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Cultivated Dendrobium denneanum has been substituted for other endangered Dendrobium species in
recent years, but there have been few studies regarding either its chemical constituents or pharmacolog-
ical effects. In this study, three phenanthrene glycosides, three 9,10-dihydrophenanthrenes, two 9,10-
dihydrophenanthrenes glycosides, and four known phenanthrene derivatives, were isolated from the
stems of D. denneanum. Their structures were elucidated on the basis of MS and NMR spectroscopic data.
Ten compounds were found to inhibit nitric oxide (NO) production in lipopolysaccharide (LPS)-activated
Orchidaceae phenanthrene mouse macrophage RAW264.7 cells _vyith lC_:,q values of 0.7-41.5 uM, and exhibited no cytotoxicity in
Anti-inflammatory activity RAW?264.7, HeLa, or HepG2 cells. Additionally, it was found that 2,5-dihydroxy-4-methoxy-phenanthrene
iNOS 2-0-B-p-glucopyranoside, and 5-methoxy-2,4,7,9S-tetrahydroxy-9,10-dihydrophenanthrene suppressed
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NE-kB LPS-induced expression of inducible NO synthase (iNOS) inhibited phosphorylation of p38, JNK as well
MAPKs as mitogen-activated protein kinase (MAPK), and inhibitory kappa B-a (IxBat). This indicated that both
Cytotoxic compounds exert anti-inflammatory effects by inhibiting MAPKs and nuclear factor kB (NF-xB)
RAW264.7 cell

pathways.

© 2013 Elsevier Ltd. All rights reserved.

1. Introduction

The genus Dendrobium Sw. (Orchidaceae) contains more than
1000 species that are wildly distributed in tropical and subtropical
regions in Asia and the Pacific islands. South of the Tsinling Moun-
tains of China, 74 species and two varieties of Dendrobium can be
found (Zhang et al., 2003). Wild Dendrobium plants are nearly ex-
tinct due to increasing clinical uses in China, and have been listed
as an endangered species in China and The United Nations. Stems
of Dendrobium nobile Lindl., Dendrobium chrysotoxum Lindl., Dendr-
obium fimbriatum Hook. var. oculatum Hook., and its additional
congeneric species, are recorded in the Chinese Pharmacopoeia
(2010) as “Shi-Hu". These are widely used in traditional Chinese
medicine for recovery of gastric motility and promoting gastric
acid secretion in the stomach, as well as promoting secretion of
saliva, improving eyesight, and reducing fever (Shu et al., 2004).
The plants of this genus contain bibenzyls (Li et al., 2009), phenan-
threnes (Lee et al., 2009; Wang et al., 2009), anthraquinones (Lin
et al.,, 2001), fluoro-derivatives (Zhang et al., 2007), coumarins
(Zhang et al., 2005), sesquiterpenes (Zhang et al., 2008) and alka-
loids (Wang and Zhao, 1985). Some of these compounds have also
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been reported as having antioxidant, anti-inflammatory (Zhang
et al., 2007), antifibrotic (Yang et al., 2007a), immunomodulatory
(Zhao et al., 2001) and anti-platelet aggregation activities (Fan
et al., 2001).

Dendrobium denneanum, wildly distributed in the Sichuan Prov-
ince of China, is the major source of “Shi-Hu”. Twelve compounds,
including bibenzyls, phenanthrenes, benzoquinones, coumarins,
cinnamic acid derivatives, B-sitosterol, and daucosterol, were pre-
viously isolated from the stems of D. denneanum (Yang et al.,
2006b, 2007b; Liu et al., 2009). Due to the successful cultivation
of D. denneanum in recent years, this plant has been a substitute
for the other endangered Dendrobium species in clinical use. How-
ever, the compounds responsible for its pharmacological effects are
still unknown.

Nitric oxide (NO) is an inflammatory mediator that plays an
important role in a variety of inflammatory diseases such as arthri-
tis, asthma, multiple sclerosis, colitis, inflammatory bowel dis-
eases, and atherosclerosis (Guzik et al., 2003). NO is synthesized
from L-arginine in a reaction catalyzed by a family of nitric oxide
synthase (NOS) enzymes. Unlike other constitutively expressed
NOS, inducible NOS (iNOS) is transcriptionally induced in response
to bacterial endotoxins such as lipopolysaccharide (LPS), and
pro-inflammatory cytokines in macrophages and various other
cell types (Korhonen et al., 2005). Transcription of iNOS in


http://crossmark.crossref.org/dialog/?doi=10.1016/j.phytochem.2013.08.008&domain=pdf
http://dx.doi.org/10.1016/j.phytochem.2013.08.008
mailto:zhanggl@cib.ac.cn
http://dx.doi.org/10.1016/j.phytochem.2013.08.008
http://www.sciencedirect.com/science/journal/00319422
http://www.elsevier.com/locate/phytochem

Y. Lin et al./ Phytochemistry 95 (2013) 242-251

macrophages is mediated by different signaling pathways, includ-
ing nuclear factor kB (NF-kB) and mitogen-activated protein
kinase (MAPKs) (Thirunavukkarasu et al., 2006; Chen et al., 1998).
In this study, phytochemical experiments were carried out with
the 95% ethanol extract of dried D. denneanum stems. Twelve phen-
anthrene derivatives were isolated and their structures character-
ized using NMR but MS spectroscopic data. Six of the isolated
compounds inhibited nitric oxide (NO) production in lipopolysac-
charide (LPS)-activated mouse macrophage RAW264.7 cells with
IC50 values of 0.7-41.5 uM, but exhibited no cytotoxicity on
RAW?264.7, HeLa and HepG2 cells. Two compounds exert an anti-
inflammatory effect by inhibiting MAPKs and NF-kB pathways.

2. Results and discussion

The air-dried stems of Dendrobium denneanum were extracted
with 95% ethanol, and the dried extract was partitioned with
petroleum ether, ethyl acetate and n-butanol, respectively. The
ethyl acetate fraction then was subjected to repeated silica gel col-
umn chromatography and HPLC to yield compounds 1-12. The
structures of these compounds are shown in Fig. 1.

