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Sesquiterpene lactones (SLs) are plant-derived compounds often used in traditional medicine against

inflammation and cancer. This review focuses on the chemical and biological properties of SLs that lead

to enhanced anticancer and anti-inflammatory effects. The chemical properties comprise alkylating

center reactivity, lipophilicity, and molecular geometry and electronic features. SLs in clinical trials are

artemisinin, thapsigargin and parthenolide and many of their synthetic derivatives. These drugs are

selective toward tumor and cancer stem cells by targeting specific signaling pathways, which make them

lead compounds in cancer clinical trials.
A large-scale screening program for antitumor agents, launched in

1960 by the National Cancer Institute (USA), evaluated 35,000

plant samples, from which emerged Taxol, the best-selling anti-

tumor drug today. In fact, 67% of anticancer drugs are natural

products or natural product derivatives [1]. More than 200 natural-

product-derived drugs are in preclinical or clinical development

[2]. Research on the natural compounds sesquiterpene lactones

(SLs) began within few years of the NCI screening program. To

date, approximately 1500 publications have reported SL antic-

ancer and anti-inflammatory properties, more than 90% of which

have been published since 1990 (Medline and EMBASE databases).

SLs are a colorless, bitter and stable subfamily of terpenoids, a

class of plant secondary metabolites of lipophilic character. They

are almost exclusively derived from Asteraceae but are also found

in Umbelliferae and Magnoliaciae at concentrations often exceed-

ing 1% of plant dry weight. SLs are 15-carbon (15-C) compounds

consisting of three isoprene (5-C) units and a lactone group (cyclic

ester) (Fig. 1a). They can be categorized, relative to their carbo-

cyclic skeleton, into the following major groups: germacranolides

(1a, 1b) (ten-membered ring); eudesmanolides (2a, 2b) and ere-

mophilanolides (3) (all 6/6-bicyclic compounds); and guaianolides
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(4a, 4b), pseudoguaianolides (5a, 5b) and hypocretenolides (6)

(all 5/7-bicyclic compounds) (Fig. 1a). Many members of these

groups also bear open ring structures such as iso-seco-tanapartho-

lides (7) (Fig. 1a). Interestingly, guaianolides and pseudoguaiano-

lides share similar skeletons, differing simply by the position of a

methyl group, which is at C-4 in guaianolides and at C-5 in

pseudoguaianolides (Fig. 1a).

Extracts from plants rich in SLs have gained considerable

interest for treating human diseases such as inflammation, head-

ache and infections. The SL-derived drugs from thapsigargin (8),

artemisinin (9), and parthenolide (10) (Fig. 1b) are now in cancer

clinical trials (Table 1). Few reviews have focused on SL extraction,

analysis and characterization in biological systems, particularly

for defining their anticancer and anti-inflammatory activities

[3,4].

In this review, we focus on the basic chemical properties and

biological activities of SLs that make them lead compounds in

cancer clinical trials. First, we summarize and analyze important

structural features that give SLs enhanced antitumor and anti-

inflammatory properties in vitro and in vivo. Second, we attempt to

answer a crucial question: are there specific biochemical mechan-

isms exploited by SLs that enable them to selectively target tumor

and cancer stem cells while sparing normal ones? (Box 1).
ee front matter � 2010 Elsevier Ltd. All rights reserved. doi:10.1016/j.drudis.2010.06.002
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SL structure–activity relationships in cancer and
inflammation
SLs’ biological activities can be affected by three major chemical

properties: (i) alkylating center reactivity, (ii) side chain and

lipophilicity and (iii) molecular geometry and electronic features.

SL structure–activity is described in relation to the interrelated

processes of cancer and inflammation (Table 2).

Alkylating center reactivity
In 1969, Hartwell and Abbott reviewed more than 50 SLs known to

be cytotoxic to tumors and provided indirect evidence linking
[(Figure_1)TD$FIG]

FIGURE 1

Chemical structures of sesquiterpene lactones and relevant moieties. (a) Different s
lactones and chemical moieties (8)–(23). (1a–1b) Germacranolide isomers; (2a–2b)
(5a–5b) pseudoguaianolide isomers; (6) hypocretenolide; (7) iso-seco-tanaparthol
lactone; (12) helenalin; (13) mexicanin I; (14) 11a, 13-dihydrohelenalin; (15) 11a,1
convex sides; (18) repin; (19) epoxide; (20) halohydrin; (21) twist boat; (22) twist
their biological activity to the a-methylene-g-lactone (11) moiety

(Fig. 1b) [5]. Further testing of 37 SLs on nasopharynx carcinoma

cells established that it is the exo- but not the endocyclic a-

methylene-g-lactone that causes cytotoxicity [6]. The a-methy-

lene-g-lactone moiety reacted by Michael-type addition with bio-

logical nucleophiles (the most reactive of which are the thiol-

containing cysteine residues in proteins), thus, forming stable

adducts [7]. Other studies showed that in helenalin (12) analogs

(Fig. 1b), an endocyclic a,b-unsaturated ketone might cause more

cytotoxicity than the exocyclic a-methylene-g-lactone [8–11].

