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Abstract

The skin irritating principle from Thapsia garganica was isolated, named thapsigargin and the 

structure elucidated. By inhibiting the sarco/endoplasmic reticulum Ca2+ ATPase (SERCA) 

thapsigargin provokes apoptosis in almost all cells. By conjugating thapsigargin to peptides, which 

are only substrates for either prostate specific antigen (PSA) or prostate specific membrane 

antigen (PSMA) prodrugs were created, which selectively affect prostate cancer cells or 

neovascular tissue in tumors. One of the prodrug is currently tested in clinical phase II. The 

prodrug under clinical trial has been named mipsagargin.

Keywords

Thapsigargin; Sarco/endoplasmic reticulum (SERCA); Prodrug; Prostate specific antigen (PSA); 
Prostate specific membrane antigen (PSMA); Targeting drugs

1. Traditional medicine with Thapsia garganica

Thapsia garganica L. (Apiaceae) is an umbelliferous plant growing in the Mediterranean 

area (Fig. 1). Advantage of the skin irritating effects of the plant has been taken in 

traditional Arabian medicine for millennia [1], and the resin of the root was last included in 

the 1937 edition of the French Pharmacopoeia. Also the toxic effects of parts of the plant in 

fodder have been known for centuries [1]. In spite of the ancient knowledge of the effects of 

the plant the chemistry and pharmacology was not understood until the early 1980's.
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2. Phytochemical investigation of the genus Thapsia

A bioguided isolation afforded a fraction with potent skin irritating properties [2]. 

Spectroscopic studies of the active principle revealed that the compound was a 

hexaoxygenated guaianolide, which was named thapsigargin (1, Fig. 2) [3]. The relative 

configuration was established by solving the crystal structure of the crystalline epoxide (2) 

formed by treating 1 with thionyl chloride (Scheme 1) [4]. This conversion of a vicinal diol 

into an epoxide is a very unusual reaction and only very few analogous reaction are 

described [5]. Finally the absolute configuration was solved taken advantage of exciton 

coupling [6]. Phytochemical investigation of the genus Thapsia revealed a number of other 

hexaoxygenated guaianolides (thapsigargicin (3), thapsitranstagin (4), thapsivillosin A–E 

(5–9), thapsivillosin G–K (10–14) and 2-acet-oxytrilobolide (15) Fig. 2) [7,8] and in 

addition some pentaoxygenated guaianolides (trilobolide (16), nortrilobolide (17) and 

thapsivillosin F (18) (Fig. 3) [7]. Except for Laser trilobum L. (Borkh) (Apiaceae) 

hexaoxygenated and pentaoxygenated guaianolides have only been found within species 

belonging to the genus Thapsia. In addition to the presence of these unique specialized 

metabolites other unusual metabolites like thapsanes (Fig. 4) [7], tethered lipids (Fig. 4) [9] 

and C19 terpenoids (Fig. 4) [10] have been found in plants belonging to the genus. Inspired 

by poor correlation between the species assigned by morphological characteristics and the 

specialized metabolites a reinvestigation of the taxonomy of the genus has been initiated 

[11].

3. Pharmacological effects of the thapsigargins

The potent skin irritating effect of the isolated compound 1 provoked an investigation of the 

mechanism of action. Incubation of peritoneal mast cells in the presence of calcium ions 

with 1 even in low concentrations provoked a release of histamine [12]. This mediator 

release probably contributes to the skin irritating effects. Expansion of the studies revealed 

that 1 provoked a release of his-tamine and other mediators from a broad spectrum of cells 

involved in the immunologic response [13,14] and even had an effect on muscle cells [15]. 

The skin irritating effects made Fujiki suggest that 1 like the phorbols was a tumor promoter 

[16]. Systemic administration of 1 revealed a LD100 value of 0.8 mg/kg in mice [17]. A 

positive correlation between the lipophilicity of the thapsigargins and their effects on rat 

mast cells was demonstrated [18].

4. The SERCA pump, the biologic target of thapsigargin

The observation that the biological effects of 1 always are related to an increase in the 

cytosolic Ca2+ concentration indicates an effect on the Ca2+ homeostasis. A final proof of 

this hypothesis was found when inhibition of the Sarco-EndoPlasmic Reticulum Ca2+ 

ATPase (SERCA) in the subnanomolar range [19] was observed [20]. The SERCA pump is 

bound to the membranes of the endo- or sarcoplasmic reticulum. The pump is a P-type 

ATPase, which pumps Ca2+ ions from the cytosol into the plasmic reticulum. The 

mechanism of action has been intensively explored and five of the intermediate 

conformations of the pump are now known [21]. In depth understanding of the interactions 

of 1 to SERCA became possible when an X-ray structure of 1 bound to SERCA was 
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published [22]. Based on a grid analysis of the binding pocket a model of the 

pharmacophore of 1 was suggested [23]. According to this model lipophilic interactions 

from the acetyl group, the C15-methyl group, the butanoate moiety and the angeloate moiety 

to the SERCA pump are of major importance for the binding (Fig. 5). A better resolved X-

ray structure of 1 bound to the pump revealed that water mediated hydrogen bonds between 

the carbonyl group of the butanoate moiety and the C7-hydroxy group might also be of 

importance for the binding [24].