Compound 1 was obtained as a colorless colloidal solid. Its
molecular formula was determined to be C;;H,,05 from the quasi
molecular ion peak at 425.1208 in the HR-ESI-MS ([M+Na]*). Its UV
maxima absorptions at 214.5, 254.0, 283.5, and 313.5 nm were
similar to phenanthrene derivatives (Ito et al., 2010). Its 'H NMR
(Table 1) signals at 7.44 (t, J=7.6 Hz, H-7), 7.40 (d, J= 7.6 Hz, H-
8),7.13(dd,J = 7.6, 1.4 Hz, H-6) showed a 1,2,3-trisubstituted phe-
nyl ring. The '"H NMR resonances at § 7.54 and 7.62 (each d,
J=8.8 Hz) could be respectively assigned to H-9 and H-10 of the
phenanthrene. The other two aromatic protons were observed at
6 7.33 and 7.20 (each d, J = 2.0 Hz, H-1 and H-3). A methoxy group
was determined based on the 'H NMR signals at 6 4.10 and the '3C
NMR resonance at 5 59.1 (Table 1). The NOESY correlation between
H-1 and H-10, and between -OCH5 and H-3, suggested that the
methoxy group is at C-4. Acid hydrolysis of 1 afforded p-glucose,
which was determined by GC-MS and by the molecular rotation
([M]p —209.0) of 1 and methyl-B-p-glucopyranoside ([M]p —66.3)
(Devkota et al., 2012; Khurelbat et al., 2010) according to Klyne’s
rule (Klyne, 1950). The p-glucopyranosyloxyl moiety supported
by the 'H NMR signal at 6 5.11 (d, J=7.3 Hz, H-1) and the '3C
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NMR resonances at 6 102.7, 78.6, 78.2, 75.2, 71.8 and 62.8 could be
located at C-2 from the HMBC correlations of H-1" with C-2 (¢
157.9) (Fig. 2). From the IR absorption at 3427 cm ™' and the molec-
ular formula, a hydroxyl group was postulated, which could be lo-
cated at C-5 in view of the HMBC correlations of H-9 with C-8, and
H-8 with C-9. Structure 1 was thus elucidated as 2,5-dihydroxy-4-
methoxy-phenanthrene 2-O-B-p-glucopyranoside.

Compound 2, obtained as a yellowish colloidal solid, has the
molecular formula C;H3001; as determined by the quasi molecu-
lar ion peak at 557.1629 in the HR-ESI-MS ([M+Na]*). The presence
of hydroxyl groups was suggested by the IR absorption at
3434 cm~!. Its UV maxima absorptions at 214.5, 254.0, 283.5 and
313.5nm also indicated a phenanthrene derivative (Ito et al,,
2010). Its NMR spectroscopic data (Table 1) of compound 2 were
very similar to those of compound 1, except that 2 contained one
more sugar residue. A B-apiofuranosyl was provided by the 'H
NMR signal at 6 5.00 and the '*C NMR signals at 6 111.1, 78.2,
80.6, 75.1 and 65.7. The absolute configuration of the p-apiofurano-
syl moiety in 2 was confirmed by the molecular rotation difference
([M]p of 2 — [M]p of 1=-501.2) (Takayanagi et al., 2003). The
HMBC correlations of H-1with C-6 (6 68.9) indicated that com-
pound 2 contains a B-p-apiofuranosyl-(1-6)-B-p-glucopyranosyl
moiety (Fig. 2). Thus, compound 2 was determined to be 2,5-dihy-
droxy-4-methoxy-phenanthrene 2-O-B-p-apiofuranosyl-(1-6)-p-p-
glucopyranoside.

Compound 3, was obtained as a yellowish colloidal solid, and
molecular formula was determined to be C,;H3,04;, through the
quasi molecular ion peak at 571.1794 in the HR-ESI-MS
(IM+Na]"). Its IR absorption at 3441 cm~' showed the presence
of hydroxyl groups. Its UV maxima absorptions at 214.5, 254.0,
283.5 and 313.5 nm again indicated a phenanthrene derivative
(Ito et al., 2010). The NMR spectroscopic data confirmed that com-
pound 3 possessed the same skeleton and substitution mode as
compound 1, except that it contained an extra sugar residue. The
a-rhamnopyranosyl group was deduced from the '"H NMR signal
at 6 4.71 and the '>C NMR signals at § 102.3, 72.3, 72.7, 74.3,
70.1 and 18.1, respectively. Its absolute configuration of L.-rhamno-
pyranosyl moiety in 2 was confirmed by the molecular rotation dif-
ference ([M]p of 3 — [M]p of 1=-580.1) (Okamura et al., 1981).
The HMBC correlation between H-1" (6 4.71) with C-6' (6 68.0)
indicated that compound 3 contains an o-L-rhamnopyranosyl-(1-
6)-B-p-glucopyranosyl moiety (Fig. 2). Thus, compound 3 was
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Fig. 1. Compounds 1-12 isolated from Dendrobium denneanum.



244 Y. Lin et al./ Phytochemistry 95 (2013) 242-251

Table 1
H and '>C NMR (600 and 150 MHz, MeOH-d,4) spectroscopic data of compounds 1-3 (5 in ppm, multiplicities, ] in Hz).
Position 1 2 3
dc Sn dc on dc on
1 109.7 733 d (2.0) 109.7 732 d (2.4) 109.6 731d (2.4)
2 157.9 - 157.8 - 157.8 -
3 104.0 7.20d (2.0) 104.2 7.17 d (2.4) 104.3 717 d (2.4)
4 156.7 - 156.7 - 156.8 -
4a 116.5 - 116.5 - 116.6 -
4b 119.9 - 119.9 - 119.9 -
5 155.4 - 155.4 - 155.4 -
6 1174 7.13 dd (7.6, 1.4) 1174 7.13 dd (7.6, 1.4) 117.4 712 dd (7.6, 1.4)
7 128.3 7.44 t (7.6) 128.3 7.45 t (7.6) 128.3 745 t (7.6)
8 121.8 7.40 d (7.6) 121.7 7.40 d (7.6) 121.8 7.41dd (7.6, 1.1)
8a 136.0 - 136.0 - 136.0 -
9 1303 7.62 d (8.8) 1303 7.64 d (8.8) 1305 7.67 d (8.8)
10 127.7 754 d (8.8) 127.8 7.56 d (8.8) 127.8 7.56 d (8.8)
10a 137.4 - 137.4 - 137.4 -
4-0OCH3 59.1 410s 59.2 410s 59.3 410s
1 102.7 5.11d(7.3) 102.6 5.09d (7.2) 1025 510d (7.2)
2 75.2 3.57m 751 3.54m 751 3.54m
3 78.2 3.57m 78.1 3.54m 78.2 3.54m
4 71.8 3.42m 71.8 3.20m 71.7 341 m
5 78.6 3.57m 773 3.72m 77.2 3.69m
6’ 62.8 3.97 dd (12.1, 2.2) 68.9 4.10m 68.0 4.10m
3.73 dd (12.1, 6.3) 3.65 dd (11.0, 6.7) 3.62 dd (11.0, 6.5)
1 - - 111 5.00 d (2.4) 102.3 471d(12)
2" - - 78.2 3.94d (24) 723 3.85m
3" - - 80.6 72.7 3.73dd (9.5, 3.4)
4" - - 751 4.00d (9.6) 743 335m
3.75d (9.6)
5" - - 65.7 3.58s 70.1 3.66 dd (9.5, 6.1)
6" - - - - 18.1 117 d (6.2)

