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Polycyclic polyprenylated acylphloroglucinols
from the fruit of Hypericum addingtonii N. Robson

and their a-glucosidase inhibitory activity

Qian Feng,?® Rui-Dan Hu,? Xian-Feng Xiao, Aijia Ji® and Li-Jun Qiao

*a

This paper presents the first chemical investigation of the fruit of Hypericum addingtonii N. Robson, leading

to the isolation of seven previously undescribed compounds and 14 known polycyclic polyprenylated

acylphloroglucinols. The

seven

unreported compounds included four terpenoidal polycyclic

polyprenylated acylphloroglucinols, hypertonii A-D (1-4), and three anthrone derivatives, hyperxanthone
G-H (19-21). The structures of the undescribed compounds were confirmed using spectroscopic

analyses, electronic circular dichroism, and nuclear magnetic resonance calculations. The a-glucosidase
inhibitory activities of all the isolated compounds were evaluated. Fifteen compounds showed
remarkable activity with half maximal inhibitory concentrations (ICsg) ranging from 1.13 + 0.26 to 42.7 +
9.00 uM. The most active compound (7) showed strong activity (ICsq = 1.13 + 0.26 uM), and compounds
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11, 1, 12, and 18 displayed considerable activity (ICso = 2.85 + 0.15, 3.03 £+ 0.15, 3.16 + 0.21, and 3.55 +

0.45 uM, respectively). Kinetic studies showed that the five most active compounds were mixed-type a.-

DOI: 10.1039/d5ra05247e

rsc.li/rsc-advances binding affinity to a-glucosidase.

1. Introduction

Hypericum addingtonii N. Robson is a shrub that belongs to the
Hypericaceae family, which is widely distributed over Southwest
and South China.' Previous studies have demonstrated that
natural products,*® such as terpenoidal phloroglucinol deriva-
tives from the Hypericaceae family, are important in finding
new o-glucosidase inhibitors.*” Diabetes mellitus is a chronic
health condition characterized by high blood glucose levels,
which lead to major complications such as cardiovascular
disease, retinopathy, and kidney disease. Diabetes mellitus is
classified into type 1 and type 2 based on its etiology. About 90—
95% of patients with diabetes have type 2 diabetes mellitus
(T2DM),*°® which develops when the body becomes resistant to
insulin. Glycemic control is effective for preventing complica-
tions associated with diabetes.'® a-Glucosidase, an enzyme that
breaks down carbohydrates into glucose, plays an important
role in glycemic regulation. a-Glucosidase inhibitors can reduce
intestinal glucose production and absorption, making them
a promising treatment for T2DM." There has been growing
interest in plant-derived a-GC inhibitors, with numerous recent
studies focusing on polycyclic polyprenylated
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glucosidase inhibitors. Molecular docking analysis revealed that these active compounds had good

acylphloroglucinols (PPAPs) isolated from the Hypericum and
Garcinia genera."*

To identify new a-glucosidase inhibitors from the Clusiaceae
family, a chemical analysis of the fruit of Hypericum addingto-
nii N. Robson was conducted. Seven new compounds, including
four terpenoidal phloroglucinol derivatives (1-4), and three
anthrone derivatives (19-21), were isolated along with 14 known
terpenoidal phloroglucinol derivatives (uralione B (5),'* uralo-
din B (6),"* uralodin C (7)," hyperibone A (8),"* hyperattenins A
(9),"* sampsoniones M (10)," hyperisampsins (11),"” hyper-
isampsins H (12)," otogirinin B (13),"® hyperisampsin N (14),"
attenuatumione D (15),'® sampsonione C (16),'® sampsonione L
(17)** and iotogirinin D (18)*®). Their structural elucidations are
described herein. Moreover, the o-glucosidase inhibitory
activity of all isolated compounds, along with their inhibitory
kinetic analysis and interactions with a-glucosidase, are
reported.

2. Results and discussion
2.1 Structural elucidation of the new compounds

Hypertonii A (1) was a yellowish oil. Its formula (C35H4406) was
deduced from the [M + H]" ion peak at m/z 561.3210 and the '*C-
NMR data. The "H-NMR data of compound 1 (Table 1) showed
five benzene ring protons [6y 7.12-7.42 (5H, m)], two double
bond protons [dy 5.05 (1H, t, ] 5.8), 5.24 (1H, t, ] 7.4)], and seven
methyl protons [6y 1.42, 1.40, 1.24, 1.17, 1.58 (each 3H, s), and
1.66 (6H, s)]. The >C-NMR, distortionless enhancement by

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Table 1 'H NMR data of 1-4 in CDCls (400 MHz)
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No. 1 (J Hz) 2 (J Hz) 3 (J Hz) 4 (J Hz)

5 — 1.50, m — —

6 — 1.63, m; 1.50, m — —

7 2.00, m; 3.05, dd (13.1, 8.7) 1.62, m; 2.25, m 1.46, m; 1.99, m 2.01, m

8 4.31, dd (8.7, 7.4) 1.14, m 1.90, m 1.86, m

9 J— J— J— J—

10 4.22,t(8.4) 3.19, m 2.18, m 2.12, m

11 2.13, m; 2.37, m 1.36, m; 1.63, m 4.97, m 4.95, m

12 2.04, m 1.30, m; 1.44, m — —

13 — — 1.67, s 1.68, s

14 2.00, m; 2.56, m 1.18, s 1.56, s 1.57,s

15 1.41,s 0.73, s 1.90, m; 2.05, m 1.50, m; 2.39, m
16 1.24, s 1.00, s 1.32, m; 1.48, m 1.72, m

