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1. Introduction 

1.1. Prostate Cancer 

Cancer is still one of the major public health problems in the United States and many 

other parts of the world. Prostate cancer is the most commonly diagnosed cancer and the 

second leading cause of cancer death among males worldwide. Indeed, it represents a 

considerable health problem for men accounting for 29,720 deaths in 2013. The decline in 

prostate cancer death rates is reflecting improvements in early diagnosis and/or therapy 

(Siegel et al., 2013). Potential first-line curative options for patients with localized disease 

include radical prostatectomy, external-beam radiation therapy, brachytherapy, and 

cryotherapy (Freedland, 2011). Nevertheless, within 10 years of this first line therapy, 

disease recurrence will be experienced by approximately 35 % of the patients. 

Accordingly, treatment of recurrent, late-stage, castration-resistant metastatic prostate 

cancer remains a significant unsolved clinical challenge. Moreover, the poor survival gain 

of docetaxel chemotherapy (less than three months) (Freedland, 2011) has necessitated the 

need for novel therapeutic strategies for advanced prostate cancer. 

The PTEN (phosphatase and tensin homolog) is a tumor suppressor gene located on 

chromosome 10q23. Somatic deletions or mutations of this gene have frequently been 

identified in prostate cancer and other diverse cancer types. This gene is considered to be a 

negative regulator of the phosphoinositide-3-kinase (PI3K)/Akt/mechanistic target of 

rapamycin (mTOR) signaling pathway, whose activation in prostatic epithelia promotes the 

initiation and progression of prostate cancer (Keniry and Parsons, 2008). 

 

1.2. The Mechanistic Target of Rapamycin (mTOR) Signaling Pathway  

 The mechanistic target of rapamycin (mTOR) is found in two complexes with distinct 

components, different sensitivities to rapamycin, as well as different upstream inputs and 

downstream outputs. Both mTOR complexes are large (Fig. 1); with mTORC1 having six 

and mTORC2 seven known protein components. They share the catalytic mTOR subunit, 

mammalian lethal with sec-13 protein 8 (mLST8, also known as GβL) (Jacinto et al., 

2004), DEP domain containing mTOR-interacting protein (DEPTOR) (Peterson et al., 

2009), and Tti1/Tel2 complex (Kaizuka et al., 2010). In contrast, regulatory-associated 

protein of mammalian target of rapamycin (raptor) (Hara et al., 2002; Kim et al., 2002) and 

proline-rich Akt substrate 40 kDa (PRAS40)



  Introduction 

2 

 

 (Sancak et al., 2007; Thedieck et al., 2007; Vander Haar et al., 2007; Wang et al., 2007) 

are specific to mTORC1, whereas rapamycin-insensitive companion of mTOR (rictor) 

(Jacinto et al., 2004; Sarbassov et al., 2004), mammalian stress-activated map kinase-

interacting protein 1 (mSin1) (Frias et al., 2006; Jacinto et al., 2006), and protein observed 

with rictor 1 and 2 (protor1/2) (Pearce et al., 2007; Pearce et al., 2011) are essential 

components of mTORC2. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 The mTOR complex 1 (mTORC1) (Fig. 1-3), acutely sensitive to rapamycin, integrates 

inputs from at least five major intracellular and extracellular cues (growth factors, stress, 

energy status, oxygen and amino acids) to regulate many processes such as protein 

biosynthesis, lipid biosynthesis, lysosomal biogenesis, mitochondrial biogenesis, and 

autophagy. Most signals upstream of mTORC1 converge on tuberous sclerosis 1/2 

 

 
 

 

Fig. 1. Overview of the mTORC1 and mTORC2 structures 
mTORC1 responds to growth factors, amino acids, stress, oxygen, and energy and promotes cell growth by 
inducing and inhibiting anabolic and catabolic processes, respectively, and also drives cell cycle progression. 
mTORC2 responds to growth factors and regulates cell survival and metabolism, as well as the cytoskeleton. 
Adapted with permission (Laplante and Sabatini, 2012). 
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(TSC1/2) (hamartin/tuberin), a heterodimeric tumor suppressor that is a key upstream 

regulator of mTORC1 and functions as a GTPase-activating protein (GAP) to negatively 

regulate Rheb GTPase, an essential activator of mTORC1 (Inoki et al., 2003b; Tee et al., 

2003).  

 The upstream signals that impinge on mTORC1 through TSC1/2, are growth factors 

(insulin and insulin-like growth factor 1 (IGF1)), that activate the PI3K/Akt and 

Ras/ERK1/2 pathways (Inoki et al., 2002; Manning et al., 2002; Potter et al., 2002; Roux et 

al., 2004; Ma et al., 2005). Like the growth factor, many stresses (low energy and oxygen 

levels and DNA damage) may also act partly through TSC1/2 to activate mTORC1. In 

response to hypoxia or a low energetic state, adenosine monophosphate-activated protein 

kinase (AMPK) phosphorylates TSC2 to enhance its activity (Inoki et al., 2003b). Through 

multiple mechanisms, all of which require the transcription of p53, DNA damage induces 

the expression of TSC2 and PTEN to downregulate the entire PI3K-mTORC1 axis 

(Stambolic et al., 2001; Feng et al., 2005), and also activates AMPK (Budanov and Karin, 

2008). In contrast to growth factor signals, amino acids signal to mTORC1, independently 

of TSC1/2, activate the Rag family of guanosine triphosphatases (GTPases), which upon 

activation, recruit mTORC1 to the surface of lysosomes, where it is activated by Rheb 

(Laplante and Sabatini, 2012; Lamming and Sabatini, 2013).  

The best-characterized process controlled by mTORC1 is protein synthesis. mTORC1 

phosphorylates directly the translational regulators, eukaryotic translation initiation factor 

4E (eIF4E)-binding protein 1 (4E-BP1) and the ribosomal protein S6 kinase 1 (S6K1) to 

promote protein synthesis (Ma and Blenis, 2009). The phosphorylation of 4E-BP1 prevents 

its binding to the cap-binding protein eIF4E, allowing the assembly of the eIF4F complex 

that is required for the initiation of cap-dependent translation. The activation of S6K1 

increases mRNA biogenesis, as well as translational initiation and elongation (Laplante 

and Sabatini, 2012). 

In addition, by acting through the sterol regulatory element-binding protein 1/2 

(SREBP1/2) transcription factors that control the expression of numerous lipogenic genes 

involved in fatty acid and cholesterol synthesis, mTORC1 controls lipid biosynthesis 

required for the generation of membranes for proliferating cells (Laplante and Sabatini, 

2009). SREBP1 also promotes the expression of components of the oxidative branch of the 

pentose phosphate pathway, which controls the production of the reducing equivalents and 

ribose-5-phosphate required for lipogenesis and nucleotide biosynthesis, respectively 

(Düvel et al., 2010). The expression and activity of peroxisome proliferator-activated 
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receptor γ (PPAR-γ), the master regulator of adipogenesis, is also driven by mTORC1 

(Kim and Chen, 2004; Zhang et al., 2009). Cellular metabolism, ATP production, and 

increased glycolytic flux are also positively regulated by mTORC1 by activating the 

transcription and translation of hypoxia inducible factor 1α (HIF1α) (Laughner et al., 2001; 

Hudson et al., 2002; Brugarolas et al., 2003; Düvel et al., 2010), a positive regulator of 

many glycolytic genes. By mediating the nuclear association between PPAR-γ coactivator 

1α (PGC1α) and the transcription factor Ying-Yang 1 (YY1), a positive regulator of 

mitochondrial biogenesis and oxidative function, mTORC1 could increase mitochondrial 

DNA content and the expression of genes involved in oxidative metabolism (Cunningham 

et al., 2007). 

 Cell growth, by negatively regulating autophagy, is also promoted by mTORC1, which 

directly phosphorylates and suppresses ULK1/Atg13/FIP200/Atg20, a kinase complex 

required for the initiation of autophagy (Ganley et al., 2009; Hosokawa et al., 2009; Jung et 

al., 2009). mTORC1 regulates also death-associated protein 1 (DAP1), a suppressor of 

autophagy (Koren et al., 2010). In addition to inhibiting autophagy, mTORC1 negatively 

regulates the biogenesis of lysosomes through the phosphorylation and prevention of the 

nuclear accumulation and activity of transcription factor EB (TFEB), a basic helix-loop-

helix leucine zipper transcription factor that controls many autophagy-mediating genes 

with key roles in lysosomal function (Settembre et al., 2012). 

 

Table 1. Downstream effectors of mTORC1 and their role in regulating many biological processes (Efeyan et al., 
2012; Laplante and Sabatini, 2012) 

mTORC1 downstream effectors Regulated biological processes 
S6 kinase (S6K) 

Protein synthesis 
4E-binding protein 1 (4E-BP1) 
Peroxisome proliferator-activated receptor γ (PPAR-γ) 

Lipid biosynthesis 
Sterol regulatory element binding protein 1/2 (SREBP1/2)  
Transcription factor EB (TFEB1) 

Autophagy regulation 
Unc-51-like kinase 1 (Ulk1) 
Hypoxia inducible factor 1α (HIF1α) 

Cellular metabolism and ATP 
production PPAR-γ coactivator 1α (PGC1α) and the transcription factor Ying-Yang 1 

(YY1) association 

  

 The mTOR complex 2 (mTORC2) (Fig. 1-3), resistant to acute rapamycin treatment, is 

sensitive to growth factor signaling and regulates targets downstream of the insulin/insulin-

like growth factor 1 (IGF-1) receptor (several members of the AGC subfamily of kinases) 

via substrates that include Akt, serum/glucocorticoid-regulated kinase (SGK1), and protein 

kinase Cα (PKCα) (Laplante and Sabatini, 2012). Akt regulates processes of metabolism, 

survival, apoptosis, growth, and proliferation through the phosphorylation of several 

effectors. Akt is directly activated by mTORC2 through the phosphorylation of its 
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hydrophobic motif (Ser 473), a site required for its maximal activation (Sarbassov et al., 

2005). SGK1, a kinase controlling ion transport and growth, is also directly activated by 

mTORC2 (García-Martínez and Alessi, 2008). The activation of PKC-α along with other 

effectors, such as paxilin and Rho GTPases by mTORC2 affects the actin cytoskeleton to 

regulate cell shape in cell type-specific fashion (Jacinto et al., 2004; Sarbassov et al., 

2004). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

1.3. mTOR Regulation: The Rheb Signaling Pathway 

 Recently, the small GTP-binding protein Ras homologue enriched in brain (Rheb) has 

received significant attention due to its crucial role in the regulation of cell growth, cell 

 
Fig. 2. Connections of mTOR to cancer  
mTOR signaling promotes tumorigenesis. Oncogenes (red) or tumor suppressors (green) implicated in the control of 
mTOR signaling are indicated. Asterisk (*) denotes proteins currently targeted for cancer therapy. Adapted with 
permission (Laplante and Sabatini, 2012). 
 

 

 

 

 

 
 
Fig. 3. The key signaling nodes that regulate mTORC1 and mTORC2  
Adapted with permission (Laplante and Sabatini, 2012). 
 



  Introduction 

6 

 

cycle progression, cellular energy response, and other biologically important activities 

through the activation of the mTORC1/S6K/4E-BP1 signaling pathway (Kwiatkowski, 

2003; Manning and Cantley, 2003; Li et al., 2004). In addition, Rheb is involved in 

tuberous sclerosis complex (TSC) and lymphangioleiomyomatosis (LAM) disorders that 

could be due to the loss of GTPase regulation of either of the two tumor suppressor genes, 

TSC1 or TSC2 (Castro et al., 2003). Through induction of multiple oncogenic 

mechanisms, Rheb contributes to the poor prognosis of patients with cancers 

overexpressing this protein and the Rheb-induced tumor persistence and neoplastic 

molecular alterations are known to be mTORC1-dependent (Lu et al., 2010). Many 

oncogenes (receptor tyrosine kinases (RTKs), PI3K, Akt) and tumor suppressors (PTEN, 

TSC1/2) are upstream activator of Rheb (Manning and Cantley, 2003). A current model 

postulates that Rheb at the lysosomal surface can directly bind to and activate mTORC1 

(Laplante and Sabatini, 2012). The action of Rheb on mTORC1 is mediated, in part, by its 

interaction with FKBP38 (endogenous inhibitor) to prevent its association with mTORC1 

and the subsequent deactivation of mTORC1 (Bai et al., 2007). Many other studies show 

that the GTP-bound form of Rheb directly binds with mTORC1 and strongly activates its 

kinase activity (Inoki et al., 2003a; Tee et al., 2003; Long et al., 2005). 

 Due to its significance in cancer and genetic disorders, Rheb represents a critical 

therapeutic strategy (Aspuria and Tamanoi, 2004). Currently, small-molecule inhibitors 

called farnesyltransferase inhibitors (FTIs) become evaluated as anticancer drugs in 

clinical trials (Tamanoi et al., 2001; Brunner et al., 2003). 

  

1.4. Importance of mTOR in the Development of Cancer 

Many components of the PI3K signaling pathway, upstream of both mTORC1 and 

mTORC2, are mutated in human cancers. The deletion of p53, the most common event in 

human cancer, promotes mTORC1 activation (Feng et al., 2005). In addition, multiple 

familial cancer syndromes occur due to mutations in genes encoding mTOR upstream 

regulators, including TSC1/2, serine threonine kinase 11 (LKB1), PTEN, and 

neurofibromatosis type 1 (NF1) (Laplante and Sabatini, 2012). As the deregulation of the 

mTOR signaling pathway occurs in various human diseases, in the past several years, 

pharmacological targeting of this pathway got in the focus of scientific attention. 

Moreover, the limited clinical efficacy of the conventional mTOR inhibitors such as 

rapamycin and its analogues as anticancer drugs in clinical trials, which is believed to be 

due to activation of prosurvival and proliferative signals through Akt, as well as ERK, and 
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other cascades, have led to high demand for new inhibitors of the mTOR pathway with 

different mechanisms to overcome these limitations (Efeyan and Sabatini, 2010; Zoncu et 

al., 2011b). 

 

1.5. Rapamycin (Sirolimus) and Its Analogues 

 Rapamycin, a macrolide antibiotic produced by Streptomyces hygroscopicus, forms a 

gain-of-function complex with the intracellular immunophilin 12-kDa FK506-binding 

protein (FKBP12) (Brown et al., 1994; Sabatini et al., 1994). This complex binds directly 

to FBKP12–rapamycin-binding (FRB) domain of mTOR, adjacent to its kinase domain and 

partially inhibits its activity (Kang et al., 2013).  

 The earliest major clinical application for rapamycin was as an immunosuppressant in 

preventing kidney graft rejection. It is also administered by using stents that allow its 

gradual release to inhibit the smooth muscle cell proliferation to avoid restenosis after 

angioplasty. Rapamycin and its derivatives, such as everolimus could potentially benefit 

TSC and LAM patients and the rapalog CCI-779 (also called temsirolimus or ToriselΤΜ) 

received FDA marketing approval in 2007 for advanced renal cell carcinoma (Wang and 

Proud, 2009). 

 

1.6. Cell Cycle Regulation and Its Role in Cancer 

 The cell cycle consists of a series of tightly integrated events that enable cell growth and 

proliferation. Cancer represents a perturbation and deregulation of the cell cycle, 

frequently leading to unscheduled proliferation, genomic instability and chromosomal 

instability (Schwartz and Shah, 2005; Malumbres and Barbacid, 2009). 

 The cell cycle (Fig. 4) regulates the transition from quiescence (G0) to cell proliferation, 

and through its checkpoints, ensures the fidelity of the gene transcription. It is divided into 

four phases. The periods associated with DNA synthesis (S phase) and mitosis (M phase) 

are separated by gaps of varying length called G1 and G2, respectively. Cell’s Progress 

through the cell cycle is promoted by a number of cyclin-dependent kinases (CDKs), 

master regulators and orchestrators of cell proliferation, whose activity is modulated by 

several activators (cyclins) and inhibitors (INK4, and Cip and Kip inhibitors) (Schwartz 

and Shah, 2005; Lapenna and Giordano, 2009; Malumbres and Barbacid, 2009). Three 

interphase CDKs (CDK2, CDK4 and CDK6) and a mitotic CDK (CDK1, also known as 

cell division control protein 2 (CDC2)) and ten cyclins, belonging to four different classes 
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(A-, B-, D-, and E-type cyclins) are directly involved in driving the cell cycle (Malumbres 

and Barbacid, 2009).  

 When cells in the quiescent (G0) phase enter the cycle (Fig. 4), CDK4 and CDK6, 

released from the inhibitory INK4 proteins, form active complexes with D-type cyclins 

(D1, D2, and D3) and initiate phosphorylation of the retinoblastoma protein (RB1, also 

known as p105-RB) and other members of the pocket protein family, which antagonizes 

their transcriptional repressor function. The G1/S transition is governed by the 

retinoblastoma tumor suppressor gene product (Rb), whose activity is modulated by the 

sequential phosphorylation by CDK4/6-cyclin D and CDK2-cyclin E (Weinberg, 1995; 

Giacinti and Giordano, 2006). When Rb is partially phosphorylated by CDK4/6-cyclin D, 

Rb remains bound to E2F-DP (E2F-1, -2, -3), but this transcription factor is still already 

capable to transcribe some genes such as cyclin E. Cyclin E binds to CDK2 to induce 

complete hyperphosphorylation of Rb, thus releasing the E2F-DP complex and fully 

activating the E2F transcription factors, resulting in transcriptional activation of numerous 

S phase proteins, such as thymidylate synthase (TS) and dihydrofolate reductase (DHFR). 

Moreover, this heterodimer (CDK2-cyclin E) creates a positive feedback loop that 

antagonizes the Cip/Kip family of CDK inhibitors by signaling for their proteolysis, 

triggering an irreversible switch to the S phase (Schwartz and Shah, 2005; Lapenna and 

Giordano, 2009). In addition to Rb, CDK2 phosphorylates other substrates involved in 

promoting DNA replication (Sherr, 2000).  

Early in the S phase, cyclins D and E are targeted for degradation via ubiquitin-

proteasome pathway (Elledge and Harper, 1998) and RB1 is maintained in a 

hyperphosphorylated state by the sequential activities of CDK2-cyclin A, CDK1-cyclin A 

and CDK1-cyclin B complexes to ensure cell cycle progression (Lapenna and Giordano, 

2009).  During late S and throughout G2, cells prepare themselves for mitosis by increasing 

the levels of cyclins A and B. At the end of interphase and in complex with cyclin A2, 

CDK1 is abruptly activated to facilitate, through regulation of chromosome condensation 

and microtubule dynamics, the start of mitosis (Malumbres and Barbacid, 2009). 

Following nuclear envelope breakdown, cyclin A is degraded facilitating the formation of 

CDK1-cyclin B complexes, required for progression through the M phase (Lapenna and 

Giordano, 2009). This complex is rapidly imported into the nucleus and mitosis begins 

(Schwartz and Shah, 2005). During metaphase, both sister chromatids are attached through 

their kinetochores to the microtubules of the mitotic spindle, and aligned to the spindle 

midzone for the equal correct segregation at the opposite two spindle poles during 
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anaphase (Lapenna and Giordano, 2009). For complete division into two daughter cells, 

CDK1 activity must be switched off to allow chromosome decondensation, reformation of 

the nuclear envelope and cytokinesis (Elledge and Harper, 1998; Potapova et al., 2006); 

this occurs by proteolysis of cyclin B, by the anaphase-promoting complex or cyclosome 

(APC–C) (Lapenna and Giordano, 2009). 

Centrosome maturation plays a critical role in cell division and its cycle begins in 

parallel with DNA replication. During the late S phase to the early G2 phase, centrosomes 

duplicate and separate to form the poles of the mitotic spindle. Each centrosome begins 

then to nucleate its own aster of dynamic microtubules emanating from both poles of the 

mitotic spindle (maturation process) (Lapenna and Giordano, 2009). These processes are 

controlled by both CDK1 and CDK2, (Santamaría et al., 2007), as well as other serine–

threonine protein kinases, including aurora A and polo-like kinase 1 (PLK1) (Barr and 

Gergely, 2007; Archambault and Glover, 2009).  

 During mitosis, the assembly of a bipolar spindle by the centrosome is crucial to 

preserve the genetic fidelity between daughter cells (Schwartz and Shah, 2005). 

Centrosome defects are often observed in malignancy, responsible for chromosome mis-

segregation and resultant genomic instability (Salisbury et al., 1999). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 Since the elucidation of the mechanism of mammalian cell division, the aberrant activity 

of cell cycle protein kinases has been reported in a wide variety of human cancer (Lapenna 

and Giordano, 2009). Likewise, the deregulation in the expression of either cyclins or 

  

 

                  

 

         
Fig. 4. Overview of cell cycle regulation 

 
Hypophosphorylated Rb complexes with the 
transcription factor E2F1. CDK2, CDK4, and CDK6 
phosphorylate Rb. E2F1 is released, binds to DNA with 
DP, and induces transcription of several proteins. E2F1 
phosphorylation by CDK2-cyclin A results in its 
degradation. Adapted with permission (Schwartz and 
Shah, 2005). 

The cell cycle is divided into four phases (G1, S, 
G2, and M). Progression through the cell cycle is 
promoted by cyclin-dependent kinases (CDKs), 
which are regulated positively by cyclins and 
negatively by CDK inhibitors (CDKIs).  
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CDKIs results in unregulated cell growth (Malumbres and Barbacid, 2001; Schwartz and 

Shah, 2005). 

 Both CDK4 and CDK6 are hyperactive in human cancer. Cyclin D1 is overexpressed in 

several malignancies, such as parathyroid adenoma, leukemia, lymphomas, multiple 

myeloma, and colorectal, gastric, oesophageal, lung, kidney, and breast carcinomas, due to 

gene amplification, rearrangement, or translocation (Ortega et al., 2002). CDK2 is 

potentially involved in various malignancies, including melanoma, osteosarcoma, lung 

cancer, ovarian cancer, pancreatic neoplasia, and sarcomas, most often due to 

overexpression of cyclin E and/or cyclin A, or inactivation of Cip/Kip inhibitors 

(Malumbres and Barbacid, 2009). Aberrant activation of CDK1 has been observed in a 

number of primary tumors (breast, colon, prostate, oral, lung, and oesophageal 

carcinomas), most commonly owing to overexpression of cyclin B1, and in some cases 

correlates with poor prognosis (Pérez de Castro et al., 2007).  

 Survivin (encoded by BIRC5), a small inhibitor of apoptosis (IAP) protein, is 

differentially expressed in cancer and remains undetectable in most normal adult tissues 

(Altieri, 2003; Altieri, 2008b; Kanwar et al., 2013). Survivin has been implicated in both 

preservation of cell viability and regulation of the mitotic spindle, mostly due to its cell 

cycle-dependent expression and localization to the mitotic apparatus (Schwartz and Shah, 

2005). In addition, it inhibits caspase-dependent apoptosis and caspase-independent cell 

death. Survivin’s cytoprotection network provides a heightened cell survival threshold by 

intersecting extensively with pathways that regulate gene expression and control protein 

stability and mitochondrial functions (Altieri, 2003; Altieri, 2008b). 

 Prominent cell signaling cascades that control survivin mRNA or protein stability have 

been characterized. These involve: the mechanistic target of rapamycin (mTOR), which is 

required for stability and translation of the cytosolic pool of survivin mRNA (Vaira et al., 

2007); phosphatidylinositol 3-kinase - Akt axis, which has frequently been involved in the 

modulation of survivin levels (Asanuma et al., 2005); and cyclin B1/CDK1 activity, which 

plays a critical role in survivin expression, stability, and cell function during mitosis 

(O'Connor et al., 2002). Hypoxia-inducible factor-1α (HIF-1α), B-cell lymphoma 2 (Bcl-

2), epidermal growth factor receptor (EGFR), phosphatase and tensin homolog (PTEN), 

and vascular endothelial growth factor (VEGF) signaling pathways also participate in the 

regulation of survivin (Kanwar, Kamalapuram et al. 2013). Discrete binding sites on the 

BIRC5 promoter for TCF4, p53, and signal transducer and activator of transcription 3 
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(STAT3), suggest that these molecules might directly control BIRC5 expression (Altieri, 

2008b). 

