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ABSTRACT

In an effort to identify agents from natural products that in-
hibit protein tyrosine phosphatase 1B (PTP1B), 5 new preny-
lated stilbenes, (*)-styrastilbene A (1), styrastilbene B (2),
and (#)-styrastilbenes C-E (3, 4, and 7), along with 4 known
structurally related compounds (5, 6, 8, and 9), were isolated
from the roots of Artocarpus styracifolius. Their structures
were elucidated by spectroscopic methods, including 1D and
2D nuclear magnetic resonance (NMR), high-resolution elec-
trospray ionization mass spectrometry (HRESIMS), ultraviolet
(UV), and infrared (IR). Based on these isolates, a new plausi-
ble biosynthetic pathway for the unusual stilbene derivatives
3-8 with a tetracyclic ring system is proposed. Among these
compounds, 1-3, 8, and 9 displayed significant PTP1B inhib-
itory effects with ICsg values ranging from 2.40 (95% confi-
dence interval [Cl]: 2.21-2.59) to 8.80 (95% Cl: 8.28-9.32)
uM. Moreover, kinetic analysis and molecular docking simula-
tions were performed to provide insight into the inhibition
type as well as the interaction and binding mode of these ac-
tive isolates with PTP1B. Our results revealed mixed-type
PTP1B inhibition for all compounds tested. Docking simula-
tions of these stilbene derivatives showed negative binding
energies and close proximity to residues at the allosteric and
catalytic sites of PTP1B. These findings suggest that these
compounds may have a potential to be further developed as
agents for the management of type 2 diabetes mellitus.

Introduction

During the last few decades, the incidence of diabetes globally has
increased at an alarming rate due to changes of lifestyle and die-
tary structure, as well as the aging of the population. Type 2 dia-
betes mellitus (T2DM) is the major diabetes type, which is esti-
mated to account for up to 90% of all cases [1,2]. T2DM is a
chronic metabolic disease characterized by hyperglycemia and -
cell dysfunction and primarily caused by insulin resistance. Insulin
resistance is closely associated with the interruption of metabolic
insulin signal transduction, which occurs through dephosphoryla-
tion of the insulin receptor. Several protein tyrosin phosphatases,
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such as receptor protein tyrosine phosphatase, leukocyte antigen-
related tyrosine phosphatase, and protein tyrosine phosphatase
1B (PTP1B), have been implicated in dephosphorylation of the in-
sulin receptor [3]. Among these, PTP1B has been identified as a
key player that negatively requlates insulin signaling by dephos-
phorylating insulin receptor, as well as downstream signaling insu-
lin receptor substrate proteins [4,5]. Therefore, PTP1B inhibition
represents a highly promising approach to control the insulin sig-
naling pathway. Mounting evidence suggests that PTP1B inhib-
itors can improve and/or prolong the action of insulin and they
are considered to be candidate agents for the treatment of
T2DM [6-8].
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» Fig. 1 Structures of compounds 1-9.

Artocarpus plants (Moraceae) are well known as an abundant
source of secondary metabolites, consisting predominantly of
prenylated phenolic compounds, including flavonoids, stilbenes,
and 2-arylbenzofurans [9]. Recently, some stilbene derivatives
from Artocarpus nanchuanensis S.S. Chang have been found to dis-
play interesting PTP1B inhibitory activity [10]. This prompted us
to search for PTP1B inhibitors from Artocarpus plants. Artocarpus
styracifolius Pierre, a species distributed in the North of the Indo-
chinese peninsula and southern China, is an evergreen arbor tree
morphologically characterized by an upright trunk and yellow-or-
ange fruit. In China, A. styracifolius is widely cultivated for its edi-
ble fruit that is used locally to make jam and wine [11]. The roots
of this plant are documented to have various therapeutic effects
and are used as a folk medicine to treat rheumatism, psoatic
strain, rheumatic heart disease, diabetes, and hemiplegic paraly-
sis [12]. Like other members of the genus Artocarpus, A. styra-
cifolius was previously reported to contain prenylated flavonoids,
stilbenes, and 2-arylbenzofurans with various bioactivities, such
as anti-plasmodial, anti-trypanosomal, anti-respiratory burst, and
cathepsin Kinhibitory effects [13-16]. In a search for PTP1B inhib-
itors from natural products, a chloroform-soluble extract from the
roots of A. styracifolius was found to inhibit PTP1B activity (90% in-
hibition at a concentration of 50 ug/mL). In the present study, a
phytochemical investigation of this active extract was performed,
which led to the isolation of 5 new prenylated stilbenes (1-4 and
7) along with 4 known structurally related compounds (5, 6, 8,
and 9). All isolates were examined for their PTP1B inhibitory activ-
ities, and the inhibitory modes of the active compounds were elu-
cidated by inhibition kinetic analyses and molecular docking sim-
ulations. Furthermore, based on the new compounds obtained in
the present study, a more plausible biosynthetic pathway than the
one previously proposed is suggested for the stilbene derivatives
3-8 with an unusual tetracyclic ring skeleton.
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Results and Discussion

The air-dried roots of A. styracifolius were exhaustively extracted
with 95% EtOH. The CHCls-soluble portion of the hydroalcoholic
extract was separated by column chromatography (CC) on HP-20
macroporous resin, MCl CHP-20P resin, Sephadex LH-20, and
0DS, followed by preparative HPLC (PHPLC) to afford 5 new com-
pounds (1-4 and 7) and 4 known ones, hypargystilbene A (5) [17],
hypargystilbene D (6) [10], hypargystilbene B (8) [10], and trans-
oxyresveratrol (9) [18] (» Fig. 1). To the best of our knowledge,
this is the first report of the occurrences of compounds 5, 6, and
8 in A. styracifolius.

