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ABSTRACT: Three new diterpenoids (1 3) and three new M .
triterpenoids (4 6) were isolated from the trunk of Abies
holophylla together with 19 known terpenoids. The chemical
structures of 1 6 were determined through NMR and MS
data analyses. Also, the structural assignments of some of B /#)@H
these compounds were veri ed and elucidated utilizing A
computational methods coupled with a statistical procedure

(CP3, DP4, and DP4+). All the isolated compounds were evaluated for their cytotoxicity against four human cancer cell lines
(A549, SK-OV-3, SK-MEL-2, and HCT-15). In addition, the compounds were tested for their anti-in ammatory e ects in
lipopolysaccharide-stimulated murine microglia BV2 cells by measuring nitric oxide levels, and for their neuroprotective activity
in C6 cells through induction of nerve growth factor.

o Computational &
HMBC o statistical methods

( :on gurational establishment is often challenging in the Abies species (Pinaceae) are good sources for the discovery

structure elucidation of natural products." In particular, of diverse biologically active compounds such as terpenoids,
the relative con guration assignment of diverse chemical avonoids, lignans, phenols, and sterols.® These chemical
entities may be di cult when based solely upon interproton entities possess bioactivities including antihypertensive, anti-

distances deduced from NOESY/ROESY or J-based NMR
spectroscopic analysis.” Such con gurational investigations are
less practical when compounds possess stereogenic centers that
are too far from one another to be related. In this regard,
computational techniques coupled with NMR shielding

in ammatory, antimicrobial, antitussive, antiulcerogenic, cen-
tral nervous system, cytotoxic, and insect juvenile hormone
activities.®

Our group has investigated the phytochemical constituents

information have been recognized as practical methods not of Abies holophylla Maxim. and has reported various bioactive
only to verify NMR-based structural assignments but also to compounds including 17 lignans,” 30 diterpenoids,"*** and
address con gurational assignments.** The development of two triterpenoids.*? In ongoing phytochemical research on this
advanced statistical parameters CP3 and DP4 by Smith and plant, described herein are the characterization of three new
Goodman has enabled an accurate con gurational analysis diterpenoids (1 3) and three new triterpenoids (4 6), along
procedure to be conducted using predictions of *H and **C with the identi cation of 19 known di- and triterpenoids (7

NMR' chemical shift values with a ordable computational 25). The structures of those new compounds were determined

methods.>® Speci cally, the CP3 parameter was devised for
assignment of two sets of experimental NMR data to two
plausible stereostructures, and the DP4 protocol was designed
to tackle a complicated situation where only one set of NMR

by the analyses of conventional NMR and HRMS data and by
computational methods coupled with advanced statistics
packages (CP3, DP4, and DP4+). These phytochemicals

data is available within many possible isomers.>® Grimblat et were assessed for their cytotoxic, anti-in ammatory, and
al. recently introduced the DP4+ application including neuroprotective activities.

geometry optimization at higher levels of theory and

consideration of the 3C hybridization status, in order to Received: March 22, 2018

improve statistical accuracy.’ Published: July 31, 2018
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Table 1. *H [ppm, mult. (Jin Hz)] and **C NMR Data for Compounds 1 3

12 2° 3°

position c H c H c H
lax 40.3 1.20, overlap 39.8 0.93, overlap 399 0.99, overlap
leq 1.80, overlap 1.69, overlap 1.68, brd (13.1)
2ax 194 1.59, overlap 18.6 1.61, overlap 185 1.62, overlap
2eq 1.56, overlap 1.46, overlap 1.47, overlap
3ax 383 1.81, overlap 418 117, td (137, 4.4) 419 117, td (134, 3.9)
3eq 1.62, overlap 1.40, brd (12.6) 1.41, overlap
4 485 334 333
5 49.9 2.06, dd (125, 1.9) 56.0 0.96, overlap 56.1 0.97, overlap
6ax 25.1 1.56, overlap 205 1.29, overlap 204 1.29, overlap
6eq 1.32, overlap 1.69, overlap 1.68, overlap
Tax 35.8 238, m 45.1 1.47, overlap 444 1.45, overlap
Teq 248, dd (15.3, 3.7) 191, dt (12.4, 3.3) 1.88, dt (124, 3.2)
8 142.8 739 75.1
9 473 1.99, overlap 55.0 1.34,dd (7.1, 3.3) 62.5 1.26, overlap
10 378 387 391
11a 24.8 1.90, ddd (15.3, 6.7, 2.8) 304 176, ddd (14.7, 7.1, 5.7) 233 252, ddd (14.7, 94, 4.6)
11b 1.42, overlap 1.67, overlap 198, m
12 83.7 4.74, brs 75.8 4.29, overlap 133.0 548, m
13 721 1418 1315
14 1234 5.38, brs 123.9 5.73, brt (6.9) 7.7 469, dd (7.7,5.2)
15a 93.0 59.1 4.28, overlap 64.8 3.69, dd (108, 7.7)
15b 4.22,dd (123, 6.5) 3.63, dd (108, 5.2)
16 245 1.03, s 12.8 172, s 19.5 172, s
17 231 144, s 243 123,s 24.2 122, s
18 182.9 334 091, s 334 0.90, s
19 17.9 122,s 216 082, s 215 082, s
20 16.0 0.86, s 15.6 0.83,s 154 083 s

