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Angelica dahurica is an important medicinal plant, which has been widely used in medicines and skin-whitening
products. In the investigation of phytochemicals present in A. dahurica roots, three unusual furanocoumarin
rhamnosides, angelicosides I-III (1-3), one undescribed furanocoumarin glucoside, angelicoside IV (4), together
with eight known compounds (5-12) were isolated. Their structures were characterized by a combination of UV,
IR, NMR, HRESIMS, along with acid hydrolysis and enzymatic hydrolysis. All the isolated compounds were
tested for their mushroom tyrosinase inhibitory activities, and compounds 1, 2, and 11 showed moderate ac-

1. Introduction

Tyrosinase, a natural copper-containing enzyme, plays a crucial role
in the process of melanogenesis. Its inhibitors have good potentials to
be used as skin-whitening ingredients in cosmetics (Pillaiyar et al.,
2017). In the past decades, plenty of tyrosinase inhibitors have been
obtained by purification of natural products and chemical synthesis,
such as L-ascorbic acid, kojic acid, and arbutin (Lee et al., 2016).
However, most of them have more or less drawbacks. For example, L-
ascorbic acid is sensitive to air and heat, and degrades easily (Phillips
et al., 2016; Carita et al., 2020). Arbutin is chemically unstable and can
be metabolized to generate benzene analogues, which might be causal
factors in leukemia (McDonald et al., 2001). Therefore, it is still in great
need of developing safe, stable, and effective tyrosinase inhibitors.

Angelica dahurica (Fisch. ex Hoffm.) Benth. et Hook, a plant be-
longing to the family Apiaceae, is widely distributed in China, Russia,
Korea and Japan. A. dahurica roots (ADR) have been used as skin-
whitening agents since ancient times (Huang et al., 2016). Recent stu-
dies revealed that the skin-whitening function of ADR might be due to
the coumarins with tyrosinase inhibitory activities (Cho et al., 2006; Li
et al., 2016). In order to discover potential tyrosinase inhibitors from
ADR, a detailed chemical investigation was carried out, which resulted
in the isolation of four new coumarin glycosides (1-4) (Fig. 1) and eight
known glycosides (5-12) (Fig. 1S, Supporting Information).

Angelicosides I-III (1-3) were furanocoumarin rhamnosides, whose
analogues have been rarely reported from the family Apiaceae, and for
the first time reported from A. dahurica. Herein, the isolation, identi-
fication, and tyrosinase inhibitory activities of all the isolated com-
pounds are reported.

2. Results and discussion

Compound 1 was isolated as a colorless oil. Its molecular formula
was assigned as C,3H501 1, on the basis of its sodium adduct ion peak at
m/z 503.1535 [M + Nal* (caled for Co3Hsg0;7Na, 503.1529) in the
HRESIMS spectrum (Fig. 2S, Supporting Information). The IR spectrum
showed characteristic absorption bands for hydroxyl (3434 cm™), a-
pyrone (1720, 1481 cm™) and aromatic ring (1620 cm™), respectively
(Fig. 4S, Supporting Information). The *H and **C NMR spectral data of
compound 1 were shown in Table 1. A pair of doublets [5y 8.26 (1H, d,
J =10.0 Hz), 6.30 (1H, d, J =10.0 Hz)] confirmed an AB spin system,
which was identified as the signals of H-3 and H-4 of the a-pyrone ring
system. Another pair of doublets [y 7.88 (1H, d, J =2.4 Hz), 7.25 (1H,
d, J =2.4 Hz)], which was assigned as H-2” and H-3", indicated that
compound 1 was a linear furanocoumarin. Two methyl singlets at §y
1.34 and 1.32, and a distinct singlet at §y; 4.22 indicated the presence of
a hydroxyl isopropyl and a methoxyl group. The anomeric proton of the
sugar at 8y 5.02 (1H, d, J =1.2 Hz) and the 3¢ NMR signal pattern
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Fig. 2. Key '"H-"H COSY and HMBC correlations for compounds 1-4.