Compound 1, a yellow amorphous powder, was assigned the
molecular formula Cy4H,304 by high-resolution electrospray ion-
ization mass spectrometry (HRESIMS) at m/z 379.1906 ([M - H]",
calcd for Cy4H2704, 379.1915). The UV spectrum of 1 showed ab-
sorption maxima at 211 and 285 nm, which was in agreement
with a dihydrostilbene chromophore [17,19]. The 'TH NMR spec-
trum (» Table 1) showed signals for a pair of meta-coupled aro-
matic protons at 6 6.23 and 6.07 (1 H each, 2d, J=2.3Hz); 2 ar-
omatic singlets at 6y 6.98 and 6.37 (1 H each, 2s); and a 1,1-di-
methylallyl group at 64 6.24 (1 H, dd, J=17.5, 10.6 Hz), 4.97 (1 H,
dd,/=17.5,1.6Hz),4.93 (1 H,dd,/=10.6, 1.6 Hz),and 1.42 (6 H,
s)[10,17,19]. The other 11 proton signals showed terminal alken-
yl signals at 6,y 4.75 (1 H, d, /J=2.3 Hz) and 4.56 (1 H, m); 2 meth-
ylene signals at 6y 2.77 (1 H, dd, /=16.5, 5.5 Hz), 2.74 (1 H, dd,
/=16.5, 11.8 Hz), 2.84 (1 H, dd, /=16.2, 5.3 Hz), and 2.56 (1 H,
dd, /=16.2, 11.8Hz); 2 methine signals at 6y 3.28 (1 H, td,
/=11.8, 5.5Hz) and 2.87 (1 H, td, | =11.8, 5.3 Hz); as well as the
signal for a quaternary methyl at 6y 1.58 (3 H, s), which were as-
signed to the 2 coadjacent fragments of -CH,-CH-CH-CH,- and
-CH-C(Me)=CH, by analyses of the 'H-"H COSY, HSQC, and
HMBC spectra (Figs. 9S-13S). Moreover, cyclization of the ali-
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» Table 1 'H NMR data for compounds 1-4 and 7.

Posi- 6u (ppm, ] in Hz)

tion 18 2b 3b 4b 7>

2 6.23 (1H,d, 2.3) 6.21(1H,d, 2.3) 6.19 (1H, d, 2.3) 6.05 (1H, d, 2.4) 6.51(1H, d, 2.5)

4 6.07 (1H,d, 2.3) 6.59 (1H, d, 2.3) 6.24 (1H, d, 2.3) 6.14 (1H, d, 2.4) 6.97 (1H, d, 2.5)

5a 2.77(1H,dd, 16.5,5.5)  7.09(1H,d, 16.2) 3.19(1H, d, 4.0) 3.30 (1H, m)

5B 2.74(1H, dd, 16.5, 11.8)

6 3.28 (1H, td, 11.8, 5.5) 7.14(1H, d, 16.2) 2.85(1H,dd, 12.0,4.0)  3.18(1H, m) 3.90 (1H, d, 4.8)

7 6.98 (1H, s) 7.29(1H, s) 7.16 (1H, d, 8.5) 6.95(1H, s) 6.86 (1H, s)

8 6.31(1H, dd, 8.5, 2.5)

10 6.37 (1H,s) 6.30 (1H, s) 6.16 (1H, d, 2.5) 6.09 (1H, s) 6.22 (1H, s)

13 2.87(1H,td,11.8,5.3)  5.14(1H,brt, 6.7) 1.20(1H,td, 12.0,2.8)  2.12(1H,ddd, 10.8,6.9,4.5)  2.41(1H,dt, 11.7,4.7)
140 2.84(1H,dd, 16.2,5.3)  3.36(2H,d,6.7) 2.91(1H,dd, 14.3,2.8)  2.68(1H,dd, 17.2,6.9) 3.08 (1H, dd, 4.5, 16.5)
148 2.56 (1H, dd, 16.2, 11.8) 2.01(1H,t, 13.1) 2.18(1H, dd, 17.2, 10.8) 2.35(1H, dd, 11.7, 16.5)
18a 4.75(1H,d, 2.3) 1.80 (3H, s) 1.40 (3H, s) 1.44 (3H, s) 1.46 (3H, s)

18b 4.56 (1H, m)

19 1.58 (3H, s) 1.68 (3H, s) 1.31(3H,s) 1.30 (3H, s) 1.33(3H,s)

21 1.42 3H, s) 1.46 (3H, s) 1.14 (3H, s) 1.33(3H,s) 1.33(3H,s)

22 1.42 3H, s) 1.46 (3H, s) 0.99 (3H, s) 1.33(3H,s) 1.33(3H,s)

23 6.24 (1H,dd 17.5, 10.6) 6.25(1H,dd,17.5,10.7)  5.84(1H,dd,17.9,10.4)  6.13(1H,dd, 17.0,11.2) 6.14 (1H, dd, 10.8, 17.4)
24a 4.97 (1H,dd, 17.5, 1.6) 4.98 (1H, dd, 17.5,1.5) 4.95(1H, dd, 17.9, 1.3) 4.87 (1H, m) 4.88(1H,dd, 1.5,17.4)
24b 4.93(1H,dd, 10.6,1.6)  4.95(1H,dd,10.7,1.5)  4.94(1H,dd, 10.4,1.3)  4.89(1H, m) 4.87 (1H, dd, 1.5, 10.8)
25 2.33 (2H, m)

26 5.32(1H,t,7.4)

28 1.62 (3H, s)

29 1.75(3H, s)

2Bruker Avance 600 spectrometer in acetone-dg; chemical shifts referred to acetone-dg (6 2.05). ® Bruker Avance 600 spectrometer in methanol-dg; chemical

shifts referred to methanol-d, (61 3.31).

phatic fragment to form a ring (ring C) was needed to satisfy the
11 degrees of unsaturation of 1.

