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Abstract

Sesquiterpene lactones are of considerable interest due to their potent bioactivities, including 

cancer cell cytotoxicity and antineoplastic efficacy in in vivo studies. Among these compounds, 

artesunate, dimethylaminoparthenolide, and L12ADT peptide prodrug, a derivative of 

thapsigargin, are being evaluated in current cancer clinical or preclinical trials. Based on the 

structures of several antitumor sesquiterpene lactones, a number of analogues showing greater 

potency have been either isolated as natural products or partially synthesized, and some potential 

anticancer agents that have emerged from this group of lead compounds have been investigated 

extensively. The present review focuses on artemisinin, parthenolide, thapsigargin, and their 

naturally occurring or synthetic analogues showing potential anticancer activity. This provides an 

overview of the advances in the development of these types of sesquiterpene lactones as potential 

anticancer agents, including their structural characterization, synthesis and synthetic modification, 

and antitumor potential, with the mechanism of action and structure-activity relationships also 

discussed. It is hoped that this will be helpful in stimulating the further interest in developing 

sesquiterpene lactones and their derivatives as new anticancer agents.
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The antimalarial artemisinin (1) shows potential anticancer activity, and a dimeric derivative, 

dimer-OH (6), exhibits an improved antitumor efficacy. Artesunate (4), 

dimethylaminoparthenolide (11), and a L12ADT (18) peptide prodrug of thapsigargin are being 

evaluated in current cancer clinical or preclinical trials.
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1. INTRODUCTION

Sesquiterpene lactones (SQLs) are representative of a large number of natural products 

(NPs), containing 15 carbons with a common incorporation of three isoprenyl groups 

arranged in several characteristic ring systems, including one or more lactone rings. There 

are more than 5000 SQLs characterized as secondary metabolites in species of the plant 

kingdom, in particular in the family Asteraceae [1]. This type of NP has received 

considerable attention because of their diverse structure skeletons and chemotaxonomic 

significance [2, 3], as well as their potent bioactivities, including antibiotic, antitumor, 

antiulcer, insect-feeding deterrent, phytotoxic, and schistosomicidal effects [4, 5].

Many SQLs have been reported to exhibit cancer cell cytotoxicity and antitumor efficacy [1, 

4, 6–10], and several of these compounds have been evaluated currently in cancer clinical 

trials [8], even though they have not always been regarded favorably as potential anticancer 

agents due to their toxicity and non-selectivity [11–13], as well as a tendency to promote 

allergic contact dermatitis [14, 15]. Among these compounds, artemisinin (ART, 1, a SQL 

endoperoxide) and its naturally occurring or synthetic analogues that show low side effects 

and high antitumor potency, are emerging as promising anticancer leads or prodrugs [8, 16–

18].

Cancer is a major threat to human health, but the currently available cancer chemotherapy 

regimens may result in several critical problems, including insufficient effectiveness, serious 

adverse effects, and the development of multidrug resistance (MDR). Thus, more effective 

treatments that result from the discovery of new anticancer agents to resolve these problems 

would be highly desirable. NPs and their semi-synthetic derivatives have been used as 

anticancer agents widely and effectively over several decades, and plants historically have 

played a critical role in NP-related anticancer drug discovery [19, 20]. Plant-derived agents, 
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including the vinca bisindole alkaloids, the epipodophyllotoxin analogues, the taxanes, and 

the camptothecins, have been among the most widely used cancer chemotherapeutics 

available, and interest in these agents and other NPs to combat cancer is increasing [19]. 

Recently, ART (1) and its synthetic analogues have been well documented for their 

promising anticancer activity with lower side effects and higher effectiveness [18]. In the 

present review, three SQL-type anticancer leads, ART (1), PTL (10), and TPG (17), and their 

natural or synthetic analogues are reviewed for their potential as anticancer agents, with the 

considerable interest in these SQL leads for their further development as oncological agents 

indicated.

2. CHARACTERIZATION OF ARTEMISININ: FROM AN ANTIMALARIAL 

DRUG TO AN ANTICANCER LEAD

Artemisinin (ART, 1) was isolated and characterized originally from a Chinese herb, 

Artemisia annua L. (Asteraceae) [21], and subsequently from the same plant collected in the 

United States by Dr. Daniel L. Klayman’s group at Walter Reed Army Medical Center, 

Washington, DC, USA [22]. The structure of ART was established by analysis of its single-

crystal X-ray diffraction data [23] and confirmed by total synthesis of the molecule (Scheme 

1) [24]. This agent has been used both in an unmodified structural form and when 

derivatized for the treatment of malaria for several decades. The 2015 Nobel Prize in 

Physiology or Medicine was shared by Professor Youyou Tu for her discoveries concerning 

the novel ART-related therapy against Malaria (http://www.nobelprize.org/nobel_prizes/

medicine/laureates/2015/press.html).

However, ART is not recommended currently as a stand-alone antimalarial agent due to the 

development of resistance by the malaria parasite [16]. To improve the antimalarial activity, 

a series of ART derivatives showing higher potency or enhanced stability or solubility have 

been prepared [25, 26], including dihydroartemisinin (DHA, 2) [27], artemether (ARM, 3) 

[28], and sodium artesunate (ARS, 4) [26] (Scheme 2). Consistent with its in vitro potency, 

DHA (2) was found to show more potent antimalarial activity than ART (1) in vivo, when 

Swiss mice bearing Plasmodium berghei parasites were injected intramuscularly (i.m.) or 

intraperitoneally (i.p.) with ART (1), DHA (2), and ARS (4) [25].

Interestingly, ART and its derivatives have also been found to show antifungal, 

antiinflammatory, antineoplastic, antiparastic, and antiviral activities, and their anticancer 

potential is attracting considerable interest [8, 16, 18, 29]. Detailed information on the 

cytotoxicity and antitumor efficacy of ART and its derivatives has been reviewed recently 

[18]. In the following paragraphs, the cancer cell line selectivity, MDR, and clinical trial 

studies of ART and its derivatives are discussed.

ART (1) exhibited selective cytotoxicity toward the human hepatoma HepG2 (p53 wild-

type), Huh-7 (p53 mutant), BEL-7404 (p53mutant), and Hep3B (p53 null) cell lines, when 

compared with the 7702 non-neoplastic human liver cell line [30]. This agent suppressed 

DU 145 and PC-3 human prostate carcinoma cell growth by apoptosis induction through the 

mitochondrial pathway [31], with intracellular heme (Fe2+ protoporphyrin IX) serving as the 

molecular target [32]. When four- to six-week-old female athymic nude mice bearing 
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HepG2 and Hep3B xenografts were treated with ART (1) and DHA (2) [both suspended in 

5% sesame oil and plus 95% saline, 50 or 100 mg/kg, per os (p.o.), daily, 5 times a week for 

four weeks], tumor growth was inhibited significantly by both compounds, and no 

apparently toxic effects were observed [30]. The mechanism of anticancer activity of ART 

has remained controversial, but it is well documented that the essential endoperoxide bridge 

reacts with ferrous iron to generate free radicals leading to macromolecular damage and 

cancer cell death, and translationally controlled tumor protein (TCTP) was proposed as a 

potential target [16–18]. Also, ART activates the constitutive androstane receptor (CAR) to 

induce cytochrome P450 (CYP) enzymes to affect the pharmacokinetics of co-administered 

drugs and inhibits sarcoplasmic/ER Ca2+ ATPase (SERCA) to suppress cancer cell growth 

by altering calcium homeostasis [17].