COSY NOESY HMBC
FUUN TN

Fig. 2. Key 'H-'H COSY, HMBC and NOESY correlations of compounds 1-3.

2,5-dihydroxy-4-methoxy-phenanthrene 2-O-a-L-rhamnopyrano-
syl-(1-6)-B-p-glucopyranoside.

Compound 4 was obtained as a yellowish powder. Its molecular
formula was determined to be C;5H;405 from the quasi molecular
ion peak at 297.0736 in the HR-ESI-MS ([M+Na]*). Its UV maxima
absorptions at 211.0, 274.5 and 307.0 nm were similar to those
of 9,10-dihydrophenanthrene derivatives (Yoshikawa et al,,
2012). Its 'TH NMR spectrum (Table 2) exhibited signals for two
pairs of meta-coupled aromatic protons at é 6.35 (d, J = 2.5 Hz, H-
1), 6.30 (d, J=2.5Hz, H-3), 6.56 (d, J=2.4 Hz, H-6) and 6.82 (d,
J=2.4Hz, H-8), two methylene protons at § 2.76 (dd, J=13.8,

3.9 Hz, H-10), 2.68 (dd, J = 13.8, 11.0 Hz, H-10), and one methine
proton at ¢ 4.47 (dd, J=11.0, 3.9 Hz). A methoxy group was pre-
sumed from the 'H NMR resonances at ¢ 3.90 and the '*C NMR sig-
nal at § 58.0 (Table 2). The NOESY correlations between H-10 and
H-1, H-8 and H-9, OCH3 and H-6 confirmed the location of the 5-
OCH; group (Fig. 3). Based on the IR absorption at 3420 cm™, its
molecular formula and oxygenated C-atoms (5 158.4, 154.2,
158.8, 70.1), four hydroxyl groups were assumed. The HMBC corre-
lations (H-1/C-2, C-3, C-4a; H-3/C-4, C-4a; H-6/C-4b, C-5, C-7; H-8/
C-4b, C-6, C-7; H-10/C-4a, C-8a, C-10a) suggested that the four hy-
droxyl groups were located at C-2, C-4, C-7 and C-9. The CD spectra
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Table 2
H and '*C NMR (600 and 150 MHz, MeOH-d,) spectroscopic data of compounds 4-6 (6 in ppm, multiplicities, J in Hz).
Position 4 5 6
dc oy dc oy d¢ on
1 109.8 6.35d (2.5) 111.7 6.50 d (2.3) 121.8 6.83 m
2 158.4 - 158.7 - 128.8 7.08 t (7.7)
3 105.2 6.30d (2.5) 101.3 6.53 d (2.3) 118.8 6.83 m
4 154.2 - 156.1 - 154.5 -
4a 113.6 - 113.6 - 121.7 -
4b 114.3 - 112.7 - 113.7 -
5 156.0 - 155.8 - 156.8 -
6 1014 656 d (2.4) 105.5 634 d (2.6) 101.1 659 d (2.3)
7 158.8 - 158.7 - 160.0 -
8 107.6 6.82 d (2.4) 106.1 6.64 brs 108.4 6.83 d (2.3)
8a 145.9 - 143.3 - 147.8 -
9 701 4.47 dd (11.0, 3.9) 70.2 447 dd (11.0, 3.9) 70.1 4.49 dd (11.0, 3.9)
10 413 2.76 dd (13.8, 3.9) 410 2.76 dd (13.8, 3.9) 579 2.85 dd (13.8, 3.9)
2.68 dd (13.8, 11.0) 2.68 dd (13.8, 11.0) 2.68 dd (13.8, 11.0)
10a 139.0 - 139.6 - 137.9 -
4-OCH3 - - 57.9 3.91s - -
5-0CH3 58.0 3.90s - - 57.9 3.93s

NOESY HMBC
¥ TN

Fig. 3. Key HMBC and NOESY correlations of compounds 4-8.

of both 4 and (9S)-hydroxy-9,10-dihydrophenanthrene (Resnick
and Gibson, 1996) showed a negative Cotton effect at 234 nm
and a positive Cotton effect at 268 nm, indicating a 9S configura-
tion of 4. Therefore, compound 4 was 5-methoxy-2,4,7,9S-tetra-
hydroxy-9,10-dihydrophenanthrene.

Compound 5, obtained as a yellowish powder, has the molecu-
lar formula C;5H40s, as established by the quasi molecular ion
peak at 297.0736 in the HR-ESI-MS ([M+Na]*). Its IR spectrum
showed the presence of hydroxyl groups (3439 cm ™). Its UV max-
ima absorptions at 211.5, 274.5 and 306.0 nm are similar to 9,10-
dihydrophenanthrene derivatives (Yoshikawa et al., 2012). The
mass and NMR spectroscopic data were similar to those of com-
pound 4. The NMR (Table 2), NOESY and HMBC spectra (Fig. 3) sup-
ported the structure of 5. The CD spectra of 5 and (+)-(9S)-hydroxy-
9,10-dihydrophenanthrene (Resnick and Gibson, 1996) are similar,
with a negative Cotton effect at 234 nm and a positive Cotton effect
at 268 nm. Thus, compound 5 was elucidated to be 4-methoxy-
2,5,7,9S-tetrahydroxy-9,10-dihydrophenanthrene.

