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ABSTRACT 

DEEMA HUSSEIN 

d-8-TOCOTRIENOL-MEDIATED SUPPRESSION OF THE PROLIFERATION OF 
HUMAN PANC-1, MIA PaCa-2, AND BxPC-3 PAN CREA TIC TUMOR CELLS 

AUGUST 2008 

The rate-limiting enzyme of the mevalonate pathway, 3-hydroxy-3-methylglutaryl 

coenzyme A (HMG CoA) reductase, provides essential intermediates for the prenylation 

or dolichylation of numerous growth-related proteins including nuclear lamins Ras and 

growth factor receptors. Competitive inhibitors of HMG CoA reductase, the statins, and 

down-regulators of HMG CoA reductase, the monoterpene geraniol and the sesquitepene 

farnesol, have been shown to suppress pancreatic tumor growth both in vitro and in vivo 

by inducing cell cycle arrest and initiating apoptosis. d-8-Tocotrienol, a vitamin E 

isomer with a farnesol moiety, has been shown to be growth-suppressive in a number of 

in vitro and in vivo tumor models. These considerations led to an in vitro evaluation of 

the tumor-suppressive impact of d-8-tocotrienol in human MIA PaCa-2 and P ANC-1 

pancreas carcinoma cells and BxPC-3 pancreas ductal adenocarcinoma cells. d-8-

Tocotrienol induced concentration-dependent suppression of the proliferation of all three 

cell lines with 50% inhibitory concentrations of 28 ± 6, 35 ± 8, and 35 ± 7 µmol/L for 

MIA PaCa-2, PANC-1, and BxPC-3, respectively. Cell cycle analyses revealed d-8-

tocotrienol induced GI arrest in MIA PaCa-2, P ANC-1 and BxPC-3 cells. d-8-
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Tocotrienol-mediated morphological changes resemble those occurring in apoptotic cells. 

d-8-Tocotrienol also induced apoptosis in all three types of pancreatic tumor cells by 

flow cytometric analysis and fluorescence microscopy. A blend of lovastatin (2 µmol/L) 

and d-8-tocotrienol (5 and IO µmol/L) synergistically suppressed the proliferation of 

MIA PaCa-2 cells. Supplemental mevalonate attenuated the growth inhibition induced 

by d-8-tocotrienol in all three types of pancreatic tumor cells tested. The results of these 

studies suggested that d-8-tocotrienol as a down-regulator of the mevalonate pathway 

may have potential as an adjuvant therapy in pancreatic cancer. 
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CHAPTER I 

INTRODUCTION 

Pancreatic cancer is the fourth leading cause of cancer death among both men and 

women in the United States. In 2008, it is estimated that 37,680 Americans will be 

diagnosed with pancreatic cancer and 34,290 deaths will occur from this disease (Jemal et 

al., 2008). The disease is difficult to diagnose in its early stages by the time most patients 

present with symptoms their disease is incurable. Pancreatic cancer has a mortality rate 

of 95% at 5 years after diagnosis (Li et al., 2004). Therefore, increased efforts are needed 

to understand this disease and to develop better treatment and preventive strategies. 

Several risk factors including age, cigarette smoking, genetics, occupational 

exposure and dietary factors have been reported to increase the incidence of pancreatic 

cancer. Most patients diagnosed with pancreatic cancer are 60 years and older. Cigarette 

smoking accounts for about 25-30% of all pancreatic cancer cases. About 10-15% of 

patients with pancreatic cancer report a family history of the disease. Occupational 

exposure to compounds containing chlorine such as DDT may increase the risk. Finally, 

dietary factors may account for 35% of pancreatic cancer cases (Li et al., 2004). 
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Figure 1. Regulation of the mevalonate pathway by isoprenoids and statins. 
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Much work has been done to understand the effect of diet on the cancer cells. 

Studies have shown that increased consumption of fruits, vegetables, and dietary fiber 

may reduce the risk of pancreatic cancer (Hine et al., 2003; Silverman et al., 1998). 

In contrast, high dietary intake of meat, saturated fat, and carbohydrate have been 

associated with an increased risk of pancreatic cancer (Hine et al., 2003; Stolzenberg

Solomon et al., 2002). Fruits, vegetables, and grains are rich in phytochemicals that act 

as anticarcinogenic agents. Among these phytochemicals are mevalonate-derived 

isoprenoids that can suppress chemically initiated carcinogenesis and the growth of 

cancer cells (Mo & Elson, 2004). Isoprenoids are end products of plant secondary 

metabolism that have been extensively studied in in vitro (Burke et al., 1997; Stayrook et 

al., 1997) and in vivo (Burke et al., 2002; Burke et al., 1997) models of pancreatic tumor. 

The monoterpenes geraniol and perillyl alcohol, the sesquiterpene trans, trans-farnesol 

(farnesol) and the diterpene geranylgeraniol have been shown to arrest pancreatic tumor 

cells at the G 1 phase of the cell cycle and initiate apoptosis (Burke et al., 2002; Burke et 

al., 1997). Dietary geraniol and farnesol suppress the growth of implanted pancreatic 

tumor without toxicity to the hamster hosts (Burke et al., 1997). 

The growth-suppressive activity of isoprenoids may be attributed to their down

regulation of the HMG CoA reductase activity, a rate-limiting enzyme in the mevalonate 

pathway (Goldstein & Brown, 1990). The mevalonate pathway, also known as the 

cholesterol biosynthesis pathway, produces cholesterol and a number of non-sterol 

products (Figure 1 ). Pools of mevalonate-derived intermediates, farnesyl di phosphate 
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(FPP), geranylgeranyl diphosphate (GGPP), and dolichyl phosphate are essential for the 

post-translational modification and biological activity of growth-associated proteins 

including Ras (Crowell et al., 1991; Mo & Elson, 2004), nuclear lamins (Wolda & 

Glomset, 1988) and insulin-like growth factor I receptor (Dricu et al., 1997). The acyclic 

isoprenoid (Correll et al., 1994) and to a lesser extent, geraniol (Duncan, et al., 2004b; 

Peffley & Gayen, 2003), post-transcriptionally down-regulate HMG CoA reductase 

whereas the cyclic isoprenoid perillyl alcohol induces prenyl pyrophosphate 

pyrophosphatase activity that leads to the synthesis of farnesol (Case et al., 1995). 

Depleting the mevalonate pool of isoprenoids block the prenylation of growth-related 

proteins and consequently cell growth. In parallel the statins, competitive inhibitors of 

HMG CoA reductase activity, suppress tumor growth by inducing G 1 arrest (Keyomarsi 

et al., 1991; Muller et al., 1998) and apoptosis (Muller et al., 1998). 

Previous studies found that, in murine B 16 melanoma cells (Agarwal et al., 1999; 

Feleszko et al., 2000; McAnally et al., 2003), human HL-60 leukemia cells (Agarwal et 

al., 1999; Tatman & Mo, 2002), and human PC-3 prostate adenocarcinoma cells (Conte 

et al., 2004; McAnally et al., 2003; Myers et al., 1997), perillyl alcohol, geraniol and 

farnesol have much lower growth-suppressive potencies than tocotrienols, the vitamin E 

isomers with a farnesol moiety as their side chain. d-y- and d-8-tocotrienols down

regulate HMG CoA reductase activity (Song & DeBose-Boyd, 2006) with higher efficacy 

than farnesol and consequently, suppress tumor growth with higher potencies. Cell cycle 
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arrest and apoptosis contribute to the tocotrienol-mediated growth suppression (Mo & 

Elson, 2004 ). 

Pancreatic cancer cells have not been treated previously with d-8-tocotrienol, 

though d-8-tocotrienol has been shown to be growth-suppressive in other tumor cells. 

MIA PaCa-2 and PANC-1 human pancreatic carcinoma cells feature a mutation in K-Ras 

(Harrison et al., 1998), a mutation that occurs in 90% of human pancreatic tumors 

(Brunner et al., 2005). MIA PaCa-2 has also an inactivating mutation in p53 (Motoi et 

al., 2000). BxPC-3 human pancreatic ductal adenocarcinoma harbor wild-type K-Ras 

protein. The effect d-8-tocotrienol on these three cell lines with different Ras and P53 

status may help illustrate the roles of these genes in tocotrienol-mediated growth 

suppression. 

Purpose of Study 

The purpose of this study was to evaluate the effect of d-8-tocotrienol on the 

proliferation of human MIA PaCa-2 and P ANC-1 BxPC-3 pancreatic ductal 

adenocarcinoma cells. d-8-Tocotrienol has the highest tumor-suppressive activity among 

the tocotrienol isomers (McAnally et al., 2007; Mo & Elson, 2004) in non-pancreatic 

tumor cells7. The effect of d-8-tocotrienol on the cell cycle distribution and apoptosis 

will also be examined. Cells undergoing apoptosis usually exhibit characteristic 

morphological and biochemical changes including alterations in the cell membrane 

composition, activation of caspases, induction of phosphatidylserine exposure, and 
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cleavage of the DNA into small oligonucleosomal fragments. Different apoptotic assays 

will be used to detect apoptosis at early and late stages in the apoptotic cascade. 

Hypothesis 

d-8-Tocotrienol will suppress the proliferation of human pancreatic tumor cells by 

inducing cell cycle arrest and apoptosis. 
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CHAPTER II 

LITERATURE REVIEW 

The Mevalonate Pathway 

Mevalonate is an important intermediate in the biosynthesis of sterol and non-sterol 

isoprene (Figure 1 ). In mammalian cells, mevalonate is converted to cholesterol, which 

is subsequently converted to bile acids and vitamin D or used for membrane structure. 

Mevalonate is also converted into other important isoprenoids including haem A and 

ubiquinone, which participate in electron transport; dolichol, a carrier in glycoprotein 

assembly; isopentyladenine, which is present in transfer RNA and important for protein 

synthesis; farnesyl and geranylgeranyl pyrophosphates, which are required for the 

prenylation of membrane associated proteins that play a major role in cell signaling and 

cell proliferation (Goldstein & Brown, 1990; Mo & Elson, 2004). 

HMO CoA reductase, a glycoprotein of 97 kDa, is the rate-limiting enzyme in the 

mevalonate pathway. The activity of this enzyme is subject to multivalent control by 

sterol and non-sterol metabolites of mevalonate at the transcriptional and post

transcriptional levels (Brown & Goldstein, 1980; Kita et al., 1980). 

Protein Prenylation 

Prenylation is a post-translational lipid modification of proteins involving 

covalent addition of either farnesyl ( 15 carbons) or gernaylgeranyl (20 carbons) groups 
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derived from mevalonic acid to conserved cysteine residues at or near the carboxyl

terminal of proteins ending in CAAX, where C is cysteine, and A is an aliphatic amino 

acid (Adjei, 2001; Goldstein & Brown, 1990; Reuter et al., 2000; Tamanoi et al., 2001 ). 