3Measured in methanol-d,. PMeasured in chloroform-d.

RESULTS AND DISCUSSION and an ole nic protons, and the other signals appeared in the
Holophyllin O (1) was isolated as a colorless gum, and its region 1, 1.20 to 2.48. In the **C NMR spectrum of 1, 20
molecular formula was determined as C,oH3,0, based on the peaks were observed including a carbonyl (¢ 182.9), two

[M + H]* ion peak at m/z 335.2224 (calcd for CyHg 04", m/z ole nic carbons ( ¢ 123.4 and 142.8), and three oxygenated
335.2217) obtained by HRESIMS. The *H NMR spectrum of carbon ( ¢ 72.1, 837, and 93.0) signals. These "H and ~C
1 showed four singlets at , 0.86, 1.03, 1.22, and 1.44, which NMR data (Table 1) indicated that 1 is an abietane-type

were distinct signals for methyl protons, and two respective diterpenoid,** and its core structure including the location of a
broad singlets at | 4.74 and 5.38 for an oxygenated methine double bond and three oxygenated carbons was established
1796 DOI: 10.1021/acs jnatprod.8b00245
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Figure 1. Structure elucidation of 1. (A) Key COSY, HMBC, and NOESY correlations. (B) Three possible partial structures at C;, Cy3 Cy5inl

and their calculated ;5 values. (C) DP4+ analysis results for la.
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Figure 2. Key COSY, HMBC, and NOESY correlations of compounds 2 6.

through analysis of the DEPT, COSY, HMQC, and HMBC
spectra (Figure 1A). However, these NMR data alone could
not be used to con rm the oxygenated motif (C;, Ci3 Cis),
which may be one of three possible structures 1a 1c (Figure
1B). In order to solve this problem, the experimental NMR
data of 1 were compared with the calculated NMR data of
laa lad, 1ba 1bd, 1ca, and 1cb, 10 possible isomers of 1
(Figures 1C and S49, Supporting Information), and it was
found that the major di erence is in the C-15 chemical shift.
The experimental value was - 93.0 for C-15, and the
calculated ones were . 91 97 (laa lad), 69 72 (lba

1bd), and 73 74 (lca and 1cb) (Table S2, Supporting
Information), which suggested that the most plausible
structure is 1a with an oxetane ring. The NOESY data analysis
con rmed the relative con guration of 1 as being the same as
that of a typical abietane-type diterpenoid, except for the
oxetane ring, since no proton showed any correlation with H-
12 ( y 4.74) other than its adjacent protons (H-11; |, 1.42
and 1.90) (Figure 1A). Thus, the relative con guration of the
oxetane ring in 1 was determined using a DP4+ protocol,”
since only one set of NMR data was available among multiple
plausible isomers. The calculated *H and *C NMR chemical
shifts of four possible diastereomers laa lad (Figure 1C)
were subjected to DP4+ analysis with the experimental values.
The statistical results indicated the structural equivalence of 1
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to laa (100% probability) with an -oriented cis-fused
ring (Figures 1C and S50, Supporting Information). Therefore,
the structure of 1 was established as 12 ,15-epoxy-13 -
hydroxyabiet-8(14)-en-18-oic-acid.

Compound 2 gave the molecular formula C,,H305 and was
determined to be the same in this regard as 7 via HRFABMS
analysis. Inspection of the *H and ¥C NMR data of 2
suggested that this compound is similar structurally to 7,**
except for the proton chemical shift of H-12 (  4.29 for 2;
3.90 for 7) and the carbon chemical shifts of C-12 ( . 75.8 for
2; ¢ 784 for7)and C-9 ( ¢ 55.0 for 2; 586 for 7). This
implied that 2 is a C-12 epimer of 7 (Tables 1 and S4,
Supporting Information). Conventional 2D NMR data analysis
con rmed the 2D structure and the relative con guration of 2
except at C-12 (Figure 2). That 2 is a C-12 epimer of 7 was
corroborated utilizing chemical shift calculations supported by
CP3 statistical analysis considering that experimental NMR
data for 2 and 7 were available for the two possible epimers.
The calculated carbon chemical shifts of C-12 and C-9 in one
possible epimer, 2a ( ¢4, 76.1, g 57.2), were relatively
smaller than those of 2b ( ¢, 81.1, 4 66.0), another
possible epimer, which was consistent with the experimental
values for 2 and 7 (Table S4, Supporting Information).
Moreover, comprehensive statistical analyses using the CP3
probability method®** with the entire calculated and