Compound 6 was obtained as a yellowish powder. Its molecular
formula was established to be C;5H404 from the quasi molecular

ion peak at 281.0784 in the HR-ESI-MS ([M+Na]*). Its maxima IR
absorption at 3434cm™! indicated the presence of hydroxyl
groups, whereas UV maxima absorptions at 212.0, 272.5 and
303.0 nm were similar to other 9,10-dihydrophenanthrene deriva-
tives (Yoshikawa et al., 2012). Its NMR (Table 2), NOESY and HMBC
spectra (Fig. 3) supported the structure of 6. The CD spectra of 6
and (+)-(9S)-hydroxy-9,10-dihydrophenanthrene (Resnick and
Gibson, 1996) showed a negative Cotton effect at 234 nm and a po-
sitive Cotton effect at 268 nm. Therefore, structure 6 was 5-meth-
oxy-4,7,9S-trihydroxy-9,10-dihydrophenanthrene.

Compound 7 was obtained as a yellowish colloidal solid. Its
molecular formula was determined to be C,;H,409 from the quasi
molecular ion peak at 443.1318 in the HR-ESI-MS ([M+Na]*). The IR
spectrum indicated hydroxyl groups (3398 cm~!). The UV maxima
absorptions at 211.0, 270.0 and 302.0 nm were similar to 9,10-
dihydrophenanthrene derivatives (Yoshikawa et al., 2012). Two
methylene protons at 2.85 (dd, J=14.3, 3.4 Hz, H-10), 2.79 (dd,
J=14.3, 9.6 Hz, H-10), one methoxy proton at 3.96 (s), and one
methine proton at 4.57 (brs) were deduced from the 'H NMR spec-
trum. Its NOESY and HMBC correlations (Fig. 3) supported the
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Table 3

"H and '3C NMR (600 and 150 MHz, MeOH-d,) spectroscopic data of compounds 7, 8

(¢ in ppm, multiplicities, J in Hz).

Position 7 8
oc on dc oH
1 1125 6.79 brs 109.9 6.38d(2.2)
2 159.3 - 159.3 -
3 102.2 6.87 brs 105.4 6.34d (2.4)
4 156.5 - 156.4 -
4a 1174 - 1134 -
4b 120.5 - 123.2 -
5 154.8 - 152.8 -
6 119.6 6,91 dd (7.7, 1.2) 116.3 7.29 m
7 1294 7,21 t(7.7) 128.6 7.29 m
8 1183 7.11d(7.7) 120.2 7.29 m
8a 143.8 - 143.5 -
9 69.8 4.57 brs 69.9 4.57 dd (10.2, 4.0)
10 40.7 2.85dd (14.3,3.4) 41.2 2.78 dd (13.8, 4.0)

2.79 dd (14.3,9.6) 2.71 dd (13.8,10.2)

10a 140.2 - 139.7 -

4-0CH; 57.8 3.96 s - -

Glc-1 102.5 5.07 d (7.2) 102.1 5.10d (7.6)
Glc-2 75.1 3.49m 74.9 347 m

Glc-3 78.1 3.45m 78.2 347 m

Glc-4 71.8 3.37m 713 3.40 m

Glc-5 78.5 345m 78.5 347 m

Glc-6 62.9 3.93 dd (12.1, 2.0) 62.7 3.87d(11.4)

3.68 dd (12.1, 6.5) 3.68 dd (122, 5.5)

Table 4
Effects of phenanthrene derivatives (1-12) on cell viability in RAW 264.7 cells, HeLa
cells and HepG2 cells.

Compounds RAW 264.7(%) HeLa(%) HepG2(%)
100 uM 50 uM 1uM 50 uM 50 uM
1 61+2 124+9 1013 98 +3 72+3
2 58+1 93+2 93+3 95+3 87+4
3 92+3 90+2 89+9 96+5 99+2
4 51+2 105+8 97+2 105+7 100+5
5 53+5 93+4 95+3 94+8 95+2
6 67+2 124+15 97 +3 96 +8 92+2
7 55+6 93+9 106 + 14 89+8 100+5
8 56+4 102+ 6 105+4 95 +2 109 +1
9 47+3 86+2 79+8 106 £ 11 89+3
10 54+1 82+7 80+9 96+4 109 +5
11 64+2 83+1 97 +3 95+3 92+3
12 88+8 96 +2 94+6 96 1 93+3

The values are mean + SEM (n = 3).

assignment of the 4-OCHs, 5-OH and 9-OH. Acid hydrolysis of 7
afforded p-glucose, which was determined by GC-MS and by its
optical rotation {[o] 2°p +51.1 (c 0.3, H,0)}. The B-p-glucopyrano-
syloxyl moiety was presumed based on the 'H NMR signal at ¢
5.07 (d, J= 7.2 Hz, H-1) and '3C NMR resonances at § 102.5, 78.5,
78.1, 75.1, 71.8 and 62.9, which could be located at C-2 from the
HMBC correlation of H-1" and C-2. The CD spectrum of 7 (nega-
tive/positive Cotton effects: 234 nm/268 nm) is opposite to that
of (+)-(9S)-hydroxy-9,10-dihydrophenanthrene (Resnick and Gib-
son, 1996). Thus, structure 7 was 4-methoxy-2,5,9R-trihydroxy-
9,10-dihydrophenanthrene 2-O-B-p-glucopyranoside.

Compound 8, obtained as a colorless colloidal solid, has the
molecular formula C,gH,,09, as established by the molecular ion
peak at 428.1156 in the HR-ESI-MS ([M+Na]"). Its IR spectrum
showed the presence of hydroxyl groups (3420 cm™1). Its UV max-
ima absorptions at 211.0, 275.0 and 302.0 nm, were similar to
9,10-dihydrophenanthrene derivatives (Yoshikawa et al., 2012).
The 'H NMR and '>C NMR spectroscopic data (Table 3) were similar
to those of compound 7, but with no methoxyl group detected.

