
Fitoterapia 91 (2013) 21–27

Contents lists available at ScienceDirect

Fitoterapia

j ourna l homepage: www.e lsev ie r .com/ locate / f i to te
Anti-inflammatory ligustilides from Ligusticum chuanxiong Hort
Jian Huang a, Xiao-Qing Lu a, Cui Zhang a, Jin Lu a, Guo-Yu Li b, Rui-Chao Lin c, Jin-Hui Wang a,b,⁎
a School of Traditional Chinese Materia Medica, Shenyang Pharmaceutical University, Shenyang 110016, China
b School of Pharmacy, Shihezi University, Shihezi 832002, China
c School of Chinese Materia Medica, Beijing University of Chinese Medicine, Beijing 100102, China
a r t i c l e i n f o
⁎ Corresponding author. Tel./fax: +86 24 23986479
E-mail address: tcm_syphu@163.com (J.-H. Wang)

0367-326X/$ – see front matter © 2013 Elsevier B.V. A
http://dx.doi.org/10.1016/j.fitote.2013.08.013
a b s t r a c t
Article history:
Received 6 May 2013
Accepted in revised form 12 August 2013
Accepted 16 August 2013
Available online 23 August 2013
Four new ligustilides chuanxiongnolide R1 (1), chuanxiongnolide R2 (2), chuanxiongdiolide R1
(3) and chuanxiongdiolide R2 (4) together with eight known derivatives (5–12) were isolated
from the root of Ligusticum chuanxiong Hort. Their structures were elucidated by HR-ESI-MS, UV,
IR, 1D and 2D NMR (HSQC, HMBC, 1H–1H COSY, NOESY) methods. The absolute configurations
were confirmed via the circular dichroism (CD) spectrum. The anti-inflammatory assay in
LPS-triggered RAW 264.7 macrophages was carried out on the twelve compounds. 1, 3, 5 and 6
showed significant inhibitory effects against LPS-induced NO production.

© 2013 Elsevier B.V. All rights reserved.
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1. Introduction

Ligusticum chuanxiong Hort., Family Umbelliferae, is a
well-known traditional medicinal herb and mainly distribut-
ed in Sichuan Province of China. L. chuanxiong is first
recorded in the Shen Nong Ben Cao Jing, the rhizome of
which is warm in property and pungent in flavor, with
functions of promoting the circulation of the blood and qi,
expelling wind, and alleviating pain. Therefore, L. chuanxiong
has long been used as a traditional Chinese medicine for the
treatment of headache, rheumatic arthralgia, menstrual disor-
ders, swelling pain due to traumatic injury and coronary heart
diseases [1].

The clinical efficacy of L. chuanxiong relies on its chemical
constituents. Previous reports on the biological components
had revealed that the phthalides were rich in L. chuanxiong,
besides alkaloids and phenolic acids [2–7].

As to phthalides, their biological activity had been
extensively investigated, evidencing a remarkably pleiotro-
pic profile including vasodilatation [8], a decrease of platelet
aggregation [9], analgesic effects [10], and attenuation of
lipopolysaccharide (LPS)-induced proinflammatory response
.
.
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[11]. It was a special interest that the phthalides of low
molecule had a remarkably fast brain bioavailability by nasal
administration, with detectable cerebral concentrations
within 20 min after nasal exposure [12,13], and this might
be related to the biological profile of the phthalides,
potential applications in the realm of brain diseases [14].
Later, a further investigation in the molecular target of
these compounds exactly discovered that the phthalides
could interact with the transient receptor potential A1
(TRPA1), an ion channel which was commonly expressed in
the oral and nasal cavity and mediated the inflammatory
actions of environmental irritants and proalgesic agents, and
play the tunable activation or inhibition roles in regulation of
biological activities of TRPA1 [15].

