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 Several studies have described the potent anti-tumor activity of RRR-α-

tocopheryl succinate (vitamin E succinate; VES), a hydrolyzable ester derivative of RRR-

α-tocopherol (natural vitamin E), demonstrating that VES is a potent growth inhibitor of 

a wide variety of epithelial cancer cell types, including breast, prostate, lung, and colon; 

as well as, hematopoietic-lymphoid leukemia and lymphoma cells, in vitro, and exert 

these effects via induction of apoptosis, inhibition of DNA synthesis, and induction of 
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cellular differentiation.   Recent studies have demonstrated VES to have anti-tumor and 

anti-metastatic activity in animal xenograft and allograft models when administered 

intraperitoneally (i.p.), but not when delivered orally, suggesting a possible route specific 

therapeutic potential.  In an effort to develop a clinically useful vitamin E-based 

chemotherapeutic agent and to administer it in a clinically-relevant manner, a non-

hydrolyzable ether analog of RRR-α-tocopherol; namely, 2,5,7,8-tetramethyl-2R-(4R, 

8R,12-trimethyltridecyl)chroman-6-yloxyacetic acid (called RRR-α-tocopheryloxyacetic 

acid or RRR-α-tocopherol ether-linked acetic acid analog; and abbreviated α-TEA) has 

been produced.  Data reported here are promising in that they show that a novel vitamin 

E analog exhibits the ability to decrease primary tumor burden and reduce lung and 

lymph node metastasis in a rather rapid and aggressive syngeneic tumor model without 

any overt toxic effects when administered by clinically relevant routes; namely, aerosol 

and oral delivery.  Increased rates of tumor cell apoptosis and inhibition of cell 

proliferation in tumors of animals treated with α-TEA, imply that the anti-tumor effect is 

due, at least in part, to analog triggering of tumor cell death and inhibition of cell 

proliferation.  The mechanism of how α-TEA reduces lung metastasis in this model 

system is unknown and warrants further investigation, but is unlikely due to a decrease in 

angiogenesis.   In addition, combinations of this vitamin E derivative with 9-nitro-

camptothecin (9-NC), a camptothecin derivative used in the treatment of ovarian and 

pancreatic cancers, show an enhanced effect on the decrease in tumor burden in this 

model. 
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Breast Cancer: Prevalence and Current Treatments 
 
 Breast cancer is responsible for the largest number of new cases of cancer in 

women each year in the United States and accounts for the second largest number of 

cancer related deaths in women each year.  In the year 2003, there will be an estimated 

658,800 new cases of cancer in women and 32% of those cancers (211,300) will be 

cancers of the breast.  It is estimated that breast cancer will kill 39,800 U.S. women in 

2003.   15% of all cancer deaths in women in 2003 will be attributed to breast cancer 

(Jemal, 2003). 

 Treatment options for breast cancer include: surgery, radiation therapy, 

chemotherapy, and hormonal therapy.  Current chemotherapeutic treatment for metastatic 

breast cancer include cyclophosphamide, methotrexate, 5-flurouracil, doxorubicin, and 

combinations of these drugs, all of which have cytotoxic side effects that limit dose and 

dose timing (Greenberg, 1991).  Doxorubicin (Adriamycin) is an anthracycline antibiotic 

chemotherapeutic used for the treatment of leukemias, lymphomas, and solid tumors such 

as breast cancer (Hortobagyi, 1997; Andrieu-Abadie, 1999).  Doxorubicin intercalates 

into the nucleic acid structure of DNA, causing interference with transcription, DNA 

synthesis, and mitosis, and eventually leads to apoptotic cell death (Hortobagyi, 1997; De 

Beer, 2001).  Apoptosis induced by doxorubicin has been linked to both a cellular 

increase in sensitivity to transforming growth factor-beta (TGF-β) and increase in 

Fas/FasL (CD95), as well as production of reactive oxygen species (Hortobagyi, 1997; 

Koli, 1997; Yamaoka, 2000; Mo, 1999; Fulda, 2000, Mitsiades, 2001).    Doxorubicin is 

noted for its detrimental side effects including nausea and vomiting, reduction in bone 
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marrow function, and most importantly, cardiomyopathy (Hortobagyi, 1997; Shan, 1996).  

The cardiotoxicity caused by doxorubicin can be one of three types: a rare acute toxicity 

occurring directly after treatment, a more common chronic form which leads to 

cardiomyopathy, and a late onset form which is not detected for years or decades after 

chemotherapy (Shan, 1996).  The cardiotoxicity that is characteristic of doxorubicin 

treatment severely limits the levels that can be used in treatment and is highly dangerous 

to those patients undergoing treatment. 

 In addition to the most common chemotherpuetics used for breast cancer 

treatment, there are currently many other potential chemotherapeutics in clinical trial 

today.  One such drug is 9-nitro-camptothecin (9-NC, Rubitecan), a less toxic derivative 

of camptothecin.  9-nitro-camptothecin is currently in clinical trials for treatment of 

ovarian and pancreatic cancer, and is also being considered for treatment of breast cancer 

(Personal correspondence with Supergen, Dublin, CA).  Although the mechanisms of 

action of 9-NC are not completely understood, 9-NC has been shown to inhibit cell 

growth by inhibition of DNA synthesis and induction of cell death by apoptosis and 

necrosis (Chatterjee, 2001; Bernacki, 2000; Pantazis, 1994).  9-NC has been shown to 

exert these effects through the blockage of topoisomerase I, induction of apoptosis, and 

the inhibition of DNA synthesis (Chatterjee, 2001; Bernacki, 2000; Pantazis, 1994).  Side 

effects of 9-NC include myelosuppression including neutropenia and thromobocytopenia, 

as well as nausea, vomiting, weight loss, and cystitis. 

 Combinations of anti-cancer drugs are of important clinical relevance.  Most 

chemotherapeutic drugs used in the treatment of breast cancer have detrimental side 
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effects that limit treatment.  To minimize these detrimental side effects and to maximize 

effectiveness, combinations of drugs are being used, with specific interest in those that 

are non-toxic.   

 

Vitamin E, a Class of Structurally Similar Compounds 

 Vitamin E was first identified by Evans and Bishop in 1922 as a dietary factor 

important for successful animal reproduction (Evans, 1922).  Today, vitamin E is known 

to describe a class of compounds with similar structures (Brigelius-Flohe, 1999; Azzi, 

2000).  These compounds consist of a chroman head and phytyl tail, but differ in the 

presence or absence of double bonds on the phtyl tail, as well as the placement of methyl 

groups on the chroman head.  Tocopherols possess a saturated phytyl tail and 

tocotrienols, an unsaturated phytyl tail (Fig. 1.1).  To further complicate the issue, 

vitamin E compounds also possess three asymmetric carbons found at the 2 carbon of the 

ring structure and the 4’ and 8’ carbons of the tail (Fig. 1.2).  These are designated R 

(right hand position) or S (left hand position).  The natural forms of vitamin E have these 

carbons in the R position and are referred to as RRR tocopherols.  There are eight 

naturally occurring vitamin E compounds referred to as α, β, δ , and γ tocopherol and 

tocotrienol (Fig. 1.1), as well as synthetic vitamin E made up of 1/8 natural RRR-α-

tocopherol and 7/8 sterioisomers of  α-tocopherol (all-rac[emic]-α-tocopherol or dl-α-

tocopherol).  All of these compounds can have differing bioavailability, function, and 

biological activity.  RRR-α-tocopherol is the most biologically active of the vitamin E 

compounds and is found in the highest amount in mammalian tissues (Brigelius-Flohe, 
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1999; Azzi, 2000).  Biological activity of these compounds is established through the use 

of rat resorption assays. 

 

The Functions of Vitamin E Compounds 

 Historically, vitamin E compounds have been characterized as lipid soluble anti-

oxidants (Brigelius-Flohe, 1999).  The C6 hydroxyl group on the first ring structure of 

vitamin E can be used to squelch free radical propagation, especially peroxyl radical 

formation and propagation in polyunsaturated fatty acids in cell membranes.  Other 

reported functions of vitamin E compounds include stabilization of membranes and 

effects on cell signaling molecules such as protein kinase C (Wang, 1999; Azzi, 2000).  

Vitamin E has also been investigated for its role in inhibiting endothelial cell 

proliferation (Azzi, 2000); therefore, vitamin E may have a possible role in prevention of 

atherosclerosis (Chan, 1998).  Different forms of vitamin E have been shown to be potent 

inhibitors of cancer in vitro and in vivo (Kline, 1998; Kline 2001, Neuzil, 2002a; Neuzil , 

2001c) 

 

Absorption and Transport 

 Vitamin E is a lipid soluble molecule and is absorbed with ingested lipids by the 

intestinal enterocytes (Kayden, 1993).  Lipids absorbed at the gastrointestinal tract 

epithelium are combined with fat soluble vitamins (including vitamin E), cholesterol, 

apolipoproteins and phospholipds to make up a chylomicron.  These chylomicrons are 

transported into the lymphatic system and eventually enter the vascular compartment.  



6 

Some lipids are lost at this juncture via lipoprotein lipase and delivered to the tissues, 

leaving a chylomicron remnant.  These remnants are taken up by hepatic cells and the 

contents are repackaged into very low density lipoproteins (VLDL).  The transfer of 

vitamin E into VLDLs is mediated by α-tocopherol transfer protein (α-TTP).  α-TTP has 

a high specificity for RRR-α-tocopherol with the majority of other forms eliminated 

through excretion of bile (Traber, 1997; Traber 1999).  Once vitamin E is packaged into 

the VLDL, it can then be passed to other lipoproteins such as high density lipoproteins 

(HDL) and low density lipoproteins (LDL) (Traber, 1992).  It is still unknown how 

vitamin E is taken up by cells, how vitamin E is transported within a cell, and how 

vitamin E initiates its non-antioxidant mediated effects.  It is prudent to note that other fat 

soluble vitamins such as vitamins A and D act as ligands to transcription factors (Deluca, 

1998; Carlberg, 1999).   Recent data suggests that vitamin E may be functioning in a 

similar manner.  A novel cytosolic vitamin E binding protein termed tocopherol 

associated protein (TAP) has been identified and characterized as a protein that binds 

both vitamin E and DNA elements (Zimmer, 2000; Stocker, 2000; Stocker, 1999; 

Shibata, 2001; Yamauchi, 2001; Singh, 2002; Stocker, 2002). 

 

Storage and Excretion 

 Vitamin E is a fat soluble vitamin that requires non-aqueous surroundings and is 

therefore found in high amounts stored in adipose tissue.  In addition, vitamin E is found 

in the liver, nervous system, pancreas, and adrenal glands (Burton, 1998).  Plasma 
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vitamin E levels are typically 20-30 µM (9-13 µg/ml), but levels as high as 80 µM have 

been seen in patients taking high dose supplementation (Brigelius-Flohe, 1999). 

 Metabolites of vitamin E have been investigated.  Vitamin E’s role as an 

antioxidant led investigators to look for oxidized metabolites of the vitamin.  Several 

metabolites created after vitamin E’s interaction with peroxyl radicals have been 

identified in membranes and include a quinone and hydroquinone form of the vitamin 

(Brigelius-Flohe, 1999; National Academy Press, 2000).  In addition, a urinary 

metabolite of vitamin E has been identified.  2, 5, 7, 8-tetranethyl-2(2’-carboxyethyl)-6-

hydroxychroman (α-CEHC) was identified in the urine of individuals taking greater then 

150 mg RRR-α-tocopherol/day (Brigelius-Flohe, 1999; Azzi, 2000).  This metabolite is 

derived from the shortening of the phytyl tail leaving the chroman head unchanged 

(National Academy Press, 2000). 

 

Availability in Food and Supplementation 

 Vitamin E is found in the diet primarily in wheat germ, oils such as palm, 

soybean, sunflower, safflower and corn oil, as well as nuts and seeds (National Academy 

Press, 2000).  The new dietary recommendations for vitamin E, for individuals older then 

14 years of age, is 15 mg/day, with an upper limit of 1000 mg/day (National Academy 

Press, 2000). 

 Vitamin E is sold in supplement form as both natural (RRR-α-tocopherol) and 

synthetic (dl-α-tocopherol).  The synthetic vitamin E is a mixture of the 8 sterioisomers 

(RRR, RRS, RSS, SSS, RSR, SRS, SRR, and SSR) created from the chiral carbons 
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located on the chroman head and phytyl tail.  Both the natural and synthetic forms of 

vitamin E are often modified to render them more soluble.  These modifications most 

often include adding succinate or acetate via ester linkages to the hydroxyl group at the 

C6 carbon (referred to as vitamin E succinate and vitamin E acetate).  The natural vitamin 

E is the most biologically active as determined by rat fetal absorption assay (Weiser, 

1981).  The sterioisomers are less active and can be as low as 21% the activity (SSR) of 

the natural form.  It is important to note, that rat fetal resorption assays do not tell all of 

the story regarding vitamin E function, in that some forms of vitamin E may be more or 

less active in other biological functions (Traber, 1995; Zimmer, 2000).  

  

Vitamin E Succinate and Non-hydrolyzable Derivatives of Vitamin E 

 RRR-α-tocopheryl succinate (VES, vitamin E succinate) has been found to exhibit 

unique effects on cancer cells including breast, prostate, lung, lymphoid, gastric and 

colon cell lines (Kline, 1998; Israel, 2000; Rose, 2001, unpublished data).  Vitamin E 

succinate has been reported to decrease cell proliferation, inhibit DNA synthesis, induce 

apoptosis, and cause cancer cells to differentiate (Kline, 1998, You, 2001, You, 2002).  

Most of these effects are observed only in cancer cells and are not observed when vitamin 

E succinate is used to treat normal or non-tumorigenic cells (Kline, 1998, Neuzil, 2001a).   

 Once the succinic acid moiety is cleaved from the RRR-α-tocopheryl succinate by 

cellular esterases, it loses its ability to exert these unique anti-cancer effects.  Because of 

this, a novel form of vitamin E has been derived for use in our lab.  The novel form 

consists of an ether linkage attaching an acetic acid moiety to RRR-α-tocopherol.  This 
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nonhydrolyzable ether analog of RRR-α-tocopherol, 2,5,7,8-tetramethyl-2R-(4R, 8R, 12-

trimethyltridecyl)chroman-6-yloxyacetic acid is referred to as RRR-α-

tocopheryloxyacetic acid or RRR-α-tocopherol ether-linked acetic acid analog and 

abbreviated α-TEA (Fig. 1.3).    

 

In Vitro Functions of Vitamin E Succinate and α-TEA 

 
Apoptosis 

 Cancer is characterized by an increase in cell proliferation and a decrease in the 

natural death of cells, culminating in an overall increase in cell numbers.  Strategies to 

decrease cell numbers include prevention of cell proliferation and induction of cell death.   

Apoptosis, programmed cell death, is a series of events that lead to the 

elimination of cells and was first described by Kerr, et al. in 1972 (Kerr, 1972).  

Apoptosis can be characterized in three phases.  The first phase or induction phase 

consists of triggering events at the cell surface.  These triggering events are not explained 

by one signaling pathway, but rather a multitude of signaling systems (Kroemer, 1997).  

After initial triggering, the decision making or effector phase occurs.  In this phase, pro- 

and anti-apoptotic factors decide the balance between death and survival of a cell.  At this 

phase, apoptotic cell death can be irrevocably progressed through mitochondrial 

permeability transition, release of cytochrome C, and subsequent activation of proteases 

called caspases.  The caspase cleavage of proteins and DNA eventually lead to the 

morphological changes seen in the degradation phase of apoptosis (Kroemer, 1997).  The 

morphological changes seen in apoptotic cell death include reduction in nuclear size, 
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condensation of cell chromatin, fragmentation of DNA, and production of membrane 

bound apoptotic vesicles (Kroemer, 1997).  After cell death, apoptotic cells are generally 

phagocytosed by surrounding cells such as macrophages (Kroemer, 1997). 

 

Apoptosis Induction by VES and α-TEA 

 Vitamin E succinate is a potent inducer of apoptosis in a variety of cancer cell 

lines, showing morphological changes associated with apoptosis, increase in poly ADP-

ribose polymerase (PARP) cleavage, a caspase 3 substrate, and characteristic DNA 

laddering [Kline 1998; Yu, 1998; Yu, 1999; Israel, 2000; Yu, 2001, Yu, 2002 (BAX)].  