The structure of 1 (> Fig. 1) was inferred from the HSQC and
HMBC data. The HMBC spectrum displayed the correlations of
H3-21/22 (64 1.42) and H-23 (64 6.24) with C-8 (6¢ 125.4), sug-
gesting that the 1,1-dimethylallyl group was located at C-8. Ring
Cwas fused with ring A at C-15 and C-16 and linked to C-17 of ring
B, as established by the HMBC correlations (> Fig. 2, Fig.13S,
Supporting Information) from H-5 (64 2.77) to C-4 (8¢ 106.8), C-
15 (5¢ 115.1), C-16 (8¢ 139.6), and C-17 (8¢ 122.1); from H-6 (54
3.28) to C-5 (8¢ 39.4), C-7 (6¢ 127.8), C-11 (6¢ 154.2), C-13 (6¢
47.8), and C-17; and from H-13 (64 2.87) to C-15 and C-17; as well
as correlations between Hy/Hp-14 (6 2.84/2.56) and C-1 (6c¢
156.4), C-6 (6¢ 37.1), and C-16. The fragment of -C(Me)=CH,
(prop-1-en-2-yl group) was located at C-13 of ring C, which was
supported by HMBC correlations of Hy/Hp-18 (6 4.75/4.56) with
C-12 (6¢ 149.6), C-13 and C-19 (6¢ 18.8); and H-13 with C-12, C-
18 (6¢ 111.6), and C-19. The substitution patterns of rings A and B
were deduced by the HMBC correlations shown in » Fig. 2. The
relative configuration between C-6 and C-13 was assigned as trans
in view of the diaxial coupling constant J 13=11.8 Hz [19], which
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was supported by NOESY correlations of H-6 with Hg/H,-18 and
Hs-19 (> Fig. 3). No optical activity or circular dichroism was de-
tected, indicating that 1 was obtained as a racemate. This was
supported by chiral HPLC analysis of 1 over a Phenomenex Lux
Cellulose-2 column (5puM, i.d. 250 x4.6 mm) using acetonitrile-
H,0 (3:1, v/v) with a flow rate of 1.2 mL/min, displaying 2 peaks
with an integration ratio of about 1:1. Thus, the structure of 1
was elucidated as [65(R),7S(R)]-6-[2,4-dihydroxy-5-(1,1-dimethyl-
allyl)phenyl]-7-(prop-1-en-2-yl)-5,6,7,8-tetrahydronaphthalene-
1,3-diol and it was named (#)-styrastilbene A.

Compound 2, a yellow amorphous powder, was assigned the
molecular formula Cy4H,304 by HRESIMS at m/z 379.1933
(IM=H]", caled for Co4H2704, 379.1915). The 'H NMR spectrum
exhibited signals for 2 meta-coupled aromatic protons at 6y 6.59
(1H,d,J=2.3Hz)and 6.21 (1 H, d, /= 2.3 Hz); 2 aromatic singlets
at 6y 7.29 (1 H, s) and 6.30 (1 H, s); a set of signals for a 1,1-di-
methylallyl (prenyl) group at éy 6.25 (1 H, dd, J=17.5, 10.7 Hz),
4.98 (1 H, dd, /=17.5, 1.5Hz), 4.95 (1 H, dd, /=10.7, 1.5Hz),
and 1.46 (6H, s); as well as a set of signals for a 3-methyl-2-buten-
yl (prenyl) group at 6y 5.14 (1 H, br t, J=6.7Hz), 3.36 (2 H, d,
J/=6.7Hz), 1.80 (3 H, s), and 1.68 (3 H, s). The 2 proton signals at
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» Fig. 2 Key HMBC (H—C) and COSY correlations of compounds 1-4 and 7.

64 7.14(1H,d,/=16.2Hz) and 7.09 (1 H, d, /= 16.2 Hz) were un-
ambiguously assigned as a pair of trans 1,2-disubstitued olefinic
protons of typical stilbenoids [20, 21], supported by the presence
of characteristic methine sp? carbon signals at 6c 126.2 and 124.3
in 3C NMR (> Table 2) and DEPT spectra (Fig. 22S, Supporting In-
formation) of 2. These NMR data suggested that 2 was a stilbene
derivative with diprenyl substitution. Interpretation of the HSQC
and HMBC spectra allowed the determination of the substitution
pattern and the full assignment of "H and '3C NMR signals. The
2 free prenyl groups were located at C-8 and C-15, respectively,
as established by the following HMBC correlations: from Hy-14
(61 3.36) to C-1 (6¢ 156.9), C-15 (6¢ 118.9), and C-16 (6¢ 140.6);
from H-13 (6y 5.14) to C-15; from H3-21/22 (64 1.46) to C-8 (6¢
127.3); and from H-23 (64 6.25) to C-8 (6¢ 127.3). The substitu-
tion of rings A and B was inferred from the HMBC correlations
shown in » Fig. 2. Thus, the structure of 2 was established as (E)-
5-(2,4-dihydroxy-5-(1,1-dimethylallyl)styryl)-4-(3-methylbut-2-
en-1-yl)benzene-1,3-diol, and it was named styrastilbene B.
Compound 3, a yellow amorphous powder, was assigned the
molecular formula C;4H»804 by HRESI at m/z 379.1907 ([M - H]",
calcd for Co4H»704, 379.1915). The 'H NMR spectrum showed
signals for an aromatic ABX spin system (ring B) at 6y 7.16 (1 H,
d, /=8.5Hz), 6.31 (1 H, dd, /=8.5, 2.5Hz), and 6.16 (1 H, d,
J=2.5Hz); 2 meta-coupled aromatic protons (ring A) at oy 6.24
(1H,d,/=2.3Hz) and 6.19 (1 H, d, /=2.3 Hz); as well as signals
for a 1,1-dimethylallyl group at 6y 5.84 (1 H, dd, [=17.9,
10.4Hz), 4.95 (1 H, dd, /=17.9, 1.3Hz), and 4.94 (1 H, dd,
/=10.4, 1.3 Hz). Moreover, analysis of the 'H-"TH COSY, HSQC
and HMBC spectra allowed assignment of the following 11 ali-
phatic proton signals to the 2 coadjacent fragments of
-CH-CH-CH-CH,- and -CH-C(Me,)O-: & 3.19 (1 H, d, J=4.0 Hz),
2.85 (1 H, dd, /=12.0, 4.0Hz), 1.20 (1 H, td, /=12.0, 2.8 Hz),
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> Fig. 3 Key NOESY correlations of compounds 1, 3, and 4.

2.91 (1 H, dd, /=143, 2.8Hz), 2.01 (1 H, t, J=13.1Hz), 1.40
(3 H,s),and 1.31 (3 H, s). These 'TH NMR data (> Table 1) are very
similar to those of the known compound 8 [10] isolated from
A. nanchuanensis. The main difference was the extra appearance
of an aromatic proton signal at 6y 6.31 in 3 and the disappearance
of an aliphatic proton signal assigned for H-5 at 6y 2.47 in 8. This
strongly indicated that the 1,1-dimethylallyl group substitution
took place at C-5 instead of C-8 (ring B), which was supported by
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» Table 2 '3C NMR data for compounds 1-4 and 7.