Being interested in finding more biologically active
phthalides from this folk medicine, we further undertook
the phytochemical investigation. As a result, four new ligustilides
(1–4) and eight known compounds levistolide A (5) [16],
tokinolide B (6) [16], senkyunolide I (7) [17], senkyunolide H
(8) [18], 4-hydroxy-3-butyl- phthalide (9) [19], 3-butylphthalide
(10) [20], neocnidilide (11), [18], and 4-pentyl-cyclohex-3-ene-
1α,2β-diol (12) [5] were isolated from the roots of L. chuanxiong
(Fig. 1). In this paper, we describe the structural elucidation of
these four new compounds and evaluate the anti-inflammatory
activity of compounds 1–12.
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Fig. 1. Chemical structure of compounds 1–12.
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2. Experimental

2.1. General experimental procedures

Optical rotations were measured with a Perkin-Elmer 241
MC polarmeter. UV spectra were recorded on a Shimadzu
UV-2201 spectrophotometer. CD spectra were recorded with a
Biologic MOS-450 spectrometer. IR spectra were determined on
a Bruker IFS-55 infrared spectrophotometer with KBr disks. 1H
and 13C NMR and 2D NMR spectra were recorded on Bruker
AV-300 and AV-600 spectrometers using TMS as an internal
standard. HR-ESI-MS data were obtained on a Waters LCT
Premier XE time-of-flight mass spectrometer (Waters,
America). Column chromatography was performed on
silica gel (90–150 μm, Qingdao Marine Chemical Company,
Qingdao, China), and ODS column (40–63 μm, Merck,
Germany). RP-HPLC was performed on a HITACHI unit
equipped with a UV–VIS detector, utilizing a YMC ODS-A
column (250 × 10 mm, 5 μm).
2.2. Plant material

The roots of L. chuanxiong were purchased from Anguo,
Hebei Province, People's Republic of China, in April 2008. The
plant material was identified by Professor Jin-Cai Lu (Shenyang
Pharmaceutical University). A voucher specimen (SN002735)
had been deposited at the Research Department of Natural
Medicine, Shenyang Pharmaceutical University.
2.3. Extraction and isolation

The air-dried root material (10.0 kg) was extracted with
95% (v/v) ethanol (3 × 80 L) under reflux conditions for 3 h
every time. The combined ethanol extracts were concentrat-
ed under vacuum to give a crude residue (437 g), which was
suspended in water (1.5 L) and then partitioned successively
with petroleum ether, chloroform, EtOAc and n-BuOH for
three times. The P.E. portion (95 g) was chromatographed on
a silica gel column, eluted with petroleum ether-acetone (1:0
to 0:1) to yield 20 fractions (F1–F20). Fraction F5 (0.8 g) was
separated by preparative RP-HPLC (72% MeOH-H2O, a flow
rate of 2 mL/min) to yield the compound 1 (tR = 18.7 min,
26.8 mg), 3 (tR = 23.5 min, 10.0 mg) and 6 (tR = 41.4 min,
15.7 mg). Fraction F8 (2.5 g) was chromatographed on a silica
gel column and eluted by petroleumether-ethyl acetate-acetone
(100:0:0 to 100:10:10) to obtain five subfractions. Fraction F8-2
was further separated by the preparative RP-HPLC (77%
MeOH-H2O, a flow rate of 2 mL/min) to yield the compound
5 (tR = 23.2 min, 16 mg) and 8 (tR = 27.1 min, 30.8 mg).
Fraction F8-4 (0.45 g) was further purified by preparative
RP-HPLC (55% MeOH-H2O, a flow rate of 2 mL/min) to give
compound 2 (tR = 15.5 min, 15.2 mg) and 4 (tR = 37.8 min,



Table 2
1H and 13C NMR data for compounds 3–4 (CDCl3, δ in ppm, J in Hz).

Position 3a 4b

δC δH δc δH

1 170.4 170.7
3 88.9 83.5 4.57 (1H, dd, 7.5, 4.8)
3a 155.0 173.6
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11.4 mg). Fraction F10 (6.5 g) was separated over an ODS
chromatography column (MeOH-H2O, 10:90–60:40) to get eight
subfractions (F10-1–F10-8). Subfraction F10-2 was further
purified by the preparative RP-HPLC (50% MeOH-H2O, a flow
rate of 2 mL/min) and obtained compound 7 (tR = 42.2 min,
32.5 mg) and 12 (tR = 54.6 min, 12.6 mg). Subfraction F10-4
(45% MeOH-H2O, a flow rate of 2 mL/min) gave compound 10
(tR = 36.8 min, 12.6 mg). Fraction F10-5 (65:35) was further
recrystallized to obtain compound 9 (10 mg) and 11 (15.7 mg).