Apparently, the unsaturated carbonyl or ‘-enone’ (O C–C CH2)
ubgroups of sesquiterpene lactones (1)–(7). (b) Representative sesquiterpene
eudesmanolide isomers; (3) eremophilanolide; (4a–4b) guaianolide isomers;

ide; (8) thapsigargin; (9) artemisinin; (10) parthenolide; (11) a-methylene-g-

3-dihydroarnifolin; (16) 11a,13-dihydrochamissonolide; (17) concave facing
chair; (23) 3a,10a-dihydroxy-1a,5a,15a-H-guaia-11(13)-en-6a,12-olide.
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Fig. 1. (Continued ).
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systems, whether in lactone or cyclopentenone rings or in an ester

side chain, increase SL toxicity toward tumor cells [6,8–11].

Subsequent studies reported that ‘enone’ systems, which

increase SL cytotoxicity in vitro, are also essential for tumor inhibi-

tion in vivo [10,12,13]. In carcinosarcomas and chronic adjuvant

arthritis, the a-methylene-g-lactone, the b-unsubstituted cyclo-

pentenone and the a-epoxycyclopentanone are essential for SL
670 www.drugdiscoverytoday.com
antitumorigenic and anti-inflammatory properties [12,13]. In car-

rageenan- or ethyl-phenylpropiolate-induced edema in rodents,

the a-methylene-g-lactone and unsaturated cyclopentenone,

respectively, are decisive features of SL anti-inflammatory activ-

ities [13,14]. Some reports, however, have shown that SLs bind to

blood proteins containing sulfhydryl groups, reducing their bioa-

vailability and preventing them from achieving concentrations
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TABLE 1

Sesquiterpene lactones in cancer clinical trials

Sesquiterpene lactone
or derivative

Cancer or inflammation
condition

Clinical study Refs

Artemisinin Lupus nephritis [39]

Metastatic breast cancer ClinicalTrials.gov: NCT00764036

Colorectal cancer Isrctn.org: ISRCTN05203252

Artesunate Nonsmall cell lung cancer [40]

Metastatic uveal melanoma [41]

Laryngeal squamous cell carcinoma [42]

Artemether Pituitary macroadenoma [43]

Dimethyl-amino-
parthenolide (LC-1)

AML, ALL and other
blood-lymph tumors

Phase I clinical trial http://www.globenewswire.com/newsroom/news.html?d=158480

Thapsigargin (G-202) Advanced solid tumors Phase I clinical trial ClinicalTrials.gov: NCT01056029
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that are crucial to cytotoxicity [15]. In blood, SLs also form

glutathione adducts by interacting with red blood cells, which

are known to contain high glutathione content [16,17].

From 1981 to 1991, to our knowledge, only one article docu-

mented SL structure–biological activity and focused on allergenic

rather than on anti-inflammatory or anticancer properties [18].

Allergic contact dermatitis often develops from direct contact with

plants rich in SLs. The most common SL allergens in plants include

parthenin, helenalin, helenin and hymenin and have been

reviewed by Picman [19]. Tests with many SLs showed that the

interaction of the a-methylene-g-lactone with cysteines is a pre-

requisite for such immunologic reactions [20]. After 1991, interest

in SL structure–activity relationships was regained with the advent

of novel methods, namely comparative molecular field analysis

(CoMFA), quantitative fractional accessible molecular surface

areas (Q_frASAs) and self-organizing map and molecular descrip-

tors (SOMMD). CoMFA showed that the a-methylene-g-lactone is

not sufficient for the inhibition of serotonin release from blood

platelets by parthenolide and its analogs [21]. Similarly, SLs that do

not have the a-methylene-g-lactone inhibit elastase and cathepsin

release from granulocytes and neutrophils, respectively [22,23].

Moreover, an ester group at C-8 might be more important than the

a-methylene-g-lactone for SL cytotoxicity [24]: 11,13-b-dihydro-

lactucopicrin, lacking an a-methylene-g-lactone but bearing an

ester group at C-8, was more cytotoxic to nasopharyngeal and liver
BOX 1

Review criteria
The information was collected by searching PubMed, Medline, and
EMBASE for articles published between 1950 and 23 March 2010,
including electronic publications available ahead of print. Search
terms included ‘sesquiterpene’, ‘sesquiterpene lactone derivative’,
‘cancer’ and ‘inflammation’ as MeSH terms and using explosion
search. Full articles were acquired, and references were checked for
additional publications. Articles discussing sesquiterpene lactone
structure–activity in cancer and inflammation were selected based
on their abstracts, and major findings were reported in the review.
Completed and ongoing cancer clinical trials of sesquiterpene
lactones were retrieved from http://www.clinicaltrials.gov, http://
www.isrctn.org, Cochrane, Medline, and Google Scholar and
updated on 8 April 2010. MeSH terms (when applicable) and text
words of the drug name were searched. We apologize to those
whose work could not be cited because of space limitations.
cancer cells than lactucin, having the same structure but with an a-

methylene-g-lactone and no ester at C-8 [24]. Forthcoming results

show that it is the number and type of alkylating centers that are

most important for antitumor activities [21,22,25,26].