17 1.40, s — 3.27,dd (10.1, 1.9) 3.26, dd (9.8, 1.9)
18 1.17,s 1.10, s — —

19 2.60, d (7.4) 1.25,s 1.26, s 1.24,s

20 5.24, t (7.4) 5.09, m 1.20, s 1.24,s

21 — — 2.08, m 2.07, m

22 2.03, m 1.60, s 3.55, m 3.55, m

23 2.03, m; 2.11, m 1.74, s — —

24 5.05, t (5.8) 0.97, s 1.26, s 1.21,s

25 — 2.33, m 1.24, s 1.21,s

26 1.58, s 2.77, m 2.61, qd (17.3, 4.3) 2.61, qd (17.3, 4.3)
27 1.66, s 5.14, m 3.63, t (4.3) 3.63, t (4.3)
28 1.65, s — — —

29 — 1.72, s 1.23 s 1.21s

30 — 1.64, s 0.53, s 0.54, s

31 7.31, m — — —

32 7.12, m — — —

33 7.42, m 8.00, m 7.67, m 7.68, m

34 7.12, m 7.44, m 7.33, m 7.31, m

35 7.31, m 7.53, m 7.43, m 7.43, m

36 7.44, m 7.33, m 7,31, m

37 8.00, m 7.67, m 7.68, m

38 1.26, s 1.21,s

polarization transfer (DEPT-135), and heteronuclear single
quantum coherence spectroscopy (HSQC) spectra revealed 35
carbon signals, including 7 methyl, 6 methylene, and 10
methine groups, as well as 12 quaternary carbons. The NMR
data (Tables 1 and 2) of 1 were compared with those of the
known compound hyperattenin H."” The major differences
between compound 1 and hyperattenin H were the chemical
shifts of C-9 (6¢ 72.6 for 1 vs. d¢ 48.8 for hyperattenin H), C-10
(6c 81.7 for 1 but 6¢ 51.9 for hyperattenin H), and C-11 (¢
31.4 for 1 vs. ¢ 22.8 for hyperattenin H). This suggested that C-9
and C-10 may be connected via an oxygen atom (Fig. 1). The
correlated spectroscopy (‘"H-'H COSY, Fig. 2) cross-peak of H-8
(61 4.31, 1H, dd, J 8.6, 7.4)/H,-7 (63 2.02, 1H, m and 3.05, 1H,
dd, J 13.1, 8.6), along with the heteronuclear multiple bond
correlation (HMBC, Fig. 2) cross-peaks from Me-15 (5 1.17, 3H,
s)/Me-16 (6y 1.24, 3H, s) to C-8, C-9, and C-10, from H-10 (0y
4.22, 1H, t, J = 8.4) to C-14 and C-13, indicated a pyrane ring
unit.

The rotating-frame Overhauser effect spectroscopy (ROESY)
cross-peaks of H-7 (0 2.02)/H-32 (04 7.12) indicated that H-7
and H-32 had the same face orientation, which was identified
as pB-oriented. This suggested that the benzoyl group attached at
C-3 was p-oriented. Furthermore, the H-78/H-10/H-14

© 2025 The Author(s). Published by the Royal Society of Chemistry

correlations indicated that H-14 and H-10 had different orien-
tations. The correlations between H-7 and H-5 indicated that
the C-8 hydroxyl was a-oriented. Thus, the relative configuration
of 1 (1R*, 3R*, 8R*, 10S*, 12S5*, 13R*) was assigned.

ECD calculations were used to verify the configuration of
compound 1. As shown in Fig. 3, the calculated ECD curve of
(1R, 3R, 8R, 108, 128, 13R)-1 was in good agreement with the
experimental curve. Finally, the complete structure of 1 was
elucidated.

Hypertonii B (2) was obtained as a colorless oil. Its molecular
formula (C;,Hs5,04) was determined from the [M + H]' ion peak
at m/z 561.3938 and the "*C-NMR spectrum. The "H NMR data
of 2 (Table 1) showed five benzene ring protons [0y 7.44-8.00
(5H, m)], two double bond protons [0y 5.10 (1H, m), 5.14 (1H,
m)], and nine methyl protons [y 1.74, 1.71, 1.64, 1.60, 1.18,
1.10, 1.00, 0.97 and 0.72 (each 3H, s)]. The **C NMR, DEPT-135,
HSQC, and HMBC spectra showed 37 carbons attributed to an
isopentene group [¢ 18.0 (C-22); 25.9 (C-23); 29.7 (C-19); 123.0
(C-20); 133.1 (C-21)], a benzoyl group, an acetyl group [d¢c 211.9
(C-17); 27.1 (C-18)], a 4-methylpen-3-en-1-yl moiety [éc 22.4 (C-
25); 38.7 (C-26); 123.0 (C-27); 133.0 (C-28); 25.8 (C-29); 17.7 (C-
30)], and four methyl groups [d¢ 19.1 (C-14); 15.0 (C-15); 27.2
(C-16); 21.9 (C-24)]. These data were similar to the spectral data

RSC Adv, 2025, 15, 47452-47463 | 47453
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Table 2 3C NMR data of 1-4 in CDCls (100 MHz)