To improve on the cytotoxicity of ART (1), several new analogues exhibiting greater 

potency, including DHA (2), ARM (3), and ARS (4), have been prepared through reduction 

of the C-10 carbonyl group followed by further modifications of the parent compound [26–

28]. Among these derivatives, DHA (2) and ARS (4) were more potently cytotoxic than 

ART toward drug-sensitive CCRF-CEM and MDR CEM/ADR5000 leukemia cells [33], as 

well as toward human papillomavirus (HPV)-immortalized and transformed cervical cells 

[34]. DHA (2) also showed selective cytotoxicity toward human MOLT4-lymphoblastoid 

cells (compared with normal human lymphocytes) [35], HTB 27 breast cancer cells 

(compared with normal HTB 125 human breast cells) [36], and hepatoma HepG2 (p53 wild-

type), Huh-7 (p53 mutant), BEL-7404 (p53mutant), and Hep3B (p53 null) hepatoma cell 

lines (compared with the 7702 normal human liver cell line) [30].

In an in vivo study, tumor growth was retarded significantly when female Fisher 344 rats 

bearing fibrosarcoma cells were treated with ferrous sulfate [dissolved in water (2 mg/mL), 

given daily by intubation at 20 mg/kg for 6 h] followed by treatment with 2 [dissolved in 

peanut oil, given daily by intubation at 2 mg/kg for 3 days followed by 5 mg/kg for seven 

days], and no significant adverse effects were observed [37]. When six- to ten-week-old 

female beagle dogs, with both sides of the oral mucosa abraded and infected with canine 

oral papilloma virus, were treated topically with 2 [100 µL of 78 mM DMSO solution, daily, 

5 times a week for six weeks], tumor formation was not observed, while tumors were 

formed in the oral mucosa of the dogs treated by the vehicle control [34]. Mechanistically, 

DHA-induced cell death is involved in activation of the mitochondrial caspase pathway with 

resultant apoptosis induction [34], and its selective cytotoxicity was proposed to be related 

to the reaction of the endoperoxide bridge with ferrous iron due to a higher expression of 

transferrin receptors occurring in cancer cells than in normal cells [35].

ARM (3) was found to exhibit both antitumor and immunomodulatory properties in vivo, 

when BALB/c mice bearing spontaneous mouse mammary tumors (SMMT) were treated 

with ARM [dissolved in ethanol/PBS (1:2), 10 mg/kg, i.p., daily for three consecutive days 

followed by three more administrations on days 5, 7, and 9] [38]. A case study showed that 

when a 75-year-old male patient with pituitary macroadenoma was treated orally with ARM 

[40 mg (approximately 0.5 mg/kg), daily for 29 days, and every other day for a duration of 

30 days, and then twice a week for 10 months] and vitamins C (500 mg) and E (200 units) 

(daily for the entire treatment), the tumor density was reduced, and the life quality of the 
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patient was improved by relieving the cancer-related symptoms, including vision, hearing, 

and locomotion-related problems [39].

When five classes of established antimalarial drugs were screened against a panel of 91 

human cancer cell lines, DHA (2) and ARS (4) emerged as potently cytotoxic agents [40]. 

Further studies showed that ARS (4) reversed MDR by reducing ATP-binding cassette sub-

family G member 2 (ABCG2, a multidrug transporter) expression in Eca109/ABCG2 

esophageal cancer cells [41]. It exhibited antineuroblastoma activity toward a panel of 

chemosensitive and chemoresistant neuroblastoma cell lines [42]. Recently, the cytotoxicity 

of 4 toward a small panel of human cancer cell lines was found to be enhanced using a 

nanoparticle technique. When 4 was loaded in poly(lactic-co-glycolic) acid (PLGA) 

nanoparticles using an oil/water emulsion evaporation method, the ARS-PLGA formulation 

reduced significantly human cancer cell viability when compared with free 4 [43]. 

Interestingly, 4 was found to activate programmed cell death (PCD) in cancer cells in a 

manner dependent on the presence of iron and the generation of reactive oxygen species 

(ROS) [44]. It triggered PCD via engagement of distinct interconnected PCD pathways, with 

hierarchical signaling from lysosomes to mitochondria [44]. Also, it induced DNA damage, 

and this was proposed to contribute to its therapeutic effect against cancer cells [45, 46].

A safety and efficacy field study for ARS conducted in dogs bearing non-resectable tumors 

showed that oral administration of ARS for 7–385 days at a dosage of 651–1178 mg/m2 led 

to gastrointestinal and hematological toxicity and fever, but neither neurological nor cardiac 

toxicity was observed [47]. A clinical safety and tumor marker effect investigation 

conducted in non-pregnant female patients (between 39 and 70 years old) with advanced 

cervix carcinoma showed that oral administration of 4 for 28 days with a dose starting at 100 

mg/day during the first week and then 200 mg/day for the subsequent three weeks induced 

clinical remission with seven days as a median time for the disappearance of the symptoms, 

while no adverse events of grades greater than three occurred [48]. Currently, ARS (4) is 

being evaluated in phase II cancer clinical trials for the treatment of non-small cell lung 

cancer, metastatic uveal melanoma, and laryngeal squamous cell carcinoma [8]. 

Interestingly, a fluorescent artemisinin derivative (5), which showed around ten-fold more 

potent cytotoxicity toward the human hepatoma HepG2 cells than ART (1), was synthesized 

(Scheme 3). The subcellular localization of 5 in the human hepatoma Hep3B cells was 

investigated, which indicated that endoplasmic reticulum (ER) rather than mitochondria is 

the major locating site of 5 (Scheme 3) [49]. This provides an important clue for the future 

characterization of the molecular target of ART and its analogues for their antitumor activity.

A preliminary structure-activity relationship (SAR) study indicated that the endoperoxide 

group of ART is essential for its cytotoxicity, and that 9R-hydroxyartemisinin exhibited a 

higher effect than its 9S epimer [50, 51]. A C-16 exocyclic methylene increased the activity. 