Table 5

Effects of compounds 1-12 on LPS-Induced NO production in RAW264.7 cells.
Compounds % Inhibition on LPS-induced NO production 1Cs50 (UM)

50 10 1

1 9212 784 38+3 4.6
2 76+4 44+7 24+5 16.9
3 62+1 303 24+1 41.5
4 907 802 27+8 3.1
5 86+2 78+3 42+4 4.2
6 58+8 509 44 +5 -
7 68+2 601 40+8 -
8 92+5 77+2 62+2 0.7
9 95+6 75+4 30+1 6.3
10 8215 39+1 213 274
11 95+3 692 384 7.6
12 7416 43+3 275 32.7
Curcumin’ 84+3 72+£2 30+4 6.2

The values are mean + SEM (n = 3).
2 Curcumin was used as a positive control.

Acid hydrolysis of 8 afforded p-glucose, which was determined
by GC-MS and by its optical rotation {[o] 2°p +51.4 (c 0.4, H,0)}.
The B-p-glucopyranosyloxyl provided by the 'H NMR signal at &
5.10 (d, J= 7.6 Hz, H-1¢) and the 3C NMR signals at 6 102.1, 78.5,
78.2,74.9, 71.3 and 62.7 and which could be located at C-2 from
the HMBC correlations of H-1¢ with C-5. Based on the molecular
formula CyoH,,00, three hydroxyl groups could be presumed, and
are likely located at C-2, C-4 and C-9 on the basis of the NOESY
and HMBC experiments. The CD spectrum of 8 (negative/positive
Cotton effects: 234 nm/268 nm) is opposite to that, (+)-(9S)-hydro-
xy-9,10-dihydrophenanthrene (Resnick and Gibson, 1996). Thus,
structure 8 was 1,2,5,9R-tetrahydroxy-9,10-dihydrophenanthrene
5-0-B-p-glucopyranoside.

Compounds 1 and 9 might be aromatized from compounds 7
and 10 during the silica gel column chromatography. Thus, a test
was carried out to study the impact of silica gel and solvent on
the stability of compounds 1 and 9. Thus, a mixture of compound
7 (or 10, 0.5 mg), silica gel (25.0 mg) and methanol (0.3 mL) in a
test tube was heated at 45 °C for 24 h. Each suspension was filtered
and the filtrate so obtained was analyzed by HPLC (Fig. S44 and
S45). These results indicated that dehydration had not occurr in
presence of silica gel in our test and provided preliminary evidence
toward the natural occurrence of compounds 1 and 9.

Cytotoxic effects of compounds 1-12 were examined in mouse
macrophage RAW264.7 cells, human cervical cancer HeLa cells and
human hepatoma HepG2 cells. As shown in Table 4, compounds 1-
12 had no cytotoxic activity in these cells at 50 pM. Compounds 1,
2, and 4-11 showed weak cytotoxic activity in RAW264.7 macro-
phages at 100 pnM.

Phenanthrenes, the major components of D. denneanum, were
also obtained from species of the Orchidaceae family, including
Bulbophyllum, Eria, Maxillaria, Bletilla, Coelogyna, Cymbidium,
Ephemerantha and Epidendrum (Adriana et al., 2008). Phenan-
threnes have been found to have various biological activities such
as anti-inflammatory (Yang et al., 2006a), cytotoxic (Lee et al.,
2009), antifibrotic (Yang et al., 2007a), anticancer (Lee et al.,
1995), and antimicrobial (Adriana et al., 2008) effects. To deter-
mine if the isolated compounds were responsible for the anti-
inflammatory effects of this plant in clinical use, compounds 1-
12 (Fig. 1) were tested for their effects on LPS-induced NO produc-
tion in RAW264.7 cells. As shown in Table 5, compounds 1, 4,5, 8,9
and 11 potently inhibited NO production with ICsq values of 0.7-
7.6 uM, whereas compounds 2, 3, 10, and 12 showed only moder-
ate inhibitory activity with ICso values of 16.9-41.5 uM. The inhib-
itory effects of compounds 9 and 10 on NO production (ICso = 6.3,
27.4 uM) were similar as those reported (ICsp = 6.4, 29.1 uM) (Ito
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compared with the LPS group.

et al., 2010) in LPS-activated RAW264.7 cells, thus indicating that
our assay is suitable for the evaluation of NO production.

NO is a well-known pro-inflammatory cytokine involved in
many inflammatory diseases (Guzik et al., 2003). Compounds 1-
12 may act as the anti-inflammatory chemical compounds in D.
denneanum, and therefore, may be suitable substitutes for other

endangered species for the prevention and treatment of inflamma-
tory diseases in a clinical setting (Chinese Pharmacopoeia, 2010).
The anti-inflammatory activities of these phenanthrenes (1-3, 9)
suggest that attached disaccharide moieties could reduce their
activity: compounds 2 and 3, with a disaccharide, were much less
active (ICso=16.9, 41.5 uM) than compounds 1 and 9, with or
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without a sugar moiety (ICso = 4.6, 6.3 uM). For the class of 9-hy-
droxy-9,10-dihydrophenanthrenes (4-8, 10), a hydroxyl group at
C-2 was necessary for increasing activity: the activity of com-
pounds 4, 5, 8 and 10 were more potent than compounds 6 and 7.

To further study the mechanism of these compound-mediated
inhibition of NO production, the protein expression of iNOS, the
major enzyme catalyzing the formation of NO, was examined. As
shown in Fig. 4, LPS treatment significantly increased iNOS expres-
sion. BAY 11-7082, a NF-xB inhibitor, used as a positive control
(Mendes et al., 2009), inhibited LPS-induced iNOS expression. Pre-
treatment with compounds 1 and 4 (1-50 uM), significantly
blocked LPS-Induced iNOS expression in a concentration-depen-
dent manner, indicating that these compounds could decrease
NO production in LPS-activated RAW264.7 cells by inhibiting iNOS
expression.