showed that compound 1 contained an a-L-rhamnose. On acid hydro-
lysis, compound 1 afforded (+)-byakangelicin (1a) (Fujioka et al.,
1999) (Table 1; Figs. 42S5-44S, Supporting Information) as an aglycone
and L-rhamnose, which confirmed its subunit and linkage. The corre-
lations from the anomeric proton to C-2” suggested the O-glycosylation
occurred at C-2”". Further analysis of its '"H NMR, '*C NMR, COSY,
HSQC, and HMBC spectra (Fig. 2; Figs. 55-10S, Supporting Informa-
tion) established the structure of 1 to be 2”"-O-a-L-rhamnosyl-(+)-by-
akangelicin, named as angelicoside I.

Compound 2, a colorless oil, showed the same molecular formula of
Co3Hog041 (caled for C,3Hsg0,1Na, 503.1529) as 1, which was de-
termined by the sodium adduct ion peak at m/z 503.1530 [M + Na]™*
in the HRESIMS spectrum (Fig. 12S, Supporting Information). The NMR
data (Table 1) of 2 were very similar to those of 1, except that C-2""in 2
(8¢ 77.9) shifted upfield compared to 1 (¢ 86.0), while C-3”" in 2 (6¢
79.7) shifted downfield compared to 1 (6¢ 73.7). Thus, the O-glycosy-
lation position should be at C-3”" in 2, instead of at C-2"” in 1. The key
HMBC correlations from the anomeric proton of the rhamnose (6y 5.07,
d, J =1.2 Hz) to C-3”" confirmed this deduction (Fig. 2). On the basis of
detailed 2D NMR analysis and acid hydrolysis, the structure of 2 was
determined as 3°’-O-a-L-rhamnosyl-( +)-byakangelicin, named as an-
gelicoside II.

Compound 3, a colorless oil, possessed a molecular formula
Co9H35015, which was suggested by the sodium adduct ion peak at m/z
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649.2100 [M + Nal™ (caled for CioH3gO;5Na, 649.2108) in the
HRESIMS spectrum (Fig. 22S, Supporting Information). By comparison
of the molecular formulas (C2oH35045 for 3, Co3Hg01; for 1) and NMR
data of 1 and 3 (Table 1), it was easy to find that compound 3 contained
an additional a-L-rhamnose than 1. An obvious downfield of C-3""in 3
(8¢ 80.5) compared to 1 (§¢ 73.7) indicated the another O-glycosylation
occurred at C-3”" in 3. The key HMBC correlations from H-1""" to C-2”,
and from H-1"""" to C-3""confirmed this deduction (Fig. 2; Fig. 30S,
Supporting Information). Finally, the structure of 3 was determined as
277,3”-di-O-a-L-thamnosyl-(+ )-byakangelicin by detailed 2D NMR
analysis and acid hydrolysis, named as angelicoside III.

Compound 4 was isolated as a colorless oil. Its molecular formula
Co9H3301, was determined by the protonated molecule ion peak at m/z
659.2181 [M+H]* (caled for CyoH390:7, 659.2187) in the HRESIMS
spectrum (Fig. 32S, Supporting Information). The NMR data of 4 were
similar to those of 3 (Table 1). The main differences were the absence of
two methyls in 4 compared to 3 (6c 17.9, 18.1) and the emergence of
two oxygenated methylenes in 4 (§¢c 62.4, 62.6). The anomeric protons
of the sugars at §;; 4.62 (1H, d, J =7.6 Hz) and 4.72 (1H, d, J =8.0 Hz)
and the '>C NMR signal pattern (Table 1) showed that compound 4
contained two f-D-glucoses. Subsequent enzymatic hydrolysis of 4
yielded (+)-byakangelicin (1a) as an aglycone and D-glucose, which
confirmed the above speculations. The key HMBC correlations from H-
17" to C-27, from H-1"""" to C-3”" indicated that the two D-glucoses
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Table 2
Inhibitory effects of compounds 1-12 and of kojic acid on mushroom tyr-
osinase®.

