
plant medicinal materials: 1.12 mg mL ', 1.68 mg mL ',
2.24 mg mL ", respectively) were selected as low, medium, and
high concentrations, respectively (Fig. 2).

Cell viability (% of control)

0+ e
Contrdy S A0 20 50 400 480 200 250 300 500 g0 4000
100nM

PGE extract (ug/mL)

Fig. 2 Effect of PGE concentration on the activity of B16F10 cells.
B16F10 cells were treated with different PGE concentrations for 24 h,
and the cell viability was determined via the CCK-8 method. The
absorbance was measured at 450 nm with a microplate reader. The
value represents the average of the three experiments. Data were
analyzed by paired t-test. There was a significant difference between
the treatment group and the control group: *p < 0.05, **p < 0.001. The
error line represents the SD.
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3.2. Antioxidant capacity of PGE

DPPH and ABTS free-radical scavenging tests were used to
measure the antioxidant activity of PGE. The scavenging activ-
ities of PGE toward DPPH and ABTS radicals were determined
under different PGE concentrations (0.5, 1.0, 1.5, 2.0, 2.5 mg
mL ™). Platycodin D and ascorbic acid were used as the positive
control. As shown in Fig. 3, the scavenging activity of PGE
toward DPPH and ABTS free radicals increased in a dose-
dependent manner, similar to the results of the positive
control group. When the PGE concentration was 6.25 mg mL ™,
the scavenging activity toward the DPPH radical was 98.03 +
0.60%, almost the same as the scavenging activity of ascorbic
acid. Moreover, PGE also showed strong scavenging activity
toward ABTS radical (84.30 + 0.53%), which was higher than
that of the platycodin D control group.

3.3. PGE reduction effect on LPS-stimulated inflammatory
response of RAW264.7 macrophages

According to the results of the effect of PGE on the RAW264.7
macrophage activity in Section 3.1, PGE concentrations of 10,
50, and 100 pug mL ™" were selected as low, medium, and high
doses, respectively, to test the effect of PGE on LPS-stimulated
RAW264.7 macrophage inflammation. As shown in Fig. 4, the

[__JPGE
A [ Platycodin D m .. 2
100+ [ Ascorbic acid §i i

nooom

DPPH scavenging activiy (%)

1.0 15 20 25
Extract concentration (mg/mL)

100 - C_1PGE
B [ Platycodin D .
N Ascorbic acid 3

ABTS radical scavenging activiy (%)

Control 05 10 15 20 25
Extract concentration (mg/mL)

Fig. 3 Antioxidant activity of PGE: (A) scavenging effect of PGE on
DPPH free radical. (B) ABTS free-radical scavenging activity of PGE.
PGE, platycodin D, and ascorbic acid (0.5, 1.0, 1.5, 2.0, 2.5 mg mL™%)
were separately incubated with DPPH and ABTS solutions. The results
are expressed as a percentage of the controls, and the data represent
average of the three independent trials. Data were analyzed by one-
way ANOVA (Turkey's post hoc). There was a significant difference
between the treatment group and the control group: *p < 0.05, **p <
0.001. There was a significant difference between the administration
group and the platycodin D group: #1p < 0.05, ##1p < 0.001. There was
a significant difference between the administration group and the
ascorbic acid group: #2p < 0.05, ##2p < 0.001. The error line represents
the SD.
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Fig. 4 Anti-inflammatory effects of PGE on LPS-stimulated RAW264.7
macrophage inflammatory response. The RAW264.7 macrophages
were pretreated with different PGE concentrations and 100 pg mL™*
LPS. After 24 h, the cells and the culture medium were treated to
determine the levels of NO, IL-6, and TNF-a. The data represent the
average of the three independent experiments. Data were analyzed by
paired t-test. There was a significant difference between the treatment
group and the control group: *p < 0.05, **p < 0.001. The error line
represents the SD.

PGE dose-dependently reduced the NO production in LPS-
stimulated RAW264.7 macrophages and dose-dependently
reduced the levels of IL-6 and TNF-a. inflammatory factors.