Studies to date reveal four pathways involved in VES induced apoptosis including, 

restoration of the transforming growth factor beta (TGF-β) and Fas (CD95) signaling 

systems, activation of mitogen activated protein kinases (MAPKs) including extracellular 

signal regulated kinase (ERK) and c-Jun NH2-terminal kinase (JNK), but not p38, with 

subsequent phosphorylation of the transcription factor c-Jun, as well as Bax translocation 

to the mitochondria, mitochondrial permeability transition, release of cytochrome c, and 

activation of caspase 9 and 3.   α-TEA, like VES, is capable of inducing human breast 

(MCF-7, MDA-MB-231, MDA-MB-435), ovarian (A2780-CP-70), cervical (ME-180), 

endometrial (RL-952), prostate (LnCaP, PC-3, DU-145), colon (HT-29, DLD-1), lung 

(A-549), and lymphoid (Raji, Ramos, Jurkat) cells to undergo apoptosis.  Recent in vitro 

mechanistic studies comparing α-TEA with VES show α-TEA to inhibit tumor growth by 

induction of apoptosis, involving restoration of Fas/Fas ligand and TGF-β signaling 
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pathways that converge on JNK/MPT/caspase cascade, in a manner identical to VES 

(unpublished data).     

 One way that apoptosis can be initiated by these compounds is through the Fas 

ligand interaction with the Fas receptor at the cell surface.  α-TEA and VES have been 

shown to increase translocation of the Fas receptor to the cell surface and render 

previously unsensitive cells, sensitive to the Fas death signaling pathway (Yu, 1999).  

Once this occurs, signaling can occur by at least two separate pathways (Waczak, 2000; 

Nagata, 1999).  One pathway is mediated by the Fas activated death domain (FADD).  

Death domains of the Fas receptor located on the cytosolic surface of the cell membrane 

are activated and, in turn, permit a protein-protein interaction with FADD.  FADD then 

initiates a cascade of caspases by first activating caspase 8 which leads to apoptotic cell 

death (Schulze-Osthoff, 1998).  The other pathway initiated by Fas signaling is through 

DAXX (Fas death domain-associated protein; Nagata, 1999).  The c-terminal end of 

DAXX protein binds to the death domain of the Fas receptor while the N-terminal end 

activates JNK (Nagata, 1999).  One consequence of the activation of JNK is 

phosphorylation of the transcription factors c-Jun and ATF-2 and subsequent 

upregulation of pro-apoptotic genes (Nagata, 1999).  This second signaling pathway of 

Fas had been shown to be the pathway initiated by the treatment of either VES or α-TEA. 

          

DNA Synthesis Arrest Induced by VES and α-TEA 

 Vitamin E succinate (VES) has been shown to inhibit DNA synthesis and cell 

growth in a dose and time-dependant manner, in human breast cancer cells, as well as 
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other cancer cell types (Yu, 2002).  VES induces DNA synthesis arrest in MDA-MB-435 

cells through increased expression of p21Waf1/Cip1, a protein critical in the induction of cell 

cycle arrest, causing cell cycle block in the G1 phase (Yu, 2002).  Upstream inducers of 

p21Waf1/Cip1 appear to be proteins of the mitogen activated protein kinase family (MAPK), 

ERK1 and MEK1 (You, 2002).  Like VES, α-TEA inhibits DNA synthesis in a variety of 

cancer cells, but α-TEA’s mechanism of action has not been investigated. 

 

Differentiation Induced by VES and α-TEA 

 Vitamin E succinate has recently been shown to induce human mammary cancer 

cell lines to undergo differentiation, showing increase in cell size, induction of neutral 

lipid droplet formation, and down regulation of proteins historically involved in cellular 

differentiation, including Her2/nue, when treated with VES (You, 2001; You 2002).  

Studies show that this induction is due to an activation of the mitogen activated protein 

kinases (MAPKs) including extracellular signal regulated kinase (ERK) and (MEK) with 

subsequent phosphorylation of the transcription factor c-Jun, and the up-regulation of the 

cell cycle inhibitory protein p21Waf1/Cip1.  Recent data in our lab looking at α-TEA’s ability 

to induce differentiation in human breast cancer cells have found that like VES, α-TEA 

induces differentiation in these cells through a mechanism similar, if not identical, to 

VES (unpublished data).   
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Animals Studies with VES  
  

Recent studies have demonstrated VES to have anti-tumor and anti-metastatic 

activity in animal xenograft and allograft models when administered intraperitoneally 

(i.p.; Malafa, 2000; Malafa, 2002; Neuzil, 2001b; Weber 2002; Barnett, 2002), 

suggesting a possible therapeutic potential.  VES administered i.p. or orally (p.o.) has 

also been shown to have inhibitory effects on carcinogen [benzo(a)pyrene]-induced 

forestomach carcinogenesis in mice, suggesting potential as an anti-carcinogenic agent 

(Wu, 2001).  However, VES administered orally is ineffective in reducing tumor burden 

in sites other than the digestive system (Malafa, 2001) 

 

Summary and Specific Aims    

 Novel strategies are needed to administer effective chemotherapy without the side 

effects that accompany current high dose chemotherapy.  One such strategy is the 

potentiation of chemotherapy with agents that are well tolerated and have the capability 

of lowering the threshold for chemotherapy-induced cell death.  A novel derivative of 

RRR-α-tocopherol, α-TEA, is a candidate for such an agent since it appears to be non-

toxic and has pleiotropic effects on several pro-apoptotic signaling pathways, as well as 

increased stability over VES.  Studies documented here will address the hypothesis that 

α-TEA is capable of inhibiting mammary tumor growth and metastasis in animal models 

of mammary cancer, as well as, lower the threshold for cell killing by certain 

chemotherapy agents and, therefore, may provide a novel treatment strategy.   

 
 



14 

              
 
 
 
 
Fig. 1.1.  Structure of naturally occurring tocopherols and tocotrienols.  Tocopherols and 
tocotrienols differ in that tocopherols have a saturated side chain refereed to as a phytyl 
tail and tocotrienols have an unsaturated (isoprene) side chain.  The four different forms 
of tocopherols and tocotrienols differ due to the presence and position of methyl (CH3) 
groups on the aromatic ring of the molecule. 
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Fig 1.2.  Comparison of natural vitamin E [d-α-tocopherol; RRR-α-tocopherol; 2R, 4’R, 
8’R-α-tocopherol] and synthetic vitami E (all-rac-α-tocopherol; dl-α-tocopherol), a 
mixture of approximately equal amounts of eight sterioisomers. 
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Fig. 1.3.  Structures for RRR-α−tocopherol, VES and α-TEA.  Common names for RRR-
α-tocopherol are d-α-tocopherol or natural vitamin E.  Chemical name is 2, 5, 7, 8-
tetramethyl-2-(4',8',12'-trimethyltridecyl)-6-chromanol. Mr = 430.69,  Empirical Formula 
= C29H50O2.  Common names for VES are d-α-tocopheryl succinate, d-α-tocopherol acid 
succinate, and RRR-α-tocopheryl succinate. Mr = 530.76,  Empirical Formula = 
C33H54O5.   Common name for α-TEA is ethyl 6-0-carboxymethyl-α-tocopherol.  
Chemical name is 2, 5, 7, 8-tetramethyl-2R-(4R,8R,12-trimethyltridecyl)chroman-6-
yloxyacetic acid, referred to as RRR-α-tocopheryloxyacetic acid or RRR-α-tocopherol 
ether-linked acetic acid analog. Mr = 488,  Empirical Formula = C31H52O4. 
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Chapter 2: 

 

Novel Vitamin E Analog Decreases Syngeneic Mouse Mammary Tumor Burden and 

Reduces Lung Metastasis  
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ABSTRACT 

A non-hydrolyzable ether analog of RRR-α-tocopherol, 2,5,7,8-tetramethyl-2R-

(4R, 8R, 12-trimethyltridecyl)chroman-6-yloxyacetic acid (called RRR-α-

tocopheryloxyacetic acid or RRR-α-tocopherol ether-linked acetic acid analog and 

abbreviated α-TEA) exhibits anti-tumor activity in vitro and in vivo using a syngeneic 

Balb/c mouse mammary tumor model (line 66 clone 4 stably transfected with green 

fluorescent protein;  66c1-4-GFP).   Treatment of cells with 5, 10, or 20 µg/ml of α-TEA 

for 3 days produced 6, 34 and 50% apoptosis, respectively; and treatment of cells with 10 

µg/ml for 2, 3, 4 and 5 days produced 20, 35, 47 and 58% apoptosis, respectively.  A 

liposomal formulation of α-TEA administered by aerosol reduced subcutaneous tumor 

growth and lung metastasis.  α-TEA treated animals showed a significant decrease in 

tumor volumes over 17 days of aerosol treatment  (p < 0.001).   40% of aerosol, as well 

as untreated control mice, had visible, macroscopic lung metastases versus none (0%) of 

the α-TEA treated mice.  Based on fluorescence microscopic examination of the surface 

(top and bottom) of flattened whole left lung lobes, an average of 60 ± 15 and 102 ± 17 

versus 11 ± 4 fluorescent microscopic metastases were observed in aerosol control and 

untreated control versus α-TEA treated animals, respectively.  α−TEA formulated in 

ethanol + peanut oil (5 mg/mouse/day) delivered by gavage did not reduce subcutaneous 

primary tumor burden; however, fluorescent microscopic lung metastases were 

significantly reduced (p < 0.0021).   In summary, α-TEA formulated in liposomes and 

delivered by aerosol is a potent anti-tumor agent and reduces lung metastasis. 
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INTRODUCTION 

RRR-α-tocopheryl succinate (vitamin E succinate; VES), a hydrolyzable ester 

derivative of RRR-α-tocopherol (natural vitamin E), exhibits potent anti-cancer activity.  

VES, but not other forms of vitamin E, were shown to induce morphological alterations 

and growth inhibition of mouse melanoma B-16 cells, suggesting VES might be useful as 

a therapeutic agent for tumors (Prasad, 1982).  Additional studies have demonstrated that 

VES is a potent growth inhibitor of a wide variety of epithelial cancer cell types, 

including breast, prostate, lung, colon, hematopoietic-lymphoid leukemia and lymphoma 

cells, in vitro (Prasad, 1992; Schwartz, 1992; Fariss, 1994; Kline, 1998; Kline 2001; 

Neuzil, 2001a).   

VES, administered intraperintoneally (i.p.), exhibits anti-tumor and anti-

metastatic activity in animal xenograft and allograft models (Malafa, 2000; Malafa, 2002; 

Neuzil, 2001b; Weber 2002; Barnett, 2002), suggesting therapeutic potential.  VES 

administered i.p. or orally (p.o.) has been shown to exhibit inhibitory effects on 

carcinogen [benzo(a)pyrene]-induced forestomach carcinogenesis in mice, suggesting 

potential as a chemopreventive agent (Wu, 2001).  Investigations have demonstrated that 

VES-induces concentration- and time-dependent inhibition of cancer cell growth via 

DNA synthesis blockage, induction of cellular differentiation, and induction of apoptosis 

(Kline, 1998; Kline, 2001, Neuzil, 2001b; You, 2001; You, 2002; Yu, 2001). 

VES is noteworthy, not only for its induction of growth inhibitory effects on 

tumor cells, but also for its lack of toxicity toward normal cells and tissues (Prasad, 1992; 

Schwartz, 1992; Fariss, 1994; Kline, 1998; Kline 2001; Neuzil, 2001a; Weber, 2002).  
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The use of a non-hydrolyzable VES derivative has shown that it is the intact compound, 

and not either of its cleavage products (namely, RRR-α-tocopherol or succinic acid), that 

are responsible for the anti-proliferative effects (Fariss, 1994).  Thus, the anti-

proliferative actions of this vitamin E derivative are not related to antioxidant properties.  

Our lab has produced a novel, non-hydrolyzable ether analog of RRR-α-

tocopherol; namely, 2,5,7,8-tetramethyl-2R-(4R, 8R,12-trimethyltridecyl) chroman-6-

yloxyacetic acid (called RRR-α-tocopheryloxyacetic acid or RRR-α-tocopherol ether-

linked acetic acid analog; and abbreviated α-TEA; Fig. 2.1) as a chemotherapeutic and 

chemopreventative agent.  α-TEA differs from the parent compound, RRR-α-tocopherol, 

by an acetic acid moiety linked to the phenolic oxygen at carbon 6 of the chroman head 

by an ether linkage.  VES differs from α-TEA in that a succinic acid moiety is linked by 

an ester linkage to the phenol at carbon 6 of the chroman head (Fig. 2.1).  α-TEA, like 

VES, is capable of inducing human breast (MCF-7, MDA-MB-231, MDA-MB-435), 

ovarian (CP-70), cervical (ME-180), endometrial (RL-952), prostate (LnCaP, PC-3, DU-

145), colon (HT-29, DLD-1), lung (A-549), and lymphoid (Raji, Ramos, Jurkat) cells to 

undergo apoptosis.  Also like VES, α-TEA does not induce apoptosis in normal human 

mammary epithelial cells or normal PrEC human prostate epithelial cells. 

α-TEA is a lipid, which is insoluble in water and well suited for liposomal 

formulation and deliver by aerosol nebulization.  Chemotherapeutic drugs delivered to 

the lungs of mice in liposome via aerosol increases drug concentrations in the lungs and 

other organs when compared to intramuscular (i.m.) injections.  This method of drug 

formulation and delivery has been shown increase drug effectiveness against growth of 
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breast, lung, and colon xenografts transplanted into nude mice, in compared to either i.m. 

injection or p.o. administration (Koshkina, 1999; Knight, 1999).  Furthermore,  liposomal 

drug formulations for delivery by aerosol is highly effective against metastasis of 

melanoma and osteosarcoma to the lungs in mice (Koshkina, 2000).    IN addition to 

increased efficacy, liposomal drug formulations delivered by aerosol are well tolerated by 

humans (Waldrep, 1997).  α-TEA was tested in this study using either oral (peanut oil 

vehicle) or aerosol (liposome vehicle) delivery.  

 In this paper we report that α-TEA, a novel RRR-α-tocopherol analog, is a potent 

concentration- and time-dependent inducer of apoptosis of murine mammary tumor cells 

in vitro and can effectively inhibit s.c. murine mammary tumor burden and lung 

metastasis when formulated in liposomes and delivered by aerosolization.  

  

MATERIALS AND METHODS 
 
 α-TEA Production in Sufficient Quantity for Animal Studies.  For scaled-up 

production, α-TEA was prepared as follows: NaH (5.0 g, 124.9 mmol) was suspended in 

dry tetrahydrofuran (THF; 300 ml) and stirred under argon at 0 ˚C for 10 min prior to the 

addition via cabbula of RRR-α-tocopherol (ICN Biomedicals) (41.3 g, 96.1 mmol) that 

was dissolved in 100 ml of dry THF. This mixture was stirred at 0 ˚C for 15 min while 

under argon pressure, then ethyl bromoacetate (19.26 g, 115.3 mmol) was added via 

syringe.  The reaction was monitored by thin layer chromatography (hexane : ethyl 

acetate = 10 : 1 , Rf = 0.65) and  was completed in 3.5 h. The reaction mixture was diluted 

with 150 ml of CH2Cl2, washed with saturated NaCl solution (150 ml x 3 ) until the 
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organic phase was clear, dried over anhydrous Na2SO4, and the solvent removed under a 

reduced pressure.  The crude product still contained a small amount of free α-tocopherol 

which could be removed by column chromatography on silica gel using hexane: ethyl 

acetate  (30 : 1 to 20 : 1) to yield pure product α-TEA ethyl ester (41.6 g, 84%). 

 The α-TEA ethyl ester (21.0 g, 40.7 mmol) was dissolved in 250 ml of THF, then 

75 ml of 10% KOH (122.1 mmol) was added and the mixture stirred at room temperature 

for 6 hours. The reaction was monitored by thin layer chromatography (CHCl3 : MeOH : 

CH3COOH = 97 : 2.5 : 0.5, Rf = 0.18) and was quenched with 100 ml of water.  The 

solution was adjusted to pH 3 using 1N HCl and the product extracted with CH2Cl2 (100 

ml x 4), washed with saturated NaCl solution, dried over Na2SO4 and the solvent was 

removed under a reduced pressure, providing the final product α-TEA as a white waxy 

solid (18.5 g, 93%) with a melting point of 54-55 ˚C. 

