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                                                              ABSTRACT 

ANUREET KAUR SHAH 

THE STIMULATORY IMPACT OF D-δ-TOCOTRIENOL ON THE 

DIFFERENTIATION OF MURINE MC3T3-E1 PREOSTEOBLASTS 

 

AUGUST 2014 

      Osteoblasts and osteoclasts play essential and opposite roles in maintaining bone 

homeostasis. Osteoblasts fill cavities excavated by osteoclasts. The mevalonate pathway 

provides essential prenyl pyrophosphates for the activities of GTPases that promote 

differentiation of osteoclasts but suppress that of osteoblasts. Preclinical and clinical 

studies suggest that mevalonate suppressors such as statins increase bone mineral density 

and reduce risk for bone fracture. Tocotrienols down-regulate 3-hydroxy-3-

methylglutaryl coenzyme A (HMG CoA) reductase, the rate-limiting enzyme in the 

mevalonate pathway. In vivo studies have shown the bone-protective activity of 

tocotrienols. We hypothesize that d-δ-tocotrienol, a mevalonate suppressor, induces 

differentiation of murine MC3T3-E1 pre-osteoblasts. Alizarin staining showed that d-δ-

tocotrienol (0-25 μmol/L) induced mineralized nodule formation in a concentration-

dependent manner in MC3T3-E1 preosteoblasts. D-δ-Tocotrienol (0-25 μmol/L), but not 

d-α-tocopherol (25 μmol/L), significantly induced alkaline phosphatase activity, an 
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indicator of preosteoblast differentiation. The expression of differentiation marker genes 

including BMP-2 and VEGFα were stimulated dose dependently by d-δ-tocotrienol (0-25 

μmol/L). Concomitantly, western-blot analysis showed that d-δ-tocotrienol down-

regulated HMG-CoA reductase. D-δ-Tocotrienol (0-25 μmol/L) had no impact on the 

viability of MC3T3-E1 preosteoblasts following 48-h incubations, suggesting lack of 

cytotoxicity at these doses. Tocotrienols and other mevalonate suppressors have potential 

in maintaining bone health. 
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CHAPTER I 

INTRODUCTION 

     Human bone, an active and dynamic organ, is under constant maintenance and 

reconstruction by multicellular units of bone composed of osteoblasts and osteoclasts 

(Seeman and Delmas, 2006).  These two types of cells are involved in bone modeling and 

remodeling which depends on the balancing act between osteoclast-mediated bone 

resorption and osteoblast-mediated bone synthesis promoting bone integrity (Ducy, 

Schinke and Karsenty, 2000). Deteriorated bone health including bone loss, decreased 

bone mineral density, and structural damage may occur when bone resorption exceeds 

bone formation (Teitelbaum, 2000). After menopause, estrogen deficiency for example, 

increases the rate of bone remodeling, prolonging the lifespan of osteoclasts whereas 

shortening that of osteoblasts, resulting in net bone loss. 

     MC3T3-E1 is a mouse calvaria clonal cell line that has given rise to several subclones. 

It is a popular osteoblast cell line which represents a preosteoblastic phenotype. Cell 

proliferation occurs actively in in-vitro cell culture synthesizing collagen-1 from day 3. 

The activity of alkaline phosphatase (ALP), an enzyme that provides inorganic 

phosphates for mineralization (Kim YJ, et al, 2004) also increases from day 3 to day 21. 

ALP activity is regarded as an early marker for osteoblastic differentiation (Aubin JE, 

2001). Decreased proliferative activities have been observed at passage numbers above 

36, and at a very high passage number of 60 these cells show replicative senescence 
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similar to human cells showing inconsistent cell cycling. This important feature also 

makes these cells an interesting model for in-vitro bone research involving bone 

remodeling and formation. 

     Small guanosine triphosphate-binding proteins (GTPases) including Ras, Rac, Rho 

and Rab regulate the differentiation of osteoblasts. These GTPases are dependent on 

mevalonate-derived intermediates (prenyl pyrophosphates) for their post translational 

modification and biological activities. The mevalonate pathway, also known as the 

cholesterol biosynthesis pathway, produces both sterol (cholesterol) and non-sterol 

(isoprenoid) products with various necessary functions in the human body. Mevalonate 

deprivation induced by competitive inhibitors of 3-hydroxy-3-methylglutaryl coenzyme 

A (HMGCoA) reductase (e.g. statins) prevents the activation of GTPases, suppresses the 

expression of the receptor for activation of nuclear factor kappa B (NFκB) ligand 

(RANKL) and activation of  NFκB and consequently, enhances alkaline phosphatase 

activity and the expression of bone morphogenetic protein-2, vascular epithelial growth 

factor, and osteoclacin in osteoblasts and induces osteoblast proliferation and 

differentiation. Animal studies show that stains inhibit bone resorption and increase bone 

formation (Mo, H. and C.E. Elson, 2004).  

     The mevalonate suppressors including pharmaceuticals and dietary factors either 

control the pool of mevalonate-derived products for the prenylation of the small GTPases 

(statins, bisphosphonates, menaquinone derivatives, and isoprenoids) or block the transfer 

of prenyl groups to GTPases (prenyltransferase inhibitors and bisphosphonates) (Fig. 1).  

http://www.jnutbio.com/article/S0955-2863(12)00200-8/fulltext#f0005
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Several studies (preclinical) targeting mevalonate pathway as an important target for 

improving bone health by mevalonate-suppressive pharmaceuticals has lead the path for 

nutritional intervention with dietary factors, more importantly the mevalonate-

suppressive isoprenoids. 

 

 Figure 1. The role of mevalonate pathway in osteoclastogenesis and osteoblastogenesis. 

The mevalonate pathway provides essential prenyl pyrophosphates (farnesyl and 

geranylgeranyl-pyrophosphates) for the biological activities of small guanosine 

triphosphate (GTP)-binding proteins (GTPases – Ras, Rho, Rac, Rab) that promote the 

differentiation of the osteoclasts but suppress that of the osteoblasts. Statins, the 

competitive inhibitors of HMG CoA reductase, offered a glance of the potential 

application of mevalonate suppressors as supported by many preclinical studies. Statins 

work by inhibiting differentiation (Rogers MJ et al, 1996, Stall A et al, 2003, Jadhav SB 

et al, 2006, Woo JT et al, 2000)  and inducing apoptosis in osteoclasts while enhancing 

osteoblast differentiation (Ahn KS et al, 2008, Song C, et al, 2003, Maeda T, et al 2001, 

Mundy G, et al, 1999, Cho YE, et al, 2010) which results in inhibiting bone resorption 

(Maeda T, et al, 2004, Weivoda MM, et al, 2011). The tocotrienols may mimic the 

actions of the statins, which suppress the differentiation of osteoclasts and/or induce that 

of osteoblasts.  
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Tocotrienols Down-regulate HMG CoA Reductase  

     The tocotrienols (Fig. 1) (Hussein D, et al, 2009) are the vitamin E isomers with an 

unsaturated farnesol side chain (Mo H, et al, 2008, Sen CK, et al, 2007)and are among 

the most potent mevalonate-suppressive dietary constituents. Derived via mevalonate 

pathway, the tocotrienols are mixed isoprenoids with their farnesyl moiety. The 

tocotrienol-mediated down-regulation of reductase mimics that triggered by farnesol, the 

endogenous secondary modulator of reductase. The earlier findings of the cholesterol-

lowering effect of barley flour (Burger WC, et al, 1982), barley extract (Burger WC, et al, 

1984)and one of the constituents, α-tocotrienol, via suppression of HMG CoA 

reductase led to succeeding efforts defining the tocotrienol-mediated post-transcriptional 

down-regulation of HMG CoA reductase. In addition, δ-tocotrienol was found to down-

regulate HMG CoA reductase at the transcriptional level. Conversely, tocopherols, the 

vitamin E molecules with a saturated phytol tail, did not suppress HMG CoA reductase. 

In fact, α-tocopherol was found to weaken the impact of tocotrienols on HMG CoA 

reductase (Qureshi AA, et al, 1996) or even induce HMG CoA reductase activity 

(Qureshi AA, et al, 1989). 

                                                    Purpose of the Study 

     The purpose of the study was to evaluate the impact of δ-tocotrienol on proliferation 

and differentiation of osteoblasts targeting the underlying mechanism related to the 

mevalonate pathway.  

 

http://www.jnutbio.com/article/S0955-2863(12)00200-8/fulltext#f0005
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                                                  Statement of Hypothesis 

     D-δ-tocotrienol as a mevalonate suppressor induces osteoblast differentiation, inhibits 

small GTPase prenylation and increases the expression of BMP-2 and VEGF (markers of 

differentiation).  

                                                    Scope of the Study 

     Cell viability was measured by Cell Titer 96® Aqueous One Solution MTS (3-(4, 5-

dimethythizol-2-yl)-5-(3-carboxymethoxyphenyl)-2-(4-sulfophenyl)-2H-tetrazolium) 

assay. ALP (Alkaline phosphatase), an earlier marker of differentiation was measured by 

ALP assay. Also the genes involved in differentiation were determined using qRT-PCR. 

In addition, mineralization of murine MC3T3-E1 osteoblasts, characterized by osteocytes 

with calcium accumulation, was measured by Alizarin staining and a quantitative assay. 

The expression of proteins involved in differentiation and mineralization were 

determined by Western Blot. I also investigated the effect of d-δ-tocotrienol on the 

mevalonate pathway by examining the protein expression of HMG CoA reductase 

involved in this pathway and also the effect on prenylation of small GTPases. 

                                             Limitations of the Study 

     Further examination of specific mechanisms of action of d-δ-tocotrienol in promoting 

differentiation may be necessary. Western Blot analysis of other prenylated proteins like 

Rho, Rac, Rab would provide useful insight and would further potentiate our findings 

targeting Mevalonate pathway. Also, assessment of the potential reversal of the effect of 

d-δ-tocotrienol by mevalonate, at physiologically acceptable levels, warrants additional 
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investigation. Other limitations of this study are those related to in vitro research, which 

includes: the finite doubling potential of normal cells and the propensity of some cultured 

cells to change their morphology, functions or array of genes that they express (Hunter-

Cevera & Belt, 1996). Moreover, it can sometimes lead to a difficulty in extrapolating 

from the results of an in vitro study to the biology of the whole organism (Rothman, 

2002), which requires further studies to examine the impact of d-δ-tocotrienol on 

osteogenic regulation in animals. 

                                                Significance of the Study 

     To our knowledge, no research has explored the potential role of low-cost plant-

derived substance that would produce equivalent or better outcomes with respect of δ-

tocotrienol in maintaining optimal bone health, which may have significant health and 

economic benefits. Animal studies have suggested the bone-protective activity of 

tocotrienols, the mevalonate-suppressive vitamin E isomers proven to be safe in pre-

clinical studies and long-term human use. Emerging evidence from recent studies 

strongly support mevalonate suppression as a novel mechanism for bone protection, 

which we target in our study using MC3T3-E1 mouse preosteoblasts. This study will help 

to understand the role of tocotrienol in downregulating HMG-CoA reductase and the 

subsequent effect on prenylation and henceforth on osteoblast differentiation. This study 

offers insight into the impact of tocotrienol on the expression of genes and proteins 

involved in the osteogenic process. 
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CHAPTER II 

REVIEW OF LITERATURE 

The Osteoporosis Epidemic 

     Bone is a living tissue that constantly undergoes the process of absorption and 

replacement. Osteoporosis occurs when the removal of old bone exceeds the creation of 

new bone. Men and women of all races are affected by osteoporosis. At least 44 million 

Americans are affected by osteoporosis or low bone density. White and Asian women 

who are at postmenopausal stage are at highest risk. Bone loss can be prevented by 

medications, healthy diet and weight-bearing exercise which can strengthen already weak 

bones (Kennel & Drake, 2009; National Osteoporosis Foundation, 2002; National 

Osteoporosis Foundation, 2011). Due to an aging population, the number of Americans 

with osteoporosis or low bone density is expected to increase significantly (U.S. 

Department of Health and Human Services, 2011). Up to one-half of all women and up to 

one quarter of all men will suffer fragility fractures in their lifetimes (National 

Osteoporosis Foundation, 2011; U.S. Department of Health and Human Services, 2011). 

Fragility fractures are close to becoming epidemic in the United States among older 

adults with over 2 million fractures each year more than heart attacks, strokes, and breast 

cancer combined (Burge et al., 2007). More than $19 billion annually is the expenditure 

on direct care for osteoporosis-related fractures. By 2025, the annual cost of fractures is  
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projected to grow to more than $25 billion, as annual fractures crosses 3 million.  

Approximately 80% of patients do not receive recommended osteoporosis care followed 

by a fracture. Men, who account for 30% of fractures and 25% of costs, are particularly 

undertreated (Kanis et al., 2004; The Joint Commission, 2011; The National Committee 

for Quality Assurance, 2011; Thomas et al., 2013). 

The Regulation of Bone Formation 

     Human bone is a dynamic organ maintained and reconstructed by multicellular units 

of bone composed mainly by two types of cells, osteoblasts and osteoclasts that are 

involved in bone modeling and remodeling (Seeman & Delmas, 2006). Osteoclast-

mediated bone resorption and osteoblast-mediated bone synthesis promotes bone 

integrity which mainly depends on the balancing act between these two cells (Boyle, 

Simonet, & Lacey, 2003; Ducy, Schinke, & Karsenty, 2000; Teitelbaum, 2000).  

Deteriorated bone health including bone loss, decreased bone mineral density, and 

structural damage may occur, when bone formation is exceeded by bone resorption (D. 

Wang et al., 1999).  After menopause, estrogen deficiency for example, increases the rate 

of bone remodeling, prolonging the lifespan of osteoclasts whereas shortening that of 

osteoblasts, resulting in net bone loss. 

     Osteoblasts are of mesenchymal origin and their differentiation during embryonic 

development is often described by the term ‗bone formation‘. Bone formation refers to 

the combined process of bone growth, bone mineralization and bone remodeling. 

Mineralization of extracellular matrix is the only morphological feature located outside 
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the cell that is specific to osteoblasts (National Osteoporosis Foundation, 2011; D. Wang 

et al., 1999). These specialized fibroblasts which secrete and mineralize bone 

matrix,consisting mainly of type 1 collagen and also significant amounts of other proteins 

namely osteocalcin (OC), matrix gla protein, osteopontin (OPN), bone sialoprotein 

(BSP), bone morphogenetic proteins (BMPs), transforming growth factor β (TGF-β), and 

the inorganic mineral hydroxylapatite. The process of mineralization has been an 

important drug target and has been evaluated by bone cell differentiation and formation 

in vitro and mechanical loading (Y. J. Kim, Lee, Wozney, Cho, & Ryoo, 2004; National 

Osteoporosis Foundation, 2002; U.S. Department of Health and Human Services, 2011). 

     Differentiation of osteoblasts in in vitro and in vivo is classified in three distinct stages 

namely cell proliferation, matrix maturation and matrix minerlization. The last two 

phases are usually being enhanced by adding some osteogenic factors to reach proper 

growth and confluence. Each phase is characterized with certain distinct markers, with 

proliferative phase by certain extracellular matrix proteins like procollagen 1, fibronectin 

and TGF-β. Alkaline phospatase (ALP) expression is maximally detected in the next 

phase of matrix maturation. ALP activity is regarded as an early marker for osteoblastic 

differentiation as it generally increases during the stage of differentiation and starts to 

decline during mineralization (Y. J. Kim et al., 2004; D. Wang et al., 1999).ALP is 

known to provide inorganic phosphates for mineralization hence increasing the process 

by catalyzing the hydrolysis of organic phosphate esters (Y. J. Kim et al., 2004). 
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     The third and final phase of matrix mineralization is further detected by the expression 

of genes for proteins such as OPN, OC and BSP. The completion of mineralization is 

marked by calcium deposition which can be visualized significantly by proper staining 

methods. 

       Detection and analysis of these stated markers specific in distinct phases along with 

calcium deposition also known as functional mineralization is frequently used for in vitro 

characterization for osteoblasts (Y. J. Kim et al., 2004; National Osteoporosis 

Foundation, 2011). 

 

 

 

 

 

 

 

 

 



 

 

11 

 

RUNX-2 
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Mesenchymal stem cell (progenitor) 

 

 

Pre-osteoblast             

 

 

Osteoblast 

 

  

 

Bone Formation                             

Figure.2. Osteoblast differentiation from stem cells.Osteoblast differentiation from stem 

cells involves coordinated interaction resulting in release of matrix-associated growth 

factors, which stimulate mesenchymal cells and thus bone formation. 
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Prenylation and Prenyltransferases 

     The post translational covalent attachment of either a farnesyl group or geranylgeranyl 

group at a cysteine residue or near carboxy terminal of a protein via a thioether linkage (-

C-S-C-) is known as protein prenylation. There are three different protein 

prenyltransferases recognized in humans which include farnesyltransferase (FT), 

geranylgeranyltransferase 1(GGT1) and geranylgeranyltransferase 2 (GGT2). The former 

two transferases share the same motif (CaaX) around the cysteine in their substrates 

while the latter one identifies a different motif (non-CaaX) and is also known as Rab 

geranylgeranyltransferase (Casey & Seabra, 1996; Lane & Beese, 2006). These three 

different protein prenyltransferases catalyze the attachment of 15-20 carbons long 

isoprenoid lipid at the carboxyl end of approximately more than 100 eukaryotic 

proteins(Tamanoi, Gau, Jiang, Edamatsu, & Kato-Stankiewicz, 2001) required for growth 

and differentiation (Maurer-Stroh, Washietl, & Eisenhaber, 2003). There are two sub-

units of each enzyme, the α and β subunits. The α subunits have certain kinds of repeats 

on them known as tetratricopeptide repeats (Blatch & Lassle, 1999) and provides 

functionality to various proteins which are involved in cell-cycle control, transcription, 

phosphorylation etc. The β subunits on the other hand helps in the attachment of lipid 

anchors to proteins and are involved in catalyzing different reactions and further yielding 

products which are normally processed (Liang, Ko, & Wang, 2002; Maurer-Stroh et al., 

2003). Lipid binding pockets are present in the β subunit and their right and strong 
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association with the α subunit is necessary for proper function (Andres, Goldstein, Ho, & 

Brown, 1993) 

     Both the types of prenyltransferases, Caax (FT and GGT1) and the non-CaaX (GGT2) 

inspite of sharing same heterodimeric structure (Casey & Seabra, 1996) posesses 

different characteristic functions. As compared to FT, GGT2 accomodates the longer 

lipid as it posess larger hydrophobic pocket in its β subunit (H. Zhang, Seabra, & 

Deisenhofer, 2000). 

Protein Prenylation and Bone Health 

     The Ras superfamily of proteins is composed of five major subfamilies: Ras, Rho/Rac, 

Sarl/Arf, Rab, and Ran (C. E. Elson, Peffley, Hentosh, & Mo, 1999; Mo & Elson, 1999). 

They are small G proteins, also known as guanosine 5' triphosphatases (GTPases), which 

can be found on the inner segment of the plasma membrane.  They are involved in 

cellular signal transduction pathways that influence growth, migration, adhesion, 

cytoskeletal integrity, cell survival, and cell cycle progression, differentiation and 

survival (C. E. Elson et al., 1999). 

     Healthy bone integrity is maintained by balancing act of activities between osteoblasts 

and osteoclastswhich lean more towards osteoclastic activity with progressing age. Loss 

of balance can lead to degraded bone health. These GTPasesincluding Ras, Rac, Rho and 

Rab regulates the differentiation of osteoclasts and osteoblasts,and are dependent on 

mevalonate-derived intermediates (prenyl pyrophosphates) for their post translational 
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modification and biological activities.The differentiation of osteoblasts from 

mesenchymal stem cells, is controlled by growth factors such as the bone morphogenetic 

proteins (BMP) (Gil, Faust, Chin, Goldstein, & Brown, 1985), differing from that of 

osteoclasts. Osteoblast proliferation and differentiation is promoted by the autocrine 

factor BMP-2, which is a part of BMPs (a class of six proteins)(Ravid, Doolman, Avner, 

Harats, & Roitelman, 2000), (Straka & Panini, 1995), and vascular epithelial growth 

factor (VEGF). VEGF is a signal protein produced by cells promoting angiogenesis and 

vasculogenesis. VEGF is released in a differentiation dependent manner during 

osteogenesis. BMP-2 induces the differentiation of mesenchymal cells into osteoblasts 

and chondrocytes by binding to its receptor, a Ser/Thr kinase, and then activating Smad 1 

and Smad 5, which further  induces Cbfa1 (Runx2) that stimulates protein expression for 

bone formation. Runt-related transcription factor 2 (Runx2) also known as core-binding 

factor subunit alpha-1 (CBF-alpha-1) is a protein and a key transcription factor associated 

with osteoblast differentiation (Aubin, 2001). Prenylation of Rho and Ras block BMP-2 

expression (Rogers, 2000) and osteoblast differentiation (Rogers et al., 1995), (Rogers et 

al., 1996) (Fig. 2). 