Typical alkylating centers are the a-methylene-g-lactone, a-

methylene-d-lactone, conjugated cyclopentenone and conjugated

side chain ester. SLs with two alkylating centers are termed ‘bifunc-

tional’. The cytotoxicity of helenanolide-type pseudoguaianolides

was tested on human epidermoid laryngeal carcinoma and Ehrlich

ascites tumor cells [9,25]. The bifunctional helenalin (12) and

mexicanin I (13) series (Fig. 1b) were the most toxic. The presence

of only one alkylation site still yielded considerable cytotoxicity,

as in the 11a,13-dihydrohelenalins (14) having a cyclopentenone

ring or in the 2,3-dihydrohelenalins (15, 16) that had a methylene

( CH2) side chain at C-13 (Fig. 1b). 11a,13-Dihydroarnifolin (15)

and 11a,13-dihydrochamissonolide (16) (Fig. 1b), lacking these

alkylation centers, were the least toxic [9,25,26]. Similarly, com-

pounds with two alkylating centers, the a-methylene-g-lactone

and the a,b-unsaturated aldehyde, were more potent to different

tumor cells than their allylic alcohol isomers [27].

Side chain and lipophilicity
In general, higher lipophilicity can facilitate penetration through

the cell membrane, thereby increasing SL cytotoxicity in vitro. For

this type of positive correlation, however, there is sometimes a

threshold limit set by steric hindrance [25]. Moreover, higher

lipophilicity often dictates lower drug bioavailability in vivo

[28]. This section discusses the effect of different side chains

and lipophilicity on SL bioactivity.

In the bifunctional helenalin (12) and mexicanin I (13) analogs

(Fig. 1b), the addition of a lipophilic character, particularly a

lipophilic conjugated ester group at C-6, enhanced cytotoxicity

against Ehrlich ascites carcinoma in vitro and in vivo [10,25];

however, there was a ‘size optimum’ of lipophilic ester groups

beyond which SL toxicity decreased. By contrast, within the

monofunctional 11a,13-dihydrohelenalins (14) (Fig. 1b), cyto-

toxicity was directly proportional to the size of the ester side chain

at C-6, probably because it is distant from the molecules’ alkylating

center (the cyclopentenone at C-2) [25]. These findings show that

for molecules possessing an a-methylene-g-lactone, a ‘size opti-

mum’ exists for the adjacent ester at C-6. Although larger ester

groups can increase lipophilicity, these moieties, beyond a size
www.drugdiscoverytoday.com 671
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TABLE 2

Structure–cytotoxicity relationship of sesquiterpene lactones against cancer and inflammation

Sesquiterpene lactone skeleton
(number investigated)a

Chemical parameter crucial for
cytotoxicity

Biological systemb Analysis
type

Refs

Alkylating center reactivity
Germacranolide (17), guaianolide (12) and
pseudoguaianolide (8)

a-Methylene-g-lactone KB-N cell line QSARc [6]

Santanolide (7), xanthanolide (3),
germacranolide (2), guaianolide (2)
and pseudoguaianolide (4)

O C–C CH2 system, whether in a lactone,

cyclopentenone or side chain ester

WI-38, H.Ep.2 and W-18 cell

lines

qSARd [8]

2,3-Dihydrohelenalin and Michael-type
secondary amine adducts of helenaline (14)

a-Methylene-g-lactone; a,b-unsaturated
ketone

H.Ep.2 cell line qSAR [9]

Germacranolide (6), pseudoguaianolide (7)
and SL analogs (4)

a-Methylene-g-lactone, b-unsubstituted

cyclopentenone, a-epoxycyclopentanone
and an allylic ester side chain in Walker

256 and Ehrlich ascites tumors

Ehrlich, Walker 256 and Lewis

Lung carcinosarcomas and
P-388 lymphocytic leukemia

in vitro and in vivo

qSAR [12]

Germacranolide (7), pseudoguaianolide
(17) and SL analogs (5)

a-Methylene-g-lactone; b-unsubstituted

cyclopentenone in chronic adjuvant
arthritis only

Carrageenan-induced edema

and chronic adjuvant arthritis
in rodents

qSAR [13]

Germacranolide and eudesmanolide (35),
guaianolide (8) and
pseudoguaianolide (11)

a-Methylene-g-lactone insufficient for

inhibition of serotonin release

KB-3 cell line QSAR, CoMFA [21]

Germacranolide (4), guaianolide (1),
pseudoguaianolide (2) and
eudesmanolide (2)

a-Methylene-g-lactone insufficient

for inhibition of elastase release

Fresh-blood neutrophils qSAR [22]

Lactucin-like guaianolide (4) Ester at C-8 more important than

a–methylene-g-lactone although

both are crucial

KB-N and Bel 7402 cell lines qSAR [24]

Helenanolide (21) Number and type of alkylating
centers

Ehrlich ascites tumor cell line qSAR, QSAR [25,26]

Pseudoguaianolide (7) Unsaturated cyclopentenone; an additional

g-lactone

Mouse ear edema qSAR [14]

Germacranolide (8), elemanolide (5)
and guaianolide (3)

Transformation of the allylic alcohol at C-15 to
an a,b-unsaturated aldehyde; conjugated ester

side chain, regardless of lipophilicity, in

compounds with the a-methylene-g-lactone
as the only alkylating center

KB-N, A549, MCF-7, MDA-MB-
231, 1A9, HCT-8, U87-MG, PC-3

and KB-VIN cell lines

qSAR [27]

