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Lignans and isoflavonoids from the stems of Pisonia
umbellifera+t

Zhiguo Liu,? Xilong Zhg\ng,b Yanan Wang,© Mengyue;l’ang,a Shilin Chen,?
Fangbo Zhang,? Li Li, ©*° Cun Zhang*?® and Yi Sun @ *2

Twelve new compounds including four isoflavonolignans (1a/1b and 2a/2b), two neolignans (3a/3b), and six
isoflavonoids (5—-10), together with seven known compounds (4 and 11-16) were isolated from the stems of
Pisonia umbellifera. The structures were elucidated on the basis of comprehensive spectroscopic analyses
and ECD calculation methods. Compounds 1-3 were present as enantiomers that were successfully
separated by chiral HPLC. Compounds 1a/lb and 2a/2b are the first examples of isoflavonolignans with
a pyranoid ring linking up the isoflavonoid and the monolignol from nature. A putative biosynthetic
pathway for the isoflavonolignans was deduced. The anti-inflammatory and cytotoxic activities for all

rsc.li/rsc-advances compounds were evaluated.

Introduction

Pisonia umbellifera (J. R. Forst. & G. Forst.) Seem. (Nyctagina-
ceae), a perennial tree growing in low altitude thickets, is widely
distributed throughout Australia, Java, Malaysia, Hawaii, Tai-
wan and the Hainan province of China. The leaves of P.
umbellifera are used as a folk medicine to treat ciguatera
poisoning and to prevent phytophage nematodes. Previous
phytochemical investigations on this plant have resulted in the
isolation of triterpenoids, alkaloids, phenolic acids and iso-
flavonoids, of which some compounds exhibited antitubercular
activity against Mycobacterium tuberculosis.">

Isoflavonolignans are a type of lignoids, which incorporate
a Cé6-aromatic-C3-side chain unit into an isoflavonone nucleus.
Isoflavonolignans are derived from two phenylpropanoid units
as they are biogenetically related to lignans and neolignans. So
far, only a few isoflavonolignans, termed as benzodioxane
lignoids have been isolated from Fabaceae family, which
structures contain the catechol moieties in flavonoids.*®

P. umbellifera is a common herb medicine for Li folk in
China. In our investigation searching for the novel bioactive
constituents from natural resource,”'® we chose the stems of P.
umbellifera for more detailed study. Twelve new compounds,
including four isoflavonolignans (1a/1b and 2a/2b), two neo-
lignans (3a/3b), and six isoflavonoids (5-10), together with
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seven known compounds (4 and 11-16) were isolated from its
stems (Fig. 1). The absolute configurations of the new iso-
flavonolignans (1a/1b and 2a/2b) and neolignans (3a/3b) were
elucidated by comparing their calculated and experimental
electronic circular dichroism (ECD) spectra. A putative biosyn-
thetic pathway for the isoflavonolignans was deduced. All the
compounds were tested to evaluate their inhibitory effects on
NO production in LPS-induced RAW 264.7 macrophages and
the cytotoxic activities. Herein, we report the isolation, structure
identification, and biological effects of compounds 1-16.

Results and discussion

Compound 1 was obtained as colorless oil. The molecular
formula was determined to be C,;H,,05 by HRESIMS at m/z
477.1545 [M + H]" (caled for C,,H,505 477.1544). The "H NMR
spectrum (Table 1) of 1 revealed the presence of one enolic
hydroxyl group at 65 12.54 (5-OH) and one diagnostic proton of
isoflavone at 6y 8.09 (1H, s, H-2). The aromatic region of
spectrum displayed the signals of 1,2-disubstituted moieties
which were assigned to H-3', H-4/, H-5' and H-6/, and was
consistent with the substitution pattern in ring B of 6,8-
dimethylisogenistein.> The 1,3,4-trisubstituted moieties of
benzene ring were also observed with the aromatic protons at
0y 6.95 (1H, d, J = 7.8 Hz, H-5"), 6.92 (1H, d, J = 1.8 Hz, H-2")
and 6.91 (1H, dd, J = 7.8, 1.8 Hz, H-6"). In addition, the
aliphatic region of spectrum exhibited an AMXY coupling
system with the signals at dy 5.02 (1H, d, J = 9.0 Hz, H-7"), 3.65
(1H, dd, J = 10.8, 4.8 Hz, H-9"), 3.55 (1H, dd, ] = 10.8, 4.8 Hz,
H-9") and 2.25 (1H, m, H-8"). Detailed analyses of the 'H and
BC NMR spectra indicated that 1 possessed the iso-
flavonolignan skeleton bearing a phenylpropanoid unit. The
linkage of the two parts through a pyranoid ring was
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1a(7"S, 8"R) R=H
1b(7"R,8"S) R=H

2a (7"S, 8"R) R = OCH,
2b (7"R, 8"S) R = OCH,

4R=H
5R = OCH,
6R = OCH,CH3

11 R=0OH
12 R=OCH3

OH O

H4CO

15

Fig. 1 Structures of compounds 1-16.