Posi- 6c (ppm)
tion 1a 2b 3b 4b 7b
1 156.4 156.9 155.0 156.5 157.3
2 100.7 102.2 101.5 101.0 109.2
3 156.6 156.6 155.7 156.2 157.5
4 106.8 104.2 111.9 108.0 104.7
5 39.4 124.3 51.6 43.0 200.0
6 37.1 126.2 35.4 33.2 45.9
7 127.8 126.2 127.2 125.9 127.1
8 125.4 127.3 107.6 127.2 128.3
9 154.5 157.5 157.5 155.7 157.3
10 104.6 104.8 104.5 105.1 105.6
11 154.2 155.3 156.2 154.2 153.9
12 149.6 130.6 80.1 77.7 76.9
13 47.8 125.8 50.0 34.7 40.9
14 30.4 25.3 24.7 21.4 20.6
15 115.1 118.9 119.9 114.5 123.3
16 139.6 140.6 140.1 141.6 133.4
17 1221 117.3 121.5 113.5 105.8
18 111.6 18.0 29.6 26.9 26.5
19 18.8 25.9 22.8 26.7 25.7
20 40.7 411 43.9 41.2 411
21 27.6 27.8 26.3 27.51 27.5%
22 27.7 27.8 26.6 27.61 27.6%
23 149.6 149.7 148.5 149.9 149.4
24 110.0 110.3 112.4 110.0 110.2
25 37.4
26 124.4
27 133.9
28 18.2
29 26.0

aBruker Avance 600 spectrometer in acetone-dg; chemical shifts referred
to acetone-dg (8¢ 29.92). P Bruker Avance 600 spectrometer in methanol-
dy; chemical shifts referred to methanol-d4 (6c 49.00); assignments with
identical superscripts (7, ) are interchangeable.

the HMBC correlations (> Fig. 2) from H3-21 (6y 1.14) and H3-22
(64 0.99) to C-5 (6¢ 51.6) and from H-23 (6 5.84) to C-5. The sub-
stitutions of rings A and B were established by the HMBC cou-
plings shown in » Fig. 2. Similar to 1, the relative configurations
of C-6 and C-13 were assigned as trans in view of the diaxial [¢ 13
value of 12.0Hz [19]. In addition, the NOESY correlations of H,-
14 (6 2.91) with H-5 (8,4 3.19), H-13 (64 1.20), and H3-18 (&4
1.40); Hg-14 (61 2.01) with H3-19 (8 1.31); as well as correlations
of H-6 (64 2.85) with H3-19, Hs-21, and Hs-22 were observed,
suggesting that H-5, H,-14, and H-13 were on the same side.
Compound 3 was also a racemate, as indicated by chiral HPLC
analysis (analytical method similar to that for 1) displaying 2 peaks
with an integration ratio of about 1:1. Thus, the structure of 3
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was established as [6aS(R),12R(S),12aS(R)]-6,6-dimethyl-12-(1,1-
dimethylallyl)-6a,7,12,12a-tetrahydro-6H-naphtho[2,3-c]chro-
mene-3,8,10-triol, and it was named (£)-styrastilbene C.

Compound 4, a yellow amorphous powder, was assigned the
molecular formula CygH3604 by HRESIMS at m/z 447.2526
(IM=H]", calcd for CogH3504, 447.2541). The 'H NMR spectrum
of 4 was similar to that of the known compound 6 [10]. A compar-
ison of the TH NMR data of 4 with those of 6 revealed that the
main difference was the presence of an extra set of proton signals
for the 3-methyl-2-butenyl group in 4. This suggested that 4 was a
stilbene derivative with triprenyl substitution. Interpretation of
the HSQC and HMBC spectra of 4 showed the substitution pattern
and fully assigned all 'H and '3C NMR signals. The 3-methyl-2-bu-
tenyl group and 1,1-dimethylallyl group were located at C-5 and
C-8, respectively, as established by HMBC correlations (> Fig. 2)
from H»-25 (6 2.33) to C-5 (6¢ 43.0), C-6 (6¢ 33.2), and C-16 (6¢
141.6); from H-26 (6 5.32) to C-5; and from H3-21/22 (64 1.33)
and H-23 (6y 6.13) to C-8 (6¢ 127.2). For the relative configura-
tion of 4, a cis arrangement between H-6 and H-13 was indicated
by the Jg 13 value of 4.5Hz [17,19]. In addition, the NOESY cross
peaks of Hy-14 (6y 2.68) with H-6 (6 3.18) and H-13 (6 2.12);
H-13 with H-5 (8 3.30); and Hp-14 (64 2.18) with H-25 and Hs-
28 (6 1.62) suggested that H-5, H-6 and H-13 were on the same
side. Compound 4 was also a racemate, as shown by chiral HPLC
analysis (analytical method similar to that for 1). Thus, the struc-
ture of 4 was established as [6aS(R),125(R),12aR(S)]-6,6-dimethyl-
12-(3-methylbut-2-en-1-yl)-2-(1,1-dimethylallyl)-6a,7,12,12a-
tetrahydro-6H-naphtho([2,3-c]chromene-3,8,10-triol, and it was
named (%)-styrastilbene D.

Compound 7, a yellow amorphous powder, was assigned the
molecular formula Cy4H»60s by HRESIMS at m/z 395.1855
(IM+H]*, calcd for Co4H»70s, 395.1853). The 'H NMR spectrum
of 7 was highly similar to that of the known compound 6 [10], ex-
cept for the absence of an aliphatic proton signal at 6y 5.14 as-
signed for H-5 in 6. A further comparison of the 3C NMR data of
7 with those of 6 showed that the oxygenated methine sp? carbon
signal at ¢ 69.5 assigned to C-5 of 6 disappeared in 7 and was
replaced with a carbonyl carbon signal at §c 200.0. This suggested
that 7 was an oxygenated derivative of 6 resulting from further
oxygenation of C-5, which was confirmed by the HMBC correla-
tions of H-4 (64 6.97) with C-2 (¢ 109.2), C-3 (8¢ 157.5), C-5 (8¢
200.0), and C-15 (6¢ 123.3); H-6 (6y 3.90) with C-5, C-11 (6¢
153.9), C-12 (6¢ 76.9), C-13 (6¢ 40.9), C-14 (6¢ 20.6), C-16 (6¢
133.4), and C-17 (8¢ 105.8); and H-13 (& 2.41) with C-5, C-6 (6¢
45.9), C-14, C-15, C-17, and C-18 (O¢ 26.5). The relative orienta-
tion of H-6 and H-13 was assigned as synperiplanar because of the
J6,13 value of 4.8 Hz [17,19]. Compound 7 was also a racemate, as
shown by chiral HPLC analysis (analytical method similar to that
for 1). Thus, the structure of 7 was established as [6aS(R),12aR
(5)]-8,10-dihydroxy-6,6-dimethyl-2-(1,1-dimethylallyl)-6a,7-dihy-
dro-6H-aphtho[2,3-c]chromen-12(12aH)-one, and it was named
(%)-styrastilbene E.

