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ABSTRACT: The Mongolian Artemisia adamsii (A. adamsii) plant
is of particular interest from both medicinal and ecological

perspectives. In this study, three previously undescribed 5,
sesquiterpenoids (1—3) were isolated, along with 25 known I
compounds, from naturally dried and browned aerial parts of A. LN
adamsii, which were collected in the autumn from the pasturelands Undescribed sesquiterpenes
of Bayan Soum, Tuv Province, Mongolia. The chemical structures MeO A »

of the isolated undescribed compounds, including their relative and "°m° . S o

absolute configurations, were elucidated by high-resolution mass
spectrometry, nuclear magnetic resonance spectroscopy, and single
crystal X-ray crystallography. The trypanocidal activities of the MRGECUEERNIRS Trypanocidal compounds
isolated compounds against six species, namely Trypanosoma brucei

brucei, T. b. gambiense, T. b. rhodesiense, T. equiperdum, Trypanosoma congolense, and Trypanosoma evansi were evaluated.
Consequently, a coumarin (fraxetin) and a flavonoid (jaceosidin) were identified as exhibiting relatively potent activities.
Quantitative analysis by high-performance liquid chromatography confirmed relatively high contents of these compounds in A.
adamsii, indicating that they represent the main functional components of this plant. These results further demonstrate the potential
medicinal and ecological significance of A. adamsii.

1. INTRODUCTION are used to prepare a liquid for the treatment of sore throats
and toothaches, while a jam has been used to relieve fever. In
Tibetan medicine, the aerial parts of the plant have been used
to prepare antipyretic prescriptions.” Although guaianolide
sesquiterpenoids and some coumarins have been reported as
key constituents of A. adamsii,” there is generally a lack of
comprehensive scientific information regarding its other
phytochemical components. Consequently, its ecological
interactions and traditional uses have not been adequately
supported by scientific evidence.

Trypanosomes are pathogenic protozoan parasites that can
cause deadly human and animal diseases,” such as dourine, a
sexually transmitted disease of horses that is caused by
Trypanosoma equiperduminfection. Indeed, a nationwide
surveillance of horse trypanosomes in Mongolia found that
the overall seroprevalence of the disease in Mongolia was
4.8%.'° In another study, T. equiperdum was isolated from the

In Mongolia, Artemisia adamsii Besseris (Asteraceae) is
commonly found in degraded land and dry steppes based on
soft soils."” In these areas, predominantly Artemisia plants,
including A. adamsii (A. adamsii), thrive and are expected to
facilitate the growth of other plant species.” Indeed, nomads
recognized that these plants were initially distributed over
degraded lands by overgrazing livestock and rodents such as
voles. After a few years, these plants disappeared, allowing
other plants to grow. Due to the arrival of grasses from other
areas and subsequent entanglement with A. adamsii, this plant
remains in place between the fall and winter months, providing
valuable food to animals. Although pastoral livestock animals
consume only small amounts of this plant in its green form,
during the dry seasons (ie., fall and winter), camels, horses,
and cows consume it moderately.”> Since 80% of Mongolia’s
agricultural sector is centered around animal husbandry,
pastoral livestock and forage plants play a role in supporting
the Mongolian economy and the nomadic inhabitants.” The
characteristics of A. adamsii are therefore beneficial due to its
ability to restore suitable pastures for agriculture. In addition to
its environmental importance, A. adamsii is a key component
of various traditional medicines. For instance, in Mongolian
traditional medicine, the leaves and inflorescences of the plant
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8 R1=OMe, R2=H,R3=OH
R 9 R;=OMe, R, =H, R; = OMe

10 R1 =OMe, R2=H,R3=H
1 Ry=H,Ry=H,R;=H
12 R, = OMe, R, = B-D-glucopyranosyl, Rz = OMe

R3 13 Ry =H, R, = B-D-glucopyranosyl, R3 = H

14 R1 = H, R2 = OMe, R3 = H, R4 = OMe

15 Ry = B-D-glucopyranosyloxy, R, =H, R3 =H, R; = H

16 R4 = B-D-glucopyranosyloxy, R, = H, R3 = H, R4 = OH

17 R4 = 6-0O-a-L-rhamnopyranosyl-B-D-glucopyranosyloxy, R, =H, R3 =H, R, = H

18 R4 = 6-O-a-L-rhamnopyranosyl-B-b-glucopyranosyloxy, R, = H, R3 = H, R4 = OH
19 Ry = H, R, = C-B-D-glucopyranosyl, R3 = C-B-D-glucopyranosyl, R4 = H

20 R4 = H, R, = caffeoyl, Rz = OH, R, = caffeoyl, Rs = H

21 R, = caffeoyl, R, = OH, R3 = H, R4 = caffeoyl, Rg = H

Ry YR,

Rs

O
HO
X OH
HO 24
HO o
HO/,, 0
(0] Me HO

HO Y (0] HOY

OH 27

Figure 1. Chemical structures of isolated compounds 1-28.

22 Ry = H, R, = caffeoyl, R3 = OH, R4 = caffeoyl, R = Me
23 Ry = H, R, = caffeoyl, R3 = OH, Ry = OH, R5 = Me

urethral tract of a Mongolian horse and was identified as a new
strain, named T. equiperdum IVM-tl. This strain was adapted
in vitro using soft agarose media."" Furthermore, a method was
established for evaluating trypanocidal activity in horses.'”
Treatment with existing drugs has been tried with some
success,13 but various issues remain, and there is a requirement
for more economic treatments that exhibit fewer side effects.
As part of our research to discover trypanocidal substances,
compounds obtained from Artemisia sieversiana were evaluated,
and a number of previously undescribed sesquiterpenoids,
trypanocidal flavonoids, and lignans were identified.'* It is
therefore desirable to identify and isolate active molecules from
local plants for the treatment of trypanosomoses in Mongolia.

Indeed, this would be of particular importance from the
perspective of effectively utilizing local resources to resolve
local problems.