No. 1 2 3 4
1 76.6, C 53.0, C 63.6, C 63.5, C

2 200.8, C 148.1, C 210, C 210, C

3 81.2, C 133.0, C 73.0, C 73.0, C

4 204.2, C 38.4,C 165.9, C 165.9, C
5 47.8,C 43.4, CH 111.7, C 111.8,C
6 201.3,C 34.8, CH, 194.8, C 194.8, C
7 32.7, CH, 28.1, CH, 42.4, CH, 42.5, CH
8 87.6, CH 49.7, CH 43.7, CH 44.0, CH
9 72.6, C 37.4,C 50.2, C 50.3, C
10 81.7, CH 77.9, CH 28.0, CH, 28.1, CH,
11 31.4, CH, 28.7, CH, 122.3, CH 122.2, CH
12 41.5, CH 37.6, CH, 133.7,C 133.8,C
13 67.8, C 81.1,C 25.8, CH, 25.9, CH,
14 35.5, CH, 19.1, CH, 18.0, CH, 18.0, CH,
15 24.7, CH, 15.0, CH, 35.0, CH, 35.7, CH,
16 26.8, CHj 27.2, CH; 28.8, CH, 28.6, CH,
17 22.8, CH, 211.9, C 79.2, CH 79.8, CH
18 24.5, CHj 27.1, CH; 73.3,C 73.2,C
19 28.9, CH, 29.7, CH, 26.8, CH, 26.3, CH,
20 118.5, CH 123.0, CH 23.6, CH; 23.7, CH,
21 139.3, C 133.1, C 32.5, CH, 32.5, CH,
22 40.0, CH, 18.0, CH; 74.8, CH 74.8, CH
23 26.6, CH, 25.9, CHj 73.3,C 73.3,C
24 124.1, CH 21.9, CH; 24.1, CH; 24.1, CH,
25 131.5, C 22.4, CH, 25.9, CH, 25.8, CH,
26 17.7, CH, 38.7, CH 25.2, CH, 25.3, CH,
27 25.8, CH, 123.0, CH 67.7, CH 67.8, CH
28 16.4, CH, 133.0, C 82.3,C 82.4,C
29 192.4, C 25.8, CH, 22.8, CH, 22.4, CH,
30 134.9, C 17.7, CH, 23.5, CH; 23.5, CH,
31 128.4, CH 199.2, C 194.2, C 194.5,C
32 128.6, CH 139.2, C 137.5,C 137.6, C
33 132.4, CH 129.4, CH 128.3, CH 128.3, CH
34 128.6, CH 128.3, CH 128.1, CH 128.1, CH
35 128.4, CH 132.7, CH 132.2, CH 132.2, CH
36 — 128.3, CH 128.1, CH 128.1, CH
37 — 129.4, CH 128.3, CH 128.3, CH
38 — — 13.3, CH, 13.3, CH,

of garciniacowone K,*® except for the resonance of C-10 (6¢ 41.2
for garciniacowone K vs. é¢ 77.9 for compound 2). Based on the
above results, a hydroxyl group was deduced to be attached at C-
10.

The relative stereochemistry of 2 was deduced using the
ROESY spectrum. The correlation between H-10 (64 3.19) and H-
8 (0y 1.13) suggested the same orientation of H-10 and H-8,
which was assigned as a-orientation. The methyl attached at
C-4 and the acetyl located at C-1 were both B-oriented based on
the correlations between H,-19 (0y 2.26), Me-24 (g 0.97), and
Me-18 (g 1.10). The methyl of C-13 was B-oriented based on the
correlations of Me-14 (6y 1.18), and Me-18 (65 1.10). Therefore,
the relative configuration of 2 was deduced as 15*, 4S*, 5R¥,
8R*, 10R*, 13R*. ECD calculations were used to confirm the
absolute configuration of 2. From the results shown in Fig. 3,
the calculated ECD curve of (1S, 4S, 5R, 8R, 10R, 13R)-2 was in
good agreement with the experimental ECD curve. Thus, the
structure of 2 was confirmed.

Hypertonii C (3) and hypertonii D (4) were both yellowish
oils. High-resolution electrospray ionization mass spectrometry
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(HR-ESI-MS) showed the same [M + H]" ion peaks at m/z
655.3857, giving the same formula of C33Hs40s. The 'H NMR
data revealed five benzene ring protons [6y 7.33-7.67 (5H, m)],
one double bond proton [6y 4.97 (1H, m)], and nine methyl
protons [0y 1.67, 1.56, 1.26, 1.24, 1.23, 1.21, 0.53 (each 3H, s),
and 1.20 (6H, s)]. Based on the analyses of the ">*C NMR and
HSQC spectra, 3 was concluded to have one benzene ring, three
keto - carbonyl groups (d¢c 210.0, 194.8, and 194.2), and two
double bonds, including one tetrasubstituted (6c 111.7 and
165.9) and one trisubstituted [0y 4.97 (1H, m), dc 122.3 and
133.7]. The NMR data were similar to the known compound
uralione B (compound 5).° The major differences between
compounds 3 and 5 were the chemical shifts, which were
attributed to C-17 and C-18 based on the HMBC spectrum.
Compared with 5, 3 shifted to the lower field (from ¢ 124.7 to d¢
79.2 of C-17 and from d¢ 131.4 to d¢ 73.3 of C-18), suggesting
a missing double bond in 3. Moreover, C-17 and C-18 were
considered to be attached to a hydroxyl group based on their
chemical shift and the molecular formula. The above supposi-
tion was verified using the "H-"H COSY correlations of H-15/H-
16/H-17 and the HMBC correlation from Me-19/Me-20 to C-17
and C-18 (Fig. 2). By comparing the spectral data of 3 and 4,
the differences were around C-15 (6¢ 35.0 for 3 vs. ¢ 35.7 for 4),
C-16 (6¢ 28.8 for 3 vs. i 28.6 for 4), and C-17 (6¢ 79.2 for 3 vs. d¢
79.8 for 4), indicating that compounds 3, and 4 were a pair of
epimers of C-17.