DOI: 10.1021/acs.jnatprod.8b00245
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Figure 3. CP3, DP4, and DP4+ analysis results for (A) 2, (B) 3, and (C) 4, respectively.

Table 2. *H [ppm, mult., (Jin Hz)] and *C NMR Data for Compounds 4 6 in Chloroform-d

4 5 6 4 5 6
position G H € H c H position G H c H G H
la 28.6 1.64, overlap 30.3 1.78, 29.5 177, 16a 36.1 174, m 36.3 161, 324 1.70,
overlap overlap overlap overlap
1b 1.68, m 1.60, m 16b 155, ddd 155, 121,
2 208 232 overlap 291 237, 201 232m (11.9,9.1, overlap overlap
overlap 14)
3 180.7 1802 1750 17 490 50.3 484
4 1457 1493 1489 18 16.0 0.71, s 17.8 092, s 28.3 0.96, s
5 506 265 overlap 441  211,d 41 211, 19 218 089:s 247 0975 239 094s
(6.8) overlap 20 347 233, overlap 341 2.39, 365 1.92,
6a 1268 541, dd (98, 309 242, 2094 232, overlap overlap
5.4) overlap overlap 21 16.3 086,d (6.7) 164 0.86, d 15.0 0.95,
6b 2.19, 2.02, (6.6) overlap
overlap overlap 22a 46.6 2.66, overlap  46.3 242, 384 1.96, m
7 1252 625,d(98) 1223 549, m 1184 552, dt overlap
(5.1, 22b 2.18, dd 2.18, 121,
2.8) (145,115) overlap overlap
8 1252 1436 1475 23 208.9 207.4 77.2 4.66, m
9 394 2.44, overlap 494 2.15, 440 2.09, 24a 45.6 2.83, dd 46.0 343, d 36.4 2.08,
overlap overlap (17.9, 7.0) (17.0) overlap
10 372 37.0 36.0 24b 267, dd 330, d
11a 197 163 overlap 226 164, 222 204, (17.9,7.0) 170
overlap overlap 25 345 2.99, sextet 133.8 34.1 275 m
11b 141, m 1.90, (7.0)
overlap 26 181.6 171.3 180.1
12a 321 1.65, overlap 31.2 179, 1179 558, dd 27a 16.6 125, d (7.0) 130.7 648, brs 159 132, d
overlap (8.0, (7.4)
29) 27b 5.73, brs
12b 1-?(’%2? 28a 1155 500, brs 1118 490, brs 1122 481, m
635 ' 28b 479, brs 4.86, brs 477, d
' 22
13 474 63.5 156.0
1 1465 1613 478 29 24.8 181 s 26.2 182, s 25.2 1.77, brs
: X ' 30a 220 112, s 106.8  4.79, brs 28.0 107, s
15a 240 242, m 279 250, m 38.1 1.79,
overlap 30b 4.73, brs
15b 2.34, overlap 2.38, 1.66, OCHs 516 370,
overlap overlap

experimental *C NMR chemical shifts were used to conclude
that 2 is the C-12 epimer of 7 with 100% probability (Figures
3A and S51). Thus, the structure of 2 was elucidated as
(12 ,13E)-13-labdene-8,12,15-triol.

1798

Holophyllin P (3) gave the molecular formula CyyH3505,
and its 'H and **C NMR data (Table 1) were similar to those
of 2, indicating that 3 is also a labdane-type diterpenoid.
Analysis of the 1D and 2D NMR data con rmed the presence
of three hydroxy groups at C-8, C-14, and C-15 and a Z-

DOI: 10.1021/acs.jnatprod.8b00245
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4 methylation

Figure 4. Hypothetical biosynthetic pathway of holophyllane B from 4.