In the present study, terpenoids, flavonoids, coumarins, and
other compounds are isolated from A. adamsii, and their
inhibitory activities against Mongolian T. equiperdum (in
addition to other pathogenic species, such as Trypanosoma
brucei brucei, T. b. gambiense, T. b. rhodesiense, T. congolense, and
T. evansi) are evaluated. Overall, this work aims to search for
potential pharmaceutical leads for curing protozoan diseases.
In addition, this study is aimed at inspiring research into the
ecological interactions of A. adamsii with animals and other
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Table 1. NMR Spectroscopic Data for Compounds 1-3

1° 2° 3°
position 8¢ 8y (J in Hz) HMBC  NOESY 8¢ Sy (JinHz) HMBC  NOESY Sc 6y (JinHz) HMBC  NOESY
216.7 2104 177.0
2 363 262, m 342  2.65° 1 327 2.58°
2.35, m 2.30° 2.48°¢
3 309 262, m 279 2.30° 15 283 2.58° 12,4,5,15
245, m 2.16° 45 2.48°
4 140.1 63.9 145.2
S 128.1 71.5 208.7
6 789 566, d (6.0) 410 7,13 204.4 855 3.61,d(7.0) 589,11 11,14
7 498 222, dd (7.0, 6.0) 6,13 $32 265, m 6 13 509 216, m 6,8,11,13
8 778 3.80, m 1,141 231  2.16° 252 182, m 8
172, m 11,13,14 2.32¢ 811
9 389 2.09 m 327 2.16° 14 345 2.36° 10 9
1.83, m 192, m 161, m 9
10 47.5 49.2 56.8
11 423 2.85,q(7.5) 13 13 380 284 m 13 8,13 435 242, m 12 6,8,13
12 182.4 180.7 177.1
13 156 138, d (7.5) 71,12 67,11 142 123(d4,70) 715,12 7811 152 115,d(70) 67,12 7,11
14 25.5 12§, s 1,5,9,10 8 182 1.14,s 1,5,9,10 8 245 13§, s 5,6,9,10 6,15
15 190 195 s 3,4,5 179 129,s 3,4,5 3 1235 581, brs 34,5 14
S5.75, br s 34,5
OMe 518 3.69 s 12
it 1050 435, d (8.0) 8 8
2 753 3.09, dd (9.0, 8.0)
3 782 3.34,dd (9.0, 8.0)
4 714 3.25°
s’ 778  3.25°
6 627 3.83, dd (120,
2.0)
3.65, dd (12.0,
5.0)

“In CD;0D solution. “In CDCl, solution. “Unclear signal pattern due to overlapping.

plants, along with explorations of its potential therapeutic
applications.

2. RESULTS AND DISCUSSION

2.1. Isolation and Structural Determination of the
Undescribed and Known Compounds from A. adamsii.
Three new sesquiterpenoids (1—3) and 25 known compounds
(4—28; Figure 1) were isolated from the extracts of dried A.
adamsii areolas through HP-20 column chromatography and
high-performance liquid chromatography (HPLC). The
chemical structures of compounds 1—3 were investigated
using a range of spectroscopic techniques, and their relative
configurations were determined based on NOESY correlations.
Compounds 4—6 were obtained as small rectangular prism
crystals, and their structures and absolute/relative config-
urations were determined using X-ray crystallography. The
absolute configurations of 1—3 were subsequently obtained
based on a comparison with the data and conceivable
biosynthetic pathways of the crystallized compounds. For
example, all three crystals grown in this study had the same
78,10R-configuration, and so it was expected that the series of
obtained compounds would have the same configuration
according to the general biosynthetic pathway of terpenoids.
The known compounds were identified by comparison with
reported spectroscopic data and with compounds that had
been previously isolated in our laboratory. More specifically,
these compounds were identified as gracilin (1-keto-

63, 7a,115-H-selin-4(5)-en-6,12-olide) (4),"> martimin (5),"
artemin (6),'® santolinifolide A (7),'” fraxetin (8),'
isofraxidin (9)," isoscopoletin (10),”° umbelliferone (11),”
eleutheroside B1 (12),*” cichoriin (13),”’ jaceosidin (14),**
quercetin-3-O-f-D-glucopyranoside (15),”® kaempferol 3-O--
p-glucopyranoside (16),” kaempferol 3-O-rutinoside (17),”
rutin (18),> vicenin-2 (19),* 3,5-di-O-caffeyol quinic acid
(20),” 1,5-di-O-caffeyol quinic acid (21),'* methyl 3,5-di-O-
caffeoyl quinate (22),”* chlorogenic acid methyl ester (23),”
caffeic acid (24),"* (2)-5'-hydroxyjasmone-5'-O-f-p-glucopyr-
anoside (25),”° (6R,9R)-3-ox0-a-ionol-9-O-f-p-glucopyrono-
side (26),”" picein (27),*” and benzyl 2-O-f-p-glucopyranosyl-
2,6-dihydroxybenzoate (28).>> Notably, the chemical shifts
obtained by nuclear magnetic resonance (NMR) spectroscopy
were similar for the different structural isomers. Thus, the
positions of the methoxy and hydroxy groups of trypanocidal
compounds 8 and 14 were confirmed using two-dimensional
(2D) NMR techniques based on HMBC and NOESY
correlations (Figures S24—S35).