The protein will be farnesylated when X is methionine, serine, cysteine or glutamine, and 

geranylgeranylated when X is leucine or isoleucine (Adjei, 2001 ). Prenylation reactions 

are catalyzed by 3 different enzymes: protein farnesyltransferase (FTase ), protein 

gernaylgeranyltransferase type I (GGTase I), and gemaylgeranyl transferase type II 

(GGTase II). FTase transfers a farnesyl group from FPP, and GGTase I transfer a 

gernaylgeranyl group from GGPP to the cysteine residue of the target protein (CAAX). 

After farnesylation, the CAAX proteins undergo further C-terminal modification that 

include proteolytic cleavage of AAX followed by carboxyl methylation of the C-terminal 

cysteine (Adjei, 2001; Goldstein & Brown, 1990; Gutierrez et al., 1989; Tamanoi et al., 

2001 ). These modifications enhance their membrane association as well as protein

protein interactions. The third enzyme, GGTase II transfers gernaylgeranyl groups from 

GGPP to proteins containing two C-terminal cysteine residues. Farnesylated proteins 

include Ras and lamins A & prelamin B proteins, while geranylgeranylated proteins 

include Rab, Rho A and Rac-1 (Adjei, 2001; Goldstein & Brown, 1990; Reuter et al., 

2000; Tamanoi et al., 2001 ). 

The nuclear lamins are intermediate filament-type proteins which form major 

components of nuclear lamina (Hennekes & Nigg, 1994 ). Lamins play an important part 

in nuclear envelope assembly, and initiation of DNA replication (Hutchison et al., 1994). 
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Mammalian cells normally express two types of lamins, type A and type B, which differ 

in membrane binding properties (Beck et al., 1990; Hennekes & Nigg, 1994). Lamin B 

(67 KD) was the first identified mevalonate labeled animal protein (Goldstein & Brown, 

1990; Schmidt et al., 1984). During mitosis when the nuclear lamina disassembles, type 

Alamin are solublized, while type B lamin remain associated with the nuclear 

membrane. Both prelamin A and lamin B are modified by farnesylation and 

carboxymethylated shortly after synthesis, but prelamin A undergoes an additional 

proteolytic cleavage, which results in the loss of the hydrophobically modified C

terminal, accounting for the differential membrane binding properties of lamins A and B 

(Beck et al., 1990; Hennekes & Nigg, 1994; Wolda & Glomset, 1988). In addition, some 

integral membrane proteins act as lamin B receptors, recognizing the hydrophobically 

modified CAAX protein and anchoring B lamin to the nuclear membrane (Hennekes & 

Nigg, 1994 ). 

Members of the Ras protein superfamily, including Ras (H-, K-, and N-Ras) and 

the Rho proteins, are membrane bound small GTPases that cycle between an inactive 

guanosine 5' diphospate (GDP)-bound state, and an active guanosine 5' triphosphate 

(GTP)-bound state (Aznar & Lacal, 2001; Lancet & Karp, 2003; Magee et al., 1999; 

Rebollo & Martinez-A, 1999; Shields et al., 2000). Ras proteins are essential component 

of receptor-mediated signaling cascades which regulate cell survival, proliferation, and 

differentiation (Aznar & Lacal, 2001; Magee et al., 1999; Reuter et al., 2000). To 

function, Ras proteins should form a stable association with the plasma membrane, which 
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require not only famesylation and carboxymethylation but also palmitoylation at the 

second cysteine residue (Adjei, 2001; Hancock et al., 1989). The last reaction is 

reversible and occurs only for H-Ras, K-Ras , and N-Ras (Gutierrez et al., 1989). 

The DGP/GTP cycling rate of Ras is controlled by several regulatory proteins 

including GTPase activating proteins (GAPs), which enhance the rate of hydrolysis of 

GTP to GDP, an guanidine nucleotide exchange factors (GEFs) which promote the 

replacement of bound GDP with GTP (Adjei, 2001; Lancet & Karp, 2003; Reuter et al., 

2000). 

Active OTP-bound Ras (Ras-GTP) activate several effector proteins including 

serine threonine kinase Raf-I (Lancet & Karp, 2003; Rebollo & Martinez-A, 1999; 

Shields et al., 2000). Once activated, Raf- I phosphorylates activated protein kinases 

(MAP Ks) which in tum initiate downstream cascade phosphorylations resulting in the 

switching of a number of target genes associated with cell proliferation (Lancet & Karp, 

2003; Rebollo & Martinez-A, 1999). Ras-GTP also activates the Rho proteins which 

play a major role in the dynamic regulation of the actin cytoskeleton and the control of 

cell morphology, motility, and adhesion (Hall, 1998). In addition, Ras signals 

phosphatidylinositol 3 (PI3)-kinase, which has been linked to several cellular functions, 

including mitogenic signaling, inhibition of apoptosis and control of the actin 

cytoskeleton (Rodriguez-Viciana et al., 1994; Yao & Cooper, 1995). 
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Transcriptional Regulation of Mevalonate Pathway 

As part of the multivalent regulation of HMG CoA reductase activity, the 

transcriptional regulations is mediated by a sterol feedback mechanism depending on the 

sterol feedback mechanism is regulated at the transcriptional level which is mediated by 

the sterol regulatory element binding proteins (SREBPs) (Brown & Goldstein, 1997; 

Wang et al., 1994). SREBPs belong to the basic helix-loop-helix-leucine zipper (bHLH

Zip) family of transcription factors, which are synthesized as inactive precursors bound to 

the endoplasmic reticulum (ER) (Brown & Goldstein, 1980; Wang et al., 1994). These 

proteins consist of three domains: the N-terminal domain (approximately 500 amino 

acids), the C-terminal regulatory domain (approximately 590 amino acids), and the 

middle domain. The middle domain is a helical hairpin membrane anchor consisting of 

two hydrophobic transmembrane-spanning segments separated by a short loop of about 

30 amino acids that project into the lumen of the ER. Both the N-terminal and the C

terminal domains face the cytosol (Brown & Goldstein, 1997; Horton et al., 2002). Three 

SREBP isoforms have been identified and are designated SREBP-1 a, SREBP-1 c, and 

SREBP-2 in human and animals (Brown & Goldstein, 1997; Horton et al., 2002; Hua et 

al., 1993). SREBP-1 a and SREBP-1 care derived from the same gene that undergoes 

alternative splicing to produce two forms of exon 1, named 1-a and 1-c (Horton et al., 

2002). SREBP-1 a is the most potent activator of all SREBP responsive genes, including 

those mediating the synthesis of cholesterol, fatty acids, and triglycerides in cultured cells 

(Horton et al., 2002; Pai et al., 1998). SREBP-2 is encoded by a different gene, and like 
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SREBP-1 a, it has a long transcriptional activation domain. However, it preferentially 

activates cholesterol synthesis (Brown & Goldstein, 1997). Newly synthesized SREBP 

forms a complex with SREBP-cleavage-activating protein (SCAP). In order to be active, 

SREBP undergo a two-step proteolytic process to release the transcriptionally active N

terminal fragment. This process is regulated by cholesterol (Brown & Goldstein, 1997; 

Wang et al., 1994). Cells obtain cholesterol from two sources, exogenously from plasma 

LDL which enters the cell via receptor mediated endocytosis, and endogenously from 

synthesis through the mevalonate pathway (Goldstein et al., 1983). In sterol-depleted 

cells, SCAP (a sensor of sterols) escort SREBP to Golgi apparatus, where the N-terminal 

domain is released from the membrane by two sequential proteolytic cleavages (Brown & 

Goldstein, 1997; Horton et al., 2002; Hua et al., 1996; Wang et al., 1994). The released 

N-terminal segment is then translocated to the nucleus where it binds to sterol regulatory 

elements (SREs) in the 5'-flanking region of the gene, and activates downstream genes 

encoding enzymes of cholesterol synthesis such as HMG CoA synthase, HMG CoA 

reductase, and farnesyl di phosphate synthase, and LDL receptor (LDLR) (Brown & 

Goldstein, 1997; Goldstein & Brown, 1990; Horton et al., 2002; Hua et al., 1993; 

Reynolds et al., 1985; Wang et al., 1994). When the cells are overloaded with sterols, the 

proteolytic release of SREBPs is blocked, and the transcription of all target genes is 

inhibited (Brown & Goldstein, 1997). 

12 



Post-Transcriptional Regulation of the Mevalonate Pathway 

Earlier studies have shown in fibroblast, complete suppression of HMG CoA reductase 

requires the presence of non-sterol, mevalonate derived product, along with cholesterol 

(Brown et al., 1978). In cultured human fibroblasts, HMG CoA reductase activity 

increased when the cells were grown in the absence of LDL. However, the subsequent 

addition of LDL to the medium caused a 98% decrease in the activity of HMG CoA 

reductase and mevalonate production (Brown et al., 1978). When fibroblasts were 

treated with compactin, an inhibitor of HMG CoA reductase, reductase production 

increased, but the enzyme was not active because it was inhibited by the (Brown et al., 

1978; Brown & Goldstein, 1980; Goldstein & Brown, 1990) . The induced HMG CoA 

reductase could not be fully suppressed when the compactin-grown cells were treated 

with LDL. Complete enzyme suppression can be only achieved by the addition of both 

LDL and mevalonate (Brown et al., 1978; Brown & Goldstein, 1980). In Chinese 

hamster ovary (CHO) cells, the addition of mevalonate caused an 80% inhibition of 

HMG CoA reductase activity (Panini et al., 1989). The mechanism of inhibition is 

believed to be due to a decrease in the translation of the reductase mRNA and to the 

increase in the rate of degradation of reductase protein (Nakanishi et al., 1988). The 

magnitude of suppression was greater than that produced by exogenous sterol in CHO-Kl 

cells (Panini et al., 1989). In vivo and in vitro studies have shown that farnesol, an FPP 

derivative in the mevalonate pathway, is involved in accelerated degradation of reductase 

(Meigs et al., 1996). 
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It has been shown that the ubiquitin-proteasome pathway mediates the regulated 

degradation of mammalian HMG CoA reductase (Ravid et al., 2000). 

Regulation of Mevalonate Pathway in Tumor Cells 

As described above, HMG CoA reductase in normal cells is regulated through a 

multivalent feedback mechanism at the transcriptional, translational, and post

translational levels by sterol and non-sterol derivatives of the mevalonate pathway 

(Goldstein & Brown, 1990). In tumor cells, the HMG CoA reductase activity is elevated 

and deregulated (Hentosh et al., 2001; Mo & Elson, 2004; Siperstein et al., 1971). 