confirmed by the 2D NMR spectra. Based on the HMBC
correlations (Fig. 2a) from CH,-9 to C-7” (6¢ 81.0) and C-9” (d¢
63.4), and from H-7" to C-9 (6¢ 21.8) and C-9” (6¢ 63.4), and the
key "H-'H COSY correlations from H-8" to H-7", CH,-9” and
CH,-9, respectively. The coupling constant (J = 9.0 Hz)
between H-7" and H-8” in "H NMR spectrum and the NOESY
correlations (Fig. 2b) of H-8"/H-6" and H-7"/CH,-9” suggested
a trans configuration of the chiral centers on the pyranoid ring.
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3a (7R, 8'S)
3b (7'S, 8'R)

7R1=CH3z R;=0H R3=CHO
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9R1=CH; Ry=OCH;3 Ry = CH,OH
10 R1 =CH20H R2=OCH3 R3=CH3

CH3
HO O
R
HsC
OH O
13R=H
14 R = OH
CH; O
OCH,CH,
HO OH
16

The absolute configuration of 1 was determined by comparing
its experiment and quantum chemical calculations of the
electronic circular dichroism spectra. Notably, the specific
rotation of 1 displayed value of zero (¢ 0.1, MeOH). Thus,
chiral-phase HPLC analysis and resolution of 1a and 1b were
carried out on a Daicel Chiralpak AS-H chiral column using n-
hexane/isopropanol (7:3) as mobile phase (Fig. 3a). The
absolute configurations of 1a and 1b were determined by ECD

This journal is © The Royal Society of Chemistry 2018
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Table 1 'H (600 MHz) and 3C NMR (150 MHz) NMR data for compounds 1-3
1¢ 2P 3?
Position 0 (J in Hz) doc 0y (J in Hz) dOc 0y (J in Hz) dc
1 132.3
2 8.09, s 156.0 8.19, s 157.2 6.98, br s 112.2
3 122.9 122.0 145.6
4 182.5 182.8 149.4
4a 104.8 106.0
5 157.2 158.1 130.4
6 106.5 107.0 6.98, br s 116.6
7 159.7 160.1 5.59,d (16.2) 134.3
8 103.2 103.8 6.19, m 124.3
8a 153.3 154.7
9 2.74, dd (17.4, 10.2) 21.8 2.73, dd (16.8, 10.8) 22.6 4.08, dd (6.0, 1.2) 74.3
2.98, dd (17.4, 5.4) 2.99, dd (16.8, 4.8)
8-CH;, 2.22, 8 7.7 2.23, s 7.6
3-OCH; 3.90, s 56.8
9-OCH;, 3.39, s 58.0
1/ 120.4 119.8 134.3
2/ 156.2 156.8 6.96, d (1.8) 110.6
3 7.10, dd (7.8, 1.2) 119.8 6.94, dd (7.8, 1.2) 117.2 149.1
4 7.36, ddd (7.8, 7.8, 1.8) 130.8 7.29, ddd (7.8, 7.8, 1.8) 132.7 147.7
5/ 7.00, ddd (7.8, 7.8, 1.2) 121.3 6.92, ddd (7.8, 7.8, 1.2) 120.7 6.79, d (7.8) 116.2
6 7.19, dd (7.8, 1.8) 129.9 7.26, dd (7.8, 1.8) 130.9 6.84, dd (7.8, 1.8) 119.9
7 5.50, d (6.6) 89.7
g’ 3.63, m 52.7
9 3.65, m 75.7
3.72, m
3/-OCH; 3.84, s 56.4
9'-OCH; 3.41,s 59.3
1” 131.1 131.4
2" 6.92, d (1.8) 109.1 6.73, s 105.3
3 147.0 149.4
4" 146.1 136.7
5" 6.95,d (7.8) 114.6 149.4
6" 6.91, dd (7.8, 1.8) 120.0 6.73, s 105.3
7" 5.02, d (9.0) 81.0 5.02, d (8.4) 82.0
8" 2.25, m 39.7 2.26, m 40.8
9" 3.55, dd (10.8, 4.8) 63.4 3.43, dd (10.8, 4.8) 63.4
3.65, dd (10.8, 4.8) 3.55, dd (10.8, 4.8)
3”-OCHj;3 3.92, s 56.2 3.87,s 56.8
5"-OCH; 3.87,s 56.8
5-OH 12.54, s

@ Recorded in CDCL,. ? Recorded in methanol-d,.

Fig. 2 The key HMBC (H—C) and COSY (—) (a), and NOESY (b)

correlations of 1.

