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This review gives a brief description of the occurrence and biological activity of
a-methylene-g- and d-lactones and lactams isolated from plants and their

diverse synthetic analogs.
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a-Methylene-g- and d-lactones, as well as a-methylene-g- and d-lactams, are

plant-derived compounds often used in traditional medicine for the

treatment of inflammatory diseases. In recent years, the anticancer

properties of these compounds and the molecular mechanisms of their

action have been studied extensively. In the search for modern anticancer

drugs, various synthetic analogs of a-methylene-g- and d-lactones and

lactams have been synthesized and tested for their cytotoxic activity. In

this review, we give a brief description of the occurrence and biological

activity of such compounds isolated from plants and their diverse

synthetic analogs.
Throughout history, plants have always been an excellent source of pharmaceutical agents used

in traditional medicine. More recently, a large number of important drugs have been obtained

from plants, either directly, by extracting an active component or, more often, by structural

modifications of natural compounds or the synthesis of their analogs with improved pharma-

cological properties. Many of the compounds used for cancer chemotherapy, such as the Vinca

alkaloids, paclitaxel, camptothecin and etoposide, were originally derived from plant sources [1],

and plants continue to be viewed as major sources for the development of new anticancer drugs.

A vast number of biologically significant natural products are characterized by the a-methy-

lene-g-lactone structural motif. Such products are abundant in plants of the Asteraceae (Com-

positae) family and have a broad spectrum of biological activities, ranging from anti-

inflammatory, allergenic, phytotoxic, antibacterial and antifungal to cytotoxic and/or antic-

ancer. The first a-methylene-g-lactones 1 (Fig. 1) were isolated from plants of the Compositae

family over 100 years ago, but real interest in their synthesis came during the 1960s and 1970s.

However, in the years that followed, these compounds were not given much attention as possible

drug candidates. It was not until the beginning of the 21st century that the great renaissance of

interest in the biological properties, as well as in the synthesis, of a-methylene-g-lactones

occurred. Furthermore, other structurally similar systems containing the same, very characteristic

exo-methylene moiety conjugated with a carbonyl group, such as a-methylene-d-lactones 2,

a-methylene-g-lactams 3 and a-methylene-d-lactams 4 (Fig. 1), have become the frequent target

of synthetic, as well as biological, studies.
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FIGURE 1

General structures of a-methylene-g- and -d-lactones and lactams.
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Over the past 10 years, several excellent reviews describing the

anticancer activity of some selected a-methylene-g-lactones, in

particular parthenolide 5, have been published [2–6]. In this

review, we describe the main groups of natural compounds iso-

lated from plants that have a a-methylene-g- or d-lactone or

lactam motif, as well as their synthetic analogs. We also discuss

the anticancer activity of these compounds and the molecular

mechanisms of their action in cancer cells.

Occurrence and biological activity of natural a-
methylene-g-lactones
Classification of a-methylene-g-lactones
Natural products with an a-methylene-g-lactone motif can be che-

mically classified into three categories, according to the carbocyclic

skeletons attached to the lactone ring [7]. The largest and most

diversecategory is the sesquiterpene lactones (SLs),whicharewidely

spread in plants of the Compositae. SLs are 15-carbon terpenoids,

consisting of three isoprene (5C) units. A lactone ring is either cis- or

trans-fused to the carbocyclic skeleton. SLs can be further classified

into the following major groups: germacranolides, eudesmanolides,

eremophilanolides, guaianolides, pseudoguaianolides, xanthano-

lides and carabranolides. The second category is the 20-carbon

terpenoids, termed ‘diterpenes’, and the third category contains

non-terpenoid a-methylene-g-lactones [8]. Examples of important

representatives of these groups with anticancer potential are given

in Table 1 and their structures are shown in Fig. 2.

However, not all SLs are a-methylene-g-lactones. The latter con-

tain an exocyclic double bond, which is not always present in SLs.

Well-known examples of SLs that are not a-methylene-g-lactones

are artemisinin and thapsigargin. Compounds that do not have an

a-methylene-g-lactone motif are not discussed in this review.

Mode of action of a-methylene-g-lactones
Compounds containing an exo-methylene moiety conjugated with

a carbonyl group can react as Michael-type acceptors with mercapto

groups in cysteine residues of enzymes, other functional proteins

and free intracellular glutathione, leading to the formation of

covalent adducts. Such alkylation of cellular thiols is an important

reaction that results in the disruption of some major processes in the

cell. Agents that can alkylate cellular thiols are known for their

potential anticancer properties [9]. Cytotoxic action of a,b-unsatu-

rated lactones includes inhibition of proliferation, induction of

apoptosis, sensitizing tumor cells to antineoplastic agents, reversing

drug resistance and inhibition of metastasis.