3.4. Effects of PGE on mushroom tyrosinase activity,
melanin content in B16F10 melanocytes, and intracellular
tyrosinase activity

As shown in Fig. 5, the tyrosinase inhibitory activity of PGE
increased significantly with the increase in the extract concen-
tration. The higher the PGE concentration, the stronger the
inhibitory activity of tyrosinase. The tyrosinase inhibitory
activities of PGE at 0.5, 1.0, 1.5, 2.0, 2.5, and 3.0 mg mL ™ were
60.29%, 79.32%, 85.14%, 95.23%, 96.43%, and 97.71%,
respectively. However, when the PGE concentration was 2.5-
3.0 mg mL™", the tyrosinase inhibitory activity did not signifi-
cantly increase; thus, it was not necessary to conduct

Tyrosinase inhibition activity (%)

Al

T T T T T
Control 05 1.0 15 20 25
PGE concentration (mg/mL)

30 Platycodin D Arbutin
(@Bmg/mL)  (3mg/mL)

Fig. 5 Tyrosinase inhibitory activity of PGE under different concen-
trations (0.5, 1.0, 1.5, 2.0, 2.5, 3.0 mg mL™1). Data represent the average
of three independent experiments. Data were analyzed by one-way
ANOVA (Turkey's post hoc). There was a significant difference
between the treatment group and the control group: *p < 0.05, **p <
0.001. There was a significant difference between the administration
group and the platycodin D group: #*p < 0.05, #1p < 0.001. There was
a significant difference between the administration group and the
arbutin group: #2p < 0.05, ##2p < 0.001. The error line represents the
SD.
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Fig. 6 Effects of PGE on tyrosinase inhibition and melanin formation
inhibition in B16F10 melanocytes. (A) Cell morphology of B16F10 in
each group; (B) tyrosinase inhibition rate of &.-MSH-stimulated B16F10
melanocytes by PGE; (C) inhibition of melanin production by PGE on
a-MSH-stimulated B16F10 melanocytes. After stimulation with a-
MSH, the cells were exposed to different PGE concentrations for 24,
48, and 72 h, and the inhibition rate was determined according to the
test method. The experiment was in triplicate, and the results were
expressed as the mean value. Data were analyzed by one-way ANOVA
(Turkey's post hoc). There was a significant difference between the
treatment group and the control group: *p < 0.05, **p < 0.001. There
was a significant difference between the administration group and the
platycodin D group: #'p < 0.05, *#1p < 0.001. There was a significant
difference between the administration group and the arbutin group:
#2p < 0.05, ##2p < 0.001. The error line represents SD.
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Fig. 7 (A) HPLC diagram of 20 batches of PGE samples. (B) Chro-
matogram of the mixed control substance.

experiments with higher concentrations. Under the same
conditions, the inhibition rate of 3.0 mg mL~" PGE (concen-
tration of plant medicinal materials: 33.71 mg mL ') was
similar to that of arbutin (3 mg mL ™", 96.97 4+ 1.849%) and
higher than that of platycodin D (3 mg mL ™", 81.67 & 2.331%).
According to the effect of PGE on the activity of B16F10
melanocytes in Section 3.1, PGE concentrations of 100, 150, and
200 ug mL ™! PGE were selected as low, medium, and high doses
to test the effect of PGE on the melanin content and tyrosinase
activity of B16F10 melanocytes stimulated by a-MSH. As shown
in Fig. 6, the tyrosinase activity of B16F10 cells stimulated by
100 nM o-MSH (control group) was significantly higher than
that of non-stimulated cells. With the increase in the PGE
concentration, the inhibitory activities of tyrosinase and
melanin production on B16F10 cells significantly increased in
a dose-dependent manner. With the increase in the adminis-
tration time, the inhibitory activity of PGE on B16F10 cells
tyrosinase and melanin production increased gradually.

3.5. Chemical composition of PGE

3.5.1. HPLC analysis. Twenty typical PGE chromatograms
with good quality-control lots, obtained through HPLC analysis,
are shown in Fig. 7A. Nineteen PGE peaks were identified from
the HPLC fingerprint. Eight peaks of PGE, including arbutin
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(no. 1), syringin (no. 3), chlorogenic acid (no. 4), platycoside E
(no. 6), platycodin D3 (no. 8), baicalin (no. 12), platycodin D (no.
14), and luteolin (no. 18), were identified through comparison
with corresponding reference standards (Fig. 7). The relative
contents of individual components in the eight peaks of PGE are
presented in Table 4.