The structures of the 4 known compounds (5, 6, 8, and 9) were
identified as shown in » Fig. 1 by comparison of their NMR and MS
data with those reported in the literature. It is noteworthy that
compounds 3-8 represent a class of structurally unusual preny-
lated stilbene derivatives with a unique tetracyclic ring system.
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» Fig. 4 Plausible biosynthetic pathway of tetracyclic-ring stilbenoids.

To the best of our knowledge, the occurrence of natural products
structurally similar to 3-8 has been strictly limited to the mem-
bers of the genus Artocarpus and only 4 of such compounds were
reported previously [10,17,19]. A biogenetic pathway for this
class of unusual stilbenoids was previously proposed, which sug-
gested that the 2 aliphatic rings (B and C) of the tetracyclic ring
system are formed in a 1-step coupling reaction [17]. In this study,
a series of stilbenoids were obtained, which allows us to suggest a
more plausible biogenetic pathway than the one previously pro-
posed. It is suggested that multistep reactions, including prenyla-
tion, partial cyclization of the prenyl group, hydration of olefinic
bond, and dehydration of 2 hydroxyl groups, are involved in the
process of formation of the tetracyclic ring system (> Fig. 4).

All 9 compounds were evaluated for their abilities to inhibit
PTP1B activity. As shown in » Table 3, compound 2 revealed the
highest PTP1B inhibition among the isolated compounds, with an
ICsg value of 2.40 (95% confidence interval [Cl]: 2.21-2.59) uM,
which was comparable to that of the positive control, ursolic acid
(IC50=5.16 [95% Cl: 4.93-5.39] uM). Compounds 1, 3, 8, and 9
also exhibited significant inhibitory activity against PTP1B with
ICsp values ranging from 4.52 (95% Cl: 4.24-4.80) to 8.80 (95%
Cl: 8.28-9.32) uM, while compounds 4-7 were found to be weak
or inactive. Interestingly, this suggests that the relative orienta-
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tion of H-6 and H-13 in these compounds might contribute to
their abilities to inhibit PTP1B. Thus, a trans arrangement between
H-6 and H-13 appears to be favorable for the suppression of
PTP1B activity, as indicated by the difference in activity among
the compounds with a trans (1, 3, and 8) or cis (4-7) arrangement
of H-6/H-13 (» Table 3).

Kinetic analyses using Lineweaver-Burk and Dixon plots were
further performed to elucidate the type of PTP1B inhibition and
determine inhibition constants (K; values) of the active stilbene
derivatives (1-3, 8, and 9). In the Lineweaver-Burk plot method,
the crossing of regression lines of the inhibitors in the xy region
indicates mixed inhibition, and the intersection of the lines at the
same point on the x-axis or y-axis represents noncompetitive or
competitive inhibition, respectively [22]. All tested compounds in-
hibited PTP1B in a mixed manner (> Table 3), as suggested by the
fact that the plotted lines of the tested inhibitors intersected in
the xy region (> Fig. 5). Our results indicated that these 5 active
compounds may bind to not only the conventional catalytic do-
main but also an additional binding site of the PTP1B enzyme. In
the Dixon plot method, K; values were determined and were in the
range of 1.82-8.13 uM. Among them, compound 1, possessing a
lower K; value, might be promising for the development of a
mixed PTP1B inhibitor.
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» Table 3 Inhibition effects of compounds 1-9 against PTP1B.

Compounds 1C50? (MM) Inhibition type (K;?, pM)
1 4.52(4.24-4.80)  mixed[1.95 (1.81-2.09)]
2 2.40(2.21-2.59)  mixed [1.82(1.73-1.91)]
3 8.23(7.54-8.92)  mixed [3.28 (2.94-3.62)]
4 >50 -b
5 >50 _b
6 >50 -b
7 >50 -b
8 8.80(8.28-9.32)  mixed [8.13 (7.41-8.85)]
9 8.43(8.03-8.83)  mixed [3.41(3.10-3.72)]
Ursolic acid® 5.16 (4.93-5.39) -b

aValues are expressed as the mean with 95% CI. > Not test.
¢ Positive control.

An in silico molecular docking simulation was employed to es-
timate the interaction between PTP1B and these stilbene deriva-
tives (1-3, 8, and 9) and known inhibitors (ligand C [a catalytic in-
hibitor] and ligand A [an allosteric inhibitor]). The results showed
that the enzyme-inhibitor complexes of tested compounds or lig-
and C were stably positioned in the catalytic site of PTP1B, with
negative binding energies of -5.84, -6.11, -5.45, - 5.56, and
-5.56 kcal/mol (> Table 4), respectively. The ligand interactions
of the 5 tested compounds with PTP1B were elucidated to involve
the simultaneous establishment of multiple hydrophobic contacts
and/or hydrogen bonds in the catalytic site, as illustrated in » Ta-
ble 4 and Fig. 6. For example, catalytic inhibition by 1 against
PTP1B exhibited 4 H-bonds with 4 residues Gly183, Cys215,
Gly220, and Arg221. The hydroxyl group in C-3 (ring A) of 1 is in-
volved in the strong H-bonding interaction with the sulfur group
of Cys215 and the 2 nitrogen groups from each of Gly220 and
Arg221, showing bond distances of 3.05, 3.19, and 3.22 A, re-
spectively. The strongest H-bond interaction, however, was ob-
served between the nitrogen group of Gly183 and the hydroxyl
group in C-9 (ring B) of 1, with a bond distance of 2.86 A. In addi-
tion, 1 also displayed hydrophobic interactions with some re-
ported catalytic residues of PTP1B, such as Tyr46, Trp179, and
GIn266 [23,24], which further stabilized the enzyme-inhibitor in-
teraction (> Fig. 6, Table 4).