lactonization

Holophyllane B

con gured ole nic bond at C-12/C-13 (Figure 2). In order to
assign the relative con guration of C-14, since this is separated
from other stereogenic centers, a computational method was
used coupled with DP4 statistical analysis.>® The *H and *C
NMR chemical shifts of two possible epimers, 3a and 3b, were
calculated and compared with the experimental values (Figure
3B). Di erences were found at the predicted chemical shifts of
C-14: the value for 3a was  71.8, which was closer to the
experimental one determined,  71.7, than that of 3b, - 69.6.
In addition to this, the DP4 statistical analysis result using both
the *H and **C NMR chemical shift values indicated that the
correct structure for 3 is the epimer 3a (Figures 3B and S52).
The absolute con guration of C-14 was con rmed by Snatzke’s
method"® since 3 possesses an acyclic 1,2-diol at C-14 and C-
15. The induced CD (ICD) spectrum of 3 by adding
Mo,(AcO), showed four distinct Cotton e ects at 287 ( ),
315 (+), 355 ( ), and 380 (+) nm, which were used to assign
unambiguously the absolute con guration of C-14 as S (Figure
S25, Supporting Information). Therefore, the structure of 3
was established as (12Z,14S)-12-labdene-8,14,15-triol.

Holophyllane C (4) showed 'H and **C NMR data similar
to those of holophyllane B characterized in a previous report.*?
The full analysis of the 2D NMR data of 4 (Table 2) con rmed
this compound as possessing an aliphatic moiety starting from
C-23 to C-27 and a hydroxy carbonyl motif at C-3 instead of a
cyclized lactone and a methyl carboxylate functionality as
found in holophyllane B. The absolute con guration at C-25
was initially assumed to be R, since most naturally occurring
triterpenoids possess the 25R con guration in both their
linear*® *° and lactonized forms,**?%%' and the latter
biosynthetically is thought to be cyclized from the former
(Figure 4). It was attempted to con rm the absolute
con guration of C-25 by chemical methods using (R)- and
(S)-phenyl glycine methyl ester (PGME)?* and (R)- and (S)-
1-(9-anthryl)-2,2,2-tri uoroethanol (AT),”® but these ap-
proaches were unsuccessful. Thus, the DP4+ protocol was
again applied to the simulated *H and **C NMR chemical
shifts of the two possible epimers 4a and 4b (Figure 3C). The
results showed that 4a, possessing the R con guration at C-25,
was the correct structure for 4, with 100% probability (Figure
3C and S53, Supporting Information). Thus, the structure of 4
was assigned as (25R)-3,4-seco-17,14-friedo-23-0x0-9 -lanosta-
4(28),6,8(14)-triene-3,26-dioic acid.

Holophyllane D (5) a orded the molecular formula
C3oH4,0s, as established via HRFABMS, and this was proved
to be identical to that of abiesonic acid (14). Inspection of the
'H NMR data of 5 (Table 2) and those of dimethyl
abiesonate®* showed the major di erences to be the presence
of two large-coupled doublets [ , 3.30 and 3.43 (each 1H, d,J
= 17.0 Hz)] and two broad singlets [  5.73 and 6.48 (each
1H, brs)] in 5, instead of a quartet [  7.00 (1H, d, J =12
Hz)] and a doublet [  2.17 (3H, g, ] = 1.2 Hz)] in dimethyl
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abiesonate. This implied a di erent nature of the ole nic bonds
in these compounds, since the characteristic resonances found
in 5 could be attributed to an exo-ole nic motif. Indeed, full
assignments of the *H and **C NMR spectra revealed that the
ole nic functionality at C-24/C-25 in 14 migrated to C-25/C-
27 in 5. The relative con guration of 5 was determined by
analyzing the 2D NMR spectroscopic data. Hence the
structure of 5 was determined as 3,4-seco-8(14 13R)abeo-
17,13-friedo-23-0x0-9 H-lanosta-4(28),7,14(30),25(27)-tet-
raene-3,26-dioic acid.

Holophyllane E (6) gave the molecular formula C5;H450,
based on the protonated HRESIMS ion at m/z 483.3472 [M +
H]* (caled for C3H,,0,", m/z 483.3469). A comparison of its
'H and **C NMR data (Table 2) with those of abiesanolide 17
suggested that 6 possesses a saturated nonhydroxylated lactone
functionality and a C-3 carboxymethyl group. These were
deduced from the characteristic NMR chemical shifts for H-27
[ w132 (BH, d, J=74)] H23 [ 4 466 (1H, m)], and
OCHg3-3 [ 4 3.70 (3H, s)]. Analysis of COSY, HMQC, and
HMBC data of 6 con rmed its planar structure (Figure 2).
The relative con guration of 6 was determined through
NOESY data analysis and by observing the similarity of their
'H and 3C NMR chemical shift values of C-20 to C-27 with
those of compounds possessing the same side chain.*#?%?*
Thus, the structure of 6 was elucidated as methyl
(23R*,25R*)-3,4-sec0-17,13-friedo-9 H-lanosta-4(28),7,12-
trien-26,23-olid-3-oate. We recently led a patent describing
holophyllanes C E (4 6) for their application as potential
neuroprotective agents.?®