 The dual role of survivin in control of apoptosis and preservation of mitotic progression 

seems to confer on tumor cells a greater adaptability, proliferative capacity, and resistance 

to cell death (Altieri, 2008b). Thus, survivin emerges as a central node in multiple cellular 

networks that helps to orchestrate a myriad of downstream signaling cascades enabling 

tumor proliferation and viability (Kanwar et al., 2001; Altieri, 2008b; Kanwar et al., 2011). 

Therefore, pursuing the nodal functions of survivin in cancer might lead to the 

development of global pathway inhibitors that are effective to remove a general cell 

viability machinery exploited by cancer cells promising limited toxicity to normal tissues 

(Altieri, 2003) 

 

1.7. Forms of Cell Death 

1.7.1. Programmed Cell Death 

  Programmed cell death is dependent on genetically encoded signals or activities within 

dying cell that lead to cell death without induction of inflammation; the term refers to a 

defined pathway used by dying cells, regardless of the initiating mechanism (Fink and 

Cookson, 2005). 

1.7.1.1. Apoptosis 

The word ‘‘apoptosis’’ comes from the ancient Greek απóπτóσισ, meaning the ‘‘falling 

off of petals from a flower’’ or ‘‘of leaves from a tree in autumn’’. The name was first 

introduced by John Kerr (Kerr et al., 1972; Wyllie et al., 1980) in 1972 and refers to the 

morphological pattern of cell death [The cell breaks up in a florid manner] (Kerr et al., 

1994), observed as cells were eliminated during embryonic development, during normal 

cell turnover in healthy adult tissue, and during atrophy upon hormone withdrawal. 

Apoptosis (type I cell death) is an active, programmed process of autonomous cellular 

dismantling that does not elicit inflammation (Fink and Cookson, 2005). It is characterized 

by a series of dramatic perturbations to the cellular architecture through internal proteolytic 

digestion, which leads to cytoskeletal disintegration, metabolic derangement, and genomic 

fragmentation, which contribute not only to cell death, but also prepare cells for removal 

by professional phagocytes to prevent unwanted immune responses and to preserve 

subsequently the overall structure of surrounding tissue (Taylor et al., 2008).  

Apoptosis is crucial for the regulation of development, the generation of an immune 

system, and later for maintenance of cellular homeostasis in adult tissues (Lawen, 2003). A 
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balance between the increase and decrease in the number of a cell population has to be 

efficiently balanced to maintain cell homeostasis. If mitosis would proceed without cell 

death, an 80 year-old person would have 2 tons of bone marrow and lymph nodes and a gut 

16 km long (Melino, 2001). Equally, and perhaps even more important, is the role of 

apoptosis in pathological situations. Dysregulation of apoptosis can lead to severe 

pathological states. These involve cases with too little apoptosis [cancer and autoimmune 

diseases (diabetes mellitus type I, encephalomyelitis)] or too much apoptosis [heart attack, 

stroke, AIDS, Parkinson’s, Alzheimer’s, neurodegenerative diseases, and liver injury] 

(Lawen, 2003; Fischer and Schulze-Osthoff, 2005). Either too little or too much cell death 

contributes to approximately 50 % of all medical illnesses, for many of which an adequate 

therapy is not readily available (Fischer and Schulze-Osthoff, 2005). Consequently, 

apoptosis regulators have emerged to modulate cellular life-and-death decisions. 

 During the demolition phase of apoptosis, the events that take place are orchestrated by 

members of the caspase family of cysteine proteases that form the engine of apoptosis. 

These proteases cleave several hundred cellular proteins in a controlled manner that 

minimizes damage to neighboring cells and avoids the release of immunostimulatory 

molecules (Taylor et al., 2008). 

 

 

 

 

 

 

 

 

 

 

 Caspases (cysteine aspartic acid-specific proteases) are highly specific proteases and 

the primary drivers of apoptotic cell death that cleave their substrates after specific 

tetrapeptide motifs (P4-P3-P2-P1) where P1 is an Asp residue that is critical for 

dismantling the dying cell. They are synthesized normally in healthy cells as latent inactive 

proenzymes (zymogens) with little or no protease activity until receipt of specific death 

stimuli (Parrish et al., 2013). At present, 14 mammalian caspases have been identified 

(Strasser et al., 2000). All members of the caspase family show similarities in amino acid 

sequence and structure, but a significant difference in their physiologic roles. The primary 

 

 
Fig. 5. Structure and domain organization of mammalian caspases 
Domain organization of caspases and the location of catalytic center loops (L1–L4). Initiator caspases 
have long prodomains, CARD or DED, whereas executioner caspases have short prodomains. Loops are 
shown in grey. The active site cysteine is shown by a red line. Processing that separates p20 and p10 
subunits occurs in L2. Adapted with permission (Li and Yuan, 2008).  
 

Small subunit  Large subunit  Prodomain  



  Introduction 

13 

 

structure of a caspase is an amino-terminal prodomain followed by a carboxyl-terminal 

protease domain, which contains the key catalytic cysteine residue (Parrish et al., 2013). 

All caspases have a similar domain structure consisting of a propeptide followed by a large 

and a small subunit (Fig. 5). The propeptide can be of variable length and two distinct, but 

structurally related, propeptides have been identified, the caspase recruitment domain 

(CARD) and the death effector domain (DED), and the role of these domains is to facilitate 

interaction with proteins containing the same motifs (Taylor et al., 2008). 

Functionally, mammalian caspases can be categorized into three classes based on their 

position in the apoptotic signaling cascades (Fink and Cookson, 2005; Parrish et al., 2013): 

a. The apical initiator caspases, including caspase 2, 8, 9 and 10, contain long prodomains 

and exist as monomers in healthy cells. They act apically in cell death pathways and are 

able to autoactivate for the initiation of the caspase activation cascade and the proteolytic 

processing. This group of enzymes is activated through “induced proximity” by the 

interaction of adaptor proteins with the prodomains to promote caspase dimerization. Upon 

activation, initiator caspases propagate death signals by activating downstream effector 

caspases in a cascade-like manner. 

b. The executioner or effector caspases, including caspase 3, 6 and 7, generally contain a 

small prodomain and exist in the cell as inactive homodimers. Following cleavage 

mediated by an initiator caspase at internal Asp residues, effector caspases are converted 

into their active forms, allowing the assembly of active heterotetramers composed of two 

large subunits and two small subunits, which act directly on specific cellular substrates to 

dismantle the cell and to produce the typical morphological and biochemical alterations 

associated with apoptosis. 

c. The remaining caspases play a role in cytokine maturation during inflammatory 

responses rather than apoptosis. 

 One often used marker of apoptosis is the DNA fragmentation shown as ladder 

formation (Fig. 6) due to cleavage of genomic DNA between nucleosomes to generate 

fragments with lengths corresponding to multiple integers of approximately 180 base pairs 

(Wyllie, 1980). The nuclease responsible for this characteristic is Ca2+ and Mg2+-dependent 

caspase-activated DNase (CAD or DFF-40), which binds to its inhibitor (inhibitor of CAD 

[ICAD] or DFF-45) in living cells. Release and activation of CAD occurs via cleavage of 

ICAD mediated by caspase 3 and caspase 7 (Fink and Cookson, 2005). The purpose of 

DNA fragmentation definitively impedes any further possibility of cell division, but its real 



  Introduction 

14 

 

purpose might be to render the immunogenic chromatin more manageable for disposal by 

phagocytes to avoid unwanted immune activation (Taylor et al., 2008).  

 

 

 

 

 

 

  

 Another caspase-dependent process is the externalization of phosphatidylserine (PS), 

which is an early event of apoptosis. In healthy cells, PS is usually actively maintained at 

the inner leaflet of the plasma membrane by the action of an ATP dependent PS flippase. 

This flippase is inactivated by caspases, and active scramblase moves PS to the outer 

leaflet of the plasma membrane resulting in loss of the membrane asymmetry in the 

apoptotic cells (Daleke and Lyles, 2000). Translocation of PS to the outer surface of the 

plasma membrane serves as a recognition signal for phagocytosis (engulfment) of dying 

cells by professional phagocytes (Fadok et al., 1992; Verhoven et al., 1995). 

Two major general pathways of induction of apoptosis exist: the extrinsic (receptor-

mediated) pathway and the intrinsic (mitochondrial) pathway. Both apoptotic signaling 

pathways converge at the level of the caspases (Lawen, 2003; Fink and Cookson, 2005; 

Fischer and Schulze-Osthoff, 2005). 

(i)  Extrinsic (Receptor-Mediated) Pathway  

The death receptors triggering this pathway (Fig. 7) are located at the plasma membrane 

and are activated by extracellular cognate ligands. Typical death receptors form a subgroup 

of the tumor necrosis factor receptor (TNF-R) superfamily that includes Fas (Apo-1 or 

CD95), tumor-necrosis factor receptor TNF-R1 and receptors binding to the TNF-related 

apoptosis-inducing ligand (TRAIL). All death receptors are characterized by an 

intracellular motif called the cytosolic death domain (DD). The death receptors, upon 

binding of ligand, interact via their DD with the DD of adapter proteins such as Fas-

associated death domain protein (FADD). In addition to the DD, these adapter proteins 

also contain a second protein interaction motif, the death effector domain (DED) that 

facilitates their binding to the DED of the initiator caspase 8 (or its relative caspase 10) to 

form the death inducing signaling complex (DISC). Through a proximity-induced 

dimerization mechanism, DISC formation activates caspase 8, so that they can 

transactivate one another. Subsequently, the activated caspase 8 is capable of directly 

 
Fig. 6. Features of apoptosis-associated nuclear condensation and fragmentation  
Reproduced with permission (Taylor et al., 2008). 
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cleaving and activating effector caspases, which culminate in the demise of type I cells. 

However, in some cell types (type II cells), the linear progression from DISC formation to 

caspase 3 activation is not sufficient to complete the cell death program, the extrinsic 

receptor pathway must be amplified by the intrinsic mitochondrial apoptotic pathway 

through the caspase 8-mediated cleavage of BH3-only protein Bid, a proapoptotic Bcl-2 

family protein. Once cleaved, the truncated Bid (tBid) translocates to the mitochondria and 

triggers the release of cytochrome c, SMAC, and Omi/HtrA2, leading to the activation of 

caspase 9 and caspase 3 (Fischer and Schulze-Osthoff, 2005; Parrish et al., 2013).  

(ii)   Intrinsic (Mitochondrial) Pathway  

Death signals, originating from a variety of extra- and intracellular stresses, activate an 

intrinsic apoptotic program that is mediated largely by the mitochondria. The activated 

mitochondrial pathway (Fig. 7) triggers the release of the respiratory chain component, 

cytochrome c, from the mitochondrial intermembrane space into the cytosol, where it binds 

to the apoptotic protease activating factor-1 (Apaf-1) triggering the formation of the 

heptameric backbone of the apoptosome complex, which recruits and activates caspase 9 

through dimerization (Liu et al., 1996; Zou et al., 1997; Acehan et al., 2002; Boatright et 

al., 2003) and supports the catalytic activation of caspase 9, which further cleaves and 

activates the executioner caspase 3, resulting in the subsequent activation of the cellular 

death substrates needed for the orchestration of apoptosis (van Loo et al., 2002). In 

addition to cytochrome c, the mitochondrially localized proteins SMAC and Omi/HtrA2 

are also released into the cytoplasm to bind to XIAP in a manner similar to caspases and 

thereby neutralizing the caspase-inhibitory function of XIAP to promote apoptosis by 

neutralizing the caspase-inhibitory function of XIAP (Fischer and Schulze-Osthoff, 2005). 

Mitochondria can also release an apoptosis-inducing factor, AIF, which induces caspase-

independent apoptosis-like cell death (Hunot and Flavell, 2001; Joza et al., 2001). 

 B cell lymphoma-2 (Bcl-2)-family proteins contribute to the control of apoptosis 

signaling through the regulation of mitochondrial cytochrome c release. Bcl-2-family 

proteins fall in three subfamilies that contain between one and four Bcl-2 homology (BH) 

domains. (1) The antiapoptotic proteins e.g., Bcl-2 and Bcl-xL, block apoptosis by 

precluding BH3-only protein-induced oligomerization of the pro-apoptotic Bax and/or Bak 

in mitochondrial outer membranes, which would otherwise lead to cytochrome c and other 

mitochondrial intermembrane space proteins efflux. (2) The pro-apoptotic members e.g., 

Bax, Bak. (3) The BH3-only proteins are all pro-apoptotic e.g., Bad, Bik, Bid, Bim, Bmf, 

Noxa, and Puma. The activation of BH3-only proteins above a crucial threshold overcomes 
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the inhibitory effects of the anti-apoptotic Bcl-2 family members and promotes Bak/Bax 

activation and oligomerization within mitochondrial outer membranes and there is 

evidence for their involvement in the regulation of the pore formation in mitochondrial 

outer membranes (Taylor et al., 2008). The relative levels of pro- and anti-apoptotic 

proteins determine cell’s susceptibility to apoptosis (rheostat hypothesis) (Korsmeyer, 

1995).  

(iii)  Granzyme B/Perforin Pathway  

 This pathway involves the delivery of granzyme B (a serine protease) into the target cell 

through specialized granules released from cytotoxic T lymphocytes (CTL) or natural 

killer (NK) cells (Fig. 7). CTL and NK granules contain numerous granzymes as well as, 

perforin (a pore-forming protein), which oligomerizes in the membranes of target cells to 

allow the entry of granzymes. Similar to caspases, granzyme B cleaves its substrates after 

Asp residues. In addition, it can activate Bid as well as caspase 3 and 7 to initiate apoptosis 

(Taylor et al., 2008). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



  Introduction 

17 

 

 

1.7.1.2. Autophagy 

 The term autophagy, derived from the Greek meaning ‘eating of self’, was first coined 

by Christian de Duve over 40 years ago, and was based on the observed degradation of 

mitochondria and other intracellular structures within lysosomes of rat liver perfused with 

the pancreatic hormone, glucagon (Deter and De Duve, 1967). 

 The autophagic cell death (autophagy or type II cell death), a form of programmed cell 

death, features degradation of cellular components within the dying cell in autophagic 

vacuoles without eliciting inflammation. Autophagic cell death is morphologically 

characterized by accumulation of autophagic vacuoles (vacuolization), degradation of 

cytoplasmic contents, and slight chromatin condensation (Fink and Cookson, 2005).  

 Autophagy includes three major intracellular pathways in eukaryotic cells, 

macroautophagy, microautophagy, and chaperone-mediated autophagy, all of which 

promote proteolytic degradation of cytosolic components within the lysosome. Due to 

 
Fig. 7. Apoptotic pathways 
The extrinsic pathway (route 1) involves the binding of extracellular death ligands to transmembrane death receptors. 
In the intrinsic pathway (route 2), diverse stimuli that provoke cell stress or damage typically activate one or more 
members of the BH3-only protein family. The granzyme B-dependent route to caspase activation (route 3) involves 
the delivery of this protease into a target cell through specialized granules that are released from cytotoxic T 
lymphocytes (CTL) or natural killer (NK) cells. Reproduced with permission (Taylor et al., 2008).  
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recently scientific interest in macroautophagy and its role in disease, molecular and cellular 

aspects of macroautophagy (thereafter referred to as ‘autophagy’) and how it is regulated 

increased significantly. Macroautophagy (autophagy) is an evolutionarily conserved 

catabolic pathway in which cytoplasmic components are sequestered in vacuoles known as 

autophagosomes, where they undergo bulk lysosomal degradation. It has an important role 

in maintaining homeostasis by mediating the removal of dysfunctional or damaged 

organelles, which are digested and recycled for cellular metabolic needs (Glick et al., 2010; 

Yang and Klionsky, 2010a; Yang and Klionsky, 2010b). 

 The autophagic cascade (Fig. 8) is divided into several distinct phases that are controlled 

by the Atg (autophagy-related) family of proteins. The initial phase of autophagy involves 

the formation of the autophagosome at the phagophore assembly site (PAS), which is 

composed of forming phagophores and autophagy proteins (Xie and Klionsky, 2007), 

followed by the isolation of the double membrane, called an autophagophore (or 

phagophore), which surrounds the autophagic cargo. This membrane can originate from 

the endoplasmic reticulum, trans-golgi network, the mitochondrial outer membrane, or the 

plasma membrane (Hayashi-Nishino et al., 2009; Nishida et al., 2009; Hailey et al., 2010; 

Ravikumar et al., 2010). The resulting autophagosome fuses with a lysosome, forming an 

autolysosome and the inner membrane and autolysosome content are degraded by 

lysosomal enzymes (Xie and Klionsky, 2007; Behrends et al., 2010). 

 At the molecular level, initiation and formation of the autophagosome consist of four 

steps, termed induction, nucleation, elongation, and completion of the isolation membrane. 

 The mechanistic target of rapamycin complex 1 (mTORC1) (Fig. 8) acts as a major 

checkpoint in signaling pathways regulating autophagy (Wullschleger et al., 2006). In the 

first step of the initiation of autophagy (induction), mTOR phosphorylates and inactivates a 

‘protein kinase autophagy regulatory complex composed of ULK1/2/Atg13/FIP200/Atg20, 

which inhibits the downstream autophagy cascade (Kundu et al., 2008; Hosokawa et al., 

2009; Jung et al., 2009). As a consequence, when mTORC1 kinase activity is inhibited, 

autophagosome formation can occur. The following step includes class III 

phosphoinositide 3-kinase (PI3KCIII, also known as hVps34, vacuolar sorting protein 34) 

that forms a complex with Beclin 1 to mediate vesicle nucleation. The complexes 

containing Beclin1-UVRAG (UV radiation resistance associated gene) and Beclin1-

Ambra1 activate autophagy, while Beclin1–Rubicon complex inhibits autophagy (Janku et 

al., 2011). The generation of PtIns3P (phosphatidylinositol-3-phosphate) by Beclin 

1/hVps34 complex is essential for the recruitment of other autophagy-related gene (Atg) 
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products that are critical for autophagosome formation. The formation of the Atg5-Atg12-

Atg16 complex during the initiation phase promotes the recruitment and conversion of 

cytosolic-associated protein light chain 3 (LC3-I) to the membrane bound, lipidated form, 

LC3-II (Yang et al., 2011). By an Atg7- and Atg3-dependent activation and transfer 

cascade that follows cleavage of LC3 by the cysteine protease Atg4, LC3 is conjugated to 

phosphatidylethanolamine and incorporated into the membrane (Satoo et al., 2009). With 

the exception of a proportion of LC3-II that remains bound to the luminal membrane, the 

Atg proteins recycle into the cytosol after the completion of autophagosome formation. 

LC3-II is commonly used to monitor autophagy and remains on mature autophagosomes 

until their fusion with lysosomes. The autophagy receptor, p62/sequestosome1 (SQSTM 1) 

is essential for the recruitment of cargo from the cytoplasm, trafficking proteins to the 

proteasome and facilitating the autophagic degradation of ubiquitinated protein aggregates 

by binding directly to LC3-II (Yang et al., 2011). Normally p62/SQSTM 1 is degraded 

during autophagy and accumulates when autophagy is impaired (Mathew et al., 2009). 

Fusion of an autophagosome with endolysosomal compartments requires the lysosomal 

membrane protein LAMP-2 and the small GTPase Rab7 (Tanaka et al., 2000; Jäger et al., 

2004) and leads to the breakdown of cargoes by acidic hydrolases.  

In tumorigenesis, autophagy appears to be a double-edged sword, acting both as a tumor 

suppressor and a protector of cancer cell survival (Yang and Klionsky, 2010a). 

Unrestrained autophagy can result in progressive cellular component consumption and 

subsequent cell death (Baehrecke, 2005; Levine and Yuan, 2005; Kim et al., 2008b; 

Weihua et al., 2008; Kim et al., 2009; Tormo et al., 2009). This outlines the possible role 

of autophagy as a novel target that can be exploited for anticancer therapy. 
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1.7.2. Accidental and Unprogrammed Cell Death (Necrosis) 

 Necrosis is the term used for nonapoptotic, passive, accidental, and uncontrolled cell 

death. Necrosis refers to morphological stigmata that could be seen after a cell has already 

died and reached equilibrium with its surroundings (Fink and Cookson, 2005). The rapid 

loss of structural integrity of the plasma membrane and the release of cellular contents 

(alarmins) into the extracellular space to initiate an immune response provoking damage to 

neighbouring cells and escalation of the initial damage are hallmarks of necrosis (Taylor et 

al., 2008).  

 

 

 

 

 

 

 

 

 
 

            
Fig. 8. Autophagy cascade 
Mammalian autophagy proceeds through a series of steps. Autophagy is negatively regulated by mTORC1. The nucleation 
phase is controlled by a complex involving PI3KCIII with either Beclin1-Ambra1 or Beclin1-UVRAG. LC3-I is 
conjugated to phosphatidylethanolamine in a reaction requiring Atg7 and Atg3. The lipidated form of LC3-I (LC3-II) is 
attached to both faces of the phagophore membrane. A complete double-membrane autophagosome then fuses with the 
lysosome into an autophagolysosome, and the cargo-containing membrane compartment is lysed and degraded. 
Reproduced with permission (Janku et al., 2011) . 
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Table 2. Comparison of morphological and biochemical features of apoptosis, autophagy and necrosis  
(Levine and Yuan, 2005; Elmore, 2007) 

 Apoptosis Autophagy Necrosis 
Definition An active, programmed 

process of autonomous cellu-
lar dismantling 

An active, programmed 
catabolic pathway in which 
cytoplasmic components are 
sequestered in autophago-
somes, where they undergo 
bulk lysosomal degradation 

A passive, non-programmed 
accidental cell death (cell is a 
victim). Postmortem observa-
tion of dead cells that come 
into equilibrium with their 
environment 

Cell outline Cell shrinkage Decrease in cell size Cell swelling (oncosis) 
Cell membrane Intact cell membrane Intact cell membrane Disruption of cell membrane 
Nucleus  Karyorrhexis (nuclear frag-

mentation), then pyknosis 
(chromatin condensation) 

Slight chromatin condensa-
tion 

Karyolysis (complete dissolu-
tion of chromatin in the dying 
cell) 

Cytoskeletal 
elements 

Early collapse of cytoskeletal 
elements but preservation of 
organelles until late stages 

Early degradation of orga-
nelles but preservation of 
cytoskeletal elements until late 
stages 

Rapid loss of structural integ-
rity  

Features Formation of membrane-
bound cellular fragments or 
apoptotic bodies (apoptotic 
bodies consist of cytoplasm 
with tightly packed orga-
nelles with or without a 
nuclear fragment) 

Vacuolization (accumulation 
of autophagic vacuoles) 

Cells become leaky and 
cellular and nuclear lysis cau-
ses inflammation 

Role of caspase Mainly caspase-mediated Not caspase-mediated Not caspase-mediated 
Inflammation No inflammation No inflammation Inflammation 

 

1.8. Reactive Oxygen Species (ROS) and Mitochondria 

 ROS are chemically reactive molecules that have requisite functions in living organisms. 

A moderate increase in ROS may promote cell survival, proliferation, and differentiation 

(Boonstra and Post, 2004), whereas excessive amounts of ROS are detrimental and can 

cause oxidative damage to lipids, proteins and DNA (Perry et al., 2000). Cells produce 

ROS through multiple mechanisms. A major source of ROS is mitochondria. Electron 

leakage from the mitochondrial respiratory chain may react with molecular oxygen, 

resulting in the formation of superoxide. Dismutation of superoxide leads to the generation 

of hydrogen peroxide. Contrary to superoxide, H2O2 can diffuse freely across cell 

membranes and inside cells it can react with Fe2+ or Cu+ to generate hydroxyl radicals via 

Fenton reaction (Matés and Sánchez-Jiménez, 2000).   

 Mitochondria play a pivotal role in the orchestration of apoptosis (Green and Reed, 

1998). The release of caspase activators (such as cytochrome c), alteration of cellular redox 

state (oxidative stress), disruption of electron transport and energy metabolism, loss of 

mitochondrial transmembrane potential, and up- or downregulation of pro- and 

antiapoptotic proteins of the Bcl-2 family, are all events responsible for the critical role of 

the mitochondria in the process of cell death (Lee and Wei, 2000). Mitochondrial ROS 

contribute to the activation of apoptosome by oxidation of the mitochondrial pores, leading 

to cytochrome c release that in turn activates apoptosome to initiate apoptosis (Li et al., 

2013). 
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Based on the different redox states in normal and malignant cells, manipulating ROS levels 

is a way to kill cancer cells selectively without causing harm to normal cells (Trachootham 

et al., 2009) and accumulating evidence points to the beneficial roles of ROS to cause 

oxidative stress-induced apoptosis in cancer cells (oxidative catastrophe) (Benhar et al., 

2002). 