Many studies have indicated that the binding of ligand with
residues in the a3 and a7 helices of PTP1B could lead to allosteric
inhibition of enzyme activity [8,23-25]. Leu192, Asn193, Phe196,
Phe280 residues were frequently reported as the interacting resi-
dues for some PTP1B allosteric inhibitors [23-25]. From our dock-
ing results, the enzyme-inhibitor complexes of all tested com-
pounds at the allosteric site of PTP1B exhibited high binding affin-
ity (-4.54, -5.96, - 4.66, - 5.14, and - 5.21 kcal/mol, respective-
ly) (> Table 4). Specifically, Van der Waals contacts were observed
to be the predominant binding mode compared with H-bond in-
teractions, as illustrated in » Fig. 7. In addition, the 5 tested com-
pounds and ligand A interacted with the same allosteric residues
Phe280 (in the a7 helix) and Ala189, Leu192, and Phe196 (in the
a3 helix) via hydrophobic interactions. These in silico results are in

Li W et al. Unusual Prenylated Stilbene... Planta Med 2019; 85: 1263-1274

accordance with the results of in vitro kinetic analysis and indi-
cated that stilbene derivatives 1-3, 8, and 9 could bind tightly at
catalytic and allosteric sites of PTP1B.

It is worth noting that several critical catalytic residues related
to selectivity for PTP1B inhibitors over T-cell protein tyrosine
phosphatase (TCPTP), the phosphatase with the highest homol-
ogy to PTP1B, were observed to be involved in the hydrophobic
interactions with these stilbene derivatives, such as Lys116 and
Asp181 [26] for 1; Arg24 and Met258 [27] for 2; Lys116, Asp181,
and Ser216 [26] for 3; Ser216 [26] for 8; and Ser216 [26] for 9
(> Table 4). These interactions suggest that the PTP1B inhibition
by these compounds might occur selectively over TCPTP.

In conclusion, 5 new prenylated stilbenes were isolated from
A. styracifolius and structurally characterized. A new plausible bio-
synthetic pathway for the formation of these unusual tetracyclic-
ring stilbenes is proposed. Five isolates were identified as PTP1B
inhibitors and their mode of inhibition was revealed by kinetic
analysis to be mixed type. Furthermore, the mode of binding of
the active compounds (1-3, 8, and 9) with PTP1B enzyme was re-
vealed by molecular docking simulation, which supported the
above results. The present results suggest that these prenylated
stilbenes might have a potential to be further developed for the
management of T2DM. However, additional studies will be re-
quired to confirm their selectivity and investigate their in vivo effi-
cacy, drug-likeness properties, and bioavailability.

The spectra (1D and 2D NMR, UV, IR, and HRESIMS) of the new
compounds 1 (Fig. 15-15S), 2 (Fig. 165-24S), 3 (Fig. 255-34S), 4
(Fig. 355-47S), and 7 (Fig. 48S-58S) are available as Supporting
Information.

Materials and Methods

General experimental procedures

Infrared (IR) spectra were acquired from a Shimadzu Iraffinity-1
spectrometer with a KBr disk. UV spectra were measured on a
Shimadzu UV-1800 spectrophotometer. Optical rotations were de-
termined on a JASCO P-1020 polarimeter. NMR spectra were re-
corded on a Bruker Avance 600 spectrometer and processed
through the processing software Bruker TOPSPIN (version 2.1).
HRESIMS analyses were performed on an AB SCIEX Triple TOF
5600+ mass spectrometer or SHIMADZU LCMS-IT-TOF mass spec-
trometer. CC was performed on silica gel (10-40 um, Qingdao
Marine Chemical Factory), ODS (75-150 um; YMC Co.), Sephadex
LH-20 (GE Healthcare Bio-Sciences), and MCI GEL CHP20P (75-
150 um; Mitsubishi Chemical Co.). Precoated thin-layer chroma-
tography plates with silica gel GF;s4 (Qingdao Marine Chemical
Factory) were used to check the purity of isolates after spraying
with 10% H,SO4in EtOH (v/v), followed by heating. PHPLC was per-
formed on a liquid chromatography system (LC3000 system;
Beijing Chuangxintongheng Science & Technology Co., Ltd.)
equipped with an ODS column (5 ym, i.d. 20 mm x 250 mm; YMC
Co.). p-Nitrophenyl phosphate (p-NPP), ethylenediaminetetraace-
tic acid (EDTA), and dithiothreitol (DTT) were purchased from
Sigma-Aldrich Corporation. Human recombinant PTP1B was pur-
chased from Biomol Co. All other chemicals and solvents used were
purchased from Sinopharm Chemical Reagent Co., Ltd., or Merck.
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> Table 4 Docking scores and interacting residues of compounds 1-3, 8, and 9 in PTP1B using LeDock.

Compounds Binding energy H-Bond interacting residues Hydrophobic interacting residues
(kcal/mol)
Ligand C? (catalytic inhibitor) -12.43b Asp48, Trp179, Ser216, Ala217, Gly218, Tyr46, Val49, Ala217, 1le219, Met258, GIn262,
1le219, Gly220, Arg221, Gly259, GIn266 Thr263
Ligand A< (allosteric inhibitor) -9.444 Asn193, Glu276 Ala189, Leu192, Phe196, Gly277, Lys279, Met282,
Phe280
1 -5.84 Gly183, Cys 215, Gly220, Arg221 Tyrd6, Lys116, Trp179, Pro180, Asp181, Phe182,
GIn266
-4.54 - Tyr152, Ala189, Ser190, Leu192, Asn193, Phe196,
Phe280
2 -6.11 - Tyr20, Arg24, Tyr46, Asp48, Val49, Ala217, Ile219,
Gly220, Met258, Gly259, GIn262
-5.96 Lys197 Ala189, Leu192,Asn193, Phe196, Glu200, Gly277,
Phe280, lle281
3 -5.45 11e219, Gly220, Thr263 Lys116, Trp179, Asp181, Gly183, Val184, Cys215,
Ser216, Ala217, Arg221, Asp265, GIn266
-4.66 - Ala189, Leu192, Asn193, Phe196, Lys197, Glu200,
Gly277, Phe280, lle281
8 -5.56 Trp179, Arg221 Tyrd6, Asp48, Val49, Gly183, Cys215, Ser216,
Ala217, GIn262, Thr263, GIn266
-5.14 -e Ser187,Ala189, Leu192, Asn193, Phe196, Glu276,
Gly277, Phe280
9 -5.56 Trp179, Gly220 Gly183, Cys215, Ser216, Ala217, 1le219, Arg221,
Thr263, GIn266
-5.21 Lys197, Glu200 Ala189, Leu192, Asn193, Phe196, Gly277, Phe280

2 Reported catalytic inhibitor with TNNY. ® With a RMSD value of 1.360 A. ¢ Reported allosteric inhibitor with 1T49. ¢ With a RMSD value of 0.281 A.