Side chain and lipophilicity
Santanolide (7), xanthanolide (3),
germacranolide (2), guaianolide (2)
and pseudoguaianolide (4)

Glucose carrier moiety WI-38, H.Ep.2 and W-18 cell

lines

qSAR [8]

Germacranolide (14), guaianolide (9),
pseudoguaianolide (8) and elemanolide (6)

8b-Angeloyloxy group; 6,12-lactonization KB-N cell line QSAR [34]

Germacranolide (22), guaianolide (16),
pseudoguaianolide (9), elemanolide (6)
and eudesmanolide (2)

Angeloyloxy group at C-8; OH at C-5 KB-N cell line SOMMD [35]

Germacranolide (7), pseudoguaianolide
(17) and SL analogs (5)

OH at C-6 of helenalin in carrageenan-

induced edema; a-epoxy cyclopentenone
in chronic adjuvant arthritis

Carrageenan-induced edema

and chronic adjuvant arthritis
in rodents

qSAR [13]

Helenalin esters and related

derivatives (20)
OH at C-6; ester side chain at C-6, particularly

if lipophilic, conjugated and within a size limit

H.Ep.2 cell line, Ehrlich ascites

carcinoma in CF-1 male mice

[10]

Germacranolide (17), guaianolide (12)
and pseudoguaianolide (8)

OH or O-acyl groups adjacent to the
a-methylene; activity of monofunctional, but

not bifunctional, SLs correlates with lipophilicity

KB-N cell line QSAR [6]

Germacranolide and eudesmanolide (35),
guaianolide (8) and
pseudoguaianolide (11)

A concave hydrophilic region adjacent to the

lactone and a convex hydrophobic region
on the opposite side of the SL

KB-3 cell line QSAR, CoMFA [21]

Helenanolide (21) Number of H-bond acceptors in SLs; chemical

environment around sulfhydryl groups in a
SL target; noncovalent interactions between

SLs and their targets; ester side chain at

C-6 within a limited size in molecules with

an a-methylene-g-lactone

Ehrlich ascites tumor cell line qSAR, QSAR [16,25,26]

Germacranolide (8), elemanolide (5)
and guaianolide (3)

Conjugated ester side chain, if lipophilic,

in bifunctional SLs and regardless of

lipophilicity in monofunctional SLs

A549, MCF-7, MDA-MB-231,

1A9, HCT-8, U87-MG, PC-3,

KB-N and KB-VIN cell lines

qSAR [27]

Iso-seco-tanapartholide (4) Small lipophilic groups HaCaT cell line qSAR [31]

672 www.drugdiscoverytoday.com
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TABLE 2 (Continued )

Sesquiterpene lactone skeleton
(number investigated)a

Chemical parameter crucial for
cytotoxicity

Biological systemb Analysis
type

Refs

Repinf and derivatives (14) An epoxide, rather than a diol or allylhydroxyl,
on the cyclic skeleton or on a side chain

A549, MCF-7, HCT-8, SK-Mel-2,
1A9, KB-N and KB-VIN cell lines

qSAR [29]

Molecular geometry and electronic features
Santanolide (7), xanthanolide (3),
germacranolide (2), guaianolide (2) and
pseudoguaianolide (4)

Angular santanolides are the least cytotoxic

but the most selective toward virally
transformed tumor versus normal cells

WI-38, H.Ep.2 and W-18 cell

lines

qSAR [8]

Helenanolide (21) More flexible bifunctional helenalins; 7,8-cis-

relative to transfused lactone ring; a bulky

ester side chain in twist boat relative to
twist chair conformation

Ehrlich ascites tumor cell line qSAR, QSAR [32,25]

Pseudoguaianolide (7) b-OH parthenin relative to its a-OH optical

isomer

Mouse ear edema qSAR [14]

Chinensiolide Bg and reduced isomers (4) 3a-OH group relative to 3b-OH optical

and 3-oxo isomers

HepG2, WI-38 and VA-13

cell lines

qSAR [33]

Iso-seco-tanapartholide (4) 3b-OH group relative to 3a-OH optical isomer HaCaT cell line qSAR [31]

Germacranolide (2), guaianolide (6),
pseudoguaianolide (23), eudesmanolide

(8) and carabranolide (1)

Cyclopentenone and methylene lactone
but not the carbonyl oxygen and carbon atoms

KB-C cell line qSAR,
Q_frASA

[30]

Germacranolide (14), guaianolide (9),
pseudoguaianolide (8) and elemanolide (6)

Double bonds relative to oxygen atoms

Double bond at positions 3 or 10; SLs with
highest activity are guaianolides followed

by pseudoguaianolides

KB-N cell line QSAR [34]

Germacranolide (22), guaianolide (16),
pseudoguaianolide (9), elemanolide (6) and
eudesmanolide (2)

