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ABSTRACT

We investigated the tumor necrosis factor-alpha (TNF-a) in-
hibitory activity of sesquiterpenes from Saussurea lappa root
extracts. According to the hexane and EtOAc extracts showing
significant activity with ICsg values of 0.5 and 1.0 ug/mL, re-
spectively, chromatographic fractionation of the extracts was
performed and led to the isolation of 10 sesquiterpenes (1-
10). Costunolide (1), a major compound, and dehydrocostus
lactone (4) exhibited high efficiency in decreasing TNF-a lev-
els, with ICsq values of 2.05 and 2.06 uM, respectively. In addi-
tion, sesquiterpene analogues were synthesized to establish
their structure-activity relationship (SAR) profile. Among the
semi-synthetic analogues, compounds 6a and 16 showed the
most potent activity with ICsg values of 1.84 and 1.97 M, re-
spectively. More importantly, compound 6a showed less tox-
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icity than costunolide and 16. These results provided the first SAR
profile of sesquiterpene lactones and indicated that the a-methy-
lene-y-lactone moiety plays a crucial role in TNF-a inhibition. Addi-

tionally, the epoxide derivative 6a might represent a lead compound
for further anti-TNF-a therapies, owing to its potent activity and re-
duced toxicity.

Introduction

Tumor necrosis factor-alpha (TNF-a), a pro-inflammatory cyto-
kine, is an important mediator of inflammatory responses [1]. It
is mainly released by activated immune cells, such as macro-
phages and monocytes [2]. The excessive secretion of TNF-a has
been implicated in a diverse range of infectious and inflammatory
diseases, particularly Crohn’s disease and rheumatoid arthritis [3].
The inhibition of this cytokine is thus considered an essential ap-
proach in the development of therapeutic agents. At present,
three drugs licensed as TNF-a blocking agents-infliximab, adali-
mumab, and etanercept-are available for treatment of rheuma-
toid arthritis and other inflammatory diseases [4]. Although effi-
cacious TNF-a inhibitors have already been developed, the chal-
lenge remains for researchers to identify more effective TNF-a in-
hibitors with reduced toxicity to treat various acute and chronic
inflammatory diseases.

The root of Saussurea lappa Clarke (Compositae), commonly
known as costus or kuth root [5], is used in various Indian Ayurve-
dic and Chinese traditional formulations for the treatment of ab-
dominal pain, distention, vomiting, allergy, and cancer [6,7]. In
Southeast Asia, it has also been used to reduce fever and headache
and to treat diarrhea. In addition, the root extract has been used to
relieve syphilis in Japan [8]. This plant was found to be rich in ses-
quiterpenes, particularly sesquiterpene lactones, of which costu-
nolide is the main constituent. As the most abundant and
bioactive component of S. lappa root, costunolide is reported to
possess a broad range of biological activities including anti-cancer,
anti-ulcer, anti-bacterial, anti-hepatitis B virus, and anti-inflamma-
tory activities [9, 10]. However, few reports have examined the in-
hibition of TNF-a-induced inflammation by costunolide and other
sesquiterpene lactones isolated from S. lappa. Therefore, this
study was designed to investigate the anti-inflammatory activity
of isolated secondary metabolites from S. lappa root against TNF-
a inhibition. A number of semi-synthetic derivatives of sesquiter-
penes were also prepared and their activity was evaluated to clarify
the structure-activity relationship (SAR) of these compounds.

Results and Discussion

The anti-inflammatory effects of hexane, EtOAc, and MeOH ex-
tracts of S. lappa root were evaluated by measuring their potential
to inhibit TNF-a production in lipopolysaccharide (LPS)-stimulated
RAW264.7 macrophage cells. Both the hexane and EtOAc extracts
exhibited promising activity with ICsq values of 0.5 and 1.0 ug/mlL,
respectively, while the MeOH extract did not show any significant
activity. Moreover, an MTT assay indicated that cell viability was
not affected by treatment with these extracts (Fig. 1S, Supporting
Information). These results indicate that the hexane and EtOAc
extracts of S. lappa root potently inhibited LPS-induced TNF-a re-
lease without affecting the viability of RAW264.7 cells.