Elevated reductase has been reported in malignant lung (Bennis et al., 1993), leukemia 

(Vitols et al., 1994), hepatoma cells (Siperstein et al., 1971), and colon tumor cells 

(Hentosh et al., 2001; Notarnicola et al., 2004) . Unlike normal cells, reductase in tumor 

cells is resistant to sterol feedback mechanism at the transcriptional level (Hentosh et al., 

2001; Mo & Elson, 2004). A mutation in the SCAP, a G ➔A transition at codon 443 of 

SCAP changing aspartic acid to asparagine enhances its cleavage stimulating activity, 

rendering HMG CoA reductase resistant to sterol regulation (Hua et al., 1996; Mo & 

Elson, 2004). The up regulation of lipogenic activities in tumor cells may also be due to 

the overexpression of transcription factor SREBP-1 a (Basso & Plebani, 2000; Mo & 

Elson, 2004 ). Transgenic mice that overexpress a truncated version of human SREBP-1 a 

have elevated mRNAs encoding HMG CoA synthase, HMG CoA reductase, and LDLR 

(Shimano et al., 1996). Overexpression of LDLR and SREBP-2 has been observed in 

prostate cancer cells which suggests that SREBP-2 may play a role in the loss of sterol 
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feedback regulation in cancer cells (Chen & Hughes-Fulford, 2001). It has been 

proposed that differential binding of a transcription factor or factors on the tumor cell 

reductase promoter attenuates normal sterol-mediated regulation of reductase activity 

(Hentosh et al., 2001). Another proposed hypothesis for gene overexpression in tumor 

cells, hypomethylation of promoter regions, is not involved in the sterol-resistance 

reductase regulation in malignant cells since the hypomethylation occurs in both normal 

and tumor cells (Hentosh et al., 2001; Mo & Elson, 2004). Reductase resistant to sterol 

mediated feedback regulation ensures adequate supply of mevalonate derived metabolites 

(isoprenoids) which are required for tumor cell proliferation and survival (Duncan, et al., 

2004a; Hentosh et al., 2001; Mo & Elson, 2004; Siperstein et al., 1971 ). 

Effect of Isoprenoids on Tumor Growth 

Isoprenoids are plant products that are derived from mevalonate pathway 

activities. Over 23,000 individual pure and mixed isoprenoid compounds have been 

identified. Pure isoprenoids consisting of multiple of 5-carbon isoprene unit (X) include 

the monocyclic monoterpenes (2X, e.g. d-limonine, perillyl alcohol, perillaldehyde, 

carvacrol, and thymol), acyclic monoterpenes (2X, e.g. geraniol), sesquiterpenes (3X, e.g. 

farnesol), diterpenes (4X), triterpenes (6X e.g. Lupeol), tetraterpenes (8X, e.g. lycopene), 

and polyterpenes (nX) (Crowell et al., 1996; Mo & Elson, 2004). Mixed isoprenoids 

such as tocotrienols and menaquinoine-3 have part of their molecules derived from the 

mevalonate pathway (Crowell, 1999; Elson et al., 1999; Mo & Elson, 2004). 
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Tocotrienols are part of the vitamin E family. Vitamin E is a general term for the 

natural compounds tocopherols and tocotrienols. Vitamin E is found in high 

concentrations in palm oil and other vegetable oils. Tocopherols have a phytyl tail 

attached to the chromanol ring while the tail of tocotrienols is an unsaturated isoprenoid 

chain. Natural tocotrienols exist in four different isomers named a-, ~-, y-, and o

tocotrienols, which contain different numbers of methyl group on the chromanol ring 

(McIntyre et al., 2000; Mo & Elson, 2004). 

Studies have shown that isoprenoids suppressed the growth of many cancer cell 

lines including murine B 16 melanoma cells (Agarwal et al., 1999; He et al., 1997; 

McAnally et al., 2003), human HL-60 leukemia cells (Agarwal et al., 1999; Tatman & 

Mo, 2002), CaCo-2 colon cells (Agarwal et al., 1999), and human PC-3 prostate 

adenocarcinoma cells (Conte et al., 2004; McAnally et al., 2003; Myers et al., 1997). 

The IC50 is the concentration of isoprenoids required to suppress cell proliferation 

by 50%. The growth suppressive potencies of isoprenoids in murine B 16 melanoma cells 

were characterized as the following: d-limonine (ICso = 450 µM) < perillyl alcohol (ICso 

= 250 µM) < geraniol (IC50 = 150 µM) < perillaldehyde, carvacrol, or thymol (ICso = 120 

µM) < ~-ionone (IC50 = 140 µM) < d-a-tocotrienol (ICso = 110 µM) < farnesol (IC50 = 

50 µM) < d-y-tocotrienol (IC50 = 20 µM) < d-8-tocotrienol (ICso = 10 µM) (He et al., 

1997). Tocotrienols effectively suppressed the net increase in B 16 melanoma cell 

population with d-8-tocotrienol being the most potent (He et al., 1997; Mo & Elson, 
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2004 ). The IC so values for tocotrienols were inversely related to the number of methyl 

groups on the chromanol ring of the tocotrienols (He et al., 1997; Mo & Elson, 2004). 

The tumor suppressive potency of different isoprenoids, and the tumor cells 

sensitivity to different isoprenoid varies substantially. When MCF-7 (estrogen non

responsive breast tumor cells) and MDA-MB-435 (estrogen responsive breast tumor 

cells) were treated with vitamin E compounds at final concentrations of 10-200 µg/mL 

for 3 days, the IC50 values for the apoptosis-inducing a-, y-, and 8- tocotrienols in MCF-

7 and MDA-MB-435 cells were 14, 15, and 7 µg/mL and 176, 28, and 13 µg/mL, 

respectively (Yu et al., 1999). In a separate study, the IC so values of the tocotrienols for 

preneoplastic (CL-S 1 ), neoplastic (-SA), and highly malignant ( +SA) mammary 

epithelial cells were as the following: 12, 7, and 5 µM (a-tocotrienol), 8, 5, and 4 µM (y

tocotrienol), and 7, 4, and 3 µM (8-tocotrienol) (McIntyre et al., 2000). In both studies, 

8-tocotrienol has the highest growth suppression potency among the vitamin E 

compounds. 

In addition, tocotrienols were found to inhibit proliferation of HepG2 liver cancer 

cells in a dose- and time-dependent manner with ICsoof 27.4 and 9.6 µM for y- and 8-

tocotrienols, respectively. 8-Tocotrienol exerted stronger antiproliferative effect than y

tocotrienol in HepG2cells (Wada et al., 2005). Treatment with farnesol at 120 µM led to 

100% cell death of A549 and H460 lung cancer cells (Wang et al., 2003). 
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Farnesol at 30 µM also inhibited the proliferation of leukemic cell culture and 

induced apoptosis of leukemic cells and primary blasts obtained from patients with 

myeloid leukemia (Rioja et al., 2000). 

In various animal tumor models monoterpenes suppressed the growth of 

implanted B 16Fl 0 melanomas, P388 leukemic cells, Morris 7777 hepatomas, and colon 

CT-26 tumors (Elson et al., 1999). Perillyl alcohol and its precursor limonene, found in 

essential oils of citrus fruits, cherry, and other edible plants, have been shown to have 

chemotherapeutic activity against pancreatic, mammary, and prostatic cancer (Crowell, 

1999; Crowell et al., 1996). Limonene and perillyl alcohol caused a complete regression 

of> 80% of established 7-12-dimethylbenz[ a ]anthracene (DMBA)-induced mammary 

carcinoma in rats (Crowell, 1999; Crowell et al., 1996). In mice bearing implanted B 16 

melanomas, substituting y-tocotrienol for a-tocopherol (116 µmol/kg diet) in the AIN-

76A diet caused a 36% reduction in tumor growth (He et al., 1997). In the same report, a 

diet providing y-tocotrienol and ~-ionone at 2 mmol/kg diet, individually or in 

combination, increased the survival of mice bearing implanted melanomas (He et al., 

1997). Oral administration of tocotrienols resulted in a significant suppression of liver 

and lung carcinogenesis in mice (Wada et al., 2005). In a rat model of 

hepatocarcinogenesis, farnesol and geranylgeraniol (25 mg/1 00g body wt) inhibited cell 

proliferation and DNA damage (Ong et al., 2006). Geranylgeraniol also induced 

apoptosis in these cells (Ong et al., 2006). 
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Isoprenoids including tocotrienols have been shown to inhibit the proliferation of 

cancer cells through both induction of apoptosis and cell cycle arrest independent of 

mutated Ras or p53 function (Mo & Elson, 1999; Mo & Elson, 2004). Apoptosis is a 

normal process of programmed cell death; it regulates homeostasis in normal tissues. 

Apoptosis is characterized by distinct morphological and biochemical features such as 

DNA fragmentation accompanied by cell shrinkage, dilation of the ER, alterations in the 

cell membrane composition, and formation of membraned apoptotic bodies (Cotter, 

1992). The Be 1-2 family consists of anti-apoptotic (Bcl-2, Bel-XL) and pro-apoptotic 

(Bax, Bak, Bid, Bel-XS) family members. Imbalance between anti- and pro-apoptotic 

Bcl-2 family proteins determines whether the cell will survive or die (Agarwal et al., 

2004; Cotter, 1992; Reed, 1999). Overexpression of pro-apoptotic Bcl-2 family triggers 

apoptosis and caspase activation (Reed, 1999). Bcl-2 family of proteins control the 

release of cytochrome c from the mitochondria and activate the initiator caspase 9, which 

in turn activates effecter caspase 3 (Green & Reed, 1998). 

Tocotrienol-rich fraction (TRF) of palm oil inhibited cell growth and induced 

apoptosis in both preneoplastic and neoplastic colon cells by alteration Bax/Bcl2 ratio in 

favor of apoptosis, which resulted in activation of caspase 9 and then caspase 3 (Agarwal 

et al., 2004 ). In contrast, y-tocotrienol-induced apoptosis in human breast cancer cells 

was associated with disruption in mitochondrial membrane and cytochrome c release into 

the cytoplasm, but did not involve modulation of Bcl-2/Bax proteins or induction of 

caspases (Takahashi & Loo, 2004). 
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In many cells, apoptosis triggered by tumor necrosis factor (TNF)-death-receptors 

family including Fas. Death-receptor activation signals caspase 8 activation which leads 

to the activation of effector caspase 3 (Shah et al., 2003). In cultured malignant +SA 

mammary epithelial cells, treatment with 50 µM TRF or 20 µM y-tocotrienol increased 

intracellular activity and levels of processed caspase 8 and 3 but not caspase 9 (Shah et 

al., 2003). In rat hepatoma dRLH-84 cells, a- and y-tocotrienol induced apoptosis and 

DNA fragmentation by activating caspase 8 which activates caspase 3 (Sakai et al., 

2004 ). Other studies suggested that in +SA cells, y-tocotrienol (20 µM)-induced caspase 

8 activation and apoptosis is not a result of enhanced death-receptor activation but is 

instead associated with tocotrienol-induced suppression of PBK/PDK-1/ Akt mitogenic 

signaling with a concomitant reduction in FLIP, an endogenous inhibitor of caspase 8 

processing and activation (Shah & Sylvester, 2004). 

Epidermal growth factor (EGF) and EGF-receptor have been shown to play an 

important role in the inhibition of programmed cell death and metastasis (Li et al., 2004; 

Shah & Sylvester, 2004). The EGFs and their receptors are overexpressed in pancreatic 

tumor cells (Li et al., 2004). In human breast cancer cells, a-tocopherol ether acetic acid 

analog ( a-TEA) and 8-tocotrienol induced apoptosis by restoring both transforming 

growth factor-~ (TGF-~), and Fas apoptotic signaling pathways which in turn activated c

Jun N-terminal kinase (JNK), JNK mediates Bax translocation to the mitochondria, and 

caspases activation (Shun et al., 2004). Farnesylamin, another farnsol analog that 

20 



contains a farnesyl group and a free amine group, induced apoptosis in human pancreatic 

cancer cells through activation of JNK pathway 2 (Mizukami et al., 2001 ). 