Compound 1 was acquired in the form of a white
amorphous powder, and its optical rotation value was
determined to be [a]p*® —48.6 (c 1.4, MeOH). The
observation of a sodium adduct [M + Na]* at m/z 449.1777
(caled for C,;H;0OgNa*: 449.1787) by high-resolution (HR)
fast atom bombardment (FAB) mass spectrometry (MS)
indicated a molecular formula of C,;H;,O,. In the 'H NMR
spectrum, resonances corresponding to three methyl groups
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were observed at 5y 1.38 (3H, d, J = 7.5 Hz, H-13), 1.95 (3H,
s, H-15), and 1.25 (3H, s, H-14), while signals corresponding
to aliphatic protons (8y 5.66 (1H, d, J = 6.0 Hz, H-6), 3.80
(1H, m, H-8), 2.85 (1H, q, J = 7.5 Hz, H-11), 2.62
(overlapping, H-2 and H-3), 2.45 (1H, m, H-3), 2.35 (1H,
m, H-2), 2.22 (1H, dd, ] = 7.0 and 6.0 Hz, H-7), 2.09 (1H, m,
H-9), and 1.83 (1H, m, H-9)) were also observed. Based on
these proton resonances, their corresponding 10 carbon
resonances defined from the HMQC spectrum, and the
presence of two carbonyl signals (6 216.7 (C-1) and 182.4
(C-12)), two olefinic carbon signals (¢ 140.1 (C-4) and 128.1
(C-5)), and a quaternary carbon signal (6c 47.5 (C-10)), a
sesquiterpenoid skeleton with a cis-lactone fusion junction was
identified.’* In the '"H—'H COSY spectrum of 1, two coupled
systems were clearly observed, i.e., (H-6, H-7, H-8 and H-9)
and (H-11 and H-13). Furthermore, HMBC long-range
coupling correlations from H-13 to C-7, C-11, and C-12;
from H-14 to C-1, C-§, C-9, and C-10; and from H-15 to C-3,
C-4, and C-S were observed (Table 1 and Figure 2).

OH
HO,,

\OH

M ¢ : key HMBC correlations

oy key NOESY correlations

Figure 2. Key HMBC and NOESY correlations for compounds 1-3.

These 2D correlations therefore indicated that the molecular
structure of the sesquiterpenoid moiety was 4-hydroxy-3,5a,9-
trimethyl-3a,5,5a,7,8,9b-hexahydronaphtho[1,2-b]furan-2,6-
(3H,4H)-dione, as shown in Figure 1. X-ray crystallography
results for 4—6 are shown in Figure 3.

Based on the general biosynthesis pathway concerning the
carbon chain skeleton of terpenoids, the absolute config-
urations of C-7, C-10, and C-11 of 1 were hypothesized to be
identical to those of 4—6. Although the isolated compound 4
was identified as gracillin with an absolute configuration of
6S,7S,10R,11S (as determined by X-ray crystallography, see
Figure 3), the NMR data suggested that compound 1 possesses
the 6R configuration instead of 6S. More specifically, the
observed coupling constant of 6.0 Hz reflects an (6R,7R)-
configuration in 1.*> Furthermore, in the NOESY spectrum of

1, the correlation between H-6 and H-13 implied a
(6R,7R,11S)-configuration, as supported by the correlation
between H-6 and H-7. In addition, NOE correlations between
H-8 and H-11, and between H-8 and H-14 indicated that these
protons existed in a p-orientation, thereby giving the 8S
configuration (Figure 2). Consequently, the absolute config-
uration of 1 was determined to be (3S,3aR,4S,5aR,9bR)-4-
hydroxy-3,5a,9-trimethyl-3a,5,5a,7,8,9b-hexahydronaphtho-
[1,2-b]furan-2,6(3H,4H)-dione. Additionally, in the '"H NMR
spectrum of compound 1, oxygenated proton resonances (g
4.35,H, d, ] = 8.0 Hz, H-1; 3.09, H, dd, J = 9.0, 8.0 Hz, H-2/;
3.34, H, dd, ] = 9.0, 8.0 Hz, H-3'; 3.25, 2H, overlapping, H-4'
and H-5'; 3.65, H, dd, ] = 12.0, 5.0 Hz, H-6’; 3.83, H, dd, ] =
12.0, 2.0 Hz H-6") were observed. In the *C NMR spectrum,
the six oxygenated carbons of the sugar moiety (6¢ 105.0, 75.3,
78.2, 71.4, 77.8 and 62.7, C-1'—6") were assigned based on
their chemical shifts and the corresponding HMQC spectra.
Acid hydrolysis and modification prior to HPLC analysis
indicated that compound 1 possesses a D-glucose moiety,”® and
the coupling constant of the f-anomeric proton (ie., J = 8.0
Hz) confirmed that 1 contains a f-p-glucosyl moiety. The
characteristic NOE cross-peak between the anomeric sugar
proton (H-1') and the H-8 atom of the aglycone confirmed
attachment of the glucopyranosyl moiety to the C-8 position.
Therefore, the chemical structure of 1 was determined as
shown in Figure 1. Based on the Mongolian word, referring to
Artemisia, this compound was named shariljin A.

Compound 2 was obtained as a colorless fine crystal and its
molecular formula was determined to be C,sH,,O4 based on
the HRFABMS observation of a deprotonated ion [M—H]" at
m/z 281.1383 (calcd for C;H,,O5 281.1389). A total of 15
resonances were observed in the *C NMR spectrum, including
three carbonyl signals (6¢ 210.4, 204.4, and 180.7) and three
methyl signals (6c 18.2, 17.9, and 14.2). In addition, the
presence of an epoxy moiety was confirmed by signals
corresponding to two oxygenated carbon atoms, C-4 (6
63.9) and C-S (8¢ 71.5), as elucidated by the HMBC
correlations (i.e, H;-15/C-3, C-4, and C-5; H;-14/C-5; and
H,-3/C-4 and C-5) (Table 1 and Figure 2). In the '"H NMR
spectrum, three methyl signals were observed at 5y 1.23 (3H,
d,J = 7.0 Hz, H-13), 1.14 (3H, s, H-14), and 1.29 (3H, s, H-
15), and the HMBC correlations between H-13 and the C-7
(8¢ 53.2), C-11 (8¢ 38.0), and C-12 atoms indicates the
presence of a isobutyric acid moiety attached to the C-7
position (Figure 1). These spectroscopic features of 2 suggest
that this compound is an eudesmane-type sesquiterpenoid.
Furthermore, long-range HMBC correlations from H-14 to C-
1, C-5, C-9 (8¢ 32.7), and C-10 (S 49.2) indicated that the
molecular structure of 2 was la,4a-dimethyl-4,8-dioxooctahy-
dro-3H-naphtho[1,8a-b]oxiren-7-yl)propanoic acid, as shown
in Figure 1. The 7S,10R relative configuration of 2 was

Figure 3. ORTEP diagrams for compounds 4—6. The thermal ellipsoids are drawn at 50% probability. Carbon-bound H atoms and solvated

MeOH are omitted for clarity.
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determined based on the NOESY correlations between H-8
and H-11, H-13, and H-14. Notably, compound § was also
found to possess a similar epoxy group, while compound 6
contained a hydroxyl group at the C-5 position. The absolute
configurations of these two compounds were also determined
by X-ray crystallography (Figure 3). Based on the hypothesis
that the biosynthesis pathway or the reaction mechanism of 2
is identical to those of § and 6, an absolute configuration of 4R,
7S, 10R, 118 was proposed for 2. Thus, 2 was determined to be
(S)-2-((1aR,4aR,7S,8aS)-1a,4a-dimethyl-4,8-dioxooctahydro-
3H-naphtho[1,8a-b]oxiren-7-yl)propanoic acid, and was
named shariljin B.