Double bond at position 3; SLs with highest
activity are guaianolides followed by

pseudoguaianolides

KB-N cell line SOMMD [35]

a Indicates the skeleton type and, in parentheses, the number of sesquiterpene lactones investigated for a given type.
b Cell line abbreviations: 1A9, human ovarian cancer; A549, human nonsmall cell lung cancer; Bel 7402, human liver cancer; HaCaT, human immortalized keratinocyte; HCT-8, human colon

cancer; H.Ep.2, human epidermoid laryngeal carcinoma; HepG2, human primary liver cancer; KB-C and KB-3, human cervical carcinoma; KB-N, human nasopharyngeal carcinoma; KB-VIN,

vincristine-resistant human nasopharyngeal carcinoma; MCF-7, estrogen receptor positive human breast adenocarcinoma; MDA-MB-231, estrogen receptor negative human breast

adenocarcinoma; PC-3, human prostate cancer; SK-Mel-2, human melanoma; U87-MG, human glioblastoma–astrocytoma; VA-13 and WI-38, normal human lung fibroblasts; W-18, simian

virus 40-transformed cells of human origin.
c QSAR, quantitative structure–activity analysis.
d qSAR, qualitative structure–activity analysis.
e Helenanolides are 10a-methylpseudoguaianolides.
f Repin is a guaianolide.
g Chinensiolide B is a guaianolide.
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limit, cause steric hindrance onto the exocyclic methylene group,

preventing it from approaching its target [25]. Another study

addressed the effect of ester groups in monofunctional versus

bifunctional SLs. In compounds bearing the a-methylene-g-lac-

tone as the only alkylating center, a conjugated ester side chain

increased cytotoxicity regardless of its lipophilic properties [27]. If

two alkylating centers were present, however, an ester side chain

had to be lipophilic and conjugated to increase SL potency [27].

Interestingly, in both mono- and bifunctional SLs, an OH or O-acyl

group adjacent to the a-methylene-g-lactone enhanced cysteine

addition reaction, although no direct correlation between cyto-

toxicity and reaction rate was observed [6]. Hence, although the

presence of an OH decreases lipophilicity, its location, if appro-

priate, can enhance SL bioactivity.

In vivo structure–activity studies of SLs using carrageenan-

induced edema showed that an OH group, at C-6 of helenalin

(12) (Fig. 1b), is required for potency; esterification or elimination

of this group drastically reduced anti-inflammatory activity [13].

Equally, a concave hydrophilic region adjacent to the lactone

facing a convex hydrophobic region (17) (Fig. 1b) is imperative

for SL’s interaction with its target [21]. The number and, some-

times, the position, of H-bond acceptors influenced SL cytotoxi-

city [13]. Noncovalent interactions, such as hydrogen bonds

forming between oxygen atoms in SLs and amino acid residues
adjacent to the reactive cysteine in a target protein, can precede

alkylation and increase SL bioactivity [16,25,26]. In addition, the

chemical environment around the target’s sulfhydryl groups,

which are SL Michael addition sites, is important for bioactivity

[16].

The effect of the OH group on SL cytotoxicity has produced

contradictory outcomes depending on the position of the OH

group. When the toxicity of repin (18) and its derivatives was

assessed against human tumor cell lines (Table 2), it was found that

the presence of a diol, rather than an epoxide (19), or of allylhy-

droxy abolished activity (Fig. 1b) [29]. Activity was retained,

however, when the two epoxide moieties of repin were modified

to halohydrins (20) (Fig. 1b) [29]. Another study addressed the

epoxide effect on SL bioactivity. Out of 40 SLs, three compounds

lacking a,b-unsaturated carbonyl groups but possessing an epox-

ide moiety were inactive toward cervical carcinoma cells [30].

We have recently shown that methoxy (–OCH3) moieties and

the absence of hydroxyl groups at C-1, -3 and -8 increased the

cytotoxicity of bifunctional iso-seco-tanapartholides (7) (Fig. 1a)

against immortalized keratinocytes [31]. These results are in line

with earlier findings reporting enhanced activity of bifunctional

SLs owing to small lipophilic side chains [25]. Methoxy groups at

C-3 of iso-seco-tanapartholides were distant from the a-methy-

lene-g-lactone and, hence, could not sterically hinder its approach
www.drugdiscoverytoday.com 673
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toward nucleophiles. Moreover, iso-seco-tanapartholides bear

open ring structures enabling conformational rotations that can

minimize steric hindrance [31].

Molecular geometry and electronic features
Conformational flexibility has important effects on SL bioactivity

[25,32]. Flexible bifunctional helenalins (12), with 7,8-cis-fused

lactone ring, were more toxic than rigid mexicanin I (13) deriva-

tives, with 7,8-trans-fused lactone ring (Fig. 1b) [25]. Within the

2,3-dihydrohelenalin derivatives (15, 16), flexibility accounted for

the fivefold difference in cytotoxicity between two compounds

having identical structures but one bearing a carbonyl, instead of

hydroxyl, group at C-4 [25]. The less potent hydroxyl derivative

had a twist boat (21) conformation, whereas the carbonyl counter-

part had a twist chair (22) conformation (Fig. 1b) [32]. Both

compounds have an O-tigloyl ester side chain at C-6. In twist

boat form, this ester is in equatorial position with the molecule’s

sole alkylating center, causing more steric hindrance than in twist

chair conformation [25].