In addition to apoptosis, another event that may contribute to isoprenoid-induced 

growth suppression is cell cycle arrest. G 1 is the cycle gap between M phase ( cell 

division) and S phase (DNA replication). Cyclin /cyclin dependent kinases (cdks) 

complexes are responsible for promoting the cell passage from G 1 to S (Duncan, et al., 

2004b; Wiseman et al., 2007). Cyclin-cdk complex is activated by phosphorylation 

which leads to the phosphorylation of a retinoblastoma protein (Rb), the tumor 

suppressor protein, inhibiting its activity and preventing progression through the cell 

cycle. Isoprenoid caused G0/G 1 arrest and S phase inhibition in many human cancer cell 

lines. Treatment with y-tocotrienol (20 µM) for 3 hours arrested cells at the G 1 phase of 

the cell cycle in murine melanoma cells (Mo & Elson, 1999). Tumor suppressive effect 

of 8-tocotrienol in HepG2 was independent of Rb, Rb-2 and p53 (Wada et al., 2005). No 

effect was observed on cell cycle when human colon cancer cells were treated with TRF 

(Agarwal et al., 2004). 

The tumor suppressive effect of isoprenoid may stem from their impact on HMG 

CoA reductase. Studies have shown that tumor HMG CoA reductase retains high 

sensitivity to isoprenoids mediated post-transcriptional down-regulation that includes the 

inhibition of reductase synthesis and accelerated reductase degradation. Limonene and 

perillyl alcohol have shown to suppress reductase synthesis by attenuating the efficiency 

of reductase mRNA translation (Parker et al., 1993; Peffley & Ga yen, 2003 ). Geraniol 
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lowered HMG CoA reductase synthesis through suppressing both HMG CoA reductase 

transcription and mRNA translation (Peffley & Gayen, 2003). Tocotrienols have been 

shown to post-transcriptionally down-regulate HMG CoA reductase by increasing the 

degradation of reductase protein and the efficiency of HMG CoA reductase mRNA 

translation (Parker et al., 1993; Pearce et al., 1992). In HepG2 cells, y- tocotrienol 

suppressed reductase protein synthesis rate (57% of control), and caused a 2.4 fold 

increase in reductase degradation compared to the control cells (Parker et al., 1993). The 

mechanism of inhibition is believed to be due to the famesyl side chain of the tocotrienol 

(Parker et al., 1993). Farnesol has been shown to accelerate HMG CoA reductase 

degradation (Meigs et al., 1996). HMG CoA reductase suppression by isoprenoids 

depletes tumor cells from the pools of mevalonate pathway intermediates, FPP and GGP, 

that are important for the isoprenylation of growth associated proteins such as Ras and 

Rho proteins, reduces Ras and lamin B processing, arrests cells in G 1, and initiates 

cellular apoptosis (Elson et al., 1999; Mo & Elson, 2004). Isoprenoids also specifically 

target the HMG CoA reductase in tumors (Elson et al., 1999). The sensitivity of normal 

colon fibroblast to isoprenoid mediated effect on HMG CoA reductase is 3-40 fold less 

than CaCo-2 colon adenocarcinoma cells (Mo & Elson, 1999). 

Effect of Lovastatin on Tumor Cells 

The effect of mevalonate down-regulation on cell proliferation is shown in 

lovastatin-mediated effects on tumor growth. Lovastatin is a competitive inhibitor of 

HMG CoA reductase, the rate limiting enzyme in the mevalonate pathway. Lovastatin 
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has been shown to have antiproliferative activity against various tumor cells including: 

colon cancer cells (Agarwal et al., 1999; Feleszko et al., 2000; Mo & Elson, 2004), acute 

myeloid leukemiccells (Dimitroulakos et al., 1999), lung cancer (Feleszko et al., 2000), 

prostate cancer (Park et al., 2001), and pancreatic cancer cells (Sumi et al., 1994). 

In colon cancer cells, lovastatin augmented apoptosis induced by 

chemotherapeutic agents, decreased the expression of anti-apoptotic protein Be 1-2, and 

increased the pro-apoptotic Bax (Agarwal et al., 1999). It has been proposed that 

lovastatin-induced apoptosis may be a consequence of the inhibition of 

gernaylgeranylation, but not farnesylation of the Rho family proteins which regulate actin 

cytoskeletal recognition, cell adhesion, cell morphology, motility, and invasion (Agarwal 

et al., 1999). 

In pancreatic cancer cells, lovastatin and fluvastatin prevent gernaylgeranylation 

of Rho proteins inhibit EGF-induced translocation of Rho from the cytosol to the 

membrane fraction, and block cancer cell invasion (Kusama et al., 2002; Kusama et al., 

2001 ). It has been suggested that lovastatin-induced apoptosis is mediated by the 

mitochondrial pathway which involves the activation of caspase 3, and 9 in lymphoblasts 

and myeloma cells (Cafforio et al., 2005) . 

Lovastatin has also been found to arrest cells in the G 1 phase at 2-10 µM and 

delay the progression of the G2 phase concentration in human bladder carcinoma 

( J akobisiak et al., 1991 ). This mechanism was due to the impairment of isoprenylation of 

p21 ra5, an important step in cell proliferation (Jakobisiak et al., 1991 ). 
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E2F-l transcription factor is essential for cell cycle progression to S phase (Park 

et al., 2001 ). In prostate cancer cells, lovastatin reduced the cells number in the S phase 

and increased the G 1 and G2/M arrest. In addition, lovastatin down-regulate the 

expression of E2F-l at both mRNA level and protein levels, which might explain the 

delay in S-G2 cell cycle and apoptosis (Park et al., 2001). 

Effect of Isoprenoids on Pancreatic Cancer Cells 

In pancreatic cancer, many genetic and metabolic modifications occur; all playing 

a role in pancreatic tumor invasion and metastasis. These changes include K-Ras 

activation, silencing of tumor suppressor genes such as pl6 and p53, shortening of 

telomeres, alteration in DNA methylation, overexpression of growth factor, and 

amplification of certain oncogenes (Hine et al., 2003; Li et al., 2004). Over 90% of 

pancreatic cancers are reported to have mutations in the K-Ras oncogene (Brunner et al., 

2005). Mutations in K-Ras results in continuous activation of multiple pathways 

involved in cell proliferation (Li et al., 2004). Thus, Ras oncogenes could be a critical 

target for pancreatic cancer treatment. 

Cell growth suppressive action of isoprenoids affecting G 1 arrest and apoptosis is 

attributed to the modulation of cell signaling pathway by altering gene expression, post 

translational processing of expressed proteins, and diacylglycerol signaling (Crowell, 

1999; Mo & Elson, 2004). As mentioned previously, post-translational modification of 

small G proteins including Ras and nuclear lamins plays a critical role in the activation of 

downstream pathways that mediate cell proliferation. Limonene and perillyl alcohol have 
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been shown to inhibit isoprenylation of small G proteins including p21 ras in a dose 

dependent manner; this action was attributed to the inhibition of farnesyl protein 

transferase activity (Crowell et al., 1991 ). Perillyl alcohol has anti tumor activity against 

pancreatic carcinomas in a dose dependent manner, with IC50 values of 290 and 480 µM 

for the MIA PaCa-2 and PC-1 cell lines, respectively (Crowell et al., 1996). In a separate 

study, treatment of pancreatic tumor cells with 25 µM farnesol, 25 µM geranylgeraniol, 

100 µM perillyl amine, 100 µM geranylgeraniol, or 300 µM perillyl alcohol caused a 60-

90% growth inhibition (Burke et al., 1997). 

Animal studies have confirmed the in vitro efficacies of isoprenoids. Perillyl 

alcohol (3% of the diet) reduced the growth of transplanted hamsters' pancreatic tumors 

to less than half of that of the controls. Moreover, some pancreatic tumors completely 

regressed when treated with perillyl alcohol, whereas none of the control tumors 

regressed (Stark et al., 1995). Complete inhibition of pancreatic tumor growth was 

attained in hamsters bearing transplanted pancreatic tumors that were fed a diet 

containing 20 g/Kg farnesol or geraniol. Perillyl alcohol reduced tumor growth by 50% 

in these hamsters, when they were fed a diet containing 40g/Kg (Burke et al., 1997). 

In BxPC-3 pancreatic cancer cells, treatment with farnesol, geraniol, or perillyl 

alcohol for 48-h resulted in a 3 to 10 fold increase in apoptosis and Bak expression 

compared to controls (Burke et al., 2002). In the same study, the administration of 

farnesol ( 1 % w/w) and perillyl alcohol (2% w/w) to the diet of pancreatic tumor bearing 

hamsters resulted in hyperplastic pancreatic ductal neoplasm with higher Bak protein 
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expression, higher apoptotic rates, diminished expression of the antiapoptotic protein Bcl

XL, and lower rates of DNA synthesis than the controls (Burke et al., 2002). Lupeol, a 

triterpene found in olives, figs, and mangos inhibit the growth of AsPC-1 pancreatic 

cancer cells in a dose dependent manner (IC50 = 35 µM). Lupeol is a multitarget 

anticancer agent that induces apoptotic cell death via modulating Ras protein expression, 

and protein expression of various signaling molecules involved in PKCa/ODC, PI3K/Akt 

and MAP Ks pathways along with a significant reduction in the activation of NFKB 

signaling pathway (Saleem et al., 2005). 

In summary, the mevalonate pathway provides essential intermediates for the 

modification of essential proteins involved in tumor cell proliferation. HMO CoA 

reductase, the rate-limiting enzyme in the mevalonate pathway, is elevated in tumors but 

remains sensitive to isoprenoid-mediated down-regulation. By targeting tumor reductase, 

isoprenoids induce cell cycle arrest and apoptosis, both in vitro and in vivo, as shown in 

various tumor models. However, only a few isoprenoids including perillyl alcohol, 

geraniol and farnesol have been shown to inhibit pancreatic tumor growth. d-8-

Tocotrienol, the isoprenoid shown to have the most potent growth-suppressive activity 

(McAnally et al., 2007), has not been evaluated in studies on pancreatic cancer. 