To isolate the active components, the hexane and EtOAc ex-
tracts were subjected to silica gel and Sephadex LH-20 column
chromatography followed by C-18 reversed-phase HPLC to obtain
10 sesquiterpenes (1-10) (> Fig. 1), together with one triterpene,
betulinic acid. The major metabolite (1), obtained on a gram
scale, was identified as costunolide from its spectroscopic data
and by comparison with data reported in the literature. Similarly,
the structures of compounds 2-10 were characterized by spectro-
scopic techniques and confirmed by comparing their 1D NMR
data with those reported previously [11-17].

To examine whether the isolated sesquiterpenes affected the
production of TNF-a in LPS-stimulated macrophage RAW264.7
cells, the cells were treated with the compounds at different con-
centrations in the presence of LPS and the levels of TNF-ar in the
culture supernatant were measured by ELISA kit. TNF-a level sig-
nificantly increased in cells treated with LPS in comparison with
that in untreated control cells, as shown in » Table 1. Among the
tested compounds, costunolide (1) and dehydrocostus lactone (4)
exhibited the most potent activity, with ICsg values of 2.05 and
2.06 uM, respectively. The activity of a- and S-cyclocostunolide
(6 and 7) was lower than that of 1 and 4, with ICsq values of 5.35
and 15.34 pyM, respectively. The remaining compounds showed
ICsg values of over 20 uM, and were therefore deemed inactive.
Based on these results, the existence of an a-methylene-y-lactone
moiety in the structure was considered crucial for activity, as de-
scribed previously [18, 19]. Additionally, although costunolide (1)
showed strong inhibitory activity against TNF-a production, cell
viability, analyzed by MTT assay, markedly decreased (by up to
50% at 10 uM), as shown in » Fig. 2.

In order to improve the activity and reduce the toxicity of the
compounds, some structural modification was performed and the
relationship between the activity and structure was studied. Since
several previous studies have revealed that a-methylene-y-lac-
tone is a crucial building block of many natural products exhibit-
ing diverse biological activities including anti-inflammatory activ-
ity [20,21], it was considered important to retain this structural
moiety. To verify whether an a-methylene-y-lactone moiety was
required for inhibition of TNF-a production, three derivatives, 11,
12, and 13, were prepared by methoxylation, basic hydrolysis, and
epoxidation of costunolide (1) [22], respectively (> Fig.3), and
their activity was determined. As shown in » Table 2, both 11
and 12, which had no a-methylene-y-lactone moiety in their
structure, did not show any detectable activity even at the highest
concentration tested (50 uM), whereas compound 13 showed ac-
tive TNF-ar inhibition. This result confirmed that the a-methylene-
y-lactone moiety was essential for the anti-inflammatory effect on
TNF-a secretion in activated macrophages.

As the main component, costunolide (1), a germacranolide-
type sesquiterpene, was used as the starting material for synthesis.
The 10-membered ring of this type of compound has been shown
to be highly prone to cyclization to a fused 6,6-bicyclic ring under
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» Fig. 1 Isolated compounds from S. lappa root.

acidic condition, providing a eudesmanolide-type sesquiterpene.
As little is known about their anti-inflammatory properties, a series
of eudesmanolides was thus synthesized, starting from costuno-
lide (1), and their ability to inhibit TNF-a secretion in LPS-activated
macrophages was examined. The synthetic approach utilized to
prepare the desired analogues is described in » Fig. 4. First, the
treatment of costunolide (1) with m-chloroperoxybenzoic acid
(m-CPBA), followed by BF3.0Et,, led to the formation of eudesma-
nolides 14 and 15, bearing a hydroxyl (-OH) group at the C-1 posi-
tion. Subsequently, alcohol 14 was subjected to oxidation with pyr-
idinium dichromate (PDC) and acetylation with Ac,0 to afford the
acetylated derivative 14a and related ketone 14b. In the same
manner, compound 15 was converted to the acetylated analogue
15a and related ketone 15b. As expected, epoxidation of 14 with
m-CPBA provided the epoxide 14c as a single stereoisomer, while
that of the C-4 exomethylene of 15 produced two epoxide iso-
mers, 15c and 15d. The relative stereochemistry of compounds
14c, 15¢, and 15d was deduced from their NOESY spectra.