3.5.2. HPLC-MS analysis. The chemical composition of
PGE was analyzed via HPLC-MS (Fig. 8). The molecular ion
peaks [M — H]™ and [M + H]" of each chromatographic peak in
the positive- and negative-ion modes were detected via
ultrahigh-performance liquid chromatography coupled with
electrospray ionization-quadrupole time-of-flight-mass spec-
trometry, and the possible molecular weight was determined
through the molecular ion peak. The different components were
determined based on their specific molecular ions and frag-
ment ions and their chromatographic peak retention time.
Moreover, 45 compounds in PGE were preliminarily identified
(see Table 5), mainly including chlorogenic acid, arbutin, bai-
calin, platycodin D3, platycodin D, and platycoside E, with peak
times of 0.91, 1.68, 8.39, 14.39, 16.79, and 23.75 min,
respectively.

4. Discussion

Reactive oxygen species are a major cause of harmful skin
conditions and can lead to irregular pigmentation, connective
tissue degeneration, inflammatory reactions, and, in extreme
cases, mutations.” Through research confirmation, the oxygen
free radical that ultraviolet ray induces can promote tyrosinase
expression, causing an increase in the melanin generation.*
The increase in the number of free radicals in the skin is one of
the important causes of skin aging; this increase not only
damages the biological membrane but can also lead to the
release of some hydrolytic enzymes from cells, the production of
skin collagen fibers, the crosslinking of elastic fibers, brittle-
ness, degeneration, elasticity loss, the thickening of the skin
cutin layer, skin roughness, relaxation, and wrinkle formation.*
Therefore, the natural antioxidant substances contained in
traditional Chinese medicine can capture and neutralize oxygen
free radicals, thus preventing the damage caused by oxygen free
radicals to the human body; delay skin aging; maintain skin
elasticity and smoothness; improve skin condition and skin
tone; and induce skin whitening.*” This study proves that when
the PGE concentration was 6.25 mg mL ™", the scavenging rate

Table 4 Identification and determination of compounds in PGE by HPLC

Retention time of control

Retention time of

Number substance (min) PGE sample (min) Compounds Contents (%)
1 5.917 + 0.041 5.872 £ 0.052 Arbutin 0.192 £ 0.003
3 20.519 + 0.124 20.462 + 0.104 Syringin 0.022 £ 0.001
4 22.492 + 0.097 22.421 + 0.119 Chlorogenic acid 0.007 £ 0.001
6 25.115 + 0.070 25.099 + 0.040 Platycoside E 0.153 £+ 0.012
8 34.656 + 0.029 34.595 + 0.058 Platycodin D; 0.174 £ 0.032
12 38.922 + 0.204 38.898 + 0.194 Baicalin 0.019 £ 0.005
14 42.623 £ 0.198 42.583 £ 0.065 Platycodin D 0.184 £ 0.040
18 44.998 + 0.090 44.914 £ 0.030 Luteolin 0.04 + 0.003
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(A) Chlorogenic acid in PGE, (B) arbutin in PGE, (C) baicalin in PGE, (D) platycodin D= in PGE, (E) platycodin D in PGE, (F) platycoside E in

of DPPH free radicals was 98.03 £+ 0.60%, and the activity of higher than that of the platycodin D control group. The results
ascorbic acid was almost the same; moreover, the ABTS radical
showed strong scavenging activity (84.30 + 0.53%), which was

© 2021 The Author(s). Published by the Royal Society of Chemistry

show that PGE had strong antioxidant activity, could reduce the
generation of oxygen free radicals and oxidation reaction,
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Table 5 List of PGE compounds identified by EHC-ELECTROspray ionization time-of-flight mass spectrometry
Molecular