Reduction of the C-10 ketone group to a C-9/C-10 carbon double bond retained activity, but 

opening of the lactone ring reduced the cytotoxicity [50]. Interestingly, a simple ether dimer 

of ART was found to be more potently cytotoxic than the parent compound [50, 51], 

indicating that dimeric ART may be more promising than ART itself for the development of 

new anticancer agents.
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3. ARTEMISININ DIMERS SHOWING IMPROVED ANTITUMER POTENTIAL

Dimeric SQLs are rare plant NPs discovered mainly from the family Asteraceae, and some 

of these dimers exhibit more potent bioactivities than their monomers, including cancer-

related effects [12, 52]. An initial cytotoxicity screening against Ehrlich ascites tumor (EAT) 

cells for ART and its analogues showed that a simple ether dimeric ART was the most active 

compound [50]. Following this evidence, several dimeric ARTs have been prepared and 

evaluated, and the majority of these dimers were found to be potently cytotoxic toward a 

small panel of human cancer cell lines [53].

Continuous investigations on these dimers resulted in the discovery of a three-carbon atom 

linked trioxane dimer alcohol, dimer-OH (6) [54], which showed more potent in vitro 
cytotoxicity than the anticancer drug, doxorubicin, toward the aggressive tumorigenic and 

metastatic transgenic adenocarcinoma of mouse prostate (TRAMP) C2G and C2H cell lines 

[54]. Further work on this dimer with introduction of a phosphate ester or a sulfonyl 

functional group yielded two new dimers, 838 (7) and 832-4 (8) (Scheme 4) [55–59]. Dimer 

838 (7) was highly cytotoxic toward TRAMP C2G and C2H and Jurkat T-acute 

lymphoblastic leukemia (ALL) cells, and it was more active than doxorubicin in the 

inhibition of human prostate cancer LNCaP cell growth [55, 59]. Dimer 832-4 (8) was 

cytotoxic toward human HL-60 promyelocytic leukemia, U-937 lymphoma, SK-MEL-5, 

UACC-62 melanoma, and HeLa cervical cancer cells, and of comparable potency to 

doxorubicin. Moreover, this dimer did not significantly affect WT-MEF and Hs888Lu non-

cancerous immortalized fibroblast cells [56]. Furthermore, dimer 838 (7) and dimer 832-4 

(8) exhibited cytotoxicity toward human HeLa cervical adenocarcinoma, HCT116 colorectal 

carcinoma, and 1205Lu melanoma cell lines accompanied with a lack of cytotoxicity toward 

non-cancer primary human foreskin fibroblast (HFF) cells [57], indicating that both dimers 

are selectively cytotoxic toward cancer cells.

Dimer-OH (6) was considerably more potent than the monomer, DHA (2), in the inhibition 

of rat mammary adenocarcinoma MTLn3 cell growth in vitro [58]. When female Fisher-344 

rats implanted with mammary adenocarcinoma MTLn3 cells were treated daily by 

intubation of dimer-OH (6) (dissolved in olive oil) for five days at a dosage of 20 mg/kg, 

tumor growth was suppressed considerably in both cases [58]. A mechanistic study showed 

that dimer 838 (7) induced G0/G1 cell cycle arrest in human LNCaP prostate cancer cells 

and decreased cells in the S phase. These effects correlated with the modulation of G1 phase 

cell cycle proteins, including decreased levels of cyclin D1, cyclin E, and cdk2, and 

increased levels of p21waf1 and p27Kip1 [55].

When a cyclohexane residue was used to link two DHA (2) molecules, the dimeric 

compound 9 was produced (Scheme 5). This dimer was found to be the most active of 

several artemisinin acetal dimers synthesized and evaluated for cytotoxicity in the NCI in 
vitro human tumor 60 cell line assay [60]. It showed activity comparable with paclitaxel in 

the NCI in vivo hollow fiber assay against a standard panel of 12 human cancer cell lines, 

when mice were treated (i.p. daily) with dimer 9 for four days. It was active on further 

evaluation in a NCI subcutaneous (s.c.) xenograft model of HL-60 human leukemia cells, 
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when female athymic nude mice were treated (s.c., 25 mg/kg, daily) with this compound for 

10 days [60].

Further modification of DHA dimers resulted in the production of a novel artemisinin–

guanidine hybrid dimer. This hybrid dimer showed up to 600-fold more potent cytotoxicity 

than DHA (2) toward the human A549 non-small-cell lung adenocarcinoma, HT-29 colon 

cancer, and MDA-MB-231 breast cancer cell lines [61]. Recently, three artesunic acid 

homodimers have been synthesized and evaluated for their activity against human CCRF-

CEM and MDR P-glycoprotein-overexpressing CEM/ADR 5000 leukemia cells, and the 

MDR cells used were found not to be cross-resistant to these new dimers [62].

4. PARTHENOLIDE, AN EPOXYLATED GERMACRANOLIDE EXHIBITING 

PROMISING ANTICANCER ACTIVITY

Parthenolide (PTL, 10) is an epoxylated germacranolide isolated from Chrysanthemum 
parthenium L. or Tanacetum parthenium L. (Asteraceae) (Scheme 6) [63], the feverfew 

plant, which is well known to contain SQLs and is used widely as a phytomedicine or 

botanical dietary supplement in Western countries (NIH National Library of Medicine's 

MedlinePlus Feverfew Listing: www.nlm.nih.gov/medlineplus/druginfo/natural/933.html). 

The isolation and characterization of PTL was reported briefly in 1959 and then in a more 

detailed manner in 1961, with a double bond determined at the C-2 and C-3 positions [63, 

64]. Soon afterwards, the structure of PTL was revised through several degradation 

experiments and interpretation of NMR data, with the C-2/C-3 double bond assigned at the 

C-1 and C-10 positions, when it was isolated from the trunk bark of Michelia champaca L. 

(Magnoliaceae) [65]. The stereochemistry of the lactone ring of PTL was proposed by 

comparison of the analytical data of this epoxide with that of dihydrocostunolide [66], and 

supported later by analysis of its single-crystal X-ray diffraction data (Scheme 6) [67]. This 

was also confirmed by the total synthesis of PTL, which has been completed through a 

macrocyclic stereocontrolled Barbier reaction followed by a photoinduced Z/E isomerization 

(Scheme 6) [68].