However, these Michael-type acceptors are in their nature

‘multi-targeted’, which can result in diminished therapeutic value

compared with compounds with only a single target. Toxicity
562 www.drugdiscoverytoday.com
toward normal cells and possible allergenic reactions are an addi-

tional limitation.

The question that therefore arises is whether selection of

a-methylene-g-lactones with specific activities is possible. The

reaction of such compounds with mercapto groups of biological

nucleophiles depends on the number and type of a,b-unsaturated

carbonyl sites, the concentration of the thiols and the character of

the mercapto structures. The chemical environment of the target

mercapto group has a crucial role, especially in more sterically

demanding situations (e.g. in hydrophobic pockets of the

enzymes). More flexible a-methylene-g-lactones will have

increased chances in reacting in such environments. The presence

of positively charged or hydrogen bond-donating structural ele-

ments in the right steric position in relation to the mercapto group

on the target cell will strongly influence the rate of the addition.

Therefore, some a-methylene-g-lactones show selectivity toward

cancer cells, which we discuss below.

Ongoing research on the reactivity of different a-methylene-g-

lactones toward a wide variety of polypeptides should allow opti-

mization of the lead structures with respect to a desired biological

effect.

Biological activity of a-methylene-g-lactones
Structure–activity relationship studies

The a,b-unsaturated carbonyl system present in a-methylene-g-

lactones is responsible for their cytotoxic activity. Given that all a-

methylene-g-lactones share the same structural motif, the differ-

ences in activity can be explained by different numbers of alkylat-

ing structural elements. Compounds with two alkylating centers

are termed ‘bifunctional’. Other than the a-methylene-g-lactone

alkylating center, there are also a-methylene-d-lactones, conju-

gated cyclopentenones, conjugated side-chain esters and epoxides

[5]. For example, in helenalin 13, which is a bifunctional SL with

two alkylating centers, an endocyclic a,b-unsaturated ketone

might cause more cytotoxicity than would the exocyclic a-methy-

lene-g-lactone [10]. In addition, parthenolide 5 has two sites for

potential nucleophilic attack by a cysteine side-chain, because as

well as its a-methylene-g-lactone moiety, it also has an epoxide

moiety as a second site.

In general, compounds with two alkylating centers are not only

more potent inhibitors of tumor cell proliferation, but also more

toxic. The presence of only one alkylation site yields significant

cytotoxicity, but lower toxicity. Other factors, such as lipophili-

city, molecular geometry and the chemical environment of the

target sulfhydryl group, can also influence the activity of a-methy-

lene-g-lactones [5,11]. They are usually lipophilic compounds and,

therefore, can easily penetrate cell membranes and show high

cytotoxicity in vitro. However, high lipophilicity often results in

lower drug bioavailability in vivo [12]. Different modifications of

natural a-methylene-g-lactones have been designed to change

their lipophilic character and thus improve their pharmacological

properties [13].

Conformational flexibility is another factor that can affect

bioactivity [13,14]. Flexible helenalin 13 with a cis-fused lactone

ring is more toxic than is rigid mexicanin 14 with a trans-fused

lactone ring [13]. Stereochemistry of some chiral groups can also

have an important role in defining the bioactivity [15]. Non-

covalent interactions, such as hydrogen bonds between oxygen
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TABLE 1

Major categories of a-methylene-g-lactones with anticancer potential

Category Group/skeleton Ring size Examples Origin

Sesquiterpene lactones

[TD$INLINE]

10-membered Parthenolide 5
Costunolide 6
Isocostunolide 7
Deoxyelephantopin 8

Tanacetum parthenium

Magnolia sieboldii
Inula helenium

Elephantopus scaber

[TD$INLINE]

6/6-fused bicyclic Santamarine 9 Tanacetum vulgare

[TD$INLINE]

6/6-fused bicyclic Tsoongianolide E 10 Senecio tsoongianus

[TD$INLINE]

5/7-fused bicyclic Arglabin 11
Artabsin 12

Artemisia myriantha
Artemisia absinthium

[TD$INLINE]

5/7-fused bicyclic Helenalin 13
Mexicanin 14
Cynaropicrin 15

Arnica montana

Helenium mexicanum
Cynara scolymus

[TD$INLINE]

7-membered Xanthatin 16 Xanthium italicum

[TD$INLINE]

6/3 tricyclic Carabranolide 17 Carpesium faberi

Diterpenes

[TD$INLINE]

14-membered (20 carbon) Michaolide A 18
Crassumolide A 19

Lobophytum michaelae

Lobophytum crassum (soft coral)

Non-terpenoid
a-methylene-g-lactones

[TD$INLINE]

Mono- and polycyclic Subamolide D (Z) 20
Subamolide E (E) 21

Cinnamomum subavenium
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atoms of a-methylene-g-lactones and amino acid residues adja-

cent to the reactive cysteine in a target protein, can precede

alkylation and increase bioactivity [5].