  Murine Mammary Tumor Cell Line.  66cl-4-GFP cells are a mouse mammary 

tumor cell line originally derived from a spontaneous mammary tumor in a Balb/cfC3H 

mouse and later isolated as a 6-thioguanine-resistant clone (Dexter, 1978; Miller, 1983).  

Subsequently these cells were stably transfected with the enhanced green fluorescent 

protein (GFP), by L-Z. Sun (one of the authors).  66cl-4-GFP cells are highly metastatic, 

with approximately 40% of animals developing visible macroscopic metastases and 

100% of animals developing florescent microscopic metastases in the lungs 26 days 

following subcutaneous (s.c.) injection of 2 X 105 tumor cells into the inguinal area.  

Prior to use in these studies, cells were sent to the University of Missouri Research 

Animal Diagnostic and Investigative Laboratory (RADIL; Columbia, MO) where they 
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were certified to be pathogen free.  66cl-4-GFP cells were maintained as monolayer 

cultures in growth media:  McCoy’s media (Invitrogen Life Technologies, Carlsbad, CA) 

was supplemented with 10% fetal bovine serum (FBS, Gemini Bio-Products, Woodland, 

CA), 100 µg/ml streptomycin, 100 IU/ml penicillin, 1 X (vol/vol) non-essential amino 

acids, 1X (vol/vol) MEM vitamins, 1.5 mM sodium pyruvate, and 50 µg/ml gentamicin 

(Sigma Chemical Co., St. Louis, MO).  Treatments were given using this same McCoy's 

supplemented media except FBS content was reduced to 5%.  Cultures were routinely 

examined to verify absence of mycoplasma contamination.  

 Determination of Apoptosis by Morphological Evaluation of DAPI-Stained 

Nuclei.  Apoptosis was determined using previously published procedures (Yu, 1999).  

Briefly, 1 x105 cells/well in 12-well plates were cultured overnight to permit attachment.  

Next, the cells were treated with α-TEA, VES (Sigma) or ethanol control (0.1% ethanol 

F.C. vol/vol) in experimental media at various concentrations of α-TEA and VES for 

various time intervals.  After treatment, floating cells plus scraped-released adherent cells 

were pelleted by centrifugation for 5 min at 350 X g, washed one time with phosphate 

buffered saline (PBS; 137 mM NaCl, 2.7 mM KCL, 10.4 mM Na2HPO4, 10.5 mM 

KH2PO4;  pH 7.2), and stained with 2 µg/ml of 4’,6-diamidino-2-phenylindole 

dihydrochloride (DAPI, Boehringer Mannheim, Indianapolis, IN) in 100% methanol for 

15 min at 37˚C.  Cells were viewed at 400X magnification with a Zeiss ICM 405 

fluorescent microscope using a 487701 filter.  Cells in which the nucleus contained 

condensed chromatin, or cells exhibiting fragmented nuclei, were scored as apoptotic.  

Data are reported as percentage of apoptotic cells per cell population (i.e. number 
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apoptotic cells/total number of cells counted).  Three different microscopic fields were 

examined and 200 cells counted at each location for a minimum of 600 cells counted per 

slide.  Apoptotic data are presented as mean ± S.D. for three independently conducted 

experiments.   

 Western Immunoblot Detection of Poly (ADP-Ribose) Polymerase (PARP) 

Cleavage Fragment.   PARP cleavage was analyzed as an alternate method for detecting 

apoptosis.  66cl-4-GFP cells were treated as described above for the DAPI assay.  

Following the PBS wash, cells were suspended in lysis buffer [1X PBS, 1% Nonidet P-

40, 0.5% sodium deoxycholate, 0.1% sodium dodecyl sulfate (SDS), 1 µg/ml leupeptin, 1 

µg/ml aprotinin, 1mM dithiothreitol (DTT), 2 mM sodium orthovanadate, 10 µg/ml 

phenylmethylsulfonyl fluoride (PMSF)] for 30 min at 4˚C, vortexed, and supernatants 

collected by centrifugation at 15,000 X g for 10 min.  Protein concentrations were 

determined using the Bio-Rad (Bradford) protein assay (Bio-Rad Laboratories, Hercules, 

CA), and samples (100 µg/lane) resolved on 7.5% SDS-polyacrylamide gels  

electrophoresed under reducing conditions.  Proteins were electroblotted onto a 

nitrocellulose membrane (0.2 µM pore Optitran BA-S-supported nitrocellulose;  

Schleicher and Schuell, Keene, NH).  After transfer, membranes were blocked with 

blocking buffer [25 mM Tris-HCl (pH 8.0), 125 mM NaCl, 0.5% Tween-20, and 5% non-

fat dry milk] for 45 min at room temperature.  Immunoblotting was performed using 1 µg 

of primary rabbit anti-human PARP antibody [PARP (H-250), Santa Cruz Biotechnology, 

Santa Cruz, CA], and horseradish peroxidase-conjugated goat anti-rabbit 

immunoglobulin was used as the secondary antibody (Jackson Immunoresearch 
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Laboratory, West Grove, PA) at a 1:3,000 dilution.  Horseradish peroxidase-labeled 

bands from washed blots were detected by enhanced chemiluminescence (Pierce, 

Rockford, IL) and autoradiography (Kodak BioMax film;  Rochester, NY).     

Balb/c Mice.  Female Balb/cJ mice at 6 weeks of age (approximate 25 gm in 

weight) were purchased from Jackson Labs (Bar Harbor, ME), and were allowed to 

acclimate at least one week.  Animals were housed at the Animal Resource Center at the 

University of Texas at Austin at 74 ± 2˚F with 30-70% humidity and a 12 h alternating 

light-dark cycle.  Animals were housed 5/cage and given water and standard lab chow 

(Harlan Teklad #2018 Global 18% Protein Rodent Diet;  Madison, WI) ad libitum.  

Guidelines for the humane treatment of animals were followed as approved by the 

University of Texas Institutional Animal Care and Use Committee.   

Tumor Cell Inoculation.  66cl-4-GFP cells were harvested by trypsinization, 

centrifuged and resuspended in McCoy’s media, containing no supplements, at a density 

of 2 X 105 /100µl.  Mice were injected in the inguinal area at a point equal distance 

between the 4th and 5th nipples on the right side using a 23 gauge needle. 

 50 mice were assigned (10 per group) into 5 groups [(Group 1: untreated control, 

Group 2: liposome/aerosol control, Group 3: liposomal α-TEA aerosol treatment, Group 

4: peanut oil+EtOH/gavage control, Group 5: α-TEA in EtOH +peanut oil/gavage 

treatment) such that the mean tumor volume of each group was closely matched.  Each 

group had an average tumor volume/group = 6.35 mm3 at the start of treatments which 

were begun nine days following tumor cell inoculation.  Ten additional mice, not injected 

with tumor cells, were treated with aerosol or oral α-TEA (5 each) for 17 days, removed 
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from treatment and observed for an additional 11 months to evaluate long term safety. 

Tumors were measured using calipers every other day, and volumes were calculated 

using the formula:  volume (mm3) = [width (mm)2 X length (mm)] /2 (Clarke, 1997).   

Body weights were determined weekly.      

Preparation of α-TEA Solubilized in Peanut Oil for Delivery by Gavage.  α-

TEA was dissolved in 100% ethanol (400 mg/ml) and then mixed with peanut oil (100% 

peanut oil;  nSpired Natural Foods, San Leandro, CA) at a ratio of 1 : 8 (v/v).  Control 

treatment consisted of equivalent amounts of ethanol and peanut oil as contained in the α-

TEA treatment.  The mixtures were vortexed vigorously, stored at 4º C, and brought back 

to room temperature and re-vortexed vigorously immediately prior to administration.  

Preparation of α-TEA Liposomes for Delivery by Aerosol.  An α-

TEA/liposome ratio of 1 : 3 (w/w)  was determined empirically to be optimal by methods 

previously described (Knight, 1999).  To prepare the α-TEA/lipid combination, the 

components were first brought to room temperature.  The lipid [1,2-dilauroyl-sn-glycero-

3-phosphocholine (DLPC); Avanti Polar-Lipids, Inc., Alabaster, AL] at a concentration 

of 120 mg/ml was dissolved in tertiary-butanol (Fisher Scientific, Houston, TX), and then 

sonicated to obtain a clear solution.  α-TEA at 40 mg/ml was also dissolved in tertiary-

butanol and vortexed until all solids were dissolved.  The two solutions were then 

combined in equal amounts (v:v) to achieve the desired ratio of 1:3 α-TEA/liposome, 

mixed by vortexing, frozen at –80º C for 1-2 h, and lyophilized overnight to a dry powder 

prior to storing at –20˚C until needed.  Each treatment vial contained 75 mg α-TEA. 
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Aerosol Delivery.  Aerosol was administered to mice as previously described 

(Knight, 1999).  Briefly, an air compressor (Easy Air 15 Air Compressor; Precision 

Medical, Northampton, PA) producing a 10L/min airflow was used with an AeroTech II 

nebulizer (CIS-US, Inc. Bedford, MA) to generate aerosol.  The particle size of α-TEA 

liposome aerosol discharged from the AeroTech II nebulizer was determined using an 

Anderson Cascade Impactor to have a mass median aerodynamic diameter (NMAD) of 

2.01 µm, with a geometric standard deviation of 2.04.  About 30% of such particles when 

inhaled will deposit in the respiratory tract of the mouse and the remaining 70% will be 

exhaled (Knight, 1999).  Aerosolized liposomal drug delivery also includes oral ingestion 

due to swallowing of nasal and lung mucus secretions and in mice, there is the added oral 

ingestion factor created by their inborn grooming behavior which rapidly facilitates the 

translocation of any drug deposited onto the fur into the digestive tract (Knight, 1999).     

Prior to nebulization, the α-TEA/lipid powder was brought to room temperature 

and reconstituted by adding 3.75 ml distilled water to achieve the final desired 

concentration of 20 mg/ml α-TEA.  The mixture was allowed to swell at room 

temperature for 30 min with periodic inversion and vortexing, and then added to the 

nebulizer.  Mice were placed in plastic cages (7x11x5 in.) with a sealed top in a safety 

hood. Aerosol entered the cage via a 1 cm accordion tube at one end and was discharged 

at the opposite end, using a one-way pressure release valve. Animals were exposed to 

aerosol until all α-TEA / liposome was aerosolized (approximately 15 min).  
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Oral Delivery.  α-TEA /peanut oil mixture was brought to room temperature and 

re-vortexed vigorously immediately prior to administration by gavage 100 µl/mouse per 

day (F.C. 5 mg α-TEA/mouse/day).   

Lung Metastasis.  Macroscopic metastases in all five lung lobes were counted 

visually at time of sacrifice.  Fluorescent microscopic metastases were counted using a 

Nikon fluorescence microscope (TE-200; 200 x magnification).  For analyses, lung tissue 

(left lung lobes) was flattened and the entire surface (top and bottom) scored for 

fluorescent green microscopic metastases. Fluorescent microscopic metastases were 

scored by size into three size grouping: < 20 µm, 20-50 µm, and  > 50 µm.  Based on a 

typical 66cl-4-GFP tumor cell size of 10-20 µm in diameter, the < 20 µm grouping is 

thought to represent solitary cells; the 20-50 µm grouping two to five cells; and the > 50 

µm grouping microscopic metastases of greater than two to five cells. 

TUNEL Assay for Detection of Apoptosis in Vivo.  Deparaffinized sections (5 

µm) of tumor tissue were used to assess apoptosis using reagents supplied in the 

ApopTag In Situ Apoptosis Detection kit (Intergen, Purchase, NY), according to the 

manufacturer's instructions. Nuclei that stained brown were scored as positive for 

apoptosis and those that stained blue were scored as negative.  At least sixteen 400X 

microscopic fields were scored per tumor.   Data are presented as the mean ± S. E. 

number of apoptotic cells counted in three separate tumors from each group.  

Statistical Analyses.  Animal numbers for experiments were determined by 

power calculations derived from data generated by preliminary pilot studies.   Tumor 

growth was evaluated by transforming volumes using a logarithmic transform (base 10) 
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and analyzed using a nested two-factor analysis of variance using SPSS (SPSS, Inc, 

Chicago, IL).  Difference in number of fluorescent microscopic metastases per group 

were determined using the Mann-Whitney rank test using Prism software version 3.0 

(Graphpad, San Diego, CA).  A level of p < 0.05 was regarded as statistically significant. 

   

RESULTS 
 

VES and α-TEA Induce Apoptosis in 66cl-4-GFP cells, In Vitro.   Previous 

studies indicate that VES is a potent apoptotic inducer in many human cancer cell lines, 

including breast cancer.   For comparative purposes, we included VES in the in vitro 

analyses of α−TEA induced apoptosis.  Balb/c mammary cancer 66cl-4-GFP cells were 

treated with VES or α-TEA, and apoptosis was assessed by morphological analyses of 

DAPI stained cells for condensed nuclei and fragmented DNA. 

Nuclei from 66cl-4-GFP cells treated with 10 µg/ml α-TEA or VES for three days 

exhibited condensed and fragmented DNA, characteristics of apoptosis; whereas, nuclei 

from untreated cells did not exhibit these morphological characteristics (Fig. 2.2A).   The 

level of apoptosis of 66cl-4-GFP cells treated for three days with 2.5, 5, 10, or 20 µg/ml 

α-TEA or VES in comparison to controls was 2.5-, 3-, 17- and 24-fold higher for α-TEA 

and 1.5-, 2.5-, 8-, and 17-fold higher for VES (Fig. 2.2B).  Untreated, VEH, and EtOH 

controls exhibited background levels of apoptosis:  2, 2, and 3%, respectively (Fig. 2.2B).  

 α-TEA was shown to induce apoptosis in a time-dependent manner.  66cl-4-GFP 

cells treated with 10 µg/ml α-TEA for 2-5 days exhibited 10-, 18- 24- and 28-fold 

increases in apoptosis over baseline (2%), respectively (Fig. 2.2C).   Induction of 
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apoptosis was confirmed by the presence of PARP cleavage following treatment of 66cl-

4-GFP cells with 5, 10, or 20 µg/ml α-TEA for 48 hours (Fig. 2.2D).  The 84 kDa 

cleavage fragment of PARP was evident at both 10 and 20 µg/ml α-TEA treatment; 

whereas, only intact PARP protein was detected in cells treated with 5 µg/ml α-TEA or in 

the untreated control cells (Fig. 2.2D). 

Aerosol Characteristics of α-TEA Incorporated into Liposomes. HPLC 

analyses were conducted on α−TEA liposomes recovered from aerosol collected with an 

All Glass Impinger (Ace Glass Co., Vineland, NJ).   An estimate of the amount of 

aerosolized α-TEA delivered per mouse per treatment was derived from the following 

formula (18):  delivered drug dose = drug concentration (µg/L) x volume of air intake per 

minute per unit of body weight  (1 ml /min/ gm body weight) x duration of drug delivery 

in minutes x estimated percentage of aerosolized drug deposited in the respiratory tract, 

which includes the nose, trachea, and lungs (30%).  Based on this formula, we estimate 

that 36 µg of α-TEA was deposited in the respiratory tract of each mouse each day.   

Thus, for the 17 day treatment period, we estimate that each mouse received 612 µg of α-

TEA from liposomal aerosol delivery.  Although mice received 5 mg/day for 13 days of 

treatment by gavage for a total of 65 mg, we do not know the bioavailability of α-TEA 

delivered by this method. 