                Bone Morphogenetic Proteins, Vascular Endothelial Growth Factor     

                                             and their Action Mechanism 

     Out of 15 BMPs identified in humans, 3 BMPs (BMP-2, 4 and 6) are secreted by 

osteoblasts and are to known to possess bone anabolic functions. BMPs are critical for 

osteoblasts in promoting their differentiation, maintaining them in their mature state and  

http://en.wikipedia.org/wiki/Protein
http://en.wikipedia.org/wiki/Transcription_factor
http://en.wikipedia.org/wiki/Osteoblast
http://en.wikipedia.org/wiki/Cellular_differentiation
http://www.jnutbio.com/article/S0955-2863(12)00200-8/fulltext#f0005
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also in endochondral ossification (Canalis, Economides, & Gazzerro, 2003). BMPs are 

known members of the transforming growth factor Beta (TGFβ) superfamily and bind to 

serine/threonine kinase receptors on cell membrane.Signal-transducing molecules (Smad) 

of the TGFβ superfamily are regulated by BMPs which causes their phosphorylation. 

Receptor regulated Smads also known as R-Smads consists of Smad1, 5 and 8 are 

activated by BMPs. As BMP binds to R-Smad1 and R-Smad5, it causes their 

phosphorylation and help in their binding to the common mediator Smad (C-Smad), 

Smad4. This Smad complex of R-Smad /C-Smad enters nucleus where it leads to 

transcription and gene expression (Yamaguchi, Komori, & Suda, 2000). As mentioned 

earlier, this complex induces Cbfa1 (Runx2) that stimulates protein expression for bone 

formation. Runt-related transcription factor 2 (Runx2) also known as core-binding factor 

subunit alpha-1 (CBF-alpha-1) is a protein and a key transcription factor associated 

with osteoblast differentiation (Aubin, 2001). 

     VEGF regulates bone proliferation and differentiation while promoting endochondral 

ossification. It is expressed in various bone cells including osteoblasts, osteoclasts and 

chondrocytes. VEGF and its receptors are normally found during late differentiation 

stages (Deckers et al., 2000; Harper, Gerstenfeld, & Klagsbrun, 2001). Also it is known 

that VEGF production is stimulated in osteoblasts during hypoxic conditions by inducing 

factors like HIF1A and HIF1B (Akeno, Czyzyk-Krzeska, Gross, & Clemens, 2001; 

Steinbrech et al., 2000) which promote angiogenesis. VEGF expression is also induced 

http://en.wikipedia.org/wiki/Protein
http://en.wikipedia.org/wiki/Transcription_factor
http://en.wikipedia.org/wiki/Osteoblast
http://en.wikipedia.org/wiki/Cellular_differentiation
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by various other factors like BMPs and TGFβ and is decreased by various catabolic 

factors like several glucocorticoids (Maes & Carmeliet, 2008). 

MC3T3-E1- A Well Known Osteogenic Cell Culture Model 

     MC3T3-E1 is a mouse calvaria clonal cell line that gives rise to several subclones. It 

is a popular osteoblast cell line which represents a preosteoblastic phenotype.Addition of 

acsorbic acid and inorganic phosphate induces mineralization in some of the subclones, 

namely 4, 8, 11, 14 and 26 (Quarles, Yohay, Lever, Caton, & Wenstrup, 1992). Cell 

proliferation occurs actively in in-vitro cell culture synthesizing collagen -1 from day 3. 

The enzyme activity of ALP also increases from day 3 to day 21 and the rise in 

mineralization is observed at early day 14 (Yohay, Zhang, Thrailkill, Arthur, & Quarles, 

1994). 

     Differentiation of MC3T3-E1 cell line depends upon several factors which include the 

type of serum in culture media, growth factors, cytokines (Hong et al., 2010), addition of 

ascorbic acid and beta-glycerophosphate supplementation which also influence the bone 

mineralization (Grigoriadis, Petkovich, Ber, Aubin, & Heersche, 1985).  At the 

passagenumber of over 36, MC3T3-E1 cell line exhibits decreased proliferativeactivities. 

But at a very high passage number of 60, it has reportedly shown inconsistent cell cycling 

indicating replicative senescence which is similar to human cells (Grigoriadis et al., 1985; 

Hong et al., 2010).  This important feature also makes these cells an interesting model for 

in-vitro bone research involving bone remodeling and formation. 
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The Mevalonate Pathway 

     The mevalonate pathway, also known as the cholesterol biosynthesis pathway, 

produces both sterol (cholesterol) and non-sterol (isoprenoid) products having various 

necessary functions in the human body. As an important constituent of the cell 

membrane, cholesterol serves asa precursor for lipoproteins, vitamin D, steroid hormones 

and bile acids. The pathway has many isoprenoids products which includeshaem A and 

ubiquinone (part of the electron transport chain), dolichol (co-translational and post-

transcriptional modification of proteins), farnesyl pyrophosphate (FPP), geranylgeranyl 

pyrophosphate (GGPP), dolichylphosphate (post-translational modification of the Ras 

and Rho proteins), isopentyladenine (a component of some transfer RNA (tRNA) useful 

for protein synthesis) and intercellular messengers (plant cytokines)(Goldstein & Brown, 

1990; Laufs & Liao, 2000; Mo & Elson, 2004a). 

     HMG-CoA synthase and HMG-CoA reductase are two sequential enzymes of the 

mevalonatepathayplaying an important role in maintaining a balance in the production of 

mevalonate and cholesterol through feedback regulation (Goldstein & Brown, 1990; Mo 

& Elson, 2004a). HMG-CoA synthase catalyzes the condensation of acetyl-CoA with 

acetoacetyl-CoA in the formation of HMG-CoA; the second reaction in the mevalonate 

pathway (Theisen et al., 2004). HMG-CoA reductase is the rate-limiting enzyme of the 

mevalonate pathway and is subject to inhibition by sterols (cholesterol) at the 

transcriptional level and non-sterol metabolites (geranylgeraniol, farnesol) at the post 



 

 

18 

 

transcriptional levels via feedback regulation. This subsequently blocks the translation 

and accelerates degradation of the enzyme.  Another regulator of the pathway is the 

presence of LDL receptors on the cell surface (Goldstein & Brown, 1990; Theisen et al., 

2004). The strict control of the progression of the mevalonate pathways provides a 

continuous supply of mevalonate products while avoiding over production of cholesterol. 

Abundance of cholesterol can be fatal since it instigates the process of atherosclerosis in 

blood vessels and forms plaques inside the cell (Small & Shipley, 1974).   

     The direct product of HMG CoA reductase is mevalonate and by combining 5 carbon 

precursors, several isoprenoid products are formed including: geranyl pyrophosphate (10 

carbons), farnesyl pyrophosphate (15 carbons) and geranylgeranyl pyrophosphate (20 

carbons). Combining two farnesyl pyrophosphate groups can generate squalene, the 

precursor used for the production of cholesterol.  Since the enzyme HMG CoA reductase 

is necessary for the synthesis of cholesterol and isoprenoids, HMG-CoA reductase 

inhibitors such as statins can inhibit their production. 

     Isoprenylation, also known as prenylation, refers to the covalent addition of 

hydrophobic isoprenoid molecules to proteins, resulting in post-translational 

modification. The isoprenoid intermediates are in the pyrophosphate form thus they must 

be converted to ispoprenoiddiphosphates before they can be added to cellular proteins.  

The isoprenoid groups bind to the carboxyl-terminal of proteins, composed of cysteine 

and an aliphatic amino acid, forming a highly stable thioether bond acting as a membrane 
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anchor for proteins. The proteins are farnesylated or geranylgeranylated depending on the 

amino acid present (Boyartchuk, Ashby, & Rine, 1997).  Prenylation is catalyzed by one 

of three protein-prenyltransferases: protein farnesyltransferase (FTase), protein 

geranylgeranyltransferase type I (GGTase I), and geranylgeranyl transferase type II 

(GGTase II). FTase transfers a farnesyl group from FPP while GGTase I transfers a 

geranylgeranyl group from GGPP to the cysteine component of the carboxyl-terminal of 

the specific protein (Boyartchuk et al., 1997; Goldstein & Brown, 1990). 

     Farnesylation is observed in all members of the Ras family of proteins, allowing them 

to migrate to the proper location on cellular membranes and interact with other signaling 

molecules to control cell proliferation, differentiation and survival (Adjei, 2001; 

Goldstein & Brown, 1990). Geranylgeranylation, on the other hand, can be detected in 

the lipid anchoring of the Rho family, a subfamily of Ras proteins.  

HMG-CoA Reductase Regulation: Transcriptional and 

Post-Transcriptional Regulation of the Mevalonate Pathway 

     Cholesterol is synthesized by the cells endogenously by way of the mevalonate 

pathway.  The mevalonate pathway is under the feedback regulation and is repressed 

when cells have met their sterol and non-sterol requirements and stimulated once lack of 

exogenous cholesterol is detected.  HMG-CoA reductase is securely bound to the 

endoplasmic reticulum (ER) and has a C-terminal catalytic domain that dwells in the 
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cytosol and N-terminal trans-membrane domain.  The latter domain includes the sterol-

sensing domain needed for sterol feedback regulation, which is regulated by (Sterol 

regulatory element-binding protein) SREBP (Hampton, 2002).  SREBPs are also bound 

to a protein named sterol regulatory element binding protein cleavage-activating protein 

(SCAP) which is also related to HMG-CoA Reductase activity since it has five regions on 

its membrane that are similar to the sterol-sensing domain of HMG CoA reductase(Hua, 

Sakai, Brown, & Goldstein, 1996). 

     When low sterol levels in cells are detected, SCAP senses this change is cholesterol 

levels and is pushed to guide the SREBPs to the Golgi apparatus for activation in order to 

endure a two-step proteolytic process. The first step involves sterol regulated cleavage in 

the luminal loop, which breaks the covalent bond connecting the two trans-membrane 

domains of SREBP-2. The second step is non-sterol regulated and takes place inside the 

first trans-membrane domain releasing the water soluble NH2-terminal fragment (Sakai et 

al., 1996). Once activated, SREBP moves to the nucleus and binds to the sterol regulatory 

element (SRE-1) in the 5'-flanking region/promoter region of the reductase gene, 

activating transcription and up-regulating enzymes related to sterol biosynthesis (Sato et 

al., 1994). Genes involved in encoding other enzymes of cholesterol synthesis (HMGCoA 

synthase, farnesyl diphosphate synthase, LDL receptors) are activated (Goldstein & 

Brown, 1990; Sato et al., 1994).  Conversely, when high levels of sterols are sensed, 

SCAP traps SREBP in the ER(Sato et al., 1994), disallowing it from crossing into the 
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nucleus and hindering the transcription of genes related to cholesterol synthesis, LPL 

endocytosis, fatty acid and phospholipid synthesis(Hampton, 2002; Sato et al., 1994).      

     The activity of HMG-CoA reductase is tightly regulated, partially due to post-

transcriptional mechanisms that are controlled by the non-sterol and sterol products of 

mevalonate metabolism (Goldstein & Brown, 1990; Petras, Lindsey, & Harwood, 1999; 

X. Wang, Sato, Brown, Hua, & Goldstein, 1994; T. Yang et al., 2002).  Many studies 

have explored the rate at which mRNA translation of HMG-CoA reductase takes place by 

incorporating HMG-CoA Reductase inhibitors. Blocking mevalonate production with the 

use of a HMG-CoA reductase inhibitor showed subsequent rapid translation of mRNA 

despite the presence of sterols.  This augment in mRNA translation is decreased fivefold 

when non-sterol needs are met thus indicating that cell moves according to its need for 

non-sterol isoprenoids (Goldstein & Brown, 1990; Petras et al., 1999).  In cultured cells, 

inhibiting the mevalonatepathway triggers a 200-fold increase in the HMG-CoA 

reductase activity just within a few hours (Nakanishi, Goldstein, & Brown, 1988).  This 

also led us to use lovastatin as a positive control for our study. 

     The membrane domain of HMGCoAreductase can detect the amount of sterols present 

which leads to its proteolytic degradation by ER membranes (Gil et al., 1985; Nakanishi 

et al., 1988).  This contributes to the accumulation of ubiquitinated HMGCoA reductase 

(Nakanishi et al., 1988; Ravid et al., 2000). The degradation of HMG-CoA reductase has 

been evaluated by measuring the decline in HMG-CoA reductase degradation upon the 
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addition of an inhibitor. Its degradation relies on both sterol and not sterol products and 

has been shown to increase or decrease depending on the levels of both (DeBose-Boyd, 

2008; Nakanishi et al., 1988; Straka & Panini, 1995). Sterols can elicit the binding of 

HMGCoAreductase to Insigs which leads to the ubiquitination of the enzyme.  Efficient 

degradation of the ubiquitinatedHMGCoAreductase however, cannot take place without 

the presence of mevalonate (DeBose-Boyd, 2008; Nakanishi et al., 1988).   

     Nonsterol isoprenoids, such as farnesylated proteins, may also contribute to the 

feedback control of HMG-CoA reductase (DeBose-Boyd, 2008; Staal et al., 2003).  

When mevalonate is inhibited, proteins which are normally farnesylated start to build up 

in the unfarnesylated form and modify HMG-CoA reductase either in a positive or 

negative manner, effecting translation or degradation (Staal et al., 2003).  Farnesol, a FFP 

derivative of the mevalonate pathway, has been shown to stimulate reductase degradation 

(Mo & Elson, 2004a; Staal et al., 2003). Numerous farnesyl derivatives and farnesyl 

homologs inhibit the synthesis of HMG-CoA reductase and accelerate its degradation 

(Mo & Elson, 2004a; Staal et al., 2003). Geranylgeraniol has also been shown to enhance 

sterol mediated degradation of HMGCoAreductase but not by way of its ubiquitination, 

which further suggests that isoprenoids take action after ubiquitination of 

HMGCoAreductase (Staal et al., 2003). 

     The opposing roles of protein prenylation in promoting osteoclast differentiation and 

suppressing osteoblast differentiation may underlie the findings that the mevalonate 
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pathway suppressors inhibit the osteoclast differentiation while stimulating osteoblast 

differentiation. The mevalonate suppressors including pharmaceuticals and dietary 

factors either control the pool of mevalonate-derived products for the prenylation of the 

small GTPases (statins, bisphosphonates, menaquinone derivatives, and isoprenoids) or 

block the transfer of prenyl groups to GTPases (prenyl transferase inhibitors and 

bisphosphonates) (Fig.2.1). Preclinical mechanistic studies of mevalonate-suppressive 

pharmaceuticals presented the mevalonate pathway as a viable target for improving bone 

health and paved the way for nutritional intervention with dietary factors, particularly the 

mevalonate-suppressive isoprenoids. 

 

Figure 2.1. The role of mevalonate pathway in osteoclastogenesis and osteoblastogenesis. 

The mevalonate pathway provides essential prenyl pyrophosphates (farnesyl- and 

geranylgeranyl- pyrophosphates) for the biological activities of small guanosine 

triphosphate (GTP)-binding proteins (GTPases – Ras, Rho, Rac, Rab) that promote the 

differentiation of the osteoclasts but suppress that of the osteoblasts. The tocotrienols 

may mimic the actions of the pharmaceuticals (statins, bisphosphonates and 

menaquinonederivatives) and dietary constituents (the monoterpenes and genistein) that 

suppress the differentiation of osteoclasts and/or induce that of osteoblasts. 

http://www.jnutbio.com/article/S0955-2863(12)00200-8/fulltext#f0005
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Mevalonate-suppressive Pharmaceuticals and their Impact 

Statins: in Vitro, in Vivo and Clinical Studies  

     Mevalonate deprivation induced by competitive inhibitors of 3-hydroxy-3-

methylglutaryl coenzyme A (HMGCoA) reductase (e.g. statins) prevents the activation of 

GTPases, suppresses the expression of the receptor for activation of nuclear factor kappa 

b(NFκB) ligand (RANKL) and activation of  NFκB and consequently, inhibits osteoclast 

differentiation and induces osteoblast apoptosis. In contrast, statin mediated-inactivation 

of GTPases enhances alkaline phosphatase activity and the expression of bone 

morphogenetic protein-2, vascular epithelial growth factor, and osteoclacin in osteoblasts 

and induces osteoblast proliferation and differentiation. Animal studies show that stains 

inhibit bone resorption and increase bone formation.                 

     3-Hydroxy-3-methylglutaryl coenzyme A (HMG CoA) reductase is the rate-limiting 

enzyme of the mevalonate pathway (Staal et al., 2003). Statins, the competitive inhibitors 

of HMG CoA reductase, offered a glance of the potential application of mevalonate 

suppressors as supported by many preclinical studies.  Statins work by inhibiting 

differentiation(Ahn, Sethi, Chaturvedi, & Aggarwal, 2008; Jadhav, Murthy, Singh, & 

Jain, 2006; Staal et al., 2003; Woo, Kasai, Stern, & Nagai, 2000) and inducing apoptosis 

in osteoclasts (Ahn et al., 2008; Woo et al., 2005; Yamashita et al., 2010)while enhancing 

osteoblast differentiation(Cho et al., 2010; Maeda, Matsunuma, Kawane, & Horiuchi, 

2001; Maeda et al., 2004; Mundy et al., 1999a; Song et al., 2003) which results in 
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inhibiting bone resorption (Maeda et al., 2004; Weivoda & Hohl, 2011). The forty statin 

analogshave the ability to inhibit HMG CoA reductase which is positively correlated with 

their ability to inhibit bone resorption (I. S. Kim et al., 2011; Staal et al., 2003). The 

effects of statins on osteoclasts are attributed to the inhibition of protein prenylation(Ha, 

Lee, Kim, & Lee, 2011) which consequently leads to abrogation of RANKL-induced 

NFκB activation (Coxon et al., 2000), effects reversible with supplemental 

geranylgeranyl pyrophosphate (Hiruma, Nakahama, Fujita, & Morita, 2004) and 

geranylgeraniol (Dolder, Hofstetter, Wetterwald, Mühlbauer, & Felix, 2006); the latter 

upon phosphorylation (B. Sung, Murakami, Oyajobi, & Aggarwal, 2009) forms the 

substrate for prenylation. In contrast, statins suppress Rho protein prenylation (Tsubaki et 

al., 2012) and signaling (Luckman, Coxon, Ebetino, Russell, & Rogers, 1998) and 

increase the expression of Cbfa1 (Runx2) (Reszka, Halasy-Nagy, Masarachia, & Rodan, 

1999), BMP-2 (Lazzerini et al., 2007) and VEGF (Wu, Liu, & Ng, 2008) in osteoblastic 

cells with a concomitant increase in the expression of osteocalcin (Y. Wang & Jiang, 

2013), (Abeles et al., 2007) a late marker for osteoblasts (Yam, Abdul Hafid, Cheng, & 

Nesaretnam, 2009). Statin effect is directly related to suppression of HMG CoA 

reductaseactivity as evident by mevalonate or geranylgeranyl pyrophosphate which 

negates the statin effect on the expression of BMP-2 (Duque, Vidal, & Rivas, 2011), and 

VEGF(Li, Cui, Kao, Wang, & Balian, 2003). Statin-containing Chinese red yeast rice has 

also been shown to stimulate the proliferation, alkaline phosphatase (ALP) activity and 

differentiation of MC3T3-E1 osteoblast-like cells (Ohnaka et al., 2001). 
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Lovastatin: Role in Preosteoblast Differentiation 

     The coversion of HMG CoA to mevalonic acid is catalyzed by the enzyme 3-hydroxy-

3-methylglutaryl coenzyme A (HMGCoA) reductase. Mevalonate suppressors including 

the statins, competitive inhibitors of HMG CoA reductase activity have been shown to 

play an important role in preosteoblast differentiation. Lovastatin, a widely prescribed 

cholesterol-lowering drug and as a pleiotropic agent (Liao & Laufs, 2005) in various 

other systems such nervous, cardiovascular and immune systems competitively inhibits 

HMG CoA reductase activity, the rate limiting step in cholesterol biosynthesis. 

Lovastatin (pro drug) in its lactone form is being converted into active open ring structure 

by esterases. After examining 30,000 compounds, lovastatin emerged as the first potent 

and promising anabolic agent promoting bone health (Mundy et al., 1999b). In-vitro and 

in-vivo studies in rodents suggest statins act as the anabolic agents after oral feeding of 

high doses (Ho et al., 2009; Oxlund & Andreassen, 2004). Varying results have been 

observed in several observational clinical studies on patients treated with oral statins. 

Some have shown to increase the bone mineral density and reducing fractures (Chung, 

Lee, Lee, Kim, & Fitzpatrick, 2000) while others have shown no effect on bone health 

(Rejnmark et al., 2004). However, these studies do suggest that statins have the 

promising anabolic effects and also act as the favorable osteogenic compounds. These 

findings about statins, lead us to use lovastatin as a positive control for our study. 
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Isoprenoids: Role in Differentiation 

     Isoprenoids, also termed terpenoids, are plant products that are derived from the 

mevalonate pathway. There are more than 23,000 individual isoprenoids that have been 

identified and characterized (Rosen & Bilezikian, 2001). They are derived from the 5 

carbon molecule isopentenyl pyrophosphate (IPP), an important intermediate in the 

mevalonate pathway.  They are considered pure when they are made up of 5 or more 

carbon units (X) and mixed when only part of their structure is derived from the 

mevalonate pathway(Sacchettini & Poulter, 1997). Some examples include: monocyclic 

monoterpenes (2X; d-limonine, perillyl alcohol, perillaldehyde, carvacrol, and thymol), 

acyclic monoterpenes (2X; geraniol), sesquiterpenes (3X; farnesol), diterpenes (4X; 

geranylgeraniol), triterpenes (6X; lupeol) and tetraterpenes (8X; lycopene). When 

isoprenoids contain large number of isoprene units, they are called polyterpenes (Bach, 

1995). 