As discussed in a recent review article, PTL shows cytotoxicity against various human 

cancer cells and has promising antitumor efficacy [69]. It induces a rapid apoptotic pre-B 

ALL cell death [70], inhibits tubulin carboxypeptidase activity in Hela cells [71], suppresses 

osteosarcoma cell proliferation [72], and prevents DNA methyltransferase 1 [73]. When six-

week-old male nude mice bearing OUR-10 human early stage renal cell carcinoma (RCC) 

xenografts were treated with PTL (dissolved in ethanol and diluted with saline, either by s.c. 

injection, 3 µg/mouse, daily, 3 times/week for six weeks, or by p.o., 10 mg/kg, daily for six 

weeks), the tumor growth was significantly suppressed with both treatments [74]. When 

nude BALB/cByJ-Hfh11nu KRIBB mice bearing human cholangiocarcinoma Choi-CK and 

SCK xenografts were treated (i.p.) by PTL (2.5 mg/kg), Ro317549 (a protein kinase C-α 
inhibitor, 2.5 mg/kg), or PTL plus Ro317549, daily for four weeks, the tumor growth was 

significantly inhibited by all treatments, and the combination of PTL and Ro317549 

efficiently improved tumor growth inhibition [75]. In addition, when six- to eight-week-old 

athymic nude mice inoculated with A549 human non-small cell lung cancer cells were 
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treated with PTL (dissolved in PBS, 5 mg/kg, i.p., three times/week for four weeks), PTL 

(dissolved in PBS, 5 mg/kg, i.p., three times weekly for four weeks) plus paclitaxel 

(dissolved PBS, 5 mg/kg, i.p., weekly for four weeks), or paclitaxel (dissolved PBS, 5 

mg/kg, i.p., weekly for four weeks), the efficacy of paclitaxel for the treatment of non-small 

cell lung tumor was potentiated significantly by PTL [76]. After MDA-MB-231 human 

breast cancer cells were injected into the mammary fat pad of six- to seven-week-old female 

nude mice for six weeks, the tumors were removed, and mice were treated with PTL (a 

slurry in 10% ethanol, 40 mg/kg, oral gavage, daily for 45 days), docetaxel (dissolved in 

13% ethanol, 5 mg/kg, i.p., weekly for 45 days), or PTL (a slurry in 10% ethanol, 40 mg/kg, 

oral gavage, daily) plus docetaxel (in 13% ethanol, 5 mg/kg, i.p., weekly) for 45 days. PTL 

reduced metastasis and improved the survival of mice bearing a xenograft model of breast 

cancer when used as a combination with docetaxel [77]. Mechanistically, the antitumor 

efficacy of PTL is involved in inhibiting nuclear factor kappa-light-chain-enhancer of 

activated B cells (NF-κB) and STATs, arresting cell cycle, and interfering with microtubule 

formation [78].

When a Phase I dose escalation trial was conducted for PTL given as a component of 

feverfew (T. parthenium) in cancer patients (12 adult patients with a male:female ratio of 

11:1 and median age of 73 years), the low doses of this agent administered were unable to be 

detected, which was caused probably by its poor bioavailability [79]. To overcome this 

problem, several water-soluble aminoparthenolides have been partially synthesized (Scheme 

7), and their cytotoxicity toward primary acute myeloid leukemia (AML) cells was evaluated 

[80]. Among these semisynthetic analogues, dimethylaminoparthenolide (DMAPT or LC-1, 

11) was found to be potently cytotoxic against AML, CWR22Rv1 human androgen-

independent prostate, and PC-3 human prostate cancer cells [80, 81].

5. DIMETHYLAMINOPARTHENOLIDE (DMAPT), AN ANTICANCER PRO-

DRUG DERIVED FROM PARTHENOLIDE

Dimethylaminoparthenolide (DMAPT, 11) was derived from PTL and showed improved 

cytotoxicity toward several human cancer cell lines and water solubility [80, 81]. When six- 

to eight-week-old female nude athymic mice bearing CWR22Rv1 or PC-3 tumors were 

treated with DMAPT (dissolved in sterile water, 100 mg/kg, oral gavage, daily for 61 days), 

docetaxel (diluted in 100% alcohol, 5 mg/kg, i.p., weekly for 61 days), or bicalutamide 

(dissolved in sterile water, 50 mg/kg, oral gavage, daily for 61 days), DMAPT was found to 

inhibit tumor growth substantially, which was more effective than bicalutamide alone in the 

CWR22Rv1 model and more effective than docetaxel alone in a PC-3 model [81]. Also, 

DMAPT enhanced X-ray-induced tumor growth delay in female athymic nude mice bearing 

A549 tumor xenografts, when mice were treated by DMAPT (in 2.5% mannitol, 100 mg/kg, 

oral gavage, daily for 7 days) [82].

Treatment with DMAPT (dissolved in sterile water, 50 or 100 mg/kg, oral gavage, daily for 

48 days) was found to suppress tumor growth in athymic male nude mice bearing A549 

human lung cancer and UMUC-3 human bladder transitional cell carcinoma xenografts [83]. 

When seven-month-old LSL-KrasG12D/+;Pdx-1-Cre mice were treated with DMAPT 
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(dissolved in hydroxylpropyl methylcellulose with 0.2% Tween, 40 mg/kg, oral lavage, daily 

for 3 months) or DMAPT in combination with sulindac (dissolved in hydroxylpropyl 

methylcellulose with 0.2% Tween, 20 mg/kg, oral lavage, daily for 3 months) and/or 

gemcitabine (dissolved in PBS, 50 mg/kg, i.p., 2 times/week for 3 months), the percentage 

of normal pancreatic ducts was increased significantly by the combinations of DMAPT/

sulindac, DMAPT/gemcitabine, sulindac/gemcitabine, and DMAPT/sulindac/gemcitabine, 

when compared to placebo treatment. In addition, the percentage of mouse pancreatic 

intraepithelial neoplasia-2 lesions was decreased significantly by a DMAPT/gemcitabine 

combination treatment [84]. These in vivo effects were consistent with the enhancement of 

the antiproliferative effects of gemcitabine by DMAPT through inhibition of NF-κB 

observed in vitro [85]. Also, DMAPT induced the rapid death of primary human leukemia 

stem cells (LSCs) from both myeloid and lymphoid leukemia and demonstrated 

approximately 70% oral bioavailability [86]. When NOD/SCID mice bearing AML tumor 

xenografts were treated orally with DMAPT using a single dose of 100 mg/kg, the cell 

response to oxidative stress was activated, and NF-κB was inhibited [86]. Mechanistically, 

DMAPT may exhibit antitumor efficacy through inhibition of NF-κB DNA binding and 

activation of the p53 tumor protein [86]. It has been evaluated in a phase I clinical trial for 

the treatment of ALL, AML, and other hematological tumors [8].

6. DE-EPOXYLATED ANALOGUES OF PARTHENOLIDE WITH POTENTIAL 

ANTITUMER EFFICACY

PTL (10) and its synthetic analogue, DMAPT (11), have been well documented for their 

potential antitumor efficacy. Interestingly, some de-epoxy analogues of PTL were also found 

to show this same activity. Costunolide (12) isolated from Magnolia sieboldii K. Koch 

(Magnoliaceae) (Scheme 8) was found to show cytotoxicity toward a panel of human cancer 

cell lines, including hormone-dependent (LNCaP) and independent (PC-3 and DU-145) 

prostate cancer cells [87–89]. When male inbred CDF1 mice bearing 3LL Lewis lung 

carcinoma tumors were treated (i.p.) with costunolide (12) using doses of 7.5, 15, or 30 

mg/kg/day for 7 days, tumor growth was significantly suppressed and mouse survival was 

increased with all doses used [87].