2.3.1. Chuanxiongnolide R1 (1)
0.0027% of drywt. Yellow oil; [α] 21

D
+10.2 (c 0.13, MeOH);

IR (KBr) νmax 3425, 1765, 1689, 1197, 1026, 950 cm−1; UV
λmax (MeOH) 225 nm; CD (MeOH) λmax (Δε): 201 (1.23), 233
(−1.83), 254 (−0.40), 280 nm (−1.06); 1H and 13C NMR
(Table 1); HR-ESI-MS: m∕z 471.2018 [2 M + Na]+ (calcd for
C24H32O8Na, 471.1995).

2.3.2. Chuanxiongnolide R2 (2)
0.0015% of dry wt. Colorless oil; [α] 21

D
+14.5 (c 0.85,

MeOH); IR (KBr) νmax 3379, 2957, 1752, 1672, 1629, 1457,
1432, 1236, 1103, 941 cm−1; UV λmax (MeOH) 226 nm; CD
(MeOH) λmax (Δε): 198 (3.92), 218 (−1.24), 233 (0.28), 242
(−0.19), 248 (−0.13), 296 nm (−0.18); 1H and 13C NMR
(Table 1); HR-ESI-MS: m/z 227.1277 [M + H]+, calcd for
C12H19O4, 227.1283.

2.3.3. Chuanxiongdiolide R1 (3)
0.001% of drywt. Yellow oil; [α]21

D
+23.1 (c 0.08,MeOH); IR

(KBr) νmax 1766, 1713, 1609, 1467, 1253, 1166, 1094, 964, 756,
694 cm−1; UV λmax (MeOH) 219 nm; CD (MeOH) λmax (Δε):
197 (22.13), 208 (−0.11), 230 (2.29), 265 (−2.15); 1H and 13C
NMR (Table 2); HR-ESI-MS: m/z 843.4070 [2 M + Na]+, (calcd
for C50H60O10Na, 843.4084).

2.3.4. Chuanxiongdiolide R2 (4)
0.001% of dry wt. Yellow powder; [α] 21

D
+9.8 (c 0.78,

MeOH); IR (KBr) νmax 3388, 2957, 2932, 1750, 1732, 1675,
1653 cm−1; UV λmax (MeOH) 225 nm; CD (MeOH) λmax

(Δε): 200 (3.76), 210 (-11.67), 230 (14.95); 1H and 13C NMR
Table 1
1H and 13C NMR data for compounds 1–2 (CDCl3, δ in ppm, J in Hz).

Position 1a 2b

δc δH δc δH

1 168.2 163.0
3 90.9 4.69 dd (10.6, 3.3) 83.0 4.88 dd (7.8, 3.5)
3a 72.4 167.1
4 29.8 2.17 td (13.3, 4.5) 21.0 2.49 dt (19.0, 6.0)

2.24 dd (13.3, 4.7) 2.25 dt (19.0, 6.0)
5 32.6 2.55 dd (15.6, 2.0) 25.6 2.10 ddd (19.8, 13.5, 6.1)

2.92 td (15.6, 4.5) 1.82 m
6 198.6 67.5 3.98 br.s
7 130.4 6.57 s 63.1 4.52 br.s
7a 146.9 146.9
8 32.3 1.31 m, 1.64 m 31.9 1.88 m, 1.50 m
9 27.3 1.39 m, 1.53 m 26.7 1.38 m
10 22.2 1.31 m, 1.39 m 22.4 1.35 m
11 13.7 0.92 t (7.2) 13.8 0.91 t (7.2)

The assignments of H and C signals are based onHSQC, 1H–1H COSY, and HMBC
experiments. a recorded at 1H (300 MHz) and 13C (75 MHz); b recorded at 1H
(600 MHz) and 13C (150 MHz).
(Table 2); HR-ESI-MS: m/z 401.2317 [M + H]+, calcd for
C24H33O5, 401.2328.
2.4. Anti-inflammatory activity experiments