 Liposomal α-TEA/Aerosol Treatment Suppressed 66cl-4-GFP Tumor 

Growth in Balb/c Mice and Reduced Lung Macroscopic and Microscopic 

Metastases.  Mean tumor volumes of the liposomal α-TEA/aerosol treatment group, in 

comparison to aerosol control, was significantly lower over 17 days of treatment (p < 
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0.001; Fig. 2.3A).  At sacrifice, all five lung lobes from each animal were examined 

visually for macroscopic metastases.  No visible macroscopic metastases were seen in the 

α-TEA treatment group; whereas, 40% each of untreated and aerosol control animals 

exhibited macroscopic metastases with an average of 3.25 ± 1.7 and 4.25 ± 0.5 visible 

tumors/animal, respectively (Table 2.1).  Use of a Nikon fluorescence microscope 

permitted measurement of green fluorescing microscopic metastases into three size 

groupings (< 20 µm, 20-50 µm, and > 50 µm).  Since the tumor cells are approximately 

10-20 µm in diameter, the microscopic metastases scored as < 20 µm most likely 

represent single cells.   This analysis showed a decrease in microscopic metastases of all 

three size groupings in the α-TEA treatment group in comparison to either the aerosol or 

untreated controls (Fig. 2.3B).  The mean number of microscopic metastases in the α-

TEA treatment group (11.4 ± 3.5; N= 8 ), in comparison to aerosol control (60.0 ± 15; N 

= 10), was significantly reduced (p < 0.002).  Although the mean number of microscopic 

metastases in the aerosol control group versus the untreated control (N = 10) was reduced 

(60±15.2  versus 101.7± 17.0), the difference was not significant (p <0.063; Fig. 2.3B). 

 Although this exact experiment has not been repeated, we have conducted several 

studies evaluating the anti-tumor properties of α-TEA using the 66cl-4-GFP syngeneic 

mammary cancer model.  Data from experiments comparing the anti-tumor properties of 

aerosolized α-TEA formulated in liposomes with different aerosolized vitamin E 

compounds, and data from an experiment comparing α-TEA alone and in combination 

with 9-nitrocamptothecin, consistently and repeatedly show that tumor volume, visible 
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macroscopic lung metastases, and fluorescent microscopic lung metastases are 

significantly reduced in comparison to controls (unpublished data). 

Delivery of α-TEA by Gavage Did Not Reduce Tumor Burden at the 

Subcutaneous Inoculation Site But Did Reduce the Number of Lung Microscopic 

Metastases.   In contrast to liposomal α-TEA/aerosol treatment, mean tumor volumes 

from mice receiving 5 mg/day/mouse α-TEA formulated in peanut oil by gavage did not 

differ from the mean tumor volume of the gavage control (Fig. 2.4A).  However, 

administration of α-TEA by gavage significantly reduced the number of lung microscopic 

metastases (21.2± 3.5 vs 65.5 ±15.3; p < 0.0021; N = 10 for both groups).  The average 

numbers of microscopic metastases, based on three size groupings (< 20 µm, 20-50 µm, 

>50 µm), were 6.8 ± 1.5, 11.3 ± 1.8 and 3.1 ± 1.2 for mice administered α-TEA by 

gavage; whereas, average numbers of microscopic metastases in gavage control mice 

were 27.9 ± 9.0, 29.2 ±  6.3, and 8.4 ± 1.5, respectively (Fig. 2.4B).  

No differences in mean body weights among any of the treatment or control 

groups were observed (data not shown).  Non-tumor bearing mice that were treated with 

either aerosol/α-TEA or gavage/α-TEA for 17 days and then kept for eleven months to 

assess long term effects did not show any adverse effects of the α-TEA treatments. 

Histological Evaluation of Tumors.  Tumors from aerosol control and α-TEA-

treated animals were examined following H & E staining.  No evidence for α-TEA-

induced differentiation was seen, since tumors from both control and α-TEA treated 

animals were judged to be poorly differentiated spindle cell carcinomas with high mitotic 

index.    



34 

Induction of Apoptosis by α-TEA in Vivo.  In view of the in vitro data showing 

that α-TEA inhibits 66cl-4-GFP tumor cell growth via induction of apoptosis, three 

tumors from each of the liposomal α-TEA/aerosol treatment and aerosol control groups 

were examined for apoptosis using TUNEL staining of 5 micron tumor sections.  Tumors 

from mice treated with α-TEA had a mean ± S.E. of 2.04 ± 0.23 apoptotic cells/field; 

whereas, tumors from aerosol control mice had a mean ± S.E. of 0.67 ± 0.15 apoptotic 

cells/field (Fig. 2.5).  

 
 
DISCUSSION 
 

Analyses of natural occurring vitamin E compounds and vitamin E analogs for 

anti-tumor activity for breast cancer has been reviewed recently (Schwenke, 2002).   Our 

goal in developing α-TEA is to produce and characterize a tocopherol based anti-tumor 

agent with favorable characteristics suitable for use in humans.  Studies reported here 

demonstrate that the novel vitamin E derivative referred to as α-TEA is an effective anti-

tumor agent, inducing 66cl-4-GFP cells to undergo apoptosis both in vitro and in vivo.  

Furthermore, α-TEA reduces lung metastasis, and does not exhibit toxicity to normal 

cells and tissues in vivo.  

Structurally, vitamin E (RRR-α-tocopherol) consists of a chroman head with two 

rings: one phenolic and one heterocyclic, and a saturated phytyl tail (Fig. 2.1; Kamal-

Eldin, 1996).  α-TEA is a synthetic derivative of vitamin E (RRR-α-tocopherol) with a 

non-hydrolyzable acetic acid moiety attached to the #6 carbon of the phenolic ring of the 

chroman head by an ether linkage (Fig. 2.1).  In contrast, VES has an ester linked 
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succinic acid moiety attached to the #6 carbon of the phenolic ring of the chroman head 

(Fig. 2.1).  Thus, α-TEA should be resistant to hydrolysis by cellular esterases, possibly 

providing a superior apoptotic inducing agent for in vivo use in comparison to VES.  

This is the first report of the anti-tumor properties of α-TEA, both in vitro and in 

vivo.   There are numerous studies showing that natural vitamin E (RRR-α-tocopherol) 

does not possess anti-tumor properties for epithelial cells, and that VES has the ability to 

induce tumor cells of epithelial origin to undergo apoptosis (Prasad, 1982; Prasad, 1992; 

Schwartz, 1992; Fariss, 1994; Kline, 1998; Kline 2001; Neuzil, 2001a; Malafa, 2000; 

Malafa, 2002; Neuzil, 2001b; Weber, 2002; Barnett, 2002; Wu, 2001; Yu, 2001).   VES 

has been shown to exhibit anti-tumor properties when administered i.p., but not by 

gavage, with the exception of experiments involving stomach cancer (Malafa, 2000; 

Malafa, 2002; Neuzil, 2001b; Weber, 2002; Barnett, 2002; Wu, 2001).  In this study, we 

choose to administer α-TEA either via liposomal/aerosol or gavage, which are two 

established delivery methods for treatment of cancers both in clinical and home 

environments. 

Administration of α-TEA by aerosol was superior to administration by gavage in 

these studies in that α−TEA administered by gavage did not reduce tumor burden at the 

site of s.c. tumor injection in comparison to tumor burden of control mice.   Nevertheless, 

it is of interest that the number of lung microscopic metastases were reduced in 

comparison to control when α-TEA was administered by gavage, suggesting that α-TEA 

might be effective via this route of administration.  Recent preliminary experiments 

employed gavage delivery of a liposomal α-TEA formulation rather than the ethanol-
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peanut oil α-TEA formulation used in these studies and treatments were administered 

twice a day to achieve a higher daily dose (6 mg/day/mouse) rather than the once a day 

treatment schedule used in these studies to achieve a total daily dose of 5 mg/day/mouse.  

Liposomal α-TEA delivered by gavage significantly reduced tumor burden (p < 0.001) 

and resulted in zero animals exhibiting lung macroscopic metastases and significantly 

reduced lung microscopic metastases in comparison to gavage control (21.5 ± 4.9 versus 

52.7 ± 4.2;  p < 0.0005) following 21 days of treatment (unpublished data). 

 Regarding lung metastasis, it is important to point out some differences in the 

experimental protocol used in these studies in comparison with studies describing the 

metastatic nature of the parental 66cl-4 cells (Miller, 1983).  In the studies by Miller et al. 

(Miller, 1983) the parental 66cl-4 cells were injected s.c., and permitted to grow to 12 x 

12 mm (4 to 7 weeks after tumor cell injection).  Primary tumors were surgically 

removed and animals sacrificed 3 weeks later.  Using this experimental protocol 89% of 

the animals exhibited macroscopic metastases.  In contrast, in our studies the GFP 

transfected subline of 66cl-4 cells were injected s.c., and the primary tumors were 

permitted to grow for 26 days, at which time primary tumors and lung metastases, both 

visible macroscopic and fluorescent microscopic metastases, were assessed. Using this 

experimental protocol, 40% of control animals (both untreated control and aerosol 

control) had visible macroscopic metastases in the lungs, while none (0%) of the α-TEA 

treated animals had visible macroscopic metastases in the lungs (Table 2.1); whereas, 

100% of control and α-TEA treated animals exhibited fluorescent microscopic 

metastases. 
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Regarding the < 20 µm grouping of microscopic metastases, based on recent 

studies by Chambers and colleagues (Naumov, 2002; MacDonald, 2002), solitary tumor 

cells such as these may be potential contributors to dormancy.  If such cells remain viable 

in sufficiently large numbers, they could contribute to metastatic recurrence after a period 

of clinical dormancy.  Whether or not the fluorescent microscopic metastases seen in the 

studies reported here represent viable cells; namely cells that could be removed and 

demonstrated to grow both in cell culture and following injection into the mammary fat 

pad, remains to be determined.  Nevertheless, it is interesting to note that α-TEA was 

very effective in markedly decreasing the number of these small fluorescent microscopic 

metastases, as well as the larger microscopic metastases following both aerosol or oral 

treatment. 

In an effort to try to address the question of whether or not α-TEA is preventing 

tumor cells from trafficking from the primary subcutaneous tumor to the lungs via the 

lymphatic system, we have counted fluorescent tumor cell foci in the axillary and 

brachial lymph nodes.  In these experiments we observed that aerosolized, liposomal 

formulated α-TEA treatments significantly reduced the number of fluorescent tumor cell 

foci in the lymph nodes in comparison to aerosol treated controls (0.38 ± 0.1 versus 7.0 ± 

1.6;  p < 0.0001).  This suggests that α-TEA may be having an effect on the process of 

metastasis, but more studies are needed (unpublished data).       

In summary, data reported here are promising in that they show that a novel 

vitamin E analog exhibits the ability to decrease primary tumor burden and reduce lung 

metastasis in a rather rapid and aggressive syngeneic tumor model without any overt 
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toxic effects when administered by a clinically relevant route; namely, aerosol delivery.  

Increased rates of tumor cell apoptosis imply that the anti-tumor effect is due, at least in 

part, to analog triggering of tumor cell death.  The mechanism of how α-TEA reduces 

lung metastasis in this model system is unknown and warrants further investigation.   
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Table 2.1  66cl-4-GFP Mammary Cancer Cell Lung Metastasis in Balb/c Mice Receiving 

Liposomal α-TEA or Liposome Control by Aerosol or No Treatment 

________________________________________________________________________ 

Treatments                          # Animals/Group with                          # Visible Lung  
                                        Visible Lung Macroscopic                 Macroscopic Metastases  
                                                   Metastasesa                                                               /Animalb 
________________________________________________________________________ 

No Treatment 4 / 10                                        3.25 ± 1.7  

Aerosol/ Liposome Control 4 / 10                                        4.25 ± 0.5 

Aerosol/ Liposomal α-TEA 0 / 10          0  

  

________________________________________________________________________ 

 
a
 Macroscopic metastases in all five lung lobes for each animal in all treatment groups 

were counted visually at the time of sacrifice.  
b
Data are expressed as the mean ± S.D. of visible lung macroscopic metastases observed 

in the four lung macroscopic metastases bearing animals in the two control groups. 
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Fig. 2.11.  Structures for RRR-α−tocopherol, VES and α-TEA.  Common names for 
RRR-α-tocopherol are d-α-tocopherol or natural vitamin E.  Chemical name is 2, 5, 7, 8-
tetramethyl-2-(4',8',12'-trimethyltridecyl)-6-chromanol. Mr = 430.69,  Empirical Formula 
= C29H50O2.  Common names for VES are d-α-tocopheryl succinate, d-α-tocopherol acid 
succinate, and RRR-α-tocopheryl succinate. Mr = 530.76,  Empirical Formula = 
C33H54O5.   Common name for α-TEA is ethyl 6-0-carboxymethyl-α-tocopherol.  
Chemical name is 2, 5, 7, 8-tetramethyl-2R-(4R,8R,12-trimethyltridecyl)chroman-6-
yloxyacetic acid, referred to as RRR-α-tocopheryloxyacetic acid or RRR-α-tocopherol 
ether-linked acetic acid analog. Mr = 488,  Empirical Formula = C31H52O4. 
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Fig. 2.2.  Documentation of α-TEA induced apoptosis.  A, 66cl-4-GFP murine mammary cells 
were treated with 10 µg/ml of α-TEA or VES (positive control) or untreated and cultured for 3 
days.  Cells were harvested, nuclei were labeled with the fluorescent DNA-binding dye DAPI and 
cells were examined using a Zeiss ICM 405 fluorescent microscope (400 x), using a 487701 
filter.  Nuclei of cells with condensed chromatin or fragmented nuclei were scored as apoptotic.  
Data are representative of numerous experiments.  B & C, Analyses of nuclei of DAPI stained 
cells show α-TEA to induce apoptosis in a concentration- and time- dependent manner.  Data are 
depicted as mean ± S. D. of three separate experiments.  D,  Additional evidence of α-TEA 
induction of apoptosis by poly (ADP-ribose) polymerase (PARP) cleavage.  66cl-4-GFP cells 
were treated with 5, 10, or 20 µg/ml α-TEA for 48 hours, cellular lysates were analyzed for 
PARP cleavage by western immunoblot analyses.  Data are representative of 3 separate 
experiments. 
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Fig.2.3.  Liposomal α-TEA delivery by aerosol inhibits tumor burden and microscopic   
metastases in the lung.  A, 66cl-4-GFP cells at 2 x 105/mouse were injected into the inguinal area 
at a point equal distance between the 4th and 5th nipples.  Nine days after tumor injection, mice 
were assigned to control and α-TEA treatment groups such that the mean tumor volume of each 
group was closely matched (average tumor volume / group = 6.35 mm3).  Mice (10/group) were 
not treated or treated daily with liposomal α-TEA/aerosol (75 mg/cage/day) or aerosol only for 
17 days.  Tumor volume/mouse was determined at two-day intervals.  Tumor volumes (mm3) are 
depicted as mean ± S.E.  B, With the aid of a Nikon fluorescent microscope, the number of 
fluorescent microscopic metastases on the surface (top and bottom) of flattened left lung lobes 
from liposomal α-TEA/aerosol (8 mice), aerosol only (10 mice), and untreated mice (10 mice) 
were determined.  Data are depicted as mean ± S. E.  
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Fig. 2.4.  A & B, α-TEA administered by gavage does not inhibit primary tumor burden but does 
reduce lung microscopic metastases.  These studies were conducted in parallel with the studies 
described in Fig 3, and differ only in that the mice were treated daily by gavage with 5 mg α-
TEA dissolved in ethanol and peanut oil or ethanol + peanut oil vehicle control, and were treated 
for only 13 days.  Tumor volume and lung microscopic metastases data were determined as 
described in the legend to Fig. 2.3.  Data are depicted as mean ± S. E. 
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Fig. 2.5.  α−TEA induces 66cl-4-GFP cells to undergo apoptosis in vivo.  α-TEA 
induction of apoptosis was determined using 5 µm tumor sections derived from liposomal 
α-TEA/aerosol treatment and liposome aerosol control group animals (N = 3).  Apoptotic 
cells were determined using ApopTag In Situ Apoptosis Detection kit (Intergen, 
Purchase, NY). 
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Chapter 3 
 

 
Ability of Vitamin E Analog α−TEA to Reduce 66cl-4-GFP Syngeneic Mouse 

Mammary Tumor Burden and Metastasis is Independent of Route of 

Administration 
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ABSTRACT 

The ability of a non-hydrolyzable ether analog of RRR-α-tocopherol, 2,5,7,8-

tetramethyl-2R-(4R, 8R, 12-trimethyltridecyl)chroman-6-yloxyacetic acid (abbreviated α-

TEA) and RRR-α-tocopheryl succinate (VES) to inhibit tumor cell growth in vitro, and to 

inhibit tumor burden and metastases in vivo were compared, using Balb/c mouse 66cl-4-

GFP mammary tumor cells in culture and transplanted into Balb/c mice.  Treatment of 

66cl-4-GFP cells in culture with 2.5, 5, 10, or 20 µg/ml of α-TEA or VES for 3 days 

produced 5, 6, 34 and 50% or 3, 5, 16, and 34% apoptosis, respectively.  DNA synthesis 

arrest data showed that in vitro treatments using α-TEA or VES at 2.5, 5, 10, or 20 µg/ml 

arrested DNA synthesis by 11, 17, 34, 82% and 9, 14, 30, and 54%, respectively.  