Compound 3 was obtained as a pale brown amorphous solid
with a [a]p? value of —2.9 (c 10.3, MeOH), and a molecular
formula of C,(H,,Oy, as determined based on the observation
of a sodium adduct [M + Na]* at m/z = 335.1471 (calcd for
C16H,406Na* 335.1470). In the *C NMR spectrum of 3,
three carbonyl signals (§c 208.7, 177.1, and 177.0), two
olefinic carbon signals (6¢ 145.2 and 123.5), and 11 aliphatic
carbon signals (5¢ 85.5, 56.8, 51.8, 50.9, 43.5, 34.5, 32.7, 28.3,
25.2, 24.5, and 15.2) were observed. Based on an HMQC
correlation with the methyl proton resonance at 6y 3.69 (3H,
s) and the HMBC long-range correlation between the methyl
proton and the carbonyl carbon resonance at §¢ 177.1 (C-12),
the resonance at Jc S1.8 resonance was assigned to the
methoxy carbon atom of the methyl ester. The features of the
'H and "*C NMR spectra of compound 3 were similar to those
of seco-sesquiterpenoid lactones, including santolinifolide A
(7)'7° and arvestonate C.*” Furthermore, the HMBC
correlations from H-13 (84 1.15, 3H, d, ] = 7.0 Hz) to C-7
(8¢ 50.9), C-11 (6. 43.5), and C-12 (6. 177.1); from H-14
(84 1.35, 3H, s) to C-5 (8¢ 208.7), C-6 (8¢ 85.5), C-9 (6
34.5), and C-10 (5. 56.8); and from H-15 (5y 5.81, 1H, br s;
5.75, 1H, br s) to C-3 (5 28.3), C-4 (6 145.2), and C-S (8¢
208.7) confirmed that the molecular structure of 3 was 4-(2-
hydroxy-3-(1-methoxy-1-oxopropan-2-yl)-1-methylcyclopen-
tane-1-carbonyl)pent-4-enoic acid (Table 1 and Figure 2). The
NOESY correlations between H-6 and H-14, and between H-6
and H-11 indicated a f-orientation (Figure 2). Notably, a
correlation between H-6 and H-7 was not observed, although
the H-6/H-7 coupling constant was defined as 7.0 Hz,
indicating that these two protons exist in an E-configuration.
These spectral features of 3 are similar to those of arvestonate
C,%” suggesting that compound 3 has a similar molecular
structure and identical relative configurations. However, it was
considered that the described 6R,7R,10S absolute configu-
ration of arvestonate C was not identical to that of 3. More
specifically, in this study, compound 7 was identified as the
known compound santolinifolide A" which was expected to
possess the 68,7S,10R-configuration, based on the general
biosynthetic pathway in which C-7 and C-11 are both in the S-
configuration. The experimental and calculated electronic
circular dichroism (ECD) spectra of compound 3 are shown
in Figure 4.

Considering these results, and upon comparison with the
calculated ECD values, the 6S,75,10R absolute configuration
was determined for 3 based on the positive cotton effect at
~222 nm and the negative cotton effect at ~311 nm.
Consequently, 3 was determined to be 4-((1R,2S,35)-2-
hydroxy-3-((S)-1-methoxy-1-oxopropan-2-yl)-1-methylcyclo-
pentane-1-carbonyl)pent-4-enoic acid, and was named shariljin
C.

Exp. ECD of 3
------- Calcd. ECD of 6S,7S,10R-3
——————— Calcd. ECD of 6R,7R,10S-3
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Figure 4. Experimental and calculated ECD spectra for compound 3.
Solid black line: experimental ECD spectrum; dashed black line:
calculated ECD spectrum for the 6S,7S,10R-configuration of 3; red
dashed line: calculated ECD spectrum for the 6R,7R,10S-config-
uration of 3.

2.2. Trypanocidal Activities of the Isolated Com-
pounds. The trypanocidal activities of the isolated com-
pounds (1—27) were evaluated against T. brucei brucei, T. b.
gambiense, T. b. rhodesiense, T. equiperdum, T. congolense, and T.
evansi (Table 2).

Although the crude extract and the frs.1A—1G showed no
activities at 25 pug/mL against any species, among the isolated
compounds, terpenoids (3 and 7), a coumarin (8) and a
flavonoid (14) showed relatively potent activities. Sesquiterpe-
noids with open-ring structures were also found to be active
against T. b. gambiense and T. congolense. Notably, compounds
8 and 14 demonstrated moderate activities against all strains
examined herein. This is interesting from a structure—activity
relationship perspective because despite these compounds
being active, the other coumarins (9—13) and flavonoids (15—
19) investigated herein showed no activities (ICsy > SO pg/
mL). It is also noteworthy that compounds 8 and 14 possess
both a phenolic hydroxyl group and a methoxy group, similar
to previously reported active compounds such as some
flavonoids (e.g, chrysosplenetin and wogonin) and some
oxazoles (e.g,, 2-(2’-hydroxy-S’-O-methylphenyl)-S-(2”,5"-di-
hydroxyphenyl)-oxazole)."**>**** Compound 14 is a me-
thoxylated flavonoid, similar to the previously reported active
flavonoid chrysosplenetin, which is known to exhibit an
inhibitory activity against T. congolense."* Indeed, the obtained
results showed that 14 demonstrated trypanocidal activity
against all species and strains evaluated herein (T. b. brucei:
ICsy 447 pg/mL; T. b. gambiense: ICsy 4.98 ug/mL; T. b.
rhodesiense: 1Csy 3.25 pug/mL; T. equiperdum: 1Csy 12.8 ug/
mL; T. congolense: ICyy 3.43 ug/mL; and T. evansi: ICg, 25.9
ug/mL), thereby suggesting that the methoxyflavonoid
compounds isolated from Artemisia plants may have potential
for application in the treatment of these parasites. These two
active compounds (i.e., 8 and 14) produced relatively
prominent HPLC peaks in the crude plant extract (Figure
$43), indicating their abundance in this medium. In particular,
quantitative HPLC analyses of 8 [0.033 mg/1.0 mg extract,
0.35% (w/w) of the dried aerial parts of A. adamsii] and 14
[0.042 mg/1.0 mg extract, 0.45% (w/w) of the dried aerial
parts of A. adamsii] confirmed that these compounds are the
key biologically active components that characterize A. adamsii.
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Table 2. ICy, + SD (ug/mL) of Active Compounds Against Selected Trypanosomes®