Biochemical mechanisms involved in the anticancer

activity of a-methylene-g-lactones

Inhibition of transcription factors and gene expression

The transcription factor nuclear factor-kB (NF-kB) is an extracel-

lular signal-activated transcription factor that usually resides in

the cytoplasm of resting cells owing to its association with
inhibitor of kB proteins (IkB). On exposure of cells to cytokines

and growth factors, such as interleukin-1 (IL-1), tumor necrosis

factor (TNF) or epidermal growth factor (EGF), a series of signaling

events triggers phosphorylation and degradation of inhibitors of

kB (IkB). NF-kB, liberated from inhibitors, translocates to the

nucleus, binds specific response elements in the promoter region

of target genes and activates the expression of many genes

involved in cytokine production, cell proliferation and differen-

tiation, cellular adhesion, inflammatory processes and apoptosis
www.drugdiscoverytoday.com 563
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FIGURE 2

Structures of selected a-methylene-g-lactones with anticancer potential.
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[16]. Constitutive activation of NF-kB is observed in several can-

cers, including Hodgkin’s disease [17], breast cancer [18] and colon

cancer [19], and mediates the cellular transformation, prolifera-

tion, invasion, angiogenesis and metastasis of cancer. It is probable

that constitutively active NF-kB contributes to chemotherapeutic

resistance by upregulating the expression of anti-apoptotic genes.

In human cancers, hyperactivation of NF-kB is usually linked with

simultaneous inactivation of p53, a protein that regulates the cell

cycle and, thus, functions as a tumor suppressor that is involved in

preventing cancer. Recently, several a-methylene-g-lactones have

been shown to have the ability to inhibit NF-kB and activate the

pro-apoptotic function of p53; therefore, these compounds can be

placed among novel anticancer agents termed ‘double-edged

swords’ [20]. They can impair the activity of NF-kB either by its

alkylation or by the degradation of its inhibitory protein IkB

[3,4,21–23]. Mechanistic studies demonstrated that a-methy-

lene-g-lactones, such as parthenolide 5 [24] and helenalin 13

[25] covalently block the mercapto group of cysteine at the active

site of p65 NF-kB through their highly electrophilic a-methylene-

g-lactone ring. As a result, administration of these compounds

blocks DNA binding of NF-kB and the lack of NF-kB activity
564 www.drugdiscoverytoday.com
renders cancer cells prone to apoptosis or to becoming sensitized

to cytokine- and anticancer drug-induced cell death [26,27].

Inhibition of MAPK signaling pathway

Mitogen-activated protein kinases (MAPK) are enzymes that

respond to extracellular stimuli (e.g. mitogens, osmotic stress,

heat shock and pro-inflammatory cytokines) and regulate various

cellular activities, such as gene expression, mitosis, differentiation,

proliferation and cell survival and/or apoptosis [28]. An increasing

body of evidence suggests that MAPKs, as well as NF-kB are

involved in the anticancer activities of a-methylene-g-lactones

[29]. Two a-methylene-g-lactones that have been found to target

MAPK signaling pathways are parthenolide 5 [30] and costunolide

6 [31]. Recently, it was found that costunolide 6 dramatically

increased c-Jun N-terminal kinase (JNK) activation and that this

activation mediated costunolide 6-induced apoptosis in human

leukemia cells [20]. Furthermore, in vivo costunolide 6 was found

to inhibit tumor growth in Lewis lung carcinoma in mice in a dose-

dependent manner. However, in high doses, costunolide 6 failed

to extend survival and decreased the body weight of animals,

which indicated that it was toxic [20].
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Induction of oxidative stress

There has been much recent interest in targeting intracellular

redox signaling pathways as a therapeutic approach for cancer

[32]. The redox potential in the cell is altered when thiol con-

centrations are lowered, causing oxidative stress and leading to the

formation of reactive oxygen species (ROS), which initiate apop-

tosis via the mitochondrial-dependent pathway. Some evidence

suggests that, in contrast to the oxidative extracellular redox state

of normal cells, malignant cells exist in a reduced extracellular

environment [33]. In tumor cells exposed to a-methylene-g-lac-

tones, a decrease in cellular glutathione levels has been observed

both in vitro and in vivo [26]. Parthenolide 5-mediated oxidative

stress resulted mainly from reduced glutathione depletion and

ROS generation. Tumor cell sensitivity to parthenolide 5 seems to

correlate well with glutathione metabolism [34].