Compound  Tyrosinase Compound Tyrosinase inhibition
inhibition (%) (%)

1 9.75 + 0.72 8 NI®

2 8.02 * 0.60 9 NI®

3 NI® 10 NI®

4 NI® 11 11.79 + 0.52

5 NI® 12 NI®

6 NI® kojic acid (positive 26.01 + 0.67

control)
7 NI®

@ Tyrosinase inhibitions were measured at a derivative concentration of 25
uM, with L-tyrosine as the substrate. Results were expressed as means = SEMs.
> NI: no inhibition.

were connected to the C-2”° and C-3”" positions of 4, respectively
(Fig. 2; Fig. 40S, Supporting Information). On the basis of detailed 2D
NMR analysis, the structure of 4 was decided as 2°7,3""-di-O-3-D-glu-
copyranosyl-(+ )-byakangelicin, named as angelicoside IV.

According to the literatures, the two epimers at C-2”’, (R)-(+)-by-
akangelicin and (S)-(—)- byakangelicin, show opposite specific rota-
tions, [a]% [a]¥ +17.7 (c 1.3, EtOH) (Baba et al., 1981), and [«|¥ [a[¥
-18.5 (c 0.5, CH30H) (Rao et al., 1991), respectively. After acid hy-
drolysis or enzymatic hydrolysis, all of the four glycosides 1—4 pro-
vided dextrorotatory aglycones, (+)-byakangelicin, suggesting the R
configuration at C-2”".

The known compounds 5—12 were identified as tert-O-3-D-apio-
furanosyl-(1—6)-O-B-D-glucopyranosyl-byakangelicin (5) (Jia et al.,
2008), 1’-O-B-D-glucopyranosyl-(2R,3S)-3-hydroxynodakenetin  (6)
(Xiao et al., 2001), xanthotoxol 8-O-f-D-glucopyranoside (7) (Zhao and
Yuan, 2007), nodakenin (8) (Lee et al., 2003), decuroside IV (9)
(Asahara et al., 1984), -D-glucosyl-6’-(8-D-apiosyl) columbianetin (10)
(VanWagenen et al., 1988), adenosine (11) (You et al., 2002), dau-
costerol (12) (Sura et al., 2019), repectively, by NMR data analysis and
comparison with the reported data. The previous reports showed that
the plants of angelica genus are rich in coumarins and related glycosides
(Chen and Yang, 2004; Wei et al., 2016; Ma et al., 2019). The ten
courmarin glycosides (1 —10) isolated from ADR in this investigation
are well consistent with the previous reports. Moreover, it is the first
time that furanocoumarin rhamnosides have been isolated from A.
dahurica, which would enriched our knowledge about the chemical
diversity of A. dahurica.

The mushroom tyrosinase inhibitory activities of compounds 1-12
and kojic acid (positive control) were evaluated at a concentration of 25
uM. However, only compounds 1, 2, and 11 showed moderate tyr-
osinase inhibition activities (Table 2). According to the previous re-
ports, entities with strong tyrosinase inhibitory activity usually con-
tained several aromatic hydroxyl or amino groups (Pillaiyar et al.,
2018). The deficiency of the key pharmacophores might be the reason
why compounds 1-12 showed weak or moderate activities. Moreover,
compared with the monoglycosides 1 and 2, the diglycosides 3-5 ex-
hibited weaker inhibition activities (inhibitory rate < 5 %). Perhaps the
polarity of tested compounds could influence the bioactivity.