This journal is © The Royal Society of Chemistry 2018
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Fig. 3 (A) Chiral-phase HPLC analytical chromatogram of 1. (B)

Comparison of calculated and experimental ECD spectra of 1.
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Fig. 4 The key HMBC (H—C) and COSY (—) (a), and NOESY (b)
correlations of 2.

calculations. The experimental ECD curves of 1a and 1b were
similar to the computed curves of 1a (7”S and 8”R) and 1b (7”R and
8"S), respectively (Fig. 3b). Therefore, the structures of 1a and 1b
were finally established as (7”S,8”R)-5-hydroxy-7"-(4"-hydroxy-3"-
methoxyphenyl)-8” (hydroxymethyl)-3-(2'-hydroxyphenyl)-8-methyl-
7",8"-dihydropyrano[3,2-gjchromen-4(9H)-one and  (7"R,8"S)-
5-hydroxy-7"-(4"-hydroxy-3"-methoxyphenyl)-8”-(hydroxymethyl)-3-
(2’-hydroxyphenyl)-8-methyl-7",8”-dihydropyrano[3,2-gJchromen-
4(9H)-one, respectively. They are named as pisonone A and piso-
none B. As far as we know, these two compounds are the first
examples of isoflavonolignans featuring a pyranoid ring in nature.
Compound 2 was isolated as yellow oil, and had a molecular
formula of C,gH,609 as determined by HRESIMS ion at m/z
507.1649 [M + H]". The 'H and "*C NMR data (Table 1) showed
similar signals to those of 1, and indicated that the only differ-
ence was the presence of another methoxy group in 2. This
substitution was placed at C-5” by the correlations (Fig. 4a)
between the OCH; (05 3.87, s) and C-5" (d¢ 149.4) in the HMBC
spectrum. The relative configurations of C-7” and C-8” were
deduced from analysis of the coupling constant (J = 8.4 Hz) and
the key NOESY correlations (Fig. 4b) of H-8"/H-6" and H-7"/CH,-
9", and suggested a trans relationship between them. For the
same reason as 1, the racemate of 2a and 2b was obtained by the
chiral-phase separation. The calculated ECD spectra were in good
agreement with the experimental spectra (Fig. 5), confirming that
compounds 2a and 2b possessed the (7”S and 8”R) and (7”R and
8”S) configurations, respectively. Thus, the planar structure of 2
were elucidated as 5-hydroxy-7”-(4”-hydroxy-3",5”-dimethox-
yphenyl)-8”-(hydroxymethyl)-3-(2'-hydroxyphenyl)-8-methyl-7",8"-
dihydropyrano[3,2-gJchromen-4(9H)-one. Compounds 2a and 2b
are named as pisonone C and pisonone D, respectively.
Compound 3 was acquired as colorless oil. On the basis of its
HRESIMS at m/z 409.1621 [M + Na]’, its molecular formula was

ECDof 22
+vv Calculate ECD of 2b

A=210nm = Experimental ECD of 22
~— Experimental ECD of 26

M_fb&

(Daicel AS-H column 250 % 4.6 mm, Spm; n-hexane-isopropanol 70:30, v/v; 200 250 300 350 400
Wavelength (nm)

A B

flow rate 1.0 mL/min)

Fig. 5 (A) Chiral-phase HPLC analytical chromatogram of 2. (B)
Comparison of calculated and experimental ECD spectra of 2.
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Fig. 6 The key HMBC (H—C) and COSY (—) (a), and NOESY (b)
correlations of 3.

determined as C,,H,sO0s. The 'H NMR spectrum (Table 1)
showed two groups of aromatic protons at 6y 6.98 (2H, br s, H-2
and H-6), 6.96 (1H, d, J = 1.8 Hz, H-2'), 6.84 (1H, dd, J = 7.8,
1.8 Hz, H-6') and 6.79 (1H, d, J = 7.8 Hz, H-5) corresponding to
1,3,4,5-tetrasubstituted and 1,3,4-trisubstituted phenyl moie-
ties. In addition, two ¢rans olefinic protons at 6y 5.59 (1H, d,J =
16.2 Hz, H-7) and 6.19 (1H, m, H-8), one oxymethine protons at
0y 5.50 (1H, d, J = 6.6 Hz, H-7'), two oxymethylene protons at oy
4.08 (2H, dd, J = 6.0, 1.2 Hz, H-9), 3.72 (1H, m, H-9') and 3.65
(1H, m, H-9') were observed. The >*C NMR and HSQC spectra
revealed the presence of 22 carbon resonances, including 12
phenyl carbons, 2 olefinic carbon, 4 methoxy carbons, and 4
aliphatic carbons. Comparison of the NMR data with those of
the dehydrodiconiferyl alcohol,** they had a similar planar
structure except for the presence of a methoxy group in 3. The
methoxy group was determined at C-9' by the HMBC correla-
tions (Fig. 6a). According to the J, ¢ value (6.6 Hz) and key
NOESY correlations (Fig. 6b) of H-8'/H-2' and H-7//CH,-9’, the
relative configuration of C-7" and C-8' was suggested to be trans.
The racemate of 3a and 3b was also separated by chiral HPLC,
and the absolute configuration of their furan rings was identi-
fied by comparing of their experimental and calculated ECD
data (Fig. 7). Thus, compounds 3a and 3b were determined as
shown and named as (7'R,8'S)-9’-methoxy-dehydrodiconiferyl
alcohol and (7'S,8'R)-9'-methoxy-dehydrodiconiferyl alcohol.
Compound 5 was obtained as yellow needles. It showed
a quasi-molecular ion peak at m/z 329.1020 [M + HJ", corre-
sponding to the molecular formula of C;3H;50¢. The 1D NMR
spectra (Table 2) displayed similar substitution pattern as 4, the
major difference between the two compounds was the methyl
etherification at C-9 in 5. The above conclusion was confirmed
by the HMBC correlations of OCH; with C-9 (6 67.8). Thus, the
structure of 5 was assigned as 5,7,2-trihydroxy-6-methylene-8-
methyl-9-methoxyisoflavone, and named as pisonone E.