Component name Formula weight t/min  Area M+H" [M-H"
1 Choline CsH3NO 103.10 0.79 28 363 072.71 104.11 —
2 N-a-L-Acetyl-arginine CgH1(N,O5 216.12 1.46 316 694.05 217.13 —
3 Nicotinic acid CeH5NO, 123.03 1.66 2 002 200.34 124.04 —
4 Arbutin C1,H;60, 272.25 1.68 111 740 107.67  — 271.08
5 Adenosine C10H13N50, 267.10 4.30 2188523.44  268.10 —
6 Guanine CsH;N50 151.05 4.70 775154.87  152.06 —
7 5-Hydroxymethyl-2-furaldehyde CeHgO3 126.03 5.36 23 311 959.24 127.04 —
8 Caprolactam CeH1NO 113.08 7.67 1106 687.15 114.09 —
9 2,3,4,9-Tetrahydro-1H-B-carboline-3-carboxylic acid C1,H1,N,0, 216.09 8.26 22 924 490.45 217.10 —
10 PEGn6 C1,H,60- 282.17 8.54 16 613 381.99  283.18 —
11 Chlorogenic acid C16H1500 354.09 9.54 16 013 808.49  — 353.09
12 PEG n8 Ci16H3400 370.22 9.77 27 674 930.56  371.23 —
13 Baicalin Cp1H15011 446.08 13.17 186 540 877.8 447.09 —
14 Daidzein C15H1004 254.06 13.34 2629 710.14 255.07 —
15  Citroflex 2 C15H,005 276.12 13.48 481 741.67  277.13 —
16  Quercetin C,;5H,00; 302.04 13.72 521 788.10  303.05 —
17 Luteolin C15H1006 286.05 14.14 385 143 668.2 287.05 —
18  Platycodin D3 Co3H102033 1386.62 14.39 64 554 026.73  1387.64 —
19  Diosmetin C16H1,06 300.06 14.97 2013 085.79  301.07 —
20  5,7,8-Trihydroxyflavone C15H1405 270.05 15.03 1991413.92  271.06 —
21 N,N'-Dicyclohexylurea C13H,,N,0 224.19 15.90 1942 882.25  225.20 —
22 9-Ox0-ODE Ci15H;00;3 294.22 15.90 6091 276.23  295.23 —
23 Bis(4-ethylbenzylidene)sorbitol C,4H3006 414.20 16.78 2 685174.67  415.21 —
24  Platycodin D Cs7Hg,05 1225.33 16.79 177 505.78  — 1233.57
25 3,5-Di-tert-butyl-4-hydroxybenzaldehyde Cy5H,,0, 234.16 17.65 3285 930.76 235.17 —
26  (£)12(13)-DiHOME Ci1gH3,0, 314.25 17.91 22222 761.43  — 313.24
27  Eleutheroside B C1,H,400 372.14 18.14 44768 081.16  373.15 —
28  Tributyl phosphate C1,H,,0,P 266.16 18.22 6624 600.81  267.17 —
29 a-Eleostearic acid C13H300, 278.22 19.02 13 808 673.32 279.23 —
30 9-0Ox0-10(E),12(E)-octadecadienoic acid C15H3003 294.22 19.03 97 846 270.22 295.23 —
31 Oleamide C,3H;35NO 281.27 19.28 829 137.62 282.28 —
32 16-Hydroxyhexadecanoic acid C16H3,03 272.23 21.08 2215 104.92 — 271.23
33 Palmitoyl ethanolamide C,3H;3,NO, 299.28 21.11 1242 465.64 300.29 —
34  1-Linoleoyl glycerol C,1H,350, 354.28 21.14 13 048 620.46  355.28 —
35 Hexadecanamide C16H33NO 255.26 21.22 13 320 000.96 256.26 —
36  95,13R-12-Oxophytodienoic acid Ci19H,50;3 292.20 21.53 649 742.30  293.21 —
37 Stearamide C,3H3,NO 283.29 22.44 38 840 877.19 284.29 —
38  a-Eleostearic acid C15H300, 278.22 22.45 20 545 039.37  279.23 —
39  9(2),11(E),13(E)-Octadecatrienoic acid methyl ester ~ C;9H3,0, 292.24 22.62 1997 174.74  293.25 —
40 v-Linolenic acid ethyl ester CyoH340, 306.26 23.20 26 726 604.03 307.26 —
41 Bis(2-ethylhexyl) phthalate CouH;50, 390.28 23.21 27 051 586.57  391.28 —
42 Ricinoleic acid methyl ester C19H3603 294.26 23.48 1328 788.14 295.26 —
43 Platycoside E CeoH112035 1548.68 23.75 47 216 662.52  — 1557.68
44 Erucamide C,,H 3NO 320.31 24.17 126 743 674.5 321.31 —
45 Docosanamide Cy,HysNO 339.35 25.92 1216 264.13 340.36 —

weaken the tyrosinase activity, reduce melanin generation,
delay skin aging, and whiten and protect the skin.
Inflammatory response is a biological process mediated by
a complex cellular signaling system, and it is an important part
of the body's defense mechanism against harmful stimuli
(bacteria, irritants, and cell mediators). Excessive inflammatory
response can lead to local blood circulation disorder, fever,
parenchymal cell degeneration, necrosis, and organ dysfunc-
tion. In addition, individual components in cosmetics may
promote the inflammatory response of sensitive skin; therefore,
an anti-inflammatory function is the main requirement for
cosmeceuticals to combat inflammatory response.** The key