sampleb Tbb GuTat3.1 Tbg IL1922 Tbr IL1501 Teq Tc IL3000 Tev Tansui
3 N.D 42.5 + 12.0 N.D¢ N.D¢ 26.5 + 2.71 N.D¢
7 N.D¢ 354 + 11.7 N.D¢ N.D¢ 17.1 + 2.62 N.D®
8 4.86 + 1.34 5.89 + 1.81 5.48 + 0.49 4.56 + 1.36 5.57 £ 0.70 9.33 + 4.04
14 447 + 242 4.98 + 1.80 3.25 + 0.76 12.8 + 3.79 343 + 049 259 + 748
suramine’ 0.094 + 0.0074 0.092 + 0.0025 0.11 + 0.015 0.094 + 0.0010 10.25 + 1.25 0.54 + 0.083
pentamidine9 0.014 + 0.00080 0.0049 + 0.0011 0.0099 + 0.0021 0.0017 + 0.0042 0.11 + 0.018 0.00033 + 0.000064
niflutimox’ 1.34 £ 0.57 1.32 + 0.68 1.25 + 0.46 0.42 + 0.099 0.30 + 0.063 0.75 + 0.40
eflorunihine’ 7.03 + 1.80 6.68 + 2.34 8.38 + 3.11 6.50 + 1.85 2.94 + 0.53 10.42 + 3.20
diminazene’ 0.020 + 0.0061 0.0066 + 0.011 0.013 + 0.0026 0.081 =+ 0.060 0.065 + 0.0068 0.0033 + 0.00064

“n = 3. "Compounds 1, 2, 4—6, 9—13, and 15—28 were inactive at 25 pg/mL against any species. “Not determined at 25 pg/mL.

Further evaluation of their biological activities is therefore
desirable. Unfortunately, the activities of the compounds
obtained in this study were lower than those of existing drugs.
Consequently, there is still room for improvement, and this
could potentially be achieved through the preparation of less-
toxic analogues, such as in the case of previously described
oxazole derivatives.>® On the other hand, considering the
current demand for economical treatments for Trypanosoma
treatment, the results presented herein will be expected to
contribute to the development of novel medications from plant
resources.

3. CONCLUSIONS

In this study, aerial parts were isolated from the Mongolian A.
adamsii plant in the autumn, and three undescribed
sesquiterpenoids (1—3) were isolated along with 25 known
compounds (4—28). The relative and absolute configurations
of the obtained compounds were elucidated using nuclear
magnetic resonance spectroscopy, electronic circular dichro-
ism, and single crystal X-ray crystallography. Two seco-
sesquiterpenoids, namely shariljin C (3) and santolinifolide
A (7) exhibited moderate trypanocidal activities against T.
brucei gambiense and T. congolense. In addition, one coumarin
(fraxetin) and one flavonoid (jaceosidin), which were
identified by quantitative high-performance liquid chromatog-
raphy as the main constituents of A. adamsii, showed potent
trypanocidal activities against T. equiperdum (the cause of
Dourine), T. b. brucei, T. b. gambiense, T. b. rhodesiense, T.
congolense, and T. evansi. It is expected that these results
regarding the basic active constituents of A. adamsii that
remain in the plant tissue as it withers in the autumn months
will highlight its medicinal and ecological significance. In future
work, the isolated flavonoids, lignans, and terpenoids from this
species will be employed as lead compounds for the synthesis
of more effective analogues, and their potential beneficial
biological effects will also be evaluated.

4. METHODS

4.1. General Experimental Procedures. The optical
rotations were recorded using a P-2300 polarimeter (Jasco Co.,
Tokyo, Japan). NMR spectroscopic data were recorded on
JNM-AL400, JNM-ECZ400S/L1, and JNM-ECZ600R/S1 FT-
NMR spectrometers (JEOL Ltd., Tokyo, Japan). The chemical
shifts are expressed in ppm (5) with respect to either the
solvent peaks or tetramethylsilane (TMS) as an internal
standard. The HRFABMS and HREIMS data were obtained
on a JMS700 mass spectrometer (JEOL Ltd.). A porous
polymer gel (Diaion HP-20; Mitsubishi Chemical Co., Tokyo,
Japan) was used as the matrix to perform open column

chromatography. Preparative HPLC was carried out on a Jasco
2089 instrument fitted with a UV detector (210 nm)
(columns: TSKgel ODS-80Ts (Tosoh, Tokyo, Japan, 21.5 X
300 mm), Develosil C;-UG-S (Nomura Chemical, Aichi,
Japan, 20 X 250 mm), Mightysil RP-18 GP (Kanto Chemical,
Tokyo, Japan, 10 X 250 mm), and ODS-SM-50C-M (Yamazen
Co., Osaka, Japan, 37 X 300 mm)). Acetone (99.5%),
acetonitrile (99.5%), and methanol (MeOH, 99.5%) were
obtained from Fujifilm Wako (Osaka, Japan), CD,OD (98%,
99.8%D) and CDCly (99.96%D, containing 0.03% (v/v)
tetramethylsilane) were obtained from Merck (Darmstadt,
Germany), while DMSO-d; (99.9%D) was obtained from
Kanto Chemical Co., Inc. (Tokyo, Japan).