 

1.9. Phytochemicals 

Between 1981 and 2002, about 74 % of drugs approved for cancer treatment were 

natural products (Aggarwal et al., 2004). The genus Artemisia L. is one of the largest 

genera in the Asteraceae (Compositae) family consisting of more than 500 species, which 

are predominantly distributed in the northern temperate zones (Abad Martínez et al., 2012). 

Many Asteraceae species have been used since ancient times in folk medicine as 

anthelmintic, contraceptive and as phytotherapeutics for various diseases (upper airway 

diseases, cardiovascular disorders, inflammatory and pyretic diseases, pain conditions, 

allergic reactions, infectious and contagious diseases, diabetes mellitus, urinary and 

gastrointestinal tracts disorders, liver and nervous diseases, and gynecopathy). More than 

260 Artemisia species have been investigated to contain many classes of secondary 

metabolites, including sesquiterpene lactones. From this genus, different families of 

sesquiterpene lactones have been reported; the most common being eudesmanolides, 

guaianolides and germacranolides (Abad Martínez et al., 2012). 

 Guaianolides (Fig. 9) are a large group of sesquiterpene lactones of chemotaxonomic as 

well as biological importance. Those compounds were reported to exhibit high cytotoxic 

(Kuo-Hsiung et al., 1974; Barbetti et al., 1989; Fardella et al., 1999; Hilmi et al., 2003; 

Kim et al., 2008a; Park et al., 2009; Ghantous et al., 2010; Chicca et al., 2011; Janecka et 

al., 2012; Priestap et al., 2012; Xu et al., 2012; Zhang et al., 2012; Ding et al., 2013; Lone 

et al., 2013; Popović et al., 2013; Qin et al., 2013; Schomburg et al., 2013; Ríos et al., 

2014), anti-inflammatory (Rüngeler et al., 1999; Dirsch et al., 2000; Schorr et al., 2002; 

Hilmi et al., 2003; Siedle et al., 2003; Jin et al., 2004; Lindenmeyer et al., 2006; Maas et 

al., 2011; Piornedo Rdos et al., 2011; Saklani et al., 2012; Bader et al., 2013; Wang et al., 

2013; Park et al., 2014; Ríos et al., 2014), hypoglycemic (Perez et al., 2000), and 

immunomodulatory (Jin et al., 2004; Saklani et al., 2012; Harmatha et al., 2013) activities. 
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Fig. 9. Structure of guaianolides 
6, 12 guaianolide (1) and 8, 12 guaianolide (2) 
 
 Arglabin is a sesquiterpene γ-lactone of the class of guaianolides. The core of the 

arglabin molecule consists of a cycloheptane ring with five contiguous stereocenters, to 

which two five-membered rings are trans-annulated. The resulting strain can be released by 

ring opening of the γ-butyrolactone sesquiterpene, which makes arglabin and its 

derivatives susceptible to nucleophilic attack (Kalidindi et al., 2007). It can be isolated 

from Artemisia glabella Kar. & Kir., a species of wormwood endemic to the Karaganda 

region of Kazakhstan, and also from Artemisia myriantha Wall. ex Besser. Currently, the 

water soluble hydrochloride salt of the dimethylamino arglabin adduct (Arglabin-DMA) is 

registered as antitumor substance in the Republic of Kazakhstan for the treatment of breast, 

colon, ovarian, liver, and lung cancers (Adekenov, 2001). Arglabin-DMA is assumed 

(Shaikenov et al., 2001) to inhibit farnesyl transferase enzyme and subsequently protein 

farnesylation without altering geranylgeranylation and thus the activation of the Ras proto-

oncogene, being found to play a pivotal role in 20-30 % of all human tumors. The 

cytotoxic effect of arglabin and many of its derivatives has been claimed to be selective 

against numerous cancer cell lines (Adekenov, 2001; Shaikenov et al., 2001; Csuk et al., 

2012; Zhang et al., 2012). 

 The Boswellia species (Burseraceae) are trees native to Ethiopia, Somalia, India, and the 

Arabic peninsula. They produce an oleo gum resin known as olibanum or frankincense, 

which has been traditionally used in many countries for the treatment of rheumatoid 

arthritis and other inflammatory diseases (Ammon, 2006). Numerous reports suggest that 

bioactive triterpenoids may be the pharmacologically active principle of frankincense 

(Syrovets et al., 2000; Syrovets et al., 2005a; Poeckel and Werz, 2006; Cuaz-Pérolin et al., 

2008; Lu et al., 2008; Abdel-Tawab et al., 2011). Furthermore, many studies have 

demonstrated the antineoplastic activities of those triterpenoids, especially boswellic acids 

and their derivatives on different types of cancer (Syrovets et al., 2000; Syrovets et al., 

2005b; Akihisa et al., 2006; Büchele et al., 2006; Lu et al., 2008; Bhushan et al., 2009; 

Park et al., 2011; Yadav et al., 2012; Morad et al., 2013). 
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 Terpenoids with tirucallane euphane skeletons (Fig. 10) are among the 

pharmacologically active triterpenoids present in the oleo gum resin of Boswellia species. 

αATA(7,24) and OTA have been shown to inhibit the 12-O-tetradecanoyl phorbol-13-

acetate-induced inflammation in mice (Banno et al., 2006). Estrada et al. have previously 

demonstrated that the tirucallic acids OTA and αATA(7,24) induce prostate cancer cell 

death via apoptosis and decrease the growth of pre-established prostate tumors in nude 

mice without overt systemic toxicity (Estrada et al., 2010). Tirucallic acids have also been 

investigated to inhibit cell-free 5-lipoxygenase activity but induce 5-lipoxygenase product 

formation in intact polymorphonuclear cells. OTA was also shown to activate mitogen-

activated protein kinase MEK-1/2 (Boden et al., 2001). 

  
Fig. 10. Structure of euphane skeleton 

1.10. Aim of Work  

 Here, we investigated selected plant-derived compounds that might have the potential to 

eliminate cancer cells while sparing normal tissues (magic bullet).  

 The therapeutic claims raised from a rather uncontrolled clinical application of a 

semisynthetic arglabin derivative without being in principle aware of its mechanism of 

action prompted us to address the mechanism of arglabin’s potential antitumor effects in 

human prostate cancer cells.  

 In light of the pharmacological potential of phytochemicals derived from Boswellia oleo 

gum resins, we isolated different tirucallic acid derivatives from the extract of Boswellia 

serrata. Furthermore, the higher potency and differential selectivity of these derivatives in 

destroying cancer cells without overt cytotoxicity to normal cells encouraged us to analyze 

the mechanisms of their cytotoxicity in human prostate cancer cells.  
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2. Materials and Methods 

2.1. Cell Culture 

Cell lines and related reagents Company 
Androgen-independent PC-3 prostate cancer cells American Type Culture Collection (ATCC, Rockville, MD) 
Androgen-independent DU145 prostate cancer cells American Type Culture Collection (ATCC, Rockville, MD) 
Androgen-dependent LNCaP prostate cancer cells American Type Culture Collection (ATCC, Rockville, MD) 
Epithelial cells from normal human prostate 
(RWPE-1)  

American Type Culture Collection (ATCC, Rockville, MD) 

Human adenocarcinoma breast cancer cells (MDA-
MB-231) 

American Type Culture Collection (ATCC, Rockville, MD) 

Mouse embryonic fibroblasts 
MEFs (TSC-/-) 
MEFs (TSC+/+) 

Professor David J. Kwiatkowski, Professor of Medicine, 
Brigham and Women's Hospital, Harvard Medical School 

Monocytic leukemia cells (THP-1) American Type Culture Collection (ATCC, Rockville, MD) 
F-12K medium Gibco, Life Technologies (Carlsbad, CA, USA) 
RPMI 1640 medium Gibco, Life Technologies (Carlsbad, CA, USA) 
Keratinocyte-SFM medium Gibco, Life Technologies (Carlsbad, CA, USA) 
DMEM medium (high glucose) Gibco, Life Technologies (Carlsbad, CA, USA) 
Trypsin/EDTA (1×) 0.05 %/0.02 % in PBS GE healthcare, PAA Laboratories, GmbH (Pasching, Austria) 
Penicillin/streptomycin GE healthcare, PAA Laboratories, GmbH (Pasching, Austria) 
FCS, “Fetal calf serum” GE healthcare, PAA Laboratories, GmbH (Pasching, Austria) 
Sodium pyruvate (100 mM) GE healthcare, PAA Laboratories, GmbH (Pasching, Austria) 
Non essential amino acids (NEAAs) (100×) GE healthcare, PAA Laboratories, GmbH (Pasching, Austria) 
Glutamine (200 mM) GE healthcare, PAA Laboratories, GmbH (Pasching, Austria) 
Glucose solution (45 %) Sigma-Aldrich (St. Louis, MO, USA) 
HEPES (1 mM) Gibco, Life Technologies (Carlsbad, CA, USA) 
PBS (Dulbecco’s phosphate buffered saline) (1×) Gibco, Life Technologies (Carlsbad, CA, USA) 

 

Cell lines Medium for culture 
Androgen-independent PC-3 prostate cancer 
cells 

F-12K, 10 % FCS, 100 U penicillin, 0.1 mg/ml streptomycin 

Androgen-independent DU-145 prostate cancer 
cells 

RPMI 1640, 10 % FCS, 100 U penicillin, 0.1 mg/ml streptomycin 

Androgen-dependent LNCaP prostate cancer 
cells 

RPMI 1640, 10 % FCS, 100 U penicillin, 0.1 mg/ml streptomycin 

Epithelial cells from normal human prostate 
(RWPE-1)  

Keratinocyte-SFM medium, 0.05 mg/ml bovine pituitary extract 
(BPE), 5 ng/ml human recombinant epidermal growth factor (EGF) 

Human adenocarcinoma breast cancer cells 
(MDA-MB-231)  

DMEM medium (high glucose), L-glutamine (2 mM), 1× non 
essential amino acids (NEAAs), sodium pyruvate (1 mM), 10% 
FCS, 100 U penicillin, 0.1 mg/ml streptomycin 

Mouse embryonic fibroblasts 
MEFs (TSC-/-) 
MEFs (TSC+/+) 

DMEM, 10 % FCS, 100 U penicillin, 0.1 mg/ml streptomycin 

Monocytic leukemia (THP-1) RPMI 1640, L-glutamine (2 mM), sodium pyruvate (1 mM), 
glucose solution (0.45 %), HEPES (10 mM), 10 % FCS, 100 U 
penicillin, 0.1 mg/ml streptomycin 

Freezing and Thawing 

Cells (2×106)/cryovial in 1.5 ml freezing medium (medium containing 10 % DMSO) 

were frozen in an isopropanol box at -80°C for 24 h, then stored in the vapor phase of 

liquid nitrogen. The content of a cryovial was thawed and suspended in 10 ml prewarmed 

complete medium and centrifuged at 400× g to remove DMSO. 

2.2. Compounds 

Arglabin Isolated in the institute of Prof. Dr. Th. Simmet 
Tirucallic acid derivatives Isolated in the institute of Prof. Dr. Th. Simmet 
Rapamycin Calbiochem (Merck, Darmstadt, Germany) 
Docetaxel Sigma-Aldrich (St. Louis, MO, USA) 
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Bafilomycin A1 Sigma-Aldrich (St. Louis, MO, USA) 
3-Methyl adenine (3-MA) Calbiochem (Merck, Darmstadt, Germany) 
Compound C (AMPK inhibitor) Santa Cruz-Biotechnology (Santa Cruz, CA, USA) 
SB203580 (p38 inhibitor) Enzo Life Sciences (Farmingdale, New York, USA) 

 

2.3. Reagents 

Acridine orange Sigma-Aldrich (St. Louis, MO, USA) 
Acrylamide solution 30 % (AB) AppliChem (Merck, Darmstadt, Germany) 
Albumin fraction V Roth (Karlsruhe, Germany) 
Ammonium chloride (NH4Cl) Sigma-Aldrich (St. Louis, MO, USA) 
Ammonium persulfate (APS) Sigma-Aldrich (St. Louis, MO, USA) 
Annexin V-FITC BD Biosciences (San Jose, CA, USA) 
Antibody against the human proliferation antigen 
Ki-67 

DakoCytomation (Glostrup, Denmark) 

BCA protein assay kit Pierce (Rockford, Il, USA) 
Bovine serum albumin as standard in BCA assay Pierce (Rockford, Il, USA) 
Bovine serum albumin for FACS Sigma-Aldrich (St. Louis, MO, USA) 
Calcium dichloride (CaCl2) Merck (Darmstadt, Germany) 
Cell proliferation assay XTT AppliChem (Merck, Darmstadt, Germany) 
Clarion Biomeda (San Mateo, CA, USA) 
Coomassie Brilliant Blue G250 Sigma-Aldrich (St. Louis, MO, USA) 
Crystal violet Sigma-Aldrich (St. Louis, MO, USA) 
Dihydro-dichlorofluorescin diacetate  
(H2DCFDA) 

Molecular Probes (San Diego, CA, USA) 

Disodium hydrogen phosphate (Na2HPO4) Sigma (St. Louis, MO, USA) 
Dithiothreitol (DTT) AppliChem (Merck, Darmstadt, Germany) 
ECL plus substrate reagent Amersham Biosciences (Little Chalfont, Buckinghamshire, UK) 
ECL substrate reagent Amersham Biosciences (Little Chalfont, Buckinghamshire, UK) 
Electron-coupling reagent (phenazine 
methosulfate) 

Sigma-Aldrich (St. Louis, MO, USA) 

Ethanol  Sigma-Aldrich (St. Louis, MO, USA) 
FITC-conjugated donkey antirabbit antibody Dianova (Lausanne, Switzerland) 
Glycerol Sigma-Aldrich (St. Louis, MO, USA) 
Glycine AppliChem (Merck, Darmstadt, Germany) 
Hank’s balanced salt solution (HBSS) Gibco Life Technologies (Carlsbad, CA, USA) 
HEPES (1 M) Gibco, Life Technologies (Carlsbad, CA, USA) 
Hoechst 33342 Sigma-Aldrich (St. Louis, MO, USA) 
Horseradish peroxidase-labeled secondary 
antibody 

Amersham Biosciences (Little Chalfont, Buckinghamshire, UK) 

Hyperfilm Amersham Biosciences (Little Chalfont, Buckinghamshire, UK) 
Igepal CA-630 Sigma-Aldrich (St. Louis, MO, USA) 
Labeled dUTP  Roche Diagnostics (Filderstadt, Germany) 
Matrigel BD Biosciences (San Jose, CA, USA) 
Methanol Sigma-Aldrich (St. Louis, MO, USA) 
Mitochondrial potential sensor JC-1 (5,5′,6,6′-
tetra-chloro-1,1′,3,3′-tetra-
ethylbenzimidazolcarbocyanine iodide)  

Molecular Probes (San Diego, CA, USA) 

MitoSOX Molecular Probes (San Diego, CA, USA) 
Page ruler marker Amersham Biosciences (Little Chalfont, Buckinghamshire, UK) 
Paraformaldehyde Sigma-Aldrich (St. Louis, MO, USA) 
PBS (with 2 mM CaCl2) Gibco Life Technologies (Carlsbad, CA, USA) 
P-nitrophenyl-phosphate disodium hexahydrate 
(PNPP) 

Sigma-Aldrich (St. Louis, MO, USA) 

Propidium iodide Sigma-Aldrich (St. Louis, MO, USA) 
Protease inhibitor Calbiochem (Merck, Darmstadt, Germany) 
PVDF membrane (0.45 and 0.2 µm) Amersham Biosciences (Little Chalfont, Buckinghamshire, UK) 
Rainbow marker Amersham Biosciences (Little Chalfont, Buckinghamshire, UK) 
RNase A Sigma-Aldrich (St. Louis, MO, USA) 
Skim milk powder AppliChem (Merck, Darmstadt, Germany) 
Sodium chloride AppliChem (Merck, Darmstadt, Germany) 
Sodium deoxycholate Sigma-Aldrich (St. Louis, MO, USA) 
Sodium dodecyl sulphate (SDS) USB Corporation (Cleveland, OH, USA) 
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Sodium fluoride (NaF) Sigma-Aldrich (St. Louis, MO, USA) 
Sodium orthovanadate (Na3VO4) Sigma-Aldrich (St. Louis, MO, USA) 
Soft agar Sigma-Aldrich (St. Louis, MO, USA) 
Sterofundin B. Braun Avitum AG (Meslungen, Germany) 
Tetramethylethylenediamine (TEMED) Fluka, Sigma-Aldrich (St. Louis, MO, USA) 
Texas red® phalloidin Molecular Probes (San Diego, CA, USA) 
Tricine AppliChem (Merck, Darmstadt, Germany) 
Tris USB Corporation (Cleveland, OH, USA) 
Triton X100 Serva electrophoresis GmbH (Heidelberg, Germany) 
Tween 20 AppliChem (Merck, Darmstadt, Germany) 
Vectashield Vector Laboratories (Burlingame, CA, USA) 
Z-DEVD-R110, a fluorogenic substrate 
Rhodamine 110 bis-(N-CBZ-L-aspartyl-L-
glutamyl-L-valyl-L-apartic acid amide) 

Molecular Probes (San Diego, CA, USA) 

β-Glycerophosphate Calbiochem (Merck, Darmstadt, Germany) 
β-Mercaptoethanol Fluka, Sigma-Aldrich (St. Louis, MO, USA) 

 

2.4. Antibodies for Western Immunoblotting 

Antibody Specificity Company Cat.No. Species/Mol.Weight Dilution 

4EBP1 Cell Signaling Technology 9644 Rabbit, 15-20 kDa 1:1000 in 5 % BSA 

Actin Millipore MAB 1501 Mouse, 42 kDa 1:5000 in 5 % milk 

Akt-1 Cell Signaling Technology 2967 Mouse, 60 kDa 1:1000 in 5 % milk 

Beclin1 Cell Signaling Technology 3738 Rabbit, 60 kDa 1:1000 in 5 % BSA 

CDK1 (cdc2) Cell Signaling Technology 9112 Rabbit, 34 kDa 1:1000 in 5 % BSA 

CDK2 Santa Cruz-Biotechnology D-12:sc-6248 Mouse, 34 kDa 1:1000 in 5 % milk 

CDK4 Santa Cruz-Biotechnology H-303:sc-749 Rabbit, 34 kDa 1:1000 in 5 % milk 

Cyclin A2 Cell Signaling Technology 4656 Mouse, 55 kDa 1:1000 in 5 % milk 

Cyclin B1 Cell Signaling Technology 4138 Rabbit, 55 kDa 1:1000 in 5 % BSA 

Cyclin D1  Santa Cruz-Biotechnology C-20:sc-717 Rabbit, 37 kDa 1:1000 in 5 % milk 

Cyclin E Santa Cruz-Biotechnology E-4:sc-25303 Mouse, 53 kDa 1:1000 in 5 % milk 

ERK1/2 Cell Signaling Technology 9102 Rabbit, 42, 44 kDa 1:1000 in 5 % BSA 

LC3A/B type II  Cell Signaling Technology 4108 Rabbit, 14, 16 kDa 1:1000 in 5 % BSA 

mTOR Cell Signaling Technology 2983 Rabbit, 289 kDa 1:1000 in 5 % BSA 

p21Waf/Cip1 Cell Signaling Technology 2947 Rabbit, 21 kDa 1:1000 in 5 % BSA 

p38 Cell Signaling Technology 9212 Rabbit, 43 kDa 1:1000 in 5 % BSA 

p-4EBP1T37/46 Cell Signaling Technology 2855 Rabbit, 15-20 kDa 1:1000 in 5 % BSA 

p-AktS473 Upstate 05-736 Rabbit, 60 kDa 1:1000 in 5 % milk 

p-AktT308 Epitomics 2214-1 Rabbit, 60 kDa 1:1000 in 5 % BSA 

p-CDK1Y15 Cell Signaling Technology 9111 Rabbit, 34 kDa 1:1000 in 5 % BSA 

p-ERKT202/Y204 Cell Signaling Technology 9106 Mouse, 42, 44 kDa 1:2000 in 5 % milk 

p-mTORS2448 Cell Signaling Technology 5536 Rabbit, 289 kDa 1:1000 in 5 % BSA 

p-Myosin light chain 2 
(p-MLC2)T18/S19 

Cell Signaling Technology 3674 Rabbit, 18 kDa 1:1000 in 5 % BSA 

p-p38T180/Y182 Cell Signaling Technology 9211 Rabbit, 43 kDa 1:1000 in 5 % BSA 

p-S6K1T389 Cell Signaling Technology 9205 Rabbit, 70, 85 kDa 1:1000 in 5% BSA 

p-SAPK/JNKT183/Y185 Cell Signaling Technology 9255 Mouse, 46, 54 kDa 1:2000 in 5 % milk 

p-RbS807/811 Cell Signaling Technology 9308 Rabbit, 110 kDa 1:1000 in 5 % BSA 
Rb Cell Signaling Technology 9313 Rabbit, 110 kDa 1:1000 in 5 % BSA 
Rheb(C-19) Santa Cruz-Biotechnology SC-6341 Goat, 21 kDa 1:200 in 5 % milk 
ROCKI(G-6) Santa Cruz-Biotechnology SC-17794 Mouse, 160 kDa 1:1000 in 5 % milk 

SAPK/JNK Cell Signaling Technology 9258 Rabbit, 46, 54 kDa 1:1000 in 5 % BSA 

S6K1 Santa Cruz-Biotechnology sc-8418 Mouse, 70 kDa 1:1000 in 5 % milk 

SQSTM1/p62  Cell Signaling Technology 5114 Rabbit, 60 kDa 1:1000 in 5 % BSA 

Survivin Cell Signaling Technology 2802 Mouse, 16 kDa 1:1000 in 5 % milk 
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2.5. Equipments and Softwares 

Microtiter plate BD, Falcon (San Jose,CA, USA) 
ELISA plate reader Dynatech MR 7000 (Denkendorf, Germany) 
Axiophot microscope with Sony MC-3249 CCD camera, 
Visupac 22.1 software 

Carl Zeiss (Göttingen, Germany) 

FACSCan Becton Dickinson (Franklin Lakes, NJ, USA) 
FACSVerse Becton Dickinson (Franklin Lakes, NJ, USA) 
FlowJo7.6.5 software TreeStar Inc. (Ashland, OR, USA) 
FACSuite software Becton Dickinson (Franklin Lakes, NJ, USA) 
CellQuest software Becton Dickinson (Franklin Lakes, NJ, USA) 
MatTeck dish MatTeck corporation (Ashland, MA, USA) 
Nikon Diaphot inverted phase and fluorescence microscope Nikon Corporation (Tokyo, Japan) 
ORCA-ER CCD camera, Simple PCI imaging software Hamamatsu photonics ((Hamamatsu, Japan) 
Image J software NIH (Bethesda, MA, USA) 
Discovery Studio Software Suite (v 3.5) for Superimpositions 
of three-dimensional structures 

Accelrys Software Inc. (San Diego, CA) 

Electrophoresis apparatus (Mini Protean II) BioRad Laboratory (Hercules, CA, USA) 
Power supply BioRad Laboratory (Hercules, CA, USA) 
Trans-Blot Turbo blotting apparatus BioRad Laboratory (Hercules, CA, USA) 
Sonorex RK 100 SH Bandelin (Berlin, Germany) 
Millipore Milli-Q Plus (ZD5211584) Ultra-Pure Water Purifier Millipore (Billerica, MA, USA) 

 

2.6. Determination of Cell Viability and Proliferation 

2.6.1. XTT Assay  

The cell viability assay is based on the measurement of the optical density of the orange 

colored water-soluble formazan salt produced by viable cells with active mitochondrial 

dehydrogenase (mitochondrial reduction of tetrazolium salt). According to the 

manufacturer’s instruction, the cells were plated and treated in 96-well microtiter plates 

before incubating with XTT labeling mixture at 37°C. The spectrophotometric absorbance 

was measured using an ELISA microplate reader at 450 nm with 630 nm-reference filter. 