After BALB/c athymic nude mice inoculated subcutaneously with SKOV3PT platinum-

resistant human ovarian cancer cells were treated with costunolide (12, i.p., 5 and 10 mg/kg, 

daily for 10 days), tumor growth was retarded significantly, which was associated with 

activation of caspases-3, -8, and -9 and ROS generation [90]. Mechanistically, the 

cytotoxicity of costunolide toward PC-3 cells was proposed as being due to induction of a 

rapid overload of nuclear Ca2+, DNA damage response, and ataxia-telangiectasia, mutated 

and Rad3-related (ATR) phosphorylation [89]. Costunolide (12) induced human leukemia 

cell apoptosis via ROS and Bcl-2-dependent mitochondrial permeability transition and 

activation of JNK [87]. Also, it induced G2/M phase arrest and mitochondrial-mediated 

apoptosis in SGC-7901 human gastric adenocarcinoma cells [91]. In estrogen receptor-

negative MDA-MB-231 breast cancer cells, costunolide (12) induced Fas-mediated extrinsic 

apoptosis, p21WAF1-related G2/M cell cycle arrest, and ROS generation [92].
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An interesting SQL with potential anticancer activity is deoxyelephantopin (13), a 

germacranolide containing a C-8 methacrylate group and additional lactone rings located at 

the C-2 and C-10 positions. This compound was isolated from Elephantopus scaber L. 

(Asteraceae) (Scheme 9) [93], and its structure was determined by comparison of its 

spectroscopic data with those of isodeoxyelephantopin dimethylamine adduct, which was 

investigated earlier by single-crystal X-ray diffraction measured on an Enraf-Nonius CAD-4 

diffractometer using Cu-Ka radiation [94]. This original determination was confirmed by 

analysis of the single-crystal X-ray data of a close analogue, scabertopin, which were 

measured on a Rigaka RAXIS IIc image plate detector with MoKα radiation [95].

Several in vitro studies have shown that deoxyelephantopin (13) exhibits cytotoxicity toward 

human cancer KB cells [94]. It inhibited tumor necrosis factor-α (TNF-α) induced NF-κB 

activation in KBM-5 human chronic myeloid leukemia cells [96] and activated the nuclear 

hormone receptor and peroxisome proliferator-activated receptor-γ (PPAR-γ) in HeLa cells 

[97]. This compound inhibited significantly the colony formation, cell proliferation, 

migration, and invasion of murine mammary adenocarcinoma TS/A cells [98]. It induced 

G2/M arrest and apoptosis by up-regulation of JNK-mediated p21Waf1/Cip1 expression, 

caspase activation, and tumor necrosis factor (TNF)-α-induced matrix metalloproteinase-9 

(MM-9) activity and NF-κB activation inhibition [98]. In in vivo testing, it inhibited tumor 

growth, reduced tumor blood vessel density, and doubled the survival time of female 

BALB/c mice bearing TS/A metastasizing murine mammary tumors, and these antitumor 

efficacies were found to be superior to paclitaxel, when mice were treated with this 

anticancer drug (5 mg/kg, i.p., daily for 28 days) or deoxyelephantopin (1 or 10 mg/kg, i.p., 

daily for 28 days) [98].

To investigate the molecular mechanisms underlying the differential efficacy between 

deoxyelephantopin (13) and paclitaxel, the protein profiles expressed in the nucleus and 

cytoplasm of TS/A cells treated by both agents were measured. This showed that 

endoplasmic reticulum (ER) stress was associated with apoptosis induced by both these test 

compounds, but only 13 inhibited proteasomal proteolysis [99]. Another mechanistic study 

showed that 13 inhibited CNE human nasopharyngeal cancer cell proliferation, causing cell 

cycle arrest in both the S and G2/M phases, and the apoptosis triggered was associated with 

dysfunction in the mitochondria [100]. A SAR study showed that the stereochemistry at the 

C-2 position affected the cytotoxicity of 13 toward SMMC7721 human hepatocarcinoma, 

human cervical carcinoma HeLa, and Caco-2 human colon carcinoma cells [101].

In a search for anticancer agents from higher plants by our group [19], several parthenolide 

analogues containing a furan ring between the C-3 and C-10 positions, a ketone group at the 

C-1 position, and an ester group at the C-8 position, including goyazensolide (14), 15-

deoxygoyazensolide (15), and rufescenolide C (16), were characterized as active leads from 

Piptocoma rufescens Cass. (Asteraceae) (Scheme 10) [52, 102–104].

Goyazensolide (14) was initially isolated as a potential schistosomicidal constituent from 

Eremanthus goyazensis Sch.-Bip. [105], with the structure determined by single-crystal X-

ray diffraction analysis [106]. The novel dimeric compound, rufescenolide C (16), was 

proposed as being formed through an ene-type reaction from 15, from which 14 was 

Ren et al. Page 10

Curr Med Chem. Author manuscript; available in PMC 2017 January 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



probably produced by C-15 oxidation (Scheme 10) [52]. All these compounds showed 

potent cytotoxicity toward HT-29 human colon cancer cells, and compound 14 was also 

found to inhibit the Sch10545 and Ben-Men-cell growth [52, 102–104]. This agent inhibited 

the proliferation of Sch10545 and Ben-Men cells by reducing the levels of cyclins A and E, 

phospho-AKT, and NF-κB, and was proposed as a potential agent for the treatment of 

neurofibromatosis type 2 (NF2)-associated schwannomas and meningiomas [103]. Also, it 

showed antitumor efficacy when tested in an in vivo hollow fiber assay in immunodeficient 

NCr nu/nu mice implanted with HT-29 cells with a dose of 12.5 mg/kg (i.p.) [104]. 

Mechanistically, it down-regulated IKK and IKKβ, up-regulated ROS levels and caspase-3 

expression in HT-29 cells, and induced cellular apoptosis by a G1 block in the cell cycle 

progression [104].

It has been reported that the α-methylene-γ-lactone ring of SQLs plays a critical role in 

mediating cancer cell cytotoxicity, and introduction of an additional enone O=C-C=CH2 

system into the molecule can increase this activity [107]. A quantitative structure–activity 

relationship (QSAR) study showed that a double bond between the C-1 and C-10 positions, 

a hydroxy group at the C-5 position, and an angeloyloxy group at the C-8 position are all 

important for SQLs to mediate their cytotoxicity [108]. In a study on the development of a 

structural model of SQLs for their NF-κB inhibitory activity, several germacranolides were 

found to possess this effect [109]. Consistent with these previous observations, rufescenolide 

C (16, a SQL dimer isolated originally from Piptocoma rufescens), contains four enone 

groups, and was found to be more cytotoxic toward the HT-29 cells than its monomer, 15-

deoxygoyazensolide (15, Scheme 10) [52], which was reported to inhibit NF-κB activation 

in vitro [102].