Liposomal formulation of α-TEA delivered to tumor bearing mice by aerosol or orally 

significantly reduced subcutaneous tumor burden, and lung and lymph node metastasis.  

Liposomal formulation of VES delivered to tumor bearing mice by aerosol significantly 

reduced subcutaneous tumor burden and lung metastasis, but did not significantly affect 

lymph node metastases.  Liposomal formulated VES delivered to tumor bearing mice 

orally did not reduce primary tumor burden, and had no effect on metastases.  Analyses 

of 5 µm tumor tissue sections for inhibition of cell proliferation by Ki-67 staining and 

apoptosis by TUNEL staining show α-TEA significantly reduced cell proliferation and 

increased apoptosis in comparison to control; whereas, VES reduced both cell 

proliferation and increased apoptosis, but not significantly, from control.  In summary, α-

TEA when formulated in liposomes and delivered via aerosolization or orally, shows 
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anti-cancer efficacy, whereas VES shows anti-cancer efficacy when formulated into 

liposomes and delivered via aerosolization, but not when delivered orally.  

 

INTRODUCTION 

Our lab has a long history of investigating the anti-tumor properties of natural and 

synthetic vitamin E compounds with major emphasis on using cancer cells in culture to 

analyze the cellular, molecular and biochemical events involved in the ability of a 

succinated derivative of RRR-α-tocopherol, RRR-α-tocopheryl succinate, vitamin E 

succinate (VES) to induce human cancer cells to undergo DNA synthesis arrest, 

differentiation, and apoptosis (Kline, 1998; Yu 1999; Israel, 2000; Yu, 2001; You, 2001; 

You, 2002; Yu, 2002).   VES is a potent inhibitor of epithelial cancer cell growth, 

inducing human breast, prostate, lung, colon, cervical, and endometrial cancer cells to 

undergo apoptosis in culture, but not normal epithelial cells (Kline, 1998; Yu, 1999; 

Israel, 2000; Yu, 2001; Yu, 2002; Neuzil, 2001a).   

Inhibition of cell proliferation by VES involves a G0/G1 cell cycle blockage, that 

is mediated, in part, by MAP kinases MEK1 and ERK1, and upregulation of the key cell 

cycle regulatory protein p21(waf1/cip1) (Yu, 2002).  VES induction of differentiation is 

characterized by morphological changes, elevated beta casein message, expression of 

milk lipids, elevated cytokeratin 18 protein and down-regulation of Her2/neu protein 

(You, 2001).  Differentiation is mediated, in part, by activation of MEK1, ERK1/2, and 

phosphorylation of the c-Jun protein (You 2001; You 2002).  VES has the ability to 

convert Fas/Fas ligand non-responsive tumor cells to Fas/Fas ligand responsiveness and 
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to convert transforming growth factor-beta (TGF-β) non-responsive tumor cells to TGF-β 

responsiveness, with both restored pathways converging on JNK/c-Jun, followed by 

translocation of Bax protein to the mitochondria, induction of mitochondria permeability 

transition, followed by cytochrome c release to the cytoplasm, activation of caspases 9 

and 3, cleavage of poly (ADP-ribose) polymerase (PARP), and apoptosis (Yu, 1999; Yu, 

2001; Yu, submitted 2002).   

Although VES has proven to be a potent anticancer agent in vitro and has 

provided important insights into anti-cancer signaling pathways, its basic structure has 

the potential of compromising its potency in vivo.  The succinate moiety of VES is linked 

to carbon 6 of the chroman head of RRR-α-tocopherol by an ester linkage.   As such, the 

ester linkage can be hydrolyzed by cellular esterases, yielding the antioxidant RRR-α-

tocopherol and succinic acid, neither of which exhibit anti-cancer properties (Kline, 1998, 

Fariss, 1994).   

VES administered intraperitoneally has shown promising therapeutic potential in 

animal xenograft and allograft models (Neuzil, 2001b; Weber, 2002; Malafa, 2000; 

Malafa, 2002; Barnett, 2002).  Furthermore, VES administered intraperitoneally or orally 

has been shown to exhibit inhibitory effects on benzo(a)pyrene-induced forestomach 

carcinogenesis in mice, suggesting a potential role as a chemopreventive agent (Wu, 

2001).  Although VES has been shown to be effective against carcinogen induced 

forestomach cancer when administered orally, VES delivered orally appears to be less 

effective in reducing tumors at other primary sites (Malafa, 2000) 
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In an effort to overcome the potential problem of cellular esterases hydrolyzing 

the ester linked succinate moiety of VES and rendering VES ineffective as an anti-cancer 

agent, our lab has developed a non-hydrolyzable ether analog of RRR-α-tocopherol; 

namely, 2,5,7,8-tetramethyl-2R-(4R, 8R,12-trimethyltridecyl)chroman-6-yloxyacetic acid 

(called RRR-α-tocopheryloxyacetic acid or RRR-α-tocopherol ether-linked acetic acid 

analog; and abbreviated α-TEA).  Like VES, the parent compound for making α-TEA is 

RRR-a-tocopherol, except α-TEA has an acetic acid moiety linked to the phenolic oxygen 

at carbon 6 of the chroman head of RRR-α-tocopherol by an ether linkage, whereas, VES 

has a succinic acid moiety linked by an ester linkage to the phenol at carbon 6 of the 

chroman head.   

α-TEA, like VES, is capable of inducing human breast (MCF-7, MDA-MB-231, 

MDA-MB-435), ovarian (A2780-CP-70), cervical (ME-180), endometrial (RL-952), 

prostate (LnCaP, PC-3, DU-145), colon (HT-29, DLD-1), lung (A-549), and lymphoid 

(Raji, Ramos, Jurkat) cells to undergo apoptosis.   The antioxidant properties of the 

parent compound, RRR-α-tocopherol, reside in the -OH moiety at carbon 6; thus, the 

anti-tumor properties of α-TEA and most likely VES are not antioxidant mediated.  Also 

like VES, α-TEA does not induce apoptosis in normal human mammary epithelial cells 

or normal PrEC human prostate epithelial cells (unpublished data).  

Recent in vitro mechanistic studies comparing α-TEA with VES show α-TEA to 

inhibit tumor growth by induction of apoptosis, involving restoration of Fas/Fas ligand 

and TGF-β signaling pathways that converge on JNK/MPT/caspase cascade, in a manner 

identical to VES (unpublished data).  Analyses of the mechanisms of action of α-TEA in 
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the transplantable, syngeneic 66cl-4-GFP mouse mammary cancer model show that α-

TEA treatment reduces tumor cell proliferation and induces tumor cells to undergo 

apoptosis (Lawson, 2003).  

Liposomal formulations of each compound was chosen for this study, since α-

TEA and VES are lipids and insoluble in water, and α-TEA/peanut oil formulation 

delivered orally was ineffective (Lawson, 2003.  Liposome formulations of α-TEA and 

VES can be administered several ways, including aerosol and gavage.  Aerosol delivery 

of lipophilic chemotherapeutic agents to mice has been shown to increase drug 

concentrations in the lungs and other organs compared to intramuscular or orally 

administration (Koshkina, 1999; Knight, 1999).  Furthermore, liposomal/aerosol drug 

delivery appears to be highly effective against pulmonary metastasis of melanoma and 

osteosarcoma in mice (Koshkina, 2000).  

 In this paper we compare the anti-cancer properties of α-TEA and VES in vitro 

and in vivo.   We show that α-TEA, and VES are potent inducers of DNA synthesis arrest 

and apoptosis of murine 66cl-4-GFP mammary tumor cells in vitro.  We also show that 

α-TEA and VES can effectively inhibit subcutaneous murine mammary tumor burden 

when formulated in liposomes and delivered by aerosolization.  α-TEA/liposome 

formulation administered by aerosol appears to be more effective in inhibiting lung and 

lymph node metastases than VES/liposome formulation administered by aerosol.  

Furthermore, α-TEA/liposome formulation delivered by gavage effectively inhibited 

subcutaneous murine mammary tumor burden and lung and lymph node metastasis. 
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However, VES/liposome formulation delivered by gavage was ineffective in inhibiting 

subcutaneous murine mammary tumor burden and lung and lymph node metastasis.  

 

MATERIALS AND METHODS 

α-TEA and VES.  VES was purchased from Sigma.   RRR-α-tocopherol (Sigma)  

served as the starting material for production of α-TEA.  For synthesis of α-TEA, RRR-α-

tocopherol has been modified by addition of an acetic acid moiety linked to the phenolic 

oxygen at the number 6 carbon of the chroman head by a nonhydrolyzable ether linkage.  

VES differs from α-TEA in that RRR-α-tocopherol has been modified by a succinic acid 

moiety linked to the phenolic oxygen at the number 6 carbon of the chroman head by a 

hydrolyzable ester linkage (Lawson, 2003).   

66cl-4-GFP Murine Mammary Tumor Cell Line.  66cl-4 cells were derived 

from a spontaneous mammary tumor in a Balb/cfC3H mouse and later isolated as a 6-

thioguanine-resistant clone (Dexter, 1978; Miller, 1983).  These cells were stably 

transfected with the enhanced green fluorescent protein and selected for a high degree of 

fluorescence by Dr. L-Z Sun (University of Texas Health Science Center in San Antonio, 

TX).  66cl-4-GFP cells have been shown to be highly metastatic with approximately 40% 

of animals developing visible macroscopic metastases and 100% of animals developing 

microscopic metastases detectable with fluorescent microscopy in the lungs 26 days 

following s.c. injection of 2 X 105 tumor cells into the inguinal area (Lawson, 2003).  

66cl-4-GFP cells were maintained as monolayer cultures in McCoy’s media (Invitrogen 

Life Technologies, Carlsbad, CA) supplemented with 10% fetal bovine serum (FBS, 
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Gemini Bio-Products, Woodland, CA), 100 µg/ml streptomycin, 100 IU/ml penicillin, 1 

X (vol/vol) non-essential amino acids, 1X (vol/vol) MEM vitamins, 1.5 mM sodium 

pyruvate, and 50 µg/ml gentamycin (Sigma Chemical Co., St. Louis, MO).  Cell culture 

experiments involved culturing the cells in this same McCoy's supplemented media, 

except that FBS content was reduced to 5%.  Cultures were routinely examined to verify 

absence of mycoplasma contamination.  

 Determination of DNA Synthesis by Incorporation of [3H]-Thymidine.  The 

effects of α-TEA and VES on inhibition of DNA synthesis of 66cl-4-GFP cells were 

determined by [3H] thymidine incorporation as described previously (Carpentier, 1993; 

Yu, 2002).  Briefly, 66cl-4-GFP cells at 1 x 105 cells/ml in 96 well plates were cultured 

with 2.5, 5, 10, or 20 µg/ml of α-TEA or with the same amounts of VES for 24 hours, 

adding 0.5 µCi [3H] thymidine six hours prior to harvesting the cells.  Cells were 

harvested and [3H] thymidine incorporation determined. 

 Determination of Apoptosis by Morphological Evaluation of DAPI-Stained 

Nuclei. Apoptosis was determined using previously published procedures (Lawson, 

2003; Yu, 1999).  Briefly, 1 x105 cells/well in 12-well plates were cultured overnight to 

permit attachment.  Next, the cells were treated with 2.5, 5, 10, or 20 µg/ml α-TEA or 

VES for three days.  Untreated, EtOH (0.1% ethanol F.C. vol/vol), or succinic 

acid/ethanol treated cells cultured in experimental media served as controls.  After 

treatment, floating and scraped-released adherent cells were pelleted, washed in 1 ml of 

PBS, re-suspended in 2 µg/ml 4’,6-diamidino-2-phenylindole dihydrochloride (DAPI) in 

100% methanol and viewed at 400 X using a Zeiss ICM 405 fluorescent microscope with 
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a 487701 filter.   Cells in which the nucleus contained condensed chromatin or cells 

exhibiting fragmented nuclei were scored as apoptotic, and data reported as percentage of 

apoptotic cells per cell population (i.e. number apoptotic cells/total number of cells 

counted).  Three different microscopic fields were examined and 200 cells counted at 

each location for a minimum of 600 cells counted per slide. 

 Colony Forming Assay.  66cl-4-GFP cells were seeded in 35 X 10 mm tissue 

culture plates (Nunclon, Rochester, NY), at increasing numbers ranging from 5.0 X 102– 

1.0 X 105 cells/plate.  Cells were allowed to adhere over night.  Next, the cells were 

treated with 1.25, 2.5, 5, or 10 µg/ml α-TEA or VES or untreated for ten days.  After ten 

days, media were removed, cells washed in PBS, and stained with 0.1% methylene blue 

in PBS.  Plating efficiency (PE) was determined by dividing the number of colonies 

present after ten days in the untreated plate by the number of cells seeded.  The surviving 

fraction of treated samples was determined as number of colonies present divided by 

number of cells seeded times PE. 

 Balb/c Mice.  Female Balb/cJ mice at 6 weeks of age (25 gm body weight) were 

purchased from Jackson Labs (Bar Harbor, ME), and were allowed to acclimate at least 

one week.  Animals were housed at the Animal Resource Center at the University of 

Texas at Austin at 74 ± 2˚F with 30-70% humidity and a 12 hour alternating light-dark 

cycle.  Animals were housed 5/cage and given water and standard lab chow (Harlan 

Teklad #2018 Global 18% Protein Rodent Diet; Madison WI) ad libitum.  Guidelines for 

the humane treatment of animals were followed as approved by the University of Texas 

Institutional Animal Care and Use Committee.   
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Tumor Cell Inoculation.  66cl-4-GFP cells were harvested by trypsinization, 

collected by centrifugation, and resuspended at a density of 2 x 105 cells/100 µl in 

McCoy’s media, containing no supplements.  Mice were injected with 2 x 105 cells/100µl 

in the inguinal area at a point equal distance between the 4th and 5th nipples on the right 

side using a 23 gauge needle. 

 Mice, 10/group, were placed in 6 groups: liposome/aerosol control, 

liposome/gavage control, liposome/α-TEA/aerosol, liposome/VES/aerosol, liposome/α-

TEA/gavage, and liposome/VES/gavage so that the average tumor volume for all groups 

were closely matched.  Each group had an average tumor volume/group of 0.569 mm3, 

0.450 mm3, 0.519 mm3, 0.375 mm3, 0.613 mm3 , and 0.681 mm3, respectively, at the start 

of treatments, which were begun nine days following tumor cell inoculation.  Tumors 

were measured using calipers every other day, and volumes were calculated using the 

formula:  volume (mm3) = [width (mm)2 X length (mm)] /2 (Clarke, 1997).   Body 

weights were determined weekly.      

Preparation of α-TEA and VES Liposomes.  An α-TEA or VES/liposome ratio 

of 1:3 (w/w) was determined empirically to be optimal by methods previously described  

(Koshkina, 1999, Lawson, 2003).  To prepare the α-TEA or VES/lipid combinations, the 

components were first brought to room temperature.  The lipid [1,2-dilauroyl-sn-glycero-

3-phosphocholine (DLPC); Avanti Polar-Lipids, Inc., Alabaster, AL], at a concentration 

of 120 mg/ml, was dissolved in tertiary-butanol (Fisher Scientific, Houston, TX) and then 

sonicated to obtain a clear solution.  α-TEA or VES at 40 mg/ml was also dissolved in 

tertiary-butanol and vortexed until all solids were dissolved.  DLPC and α-TEA or DLPC 
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and VES were then combined in equal amounts (v:v) to achieve the desired ratio of 1:3 α-

TEA or VES/liposome, mixed by vortexing, frozen at –80º C for 1-2 hours, and 

lyophilized overnight to a dry powder prior to storing at –20˚C until needed.   