XTT labeling mixture 1 (Electron-coupling reagent) : 50 (Sodium XTT) 
Sodium XTT 
 

Sodium 3 �-[1-(phenylaminocarbonyl)- 3,4-tetrazolium]-bis (4-methoxy-6-nitro) 
benzene sulfonic acid hydrate labeling reagent, 1 mg/ml in RPMI 1640, without 
phenol red, sterile 

Electron-coupling reagent 
(phenazine methosulfate) 

PMS (N-methyl dibenzopyrazine methyl sulfate), 0.383 mg/ml (1.25 mM), in 
sterile phosphate-buffered saline, PBS  

 
2.6.2. Soft Agar Colony Formation Assay (Anchorage-Independent Cell Growth)  

 For soft agar colony formation assay, PC-3 cells were seeded at a density of 10×103 cells 

per 35 mm cell culture dish in 0.35 % soft agar and treated with arglabin (0.3, 1, and 3 µM) 

for 25 days. The colonies were stained with 0.005 % crystal violet and then counted. 

 

2.6.3. Chicken Chorioallantoic Membrane (CAM) Model Using Antibody to Ki-67 

PC-3 cells (0.75×106) were xenotransplanted in medium/Matrigel (1:1, v/v) onto the 

CAM of fertilized chicken eggs 8 days after fertilization (Fig. 11). The next day, xenografts 

were topically treated for 3 consecutive days. On day 12 after fertilization, the xenografts 
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were collected, fixed, paraffin embedded, and analyzed histologically; serial sections (5 

µm) were stained for the human proliferation antigen Ki-67 and digitally recorded with an 

Axiophot microscope and a Sony MC-3249 CCD camera using Visupac 22.1 software. 

      

 
 
2.7. Cell Cycle Analysis 

 To analyze the cell cycle distribution, the collected PC-3 cells were fixed in ice-cold 70 

% ethanol (-20°C, overnight). The nuclei were permeabilized with DNA extraction buffer 

and stained with propidium iodide staining solution at 37°C for 1 h; and the cells were 

analyzed flow cytometrically using the linear scale. In addition, the change in the levels of 

cell cycle regulatory proteins was studied by Western immunoblotting (described on p. 32). 

 
DNA extraction buffer End conc. 

Na2HPO4 0.2 M, pH 7.8, kept at 4°C 
Triton 100 0.1 % v/v 

 

2.8. Analysis of Apoptotic Parameters 

2.8.1. Analysis of Caspase 3 Activation 

To determine caspase 3 activity in living cells, the collected PC-3 cells were incubated 

with caspase 3 substrate (Z-DEVD-R110, 100 µM) in PBS for 1 h at 37°C and analyzed by 

flow cytometry. 

 

2.8.2. Analysis of Loss of Cell Membrane Asymmetry 

For this analysis, collected PC-3 cells were washed in 1 ml cold PBS (with 2 mM 

CaCl2), incubated in 0.5 ml F-12K (10 % FCS) at 37°C for 15 min to restore the membrane 

integrity, washed once again with annexin V binding buffer, and stained with annexin V-

FITC and propidium iodide for 20 min at 37°C according to the manufacturer’s 

instructions.  

 

Annexin V binding buffer Quantity/Concentration 
Sterofundin 500 ml 
1 M HEPES 5 ml 
CaCl2 40 mM 

 

Propidium iodide staining solution End conc. 
PBS 1 × 
Propidium iodide 40 µg/ml 
DNase-free RNase A 40 µg/ml 

Silicone ring 

Embryo 

Fig. 11. Choriallantoic membrane of a fertilized chicken egg (CAM model) 
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2.8.3. Analysis of DNA Fragmentation in vitro  

For this purpose, PC-3 cells were fixed, permeabilized and stained (as previously 

described on cell cycle analysis p. 29). The percentage of subdiploidal G1 cells with 

fragmented DNA was determined by flow cytometry using the logarithmic scale of FL3. 

 

2.8.4. Analysis of DNA Fragmentation in vivo 

For the detection of apoptotic cells in the tissue sections obtained from the CAM model 

(previously described on p. 28), the terminal deoxynucleotidyl transferase-mediated dUTP 

nick-end labeling (TUNEL) method was used to assess the endonuclease cleavage products 

by enzymatically end-labeling the DNA strand breaks, the terminal transferase is used to 

add labeled dUTP to the 3'-end of the DNA fragments (Syrovets et al., 2005b). The 

sections were counterstained with hematoxylin and images were digitally recorded. 

 

2.9. Analysis of Mitochondrial Membrane Integrity  

The collected PC-3 cells were loaded with 10 µg/ml of JC-1 dye in F-12K at 37°C for 20 

min before FACS analysis. The mitochondrial potential sensor JC-1 is a lipophilic cationic 

dye that concentrates selectively within the intact mitochondria to form multimer J-

aggregates emitting red fluorescence at 590 nm. While, the damaged mitochondria fail to 

accumulate the JC-1 dye inside and, as in this case, it appears in its monomeric form in the 

cytoplasm emitting green fluorescence at 527 nm, when excited at 490 nm; appropriate 

compensation must be taken into consideration. 

 

2.10.  Analysis of ROS Production 

The treated PC-3 cells were stained with ROS staining solution at 37°C for 30 min and 

washed twice with warm HBSS before FACS analysis. Cells treated with H2O2 (200 µM) 

for 48 h were taken as positive control. 

ROS staining solution End conc. 

H2DCFDA 10 µM 

MitoSOX 5 µM 

 

The cell-permeant dye 2',7'-dichlorodihydrofluorescein diacetate (H2DCFDA) was used to 

determine the cellular production of reactive oxygen species (ROS). Upon cleavage of the 

acetate groups by intracellular esterases and by oxidation, the non-fluorescent H2DCFDA 

is converted to the highly fluorescent 2',7'-dichlorofluorescein. Determination of 
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superoxide anions was done by MitoSOX™ Red, a fluorogenic dye targeting specifically 

mitochondria in live cells. Oxidation of MitoSOX™ Red by superoxide produces a 

fluorescent product with absorption/emission maxima at ~510/580 nm.  

 

2.11. Analysis of Autophagosomes and Autophagic Flux  

2.11.1. Analysis of LC3 by Immunofluorescence and Immunoblotting 

PC-3 cells were treated with arglabin (30 µM) for 24 h, fixed with 2 % 

paraformaldehyde and permeabilized with 0.1 % Triton. Incubation with a primary 

antibody against LC3A/B (1:100) was performed overnight at 4°C before the incubation 

with FITC-conjugated donkey antirabbit antibody (1:100). Nuclei were stained with 1 

µg/ml Hoechst 33342. The punctate patterns of LC3A/B-II were examined by fluorescence 

microscopy equipped with the appropriate excitation and emission filters. The 

determination of the arglabin effect on different autophagic markers (LC3A/B-II, p62 and 

Beclin1) was carried out using Western immunoblotting (described on p. 32). 

 

2.11.2. Analysis of Acidic Vesicular Organelles (AVOs) by Acridine Orange Staining 

Using Flow Cytometry and Microscopy 

The number and integrity of acidic vesicular organelles were analyzed using acridine 

orange showing red fluorescence of the protonated precipitated (stacked) dye (640 nm) 

within intact acidic vesicular organelles (Loos et al., 2014) compared to the green 

fluorescence of the monomeric forms (525 nm).  

For FACS analysis, the collected PC-3 cells were stained with 2.5 µg/ml acridine orange 

in F-12K medium at 37°C for 15 min.  

For live cell imaging, PC-3 cells were seeded into MatTeck dishes for 24 h, treated with 

arglabin (30 µM) for further 24 h and stained with 2.5 µg/ml acridine orange in F-12K 

medium at 37°C for 15 min. Imaging was carried out using a fluorescence microscope with 

appropriate filters. 
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2.12. Analysis of Arglabin Effects on Prostate Cancer Cell Migration and Invasion 

Materials Stock 
Texas red® phalloidin 200 u/ml (6.6 M) in methanol (-20ºC) 
Hoechst 33342 100 µg/ml 
Triton X100 0.1 % v/v 
NH4Cl 50 mM 

 

Staining solution End conc. 

Texas red-phalloidin 1:40 in staining buffer (1 % BSA in 1×PBS) 

 
2.12.1. Cell Invasion and Migration Assay 

The cell migration (wound-healing) assay was conducted to examine the capacity of cell 

migration. For that assay, ibidi™ culture inserts were used. The inserts consist of two 

chambers separated by a 0.5 mm divider, each chamber with a growth area of 0.22 cm2. 

Cell suspensions were adjusted at 5×105 cells/ml in F-12K/10 % FCS, of which 70 µl was 

transferred to each chamber. The cells were allowed to adhere for 24 h, then the dividing 

strip between the chambers was removed and the cells were exposed to either arglabin (30 

µM) or docetaxel (10 nM) for 12 h. Images were acquired along the cell-free zone at times 

0 and 12 h using a Nikon Diaphot phase contrast microscope. Cell migration was analyzed 

using Image J software. 

 

2.12.2. Analysis of F-actin Integrity Using Flow Cytometry and Microscopy 

PC-3 cells, treated with arglabin (30 µM) for 12 and 24 h, were washed in 1 ml warm 

PBS and fixed with 4 % paraformaldehyde for 15 min at RT. After being washed twice 

with staining buffer, cells were permeabilized with 0.1 % Triton 100, resuspended in Texas 

red® phalloidin in staining buffer (1:40) for 30 min at RT and analyzed using flow 

cytometry. For imaging, treated PC-3 cells were fixed with 4 % paraformaldehyde for 15 

min at RT, quenched with NH4Cl, permeabilized with 0.1 % Triton 100, and stained with 

Texas red® phalloidin (1:40) and 1 µg/ml Hoechst 33342 in staining buffer for 30 min at 

RT. Cells were imaged using a Texas red® filter. 

 

2.13. Western Immunoblotting 

2.13.1. Preparation of Whole Cell Lysates 

 At the mentioned times, treated PC-3 cells were harvested by scraping at 4°C, collected 

by centrifugation at 800 × g for 5 min (4°C), and washed with cold PBS. Cells were lysed 

in RIPA buffer and left in ice for 15 min, followed by 15 min sonication in ice. Cell lysates 

were cleared by centrifugation at 21,000 × g for 10 min (4°C). 
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2.13.2. Quantification of Total Protein 

 The method, developed by (Smith et al., 1985), is based on the bicinchoninic acid (BCA) 

reaction for the colorimetric detection and quantification of total protein. This method 

combines the well-known biuret reaction with the highly sensitive and selective 

colorimetric detection of the cuprous cation (Cu+) by bicinchoninic acid. 

 The first step is the chelation of copper with protein in an alkaline environment to form a 

light blue complex. In this reaction (biuret reaction), peptides containing at least three 

amino acid residues develop a colored chelate complex with cupric ions containing sodium 

potassium tartrate. In the second step of the color development reaction, two molecules of 

BCA react with one cuprous ion that was formed in the first step producing an intense 

purple-colored reaction product. This complex product is water-soluble and exhibits a 

strong linear absorbance at 562 nm with increasing protein concentrations. The protein 

contents of the lysates can, thus, be quantified by comparing the absorption with a 

calibration curve prepared with increasing concentrations of BSA in H2O. Protocol: Cell 

lysates were diluted 1:10 in H2O. A 100 µl of BCA working solution was added to lysate 

solutions and 60 min were allotted for the color shift to develop. The plates were measured 

at 562 nm. 

 

2.13.3. Sodium Dodecyl Sulfate-Polyacrylamide Gel Electrophoresis (SDS-PAGE)  

 The protein samples were denatured by boiling with 3× sample loading buffer (SLB) at 

95°C for 5 min, and then separated by SDS-polyacrylamide gel electrophoresis. Sodium 

dodecyl sulfate (SDS) is anionic detergent that binds to the hydrophobic parts of proteins 

and solubilizes them. Thereby, proteins lose secondary and tertiary structures and only 

retain their primary structure (polypeptide chains). SDS confers a high negative charge to 

proteins proportional to the length of the amino acid chain, thus, covering any charges 

displayed by proteins themselves. In an electric field, the negatively charged proteins are 

drawn towards the anode, and they are separated solely on the basis of their size by the 

pores of the polyacrylamide gel. Further unfolding of proteins is achieved by adding the 

reducing agent, β-mercaptoethanol (BME), by which disulfide bonds inside proteins are 

cleaved. 

 All protein separations were carried out by discontinuous gel electrophoresis, where a 

stacking gel allows proteins to be concentrated in a line before they enter the separation 

gel. The components of the separating gel were adjusted depending on the size of the 
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protein to be detected. Electrophoresis was carried out using a vertical apparatus Mini 

Protean II that allows two gels to be run in parallel. Samples with equal amounts of protein 

and the molecular weight marker were loaded. Electrophoresis was run at 70 V for 

stacking and at 110 V for separation of the protein mixture. The molecular weight is 

determined by comparison with molecular weight standard mixtures. 

RIPA buffer 
(Radio Immuno Precipitation Assay Buffer) Sample loading buffer (3× SLB) 

PBS 1× 150 mM Tris-HCl (pH 6.8) 
1.0 % Igepal CA-630 12 % Sodium dodecyl sulphate (SDS) 
0.5 % Sodium deoxycholate 6 % β-Mercaptoethanol (freshly added) 
0.1 % Sodium dodecyl sulphate (SDS) 36 % Glycerol 
 0.02 % Coomassie Brilliant Blue G250 
Add 1:50 and 1:100 protease and phosphatase inhibitors, respectively 4.65 % DTT 

 
30 % Acrylamide solution (AB) 3× Gel buffer (GB) 

30 % Acrylamide 4K (292.2 g/L) 3 M Tris HCl (pH 8.45) 

Bisacrylamide 4K (7.8 g/L) 0.3 % SDS (20%) 

 
Protease inhibitor cocktail Phosphatase inhibitors (50×) 

Calbiochem Protease Inhibitor Cocktail III 312.6 mM NaF 
 625 mM β-Glycerophosphate disodium salt pentahydrate 
 62.5 mM Na3VO4 (sodium orthovanadate) 
 625 mM PNPP (p-nitrophenyl-phosphate disodium hexahydrate) 

 
Anode buffer (1×) Cathode buffer (1×) 

100 mM Tris-HCl (pH 8.9) 100 mM Tris 

 100 mM Tricine 

 0.1 % SDS (20%) 

  
Table 3. Composition of SDS-PAGE gels  

Components 
Stacking gel Separating gel 

4 % 8 % 10 % 12 % 
3× GB 1.66 ml 2.67 ml 2.67 ml 2.67 ml 

AB 30 % 0.66 ml 2.13 ml 2.67 ml 3.20 ml 

Glycerol 50 % ------- 1.68 ml 1.68 ml 1.68 ml 

H2O (MilliQ) 2.64 ml 1.46 ml 0.93 ml 0.40 ml 

APS 10 % 30 µl 50 µl 50 µl 50 µl 

TEMED 5 µl 6.5 µl 6.5 µl 6.5 µl 

 

Table 4. Concentrations of polyarylamide used for the separation of proteins of different 
molecular weights 

Acrylamide concentration (%) Linear Range of Separation (kDa) 
5 57-212 

7.5 36-94 

10 20-80 

12 12-60 

15 10-43 
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2.13.4. Western Blotting and Detection of Proteins 

 For detection of the protein of interest, protein bands were transferred after 

electrophoresis onto blotting membranes (polyvinylidenedifluoride, PVDF), incubated 

with specific antibodies and visualized by chemiluminescence reagents. 

 Western blotting was carried out by semi-dry Trans-Blot Turbo blotting apparatus using 

a continuous buffer system and the 1.5 mm GEL transfer protocol from the Bio-Rad 

preprogrammed protocols for 60 min. After transfer, the membranes were blocked in 5 % 

non-fat dry milk in TBS-T for 1 h at RT and afterwards incubated with the primary 

antibody overnight at 4°C with mild shaking. After three wash steps in TBS-T for 10 min 

each, the adequate secondary horseradish peroxidase-labeled secondary antibody was 

applied for 60 min at RT. After three more washings (TBS-T, 10 min each), the 

membranes were treated with ECL or ECL Plus substrate solution and exposed to X-ray 

film.  For all Western blots, actin was used as control for the quantification of the amounts 

of loaded protein.  

Blotting buffer Blocking buffer 

192 mM glycine 5 % milk in TBS-T 

25 mM Tris-HCl (pH 8.3)  

10 or 20 % methanol  

 
TBS (10×) TBS-T (0.05 % Tween 20) 

24.2 g Tris 100 ml 10× TBS 
80 g NaCl 900 ml MilliQ water 
13.5 ml HCl 37 % (pH 7.6) 
Fill up to 1000 ml with MilliQ water 

500 µl Tween 20 

 

2.14. Kinase Assay 

 The kinase assays were performed as described (Syrovets et al., 2005a; Syrovets et al., 

2005b; Estrada et al., 2010; Morad et al., 2013). Active human recombinant His-Akt1 (100 

nM) fusion protein (Biaffin GmbH, Kassel, Germany) was treated with 3-30 µM of either 

tirucallic acid [OTA or αATA(7,24) or αATA(8,24)], Akt inhibitor VIII (Calbiochem, 10 

µM) or the solvent DMSO for 15 min at 30°C before addition of the substrate and [γ-
32P]ATP. Recombinant tagged fusion protein corresponding to full length GSK-3β (Cell 

Signaling) served as substrate. The samples were resolved by SDS-PAGE and visualized 

with a PhosphorImager (Molecular Dynamics, Sunnyvale, CA). 
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2.15.  Statistical Analysis 

All values are expressed as mean ± standard error of the mean (SEM). Statistical 

analysis was performed using the Newman-Keuls test and Statistica software (StatSoft, 

Hamburg, Germany). 

 

2.16. Purification Techniques of Tirucallic Acid Derivati ves 

 An extract from the oleo gum resin of Indian Boswellia serrata Roxb. (Burseraceae) 

was purchased from Biomex (Heidelberg, Germany). Solvents and chemicals were of 

analytical grade and purchased from Merck & Co (New York, USA) and Sigma-Aldrich 

(St. Louis, MO, USA). The compounds were isolated and purified to chemical 

homogeneity (>99.0 % purity) by reversed phase high performance liquid chromatography 

(HPLC) (Büchele et al., 2003; Estrada et al., 2010). The compounds were further 

characterized by UV-spectroscopy, mass spectrometry, and one- and two-dimensional 

nuclear magnetic resonance spectroscopy. 

 Semipreparative HPLC consisted of a ReproSil-Pur 120 ODS-3 column (250×8 mm 

I.D., particle size 5 µm; Dr. Maisch, Ammerbuch, Germany), low pressure gradient LC-9A 

Shimadzu pump (Kyoto, Japan) equipped with a Rheodyne 7010 injection valve. The 

separation was based on isocratic elution using (CH3OH:H2O:CH3COOH) (94:6:0.2) with 

a flow rate of 4.8 ml/min and the temperature of the column was adjusted to 28°C.  

 Analytical HPLC consisted of a ReproSil-Pur 120 ODS-3 column (250×3 mm I.D., 

particle size 5 µm; Dr Maisch, Ammerbuch, Germany), an automatic sample injector 

Aspec XL (Abimed, Langenfeld, Germany), low pressure gradient LC-9A Shimadzu pump 

(Kyoto, Japan). The separation was based on gradient elution using 

CH3OH:H2O:CH3COOH (from 80:20:0.2 to 100:0:0.2) with a flow rate of 0.56 ml/min and 

the temperature of the column was kept at 28°C. Both HPLC systems were equipped with a 

column oven IWN CH100 (Junedis, Gröbenzell, Germany) and a photodiode array detector 

UVD 340S (Dionex, Idstein, Germany) connected to a personal computer equipped with 

Chromeleon software version 6.11 (Dionex, Idstein, Germany). The statistical calculations 

were carried out with the software package Valoo (Applica, Bremen, Germany).  

 1H NMR, 13C NMR, and two dimensional homo- and heterocorrelation NMR spectra 

(1H,1H COSY, HSQC, HMBC, and ROESY) were recorded on an Avance 500 NMR 

spectrometer (Bruker-Biospin, Karlsruhe, Germany) operating at resonance frequencies of 

500.13 MHz for 1H and 125.76 MHz for 13C. The samples were measured at 297° K in 
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CDCl3 (120 µl; 2.5 mm NMR tube) using a 5 mm TCI CryoProbeTM. Chemical shift values 

(δ) are referenced to tetramethylsilane as internal standard, and coupling constants are in 

Hz.  

 Mass spectra were acquired on a Finnigan SSQ 7000 spectrometer (EI, 70 eV), whereas 

the optical rotation was measured on a JASCO 1030 polarimeter (JASCO, Gross-Umstadt, 

Germany). 
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3. Results 

3.1. Section I 

3.1.1. Arglabin Inhibits Selectively Proliferation of Prostate Cancer Cells in vitro 

 We found that arglabin with the structure (Fig. 12A) decreases the viability of androgen-

independent chemoresistant prostate cancer cells PC-3 in a concentration- and time-

dependent manner with IC50 values of 18.11 ± 0.97 and 10.04 ± 1.58 µM after 48 and 72 h, 

respectively. Similarly potent was the water-soluble inclusion complex of arglabin with 

cyclodextrin (Arglabin-CD). Unexpectedly, the clinically applicable water-soluble 

dimethyl amino arglabin hydrochloride (Arglabin-DMA) showed a relatively lower 

cytotoxic effect (Fig. 12B, Morad and Elgaafary). We further demonstrated that arglabin 

exhibits differential selectivity towards cancer versus normal cells. Thus, non-neoplastic 

human prostate epithelial cells (RWPE-1) showed only a small irrelevant increase in the 

percentage of the dead cells (Fig. 12C).  

 

Concentration (nM)
10-210-1100101102103

V
ia

bl
e 

ce
lls

 (
%

)

0

20

40

60

80

100

120

0 1 3 10 30

V
ia

bl
e 

ce
lls

 (
%

)

0

20

40

60

80

100

120

Concentration (µM)
0 1 3 10 30

V
ia

bl
e 

ce
lls

 (
%

)

0

20

40

60

80

100

120

Concentration (µM)
0 1 3 10 30

V
ia

bl
e 

ce
lls

 (
%

)

0

20

40

60

80

100

120

Concentration (µM)

0 1 3 10 30

V
ia

bl
e 

ce
lls

 (
%

)

0

20

40

60

80

100

120

A                         B 

PC-3, 24 h                  PC-3, 48 h                   PC-3, 72 h

Arglabin
Arglabin-DMA
CD
Arglabin-CD

PC-3
RWPE-1

PC-3
DU 145
LNCaP

C                                D                                              E 
Docetaxel
Rapamycin

Concentration (µM)
0 1 3 10 30

V
ia

bl
e 

ce
lls

 (
%

)

0

20

40

60

80

100

120

 
 
Fig. 12. Arglabin inhibits selectively the proliferation of prostate cancer cells in vitro  
A, Chemical structure of arglabin. B, PC-3 cells were treated with different concentrations of either arglabin or arglabin-
cyclodextrin (arglabin-CD) or the clinically applicable dimethyl amino arglabin hydrochloride (arglabin-DMA) for 
different time points (24, 48, and 72 h). C, Non-neoplastic adult human prostatic epithelial cells (RWPE-1) were treated 
with different concentrations of arglabin for 48 h. D, PC-3, DU-145 and LNCaP cells were treated as described in C. E, 
Docetaxel and rapamycin were used as positive controls (72 h). Cell proliferation was analyzed by XTT assay. Data are 
mean ± standard error of mean (SEM) (n = 3) independent experiments performed in triplicates. 

To generalize the cytotoxic effect of arglabin on human prostate cancer cells, the 

androgen-insensitive DU 145 and the androgen-sensitive LNCaP were additionally 

examined (Fig. 12D). We observed that DU 145, among all prostate cancer cell lines, was 

the most sensitive to arglabin treatment with IC50‘s of 6.86 ± 0.32 µM and 3.76 ± 0.43 µM 
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at 48 and 72 h, respectively. While LNCaP showed the least sensitivity with IC50‘s of 

27.33 ± 3.48 µM and 18.43 ± 0.36 µM at 48 and 72 h, respectively. This might be related 

to the fact that PC-3 and LNCaP cells possess PTEN-null mutation (Persad et al., 2000). 

The antimitotic microtubule-stabilizing docetaxel (Taxotere) used to treat advanced 

prostate cancer (Freedland, 2011) partially reduced the viability of prostate cancer cells. 