5. Medicinal chemistry of thapsigargin

The chemistry of 1 has been intensively investigated and methods for selective 

transformations of the molecule have been performed [7]. Based on the activities as pump 

inhibitors of derivatives prepared by these methods the above mentioned pharmacophore has 

been verified. Reversing the absolute configuration at C3 or C8 strongly decrease the 

affinity demonstrating the importance of correct stereochemistry at these positions [25], 

similar removal of the hydrophobic acyl groups at O3, O8 or O10 also reduces the affinity 

[25,26]. To confirm a similar binding of different analogues X-ray structures of the complex 

of the analogue with high affinity and SERCA have been solved [27]. A very interesting 

result of these studies is that substitution with long flexible acyl groups at O8 still give 

analogues with high affinity for the pump. Advantage was taken of this finding when 

constructing prodrug for treatment of cancer diseases [28].

6. Apoptosis

Binding of 1 to the pump locks the transmembrane segments of the pumps and prevents the 

changes of conformation needed for a proper function of the pump. As a consequence the 

pump is prevented from removing Ca2+ ions from the cytosol and bringing them into the 

reticulum. Blockage of the pump in addition affords an efflux of Ca2+ ions from the 

reticulum into the cytosol. The increased cytosolic Ca2+ concentration also mediates an 

opening of Ca2+ channels in the cell membrane affording an additional influx of Ca2+. As a 

consequence the SERCA pump is prevented from maintaining a low concentration of Ca2+ 

in the cytosol and a high Ca2+ concentration in the reticulum. If this situation continues for 

some hours the cells undergo apoptosis by a cascade reaction, which at the present is not 

fully understood [29,30].

7. Targeting thapsigargin: the prodrug approach

A prodrug is defined as a drug which per se has no pharmacological effect but in the body is 

transformed into the active therapeutic. Approaches, which increasingly are being used, are 

to conjugate drugs to peptides or proteins, which can target the drug towards the malign 

tissue. One approach is to conjugate a drug to an antibody that selectively binds to the 

surface of a cancer cell. After internalization the toxin is released and kills the cancer cell. 

Some drugs based on this principle are currently in clinical trials [31]. In the case of 1 a 

prodrug concept also had to be chosen since proper function of SERCA is essential for 

almost all cells in the organism. Consequently systemic administration of 1 will induce 

general toxicity as is evidenced from the low LD100 value towards mice. In this case, 

however, advantage was taken of the proteolytic activities of enzymes found in malign 
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tissues. Prostate specific antigen (PSA) is exclusively expressed in the prostate [32]. PSA 

diffuses into the blood but is inactivated by protein binding. Consequently the proteolytic 

activity is only found in the vicinity of the prostate cells or prostate cancer cells. In addition 

PSA has a substrate specificity, which makes it possible to construct a pep-tide that only will 

be cleaved by this protease [17,32]. Fig. 6 depicts the prodrug (G115) designed for treatment 

of prostate cancer. The peptide part of the molecule prevents the prodrug from penetrating 

the cell membrane and thereby the drug from inhibiting SERCA, which is only found in the 

intracellular membrane of the reticu-lum. Systemic administration of the drug into mice 

inoculated with prostate cancer cells proved that the prodrug only was cleaved to give 20 in 

tumors expressing PSA. The enzyme present in the tumors cleaved the prodrug sufficiently 

efficient to give a concentration of 20 in the tumor, which significantly decreased their sizes 

[17]. At the present no drug exists for treatment of androgen-inde-pendent metastatic 

prostate cancer.

The proteolytic enzyme prostate specific membrane antigen (PSMA) is not specific for 

prostate as the name indicates, but is also found in neovascular tissue of a broad number of 

tumors including hepatocellular-, bladder-, renal-, cell-, breast- and in glioblastoma 

multiforme cancer [33]. The enzyme is a glutamate carboxypeptidase indicating that the 

enzyme preferentially cleaves poly-γ-glut-amyl peptides [34]. Advantage was taken of this 

substrate specificity to design G202 (21, Fig. 7). A further advantage of the tetra- γ -

glutamyl peptide is the water solubility, which facilitates administration of the prodrug. 

Inspection of the conformation of PSMA reveals the presence of an approximately 20 Å 

long funnel leading to the active site explaining the need for a linker between the 

guaianolide moiety and the peptide [34].

While writing this manuscript we were informed that the USAN council has named G202 

Mipsagargin.