ROESY experiments were used to determine the relative
configurations of 3 and 4. ROESY correlations (Fig. 3) of Me-30/
H-27/H-37/H-33 indicated that these protons were B-oriented.
According to the literature,® when H-8 is a-oriented, the chem-
ical shift of C-7 ranges from 41 to 44 ppm, and the chemical
shift difference between H-7p and H-7a is always from 0.3 to
1.2 ppm. In contrast, when H-8 is B-oriented, the chemical shift
of C-4 is from 45 to 49 ppm, and the chemical shift difference
between H-7f and H-7a is always from 0.0 to 0.2 ppm. Based on
the chemical shift of C-7 (6c 43.7) and the chemical shift
difference between H-7B and H-7a (Ad = ~0.56), H-8 was
assigned to the a-orientation. Furthermore, the correlations
between H,-21 and H-11 indicated that H,-21 was B-oriented.
The correlation between H-15/H-8 indicated that H-15 was a-
oriented. Finally, based on ROESY cross-peaks of H-7a/H-8 and
H-22/H-7a, H-22 was assigned as a-oriented. Based on the above
evidence, the relative configuration of 3 was assigned as 1S%,
3S*, 8S* 9R* 22S8* 27S* The absolute configuration of the
17,18-diol motif in 3 and 4 were assigned using the in situ di-
molybdenum induced CD method. Upon addition of di-
molybdenum tetraacteate [Mo,(OAc),] to 3 and 4 in DMSO
solution, respectively. The negative Cotton effect observed at
around 300 nm in induced CD of 3, and positive Cotton effect
observed at around 330 nm of 4, consistent with a 17R-config-
uration of 3 and 17S of 4 according to the empirical helicity
rule.”*?* (Fig. 3e and f). This deduction was subsequently
confirmed by comparing the experimented and calculated ECD
curves. The calculated curves of 3 and 4 were both in good
agreement with the experimental curves (Fig. 3), thus the
absolute configurations of 3 and 4 were determined as 1S, 35,
8S, 9R, 17R, 228, 278 and 18, 38, 88, 9R, 178, 225, 275.

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 1 Chemical structures of 1-21.

Hyperxanthone G (19) was obtained as a yellowish powder.
Its formula (C;H1406) was determined from the [M — H]™ peak
at m/z 301.0716 and the C NMR data, with an index of
hydrogen deficiency (IHD) of 10. The 'H and "*C NMR spectra
showed a 1,2,3,5-tetrasubstituted aromatic ring [0y 6.59 (1H, d, J
2.2 Hz), 6.39 (1H, d, J 2.2 Hz), 6 165.5, 162.9, 158.9, 106.0,
100.2, 95.2], a chelated hydroxyl signal at 0y 12.19, a typical
carbonyl signal at ¢ 178.3, and a tetrasubstituted double bond
[6c 131.5 and 149.9]. The above data of 19 were similar to those
of solieritide A,*® without the obvious signals of an isoprenyl
group [0y 1.64 (3H, s), 1.67 (3H, s), and 5.15 (1H, dd J 7.3, 1.4
Hz); 6¢ 30.2, 116.5, and 136.5] observed in 19. The 'H-'H COSY

© 2025 The Author(s). Published by the Royal Society of Chemistry
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correlations between H-11/H-12/H-13 indicated that the iso-
pentene group was attached at C-11. Thus, the planar structure
of 19 was confirmed. ECD calculations were used to determine
the configuration of 19. As shown in Fig. S2, the configuration of
19 was confirmed to be 11S.

Hyperxanthone H (20) was a yellowish powder. Its formula
(C18H1605) was deduced using (+)-HRESIMS (IHDs = 12). After
a comprehensive analysis of the NMR spectrum, compound 20
was considered an anthrone derivative. The 'H and '*C NMR
showed 12 substantial benzene rings [6c 103.5-164.4],
including a 1, 2, 3, 5-tetrasubstituted aromatic ring, a carbonyl
group (6 183.1), and a double bond [dy 8.04 (1H, d, J 10.2 Hz),

RSC Adv, 2025, 15, 47452-47463 | 47455
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Fig. 2 Key 'H-'H COSY and HMBC correlations of 1-4 and 19-21.