     Mixed isoprenoids include tocotrienols, prenylatedcoumarins, flavones, flavanols, 

isoflavones, chalcones, quinones, chromanols, and menaquinoine-3(Crowell PL, 2001; 

Mo & Elson, 2004a). At levels adequate to suppress HMG CoA reductase, isoprenoids 

have shown no toxicity to normal cells and animals, and as dietary ingredients, are 

considered safe for human consumption (Qureshi, Mangels, Din, & Elson, 1988). 
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The Impact of Mevalonate-suppressive Isoprenoids in Bone 

     The protection of bone is regulated by themevalonate-suppressive pharmaceuticals, 

the statins, bisphosphonates, prenyl transferase inhibitors, and menatetrenonesuggesting 

mevalonate-suppressive dietary constituents may also modulate the osteoclastic and 

osteoblastic activities. Many of the estimated isoprenoids (Tatman & Mo, 2002), are 

ubiquitous in fruits, vegetables and other plant foods have been shown to suppress HMG 

CoA reductase (Crowell PL, 2001; Tatman & Mo, 2002). Bone protective actions of the 

―pure‖ isoprenoids, mainly the mono-, sesqui- and di-terpenes of the isoprenoid family 

consisting only of multiples of the five-carbon isoprene unit have been recorded in the 

literature (Gao & Yamaguchi, 1999). The 10-carbon monoterpenes composed of two 

isoprene units are the main constituents of essential oils and are widely distributed in the 

plant kingdom. In addition to the aforementioned diterpenegeranylgeraniol, mevalonate-

suppressive monoterpenes (Fig. 1)(Karieb & Fox, 2011; Sliwinski, Folwarczna, Janiec, 

Grynkiewicz, & Kuzyk, 2005; J. H. Sung, Choi, Lee, Park, & Moon, 2004) including 

borneol, menthol, t-verbenol, perillyl alcohol and perillic acid at physiologically 

attainable levels (1–100 μmol/L) and levels nontoxic to osteoblasts inhibit the formation 

of osteoclasts and that of their actin ring (Karieb & Fox, 2011; Sliwinski et al., 2005; J. 

H. Sung et al., 2004). This is an indication of cell polarization and a characteristic of 

resorbing osteoclasts. The anti-osteoclastogenic effect of menthol and perillyl alcohol is 

strengthened by geranylgeraniol and a sesquiterpenefarnesol.  Menthol and borneol also 

induced ALP expression in osteoblasts (Sliwinski et al., 2005). 

http://www.jnutbio.com/article/S0955-2863(12)00200-8/fulltext#f0005
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In another study, dietary essential oils of pine, dwarf pine, eucalyptus, sage, juniper, 

rosemary and thyme, in descending order of potency, inhibited bone resorption in rats (J. 

H. Sung et al., 2004; Tatman & Mo, 2002). The nine monoterpene constituents of these 

oils, namely camphor, eucalyptol, borneol, bornylacetate, thymol, menthol, thujone, α-

pinene and β-pinene, when fed in diet individually and in a blend, showed anti-resorption 

activity as well. These results are in accordance with the earlier finding of the additive 

impact of monoterpenes on the mevalonate pathway (Sliwinski et al., 2005; J. H. Sung et 

al., 2004). Dietary pine oil also reduced trabecular bone mineral density (BMD) loss in 

aged ovariectomized rats (J. H. Sung et al., 2004). The resorptive activity of osteoclasts 

as measured by number of resorption pits per osteoclast was suppressed by thymol, 

borneol, camphor and cis-verbenol, a metabolite of α-pinene. Borneol also suppressed the 

formation of actin ring in osteoclasts. Zerumbone, a sesquiterpene, inhibited RANKL- 

and tumor cell-induced osteoclastogenesis and reduced breast cancer MDA-MB-231-

induced bone loss in mice. Notable is that the isoflavonegenistein (Fig. 2), an inhibitor of 

osteoclast-like cell formation (Lanham-New, 2006; Muhlbauer & Li, 1999; J. H. Sung et 

al., 2004; J. H. Sung, Lee, Park, & Moon, 2004), also inhibit HMG CoA reductase 

activity (Muhlbauer & Li, 1999; Prynne et al., 2006). All these actions of isoprenoids 

demonstrates the association between intake of fruits and vegetables and increased bone 

mineral density (C. Elson & Mo, 2008; Hussein & Mo, 2009; Mo & Elson, 2004b; New 

et al., 2000) and reduced risk of bone fracture (Sen, Khanna, & Roy, 2007). 

                       

http://www.jnutbio.com/article/S0955-2863(12)00200-8/fulltext#f0005
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      Tocotrienols Acting as Potent Mevalonate Suppressors 

With Bone Protective Benefits 

Tocotrienols Down-regulate HMG CoA Reductase  

     The tocotrienols (Fig. 2) (Sen et al., 2007; B. Yang, Ahotupa, Määttä, & Kallio, 2011), 

are the vitamin E isomers with an unsaturated farnesol side chain (Chun, Lee, Ye, Exler, 

& Eitenmiller, 2006; Helbig, Böhm, Wagner, Schubert, & Jahreis, 2008) and are among 

the most potent mevalonate-suppressive dietary constituents.  They are mixed isoprenoids 

with their farnesyl moiety and are derived through mevalonate pathway. Their wide 

presence is justified in  plant foods including avocados, bananas, berries, cabbage, 

cherries, coconut, corn, kiwi, green pea, onions, peaches, pears, plums (Chun et al., 2006; 

Helbig et al., 2008) grape (Choi & Lee, 2009), peanuts (Isanga & Zhang, 2007), 

hazelnut (Amaral, Casal, Alves, Seabra, & Oliveira, 2006), horse chestnuts, 

litchi (Franke, Murphy, Lacey, & Custer, 2007), cereals, wheat (Harinantenaina L, 

2008) and olive (Hassapidou & Manoukas, 1993). Specialty oils from palm, rice bran, 

barley and oat are good sources of γ-tocotrienol (Nesaretnam, 2008). Annatto has 

emerged as a usable commercial source of δ-tocotrienol production (Nesaretnam, 2008) . 

     The tocotrienol-mediated down-regulation of reductase mimics that triggered by 

farnesol, the endogenous secondary modulator of reductase. The earlier findings of the 

cholesterol-lowering effect of barley flour (Burger, Qureshi, Prentice, & Elson, 1982), 

barley extract (Burger, Qureshi, Din, Abuirmeileh, & Elson, )and one of the constituents, 

http://www.jnutbio.com/article/S0955-2863(12)00200-8/fulltext#f0005


 

 

31 

 

α-tocotrienol, via suppression of HMG CoA reductase led to succeeding efforts defining 

the tocotrienol-mediated post-transcriptional down-regulation of HMG CoA reductase. In 

addition, δ-tocotrienol was found to down-regulate HMG CoA reductase at the 

transcriptional level. Conversely, tocopherols, the vitamin E molecules with a saturated 

phytol tail, did not suppress HMG CoA reductase. In fact, α-tocopherol was found to 

weaken the impact of tocotrienols on HMG CoA reductase (Qureshi et al., 1996) or even 

induce HMG CoA reductase activity (Qureshi et al., 1988; Qureshi et al., 1996). 

Tocotrienols: In Vitro and In Vivo Studies  

     The HMG CoA reductase-suppressive activity of tocotrienols has exhibited 

tocotrienols bone-protective properties. Tocotrienols inhibited lipopolysaccharide (LPS)-

induced expression of cyclooxygenase-2 (COX-2), PGE2, interleukin-6 and tumor 

necrosis factor α in murine RAW264.7 macrophages. Similarly, LPS-induced inducible 

nitric oxide synthase, COX-2 and NFκB expression in human monocytic cells has been 

inhibited by tocotrienol-rich fractions. This anti-osteoclastogenic activity of tocotrienols 

was shown at concentrations fairly below that shown to be toxic in primary osteoblasts 

(IC50=290 μmol/L) (Karieb & Fox, 2011; Nizar, Nazrun, Norazlina, Norliza, & Ima 

Nirwana, 2011). α-Tocotrienol, but not α-tocopherol, inhibited osteoclastogenesis in 

coculture of osteoblasts and bone marrow cells, reduced RANKL expression in 

osteoblasts, blocked RANKL-induced osteoclast differentiation and the activation of 

extracellular signal-regulated kinases and NFκB and suppressed bone resorbing activity 

of mature osteoclasts. Tocotrienol, (Fernandes, Guntipalli, & Mo, 2010; Yano et al., 



 

 

32 

 

2005)and  itsanalogs (Yano et al., 2005) have been shown to reduce the level of Ras 

protein as a consequent to suppression of  the Rasprenylationdue to the higher turn-over 

rate of unprenylatedRas in human lung and melanoma cells. It remains unknown whether 

such effect exists in osteoclasts. 

      Various animal studies are also an indicative of the bone protective properties offered 

by tocotrienols. Tocotrienol mixture at a concentration of 60- and 100-mg/kg body 

weight restored free radical-induced reduction in serum level of osteocalcin, the number 

of osteoblasts, and bone formation in male Wistar rats while reducing the level of bone-

resorbing cytokines (Ahmad, Khalid, Luke, & Ima Nirwana, 2005). Increase in bone 

calcification in sprague–dawley rats was observed after oral intake of γ-tocotrienol (Ima-

Nirwana & Suhaniza, 2004), (Norazlina, Ng, & Ima-Nirwana, 2005) and a mixture of 

tocotrienols (Norazlina et al., 2005; Norazlina, Ima-Nirwana, Gapor, & Khalid, 2002). A 

tocotrienol-rich fraction and γ-tocotrienol also neutralized the nicotine effect on bone 

resorption in rats (Norazlina et al., 2002). Oral forced feeding (gavage) of tocotrienols at 

60 mg/kg improved the static (osteoclast and osteoblast numbers, eroded surface/bone 

surface ratio, osteoid surface/bone surface ratio, osteoid volume/bone volume ratio) and 

dynamic (single-labeled surface/bone surface ratio, double-labeled/bone surface ratio, 

mineralized surface/bone surface ratio, mineral apposition rate, bone formation rate/bone 

surface ratio) parameters of bone following four months of treatment in Sprague–Dawley 

male rats (Mehat, Shuid, Mohamed, Muhammad, &Soelaiman, 2010). At a concentration 

of 500 mg/kg body weight, bleeding tendency and renal impairment was observed as a 
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consequent of toxicity by mixed tocotrienols. No reported toxicity was observed at levels 

up to 200 mg/kg body weight (Ima-Nirwana & Suhaniza, 2004; Mehat et al., 2010) that is 

fairly above the aforementioned effective doses. 
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CHAPTER III 

MATERIALS AND METHODS 

Study Design 

     We first assessed the concentration-dependent impact of d-δ-tocotrienol (5, 15 and 25 

μM) on cell viability by MTT assay. We then evaluated the concentration dependent 

impact of d-δ-tocotrienol on the differentiation of MC3T3-E1 cells by measuring ALP 

activity, an early marker of osteoblast differentiation using ALP assay kit. Mineralized 

nodule formation in MC3T3-E1 cells was then measured by Alizarin red-S (AR-S) 

staining. Cell lysates for individual fractions were then analyzed for prenylation of Ras 

and HMG CoA reductase protein expression to correlate with the impact of d-δ-

tocotrienol on MC3T3-E1 cell differentiation. We further evaluated the levels of BMP-2 

and VEGF as determined by RT-PCR. At least three independent experiments, performed 

in duplicates or triplicates, were completed for each experimental procedure.  
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Figure 3: The study design to evaluate the effect of d-δ-tocotrienol on osteoblast 

differentiation in murine MC3T3-E1 preosteoblasts. 

Cell Culturing and Osteoblast Differentiation 

     Murine MC3T3-E1 preosteoblasts were grown and maintained in Alpha Modified 

Eagle's Media (αMEM) with ribonucleosides, deoxyribonucleosides, 2mM L-glutamine 
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adjusted by American Type Culture Collection (ATCC, Manassas, VA) and 1mM sodium 

pyruvate with 10% fetal bovine serum (FBS, Fisher Scientific Company LLC, Houston, 

TX) and 1% penicillin/streptomycin (GIBCO, Grand Island, NY) at 37⁰C in a humidified 

atmosphere of 5% CO2. Upon reaching confluency, cells were seeded in 96-well plates at 

a density of 2.5 x 10
3
 or 5 x 10

3
 cells per well, 24 well plates (4 x 10

4
 cells/well), and in 

petri dishes (100 mm x 20 mm, Corning Life Sciences, Wilkes Barre, PA) at 2 x 10
5
 per 

dish. For the experiments using well plates, cells were cultured in at least 3 separate wells 

for each treatment concentration, for each experiment executed.For the tissue culture 

plates, cells were cultured in at least two plates for each treatment concentration for each 

experiment that was implemented. At least three independent experiments, performed in 

duplicate or triplicate, were completed for each experimental procedure. 

     MC3T3-E1 preosteoblasts were cultured for 4-5 days and then differentiation was 

induced, in which the cells were maintained in αMEM supplemented with 10% fetal 

bovine serum (FBS, Fisher Scientific Company) and 1% penicillin/streptomycin 

(GIBCO) for 4-26 days in the presence of 50 μg/mL of the phosphate ester of ascorbic 

acid and 10 mM β-glycerophosphate (Sigma Aldrich, St. Louis, MO). For days 0–24 days 

of differentiation, tocotrienol (5-25 μmol/L), lovastatin (0.1 μmol/L) will be added to the 

differentiation medium of the experimental groups, and the control cells were incubated 

in medium containing the vehicle; known solvent for the treatments [dimethyl sulfoxide 

(DMSO, ATCC) or ethanol (0.1%, v/v)]. The medium was changed every three to four 

days. On days 10, 14, 21 and 24, experiments were performed with the treated cells. 
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Cell Viability 

     Cultures of MC3T3-E1 preoeteoblasts were seeded (5000 cells/well) in 100μL of 

maintenance medium in 96-well plates and incubated for 24 or 48 hours at 37°C in a 

humidified atmosphere of 5% CO2. The medium was then aspirated from each well and 

replaced with 100μL of fresh medium containing  ethanol or increasing concentrations of 

tocotrienol (5-50μmol/L) and lovastatin (0.1 μmol/L). The cells continued to be incubated 

for an additional 24 or 48 hours. Cell populations were determined using the Cell Titer 

96® Aqueous One Solution MTS assay (Promega, Madison, WI) procedure. Cells were 

then washed once with Hank‘s Balanced Salt Solution (HBSS). Subsequently, 100μL of 

serum free medium and 20μL of 3-(4, 5-dimethythizol-2-yl)-5-(3-

carboxymethoxyphenyl)-2-(4-sulfophenyl)-2H-tetrazolium salt solution were added to 

each well. Cells were incubated for 2 hours at 37 °C. The absorbance wass measured at 

490 nm in a Tecan Infinite M200 micro plate reader (Tecan Systems Inc., Salzburg, 

Austria) (Magellan 6 software) to determine the formazan concentration, which is relative 

to the number of live cells. The mean absorbance from wells containing cell-free medium 

was used as the baseline and was deducted from the absorbance of other cell-containing 

wells.  

                                                           Microscopy 

     Photomicrographs of representative fields of monolayers of MC3T3-E1 preosteoblast 

were made with a Nikon Eclipse TS 100 microscope (Nikon Corporation, Tokyo, Japan) 

equipped with a Nikon Coolpix 995 digital camera (Nikon Corporation). 
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Alizarin Staining 

     On day 21–24 of preosteoblasts differentiation to mature osteoblasts, MC3T3-E1 

osteoblasts were stained with Alizarin Red Stain (Sigma). In brief, cell monolayers were 

washed twice with phosphate buffer solution(PBS) and fixed in 0.2 mL (24-well plate) or 

1 mL (6-well plate) of 10% formalin per well at room temperature for 1 hour. Cells were 

then rinsed with deionized water and stained with 500 μl of filtered Alizarin Red working 

solution per well at room temperature for 15-30 minutes. The cells were then rinsed with 

deionized water four times and visualized with a Nikon 10 Eclipse TS 100 microscope 

(Nikon Corporation, Tokyo, Japan) equipped with a Nikon Coolpix 995 digital camera 

(Nikon Corporation). 

Quantification of Stained Cells 

     For quantitative determination of stained cells, water was aspirated and the wells were 

incubated in 10% cetylpyridinium chloride (C.P.C) detergent (1ml/well) for one hour on 

an orbital shaker at a medium speed. The absorbance was then measured in 

spectrophotometer (Tecan plate reader) at 540 nm. The mean absorbance from wells 

containing cell-free medium was used as the baseline and was deducted from the 

absorbance of other cell-containing stained wells. 

ALP Activity 

     On day 20-24 of preosteoblast differentiation, cell lysate will be collected from 24 

well plate for ALP measurement using QuantiChrom™ Alkaline Phosphatase Assay Kit 

(BioAssay Systems, Hayward, CA). Briefly, cells were washed with PBS twice and lysed 
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with 1.5 mL of 0.5% Triton X-100 per well. Cell lysates were collected and shaken at 

room temperature for 20 min before being centrifuged at 14,000 rpm for 5 min. A 

titration experiment was performed to determine the amount of lysis buffer to use in the 

ALP assay. Caliberator, water, lysate and working solution were used according to the 

manufacturer‘s protocol. Protein concentration of each sample was determined with 

BCA™ Protein Assay Kit (Pierce, Rockford, IL). In a 96-well plate 150μL supernatant of 

each sample, adjusted to contain the same protein concentration, was added to 50μL of 

working solution from QuantiChrom™ Alkaline Phosphatase Assay Kit (BioAssay 

Systems, Hayward, CA) according to manufacturer‘s instruction and the absorbance was 

read at 405 nm with a Tecan Infinite M200 microplate reader (Tecan, Mannedorf, 

Switzerland). 

Quantitative Real-time Polymerase Chain Reaction 

     On day 11-14 of preosteoblast differentiation to mature osteoblasts, total cellular RNA 

was extracted from the MC3T3-E1 osteoblasts using TRIZOL reagent (Invitrogen) 

according to the manufacturer‘s protocols. The concentration of the purified total RNA 

has been determined spectrophotometrically at 260 nm and by the OD 260:280 ratios. 

The quality of the purified total RNA was verified by the 28s:18s ribosomal RNA that is 

by detecting a 2:1 ratio using agarose gel electrophoresis. Briefly, samples were made to 

run on a 1.5% agarose gel Tris-acetate (TAE) buffer at 80 volts for 90 minutes. Gel was 

then shaken in the ethidium bromide (0.5μg/ml) solution for 30 minutes to view the gel 

by Chemi Doc XRS imaging system (Bio-Rad, Hercules, CA). mRNA expression of 
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couple of genes BMP-2 and VEGFα were analyzed by reverse transcription (RT) 

followed by quantitative real-time polymerase chain reaction (PCR). Total RNA (2μg) 

was then reverse transcribed into cDNA using an Oligo (dT)20 primer and SuperScript® 

III First-Strand kit (Invitrogen, Grand Island, NY) following the manufacturer's 

instructions. cDNA was then diluted with 25μg/ml solution of acetylated bovine serum 

albumin(BSA) to make a 25-fold dilution. 6μl of diluted cDNA was then amplified in a 

25 μl PCR reaction which includes 250 nM of each primer and iQTM SYBR® Green 

Supermix (Bio-Rad Laboratories). The cDNA was denatured at 95ºC for 3 minutes 

followed by 40 cycles of PCR (94ºC for 30 s, 60ºC for 25 s, 72ºC for 25 s and 78ºC for 9 

s) by using iQ
TM

5 multi-color Real-Time PCR Detection System (Bio-Rad) with iQ5 

Optical System Software (version 2.1) from Bio-Rad Laboratories). GAPDH 

(Glyceraldehyde 3-phosphate dehydrogenase) was used as a housekeeping gene control, 

to normalize the mRNA levels of all the genes. GAPDH was used as an internal control 

(de Jonge et al., 2007) by using the ∆CT method. Fold changes of gene expression were 

calculated by the 2
-∆∆CT 

method. Three housekeeping genes namely GAPDH, RPL22 and 

β-Actin were compared amongst each other to select the gene with maximum stability 

and consistency. GAPDH was found to be most stable and was used as an internal control 

(housekeeping gene). 

Primer Design 

     Before PCR was performed, pair of primers was designed that binds selectively to the 

target DNA sequence for specific gene of interest. To allow the primer to anneal to the 
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target DNA, primers were designed to have a sequence which is the reverse compliment 

of a region of template or target DNA. The official webpage of the National Center for 

Biotechnology Information (NCBI) was utilized to retrieve the genetic sequence of the 

relevant genes. The primer sequences used are listed in Table 1. To design the primer 

sequences, we used the Primer 3 Output version 4.0 online software (Massachusetts 

Institute of Technology (MIT)) (Rozen & Skaletsky, 2000) 

Table 1 

 Primer Sequences (Forward and Reverse) and GenBank Accession Numbers Used in the 

Real-Time qPCR 

Gene Accession # Primer Sequence 

 

BMP-2 

 

 

NM_007553 

 

 

5‘ CGTCAAGCCAAACACAAACAGCG-3‘ 

5‘-CACCCACAACCCTCCACAACCAT-3‘ 

 

VEGFα 

 

 

 

NM_001025257 

 

 

5‘-AGGATGTCCTCACTCGGATGCCGA-3‘ 

5‘- CCTGAGGCTCCCCAAACTTCTGGTTG-3‘ 

 

GAPDH 

 

 

NM_010271 

 

5‘-GGGGGTAGACGAGGCCCCAA-3‘ 

 

5‘-GCCGGGTCCTTGCAGCCGAT-3‘ 
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Western Blot 

Cell Fractionation 

     On day 14-16 of preosteoblast differentiation, nuclear, cytosolic and membrane 

fractions were prepared to analyze reductase and Ras proteins in these fractions. Briefly, 

cells were scraped, washed with PBS, treated with protease inhibitors, and were 

centrifuged at different speeds in subsequent steps to separate different cellular fractions. 