=210 Calcalate ECD of 38
A=210nm wsses Calculate ECD of 36

~— Experimental ECD of 3a
~— Experimental ECD of 36

08

o R -
(Daicel AS-H column 250 % 4.6 mm, 5um; n-hexane-isopropanol 80:20,v/v, 2 250 300 350 400

flow rate 1.0 mL/min) Wavelength (nm)

A B

Fig. 7 (A) Chiral-phase HPLC analytical chromatogram of 3. (B)
Comparison of calculated and experimental ECD spectra of 3.
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Table 2 'H (600 MHz, CDCls) and 3C (150 MHz, CDCls) NMR data for compounds 5-7

5 6 7
Position 0y (J in Hz) Oc 0y (J in Hz) Oc 0y (J in Hz) Oc
2 8.09, s 156.0 8.08, s 155.9 8.12, s 154.8
3 123.1 123.0 125.2
4 182.5 182.4 181.3
4a 104.6 104.5 104.5
5 156.5 156.3 165.4
6 105.6 105.9 109.9
7 162.4 162.5 168.2
8 103.5 103.4 102.5
8a 154.9 154.8 158.2
9 4.90, s 67.8 4.92, s 65.9
6-CH, 2.16, s 6.7
8-CHO 10.37, s 189.8
8-CH;, 2.25, 8 7.4 2.24, s 7.3
9-OCH;, 3.53,s 58.9
9-OCH,CH;, 3.70, dd (14.4, 7.2) 67.2
9-OCH,CH; 1.33, t (7.2) 15.1
1/ 120.2 120.2 119.0
2/ 156.2 156.1 155.9
3 7.10, dd (7.8, 1.2) 119.8 7.10, dd (7.8, 1.2) 119.8 7.11, dd (7.8, 1.2) 119.9
4 7.36, ddd (7.8, 7.8, 1.8) 130.8 7.36, ddd (7.8, 7.8, 1.8) 130.8 7.40, ddd (7.8, 7.8, 1.8) 131.4
5/ 7.00, ddd (7.8, 7.8, 1.2) 121.3 7.00, ddd (7.8, 7.8, 1.2) 121.3 7.04, ddd (7.8, 7.8, 1.2) 121.6
6 7.18,dd (7.8, 1.8) 129.9 7.17, dd (7.8, 1.8) 129.9 7.19, dd (7.8, 1.8) 130.2
5-OH 12.59, s 12.58, s
7-OH 9.33,brs 9.62, br s
2/-OH 8.22, brs 8.25,brs

Compound 6 was isolated as a yellow powder with the
molecular formula of C;9H;30, (HRESIMS and NMR data). It
has more 14 mass units than that of compound 5. The *H and
3C NMR data of 6 (Table 2) were similar to those of 5, indicating
that the only difference between the two structures was the
presence of an additional oxymethylene group in 6. The oxy-
methylene group was assigned to C-9 by the HMBC correlations
from OCH,CHj3-9 to C-9 (6¢ 65.9) and OCH,CH3-9 (d¢ 15.1), as
well as the "H-"H COSY correlations from OCH,CHj3-9 (03 3.70)
to OCH,CH3-9 (6y 1.33). Thus, the structure of 6 was defined as
5,7,2/-trihydroxy-6-methylene-8-methyl-9-ethoxyisoflavone, and
named as pisonone F.

Compounds 7 and 8 were obtained as colorless oil, and
determined to have the same molecular formula C;,H;,04 by B¢
NMR and HRESIMS data. Extensive analysis of 1D and 2D NMR
data (Tables 2 and 3) indicated that their structures were similar
to that of 4, and the major differences were the presence of
methyl groups at C-6 or C-8, replaced by an aldehyde group. The
position of the aldehyde groups were located at C-8 in 7 and at C-
6 in 8, respectively, which were elucidated by the HMBC corre-
lations from CHO-8 to C-7 (6¢ 168.2) and C-8a (¢ 158.2) in 7, as
well as the HMBC correlations from CHO-6 to C-5 (6¢ 166.0) and
C-7 (6c 166.2) in 8. Thus, the structures of 7 and 8 were estab-
lished as 5,7,2-trihydroxy-6-methyl-8-aldehydeisoflavone and
5,7,2/-trihydroxy-6-aldehyde-8-methylisoflavone, and named as
pisonone G and pisonone H, respectively.