Even at high concentrations, about 33 % of the PC-3 cells showed resistance to docetaxel 

(Fig. 12E). Similarly, the mTOR inhibitor rapamycin exhibited cytostatic activity on PC-3 

cells with about one half of the cells remaining viable regardless of the applied rapamycin 

concentration (Fig. 12E). Taking into account the more aggressive and highly metastatic 

nature of androgen-independent prostate carcinomas, PC-3 cells were selected as a model 

system to conduct mechanistic in vitro and in vivo studies. 

 
 

3.1.2. Arglabin Inhibits Anchorage-Independent Growth of Prostate Cancer Cells 

The anchorage-independent cell growth is one of the crucial mechanisms of tumor 

aggressiveness (Colburn et al., 1978). For that reason, the effect of arglabin on anchorage-

independent PC-3 cell growth using soft agar colony formation assay was studied. As it 

has been shown previously (Fig. 13), treatment of PC-3 cells with different concentrations 

of arglabin (0.3, 1, and 3 µM) decreased the number of colonies by 63.0 %, 96.8 % and 

100.0 %, respectively. 
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Fig. 13. Arglabin inhibits anchorage-independent growth of prostate cancer cells 
PC-3 cells were seeded at a density of 10×103 cells per 35 mm cell culture dish in 0.35 % soft agar and treated with 
arglabin (0.3, 1, and 3 µM) for 25 days. Colonies were stained with 0.005 % crystal violet and then counted. Statistical 
analysis was performed using Newman-Keuls test. Data are mean ± standard error of mean (SEM) (n = 3), *** P < 0.001 
vs control  
 
 

3.1.3. Arglabin Inhibits Proliferation of Prostate Cancer Cells in vivo 

As shown in (Fig. 14), arglabin inhibited the proliferation of the PC-3 xenografts on 

chick chorioallantoic membranes as assessed by the decreased expression of the 

proliferation antigen Ki-67. 
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Fig. 14. Arglabin inhibits proliferation of pre-established PC-3 xenografts on the chorioallantoic membrane 
(CAM) model 
Cells were grafted onto chorioallantoic membrane (CAM) 8 days after fertilization. The next day, xenografts were 
topically treated with 20 µl of different concentrations of arglabin for 3 consecutive days. Paraffin-embedded xenograft 
specimens were immunohistochemically analyzed using antihuman Ki-67 proliferation antibody (red stain). 
Representative pictures are shown. Graph shows the percentage of proliferating, Ki-67 positive cells per high power field 
(HPF). Data are mean ± standard error of mean (SEM) (n = 6), ***P< 0.001 vs control. 
 

3.1.4. Arglabin Induces Cell Cycle Arrest and Affects Cell Cycle Regulators in 

Prostate Cancer Cells 

To determine whether the inhibitory effect of arglabin on the cell proliferation is 

accompanied by modulation of the cell cycle progression, I next investigated its effect on 

the cell cycle progression of PC-3 cells. 

The cell cycle regulation plays a crucial role in malignant transformation and in the 

emergence of resistance to chemotherapy. The reason for targeting the cell cycle and, in 

particular, the CDKs in anticancer therapy lies in the frequency of their deregulation in 

human malignancy and the observation that cell cycle arrest by CDK inhibition could 

induce apoptosis and eradication of cancer cells (Schwartz and Shah, 2005). 

Cell cycle distribution analyses (Fig. 15A) revealed that treatment of PC-3 cells with 

arglabin (3 and 10 µM) for 24 h resulted in a significant accumulation of the cells in G1 

phase (71.0 and 76.7 %), respectively, as compared to the controls (65.1 %). However, at a 

higher concentration (30 µM), the cells curtailed at G2 phase were amounting 28.8 % 

relative to the 15.3 % in control indicating the G2 cell cycle arrest. 

Undoubtfully, treatment of PC-3 cells with different concentrations of arglabin (3, 10, and 

30 µM) for 24 h, resulted in a concentration-dependent decrease in the protein levels of G1 

cell cycle regulators: cyclin D1 and its corresponding partner CDK4, cyclin E and its 

corresponding partner CDK2, and retinoblastoma proteins (p-RbS807/811 and Rb) (Fig. 15B). 

In a similar fashion, the protein levels of cell cycle regulators of the G2 phase: cyclin A2, 

cyclin B1, CDK1 and p-CDK1Y15 were downregulated (Fig. 15B). I anticipated that the 

observed inhibition in the protein levels of these CDKs and cyclins could be due to an 
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upregulation of cyclin-dependent kinase inhibitors (CDKIs). In response to multiple 

stimuli, the cyclin-dependent kinase inhibitor p21Waf/Cip1 suppresses tumor by binding to 

and inhibiting the kinase activity of the cyclin-dependent kinases (CDKs), CDK2 and 

CDK1 to promote cell cycle arrest at specific stages in the cell cycle (Abbas and Dutta, 

2009). In line with my anticipation, treatment of PC-3 cells with arglabin showed a 

concentration-dependent increase in the level of p21Waf/Cip1 (Fig. 15B).  

A

B

p-RbS807/811

Rb                                                                                                        

p21Waf/Cip1

Survivin

Actin

3     10      30     
Arglabin (µM)

Cyclin D1

CDK4

Cyclin E

CDK2

Cyclin A2

Cyclin B1

p-CDK1Y15

CDK1

Actin

3     10      30     
Arglabin (µM)

Arglabin (µM)

Control 3              10              30 Rapamycin  Docetaxel      

DNA

C
o

un
ts

2
1

0

1

2

3

4

5

C
on

tro
l

R
ap

am
yc

in
D

oc
et

ax
el

**

G
2/

G
1

0.0

0.2

0.4

0.6

0.8

C
on

tro
l   3  10  30

  Arglabin(µM)

***

*

 
Fig. 15. Arglabin induces cell cycle arrest and affects the levels of cell cycle regulators in prostate cancer cells 
A, PC-3 cells were treated with arglabin at the concentrations of 3, 10, and 30 µM, or rapamycin (10 nM), or docetaxel 
(10 nM) for 24 h, harvested, fixed with 70 % ethanol, Deoxyribonucleic acid (DNA) was extracted with DNA extraction 
buffer (0.2 M Na

2
HPO

4
+ 0.1 %Triton 100 %) and stained with propidium iodide (PI) staining solution (40 µg/ml PI + 40 

µg/ml DNase free RNase A) and acquired by flow cytometry using linear scale. Data are mean ± standard error of mean 
(SEM) (n = 3), *P < 0.05, **P < 0.01, ***P < 0.001 vs control. B, PC-3 cells were treated as described in A, harvested, 
lysed with radioimmunopecipitationassay (RIPA) buffer and the whole protein lysates (60 µg) were resolved on 
polyacrylamide gel electrophoresis, followed by Western immunoblotting. Membranes were probed with p-RbS807/811, Rb, 
cyclin D

1
, CDK4, cyclin E, CDK2, cyclin A

2
, cyclin B

1
, p-CDK1Y15, CDK1, p21Waf/Cip1 and survivin antibodies. Actin 

served as loading control; representative immunoblots of at least two independent experiments are shown. 

 

The antimitotic agent docetaxel inhibited cyclin D1, CDK4, CDK2 and cyclin A2 protein 

levels, and significantly increased the protein level of cyclin B1 (Fig. 15B) due to the 

inhibition of its proteolysis by proteasome (Clute and Pines, 1999). Docetaxel induced 

accumulation of PC-3 cells in the late G2 phase of the cell cycle, which might be a result of 

its binding to microtubules, their stabilization, followed by mitotic catastrophe (Yvon et 

al., 1999). By contrast, rapamycin arrested the PC-3 cells at G1 phase of the cell cycle, and 
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the underlined molecular mechanism analysis revealed the inhibition of cyclin D1, CDK4, 

cyclin E, CDK2 and cyclin A2 (Fig. 15B). 

Survivin has been involved in the regulation of the mitotic spindle and its expression is 

regulated by cyclin B1/CDK1 activity during mitosis (Schwartz and Shah, 2005). In the 

light of the inhibitory effect of arglabin on G2 cell cycle regulatory proteins, its effect on 

survivin level was assessed, and as predicted, its level is strongly attenuated by arglabin 

treatment. Similarly, rapamycin induced a moderate decrease in the level of that protein. In 

contrast, docetaxel had no effect on the undesirable elevated level of survivin (Fig. 15B). 

 

3.1.5. Arglabin Induces Apoptosis in Prostate Cancer Cells in vitro 

In case of advanced prostate cancer, cancer cells become resistant to apoptosis and do 

not respond to cytotoxic chemotherapeutic agents (Pilat et al., 1998). Therefore, the agents 

that induce apoptotic death of androgen-refractory prostate cancer cells could become 

useful in controlling this aggressive malignancy. Although the ability of arglabin treatment 

to trigger a cell cycle arrest in PC-3 cells could account for its cytostatic capacity, the 

reduction in cell count following longer term and higher dose treatments, as well as the 

downregulation of survivin, which plays a pivotal role in the inhibition of apoptosis 

(Altieri, 2008b), suggested that an increase in cell death was also being induced.  

Caspase 3 is an executioner caspase, that when activated cleaves many key cellular 

substrates, which cause membrane blebbing, disassembly of the cell structure, and DNA 

fragmentation leading to cell dismantling. In apoptotic cells, caspase 3 is activated by both 

extrinsic (receptor-mediated) and intrinsic (mitochondrial) pathways (Lawen, 2003). As 

shown in (Fig. 16A), about 70.7 % of the cells treated with arglabin (30 µM) for 24 h 

exhibited active caspase 3. By increasing the time of treatment (48 and 72 h), these 

percentages began to decrease gradually to 46.6 % and 20.7 %. Activation of caspase 3 

was observed in cells treated with docetaxel (10 nM) at the aforementioned time points 

(39.4, 83.6 and 79.8 %, respectively), but not in those treated with the cytostatic rapamycin 

(Fig. 16A). 
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 Fig. 16. Arglabin induces apoptosis in prostate cancer cells in vitro 
 A, PC-3 cells were treated with arglabin (30 µM), or rapamycin (10 nM), or docetaxel (10 nM) for 24, 48, and 72 h, 
labeled with the caspase 3 substrate Z-DEVD-R110 (10 µM), and the fluorescent cleavage product was analyzed by flow 
cytometry. Graph shows the number of apoptotic cells exhibiting caspase 3 activation. B, PC-3 cells were treated with 
either arglabin (30 µM) for 24, 48, and 72 h or rapamycin (10 nM) or docetaxel (10 nM) for 48 and 72 h and stained with 
FITC-annexin V and propidium iodide; the loss of cell membrane asymmetry was analyzed by flow cytometry. Dot plot 
shows representative analysis of cells treated for 72 h. Graph shows the number of apoptotic, annexin V-positive cells. C, 
PC-3 cells were treated as in A and B and stained with propidium iodide in the presence of DNase-free RNase A, 
deoxyribonucleic acid (DNA) fragmentation was analyzed by flow cytometry. Dot plot shows representative analysis of 
cells treated for 72 h. Graph shows the number of apoptotic, subdiploidal cells. All data are mean ± standard error of 
mean (SEM) (n = 3), *P< 0.05, ***P< 0.001 vs control. 

 

The distribution of membrane phospholipids in normal cells is known to be asymmetric. 

PS externalization is a prominent feature of early apoptosis and is widely analyzed by 

FACS due to PS binding to annexin V conjugated to FITC (Lawen, 2003). In the present 

study, the apoptotic and necrotic cells were quantified by annexin V/PI double staining. 

Analysis of the loss of cell membrane asymmetry revealed that treatment of PC-3 cells 

with arglabin (30 µM) resulted in a time-dependent significant increase in the percentages 

of annexin V-positive cells, which were amounting 9.9, 30.6, and 72.2 %, respectively, at 

24, 48, and 72 h treatment (Fig. 16B).  
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The death of the cells undergoing apoptosis is preceded by chromatin cleavage at the 

linker regions between nucleosomes by specific Ca2+-and Mg2+-dependent endonucleases, 

which results in extensive fragmentation of the DNA into oligonucleosomal subunits 

(DNA fragments) of 180 to 200 base pairs and this organized DNA fragmentation pattern 

is considered as a late sign of apoptosis (Nicoletti et al., 1991; Elmore, 2007). Similar to 

the loss of cell membrane asymmetry, the majority of cells (61.5 %) treated with arglabin 

for 72 h were subdiploidal (Fig. 16C). In agreement with the data demonstrating that 79.8 

% of PC-3 cells treated with docetaxel exhibited activation of caspase 3, DNA 

fragmentation was expectedly observed in about 49.4 % of prostate cancer cells (Fig. 16A, 

C). Both arglabin and docetaxel induced caspase 3 activation, phosphatidylserine 

expression on the cell surface and DNA fragmentation, whereas rapamycin did not affect 

all those parameters indicating no induction of canonical apoptosis in PC-3 cells (Fig. 16A, 

B, C).  

 

3.1.6. Arglabin Induces DNA Fragmentation in Prostate Cancer Cells in vivo 

The in vitro data were further supported by experiments performed in vivo using the 

TUNEL technique for in situ detection of apoptosis in tumor xenografts on the 

chorioallantoic membrane of fertilized chicken eggs, which showed that arglabin potently 

induced DNA strand breaks in the prostate cancer xenografts. As shown in (Fig. 17), the 

local treatment of xenografts with arglabin (1, 3, 10 µM) augmented significantly the 

percentage of apoptotic cells with DNA fragmentation by 6.1, 11.6, and 9.3 %, 

respectively, when compared to the control. 
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Fig. 17. Arglabin induces apoptosis of pre-established PC-3 xenografts on the chorioallantoic membrane (CAM) 
model 
Cells were grafted onto the chorioallantoic membrane (CAM) 8 days after fertilization. The next day, xenografts were 
treated topically with 20 µl of different concentrations of arglabin (1, 3, and 10 µM) for 3 consecutive days. Paraffin-
embedded xenograft specimens were analyzed immunohistochemically using terminal deoxynucleotidyl transferase 
dUTP nick end labeling (TUNEL) as apoptosis marker (brown stain). Representative pictures are shown. Graph shows 
the percentage of apoptotic TUNEL-positive cells per high power field (HPF). Data are mean ± standard error of mean 
(SEM) (n = 6), **P< 0.01 vs control. 
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3.1.7. Arglabin Induces Loss of Mitochondrial Membrane Potential in Prostate 

Cancer Cells 

The activation of caspase 3 in prostate cancer cells upon treatment with arglabin 

suggests the possible activation of the mitochondrial apoptotic pathway. The mitochondrial 

integrity was analyzed using JC-1 dye, which accumulates within mitochondria in a 

potential-dependent manner characterized by a fluorescence emission shift from green to 

red. Consequently, mitochondrial depolarization and mitochondrial membrane potential 

dissipation are characterized by a decrease in the red/green fluorescence intensity ratio.  
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Fig. 18. Arglabin affects mitochondrial integrity and mitochondrial membrane potential in prostate cancer cells  
PC-3 cells were treated with either arglabin (30 µM) for 24, 48, and 72 h, or rapamycin (10 nM), or docetaxel (10 nM) 
for 48 and 72 h and the mitochondrial membrane potential was analyzed using JC-1 dye followed by flow cytometry. 
Mitochondrial membrane potential, Ψm, was measured as red/green fluorescence intensity ratio. Dot plot shows 
representative analysis of cells treated for 72 h. Data are mean ± standard error of mean (SEM) (n = 3), *P< 0.05, ***P< 
0.001 vs control. 

 

Treatment of PC-3 cells with arglabin (30 µM) for 24, 48, and 72 h led to a time-

dependent decrease in the relative red/green fluorescence intensity ratio by 0.67, 0.21 and 

0.10, respectively, indicating depolarization, which was accompanied by a dramatic loss 

and collapse of the mitochondrial membrane potential (Fig. 18). Similarly, a loss of the 

mitochondrial membrane potential was observed in cells treated with docetaxel, whereas 

rapamycin induced mitochondrial membrane hyperpolarization (Fig. 18).  

 

3.1.8. Arglabin Induces Oxidative Stress in Prostate Cancer Cells 

Most cancer cells exhibit increased aerobic glycolysis and oxidative stress, compared 

with their normal counterparts (Trachootham et al., 2009). A further increase in the 

production of free oxygen radicals (ROS) above a certain threshold may enhance 

selectively the vulnerability of cancer cells to a chemotherapeutic drug. During early 

apoptosis, the outer mitochondrial membrane permeabilization (MOMP), one of the 

decisive steps in apoptotic cell death, allows the release of cytochrome c, which results in 
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the assembly of a caspase-activating complex between caspase 9 and Apaf-1 (the 

apoptosome) leading to caspase 3 activation (mastermind and orchestrator of cell death). 

The activation of caspases feeds back on the permeabilized mitochondria to induce loss of 

∆ψm and generation of ROS through effects of caspases on complex I and II in the electron 

transport chain (Ricci et al., 2003; Maiuri et al., 2007), both of which are likely to 

contribute to the dismantling of the cell. Thus, after cytochrome c release and caspase 3 

activation, following 24 or 48 h treatment of PC-3 cells with arglabin, the cells exhibited a 

significant increase in the production of ROS and superoxide, as analyzed by H2DCFDA 

and MitoSOX fluorescent dyes, respectively (Fig. 19A, B). 
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Fig. 19. Arglabin induces production of reactive oxygen species in prostate cancer cells 
PC-3 cells were treated with arglabin (30 µM) for 24 and 48 h, then stained with either 2',7'-dichlorodihydrofluorescein 
diacetate (H2DCFDA, 10 µM) (A) or MitoSOX (5 µM) (B) and the labeled cells were analyzed by flow cytometry, 
respectively. Hydrogen peroxide (H2O2, 200 µM) was used as positive control. Data are mean ± standard error of mean 
(SEM) (n = 3), **P < 0.01, ***P < 0.001 vs control. 
 
 

3.1.9. Arglabin Induces Non-Canonical Autophagy in Prostate Cancer Cells 

Apoptosis was the first identified genetically programmed death process. However, 

apoptosis could not function alone to determine cell’s fate. More recently, autophagy has 

been shown to interplay with apoptosis (Eisenberg-Lerner et al., 2009).  Therefore, I next 

sought to determine whether treatment of PC-3 cells with arglabin results in the induction 

of autophagic flux. For that purpose, a change in the level of microtubule-associated 

protein 1 light-chain 3 (LC3)-II, a marker for the presence of autophagosomes (Kabeya et 

al., 2000), was initially determined. A cell-based analysis employing anti-LC3 

immunofluorescence revealed that treatment of PC-3 cells with arglabin recruits LC3-II to 

the autophagosomes, which is characterized by the punctate pattern of its localization close 

to the nucleus (Fig. 20A), consistent with the expected changes that signal autophagosome 

formation. Nonetheless, the vehicle-treated cells exhibited diffuse and weak LC3-

associated green fluorescence. Further and as shown in (Fig. 20B), a robust conversion of 

the soluble LC3-I to autophagosome-associated lipidated LC3-II was observed. Indeed, 
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arglabin treatment resulted in a dramatic elevation of the LC3-II protein and 

autophagosomes formation (Fig. 20A, B).  
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Fig. 20. Arglabin induces non-canonical autophagy in prostate cancer cells 
A, PC-3 cells were treated with arglabin (30 µM) for 24 h, permeabilized with 0.1 % triton 100 and stained with anti-light 
chain 3 A/B (LC3A/B) antibody (1:100), followed by FITC anti-rabbit antibody (1:100) and the punctate LC3 was 
detected by fluorescence microscopy. B, PC-3 cells were treated with arglabin at concentrations of 3, 10, and 30 µM or 
rapamycin (10 nM) or docetaxel (10 nM) for 24 h and the cell lysates were subjected to Western immunoblotting and 
membranes were probed with LC3, beclin 1, and p62 antibodies. Actin served as loading control; representative 
immunoblots of at least two independent experiments are shown.  
 

The scaffold protein p62/SQSTM1 has an important role at the crossroads between pro-

oncogenic signaling pathways and autophagic degradative pathways. Considering the fact 

that p62 is degraded during autophagy, theoretically, the analysis of its intracellular level 

by Western blotting would be used to measure the autophagic flux. Surprisingly, no change 

in the level of p62/SQSTM1 following arglabin treatment was observed (Fig. 20B), most 

probably due to the increase of its synthesis, which compensates for its autophagic 

degradation. In fact, several lines of evidence indicate that the measurement of p62 

expression as a marker of autophagic flux can be misinterpreted mainly due to the complex 

regulation of the expression of this protein both at transcriptional and post-translational 

levels (Puissant et al., 2012). 
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Fig. 21. The increase in acidic vesicular organelles (AVOs) induced by arglabin cannot be reversed by 
pretreatment with 3-methyladenine 
PC-3 cells were pretreated with 3-methyladenine (3-MA, 1 or 5 mM) for 1 h then treated with arglabin at concentration 
of 30 µM for 24 h and stained with acridine orange (2.5 µg/ml), and the effect of 3-methyladenine on the increase in 
acidic vesicular organelles (AVOs) induced by arglabin was analyzed by flow cytometry. 

Beclin1 is a key autophagy protein with a large interactome and is involved in both the 

formation and maturation of autophagosomes depending on the interacting partners 

(Codogno et al., 2012). Additionally, no marked change in protein level of beclin 1 was 
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detected (Fig. 20B). As beclin 1 forms a complex with PtdIns3Kinase and this complex is 

reported to be important in controlling autophagy (Codogno et al., 2012), the effect of the 

autophagy inhibitor 3-MA (3-methyl adenine, an inhibitor of phosphatidylinositol 3-

kinases (PI3K)) on the acidic vesicular organelles induced by arglabin was further 

investigated. In accordance with the data showing that arglabin did not affect the protein 

level of beclin 1, 3-MA pretreatment failed to counteract the effect of arglabin on the 

positive induction of acidic vesicles organelles (Fig. 21). Therefore, it seems that neither 

beclin 1 nor PtdIns3Kinase are involved in arglabin-induced autophagy. Recently, it has 

been recognized that autophagy-related proteins such as beclin 1 do not seem to be 

required for the autophagic process suggesting an alternative non-canonical 

macroautophagy pathway (Codogno et al., 2012). Beclin-1-independent autophagy 

depends largely on the activity of the UNC-51-like kinase 1/2 complex to induce 

autophagy and LC3 for phagophore formation (Hasima and Ozpolat, 2014). Together, 

these results suggest that arglabin elicits its effects on this type of autophagy in a 

PI3K/beclin 1-independent manner. 

 

3.1.10. Arglabin Affects Lysosomal Integrity in Prostate Cancer Cells 

It seems obvious that mitochondria and lysosomes or other acidic vesicular organelles 

are having a direct cross-talk in the coordination and execution of apoptosis and cellular 

dismantling. Thus, lysosomes contain cysteine cathepsins, the release of which through 

limited permeabilization of the lysosomal membrane might promote apoptotic cell death. 

On the other hand, mitochondrial ROS could destabilize the lysosomal membrane by lipid 

peroxidation and damage of membrane proteins (Aits and Jäättelä, 2013). Due to the role 

of lysosomes and lysosomal enzymes in the initiation and execution of the apoptotic 

program, the existence of a ‘lysosomal pathway of apoptosis’ is now generally accepted 

(Guicciardi et al., 2004). In addition, the process of autophagy is initiated with the 

autophagosome formation and then progresses to autophagolysosomes through the fusion 

of acidic lysosomes with autophagosomes (Hippert et al., 2006).  

FACS analysis (Fig. 22A) displayed that arglabin, rapamycin and docetaxel induced 

activation of the proton pump of the lysosomes in PC-3 cells. The activation was evident 

already at 24 h post-treatment with only arglabin, and was more pronounced after 48 and 

72 h with all of the tested compounds. At the last time point, at which the cells underwent 

late apoptosis after treatment with arglabin, the number of cells with decreased red 

fluorescence, a sign of lysosomal rupture, was increased. Arglabin, as well as docetaxel, 
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were observed to be the strongest inducer of lysosomal membrane permeability (Fig. 22A). 