Phosphorylation of p38 and JNK MAPK has been shown to reg-
ulate expression of iNOS and other pro-inflammatory cytokines
(Sung et al., 2009; Thirunavukkarasu et al., 2006); thus, the effects
of compounds 1 and 4 on p38 and JNK MAPK phosphorylation
were examined. As shown in Fig. 5A, LPS significantly increased
phosphorylation of p38. SB203580, a specific p38 MAPK inhibitor
(Lee et al., 1994; Badger et al., 1998), inhibited the p38 phosphor-
ylation stimulated by LPS. Pretreatment with compounds 1 and 4
(1-50 uM) also significantly inhibited LPS-stimulated p38 MAPK
phosphorylation in a concentration-dependent manner. LPS can
also stimulate JNK phosphorylation in RAW264.7 cells, as previ-
ously reported. As shown in Fig. 5B, SP600125, a specific JNK
MAPK inhibitor, significantly blocked LPS-activated JNK phosphor-
ylation (Bennett et al., 2001). Pretreatment with compounds 1
and 4 (1-50 uM) also significantly inhibited LPS-stimulated JNK
phosphorylation in a concentration-dependent manner. These re-
sults suggest that these compounds could decrease iNOS expres-
sion by inhibiting phosphorylation of p38 and JNK MAPK. AP-1
(activating proteins 1), sequencing specific transcription factors,
have also been shown to be key regulatory molecules in the con-
trol of inflammatory responses. MAPKs, including ERK, p38, and
JNK have been reported to facilitate binding of AP-1 transcription
factors with promoters of pro-inflammatory cytokines (Ono and
Han, 2000; Karin, 1995). Thus, it is possible that compounds 1
and 4 decrease pro-inflammatory cytokine expression via inhibi-
tion of AP-1, by inhibiting phosphorylation of p38 and JNK
MAPKs.

Phosphorylation of inhibitory kappa B o (IxBo) plays a key role
in regulation of NF-xB function in transcription of pro-inflamma-

tory cytokines (Sung et al., 2009; Khan et al., 2011). Thus, the ef-
fects of compounds 1 and 4 on IkBa phosphorylation were
investigated. As shown in Fig. 6, LPS significantly activated the
phosphorylation of IkBa.. BAY 11-7082, an IkB inhibitor, inhibited
the phosphorylation of IkBa induced by LPS. Compounds 1 and 4
(1-50 uM) significantly inhibited the LPS-stimulated IkxBo phos-
phorylation in a concentration-dependent manner. This result
indicated that these compounds may decrease NF-kB-mediated
pro-inflammatory cytokine production by inhibiting IxBot phos-
phorylation. NF-kB transcription factors play a key role in regulat-
ing the expression of numerous genes involved in inflammation.
Activation of NF-kB depends on phosphorylation of IkBo and sub-
sequent ubiquitination and degradation of IkBo proteins. After
degradation of IkBa, NF-kB translocates to the nucleus and exerts
its transcription function (Quivy and Lint, 2004). In this study, it
was found that IkBo phosphorylation was significantly inhibited
by compounds 1 and 4, which prevents the degradation of IkBa
and subsequent NF-kB activation. Therefore, compounds 1 and 4
may decrease the expression of pro-inflammatory cytokines by
inhibiting the activation of NF-kB mediated by phosphorylation
of IkBat. Previously 2,5-dimethoxy-1,7-dihydroxy-9,10-dihydroph-
enanthrene was found to inhibit the MAPK and NF-kB pathways,
mimicking a TLR4 (toll-like receptor 4 antagonist) (Datla et al.,
2010); hence, further study is needed to examine if compounds 1
and 4 exert their anti-inflammatory effects by inhibiting LPS-in-
duced toll-like receptor activation.

3. Conclusion

Eight new compounds were isolated from the stems of D. den-
neanum: three new phenanthrene glycosides (1-3), three new
9,10-dihydrophenanthrenes (4-6) and two new 9,10-dihydro-
phenanthrenes glycosides (7 and 8). The new compounds (1, 4, 5
and 8) showed potent anti-inflammatory activity in LPS-induced
NO production in RAW264.7 cells with ICsq values of 0.7-4.6 pM.
Compounds 1 and 4 inhibited NO production by blocking iNOS
expression, p38 MAPK phosphorylation and IkBao phosphorylation.
These results indicated that the chemical composition of D. den-
neanum was similar to other species of Dendrobium, and validated
its clinical use as a substitute for other endangered Dendrobium
species. Compounds 1 and 4 warrant further investigation as
new pharmaceutical tools for prevention and treatment of inflam-
matory diseases.
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4. Experimental
4.1. General experimental procedures

UV Spectra were recorded on a UV1902 spectrophotometer,
whereas optical rotation [a]p values were determined with a
Perkin-Elmer 341 automatic polarimeter, and IR spectra were
measured on a Perkin-Elmer FT-IR spectrometer (KBr disc). CD
spectra were obtained on a JASCO J-810 spectrometer. NMR
spectra were recorded in MeOH-d, on a Bruker Avance 600
NMR spectrometer. MS data was obtained on a Bruker Daltonics
Bio-TOF-Q mass spectrometer. Column chromatography (CC)
was carried out on silica gel (200-300 mesh, Qingdao Haiyang
Chemical CO., Ltd.). Silica gel GF 254 pre-coated plates (Qingdao
Haiyang Chemical Inc., Qingdao, P. R. China) were used for pre-
parative TLC. Sephadex LH-20 was purchased from Pharmacia
Biotech (Sweden). HPLC analysis was performed using a
250 mm x 20 mm, 5 pm, Kromasil 100-10-C18 column on an
Agilent 1260 HPLC system.

4.2. Plant material

Fresh stems of Dendrobium denneanum were collected in April
2010 from Jiajiang, Sichuan Province, P. R. China and identified
by Prof. Ze Chun at the Chengdu Institute of Biology, Chinese Acad-
emy of Science (CAS). A voucher specimen (LD-0) is deposited in
the Herbarium of Chengdu Institute of Biology, CAS.

4.3. Extraction and isolation

Air-dried stems of Dendrobium denneanum (15 kg) were ex-
tracted with EtO4-H,0 (3 x 70 L, 95:5, v/v, each 6 days duration)
at room temperature. The filtrates were combined and concen-
trated under reduced pressure at 45 °C to obtain an EtO4 (1.1 kg).
The latter was suspended in H,O (4 L) and partitioned successively
with petroleum ether (6 x 4L), EtoA, (6 x 4L) and n-butanol
(6 x 4 L). The EtoA, fraction (150.0 g) was divided into 7 subfrac-
tions (Fr. 1-7) over a silica gel column eluted with CHCl;-MeOH
(30:1, 10:1, 0:1).