The 19 reported compounds were identi ed as 2128,13E)-
13-labdene-8,12,15-triol (7),** pimaric acid (8),%" (11E)-
14,15-bisnor-8-hydroxy-11-labden-13-one (9),*® 8(14)-podo-
carpen-13-on-18-oic acid (10),%° (12R,13R)-8,13-epoxy-14-
labden-12-ol (11),* norambreinolide (12),** (12R,13R)-8,12-
epoxy-14-labden-13-ol (13),* abeisonic acid (14),* methyl
abiesolidate (15),%° iso rmanoic acid (16),** rmanoic acid
(17),% abiesatrine G (18),* 23-oxomariesiic acid A (19),*
7,14,24-mariesatrien-26,23-olide-3 ,23-diol 520),35 23-hy-
droxy-3-oxolanosta-8,24-dien-26,23-olide (21),*° mangiferonic
acid (22),%” mangiferolic acid (23),*® desmethylabietospiran
(24),% and (235,25R)-3 -acetoxy-17,23-epoxy-9,19-cyclo-9 -
lanostan-26,23-olide (25)*° by comparison of their spectro-
scopic data with reported data.

The majority of the isolated compounds (1 23) were tested
for their cytotoxicity against four human cancer cell lines,
namely, A549 (non-small-cell lung adenocarcinoma), SK-OV-3
(ovary malignant ascites), SK-MEL-2 (skin melanoma), and
HCT15 (colon adenocarcinoma), using the sulforhodamine B
(SRB) method.”* As shown in Table 3, 6 (holophyllane E)
showed activities with 1Cy, values ranging from 1.7 to 6.2 M
toward all four cancer cells. Notably, the cytotoxicity of 6

DOI: 10.1021/acs.jnatprod.8b00245
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Table 3. Cytotoxicity of Selected Compounds against Four
Cultured Human Cancer Cell Lines in the SRB Bioassay

ICs ( M)*
compound A549 SK-OV-3 SK-MEL-2 HCT15
6 24 6.2 17 2.3
15 >10 >10 55 8.1
17 8.7 7.7 3.2 >10
18 >10 >10 8.8 >10
19 >10 >10 72 >10
20 >10 >10 42 >10
21 9.4 >10 41 >10
24 >10 >10 85 >10
cisplatin® 08 20 05 17

#50% inhibitory concentration; the concentration of compound that
caused a 50% inhibition in cell growth. PCisplatin was used as a
positive control.

against the HCT15 cell line (IC5, 2.3 M) was comparable to
that of cisplatin (ICsy 1.7 M), used as a positive control.
Compounds 15, 17 21, and 24 also exhibited cytotoxic
activities (IC55 3.2 9.4 M). Although the structures of 16
18 are similar, only compound 16, with an ole nic
functionality at C-25/C-27, was inactive against all four tested
cancer cell lines (ICsy > 10 M), whereas the other two
compounds, 17 and 18, with an ole nic functionality at C-24/
C-25, showed cytotoxicity against the SK-MEL-2 cell line (ICs,
3.2 and 88 M, respectively). Therefore, the ole nic
functionality at C-24/C-25 might be a critical structural
feature for cytotoxicity toward the SK-MEL-2 cell line in
lanostane-type triterpenoids.

The inhibitory e ects of compounds 1 23 on nitric oxide
(NO) production levels in lipopolysaccharide (LPS)-stimu-
lated murine microglia also were evaluated (Table 4).
Compounds 6 23 were active, with 1C5, values from 4.0 to
422 M (ICsy 21.4 M for L-NMMA, positive control). Given
that compounds 17 and 19 23 a ected the cell viability each
at 20 M, the most potent compound, 20, for its cytotoxic
activity on BV-2 cells at a lower concentration (5 M), was not
found to show evident cytotoxicity at this tested concentration.

Table 4. Inhibitory E ect of Selected Compounds on NO
Production in LPS-Activated BV-2 Cells

1Cs cell viability 1Cs cell viahility
compd ( M) )P compd (M) )P

6 397 868 + 639 16 150 1251+ 527
7 195 1218 £ 404 17 105 194 + 477
8 136  1172+238 18 298 1252 + 1457
9 98 1135+ 184 19 103 9.9 + 0.24
10 181 1238 +1069 20 40 97 £ 021
1 250 1120 1226 1535 + 5.44°
12 203  1313+619 21 102 159 + 152
13 422  1182+484 22 9.0 21.0 + 1.68
14 191 1355235 23 1238 35.2 + 3.02
15 173 1231+263 (-NMMA® 214 1046 + 421

®The 1Cx, value of each compound is de ned as the concentration
(' M) that caused 50% inhibition of NO production in LPS-activated
BV-2 cells. PThe cell viability following treatment with 20 M of each
compound was determined using the MTT assay and is expressed as a
percentage (%). Data are expressed as the means + SD of three
independent experiments. Positive control substance. 9Cell viability
at5 M.
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The signi cant di erence in the activities of compound 2
(327.0 M) and its C-12 epimer 7 (19.5 M) indicates that
the con guration of C-12 plays a key role in the anti-
in ammatory activity.