Compounds 9 and 10 were isolated as colorless oil. Its molecular
formula was C;3H;40, as deduced by their HRESIMS and NMR data.

This journal is © The Royal Society of Chemistry 2018

Comparison of their "H and "*C NMR data (Table 3) suggested that
they displayed similar structure to that of 4, the differences between
them were the presence of a hydroxymethyl group and a methoxy
group in 9 and 10. The HMBC correlations from CH,OH-8 to C-7 (¢
164.6) and C-8a (¢ 153.5) in 9 and the correlations from CH,OH-6 to
C-5 (6 158.4) and C-7 (0¢ 163.7) in 10 indicated that the hydrox-
ymethyl groups were placed at C-8 in 9 and at C-6 in 10, respectively.
The methoxy groups in both 9 and 10 were located at C-7 by the
relevant HMBC and NOESY experiments. Thus, the structures of 9
and 10 were deduced to be 5,2'-dihydroxy-6-methyl-7-methoxy-8-
hydroxymethylisoflavone and 5,2-dihydroxy-6-hydroxymethyl-7-
methoxy-8-methylisoflavone, and named as pisonone I and piso-
none J.

The seven known compounds were identified as 6,8-dime-
thylisogenistein (4),> pinobanksin (11),"> alpinone (12),** des-
methoxymatteucinol (13),"* matteucin (14)," ozoroalide (15),'®
and ethyl orsellinate (16)"” by comparing their spectroscopic
data with the literature values.

The analysis of the biosynthetic pathway of the iso-
flavonolignans (1a/1b, 2a/2b) revealed that the structures were
formed via phenylpropanoid pathway transforming phenylala-
nine into 4-coumaroyl-CoA, which extended the isoflavone and
monolignol pathways. The condensation of three malonyl-CoAs
and one 4-coumaroyl-CoA produced the isoflavone fragment A,
which was methylated on the C-6 and C-8 of the B-ring. The
methyl group at C-6 was then oxidized to yield fragment B,
which was the precursor of the isoflavonoid part for compounds
1 and 2. On the other hand, coniferyl alcohol (fragment C)

RSC Adv., 2018, 8, 16383-16391 | 16387
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Table 3 'H (600 MHz, CDCls) and *C (150 MHz, CDCls) NMR data for compounds 8—10

8 9 10
Position 0 (J in Hz) 0c 0 (J in Hz) Oc 0 (J in Hz) Oc
2 8.09, s 156.2 8.15, s 156.2 8.17, s 156.6
3 123.6 123.7 123.6
4 182.7 182.8 183.0
4a 104.0 107.6 107.9
5 166.0 160.2 158.4
6 106.7 115.6 118.3
7 166.2 164.6 163.7
8 103.7 112.5 110.0
8a 159.2 153.5 154.9
6-CHO 10.42, s 193.0
6-CH,OH 4.84,s 62.6
6-CHj 2.26, s 8.7
7-OCH;, 3.95, s 54.2 3.92, s 55.0
8-CH,OH 4.93, s 62.5
8-CH, 2.23, s 6.7 2.34, s 8.5
1/ 119.2 119.8 119.7
2/ 155.9 156.1 155.9
3/ 7.11,dd (7.8, 1.2) 119.8 7.11,dd (7.8, 1.2) 119.8 7.11, dd (7.8, 1.2) 119.8
Yy 7.39, ddd (7.8, 7.8, 1.8) 131.3 7.38,ddd (7.8, 7.8, 1.8) 131.0 7.38,ddd (7.8, 7.8, 1.8) 131.0
5/ 7.03, ddd (7.8, 7.8, 1.2) 121.6 7.02, ddd (7.8, 7.8, 1.2) 121.5 7.02,ddd (7.8, 7.8, 1.2) 121.5
6 7.19, dd (7.8, 1.8) 130.0 7.17,dd (7.8, 1.8) 130.1 7.18, dd (7.8, 1.8) 130.0
5-OH 12.62, s 12.58, s

formed the lignin moiety. Finally, the biosynthesis of iso-
flavonolignans (1a/1b and 2a/2b) occurred by the elimination of
water and cyclization between flavonoid precursor and coniferyl
alcohol (Fig. 8).

All compounds were evaluated for their in vitro inhibitory
effects on LPS-induced NO production in macrophages
(Table 4). Among them, compounds 13 and 15 exhibited
moderate inhibitory activities with 1Cs5, values of 33.15 and
11.30 uM, respectively.