7. 8-O-(12-{L-LEUCINOYLAMINO}DODECANOYL)-8-O-

DEBUTANOYLTHAPSIGARGIN (L12ADT), AN ANTICANCER PRODRUG 

DERIVED FROM THAPSIGARGIN

A major achievement in the search for anticancer guaianolides was the discovery of 

thapsigargin (TPG, 17) (Scheme 11) [110, 111]. This compound was originally isolated 

from the roots of Thapsia garganica L. (Apiaceae) by the group of Prof. Søren Brøgger 

Christensen (Danish University of Pharmaceutical Sciences, Copenhagen, Denmark) [112], 

with the structure and relative configuration determined by chemica1 and spectroscopic 

investigations, together with X-ray analysis of its 7,11-epoxide analogue [113]. The absolute 

configuration of TPG was established using CD spectroscopy with the application of 

Horeau’s method [114], and the enantioselective total synthesis of TPG has been completed 

through a total of 42 steps of reactions involving regioselective introduction of the internal 

olefin at C-4–C-5, judicious protecting group choice to allow chelation-controlled reduction 

at C-3, and selective esterification (Scheme 11) [115, 116].

TPG (17) was found to inhibit intracellular sarcoplasmic/ER Ca2+ transport ATPase 

(SERCA) [117], and exhibited cytotoxicity toward a panel of human cancer cell lines [118]. 

It synergized with the cytotoxicity of imatinib toward GIST-T1 gastrointestinal stromal 

tumor cells as a result of the expression of glucose-regulated protein 78 (GRP78) and 
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activation of caspase-3 [119]. It induced Caki human renal cancer cell apoptosis, and such 

an effect was increased by co-treatment of melatonin through the up-regulation of cytidine-

cytidine-adenosine-adenosine-thymidine (CCAAT)-enhancer-binding protein homologous 

protein (CHOP) [120]. Also, TPG (17) induced HCT116 human colon cancer cell apoptosis 

through a Bax-dependent signaling pathway [121] and sensitized the stromal-like tumor 

cells of giant cell tumor of bone (GCT) to TNF-related apoptosis-inducing ligand (TRAIL)-

induced cell death, which is associated partially with up-regulation of the death receptor 

DR5 and down-regulation of the decoy receptor DcR1 [122].

However, a Lucena I MDR tumor cell line derived from human leukemic K562 cells was 

found to be highly resistant to TPG [123]. To improve the cytotoxicity of TPG, a number of 

analogues bearing an aromatic amine residue rather than an 8-O-butanoyl group have been 

synthesized and evaluated using a SERCA inhibition assay. An analogue containing a 3-(4-

aminophenyl)propanoyl group was found to inhibit SERCA and to potently induce TSU-Pr1 

human prostate cancer cell apoptosis [124]. A binding study on 8-O-N-tert-
butoxycarbonyl-12-aminododecanoyl derivatives and a SERCA pump showed the 

importance of the length and flexibility of the side chain at the C-8 position of thapsigargin, 

and a series of 2-unsubstituted analogues showing equipotent SERCA inhibition have been 

constructed [125]. Among these products, only a 12-Boc-aminododecanoyl derivative 

possessing a conjugation site for a peptide moiety was apoptotic [125]. Furthermore, a 12-

aminododecanoyl side-chain analogue of TPG (12ADT) was coupled successfully to leucine 

to produce a cytotoxic compound, 8-O-(12-[L-leucinoylamino]dodecanoyl)-8-O-

debutanoylthapsigargin, namely, L12ADT (18) [126]. L12ADT was then coupled to a 

peptide carrier, a substrate for the prostate-specific antigen (PSA) protease to produce an 

aqueous soluble, cell-impermeable latent prodrug, which was specifically activated 

extracellularly within metastatic prostate cancer sites by PSA [127].

A kinetic study on L12ADT peptide prodrug showed that it is stable in human plasma and 

hydrolyzed efficiently by PSA [127]. It was selectively toxic to PSA-producing prostate 

cancer cells [127]. The L12ADT peptide prodrug inhibited tumor growth without substantial 

host toxicity observed in vivo, when nude BALB/c mice bearing LNCaP human prostate 

tumors were treated with this agent (dissolved in 2% DMSO in water, injected intravenously, 

7 mg/kg, daily for three cycles of 5 days each) [127]. The mechanism of action of the 

peptide prodrug L12ADT was proposed as being due to depletion of androgen receptor (AR) 

protein via protein synthesis inhibition [128]. Currently, this agent is being developed for 

testing in clinical trials to treat metastatic prostate cancer [127, 128], and a new alternative 

production platform to produce TPG (17) from the moss Physcomitrella through 

biosynthesis is being investigated to meet the requirement of large compound quantities for 

the further development of this parent compound [129].

8. ANALOGUES OF THAPSIGARGIN WITHOUT ESTER GROUPS SHOWING 

POTENTIAL ANTITUMOR ACTIVITY

It has been evidenced that many biologically active SQLs possess either the guaianolide 

(with the C-15 methyl group attached at the C-4 position) or the pseudoguaianolide (with the 

Ren et al. Page 12

Curr Med Chem. Author manuscript; available in PMC 2017 January 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



C-15 methyl group attached at the C-5 position) skeleton [108, 109]. As presented in several 

of the paragraphs above, TPG (17), a guaianolide containing four ester groups, was found to 

show potent antitumor activity. Interestingly, a very simple analogue of TPG, dehydrocostus 

lactone (DHL, 19) and its analogues, were also found to show this same effect.

DHL (19) was extracted from Saussurea lappa C.B. Clark or Saussurea costus (Falc.) Lipsch 

(Asteraceae) (Scheme 12) [130] and has been found to show cytotoxicity against the HepG2 

and PLC/PRF/5 human liver cancer cell lines [131] and to inhibit the growth of the DU145 

human prostate cancer cell line [132]. The molecular structure of this agent was determined 

by analysis of its single-crystal X-ray diffraction parameters (Scheme 12) [133], and (±)-

DHL was synthesized by formation of a five-membered ring through a 1,8-addition with a 

Grignard reagent, completion of a regio- and stereoselectively-butyrolactone via epoxide 

opening with dilithioacetate, and introduction of three exocyclic methylene groups [134]. It 

was found to inhibit the proliferation of the HepG2 and PLC/PRF/5 human liver cancer cell 

lines by inducing apoptosis through up-regulation of Bax and Bak, down-regulation of Bcl-2 

and Bcl-XL, nuclear relocation of the mitochondrial apoptosis-inducing factor (AIF), and 

effects on endonuclease G (Endo G) [131]. It triggered ER stress in a p38 and extracellular 

signal-regulated kinase 1/2-dependent manner and subsequently caused JNK activation 

[131]. DHL (19) inhibited DU145 cell growth and induced cell apoptosis by activation of 

caspases 8, 9, 7, and 3 [132]. It protected osteoblastic MC3T3-E1 cells from antimycin A-

induced cell damage [135] and enhanced TNF-α-induced apoptosis of the HL-60 human 

leukemia cell line [136]. Also, this compound enhanced poly(ADP-ribose) polymerase 

(PARP) cleavage, decreased Bcl-xL expression, and increased levels of Bax, Bak, Bok, Bik, 

Bmf, and t-Bid [132].