The potential neuroprotective activities of compounds 1 23
(each 20 M) were evaluated by assessing their induction
potentials on nerve growth factor (NGF) secretion in C6 cells
(Table 5). Compounds 1, 2, 4, 5, 7, 14, 16 20, 23, and 24
exhibited e ects on NGF release with stimulation levels from
121.7 + 0.06% to 195.1 + 2.23%. Among them, 5 (173.3 +
5.82%), 14 (195.1 + 2.23%), and 16 (178.9 + 11.81%) were
more potent than the positive control substance, 6-shogaol
(158.2 + 6.56%).

EXPERIMENTAL SECTION

General Experimental Procedures. Optical rotations were
obtained on a JASCO P-1020 polarimeter (JASCO, Easton, MD,
USA). IR spectra were measured on a Bruker IFS-66/S Fourier-
transform IR spectrometer (Bruker, Karlsruhe, Germany). NMR
spectra were generated using a Varian Unity INOVA 500 NMR
spectrometer (Santa Clara, CA, USA) and a Bruker AVANCE 111 700
NMR spectrometer (Bruker, Karlsruhe, Germany). HRESIMS and
HRFABMS chromatograms were recorded on an Agilent iFunnel
6550 Q-TOF MS instrument and Waters SYNAPT G2 (Waters,
Milford, MA, USA) mass spectrometer, respectively. Semipreparative
HPLC was conducted utilizing a Gilson 306 pump (Gilson,
Middleton, WI, USA) and a Shodex refractive index detector
(Shodex, New York, NY, USA) with a Phenomenex Luna C;g 10

m column (10 x 250 mm, Phenomenex, Torrance, CA, USA) at a
ow rate of 2 mL/min. Open column chromatography was
implemented with silica gel 60 (70 230 and 230 400 mesh;
Merck, Darmstadt, Germany) and RP-C;g silica gel (230 400
mesh, Merck, Darmstadt, Germany). TLC was carried out with
precoated silica gel Fy5, plates and RP-18 F,g, plates (Merck,
Darmstadt, Germany).

Plant Material. The trunk of A. holophylla was collected in Seoul,
Korea, in January 2012. A voucher specimen (SKKU-NPL 1205) was
authenticated by one of the authors (K.R.L.) and has been deposited
in the herbarium of the School of Pharmacy, Sungkyunkwan
University, Suwon, Korea.

Extraction and Isolation. Trunks of A. holophylla (5.0 kg) were
extracted with 80% aqueous MeOH under re ux and Itered. The

Itrate was concentrated under a reduced pressure to obtain a MeOH
extract (280 g). The crude extract was suspended in distilled H,O and
successively partitioned with n-hexane, CHCI,, EtOAc, and n-butanol,
yielding 23, 43, 17, and 35 g of the respective solvent residues. The n-
hexane-soluble fraction (23 g) was separated over a silica gel column
(CHCI; MeOH, 70:1 1:1) to yield nine fractions (H1 H9).
Fraction H5 (1.0 g) was chromatographed on an RP-C,g silica gel
column with 85% aqueous MeOH to give 12 subfractions (H5-1 H5-
12). Fraction H5-11 (70 mg) was puri ed by C;g semipreparative
HPLC (2 mL/min, 90% aqueous CH;CN) to garner compound 17
(tz: 16.5 min, 40 mg). Fraction H8 (1.0 g) was fractionated over an
RP-Cy; silica gel column with 85% aqueous MeOH to give nine
subfractions (H8-1 H8-9). Fractions H8-6 (40 mg), H8-7 (100 mg),
H8-8 (90 mg), and H8-9 (70 mg) were puri ed by semipreparative
HPLC (2 mL/min, 60 90% aqueous CH;CN) to obtain compounds
2 (tg: 11.2 min, 2 mg), 3 (t: 25.1 min, 2 mg), 4 (tg: 16.3 min, 5 mg),
5 (tg: 10.3 min, 7 mg), 7 (tz: 18.3 min, 2 mg), 18 (tz: 14.9 min, 3
mg), 19 (tz: 21.1 min, 7 mg), and 20 (tz: 14.4 min, 6 mg). The
CHCl;-soluble fraction (20 g) was chromatographed on a silica gel
column (CHCI; MeOH, 50:1  1:1) to give 10 fractions (C-1 C-
10). Fraction C2 (8.2 g) was separated on an RP-C silica gel column
(90%  100% aqueous MeOH) to give 10 subfractions (C2-1 C2-
10). Fractions C2-2 (80 mg) C2-3 (320 mg), C2-4 (600 mg), C2-5
(400 mg), C2-6 (200 mg), C2-7 (800 mg), and C2-10 (300 mg) were
subjected to repeated column chromatography and further puri ed by
semipreparative HPLC (50 90% aqueous CH;CN) to yield
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Table 5. E ects of Selected Compounds on NGF Secretion in C6 Cells