No fluorescence decrease and, thus, no damage of the lysosomal membrane were observed 

in cells treated with rapamycin.  
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Fig. 22. Arglabin increases the lysosomal proton pump activity in prostate cancer cells  
A, PC-3 cells were treated with either arglabin (30 µM), or rapamycin (10 nM), or docetaxel (10 nM) for 24, 48, and 72 
h, stained with acridine orange (2.5 µg/ml), and the lysosomal integrity was analyzed by flow cytometry. Graph shows 
the fraction of cells with increased number of acidic vesicular organelles (P2) and those with damaged lysosomes (P1). B, 
live imaging of the acidic vesicular organelles (AVOs) induced by arglabin treatment (30 µM) by fluorescence 
microscopy. C, PC-3 cells were pretreated with bafilomycin A1 (30 nM) for 1 h, then treated with arglabin (30 µM) for 
24 h, stained and analyzed as described in A. Data are mean ± standard error of mean (SEM) (n = 3), *P< 0.05, **P< 
0.01, ***P< 0.001. 

 

Acridine orange staining of the live cells was employed to visualize acidic 

autophagolysosomes (acidic vesicular organelles, AVOs) in control and arglabin-treated 

PC-3 cells using fluorescence microscopy. With acridine orange staining, the cytoplasm 

and nucleus fluoresce green, whereas the acidic compartments fluoresce bright red or 

orange-red. As shown in (Fig. 22B), arglabin treatment markedly elevated the amount of 

autophagolysosomes in treated PC-3 cells, providing further evidence that the autophagic 

process was being activated by arglabin treatment and that the autophagosome formation is 

not the result of the inhibition of lysosomal fusion (aborted autophagy).  

Bafilomycin A1, an inhibitor of vacuolar H+-ATPase, prevents the transition of 

autophagosome to autophagolysosomes by inhibiting the fusion of autophagosomes to 

lysosomes (Yamamoto et al., 1998). Hence, bafilomycin A1 provides a useful way of 

studying the process of autophagy. Pretreatment of the PC-3 cells with bafilomycin A1 (30 

nM) for one hour, prior to the addition of arglabin reversed the effect of arglabin on the 
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increase of the formation of acidic vesicular organelles (AVOs) (Fig. 22C), confirming that 

the produced autophagosomes undergo the same maturation process with the fusion with 

lysosomes. 

 

3.1.11. Arglabin Inhibits Prostate Cancer Cell Migration 

Cell migration is crucial for many biological processes, such as embryonic 

morphogenesis, immune surveillance, and tissue repair and regeneration. Aberrant 

regulation of cell migration drives neoplastic invasion and metastasis (Yamaguchi and 

Condeelis, 2007). In view of the fact that prostate cancer is often characterized by a 

malignant and metastatic potential, cell migration (wound-healing) assay using the highly 

metastasizing PC-3 cells was conducted. The obtained results showed that treatment with 

arglabin, as well as docetaxel for 12 h inhibited significantly the migratory capabilities of 

PC-3 cells, by about 57.8 and 53.0 %, respectively as compared to the control (Fig. 23A). 

It is well known that dynamic regulation of the filamentous actin (F-actin) is critical to 

multiple cytoskeletal processes, including cell adhesion, migration and division (Stricker et 

al., 2010). So, I speculated that the inhibition in cell migration and invasion could be 

attributed to the disruption of the cytoskeleton. Therefore, the effect of arglabin on the 

integrity of F-actin cytoskeleton using a fluorescent Texas Red®-phalloidin was analyzed. 

FACS analysis (Fig. 23B) revealed an increase in the red fluorescence upon treatment with 

arglabin, indicating either increase in actin stress fibers or disruption of F-actin 

organization by the formation of abnormal aggregates. Microscopical examination showed 

bright clusters and aggregates of filopodia underneath the cell membrane, absent in the 

control PC-3 cells (Fig. 23B). Importantly, no differences in nuclear morphology by 

Hoechst staining in the treated cells compared with the control were found, indicating that 

this effect is prior to DNA fragmentation.  
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Fig. 23. Arglabin inhibits cell migration and affects F-actin formation in prostate cancer cells 
A, PC-3 cells were seeded out in inserts (ibidi) for 24 h, then the inserts were removed and cells were treated with either 
arglabin (30 µM) or docetaxel (10 nM) and images were acquired along the cell-free zone between time 0 and 12 h. B, 
PC-3 cells were treated with arglabin (30 µM) for 12 and 24 h, harvested by trypsinization, fixed with 4 % 
paraformaldehyde, permeabilized with 0.1 % Triton X100, stained with Phalloidin-Texas Red® and analyzed by flow 
cytometry and microscopy. Data are mean ± standard error of mean (SEM) (n = 3), **P < 0.01, ***P < 0.001. C, The cell 
lysates from PC-3 cells treated as in B were subjected to Western immunoblotting and the membranes were probed with 
ROCK1 and p-MLC2 T18/S19 antibodies. Actin served as loading control; representative immunoblots of two independent 
experiments are shown.  
 

 Rho GTPases are pivotal in coordinating several aspects of cell behavior, such as cell 

motility, cell proliferation and apoptosis. It acts via ROCKs to affect MLC (myosin light 

chain) phosphorylation, both by inhibiting MLC phosphatase and by phosphorylating MLC 

thereby modulating actin cytoskeletal organization, stress fiber formation and cell 

contraction (Riento and Ridley, 2003). ROCKs, serine/threonine kinases, are deregulated 

especially in a variety of advanced tumors, such as prostate, breast and lung cancers. 

Overexpression of ROCK significantly contributes to metastasis by promoting tumor cell 

invasion and motility and the level of ROCK1 correlates closely with tumor progression 

and poor prognosis in cancer patients (Zhang et al., 2014). The results obtained from 

Western blot analyses (Fig. 23C) shed light on the functional mechanism by which 

arglabin inhibits cell invasion and disrupts F-actin structure in prostate cancer cells. 

Following treatment of PC-3 cells with arglabin (30 µM) for 12 h, ROCK1 and cleaved 

ROCK1 expression, as well as phospho myosin light chain 2 (MLC2)(T18/S19) were 

significantly blunted, indicating the targeted pathway. 
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3.1.12. Arglabin Inhibits the mTOR Signaling in Prostate Cancer Cells Independent 

of Ras and Akt  

 Deciphering the molecular target of arglabin for prostate cancer therapy, I relied on 

several lines of evidence  pointing out that the membranes of functional lysosomes are the 

location for the activation of mTOR (Zoncu et al., 2011a; Laplante and Sabatini, 2012), 

which promotes cell growth and proliferation under conditions of abundant nutrient supply. 

On the other hand, inhibition of mTOR triggers activation of autophagy, cell cycle arrest, 

and apoptosis. Treatment of PC-3 cells with arglabin, indeed, induced inhibition of the 

mTORC1 pathway as analyzed by the reduction of phosphorylation of its downstream 

targets, S6K1 and 4EBP1, already 3 h after treatment, and thus, far ahead of other effects 

observed in the treated prostate cancer cells, e.g. autophagy, apoptosis and mitochondrial 

membrane dissipation. Similar effects were observed after addition of the canonical mTOR 

inhibitor, rapamycin (Fig. 24A). Initially, I doubted about the role of deregulation of 

lysosome and induction of autophagy on the initiation of mTORC1 inhibition. As 

displayed in Fig. 24B, treatment with arglabin for 3 h, a time at which mTORC1 was 

inhibited, had no effect on the conversion of LC3I to LC3II. To identify the mechanism by 

which arglabin inhibits mTOR signaling in cancer cells, I focused on the upstream kinases. 

Based on the fact that FTI arglabin might inhibit Ras, a prenylated protein that has a 

mandatory key role in the transmission of proliferative signals to mTOR through bipartite 

pathways, Raf–MEK and PI3K-Akt (Castellano and Downward, 2011), THP-1 cells 

harboring N-Ras mutation were used (Lubbert et al., 1992). Unexpectedly, neither MAPK 

nor Akt signaling pathways were inhibited (Fig. 24A, C). However, an increase in p38 

MAPK was observed (Fig. 24A), which could be upstream to mTORC1 (Zheng et al., 

2011). Thus, PC-3 cells were pretreated with 10 µM SB203580 (p38 inhibitor) for 1 h, 

followed by arglabin (30 µM) for further 3 h and it was found that the inhibition of p38 

activity did not reverse the effect of arglabin on the inhibition of mTORC1 (Fig. 24D). 

Consistent with the obtained data, arglabin, as well as rapamycin did not affect the 

phosphorylation of mTOR at Ser 2448 (Fig. 24C), being an Akt phosphorylation site (Inoki 

et al., 2003b) . 
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Fig. 24. Arglabin inhibits mechanistic target of rapamycin (mTOR) signaling in prostate cancer cells independent 
of rat sarcoma (Ras) and AKT8 virus oncogene cellular homolog (Akt) 
A, C, PC-3 and THP-1 cells were serum starved overnight, treated with either arglabin (3, 10, and 30 µM), or rapamycin 
(10 nM), or docetaxel (10 nM) for 3 h and the dependence of inhibition of the mTOR pathway on Ras and Akt was 
analyzed by Western immunoblotting. D, PC-3 cells were pretreated with the p38 inhibitor SB203580 (10 µM) for 1 h 
then treated with arglabin (30 µM) for further 3 h. B, light chain 3 (LC3) was not modified. Actin served as a loading 
control; representative immunoblots of at least two independent experiments are shown. E, Scheme depicting selected 
components of mTOR signaling and the potential impact point of arglabin treatment on the signaling processes. 
 

3.1.13. Arglabin Inhibits mTOR Signaling in Prostate Cancer Cells Independent of 

LKB1-AMPK and TSC2  

Upon low energetic or hypoxic status and in a p53-dependent manner by DNA damage, 

the AMPK pathway becomes activated leading to phosphorylation and activation of TSC2, 

which in turn inactivates mTORC1. Alternatively, the AMPK pathway can directly 

inactivate mTORC1 (Laplante and Sabatini, 2012). Western blot analysis showed that 

arglabin had no effect on the phosphorylation of AMPKα (Fig. 25A). Supporting these 

findings by further experiments, inhibition of AMPK by compound C did not revert the 

E 
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inhibitory effect of arglabin on mTORC1 (Fig. 25B). Furthermore, it was not surprising 

that arglabin treatment inhibited the viability of MDA-MB-231 breast cancer cells to the 

same extent as it did with PC-3 cells (Fig. 25C). MDA-MB-231 cells lack LKB1 mRNA or 

protein (Shen et al., 2002). LKB1 is a master upstream kinase, that phosphorylates and 

activates directly AMP-activated protein kinase (AMPK) and a family of 12 related kinases 

that have key roles in cell growth, metabolism and polarity (Shackelford and Shaw, 2009). 
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Fig. 25. Arglabin inhibits mechanistic target of rapamycin (mTOR) signaling in prostate cancer cells independent 
of liver kinase B1-AMP-activated protein kinase (LKB1-AMPK) and tuberous sclerosis complex 2 (TSC2)  
A, PC-3 cells were serum-starved overnight, treated with either arglabin (3, 10, and 30 µM), or rapamycin (10 nM), or 
docetaxel (10 nM) for 3 h. B, PC-3 cells were pretreated with compound C (1 µM) for 1 h then treated with arglabin (30 
µM) and the inhibition of the mTOR pathway independent of liver kinase B1-AMP-activated protein kinase (LKB1-
AMPK) was analyzed by Western immunoblotting. Actin served as a loading control; representative blots of at least two 
independent experiments are shown. C, D, MDA-MB-231, mouse embryonic fibroblasts (TSC-/- and TSC+/+) and PC-3 
cells were separately treated with different concentrations of arglabin, for the mentioned times and cell proliferation was 
analyzed by XTT assay. Data are mean ± standard error of mean (SEM) (n = 3) independent experiments performed in 
triplicates. 
 

Tuberous sclerosis complex 1/2 (TSC1/2) transmits many of the upstream signals that 

impinge on mTORC1, including growth factors, low energy and oxygen levels and DNA 

damage (Laplante and Sabatini, 2012). To investigate whether arglabin might affect 

directly the activity of TSC2, mouse embryonic fibroblasts (MEFs) either normal TSC+/+ or 

mutated TSC-/- were used. Arglabin was found to equally inhibit the cell viability of TSC+/+ 

and TSC-/-cell lines (Fig. 25D), indicating that TSC2 is not the key player targeted by 

arglabin.  

Thus, arglabin inhibits mTORC1 independent of Ras, Akt, MAPK, AMPK, LKB1 and 

TSC2 proteins.  

 

3.1.14. Arglabin Inhibits the Rheb/mTOR Pathway in Prostate Cancer Cells 

 Another candidate FTI target is Rheb (Ras homolog enriched in brain), a farnesylated 

Ras-related protein (Sebti and Der, 2003) that still remains to be understood. My data 



  Results 

55 

 

showed that the level of Rheb and p-S6K1 were about two to three times more abundant in 

the highly aggressive PC-3 and DU 145 compared with LNCaP and RWPE-1 cells (Fig. 

26B) and these were consistent with those published by others (Kobayashi et al., 2010). 

The higher 4EBP protein level in LNCaP than PC-3 and DU 145 was initially surprising 

(Fig. 26B), but this is in agreement with other results (Estrada et al., 2010; Suh et al., 2010) 

showing that the expression of the active form of Akt is higher in LNCaP than PC-3 cells 

and also with the fact that 4E-BP1/eIF4E axis mediates the effects of oncogenic Akt 

signaling on mRNA translation of various transcripts that promote cell growth and tumor 

progression (Hsieh et al., 2010). As expected and somehow interesting, arglabin decreased 

Rheb in PC-3 cells, which most probably, in turn inactivated the mTORC1 pathway (Fig. 

26A). 
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Fig. 26. Arglabin inhibits the Ras homolog enriched in brain/mechanistic target of rapamycin (Rheb/mTOR) 
signaling in prostate cancer cells 
A, PC-3 cells were treated with either arglabin (3, 10, and 30 µM), or rapamycin (10 nM), or docetaxel (10 nM) for 6 h 
and the decrease in the level of Rheb was analyzed by Western immunoblotting. B, Cell lysates from different human 
prostate cancer cell lines (PC-3, DU 145 and LNCaP) and from the non-neoplastic adult human prostatic epithelial cells 
(RWPE-1) were analyzed for their expression of Rheb, p-S6K1, and p-4EBP1 by Western immunoblotting. Actin served 
as a loading control; representative immunoblots of at least two independent experiments are shown. 
 

3.1.15. Kinetics of Changes in Expression of Arglabin Targeted Proteins 

PC-3 cells were treated with arglabin (30 µM) for different time periods (3, 6, 12, and 24 

h) and the levels of targeted proteins were examined. Arglabin was found to inhibit 

initially Rheb/mTOR pathway 3 h after treatment (Fig. 27). This inhibition reached its 

maximum when the treatment time was extended to 6 h. By 12 h, an unexpected 

reactivation of p-S6K1 was observed. However, at that time, the lipidation conversion of 

inactive cytosolic LC3-I to the active autophagosome membrane-bound form LC3-II could 

be observed. These results could be explained as follows: the early inhibition of mTORC1 

leads to initiation of cell death program and stimulation of autophagy, detected after 12 h. 

In this context, the role of autophagy is to maintain a stable pool of luminal amino acids by 

degrading proteins and organelles to generate a fresh supply of amino acids. Over time, 

autophagy restores cellular amino acid levels and leads to the recruitment of remaining 
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cytosolic Rheb and mTORC1 to the surface of autophagolysosomes, where arglabin 

inhibits the Rheb/mTORC1 signaling and triggers cell death execution. This explanation is 

in accordance with that discussed by Efeyan et al., 2012. 
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Fig. 27. Kinetics of Changes in the Expression of Arglabin-Targeted Proteins 
PC-3 cells were treated with arglabin (30 µM) for different time periods (3, 6, 12, and 24 h) and the effect of arglabin on 
the Ras homolog enriched in brain/mechanistic target of rapamycin (Rheb/mTOR) pathway and light chain 3 A/B 
(LC3A/B) was analyzed by Western immunoblotting. Actin served as a loading control. 

 

3.1.16. Effect of Combination of Arglabin with Some Anticancer Agents on DNA 

Fragmentation. 

The combination of FTIs and taxanes has been shown to result in a potent 

antiproliferative synergy in cancer cell lines and preclinical models (Marcus et al., 2005). 

Indeed, combination therapy of docetaxel with FTI (lonafarnib) resulted in a synergistic 

effect on the induction of apoptotic caspase activation (Basso et al., 2005). On this 

background, PC-3 cells were pretreated with docetaxel (10 nM) for 1 h, followed by 

treatment with arglabin (30 µM) for further 48 h. Unexpectedly, arglabin antagonized the 

effect of docetaxel on DNA fragmentation. Moreover, pretreatment of PC-3 cells with 

bafilomycin A1 (30 nM) synergizes with arglabin (30 µM) by inducing a 3-fold increase in 

DNA fragmentation (Fig. 28). 
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Fig. 28. Effect of combination of arglabin with some anticancer agents on deoxyribonucleic acid (DNA) 
fragmentation 
A, PC-3 cells were pretreated with either docetaxel (10 nM) or bafilomycin A1 (30 nM) for 1 h then treated with arglabin 
(30 µM) for further 48 h and DNA fragmentation was assessed using Nicoletti assay. B, Graph shows the percentage of 
apoptotic, subdiploidal cells. All data are mean ± standard error of mean (SEM), (n = 3), *P< 0.05, ***P< 0.001 vs 
control. 
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3.2. Section II 

3.2.1. Purification of Tirucallic Acid Derivatives 

 A commercial oleo gum resin dry extract of Boswellia serrata (3.3 g) (Fig. 29A) was 

refluxed cautiously with acetic acid anhydride for 1 h at 140-145°C using an oil bath. The 

decomposition of the formed anhydrides was carried out by refluxing in a mixture of 

methanol:ethyl ether (1:1) for 1 h using the oil bath at 70°C. The dried residue was 

dissolved in methanol and centrifuged at 5000 g for 2 min at 20°C and the methanol 

soluble fraction was dried at 70°C using nitrogen gas followed by overnight lyophylisation 

(75.7 % w/w of the total weight of the crude extract) (Fig. 29B). This fraction was further 

fractionated on silica gel 60 (0.04-0.064 mm) column chromatography (230-400 Mesh 

ASTM) and the separation was carried out by gradient elution using 0 %, 10 %, 20 %, 30 

% and 40 % acetone in n-hexane. The fraction eluted with 30 % acetone in n-hexane (1.5 

g) was found to be the richest fraction in tirucallic acid derivatives (45.4 % w/w of the total 

crude extract) (Fig. 29C). This fraction was further purified using semipreparative HPLC 

system leading to the isolation of OTA, αATA(8,24) and αATA(7,24) in amounts of 82.4, 

97.4 and 50.1 mg, respectively. 
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Fig. 29. High performance liquid chromatography (HPLC) analysis of Boswellia serrata extracts  
A, HPLC profile of crude oleo gum resin dry extract of Boswellia serrata monitored at three different detector 
wavelengths. B, HPLC profile of the acetylated crude extract of Boswellia serrata oleo gum resin monitored at a detector 
wavelength of 210 nm. C, HPLC profile of the fraction obtained after partial purification by silica gel column and 
containing tirucallic acids monitored at a detector wavelength of 210 nm. RT, retention time; mAU, milliabsorbance 
units. Reproduced with permission (El Gaafary et al., 2015). 
 
 



  Results 

58 

 

3.2.2. Purity of αATA(8,24) and OTA 

 The Purity of αATA(8,24) and OTA was assessed by analytical HPLC using different 

monitoring wavelengths (210, 250, and 280 nm) of the photodiode array detector (Fig. 

30A-D). 
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Fig. 30. Purity of 3α-acetyloxy-tir-8,24-dien-21-oic acid (αATA(8,24)) and 3 oxo-tir-8,24-dien-21-oic acid (OTA) 
A, B, Purity of 3α-acetyloxy-tir-8,24-dien-21-oic acid (αATA(8,24)) and 3 oxo-tir-8,24-dien-21-oic acid (OTA) was 
analyzed by analytical HPLC using three different wavelengths. C, D, Graphical presentation of the spectroscopical 
analysis of purified 3α-acetyloxy-tir-8,24-dien-21-oic acid (αATA(8,24)) and 3 oxo-tir-8,24-dien-21-oic acid (OTA) by 
photodiode array detector; mAU, milliabsorbance units. Reproduced with permission (El Gaafary et al., 2015). 
 

3.2.3. Physical and Spectroscopical Characterization and Structural Elucidation of 

αATA(8,24) 

αATA(8,24) is a white amorphous powder, [α]20
D = – 16 (C = 0.000375, EtOH). High 

resolution mass spectra (HRMS) found 498.368, calculated for C32H50O4 498.37, base peak 

423 (Fig. 31A). 1H NMR: [500 MHz, CDCl3]: δH 5.10 (1H, t, J = 7.3 Hz, H-24), 4.66 (1H, 

t, J = 2.6 Hz, H-3), 2.29 (1H, dt, J = 10.7, 7.3 Hz, H-20), 2.06 (1H, m, overlap, H-17), 2.06 

(3H, s, overlap, H3-32), 2.05 (1H, m, overlap, H-7α), 2.03 (1H, m, overlap, H-11α), 1.98 

(2H, m, overlap, H2-23), 1.97 (2H, m, overlap, H-12a, H-7b), 1.93 (1H, m, overlap, H-

11b), 1.85 (1H, m, H-2a), 1.68 (3H, s, H3-26), 1.67 (1H, m, overlap, H-15a), 1.64 (1H, m, 

overlap, H-2b), 1.60 (1H, m, overlap, H-6a), 1.58 (3H, s, H3-27), 1.57 (1H, m, overlap, H-

16a), 1.56 (3H, m, overlap, H-5, H2-22), 1.50 (1H, ddd, J = 12.8, 3.3, 3.3 Hz, H-1a), 1.40 
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(2H, m, overlap, H-1b, H-6b), 1.37 (1H, m, overlap, H-15b), 1.35 (1H, m, overlap, H-12b), 

1.25 (1H, m, overlap, H-16b), 0.93 (3H, s, H3-19), 0.89 (3H, s, H3-29), 0.88 (3H, s, H3-30), 

0.86 (6H, s, H3-18, H3-28). 13C NMR: [125 MHz, CDCl3]: δC 182.3 (C-21), 170.9 (C-31), 

134.1 (C-9), 132.9 (C-8), 132.3 (C-25), 123.6 (C-24), 77.9 (C-3), 49.6 (C-14), 47.6 (C-20), 

46.9 (C-17), 45.9 (C-5), 43.8 (C-13), 37.0 (C-10), 36.8 (C-4), 32.5 (C-22), 30.5 (C-1), 29.3 

(C-16), 28.8 (C-15), 27.6 (C-28), 27.0 (C-12), 26.9 (C-7), 25.9 (C-23), 25.7 (C-26), 24.5 

(C-30), 23.4 (C-2), 21.8 (C-29), 21.4 (C-32), 21.4 (C-11), 19.8 (C-19), 18.6 (C-6), 17.7 (C-

27), 15.9 (C-18). 

The 13C NMR spectrum of αATA(8,24) displays 32 signals, which by means of a DEPT-

135 spectrum, were classified as eight methyl, ten methylene, five methine and nine 

quaternary carbon atoms groups. Two of the signals, a methyl at δ 21.4 and a carbonyl at δ 

170.9 suggested an acetyl group. Hence, the remaining 30 carbon atoms together with the 

molecular composition of C30H48O3 for the deacetylated molecule indicated a triterpenoid 

skeleton. This suggestion was supported by 1H NMR as well as homo- and 

heterocorrelation experiments (1H,1H COSY, HSQC, HMBC).  
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Fig. 31. Physical and spectroscopical characterization of 3α-acetyloxy-tir-8,24-dien-21-oic acid (αATA(8,24)) 
A, Mass spectrum of 3α-acetyloxy-tir-8,24-dien-21-oic acid (αATA(8,24)) with molecular ion peak at m/z 498 and a base 
peak at m/z 423; m/z, mass-to-charge ratio. B, Structure and selected heteronuclear multiple bond correlations (HMBC) 
of 3α-acetyloxy-tir-8,24-dien-21-oic acid (αATA(8,24)). Reproduced with permission (El Gaafary et al., 2015). 

 

As indicated by the chemical shifts of the NMR signals at δC 77.9/δH 4.66 and their 
1H,1H COSY and HMBC correlations, one of the oxygen functionalities was readily 

ascribable to the hydroxylated methine (C-3-OH) of the triterpene skeleton. Moreover, the 

deshielded proton resonating at δ 4.66 and a HMBC correlation of this proton with the 

carbon atom δ 170.9 established the ester bond of 3-OH with the acetate unit. Further 

evidence for the structure was obtained from 1H NMR and HMBC correlations of the 

methyl groups. The seven methyl signals of the triterpene skeleton appeared as singlets. 