5.94 (1H, d, J 10.2 Hz), dc 120.4, 132.9]. The above data were
similar to that of toxyloxanthone B,* in addition to the different
chemical shifts of C-9 (6c 124.4 for 20 vs. 6c 153.7 for

Table 3 NMR data of 19-21 in (CD3),CO (400 MHz for *H; 100 MHz for *C)

toxyloxanthone B), C-10 (6¢ 117.9 for 20 vs. 6c 103.1 for
toxyloxanthone B), and C-2 (6¢ 151.6 for 20 vs. dc 138.4 for
toxyloxanthone B). This suggested that the hydroxy group of C-9

19 (J Hz) 20 (J Hz) 21 (J Hz)

Position O Oc Ou Oc O O¢

1 — J— J— J— J— J—

2 — 149.9, C — 151.6, C — 153.7, C

3 — 131.5, C — 119.7, C — 128.7, C
4 — 178.3, C — 183.1, C — 183.2, C
4a — 106.0, C — 103.5, C — 103.3, C

5 — 163.0, C — 164.0, C — 164.1, C
6 6.39, d (2.2) 100.2, CH 6.23,d (2.2) 98.0, CH 6.22, d (2.1) 97.8, CH
7 — 165.5, C — 165.4, C — 165.2, C
8 6.59, d (2.2) 95.2, CH 6.36, d (2.2) 93.2, CH 6.34,d (2.1) 93.0, CH
8a — 158.9, C — 157.5, C — 157.4, C
9 — 162.9, C 7.24, d (9.0) 124.4, CH — 151.5, C
10 — — 7.33,d (9.0) 117.9, CH 7.52,d (9.2) 119.1, CH
11 5.61, dd (6.7, 3.7) 78.2, CH — 149.7, C 7.37,d (9.2) 116.0, CH
12 2.99, m; 2.66, m 30.2, CH, — 114.7, C — 118.4, C
13 5.15,dd (7.3, 1.4) 116.5, CH 8.04, d (10.2) 120.4, CH 4.16, d (6.9) 25.1, CH,
14 — 136.5, C 5.94, d (10.2) 132.9, CH 5.24, t (6.9) 123.2, CH
15 1.64, s 17.1, CH, — 75.3, C — 130.7, C
16 1.67, s 25.0, CH, 1.45,'s 26.6, CH, 1.64, s 25.1, CH,
17 — — 1.45,'s 26.6, CH, 1.82, s 17.3, CH,
5-OH 12.19, s — 13.17, s — 13.32, s —

-OMe — — — — 3.92,'s 56.1, CH,

47456 | RSC Adv, 2025, 15, 47452-47463
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Fig. 3 Experimental and calculated ECD spectra of 1-4 (a—d), CD spectra of the [Mo,(OAc)4] complexes of compounds 3 (e) and 4 (f).

in toxyloxanthone B was lost in compound 20. Thus, the
structure of 20 was characterized.

Hyperxanthone I (21) was a yellowish powder. The formula of
21 (C1oH;505) was deduced from the [M + H]" ion peak at m/z
327.1225 (IHD = 11). The 'H and "*C NMR data of 21 were
similar to those of 20. The NMR data of 21 also showed a typical
keto - carbonyl group (dc 183.2), 12 aromatic hydrocarbon

© 2025 The Author(s). Published by the Royal Society of Chemistry

signals, and a substantial chelated hydroxyl group proton [0y
13.32 (s, 1H)], indicating that compound 21 was an anthrone
derivative similar to 20. In addition to an anthrone skeleton, the
'H-"H COSY correlation of H-13 and H-14 and the HMBC cross-
peaks from Me-17 and Me-16 to C-14, from H-13 to C-12 indi-
cated that an isopentene group was attached at C-12. Further-
more, the HMBC cross-peaks from 18-OMe to C-9 indicated that
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C-9 was substituted by a methoxy group, which differed from
the known compound 1,3,5-trihydroxy-8-isoprenylxanthone.*
Thus, the structure of 21 was characterized.

2.2 Bioactivity evaluation

2.2.1 a-Glucosidase inhibitory activity. The a-glucosidase
inhibitory activities of all isolated compounds were evaluated,
as shown in Fig. 4 and Table 4. Fifteen compounds showed
considerable a-glucosidase inhibitory activities, five of which
were better than acarbose (half maximal inhibitory concentra-
tion (ICso) = 3.70 £ 0.20 uM). The most active compound (7)
showed remarkable activity (ICs, = 1.13 + 0.26 pM).
Compounds 11, 1, 12, and 18 displayed strong inhibitory
activities (ICs, values of 2.85 + 0.15, 3.03 £ 0.15, 3.16 + 0.21,
and 3.55 £ 0.45 pM, respectively), which were stronger than that
of acarbose. Moreover, compounds 6, 9, 10, 14, 15, and 16
showed excellent a-glucosidase inhibitory activities with ICs,
values <10 uM.

2.2.1.1 Kinetic analysis. The a-glucosidase inhibition type of
compounds 1, 7, 11, 12, and 18 and their inhibition constants

View Article Online

Paper

(K; values) were studied (Fig. 5). The kinetic results demon-
strated that all compounds showed mixed-type inhibition
(when the inhibitor concentration increased, Vi, decreased
and K, increased),” indicating that these compounds could
bind to a-glucosidase and the o-glucosidase-p-NPG complex as
well. The K; value of the most active compound (7) was 4.265
uM, whereas those of compounds 1, 11, 12, and 18 were 21.41,
9.208, 6.548, and 8.415 uM, respectively (Fig. 6).