Consistent with its in vitro cytotoxicity toward cancer cells, DHL (19) showed antitumor 

efficacy in vivo. When BALB/cA-nu mice bearing PLC/PRF/5 human hepatocellular 

carcinoma and MDA-MB-231 human breast tumor were treated by DHL (dissolved in a 

solution containing 25% polyethylene glycol, 10 mg/kg, i.p., daily for 45 day), tumor growth 

was significantly suppressed [131, 137]. Also, neo-vascularization was found to be 

significantly inhibited, when C57BL/6 mice were injected subcutaneously with matrigel 

mixed with or without DHL (1 mM and 10 mM), and the matrigels were dissected and 

photographed [138].

Mechanistically, DHL (19) prevented mitochondrial membrane potential dissipation, 

complex IV inactivation, ATP loss, cytochrome c release, intracellular calcium elevation, 

potassium loss, and ROS production induced by antimycin A in osteoblastic MC3T3-E1 

cells [135]. It inhibited TNF-α-induced NF-κB activation in human leukemia HL-60 cells to 

induce cell apoptosis [136] and inhibited MCF-7 human breast cancer cell proliferation by 

inducing apoptosis through cell cycle blockade [137]. It increased suppressors of cytokine 

signaling (SOCS)-1 and SOCS-3 expression and inhibited the JAK/STAT3 pathway [137]. 

Treatment of human umbilical vein endothelial cells (HUVECs) with DHL resulted in cell 

cycle arrested at the G0/G1 phase to inhibit angiogenesis in vitro, which was proposed to 

target the Akt/GSK-3b and mTOR pathway [138].
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Parthenin (20) was isolated from Parthenium hysterophorus L. (Asteraceae) with the 

structure proposed from chemical transformations and the 10S absolute configuration 

established on the degradation of parthenin to S-(+)-α-methylglutaric acid [139]. This 

structure elucidation has been completed by analysis of its single-crystal X-ray diffraction 

[140], as supported later by total synthesis of the compound (Scheme 13) [141, 142].

Parthenin (20) showed cytotoxicity against several human cancer cell lines, but the further 

development as a useful anticancer agent was hindered by its genotoxicity observed in an in 
vivo study [13]. To overcome this problem, several spiro derivatives of parthenin have been 

synthesized and evaluated, of which some compounds exhibited improved cytotoxicity 

toward a small panel of human cancer cells [143]. In an in vivo study on non-inbred Swiss 

mice bearing EAT performed on parthenin (20) and its spiro derivative, 2t, (both suspended 

in 1% gum acacia, 10, 25, 50, 100 or 200 mg/kg, i.p., daily for nine days), significant tumor 

growth inhibition was observed for compound 2t at a dose of 100 mg/kg, whereas a 200 

mg/kg dose of this substance induced mortality of all mice by the fourth day of the 

treatment. However, a high level of toxicity without significant antitumor activity was 

recorded with the parthenin (20) treatments, which caused mortality of all mice by the 

second and third day of treatment at 25 and 50 mg/kg doses, respectively, suggesting that 

compound 2t showed more potent antitumor activity and lower toxicity in mammalians than 

the parent compound [143]. Following this evidence, further modification of parthenin (20) 

produced compound P19 (21) (Scheme 14) [144], which showed cytotoxicity toward the 

HeLa human cervical carcinoma cell line and the HL-60 human myeloid leukemia cell line 

[145].

P19 (21) extended the median life span of CDF1 male mice bearing L1210 lymphoid 

leukemia, when mice were treated with this agent (dissolved in 1% gum acacia in normal 

saline, 10 mg/kg, i.p., for nine consecutive days) [146]. This compound suppressed EAT 

growth in Swiss albino mice, when mice were treated i.p. for nine consecutive days at doses 

of 15 and 25 mg/kg of P19 [146]. Also, P19 impeded Sarcoma-180 solid tumor growth in 

Balb/c mice treated with this compound for nine consecutive days at the i.p. doses of 15 

mg/kg, but no toxicity or mortality occurred in animals during the treatment period [146]. 

Mechanistically, P19 produced selectively NO by countering ROS generation, disrupted 

mitochondrial integrity leading to cytochrome c release, activated caspases 3, 8, and 9, and 

inhibited NF-κB and the pro-survival proteins, pSTAT3 and survivin [146].

Helenalin (22) is a pseudoguaianolide with a five-membered lactone ring linked at the C-7 

and C-8 positions. Helenalin was discovered as a major constituent of Helenium autumnale 
L. (Asteraceae) (Scheme 15), with its structure confirmed by analysis of the single-crystal 

X-ray diffraction of its brominated derivative, bromohelenalin [147].

Treatment of BDFl male mice with helenalin using a single dose of 25 mg/kg (i.p.) 

decreased significantly hepatic microsomal cytochrome P450 levels in mice [148]. A 

mechanistic study showed that helenalin (22) induced HL-60 cell differentiation via the 

protein kinase C (PKC)/extracellular signal-regulated kinase (ERK) signaling pathway and 

inhibition of NF-κB activity [149]. It was found to reverse Bcl-2-mediated chemoresistance 

in tumor cells by inhibition of Bcl-2-induced upregulation of NF-κB activity [150]. Also, 
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this compound induced cell death and abrogated clonal survival in the highly apoptosis-

resistant Bcl-2-overexpressing Jurkat cell line and other two Bcl-2-overexpressing solid 

MCF-7 mammary and L6.3pl pancreatic tumor cell lines [150]. It was proposed to target 

inhibition of augmented NF-κB activity in Bcl-2-overexpressing tumor cells and promotion 

of the production of ROS leading to necrosis, but not directly to target Bcl-2-induced 

mitochondrial resistance [150].

To improve antitumor efficacy, several dimeric analogues of helenalin were prepared 

(Scheme 15) [151], of which bis(helenalinyl)malonate (23) was found to be more cytotoxic 

toward P-388 human lymphocytic leukemia and human KB oral cancer cells than helenalin 

[151, 152]. Also, this dimer showed a greater potency and much lower toxicity to animals 

than helenalin (22) to suppress tumor growth, when BDF1 male mice bearing P-388 

leukemia were treated with both agents (8 mg/kg, i.p., daily for 14 days) [151].