Two geminal methyl groups at δC 27.6/δH 0.86 (H3C-28) and δC 21.8/δH 0.89 (H3C-29) 
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were attached to C-4 (δC 36.8). Two further geminal methyl groups at δC 25.7/δH 1.68 

(H3C-26) and δC 17.7/δH 1.58 (H3C-27) were located at the olefinic C-25 at δ 132.3 of the 

side chain. The vicinal methyl groups H3C-18 (δC 15.9/δH 0.86) and H3C-30 (δC 24.5/δH 

0.88) and the remaining methyl group resonating at δC 19.8/δH 0.93 (H3C-19) were 

assigned by their HMBC correlations with adjacent carbon atoms (Fig. 31B). The ∆8 

unsaturation was established according to the low field 13C resonances of C-8 (δ 132.9) and 

C-9 (δ 134.1) and the HMBC correlations with H3C-19 and H3C-30. The vinylic H-24 (δ 

5.1) and its HMBC correlations with C-22 (δ 32.5), C-26, and C-27 assigned the position 

of the side chain double bond between C-24 and C-25. An HMBC cross signal of H2-22 (δ 

1.56) with the carbonyl carbon (δ 182.3, C-21) established the carboxyl group in the side 

chain attached to C-20 (δ 47.6). Additional HMBC and 1H, 1H COSY cross signals 

completed the assignment of the planar structure as 3α-acetyloxy-tir-8,24-dien-21-oic acid. 

The stereochemical orientation of the deshielded H-3β in an equatorial position was 

evident from the chemical shift (δ 4.66, also deshielded by the acetyloxy group), the small 

coupling constant (t, J = 2.6 Hz), and the relative narrow signal shape (W½ ~ 6 Hz). 2D 

ROESY correlations between H-3 and H3C-28, H3C-29, and H-2a (δ 1.85), and H-2b (δ 

1.64) were established. The NMR results obtained here for the configuration of H-3 are 

strikingly different from those reported for 3β-hydroxy-tir-8,24-dien-21-oic acid (3β-

hydroxytirucallic acid) (Badria et al., 2003). Thus, the isolated compound was established 

to be 3α-acetyloxy-tir-8,24-dien-21-oic acid (α-ATA(8,24)). 

 

3.2.4. αATA(8,24) Inhibits Proliferation of Prostate Cancer Cells in vitro 

αATA(8,24), with the chemical structure shown in (Fig. 32A), as well as other known 

tirucallic acids, OTA and αATA(7,24), inhibited the proliferation of androgen-independent 

chemoresistant prostate cancer cells PC-3 in a concentration- and time-dependent fashion 

(Fig. 32B). αATA(8,24) with IC50 of 6.2 ± 0.4 µM was the most effective among the tested 

tirucallic acid derivatives. As showed before (p. 38), antimitotic docetaxel (Taxotere) 

used to treat advanced prostate cancer (Freedland, 2011) and the mTOR inhibitor 

rapamycin, partially reduced the viability of the prostate cancer cells (Fig. 32B). The 

differential cytotoxic effect of αATA(8,24) on rapidly proliferating cancer cells versus 

normal ones was confirmed using peripheral blood mononuclear cells (PBMCs) (Fig. 

32D).  
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Fig. 32. The tirucallic acid isomer 3α-acetyloxy-tir-8,24-dien-21-oic acid (αATA(8,24)) inhibits proliferation of 
prostate cancer cells 
A, Chemical structures of 3α-acetyloxy-tir-8,24-dien-21-oic acid (αATA(8,24)), 3α-acetyloxy-tir-7,24-dien-21-oic acid 
(αATA(7,24)), and 3 oxo-tir-8,24-dien-21-oic acid (OTA). B, Overlay of 3α-acetyloxy-tir-8,24-dien-21-oic acid 
(αATA(8,24)) (gray carbon sticks) with 3α-acetyloxy-tir-7,24-dien-21-oic acid (αATA(7,24)) (green carbon sticks), and 
3α-acetyloxy-tir-8,24-dien-21-oic acid (αATA(8,24)) with 3 oxo-tir-8,24-dien-21-oic acid (OTA) (violet carbon sticks) 
(oxygen, red; hydrogen atoms omitted for clarity). C, 3α-acetyloxy-tir-8,24-dien-21-oic acid (αATA(8,24)) is more potent 
than 3 oxo-tir-8,24-dien-21-oic acid (OTA) and 3α-acetyloxy-tir-7,24-dien-21-oic acid (αATA(7,24)). PC-3 cells were 
treated with different concentrations of 3α-acetyloxy-tir-8,24-dien-21-oic acid (αATA(8,24)) and known tirucallic acid 
derivatives, 3 oxo-tir-8,24-dien-21-oic acid (OTA) and 3α-acetyloxy-tir-7,24-dien-21-oic acid (αATA(7,24)), for 48 or 72 
h, and cell proliferation was analyzed by XTT assay. Docetaxel and rapamycin were used as positive controls. D, 
Peripheral blood mononuclear cells (PBMC) are relatively resistant to 3α-acetyloxy-tir-8,24-dien-21-oic acid 
(αATA(8,24)). Cells were analyzed after 48 h as in C. Reproduced with permission (El Gaafary et al., 2015). 

 

3.2.5. αATA(8,24) Inhibits Proliferation of Prostate Cancer Cells in vivo 

The proliferation inhibition was additionally assessed in vivo by the expression of 

proliferation antigen Ki-67. αATA(8,24) and OTA, at a relatively low dose (3 µM), 

inhibited significantly the proliferation of PC-3 xenografts on chorioallantoic membranes 

of fertilized chicken eggs (Fig. 33). By quantification of Ki-67+ cells by histomorphometry, 

the percentages of these cells were found to be 5.9 % and 1.0 %, respectively, relative to 

the control with 18.9 %; αATA(8,24) (3 µM) was as active as docetaxel (100 nM) and 

more active than rapamycin (10 nM). 
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Fig. 33. 3α-Acetyloxy-tir-8,24-dien-21-oic acid (αATA(8,24)) inhibits proliferation of pre-established PC-3 
xenografts on the chick chorioallantoic membrane (CAM) 
PC-3 cells were grafted onto chorioallantoic membrane (CAM) 8 days after fertilization. The next day, PC-3 xenografts 
were topically treated with 20 µl of either 3α-acetyloxy-tir-8,24-dien-21-oic acid ((αATA(8,24), 3 µM), or 3 oxo-tir-8,24-
dien-21-oic acid (OTA, 3 µM), or docetaxel (100 nM), or rapamycin (10 nM) for 3 consecutive days. Paraffin-embedded 
PC-3 xenograft specimens were immunohistochemically analyzed for the proliferation antigen Ki-67 (red stain). 
Representative pictures are shown. Original magnification, 400×. Graph shows the fraction of proliferating, Ki-67–
positive cells per high-power field (HPF) as analyzed by histomorphometry. Data are mean ± standard error of mean 
(SEM). (n = 6); **P< 0.01; ***P< 0.001 vs control. Reproduced with permission (El Gaafary et al., 2015). 

 

3.2.6. αATA(8,24) Induces Apoptosis in Prostate Cancer Cells in vitro  

Several lines of evidence indicate that the onset of apoptosis correlates with caspase 

activation (Wolf and Green, 1999). About 17 % of the cells treated with αATA(8,24) for 

24 h showed active caspase 3 (Fig. 34A); these percentage increased up to 50 % after 48 h 

treatment. Activation of caspase 3 was observed in cells treated with docetaxel, but not in 

those treated with OTA or rapamycin.  

Analysis of the cell membrane asymmetry revealed a significant increase in the 

percentage of annexin V-positive cells upon treatment of PC-3 cells with αATA(8,24) for 

48 h, whereas the increase caused by OTA was much lower and not statistically significant 

compared to control (Fig. 34B). αATA(8,24) was as active as docetaxel in inducing PS 

externalization. However, at the specified time frame, rapamycin had no effect on this 

parameter indicating no induction of apoptosis in PC-3 cells (Fig. 34B). These data were in 

accordance with the observation that rapamycin did not induce caspase 3 activation and 

DNA fragmentation in prostate cancer cells (Fig. 34A, C). In contrast, most of cells treated 

with αATA(8,24) for 72 h were subdiploidal and in the group treated with OTA, about 

one-third of the cells were apoptotic. Consistent with the data demonstrating that about 1/3 

of PC-3 cells remained viable after treatment with docetaxel (Fig. 12E, Fig. 32C), DNA 

fragmentation was observed only in about 40 % of docetaxel-treated PC-3 cells (Fig. 34C). 
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Fig. 34. 3α-Acetyloxy-tir-8,24-dien-21-oic acid (αATA(8,24)) induces apoptosis in prostate cancer cells in vitro 
A, PC-3 cells were treated with either 3α-acetyloxy-tir-8,24-dien-21-oic acid ((αATA(8,24), 10 µM), or 3 oxo-tir-8,24-
dien-21-oic acid (OTA, 10 µM), or docetaxel (100 nM), or rapamycin (10 nM) for 24 and 48 h, labeled with the caspase 
3 substrate Z-DEVD-R110, and the fluorescent cleavage product was analyzed by flow cytometry. B, PC-3 cells were 
treated either with 3α-acetyloxy-tir-8,24-dien-21-oic acid ((αATA(8,24), 10 µM), or 3 oxo-tir-8,24-dien-21-oic acid 
(OTA, 10 µM), or docetaxel (100 nM), or rapamycin (10 nM), stained with FITC-annexin V and propidium iodide, and 
analyzed by flow cytometry. Graph shows the number of apoptotic, annexin V-positive cells. C, PC-3 cells were treated 
either with 3α-acetyloxy-tir-8,24-dien-21-oic acid ((αATA(8,24), 10 µM), or 3 oxo-tir-8,24-dien-21-oic acid (OTA, 10 
µM), or docetaxel (100 nM), or rapamycin (10 nM), as indicated. Deoxyribonucleic acid (DNA) was stained with 
propidium iodide in the presence of DNase-free RNase A and analyzed by flow cytometry. All data are mean ± standard 
error of mean (SEM) (n = 3), *P < 0.05, **P < 0.01, ***P < 0.001 vs control. Reproduced with permission (El Gaafary et 
al., 2015). 

 

3.2.7. αATA(8,24) Induces Apoptosis in Prostate Cancer Cells in vivo  

The in vitro data were further supported by experiments performed in vivo using 

TUNEL staining of xenotransplant specimen sections from the CAM model. Thus, local 

treatment with αATA(8,24) potently induced DNA strand breaks (nicks), indicating 

induction of apoptosis in the prostate cancer xenografts (Fig. 35). The amount of apoptotic 

cells with fragmented DNA was also increased in xenografts treated with OTA, docetaxel, 

and rapamycin, although to a lesser extent compared to αATA(8,24). 
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Fig. 35. 3α-acetyloxy-tir-8,24-dien-21-oic acid (αATA(8,24)) induces DNA fragmentation in prostate cancer cells in 
vivo 
PC-3 xenografts were treated topically with 20 µl of either 3α-acetyloxy-tir-8,24-dien-21-oic acid (αATA(8,24)), or 3 
oxo-tir-8,24-dien-21-oic acid (OTA) (both 3 µM), or docetaxel (100 nM), or rapamycin (10 nM) for 3 consecutive days. 
Xenografts were analyzed using terminal deoxynucleotidyl transferase dUTP nick end labeling (TUNEL) staining as 
apoptosis marker (brown stain). Reproduced with permission (El Gaafary et al., 2015). 
 

3.2.8. αATA(8,24) Induces Loss of Mitochondrial Membrane Potential in Prostate 

Cancer Cells 

 Mitochondria have a dual role, either to sustain the life of the cell by supplying it with 

energy and antioxidants or to trigger cell death in response to environmental stimuli or 

stress by producing high levels of ROS and the release of proapoptotic activators (Lee and 

Wei, 2000). 
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Fig. 36. 3α-Acetyloxy-tir-8,24-dien-21-oic acid (αATA(8,24)) affects the mitochondrial membrane polarization in 
prostate cancer cells  
PC-3 cells were treated with either 3α-acetyloxy-tir-8,24-dien-21-oic acid (αATA(8,24), 10 µM), or 3 oxo-tir-8,24-dien-
21-oic acid (OTA, 10 µM), or docetaxel (100 nM), or rapamycin (10 nM) for 24 and 48 h and the mitochondrial 
membrane potential was analyzed using JC-1 dye followed by flow cytometry. The mitochondrial membrane potential, 
Ψm, was measured as red/green fluorescence intensity ratio. Dot plot shows representative analysis of cells treated for 48 
h. All data are mean ± standard error of mean (SEM) (n = 3), **P < 0.01, ***P < 0.001 vs control. Reproduced with 
permission (El Gaafary et al., 2015). 

 

The observation that αATA(8,24) induces activation of caspase 3 in prostate cancer cells 

suggests the possible activation of the mitochondrial apoptotic pathway. Analysis of the 

mitochondrial integrity was carried out using JC-1 dye, a fluorescent lipophilic cationic 
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dye, which accumulates within mitochondria in a potential-dependent manner 

characterized by a fluorescence emission shift from green to red. Treatment of cells with 

αATA(8,24) for 24 h led to an initial increase in the red/green fluorescence intensity ratio 

indicating hyperpolarization, followed by a dramatic loss and dissipation of the 

mitochondrial membrane potential after 48 h (Fig. 36). A loss of the mitochondrial 

membrane potential was observed in cells treated with docetaxel, whereas OTA and 

rapamycin induced mitochondrial membrane hyperpolarization without subsequent 

depolarization (Fig. 36). These data were in agreement with those demonstrating that OTA 

is a weak inducer of apoptosis and rapamycin is cytostatic rather than proapoptotic (Fig. 

32C and Fig. 34).  

 

3.2.9. αATA(8,24) Induces Oxidative Stress in Prostate Cancer Cells 

Dissipation of the mitochondrial membrane potential in PC-3 cells treated with 

αATA(8,24) might account for the amplification of ROS formation and increased oxidative 

stress.  
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Fig. 37. 3α-Acetyloxy-tir-8,24-dien-21-oic acid (αATA(8,24)) induces production of reactive oxygen species in 
prostate cancer cells  
PC-3 cells were treated with either 3α-acetyloxy-tir-8,24-dien-21-oic acid (αATA(8,24), 10 µM) or 3 oxo-tir-8,24-dien-
21-oic acid (OTA, 10 µM) or docetaxel (100 nM) or rapamycin (10 nM) for 24 h. A, Staining with 2',7'-
dichlorodihydrofluorescein diacetate (H2DCFDA) was used to analyze reactive oxygen species (ROS) production by flow 
cytometry. B, After staining with MitoSOX, superoxide production was analyzed by flow cytometry. Hydrogen peroxide 
(H2O2, 200 µM) was used as positive control. All data are mean ± standard error of mean (SEM), (n = 3), *P < 0.05, 
*** P < 0.001 vs control. Reproduced with permission (El Gaafary et al., 2015). 

In fact, treatment of PC-3 cells with αATA(8,24) for 24 h increased production of ROS 

and superoxide, as analyzed by H2DCFDA and MitoSOX fluorescent dyes, respectively 
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(Fig. 37A, B). OTA and docetaxel also induced oxidative stress in prostate cancer cells, 

albeit to a lesser extent compared with αATA(8,24). No oxidative stress was detected in 

PC-3 cells treated with rapamycin (Fig. 37A, B). 

 

3.2.10. αATA(8,24) Increases the Activity of Acidic Vesicular Organelles in Prostate 

Cancer Cells 

Several lines of evidence indicate a cross-talk between mitochondria and lysosomes or 

other acidic vesicular organelles in the execution of apoptosis (Aits and Jäättelä, 2013). 

Analysis of the activity of the proton pump of acidic vesicular organelles was done by 

staining the PC-3 cells with the acidophilic dye acridine orange. αATA(8,24), OTA, as 

well as docetaxel and to a lesser extent rapamycin induced an increase in acidic vesicular 

organelles (AVOs) in the treated PC-3 cells. This increase was evident already at 24 h post 

treatment, and was more pronounced after 48 h (Fig. 38). Similarly, within this time frame, 

the number of cells with decreased fluorescence due to lysosomal rupture and damage was 

increased. Docetaxel was the strongest to induce lysosomal membrane permeability, 

followed by αATA(8,24) and OTA (Fig. 38). No fluorescence decrease and no lysosomal 

membrane damage were observed in cells treated with rapamycin.  
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Fig. 38. 3α-Acetyloxy-tir-8,24-dien-21-oic acid (αATA(8,24)) affects acidic vesicular organelles in prostate cancer 
cells 
PC-3 cells were treated with either 3α-acetyloxy-tir-8,24-dien-21-oic acid (αATA(8,24), 10 µM), or 3 oxo-tir-8,24-dien-
21-oic acid (OTA, 10 µM), or docetaxel (100 nM), or rapamycin (10 nM) for 24 and 48 h, stained with acridine orange, 
and analyzed by flow cytometry. Graph shows the fraction of cells with increased number of acidic vesicular organelles 
(A1). Data are mean ± standard error of mean (SEM) (n = 3), **P < 0.01, ***P < 0.001 vs control. Reproduced with 
permission (El Gaafary et al., 2015). 
 

3.2.11. αATA(8,24) Inhibits the Akt/mTOR Signaling in Prostate Cancer Cells  

Translocation of mTOR to the membranes of functional lysosomes is indispensable for 

its activation. Under the conditions of abundant nutrient supply, active mTOR promotes 

cell growth and proliferation. On the other hand, inhibition of mTOR triggers induction of 

autophagy, which is characterized by the increased formation of acidic vesicular organelles 

(Zoncu et al., 2011a). Treatment of cells with αATA(8,24), indeed, induced inhibition of 
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the mTOR pathway as analyzed by the reduction of phosphorylation of its downstream 

target, S6K1, already 6 h after treatment, far ahead of any other effects observed in prostate 

cancer cell, e.g. mitochondrial membrane dissipation and increase in the acidic vesicular 

organelles formation (Fig. 39A). S6K1 is a downstream target of mTORC1, a mTOR 

complex, which promotes the translation of mRNAs for protumorigenic genes, including 

cell cycle regulators inducing tumorigenesis (Zoncu et al., 2011a). mTORC1 is regulated 

by the Tuberous Sclerosis Complex 2 (TSC2), a well-known substrate of Akt. It has 

previously been shown that tirucallic acids inhibit the kinase activity of Akt (Estrada et al., 

2010). Indeed, αATA(8,24) suppressed Akt1 activity in a kinase assay more potently than 

known tirucallic acids (Fig. 39B).  
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Fig. 39. 3α-Acetyloxy-tir-8,24-dien-21-oic acid (αATA(8,24)) inhibits the AKT8 virus oncogene cellular 
homolog/mechanistic target of rapamycin (Akt/mTOR) signaling in prostate cancer cells  
A, PC-3 cells were treated with either 3α-acetyloxy-tir-8,24-dien-21-oic acid (αATA(8,24), 10 µM) or 3 oxo-tir-8,24-
dien-21-oic acid (OTA, 10 µM) or docetaxel (100 nM) or rapamycin (10 nM) for 6 h, inhibition of the mTOR pathway 
was analyzed by Western immunoblotting. Actin served as a loading control. B, Active human recombinant Akt1 (100 
nM) was pretreated for 15 min at 30°C with different concentrations of the tirucallic acids or the Akt inhibitor VIII (10 
µM) and analyzed in kinase assay using GSK-3β as kinase substrate. Control samples were treated with the solvent. 
Results of the kinase assays and immunoblots are representative out of three. Reproduced with permission (El Gaafary et 
al., 2015). 

 

3.2.12. αATA(8,24) Inhibits Cell Cycle Regulatory Proteins and Induces Cell Cycle 

Arrest in Prostate Cancer Cells  

As expected from the inhibition of mTOR pathway, treatment of PC-3 cells with 

αATA(8,24) for 8 h resulted in decreased protein levels of cyclin D1 and its corresponding 

partner CDK4, cyclin E and its corresponding partner CDK2, as well as cyclin B1 (Fig. 40). 

In addition, the protein level of the phosphorylated form of retinoblastoma protein was 

significantly reduced by treatment with αATA(8,24) and rapamycin, and to a lesser extent, 

by OTA (Fig. 40). The inhibition of the cell cycle regulators by αATA(8,24) and OTA 

resulted in cell cycle arrest of the prostate cancer cells within 24 h. Interestingly, the 

antimitotic agent docetaxel inhibited slightly the protein level of only cyclin E and CDK4, 
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and significantly increased the protein level of the cyclin B1 (Fig. 40) due to inhibition of 

proteasomal proteolysis of cyclin B1 (Clute and Pines, 1999). Docetaxel strongly arrested 

PC-3 cells in the G2 phase of the cell cycle, which might be a result of its binding to 

microtubules, its stabilization of microtubules, followed by mitotic catastrophe (Yvon et 

al., 1999). 
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Fig. 40. 3α-Acetyloxy-tir-8,24-dien-21-oic acid (αATA(8,24)) inhibits cell cycle regulatory proteins and induces cell 
cycle arrest in prostate cancer cells  
A, PC-3 cells were treated with either 3α-acetyloxy-tir-8,24-dien-21-oic acid (αATA(8,24), 3, 10, 30 µM), or 3 oxo-tir-
8,24-dien-21-oic acid (OTA, 3, 10, 30 µM), or docetaxel (100 nM), or rapamycin (10 nM) for 24 h. Deoxyribonucleic 
acid (DNA) was stained with propidium iodide and cells were analyzed by flow cytometry. Representative pictures are 
shown. All data are mean ± standard error of mean (SEM) (n = 3), *P < 0.05, **P < 0.01, ***P < 0.001. B, PC-3 cells 
were treated with either 3α-acetyloxy-tir-8,24-dien-21-oic acid (αATA(8,24), 10 and 30 µM), or 3 oxo-tir-8,24-dien-21-
oic acid (OTA, 10 and 30 µM), or docetaxel (100 nM), or rapamycin (10 nM) for 8 h and inhibition of the level of cell-
cycle regulators was analyzed by Western immunoblotting. Reproduced with permission (El Gaafary et al., 2015). 
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4. Discussion 

 Cancer therapies are currently based on the surgical removal of solid tumor masses, 

usually by combining chemotherapy and/or radiotherapy which have reached a plateau of 

efficacy due to the emergence of resistant tumors. 

 In the United States in 2013, cancers of prostate, lung, and colorectum accounted for 

about 50 % of all newly diagnosed cancers among men; prostate cancer accounts for 28 % 

of incident cases (238,590) (Siegel et al., 2013). 

 Across the spectrum of prostate cancer, there is a progression from castration-sensitive 

to castration-resistant prostate cancer (CRPC) with no radiographic evidence of metastatic 

disease, and ultimately metastatic CRPC (mCRPC). The median life expectancy of patients 

with mCRPC is hardly exceeding 1 year (Fitzpatrick, 2012; Shore et al., 2015). Over the 

last two decades, death rates for prostate cancer have decreased from their peak by more 

than 40 % (Siegel et al., 2013). This is mainly due to the early detection by screening the 

prostate-specific antigen (PSA), and, to a much lesser extent, due to changes in the 

therapeutic regimens (Etzioni et al., 2008). 

 Androgen deprivation therapy is still the backbone of therapy of prostate cancer and this 

can be accomplished by surgical castration through bilateral orchiectomy or by medical 

suppression of testicular function with synthetic analogues of gonadotropin-releasing 

hormone (GnRH). However, production of androgens by peripheral tissues such as adrenal 

glands necessitates combination treatment called maximal androgen blockade (MAB), in 

the form of surgical or medical castration plus administration of antiandrogen 

[bicalutamide, flutamide, nilutamide, or cyproterone acetate (CPA)] first introduced in the 

early 1980s (Lukka et al., 2006). In almost all men, the tumor will eventually progress to a 

castration-resistant state over a period of 18-20 months (Fitzpatrick, 2012). Accordingly, 

prostate cancer tumor cells may synthesize androgens de novo to support their own growth 

(Locke et al., 2008; Montgomery et al., 2008). Furthermore, various cellular pathways 

allowing tumor cells to survive and flourish in an androgen-depleted environment may 

develop, such as androgen receptor (AR) gene amplification. AR gene mutations, impair 

the balance of co-activators and co-repressors involved in the regulation of AR 

transcription, ligand-independent activation of AR (Akt activation, Bcl-2 overexpression) 

and regeneration of tumor stem cells, which are not dependent on AR for survival (Pienta 

and Bradley, 2006). 
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 The management of mCRPC was palliative until 2004, when docetaxel that showed 

significant survival benefit in patients with mCRPC, was approved (Fitzpatrick, 2012).  