Fractionation of Membrane, Cytoplasmic, and Nuclear Proteins 

     Protein fractionation was performed following 16 days incubation with the test agents 

as previously reported. Basically, pooled cell pellets were obtained from triplicate petri-

dishes by scraping cells into medium and centrifugation at 1258 xg for 5 min at 4°C. Cell 

pellets were washed in phosphate-buffered saline (PBS) and resuspended in 0.5 m1 of 

buffer (10 mM HEPES-KOH [pH 7.4], 10 mM KCl, 1.5 mM MgCl2, 5 mM sodium 

EDTA, 5 mM sodium EGTA, 250 mM sucrose, 5 mM dithiothreitol, and 0.1 mM 

leupeptin) mixed with the protease inhibitor cocktail (1 mM dithiothreitol, 1 mM 

phenylmethylsulfonyl fluoride, 0.5 mM Pefabloc, 10 μg/ml leupeptin, 5 μg/ml pepstatin 

A, 25 μg/ml ALLN, and, 10 μg/ml aprotinin). Cell suspension was homogenized by 

passing through 22G1 needle 30 times followed by centrifugation at 1000 xg for 7 min at 

4°C or by sonicating the cells using sonicator for 5-10 seconds by keeping them in a 

beaker containing ice to prevent them from heating up. The nuclear fraction was then 

recovered from the pellet of this spin by resuspending in 0.3 ml of buffer (20 mM 



 

 

43 

 

HEPES-KOH [pH 7.6], 25% (v/v) glycerol, 0.42 M NaCl, 1.5 mM MgCl2, 1 mM sodium 

EDTA, and 1 mM sodium EGTA supplemented with the protease inhibitor cocktail) and 

rotating at 4°C for 1 h followed by centrifugation at 20,000 xg for 15 min at 4°C. 

Acetone was added to the supernatant to precipitate the nuclear proteins, kept for 30 min 

at -20°C, and centrifuged at 20,000 xg for 15 min at 4°C. Supernatant from the original 

spin (at 1000 xg for 7 min at 4°C) was used to obtain the membrane fraction by 

centrifugation at 20,000 xg for 15 min at 4°C. Both the membrane and nuclear pellets 

were resuspended in 0.1 ml of SDS lysis buffer (10 mM Tris-HCl [pH 6.8], 1% (w/v) 

SDS, 100 mM NaCl, 1 mM EDTA, and 1 mM EGTA. 

Protein Estimation Protein concentration of each extract was measured using the 

BCA™ Protein Assay Kit (Pierce). All extracts were then mixed with an equal volume of 

buffer (62.5 mM Tris-HCl [pH 6.8], 15% (w/v) SDS, 8 M urea, 10% (v/v) glycerol, 100 

mM dithiothreitol) and 4X SDS loading buffer (150 mmol/L Tris-HCl [pH 6.8], 12% 

(w/v) SDS, 30% glycerol, 6% β-mercaptoethanol, and bromphenol blue)  to reach a final 

concentration of 1X. 

The Gel Electrophoresis All fractions were incubated at 37°C (in water bath) for 20 min 

prior to loading to a 10% SDS polyacrylamide gel. Resolving and stacking gels were 

prepared for tris glycine SDS polyacrylamide gel electrophoresis. Forty to sixty 

microgram of each sample was loaded and was separated as different molecular bands by 

subjecting to electrophoresis. Gels were run at 150 V for 2 h and proteins were then 

transferred onto a PVDF membrane at 100 mA overnight. Membranes were incubated in 
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blocking solution (5% non-fat dry milk-PBS) for 2 h at room temperature. After rinsing 

with PBS, membranes were incubated in the primary antibody-PBST solution at 4°C 

overnight. Membranes were then washed three times with PBST with a brief rinse with 

PBS first containing 0.1% Tween-20 (PBST) for 8-10 min each and incubated with 

secondary antibody (horseradish peroxidase linked, Cell Signaling Technology, 1:3,000 

in PBST) for 1 h at room temperature followed by three washes of 15 min, 10 min and a 

10 min each with PBST. A brief last rinse was given with PBS thereafter. Subsequently, 

membranes were exposed to SuperSignal West Pico Chemiluminescent Substrate (Pierce, 

Rockford, IL) according to manufacturer‘s protocol and photographed by the Chemi Doc 

XRS imaging system (Bio-Rad, Hercules, CA). Molecular weight of protein bands were 

identified using Precision StrepTactin-HRP (Bio-Rad) protein standards.  

Western Blot Analysis 

     Analysis and quantification of the bands were performed using the Quantity One™ 

software. Analysis was done following the instructions in the software by using lane and 

band tools. A non-specific IgG (Cell Signaling Technology) was used for background 

control.  
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Statistics 

    One-way ANOVA will be performed using Prism® 4.0 software (GraphPad Software 

Inc, San Diego, CA, USA) to assess the treatment-mediated effects on preosteoblast 

differentiation. Differences in means will be analyzed by Dunnett‘s multiple comparison 

test. Values with P < 0.05 will be considered statistically significant. Treatment 

groupsthat share the same superscript letter are not significantly different (P<0.05) from 

each other.   
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Abstract 

     Osteoblasts and osteoclasts play essential and opposite roles in maintaining bone 

homeostasis. Osteoblasts fill cavities excavated by osteoclasts. The mevalonate pathway 



 

 

47 

 

provides essential prenyl pyrophosphates for the activities of GTPases that promote 

differentiation of osteoclasts but suppress that of osteoblasts. Preclinical and clinical 

studies suggest that mevalonate suppressors such as statins increase bone mineral density 

and reduce risk for bone fracture. Tocotrienols down-regulate 3-hydroxy-3-

methylglutaryl coenzyme A (HMG CoA) reductase, the rate-limiting enzyme in the 

mevalonate pathway. In vivo studies have shown the bone-protective activity of 

tocotrienols. We hypothesize that d-δ-tocotrienol, a mevalonate suppressor, induces 

differentiation of murine MC3T3-E1 pre-osteoblasts. Alizarin staining showed that d-δ-

tocotrienol (0-25 μmol/L) induced mineralized nodule formation in a concentration-

dependent manner in MC3T3-E1 preosteoblasts. D-δ-Tocotrienol (0-25 μmol/L), but not 

d-α-tocopherol (25 μmol/L), significantly induced alkaline phosphatase activity, an 

indicator of preosteoblast differentiation. The expression of differentiation marker genes 

including BMP-2 and VEGFα were stimulated dose dependently by d-δ-tocotrienol (0-25 

μmol/L). Concomitantly, western-blot analysis showed that d-δ-tocotrienol down-

regulated HMG-CoA reductase. D-δ-Tocotrienol (0-25 μmol/L) had no impact on the 

viability of MC3T3-E1 preosteoblasts following 48-h incubations, suggesting lack of 

cytotoxicity at these doses. Tocotrienols and other mevalonate suppressors have potential 

in maintaining bone health. 

Key words: Tocotrienol, preosteoblasts, differentiation, mevalonate, alizarin, ALP, Ras, 

HMG-CoA reductase, Bmp-2, Vegfα 

Introduction 
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     Human bone, an active and dynamic organ, is under constant maintenance and 

reconstruction by multicellular units of bone composed of osteoblasts (Seeman &Delmas, 

2006).  These two types of cells are involved in bone modeling and remodeling which 

depends on the balancing act between osteoclast-mediated bone resorption and 

osteoblast-mediated bone synthesis promoting bone integrity (Ducy et al., 2000). 

Deteriorated bone health including bone loss, decreased bone mineral density, and 

structural damage may occur when bone resorption exceeds bone formation (Teitelbaum, 

2000). After menopause, estrogen deficiency for example, increases the rate of bone 

remodeling, prolonging the lifespan of osteoclasts whereas shortening that of osteoblasts, 

resulting in net bone loss. 

    MC3T3-E1 is a mouse calvaria clonal cell line that has given rise to several subclones. 

It is a popular osteoblast cell line which represents a preosteoblastic phenotype. Cell 

proliferation occurs actively in in-vitro cell culture synthesizing collagen-1 from day 3. 

The activity of alkaline phosphatase (ALP), an enzyme that provides inorganic 

phosphates for mineralization (Y. J. Kim et al., 2004)also increases from day 3 to day 21. 

ALP activity is regarded as an early marker for osteoblastic differentiation (Aubin, 2001). 

Decreased proliferative activities have been observed at passage numbers above 36, and 

at a very high passage number of 60 these cells show replicative senescence similar to 

human cells showing inconsistent cell cycling. This important feature also makes these 
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cells an interesting model for in-vitro bone research involving bone remodeling and 

formation. 

    Small guanosine triphosphate-binding proteins (GTPases) including Ras, Rac, Rho and 

Rab regulate the differentiation of osteoblasts. These GTPases are dependent on 

mevalonate-derived intermediates (prenyl pyrophosphates) for their post translational 

modification and biological activities. The mevalonate pathway, also known as the 

cholesterol biosynthesis pathway, produces both sterol (cholesterol) and non-sterol 

(isoprenoid) products with various necessary functions in the human body. Mevalonate 

deprivation induced by competitive inhibitors of 3-hydroxy-3-methylglutaryl coenzyme 

A (HMGCoA) reductase (e.g. statins) prevents the activation of GTPases, suppresses the 

expression of the receptor for activation of nuclear factor kappa B (NFκB) ligand 

(RANKL) and activation of  NFκB and consequently, enhances alkaline phosphatase 

activity and the expression of bone morphogenetic protein-2, vascular epithelial growth 

factor, and osteoclacin in osteoblasts and induces osteoblast proliferation and 

differentiation. Animal studies show that stains inhibit bone resorption and increase bone 

formation (Mo & Elson, 2004a).  

     The mevalonate suppressors including pharmaceuticals and dietary factors either 

control the pool of mevalonate-derived products for the prenylation of the small GTPases 

(statins, bisphosphonates, menaquinone derivatives, and isoprenoids) or block the transfer 

of prenyl groups to GTPases (prenyltransferase inhibitors and bisphosphonates) (Mackie, 
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Fisher, Zhou, & Choong, 2001). Preclinical mechanistic studies of mevalonate-

suppressive pharmaceuticals presented the mevalonate pathway as a viable target for 

improving bone health and paved the way for nutritional intervention with dietary factors, 

particularly the mevalonate-suppressive isoprenoids. 

Tocotrienols Down-regulate HMG CoA Reductase  

     The tocotrienols (Hussein & Mo, 2009) are the vitamin E isomers with an unsaturated 

farnesol side chain(Mo & Elson, 2004a; Sen et al., 2007), and are among the most potent 

mevalonate-suppressive dietary constituents. Derived via mevalonate pathway, the 

tocotrienols are mixed isoprenoids with their farnesyl moiety. The tocotrienol-mediated 

down-regulation of reductase mimics that triggered by farnesol, the endogenous 

secondary modulator of reductase. The earlier findings of the cholesterol-lowering effect 

of barley flour (Burger et al., 1982), barley extract (Burger et al., )and one of the 

constituents, α-tocotrienol, via suppression of HMG CoA reductase led to succeeding 

efforts defining the tocotrienol-mediated post-transcriptional down-regulation of HMG 

CoA reductase. In addition, δ-tocotrienol was found to down-regulate HMG CoA 

reductase at the transcriptional level. Conversely, tocopherols, the vitamin E molecules 

with a saturated phytol tail, did not suppress HMG CoA reductase. In fact, α-tocopherol 

was found to weaken the impact of tocotrienols on HMG CoA reductase (Qureshi et al., 

1996)or even induce HMG CoA reductase activity (Qureshi et al., 1988). 

In this study, the impact of d-δ-tocotrienol on proliferation and differentiation of 

osteoblasts targeting the underlying mechanism related to the mevalonate pathway was 
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evaluated. Cell viability was measured by MTT assay. ALP, an earlier marker of 

differentiation was measured by ALP assay. A possible mechanism for the impact of d-δ-

tocotrienol was examined by measuring the expression of osteogenic marker gene BMP-

2. In addition mineralization of murine MC3T3-E1 osteoblasts, characterized by 

osteocytes with calcium accumulation, was measured by Alizarin staining and a 

quantitative assay. The expression of proteins involved in differentiation and 

mineralization were determined by Western Blot. We also investigated the effect of d-δ-

tocotrienol on the mevalonate pathway by examining the protein expression of HMG 

CoA reductase involved in this pathway and also the effect on prenylation of small 

GTPases by looking at Ras protein expression. 

Materials and Methods 

Chemicals and Cell Culture 

     Murine MC3T3-E1 cells were purchased from American Type Culture Collection 

(ATCC). D-δ-tocotrienol was purchased from. Lovastatin was a gift from Merck 

Research Laboratories (Rahway, NJ) 

     Murine MC3T3-E1 preosteoblasts were grown and maintained in Alpha Modified 

Eagle's Media (αMEM) (ATCC) with ribonucleosides, deoxyribonucleosides, 2mM L-

glutamine and 1mM sodium pyruvate. They were supplemented with 10% fetal bovine 

serum and 1% penicillin/streptomycin at 37⁰C in a humidified atmosphere of 5% CO2. 

Upon reaching confluency, cells were seeded in 96-well plates at a density of 2.5 x 10
3
 or 

5 x 10
3
 cells per well, 24 well plates (4 x 10

4
 cells/well), and in petri dishes (100 mm x 20 
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mm, Corning Life Sciences, Wilkes Barre, PA) at 2 x 10
5
 per dish. MC3T3-E1 

preosteoblasts were cultured for 4-5 days and then differentiation was induced, in which 

the cells were maintained in αMEM supplemented with 10% fetal bovine serum and 1% 

penicillin/streptomycin for 4-26 days in the presence of 50 μg/mL of the phosphate ester 

of ascorbic acid and 10 mM β-glycerophosphate (Sigma). 

     For days 0–24 days of differentiation, tocotrienol (5-25 μmol/L),tocopherol 

(25μmol/L), lovastatin (0.1 μmol/L) was added to the differentiation medium of the 

experimental groups, and the control cells were incubated in medium containing ethanol 

(0.1%, v/v). The medium was changed every three to four days. On days 10, 14, 21 and 

24, experiments were performed with the treated cells.  

Cell Viability Assay 

     Cultures of MC3T3-E1 preoeteoblasts were seeded (5000 cells/well) in 100μL of 

maintenance medium in 96-well plates and were incubated for 48 hours at 37°C in a 

humidified atmosphere of 5% CO2. The medium was then aspirated from each well and 

replaced with 100μL of fresh medium containing ethanol or increasing concentrations of 

tocotrienol (5-100μmol/L). The cells were continued to be incubated for an additional 24 

or 48 hours. Cell populations were determined using the Cell Titer 96® Aqueous One 

Solution MTS assay (Promega, Madison, WI) procedure. Cells were then washed once 

with HBSS. Subsequently, 100μL of serum free medium and 20μL of 3-(4,5-

dimethythizol-2-yl)-5-(3-carboxymethoxyphenyl)-2-(4-sulfophenyl)-2H-tetrazolium salt 

solution were added to each well. Cells were incubated for 2 hours at 37 °C. The 
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absorbance was measured at 490 nm in a Tecan plate reader (Magellan 6) to determine 

the formazan concentration, which is relative to the number of live cells. The mean 

absorbance from wells containing cell-free medium will be used as the baseline and will 

be deducted from the absorbance of other cell-containing wells.  

 

 

Alizarin Staining 

  Cell staining. On day 21–24 of preosteoblasts differentiation to mature 

osteoblasts, MC3T3-E1 osteoblasts were stained with Alizarin Red Stain. In brief, cell 

monolayers were washed twice with PBS and fixed in 0.2 mL (24-well plate) or 1 mL (6-

well plate) of 10% formalin per well at room temperature for 1 hour. Cells were rinsed 

with deionized water and stained with 500 μl of filtered Alizarin Red working solution 

per well at room temperature for 15-30 minutes. The cells were then rinsed with 

deionized water four times and visualized with a Nikon 10 Eclipse TS 100 microscope 

(Nikon Corporation, Tokyo, Japan) equipped with a Nikon Coolpix 995 digital camera 

(Nikon Corporation). 

Quantification of stained cells. For quantitative determination of stained cells, 

water was aspirated and the wells were incubated in 10% C.P.C detergent (1ml/well) for 

one hour on an orbital shaker at a medium speed. The absorbance was then measured in 

spectrophotometer at 540 nm. 

ALP Activity 
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     On day 20-24 of preosteoblast differentiation, cell lysate were collected from 24 well 

plate for ALP measurement using QuantiChrom™ Alkaline Phosphatase Assay Kit 

(BioAssay Systems, Hayward, CA). Briefly, cells were washed with PBS twice and lysed 

with 1.5 mL of 0.5% Triton X-100 per well. Cell lysates were collected and shaken at 

room temperature for 20 min before being centrifuged at 14,000 rpm for 5 min. A 

titration experiment was performed to determine the amount of lysis buffer to use in the 

ALP assay. Caliberator, water, lysate and working solution was used according to the 

manufacturer‘s protocol. Protein concentration of each sample was determined with 

BCA™ Protein Assay Kit (Pierce, Rockford, IL). In a 96-well plate 150μL supernatant of 

each sample, adjusted to contain the same protein concentration, was added to 50μL of 

working solution from QuantiChrom™ Alkaline Phosphatase Assay Kit (BioAssay 

Systems, Hayward, CA) according to manufacturer‘s instruction and the absorbance was 

read at 405 nm with a Tecan Infinite M200 microplate reader (Tecan, Mannedorf, 

Switzerland). 

Real-time RT-PCR 

     On day 11-14 of preosteoblast differentiation to mature osteoblasts, total cellular RNA 

was extracted from the MC3T3-E1 osteoblasts using TRIZOL reagent (Invitrogen) 

according to the manufacturer‘s protocols. The concentration of the purified total RNA 

was determined spectrophotometrically at 260 nm and by the OD 260:280 ratios. The 

quality of the purified total RNA was verified by the 28s:18s ratio using agarose gel 
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electrophoresis. mRNA expression of couple of genes were analyzed by reverse 

transcription (RT) followed by polymerase chain reaction (PCR). Total RNA was reverse 

transcribed into cDNA using an Oligo (dT) 20 primer and SuperScript® III First-Strand 

kit (Invitrogen) following the manufacturer's instructions. cDNA was diluted with RNAse 

free water. Diluted cDNA was amplified in a 25 μl PCR reaction which includes 250 nM 

of each primer and iQTM SYBR® Green Supermix (Bio-Rad Laboratories). GAPDH 

(Glyceraldehyde 3-phosphate dehydrogenase) was used as a housekeeping gene control, 

the 60S ribosomal protein. PCR was performed on an iQTM5 Optical detection system 

(Bio-Rad Laboratories). 

Western Blot  

Cell Fractionation. On day 14-16 of preosteoblast differentiation, nuclear, 

cytosolic and membrane fractions were prepared to analyze reductase and Ras proteins in 

these fractions. Briefly, cells were scraped, washed with PBS, treated with protease 

inhibitors, and were centrifuged at different speeds in subsequent steps to separate 

different cellular fractions. 

Protein Estimation and Gel Electrophoresis. Protein concentrations in different 

cellular fractions were determined using BCA reagents kit (Pierce) according to the 

manufacturer‘s instructions. Resolving and stacking gels were prepared for tris glycine 

SDS polyacrylamide gel electrophoresis. Forty to sixty microgram of each sample was 

loaded and separated as different molecular bands by subjecting to electrophoresis. 
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Separated proteins were transferred to nitrocellulose membrane using overnight transfer 

buffer at a specific volt. Proteins, as distinct bands were visualized by chemiluminiscence 

through image reader (BIORAD), and were quantified using β-actin or calnexin as a 

control on the membrane. Quantified proteins were graphed to compare the treatment 

effects in different groups. 

 

 

Statistics 

     One-way analysis of variance (ANOVA) was performed using Prism® 4.0 software 

(GraphPad Software Inc, San Diego, CA, USA) to assess the treatment-mediated effects 

on preosteoblast differentiation. Differences in means were analyzed by Dunnett‘s 

multiple comparison test. Values with P < 0.05 were considered statistically significant. 

Treatment groupsthat share the same superscript letter are not significantly different 

(P<0.05) from each other.   