2.2.2 Molecular docking analysis. The structure-activity
relationships were further analyzed using molecular docking
analysis. As shown in Fig. 7, compound 7, with the best activity,
not only formed hydrogen bonds with residues Asn277 and
Lys242, but also interacted with Trp6, Thr253, Ala247, Phe246,
Lys4, Ile251, and Glu71. Compound 1 mainly interacted with
Trp6, Asn277, Lys4, Ala2447, and Lys242, which were the same
residues interacting with compound 7. Compound 11 mainly
interacted with Met184, Asp70, Pro109, His108, and Tyr68,
whereas compound 12 mainly interacted with Tyr552, Arg550,
Leu533, Val526, Thr538, etc. Compound 18 formed a hydrogen
bond with Ile143, and mainly interacted with Leu19, Glu141,

Compound 1 Compound 7 Compound 11
g 100 . . gy, g0
E 80 2 80 g 100 . . .
£ 0 : ol Lo
= s =
=S 40 £ 40 £ 40
2 L £ 2 =
E = Y
+—r—r—r—7r—r 0 T T T T 1 0- T T T T 1
0 20 40 60 80 100 12 0 50 100 150 200 25 0 50 100 150 200 25
Concentration(uM) Concentration(uM) Concentration(pM)
Compound 12 Compound 18 Acarbose
g 100 3 g 120 ;; 112‘2-
S 80 = 1004, — s " < 100 e 3 %
£ 60 g 80qfF g 801
g 4 g £
E g 20 E 20+
0 T L L T L) 1 9 T L L L L 1 3 T T T T 1
0 50 100 150 200 250 0 50 100 150 200 250 0 50 100 150 200 250
Concentration(pM) Concentration(pM) Concentration(uM)
Fig. 4 Inhibitory activities of compounds 1, 7, 11, 12, 18, and acarbose. Each point means the average + standard deviation of triplicate
measurements.
Table 4 [Csq for all isolated compounds and acarbose
Compounds IC5¢ & SD (uM) Compounds IC5o & SD (uM) Compounds ICso &+ SD (uM)
1 3.03 £ 0.15 9 6.10 & 0.04 17 21.38 £ 1.35
2 16.65 + 1.01 10 9.48 + 0.55 18 3.55 + 0.45
3 >100 11 2.85 + 0.15 19 >100
4 >100 12 3.16 £ 0.21 20 >100
5 >100 13 15.55 + 0.53 21 >100
6 5.32 + 0.08 14 4.84 + 0.22 Acarbose 3.70 + 0.20
7 1.13 £ 0.26 15 8.21 £ 0.34
8 42.7 £+ 9.00 16 4.24 £+ 0.35

47458 | RSC Adv, 2025, 15, 47452-47463
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Fig. 7 Molecular binding mode of compounds 1 (a), 7 (b), 11 (c), 12 (8), 18 (e), and acarbose (f) with a-glucosidase.

Pro223, Phe225, Trp288, and Asp289. Additionally, the five
compounds (1, 7, 11, 12, and 18) with better inhibitory effects
than the positive control (acarbose) had lower binding energies
to a-glucosidase (—7.3, —7.3, —8.2, —7.5, —7.1 kcal mol
respectively) than that of acarbose (—5.8 kecal mol ™).

3. Conclusion

In this study, 21 compounds including seven undescribed
compounds were obtained from the fruit of Hypericum
addingtonii N. Robson. The activity studies showed that
compounds 1, 7, 11, 12, and 18 had stronger a-glucosidase
inhibitory activity than acarbose. The structure-activity rela-
tionship analysis indicated that most of the meroterpenoid
derivatives isolated from the fruit of Hypericum addingtonii N.
Robson effectively inhibited o-glucosidase, except for
compounds 3-5. This suggests that meroterpenoid derivatives
have an advantage over anthrone derivatives for inhibiting o-
glucosidase. Moreover, by comparing the structure and activity
of compounds 3-5 to compounds 6 and 7, the pyran ring was
found to be important for activity. Our present study showed
that the fruit of Hypericum addingtonii N. Robson contains high
levels of meroterpenoid derivatives, which have anti-diabetic
properties and can be consumed to promote health in T2DM.

4. Experimental
4.1 General procedures

High-resolution mass spectrometry (HR-MS) or tandem mass
spectrometry (MS/MS analyses) were conducted using high-

47460 | RSC Adv, 2025, 15, 47452-47463

pressure liquid chromatography coupled with quadrupole
time-of-flight mass spectrometry (HPLC-Q-TOF-MS) with a dual
Agilent jet stream electrospray ionization source (6540, Agilent,
USA). An infrared (IR) spectrometer and ultraviolet (UV)-2600
spectrometer (Affinity-1, Shimadzu, Japan) were used to
obtain the IR and UV spectra. All optical rotations were
measured using a polarimeter (Paar MCP 500, France, Anton) at
25 °C. All nuclear magnetic resonance (NMR) data were ob-
tained using an NMR spectrometer (400 MHz, Bruker BioSpin
Group, Switzerland). All of the chemical shifts were recorded
with respect to the deuterated solvent shift (CDCl;: 6y 7.26 for
the proton resonance and ¢ 77.0 for the carbon; (CD);CO: dy
2.05 for the proton resonance and 6c 29.8 and 206.3 for the
carbon). A C;g column (Cosmosil, 5 um, 20 x 250 mm) was used
for semi-preparative HPLC. Octadecylsilyl (ODS, 50 pm, YMC),
silica gel, Sephadex LH-20 (Pharmacia, Kalamazoo, MI, USA),
and MCI gel (CHP20P, Japan) were used for column
chromatography.

4.2 Plant materials

The fruit of Hypericum addingtonii N. Robson was obtained from
Yunnan Province, China. After being identified by Prof. Aijia Ji
(Guangzhou University of Chinese Medicine), an identical
sample (No. 2019091001) was preserved at Guangzhou Univer-
sity of Traditional Chinese Medicine, Guangzhou, China.