To increase the quantity of a- and B-cyclocostunolide (6 and 7)
for further synthesis, costunolide (1) was treated with a catalytic
amount of p-toluenesulfonic acid in dichloromethane to yield
compounds 6 and 7, as expected. Additionally, the y-cyclocostu-
nolide 16 was obtained as a minor product (2% yield). Similarly,
compounds 6 and 7 were subsequently subjected to epoxidation
with m-CPBA to produce the epoxides 6a, 7a, and 7b, as shown in
» Fig. 5.

All semi-synthetic eudesmanolides were further assessed for
their anti-inflammatory effects on TNF-a levels in LPS-stimulated
RAW?264.7 macrophage cells. As can be seen in » Table 2, most
of the compounds affected the secretion of TNF-a to a statistically
significant extent. The substituent group at C-1 had a significant
effect on anti-inflammatory activity; the existence of the hydrox-
yl, ketone, and ester moieties decreased the activity. Compounds
6a and 16 showed the most potent inhibitory activity among all
compounds, comparable to the parent compound, costuno-
lide (1), which was greater than that of the standard drug, indo-
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> Table 1 Effect of isolated compounds from S. lappa root on TNF-o
production.

Compounds 1Cs50? (UM) CI®(95%, n=3)
1 2.05 [1.52-2.61]
2 >50
3 >50
4 2.06 [1.97-2.16]
5 32.49 [29.70-35.33]
6 5.35 [5.06-5.67]
7 15.34 [15.29-17.83]
] 48.63 [32.39-95.10]
9 21.52 [19.24-24.22]
10 >50
Indomethacin® 1214 [108.1-142.3]

2]Cs0: 50% inhibition concentration; P Cl: confidence interval; € positive
control

methacin. Interestingly, compound 6a did not show any signifi-
cant cytotoxicity at the concentrations tested (> Fig. 6) and was
markedly less toxic than costunolide, whereas the cytotoxicity of
16 was comparable to that of costunolide (Fig. 2S, Supporting In-
formation). These results indicated that eudesmanolide 6a might
represent an interesting lead compound for the development of
anti-TNF-a therapies. Moreover, to the best of our knowledge, this
is the first report to study and develop an early SAR profile of
eudesmanolide sesquiterpene lactone on TNF-a inhibition, as
summarized in » Fig. 7.

In this work, we studied the effect of sesquiterpenes isolated
from S. lappa root on the inhibition of TNF-a secretion. Costuno-
lide (1), the major component, exhibited potent activity; how-
ever, it was shown to be cytotoxic in RAW264.7 macrophage cells.
As the a-methylene-y-lactone moiety has been shown to play a
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» Fig. 2 Effect of costunolide (1) on TNF-a secretion and cell viabil-
ity in LPS-activated RAW264.7 cells. Data are expressed as mean +
SEM (n=3). *p<0.033, **p<0.002, ***p<0.001 vs. control

NaOMe, MeOH
T = AN
i, 3h -0 OMe
[]
11 (62%)
KOH, MeOH
o
2h = OMe
OH
Costunolide (1) o
mCPBA (5 eq)
CHCly, 0 °C, 1h

13 (52%)

» Fig. 3 Synthesis of compounds 11-13.

crucial role in TNF-a inhibition, the eudesmanolide-type sesquiter-
penes were semi-synthesized from costunolide and their activity
was determined. The epoxide 6a exhibited the most promising ac-
tivity, comparable to that of costunolide, the parent compound,
but with less toxicity. Therefore, eudesmanolide 6a might repre-
sent a lead compound as a therapeutic target of TNF-a inhibition.
The effect of S. lappa crude extracts on TNF-a inhibition, the cell
viability of y-cyclocostunolide, and all mass (m/z) and 1D NMR da-
ta are available as Supporting Information

Materials and Methods

General experimental procedures

NMR spectra were measured in chloroform-d and acetone-dg us-
ing JEOL EC600 M Hz NMR. Matrix-assisted laser desorption/ion-
ization time-of-flight mass spectrometry (MALDI-TOFMS) spectra
were determined using a Shimadzu AXIMA-Resonance spectrom-
eter. Preparative HPLC (Shimadzu LC-6AD) was performed using
an Inertsil ODS-3 column (20 mm ® x 250 mm; GL Sciences) and

> Table 2 Effect of semi-synthetic analogues on TNF-a production.