3. Materials and methods
3.1. General experimental procedures

Optical rotations were determined on a Rudolph Autopol IV po-
larimeter (589 nm, 20 °C). FT-IR and UV spectra were determined using
FTIR-650 and Puxi TU-1950 instruments, respectively. NMR spectra
were recorded on a Bruker AM-400 spectrometer. High-resolution
electrospray ionization mass spectra (HRESIMS) were carried out on a
Waters Xevo G2-XS QTof spectrometer. Column chromatography (CC)
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was performed using silica gel (Qingdao Marine Chemical Inc., China),
ODS (50 pm, Fuji Silysia Chemical Ltd., Japan), and Sephadex LH-20
(GE Healthcare Bio-Sciences AB, Sweden). TLC was performed with
silica gel 60 F254 (Yantai Chemical Industry Research Institute).

3.2. Plant material

The fresh roots of A. dahurica were collected in Xuchang, People’s
Republic of China, in April 2019. The botanical identification was made
by Prof. Lin Yang, School of Life Science and Engineering, Lanzhou
University of Technology. A voucher specimen (SPH2019A) was de-
posited in the herbarium of School of Chemistry and Chemical
Engineering, Xuchang University.

3.3. Extraction and isolation

The air-dried roots of A. dahurica (6.3 kg) were extracted with 95 %
EtOH at room temperature (3 X 15 L) to afford a crude extract of 93.8 g
after evaporation of the solvent under vacuum. The extract was sus-
pended in distilled H,O and partitioned with CH5Cl, and n-BuOH, re-
spectively. The n-BuOH soluble portion (36.5 g) was subjected to silica
gel CC using CH,Cl,-MeOH (50:1 to 2:1) as eluent to give five fractions
A-E. Fraction B (5.3 g, eluted by CH,Cl,-MeOH 35:1) was subsequently
purified by Sephadex LH-20 column (CH,Cl,-MeOH 1:1) to give four
subfractions (FB-1 to FB-4). Fraction FB-1 was chromatographed on a
silica gel CC (CH,Cl,-MeOH 30:1) to give compound 12 (5.1 mg).
Fraction C (8.9 g, eluted by CH,Cl,-MeOH 25:1) was purified on a RP-
C15 CC (MeOH-H,0, 50:50 to 100:0) to afford five subfractions (FC-1 to
FC-5). Fraction C-1 was passed through a Sephadex LH-20 column
(MeOH) to give compounds 1 (2.7 mg) and 11 (5.7 mg). Fraction C-2
was chromatographed on a silica gel CC (CH,Cl,-MeOH 15:1) to give
compounds 6 (4.2 mg) and 8 (4.9 mg). Fraction D (11.4 g, eluted by
CH,Cl,-MeOH, 15:1 to 4:1) was purified on a Sephadex LH-20 column
(MeOH) to give four subfractions (FD-1 to FD-4). Fraction D-1 was
further purified by Sephadex LH-20 column (MeOH) to give compounds
2 (3.5 mg) and 7 (5.8 mg). Fraction D-2 was further purified by RP-C18
CC eluted with MeOH-H-0 (20:80 to 50:50) to give compounds 3 (3.4
mg) and 5 (7.3 mg). Fraction D-3 was chromatographed on a silica gel
CC (CH,Cl,-MeOH 5:1) to give compound 10 (6.7 mg). Fraction D-4
was chromatographed on a RP-C;g CC (MeOH-H,0, 20:80 to 50:50) to
give compounds 4 (4.1 mg) and 9 (8.0 mg).

Angelicoside I (1): colorless oil; - [a]¥ —24.4 (c 0.09, CH;0H); UV
Amax (MeOH) nm (log ¢): 223 (4.0), 269 (3.7), 312 (3.7); IR (KBr) vmax
3434, 2927, 1720, 1592, 1481, 1349, 1272, 1170, 1035, 821 cm™}; 'H
NMR and *C NMR data (CD30D), see Table 1; HRESIMS m/z 503.1535
[M + Nal* (caled for Co3H,5011Na, 503.1529).