The cytotoxic activities of compounds 1-16 were evaluated
against human chronic myelogenous leukemia (K562) and
human lung carcinoma (A549) cell lines that present
adherent and non-adherent cancer cell type models (Table 5).
Compound 5 exhibited the strongest activity against K562
cell line among all the isolates, whereas some of the
compounds showed moderate activities against both cell
lines. Compounds 1-3 were proved to be inactive in both
assays.

Conclusions

Pisonia umbellifera is a folk medicine in Hainan province of China.
In our investigation searching for novel bioactive constituents
from natural source, twelve new compounds along with seven
known ones were isolated from P. umbellifera. Compounds 1 and 2
are the first examples of isoflavonolignans featuring a pyranoid
ring in nature, which enriches the structural types of this lignans.
The anti-inflammatory and cytotoxic activities of all compounds
were evaluated. Compounds 13 and 15 exhibited moderate in vitro
anti-inflammatory activities, and compound 5 exhibited the
strongest activity against K562 cell line among all the isolates.

16388 | RSC Adv., 2018, 8, 1638316391

Experimental
General experimental procedures

Optical rotations were measured with a Perkin-Elmer 241
polarimeter. The UV spectra were conducted on a Shimadzu UV-
2201 spectrometer. ECD spectra were recorded on a JASCO J-815
spectrometer. HRESIMS were recorded on Agilent Accurate-
Mass-Q-TOF MS 6520 system equipped with electrospray ioni-
zation (ESI) source. NMR spectra were recorded on a Bruker AV-
600 NMR spectrometer using TMS as an internal standard. The
chromatographic silica gel (200-300 mesh) and polyamide
(100-200 mesh) were purchased from Qingdao Marine Chem-
ical Factory (Qingdao, China) and ODS (50 um) was produced by
YMC Co. LTD., Kyoto, Japan. Sephadex LH-20 was purchased
from GE Healthcare. RP-HPLC separations were conducted
using a Shimadzu LC-20AT liquid chromatograph with a YMC-
PACK ODS-A column (250 x 10 mm, 5 um) and Knauer K-2600
UV detector. Chiral separation was conducted in a Daicel AS-H
column (250 x 4.6 mm, 5 um) from Daicel Chemical Industries,
Ltd. (Japan). TLC spots were visualized under UV light and by
dipping into 10% H,SO, in EtOH followed by heating. RAW
264.7 cells, human chronic myelogenous leukemia (K562) and
human lung carcinoma (A549) cell lines were obtained from
National infrastructure of cell line resource.

Plant material

The plant material was collected in Hainan province, China,
and identified by Professor Xilong Zheng, Hainan Branch
Institute of Medical Plant Development, Chinese Academy of
Medical Sciences, Wanning, China. The voucher specimen (GM-
20170121) was deposited in the Institute of Chinese Materia

n
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Fig. 8 Possible biosynthetic pathway of compounds 1a/lb and 2a/2b
from P. umbellifera.

Medica, China Academy of Chinese Medical Sciences, Beijing,
China.

Extraction and isolation

The dried stems of P. umbellifera (5 kg) were extracted with 95%
EtOH (3 x 20 L) three times (3 h, 2 h, 1 h) under reflux. The
EtOH extracts were concentrated to afford a crude extract (500
), which was suspended in H,O and partitioned successively
with petroleum ether, CH,Cl, and EtOAc. The CH,Cl, extract (35
g) was subjected to column chromatography (CC) on silica gel
using a gradient system of increasing polarity of petroleum
ether-acetone (100 : 0-0 : 100, v/v) to give 10 fractions (Fr. A-Fr.
J)- Fr. D (3.2 g) was chromatographed over RP-Cy; silica gel
eluted with MeOH-H,0 (from 60 to 80%) to give three fractions
Fr. D1-Fr. D3. Fr. D1 (200 mg) was subjected to Sephadex LH-20
CC eluted with MeOH to give two subfractions (Fr. D1A-Fr.
D1B). Fr. D1A was repeatedly recrystallized in petroleum ether-
acetone (1: 1) to give 3 (2.6 mg) and 15 (2.1 mg). Fr. D1B was
further purified by a semi-preparative HPLC (CH3CN-H,O,
75 : 25) to afford 5 (3.4 mg), 6 (8.9 mg) and 13 (2.9 mg). Fr. F (2.0
g) was divided into subfractions Fr. F1 and Fr. F2 by reversed-
phase ODS CC eluted with MeOH-H,O (from 50 to 80%). 2
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Table 4 Inhibitory effect of compounds 1-16 on LPS-induced NO
production in macrophages”

Compounds ICso 4 SD? (uM) Compounds ICso £ SD (uM)
la >100 8 >100

1b >100 9 >100

2a >100 10 >100

2b >100 11 53.91 £ 0.45
3a >100 12 84.32 £+ 0.72
3b >100 13 33.15 £ 1.18
4 73.90 £ 0.24 14 >100