Compounds 1C502 (UM) CIb(95%, n=3)
11 >50
12 >50
13 8.83 [7.19-11.19]
14 6.64 [6.24-7.06]
14a 8.20 [6.72-10.15]
14b 20.41 [20.03-20.82]
14c 8.26 [7.74-8.79]
15 5.20 [4.79-5.62]
15a 21.87 [17.52-29.10]
15b 13.50 [13.33-13.68]
15¢ 12.56 [11.74-13.56]
15d 15.50 [14.80-16.26]
16 1.97 [1.75-2.18]

6a 1.84 [1.58-2.10]

7a 18.93 [17.47 t0 20.72]

7b >50

2|Cs0: 50% inhibition concentration; ® Cl: confidence interval

semi-preparative HPLC was performed using an Inertsil ODS-3 col-
umn (10 mm @ x 250 mm; GL Sciences). Silica gel (BW-200, Chro-
matotex) and Sephadex LH-20 (18-111 um, GE Healthcare) were
used for open-column chromatography. Analytical thin layer chro-
matography was performed on pre-coated silica gel 60 F254 glass
plates (Merck).

Plant material

The roots of S. lappa (5 kg) were purchased from an herbal medi-
cine store (Marma-Samunprai) at Mae Sod, Tak province, Thai-
land, in August 2015. Voucher specimen was designated with
the code CUCHEM2015-006 and is deposited at Department of
Chemistry, Faculty of Science, Chulalongkorn University.

Extraction and isolation

Air-dried roots of S. lappa (5 kg) were powdered and extracted
three times with MeOH at room temperature. The solvent was re-
moved under reduced pressure to give the MeOH extract, which
was suspended in H,O (1:1 v/v) and successively partitioned with
n-hexane and EtOAc to yield a hexane extract (70 g) and an EtOAc
extract (30 g), respectively.

The hexane extract (70 g) was subjected to normal-phase silica
gel column chromatography and eluted with gradient conditions
of n-hexane/EtOAc (10:0-0:10) to give 16 fractions (Fr. 1-16). Fr.
8 was recrystallized from n-hexane/EtOAc (9: 1) to give costuno-
lide (1, 2.95 g), and the mother liquor was then subjected to silica
gel column chromatography and further purified by preparation
HPLC (Inertsil ODS-3, 20 mm @ x 250 mm) with the gradient con-
dition MeOH:H,O (7:3-10:0v/v) to vyield costic acid (2,
11.7 mg), rupestonic acid G (3, 15.8 mg), dehydrocostus lactone
(4, 60.7 mg), dehydrodihydrocostus lactone (5, 3.8 mg), and be-
tulinic acid (14.2 mg).

Choodej S et al. Inhibition of TNF-a-Induced... Planta Med
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a) 1) mCPBA (1.1 eq)

i, 30 min

b)

Ac,0, DMAP

CHCly, 0 °C, 45 min

2) BF3.0Et,/ benzene,

OH

)

14 (50%) 15 (28%)

pyridine, i, 30 min

PDC, CH,Cl;

14a (92%)

n5h

mCPBA (1.1 eq)

14b (72%)

CHCly, 11, 1.5h

€

15a (80%)

15b (B8%)

14¢ (86%)

15¢ (u, 74%)

15d (10%)

> Fig. 4 Synthesis of eudesmanolide sesquiterpenes: a compounds 14 and 15 from costunolide (1), b derivatives from 14, c derivatives from 15.

p-T8OH, CHiCh
:5 i, 45 min

o [+]
1 B (25%) 7 (48%) 18 (2%)
mCPEA, mCPBA,
CHCly CHCly
t, 1.5h 150

6a (93%) Ta [, 92%)
b (), 8%)

> Fig. 5 Synthesis of eudesmanolide sesquiterpenes from costuno-

lide (1).