The recent data also suggest that the redox status of extracellular

protein mercapto groups (i.e. exofacial thiols) affects cell behavior

[35]. For example, the redox status of exofacial thiols on T-cells

regulates their activation and proliferation [36]. Therefore, agents

such as a-methylene-g-lactones, which can affect redox reactions

through alkylation of thiol groups, can modulate exofacial protein

thiol levels. Parthenolide 5 action in normal cells was shown to

augment cell viability and protect them from UVB- [37] or ROS-

induced apoptosis [34,38]. By contrast, parthenolide 5 is toxic to

abnormal cells and was shown to exert antilymphoma activity by

modifying the redox state of crucial exofacial thiols [39]. Interest-

ingly, parthenolide 5 was relatively tumor selective, having no

effect on normal hematopoietic stem cells or T cells [40]. The

observed tumor selectivity of parthenolide 5 could be the result, at

least in part, of the difference in extracellular redox state between

normal and malignant cells. One hypothesis is that the exofacial

thiol targets of parthenolide 5 are in a reduced state on cancer cells

and, thus, are susceptible to the drug, but are in an oxidized form

on normal cells and unable to interact with parthenolide 5 [39].

Thus, parthenolide 5 is the only small molecule that has been

reported so far to target several cancer and cancer stem cells

selectively while sparing normal counterparts [12,41]. In addition,

costunolide 6 readily depletes intracellular glutathione and dis-

rupts the cellular redox balance [42].

Microtubule-interfering activity

Microtubules are key components of the cytoskeleton of eukar-

yotic cells. They are involved in cell division, being the principal

components of the mitotic spindle. The building block of micro-

tubules is the a,b-tubulin heterodimer. In most eukaryotic cells,

the a-chain of tubulin can be cyclically modified by enzymatic

cleavage of the C-terminal tyrosine residue by tubulin carboxy-

peptidase (TCP) and by re-addition of this amino acid by tubulin

tyrosine ligase (TTL). Inhibition of TTL activity leads to defective

spindle positioning during mitosis. Suppression of TTL and result-

ing accumulation of detyrosinated tubulin are frequent in human

cancers and are associated with increased tumor aggressiveness.

Given that drugs that target microtubules are among the most

commonly used anticancer agents, new natural microtubule-tar-

geting compounds are especially interesting. Parthenolide 5 was

shown to display microtubule-interfering properties by influen-

cing tubulin and/or microtubule functions through tubulin bind-

ing. Indeed, two potential sites of alkylation have been identified
on the b-tubulin molecule: the mercapto groups of cysteine resi-

dues at position 239 and 354, in the vicinity of colchicine binding

site [43]. Of these, the integrity of Cyc239 is probably essential to

the microtubule assembly process. In human breast cancer MCF-7

cells, parthenolide 5 exerted stimulatory activity on tubulin

assembly by inducing the formation of well-organized microtu-

bule polymers [44]. In HeLa cells, parthenolide 5, but not the

closely related costunolide 6, showed strong TCP inhibitory activ-

ity [45]. Costunolide 6 has an a,b-unsaturated carbonyl structure

and differs from parthenolide 5 by the lost of an epoxide function.

Therefore, it seems that not only the presence of the exo-methy-

lene group, but also the epoxide is necessary for the TCP inhibitory

activity of parthenolide 5. The interaction with the tubulin and/or

microtubule system might represent an additional new mechan-

ism by which parthenolide 5 can exert its activity.

Modulation of DNA methylation

DNA methylation of cytosine residues in the context of the

sequence 50-cytosine-gunosine (CpG) in gene promoter regions

is an epigenetic mechanism that controls gene transcription,

genome stability and genetic imprinting. This process is regulated

by DNA methyltransferases in the presence of S-adenosyl-methio-

nine (SAM), which serves as a methyl donor for the methylation of

cytosine residues at the C-5 position to yield 5-methylcytosine.

Hypermethylation of promoter CpG-rich regions of tumor sup-

pressor genes results in their transcriptional silencing and is a

hallmark of various tumors [46]. Methylation inhibitors have

proven to be effective in restoring gene expression and normal

patterns of differentiation and apoptosis in malignant cells [46].

Modulation of DNA methylation using such inhibitors represents

a novel strategy for chemotherapy. Currently, effective DNA

methylation inhibitors are mainly limited to decitabine and 5-

aza-cytidine, which show unfavorable toxicity profiles in clinical

settings. Recently, it was shown that parthenolide 5 inhibits DNA

methyltransferase 1 in vitro and in vivo and downregulates its

expression through g-methylene lactone alkylation of the mer-

capto residue of Cys1226 at the catalytic domain of the enzyme

[47].

Anticancer potential of a-methylene-g-lactones

Induction of apoptosis

Apoptosis, or programmed cell death, is required for proper tissue

homeostasis. Apoptotic cell death can be induced by two major

pathways: the cell death receptor pathway or the mitochondrial

pathway. Defects in these signaling pathways contribute to carci-

nogenesis and chemoresistance. Chemotherapeutic drugs have

been shown to use apoptotic pathways to mediate their cytotoxic

effect. a-Methylene-g-lactones are promising compounds that, in

many cell lines, are able to increase or restore the ability of tumor

cells to undergo apoptosis. The most thoroughly tested a-methy-

lene-g-lactones, such as parthenolide 5 [26,34,48–55], costunolide

6 [42,56,57], isocostunolide 7 [58], helenalin 13 [59] and deox-

yelephantopin 8 [60], were shown to induce apoptosis effectively

in numerous cell lines in a dose-dependent manner. The induction

of apoptosis was associated with inhibition of NF-kB [51,53,54],

mitochondrial dysfunction and increase of ROS [34,42,53,54].