Nowadays, some agents, including the hormonal therapies abiraterone acetate (approved in 

2012), enzalutamide, the immunotherapy agent sipuleucel-T (approved in 2010), the 

chemotherapy agent cabazitaxel and the newly approved radioactive therapeutic agent Ra 

223 dichloride (radium-223), are specific for the treatment of docetaxel-naïve patients with 

mCRPC. The osteoclast inhibitor zoledronic acid and human monoclonal antibody against 

receptor activator of nuclear factor κ B ligand (RANKL) denosumab reduce the occurrence 

of skeletal-related events (SREs, for example; fractures, radiation or surgery to bone, and 

spinal cord compression) and are useful for patients who have progressed to more 

advanced stages of prostate cancer. Unfortunately, these costly currently approved 

survival-prolonging systemic therapies for mCRPC have a median survival gain of not 

more than 5 months and some serious side effects. Some of the most common adverse 

effects observed across the therapies include hot flush, fatigue, gastrointestinal symptoms, 

joint swelling or discomfort, and infections (Shore et al., 2015). Prolonged androgen 

deprivation therapy (ADT) results in bone demineralization leading to increased fracture 

risk and subsequent increase in morbidity and mortality (Eastham, 2007). Hypocalcaemia 

and osteonecrosis of the jaw are concern for ADT and anti-resorptive therapies (zoledronic 

acid and denosumab). Close monitoring of potential clinical hepatotoxicity should be 

considered for the first- and second-generation antiandrogens including abiraterone acetate 

as well as for docetaxel. Nephrotoxicity is a concern for zoledronic acid and cabazitaxel. 

Cardiovascular events are reported in association with the use of GnRH analogues. Further, 

neutropenia and hypersensitivity reactions, which include generalized rash or erythema, 

hypotension, and bronchospasm are a concern for cabazitaxel. Acute phase infusion 

reactions have been associated with sipuleucel-T with symptoms of fever, chills, 

respiratory events (dyspnoea, hypoxia, and bronchospasm), nausea, vomiting, fatigue, 

hypertension, and tachycardia. Severe neurosensory symptoms and localized erythema of 

the extremities with oedema followed by desquamation, as well as neutropenia have 

occurred in patients on docetaxel (Shore et al., 2015). 

 In fact, the modern drug-targeted therapies have somewhat improved the cancer patient's 

health care. However still, a problem lies in treating advanced metastasized cancer with a 

minimum of adverse effects in patients. Therefore, continued search for safer and more 
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effective therapeutics is an absolute necessity to improve the prognostic efficacy and to 

lower the treatment costs for cancer care.  

 Besides a number of defined phytochemicals frequently used for anticancer therapy, 

cancer patients tend to use some little characterized ‘phytodrugs’. Indeed, in the United 

States approximately 50-60 % of cancer patients use agents derived from plants or 

nutrients, exclusively or concomitantly with conventional therapeutic regimen such as 

chemotherapy and/or radiation therapy (Wang et al., 2012). 

 Clinically, arglabin-DMA could be administered in a daily amount of 240-280 mg with a 

total dose over the treatment course of 5-6 g up to 20 g, alone or in combination with other 

chemotherapeutic drugs (e.g., methotrexate, fluoruracil, cyclophosphamide). In such 

regimens, arglabin is currently used to suppress or treat different types of cancer in 

oncologic clinics in Kazakhstan. This treatment with arglabin-DMA has been claimed to 

be effective, mostly without significant side effects and with induction of humoral immune 

response (Adekenov, 2001). However, there are no placebo-controlled, double blind 

clinical studies that would fully support this claim. Nevertheless, arglabin is an interesting 

compound and we have previously shown that arglabin acts as NLRP3 inflammasome 

inhibitor showing anti-inflammatory and antiatherogenic effects in ApoE2.Ki mice fed a 

high-fat diet (Abderrazak et al., 2015). Owing to the potential pharmacological and clinical 

importance of arglabin, different methods have been reported to optimize its yield 

(Kalidindi et al., 2007; Zhai et al., 2012). 

Here, the mechanisms of antitumor effects of two different plant-derived compounds, 

arglabin and a tirucallic acid isomer, have been analyzed. Evidence was provided that 

arglabin can significantly inhibit the proliferation and reduce the viability of different 

advanced human prostate carcinoma cell lines, with DU 145 being the most sensitive and 

LNCaP cells the most resistant. The tirucallic acid isomer αATA(8,24) is more potent than 

any of the already known tirucallic acid derivatives as far as induction of apoptotic cell 

death in treatment-resistant PC-3 cells in vitro and in vivo is concerned. More importantly, 

both phytochemical compounds are nontoxic to normal, non-malignant cells such as 

peripheral blood mononuclear cells (PBMCs) and normal prostate epithelial cells (RWPE-

1) indicating the selectivity of both of them for the cancer cells. Due to the previously 

mentioned reasons, I have analyzed the mechanisms of the toxicity of both 

phytochemicals. To achieve that, PC-3 cell line was used, which has been reported to 

possess a high metastatic potential as well as chemoresistance when compared with the DU 
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145 and LNCaP cell lines (Pulukuri et al., 2005). Based on several markers of apoptosis, 

such as caspase 3 activation, loss of membrane phospholipid asymmetry resulting in 

phosphatidylserine externalization, and the late occurring DNA fragmentation, it was 

concluded that following treatment with the arglabin or αATA(8,24), PC-3 cells succumb 

through apoptosis. 

 Both phytochemicals, in addition to their inhibitory effect on the proliferation of human 

prostate cancer cell lines in vitro, were found to inhibit the growth of PC-3 xenografts in 

vivo. These data are in line with the claim that arglabin-DMA is effective in the treatment 

of various tumors and that repeated administration of arglabin-DMA to patients supposedly 

even had a cumulative and more pronounced antitumor effect (Adekenov, 2001). 

  Analysis of the mechanisms of cell death induced by arglabin and αATA(8,24) revealed 

that activation of caspase 3 is an early event, which takes place before any other 

biochemical or morphological changes. This indicates that caspase 3 is involved as initiator 

and the engine of apoptosis in those treated cells. It is known that mitochondrial proteins 

can trigger activation of caspase 3 and subsequently the initiation of apoptosis (Green and 

Reed, 1998). The disruption of electron transport and energy metabolism, release of 

caspase activators (such as cytochrome c, SMAC/DIABLO, Omi/HtrA2), alteration of 

cellular redox state (oxidative stress), and loss of mitochondrial transmembrane potential 

are the events reflecting the critical role of mitochondria in many apoptosis scenarios 

(Green and Reed, 1998; Fischer and Schulze-Osthoff, 2005). These events are the 

consequence of the permeabilization of the outer mitochondrial membrane that manifests 

itself in the opening of the mitochondrial permeability transition pore (PTP), the collapse 

of transmembrane potential, high ROS production and the activation of caspase 3. 

Referring to that issue, a clue was provided, that the studied terpenoids (arglabin and 

αATA(8,24)) induce an increase in ROS production and mitochondrial membrane potential 

dissipation that drive prostate cancer cell death. Due to the different redox states between 

malignant cells and their normal counterparts and the higher vulnerability of cancer cells 

towards ROS-mediated apoptosis (Trachootham et al., 2009), the oxidative burst might 

play a central role in arglabin and αATA(8,24)-induced apoptosis and further explain the 

selectivity of those compounds towards cancer cells compared to normal, non-malignant 

cells such as peripheral blood mononuclear cells (PBMCs) and normal prostate epithelial 

cells (RWPE-1). 
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Here, evidence was provided that tirucallic acids induce alterations in mitochondrial 

membrane leading to an early hyperpolarization, followed by depolarization and collapse 

of the mitochondrial membrane potential. The hyperpolarization precedes mitochondrial 

swelling, which could lead to the rupture of its outer membrane, followed by cytochrome c 

release, caspase 3 activation and dissipation of the mitochondrial membrane potential (Ly 

et al., 2003). 

In parallel to the mitochondrial dysfunction, the studied terpenoids increase the 

formation of acidic vesicular organelles, which may be a result of an increased lysosome 

number and also consistent with the induction of acidic autolysosomes, a late event in 

autophagy induction (Loos et al., 2014). In this respect, I have shown that arglabin induces 

a non-canonical autophagy. An impressive body of evidence supports a key role of 

lysosomes in apoptosis coming from the positive feedback loop between mitochondria and 

lysosomes, which leads to lysosomal membrane permeabilization, destruction of 

mitochondrial membrane, and exacerbation of the apoptotic cascade (Guicciardi et al., 

2004). In many instances, partial and selective lysosomal permeabilization appears to be an 

early event in the apoptotic cascade that allows the translocation of only a moderate 

amount of lysosomal enzyme to the cytosol without a complete breakdown of the 

organelle. These lysosomal proteases promote apoptosis by acting on mitochondria, to 

induce caspase 3 activation, and mitochondrial ROS generation leading to more severe 

lysosomal damage and release of lysosomal cargo into the cytosol to promote further 

damage of the membranes of other organelles and apoptosis (Guicciardi et al., 2004; 

Repnik et al., 2013). Overall, this leads to a point of no return and suggests that apoptosis 

induced by the terpenoids arglabin and αATA(8,24) proceeds mainly through the 

mitochondrial and lysosomal pathways. 

 Generally, perturbation and deregulation of the cell cycle in cancer, leads frequently to 

unchecked and unscheduled proliferative potential, genomic and chromosomal instabilities. 

Therefore, one of the cancer-preventive strategies is to target the motors of the cell cycle, 

the cyclin dependent kinases (CDKs), whose inhibition could induce apoptosis (Schwartz 

and Shah, 2005; Malumbres and Barbacid, 2009). Almost forty years ago, aberrant activity 

of CDKs was identified as a hallmark of cancer biology (Lapenna and Giordano, 2009). 

Likewise, the deregulation in the expression of either cyclins or CDKIs points out 

unregulated cell growth (Schwartz and Shah, 2005). Cyclin D1, considered as oncogene, is 

overexpressed in several tumors (Lapenna and Giordano, 2009). Aberrant activation of 
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CDK1 has also been recorded in a number of primary tumors, such as prostate, breast, 

colon, oral, lung and oesophageal carcinomas, most commonly due to overexpression of 

cyclin B1, and it correlates to poor prognosis (Pérez de Castro et al., 2007). In this regard, 

the present studies showed that treatment of PC-3 cells with the terpenoids arglabin and 

αATA(8,24) involve alterations in cell cycle regulators, including cyclin-dependent kinases 

(CDKs) and cyclins, causing arrest of cells at both G1 and G2 phases, followed by cell 

death. The Cip/Kip family of CDKIs binds to and inhibits the activity of CDK-cyclin 

complexes that regulate G1-S and G2-M phase transitions (Abbas and Dutta, 2009). 

Arglabin was shown to increase the levels of p21Waf/Cip1 and this increase would be 

independent of p53 tumor suppressor protein as PC-3 cells lack the p53 functional gene. 

All these molecular alterations most likely reduce the overall activity of these cyclins-

CDKs complexes associated with G1-S and G2-M transitions and halt the cell cycle 

progression as observed in cell cycle analyses.  

  During mitosis, cyclin B1/CDK1 activity plays a pivotal role in survivin expression 

(O'Connor et al., 2000). The ongoing study revealed a strong decrease in survivin 

expression in PC-3 cells treated with arglabin at a concentration impeding the cells in the 

G2-M phase. Survivin was categorized as the fourth transcriptome expressed commonly in 

human cancers (Altieri, 2003). It had gained incessant scientific interest due to its sharp 

differential expression in cancer versus normal adult tissues and its nodal properties in 

orchestrating a myriad of downstream signaling cascades important for tumor proliferation 

and viability (Altieri, 2008b; Altieri, 2008a; Kanwar et al., 2011). Its expression could also 

be regulated by the mechanistic target of rapamycin (mTOR) (Vaira et al., 2007). 

Undoubtedly, targeting survivin pathway seems to be very promising for cancer therapy, 

and these investigations are likely to prove fruitful for understanding how arglabin is 

acting as a magic bullet that might only hit tumor cells, while sparing the normal ones. My 

finding that docetaxel could not induce a decrease in the expression of survivin was 

consistent with the role of survivin for chemoresistance in taxane-based regimens (Li et al., 

1998). 

 Principally, interfering with the cell cycle progression and inhibition of survivin can also 

lead to apoptosis (Lawen, 2003; Altieri, 2008b). In the performed experiments, loss of 

survivin expression was sufficient to drive caspase-dependent apoptosis in cancer cell 

lines, but not in normal cells, to enhance chemotherapy-induced cell death, to impede 

mitotic progression and to eradicate cancer cells, alone or in combination with 
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immunotherapy or anticancer treatment (Ambrosini et al., 1998; Li et al., 1999; Chen et al., 

2000; Olie et al., 2000; Jiang et al., 2001; Kanwar et al., 2001; Kasof and Gomes, 2001; 

Shankar et al., 2001; Yamamoto et al., 2002; Zhou et al., 2002). 

 The invasive ability of tumor cells plays a dramatic role in prostate cancer metastasis 

and is an important risk factor of prostate cancer morbidity and mortality as well as 

treatment failure (Pakneshan et al., 2003). In cancer, Rho proteins contribute to a variety of 

important processes, including cell transformation, survival, invasion, metastasis and 

angiogenesis (Prendergast, 2001). Once activated, Rho transmits signals by binding to its 

immediate downstream target, ROCK1, resulting in activation of the kinase. This 

activation phosphorylates myosin light chain (MLC) directly as well as indirectly by 

inhibiting myosin phosphatase (MYPT), leading to actin-myosin contraction (Gilkes et al., 

2014). In the current investigation, I showed that arglabin inhibits cell migration and 

anchorage-independent growth in prostate cancer cells and a downregulation in ROCK1 

and the active form of myosin light chain was also observed. 

 Arglabin-DMA has been claimed (Shaikenov et al., 2001) to inhibit the enzyme farnesyl 

transferase and subsequently protein farnesylation without altering geranylgeranylation and 

thus the activation of the Ras proto-oncogene. Ras signals to Raf-MEK-ERK and the 

PI3K-Akt signaling pathways, which have a fundamental role in cancer progression 

(Castellano and Downward, 2011). Indeed, arglabin did not appear to downregulate both 

signaling pathways and this could be explained by the fact that Ras proteins, most 

frequently mutated in human cancers (K-Ras and N-Ras), could undergo alternative 

geranylgeranylation (Sebti and Der, 2003). Similarly, it has been reported that in 

osteosarcoma cell lines tipifarnib, an inhibitor of farnesyltransferase, induces alternate 

prenylation leading to geranylgeranylation of N-Ras or K-Ras and cell growth inhibition 

(Geryk-Hall et al., 2010). 

 The deregulation of mechanistic TOR (mTOR) occurs in disease states, when growth is 

deregulated and homeostasis is compromised, in particular cancer, metabolic diseases and 

ageing. Dysregulated and overstimulated mTOR signaling fuels the destructive growth and 

proliferation of cancers and it plays an underlying role in the epidemiology of diabetes 

mellitus when due to excessive food consumption (Zoncu et al., 2011b).  

 Interestingly, arglabin inhibits the mTORC1 signaling pathway as evident by decreased 

phosphorylation of eukaryotic translation initiation factor 4E (eIF4E) binding protein 1 

(4E-BP1) and S6 kinase 1 (S6K1). Both proteins have a potential role in the protein 
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synthesis required for the cell cycle machinery (Wang and Proud, 2009). The 

phosphorylation of 4E-BP1 prevents its binding to the cap-binding protein eIF4E, required 

for the initiation of cap-dependent translation. The activation of S6K1 triggers mRNA 

biogenesis, as well as translational initiation and elongation. Moreover, mTORC1 also 

controls the synthesis of lipids required for membrane generation of proliferating cells and 

regulates positively cellular metabolism, mitochondrial functions and ATP production 

(Laplante and Sabatini, 2012). In accordance with the obtained data, other FTIs (e.g., 

lonafarnib, L-744,832) were reported to inhibit the mTOR pathway (Law et al., 2000; 

Basso et al., 2005; Niessner et al., 2011). The presence of mTORC1 at the 

vacuole/lysosome has been found to play a uniquely important role in the control of 

autophagy. Inactivation of mTORC1 boosts the induction of autophagic flux via two 

complementary, parallel mechanisms; acute de-inhibition of the kinase ULK1 and its 

interacting partner, Atg13, which directly triggers phagophore formation as well as nuclear 

translocation of the active transcription factor EB (TFEB), a master regulator of a large 

number of autophagy and lysosomal genes that facilitate the coordination of 

autophagosome formation, fusion with lysosomes and degradation. The overexpression of 

TFEB due to mTOR inhibition resulted in enhanced formation of LC3-positive 

autophagosomes and led to a striking expansion of the lysosomal compartment, both in 

terms of size and number (Efeyan et al., 2012). 

 Rheb, an exclusively farnesylated Ras-related protein, which cannot be alternatively 

prenylated, is required for mTORC1 activation by all stimuli, including insulin, growth 

factor inputs and amino acids and is located on endomembranes including lysosomal 

membranes (Saito et al., 2005; Buerger et al., 2006; Sancak et al., 2010). Rheb inhibition 

was evident by arglabin already 3-6 h after treatment, before any mitochondrial or 

lysosomal dysfunction could be determined. In human tumors, Rheb overexpression, as a 

positive mediator of oncogenesis, would be sufficient for the aberrant activation of mTOR 

signaling to promote growth deregulation (Sebti and Der, 2003). Indeed, in accordance to 

previous studies (Sebti and Der, 2003; Kobayashi et al., 2010), I could show that Rheb and 

mTORC1 expression were higher in the more aggressive, androgen-independent prostate 

cancer cell lines PC3 and DU145, compared with the less aggressive LNCaP and the 

benign prostatic epithelia (RWPE-1). 

 Activation of the Akt/mTOR pathway positively regulates cell proliferation by the Akt 

and mTORC1-mediated translation of mRNAs for protumorigenic genes, including cell 
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cycle regulators contributing to the growth of many sporadic cancers (Zoncu et al., 2011b; 

Porta et al., 2014). αATA(8,24) was shown to strongly inhibit the Akt/mTORC1 signaling 

and the expression of different cell cycle regulatory proteins. Accordingly, αATA(8,24) 

significantly impedes the cell cycle progression of prostate cancer cells. The inhibition of 

the Akt/mTOR pathway by αATA(8,24) was obvious already 6 h after treatment, before 

the appearance of any mitochondrial or lysosomal dysfunction. Under nutrient-rich 

conditions, mTOR as well as Akt, strongly suppress autophagy, and mTOR inhibitors, such 

as rapamycin, are strong autophagic inducers (Zoncu et al., 2011b). Similarly, 

accumulation of the acidic vesicular organelles in cells treated with αATA(8,24) might be 

also a result of Akt/mTOR inhibition. Rapamycin, a canonical inhibitor of mTOR, forms a 

gain-of-function complex with the intracellular immunoplilin 12-kDa FK506-binding 

protein (FKBP12) protein and the formed complex binds near the mTOR kinase domain, 

partially inhibiting mTORC1 (Tao et al., 2010; Laplante and Sabatini, 2012). This partial 

inhibition of mTORC1 by rapamycin was, however, not sufficient to trigger apoptosis in 

prostate cancer cells (Zoncu et al., 2011b; Morad et al., 2013). Rapamycin, which induces 

autophagy, protects cells against a range of proapoptotic insults. It is believed that 

autophagy has a prosurvival function by enhancing clearance of mitochondria and 

subsequently reducing cytosolic cytochrome c release and downstream caspase activation 

(Repnik et al., 2013). Different types of autophagy, in turn, depend on subsequent 

lysosomal degradation of their cargo. Under conditions of oxidative stress, excess ROS 

diffusing into lysosomes and autolysosomes fully loaded with autophagic cargo can easily 

destabilize membranes leading to lysosomal membrane permeabilization. The lysosomal 

membrane dysfunction not only leads to the release of lysosomal proteases into cytosol to 

exacerbate cell death but also reduces the degradation rate of the endocytotic system 

impairing the cytoprotective role of autophagy and lowering the apoptotic threshold 

(Repnik et al., 2013). In fact, the increased ROS and superoxide production in cells treated 

with αATA(8,24) might be amplified by the positive feedback loop between mitochondria 

and acidic vesicular organelles, whereas the ROS production and the feedback loop were 

absent in cells treated with rapamycin. 

 Taken together, I conclude that albeit through different mechanisms, the terpenoids 

arglabin and αATA(8,24) inhibit the mTOR pathway and induce apoptosis in human 

prostate cancer cell lines. Inhibition of the mTOR pathway in prostate cancer cells leads to 

augmented autophagy, cell cycle arrest, caspase 3 activation, ROS production, 
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permeabilization of the lysosomal membrane, dissipation of the mitochondrial membrane 

potential, and apoptotic cell death. Due to the increased susceptibility of cancer cells to 

arglabin and tirucallic acids compared to normal epithelial or blood cells, both 

phytochemicals may represent interesting lead compounds for the development of novel 

anticancer drugs. Finally, inhibition of the mTOR signaling pathways by these terpenoids 

and the involvement of the mTOR deregulation in several pathological conditions and 

disorders suggest that these compounds might be also used to target other diseases 

characterized by an increased activation of the mTOR pathway. 
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5. Summary 

 Cancer remains to be one of the leading causes of death around the world. Inappropriate 

drug delivery, secondary toxicities, and cancer chemo- and immunoresistance have 

compromised therapeutic responses in cancer, in particular, in advanced prostate cancer. 

The advent of modern drug-targeted therapies has somewhat improved cancer patient 

treatment. However, advanced metastasized prostate cancer remains incurable. Therefore, 

an intensified search for safer and more effective chemotherapeutics is urgently needed to 

improve the patients prognosis and to lower cancer treatment costs. Natural 

phytochemicals represent an established source for the discovery of novel anticancer lead 

compounds that might yield drugs, which could prevent, retard, or cure cancer. 

 The water soluble hydrochloride salt of the dimethylamino arglabin adduct (arglabin-

DMA), albeit not studied properly, has been registered as antitumor substance in the 

Republic of Kazakhstan for the treatment of breast, colon, ovarian, liver and lung cancers, 

supposedly inducing humoral immunity in the absence of significant side effects. Arglabin-

DMA has been claimed to inhibit the enzyme farnesyl transferase and subsequently protein 

farnesylation. However, the putative antitumor effects of this drug are not really 

understood. Besides, I demonstrate antitumor activities of some triterpenoids derived from 

the oleo gum extract of Boswellia species. Among them, tirucallic acid derivatives display 

a high potency in the eradication of prostate cancer cells. Particularly, the newly isolated 

tirucallic acid derivative 3α-acetyloxy-tir-8,24-dien-21-oic acid (αATA(8,24)) exhibited 

superior antitumor properties in comparison to the previously studied tirucallic acid 

derivatives. 

 The mechanistic target of rapamycin (mTOR) senses and integrates a variety of 

environmental cues to regulate organismal growth, metabolism and homeostasis. The 

aberrant activation of this pathway has been implicated in a number of pathological 

conditions, including cancer, obesity, type 2 diabetes mellitus, and neurodegeneration. 

Accordingly, targeting this pathway seems to be a promising therapeutic approach for the 

treatment of cancer and various metabolic disorders. In my study, I have shown that 

arglabin and 3α-acetyloxy-tir-8,24-dien-21-oic acid (αATA(8,24)), though through 

different mechanisms, inhibit the mTOR signaling pathway, leading to the induction of cell 

cycle arrest, autophagy, and apoptosis. Together, the presented data strongly suggest that 

arglabin and 3α-acetyloxy-tir-8,24-dien-21-oic acid (αATA(8,24)) could be efficient lead 
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compounds for therapeutics targeting diseases and disorders associated with aberration in 

mTOR signaling and the apoptosis machinery. 
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