The EtOAc (30 g) extract was also subjected to normal-phase
silica gel column chromatography (n-hexane/EtOAc, 10:0-0:10)
to give 10 fractions (Fr. 1-10). Fr. 2 was separated over Sephadex
LH-20 using MeOH and purified by semi-preparative HPLC (Inertsil
0ODS-3, 10mm @& x 250 mm, gradient condition, MeOH:H,0
[7:3-10:0v/v]) to afford a-cyclocostunolide (6, 4.2 mg), S-cyclo-
costunolide (7, 12.3 mg), arbusculin A (8, 2.4 mg), arbusculin E
methyl ester (9, 7.7 mg), and cnicothamnol (10, 2.3 mg).

Choodej S et al. Inhibition of TNF-a-Induced... Planta Med

B TNF-a inhibition
Bl Cell viability

1501

Percentage (%)

Control 156 3.125 6.25 12.5

Concentration (uM)

> Fig. 6 Effect of eudesmanolide 6a on TNF-a secretion in LPS-acti-
vated RAW264.7 cells and on cell viability. Data are expressed as
mean = SEM (n =3). *p<0.033, **p<0.002, ***p<0.001 vs. con-
trol.

Semi-synthesis
Methoxylation of costunolide (1)

A solution of costunolide (1, 30 mg, 0.129 mmol) in 0.1 % NaOMe-
MeOH (5 mL) was stirred at room temperature for 3 h. Next, water
was added and the mixture was extracted with EtOAc. After re-
moval of the solvent, the crude mixture was purified by silica gel
column chromatography (n-hexane:EtOAc, 8:2) to yield com-
pound 11 (21.2 mg, 62%).
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Replacement of H with oxygen containing moiety
(hydroxyl, carbonyl, acetate) decreases activity

epoxidation of this double bond
restores activity, but decreases toxicity

o-methylene-y-lactone
' is essential for activity

double bond at this position
increases toxicity

» Fig. 7 Summary of SAR of the eudesmanolide skeleton for anti-TNF-a activity.

Base hydrolysis of costunolide (1)

To a solution of costunolide (1, 30 mg, 0.129 mmol) in MeOH
(5mL), KOH (28.9mg, 0.52 mmol) was added and the mixture
was stirred at room temperature for 2 h. After neutralization with
aqueous HCl (6 M), the reaction mixture was extracted with EtOAc
and the solvent was removed under reduced pressure. Purification
by silica gel column chromatography (n-hexane:EtOAc, 8:2) af-
forded lactone ring-opening product 12 (16.4 mg, 45%).

Synthesis of santamarine (14) and reynosin (15)

According to a previously reported protocol [23], the epoxidation
of costunolide (1, 300 mg, 1.29 mmol) with m-CPBA (333.9 mg,
1.94 mmol) in CHCl3 (50 mL) was carried out at 0°C for 45 min.
The reaction mixture was poured into cold water and then ex-
tracted with EtOAc, washed with brine, and dried over NaySOj4.
After removal of solvent, the residue was passed through a short
silica gel column (n-hexane: EtOAc, 8:2) to give costunolide-1,10-
epoxide. The product was further treated with BF3.OEt;, in ben-
zene (20 mL) at room temperature. After 30 min, the reaction
mixture was poured into cold water and extracted with EtOAc.
The organic layer was successively washed with 5% aqueous NaH-
CO3 and brine and then dried over Na,SOy4. The crude extract was
purified by silica gel column chromatography to give santamarine
(14, 160.3 mg, 50%) and reynosin (15, 89.8 mg, 28%), [22,24].

General procedure for acetylation

To a solution of the starting alcohol (0.15 mmol) in pyridine (3 mL),
an excess volume of Ac;0 (0.3 mL) and a catalytic amount of 4-di-
methylaminopyridine were added at room temperature. After
30 min, the reaction was quenched with water, extracted with
EtOAc, washed with brine, and dried over Na,SOg4. After removal
of solvent, the residue was purified by silica gel column chroma-
tography (n-hexane: EtOAc, 8:2) to give the acetylated product.