Fr.3 (9.4 g) was separated by a Sephadex (LH-20) CC eluted
with CHCl3-MeOH (1:1) to yield Fr.3.1-Fr.3.2. Subsequently,
Fr.3.2. (2.1 g) was separated by a silica gel CC and eluted with
CHCI3-MeOH (25:1) to give 6 subfractions (Fr.3.2.1-Fr.3.2.6).
Separation of Fr.3.2.2 by HPLC (MeOH/H,O, 1:1) afforded 6
(1.5 mg).

Fr.6 (40.7 g) was separated using a Sephadex (LH-20) CC and
eluted with CHCl3-MeOH (1:1) to yield Fr.6.1-Fr.6.2. Fr.6.2
(21.9 g) was divided into 8 subfractions (Fr.6.2.1-Fr.6.2.8) over
silica gel using CHCI;-MeOH (7:1) as a solvent. Fr.6.2.4 was sep-
arated by HPLC (CH3CN/H,0, 17:83) to give 4 (21 mg) and 5
(17 mg), respectively. Separation of Fr.6.2.6 over a C18 column
(MeOH/H,0, 45:55) yielded 6 subfractions (Fr.6.2.6.1-
Fr.6.2.6.6). Fr.6.2.6.2 was separated by HPLC (CH3CN/H,0, 1:3)
to afford 1 (18 mg). Fr.6.2.7 was divided into 3 subfractions
(Fr.6.2.7.1-Fr.6.2.7.3) over a C18 column (MeOH/H,0, 35:65).
Fr.6.2.7.2 was separated by HPLC (CH3CN/H,0O, 1:3) to give 7
(42 mg).

Fr.7 (7.8 g) was separated using a Sephadex (LH-20) CC eluted
with CHCl3-MeOH (1:1) to yield Fr.7.1-Fr.7.4. Fr.7.2 (1.2 g) was
separated over a C18 column (MeOH/H,0, 35:65) to yield 3 sub-
fractions (Fr.7.2.1-Fr.7.2.3). Fr.7.2.3 was further purified by HPLC
(CH3CN/H,0, 1:2) to give 2 (17 mg) and 3 (3.5 mg), respectively.
Fr.7.3 was separated by silica gel CC using CHCI;-MeOH (12:1) to
afford 3 subfractions (Fr.7.3.1-Fr.7.3.3). Fr.7.3.1 was separated by
HPLC (MeOH/H,0, 1:4) to give 8 (35 mg).

4.3.1. 2, 5-Dihydroxy-4-methoxy-phenanthrene 2-0-f-p-
glucopyranoside (1)

Colorless colloidal solid; mp 166-169 °C; [a] 2°, —52 (c 0.8,
MeOH); UV (MeOH) Amax (loge) 214.5, 254, 283.5 and 313.5 nm;
IR (KBT) Vinax 3427, 1614, 1384, 1261, 1073, 819, and 595 cm ™ ';
for 'TH NMR and '3C spectroscopic data NMR, see Table 1; HR-
ESI-MS m/z 425.1208 (calcd for C;H,,0gNa, 425.1208).

4.3.2. 2,5-Dihydroxy-4-methoxy-phenanthrene 2-0-f-p-
apiofuranosyl-(1-6)-p-p-glucopyranoside (2)

Yellowish colloidal solid; mp 206-210 °C; [o] 2°p —133 (c 0.2,
MeOH); UV (MeOH) .« (log €) 215.0, 254, 283.5 and 315.0 nm,;
IR (KBr) vmax 3434, 1615, 1430, 1261, 1068, 821, and 619 cm™};
for 'TH NMR and '>C NMR spectroscopic data, see Table 1; HR-
ESI-MS m/z 557.1629 (calcd for C;6H30012Na, 557.1629).

4.3.3. 2,5-Dihydroxy-4-methoxy-phenanthrene 2-0-o-L-
rhamnopyranosyl-(1-6)--p-glucopyranoside (3)

Yellowish colloidal solid; mp 194-200 °C; [a] 2°p —144 (c 0.5,
MeOH); UV (MeOH) .« (loge) 214.5, 254, 283.5, and 314.5 nm;
IR (KBr) vmax 3441, 1615, 1454, 1268, 1063, 828, and 599 cm™!;
for 'TH NMR and !'3C NMR spectroscopic data, see Table 1; HR-
ESI-MS m/z 571.1794 (calcd for C,7H3,012Na, 571.1794).

4.3.4. 5-Methoxy-2,4,7,9S-tetrahydroxy-9,10-dihydrophenanthrene
4)

Yellowish powder; mp 157-161 °C; [at] 2° +69 (c 0.1, MeOH);
UV (MeOH) .« (loge) 211.0, 274.5, and 307.0 nm; IR (KBr) vpax
3420, 1735, 1622,1455, 1156,1037, 873, and 672cm™'; for 'H
NMR and '3C NMR spectroscopic data, see Table 2; HR-ESI-MS m/
z 297.0736 (calcd for C;5H1405Na, 297.0736).

4.3.5. 4-Methoxy-2,5,7,9S-tetrahydroxy-9,10-dihydrophenanthrene
(5)

An isomer of compound 4: yellowish powder; mp 167-172 °C;
[0] °p +62 (€ 0.15, MeOH); UV (MeOH) max (loge) 211.5, 274.5 and
306.0 nm; IR (KBr) vimax 3439, 1636, 1615, 1438, 1161, 871, and
617 cm!; for 'H NMR and '>C NMR spectroscopic data, see Table 2;
HR-ESI-MS m/z 297.0736 (calcd for C;5H;405Na, 297.0736).

4.3.6. 5-Methoxy-4,7,95-trihydroxy-9,10-dihydrophenanthrene (6)

Yellowish powder; mp 166-172 °C; [a] 2°p +80 (c 1.5, MeOH);
UV (MeOH) ax (loge) 212.0, 272.5 and 303.0 nm; IR (KBr) viax
3434, 1626, 1458, 1384, 1161, and 617 cm™!; for 'H NMR and
13C NMR spectroscopic data, see Table 1; HR-ESI-MS m/z
281.0784 (calcd for Cy5H404Na, 281.0784).