compd NGF secretion® (%) cell viabilityb (%)
1 136.9 + 0.53 99.0 £ 1.01
2 127.9 + 3.49 1043 £ 1.12
4 146.1 + 1.31 109.5 + 1.45
5 1733 £ 5.82 1125 + 3.42
7 125.7 + 452 99.8 + 381
14 1951 + 2.23 1035 + 0.64
16 1789 + 11.81 98.5 + 0.02
17 1539 + 3.95 62.2 + 0.67

compd NGF secretion® (%) cell viabilityb (%)
18 1409 + 140 110.8 £ 0.76
19 156.0 + 11.67 85.7 + 8.48
20 121.7 £ 0.06 56.7 + 3.26
158.1 + 3.32¢ 108.2 + 5.72¢
23 1286 + 3.64 79.28 + 0.89
24 149.3 £ 542 107.1 £ 254
6-shogaol® 158.2 + 6.56 109.8 + 4.64

2C6 cells were treated with 20 M of each test compound. After 24 h, the content of NGF secreted in the C6-conditioned medium was measured
by ELISA. The level of secreted NGF is expressed as the percentage of the untreated control (set as 100%). PCell viability after treatment with 20

M of each compound was determined by an MTT assay and is expressed as a percentage (%). Results are the means of three independent
experiments, and the data are expressed as means =+ SD. “Positive control substance. “Data acquired at 5 M of compound.

compounds 1 (tz: 18.8 min, 3 mg), 6 (tz: 16.6 min, 5 mg), 8 (tz: 14.4
min, 4 mg), 9 (tz: 20.9 min, 8 mg), 10 (tz: 18.0 min, 2 mg), 11 (t:
17.7 min, 2 mg), 12 (tg: 13.2 min, 5 mg), 13 (tz: 12.2 min, 8 mg), 14
(tg: 16.4 min, 14 mg), 15 (tz: 13.2 min, 5 mg), 16 (tz: 19.9 min, 4
mg), 21 (tz: 16.8 min, 5 mg), 22 (tz: 11.7 min, 5 mg), 23 (tz: 12.5
min, 10 mg), 24 (tz: 15.9 min, 2 mg), and 25 (tz: 10.2 min, 7 mg).

Holophyllin O (1): colorless gum; [ 1& +25 (¢ 0.1, CHCly); IR
(KBr) ma 3403, 2910, 2833, 1645 cm *; *H (500 MHz) and °C
(125 MHz) NMR data in methanol-d,, see Table 1; HRESIMS
(positive-ion mode) m/z 335.2224 [M + H]* (caled for C,yH30,",
m/z 335.2217).

(12 ,13E)-13-Labdene-8,12,15-triol (2): colorless gum; [ 1% +11
(c 0.1, CHCI,); IR (KBr) s 3375, 2944, 2888, 1655 cm *; 'H (700
MHz) and **C (175 MHz) NMR data in chloroform-d, see Table 1;
HRFABMS (positive-ion mode) m/z 347.2562 [M + Na]* (calcd for
C20H36N3.03+, m/z 3472557)

Holophyllin P (3): colorless gum; [ 13 30 (¢ 0.1, CHCLy); IR
(KBr) ma 3380, 2926, 2865, 1654 cm *; *H (700 MHz) and °C
(175 MHz) NMR data in chloroform-d, see Table 1; HRFABMS
(positive-ion mode) m/z 347.2562 [M + Na]* (caled for
C20H36NaO3+, m/z 3472557)

Holophyllane C (4): white powder; [ 13 2 (¢ 0.3, CHCIy); IR
(KBr) max 2959, 2870, 1759, 1640 cm *; 'H (700 MHz) and °C
(175 MHz) NMR data in chloroform-d, see Table 2; HRFABMS
(positive-ion mode) m/z 485.3267 [M + H]* (calcd for C4yHy505",
m/z 485.3262).