Results 

     D-δ-tocotrienol, a post-transcriptional down-regulator of HMG CoA reductase, 

elicited a concentration-dependent increase in the proliferation of murine MC3T3-E1 

cells. Cell viability was measured with MC3T3-E1 cells prior to the induction of 
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differentiation (Figure 1). When MC3T3-E1 preosteoblasts were incubated with 5 - 100 

μmol/L of d-δ-tocotrienol for 24 or 48 hours no reduced cell viability was observed at 0- 

25 μmol/L of the concentrations, 

      Figure 2 shows the impact of d-δ-tocotrienol on the differentiation of murine MC3T3-

E1 cells. When differentiated cells were stained with Alizarin Red stain on 21
st
 day of 

differentiation, overall mineralization was noticeably more in the cells that were treated 

with d-δ-tocotrienol (5 – 25 μmol/L) compared to both, undifferentiated and 

differentiated controls (Figure 2 A). Furthermore there was a clear dose dependent 

increase in the calcium deposition observed. An increase in mineralization was also 

visible with the cells treated with lovastatin (0.1 μmol/L), a positive control. Conversely, 

there was not a high increase in mineralization in the cells treated with α-tocopherol (25 

μmol/L). 

     The increase in osteoblast differentiation was confirmed when extracellular matrix 

mineral deposition was measured by cetylpyridinium chloride (CPC) extraction method 

(Figure 2 B). A concentration-dependent increase in mineral deposits was evident with 

the d-δ-tocotrienol treated cells. Compared with control, the level of mineralization was 

elevated in MC3T3-E1 cells treated with 5 μmol/L (P < 0.001), 15 μmol/L (P < 0.001), 

25 μmol/L (P < 0.001), of d-δ-tocotrienol. Lovastatin (0.1 μmol/L) also induced a 

increase in mineral deposition in comparison to control (P < 0.001  ).On the other hand, 
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α-tocopherol (25 μmol/L) did not lead to significant increase in mineralization in 

comparison to control. 

      Alkaline phosphatase activity (ALP), an established marker of differentiation was 

increased in a concentration dependent manner in the cells treated with different doses d-

δ-tocotrienol for 18-20 days (Figure 3). As compared to control, the differentiation was 

increased in MC3T3-E1 harvested cells treated with 25 μmol/L (P < 0.05). 

     We then examined the effect of d-δ-tocotrienol on the genetic expression of BMP-2 

and VEGFα, two important anabolic factors whose interplay is crucial in early phase of 

osteogenesis. The analysis was done on the RNA samples extracted on day 14
th

 of the 

differentiation. The mRNA levels of BMP-2 in the d-δ-tocotrienol treated cells were 

significantly increased in a dose dependent manner in comparison with control (P < 

0.05). As anticipated, the preosteoblasts grown without the osteogenic inducers 

(undifferentiated control), and with the osteogenic inducers (differentiated control) had 

lower BMP-2 levels as compared to the d-δ-tocotrienol (25 μmol/L) and it was 

considered statistically significant respectively. (Figure 4A) (P < 0.01) (P<0.05).There 

was increase in the BMP-2 levels in the cells treated with α-tocopherol (25 μmol/L) but 

this increase was less as compared to d-δ-tocotrienol (25 μmol/L) but it was not 

statistically significant. The mRNA expression of VEGFα among the d-δ-tocotrienol (25 

μmol/L) treated cells mimicked the pattern that was observed in BMP-2 d-δ-tocotrienol 

(25 μmol/L) (P < 0.01) as compared to the control groups (Figure 4B). This outcome is in 
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accordance with d-δ-tocotrienol mediated differentiation that we observed and further 

supports the claim that these two genes have a critical function in the early process of 

preosteoblast differentiation. 

      D-δ-tocotrienol-induced differentiation was confirmed by western-blot of HMG CoA 

reductase (the key regulatory enzyme of the mevalonate pathway) in MC3T3-E1 cells 

(Figure 5 A). d-δ-Tocotrienol initiated a concentration-dependent effect on the HMG 

CoA reductase in the membrane fraction of the cells as evidenced by the gradual decrease 

in its expression. This decrease in the expression of the HMG CoA reductase protein was 

observed following a16 days incubation with 5, 15, and 25 μmol/L d-δ-tocotrienol despite 

constant amount of total protein loading indicated by the calnexin band. The HMG CoA 

reductase/calnexin ratio for cells treated with 25 μmol/L d-δ-tocotrienol were 

significantly different as compared to lovastatin, the positive control group (P < 0.05). 

      A key protein that plays important roles in osteoclast survival hampers osteoblast 

differentiation and one that might be impacted by the tocotrienol-mediated down-

regulation of the mevalonate pathway activity is the Ras protein that undergoes the 

farnesylation process. The finding that statins block Rho protein prenylation (Garrett, 

Gutierrez, & Mundy, 2001) and signaling (Ohnaka et al., 2001) and increase the 

expression of BMP-2 (Garrett et al., 2001; Leem, Park, Lee, & Kim, 2002; Song et al., 

2003; Sugiyama et al., 2000) and VEGF(Maeda, Kawane, & Horiuchi, 2003) in 

osteoblastic cells and suggesting that statin effect is directly related to HMG CoA 
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reductase activity (Staal et al., 2003)prompted us to evaluate the impact of d-δ-tocotrienol 

on Ras protein. As shown in Figure 6, d-δ-tocotrienol induced a concentration-dependent 

decrease in Ras/β-actin ratio in MC3T3-E1 cells. The Ras/ β-actin ratio for the cells 

treated with 5, 15, 25 μmol/L d-δ-tocotrienol for 16 days and 25μmol/L d-δ-tocotrienol 

was significantly different from that of control cells. 

Table 4.1 

 Primer sequences (forward and reverse) and GenBank accession numbers used in the 

Real-Time qPCR 

Gene Accession # Primer Sequence 

 

BMP-2 

 

 

NM_007553 

 

 

5‘ CGTCAAGCCAAACACAAACAGCG-3‘ 

5‘-CACCCACAACCCTCCACAACCAT-3‘ 

 

VEGFα 

 

 

 

NM_001025257 

 

 

5‘-AGGATGTCCTCACTCGGATGCCGA-3‘ 

5‘- CCTGAGGCTCCCCAAACTTCTGGTTG-3‘ 

 

GAPDH 

 

 

 

NM_010271 

 

5‘-GGGGGTAGACGAGGCCCCAA-3‘ 

 

5‘-GCCGGGTCCTTGCAGCCGAT-3‘ 
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A 

B                               

                                                                       

Figure 1. The concentration and time-dependent impact of d-δ-tocotrienol (µmol/L) on 

the viability of   murine MC3T3- E1 cells following incubation with the test agent. The 

undifferentiated MC3T3-E1 cells were incubated with  d-δ-tocotrienol(0-100 µmol/L) for 

24-(A) or 48-(B) hours before Cell viability was measured by CellTiter 96


 Aqueous One 

Solution. Treatment groupsthat share the same superscript letter are not significantly 

different (P<0.05) from each other. 
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A 
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B                

 

Figure 2.  D-δ Tocotrienol enhances the differentiation of murine MC3T3-

E1preosteoblasts. (A) Phase-contrast microscopy of Alizarin stained MC3T3-E1 cells 

subsequent to 21-d differentiation. Cells were incubated with 0 (a), 0+differentiation 

inducers (b), 5 (c), 15 (d), or 25 (e) μmol/L d-δ tocotrienol, or 25 μmol/L tocopherol (f) 

and 0.1 μmol/L lovastatin (g) during differentiation. (B) Mineralization of extracellular 

matrix of MC3T3-E1 cells was determined by cetylpyridinium chloride extraction 

method subsequent to 21-d differentiation. Cells were incubated with 0, 0+differentiation 

inducers, 5, 15, or 25 μmol/L d-δ tocotrienol, or 25 μmol/L tocopherol and 0.1 μmol/L 

lovastatin during differentiation.Treatment groups that share the same superscript letter 

are not significantly different(P<0.05) from each other. 
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Figure 3. D-δ-tocotrienol mediated increase on the alkaline phosphatase activity of 

murine MC3T3-E1 cells. It was measured in undifferentiated (UD), differentiated (D) 

and treated cells analyzed on 20th day using ALP assay kit and data was normalized by 

the amount of proteins determined with BCA method. Cells were incubated with 0, 

0+differentiation inducers, 5, 15, or 25 μmol/L d-δ tocotrienol, or 25 μmol/L tocopherol 

and 0.5 ng/ml of TNFα during differentiation. Treatment groupsthat share the same 

superscript letter are not significantly different (P<0.05) from each other. 
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Figure 4A.  The impact of d-δ-tocotrienol on the expression of osteogenic marker genes. 

MC3T3 preosteoblasts were incubated in the absence (-) or presence (+) of osteogenic 

inducers (phosphate ester of  ascorbic acid and 10 mM β-glycerophosphate ) and test 

agents as indicated for 14 days. The differentiated cells were lysed and total RNA was 

extracted. Cellular mRNA levels of BMP-2 were measured by RT-PCR with 

undifferentiated (UD) and differentiated (D) control groups. Cells were incubated with 0, 

0+differentiation inducers, 5, 15, or 25 μmol/L d-δ tocotrienol, or 25 μmol/L tocopherol 

and 0.1 μmol/L lovastatin during differentiation. Treatment groupsthat share the same 

superscript letter are not significantly different (P<0.05) from each other. 
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Figure 4B.  The impact of d-δ-tocotrienol on the expression of osteogenic marker genes. 

MC3T3 preosteoblasts were incubated in the absence (-) or presence (+) of osteogenic 

inducers (phosphate ester of ascorbic acid and 10 mM β-glycerophosphate ) and test 

agents as indicated for 14 days. The differentiated cells were lysed and total RNA was 

extracted. Cellular mRNA levels of VEGFα were measured by RT-PCR with 

undifferentiated (UD) and differentiated (D) control groups. Cells were incubated with 0, 

0+differentiation inducers, 5, 15, or 25 μmol/L d-δ tocotrienol, or 25 μmol/L tocopherol 

and 0.1 μmol/L lovastatin during differentiation. Treatment groupsthat share the same 

superscript letter are not significantly different (P<0.05) from each other. 
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Figure 5.  d-δ-Tocotrienol decreased the expression of HMGCoA reductase protein in 

MC3T3-E1 preosteoblasts following 16 day incubation with different doses. Membrane 

fractions of the cells were subjected to western-blot procedures, detected by 

chemiluminescence and quantified. This bar graph shows the ratio of three independent 

experiments for the HMG CoA reductase/Calnexin.Treatment groupsthat share the same 

superscript letter are not significantly different(P<0.05) from each other.   

HMG CoA Reductase(97 kD) 
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Figure 6.  d-δ-Tocotrienol decreased the expression of Ras protein in MC3T3-E1 

preosteoblasts following 16 day incubation with different doses. Membrane fractions of 

the cells were subjected to western-blot procedures, detected by chemiluminescence and 

quantified. This bar graph shows the ratio of three independent experiments for the 

Ras/Calnexin. Treatment groupsthat share the same superscript letter are not significantly 

different(P<0.05) from each other.   
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                                                        Discussion 

     Based on the literature review, we in this study demonstrated the effect of δ-

tocotrienol on MC3T3-EI mouse preosteoblast cells observing their proliferation and 

differentiation pattern using various quantitative and qualitative measures. No research 

has explored the potential role of δ-tocotrienol in down-regulating HMG-CoA reductase, 

the mevalonate pathway and consequently promoting preosteoblast differentiation. In 

particular, the MC3T3 cell line has not been previously studied with δ-tocotrienol 

eluicidating this pathway.  

      Deteriorated bone health leads to impaired life style, high risk of chronic bone 

diseases and bone fracture which accounts for billions of dollars. At least 44 million 

Americans are affected by osteoporosis or low bone density. White and Asian women 

who are at postmenopausal stage are at highest risk. Bone loss can be prevented by 

medications, healthy diet and weight-bearing exercise which can strengthen already weak 

bones (Kennel & Drake, 2009; National Osteoporosis Foundation, 2002; National 

Osteoporosis Foundation, 2011). Due to an aging population, the number of Americans 

with osteoporosis or low bone density is expected to increase significantly (U.S. 

Department of Health and Human Services, 2011).Up to one-half of all women and up to 

one quarter of all men will suffer fragility fractures in their lifetimes (National 

Osteoporosis Foundation, 2011; U.S. Department of Health and Human Services, 2011). 

The current FDA-approved drugs for chronic diseases such as osteoporosis are expensive 
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with side effects. Finding a potentially low-cost plant-derived substance that would 

produce better or equivalent outcomes in maintaining optimal bone health, a clear priority 

in our study, may have significant health and economical benefits. Animal studies have 

suggested the bone-protective activity of tocotrienols, the mevalonate-suppressive 

vitamin E isomers proven to be safe in preclinical studies and long-term human use 

(Parker, Pearce, Clark, Gordon, & Wright, 1993). Emerging evidence from recent studies 

strongly support mevalonate suppression (Luckman et al., 1998) as a novel mechanism 

for bone protection. 

     In this study, we found that relatively low doses of tocotrienol induced osteoblast 

differentiation and markedly increased mineralization in osteoblastic cells. After reaching 

confluency, the MC3T3-E1 cells began to show ordered increase in the expression of 

BMP-2 mRNA, followed by increase in ALP activity which further led to an increase in 

the accumulation of mineralized matrix as was evident by alizarin staining method. These 

results suggest that pronounced expression of BMP-2 mRNA by tocotrienol is a trigger of 

osteoblast differentiation such as mineralized nodule formation. Tocotrienol thereafter 

induced the production of ALP, a pivotal enzyme required for mineralization by 

osteoblasts. 

     The rate-limiting enzyme of the cholesterol biosynthetic pathway also known as 

mevalonate pathway is HMG-CoA reductase. Tocotrienol like statins (Maeda et al., 

2001) potently inhibit HMG-CoA reductase proteins expression, resulting in the 
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depletion of mevalonate, a product of the reaction. Also, mevalonate pathway is the 

source of precursors which are isoprenoidal in nature and are required for the post-

translational modification and functions of small GTPases such as Ras (F. L. Zhang & 

Casey, 1996). We in this study showed that tocotrienol induced BMP-2 transcription 

through the inhibition of protein prenylation in osteoblasts. However, further studies are 

required to potentiate this mechanism. 

     This study however have some limitations which demands for further examination of 

specific mechanisms of action involved in the impact of d-δ-tocotrienol in promoting 

differentiation. Western Blot analysis of other prenylated proteins like Rho, Rac, Rab 

(Coxon et al., 2005) would provide useful insight and would further potentiate our 

findings targeting mevalonate pathway. Also, assessment of the potential reversal of the 

effect of d-δ-tocotrienol by mevalonate, at physiologically acceptable levels, warrants 

additional investigation. 

     Other limitations of this study are those related to in vitro research, which includes: 

the finite doubling potential of normal cells and the propensity of some cultured cells to 

change their morphology, functions or array of genes that they express (Hunter-Cevera & 

Belt, 1996). Moreover, it can sometimes lead to a difficulty in extrapolating from the 

results of an in vitro study to the biology of the whole organism (Rothman, 2002), which 

requires further studies to examine the impact of d-δ-tocotrienol on animal osteogenic 

regulation in vitro. Also, these cells tend to detach at reaching at a certain conflency. And 
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most of the experiments particulary ALP assay and alizarin staining which are performed 

at 20
th

 and 21st day of differentiation respectively makes it difficult to generate data. 

     In conclusion, tocotrienol may have potential as an osteogenic compound by way of 

enhancing the expression of preosteoblasts differentiation into mature osteoblasts. To our 

knowledge, the effects of δ-tocotrienol on modulating the differentiation of MC3T3-E1 

preosteoblasts had not yet been explored. Further examination of specific mechanisms of 

action involved in the impact of δ-tocotrienol in stimulating differentiation in murine 

MC3T3-E1would be necessary. Assessment of the potential reversal of the effect of δ-

tocotrienol by addition of mevalonate warrants additional investigation. 
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CHAPTER V 

SUMMARY AND CONCLUSION 

     This dissertation contributes valuable information in relation to the effect of δ-

tocotrienol on the stimulation of osteoblast differentiation of murine MC3T3-E1 

preosteoblasts. In this study we have shown that MC3T3-E1 preosteoblasts incubated 

with tocotrienol for 21 days exhibited a dose-dependent increase in the mineralized 

nodule formation, as determined by Alizarin Red staining and C.P.C extraction assay. 

Similar findings were demonstrated with lovastatin, a known competitive inhibitor of 

HMG CoA reductase, a key enzyme required for mevalonate synthesis. 

     Our hypothesis proposed thatδ-tocotrienol stimulates the differentiation of murine 

MC3T3-E1 preosteoblasts inducing mineralization, inhibits small GTPase prenylation 

while stimulating the expression of BMP-2 and VEGF (growth factors known to induce 

bone and cartilage formation). Our study demonstrated that δ-tocotrienol promoted 
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differentiation by increasing the markers associated with the process. Furthermore, δ-

tocotrienol downregulated the expression of transcriptional factors associated with 

mevalonate pathway, promoting osteogenesis. δ-Tocotrienol further up-regulated the 

expression of couple of genes which are crucial at different stages in the osteogenic 

process, as measured by real-time qPCR. Bone morphogenetic protein (BMP-2) and 

vascular endothelial growth factor (VEGF) are both involved in the bone formation in 

early differentiation phase (Gerber et al., 1999). There was increase in mRNA levels for 

these differentiation inducing genes, which are important in the progression of bone 

formation. Since we observed markedly higher mRNAs levels in the highest dosage 

group of δ-tocotrienol (25 μmol/L), δ-tocotrienol mediated stimulation of osteoblast 

differentiation have probably impacted the earlier stages of the process which influence 

the progression of osteogenesis. 

     The dose-dependent decrease in HMG-CoA reductase, the rate limiting enzyme of the 

mevalonate pathway was also evident by western blot experiment. The expression of 

lovastain, which was used as a positive control, was much amplified in MC3T3-E1 cells 

also seen by western blot. As the mevalonate pathway is also the source of isoprenoids 

precursors required for the post-translational modification and function of small GTPases 

such as Ras (F. L. Zhang & Casey, 1996), δ-tocotrienol decreased Ras expression with 

increasing concentration. This also suggests that δ-tocotrienol also may have induced 

BMP-2 transcription through the inhibition of protein prenylation in MC3T3-E1 

preosteoblasts. 
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     The stimulatory effect of δ-tocotrienol on the production of alkaline phosphatase 

(ALP), an important enzyme for mineralization by osteoblasts was clearly observed by 

ALP assay. This further suggested the role of δ-tocotrienol in activation of osteoblasts 

differentiation markers which leads to the progression of bone formation. There was a 

significant increase in ALP expression with increasing dosage with maximum stimulation 

at higher doses (5, 15, 25 μmol/L) further potentiate the promising role of δ-tocotrienol in 

bone differentiation and formation in MC3T3-E1 preosteoblasts. 

The dose-dependent increase in mineralized nodule formation and mineralization was 

clearly seen with δ-tocotrienol. The mineralization of extracellular matrix in a dose-

dependent fashion was observed by alizarin staining method. This quantitative increase 

increase was clearly observed by cetylpyridinium chloride method. 

     The stimulatory effect of δ-tocotrienol on MC3T3-E1preosteoblast differentiation is 

apparently not associated with cytotoxicity at doses from 5-25 μmol/L. δ-tocotrienol did 

not decrease the cell viability in the preosteoblasts prior to differentiation at 5 or 15 

μmol/L at 24 hours incubation , but a little reduced cell viability could be seen at higher 

dose of 25 μmol/L. But at 48 hours of incubation, no reduced cell viability was observed 

when compared between two groups of 5 and 25 μmol/L. These observations, however, 

need further confirmation. 

      In conclusion, δ-tocotrienol stimulated the differentiation of murine MC3T3-E1 

preosteoblasts and down regulated the transcriptional factors for mevalonate pathway but 

up-regulated the factors and the genes characteristic to the mature osteoblasts which are 
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essential to the osteogenic process. This in turn resulted in increase in mineralization of 

the extracellular matrix. Mevalonate-derived metabolites have essential roles in 

promoting osteoblast differentiation and osteogenic gene expression. Dietary mevalonate 

suppressors such as δ-tocotrienol may have potential as important osteogenic compounds. 

 

 

Recommendations on Future Directions 

Further examination of specific mechanisms of action involved in the impact of δ-

tocotrienol on increasing differentiation in murine MC3T3-E1 preosteoblasts would be 

beneficial. Western Blot analysis of the δ-tocotrienol treated preosteoblasts for other 

prenylated proteins like Rac, Rab, Rho would further provide useful insight into the 

detection of specific proteins involved in the osteogenic process and will potentiate our 

current findings about decrease in small GTPase prenylation with δ-tocotrienol. 

Assessment of the potential reversal of the effect δ-tocotrienol by the mevalonate 

addition at higher concentration but physiologically acceptable levels, warrants additional 

investigation. 