2.4.1. RAW264.7 cell culture
RAW264.7 cells, a murine monocyte/macrophage cell line,

were cultured in DMEMsupplementedwith 10% FBS, 100U/mL
of penicillin, 100 g/mL of streptomycin. In all experiments, cells
were grown to 80–90% confluence and subjected to no more
than 20 cell passages. In all experiments, cells were left to
acclimate for 12 h before any treatments.
2.4.2. Measurement of NO releasing
RAW264.7 cells were seeded in 96-well plates (2 × 105/mL)

and incubated at 37 °C in a humidified atmosphere containing
5% CO2 overnight. After 12 h, the cells were treated with 50 μM
compound 1–12 for 1 h, then, added LPS (1 μg/mL) for 24 h. NO
levels were determined by measuring nitrite levels using the
supernatant (100 μL) mixed with the same volume of Griess
reagent (1% sulfanilamide, 0.1% N-1-naphthylenediamine
dihydrochloride, and 2.5% phosphoric acid) and the absorbance
was measured at 570 nm. The nitrite concentration was
determined by using a standard curve of sodium nitrite made
up in DMEM free of phenol red. C: concentration.

NO inhibitory rate ð%Þ
¼ ½CNOðLPSÞ−CNOðcompoundÞ�=CNOðLPSÞx100
4 122.0 7.17 d (7.7) 33.4 3.74 m
5 133.9 7.54 td (7.7, 0.9) 33.9 1.95 m, 1.62 m
6 128.5 7.42 td (7.7, 0.9) 69.2 3.84 ddd (9.0, 6.9, 3.6)
7 124.6 7.77 d (7.7) 42.5 2.98 d (1.5)
7a 125.7 130.8
8 49.1 1.84 m 32.1 1.81 m, 1.54 m
9 28.1 1.09 m, 1.50 (1H,m) 27.0 1.34 m
10 20.7 0.96 m, 1.25(1H,m) 22.3 2.13 m, 1.92 m
11 14.0 0.75 t (7.2) 13.8 0.88 t (6.6)
1’ 165.5 172.6
3’ 207.1 82.4 4.73 t (3.3)
3a’ 58.2 167.0
4’ 26.2 1.76 m, 2.59 m 20.9 2.13 m, 1.92 m
5’ 17.9 1.47 m, 2.13 m 26.2 1.82 m, 1.51 m
6’ 33.8 2.99 m 28.6 3.10 m
7’ 148.5 7.57 d (7.0) 36.4 3.06 m
7a’ 136.3 126.0
8’ 40.9 2.30 m, 2.35 m 31.6 1.85 m, 1.45 m
9’ 25.6 1.30 m, 1.40 m 26.4 1.31 m
10’ 22.1 1.16 m, 1.21 m 22.3 1.33 m
11’ 13.8 0.80 t (7.2) 13.8 0.88 t (6.6)
1” 52.0 3.71 s

The assignments of H and C signals are based onHSQC, 1H–1H COSY, andHMBC
experiments. a recorded at 1H (600 MHz) and 13C (150 MHz); b recorded at
(300 MHz) and 13C (75 MHz).
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2.4.3. Measurement of RAW264.7 cell viability
RAW264.7 cell viability was measured by MTT assay. The

cells were seeded in 96-well plates (2 × 105/mL) and
incubated at 37 °C in a humidified atmosphere containing
5% CO2 overnight. After 12 h, the cells were treated with50
μM compounds for 1 h, then, added LPS (1 μg/mL) for 24 h.
MTT (5 mg/mL) was subsequently added and incubated for
4 h. The culture medium was removed, and the crystals were
dissolved in DMSO. The optical densities (OD) at 490 nm
were measured with a microplate reader (TECAN SPECTRA,
Wetzlar, Germany).