Therefore, studies on the effects of d-8-tocotrienol on human pancreatic tumor cell 

proliferation, cell cycle arrest and initiation of apoptosis are warranted. 
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CHAPTER III 

MATERIALS AND METHODS 

Cell Proliferation Assay 

Human BxPC-3 pancreatic ductal adenocarcinoma cell proliferation was 

measured by using CellTiter 96® Aqueous One Solution (Promega, Madison, WI) as 

previously described (McAnally et al., 2003). Briefly, BxPC-3 cells, cultured in 

RPMI 1640 medium with 2 mmol/L L-glutamine adjusted to contain 1.5 g/L sodium 

bicarbonate, 4.5 g/L glucose, 10 mmol/L HEPES, and 1.0 mmol/L sodium pyruvate, 

supplemented with I 0% fetal bovine serum (FBS) (Sigma, St. Louis, Mo) and 1 % 

penicillin/streptomycin (Gibco) at 37oC in a humidified atmosphere of 5% CO2, were 

seeded at 5x 103 cells/0.1 mL medium/well in 96-well tissue culture plates (Corning 

Incorporated, Corning, NY) (Eibl et al., 2003). At 24-h the medium was decanted from 

each well and replaced with 0.1 mL fresh medium containing the test agents. d-8-

Tocotrienol and farnesol were dissolved in ethanol, and lovastatin was dissolved in 

dimethyl sulfoxide (DMSO). All cultures contained 1 mL/L of ethanol and 1 mL/L of 

DMSO. Cells were further incubated for additional 48-h. The 72-h cell populations were 

determined by adding 20 µL of Cell Titer 96® Aqueous One Solution to each well; plates 

were held in the dark at 3 7°C for 2-h and then read at 490 nm with a SPECTRAmax® 190 

multi-plate reader equipped with SOFTmax® PRO version 3.0 (Molecular Devices, 
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Sunnyvale, CA). The mean absorbance from wells containing cell-free medium was used 

as the baseline and was deducted from absorbances of other cell-containing wells. The 

ICso value, the concentration of an agent required to suppress the net increase in cell 

number by 50%, was determined by Prism® 4.0 software (GraphPad Software Inc., San 

Diego, CA). 

Human PANC-1 and MIA PaCa-2 pancreatic carcinoma cells were grown in 

Dulbecco's modified Eagle's medium (DMEM) with 4 mmol/L L-glutamine adjusted by 

A TCC to contain 1.5 g/L sodium bicarbonate and 4.5 g/L glucose, supplemented with 

10% FBS and 1 % penicillin/streptomycin (Gibco ). Cultures, seeded in 0.1 mL medium 

with 2.5x 103 cells/well in a 96-well plate (Eibl et al., 2003), were incubad for 24-h at 

3 7°C in a humidified atmosphere of 5% CO2. At 24-h, medium was decanted and 

cultures replenished with either control or experimental media. Incubation continued for 

an additional 48-h. Cell populations of all wells were determined using the CellTiter 96 

procedure. 

Microscopy 

Photomicrographs of representative fields of monolayers of pancreatic tumor cells 

in the cell proliferation assays were made with a Nikon Eclipse TS 100 microscope 

equipped with a Nikon Coolpix 995 digital camera (Nikon Corporation, Tokyo, Japan). 
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Cell Cycle Analysis 

P ANC-1, BxPC-3 and MiaPaCa-2 cells were seeded in 25 cm2 flasks (Becton 

Dickinson Labware, Franklin Lakes, NJ) at 300,000 cells per flask with 5 mL medium 

and incubated for 24-h. Medium was then decanted and cultures replenished with either 

control or experimental media. Following an additional 24-h incubation cells were 

harvested by trypsinization and pelleted by low speed centrifugation. Cell pellets were 

resuspended in phosphate-buffered saline (PBS) and counted; re-pelleted cells were then 

re-suspended in 300 µL PBS before 700 µL ice-cold ethanol was added drop-wise to the 

suspension. Cells(> 150,000 cells) were then fixed at 4°C for 60 min (cells may be 

stored in 70% ethanol at -20°C for several weeks before analysis), washed twice in 1 mL 

PBS and re-suspended in 300 µL PBS containing 0.5 mg RNAse A (Sigma, St. Louis, 

MO). Following gentle mixing a 50 ~tL aliquot of propidium iodide at 1 g/L in PBS 

(Sigma, St. Louis, MO) was added. The cells were incubated in the dark at 4oC for 2-h 

prior to flow cytometric analysis (Nicoletti et al., 1991 ). Aliquots of 1 x 10
4 

MIA PaCa-2 

and BxPC-3 cells were analyzed for DNA content using a Guava EasyCyte flow 

cytometer (Guava Technologies, Inc., Hayward, CA) and 2 x 10
4 

PANC-1 cells were 

analyzed with a Beckman Coulter Cytomics FC 500 Flow Cytometer. The distribution of 

cells in the G 1, S, and G2/M phases of the cell cycle was determined using Multi Cycle 

AV software (Phoenix Flow Systems, San Diego, CA). 
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Annexin V Assay for Apoptosis 

BxPC-3 and P ANC-1 cells were seeded in 6-well plates (Becton Dickinson 

Labware, Franklin Lakes, NJ) at 200,000 cells/well with 3 mL medium/flask and 

incubated for 24-h. Medium was then decanted and cultures replenished with either 

control or experimental media. Following an additional 24 (PANC-1) or 72 (BxPC-3) -h 

incubation, medium was decanted and adherent cells were harvested by trypsinization 

and pelleted by refrigerated centrifugation at 300 xg for 10 min. Cell pellets were 

washed and resuspended in cold Nexin™ buffer at I x I 06 cells/mL. A mixture of 20 µL 

of cell suspension, 2.5 µL of Annexin V-PE and 2.5 µL ofNexin 7-amino-actinomycin D 

(7-AAD) solutions was incubated on ice in the dark for 20 min. Then 225 µL of cold 

Nexin™ buffer was added to each mixture and then transferred to a 96-well plate. The 

plate was then loaded to a Guava EasyCyte flow cytometer (Guava Technologies, Inc., 

Hayward, CA) and 1 x I 04 (BxPC-3) or 2 x 103 (P ANC-1) cells per sample were 

analyzed by using the Guava ExpressPlus program (Fernandes et al., in press) according 

to the manufacturer's instructions. Annexin Vis a phospholipid-binding protein that has 

high affinity for phosphatidylserine (Andree et al., 1990) translocated from the internal 

face to the outer surface of cell membrane at the early stage of apoptosis (Fadok et al., 

1992). 7-AAD selectively permeates late stage apoptotic and dead cells. Therefore cells 

that are viable (Annexin V- and 7-AAD-), early apoptotic (Annexin V+ and 7-AAD-) and 

late apoptotic or dead (Annexin V+ and 7-AAD+) can be separated and percentages of 

these cell populations are quantified. 
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Terminal Deoxynucleotidyl Transferase Mediated dUTP Nick 

End Labeling (TUNEL) Assay for Apoptosis 

PANC-1 cells were seeded in 96-well plates at a density of 2 x 103 cells/well and 

incubated for 24-h. Medium was then decanted and cultures replenished with either 

control or experimental media. Following a 24-h incubation the media were decanted. 

The remaining mono layer cells in each well were washed with 100 µL PBS and then 

fixed with 100 µL freshly prepared fixation solution ( 4% paraformaldehyde in PBS) for 

60 min at room temperature. Cells were then rinsed with 100 ~LL PBS, incubated with 50 

µL freshly prepared permeabilization solution (0.1 % Triton X-100 in 0.1 % sodium 

citrate) for 2 min on ice, and rinsed twice with PBS. The cells were then incubated for 1 

hour at 3 7°C in the dark with 50 µL TUNEL reaction mixture from the In Situ Cell Death 

Detection Kit (Roche Diagnostics, Indianapolis, IN) prepared according to the 

manufacturer's instruction. The cells were rinsed twice with PBS prior to observation 

under an Axiovert 200 M microscope (Carl Zeiss Microimaging Inc., Thornwood, NY). 

Both fluorescein isothiocyanate (FITC)-filtered and phase-contrast photomicrographs of 

the same field were captured. 

Acridine Orange and Ethidium Bromide Dual 

Staining Assay for Apoptosis 

P ANC-1 and MIA PaCa-2 cells were inoculated in 96-well plates with 2x 10
3 

cells/well and incubated for 24-h. Medium was then decanted and cultures replenished 

with either control or experimental media. Dye mixture (8 µL) containing 50 µg/mL 
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acridine orange (Becton, Dickinson and Company, Sparks, MD) and 50 µg/mL ethidium 

bromide (Sigma, St. Louis, MO) was added to each well with the P ANC-1 cells. Floaters 

from the MIA PaCa-2 culture were collected by centrifuge at 3000 rpm and re-suspended 

in I 00 ~LL of PBS before being added back to the mono layer. In each well, 8 µL of the 

dye mixture was added. Following a I-min staining, the cells were subjected to 

observation under an Axiovert 200 M equipped with a FluoArc lamp, an AxioCam MRm 

digital camera system, and Axio Vision Rel. 4.3 program microscope (Carl Zeiss 

Micro Imaging Inc., Thornwood, NY). The phase-contrast images of representative fields 

of each well and the green and red fluorescences emitted by acridine orange and ethidium 

bromide staining were captured by using bright field phase 2, FITC or 

tetramethylrhodamine isothiocyanate (TRITC) filters. 

Statistics 

One-way analysis of variance (AN OVA) was performed to assess the differences 

between groups using Prism® 4.0 software (GraphPad Software Inc., San Diego, CA). 

Differences in means were analyzed by Dunnett's test. Levels of significance were 

designated as P < 0.05. 
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CHAPTER IV 

RESULTS 

Cell Proliferation Assay 

d-8-Tocotrienol induced concentration-dependent suppression of the proliferation 

of human MIA PaCa-2 and PANC-1 pancreatic carcinoma cells and BxPC-3 pancreatic 

ductal adenocarcinoma cells. The IC50 values for MIA PaCa-2, PANC-1 , and BxPC-3 

were 28 ± 6, 35 ± 7, and 35 ± 8 µmol/L, respectively (Table 1). MIA PaCa-2 (IC50 = 4 ± 

1 µmol/L, n = 10) and P ANC-1 (ICso = 17 ± 7 µmol/L, n = 10) (Figure 2) cells were more 

sensitive than BxPC-3 cells (IC5o > 80 µmol/L) to the growth inhibition mediated by 

lovastatin, a competitive inhibitor of HMG CoA reductase (Table 1 ). Farnesol, the side 

chain moiety of d-8-tocotrienol and a sesquiterpene with known pancreatic cancer 

suppressive activity (Burke et al., 1997), was 3-5 fold less active than d-8-tocotrienol in 

our assays (Figure 2 and Table 1 ). MIA PaCa-2 cells incubated with d-8-tocotrienol 

(Figure 3), lovastatin (Figure 4) and farnesol (Figure 5) exhibited concentration

dependent decrease in cell density and morphological changes including nuclear 

condensation, membrane blebbing and detachment from monolayer, characteristics 

reminiscent of apoptosis. These concentration-dependent impacts of d-8-tocotrienol were 

also evident in P ANC-1 (Figure 6) and BxPC-3 (Figure 7) cells following 48-h 

incubations. 
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Table 1 

/C50 values1 (µmol/L) Showing the Relative Sensitivities of Human MIA PaCa-2, 

PANC-1, and BxPC-3 Pancreatic Tumor Celli to the Growth-Suppressive Activities of 

Lovastatin, d-8-Tocotrienol and Farnesol3 

MIA PaCa-2 N PANC-1 N BxPC-3 N 

d-8-Tocotrienol 28 ± 6 7 35 ± 7 9 35 ± 8 8 

Farnesol 162 ± 9 4 130 ± 30 8 115±15 3 

Lovastatin 4±1 10 17 ± 7 10 >80 2 

'The IC50 value is the concentration of an agent required to suppress the increase in tumor cell population 

by 50%. 