Stereochemistry is also important in defining SLs’ antitumori-

genic properties. Studies of structurally related pseudoguaiano-

lides showed that the b-OH isomer (parthenin) at C-1 is more

active against ethyl-phenylpropiolate-induced mouse ear edema

than the a-OH equivalent (hymenin) [14]. Another study also

reported an effect of OH optical activity on SL bioactivity [33].

The guaianolide 3a,10a-dihydroxy-1a,5a,15a-H-guaia-11(13)-en-

6a,12-olide (23) (Fig. 1b) exhibited the most toxicity toward

several liver and lung cancer cells because its 3a-OH group is more

crucial than the 3-oxo5 or 3b-OH groups [33]. We have shown that

an iso-seco-tanapartholide (7) (Fig. 1a) with a 3b-OH group is more

cytotoxic to immortalized epidermal cells than its stereoisomer

bearing a 3a-OH group [31], confirming the importance of OH

optical activity in SL cytotoxicity.

An analysis of 37 SLs on nasopharyngeal carcinoma cells

showed that guaianolides (4a, 4b) have the highest cytotoxicities,

followed by pseudoguaianolides (5a, 5b) (Fig. 1a) [34]. Com-

pounds from these two families had a double bond in the five-

membered ring, at C-3, except for one guaianolide, which showed

less activity than pseudoguaianolides [34]. A methylene, at C-10,

was also present in the most potent SLs. Quantitative structure–

activity relationship (QSAR) analyses showed that oxygen atoms

have secondary importance to double bonds in cytotoxicity [34].

These findings were confirmed using SOMMD on 55 SLs from five

different skeletons [35].

Another global approach toward SL structure–cytotoxicity ana-

lysis assessed the role of oxygen atoms and atomic charges in SL

molecular surface areas. Forty SLs from five different skeletons

were studied using Q_frASAs, a method that analyzes the overall

distribution of negative and positive charges on a molecule’s

surface and can predict SL reactivity through covalent or non-

covalent interactions [30]. The cyclopentenone and methylene

lactone were found to be positive contributors to reactivity,

whereas the carbonyl oxygen and carbon atoms of these two

moieties were negative contributors. This might be a result of

decreased reactivity of the b-carbon in these a,b-unsaturated
5 Oxo refers to any compound containing an oxygen atom connected to
another atom by a double bond.
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carbonyl structures, in cases in which the carbonyl carbon is

too easily accessible [30].

SL biochemical mechanisms for selectively targeting
cancer cells
Effective cancer treatment is through alleviation of tumor load and

inhibition of cancer stem cells, which are implicated in cancer

relapse and treatment resistance [36]. SLs in cancer clinical trials

have properties that enable them to target tumor and cancer stem

cells while sparing normal ones [36–38]. At present, the SL drugs in

clinical trials are artemisinin from Artemisia annua L, thapsigargin

from Thapsia (Apiaceae) and parthenolide from Tanacetum parthe-

num (feverfew) and/or many of their synthetic derivatives.

Clinical evidence indicates that artemisinin-derived drugs are

promising for laryngeal carcinomas, uveal melanomas and pitui-

tary macroadenomas and are in phase I–II trials against lupus

nephritis and breast, colorectal and nonsmall cell lung cancers

[39–43] (Table 1). Thapsigargin-derived drugs are undergoing

phase I clinical trials for breast, kidney and prostate cancer treat-

ments. The orally bioavailable parthenolide analog, dimethyl-

amino-parthenolide, or LC-1 [28], is at present in phase I against

acute myeloid leukemia (AML), acute lymphoblastic leukemia

(ALL) and other blood and lymph node cancers (Table 1). The

selectivity of thapsigargin, artemisinin and/or parthenolide

toward tumor cells are attributed to their ability to target the

sarco/endoplasmic reticulum (ER) calcium ATPase (SERCA) pump

[44], particular proteases secreted by cancer cells [45], high iron

content and cell surface transferrin receptors [46,47], nuclear

factor-kB (NF-kB) signaling [48,49], MDM2 degradation and p53

activation [50], angiogenesis [51], metastasis [52], and epigenetic

mechanisms [53,54] (Fig. 2).

Inhibition of SERCA pump
Most chemotherapeutics preferentially target fast-proliferating

cancer cells by blocking pathways in mitosis; therefore, slow-

proliferating cancers, such as prostate, are resistant to conven-

tional chemotherapy and no treatment is available once metas-

tases develop. Thapsigargins diffuse within the intracellular

membranes and fit into the SERCA pump through lipophilic

interactions, inhibiting it from transporting Ca2+ from the cytosol

into the ER. This results in elevated cytosolic Ca2+ concentrations

and subsequent ER stress and cell death [44]. However, toxicity was

also noted in normal cells in response to SERCA pump inhibition

[44]. Fortunately, when thapsigargin was used as a prodrug by

conjugation with peptides unique to prostate-specific antigen

enzyme, successful targeted therapy of prostate cancer was

achieved [45].

Iron-dependent free radical generation
Rapidly proliferating cancer cells express elevated levels of trans-

ferrin receptors on their cell surface and have higher amounts of

intracellular iron uptake than normal or slow-proliferating cells.