To our knowledge, the effects of δ-tocotrienol on modulating the differentiation of 

preosteoblasts in murine preosteoblasts had not been explored. The in vitro investigations 

in this dissertation could possibly lay the foundation for future studies examining the 

impact of δ-tocotrienol on animal and human bone tissue regulation and can potentially 

be used as a drug to reduce metabolic disorder of osteoporosis promoting bone health. 
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Abstract 

Osteoclastogenesis and osteoblastogenesis, the balancing acts for optimal bone health, are 

under the regulation of small guanosine triphosphate-binding proteins (GTPases) 

including Ras, Rac, Rho and Rab. The activities of GTPases require posttranslational 

modification with mevalonate-derived prenyl pyrophosphates. Mevalonate deprivation 

induced by competitive inhibitors of 3-hydroxy-3-methylglutaryl coenzyme A (HMG 

CoA) reductase (e.g. statins) prevents the activation of GTPases, suppresses the 

and induces osteoclast apoptosis. In contrast, statin-mediated inactivation of GTPases 

enhances alkaline phosphatase activity and the expression of bone morphogenetic 

protein-2, vascular epithelial growth factor, and osteocalcin in osteoblasts and induces 

osteoblast proliferation and differentiation. Animal studies show that statins inhibit bone 

resorption and increase bone formation. The anabolic effect of statins and other 

mevalonate pathway-suppressive pharmaceuticals resembles the anti-osteoclastogenic 

and bone-protective activities conferred by dietary isoprenoids, secondary products of 
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plant mevalonate metabolism. The tocotrienols, vitamin E molecules with HMG CoA 

reductase-suppressive activity, induce mevalonate deprivation and concomitantly 

suppress the expression of RANKL and cyclooxygenase-2, the production of 

osteoclast differentiation and induce osteoclast apoptosis, impacts reminiscent of those of 

statins. In vivo studies confirm the bone protective activity of tocotrienols at nontoxic 

doses. Blends of tocotrienols, statins and isoprenoids widely found in fruits, vegetables, 

grains, herbs, spices, and essential oils may synergistically suppress osteoclastogenesis 

while promoting osteoblastogenesis, offering a novel approach to bone health that 

warrants clinical studies.  
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1. Regulation of bone formation – osteoblastogenesis and osteoclastogenesis  

Human bone is a dynamic organ maintained and reconstructed by bone 

multicellular units composed of osteoblasts and osteoclasts, two main types of cells that 

are involved in bone modeling and remodeling [1]. Bone integrity depends on the 

balancing act of osteoclast-mediated bone resorption and osteoblast-mediated bone 

synthesis [2-4]. When bone resorption exceeds bone formation, deteriorated bone health 

including bone loss, decreased bone mineral density, and structural damage may occur 

[3]. Estrogen deficiency, for example, increases the rate of bone remodeling, prolonging 

the life span of osteoclasts whereas shortening that of osteoblasts, resulting in net bone 

loss that is common after menopause. 

 

2. The role of mevalonate in the differentiation of osteoclasts and osteoblasts 

 The important roles of osteoclasts and osteoblasts necessitate fine regulatory 

mechanisms for the differentiation and formation of these cells. The differentiation of 

monocytic cells to osteoclasts requires the receptor for activation of nuclear factor kappa 

[3, 4], and osteoclast survival, differentiation 

and function require the small guanosine triphosphate-binding proteins (GTPases) 

including Ras, Rac [5-7], Rho, and Rab [8-10] (Figure 1). The membrane attachment and 

biological activity of these small GTPases require prenylation, i.e. post-translational 

modification with mevalonate-derived intermediates, namely farnesyl- and 

geranylgeranyl- pyrophosphates [11]. Ras involved in cell proliferation and survival is 

farnesylated [12], whereas Rho, Rac, and Rab responsible for actin-cytoskeletal 

dynamics, cell adhesion and motility are geranylgeranylated [13].Loss of prenylation of 

Rho, Rac and Rab[8]leads to osteoclast apoptosis [14, 15] and loss of the ruffled border, a 

convoluted region of plasma membrane formed between the osteoclasts and the bone 

surface that is essential for the resorption process [3].  

 The differentiation of osteoblasts from mesenchymal stem cells, differing from 

that of osteoclasts, is controlled by growth factors such as the bone morphogenetic 

proteins (BMPs) [2, 15], a class of six proteins including the autocrine factor BMP-2 that 

promote osteoblast proliferation and differentiation [16, 17], and vascular epithelial 

growth factor (VEGF) that stimulates osteoblast differentiation [18]. BMP-2 stimulates 

the differentiation of mesenchymal cells into osteoblasts and chondrocytes by binding to 

its receptor, a Ser/Thr kinase, and then activating Smad 1 and Smad 5, which in turn 

induce Cbfa1 (Runx2) that stimulates protein expression for bone formation [19]. 

Prenylation of Rho and Ras block BMP-2 expression [20] and osteoblast differentiation 

[21, 22] (Figure 1).    
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The contrasting roles of protein prenylation in promoting osteoclast 

differentiation and suppressing osteoblast differentiation may underlie the findings that 

the mevalonate pathway suppressors inhibit the osteoclast differentiation while 

stimulating osteoblast differentiation. The mevalonate suppressors including 

pharmaceuticals and dietary factors either control the pool of mevalonate-derived 

products for the prenylation of the small GTPases (statins, bisphosphonates, 

menaquinone derivatives, and isoprenoids) or block the transfer of prenyl groups to 

GTPases (prenyl transferase inhibitors and bisphosphonates) (Figure 1). Preclinical 

mechanistic studies of mevalonate-suppressive pharmaceuticals presented the mevalonate 

pathway as a viable target for improving bone health, and paved the way for nutritional 

intervention with dietary factors, particularly the mevalonate-suppressive isoprenoids. 

 

 

3. The impact of mevalonate-suppressive pharmaceuticals  

3.1 Statins: in vitro, in vivo and clinical studies 

3-Hydroxy-3-methylglutaryl coenzyme A (HMG CoA) reductase is the rate-

limiting activity of the mevalonate pathway [11]. Preclinical studies with the statins, 

competitive inhibitors of HMG CoA reductase, offered a glimpse of the potential 

application of mevalonate suppressors. The statins inhibit bone resorption [6, 23, 24] by 

inhibiting differentiation [6, 25-28] and inducing apoptosis in osteoclasts [5, 6] while 

enhancing osteoblast differentiation [16, 29-35] (Table 1). The ability of forty statin 

analogs to inhibit HMG CoA reductase is positively correlated with their ability to inhibit 

bone resorption [23]. The effects of statins on osteoclasts are attributed to the inhibition 

of protein prenylation [27, 36] and consequently abrogation of RANKL-

activation [26, 37], effects reversible with supplemental geranylgeranyl pyrophosphate 

[28] and geranylgeraniol [36, 38]; the latter upon phosphorylation [39, 40] forms the 

substrate for prenylation. Conversely, statins suppress Rho protein prenylation [16, 41] 

and signaling [41] and increase the expression of Cbfa1 (Runx2) [42], BMP-2 [16, 29, 

31, 33, 35, 41, 43-49] and VEGF [33, 48] in osteoblastic cells with a concomitant 

increase in the expression of osteocalcin [29, 33, 35, 41, 42, 49, 50], a late marker for 

osteoblasts [51]. Mevalonate or geranylgeranyl pyrophosphate negates the effect of 

statins on the expression of BMP-2 [31, 41, 47] and VEGF [48], suggesting the statin 

effect is directly related to suppression of HMG CoA reductase activity [23]. Statin-

containing Chinese red yeast rice also stimulated the proliferation, alkaline phosphatase 

(ALP) activity and differentiation of MC3T3-E1 osteoblast-like cells [32]. 
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The anabolic effect of statins shown in the studies of bone cells and organ [31] is 

further supported by animal studies (Table 2). Statins increased the number of mature 

osteoblasts, bone formation and bone volume [31, 45], helped bone repair [52], prevented 

the steroid-mediated bone loss [53], and reduced the ovariectomy-induced increase in 

markers of bone metabolism [24]. Chinese red yeast rice also stimulated new bone 

formation in New Zealand white rabbits, an effect accompanied by increased cell 

viability and ALP activity in rat UMR 106 osteoblastic cells [54].  

 These preclinical findings are consistent with most [44, 55-66], but not all [67-

69], case-control studies where statin use is associated with increased bone mineral 

density and reduced risk of fracture. The degree of reduction in hip fracture is related to 

the extent of statin use whereas non-statin lipid-lowering agents are ineffective [57], 

suggesting the essential role of HMG CoA reductase inhibition. Most [61, 63, 70-74], but 

not all [65, 75], prospective and cross-sectional studies also support statin-mediated bone 

protection. Randomized clinical trials, however, have failed to prove the efficacy of 

statins [65, 72, 76-79]. The discrepancy in these studies may be attributed to the varying 

degrees of hydrophobicity of the diverse statins, limited systemic distribution of statins 

[31, 80], and low doses of statins used in these studies with cholesterol-lowering as the 

end point [44].  

 

3.2 Bisphosphonates, prenyl transferase inhibitors, and menaquinone derivatives 

Consistent with the bone-protection offered by the statins, a second class of 

mevalonate pathway suppressors, the nitrogen-containing bisphosphonates, induce 

osteoclast apoptosis [5, 81-83]. The bisphosphonates inhibit farnesyl diphosphate 

synthase [6, 7, 82-86], the activity leading to the syntheses of farnesyl- and 

geranylgeranyl- pyrophosphates (Figure 1), and suppress the prenylation and membrane 

association of Ras [5, 82], Rho, Rac, and Rab [8]. The bisphosphonate effects were 

attenuated by supplemental farnesol [87] and geranylgeraniol [6, 81, 83, 87], suggesting 

that protein prenylation plays a role in bisphosphonate-mediated osteoclast apoptosis. 

Other bisphosphonates inhibit prenyl transferase activity [88] that catalyzes the 

prenylation and as a secondary function, suppress the expression of HMG CoA reductase 

in osteoclasts [89]. ―Inappropriate‖ stimulation of signaling pathways initiated by 

unprenylated GTPases might have contributed to the effects of bisphosphonates [90]. 

Parallel to the bisphosphonate-mediated osteoclast apoptosis is the finding that a 

geranylgeranyl transferase inhibitor (GGTI) (Figure 1) disrupts the osteoclast 

cytoskeleton, induces apoptosis in isolated osteoclasts, prevents osteoclast formation, and 

inhibits bone resorption [28, 81]. GGTIs also increased osteoblastogenesis [91]. 

Menatetrenone, a homologue of vitamin K2 or menaquinone (Figure 1), and its 
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geranylgeraniol side chain with HMG CoA reductase-suppressive activity [92-95], inhibit 

1,25(OH)2vitamin D3-induced osteoclast-like multinucleated cell formation and 

1,25(OH)2vitamin D3- and prostaglandin E2 (PGE2)- induced bone resorption; 

suppression of RANKL expression may mediate the effect of geranylgeraniol [96]. In 

contrast, vitamin K1 or phylloquinone, and its phytol side chain with no HMG CoA 

reductase-suppressive activity, offer no such protection [97-99].  The anti-resorption 

activity of menatetrenone was manifested in ovariectomized rats [100]. In osteoporotic 

patients, menatetrenone at 90 mg/day proved safe and effective in maintaining peripheral 

cortical bone density [101]. 

 

4. The impact of mevalonate-suppressive isoprenoids  

 The bone protection afforded by the aforementioned mevalonate-suppressive 

pharmaceuticals, the statins, bisphosphonates, prenyl transferase inhibitors, and 

menatetrenone, suggests that mevalonate-suppressive dietary constituents may also 

modulate the osteoclastic and osteoblastic activities. Many of the estimated 23,000 

secondary products of plant mevalonate pathway, namely isoprenoids [102] that are 

ubiquitous in fruits, vegetables and other plant foods, have been shown to suppress HMG 

CoA reductase [103, 104]. Literature has recorded bone protective actions of the ―pure‖ 

isoprenoids, mainly the mono-, sesqui- and di- terpenes of the isoprenoid family 

consisting only of multiples of the five-carbon isoprene unit [103]. The ten-carbon 

monoterpenes composed of two isoprene units are the main constituents of essential oils 

and are widely distributed in the plant kingdom. In addition to the aforementioned 

diterpene geranylgeraniol, mevalonate-suppressive monoterpenes (Figure 1) [104-110] 

including borneol, menthol, t-verbenol, perillyl alcohol and perillic acid at 

physiologically attainable levels (1-100 μmol/L) and levels nontoxic to osteoblasts inhibit 

the formation of osteoclasts and that of their actin ring [38], an indication of cell 

polarization and a characteristic of resorbing osteoclasts. Geranylgeraniol and a 

sesquiterpene farnesol potentiated the anti-osteoclastogenic effect of menthol and perillyl 

alcohol. Borneol and menthol also induced ALP expression in osteoblasts [38].  

In a separate study, dietary essential oils of pine, dwarf pine, eucalyptus, sage, 

juniper, rosemary, and thyme, in descending order of potency, inhibited bone resorption 

in rats [111]. The nine monoterpene constituents of these oils, namely camphor, 

eucalyptol, borneol, bornylacetate, thymol, menthol, thujone, α-pinene, and β-pinene, 

when fed in diet individually and in a blend, showed anti-resorption activity as well. 

These results are consistent with our earlier finding of the additive impact of 

monoterpenes on the mevalonate pathway [112]. Dietary pine oil also reduced trabecular 

bone mineral density (BMD) loss in aged ovariectomized rats [111]. The resorptive 

activity of osteoclasts as measured by number of resorption pits per osteoclast was 
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suppressed by thymol, borneol, camphor and cis-verbenol, a metabolite of α-pinene. 

Borneol also suppressed the formation of actin ring in osteoclasts. Zerumbone, a 

sesquiterpene, inhibited RANKL- and tumor cell- induced osteoclastogenesis and 

reduced breast cancer MDA-MB-231-induced bone loss in mice [113]. Noteworthy is 

that the isoflavone genistein (Figure 1), an inhibitor of osteoclast-like cell formation 

[114-116], also inhibits HMG CoA reductase activity [117, 118]. These actions of 

isoprenoids resonate with the association between intake of fruits and vegetables and 

increased bone mineral density [119-123] and reduced risk of bone fracture [119, 121]. 

  

5. Tocotrienols – the potent mevalonate suppressors with bone protective benefits 

5.1 Tocotrienols downregulate HMG CoA reductase 

Among the most potent mevalonate-suppressive dietary constituents are the 

tocotrienols (Figure 1) [124-126], vitamin E isomers with an unsaturated farnesol side 

chain [127, 128].  The tocotrienols are ―mixed‖ isoprenoids with their farnesyl moiety 

derived via the mevalonate pathway [103]. The tocotrienols have a wide presence in plant 

foods including avocadoes, bananas, berries, cabbage, cherries, coconut, corn, Kiwi, 

green pea, onions, peaches, pears, plums [129-131], grape [132], peanuts [133], hazelnut 

[134], horse chestnuts, litchi [135], cereals, wheat [136] and olive [137]. Specialty oils 

from palm, rice bran, barley and oat are good sources of γ-tocotrienol [138] while annatto 

has emerged as a viable commercial source of δ-tocotrienol [139]. 

The tocotrienol-mediated down-regulation of reductase mimics that triggered by 

farnesol, the endogenous secondary modulator of reductase [140, 141]. The initial finding 

of the hypocholesterolemic effect of barley flour [142], barley extract [143] and one of 

the constituents, α-tocotrienol, via suppression of HMG CoA reductase [144] led to 

subsequent efforts delineating the tocotrienol-mediated posttranscriptional 

downregulation of HMG CoA reductase [124, 125, 145]. Additionally, δ-tocotrienol was 

found to downregulate HMG CoA reductase at the transcriptional level [125]. In contrast, 

tocopherols, the vitamin E molecules with a saturated phytol tail, did not suppress HMG 

CoA reductase [145]. In fact, α-tocopherol was found to attenuate the impact of 

tocotrienols on HMG CoA reductase [146] or even induce HMG CoA reductase activity 

[147]. 

 

5.2 Tocotrienols: in vitro and in vivo studies 

The HMG CoA reductase-suppressive activity of tocotrienols may have afforded 

tocotrienols bone-protective properties. Tocotrienols inhibited lipopolysaccharide (LPS)-
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induced expression cyclooxygenase-2 (COX-2), PGE2, interleukin-6 (IL-6) and tumor 

necrosis factor α (TNFα) in murine RAW264.7 macrophages [148]. Similarly, 

tocotrienol-rich fractions (TRF) inhibited LPS-induced inducible nitric oxide synthase 

(iNOS), COX-2 and NFκB expression in human monocytic (THP-1) cells [149]. This 

anti-osteoclastogenic activity of tocotrienols was shown at concentrations well below that 

shown to be toxic in primary osteoblasts (IC50=290 μmol/L) [150]. α-Tocotrienol, but not 

α-tocopherol, inhibited osteoclastogenesis in coculture of osteoblasts and bone marrow 

cells, reduced RANKL expression in osteoblasts, blocked RANKL-induced osteoclast 

differentiation and the activation of extracellular signal-regulated kinases (ERK) and 

NFκB, and suppressed bone resorbing activity of mature osteoclasts [151]. Tocotrienols 

[152, 153] and analogs [153] have been shown to suppress the prenylation of Ras protein 

and consequently reduce the level of Ras protein due to the higher turn-over rate of 

unprenylated Ras in human lung and melanoma cells. It remains unknown whether such 

effect exists in osteoclasts. 

Animal studies also suggest that tocotrienols offer bone protection. Tocotrienol 

mixture at 60 and 100 mg/kg body weight restored free radical-induced reduction in 

serum level of osteocalcin, the number of osteoblasts, and bone formation in male Wistar 

rats while reducing the level of bone-resorbing cytokines [154].  Oral intake of γ-

tocotrienol [155, 156] and a mixture of tocotrienols [156, 157] increased bone 

calcification in Sprague-Dawley rats. A tocotrienol-enhanced fraction and γ-tocotrienol 

also counteracted the nicotine effect on bone resorption in rats [158]. Oral gavage of 

tocotrienols at 60 mg/kg improved the static (osteoclast and osteoblast numbers, eroded 

surface/bone surface ratio, osteoid surface/bone surface ratio, osteoid volume/bone 

volume ratio) and dynamic (single-labeled surface/bone surface ratio, double-

labeled/bone surface ratio, mineralized surface/bone surface ratio, mineral apposition 

rate, bone formation rate/bone surface ratio) parameters of bone following four months of 

treatment in Sprague-Dawley male rats [159]. Toxicity of mixed tocotrienols including 

bleeding tendency and renal impairment was observed at 500 mg/kg body weight. No 

toxicity was observed at levels up to 200 mg/kg body weight [160] that is well above the 

aforementioned effective doses. 

 

5.3 The differential impacts of tocotrienols and tocopherols 

In all the comparison stud -tocopherol [155-157, 161], tocopherols [161] and 

tocopheryl esters [154, 156] with no mevalonate suppressive activity [124] offer either no 

protection or less-than-tocotrienol effects [158, 162, 163]. γ-Tocotrienol at 60 mg/kg 

decreased trabecular separation and increased trabecular bone volume and thickness, 

trabecular number, load value, displacement, stress value, strain value, viscoelasticity and 

stiffness in male rats to significantly greater extent than did equal dose of α-tocopherol 

[164]. An earlier study showed no beneficial effects of mixed tocopherols when fed to 
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orchidectomized rats at a much higher level (656 mg/kg diet) [161]. In fact, tocopherols 

may have detrimental effects. α-Tocopherol stimulated osteoclast fusion independent of 

its antioxidant activity. Ttpa-/- mice with α-tocopherol transfer protein deficiency and 

hence lower systemic circulation of α-tocopherol had high bone mass, while wild-type 

mice or rats fed α-tocopherol supplementation at levels comparable to that for human 

consumption lost bone mass [165]. 

The differential impacts of tocotrienols and tocopherols are reminiscent of those 

of menaquinones and phylloquinones. The tocotrienols and menaquinones contain a 

mevalonate-suppressive isoprenyl side chain, whereas the phytol moiety of tocopherols 

and phylloquinones has no impact on HMG CoA reductase. These in vitro and in vivo 

studies, albeit suggestive of tocotrienol-mediated mevalonate deprivation, did not prove 

whether the bone-protective effect of tocotrienols is directly mediated by suppression of 

HMG CoA reductase activity. It should be noted that the aforementioned mevalonate-

suppressive agents, the statins [26, 37], prenyl transferase inhibitors [166], monoterpenes 

[167], zerumbone [113] and the tocotrienols [149, 151, 168-170], but not α-tocopherol 

[171], inhibit the NFκB activity that is critical in osteoclastogenesis. The reversal of the 

effect of tocotrienols on NFκB by supplemental mevalonate [171] lends additional 

support to the role of HMG CoA reductase in tocotrienol-mediated bone protection.  

 

6. Summary and future directions 

The mevalonate-suppressive pharmaceuticals including the statins, 

bisphosphonates, prenyl transferase inhibitors, and menaquinone derivatives inhibit 

osteoclastogenesis by limiting the prenylation of GTPases and consequently, 

downregulating OPG, RANKL and NFκB. In contrast, these agents promote 

osteoblastogenesis by upregulating BMP-2, VEGF, osteocalcin, Cbfa1 (Runx2) and ALP 

activity. Dietary isoprenoids, e.g. mono-, sesqui- and di- terpenes and the more potent 

tocotrienols, downregulate HMG CoA reductase and suppress the expression of PGE2 

and the activities of COX-2 and NFκB. The signaling pathways that mediate the effect of 

prenylated GTPases on these biomarker proteins of osteoclastogenesis and 

osteoblastogenesis remain unknown and warrant further investigation. Bioavailability and 

pharmacokinetics of tocotrienols, particularly those applied to bone, remain unexplored. 

Clinical studies are needed to verify the efficacy of tocotrienols in bone protection. 

Tocotrienols potentiate the statin-mediated suppression of reductase [106, 126, 172-174]. 