10822 | RSC Adv, 2021, 11, 10814-10826

mediators of inflammation include NO, TNF-a, and IL-6. Eval-
uating the ability of samples to reduce NO, TNF-a, and IL-6
production in RAW264.7 macrophage is a key experimental
method to measure the anti-inflammatory activity of
substances.** The results showed that PGE could reduce the NO
level in primitive cells in a dose-dependent manner and down-
regulate the TNF-a, IL-6, and other pro-inflammatory factors of
RAW264.7 macrophage stimulated by LPS. This experiment
proves that PGE has a good anti-inflammatory effect, which can
reduce the damage caused by inflammation, delay skin aging,
keep skin elastic and smooth, and effectively play the role of
cooperative whitening.

© 2021 The Author(s). Published by the Royal Society of Chemistry
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Skin pigmentation is mainly related to melanin production,
and tyrosinase is the key enzyme to catalyze melanin biosyn-
thesis.*® Under the action of tyrosinase, the tyrosine in mela-
nocytes is oxidized into dopa, dopa quinone, dopa pigment, 5,6-
dihydroxyindole, indole-5, and 6-quinone, and finally converted
into melanin.”® Therefore, when the tyrosinase activity is
limited, the melanin production is also limited, thus making
the skin whiter or reducing hyperpigmentation.®® In this study,
the melanin generation inhibition potential of PGE was first
studied to determine whether the PGE could directly inhibit the
tyrosinase activity in a cell-free assay system using mushroom
tyrosinase as the enzyme source.’” The results show that the
PGE had a strong inhibitory effect on tyrosinase, and the
tyrosinase inhibitory activity of PGE increased significantly with
the increase in the PGE concentration. The inhibitory rate
(97.71 + 1.886%) was higher than that of the positive control
group (arbutin and platycodin D) under the same concentration
when the extract concentration was 3 mg mL ™. Next, we eval-
uated whether PGE could exert a skin whitening effect by
inhibiting the tyrosinase activity and melanin production in
B16F10 melanoma cells. We used o-MSH (o-MSH binds MC1R
and activates the signaling protein adenylate cyclase to increase
the production of cyclic adenylate and promote tyrosinase
expression) to induce B16F10 cells to activate intracellular
tyrosinase activity and produce a large amount of melanin.
Then arbutin and platycodin D were used as positive controls to
evaluate the inhibitory effect of PGE on intracellular tyrosinase
and cellular melanin generation. The results showed that with
the increase in the PGE concentration, the inhibitory activities
of tyrosinase and melanin production on B16F10 cells signifi-
cantly increased in a dose-dependent manner. With the
increase in the administration time, the inhibitory activity of
PGE on B16F10 cells tyrosinase and melanin production grad-
ually increased. Moreover, PGE showed the strongest intracel-
lular tyrosinase inhibitory activity (inhibition rate: 106.33 +
3.145%) and melanin generation inhibitory activity (inhibition
rate: 59.80 &+ 1.095%) after 48 h of administration. When the
administration time was 72 h, the activity was lower than that
under 48 h, indicating that the optimal PGE administration
time was 48 h. The inhibitory activity of intracellular tyrosinase
of PGE was significantly higher than those of arbutin and pla-
tycodin D control groups, demonstrating the excellent skin
whitening activity of PGE.

The experimental results showed that the extraction rate of
PGE in Platycodon grandiflorum was 8.9%, and the morphology
was characterized as milky amorphous powder with good
solubility. Our research group has prepared whitening cream
with PGE as an active ingredient, in which the content of PGE is
2%. At the same time, we conducted human pre-experiment to
study the whitening effect of whitening creams. 1-2 mL whit-
ening cream (containing 0.02-0.04 g PGE, containing 0.22-
0.45 g Platycodon grandiflorum) was applied to the forearm every
day. We used PRIMOS system, Lab colorimetric system and
spectrophotometer® CM-2500d (Konica Minolta, Inc., Osaka,
Japan) to analyze the skin color of the forearm of the subjects.
The pre-experiment results showed that the whitening cream

© 2021 The Author(s). Published by the Royal Society of Chemistry

View Article Online

RSC Advances

containing 2% PGE had good whitening effect and had no skin
irritation.