Aerosol and Gavage Delivery.  Aerosol was administered to mice as previously 

described (Koshkina, 1999).  Briefly, an air compressor (Easy Air 15 Air Compressor;  

Precision Medical, Northampton, PA) producing a 10L/min airflow was used with an 

AeroTech II nebulizer (CIS-US, Inc. Bedford, MA) to generate aerosol.  The particle size 

of α-TEA or VES liposome aerosol discharged from the AeroTech II nebulizer was 

determined by the Anderson Cascade Impactor to be 2.01 µm mass median aerodynamic 

diameter (NMAD), with a geometric standard deviation of 2.04.  About 30% of such 

particles when inhaled will deposit in the respiratory tract of the mouse and the remaining 

70% will be exhaled (Koshkina, 1999).  

 Prior to nebulization, aliquots of α-TEA/lipid powder (75 mg α-TEA) or 

VES/lipid powder (75 mg VES) was brought to room temperature, reconstituted by 

adding 4 ml distilled water to each to achieve the final desired concentration of at least 20 

mg/ml α-TEA or VES, and vortexed several times.  α-TEA or VES was vortexed 

vigorously and then added to the nebulizer.  Nebulization was initiated with the aerosol 

entering the plastic cages (7x11x5in) that held all mice in a particular treatment group via 

a 1 cm accordion tube at one end and discharged at the opposite end, using a one-way 

pressure release valve.  Mice were exposed to aerosol until all liposome/α-TEA, 

liposome/VES, or liposome only (control) was aerosolized (approximately 15 min).   
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For gavage treatments, vials containing the lyophilized liposome/α-TEA 

liposome/VES or liposome only preparations were brought to room temperature, 

reconstituted by adding 2.5 ml distilled water to achieve the final desired concentration of 

30 mg/ml α-TEA or VES, and followed by vortexing.  Liposome/α-TEA , liposome/VES 

or liposome only preparations were vortexed vigorously immediately prior to 

administration by gavage, 100 µl/mouse at two different time periods during the day, 8 

hours apart [200 µl/mouse per day (final concentration of 6 mg α-TEA or 

VES/mouse/day)].  

Lung and Lymph Node Metastasis.  Visible macroscopic metastases were 

counted in all five lung lobes at sacrifice.  Fluorescent microscopic lung metastases were 

counted as described previously, using a Nikon fluorescence microscope (TE-200; 200 X 

magnification; Lawson, 2003).  For analyses, the left lung lobe was flattened and the top 

and bottom surfaces were scored for fluorescent microscopic metastases.  Lymph nodes 

were flattened and top and bottom surfaces were scored for fluorescent microscopic 

metastases.  Fluorescent microscopic lung and lymph node metastases were scored by 

size into three groupings: < 20, 20-50, and  >50 µm.  Based on a typical 66cl-4-GFP 

tumor cell size of 10-20 µm in diameter, the < 20 µm grouping is thought to represent 

solitary cells; the 20-50 µm grouping two to five cells; and the > 50 µm grouping 

microscopic metastases of greater than two to five cells.  

Ki-67 Staining for Detection of Proliferation In Vivo.  Deparaffanized sections 

(5 µm) of tumor tissue were used to assess proliferation using antibody to the Ki-67 

antigen (DAKO Corp., Carpinteria, CA) which is a nuclear antigen expressed in 
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proliferating cells and serves as an indicator of the number of cells undergoing active cell 

division.  Briefly, endogenous peroxidase activity was blocked using a 3% H2O2 solution 

for 10 minutes, followed by washing with PBS.  Ten-percent rabbit serum in PBS was 

applied to sections in order to block non-specific antibody binding.  Sections were 

incubated with primary Ki-67 antibody (rat-anti-mouse Ki-67 antibody; 1:200 dilution) 

overnight at 4°C.  After primary antibody incubation, slides were incubated with 

biotinylated rabbit-anti-rat IgG (Vector Laboratories, Burlingame, CA) at a 1:200 dilution 

for 30 minutes at room temperature.  Tissue sections were then incubated with avidin-

biotin complex (ABC-HRP, Vector Laboratories) for 30 minutes at room temperature.  

Immunoreactivity was visualized via incubation with di-aminobenzidine dihydrochloride 

(DAB).  Slides were lightly counterstained with hematoxylin.  Ki-67 positive stained 

cells were counted in five separate 400X microscopic fields per tumor sample. 

TUNEL Assay for Detection of Apoptosis In Vivo.  Deparaffinized sections (5 

µm) of tumor tissue were used to assess apoptosis using reagents supplied in the 

ApopTag In Situ Apoptosis Detection kit (Intergen, Purchase, NY) according to the 

manufacturer's instructions.  Nuclei that stained brown were scored as positive for 

apoptosis, and those that stained blue were scored as negative.  At least five 400X 

microscopic fields were scored per tumor.   Data are presented as the mean ± S. E. 

number of apoptotic cells counted in at least seven separate tumors from each group.  

Statistical Analyses.  Tumor growth was evaluated by transforming tumor 

volumes using a logarithmic transform base 10 and analyzed using a nested two-factor 

analysis of variance using SPSS (SPSS, Inc, Chicago, IL).  Difference in number of 
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fluorescent microscopic metastases, Ki-67 stained cells per group, and TUNEL positive 

cells were determined using the two-tailed Mann-Whitney rank test using Prism software 

version 3.0 (Graphpad, San Diego, CA).  A level of p < 0.05 was regarded as statistically 

significant. 

 

RESULTS 

α-TEA and VES Inhibited DNA Synthesis in 66cl-4-GFP Cells, In Vitro.     

66cl-4-GFP cells were treated with α-TEA or VES to determine the ability of each to 

inhibit DNA synthesis (Fig. 3.1A).  Cells treated with 2.5, 5, 10 or 20 µg/ml α−TEA 

exhibited 11, 17, 34, and 82% reduction in DNA synthesis when compared to untreated 

controls, respectively.  VES at 2.5, 5, 10 or 20 µg/ml inhibited DNA synthesis by 9, 14, 

30, and 54% when compared to untreated controls, respectively (Fig. 3.1A).   

α-TEA and VES Induce Apoptosis in 66cl-4-GFP Cells, In Vitro.  66cl-4-GFP 

mammary cancer cells were treated with α-TEA or VES, and apoptosis was assessed by 

analyses of DAPI stained cells for condensed nuclei and fragmented DNA.  The level of 

apoptosis of 66cl-4-GFP cells treated for three days with 2.5, 5, 10, or 20 µg/ml α-TEA or 

VES in comparison to controls was 5, 6, 34, and 50% apoptosis for α-TEA, and 3, 5, 16, 

and 34% apoptosis for VES, respectively (Fig. 3.1B).   

α-TEA and VES Inhibited Colony Formation in 66cl-4-GFP Cells, In Vitro.  

In this study, the PE for 66cl-4-GFP cells varied between 24 – 40%.  The surviving 

fraction of 66cl-4-GFP cells after treatment with 1.25, 2.5, 5, or 10 µg/ml α-TEA was 

0.72 ± 0.01, 0.58 ± 0.12, 0.045 ± 0.007, and 0.002 ± 0.0, respectively.  The surviving 
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fraction of cells treated with 1.25, 2.5, 5, or 10 µg/ml VES was 1.0 ± 0.0, 1.0  ± 0.0, 0.1 ± 

0.01, and 0.05 ± 0.01, respectively (Fig. 3.1C) 

  Aerosol Characteristics of α-TEA and VES Incorporated into Liposomes. 

HPLC analyses were conducted on α-TEA and VES liposomes recovered from aerosol in 

the All Glass Impinger (Ace Glass Co., Vineland, NJ).   An estimate of the amount of 

aerosolized α–TEA or VES delivered per mouse per treatment was derived from the 

following formula (Koshkina, 1999): delivered drug dose = drug concentration (µg/L) x 

volume of air intake per minute over unit body weight (1 ml/min/gm body weight) x 

duration of delivery in minutes x estimated percentage of aerosolized drug deposited in 

the respiratory tract, which includes the nose, trachea, and lungs (30%).  Based on this 

formula, we estimate that 36 µg of α-TEA or VES was deposited in the respiratory tract 

of each mouse each day.   Thus, for the 21 day treatment period, we estimate that each 

mouse received 756 µg of α-TEA or VES from liposomal aerosol delivery 

 Liposomal Formulations of α-TEA and VES Treatments, Delivered by 

Aerosolization, Decreased 66cl-4-GFP Tumor Burden.  Mean tumor volumes of 

liposome/aerosol control treated animals over 21 days of treatment were significantly 

higher then both liposome/α-TEA/aerosol and liposme/VES/aerosol treatments  (p<0.001; 

Fig. 3.2A).  There were no differences in the mean tumor volumes from mice receiving 

the α-TEA or VES treatments (Fig. 3.2A).   

 Liposomal Formulations of α-TEA Delivered by Gavage but not Liposomal 

Formulations of VES Delivered by Gavage Reduced 66cl-4-GFP Tumor Burden.   

Mean tumor volumes of mice treated orally by gavage with liposome/α-TEA were 
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significantly lower then that of control mice (p<0.001; Fig. 3.2B).  VES incorporated into 

liposomes and delivered by gavage was not effective in reducing primary tumor burden 

when compared to control animals (p< 0.10; Fig. 3.2B) 

Liposomal Formulations of α-TEA and VES Delivered by Aerosolization 

Suppressed 66cl-4-GFP Lung and Lymph Node Metastasis in Balb/c Mice.  At 

sacrifice, all five lung lobes and axillary and brachial lymph nodes were taken, examined 

visually for macroscopic metastatic lesions, and frozen for subsequent analyses of 

microscopic metastases by fluorescent microscopy.  The α−TEA and VES aerosol 

treatment groups contained one animal (10%) and three animals (30%) exhibiting 

macroscopic lung metastases, respectively; whereas, aerosol control group contained 5 

animals (50%) exhibiting macroscopic lung metastases (Table 3.1).   No macroscopic 

metastases were observed in the lymph nodes. 

Use of a Nikon fluorescence microscope permitted measurement of green 

fluorescing microscopic metastases into three size groupings (<20, 20-50, and >50 µm; 

Fig. 3.3A).  Since the tumor cells are approximately 10-20 µm in diameter, the <20 µm 

group most likely represents single cells.   This analysis showed a decrease in the number 

of microscopic lung metastases between aerosol control group and either α-TEA aerosol 

treatment group or VES aerosol treatment group.  The mean number of lung microscopic 

metastases in the α-TEA treatment group (31.2 ± 2.7; N= 10), in comparison to aerosol 

control (73.4 ± 8.8; N = 10), was significantly reduced (p <0.0001), as was the mean 

number of lung microscopic metastases in the VES aerosol treatment group (43.9 ± 5.3; 

N= 10), in comparison to aerosol control (p <0.009).  Of interest, lung microscopic 
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metastases in VES aerosol treated animals were only significantly lower in one size 

category of microscopic metastases, the medium sized lesions (p<0.007), whereas, α-

TEA aerosol treated animals showed significant decrease in all size ranges of 

microscopic metastases.      

α-TEA aerosol treated mice had a lower number of microscopic metastases found 

in the axillary and brachial lymph nodes; whereas, mice treated with VES aerosol showed 

no significant decrease in microscopic metastases found in lymph nodes  (Fig. 3.4A).  α-

TEA aerosol treated mice had a mean ± S.E. of 1.4 ± 0.5 microscopic metastases per 

lymph node as compared to a mean ± S.E of 6.0 ± 1.1 microscopic metastases found in 

lymph nodes from control animals (p < .0001).  VES aerosol treated mice had a mean ± 

S.E. of 4.4 ± 1.2 microscopic metastases per lymph node in compared to mean ± S.E of 

6.0 ± 1.1 microscopic metastases found in lymph nodes from control mice (p < 0.19).  Of 

additional importance, 48% of lymph nodes in mice treated with α-TEA were free of 

micrometastases, as compared with 4% in control mice and 20% in VES aerosol treated 

mice.    

Liposomal Formulations of α-TEA Delivered by Gavage Suppressed 66cl-4-

GFP Lung and Lymph Node Metastasis in Balb/c Mice; Whereas, Liposomal 

Formulations of VES Delivered by Gavage did not.  At sacrifice, all five lung lobes 

and axillary and brachial lymph nodes were taken, examined visually for macroscopic 

metastatic lesions and frozen for subsequent analyses of microscopic metastases by 

fluorescent microscopy.  There were no (0/10) macroscopic lung metastases in the α-TEA 
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gavage treatment group, 5/10 in the VES gavage treatment group, and 7/10 in the gavage 

control group (Table 3.1).  No macroscopic metastases were found in the lymph nodes.  

Use of a Nikon fluorescence microscope permitted measurement of green 

fluorescing microscopic metastases in lung tissue into three size groupings (<20, 20-50, 

and >50 µm; Fig. 3B).  Since the tumor cells are approximately 10-20 µm in diameter, the 

<20 µm group most likely represents single cells.   This analysis showed a decrease in the 

number of microscopic lung metastases between aerosol control group and either α−TEA 

gavage treated mice, but not VES gavage treated mice.  The mean number of microscopic 

metastases in the α-TEA gavage treatment group (21.5 ± 4.9; N= 10), in comparison to 

gavage control (52.7 ± 4.2; N = 10), was significantly reduced (p <0.0006).  The mean 

number of microscopic metastases in the VES gavage treatment group (57.4 ± 13.4; N= 

10), in comparison to aerosol control (52.7 ± 4.2; N = 10), was not significantly reduced 

(p <0.74; Fig. 3.3B).          

Liposome/α-TEA gavage treated mice had a lower number of microscopic 

metastases found in the axillary and brachial lymph nodes; whereas, mice treated with 

liposome/VES gavage showed no significant decrease in microscopic metastases found in 

lymph nodes tested (Fig. 3.4B).  Liposome/α-TEA gavage treated mice had a mean ± S.E. 

of 3.0 ± 0.8 microscopic metastases per lymph node as compared to a mean ± S.E of 7.1 

± 1.7 microscopic metastases found in lymph nodes from control animals (p < .05).  

Liposome/VES aerosol treated animals had a mean ± S.E. of 5.7 ± 2.2 microscopic 

metastases per lymph node investigated as compared to a mean ± S.E of 7.1 ± 1.7 

microscopic metastases found in lymph nodes from control animals (p < 0.32; Fig. 3.4B).  
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Of additional importance, 32% of lymph nodes from mice treated by gavage with α-TEA 

were free of micrometastases, 23% in lipsome/VES treated mice, and 15% in 

liposome/control mice.  

Liposomal Formulations of a-TEA or VES Delivered by Aerosol or Gavage 

did not Exhibit Toxicity.  No differences in mean body weights and no adverse side 

effects were found among any of the treatment or control groups (data not shown). 

Inhibition of Cell Proliferation by VES and α-TEA, in Vivo.   Tumor sections 

from each of the treatment groups as well as liposomal aerosol and gavage control groups 

were examined by immunohistochemistry for proliferation status using the nuclear Ki-67 

antigen expressed in proliferating cells as a biomarker.  Tumors from mice treated with 

liposomal α-TEA via aerosol and gavage had a average ± S. E. of 151 ± 27.7 and 107.8 ± 

27.2 Ki-67 positive cells/field, respectively; whereas, tumors from aerosol and gavage 

control mice had a mean ± S.E. of 253.8 ± 34.7 and 241.1 ± 45.9 Ki-67 positive 

cells/field (p < 0.05 and p<0.03; Fig. 3.5).  Ki-67 staining of tumors from mice treated 

with aerosol or gavage VES showed no significant decrease in proliferation over aerosol 

control animals, with a mean ± S. E. of 167.8 ± 47.1 and 258.5 ± 26.8 Ki-67 positive 

cells/field, respectively; whereas, tumors from liposomal aerosol control mice had a mean 

± S.E. of 253.8 ± 34.7 and 241.1 ± 45.9 Ki-67 positive cells/field (p < 0.4 and p<0.97; 

Fig. 3.5).   