2 All cells were incubated with the agents at various concentrations for 48-h before cell growth was 

measured by CellTiter 96® Aqueous One Solution as described in Materials and Methods. 

3Values are mean± SD. 
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Figure 2. Representative growth curves of human PANC-1 pancreatic carcinoma cells 
showing the concentration-dependent suppression of cell proliferation by lovastatin 
(circle), d-8-tocotrienol (square), and t,t-farnesol (triangle). PANC-1 cells were cultured 
and incubated with the compounds for 48-h before cell proliferation was measured by 
CellTiter 96® Aqueous One Solution as described in Materials and Methods. Values are 
mean± SD, n = 4. 
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Figure 3. The concentration-dependent inhibition of human MIA PaCa-2 pancreatic 
carcinoma cell proliferation shown in photomicrographs of MIA PaCa-2 cells following a 
48-h incubation with 0 (A), 10 (B), 20 (C), and 40 (D) µmol/L d-8-tocotrienol. The 
contact inhibition-disabled growth of the MIA PaCa-2 cells is shown in the Control 
culture (A). Concentration-dependent decreases in cell density and changes in cell 
morphology occur progressively as the concentration of d-8-tocotrienol is increased from 
10 to 40 µmol/L ; arrows marking indicators of apoptotic cell death (nuclear condensation 
and membrane blebbing) and changes in cell morphology are inserted in the 
photomicrographs with 20 (C) and 40 (D) µmol/L d-8-tocotrienol. 

36 



Figure 4. The concentration-dependent inhibition of human MIA PaCa-2 pancreatic 
carcinoma cell proliferation shown in photomicrographs of MIA PaCa-2 cells following a 
48-h incubation with O (A), 2 (B), 4 (C), and 8 (D) µmol/L lovastatin. The contact 
inhibition-disabled growth of the MIA PaCa-2 cells is shown in the control culture (A). 
Concentration-dependent decreases in cell density and changes in cell morphology occur 
progressively as the concentration of lovastatin is increased from 2 to 8 µmol/L; arrow 
marking indicators of apoptotic cell death (nuclear condensation and membrane blebbing) 
and changes in cell morphology is inserted in the photomicrograph with 8 µmol/L 
lovastatin (D). 
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Figure 5. The concentration-dependent inhibition of human MIA PaCa-2 pancreatic 
carcinoma cell proliferation shown in photomicrographs of MIA PaCa-2 cells following 
48-h incubation with 0 (A), 200 (B), and 400 (C) µmol/L famesol. The contact 
inhibition-disabled growth of the MIA PaCa-2 cells is shown in the Control culture (A). 
Concentration-dependent decreases in cell density and changes in cell morphology occur 
progressively as the concentration of farnesol is increased from 200 to 400 µmol/L; arrow 
marking indicators of apoptotic cell death (nuclear condensation and membrane blebbing) 
and changes in cell morphology is inserted in the photomicrograph with 400 µmol/L 
famesol (C). 
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Figure 6. The concentration-dependent inhibition of human PANC-1 pancreatic 
carcinoma cell proliferation shown in photomicrographs of PANC-1 cells following a 48-
h incubation with 0 (A), 10 (B), 20 (C), 40 (D), and 80 (E) µmol/L d-8-tocotrienol. The 
contact inhibition-disabled growth of the PANC-1 cells is shown in the Control culture 
(A). Concentration-dependent decreases in cell density and changes in cell morphology 
occur progressively as the concentration of d-8-tocotrienol is increased from 20 to 80 
µmol/L ; arrows marking indicators of apoptotic cell death (nuclear condensation and 
membrane blebbing) and changes in cell morphology are inserted in the 
photomicrographs with 40 (D) and 80 (E) µmol/L d-8-tocotrienol. 
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Figure 7. The concentration-dependent inhibition of human BxPC-3 pancreatic ductal 
adenocarcinoma cell proliferation shown in photomicrographs of BxPC-3 cells following 
a 48-h incubation with 0 (A), 20 (B), 40 (C), and 60 (D and E) µmol/L d-8-tocotrienol. 
The contact inhibition-disabled growth of the BxPC-3 cells is shown in the Control 
culture (A). Concentration-dependent decreases in cell density and changes in cell 
morphology occur progressively as the concentration of d-8-tocotrienol is increased from 
20 to 60 µmol/L; arrows marking indicators of apoptotic cell death (nuclear condensation 
and membrane blebbing) and changes in cell morphology are inserted in the 
photomicrographs with 60 µmol/L d-8-tocotrienol taken at a regular (D) and a higher (E) 
magnification. 
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The arrows in the figures above mark the rounded appearance and membrane 

vessiculation of apoptotic cells that have not detached from the monolayer. Those cells 

remaining on the monolayer were harvested for cell cycle analysis with flow cytometry 

and for apoptosis analysis. 

Cell Cycle Analysis 

d-8-Tocotrienol induced a concentration-dependent increase in the proportion of 

cells in the G 1 phase of cell cycle. Consistent with the observed d-8-tocotrienol-induced 

suppression of MIA PaCa-2 cell proliferation (Table 1 ), the G 1/S ratio, an indicator of G 1 

arrest, increased from 0.8 ± 0.2 ( control, n = 4, P < 0.05) to 1.2 ± 0.5 (n = 4, P < 0.05) 

and 1.6 ± 0.6 (n = 4, P < 0.05) following 24-h incubations with 14 and 28 µmol/L d-8-

tocotrienol (Figure 8), respectively. In PANC-1 and BxPC-3 cells, cells were more 

resistant than MIA PaCa-2 to the d-8-tocotrienol-mediated growth suppression (Table 1), 

higher concentrations of d-8-tocotrienol induced cell cycle arrest at the G 1 phase; G 1/S 

ratio increased by 45% and 100% in PANC-1 (45 µmol/L, Figure 9A) and BxPC-3 (40 

µmol/L, Figure 1 OA) cells respectively following 24-h incubations. 
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A. 

d-8-Tocotrienol 
GI% So/o G2% Gl/S 

(µmol/L) 

0 41.6 ± 2.3a* 49.3 ± 6.5a 9.1 ± 6.7a 0.8 ± 0.2a 

14 46.3 ± 9.0b 41.4 ± 9.9a 12.3 ± 4.3a 1.2 ± 0.5ab 

28 53.6 ± 1 J.Qb 37.5 ± 6.4b 8.9 ± 6.6a 1.5 ± 0.6b 

*Values are mean ± SD, n = 4. Values not sharing a common superscript are different, P < 0.05. 
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Figure 8. Impact of d-8-tocotrienol on the cell cycle distribution of human MIA PaCa-2 
pancreatic carcinoma cells. MIA PaCa-2 cells were incubated with 0, 14 and 28 µmol/L 
d-8-tocotrienol for 24 hand then harvested and analyzed by flow cytometry. The 
percentages of cells in the G 1, S, and G2 phases of the cell cycle and the calculated G 1/S 
ratio (A) are accompanied by representative histograms of MIA PaCa-2 cells incubated 

with O (B) and 28 (C) µmol/L d-8-tocotrienol. 
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A. 

d-8-Tocotrienol 
GI% S¾ G2% Gl/S 

(µmol/L) 

0 36.7 ± 2.3a* 33.3 ± 3.0a 30.1 ± 1.4a 1.1 ± 0.2a 

22.5 36.3 ± 2.4a 35.4 ± 5.7a 28.4 ± 4.3a 1.1 ± 0.2a 

45 42.1 ± I.lb 27.8 ± 4.8a 30.2 ± 3.8a 1.6 ± 0.3b 

*Values are mean ± SD, n = 6. Values not sharing a common superscript are different, P < 0.05. 
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Figure 9. Impact of d-8-tocotrienol on the cell cycle distribution of human P ANC-1 
pancreatic carcinoma cells. P ANC-1 cells were incubated with 0, 22.5 and 45 µmol/L d-
8-tocotrienol for 24-h and then harvested and analyzed by flow cytometry. The 
percentages of cells in the G 1, S, and G2 phases of the cell cycle and the calculated G 1/S 
ratio (A) are accompanied by representative histograms of PANC-1 cells incubated with 

0 (B) and 45 (C) µmol/L d-8-tocotrienol. 
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A. 

d-8-Tocotrienol 
Gl¾ S% G2% Gl/S 

(µmol/L) 

0 31.9 ± 7.43* 54.0 ± 6.8 3 13.2 ± 8.83 0.6 ± 0.23 

40 51.3±4.7b 43.5 ± 7.3b 5.2 ± 4.9b 1.2 ± 0.3b 

*Values are mean ± SD, n = 4. Values not sharing a common superscript are different, P < 0.05. 
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Figure 10. Impact of d-8-tocotrienol on the cell cycle distribution of human BxPC-3 
pancreatic ductal carcinoma cells. BxPC-3 cells were incubated with 0 and 40 µmol/L d-
8-tocotrienol for 24 hand then harvested and analyzed by flow cytometry. The 
percentages of cells in the Gl , S, and 02 phases of the cell cycle and the calculated Gl/S 
ratio (A) are accompanied by representative histograms of BxPC-3 cells incubated with 0 

(B) and 40 (C) µmol/L d-8-tocotrienol. 
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Apoptosis Assay 

d-8-Tocotrienol-induced apoptosis has been shown to play a role in growth 

suppression (Ahn et al., 2007; McIntyre et al., 2000; Shun et al., 2004). We then 

examined the apoptotic effect of d-8-tocotrienol in BxPC-3 cells, using the Guava 

Nexin™ assay with flow cytometry (Fernandes et al., in press). Following a 72-h 

incubation with 0, 20 and 40 µmol/L d-8-tocotrienol the percentage of viable cells were 

89.9 ± 0.6, 83.3 ± 2.9, and 77.4 ± 4.8 (P < 0.05), respectively (Figure 11). 

Concomitantly, the percentages of early and late apoptotic cells increased from control 

cells (0.6 ± 0.1 and 7.6 ± 0.6) to cells treated with 20 µmol/L (0.8 ± 0.1 and 11.4 ± 2.6) 

and 40 µmol/L (2.1 ± 0.6 and 16.5 ± 3.1, P < 0.05) of d-8-tocotrienol (Figure 11). 

Consistent with the effect of d-8-tocotrienol on the initiation of apoptosis in BxPC-3 cells 

there was a concentration-dependent impact of d-8-tocotrienol in PANC-1 cells (Figure 

12). The percentage of viable cells decreased from 91.4 ( control) to 87 .1 (22.5 µmol/L) 

and 81.3 ( 45 µmol/L ). Concomitantly the percentage of late apoptotic cells increased 

from 6.1 (control) to 6.4 (22.5 µmol/L) and 11.7 (45 µmol/L). 
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d-8-Tocotrienol-induced apoptosis in P ANC-1 cells was confirmed using TUNEL 

reaction. Representative phase-contrast and fluorescent photomicrographs of d-8-

tocotrienol-treated PANC-1 cells harvested for TUNEL assay are shown in Figure 13. 