Holophyllane D (5): colorless gum; [ 13 11 (c 0.4, CHCIy); IR
(KBr) max 2960, 1742, 1720, 1460 cm *; 'H (700 MHz) and °C
(175 MHz) NMR data in chloroform-d, see Table 2; HRFABMS
(positive-ion mode) m/z 483.3110 [M + H]* (calcd for CgyH,4505",
m/z 483.3105).

Holophyllane E (6): colorless gum; [ 1¥ 60 (¢ 0.1, CHCLy); IR
(KBr) max 2951, 2870, 1750, 1640 cm *; 'H (500 MHz) and 3C
(125 MHz) NMR data in chloroform-d, see Table 2; HRESIMS
(positive-ion mode) m/z 483.3472 [M + H]* (caled for C5H,70,4",
m/z 483.3469).

Cytotoxicity Assessment. The cytotoxicity of compounds
addressed in this study against the cultured human tumor cell lines
A549, SK-OV-3, SK-MEL-2, and HCT15 was evaluated using the
SRB assay.** Cells used were purchased from the American Type
Culture Collection (Manassas, VA, USA) and maintained at the
Korea Research Institute of Chemical Technology.

NO Production and Viability in LPS-Stressed BV-2 Cells. The
inhibitory e ect of the test compounds on LPS-stimulated NO
production was scrutinized using BV2 cells, as develoEed by Dr. V.
Bocchini at the University of Perugia (Perugia, Italy).*** The target
cells were seeded on a 96-well plate at 4 x 10* cells/well and treated
with/without di erent concentrations of the puri ed molecules. LPS
(100 ng/mL) was added to BV2 cells, and they were incubated for 24
h. Nitrite (NO,, soluble oxidation product of NO) concentrations
present in the culture medium were measured using the Gries reagent
(0.1% N-1-naphthylethylenediamine dihydrochloride and 1% sulfani-

1801

lamide in 5% phosphoric acid). The supernatant (50 L) was mixed
with an identical volume of the Gries reagent. After 10 min,
absorbance at 570 nm was measured utilizing a microplate reader
(Emax, Molecular Devices, Sunnyvale, CA, USA). Generated nitrite
concentrations were gauged using graded sodium nitrite solution as a
standard. Cell viability was evaluated using the MTT assay.

Nerve Growth Factor and Cell Viability Assays. The C6
glioma cells (Korean Cell Line Bank, Seoul, Republic of Korea) were
used to assess the release of NGF into the culture medium. The test
cells were seeded onto 24-well plates at a density of 1 x 10° cells/well.
After 24 h, cells were treated with serum-free Dulbecco’s modi ed
Eagle’s medium and incubated with the designated concentrations of
compounds for an additional 24 h. The medium supernatant was
collected from the culture plates, and NGF levels were evaluated using
an ELISA development kit. Cell viability was also assessed with a 3-
[4,5-dimethylthiazol-2-yl]-2,5-diphenyltetrazolium bromide (MTT)
assay in which the results were expressed as a percentage of the
control group (untreated cells).

Computational Analysis. All conformers proposed in the study
were found using the Macromodel (version 2015-2, Schrodinger
LLC) module with “mixed torsional/low mode sampling” in the
MMFF94 force eld. The searches were implemented initially in the
gas phase with a 50 kJ/mol energy window limit and 10000
maximum number of steps to explore exhaustively all potential
conformers. The Polak Ribiere conjugate gradient protocol was
utilized to minimize conformers with 10 000 maximum iterations and
a 0.001 kJ (mol A) * convergence threshold on the rms gradient. For
1 and 4, conformers within 10 kJ/mol of each global minimum were
subjected to geometry optimization using the Gaussian 09 package
(Gaussian Inc.) in the gas phase at the B3LYP/6-31+G(d,p) level and
proceeded to gauge-invariant atomic orbital (GIAO) shielding
constant calculations in the polarizable continuum model (PCM)
mode with a dielectric constant representing methanol for 1 or
chloroform for 4 at the same energy level. For 2 and 3, the GIAO
magnetic shielding tensors of identi ed conformers within 10 ki/mol
were calculated without geometry optimization in the PCM mode
(chloroform) at the same energy level with 1 and 4. The calculated
NMR properties of 1 4 were averaged based upon their respective
Boltzmann populations, and the conformers with more than 1%
population were used for calculations of DP4+ (1 and 4), DP4 (3),
and CP3 (2) probability analysis facilitated by the Excel sheet (DP4+)
provided by Grimblat et al.” and the applets available at http://www-
jmg.ch.cam.ac.uk/tools/nmr (DP4 and CP3).
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