General procedure for oxidation with PDC

To a solution of the starting alcohol (0.15 mmol) in CH,Cl; (10 mL)
was added PDC (0.15 mmol). The reaction mixture was stirred for
5h at room temperature and then filtered. The filtrate was con-
centrated under reduced pressure to yield the residue, which was
further purified by silica gel column chromatography (n-hex-
ane:EtOAc, 8:2) to give the ketone product.

Genera epoxidation with m-CPBA

A solution of the starting compound (0.15mmol) in CHCl5
(10 mL) was treated with m-CPBA (0.165 mmol) at room temper-
ature. After stirring for 1.5 h, the reaction mixture was poured into
cold water, and the organic phase was washed with 5% aqueous
NaHCO3 and brine and dried over Na;SO4. The pure epoxidized
product was obtained from silica gel column chromatography (n-
hexane:EtOAc, 6:4).

Acid treatment of costunolide (1)

To a solution of costunolide (1, 0.86 mmol) in CH,Cl; (30 mL), p-
TsOH (10 mg) was added as a catalyzing agent, and the reaction
mixture was stirred at room temperature for 45 min. The reaction
was then quenched with the addition of 5% aqueous NaHCO3, ex-
tracted with EtOAc, washed with brine, and dried over NaySQOj4.
After filtration, the filtrate was concentrated and the residue was
purified by silica gel column chromatography (n-hexane:EtOAc,
9:1) to afford three isomer products, a-, -, and y-cyclocostuno-
lide as compound 6 (50.0 mg, 25%), compound 7 (96.0 mg, 48%),
and compound 16 (y-cyclocostunolide, 4.0 mg, 2%).

Cell culture and biological assays

The murine macrophage RAW264.7 cell line was purchased from
Riken BRC and cultured in Eagle’s minimal essential medium (pur-
chased from Wako). The medium was supplemented with 100 U/
mL of penicillin, 100 U/mL of streptomycin, and 10% FBS. The cells
were seeded at a density of 5 x 10* cells/well in 24-well plates and
then incubated overnight at 37 °C in humidified atmosphere of 5%
CO,. The cells were pretreated for 2 h with test compounds at the
indicated concentrations and DMSO as control and subsequently
activated by LPS (1 pg/mL, purchased from Wako). After 24 h of
incubation, the levels of TNF-a production were determined. The
test compounds were dissolved in DMSO (stock solution) and di-
luted with medium to a final DMSO concentration of 0.2%. Indo-
methacin (purchased from TCl, >98.0% by HPLC) was used as a
standard drug.

Measurement of TNF-a production

In brief, cell-free supernatant was collected after 24 h of incuba-
tion with the stimuli and assayed for TNF-a. TNF-a levels were
measured using a mouse TNF-a ELISA kit (Novex) for quantitative
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determination using a monoclonal antibody specific for TNF-o
coated onto 96-well plates. The absorbance was measured at
450 nm and a standard curve of 15.6-1,000 pg/mL was used to
determine TNF-a levels.

Cell viability measurement by MTT assay

RAW264.7 cells were seeded in 24-well plates at a density of
5 x 104 cells/well and incubated overnight at 37 °C in a humidified
atmosphere of 5% CO,. Subsequently, cells were treated with test
compounds at the indicated concentrations and DMSO as control
for 24 h. The test compounds were dissolved in DMSO (stock solu-
tion) and diluted with medium to a final DMSO concentration of
0.2%. MTT solution (50 L, 5mg/mL in PBS) was added to each
well and plates were incubated for an additional 4 h. Next, the me-
dium was removed and 1.0 mL of isopropyl alcohol (containing
0.04 N HCl) was added to each well to dissolve the formazan crys-
tals that formed, and 150 pL was transferred to a 96-well plate.
The absorbance was measured at 590 nm using a microplate read-
er. Cell viability was calculated as a percentage of the viability of
control cells treated with DMSO.

Statistical analysis

All experiments were performed in triplicate (n=3) and data are
expressed as mean values and standard deviation. Significance
was analyzed using analysis of variance and Dunnett’s multiple
comparison test by GraphPad Prism (Version 7). A p-value of
<0.05 was considered statistically significance.

Supporting Information

The effect of S. lappa crude extracts on TNF-a inhibition, the cell
viability of y-cyclocostunolide, and all mass (m/z) and 1D NMR
data are available as Supporting Information.
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