5 73.13 £ 0.66 15 11.30 £ 0.87
6 >100 16 52.09 £ 1.21
7 >100 Resveratrol 40.20 £ 0.94

“ Resveratrol was used as positive control. Results are presented as the
means + SD (n = 3). ? Concentration necessary for 50% inhibition
(ICs0)-

(2.4 mg) and 12 (3.7 mg) were obtained from Fr. F1 using
Sephadex LH-20 column (MeOH). Fr. F2 was separated by semi-
preparative HPLC on an ODS column (CH;CN-H,0, 55 : 45) to
obtain compounds 9 (2.6 mg) and 10 (3.0 mg). Fr. H (2.5 g) was
purified on a polyamide column, eluted with a gradient of
MeOH-H,0 from 2:8 to 9:1, to yield four subfractions (Fr.
H1-Fr. H4). Fr. H1 (320 mg) was subjected to a silica gel column
eluted with petroleum ether-EtOAc (from 10:1 to 2 : 1), fol-
lowed by recrystallization from MeOH to give 4 (4.1 mg) and 11
(3.5 mg). 1 (2.3 mg) and 14 (3.2 mg) was isolated from Fr. H2 by
a Sephadex LH-20 column chromatography (CH,Cl,-MeOH,
1:1). Fr. H4 was further purified by using semi-preparative
HPLC (CH;CN-H,0, 65 : 15) to yield 7 (2.6 mg), 8 (2.4 mg)
and 16 (4.6 mg).

Pisonones A (1a) and B (1b). Colorless oil; [«]’ (undetected);
UV (MeOH) Amax (log€) 237 (0.36) nm; 271 (0.12) nm; ECD
(MeOH) Anax (A€) 1a, 232 (—0.17) and 266 (+0.28) nm; 1b, 231
(+0.18) and 268 (—0.31) nm; '"H NMR (600 MHz, CDCl;) and *C
NMR (150 MHz, CDCl;) data, see Table 1; HRESIMS m/z
477.1545 [M + H]" (caled for C,,H,50g, 477.1544).

Pisonones C (2a) and D (2b). Yellow oil; [a«]’ (undetected);
UV (MeOH) A (log ¢) 239 (0.47) nm; 270 (0.11) nm; ECD
(MeOH) Anax (Ae) 2a, 231 (—0.33) and 266 (+0.64) nm; 2b, 212
(+0.48) and 267 (—0.53) nm; '"H NMR (600 MHz, MeOD) and *C
NMR (150 MHz, MeOD) data, see Table 1; HRESIMS m/z
507.1649 [M + H]" (caled for C,3H,,0,, 507.1650).

9'-Methoxy-dehydrodiconiferyl alcohol (3a and 3b). Colorless
oil; [o]y (undetected); UV (MeOH) Amax (log €) 240 (0.21) nm;
280 (0.48) nm; ECD (MeOH) Ao (Ac) 3a, 232 (+0.14) and 284
(—0.27) nm; 3b, 233 (—0.20) and 287 (+0.29) nm; 'H NMR (600
MHz, MeOD) and "*C NMR (150 MHz, MeOD) data, see Table 1;
HRESIMS m/z 409.1621 [M + Na] (caled for C,,H,¢NaOs,
409.1622).

Pisonone E (5). Yellow needles; UV (MeOH) Apax (log €) 222
(0.75) nm; 267 (0.15) nm; 'H NMR (600 MHz, CDCl;) and **C
NMR (150 MHz, CDCl;) data, see Table 2; HRESIMS m/z
329.1020 [M + H]" (caled for C,3H;,06, 329.1020).
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Table 5 Cytotoxicity of compounds 1-16 (ICsg in uM)* on A549 and
K562 cells

Compounds A549 K562 Compounds A549 K562
la - - 10 - -
2a - - 11 36.8 18.4
3a - - 12 35.0 17.5
4 33.6 16.8 13 - 17.6
5 13.6 6.7 14 - 16.7
6 13.1 14.6 15 34.2 7.5
7 - 35.3 16 - 11.2
8 - - Adriamycin 2.9 2.0
9 — —_

“ Presents a pair of enantiomers; “-” presents ICs, values > 50 uM.

Pisonone F (6). Yellow powder; UV (MeOH) Apax (log €) 232
(0.11) nm; 268 (0.22) nm; "H NMR (600 MHz, CDCl;) and **C
NMR (150 MHz, CDCl;) data, see Table 2; HRESIMS m/z
365.0995 [M + Na]" (caled for C;9H;3NaOg, 365.0996).

Pisonone G (7). Colorless oil; UV (MeOH) Apax (log &) 241
(0.42) nm; 274 (0.81) nm; "H NMR (600 MHz, CDCl;) and **C
NMR (150 MHz, CDCl;) data, see Table 2; HRESIMS m/z
313.0707 [M + H]" (caled for C,,H,304, 313.0707).