Cell viability rate ð%Þ
¼ ½A490ðcompoundÞ−A490ðblankÞ�=½A490ðcontrolÞ−A490ðblankÞ�x100
3. Results and discussion

Compound 1 was isolated as yellow oil with the molecular
formula C12H16O4 determined by HR-ESI-MS m∕z at 471.2018
[2 M + Na]+ (calcd. for C24H32O8Na, 471.1995). The IR
spectrum displayed the absorption peak of O–H (3425 cm−1),
C = O (1765 cm−1). The 1H, 13C NMR and HSQC spectra
(Table 1) showed the presence of one methyl, five methylenes,
two methines (consisting of one olefin and one oxygen-
substituted carbon) and four quaternary carbons. The subunits
a and b (Fig. 2) were, respectively, established on the basis of
1H–1H COSY and HMBC data. The HMBC correlations (Fig. 2)
enabled the assembly of subunits a and b with the common
quaternary carbons at δC 72.4. Correlations of H-3 (δH 4.69) with
C-1 (δC 168.2), C-7a (δC 146.9) and C-3a (δC 72.4) established the
five-membered lactone ring. Similarly, the correlations of H-4
(δH 2.17/2.24) with C-5 (δC 32.6), C-3a (δC 72.4), C-3 (δC 90.9),
C-6 (δC 198.6) and C-7a (δC 146.9) were critical in locating the
hydroxyl at C-3a, the conjugated double bond at C-7a and the
carbonyl carbon at C-6, which were also supported by the
chemical shift of double bond carbon at δC 130.4 (C-7), 146.9
(C-7a) and the carbonyl carbon at 198.6 (C-6). The correlations
from H-7 (δH 6.57) to C-7a (δC 146.9), C-1 (δC 168.2), C-5 (δC
32.6) and C-3a (δC 72.4) suggested that the five-membered
Fig. 2. Key COSY (bond), HMBC cor
lactone ring and six-membered unsaturated ketone ring were
joint at C-3a and C-7a. Therefore, the planar structure of
compound 1was determined.

The relative configuration of 1 was established by the
NOESY correlations. The NOESY cross-peaks between H-3 (δH
4.69) and H-4e (δH 2.24), and H-8 (δH 1.31/1.64) and H-4a
(δH 2.17) suggested that the relative configuration of H-3 and
OH-3a was ipsolateral (Fig. 3).

The absolute configuration of 1 was elucidated by the
application of CD spiral rule of α,β-unsaturated ketone [21].
The CD spectrum showed negative Cotton effect at 233 nm,
indicating that the configuration of C-3 and C-3a was S and
R, respectively. Thus, the structure of chuanxiongnolide R1
was established, as shown in Fig. 1.

Compound 2 was obtained as colorless oil. Its molecular
formula was determined as C12H18O4 by HR-ESI-MS at m/z
227.1277 [M + H]+ (calcd. for C12H19O4 227.1283). The IR
spectrum showed the absorption band for an O–H group
(3379 cm−1), a C = O group (1752 cm−1) and olefin moieties
(1720 cm−1). The 13C NMR showed the typical resonances at δC
83.0 (C-3), δC 146.9 (C-7a), δC 163.0 (C-1) and δC 167.1 (C-3a),
characteristic of one set of five-membered α,β-unsaturated
lactone. Further, partial structure a (C-3–C-8, C-9–C-10–C-11)
and b (C-4–C-5–C-6–C-7)were deduced from a detailed analysis
of the 1H–1H COSY and HMBC spectrum (Fig. 2). The 1H and 13C
NMR spectra (Table 1) were similar to those of the known
compound senkyunolide N, senkyunolide J [18] (except for C-6
and C-7) and the senkyunolide H [22] (except for C-3 and C-8).
Based on these comparison, the planar structure of compound 2
was deduced and further confirmed by the HMBC correlations
fromH-5 (δH 1.82/2.10) to C-3a (δC 167.1), H-6 (δH 3.98) to C-7a
(δC 146.9), H-7 (δH 4.52) to C-3a (δC 167.1) and C-1 (δC 163.0)
and H-9 (δH 1.38) to C-3 (δC 83.0).

The relative configuration of 2was elucidated on the basis
of the analysis of the NOESY correlations (Fig. 3) and coupling
constant. The NOESY correlations between H-3 and H-4e (δH
2.49), H-4a (δH 2.25) and H-6, H-9 and H-7 suggested that
H-3, 6-OH and 7-OH were ipsolateral, as supported by the
small 3J value between H-6 and H-7 (4.52, br.s).
relations of compounds 1–4.
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Fig. 3. Key NOESY correlations of compounds 1–4.
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The absolute configuration of 2 was elucidated by the
application of CD octant rule and sector rule of carboxylic
ester. The CD spectrum showed negative Cotton effect
at 242 nm and 296 nm, indicating that the configuration of
C-3, C-6 and C-7 was R, R and S, respectively. Thus, the
chuanxiongnolide R2 was determined, as shown in Fig. 1.