DNA strand breakages occurring during apoptosis labeled with green fluorescence are 

evident in P ANC-1 cells following a 24-h incubation with 32 µmol/L d-8-tocotrienol 

(Figure 13E & F), but absent in control cells (Figure 13B & C). 

Photomicrographs of PANC-1 (Figure 14) and MIA PaCa-2 (Figure 15) cells with 

acridine orange and ethidium bromide dual staining also confirmed d-8-tocotrienol

induced apoptosis. Viable cells have acridine orange staining with normal cell 

morphology. Acridine orange and ethidium bromide stained cells with condensed 

nucleus are in early and late apoptosis stages, respectively (Ribble et al., 2005; Sun et al., 

2007). The concentration-dependent increase in the number of ethidium bromide stained 

cells was shown in PANC-1 cells following 24-h incubation with O (Figure 14C), 32 

Figure 14G) and 64 (Figure 14K) µmol/L d-8-tocotrienol, whereas the total number of 

cells decreased in a concentration-dependent manner under phase-contrast microscope 

(Figure 14A, E & I). Lovastatin (17 µmol/L) induced a similar increase in ethidium 

bromide staining (Figure 140). The percentages of MIA PaCa-2 cells with ethidium 

bromide staining emitting red fluorescence increased following 24-h incubation with both 

28 µmol/L d-8-tocotrienol (Figure 15G) and 4 µmol/L lovastatin (Figure 15K), whereas 

the total number of cells (Figure 15E & I) decreased from that of control (Figure 15A). 
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Figure 11. Representative plots from Guava NexinTM assays showing the impact of d-8-
tocotrienol on the initiation of apoptosis in human BxPC-3 pancreatic adenocarcinoma 
cells following 72-h incubation with 0 (A), 20 (B) and 40 (C) µmol/L of d-8-tocotrienol. 
The values to the right of the plots show the percentages of cells in each corresponding 
quadrants in the plots. The lower left (Annexin V-/7-AAD-), lower right (Annexin V +/7-
AAD-), upper right (Annexin V+/7-AAD+) and upper left (Annexin V-/7-AAD+) 
quadrants represent viable, early apoptotic, late apoptotic, and dead cells, respectively. 
Values are mean ± SD, n = 3. Values not sharing a common superscript are different, P < 
0.05. 
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Figure 12. Representative plots from Guava Nexin™ assays showing the impact of d-8-
tocotrienol on the initiation of apoptosis in human PANC-1 pancreatic carcinoma cells 
following 24-h incubation with O (A), 22.5 (B) and 45 (C) µmol/L of d-8-tocotrienol. 
The values to the right of the plots show the percentages of cells in each corresponding 
quadrants in the plots. The lower left (Annexin V-/7-AAD-), lower right (Annexin V +/7-
AAD-), upper right (Annexin V+/7-AAD+) and upper left (Annexin V-/7-AAD+) 
quadrants represent viable, early apoptotic, late apoptotic, and dead cells, respectively. 
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Figure 13. Photomicrographs of human PANC-1 pancreatic carcinoma cells showing the 
d-8-tocotrienol-initiated apoptosis detected by the deoxynucleotide transferase mediated 
dUTP nick end labeling (TUNEL) assay. PANC-1 cells were incubated with O (A-C) or 
32 (D-F) µmol/L d-8-tocotrienol for 24-h. Photomicrographs of the same fields were 
taken under phase-contrast microscope (A and D) and fluorescence microscope with a 
fluorescein isothiocyanate (FITC) filter (Band E) and then merged (C and F). Arrows 
mark the green fluorescence shown in d-8-tocotrienol-induced apoptotic cells with DNA 
breakage, cells absent in Control population (A-C). 
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Figure 14. Photomicrographs of human P ANC-1 pancreatic carcinoma cells showing the 
d-8-tocotrienol- and lovastatin- initiated apoptosis detected by acridine orange and 
ethidium bromide dual staining. PANC-1 cells were incubated with 0 (A-D), 32 (E-H) 
and 64 (I-L) µmol/L d-8-tocotrienol and 17 µmol/L lovastatin (M-P) for 24-h. 
Photomicrographs of the same fields were taken under phase-contrast microscope (A, E, I 
and M) and fluorescence microscope with a tluorescein isothiocyanate (FITC) (B, F, J 
and N) or tetramethylrhodamine isothiocyanate (TRITC) (C, G, Kand 0) filter and then 
merged (D, H, L and P). Arrows mark the red fluorescence emitted by ethidium bromide 
staining shown in late apoptotic and dead cells induced by d-8-tocotrienol and lovastatin. 
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Figure 15. Photomicrographs of human MIA PaCa-2 pancreatic carcinoma cells showing 
the d-8-tocotrienol- and lovastatin- initiated apoptosis detected by acridine orange and 
ethidium bromide dual staining. MIA PaCa-2 cells were incubated with O (A-D) and 28 
(E-H) µmol/L d-8-tocotrienol and 4 µmol/L lovastatin (I-L) for 24 h. Photomicrographs 
of the same fields were taken under phase-contrast microscope (A, E and I) and 
fluorescence microscope with a fluorescein isothiocyanate (FITC) (B, F, and J) or 
tetramethylrhodamine isothiocyanate (TRITC) (C, G, and K) filter and then merged (D, 
H, and L ). Arrows mark the red fluorescence emission from ethidium bromide staining 
shown in late apoptotic and dead cells induced by d-8-tocotrienol and lovastatin. 
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Synergistic Effect of d-8-Tocotrienol and Lovastatin 

d-8-Tocotrienol and lovastatin synergistically suppress the growth of human 

DU145 prostate carcinoma cells, human A549 lung carcinoma cells and murine Bl6 

melanoma cells (McAnally et al., 2007). Here we evaluated the potential synergy of d-8-

tocotrienol and lovastatin in suppressing the growth of human pancreatic tumor cells. 

Growth of MIA PaCa-2 cells incubated with 5 and 10 µmol/L d-8-tocotrienol for 48-h 

were 98% and 94% of that of control cells, respectively (Table 2); those incubated with 2 

µmol/L lovastatin grew to 85% of the control. A blend of 2 µmol/L lovastatin and 5 

µmol/L d-8-tocotrienol suppressed the cell growth by 25%, exceeding the 17% predicted 

by the sum of individual suppressions and suggesting synergistic impact of these agents. 

Synergy was also shown with the blend containing IO µmol/L d-8-tocotrienol and 2 

µmol/L lovastatin which suppressed the cell growth by 21 %. 

Mevalonate Attenuated d-8-Tocotrienol Effect 

Tocotrienol-mediated growth suppression is attributable to down-regulation of 

HMG CoA reductase (Agarwal et al., 2004)(Mo and Elson 2004). The product of HMG 

CoA reductase activity, mevalonate, attenuated d-8-tocotrienol-induced growth 

suppression in PANC-1 (Figures 16 & 17), MIA PaCa-2 (Figures 16 & 18), and BxPC-3 

(Figures 16 & 19) cells. P ANC-1 cells incubated with 32 and 64 µmol/L, approximately 

ICso and 2x IC50 values, of d-8-tocotrienol respectively, for 48 h grew to 66% and -19% 

of that of control, respectively; the negative growth represents the fact that the final cell 
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number was lower than the initiating cell population prior to tocotrienol treatment. 

Supplemental mevalonate (500 µmol/L) attenuated the d-8-tocotrienol effect by 

increasing cell growth to 81 % and 45% of control growth, respectively. The attenuation 

of 64 µmol/L d-8-tocotrienol-mediated growth suppression by mevalonate was 

significant (P < 0.05). Growth suppression by 50 µmol/L, or approximately 2x1Cso value, 

of d-8-tocotrienol in MIA PaCa-2 cells and 35 µmol/L, or ICso value, of d-8-tocotrienol 

in BxPC-3 cells were also attenuated by supplemental mevalonate. 
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Table 2 

Synergistic Impact of Lovastatin and d-8-Tocotrienol at Physiologically Obtainable 

Concentrations on the Proliferation of Human MIA PaCa-2 Pancreatic Carcinoma Cells 

Growth,% % Sum of 

of Control Inhibition individual 

Suppression 

Control 100 ± 8a* 0 

d-8-Tocotrienol (5 µmol/L) 98 ± 4ab 2 

d-8-Tocotrienol ( 10 µmol/L) 94 ± 3ab 6 

Lovastatin (2 µmol/L) 85 ± ic 15 

d-8-Tocotrienol (5 µmol/L) + Lovastatin (2 µmol/L) 75 ± 6cd 25 17 

d-8-Tocotrienol (10 µmol/L) +Lovastatin (2 µmol /L) 61 ± 5de 39 21 

* Values are mean± SD, n = 6; values not sharing a common superscript are different, P < 0.05. 
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Figure 16. Mevalonolactone (500 µmol/L) attenuates the d-8-tocotrienol-mediated 
growth suppression in human PANC-1 (gray bars) and MIA PaCa-2 (open bars) 
pancreatic carcinoma cells and human BxPC-3 (black bars) pancreatic ductal 
adenocarcinoma cells following 48-h incubations. Values are mean± SD, n = 6; values 
not sharing a common superscript are different, P < 0.05. 
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Figure 17. Photomicrographs of human P ANC-1 pancreatic carcinoma cell showing the 
attenuation of d-8-tocotrienol-mediated growth suppression by supplemental mevalonate. 
P ANC-1 cells were incubated with O (A and D), 32 (B and E) and 64 (C and F) µmol/L 
d-8-tocotrienol and supplemental mevalonate at O (A-C) and (D-F) for 48-h. 
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Figure 18. Photomicrographs of human MIA PaCa-2 pancreatic carcinoma cell showing 
the attenuation of d-8-tocotrienol-mediated growth suppression by supplemental 
mevalonate. MIA PaCa-2 cells were incubated with O (A and C) and 50 (B and D) 
µmol/L d-8-tocotrienol and supplemental mevalonate at O (A and B) and 500 µmol/L (C 
and D) for 48-h. 
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Figure 19. Photomicrographs of human BxPC-3 pancreatic ductal adenocarcinoma cell 
showing the attenuation of d-8-tocotrienol-mediated growth suppression by supplemental 
mevalonate. BxPC-3 cells were incubated with 0 (A and C) and 35 (B and D) µmol/L d-
8-tocotrienol and supplemental mevalonate at 0 (A and B) and 500 µmol/L (C and D) for 
48-h. 
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CHAPTER V 

DISCUSSION 

In this study we demonstrated that d-8-tocotrienol suppresses the proliferation of 

human MIA PaCa-2, PANC-1 and BxPC-3 pancreatic tumor cells in a dose-dependent 

manner. The ICso values for d-8-tocotrienol in all three cell lines remain in a close range 

of 28-35 µmol/L. Consistent with early findings in murine B16 melanoma cells 

(Agarwal et al. , 1999; Feleszko et al., 2000; McAnally et al., 2003), human HL-60 

leukemia cells (Agarwal et al., 1999), and human PC-3 prostate adenocarcinoma cells 

(Conte et al., 2004; McAnally et al., 2003; Myers et al., 1997), the pancreatic tumor cells 

were much more susceptible to the growth suppression induced by d-8-tocotrienol than 

that by farnesol (Table 1 ), an isoprenoid with higher potency than perillyl alcohol (Burke 

et al., 1997; Stark et al., 1995; Wiseman et al., 2007) and geraniol (Burke et al., 1997; 

Wiseman et al., 2007); the latter compounds have ICso values of >250 µmol/L in MIA 

PaCa-2 cells. Natural geranyl derivatives may have higher potencies in PANC-1 cells 

(Win et al., 2007). d-8-Tocotrienol is also more potent than the diterpene geranylgeraniol 

(IC50=70 µmol/L) (Shibayama-Imazu et al., 2003). Our ICso values for farnesol, 

confirmed by cell proliferation assays with manual counting ( data not shown), were 

higher than those reported elsewhere (Wiseman et al., 2007), a difference that might be 
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attributed to experimental parameters in seeding density, length of incubation and cell 

proliferation measuring. 