Several studies showed that the pro-apoptotic proteins from the

Bcl-2 family, such as Bid, Bax and Bak, were involved in the

apoptosis induced by these compounds [26,52,58].
www.drugdiscoverytoday.com 565
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Cell cycle arrest and inhibition of proliferation

The cell cycle is a collection of highly ordered processes that results

in the duplication of eukaryotic cells. The sequential phases G0/

G1, S, G2 and M represent the major cell cycle states of cells.

Intrinsic mechanisms that check completion of each phase, called

checkpoints, ensure the correct order of cell cycle events. Effects of

a-methylene-g-lactones on cell cycle have been demonstrated in

several cancer cells. Activated CD4+ T cells exposed to helenalin 13

were shown to undergo inhibition of proliferation by induction of

G2–M cell cycle arrest [61]. Parthenolide 5 has been reported to

arrest cell cycle progression at the G2–M [34] or G0–G1 [49]

checkpoints and deoxyelephantopin 8 at the G2–M phase [60].

Cynaropicrin 15 can induce G1–S arrest in various leukocyte

cancer cell lines [62], the action of costunolide 6 leads to G1 arrest

of the cell cycle and subsequent apoptotic cell death in human

prostate cancer cells [56] and isocostunolide 7 caused a marked

loss of the G0–G1 phase in A2058 cells [58].

Suppression of metastasis

Another important aspect of the anticancer activity of a-methy-

lene-g-lactones is their suppressive effect on cancer metastasis. A

characteristic feature of cancer is dissemination into distant

tissues. Cancer cells can invade beyond the constraints of the

normal tissue from which they originate by a multistep biochem-

ical process, which includes detachment of cancer cells from the
TABLE 2

Anticancer potential of a-methylene-g-lactones

a-Methylene-g-lactone Mode of action

Parthenolide Induction of apoptosis

G2/M cell cycle arrest

G0/G1 cell cycle arrest

Inhibition of CAMs
Inhibition of MMP-9 and uPA

Inhibition of migration and invasion

Costunolide Induction of apoptosis

G1 cell cycle arrest

Inhibition of angiogenesis

Isocostunolide Induction of apoptosis

G0/G1 cell cycle arrest

Helenalin Induction of apoptosis

G2/M cell cycle arrest

Deoxyelephantopin Induction of apoptosis

G2/M cell cycle arrest

Cynaropicrin G1/S cell cycle arrest
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primary tumor, migration, adhesion and invasion of cancer cells

into the blood vessels, extravasation out of the vessels and, finally,

growth of a secondary tumor. It is known that cell adhesion

molecules (CAMs) are among the essential molecules that facil-

itate neoplastic cell adhesion and migration. Parthenolide 5 was

shown to inhibit the expression of CAMs in vitro [63] and inhibit

migration and invasion of pancreatic cancer in vitro and in vivo

[52].

Tumors cannot grow beyond a certain size, generally 1–2 mm,

without oxygen and other essential nutrients, which are provided

by blood. Therefore, tumors induce blood vessel growth (angio-

genesis) by secreting various growth factors. The formation of new

blood vessels from pre-existing ones is also essential for the spread

of metastatic cells throughout the body. Inhibitors of angiogenesis

that block angiogenic signals have also received considerable

interest as a valuable addition to cytostatic and cytotoxic che-

motherapy. Costunolide 6 was found to inhibit endothelial cell

proliferation and angiogenesis induced by endothelial growth

factor [64]. Parthenolide 5 inhibits the expression of matrix metal-

loproteinase-9 and urokinase plasminogen activator, proteolytic

enzymes capable of degrading the extracellular matrix and respon-

sible for the migration of cancer cells in vitro, as well as osteolytic

bone metastasis in vivo [65].