Compound 3 was also isolated as yellow oil. The molecular
formula was established as C25H30O5 by HR-ESI-MS at m/z
843.4070 [2 M + Na]+, (calcd. for C50H60O10Na, 843.4084),
Fig. 4. The negative exciton chirality of compound 3.
indicating 11 degrees of unsaturation. The IR spectrumexhibited
the absorption peak of C = O at 1766 and 1713 cm−1. The 1H
NMR spectrum of compound 3 showed four aromatic proton
signals at δH 7.77 (1H, d, J = 7.7 Hz, H-7), 7.54 (1H, td, J = 7.7,
0.9 Hz, H-5), 7.42 (1H, td, J = 7.7, 0.9 Hz, H-6), 7.17 (1H, d, J =
7.7 Hz, H-4), which were assigned to one 1,2-disubstituted
benzene rings. One olefinic proton at δH 7.57 (1H, d, J = 7.0 Hz,
H-7′), which attached to a methylene carbon (δC 148.5) and
correlated in long range to the carboxyl (δC 165.5), was the
Fig. 5. The positive exciton chirality of compound 4.
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characteristic of the resonance of the α,β-unsaturated γ-lactone.
The 1H NMR spectrum showed two methyl protons at δH 0.75
(3H, t, J = 7.2 Hz, H-11) and 0.80 (3H, t, J = 7.2 Hz, H-11′). In
combination with the molecular formula, 3was inferred to be a
dimeric phahalides. Moreover, comparison of the 1H and 13C
NMR data of 3 (Table 2) with those of the known compound
(3Z′)-(3S,8R,3a′S,6′R)-4,5-dehydro-3.3a′,8.6′-diligustilide
[4] revealed that the resonances of C-3′ (δC 148.4) and C-8′
(δC 107.2) were disappeared, and the replacements of a
carboxyl (δC 207.1), a methylene (δH 2.32, 2H, m; δC 40.9)
and a methoxyl (δH 3.71, 3H, s; δC 52.0) in 3were observed,
indicating that the bond between O-2′ and C-3′ of the
five-membered lactone ringwas sectioned and connectedwith
a methyl. This was further confirmed by the correlations in the
HMBC spectrum (Fig. 2) from the methoxyl proton at δH 3.71 to
δC 165.5 (C-1′) and from methylene protons (H-4′) at δH 1.76,
2.59 and methylene protons (H-8′) at δH 2.30, 2.35 to δC
207.1 (C-3′). Thus, the structure of 3 was suggested to be
1″,3′-seco-3.3a′,8.6′-diligustilide.

The relative configuration of 3 was elucidated on the basis
of the NOESY correlations and the molecular dynamics
calibration with the minimum energy by using the Chem3D
(Fig. 3). In the NOESY spectrum, the cross peaks between H-4
and H-8, H-8 and H-7′, H-5′ and H-9 were observed. It showed
that only the configuration in Fig. 3 could give such stereo
structure correlations.

The absolute configuration of 3 was determined by the
application of CD exciton chirality method [23,24]. A negative
Cotton effect at λmax 265 nm and a positive Cotton effect at
λmax 230 nm, caused by the exciton coupling of the benzoyl
and α,β-unsaturated ketone chromphores, indicated a nega-
tive chirality between the two axes of electric transition
moment (Fig. 4). Therefore, the absolute configuration of 3
was assigned, named as chuanxiongdiolide R1.

Compound 4, a yellow powder, possessed a [M + H]+ peak
at m/z 401.2317 in the HR-ESI-MS, which established the
molecular formula as C24H32O5 (calcd. for C24H33O5, 401.2328).
The IR spectrum displayed the absorption band for an O–H
group (3388 cm−1), a C = O group (1750 cm−1). The 13C
NMR showed the characteristic resonances of two sets of
five-membered α,β-unsaturated lactone at δC 83.5 (C-3), δC
Table 3
NO inhibitory activity of compounds 1–12 in LPS-activated RAW 264.7 cells.