Synergy could be obtained by combining tocotrienols, down-regulators of HMG CoA 

reductase [124-126, 144, 145], with the statins, the competitive inhibitors of reductase 

[104], effectively lowering the required doses of both agents. Synergistic effect [95, 174-

176] may also be attainable with tocotrienols and diverse isoprenoids [112] widely 

distributed in fruits, vegetables, herbs, spices, and essential oils [103]. Further 
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investigations are needed to elucidate the underlying mechanisms for the tocotrienol-

mediated bone protection. Bone protective activity of tocotrienols would add to the 

cancer chemopreventive [127], hypocholesterolemic [177], cardioprotective [178], and 

neuroprotective [179] activities of this group of orally available, convenient and safe 

dietary ingredients.  
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Figure 1. The proposed mechanism of action for mevalonate suppressors in osteoclasts 

and osteoblasts. The mevalonate pathway provides essential intermediates, farnesyl- and 

geranylgeranyl pyrophosphates, for the post-translational prenylation of GTPases 

including Ras, Rho, Rac, and Rab. Prenylated GTPases have dichotomous effects on 

osteoclasts and osteoblasts. They upregulate or activate RANKL, NFκB, COX-2, and 

PGE2, support the survival and differentiation of osteoclasts, and suppress apoptosis of 

osteoclasts while downregulating Cbfa1 (Runx2), VEGF, BMP-2, osteocalcin, ALP, 

mineralization, bone nodule formation, and the proliferation and differentiation of 

osteoblasts (yellow arrows). The suppressors of HMG CoA reductase (statins, 

monoterpenes, sesquiterpenes, diterpenes, menaquinones, genistein and tocotrienols), 

inhibitors of farnesyl diphosphate synthase (bisphosphonates), and prenyl transferase 

inhibitors (GGTIs and FTIs) increase bone mineral density as a consequence of 

suppressing the effects of prenylated GTPases on osteoclast and osteoblast activities.  
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Introduction  

The tumor-suppressive activity of tocotrienols, vitamin E molecules with an unsaturated 

isoprenoid side chain, has been extensively reviewed in the previous edition of this book 

(Mo and Elson 2008). Tocotrienols at physiologically attainable concentrations suppress 

the proliferation of tumor cells derived from breast, liver, prostate, skin, colon, blood, 

lung, lymph gland, cervix, and nerve. Tocotrienol-mediated growth suppression is 

attributed to cell cycle arrest, mostly at the G1 phase of cell cycle, and apoptosis. 

Signaling pathways associated with promoting cell cycle progression, growth, and 

survival, including mitogen-activated protein kinases (MAPK), Ras, RhoA, Raf/MAPK 

kinase (MEK)/extracellular signal-regulated kinases (ERK), c-Jun, c-myc, cyclin D/cdk4, 

protein kinase C (PKC), phosphatidylinositol 3-kinase (PI3K), Akt, IκB kinase (IKK), 

IκB, nuclear factor κ B (NFκB), c-Jun N-terminal kinase (JNK), Bcl-2, Bcl-xL, COX-2, 

matrix metalloproteinases (MMP), vascular endothelial growth factor (VEGF), FLIP, and 

telomerase, are suppressed by tocotrienols. On the other hand, signaling activities 

supporting growth arrest and apoptosis, including p21
cip1WAF1

, transforming growth 

factor-β (TGF-β), p53, Fas, Bax, Apaf-1, caspases, and Bid fragmentation, are activated 

by tocotrienols. Animal models with chemically initiated carcinogenesis and implanted 

tumors confirmed the in vitro tumor-suppressive activity of tocotrienols. Differing from 

statins, the nondiscriminant competitive inhibitors of 3-hydroxy-3-methyglutaryl 

coenzyme A (HMG CoA) reductase, tocotrienols are downregulators of the activity of 

HMG CoA reductase. Dysregulation of HMG CoA reductase in tumors offers a unique 

target for tumor-specific intervention. Recent literature continues to support the potential 

of tocotrienols as tumor-targeted agents in cancer chemoprevention and/or therapy. 

 

Tumor-suppressive activity of tocotrienols in vitro 

Studies in the last five years confirmed the growth inhibitory activity of tocotrienols and 

their derivatives (Kashiwagi et al. 2008) in human MCF-7 (Choi and Lee 2009; Hsieh et 

al. 2010; Hsieh et al. 2010; Pierpaoli et al. 2010; Yap et al. 2010; Patacsil et al. 2011; 

Ramdas et al. 2011) and MDA-MB-231 (Elangovan et al. 2008; Hsieh et al. 2010; Yap et 

al. 2010; Patacsil et al. 2011) mammary adenocarcinoma cells, HL-60 leukemia cells (de 

Mesquita et al. 2011; Inoue et al. 2011), MDA-MB-435 melanoma (de Mesquita et al. 

2011), DU145 (Kannappan et al. 2010; Luk et al. 2011) and LNCaP (Yap et al. 2008; 

Jiang et al. 2011) prostate carcinoma cells, PC-3 prostate adenocarcinoma cells (Yap et 

al. 2008; Kannappan et al. 2010; Yap et al. 2010; Campbell et al. 2011; Jiang et al. 2011; 

Luk et al. 2011), HeLa cervical carcinoma cells (Wu and Ng 2010), HepG2 (Shibata et al. 

2008; Rajendran et al. 2011), C3A, SNU-387, and PLC/PRF5 (Rajendran et al. 2011) 

hepatocellular carcinoma cells, and A549 lung carcinoma cells (Kashiwagi et al. 2008). 

In addition, the list of tumor cells susceptible to tocotrienol-mediated growth inhibition 

has expanded to include human SGC-7901 gastric adenocarcinoma cells (Sun et al. 2008; 
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Sun et al. 2009; Liu et al. 2010), MKN45 gastric cancer cells (Choi and Lee 2009), HT-

29 (Xu et al. 2009; Xu et al. 2011), SW620 (Zhang et al. 2011), HCT-8 (de Mesquita et 

al. 2011), and HCT116 (Choi and Lee 2009) colon cancer cells, DLD-1 colorectal 

adenocarcinoma cells (Shibata et al. 2008), MIA PaCa-2 (Hussein and Mo 2009; 

Kannappan et al. 2010; Kunnumakkara et al. 2010; Shin-Kang et al. 2011) and PANC-1 

(Hussein and Mo 2009; Kunnumakkara et al. 2010) pancreatic carcinoma cells, BxPC-3 

(Hussein and Mo 2009; Kunnumakkara et al. 2010), AsPC-1 (Kunnumakkara et al. 2010) 

and Panc-28 (Shin-Kang et al. 2011) pancreatic adenocarcinoma cells, NB-4 leukemia 

cells (Inoue et al. 2011), Raji lymphoma cells (Inoue et al. 2011), U266 multiple 

myeloma cells (Kannappan et al. 2010), SY-5Y neuroblastoma cells (Inoue et al. 2011), 

SF-295 glioblastoma cells (de Mesquita et al. 2011), SKBR3 breast cancer cells 

(Pierpaoli et al. 2010), A375 (Fernandes et al. 2010), A2058 (Chang et al. 2009), G32 

(Chang et al. 2009), and G361 (Chang et al. 2009) melanoma cells, NCI-H460 lung 

cancer cells (Choi and Lee 2009), MGH-U1 bladder cancer cells (Luk et al. 2011), 

murine 4T1 metastatic mammary tumor cells (Selvaduray et al. 2010), malignant +SA 

mammary epithelial cells (Samant et al. 2010; Shirode and Sylvester 2010), and MH134 

hepatoma cells (Hiura et al. 2009).  

Consistent with early studies, tocotrienols induced cell cycle arrest (Sun et al. 

2008; Yap et al. 2008; Hussein and Mo 2009; Sun et al. 2009; Xu et al. 2009; Fernandes 

et al. 2010; Kannappan et al. 2010; Wu and Ng 2010; Yap et al. 2010; Li et al. 2011; 

Patacsil et al. 2011; Zhang et al. 2011) and apoptosis (Sun et al. 2008; Yap et al. 2008; 

Chang et al. 2009; Hussein and Mo 2009; Sun et al. 2009; Xu et al. 2009; Fernandes et al. 

2010; Kannappan et al. 2010; Kannappan et al. 2010; Pierpaoli et al. 2010; Wu and Ng 

2010; Yap et al. 2010; de Mesquita et al. 2011; Husain et al. 2011; Inoue et al. 2011; Ji et 

al. 2011; Jiang et al. 2011; Patacsil et al. 2011; Rajendran et al. 2011; Shin-Kang et al. 

2011; Zhang et al. 2011) in the tumor cell lines. In addition, tocotrienols modulated 

signaling pathways and molecules regulating cell cycle, apoptosis, angiogenesis, 

invasion, and migration, such as NFκB (Ahn et al. 2007; Shibata et al. 2008; Yap et al. 

2008; Chang et al. 2009; Xu et al. 2009; Kunnumakkara et al. 2010; Shirode and 

Sylvester 2010; Yap et al. 2010; Campbell et al. 2011; Husain et al. 2011), COX-2 (Ahn 

et al. 2007; Shibata et al. 2008; Kunnumakkara et al. 2010; Shirode and Sylvester 2010; 

Ji et al. 2011), p21
cip1WAF1

(Pierpaoli et al. 2010), p53 (Kannappan et al. 2010; Pierpaoli et 

al. 2010), p16 (Pierpaoli et al. 2010; Wu and Ng 2010), Raf/MEK/ERK (Nakagawa et al. 

2007; Shibata et al. 2008; Sun et al. 2008; Kannappan et al. 2010; Yap et al. 2010; Shin-

Kang et al. 2011), phosphatase and tensin homolog (PTEN) (Shibata et al. 2008), AKT 

(Nakagawa et al. 2007; Kashiwagi et al. 2008; Shibata et al. 2008; Jiang et al. 2011; 

Rajendran et al. 2011), tyrosine kinase Src (Kashiwagi et al. 2008; Rajendran et al. 2011) 

and downstream factors including mammalian target of rapamycin (mTOR), p-70 S6 

kinase, and Foxo3a (Shirode and Sylvester 2010; Shin-Kang et al. 2011), glycogen 

synthase kinase 3 (GSK3) (Shibata et al. 2008), p38 (Nakagawa et al. 2007; Shibata et al. 
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2008; Campbell et al. 2011), c-myc (Ahn et al. 2007; Sun et al. 2008; Kunnumakkara et 

al. 2010; Zhang et al. 2011), c-Jun (Yap et al. 2008; Yap et al. 2010; Patacsil et al. 2011; 

Shin-Kang et al. 2011; Zhang et al. 2011), JNK (Yap et al. 2008; Chang et al. 2009; Yap 

et al. 2010), cyclin D/cdk (Ahn et al. 2007; Nakagawa et al. 2007; Elangovan et al. 2008; 

Sun et al. 2008; Fernandes et al. 2010; Hsieh et al. 2010; Kannappan et al. 2010; 

Kunnumakkara et al. 2010; Samant et al. 2010; Wu and Ng 2010; Li et al. 2011; Patacsil 

et al. 2011; Rajendran et al. 2011; Zhang et al. 2011), cdk inhibitor p27
kip1

(Samant et al. 

2010), survivin (Ahn et al. 2007; Kannappan et al. 2010; Kannappan et al. 2010; 

Kunnumakkara et al. 2010; Husain et al. 2011; Ji et al. 2011; Rajendran et al. 2011), Bid 

(Inoue et al. 2011), Bcl-xL (Ahn et al. 2007; Kannappan et al. 2010; Kannappan et al. 

2010; Husain et al. 2011; Ji et al. 2011; Rajendran et al. 2011), Bcl-2 (Ahn et al. 2007; 

Sun et al. 2008; Xu et al. 2009; Kannappan et al. 2010; Kunnumakkara et al. 2010; Luk et 

al. 2011; Rajendran et al. 2011), Bax (Sun et al. 2008; Xu et al. 2009; Husain et al. 2011), 

caspases (Nakagawa et al. 2007; Sun et al. 2008; Yap et al. 2008; Xu et al. 2009; 

Fernandes et al. 2010; Kannappan et al. 2010; Yap et al. 2010; Husain et al. 2011; Inoue 

et al. 2011; Jiang et al. 2011; Luk et al. 2011; Patacsil et al. 2011; Rajendran et al. 2011; 

Shin-Kang et al. 2011), tumor necrosis factor-related apoptosis-inducing ligand (TRAIL) 

receptors death receptor (DR)-4 and DR-5 (Kannappan et al. 2010), poly (ADP-ribose) 

polymerase (PARP) (Sun et al. 2008; Yap et al. 2008; Hiura et al. 2009; Kannappan et al. 

2010; Kannappan et al. 2010; Yap et al. 2010; Husain et al. 2011; Jiang et al. 2011; Luk 

et al. 2011; Patacsil et al. 2011; Rajendran et al. 2011), TGF-β (Campbell et al. 2011; 

Patacsil et al. 2011), hypoxia-inducible factor-1α (HIF-1α) (Shibata et al. 2008), VEGF 

(Ahn et al. 2007; Shibata et al. 2008; Shibata et al. 2008; Kannappan et al. 2010; 

Kunnumakkara et al. 2010; Li et al. 2011; Rajendran et al. 2011), β-catenin (Yap et al. 

2010; Li et al. 2011; Xu et al. 2011; Zhang et al. 2011), MMP-7 (Zhang et al. 2011) and 

MMP-9 (Ahn et al. 2007; Kunnumakkara et al. 2010; Liu et al. 2010; Ji et al. 2011; Li et 

al. 2011).  

Signaling pathways and molecules newly emerged as targets of tocotrienols 

include Wnt (Zhang et al. 2011), signal transducer and activator of transcription 3 

(STAT3) (Kannappan et al. 2010), tumor suppressors including mitogen-induced genes 6 

and 9 (Ramdas et al. 2011), retinoblastoma (Rb)/E2F complex (Elangovan et al. 2008; 

Hsieh et al. 2010; Samant et al. 2010), members of Ras (Fernandes et al. 2010) oncogene 

family (RAP2A (Ramdas et al. 2011)), HGF-dependent Met activation (Ayoub et al. 

2011), SMAD-2 (Campbell et al. 2011), ErbB2 (Shin-Kang et al. 2011), ErbB3 (Shin-

Kang et al. 2011), HER-2/neu (Pierpaoli et al. 2010), Id1 (Yap et al. 2008; Chang et al. 

2009; Yap et al. 2010; Luk et al. 2011), epidermal growth factor receptor (EGFR) (Yap et 

al. 2008; Chang et al. 2009), oxidative stress modulatory enzymes including glutathione 

peroxidase, thioredoxin, and quinone reductase 2 (Hsieh et al. 2010; Hsieh et al. 2010), 

Notch-1 (Ji et al. 2011), Hes-1 (Ji et al. 2011), estrogen receptor β (ERβ) (Comitato et al. 

2009; Nesaretnam et al. 2011), and tyrosine phosphatase SHP-1 (Rajendran et al. 2011). 
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Tocotrienols have also been shown to downregulate cancer stem cell markers, CD44 and 

CD133, in human PC-3 and DU145 prostate cancer cells (Luk et al. 2011), and cause 

accumulation of dihydroceramide and dihydrosphingosine in LNCaP prostate cancer cells 

(Jiang et al. 2011). 

Recent studies confirmed the differential sensitivities of tumor and non-tumor 

cells to tocotrienol-mediated growth suppression (Mo and Elson 2004; Mo and Elson 

2008). Human MCF7 estrogen-dependent breast cancer cells and MDA-MB231 estrogen-

independent breast cancer cells were more sensitive than human MCF10A immortalized 

non-tumorigenic breast epithelial cells to tocotrienol-mediated growth inhibition (Yap et 

al. 2010; Patacsil et al. 2011) and apoptosis (Yap et al. 2010). Parallel to this difference is 

the increased sensitivity of human MIA PaCa-2 (Husain et al. 2011; Shin-Kang et al. 

2011) and PANC-1 (Shin-Kang et al. 2011) pancreatic carcinoma cells, Panc-28 (Shin-

Kang et al. 2011), BxPC-3 (Shin-Kang et al. 2011) and ASPc-1 (Husain et al. 2011) 

pancreatic adenocarcinoma cells, and HPDE 6 C7-Kras cells to tocotrienols in 

comparison with human HPDE-E6E7 (Shin-Kang et al. 2011) and HPDE 6 C7 (Husain et 

al. 2011) normal pancreatic duct epithelial cells. Moreover, human LNCaP and PC-3 

prostate tumor cells were more responsive to tocotrienols than PZ-HPV7 immortalized 

prostate epithelial cells (Yap et al. 2008).  

Consistent with early studies showing the higher tumor-suppressive potencies of 

δ- and γ-tocotrienols (Guthrie et al. 1997; Yu et al. 1999; McIntyre et al. 2000; McIntyre 

et al. 2000; Inokuchi et al. 2003; Conte et al. 2004), recent studies indicated that δ- (Hiura 

et al. 2009; Hsieh et al. 2010; Pierpaoli et al. 2010; Selvaduray et al. 2010; Husain et al. 

2011) and γ- (Hsieh et al. 2010; Wu and Ng 2010; Yap et al. 2010) tocotrienols are the 

most active vitamers in suppressing the growth of breast (Hsieh et al. 2010; Pierpaoli et 

al. 2010; Selvaduray et al. 2010; Yap et al. 2010), cervix (Wu and Ng 2010), liver (Hiura 

et al. 2009) and pancreatic (Husain et al. 2011) tumor cells.  

Tumor-suppressive activity of tocotrienols in vivo 

The growth-suppressive activity of tocotrienols in implanted mammary, prostate, skin, 

and spontaneous liver cancers has been reported. Progress on the in vivo tumor-

suppressive activity of tocotrienols has been made using implanted models of breast 

cancer, transgenic models of prostate cancer, chemotherapeutic models of pancreatic 

cancer, and a model of implanted liver cancer. 

A tocotrienol-rich fraction (TRF) significantly inhibited the incidence and volume 

of implanted 4T1 murine mammary tumors in BALB/c mice via suppression of VEGF 

expression and angiogenesis (Weng-Yew et al. 2009; Selvaduray et al. 2010). TRF and 

with higher potencies, γ- and δ-tocotrienols, upregulated IL-24 mRNA expression in 

tumor tissues (Selvaduray et al. 2010). Dietary γ-tocotrienol (250 mg/kg diet) inhibited 

the growth and lung metastases of murine 66c1-4-GFP mammary tumor cells implanted 
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in BALB/c mice by suppressing Ki-67, inducing apoptosis and activating JNK and p38 

MAPK (Park et al. 2010). 

Pretreatment of PC-3 cells with 5 μg/mL of γ-tocotrienol prior to their orthotopic 

injection into SCID mice reduced tumor incidence and tumor size by 62% and >94%, 

respectively. Pre-feeding mice with 100 mg/kg/d γ-tocotrienol reduced tumor incidence 

and tumor size by 75% and >94%, respectively (Luk et al. 2011). Oral gavage feeding of 

γ-tocotrienol at 125 mg/kg body weight reduced the volume of subcutaneously (s.c.) 

injected LNCaP cells by 53% in male BALB/c nude mice (Jiang et al. 2011). The growth 

of implanted PC3-Luc cells in BALB/c athymic nude mice was inhibited by 50% with 

intraperitoneal (i.p.) injection of 50 mg/kg γ-tocotrienol (Yap et al. 2010). Proliferation 

markers such as PCNA, Ki-67 and Id1 were inhibited by γ-tocotrienol and a γ-

tocotrienol/docetaxel combination (Yap et al. 2010). PARP cleavage and caspase-3 

activation were enhanced by γ-tocotrienol and a γ-tocotrienol/docetaxel combination 

(Yap et al. 2010). Dietary mixed tocotrienol (0.1%, 0.3% and 1%) containing 18-20% of 

γ-tocotrienol and 4-6% of δ-tocotrienol dose-dependently inhibited the incidence and 

weight of prostate tumors in TRAMP mice by upregulating apoptotic proteins (caspase-3 

and BAD) and anti-growth proteins (p21
cip1WAF1

 and p27
kip1

) and downregulating cyclins 

A and E (Barve et al. 2010). 

γ-Tocotrienol suppressed the expression of Ki-67, COX-2, matrix 

metalloproteinase-9 (MMP-9), NFκB, and VEGF in orthotopically implanted MIA PaCa-

2 tumor in male athymic nu/nu mice (Kunnumakkara et al. 2010). Oral gavage feeding of 

β-, γ-, and δ-tocotrienols (200 mg/kg twice daily) suppressed the growth of orthotopically 

implanted AsPc-1 pancreatic tumors in female SCID nude mice by upregulating the 

proapoptotic Bax and apoptosis marker CK18. δ-Tocotrienol also upregulated the 

cleavage of PARP1 and downregulated NFκB, surviving and Bcl-xL (Husain et al. 2011). 

Consistent with most in vitro studies, the potency of tocotrienols follows the descending 

order of δ-, γ-, β-, and α-tocotrienols (Husain et al. 2011). 

 Lastly, dietary δ- and γ-tocotrienols (0.1%) suppressed the growth of s.c. 

implanted murine MH134 hepatoma cells by 62% and 47%, respectively, in C3H/HeN 

mice (Hiura et al. 2009).  