The ICso values for lovastatin in the three cell lines had a >20-fold difference· 
' 

MIA PaCa-2 and PANC-1 cells with mutant K-Ras were much more sensitive than 

BxPC-3 cells with wild-type K-Ras to lovastatin-mediated growth suppression. Previous 

studies have also shown that MIA PaCa-2 cells are several-fold more sensitive than 

PANC-1 cells to lovastatin (Sumi et al., 1992; Sumi et al., 1994). It remains unknown 

whether the heterogeneity of responses to lovastatin is caused by the K-Ras mutation 

status. An early study showed that pancreatic tumor cell lines SW-850 with a wild-type 

K-Ras and A818-4 with a mutated K-Ras are equally sensitive to lovastatin (IC40-50=10 

µmol/L) (Muller et al., 1998), suggesting lovastatin-mediated ras-independent growth 

suppression. Another mevalonate pathway suppressor, phenylacetate, inhibits the growth 

of MIA PaCa-2, P ANC-1 and BxPC-3 cells and implanted MIA PaCa-2 and BxPC-3 

tumors (Harrison et al., 1998). 

Consistent with early findings in murine B 16 melanoma cells and human LNCaP, 

DU 145 and PC-3 prostate tumor cells (Agarwal et al., 1999; Srivastava & Gupta, 2006), 

d-8-tocotrienol induced dose-dependent arrest of cell cycle at the G 1 phase in all three 

pancreatic tumor cell lines. The concentrations of d-8-tocotrienol required to induce such 

a cell cycle arrest, consistent with the growth suppression, were much lower than those 

required for perillyl alcohol, geraniol, and farnesol (Wiseman et al., 2007). Inhibition of 

HMG CoA reductase by lovastatin (Muller et al., 1998) and simvastatin (Meigs et al., 
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1996) also leads to G 1 arrest in human and hamster pancreatic tumor cells. G 1 arrest 

induced by perillyl alcohol, geraniol and famesol is correlated with increases in p21 CipI, 

p27Kipl and reductions in cyclins A an B 1 and cdk2 in MIA PaCa-2 and BxPC-3 cells 

(Wiseman et al., 2007). 

d-8-Tocotrienol at growth-suppressive concentrations induced apoptosis in all 

three cell lines including the MIA PaCa-2 cells with a mutated p53 that are highly 

resistant to apoptosis (Motoi et al., 2000). A818-4 and SW-850 adenocarcinoma 

pancreatic cells have higher apoptosis following 72-h incubation with lovastatin than 24-

h, and the SW-850 cells with wild-type K-Ras have higher apoptosis than A8 l 8-4 with 

mutated Ras following a 72-h incubation with lovastatin (Muller et al., 1998), consistent 

with our observation that BxPC-3 cells with wild-type K-Ras incubated with d-8-

tocotrienol at 72-h had higher apoptosis (Figure 11 B&C) than PANC-1 cells with 

mutated K-Ras following a 24-h incubation with d-8-tocotrienol (Figure 12 B&C). 

Tocotrienols induce apoptosis in B 16 cells, rat dRLh84 hepatoma cells (Agarwal 

et al., 1999; Sakai et al., 2004), mammary tumor cells (McIntyre et al., 2000; Shah & 

Sylvester, 2004; Shah & Sylvester, 2005; Takahashi & Loo, 2004), human RKO colon 

carcinoma cells (Agarwal et al., 2004), human HepG2 cells (Wada et al., 2005) and 

Hep3B cells (Sakai et al., 2006), human gastric adenocarcinoma (Sun et al., 2007) and 

human LNCaP, PC-3 and DU145 prostate tumor cells (Srivastava & Gupta, 2006). 
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Activation of caspases, increases in WAF1/p21 and Bax/Bcl-2 ratio, suppression 

of PI3K/ Akt signaling and NFKB pathway, and changes in mitochondrial potential have 

been proposed in these studies. Increase in Bak expression and reduction in Bel-XL 

expression have been shown in apoptosis induced by perillyl alcohol (Burke et al., 2002; 

Stayrook et al., 1997), geraniol and famesol (Burke et al., 2002) in MIA PaCa-2, PANC-

1 and BxPC-3 cells and chemically-initiated pancreatic tumors (Burke et al., 2002). 

Among the proteins playing critical roles in the Raf/MEK/ERKINFKB and 

PI3K/ Akt/ NFKB pathways that control cell cycle progression and apoptosis are the Ras 

proteins (Chang et al., 2003; Trauzold et al., 2001). A mutation in K-Ras is an early 

event in the development of pancreatic intraepithelial neoplasia (PanIN) (Deramaudt & 

Rustgi, 2005). K-Ras mutations have been found in 95% of pancreatic ductal 

adenocarcinomas (Almoguera et al., 1988; Smit et al., 1988), the highest among all 

human cancer (Gress et al., 1995). Activation of K-Ras proteins requires HMO CoA 

reductase activity for the production of mevalonate-derived prenyl pyrophosphates. 

Previous studies show that a-tocotrienol and a tocotrienol analog, 6-O-carboxypropyl-a

tocotrienol, inhibit the prenylation of Ras and reduce the level of Ras protein in human 

A549 lung carcinoma cells (Yano et al., 2005). The decreased Ras protein expression 

likely reflects the dislodgment and enhanced degradation of unprenylated Ras, as seen in 

cells treated with famesyl transferase inhibitors (FTis) (Haklai et al., 1998; Weisz et al., 

1999). The half-lives of total Ras decreased from> 12-h in untreated P ANC-1 cells to 7-8 

h in FTI-treated cells (Weisz et al., 1999); FTI also reduced the half-life of H-Ras from 
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27-h to 10-h in H-Ra-transformed Ratl cells (Haklai et al., 1998). It remains unknown 

whether d-8-tocotrienol suppresses the level of K-Ras protein. 

Despite their preclinical efficacies, phase I-III trials of FIis alone (Cohen et al., 

2003; Crul et al., 2002; Macdonald et al., 2005) or in combination with gemcitabine, a 

standard therapy for pancreatic cancer, (Patnaik et al., 2003; Van Cutsem et al., 2004) 

failed to elicit positive responses in patients with pancreatic adenocarcinoma due to dose

limiting toxicities including myelosuppression and neurotoxicity, which may be 

attributed to their nondiscriminant inhibition of Ras prenylation in tumor and nontumor 

cells and the alternative geranylgeranylation of K-Ras ((End et al., 2001). 

Consistent with the elevated and sterol-resistant HMG CoA reductase in several 

other type of tumors (Agarwal et al., 1999), rat pancreatic acinar cell tumors have higher 

HMG CoA reductase activity than normal pancreas; the fast-growing AT3A tumor had 

higher HMG CoA reductase activity than the slow-growing AT3B tumor (Agarwal et al., 

1999; Rao et al., 1983). Dysregulation of tumor reductase may render it sensitive to 

tocotrienol-mediated down-regulation (Song & DeBose-Boyd, 2006). The apoptosis and 

growth suppression mediated by tocotrienol parallel those mediated by lovastatin and 

FIis. Attenuation of tocotrienol impact by supplemental mevalonate (Figure 16), we 

postulate, provided indirect evidence for the tocotrienol-mediated suppression of 

reductase activity. Depleting farnesyl- and geranylgeranyl- pyrophosphates in tumors by 

tocotrienols may therefore be a more effective approach in suppressing Ras activity and 

pancreatic tumor cell growth than FIis. 
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A down-stream effector of Ras signaling is the NFKB molecule that regulates cell 

growth and apoptosis and is constitutively activated in ~67% of pancreatic 

adenocarcinomas (Matsumoto et al., 2005), but not in normal pancreas (Wang et al., 

1999). y-Tocotrienol (Ahn et al., 2007) and perillyl alcohol (Berchtold et al., 2005), 

another suppressor of Ras expression (Hohl, 1996; Hohl & Lewis, 1995), have been 

shown to suppress NFKB signaling. Mevalonate attenuates the tocotrienol impact on 

NFKB (Ahn et al., 2007). It remains unknown whether d-8-tocotrienol modulates NFKB 

pathway in pancreatic cancer. 

The IC50 values of d-8-tocotrienol for MIA PaCa-2, PANC-1 and BxPC-3 cells 

are above the human plasma levels, 5-8 µmol/L, with supplementation of 200 mg 

tocotrienols/d (Qureshi et al., 1991). Nontheless, significant growth suppression was 

achieved (Table 2) with blends of tocotrienol and lovastatin, both at pharmacologically 

obtainable levels (Thibault et al., 1996). The synergy between d-8-tocotrienol, a down

regulator of HMO CoA reductase, and lovastatin, a competitive inhibitor ofreductase, is 

consistent with prior observations in B 16 melanoma cells (Agarwal et al., 1999), human 

DU 145 prostate carcinoma cells (Agarwal et al., 1999) and A549 lung carcinoma cells 

(McAnally et al., 2007), murine mammary tumor cells (Wali & Sylvester, 2007) and 

implanted B 16 tumors (McAnally et al., 2007). Isoprenoids and mevalonate pathway 

suppressors with far less potency than d-8-tocotrienol, perillyl alcohol (Stark et al., 1995), 

geraniol, farnesol (Burke et al., 1997), and phenylacetate (Harrison et al., 1998) suppress 
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the growth of implanted human (Harrison et al., 1998) and hamster (Stark et al., 1995) 

(Burke et al., 1997) pancreatic tumors without toxicity to host mice or hamsters. 

In summary, d-8-tocotrienol, a member of the vitamin E family found in annatto 

(Deramaudt & Rustgi, 2005) and grains, suppressed the proliferation of human MIA 

PaCa-2 and PANC-1 pancreatic carcinoma cells and BxPC-3 pancreatic ductal 

adenocarcinoma cells via induction of cell cycle arrest at G 1 phase and apoptosis, 

consequent to tocotrienol-mediated down-regulation of HMO CoA reductase activity. d-

8-Tocotrienol, individually or in combination with statins may have potential in 

chemoprevention of human pancreatic tumors. 
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