4.2. Plant Materials. In October 2020, the aerial parts of
A. adamsii Besser were gathered from Bayan Soum, Tuv
province, Mongolia. The specimens were stored at the
Laboratory of Bioorganic Chemistry and Pharmacognosy,
National University of Mongolia (No. 103.33.46). Dr. Shagdar
Dariimaa, who is affiliated with the Mongolian State University
of Education, identified this plant species.

4.3. Extraction and Isolation. The dried aerial parts of A.
adamsii (250 g) were extracted using a 4:1 mixture of acetone/
H,0 (2 L, 3 X 72 h) at ~20 °C. The concentrated extract
(26.6 g) was then subjected to column chromatography using
an HP-20 matrix with a mixture of H,0 and MeOH, MeOH,
and acetone being used for elution. Seven fractions (Fr) were
collected using different solvent compositions: Fr.1A (5.7 g)
from H,0; Fr.1B (0.56 g) from 4:1 H,0/MeOH; Fr.1C (1.2§
g) from 3:2 H,0/MeOH, Fr.1D (4.2 g) from 2:3 H,0/
MeOH, Fr.1E (5.48 g) from 1:4 H,0/MeOH, Fr.IF (5.65 g)
from MeOH, and Fr.1G (3.78 g) from acetone. Fractions 1C—
1F were subjected to column chromatography (ODS-SM-50C-
M column) using a mixture of H,O and MeOH as the mobile
phase. Fractions 2A—2M from Fr.lF (3:2, 4:1, and $:0,
MeOH/H,0), fractions 3A—3N from Fr.1E (2:3, 3:2, 4:1, and
5:0, MeOH/H,0), fractions 4A—41 from Fr.1D (3:7, 1:1, 4:1,
and 5:0, MeOH/H,0), fractions SA—SF from Fr.1C (3:7, 1:1,
and 4:1, MeOH/H,0 and MeOH) were obtained accordingly.
Subsequently, Fraction 2B (785.7 mg) was subjected to HPLC
separation using an ODS-80Ts column (3:7, acetonitrile
(MeCN)/H,O containing 0.2% TFA as the mobile phase)
and a C30-UG-$ column (9:11, MeCN/H,O containing 0.2%
TFA as the mobile phase) to obtain § (2.0 mg, R, = 25 min)
and 7 (6.0 mg, R, = 17 min). Fraction 2C (1498.4 mg) was
obtained as a white powder, which was determined to be
compound 4 (1498.4 mg). Fractions 2D and 2E (1431.2 mg)
were mixed together, and the soluble part was subjected to
HPLC separation using an ODS-80Ts column (2:3, MeCN/
H,O containing 0.2% TFA as the mobile phase) and a Cy-
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UG-S column (11:14, MeCN/H,O containing 0.2% TFA as
the mobile phase) to obtain 14 (10.9 mg, R, = 30 min).
Fraction 2I (66.4 mg) was subjected to HPLC separation using
an ODS-80Ts column (3:7, MeCN/H,O containing 0.2% TFA
as the mobile phases and a C30-UG-S column (9:11, MeCN/
H,O containing 0.2% TFA as the mobile phase) to obtain 3
(11.3 mg, R, = 19 min). Fraction 3D (453.6 mg) was subjected
to HPLC separation using an ODS-S0C column (2:3, MeOH/
H,O as the mobile phase), a ODS-80Ts column (1:4, MeCN/
H,O containing 0.2% TFA as the mobile phase), and a C30-
UG-$ column (3:7, MeCN/H,O containing 0.2% TFA as the
mobile phase) to obtain compounds 11 (7.7 mg, R, = 27 min),
20 (254 mg, R, = 33 min), 21 (6.9 mg, R, = 20 min), and 28
(10.4 mg, R, = 28 min). Fraction 3E (600.4 mg) was subjected
to HPLC separation using an ODS-50C column (2:3, MeOH/
H,O as the mobile phase), a ODS-80Ts column (1:4, MeCN/
H,O containing 0.2% TFA as the mobile phase), and a C30-
UG-5 column (3:7, MeCN/H,O containing 0.2% TFA as the
mobile phase) to obtain 6 (6.0 mg, R, = 36 min). Similarly,
using a C30-UG-5 column and a 7:13 mixture of MeCN/H,0
containing 0.2% TFA as the mobile phase, compound 2 (6.4
mg, R, = 20 min) was also obtained. Fraction 3F (501.4 mg)
was subjected to HPLC separation using an ODS-80Ts
column (1:4, MeCN/H,O containing 0.2% TFA as the mobile
phase) and a C30-UG-5 column (7:13, MeCN/H,0
containing 0.2% TFA as the mobile phase) to obtain
compounds 12 (17.0 mg, R, = 22 min) and 22 (17.0 mg, R,
= 21 min). Fraction 4D (600.3 mg) was subjected to HPLC
separation using an ODS-80Ts column (3:17, MeCN/H,0O
containing 0.2% TFA as the mobile phase) and a C;-UG-S
column (1:4, MeCN/H,O containing 0.2% TFA as the mobile
phase) to obtain compounds 1 (8.5 mg, R, = 39 min), 8 (72.9
mg, R, = 41 min), 9 (4.7 mg, R, = 29 min), 10 (2.0 mg, R, = 32
min), 19 (5.7 mg, R, = 34 min), 24 (98.9 mg, R, = 28 min),
and 25 (8.5 mg, R, = 15 min). Fraction 4E (326.8 mg) was
subjected to HPLC separation using an ODS-80Ts column
(3:7 MeCN/H,O containing 0.2% TFA as the mobile phase)
and a C30-UG-S column (1:3, MeCN/H,O containing 0.2%
TFA as the mobile phase) to obtain compounds 15 (5.3 mg, R,
=23 min), 18 (5.4 mg, R, = 19 min), and 26 (10.2 mg, R, = 24
min). Fraction 4F was subjected to HPLC separation using an
ODS-80Ts column (2:3, MeCN/H,O containing 0.2% TFA as
the mobile phase) and a C4-UG-S column (1:3, MeCN/H,0
containing 0.2% TFA as the mobile phase) to obtain 16 (16.6
mg, R, = 29 min) and 17 (19.6 mg, R, = 26 min). Fraction SB
(240.7 mg) was subjected to HPLC separation using an ODS-
50C column (3:7, MeOH/H,O as the mobile phase), a ODS-
80Ts column (3:7, MeCN/H,O containing 0.2% TFA as the
mobile phase), and a C;;-UG-S column (1:9, MeCN/H,0
containing 0.2% TFA as the mobile phase) to obtain
compounds 13 (5.2 mg, R, = 80 min) and 27 (5.6 mg, R, =
51 min). Fraction SC (302.4 mg) was subjected to HPLC
separation using an ODS-S0C column (3:7, MeOH/H,O as
the mobile phase), a ODS-80Ts column (3:7, MeCN/H,0
containing 0.2% TFA as the mobile phase), and a C;-UG-S
column (1:9, MeCN/H,O containing 0.2% TFA as the mobile
phase) to obtain 23 (6.4 mg, R, = 63 min).