¢ No hydrogen-bonding interaction.

Plant material

The roots of A. styracifolius were collected from Dayuan forest
farm of Yangshuo County, Guangxi Autonomous Region, China,
in October 2012 and identified by Shihong Lv, an associate re-
searcher of Guangxi Institute of Botany, Chinese Academy of Sci-
ences. A voucher specimen (TCM, 2012-10-01) was deposited in
the Herbarium of the Department of Pharmacognosy, Research
Center of Natural Resources of Chinese Medicinal Materials and
Ethnic Medicine, Jiangxi University of Traditional Chinese Medi-
cine.

Extraction and isolation

The air-dried roots of A. styracifolius (13.9 kg) were macerated
with 95% EtOH 3 times (10.0 L for each extraction) at room tem-
perature. The filtrate was evaporated under reduced pressure to
produce a residue (1.3 kg), which was suspended in H>O (1L) and
then partitioned successively with petroleum ether (3x2L),
CHCl5 (3 x2L), EtOAc (3% 2 L), and n-BuOH (3 x 2 L) to provide pe-
troleum ether-soluble, CHCls-soluble, EtOAc-soluble, and n-
BuOH-soluble portions, respectively. The CHCl3-soluble portion
(118.9g) was fractionated by a HP-20 macroporous resin CC
eluted with a gradient of EtOH-H,0 (10x45cm, 1:9, 3:7, 1:1,
7:3,95:5, v/v) to give 6 fractions (frs. H1-H6). Fr. H3 (6.6 g) was
separated by CC over MCI CHP-20P resin eluted with MeOH-H,0
(75um, 4x45cm, 3:7,5:5,7:3,10:0, v/v) to obtain 6 fractions
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(Frs. H3M1-H3M6). Fr. H3M6 (2.7 g) was fractionated by CC on
Sephadex LH-20 (2 %200 cm) eluted with MeOH to yield 5 frac-
tions (frs. H3M6L1-H3M6L5). Fr. H3M6L3 (0.5 g) was separated
by CC over silica gel eluted with CHCl3-CH3COCHs3 (300 mesh,
3x22cm, 3:1, 1:1, 1:3, v/v) to obtain 5 fractions (Frs.
H3M6L3ST1-H3M6L3S5). Fr. H3M6L3S1 (80.5 mg) was then re-
peatedly purified by PHPLC eluting with acetonitrile-H,0 (ODS,
5um, 2x25cm, 3:7, v/v) to obtain compounds 9 (18.8 mg, tg
29 min) and 6 (5.8 mg, tg 35 min). Fr. H4 (44.8 g) was chromato-
graphed by CC over ODS eluted by MeOH-H,O (150pum,
4%x22cm, 6:4, 7:3, 8:2, 9:1, 10:0, v/v) to give 15 fractions
(Frs. H401-H4015). Fr. H403 (4.6 g) was separated by CC over
MCI CHP-20P resin eluted with MeOH-H,0O (75 pum, 4% 45cm,
6:4, 7:3, 8:2, 9:1, 10:0, v/v) to obtain 5 fractions (Frs.
H403M1-H403M5). Fr. H403M3 (1.8 g) was fractionated by CC
on Sephadex LH-20 (2 x 200 cm) eluted with MeOH to yield 6 frac-
tions (Frs. H403M3L1-H403M3L6). Fr. H403M3L1 (173.4 mg)
was then purified by PHPLC (ODS, 5 um, 2 x 25 cm) eluting with
acetonitrile-H,0 (5:5, v/v) to obtain compound 5 (18.4 mg, tg
25 min) and 3 (3.0 mg, tg 40 min). In a similar manner, 7 (7.2 mg,
tg 24 min), 8 (10.2mg, tg 31 min), and 1 (40.3mg, tg 45 min)
were obtained from Fr. H403M3L2, 2 (14.1 mg, tg 35 min) from
Fr. H403M3L5, and 4 (7.5 mg, tg 37 min) from Fr. H403M3L6.
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> Fig. 6 3D molecular docking model for the ligand interactions of 1 (red stick), 2 (green stick), 3 (blue stick), 8 (yellow stick), and 9 (white stick) at
the catalytic site of PTP1B with the native ligand C (saffron stick) (a). 2D ligand interaction diagrams of 1 (b), 2 (c) 3 (d), 8 (e), and 9 (f) at the
catalytic site of PTP1B enzyme (green dashed lines indicate H-bonds; carbons are in black; nitrogens in blue, sulfurs in yellow, and oxygens in red).

PTP1B inhibitory activity assay

The inhibitory activity of isolated compounds against PTP1B was
tested in 96-well microplates by a previously described method
[28]. In brief, to each well of a 96-well plate (final volume of
200 pL) were added 2 mM p-NPP and PTP1B (0.1 ug) in a buffer
containing 50 mM citrate (pH 6.0), 0.1 M NaCl, T mM EDTA, and
1 mM DTT with or without test compounds. Following incubation
at 37°C for 30 min, the reaction was terminated by the addition of
1M NaOH. The absorbance of produced p-nitrophenol was mea-
sured at 405 nm with a photometer microplate reader (Multiskan
Go 1510).

Inhibition kinetic assay

Two complementary kinetic methods, Lineweaver-Burk and Dixon
plots [22,29,30], were employed to determine the mode of
PTP1B inhibition of the active stilbene derivatives (1-3, 8, and 9).
In the Lineweaver-Burk plot method, enzymatic reactions were
determined at various concentrations of p-NPP substrate (0.125,
0.25, 0.5, and 1 mM) with active compounds at different concen-
trations (0, 8, 10, and 12 uM). To obtain a Dixon plot, enzymatic
reactions at various concentrations of active compound (0, 8, 10,
and 12 pM) were evaluated by monitoring the effects of different
concentrations of the substrate (0.25, 0.5, and 1 mM). The inhibi-
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tion constants (K;) were determined by the interpretation of Dixon
plots, where the value of the x-axis was taken as the value of ;.