8. Preclinical development of G202

8.1. In vitro studies

Incubation of purified SERCA with the cleavage products of G202 (22) or 1 revealed that 

the two compounds were almost equi-potent as inhibitors of the enzyme. Compound 23 an 

intermediate during the cleavage of G202 was found to be only half as potent. Incubation of 

prostate cancer cell cultures (a strain producing PSMA (LNCaP) and a strain not producing 

PSMA (TSU) revealed that the IC50 value of 22 was approximately twice the value of 1 
meaning that the zwitterionic structure of the aspartyl group only to a limited extend 

prevents the compound from penetrating the cell membrane. In contrast, however, 23 was 

approximately 250 time less potent than 1 towards TSU cells probably because the 

hydrophilic dipeptide affords a poor ability to diffuse through the cell membrane. This was 

confirmed by incubating PSMA producing cells (LNCaP) with 23. In this case 23 only was 

ten times less potent. A possible explanation is cleavage of the dipeptide moiety affording 

22. The poorer potency might be explained by a slow cleavage of the dipeptide [33]. A 

recent study, however, has found 22 to be less potent [30] towards LNCaP cells. In the 

present approach, however, the cancer cells are not the target for the drug. The mechanism 

of action relies on a cleavage of the prodrug in the neovascular tissue of the tumor releasing 
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the active therapeutic, which destroys the vessels and thereby deprives the tumor from 

nutrients (Fig. 8).

The rate of hydrolysis of G202 was determined by treatment with PSMA. The three terminal 

glutamic acid residues were found to be cleaved very fast to give 23, whereas the last 

residue was found to be hydrolyzed somewhat slower [33]. Very satisfactory G202 was 

found to be inert towards a number of proteases found in the human body.

8.2. In vivo studies

Since injection of 56 mg/kg/day in three consecutive days only produced less than 10% 

lethality, this dose was chosen for observing the effect on prostate cancer xenografts 

growing on mice. The treatment afforded approximately 50% regression of the tumors 

whereas the size of the tumors in the control group expanded more than four times. 

Treatment with docetaxel only stabilized the size of the tumors [33]. Pharmacokinetic 

studies showed that only vanishing amounts of 22 and 23 were found in the normal tissue 

whereas significant accumulation was found in PSMA forming tumors [33]. Toxicological 

studies in monkeys enabled identification of a starting dose of 1.5 mg/m2 in clinical trial I 

studies [33].

9. Clinical trials

A human phase I clinical study has demonstrated the safety and tolerability of G202 in 

advanced cancer patients [35]. In addition the study revealed that two patients suffering 

from hepatocellular cancer (HCC) experienced a prolonged period of stable disease. This 

result has encouraged to a phase II trial in HCC patients, which is running at the present.

It might appear curious that a compound suspected to have tumor promoting properties was 

selected for clinical trials. Only one report, however, mentions this effect of 1 [16], and no 

preclinical investigations confirmed the risk. Consequently, FDA allowed clinical tests to be 

performed.

10. Conclusion

Forty years of work with an active principle from a Mediterranean plant has led to a drug 

candidate. Originally the compound was isolated to satisfy academic curiosity of knowing 

the skin irritating principle in T. garganica. The potent properties of the compound, 

however, inspired to intensive studies to understand the chemistry and the pharmacology of 

this natural product. As a consequence an international network consisting of highly 

qualified experts within different fields in as well the academic society as in the field of 

private enterprise developed. This collaboration eventually led to development of the 

intellectual and financial platform needed for bringing a compound into clinical trial II 

(G202). In addition the project has led to development of a new and heavily used biological 

tool (thapsigargin) for exploring the Ca2+ homeostasis [36] and for understanding the 

SERCA pump.
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Fig. 1. 
Thapsia garganica photographed ultimo June when the fruits are ripened and dry.
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Fig. 2. 
Structure of thapsigargin (1), thapsigargicin (3), thapsitranstagin (4), thapsivillosin A–E (5–
9), thapsivillosin G–K (10–14) and 2-acetoxytrilobolide (15).
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Fig. 3. 
Structure of trilobolide (16), nortrilobolide (17) and thapsivillosin F (18).
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Fig. 4. 
A representative example of a thapsanes, tethered lipid and a C19 diterpenoid isolated from 

T. garganica.

Doan et al. Page 11

Steroids. Author manuscript; available in PMC 2015 December 30.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Fig. 5. 
The pharmacophore of thapsigargin, the carbon atoms marked with red are in a group 

forming hydrophobic interactions with SERCA, the oxygen atoms marked with blue form 

water mediated hydrogen bonds to the backbone of SERCA.
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Fig. 6. 
Structure of G115 (19) and the PSA cleavage product 20. In spite of the ionic structure of 20 
this molecule is able to penetrate the cell membrane and induce apoptosis. The linker is 

marked with magenta.
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Fig. 7. 
Structure of G202 (21) and the major PMSA cleavage product 22. In spite of the 

zwitterionic structure of 22 this molecule is able to penetrate the cell membrane and induce 

apoptosis. The linker is marked with magenta.
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Fig. 8. 
Cartoon displaying the mechanism of action of the prodrug (depicted as a grenade). When 

the prodrug (the grenade) appears in the neovascular tissue the peptide is cleaved (the pin is 

removed) (A), the active drug diffuses into the cell (B), and kills the cell (C).
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Scheme 1. 
Conversion of thapsigargin (1) into thapsigargin epoxide (2).
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