Concerns over the bioavailability of tocotrienols were dissipated by recent studies 

showing the high levels of tocotrienols in tissues and tumors. The concentrations of γ- 

and δ-tocotrienols in inoculated MH134 hepatomas reached 20 and 8 μg/g, respectively, 

in C3H/HeN mice fed diets containing 0.1% tocotrienols (Hiura et al. 2009). Female 

athymic nude mice fed 100 mg/kg δ-tocotrienol by oral gavage had peak plasma 

concentration of δ-tocotrienol at 57 μmol/L and peak tissue concentration of δ-tocotrienol 

at 14 and 32 nmol/g in the liver and pancreas, respectively (Husain et al. 2009). C57BL6 

mice injected (i.p.) with 50mg/kg γ-tocotrienol had a peak serum level of 250 mg γ-

tocotrienol/L within 10 min; serum level maintained as high as 100 mg/L and 50 mg/L 
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after 6h and 72 h, respectively (Yap et al. 2010). These physiologically attainable levels 

of tocotrienol exceed the effective concentrations of tocotrienols in vitro and are 

accompanied with tumor-suppressive activities.  

Tumor-suppressive doses of tocotrienols have been shown by early studies to be 

safe in vivo. More recently, i.p. injection of 50mg/kg γ-tocotrienol in C57BL6 mice led to 

no detected toxicity shown by serum biomarkers including albumin, creatine, ALT, AST, 

urea and ALP activity. Survival rate of mice did not change until the dose of 1000 mg/kg 

i.p. injection, 20-fold as high as the 50 mg/kg required for tumor suppression (Yap et al. 

2010). Another study determined the no-observed-adverse-effect level of tocotrienols in 

rats at 0.4% of diet (Tasaki et al. 2008), exceeding the efficacious dietary level (Hiura et 

al. 2009; Husain et al. 2011). Chronic (Yap et al. 2001) and short-term (Springett et al. 

2011) administration of 800 mg/d δ-tocotrienol had no adverse effect in humans.  

The antioxidant-independent mechanism of action 

The differential effects of tocotrienols and tocopherols, vitamin E molecules with a 

saturated phytyl side chain, on tumor growth may provide insights on the mechanism of 

action for the tumor-suppressive activity of tocotrienols. Recent studies have shown that 

unlike tocotrienols, the tocopherols are either inactive or much less active than 

tocotrienols in suppressing the growth of pancreatic (Husain et al. 2011; Shin-Kang et al. 

2011), mammary (Choi and Lee 2009; Ramdas et al. 2011), lung (Choi and Lee 2009), 

colon (Choi and Lee 2009), gastric (Choi and Lee 2009), and prostate (Yap et al. 2008) 

cancer cells. Tocotrienols, but not tocopherols, inhibited the proliferation, migration and 

tube formation of HUVEC cells and angiogenesis (Miyazawa et al. 2009; Shibata et al. 

2009; Weng-Yew et al. 2009). α-Tocopherol has in fact been shown to attenuate the 

effects of tocotrienols on the proliferation of MDA-MB231 cells (Yap et al. 2010) and 

human DLD-1 colorectal adenocarcinoma cells (Shibata et al. 2010) and Id1 and EGFR 

expression, PARP cleavage, and caspase activation in MDA-MB231 cells (Yap et al. 

2010). The Selenium and Vitamin E Cancer Prevention Trial (SELECT) showed that α-

tocopheryl acetate supplement increased the risk of prostate cancer by 17% among 

healthy men (Klein et al. 2011). 

The discrepancy in the tumor-suppressive activities of tocotrienols and 

tocopherols cannot be attributed to their antioxidant activities. Recent studies 

demonstrated that the side chain did not make any difference in antioxidant activity 

between tocopherols and tocotrienols (Yoshida et al. 2003; Muller et al. 2010; Saito et al. 

2010). An ether derivative of tocotrienol, 6-O-carboxypropyl-α-tocotrienol, is redox-

silent due to loss of the hydroxyl group on the chromanol ring of tocotrienol; 6-O-

carboxypropyl-α-tocotrienol retains the tumor-targeted growth inhibitory activity of 

tocotrienols by inhibiting the growth of chemoresistant H28 mesothelioma cells, but not 

the non-tumorigenic Met-5A mesothelial cell, through G2/M arrest, apoptosis, and 
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inhibition of EGFR and STAT3 (Kashiwagi et al. 2009). 6-O-Carboxypropyl-α-

tocotrienol also suppressed hypoxia response of A549 cells via inactivation of protein 

tyrosine kinase Src (Kashiwagi et al. 2008). Other redox-silent tocotrienol derivatives had 

much improved potency than their parent tocotrienols against +SA and MDA-MB-231 

mammary tumor cells with no effect on immortalized normal mouse CL-S1 mammary 

epithelial cells (Behery et al. 2010); the derivatives also inhibited the migration of 

metastatic MDA-MB-231 mammary tumor cells. Additional studies have shown that the 

δ-tocotrienol-mediated upregulation of death receptors DR-4 and DR-5 and apoptosis 

(Kannappan et al. 2010), anti-angiogenesis (Shibata et al. 2008), and anti-migration 

(Shibata et al. 2008) activities require the production of reactive oxygen species.  

Dysregulated HMG CoA reductase in tumors supports growth 

The differing impact of tocotrienols and tocopherols on cell proliferation is reminiscent 

of that on 3-hydroxy-3-methylglutaryl coenzyme A (HMG CoA) reductase, the rate-

limiting enzyme of the mevalonate pathway (Goldstein and Brown 1990). The 

mevalonate pathway provides essential isoprenoid intermediates including prenyl 

pyrophosphates - the 15-carbon farnesyl pyrophosphate (FPP) and the 20-carbon 

geranylgeranyl pyrophosphate (GGPP) - and dolichol for cell survival and growth (Figure 

1A). Prenyl pyrophosphates are covalently attached to the carboxy-terminal cysteine 

residue of the nuclear lamins (Hutchison et al. 1994; Moir et al. 2000; Maurer-Stroh et al. 

2007) and members of the Ras and Rho families (Zhang and Casey 1996; Gelb 1997; 

Maurer-Stroh et al. 2007) and are essential to their membrane anchorage and biological 

function (Zhang and Casey 1996). Ras proteins involved in cell proliferation and survival 

are farnesylated, whereas Rho proteins that are responsible for actin-cytoskeletal 

dynamics, cell adhesion and motility are geranylgeranylated (Zhang and Casey 1996). 

Dolichol is required for the N-linked glycosylation and membrane attachment of growth 

factor receptors including insulin-like growth factor I (IGF-I) receptor (Dricu et al. 1997) 

that promotes cell proliferation.  

The Ras (Adjei 2001), Rho (Li et al. 2002), and IGF-I receptor (Dricu et al. 1997; 

McCampbell et al. 2006) proteins that rely on the mevalonate pathway for 

posttranslational modification and maturation play profound roles in cell cycle 

progression (Figure 1B), apoptosis, and metastasis (Figure 1C). Two pairs of regulators, 

cyclin D/cyclin-dependent kinase (cdk) 4/6 and cyclin E/A/cdk 2, promote cell cycle 

progression through the G1/S interface. Cyclin D/cdk 4/6 also promotes cyclin E/A/cdk 2 

activity through a regulatory loop consisting of the tumor suppressor Rb protein and E2F 

(Figure 1B) (Massague 2004). The p16
INK4a

 protein suppresses the cyclin D/cdk4/6 

activity (Sherr 2004). The cyclin/cdk activities are suppressed by p21
cip1/WAF1 

and 

p27
kip1

(Massague 2004), which are in turn suppressed by the Ras/Raf/ 

MEK/MAPK/ERKs/Myc (Gysin et al. 2005), Ras/Rac/Rho, and Ras/IGF-I 

receptor/PI3K/protein kinase B (PKB)/Akt pathways (Anderson and Harris 2001). The 

balance between the key players in regulating apoptosis, the anti-apoptotic Bcl-2/Bcl-xL 
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and the pro-apoptotic Bax (Jiang and Wang 2004), is regulated by the 

Ras/Raf/MEK/MAPK (ERK) (Boucher et al. 2000)and IGF-I receptor/PI3K/PKB/Akt 

pathways (McCampbell et al. 2006) (Figure 1C), which also activate (Wang et al. 

1999)NFκB, an anti-apoptotic (Holcomb et al. 2008) and pro-inflammatory molecule 

(Ralhan et al. 2009) that stimulates the activities of VEGF (Ferrara 2002; Ferrara et al. 

2003) and MMP-9 (Gysin et al. 2005), two key activities in angiogenesis and metastasis 

(Figure 1C).  

The extensive impact of statins on signaling activities associated with growth and 

apoptosis has been reviewed (Mo and Elson 2008). Parallel to the effect of statins on 

HMG CoA reductase and protein prenylation, the farnesyl transferase inhibitors (FTIs) 

(Ura et al. 1998; Weisz et al. 1999; End et al. 2001; Mizukami et al. 2001; 

Venkatasubbarao et al. 2005) and phenylacetate (Harrison et al. 1998), an inhibitor of 

mevalonate pyrophosphate decarboxylase (Figure 1A) that leads to the syntheses of 

prenyl pyrophosphates, suppress the growth of tumor cells by inducing G1 arrest and 

apoptosis (reviewed in (Mo and Elson 2004)). 

In sterologenic tissues, the highly regulated HMG CoA reductase activity is 

modulated primarily through the sterol-feedback inhibition of the transcription of the 

reductase gene (Goldstein and Brown 1990). In the presence of a saturating concentration 

of sterols, a residual reductase activity maintains pools of FPP, GGPP and other non-

sterol products. When those pools are saturated, trans, trans farnesol (farnesol), a non-

sterol metabolite, is diverted from the sterologenic pathway and initiates 

posttranscriptional actions that further suppress reductase activity (Correll et al. 1994; 

Meigs and Simoni 1997) 

HMG CoA reductase activity in tumor tissues, however, is dysregulated and 

elevated (Mo and Elson 2004). Adding to previously reviewed (Mo and Elson 2008) 

evidence that HMG CoA reductase is overexpressed in liver, prostate, pancreas, blood, 

lymphatic, gastric, colorectal, mammary, adrenal, brain, and nerve cancer cells is the 

recent finding that HMG CoA reductase and sterol biosynthesis enzymes are elevated in 

breast cancer cells (Monville et al. 2008). 

Tocotrienols suppress HMG CoA reductase and downstream growth-supportive cell 

signaling  

The initial finding of the hypocholesterolemic effect of tocotrienol via suppression of 

HMG CoA reductase (Qureshi et al. 1986) led to subsequent studies (Pearce et al. 1992; 

Parker et al. 1993) delineating the tocotrienol-mediated posttranscriptional 

downregulation of reductase. A recent study (Song and DeBose-Boyd 2006) suggested an 

additional transcriptional downregulation of reductase by δ-tocotrienol. Tocotrienols 

contain in their side chain a farnesol moiety, the signaling molecule that triggers the 

degradation of HMG CoA reductase (Correll et al. 1994; Meigs and Simoni 1997). 

Tocotrienol-mediated suppression of HMG CoA reductase activity leads to the 
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suppression of cell proliferation, cell cycle arrest, and apoptosis. In human colon cancer 

HT-29 and HCT116 cells, γ-tocotrienol counteracted the atorvastatin-induced elevation 

of HMG CoA reductase expression (Yang et al. 2010). In +SA mammary tumor cells, γ-

tocotrienol downregulated HMG CoA reductase in a concentration- and time-dependent 

manner (Wali et al. 2009). γ-Tocotrienol and statins synergistically suppressed the 

proliferation of +SA cells via downregulation of the prenylation of Rap1A and Rab6 and 

ERK, p38 and cyclin D1 signaling; these effects were reversed by mevalonate (Wali et al. 

2009), the product of HMG CoA reductase. Supplemental mevalonate also attenuated δ-

tocotrienol-mediated suppression of the proliferation of MIA PaCa-2, BxPC-3 and 

PANC-1 cells (Hussein and Mo 2009). A recent finding suggested that HIF-1α stimulates 

the transcription and enzyme activity of HMGR (Pallottini et al. 2008). Although 

tocotrienols have been reported to suppress HIF-1α (Shibata et al. 2008), it is unknown 

whether HIF-1α mediates the suppressive impact of tocotrienols on HMG CoA reductase. 

Tocopherols do not modulate HMG CoA reductase activity (Pearce et al. 1992). In fact, 

studies showed that α-tocopherol may attenuate the impact of tocotrienol on HMG CoA 

reductase (Qureshi et al. 1996) or even augment HMG CoA reductase activity (Qureshi et 

al. 1989). 

The aforementioned disparate effects of tocotrienols and tocopherols on HMG 

CoA reductase and cell proliferation are parallel to their divergent effects on cell 

signaling. γ-Tocotrienol, but not γ-tocopherol, suppressed the growth of PC-3 and LNCaP 

cells and potentiated the growth-suppressive activity of docetaxel (Yap et al. 2008) via 

downregulation of EGFR and NFκB and activation of caspases. α-Tocopherol attenuated 

the effects of δ-tocotrienol on human DLD-1 colorectal adenocarcinoma cell apoptosis, 

cell cycle proteins including p21
cip1WAF1

, p27
kip1

 and GADD45A, caspase activation, and 

cellular uptake of δ-tocotrienol (Shibata et al. 2010). α-Tocopherol attenuated γ-

tocotrienol induced downregulation of Id-1, apoptosis and loss of viability in CD133-

depleted, but not CD133-enriched, PC-3 cells (Luk et al. 2011). Tocotrienols, but not 

tocopherols, inhibited the constitutive activation of STAT3 in U266 cells (Kannappan et 

al. 2010), induced the expression of DR-4 and DR-5 in HCT-116 cells (Kannappan et al. 

2010), and upregulated IL-24 mRNA expression in implanted 4T1 murine mammary 

tumor tissues in BALB/c mice (Selvaduray et al. 2010).  

The finding that tocotrienols, but not tocopherols, inhibited the constitutive and 

TNF-α induced NFκB activation (Ahn et al. 2007) suggested that tocotrienols have anti-

inflammatory activity (Nesaretnam and Meganathan 2011) as a consequence to 

suppression of  HMG CoA reductase activity and mevalonate deprivation; the tocotrienol 

effect was reversed by mevalonate (Ahn et al. 2007). The FTI SCH6636 also inhibited 

NFκB activation in mammary and lung tumors and lymphoma (Takada et al. 2004). 

Tocotrienols, but not α-tocopherol, dose-dependently suppressed the secretion of TNF-α 

in LPS-stimulated RAW 264.7 cells and serum level of TNF-α and mRNA levels of 
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TNF-α, IL-1b, IL-6, and iNOS in LPS-stimulated peritoneal macrophages of female 

BALB/c mice (Qureshi et al. 2010). TRF dose-dependently inhibited LPS-induced 

release of NO and PGE2 and expression of iNOS, COX-2, and NFκB (Wu et al. 2008).  

Potential of tocotrienols in adjuvant therapy 

Several in vitro and in vivo studies have confirmed and extended our early observation 

(He et al. 1997; Mo and Elson 1999) that tocotrienols and mevalonate suppressors have 

synergistic impact on tumor growth. Blends of tocotrienols and statins synergistically 

suppressed the growth of A2058 melanoma cells (Fernandes et al. 2010), MIA PaCa-2 

pancreatic carcinoma cells (Hussein and Mo 2009), +SA malignant mammary epithelial 

cells (Wali et al. 2009; Sylvester 2011; Sylvester et al. 2011), and HT29 and HCT116 

colon cancer cells (Yang et al. 2010). γ-Tocotrienol, atorvastatin, and a COX-2 inhibitor 

CXIB had synergistic effect on the growth of HT29 and HCT116 colon cancer cells via 

cell cycle arrest at G1 phase, p21
cip1WAF1 

upregulation, and apoptosis (Yang et al. 2010). 

Tocotrienols have also been shown to synergize with mevalonate suppressors including 

geranylgeraniol (Katuru et al. 2011) and resveratrol (Cho et al. 2008; Hsieh and Wu 

2008) in suppressing tumor cell growth. Dietary δ-tocotrienol and lovastatin 

synergistically suppressed the growth of implanted murine B16 melanoma cells in 

C57BL6 mice (McAnally et al. 2007).  

Blends of tocotrienols and chemotherapeutic agents have synergistic impact on 

tumor growth and signaling. γ-Tocotrienol synergizes with celecoxib (Shirode and 

Sylvester 2010; Sylvester et al. 2011), erlotinib (Bachawal et al. 2010; Sylvester 2011), 

and gefitinib (Bachawal et al. 2010; Sylvester 2011) in suppressing the growth of murine 

malignant +SA mammary epithelial cells; blends with the latter two agents 

downregulated EGF-dependent mitogenic signaling (Bachawal et al. 2010; Sylvester 

2011). γ-Tocotrienol and epigallocatechin gallate (EGCG) synergistically inhibited the 

growth of MCF-7 cells by upregulating cell cycle arrest and apoptotic proteins (Hsieh 

and Wu 2008). Tocotrienols, but not tocopherols, synergizes with docetaxel in inhibiting 

MDA-MB231 cell growth, activating caspases, and inhibiting NFκB activation and 

expression of EGFR and Id1 (Yap et al. 2010). Combinations of gemcitabine and γ- 

(Kunnumakkara et al. 2010) or δ- (Husain et al. 2011) tocotrienols synergistically 

suppressed the growth of MIA PaCa-2 (Kunnumakkara et al. 2010; Husain et al. 2011), 

PANC-1 (Kunnumakkara et al. 2010), BxPC-3 (Kunnumakkara et al. 2010) and AsPC-1 

(Kunnumakkara et al. 2010; Husain et al. 2011) pancreatic tumor cells via PARP1 

cleavage, apoptosis, and upregulation of Bax. TRF mitigated cisplatin-induced activation 

of PI3K/AKT signaling and sensitized human H28 malignant mesothelioma cells to 

cisplatin-induced cytotoxicity (Nakashima et al. 2010). γ-Tocotrienol sensitized colon 

cancer cells to TNF-related apoptosis-inducing ligand (TRAIL) (Kannappan et al. 2010) 

and potentiated the apoptotic effect of doxorubicin and paclitaxel in HepG2 cells 

(Rajendran et al. 2011). In addition, γ-tocotrienol potentiated chemotherapeutic drugs 
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thalidomide and bortezomib in human U266 multiple myeloma cells (Kannappan et al. 

2010). γ-Tocotrienol, but not γ-tocopherol, suppressed the growth of PC-3 and LNCaP 

cells and potentiated the growth-suppressive activity of docetaxel (Yap et al. 2008) via 

downregulation of EGFR and NFκB and activation of caspases.  

The growth of orthotopically implanted MIA PaCa-2 tumor cells were suppressed 

by a combination of daily gavage feeding of γ-tocotrienol (400 mg/kg) and i.p. injection 

of gemcitabine (25 mg/kg, twice weekly); growth suppression was accompanied by 

tumor apoptosis and reduced expression of NFκB-regulated cyclin D1, c-Myc, VEGF, 

MMP-9, and CXCR4 (Kunnumakkara et al. 2010).  A combination of δ-tocotrienol (200 

mg/kg oral gavage twice daily) and gemcitabine (100 mg/kg i.p. injection twice a week) 

synergistically suppressed the growth of orthotopically implanted AsPc-1 pancreatic 

tumors in female SCID nude mice  by upregulating the proapoptotic Bax and cleavage of 

PARP1 and downregulating NFκB, survivin and Bcl-xL (Husain et al. 2011). 

Summary: 

The last few years has seen an increased interest in the tumor-suppressive activity of 

tocotrienols. Diverse signaling pathways regulating cell cycle progression and apoptosis 

are modulated by tocotrienols. The contrasting impact of tocotrienols and tocopherols on 

cell proliferation and cell signaling, independent of their antioxidant activity, may trace to 

their divergent effects on HMG CoA reductase activity, an activity that provides essential 

intermediates for the biological function of growth-related proteins. Tocotrienols and 

diverse mevalonate suppressors and chemotherapeutic agents have synergistic impact on 

tumor cell growth in vitro and in vivo. Clinical trials showing the anti-cancer activity of 

tocotrienols are underway (Nesaretnam et al. 2010; Nesaretnam et al. 2011; Springett et 

al. 2011). Fluorescent derivatives of tocotrienol (Mudit et al. 2010) have been developed 

to further define their mechanism of action.  Recent efforts in creating tocotrienol 

derivatives with enhanced bioavailability and target delivery as well as higher tumor-

suppressive potency (Nikolic and Agababa 2009; Ali et al. 2010; Elnagar et al. 2010) 

may afford novel approaches to cancer chemoprevention and/or therapy.   
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Figure 1. The mevalonate pathway provides essential intermediates for the 

posttranslational modification of Ras, Rho and IGF-I receptor (oval shapes) (A), which 

initiate signaling pathways regulating cell cycle progression (B), apoptosis and metastasis 

(C). The statins, FTIs and phenylacetate inhibit HMG CoA reductase, farnesyl 

transferase, and mevalonate pyrophosphate decarboxylase, respectively (A), and suppress 

the down-stream effects shown in B and C. Farnesol triggers the posttranscriptional 

downregulation of HMG CoA reductase (A). Tocotrienols mimic farnesol in specifically 

suppressing tumor reductase, but with higher potencies. Tocotrienols may offer tumor 

suppression without the toxicities associated with statins, FTIs and phenylacetate. Arrows 

(green) and lines (red) represent activation and inhibition of downstream activities, 

respectively.    
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