4.3.1. Shariljin A (1). Colorless amorphous powder, [a]p*
—48.6 (c 1.4, MeOH), HRFABMS (positive) [M + Na]* at m/
z = 449.1777 (caled for C,1H;0O9Na*: 449.1787), '"H NMR:
(CD,0D, 400 MHz) Table 1, *C NMR: (CD,0D, 100 MHz)
Table 1; IR v, (KBr) cm™: 3422, 2931, 1765, 1707, 1200,
1076, 1030.

4.3.2. Shariljin B (2). Colorless needle, mp 189 °C, [a]p*
7.1 (c 6.4, MeOH), HRFABMS (negative) [M — H]™ at m/z =
281.1383 (caled for C,H, O,: 281.1389), 'H NMR:
(CDCI,, 400 MHz) Table 1, *C NMR: (CDCl,;, 100 MHz)
Table 1; IR vy, (KBr) cm™: 3422, 3197, 2975, 2959, 2939,
1710, 1458, 1417, 1217, 1197, 1184, 1167.

4.3.3. Shariljin C (3). Pale yellow amorphous liquid, [a]p*
—2.9 (¢ 10.3, MeOH), HRFABMS (positive) [M + Na]* at m/
z 335.1471 (caled for C¢H,,04Na*: 335.1470), UV (MeOH)
A (log €) 207 (2.92) nm, ECD (c 0.00080, MeOH) ([6])
215 (+1800), 222 (+2300), 311 (—1600) nm, 'H NMR:
(CDCl,, 400 MHz) Table 1, *C NMR: (CDCl,;, 100 MHz)
Table 1; IR v, (KBr) cm™': 3448, 2955, 1729, 1459, 1378,
1200, 1172, 1053.

4.3.4. Gracilin (4). Colorless needle, mp 114 °C.

4.3.5. Maritimin (5). Colorless needle, mp 197 °C.

4.3.6. Artemin (6). Colorless needle, mp 248 °C.

4.3.7. Santolinifolide A (7). Pale yellow amorphous liquid,
[a]”'p? —0.5 (¢ 242, MeOH), HREIMS [M]* at m/z
280.1305 (caled for CyHyO': 280.1311), UV (MeOH) 4,
(log €) 223 (2.98) nm, ECD (c 0.00040, MeOH) ([6]) 212
(+1000), 229 (+1100), 317 (=700) nm. '"H NMR: (CDCL,
400 MHz) Figure S19, BC NMR: (CDCl,;, 100 MHz) Figure
S20.

4.3.8. Fraxetin (8). Colorless powder, HREIMS [M]* at m/
2208.0368 (caled for C,HgO4": 208.0371), UV (MeOH) A,
(log €) 211 (4.60), 340 (4.09) nm. '"H NMR: (CD,0D, 400
MHz) Figure S24, 3C NMR: (CD,0OD, 100 MHz) Figure
S28.

4.3.9. Jaceosidin (14). Pale yellow powder, HREIMS [M]*
at m/z 330.0743 (caled for C,;H,,0,": 330.0739), UV
(MeOH) ., (log &) 214 (4.58), 274 (4.22), 356 (4.41)
nm. 'H NMR: (DMSO-d,, 400 MHz) Figure S30, *C NMR:
(DMSO-d,, 100 MHz) Figure S31.

4.4. Sugar Identification. The glycosidic moiety of
compound 1 was identified using a previously described
method.”® More specifically, compound 1 (1.0 mg) was
hydrolyzed using 3.5 N diluted HCl (Fujifilm Wako Pure
Chemical Industries, Ltd. Osaka, Japan) at 80 °C for 1 h. The
resulting solution was passed through a Diaion HP-20 column
(5 mm X 50 mm), and the obtained eluate was concentrated.
This concentrate was subsequently dissolved in pyridine (0.5
mL), and L-cysteine methyl ester (S mg) was added. After
heating for 1 h at 60 °C, o-tolyl isothiocyanate (20 uL) was
added to the solution, and heating was continued at the same
temperature for a further 1 h. The reaction mixture was then
analyzed by HPLC (Thermo Acclaim Cg 4.6 X 250 mm;
CH;CN/H,O (1:3, v/v) containing 0.1% TFA, 1.0 mL/min;
detection at 256 nm). The peak obtained for the derivative of 1
(R, = 22.6 min) was compared with those of authentic 1-
glucose (R, = 20.9 min) and p-glucose (R, = 22.6 min)
derivatives (Figure S42).

4.5. X-Ray Crystallography of Compounds 4-6.
Compounds 4—6 were crystallized as colorless crystals from
aqueous MeOH, and these crystals were subjected to single
crystal X-ray diffraction measurements using an XtaLAB
Synergy-i diffractometer (Rigaku Corporation, Tokyo, Japan)
equipped with a Cu Ka radiation source (4 = 1.54184 A) at
100 K. Data collection, cell refinement, and data reduction
were performed using the CrysAlis”™ program. The Olex2 and
ShelXT structure-solution programs with intrinsic phasin
were used to determine the structures of compounds 4—6."""
In addition, their structures were refined using the ShelXL
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refinement package with least-squares minimization."”” The
data can be obtained free of charge at http://www.ccdc.cam.ac.
uk/conts/retrieving.html or from the Cambridge Crystallo-
graphic Data Center (CCDC, 12 Union Road, Cambridge
CB21EZ, UK).