The antimalarial drug artemisinin has an endoperoxide bridge that

is cleaved upon binding to Fe(II), producing toxic C-4 and seco-C-4

free radicals that destroy tumor cells. Addition of holotransferrin

and iron sources to artemisinin increases its antitumor properties

and targeted delivery [47]. Artemisinin has shown antitumor

properties in vitro and in vivo and promising clinical results [55].
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FIGURE 2

Sesquiterpene lactones target specific pathways in tumor and cancer stem cells. Sesquiterpene lactones in cancer clinical trials include or are derived from
thapsigargin, artemisinin and parthenolide. Sesquiterpene lactones diffuse through the plasma membrane and selectively target the SERCA pump, high iron

content and cell surface transferrin receptors, NF-kB signaling, and epigenetic mechanisms. Thapsigargin can diffuse into the SERCA pump blocking its ability to

transfer Ca2+ from the cytosol into the ER. High cytosolic Ca2+ concentrations lead to the generation of ROS and subsequent cell death. Many cancers have high

intracellular Fe content and elevated levels of transferrin receptors. Cytosolic Fe binds to artemisinin’s endoperoxide bridge, causing its activation and the
generation of toxic ROS. Parthenolide directly inhibits DNMT1 and causes ubiquitin-mediated proteasomal degradation of HDAC1, leading to expression of HIN-1

and p21, respectively. Parthenolide directly inhibits the NF-kB p65 subunit and the IKK complex preventing IKK-mediated phosphorylation and proteasomal

degradation of IkB. Artemisinin also inhibits NF-kB activity. Abbreviations: Ac, acetyl group; DNMT1, DNA methyl transferase; ER, sarcoplasmic/endoplasmic
reticulum; HDAC1, histone deacetylase 1; IKK, IkB kinase; IkB, inhibitor of NF-kB; PSA, prostate-specific antigen; Me, methyl group; NF-kB, nuclear factor-kB; ROS,
reactive oxygen species; SERCA, ER calcium ATPase; Ub, ubiquitin. Dashed and solid lines indicate translocation and activation, respectively.
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Pharmacogenomic and molecular pharmacological approaches

have identified key genes that determine the sensitivity or resis-

tance of tumor cells to artemisinin [46]. These genes control

different biological processes encompassing proliferation, angio-

genesis, NF-kB signaling, p53-dependent and -independent apop-

tosis, and iron uptake and metabolism [46].

Inhibition of angiogenesis and metastasis
Antiangiogenic therapy is at the forefront of drug development.

Artemisinins prevented angiogenesis by inhibiting human vein

endothelial cell proliferation and vascular endothelial growth

factor and receptor expression [56]. DNA microarray analysis

correlated artemisinin’s tumor inhibition to reduced expression

of crucial angiogenesis-related transcripts, namely, vascular
endothelial growth factor, fibroblast growth factor, several matrix

metalloproteinases and hypoxia-inducing factor [57]. Thapsigar-

gins also inhibited microvessel formation and proliferation of

human artery endothelial cells [51]. Recently, parthenolide was

found to inhibit the expression of matrix metalloproteinase-9 and

urinary plasminogen activator and the migration of carcinoma

cells in vitro, as well as osteolytic bone metastasis in vivo [52].

Regulation of NF-kB and p53 signaling pathways
NF-kB signaling is implicated in cancer development and progres-

sion, and its constitutive activity is enhanced in a variety of solid

and liquid tumors. Elevated NF-kB signaling is associated with

chemo- and radioresistance. Consequently, the pharmaceutical

industry has invested tremendous resources to develop NF-kB
www.drugdiscoverytoday.com 675
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inhibitors as cancer therapeutics. Medicinal plants, rich in SLs and

having anti-inflammatory properties, are a potential source of NF-

kB inhibitors [48]. Parthenolide and artemisinin are established

NF-kB inhibitors and render cancer cells sensitive to chemother-

apy [49,55]. Parthenolide was found to directly modify the NF-kB

p65 subunit [58] or to suppress the activity of the upstream IkB

kinase complex leading to the stabilization of the NF-kB inhibitors,

IkBa and IkBb [59]. The nucleophilic attack by parthenolide occurs

through a-methylene-g-lactone ring and epoxide moieties that

target specific nucleophiles but not others [60].

Several artemisinin-type compounds also inhibit NF-kB activity

– namely, artesunate [61], artemisinin [62] and dihydroarteannuin

[63]. Normal cells are usually not sensitive to these SLs because

their basal NF-kB activity is often low or sometimes required for

cell differentiation rather than oncogenesis [64,65]. For instance,

NF-kB has two antagonistic functions in skin physiology. Whereas

NF-kB in normal keratinocytes reduces the propensity of malig-

nant transformation and induces differentiation, its activation

serves as an important survival mechanism for neoplastic kerati-

nocytes [66]. We have observed that parthenolide causes growth

suppression and cell death in human and murine neoplastic

keratinocytes at concentrations that are noncytotoxic to primary

keratinocytes (A.G. et al., unpublished).