Group Concentration/(μM) Concentr
NO/(μM)

LPS – 180.60 ±
Indomethacin 50 56.67 ±
1 50 58.95 ±
2 50 170.09 ±
3 50 72.59 ±
4 50 157.59 ±
5 50 55.09 ±
6 50 57.36 ±
7 50 161.91 ±
8 50 148.05 ±
9 50 173.05 ±
10 50 161.91 ±
11 50 153.27 ±
12 50 161.91 ±
82.4 (C-3′), δC 130.8 (C-7a), δC 126.0 (C-7a′), δC 170.7 (C-1), δC
172.6 (C-1′), δC 173.6 (C-3a) and δC 167.0 (C-3a′), respectively.
Taking the molecular formula into consideration, compound 4
was also inferred to be a dimeric phahalides. Furthermore,
comparison of the 1H and 13C NMR data of 4 (Table 2) with
those of the known compound chuanxiongnolide A [25]
revealed that the resonances at δC 146.7 (C-3), δC 113.9 (C-8)
and δH 5.28 (H-8), and δC 147.9 (C-3′), δC 112.6 (C-8′) and δH
5.11 (H-8′) were disappeared, and the replacements of the
signals at δC 83.5 (C-3), δH 4.57 (H-3), δC 32.1 (C-8) and δH 1.81/
1.54 (H-8), and δC 82.4 (C-3′), δH 4.73 (H-3′), δC 31.6 (C-8′) and
δH 1.85/1.54 (H-8′) in 4 were observed, indicating that the
double bonds between C-3 and C-8 and C-3′ and C-8′ in 4were
saturated. Further, the planar structure of 4was systematically
confirmed by the analysis of HMBC correlation (Fig. 2).

The relative configuration of 4 was also deduced from
NOESY correlations (Fig. 3). The NOESY correlations between
H-3 and H-3′, H-3 and H-5′ (δH 1.51), H-5′ (δH 1.51) and H-4′
(δH 1.92), H-4′ (δH 1.92) and H-3′, H-4′ (δH 2.13) and H-8′, H-5′
(δH 1.82) and H-7 and H-7 and H-6 were displayed, indicating
that only the configuration in Fig. 3 could give such stereo
structure correlations.

The absolute configuration of 4 was also determined by the
application of CD exciton chirality method (Fig. 5). The CD
spectrum of 4 showed a positive Cotton effect at λmax 230 nm
and a negative Cotton effect at λmax 210 nm, indicating the
positive chirality between the two axes of electric transition
moments of α,β-unsaturated γ-lactone. On the basis of the
above analysis, the absolute configuration of chuanxiongdiolide
R2 was determined, as shown in Fig. 1.

The anti-inflammatory activities of the twelve compounds
isolated from L. chuanxiong were investigated in LPS-treated
RAW264.7 macrophages with the Indomethacin as the
positive control (Table 3). The results showed that the twelve
compounds, each of 50 μM, exhibited different degrees of
anti-inflammatory effect, among which compounds 1, 3, 5
and 6, respectively, inhibited 67.32, 61.31, 69.46 and 68.17%
NO production, compared with the LPS group (T 3).

Consistentwith the previous reports of the twelve phthalides
isolated from L. chuanxiong showed the different degrees
of inhibitory effect against lipopolysaccharide (LPS)-induced
ation of Inhibitory rate
of NO/(%)

Cell viability
/(%)

0.01 – 87.32 ± 0.08
0.02 68.62 95.57 ± 4.1
0.01 67.32 98.12 ± 0.20
0.01 5.43 97.68 ± 0.05
0.01 61.31 102.31 ± 0.03
0.01 12.72 99.30 ± 0.12
0.01 69.46 108.50 ± 0.04
0.01 68.17 11.45 ± 0.02
0.01 18.28 93.28 ± 0.03
0.01 17.69 91.40 ± 0.06
0.02 7.64 90.30 ± 0.03
0.01 13.58 92.15 ± 0.05
0.01 18.19 94.63 ± 0.06
0.01 18.28 93.28 ± 0.03
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proinflammatory response in our study. It was inferred that
these phthalides might interact with the TRPA1 and acted as the
inhibitors of this ion channel, resulting in the attenuation of this
proinflammatory signal response.
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