Molecular docking analysis

The crystal structures of PTP1B, with a catalytic inhibitor 3-({5-
[(N-acetyl-3-{4-[(carboxycarbonyl)(2-carboxyphenyl)amino]-1-

naphthyl}-L-alanyl)amino]pentyl}oxy)-2-naphthoic acid (ligand C,
PDB ID: 1NNY), and a allosteric inhibitor 3-(3,5-dibromo-4-hy-
droxy-benzoyl)-2-ethyl-benzofuran-6-sulfonic acid (4-sulfamoyl-
phenyl)-amide (ligand A, PDB ID: 1T49) were obtained from the
RCSB Protein Data Bank website [25]. The native inhibitors and
water molecules were removed from the structures before dock-
ing simulation using LeDock. The ligand structures were drawn us-
ing ChemDraw 2D software (version 15.0). Then they were con-
verted to 3D structures using the same ChemDraw 3D software
in which they were subjected to energy minimization using the
MM2 menu and saved as files in mol2 format. Docking simulation
was performed using LeDock to assess the appropriate binding
orientations and conformations of the ligand molecules. For
1NNY, the binding box of ligands was defined as a grid box cen-
tered on coordinates X=29.242, Y=28.319, Z=20.318, with a
size of 13.5A%x9.5A%x10.0A. For 1T49, the binding box of lig-
ands was defined as a grid box centered on coordinates

Li W et al. Unusual Prenylated Stilbene... Planta Med 2019; 85: 1263-1274
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» Fig. 7 3D molecular docking model for the ligand interactions of 1 (red stick), 2 (green stick), 3 (blue stick), 8 (yellow stick), and 9 (white stick) at
the allosteric site of PTP1B with the native ligand A (saffron stick) (a). 2D ligand interaction diagrams of 1 (b), 2 (c) 3 (d), 8 (e), and 9 (f) at the
allosteric site of PTP1B enzyme (green dashed lines indicate H-bonds; carbons are in black; nitrogens in blue, and oxygens in red).

X=55.319, Y=31.520, Z=22.447, with a size of 12Ax10Ax
10A. The root-mean-square deviation (RMSD) value is set to
0.5 A, and remaining parameters were set by default. The docking
protocol was validated by the RMSD value that was measured by
re-docking of native inhibitor into the corresponding crystal struc-
ture. The RMSD values for re-docking complexes of ligand C with
INNY and ligand A with 1T49 were recorded as 1.360 and 0.281 A,
respectively, indicating that this docking workflow reproduced
the experimental binding mode. The docking calculation results
were analyzed using PyMOL (version 1.7.0), while the hydrogen
bond interacting residues and hydrophobic interacting residues
were visualized using PLIP and LigPlot+ (version 4.5.3).

Statistical analysis

All results are expressed as the mean with 95% Cl based on tripli-
cate experiments and evaluated using GraphPad Prism 6 (version
6.01).

Compound 1. Yellow amorphous powder; [a]3 0 (c 0.30,
MeOH); UV (MeOH) Amax (log €): 211 (4.34), 229 sh (4.14), 285
(3.75) nm; IR (KBr) vimax: 3442, 2964, 2930, 1621, 1501, 1235,
1140, 1030, 889, and 838 cm™'; 'H and '*C NMR data (600 and
150 MHz, acetone-dg): see » Tables 1 and 2; HRESIMS (negative
ion mode) m/z: 379.1906 ([M-H], caled for Cy4H»704
379.1915).
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Compound 2. Yellow amorphous powder; UV (MeOH) Anax (log
€): 208 (4.29), 229 sh (3.84), 287 (3.48), and 320 (3.26) nm; IR
(KBr) vimax: 3424, 2969, 2928, 1607, 1384, 1276, 1136, 922, and
838 cm™'; 'H and '>*C NMR data (600 and 150 MHz, methanol-d,):
see »Tables 1 and 2; HRESIMS (negative ion mode) m/z:
379.1933 ([M - H]", calcd for C34H,704 379.1915).

Compound 3. Yellow amorphous powder; [a]3 0 (c 0.22,
MeOH); UV (MeOH) Aqax (log €): 209 (4.36), 229 sh (4.11), and
285 (3.67) nm; IR (KBr) vmax: 3269, 2972, 2929, 1618, 1506,
1462, 1385, 1308, 1173, 1123, 999, and 846cm™"; 'H and '3C
NMR data (600 and 150 MHz, methanol-d,): see » Tables 1 and
2; HRESIMS (negative ion mode) m/z: 379.1907 ([M - H]", calcd
for C24H2704 3791915)

Compound 4. Yellow amorphous powder; [a]3® 0 (c 0.45,
MeOH); UV (MeOH): Apax (log €): 209 (4.18), 229 sh (3.65), and
284 (3.32) nm; IR (KBr) vmax: 3341, 2971, 2930, 1622, 1491,
1371,1298,1137,1021,918, and 836 cm™'; 'H and '*C NMR data
(600 and 150 MHz, methanol-d4): see » Tables 1 and 2; HRESIMS
(negative ion mode) m/z: 447.2526 ([M - H]", calcd for CogH3504
447.2541).

Compound 7. Yellow amorphous powder; [a]3® 0 (c 0.12,
MeOH); UV (MeOH) Amax (log €): 229 sh (3.48) and 287 (3.11)
nm; IR (KBr): vimax 3442, 2970, 2933, 1660, 1613, 1494, 1347,
1133, 1064, 1019, 938, and 854 cm™'; 'H and '*C NMR data (600
and 150 MHz, methanol-d,): see » Tables 1 and 2; HRESIMS (pos-
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itive ion mode): 395.1855 ([M+H]*, calcd for Cy4H»70s5
395.1853).

Supporting Information

The spectra (1D and 2D NMR, UV, IR, and HRESIMS) of the new
compounds 1 (Fig. 1S-15S), 2 (Fig. 165-24S), 3 (Fig. 255-34S),
4 (Fig. 355-47S), and 7 (Fig. 485-58S) are available as Supporting
Information.
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