Because of common and simultaneous inactivation of p53 and

hyperactivation of NF-kB in human cancers, novel drugs described

as ‘‘double-edged swords’’ have been recently designed or discov-

ered to target both p53 and NF-kB pathways [67]. MDM2 and p53

activities are tightly controlled by a feedback regulatory mechan-

ism that is often deregulated in human cancers, leading to MDM2

overexpression in several human cancers. As a result, small-mole-

cule drugs have been designed to target MDM2 and compete for

p53 binding [68]. Parthenolide inhibited NF-kB and activated p53

by promoting the ubiquitination and degradation of the p53-

negative regulator MDM2 [50]. The ability to simultaneously

target the NF-kB and p53 pathways has set SLs onto a higher scale

as lead anticancer drugs that selectively kill cancer but not normal

stem cells [28,36,38,69]. Cancer stem cells are the reason behind

standard chemotherapy resistance and relapses that result in

inefficient cancer eradication. Parthenolide is the only small

molecule, to date, that has been reported to selectively target

several cancer and cancer stem cells while sparing normal counter-

parts [28,38,69]. NF-kB signaling is elevated in leukemic stem cells

but not in the normal hematopoietic stem cells. Parthenolide

caused robust apoptosis of primary AML cells and effectively

eradicated AML stem and progenitor cells in vitro without affecting

hematopoietic stem cells [28,69]. The mechanism of action of

parthenolide was found to be through the inhibition of NF-kB,

the activation of proapoptotic p53 and an increase in reactive

oxygen species [69]. Gleevec or Cytarabine, treatments commonly

used for the most aggressive leukemias, are not as effective as

parthenolide because they are not as specific. Promising antileu-

kemic drugs should mediate cell death and inhibit leukemic stem-

cell-specific activity, and parthenolide fulfills these criteria [64].

Parthenolide toxicity on two types of breast cancer stem cells –

the side population and the breast mammosphere – was studied

and showed that parthenolide is able to inhibit growth and colony

formation of each of these populations and to concomitantly

reduce NF-kB activity [36]. Recently, parthenolide has been shown
676 www.drugdiscoverytoday.com
to target prostate cancer stem cells whether isolated from prostate

cancer cell lines or from patients [38]. In addition, parthenolide

inhibited prostate cancer stem-cell-mediated tumor initiation and

progression in mouse xenografts [38]. Although these findings are

promising and suggest that parthenolide could be efficient against

cancer stem cells, caution should be taken in the clinical setting. In

fact, many questions remain unanswered in the cancer stem cell

field regarding the origin of these cells, identity, specific molecular

mechanisms, and their role in tumor progression and metastasis

[36].

Modulation of the epigenetic code
Epigenetic mechanisms are frequently altered in cancer, and sev-

eral tumor types display disrupted histone modification and DNA

methylation patterns. Cancer cells show aberrant histone mod-

ifications, express elevated histone deacetylase 1 (HDAC1) activity

and are more sensitive to the actions of HDAC inhibitors than

normal cells, although the underlying mechanisms are not fully

understood. Recently, parthenolide’s chemotherapeutic proper-

ties were attributed to its epigenetic role [53,54]. It specifically

depleted HDAC1 proteins through proteasomal-mediated degra-

dation with no effect on class I/II HDACs [53]. For instance,

parthenolide induces an HDAC1 inhibitor-like effect on the p21

gene promoter by increasing local histone H3 acetylation and

subsequent p21 transcription [53]. Thus, parthenolide is a leading

example of a small molecule that is a specific inhibitor of a single

HDAC class. This specificity will, we hope, prove to have fewer

side-effects in patients (particularly in the treatment of chronic

diseases such as cancer) than those encountered with the use of

sustained pan-HDAC inhibition.

Another recent study highlighted an epigenetic role for parthe-

nolide in cancer, in particular in DNA methylation [54]. Several

types of tumor cells express elevated levels of DNA methyltransfer-

ase (DNMT)1 and DNMT3b. Parthenolide induced global DNA

hypomethylation in vitro and in vivo by specifically inhibiting

DNMT1 activity through g-methylene lactone alkylation of the

thiolate of Cys1226 of the enzyme’s catalytic domain [54]. Further-

more, parthenolide caused hypomethylation of the tumor suppres-

sor HIN-1 gene promoter region and its reactivation in vitro [54]. At

present, the nucleoside analogs decitabine and 5-azacytidine are the

most commonly used DNA methylation inhibitors, which show

unfavorable toxicity owing to their ability to trap chunks of DNMTs

without demethylating specific genes. The discovery of novel epi-

genetic regulators like parthenolide – with abilities to inhibit spe-

cific DNMTs and HDACs, leading to more favorable toxicity – is

essential to broaden the spectrum of epigenetic therapy.

Concluding remarks
SLs are promising candidates in cancer drug discovery, and their

preferential selectivity toward tumor and cancer stem cells posi-

tions them as lead compounds in the clinic. Despite those favor-

able features, SLs have some drawbacks: their isolation relies on

limited natural product resources, and they might have poor

bioavailability owing to their extensive plasma protein interac-

tions and hydrophobicity. Some SLs have poor toxicology profiles,

and several studies are warranted to determine which structural

moieties, if any, cause general unwanted toxicity toward normal

cells. In addition, SLs can have allergenic properties and off-target
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effects through interaction with the thiol groups of vitally impor-

tant proteins and enzymes. This necessitates the formulation of

more bioavailable SLs and the close collaboration of synthetic

chemists, pharmacologists, cancer researchers and clinicians.
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