Angelicoside II (2): colorless oil; [«]¥ -22.2 (¢ 0.12, CH30H); UV
Amax (MeOH) nm (log €): 223 (4.2), 269 (4.0), 313 (3.8); IR (KBr) vmax
3446, 2931, 1700, 1606, 1481, 1353, 1218, 1145, 1074, 831 cm™}; 'H
NMR and '*C NMR data (CD30D), see Table 1; HRESIMS m/z 503.1530
[M + Nal]* (caled for Co3H,5011Na, 503.1529).

Angelicoside III (3): colorless oil; [a]® [a]® —-30.0 (c 0.11, CH;OH);
UV Amax (MeOH) nm (log ¢): 223 (4.0), 269 (3.8), 313 (3.6); IR (KBr)
Umax 3432, 2927, 1689, 1481, 1353, 1253, 1172, 1037, 836 cm™; 'H
NMR and '*C NMR data (CD30D), see Table 1; HRESIMS m/z 649.2100
[M + Nal* (caled for CooH350:5Na, 649.2108).

Angelicoside IV (4): colorless oil; [«]} -11.7 (¢ 0.14, CH;0H); UV
Amax (MeOH) nm (log ¢€): 222 (4.1), 268 (3.9), 313 (3.7); IR (KBr) vmax
3426, 2927, 1720, 1589, 1477, 1353, 1170, 1072, 829 cm™; 'H NMR
and '>C NMR data (CD50D), see Table 1; HRESIMS m/z 659.2181 [M
+H] * (calcd for C29H39017, 6592187)

3.4. Acid hydrolysis of compounds 1-3

The acid hydrolysis of compounds 1-3 were conducted according to
the literature procedures (Zhao and Yang, 2018). The glycosides (each
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1.5 mg) were separately dissolved in a mixture of 8.0 % HCl (1 mL) and
MeOH (8 mL). The reaction mixture was refluxed for 2 h and then
concentrated under vacuum to remove the solvents. The reaction re-
sidue was purified by silica gel CC to give (+)-(R)-byakangelicin (1a)
and L-rhamonose. The latter was confirmed according to the positive
[a]p values [reported: [a]¥ [a]X +2.4 (c 1, H,0)] (Heredia-Vieira et al.,
2014) and comparison with the authentic sample.

3.5. Engymatic hydrolysis of compound 4

Compound 4 (3.1 mg) and f-glucosidase (25.0 mg, CAS: 9001-22-3)
were dissolved in 1.5 mL of H,O and stirred at room temprature for 36
h. The reaction mixture was filtered and the filtrate was concentrated
under vacuum to afford a residue, which was further purified by silica
gel CC to give (+)-(R)-byakangelicin (1a) and D-glucose. D-glucose was
identified by comparison with the positive [a]p value {(«[® +17.9 (c
0.05, H;0) vs L-glucose, [a]¥ —20 (¢ 0.89, H,0)} (Liu et al., 2016) and
the authentic sample.

3.6. Mushroom tyrosinase inhibition assay

The mushroom tyrosinase inhibition activities of compounds 1-12
were tested acoording to the literatures (Hyun et al., 2008). Compounds
(1-12, 10 pL, 25 uM) and mushroom tyrosinase (20 puL, 1000 U/mL)
(Psaitong, China) in a potassium phosphate buffer (50 mM, pH 6.5)
were added to 170 uL of an assay mixture containing a 10 : 10 : 9 ratio
of L-tyrosine solution (1 mM), potassium phosphate buffer (1 mM), and
distilled water in a 96-well microplate. The reaction mixture was in-
cubated at 37 °C for half an hour. Percentage tyrosinase inhibition was
determined by measuring optical densities at 450 nm using a Multiskan
FC microplate reader (Thermo Fisher Scientific, Inc.). Kojic acid (25
uM) was chosen as the positive control. Three independent experiments
were repeated. The % inhibition was determined by [1 — (As/Ac)] X
100, where As is the absorbance of tested compound and Ac the non-
treated control. Statistical analysis was determined using GraphPad
Prism 5 software, and the results were expressed as means + SEMs. The
inhibitory rate > 5 % is considered active.
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