The recent data showing the anticancer potential of a-methy-

lene-g-lactones in the in vitro studies are summarized in Table 2.
Cell line Refs

Leukemia AML [12,40]

Chronic lymphocytic leukemia CCL [95]
Cholangiocarcinoma SCK, JCK, Che-CK, Choi-CK [26]

Hepatoma Hep 3B, PLC/PRF/5, SK-HEP-1 [34]

Hepatocellular carcinoma HepG2, Hep3B, PLC [49]
Hepatocellular carcinoma HepG2, Hep3B, SK-HEP-1 [50]

Mammary adenocarcinoma MDA-MB-231, MDA-MB-436 [48]

Mammary adenocarcinoma MCF7 [100]

Melanoma A375, 1205Lu, WM793 [51]
Pancreatic adenocarcinoma BxPC-3 [52]

Prostate adenocarcinoma PC-3 [53]

Non-small lung cancer A549 [54]

Bladder cancer UMUC-3 [54]
Hepatoma Hep 3B, PLC/PRF/5, SK-HEP-1 [34]

Hepatocellular carcinoma HepG2, Hep3B, PLC [49]

Murine Ba/F3 proB lymphoma [63]
Rat breast cancer W 256 [65]

Pancreatic adenocarcinoma BxPC-3 [52]

Prostate cancer LNCaP, PC-3 and DU-145 [56]

Promonocytic leukemia U 937 [42]

B cell leukemia NALM-6 [57]
Prostate cancer LNCaP, PC-3 and DU-145 [56]

Umbilical vein endothelial cells HUVECs [64]

Melanoma A 2058 [58]

Melanoma A 2058 [58]

Activated CD4+ T cells [61]

Activated CD4+ T cells [61]

Mammary adenocarcinoma TSA [60]

Mammary adenocarcinoma TSA [60]

Leukemia Eol 1, U 937, Jurkat T cells [62]
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Occurrence and biological activity of natural
a-methylene-d-lactones and a-methylene-g- and
d-lactams
In contrast to a-methylene-g-lactones 1, a-methylene-d-lactones 2

and g- and d-lactams 3 and 4 are less abundant in nature. The first

a-methylene-d-lactones, such as vernolepin 22 or vernomenin 23,

were isolated during the 1960s from Vernonia hymenolepis and

contained both the a-methylene-g-lactone and the a-methy-

lene-d-lactone moieties [66]. Both compounds showed significant

cytotoxicity against human carcinoma of the nasopharynx (KB)

cells [66]. In addition, some natural compounds with a-methy-

lene-d-lactone moiety alone have also been isolated. Of these,

crassin 24 showed in vitro activity against KB cells [67].

a-Methylene-g-lactams 3 are much less common in nature.

Examples of a few naturally occurring compounds of this structure

include pukeleimid E 25, isolated from Lyngbya majuscula [59], and

two imidazole alkaloids, anatin 26 and isoanatin 27 found in the

leaves of Cynometra, a plant used in African folk medicine as a

remedy for pain [68]. Compounds containing this moiety show

important biological activities, such as cytotoxic [69], antitumor

[70] and anti-inflammatory activities [71].

By contrast, natural a-methylene-d-lactams are almost

unknown. Very recently, a new humantenine-type alkaloid, gele-

gamine B 28, was isolated from Gelsemium elegans, a liana growing

in Southeast Asia [72]. The cytotoxicity of this compound was

tested against HL-60 human leukemia and A-549 human lung

cancer cell lines, but no obvious effects were recorded.

Examples of plant-derived a-methylene-d-lactones, a-methy-

lene-g-lactams and a-methylene-d-lactams are summarized in

Table 3 and their structures are given in Fig. 3.

Synthetic a-methylene-g- or d-lactones or lactams with
anticancer properties
Analogs of compounds isolated from plants
The functionalization of known compounds isolated from plants

might allow for selective modulation of their reactivity with

biological nucleophiles, thus allowing for more specific interac-

tions and better selectivity as drug candidates.

Compounds that have the ability to alkylate DNA have had an

important role in the development of anticancer drugs. Well-

known examples of such drugs are cis-platin, chlorambucil and

cyclophosphamide. However, these drugs have no particular affi-

nity to DNA. a-Methylene-g-lactones are strong alkylating agents,

but also have no affinity to DNA. Hybrid molecules containing
TABLE 3

Examples of plant-derived a-methylene-d-lactones, a-methylene-
g-lactams and a-methylene-d-lactams

Category Example Origin

a-Methylene-d-lactones Vernolepin 22
Vernomenin 23
Crassin 24

Vernonia hymenolepis

Pseudoplexaura porosa

a-Methylene-g-lactams Pukeleimid E 25
Anatin 26
Isoanatin 27

Lyngbya majuscula

Cynometra cauliflora

a-Methylene-d-lactams Gelegamine B 28 Gelsemium elegans
a-methylene-g-lactone skeleton conjugated with a moiety that

can bind to DNA seem to be an interesting solution. Certain a-

methylene-g-lactones bearing purine or pyrimidine bases were

synthesized (e.g. 29) [73]. These compounds showed strong

growth-inhibitory activity against leukemia cell lines.