4.5.1. Crystal Data for Compound 4. C,sH,,0;, formula
weight (FW) = 248.31, 0.624 X 0.586 X 0.263 mm® colorless
block, monoclinic, Space group: P2,, a = 5.6290(2) A, b =
8.1496(2) A, c = 14.4747(4) A, B =92.635(3)°, V = 663.31(3)
A} Z =2, D 4 = 1.243 g/cm?, No. of reflections collected =
4847, No. of independent reflections = 2389, Restraints = 1,
Parameters = 166, 20 range for data collection: 6.112—
136.374°, R indices (I > 20(I)): R, = 0.0497, wR, = 0.1334, R
indices (all data): R; = 0.0507, wR, = 0.1348, Goodness-of-fit
on F* = 1.063. Additional crystallographic data for this
compound can be obtained from the CCDC (CCDC
2416892).

4.5.2. Crystal Data for Compound 5. C,H,,0, FW =
264.31, 0.726 X 0.486 X 0.386 mm® colorless block,
orthorhombic, Space group: P2,2,2,, a = 5.79960(10) A, b =
10.3030(2) A, ¢ = 22.1379(4) A, V = 1322.81(4) A3, Z = 4,
D yeq = 1.327 g/cm?, No. of reflections collected = 10,997, No.
of independent reflections = 2400, Restraints = 0, Parameters =
175, 26 range for data collection: 7.988—136.238°, R indices (I
>20(I)): R, = 0.0487, wR, = 0.1291, R indices (all data): R, =
0.0497, wR, = 0.1304, Goodness-of-fit on F* = 1.061.
Additional crystallographic data for this compound can be
obtained from the CCDC (CCDC 2416891).

4.5.3. Crystal Data for the MeOH Solvate of Compound 6.
C,sH,;0,-CH;0H, FW = 299.37, 0.92 X 0.531 X 0.369 mm®
colorless block, monoclinic, Space group: P2,, a = 9.0462(2)
A, b =62570(2) A, c = 142840(3) A, p = 91.959(2)°, V =
808.03(4) A% Z = 2, Dyq = 1.230 g/cm’®, No. of reflections
collected = 7352, No. of independent reflections = 2688,
Restraints = 1, Parameters = 197, 26 range for data collection:
6.192—136.464°, R indices (I > 26(I)): R, = 0.0798, wR, =
0.2283, R indices (all data): R; = 0.0810, wR, = 0.2312,
Goodness-of-fit on F* = 1.056. Additional crystallographic data
for this compound can be obtained from the CCDC (CCDC
2416893).

4.6. ECD Calculations. Conformational analysis was
performed using a previously reported shell script.”” More
specifically, 500 energy-minimized three-dimensional struc-
tures of the stereoisomers of 3 were generated from the 2D
chemical structures using Open Babel and Balloon.**** Every
50th conformers were geometrically optimized in the gas ghase
using the B3LYP/TZVP level of theory in Gaussian 16.*° The
ECD calculations for 3 were conducted at the B3LYP/TZVP
level of time-dependent density functional theory (TDDFT) in
MeOH using the conductor-like polarizable continuum model
(CPCM) of Gaussian 16. The ECD spectra were obtained
from 45 calculated excitation energies and rotational strengths
as the sum of the Gaussian functions centered at the
wavelength of each transition with a parameter s, which
represents the width of the band at a half height of 0.22 eV.

4.7. Quantitative HPLC Analysis of Compounds 8 and
14. HPLC analysis was performed using a reversed-phase
HPLC system (Pump: PU4180, JASCO Co., Tokyo, Japan;
column: Acclaim 120 C18, S yum, 120 A, 4.6 mm X 250 mm,
Thermo Scientific, USA; flow rate: 1.0 mL/min; detector: MD-
4010 Photodiode array detector, PDA, JASCO Co.). For this
purpose, the following solvent system was employed: Solvent
A: CH;CN containing 0.1% TFA; solvent B: H,O containing

0.1% TFA; initial A/B ratio = 1:9; 0—40 min, A/B ratio
increased to 4:6; 45 min, A/B ratio = 4:6; 45—53 min, A/B =
1:0. Solutions of compounds 8 and 14 (1.0, 0.5, 0.1, 0.0S, and
0.01 mg/mL) were prepared, and the mean values obtained
following analyses performed in triplicate were presented. The
calibration curves for 8 (R, = 17 min, PDA at 340 nm; y =
5857801x, R* = 0.997) and 14 (R, = 41 min, PDA at 346 nm; y
= 8783705x, R* = 0.999) were obtained. The injection volumes
for the standard solutions and the A. adamsii extract (1.0 mg/
mL) were 2 uL. The mean values obtained from the
measurement of three extractions were determined to be
0.033 mg/1.0 mg extracts for compound 8 and 0.042 mg/1.0
mg extract for compound 14.

4.8. Trypanocidal Activities of the Isolated Com-
pounds. The trypanocidal activity assays were conducted in
accordance with a previous report.” More specifically, the
trypanocidal activities of the isolated compounds were primally
evaluated against the T. b. brucei GUTat3.1 (isolated in
Uganda), T. b. gambiense 1L1922 (isolated from the Ivory
Coast), T. b. rhodesiense 1L1501 (isolated in Kenya), T. b.
rhodesiense Chirundu (isolated in Zambia), T. congolense
IL3000 (isolated in the Kenyan/Tanzanian border area), T.
evansi Tansui (isolated in Taiwan), and T. equiperdum IVM-t1
(isolated in Mongolia) strains at active compound concen-
trations of SO ug/mL. The ICy, (half-maximal inhibitory
concentration) values of the active compounds were
determined based on three independent experiments, using
seven different concentrations (i.e., 50, 25, 12.5, 6.25, 3.125,
1.5625, and 0.78125 pg/mL).
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