4.3 Extraction and isolation

The air-dried fruit of Hypericum addingtonii N. Robson (10 kg)
was powdered and extracted three times using ethanol (EtOH,

© 2025 The Author(s). Published by the Royal Society of Chemistry
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70%) at 90 °C to produce 3.6 kg of residue. The residue was
dissolved in a mixture of ethyl acetate (EtOAc) and water and
then the two layers were separated. The EtOAc residue (300 g)
was separated into seven fractions (Fr. 1-7) using silica gel
column chromatography with a PE-EtOAc (1:0 to 0:1, v/v)
solvent system.

Fr. 4 was separated into Fr. 4A to 4F using an MCI gel
column. Compounds 3 (10.3 mg) and 4 (19.3 mg) were isolated
from Fr. 4C using a Sephadex column (methanol, MeOH) and
HPLC preparation. Fr. 4E was separated into Fr. 4E-1 to 4E-4
using a Sephadex column. Compound 5 (24.8 mg) was affor-
ded from Fr. 4E-2 using semi-preparative HPLC.

Fr. 5 was separated into Fr. 5A to 51 using an MCI column.
Then, Fr. 5D was separated into Fr. 5D-1 to Fr. 5D-7 using an
ODS column eluted with MeOH. Compound 19 (12.4 mg) was
isolated from Fr. 5D-5 using HPLC preparation. Compounds 2
(112.0 mg), 10 (40.7 mg), 13 (33.9 mg), 14 (24.8 mg), 15 (5.5 mg),
16 (121.8 mg), 20 (8.1 mg), and 21 (10.2 mg) were obtained from
Fr. 5D-6 using semi-preparative HPLC. Compounds 8 (10.8 mg),
9 (23.5 mg), and 17 (42.2 mg) were obtained from Fr. 5E using
a Sephadex column and HPLC preparation. Compounds 1 (10.8
mg), 6 (54.5 mg), 7 (10.6 mg), and 18 (118.2 mg) were obtained
from Fr. 5F using a Sephadex column and HPLC preparation.

Fr. 6 was separated into Fr. 6A to 6] using the MCI column.
Compounds 11 (11.4 mg) and 12 (13.3 mg) were obtained from
Fr. 6H using a Sephadex LH-20 column and HPLC preparation.

4.3.1 Hypertonii A (1). Yellow oil; [a]p>® +42.3 (c 0.1,
CH;CN); IR (KBr) vpax cm ™! 2966, 2925, 1733, 1684, 1447, 1393,
1373, 1247, 1222, 1185,1134, 686 cm ™ *; UV (CH3CN): A NM
(log ) 194 (1.8), 247 (0.6), 281 (0.2); ECD (CH3CN) Amax NM (Ag)
220 (+6.7), 230 (+2.08), 251 (+6.43), 305 (—0.81), 332 (—2.90).
HRESIMS m/z 561.3210 [M + H]" (caled for C35H,505 " 561.3211);
NMR data see Tables 1 and 2.

4.3.2 Hypertonii B (2). Colorless oil; [a]p>® +30.6 (¢ 0.1,
CH;CN); IR (KBr) viay cm ™ 2967, 2928, 2869, 1705, 1663, 1653,
1596, 1457, 1381, 1267, 1126, 1072, 1024, 694; UV (CH,CN):
Amax nm (log €) 192 (8.2), 248 (0.85), 281 (0.34); ECD (CH;CN)
Amax DM (Ag) 210 (+25.9), 248 (+2.64), 274 (—0.65), 297 (+1.77),
355 (+0.79). HRESIMS m/z 561.3938 [M + H]" (caled for
C3,H540,", 561.3938); NMR data see Tables 1 and 2.

4.3.3 Hypertonii C (3). Yellow oil; [a]p>® +25.4 (c 0.1,
CH;,CN); IR (KBI) ¥pnax 2960, 2930, 2870, 1687, 1636, 1438, 1458,
1386, 1363, 1233, 1069, 995 cm !, UV (CH3CN): Amay (log €) 198
(3.5), 250 (1.4), 272 (1.2) nm; ECD (CH3CN) Amax NM (Ag) 205
(+4.29), 220 (—6.84), 246 (+3.85), 266 (—3.29), 323 (+0.62). [M +
H]" m/z 655.3857 (caled for C33Hs50,", 655.3841); NMR data see
Tables 1 and 2.

4.3.4 Hypertonii D (4). Yellow oil; [a]p>® +18.6 (c 0.1,
CH;CN); IR (KBI) vpmax 2977, 2928, 1735, 1698, 1596, 1447, 1373,
1248, 1223, 1149, 1127, 1035, 688 cm ™!, UV (CH3CN): Ay (log )
198 (3.5), 250 (1.4), 272 (1.2) nm; ECD (CH3CN) Amax NM (Aé) 204
(+5.49), 219 (—5.99), 247 (+5.33), 267 (—2.73), 333 (+0.97). [M +
H]" m/z 655.3856 (caled for C3gHs400, 655.3841); NMR data see
Tables 1 and 2.