A natural antibiotic, distamycin A, is known to bind to the DNA

minor grove, preferentially to the AT-rich sequences [74]; it can

therefore be used as a DNA sequence-selective vector for alkylating

agents. A series of distamycin A hybrids with different synthetic a-

methylene-g-lactones (e.g. 30) was synthesized and tested against

several cancer cell lines. It was shown that the cytotoxicity of the

hybrids was much greater than that of the a-methylene-g-lactones

alone. Several analogs were also able to induce apoptosis in HL-60

cells [75].

a-Methylene-g-lactones are very lipophilic compounds and

lipophilicity often results in lower drug bioavailability in vivo.

In the search for SLs with improved solubility and bioavailability,

a series of parthenolide 5 derivatives was obtained through the

diastereoselective addition of several primary and secondary

amines to the exocyclic double bond [76,77]. These studies have

generated an amino derivative of parthenolide 5, dimethylami-

noparthenolide (DMAPT, 31, also referred to as LC-1) [77], When

formulated as a fumarate salt, DMAPT demonstrates more than

1000-fold greater solubility in water relative to parthenolide 5.

Furthermore, pharmacokinetic studies in the rat indicate that

DMAPT has an oral bioavailability of approximately 70%. Most

recently, Shanmugan et al. [53] showed in experiments performed

on mice that DMAPT might have activity as a single agent in men

with castration-resistant prostate cancer.

Examples of the structures discussed above are given in Fig. 3.

Purely synthetic compounds with an a-methylene-g or d-lactone
or -lactam skeleton
As a result of the biological importance of natural products with

a,b-unsaturated carbonyl structures, purely synthetic compounds

containing either 5- or 6-membered lactone or lactam ring with an

exocyclic methylene group have been of interest to organic che-

mists for several years, resulting in the development of new

improved methods for their synthesis, which are described in

recent reviews [8,78]. Elford et al. [79] synthesized a library of

functionalized g-lactones and g-lactams, containing saturated or

unsaturated side chains at the a-position of the ring. These com-

pounds were evaluated for their ability to inhibit homoserine

transacetylase (HTA). This enzyme catalyzes the transfer of an

acetyl group from acetyl-CoA to the hydroxyl group of homoserine

[80], which is the first step in the biosynthesis of methionine from

aspartic acid. HTA is found in fungi, gram-positive and gram-

negative bacteria, but not in higher eukaryotes. This is an impor-

tant enzyme for microorganisms in methionine-poor environ-

ments, such as blood. Therefore, inhibition of HTA can be

deleterious to bacteria or fungi. Two of the polysubstituted

a-methylene-g-lactams (32, 33) displayed moderate inhibitory

activity against HTA and should be further tested for their anti-

microbial and also anticancer potential.

Propanoic acid derivatives are important substances within

the group of nonsteroidal anti-inflammatory therapeutic agents

[81]. Introduction of an a-methylene-g-lactone group into 3-(4-

hydroxyphenyl)propanoic acid resulted in compound 34, which
www.drugdiscoverytoday.com 567
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inhibited proliferation and induced apoptosis in leukemia HL-60

cells [82].

In the search for highly cytotoxic, yet structurally simple a-

methylene-g-lactones, Janecki and co-workers performed diastereo-

and enantioselective synthesis of several series of differently sub-

stituted a-methylene-g-lactones and lactams 35–41 and tested their

cytotoxicity against the human leukemia cell lines HL-60 and

NALM-6. These studies revealed that a-methylene-g-lactones 35

with 1-hydroxyalkyl substituents in the g position are highly to

moderately cytotoxic against these cell lines [83,84]. Straightfor-

ward correlation between lipophilicity and cytotoxicity of these

lactones was observed, with the more lipophilic compounds also

being more cytotoxic. Moreover, it was found that enantiomeric

lactones 35 differ significantly in their cytotoxicity against the

HL-60 cell line [84], with those having an S-configuration on both
568 www.drugdiscoverytoday.com
stereogenic centers being significantly more active. By contrast,

simple, g-alkyl substituted a-methylene-g-lactone 36 had only

moderate cytotoxicity [85]. In addition, a series of g-aryl- [86]

and b-aryl- [87] substituted a-methylene-g-lactones 37, 39 and

g-lactams 38, 40 were synthesized and their cytotoxicity was tested.

The b-aryl- and g-aryl-substituted methylene-g-lactones 37 and 39

displayed considerable activity. These studies showed that the pre-

sence of an aromatic substituent in g-lactone ring is crucial for

cytotoxic activity. In the series of b-methyl-g-aryl-g-lactones 37,

trans-configured lactones were significantly more potent than were

corresponding cis stereoisomers. Comparing the cytotoxic activity

of a-methylene-g-lactams 38 and 40 versus a-methylene-g-lactones

37 and 39 with the same substitution pattern revealed considerably

less cytotoxicity of the former. Comparisons were also made

between a-methylene-g- and -d-lactones with the corresponding
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substitution patterns. In this case, similar cytotoxicities were

observed, which indicates that the size of the ring is not crucial

[88]. Finally, a series of 4-methyleneisooxazolidin-5-ones 41, where

one of the carbon atoms in the lactone ring was replaced by a

nitrogen atom, was also synthesized and the cytotoxicity tested

[84,89]. These compounds were found to be strongly cytotoxic

against several cancer cell lines and induced apoptosis in HL-60

cells [90].