Pisonone H (8). Colorless oil; UV (MeOH) Apax (log €) 241
(0.56) nm; 287 (0.45) nm; "H NMR (600 MHz, CDCl;) and **C
NMR (150 MHz, CDCl;) data, see Table 3; HRESIMS m/z
313.0707 [M + H]" (caled for C,,H,;04, 313.0707).

Pisonone I (9). Colorless oil; UV (MeOH) Anax (log ¢) 240
(0.68) nm; 263 (0.21) nm; "H NMR (600 MHz, CDCl;) and **C
NMR (150 MHz, CDCl;) data, see Table 3; HRESIMS m/z
329.1020 [M + H]" (caled for C;4H,;,0¢, 329.1020).

Pisonone J (10). Colorless oil; UV (MeOH) A« (log €) 234
(0.77) nm; 263 (0.17) nm; "H NMR (600 MHz, CDCl;) and **C
NMR (150 MHz, CDCl;) data, see Table 3; HRESIMS m/z
329.1020 [M + H]' (caled for C;4H,;,0¢, 329.1020).

ECD computation section

The absolute configurations shown as 1a/2a/3a were used as the
input configuration of theoretical -calculations. Firstly,
a systematic conformational analysis was performed to find all
possible conformers within a 3 kcal mol ' energy window in the
MMFF94 force field. For 3a, the 3-methoxypropen-1-yl group
was replaced by vinyl group to reduce the computation. The
obtained conformers were further optimized and identified as
the stable conformers at the B3LYP/6-31G (d) level by the
Gaussian 09 program.'® Main conformers (Boltzmann distri-
bution > 1%) of each compound were chosen for ECD calcula-
tions. All quantum computations are performed on an IBM
cluster machine located at the High Performance Computing
Center of Peking Union Medical College. The lowest 120 elec-
tronic excitations were calculated and energies, oscillator
strengths, and rotational strengths (velocity) of each electronic
excitation were obtained. ECD spectra were then simulated with
a half-bandwidth of 0.30 or 0.40 eV. By comparison of the
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calculated and experimental ECD spectra, their configurations
were established.

Chiral-phase separation

Compounds 1 and 2 were both separated by a chiral-phase
chromatographic AS-H column (4.6 x 250 mm, 5 pum), using
n-hexane/isopropanol (7 : 3) as mobile phase to yield 1a (g =
18.9 min, 0.4 mg), 1b (g = 24.5 min, 0.5 mg), 2a (tzx = 22.8 min,
0.5 mg) and 2b (tx = 30.1 min, 0.6 mg), respectively. The
enantiomers of 3a (fz = 14.5 min, 0.5 mg) and 3b (tg = 16.3 min,
0.5 mg) were also obtained by chiral HPLC column eluted with
n-hexane/isopropanol (8 : 2).

NO production inhibition bioassay

The nitrite concentration in the medium was measured as an
indicator of NO production according to the Griess reaction.
Briefly, RAW 264.7 cells were seeded into 96-well plates at
density of 1 x 10° cell per well and stimulated with 1 ug mL ™" of
LPS in the presence or absence of test compounds. After incu-
bation at 37 °C for 24 h, 100 pL of cell-free supernatant was
mixed with 100 pL of Griess reagent containing equal volumes
of 2% (w/v) sulfanilamide in 5% (w/v) phosphoric acid and 0.2%
(w/v) of N-(1-naphthyl) ethylenediamine solution to determine
nitrite production. Absorbance was measured in microplate
reader at 540 nm against a calibration curve with NaNO, stan-
dards. Experiments were performed in triplicate, and data were
expressed as the mean =+ SD of three independent

experiments.**?°

Assay for cytotoxic activity

The cytotoxic activities of compounds 1-16 against human lung
adenocarcinoma strain A-549 were determined using the 3-(4,5-
dimethyl-2-thiazolyl)-2,5-diphenyl-2-H-tetrazolium bromide
(MTT) assay. K562 cell viability was assessed by trypan blue
exclusion test. Both A-549 and K562 cells were maintained in
DMEM medium containing 10% Fetal Bovine Serum (FBS) and
0.4% penicillin-streptomycin solution (100x) at 37 °C under
5% CO,. When A549 cells showed logarithmic growth, diluted
them to a concentration of 1 x 10* cells per mL, the diluted cell
suspensions (200 pL, containing 2000 cells per well) were placed
into 96-well microtiter plates and incubated at 37 °C for 24 h, at
a 5% CO, atmosphere. K562 was prepared at a concentration of
1 x 10* cells per mL directly, and diluted to 96-well microtiter
plates. After 72 h incubation, every well was added with the MTT
or MTS solution and maintained for another 4 h. Then the cells
were fixed and stained with 150 uL. DMSO for 10 min. The
absorption was measured at 570 nm in an Ultra Microplate
Reader (Elx 808, BIO-TEX Instruments, Inc.).*!
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