4.3.7. 4-Methoxy-2,5,9R-trihydroxy-9,10-dihydrophenanthrene 2-0O-
B-p-glucopyranoside (7)

Yellowish colloidal solid; mp 179-185 °C; [a] *°p —60 (c 0.9,
MeOH); UV (MeOH) max (loge) 211.0, 270.0 and 302.0 nm; IR
(KBr) vmax 3398, 1612, 1450, 1302, 1261, 1166, 905, 799, and
625 cm!; for 'H NMR and '>C NMR spectroscopic data, see Table 1;
HR-ESI-MS m/z 443.1318 (calcd for C21H2409Na, 4431318)

4.3.8. 1,2,5,9R-Tetrahydroxy-9,10-dihydrophenanthrene 5-O-3-p-
glucopyranoside (8)

Yellowish colloidal solid; mp 164-168 °C; [o] %°p —46 (c 0.3,
MeOH); UV (MeOH) /Zmax (loge) 211.0, 275.0 and 302.0 nm; IR
(KBr) vmax 3420, 1622, 1459, 1384, 1232, 1156, 1073, and
618 cm™'; for 'H NMR and '>C NMR spectroscopic data, see Table 1;
HR-ESI-MS m|/z 443.1156 (calcd for C;;H,409Na, 443.1156).
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4.4. Acid hydrolysis of compounds 1-3, 7 and 8

Compounds 1-3 (1 mg) in dioxane (1 mL) and 10% H,SO,4 (1 mL)
were heated at 95°C for 3 h. After neutralization with 0.2 M
Ba(OH),, the aglycone was extracted with CH,Cl,, with the aque-
ous residue filtered through absorbent gauze, and the resulting fil-
trate concentrated under reduced pressure. Each sugar mixture
was treated with Ac,O (0.5 mL) and pyridine (0.25 mL) at 95 °C
for 12 h. After cooling, each mixture was poured into ice-water,
stirred and stored for several hours. Each residue was then parti-
tioned between H,0 and CH,Cl,. The CH,Cl, layer was washed
with H,0 (3 x 2.5 mL), with each CH,ClI, soluble was analyzed by
GC-MS; compounds were identifier by comparison with deriva-
tives of authentic sugars (Antonov et al., 2009). The absolute con-
figuration of the sugar was determined by the Klyne's rule
(Klyne, 1950).

Compounds 7-8 (3 mg) were treated as described for com-
pounds 1-3 to give a sugar. The sugar was confirmed by compari-
son of its derivative with that of authentic sample on GC-MS and
by its optical rotation.

4.5. Cell culture

RAW?264.7 cells and HeLa cells were grown in Dulbecco’s mod-
ified Eagle’s medium (DMEM) (Invitrogen, Carlsbad, CA, USA) sup-
plemented with 1% penicillin/streptomycin and 10% fetal calf
serum (Gibco-Invitrogen). HepG2 cells were maintained in RPMI
1640 medium (Invitrogen) supplemented with 1% penicillin/strep-
tomycin and 10% fetal calf serum at 37 °C in a humidified atmo-
sphere containing 5% CO,. For experiments of nitric oxide
content, RAW264.7 cells were maintained in medium devoid of
Phenol Red (Invitrogen).

4.6. Cell proliferation assay

Cell proliferation was assayed as described previously (Yang
et al, 2011). In brief, 1 x 10* RAW264.7 cells, HeLa cells, and
HepG2 cells were seeded in 96-well plates, and treated with the
compounds for 24 h. After AlamarBlue reagent was added to each
well, and fluorescence intensity was measured with excitation at
544 nm and excitation at 590 nm using Thermo Scientific Varios-
kan Flash Multimode Reader. Cytotoxicity was defined as the ratio
of the fluorescence intensity in test wells compared to solvent con-
trol wells (0.1% DMSO). The assay was conducted 3 times in
triplicate.

4.7. Measurement of nitric oxide content

The RAW264.7 macrophages were seeded in 96-well plates at
1 x 10* cells/well, and pretreated with various concentrations of
compounds 1-12 for 2 h, followed by 1 pug/mL LPS for an additional
24 h. After that the cell culture medium was used for NO measure-
ments using a commercial available kit (Beyotime, Haimen, China).
Nitrite production was measured at ODsso. The assay was con-
ducted 3 times in triplicate. Percentage inhibition was calculated
using the following equation:

%Inhibition = (A — B)/(A - C) x 100
A: LPS (+), sample (—); B: LPS (+), sample (+); C: LPS (—), sample (—).

4.8. Western blotting

The RAW264.7 macrophages were pretreated with various con-
centrations (1, 10, 50 pM) of compounds 1 and 4 for 2 h and then
stimulated with LPS (1 pg/mL) for 30 min (phospho-p38 and phos-
pho-JNK), 20 min (phospho-IkBa), or 18 h (iNOS). Subsequently

the cells were lysed in RIPA buffer (Beyotime, Haimen, China) sup-
plemented with a cocktail of protease and phosphatase inhibitors
(Pierce, Rockford, IL, USA). The protein concentrations were deter-
mined using a BCA protein assay kit (Pierce). Aliquots of total cell
lysates (50 pg) were mixed in loading buffer, boiled for 5 min,
and subjected to SDS-PAGE (10%). Following electrophoresis, the
proteins were transferred to nitrocellulose membranes, blocked
with 5% bovine serum albumin and then incubated at 4 °C over-
night with anti-phospho-p38 MAPK, anti-p38 MAPK, anti-GAPDH
(Epitomics, Burlingame, CA, USA), anti-iNOS, anti-phospho-JNK,
anti-JNK, or anti-phospho-IkBa (Cell Signaling Technology, Dan-
vers, MA, USA) antibodies. Membranes were then incubated with
a horseradish peroxidase-conjugated secondary antibody (Santa
Cruz Biotechnology, Santa Cruz, CA, USA) for 2 h at room tempera-
ture and developed using an enhanced chemiluminescence detec-
tion system (Amersham Bioscience, Piscataway, NJ, USA). The
intensity of each signal was determined by a computer image anal-
ysis system (Quantity One, Bio-Rad, Hercules, CA, USA).

4.9. Statistical analysis

All statistical calculations were carried out using GraphPad
Prism 5.01. The results were expressed as the mean # standard er-
ror of mean of 3 independent experiments with individual values.
The data were subjected to a one-way analysis of variance (ANO-
VA); p < 0.05 was considered to be statistically significant.
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