Induction of Apoptosis by α-TEA and VES in Vivo.   In view of the in vitro 

data showing that α-TEA and VES inhibit 66cl-4-GFP tumor cell growth via induction of 

apoptosis, tumors from each of the liposomal α-TEA/aerosol, liposomal α-TEA/gavage, 
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liposomal VES/aerosol, liposomal VES/gavage treatment groups, as well as aerosol and 

gavage control groups, were examined for apoptosis using TUNEL staining of 5 micron 

tumor sections.  Tumors from mice treated with liposomal α-TEA delivered by aerosol or 

gavage had a mean ± S.E. of 1.54 ± 0.37 and 1.31  ± 0.31 apoptotic cells/field, 

respectively; whereas, tumors from liposomal aerosol and gavage control mice had a 

mean ± S.E. of 0.55 ± 0.19 and 0.54 ± 0.17 apoptotic cells/field, respectively (p<0.03 and 

p<0.05, Fig. 3.6).  Tumors from mice treated with liposomal VES delivered by aerosol or 

gavage showed no significant increase in apoptosis induction over control animals, with a 

mean ± S. E. of 1.14 ± 0.23 and 0.71 ± 0.18 apoptotic cells/field, respectively; whereas, 

tumors from aerosol and gavage control mice had a mean ± S.E. of 0.55 ± 0.19 and 0.54 

± 0.17 apoptotic cells/field, respectively (p<0.09 and p<0.70, Fig. 3.6).  

 

DISCUSSION 

The goal of our studies is to the further development of α-TEA as a tocopherol-

based anti-tumor agent that possesses suitable characteristics for chemoprevention and 

chemotherapeutic use in humans, alone or in combination with other chemotherapeutic 

cancer agents.  Another goal of these studies was to compare the anti-cancer properties of 

α-TEA with VES when both compounds were formulated into liposomes and delivered 

by aerosol or by gavage.  Cell culture studies reported here confirm that α-TEA and VES 

are effective anti-cancer agents, as they induce DNA synthesis arrest, and induce cell 

death by apoptosis in 66cl-4-GFP cells, in vitro.  In vivo, liposomal α-TEA and VES 

significantly decrease primary tumor burden when delivered by aerosol.  Both reduce 
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metastases, with α-TEA showing increased efficacy over VES in that α-TEA showed 

greater ability to decrease lung and lymph node metastasis than VES.  Studies reported 

here confirm that liposomal α-TEA delivered orally is effective in decreasing tumor 

burden and metastases; whereas, liposomal VES delivered orally is not effective in 

reducing primary tumor burden or metastases.     

VES, a hydrolyzable ester derivative of RRR-α-tocopherol, has been 

demonstrated to be an anti-tumor and anti-metastatic agent in animal xenograft and 

allograft models when administered intraperitoneally (i.p.;  Neuzil, 2001b; Weber, 2002; 

Malafa, 2000; Malafa, 2002, Barnett, 2002), but VES has only been reported to work 

when delivered orally (p.o) on carcinogen [benzo(a)pyrene]-induced forestomach 

carcinogenesis in mice and not on other primary tumors, suggesting that oral 

administration of VES may be inappropriate for tumors other than those of the digestive 

tract (Malafa, 2000; Wu, 2001).  The use of a non-hydrolyzable VES derivative has 

shown that it is the intact compound, and not its cleavage products (namely, RRR-α-

tocopherol or succinic acid), that is responsible for the anti-proliferative effects (Fariss, 

1994).   It is most likely that VES fails to decrease the primary tumor burden in this 

model when delivered orally due to its instability as an intact compound.  VES has been 

shown to be broken down into RRR-α-tocopherol and succinic acid inside the intestinal 

villi (Neuzil, 2002b, Borel, 2001), which renders it ineffective in inhibiting cell 

proliferation. 

Unlike VES, α-TEA is a non-hydrolyzable derivative of RRR-α-tocopherol, and 

can not be hydrolyzed by esterases in the enteric lumen.  Findings reported here on the 
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anti-tumor effect of α-TEA on 66cl-4-GFP murine mammary cancer cells in vitro and in 

vivo are consistent with published data from this lab (Lawson, 2003).  α-TEA 

significantly inhibited growth of 66cl-4-GFP cells in culture, significantly inhibited the 

mean tumor volume over a time course of treatment in Balb/cJ mice with 66cl-4-GFP 

primary tumors, and significantly inhibited macroscopic and microscopic lung metastasis 

(Lawson, 2003).  Previous work showed that α-TEA was unable to effectively reduce 

primary tumor burden when delivered orally in a peanut oil suspension, most likely due 

to the quick transit time of peanut oil and decrease in absorption (Lawson, 2003).  The 

anti-tumor properties of α-TEA are not expected to be antioxidant mediated, since the 

antioxidant properties of the parent compound, RRR-α-tocopherol, reside in the -OH 

moiety at carbon 6.  Studies here show that α-TEA delivered orally in a small particle 

liposomal formulation is effective in reducing primary tumor burden and metastases in 

this model, making α-TEA a promising candidate for oral administration in human.   

  Data showing that α−TEA inhibit microscopic metastases in lymph nodes is 

important in that metastases are reduced in a site that is not a target of the aerosol 

treatment.   In addition to the possibility that α-TEA is having a direct killing effect on 

cells that have moved from the site of injection, since a high percentage of lymph nodes 

in the treatment groups did not show any metastases, it is plausible that α-TEA is 

preventing tumor cells from trafficking from the primary subcutaneous tumor to lungs 

and lymph nodes via the lymphatic system.  In contrast, when VES is administered via 

aerosol, it is effective in significantly reducing total number of microscopic metastases in 

the lungs, but is not significantly effective in reducing those metastases in the >50µm size 
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group.  In addition, VES delivered via aerosol was not significantly effective in reducing 

lymph node metastases.  

 Analyses of cell proliferation by Ki-67 and apoptosis by TUNEL on 5 micron 

tumor sections show that the ability of α-TEA to prevent tumor growth and to induce 

apoptosis of 66cl-4-GFP cells in culture is reflected of the mechanism whereby α-TEA 

reduces tumor burden in vivo.  We do not understand the mechanism(s) whereby 

liposomal VES delivered by aerosol was as effective as liposomal α-TEA delivered by 

aerosol in reducing primary tumor burden, since cell proliferation analyses by Ki-67 and 

apoptosis by TUNEL analyses in 5 micron tumor sections from liposomal VES/aerosol 

treated mice did not show a significant reduction.   

In summary, data reported here are promising in that they show that a novel 

vitamin E analog, α-TEA, has the ability to decrease primary tumor burden and reduce 

lung and lymph node metastasis in a rather rapid and aggressive syngeneic tumor model.  

This occurs without any overt toxic effects when formulated and administered by a 

clinically relevant route; namely, liposomal/aerosol or oral delivery.   VES, though 

effective when delivered via aerosol at decreasing primary tumor burden, is less effective 

at inhibiting metastases, and has no anti-tumor properties when delivered orally. 
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Table 3.1 66cl-4-GFP Mammary Cancer Cell Macroscopic Lung Metastasis 

 in Balb/c Mice Receiving Liposomal α-TEA or VES by Aerosol or by Gavage. 

________________________________________________________________________ 

Delivery/Treatments                     # Animals/Group with                   Total # Macroscopic Lung    

                                                Macroscopic Lung Metastasesa                      Tumor Focib                                 

________________________________________________________________________ 

Aerosol/Liposomal Control                   5 / 10  17   

Aerosol/Liposomal VES 3 / 10  5 

Aerosol/Liposomal α-TEA 1 / 10  1 

Gavage/Liposomal Control                   7 / 10  12 

Gavage/Liposomal VES 5 / 10  7 

Gavage/Liposomal α-TEA 0 / 10  0   

________________________________________________________________________ 

 
a
 Macroscopic lesions in all five lung lobes for each animal in all treatment groups were 

counted visually at the time of sacrifice.  
b
Data are expressed as the total number of macroscopic lung tumor foci observed in the 

10 mice in each group.  
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Fig. 3.1.  Documentation of α-TEA and VES induced apoptosis and DNA synthesis arrest.  A, 
66cl-4-GFP murine mammary cells were treated with 2.5, 5, 10 or 20 µg/ml of α-TEA or VES or 
untreated, ethanol, or succinic acid + ethanol controls and cultured for 24 hours.  0.5 µCi [3H] 
thymidine was added six hours prior to harvesting the cells.  Cells were harvested and [3H] 
thymidine incorporation determined.  Data is representative of 3 separate experiments. B, 66cl-4-
GFP murine mammary cells were treated with 2.5, 5, 10 or 20 µg/ml of α-TEA or VES or ethanol 
or succinic acid + ethanol controls and cultured for 3 days.  Cells were harvested, nuclei were 
labeled with the fluorescent DNA-binding dye DAPI and cells were examined using a Zeiss ICM 
405 fluorescent microscope (400 x), using a 487701 filter.  Nuclei of cells with condensed 
chromatin or fragmented nuclei were scored as apoptotic.  Data are representative of numerous 
experiments. D, 66cl-4-GFP cells were seeded at varying concentrations into 35X11 Nunclon 
tissue culture plates.  Cells were treated with 1.25, 2.5, 5, or 10 µg/ml α-TEA or VES for 10 days.  
Plating efficiency and survival fractions were determined as described in materials and methods. 
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Fig. 3.2.  A, Liposomal α-TEA and VES delivery by aerosol inhibits tumor burden.  66cl-4-GFP 
cells at 2 x 105/mouse were injected into the inguinal area at a point equal distance between the 
4th and 5th nipples.  Nine days after tumor injection, mice were assigned to control, α-TEA, and 
VES treatment groups such that the mean tumor volume of each group was closely matched.  
Mice (10/group) were treated daily with liposomal α-TEA/aerosol (75 mg/cage/day), liposomal 
VES/aerosol (75 mg/cage/day), or liposome aerosol only for 21 days.  Tumor volume/mouse was 
determined at two-day intervals.  Tumor volumes (mm3) are depicted as mean ± S.E. B, 
Liposomal α-TEA delivery by gavage inhibits tumor burden, whereas VES does not.  66cl-4-GFP 
cells at 2 x 105/mouse were injected into the inguinal area at a point equal distance between the 
4th and 5th nipples.  Nine days after tumor injection, mice were assigned to control, α-TEA, and 
VES treatment groups such that the mean tumor volume of each group was closely matched.  
Mice (10/group) were treated daily with liposomal α-TEA/gavage (6 mg/day), liposomal 
VES/gavage (6 mg/day), or liposome gavage only for 21 days.  Tumor volume/mouse was 
determined at two-day intervals.  Tumor volumes (mm3) are depicted as mean ± S.E.   
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Fig. 3.3, A, With the aid of a Nikon fluorescent microscope, the number of fluorescent 
microscopic metastases on the surface (top and bottom) of flattened left lung lobes from 
liposomal α-TEA/aerosol (10 mice), liposomal VES/aerosol (10 mice), or liposome 
aerosol only (10 mice) were determined.  Data are depicted as mean ± S. E.  B, Number 
of fluorescent microscopic metastases on the surface (top and bottom) of flattened left 
lung lobes from liposomal α-TEA/gavage (10 mice), liposomal VES/gavage (10 mice), or 
liposome gavage only (10 mice) were determined.  Data are depicted as mean ± S. E.   
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Fig. 3.4, A, With the aid of a Nikon fluorescent microscope, the number of fluorescent 
microscopic metastases on the surface of flattened axillary and brachial lymph nodes in 
liposomal α-TEA/aerosol (10 mice), liposomal VES/aerosol (10 mice), or liposome 
aerosol only (10 mice) were determined.  Data are depicted as mean ± S. E.  B, Number 
of fluorescent microscopic metastases on the surface of flattened axillary and brachial 
lymph nodes from liposomal α-TEA/gavage (10 mice), liposomal VES/gavage (10 mice), 
or liposome gavage only (10 mice) were determined.  Data are depicted as mean ± S. E.   
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Fig. 3.5  α−TEA, but not VES, significantly inhibit 66cl-4-GFP cell proliferation in vivo 
when delivered via aerosol or gavage.  A, Cell proliferation was determined using 5 µm 
tumor sections derived from liposomal α-TEA/aerosol treatment or liposomal 
VES/aerosol treatment, and liposome aerosol control group animals (n=8 for α-TEA, 
VES, and control groups).  Proliferating cells were identified using Ki-67 antibody.  Five 
separate sections of each slide were scored for Ki-67 positive cells. B, Cell proliferation 
was determined as described in section A, but from liposomal α-TEA/gavage treatment, 
liosomal VES/gavage treatment, and liposome gavage control group animals (n=8 for α-
TEA, and VES, n=9 for control group).   
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Fig. 3.6.  α−TEA, but not VES, induces 66cl-4-GFP cells to undergo apoptosis in vivo.  A, 
α-TEA and VES’s ability to induce apoptosis was determined using 5 µm tumor sections 
derived from liposomal α-TEA/aerosol treatment, liposomal VES/aerosol treatment, and 
liposome aerosol control group animals (n=8 for α-TEA, and VES, n=7 for control 
group).  Apoptotic cells were determined using ApopTag In Situ Apoptosis Detection kit 
(Intergen, Purchase, NY).  B,  α-TEA and VES’s ability to induce apoptosis was 
determined in the same way as described in section A, but from liposomal α-TEA/gavage 
treatment, liposomal VES/gavage treatment, and liposome gavage control group animals 
(n=8 for α-TEA, and VES, n=9 for control group).   
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Chapter 4: 

 

Novel Vitamin E Analog and 9-Nitro-Camptothecin Decrease Syngeneic Mouse 

Mammary Tumor Burden and Inhibit Metastasis  
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ABSTRACT 

Recent studies indicate that a non-hydrolyzable ether-linked acetic acid analog of 

vitamin E, 2,5,7,8-tetramethyl-2R-(4R, 8R, 12-trimethyltridecyl)chroman-6-yloxyacetic 

acid (abbreviated α-TEA) has anti-tumor potential.  This study determined the 

cooperative effect of α-TEA and a camptothecin derivative, 9-nitro-camptothecin (9-NC, 

rubitecan) on anti-tumor activity in vitro, and growth and metastasis of mouse mammary 

tumor cells (line 66 clone 4 stably transfected with green fluorescent protein; 66c1-4-

GFP) transplanted into Balb/c mice.  Treatment of 66cl-4-GFP cells in culture with a 

combination of α-TEA (10 µg/ml), which produced 38% apoptosis, and sub-optimal 9-

NC (15.6, 31.3, 62.5, or 125 ng/ml), which produced background levels of apoptosis of, 

2-7% for 3 days produced 47, 58, 64, and 69% apoptosis, respectively.  Combinations of 

α-TEA + 9-NC inhibited DNA synthesis 51% more than either drug administered 

separately.  A significant reduction (p<0.001) in subcutaneous tumor growth rate was 

observed in the α-TEA + 9-NC treated animals.  Macroscopic lung metastasis incidence 

was 83% in the aerosol treated control mice versus 8% in the α-TEA, 9-NC, or 

combination treated mice.  Fluorescence microscopic examination of the surface (top and 

bottom) of flattened whole left lung lobes and axillary and brachial lymph nodes, showed 

a statistically significant decrease in fluorescent microscopic metastases observed in 

aerosol α-TEA, 9-NC, and combination treated versus aerosol control treated animals.  

Immunohistochemical studies showed that Ki-67 labeling in the primary tumor was lower 

in the α-TEA + 9-NC (p<0.001) group than in the aerosol control group.  Treatments had 

no measurable effect on two angiogenesis parameters, namely, hemoglobin volume and 
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CD31 staining of blood vessels.  In summary, the combination of α-TEA and 9-NC, when 

formulated in liposomes and delivered via aerosolization, show anti-cancer efficacy.  

 
 
INTRODUCTION 
 

Camptothecin, a naturally occurring anti-cancer agent, was first extracted from 

the Chinese tree Camptotheca acuminata in the early 1960s (Ulukan, 2002).  Since this 

time, several less toxic, clinically active derivatives have been identified including CPT 

(Irinotecan or CPT-11), 9-amino-camptothecin (9AC) and 9-nitro-camptothecin (9-NC or 

rubitecan) (Ulukan, 2002).  Camptothecin derivatives are used clinically to treat several 

forms of cancer including breast, ovarian, lung, and colorectal (Garcia-Carbonero, 2002).   