4.3.5 Hyperxanthone G (19). Yellow oil; [«]p>® —43.6 (c 0.1,
CH;CN); IR (KBI) Vmmax 2926, 2362, 1718, 1710, 1684, 1609, 1559,
1457, 1148 cm™'; UV (CH3CN): Aoy (log €) 240 (1.74), 277 (3.3),

© 2025 The Author(s). Published by the Royal Society of Chemistry
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330 (1.7) nm; ECD (CH3CN) Apnax N (Ae) 204 (—0.54), 218
(+2.50), 251 (—0.13), 272 (+1.39), 286 (+0.39), 299 (—0.20), 315
(+0.05). [M — H] m/z 301.0716 (caled for C;6H;306 , 301.0718);
NMR data see Table 3.

4.3.6 Hyperxanthone H (20). Yellow oil; [«]p>® —43.6 (c 0.1,
CH;CN); IR (KBr) vpax 2926, 2362, 1718, 1710, 1684, 1609, 1559,
1457, 1148 cm™Y; UV (CH;3CN): Amay (log €) 240 (1.74), 277 (3.3),
330 (1.7) nm; [M + H]" m/z 311.0904 (caled for C;gH;,0s,
311.0914); NMR data see Table 3.

4.3.7 Hyperxanthone I (21). Yellow oil; []p>® —24.5 (c 0.1,
CH,CN); IR (KBr) vpax 3420, 2923, 2362, 2344, 1718, 1700, 1647,
1603, 1465, 1382, 1269, 1161, 1090, 830 cm ™~ ; UV (CH;CN): Apax
(log ¢) 179 (6.8), 222 (4.7), 243 (4.2), 263 (7.6), 323 (3.3) nm; [M +
H]" m/z 327.1225 (caled for C;oH;05, 327.1229); 'H and '*C
NMR data see Table 3.

4.4 Electronic circular dichroism (ECD) calculations

Prior to the calculations, the conformations for compounds 1-4
and 19 were searched using Spartan 14 software with a Merck
molecular force field.*® The primary conformers were identified
based on the Boltzmann distribution rate and then optimized
and simulated based on time-dependent density-functional
theory (TD-DFT) method using Gaussian 09 software.>” After
the calculations, SpecDis 1.6 software was used to extract the
heat and ECD spectra of all conformers and sum the spectra.”®
Gauge-including atomic orbital (GIAO) NMR calculations were
performed under the mPW1PW091 functional and 6-31 + G (d, p)
level using a polarizable continuum model for solvation in
chloroform. The computational details of all conformers are
provided in the appendix.

4.5 [Mo,(OAc),]-induced circular dichroism

Weigh an appropriate amount of the compound to be tested
and dissolve it in anhydrous dimethyl sulfoxide (DMSO) to
prepare a solution with a concentration of approximately
0.8 mol L™". Measure its CD spectrum using anhydrous DMSO
as the blank. Dissolve the sample solution in pre-weighed
Mo,(OAc),, with the molar ratio of sample to Mo,(OAc), being
approximately 1:1.2. Subtracting the CD spectrum of the
complex from that of the sample eliminates any signal from the
sample itself. Observe signs of Cotton effects in the difference
spectrum within a range of 300-310 nm and determine the
absolute conformation of adjacent diols.

4.6 Assessment of biological activity

4.6.1 a-Glucosidase inhibitory activity. The o-glucosidase
inhibitory activities of all isolated compounds were evaluated by
measuring the hydrolysis rate of a-glucosidase to its substrate
(p-nitrophenyl-a-p-glucopyranoside, p-NPG).  Briefly, all
compounds were dissolved in 50% dimethysulfoxide and then
diluted to a series of concentrations. The a-glucosidase enzyme
was suspended in potassium phosphate buffer (pH = 6.8, 0.06 U
mL "), and the substrate (p-NPG) was dissolved in double
distilled water (5 mM). To prepare the test group, the test
samples (3 pL) were combined with p-NPG (100 pL) and then
150 L of enzyme solution (0.06 U mL™~") was added. The control

RSC Adv, 2025, 15, 47452-47463 | 47461
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group was prepared without the test sample and the blank
control was prepared without the test sample and enzyme
solution. All the reaction mixtures were added to 300 pL of
potassium phosphate buffer and reacted at 37 °C for 20 min.
The reaction was terminated by increasing the temperature to
95 °C for 5 min. After centrifugation, 70 pL of supernatant and
130 pL of sodium carbonate solution (0.1 M, pH 11.0) were
added to a 96-well plate, and the absorbance values were
measured using a microplate reader at 405 nm. The inhibitory
rate (IR) was calculated as IR (%) = 1 — [(4; — Ap)/(Ac — Ap)] X
100%, where A., A, and A, are the absorbance values of the
control, blank, and test groups, respectively. Each sample was
performed in triplicate. Acarbose was used as the positive
control.

4.7 Kinetic analysis for inhibition type

The kinetic constants (K, and V,.x) and inhibition mechanism
of compounds 1, 7, 11, 12, and 18 were analyzed using kinetic
analysis. First, the IR was tested using different substrate
concentrations (3.33-0.21 mM of p-NPG) and compound
concentrations for the Dixon plots (single reciprocal plots) and
Lineweaver-Burk plots. The test concentrations used were from
0 to 40 uM for 1, 11, 12, and 18, and from 0 to 20 uM for 7.
GraphPad Prism 5.0 software (GraphPad Software, Inc., La Jolla,
CA, USA) was used for analyzsis.

4.8 Molecular docking

The molecular docking was displayed on Autodock software
(1.5.6). The crystal structure of a-glucosidase (Protein Data Bank
(PDB) ID: 5zcb) was downloaded from the PDB database. The 3D
structures of all compounds were constructed with energy
minimization using ChemDraw3D software.
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