A series of simple, racemic alkyl- and aryl-substituted a-methy-

lene-g-lactones was recently synthesized by Ramachandran et al.

[91] and screened against three human pancreatic cell lines (Panc-

1, MIA PaCa-2 and BxPC-3). Structure activity–relationship studies

revealed that trans-b,g-diaryl-a-methylene-g-lactones are the most

active and enabled two new compounds to be selected, trans-b,g-

diphenyl- and trans-g-2-naphthyl-b-phenyl-a-methylene-g-lac-

tones (42 and 43, respectively), as potent inhibitors of the three

examined cell lines. Structures of compounds discussed here are

given in Fig. 4.

Preclinical in vivo tests
Thousands of a-methylene-g-lactones have been isolated from

plants so far and, although many of them showed some anticancer

activity in different in vitro tests, only a few have been tested in
cancer clinical trials [5]. Parthenolide 5 is the most extensively

studied a-methylene-g-lactone and currently actively pursued as a

potential anticancer treatment [50,55,92–94]. As discussed above,

parthenolide 5 can generate oxidative stress, which leads to the

activation of caspases and then to apoptosis. It also inhibits NF-kB

signaling, which results in the reduced expression of anti-apopto-

tic proteins, interacts with the tubulin and/or microtubule system

and inhibits methylation of DNA in cancer cells. The in vitro

antiproliferative activity of parthenolide 5 is characterized by

an IC50 value of between 1 and 10 mM in nearly all tested cell

lines, both of leukemia [40,95] and multiple solid tumor origin

[26,48,96]. Additionally, parthenolide 5 can sensitize resistant

cancer cells to antitumor agents [48]; for example, it can function

well in combination with paclitaxel [44], sulindac [96] or arsenic

trioxide [97].

Despite widely documented anticancer activity in vitro, clinical

development of parthenolide 5 was hampered by its poor water

solubility and bioavailability. The breakthrough came with the

development of a less lipophilic amino-derivative, DMAPT

[77,98], which is readily water soluble and is 70% orally bioavailable

[12]. Pharmacology and toxicology studies confirmed the ability of

DMAPT to generate ROS, as well as inhibit NF-kB DNA binding and

in vitro proliferation of cancer cells [12,53,54]. Thus, it maintains the
www.drugdiscoverytoday.com 569
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basic characteristics of its parent compound. Moreover, as it men-

tioned above, both parthenolide 5 and DMAPT have been shown to

leave normal hematopoietic stem and progenitor cells unharmed

[12]. DMAPT was further characterized in vivo [12] using mouse

xenograft models and spontaneous acute canine leukemias. In

animals treated with DMAPT, a rapid decrease in the percentage

of CD34+ cells was detected, accompanied by an increase in the

frequency of differentiated cells. These data indicate that DMAPT

mediates in vivo biological changes in leukemia cells that lead to

their impairment and death.

Most recently, the in vivo suppression of prostate cancer by

DMAPT was also observed by Shanmugam et al. [53]. The cells

of androgen-independent prostate cancer cell lines were

implanted into nude female mice (low testosterone levels).

Administration of DMAPT resulted in significant tumor suppres-

sion, as evidenced by a decrease in final tumor volume as com-

pared with control. DMAPT was shown to be more effective in

inhibiting tumor growth than was bicalutamide and docetaxel,

two medications used currently to treat prostate cancer. The same

group also characterized DMAPT in vivo activity on two tobacco-

associated cancers, lung and bladder cancer, using nude mice
570 www.drugdiscoverytoday.com
implanted with non-small lung cancer A549 or UMUC-3 blad-

der cancer cells. Significant suppression of tumors following

oral administration of DMAPT was observed in both cases [54].

Based on these preclinical findings, oral bioavailability and a

favorable toxicology profile, DMAPT entered phase I clinical

testing in 2009.

Another a-methylene-g-lactone, arglabin 11, has been used

successfully in Kazakhstan for the treatment of breast, colon,

ovarian and lung cancers ([99] and citations therein).

Concluding remarks
a-Methylene-g-lactones, in particular of the sesquiterpene type,

have proven to be promising candidates for treatment of various

types of cancer. However, isolation of these compounds from

natural sources limits their availability. The poor bioavailability

of SLs, which is because of their lipophilic character, is also a

serious drawback. The first big success was achieved by introducing

DMAPT into clinical trials. To achieve further progress in obtain-

ing new drugs with an a-methylene-g- or d-lactone or -lactam

motif, chemical modifications of the known structures or new

designs are necessary.
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