9. DISCUSSIONS AND PERSPECTIVES

Three SQLs showing promising anticancer activity in current cancer clinical trials, namely, 

ARS (4), DMAPT (11), and L12ADT (18), which were prepared from the plant-derived 

ART (1), PTL (10), and TPG (17), respectively, have been discussed in the present review. In 

addition, several close analogues of compounds 4, 11, and 18 that have also shown 

antitumor efficacy have been reviewed. It is worthy of note that all the naturally occurring 

antitumor SQLs discussed, except for TPG (17), including ART (1) [21], PTL (10) [63], 

costunolidde (12) [130], deoxyelephantopin (13) [93], goyazensolide and its analogues (14–
16) [52, 102], DHL (19) [130], parthenin (20) [139], and helenalin (22) [147], were isolated 

from a large and widespread plant family, the Asteraceae (Sunflower family), from which 

lettuce (Lactuca sativa L.) and chicory (Chicorium intybus L.) are dietary sources of SQLs 

that has been consumed globally as common vegetables for many years [1]. This indicates 

that some species in the Asteraceae family may produce the specific enzymes that are 

probably responsible for generation of SQLs with potent cytotoxicity toward human cancer 

cells that are non-toxic at low concentrations.

It has been well documented that an α-methylene-γ-lactone ring, which causes the steric or 

chemical changes of the molecular target to affect their functions through alkylation of the 

enzymes, is essential for biological effects mediated by SQLs [1]. Consistent with this 

evidence, deoxyelephantopin (13), which contains two lactone rings, showed promising in 
vivo antitumor activity that was superior to paclitaxel in the animal model used [98]. 

Dimeric SQLs, such as rufescenolide C (16) and bis(helenalinyl)malonate (23), have been 

found to be more potently cytotoxic than their monomers toward human cancer cells [52, 

151, 152], indicating that the antitumor potential of SQLs could be improved by the 

presence of additional α-methylene-γ-lactone rings.

Synthetic modifications on NPs in enhancing their therapeutic value through optimization of 

pharmacokinetics, stability, potency, and/or selectivity have yielded several successful drugs 

[28]. As discussed in the present review, the antitumor potency of the natural SQLs, 

including ART, PTL, and TPG, has been improved greatly by synthetic molecular 

modification, and dimerization has been found to be a promising method in such an effort. 
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Several dimeric ARTs have been prepared and found to be more potently and selectively 

cytotoxic toward a small panel of human cancer cell lines than their monomers [55–60], and 

the MDR P-glycoprotein-overexpressing CEM/ADR 5000 leukemia cell line was 

determined as not being cross-resistant to several ART dimers [62]. Also, some ART dimers 

showed improved antitumor efficacy in vivo [58, 60], of which dimer 9 exhibited effects 

comparable with paclitaxel in the NCI in vivo hollow fiber assay [60]. The high 

effectiveness, low side effects, and reversal of MDR observed from ART dimers make these 

agents especially promising for further development as potential anticancer agents.

The endoperoxide bridge of ART reacts with ferrous iron to generate free radicals leading to 

cancer cell death [32]. Most cancer cells contain more intracellular free iron than normal 

cells, thus, ART and its analogs caused selective cancer cell apoptosis [18, 30, 36]. 

Inhibition of NF-κB can prohibit tumor cell resistance to the chemotherapeutic agents to 

sensitize cancer treatment [153]. Both PTL and DMAPT were found to potentiate the 

activity of other anticancer drugs, which was probably due to their inhibition of NF-κB [76–

78, 86]. Thus, these SQLs provide important information for the design and discovery of 

new anticancer drugs by showing more selective and greater synergistic effects for the better 

treatment of cancer.
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ABBREVIATIONS

12ADT 12-Aminododecanoyl side-chain analogue of thapsigargin

ALL Acute lymphoblastic leukemia

AML Acute myeloid leukemia

AR Androgen receptor

ARM Artemether

ARS Artesunate

ART Artemisinin

CAR Constitutive androstane receptor

CCAAT Cytidine-cytidine-adenosine-adenosine-thymidine

CHOP CCAAT-enhancer-binding protein homologous protein

CYP Cytochrome P450

DHA Dihydroartemisinin
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DHL Dehydrocostus lactone

DMAPT Dimethylaminoparthenolide

EAT Ehrlich ascites tumor

ER Endoplasmic reticulum

GCT Giant cell tumor of bone

HPV Human papillomavirus

HUVEC Human umbilical vein endothelial cell

i.p. Intraperitoneally

L12ADT 8-O-(12-[L-Leucinoylamino]dodecanoyl)-8-O-debutanoylthapsigargin

LSC Leukemia stem cell

MDR Multidrug resistance

NF-κB Nuclear factor kappa-light-chain-enhancer of activated B cells

NP Natural product

p.o. Per os (by mouth)

PCD Programmed cell death

PPAR-γ Peroxisome proliferator-activated receptor-γ

PSA Prostate-specifically antigen

PTL Parthenolide

QSAR Quantitative structure–activity-relationship

ROS Reactive oxygen species

s.c. Subcutaneous

SAR Structure-activity relationship

SERCA Sarcoplasmic/ER Ca2+ transport ATPase

SQL Sesquiterpene lactone

TCTP Translationally controlled tumor protein

TNF-α Tumor necrosis factor-α

TPG Thapsigargin

TRAIL TNF-related apoptosis-inducing ligand

TRAMP Transgenic adenocarcinoma of mouse prostate
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Scheme. (1). 
Synthesis of artemisinin.
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Scheme. (2). 
Synthesis of artemisinin derivatives.
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Scheme. (3). 
Synthesis of a fluorescent artemisinin derivative.
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Scheme. (4). 
Synthesis of three-carbon atom linked artemisinin dimers.
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Scheme. (5). 
Synthesis of β,β-symmetrical cis-1,4-cyclohexanediol dihydroartemisinin acetal dimer.
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Scheme. (6). 
Synthesis of parthenolide.
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Scheme. (7). 
Synthesis of dimethylaminoparthenolide.
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Scheme. (8). 
Costunolide derived from Magnolia sieboldii K. Koch.
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Scheme. (9). 
Deoxyelephantopin derived from Elephantopus scaber L.
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Scheme. (10). 
Proposed biogenesis of rufescenolide C.
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Scheme. (11). 
Synthesis of L12ADT.
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Scheme. (12). 
Dehydrocostus lactone derived from Saussurea lappa C.B. Clark or Saussurea costus (Falc.) 

Lipsch.
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Scheme. (13). 
Parthenin derived from Parthenium hysterophorus L.
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Scheme. (14). 
Synthesis of P19.
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Scheme. (15). 
Synthesis of bis(helenalinyl)malonate.
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