In this experiment, 19 common peaks were determined via
HPLC combined with similarity analysis. By comparing the
retention times of chromatographic charts of mixed standard
substances, eight chromatographic peaks were identified and
quantitatively analyzed. HPLC combined with mass spectrom-
etry was used to identify and analyze specific chemical
components in PGE, and 45 compounds in PGE were identified.
By comparing the results with the experimental results of HPLC,
we identified a variety of chemical components, which had
different degrees of antioxidant property, anti-inflammatory
property, anti-cancer property, enzyme inhibition, and
immune regulation. The chemical components mainly included
arbutin, syringin, chlorogenic acid, platycoside E, platycodin
D3, baicalin, platycodin D, and luteolin. Moreover, arbutin can
increase the activity of superoxide dismutase (SOD) enzyme in
local skin tissue, reduce the tyrosine and MDA contents, and
exert a good therapeutic effect on chloasma model mice. As
a new whitening ingredient, arbutin has been favored by
cosmetics manufacturers and consumers.*®**° Syringin has
a strong antioxidant capacity and shows a strong application
potential in DPPH and DMPD free-radical inhibitory activity,
ferric ion reducing antioxidant power (FRAP), and metal
chelating ability.** Chlorogenic acid, the main active compo-
nent of Onosma, has strong antioxidant and inhibitory activi-
ties against tyrosinase and a-amylase.*” Platycodin D has strong
tyrosinase inhibitory activity and can be used as whitening and
skin-care components; thus, it is worth developing and
utilizing.** Baicalin is widely used in the preparation of whit-
ening creams and sunscreens owing to its inhibitory effects on
melanin production and antibacterial activity.**** Luteolin
extracted from rose has strong antioxidant activity and tyrosi-
nase inhibition and antibacterial effects, making it useful as
natural raw materials for skin care.” Our research group iso-
lated PGE via preparative HPLC and column chromatographic
fractionation to obtain 14 compounds. The structures of all
compounds were elucidated through spectroscopic methods.
The compounds are saponins: platycodin D, platycodin D3, and
platycoside E; glycosides: arbutin and syringin; acids: chloro-
genic acid and nicotinic acid; flavonoids: baicalin, luteolin,
daidzein, quercetin, and diosmetin; amides: erucamide and
docosanamide. The results of the tyrosinase experiment showed
that saponins and glycosides had strong tyrosinase inhibitory
activities, among which arbutin (inhibition rate: 96.54 +
1.585%) and platycodin D (inhibition rate: 80.96 &+ 1.978%) had
the strongest inhibitory activities. Acids and flavonoids had the
second-strongest tyrosinase inhibitory activity, among which
chlorogenic acid (inhibition rate: 75.64 + 0.978%) and luteolin
(inhibition rate: 70.91 + 2.054%) had the strongest activity.
Amides had no tyrosinase inhibitory activity. Compared with
the above compounds, PGE had a stronger tyrosinase inhibitory
activity (inhibition rate: 97.82 + 2.058%). Therefore, the skin
whitening activity of PGE comprises the multi-component and
multi-target effect of traditional Chinese medicine, and the
biological whitening activity of PGE should be the result of the
combined action of multiple components.
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5. Conclusions

Good antioxidant and anti-inflammatory effects can inhibit the
activation of oxygen free radicals on tyrosinase and reduce
melanin production. Moreover, they can reduce the damage
caused by oxidation and inflammation of the skin, delay skin
aging, keep the skin elastic and smooth, and effectively exert
a synergistic whitening effect. The good inhibition of tyrosinase
and melanin production can reduce melanin production and
pigmentation in the skin and result in skin whitening. In this
study, the whitening activity mechanism and pharmacody-
namic material basis of PGE were determined through molec-
ular biology and cell biology. Moreover, PGE could effectively
inhibit tyrosinase activity, reducing the excessive melanin in the
skin and relieving skin damage caused by oxidation and
inflammation; further, the whitening active extract could
significantly inhibit tyrosinase activity and the activity of
B16F10 cells without potential toxic effects. Given the results,
PGE has wide application potential for manufacturing whit-
ening skin-care cosmetics. Based on the literature, cosmetics
prepared from Platycodon grandiflorum and its extract have
a good whitening effect on the human body. Therefore, as
a whitening active substance extracted from natural Chinese
herbal medicine, PGE can be used as raw materials for whit-
ening and skin care.
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