The anti-cancer effects of 9-NC are mediated, in part, by blockage of 

topoisomerase I, induction of apoptosis, and inhibition of DNA synthesis (Chatterjee, 

2001; Bernacki, 2000; Pantazis, 1994).  Pre-clinical animal studies show 9-NC to be an 

effective inhibitor of human pancreas, lung, breast, colon, and ovarian xenografts in 

athymic nude mice when delivered via oral administration, intramuscular injection, 

intrastomach injection, intravenous injection or aerosolization of liposomal formulations 

(Knight, 1999; Giovanella, 2002).  Orally administered 9-NC has been used in both phase 

I and II clinical trials for ovarian and pancreatic cancers (Konstadoulakis, 2001; 

Verschraegen, 1999).  Liposomal formulations of 9-NC delivered by aerosol are being 

investigated as a more effective, less toxic formulation and delivery method (Knight, 

1999; Gilbert, 2002).  Pre-clinical animal studies, toxicity studies in dogs, and phase I 
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clinical trials show liposomal 9-NC delivered via aerosol to be effective and well 

tolerated (Knight, 1999; Gilbert, 2002; Verschraegen, 2000). 

 Pancreatic and ovarian cancer clinical trials using oral 9-NC have been relatively 

successful (Konstadoulakis, 2001; Verschraegen, 1999).  Even though 9-NC is a less 

toxic derivative of camptothecin, side effects are still common.  Oral delivery of 9-NC 

causes myelosuppression including neutropenia and thromobocytopenia, as well as 

nausea, vomiting, weight loss, and cystitis.  In a study using oral 9-NC in patients with 

advanced pancreatic cancer, 79% of patients showed toxicity symptoms including anemia 

(58%), neutropenia (48%), and gastrointestinal irritations (32%).  Because of the severity 

of toxicity, 37% of patients were temporarily taken off treatment in this study 

(Konstadoulakis, 2001). 

Alpha tocopherol ether analog (α-TEA) is a stable, non-hydrolyzable derivative of 

vitamin E (RRR-α-tocopherol) and has recently been shown to be a potent anti-tumor 

agent in vitro and in vivo (Lawson, 2003).   α-TEA was developed and formulated into 

liposomes in an effort to produce a clinically useful vitamin E-based chemotherapeutic 

agent, and to administer it in a clinically-relevant manner by aerosol nebulization.  α-

TEA in cell culture has been shown to induce apoptosis and DNA synthesis arrest in 

human breast (MCF-7, MDA-MB-231, MDA-MB-435), ovarian (A2780-CP-70), 

cervical (ME-180), endometrial (RL-952), prostate (LnCaP, PC-3, DU-145), colon (HT-

29, DLD-1), lung (A-549), and lymphoid (Raji, Ramos, Jurkat) cancer cells.   Also of 

importance, α-TEA does not induce apoptosis in normal human mammary epithelial cells 

(HMEC) or immortalized non-tumorigenic MCF-10A human mammary epithelial cells 
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(unpublished data).  In pre-clinical syngeneic mouse studies, α-TEA has been shown to 

significantly decrease tumor growth rate (p<0.001) over 17 days of treatment as well as 

completely inhibiting visual macroscopic metastasis, reducing incidence from 40% of 

control animals to 0% of animals treated with α-TEA (Lawson, 2003).  In all in vivo 

studies conducted to date, mice receiving α-TEA have exhibited no adverse side effects 

(Lawson, 2003; unpublished data). 

To maximize effectiveness and minimize toxicity, combinations of anti-cancer 

agents are being developed for cancer treatment.  α-TEA is a promising candidate for 

investigation separately and in combination with other anti-cancer drugs, because of its 

anti-cancer effectiveness in vivo and lack of overt toxicity.  Both 9-NC and α-TEA lend 

themselves to incorporation into liposomes and delivery via small particle aerosolization. 

 In this paper we report that the combination of α-TEA and 9-NC produced a 

higher degree of apoptosis and DNA synthesis arrest in culture than either agent alone, as 

well as, significantly reduced subcutaneous syngeneic mouse mammary tumor growth 

(p<0.001) to a greater degree then either agent alone.  In addition, the combination 

reduced total incidence of visible macroscopic metastases by 90%, reduced total 

incidence of microscopic lung and axillary and brachial lymph node metastases by 71 and 

88%, respectively, reduced the number of proliferating tumor cells, in vivo, by 68%, but 

had no effect on both CD31 staining of blood vessels or total hemoglobin volume in 

tumor samples. 
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MATERIALS AND METHODS 

α-TEA. α−TEA was synthesized, tested for anti-cancer properties, and production 

scaled up to provide sufficient amounts for preclinical animal studies, as previously 

reported (Lawson, 2003).  α-TEA differs from RRR-α-tocopherol by addition of an acetic 

acid moiety linked to the phenolic oxygen at the number 6 carbon of the chroman head by 

a nonhydrolyzable ether linkage.  The anti-tumor properties of α−TEA are not predicted 

to be antioxidant mediated, since the antioxidant properties of the parent compound, 

RRR-α-tocopherol, reside in the -OH moiety at carbon 6.   

66cl-4-GFP Murine Mammary Tumor Cell Line.  66cl-4 cells were derived 

from a spontaneous mammary tumor in a Balb/cfC3H mouse and later isolated as a 6-

thioguanine-resistant clone (Dexter, 1978; Miller, 1983).  66cl-4 cells were stably 

transfected with the enhanced green fluorescent protein and selected for a high degree of 

fluorescence by Dr. L-Z Sun (UT Health Science Center, San Antonio, TX).  66cl-4-GFP 

cells have been shown to be highly metastatic, with approximately 40% of animals 

developing visible macroscopic metastases and 100% of animals developing microscopic 

metastases detectable with fluorescent microscopy in the lungs 26 days following s.c. 

injection of 2 X 105 tumor cells into the inguinal area (Lawson, 2003).  66cl-4-GFP cells 

were maintained as monolayer cultures in McCoy’s media (Invitrogen Life Technologies, 

Carlsbad, CA) supplemented with 10% fetal bovine serum (FBS, Gemini Bio-Products, 

Woodland, CA), 100 µg/ml streptomycin, 100 IU/ml penicillin, 1 X (vol/vol) non-

essential amino acids, 1X (vol/vol) MEM vitamins, 1.5 mM sodium pyruvate, and 50 

µg/ml gentamycin (Sigma Chemical Co., St. Louis, MO).  Cell culture experiments 
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involved culturing the cells in this same McCoy's supplemented media except that FBS 

content was reduced to 5%.  Cultures were routinely examined to verify absence of 

mycoplasma contamination.  

 Determination of DNA Synthesis by Incorporation of [3H]-Thymidine.  The 

effects of α-TEA and 9-NC, separately and in combination, on inhibition of DNA 

synthesis of 66cl-4-GFP cells was determined by [3H] thymidine incorporation as 

described previously (Carpentier, 1993).  Briefly, 66cl-4-GFP cells at 1 x 105 cells/ml in 

96 well plates were cultured separately and in combination with 10 µg/ml of α-TEA and 

7, 15, 31, or 62 ng/ml of 9-NC for 24 hours, adding 0.5 µCi [3H] thymidine six hours 

prior to harvesting the cells.  Cells were harvested and [3H] thymidine incorporation 

determined. 

 Determination of Apoptosis by Morphological Evaluation of DAPI-Stained 

Nuclei. Apoptosis was determined using previously published procedures (Lawson, 

2003; Yu, 1999).  Briefly, 1 x105 cells/well in 12-well plates were cultured overnight to 

permit attachment.  Next, the cells were treated separately, or in combination, with 10 

µg/ml α-TEA, and 15, 31, 62, or 125 ng/ml  9-nitro-camptothecin (9-NC, Chemwerth, 

Inc. Woodbridge, CT) for three days.  Controls included EtOH (0.1% ethanol F.C. 

vol/vol), dimethyl sulfoxide (DMSO; 0.1% DMSO F.C. vol/vol), or ethanol/DMSO 

control in experimental media.     After treatment, floating and scraped-released adherent 

cells were pelleted, washed in 1 ml of PBS, re-suspended in 2 µg/ml 4’,6-diamidino-2-

phenylindole dihydrochloride (DAPI) and viewed at 400 X using a Zeiss ICM 405 

fluorescent microscope with a 487701 filter.   Cells in which the nucleus contained 
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condensed chromatin or cells exhibiting fragmented nuclei were scored as apoptotic, and 

data reported as percentage of apoptotic cells per cell population (i.e. number apoptotic 

cells/total number of cells counted).  Three different microscopic fields were examined 

and 200 cells counted at each location for a minimum of 600 cells counted per slide. 

 Balb/c Mice.  Female Balb/cJ mice at 6 weeks of age (20-25 gm body weight) 

were purchased from Jackson Labs (Bar Harbor, ME). Mice, 5 mice/cage, were housed at 

the Animal Resource Center at the University of Texas at Austin at 74 ± 2˚F with 30-70% 

humidity and a 12 h alternating light-dark cycle.   Mice were given water and standard 

lab chow (Harlan Teklad #2018 Global 18% Protein Rodent Diet; Madison WI) ad 

libitum.  Guidelines for the humane treatment of animals were followed as approved by 

the University of Texas Institutional Animal Care and Use Committee.   

Tumor Cell Inoculation.  66cl-4-GFP cells were harvested by trypsinization, 

collected by centrifugation, and resuspended at a density of 2 x 105 cells/100 µl in 

McCoy’s media, that contained no supplements.  Mice were injected with 2 x 105 

cells/ml/100µl in the inguinal area at a point equal distance between the 4th and 5th nipples 

on the right side using a 23 gauge needle. 

 48 mice (12 mice/group) were assigned to aerosol α-TEA, aerosol 9-NC, aerosol 

α−TEA + aerosol 9-NC, or aerosol control group so that the mean tumor volume for all 

groups were closely matched.  Each group had an average tumor volume/group of 1.55 

mm3, 1.34 mm3, 1.26 mm3, and 1.60 mm3, respectively, at the start of treatments, which 

were begun nine days following tumor cell inoculation.  Tumors were measured using 

calipers every other day, and volumes were calculated using the formula:  volume (mm3) 
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= [width (mm)2 X length (mm)] /2 (Clarke, 1997).   Body weights were determined 

weekly.      

Preparation of α-TEA and 9-NC Liposomes for Delivery by Aerosol.  An α-

TEA/liposome ratio of 1:3 (w/w) was prepared as described previously (Lawson, 2003).   

Briefly, the lipid [1,2-dilauroyl-sn-glycero-3-phosphocholine (DLPC); Avanti Polar-

Lipids, Inc., Alabaster, AL] at a concentration of 120 mg/ml was dissolved in tertiary-

butanol (Fisher Scientific, Houston, TX), then sonicated to obtain a clear solution.  α-

TEA at 40 mg/ml was dissolved in tertiary-butanol and vortexed until all solids were 

dissolved.  The two solutions were combined in equal amounts (v:v) to achieve the 

desired ratio of 1:3 α-TEA/liposome, mixed by vortexing, frozen at –80º C for 1-2 h, and 

lyophilized overnight to a dry powder prior to storing at –20˚C.   

9-NC treatments were made as previously described (Knight, 1999).  Briefly, 9-

NC (100 mg/ml) was dissolved in DMSO and warmed to 37˚C.  DLPC (100 mg/ml) was 

dissolved in t-butanol.  Drug and phospholipid solutions were mixed together at a 1:50 

(w/w) ratio, and mixed by vortexing.  Samples were frozen at -80˚ for 1-2 hours before 

lyophilizing overnight.   

Aerosol Delivery.  Aerosol was administered to mice as previously described 

(Lawson, 2003; Koshkina, 1999).  Briefly, an air compressor (Easy Air 15 Air 

Compressor;  Precision Medical, Northampton, PA) producing a 10L/min airflow was 

used with an AeroTech II nebulizer (CIS-US, Inc. Bedford, MA) to generate aerosol.  

The particle size of α-TEA liposome aerosol discharged from the AeroTech II nebulizer 

was determined by the Anderson Cascade Impactor to be 2.01 µm mass median 
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aerodynamic diameter (NMAD), with a geometric standard deviation of 2.04.  About 

30% of such particles when inhaled will deposit in the respiratory tract of the mouse and 

the remaining 70% will be exhaled (Koshkina, 1999).  

 Prior to nebulization, aliquots of  α-TEA/lipid powder (75 mg/vial) and 9-

NC/lipid powder (2mg/vial) were brought to room temperature, then reconstituted by 

adding 3.75 ml and 10 ml distilled water, respectively, to achieve the final desired 

concentration of 20 mg/ml α-TEA and 200 µg/ml 9-NC.  The mixtures were allowed to 

swell at room temperature for 30 min with periodic inversion and vortexing, and then all 

3.75 mls of α-TEA or 5 mls of the 9-NC  were added to the nebulizer.  Mice were placed 

in plastic cages (7x11x5 in.) with a sealed top in a safety hood. Aerosol entered the cage 

via a 1 cm accordion tube at one end and discharged at the opposite end, using a one-way 

pressure release valve. Animals were exposed to aerosol until all α-TEA / liposome or 9-

NC / lipsosome was aerosolized (approximately 15 min).  For α-TEA + 9-NC 

combination treatments, α-TEA was administered by aerosol 8 hours prior to delivery of 

9-NC by aerosol each day. 

Lung and Lymph Node Metastasis.  Visible macroscopic metastases were 

counted in all five lung lobes at time of sacrifice.  Fluorescent microscopic metastases 

were counted as described previously, using a Nikon fluorescence microscope (TE-200; 

200 X magnification; Lawson, 2003).  For analyses, the left lung lobe was flattened and 

the top and bottom surfaces were scored for fluorescent microscopic metastases.  

Fluorescent microscopic metastases were scored by size into three size grouping: < 20 

µm, 20-50 µm, and  >50 µm.  Based on a typical 66cl-4-GFP tumor cell size of 10-20 µm 
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in diameter, the < 20 µm grouping is thought to represent solitary cells; the 20-50 µm 

grouping two to five cells; and the > 50 µm grouping microscopic metastases of greater 

than two to five cells.  

 Ki-67 Staining for Detection of Proliferation in Vivo.  Deparaffanized sections 

(5 µm) of tumor tissue were used to assess proliferation, using antibody to the Ki-67 

antigen, which is a nuclear antigen expressed in proliferating cells and which serves as an 

indicator of the number of cells undergoing active cell division.  Briefly, endogenous 

peroxidase activity was blocked using a 3% H2O2 solution for 10 minutes followed by 

washing with PBS.  Rabbit serum (10 %) in PBS was applied to 5 micron tumor tissue 

sections in order to block non-specific antibody binding, prior to incubating with primary 

antibody (rat-anti-mouse Ki-67 antibody; 1:200 dilution, DAKO Corp., Carpinteria, CA) 

overnight at 4°C.  After primary antibody incubation, washed slides were incubated with 

biotinylated rabbit-anti-rat IgG (Vector Laboratories, Burlingame, CA) at a 1:200 dilution 

for 30 minutes at room temperature.  Sections were then incubated with avidin-biotin 

complex (ABC-HRP, Vector Laboratories) for 30 minutes at room temperature.  

Immunoreactivity was visualized via incubation with di-aminobenzidine dihydrochloride 

(DAB).  Slides were lightly counterstained with hematoxylin.  Ki-67 positive stained 

cells were counted in five separate fields per sample.    

 CD31 staining for determination of blood vessel formation in vivo.  

Immunohistochemistry was used to assess the presence of the endothelial antigen CD31 

as an indicator of small capillaries in primary tumor tissue.  Formalin-fixed paraffin 

embedded tissues were sectioned (5 microns) and tissue sections adhered onto charged 
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slides (cat#12-550-15, Fisher Scientific, Chicago, IL).  Tissue sections were 

deparaffinized, hydrated through graded ethanols to water and endogenous peroxidase 

activity blocked by incubation in 3% H2O2 for 10 minutes.  Tissue sections were pre-

treated with 0.06% Protease Type XXIV (Sigma) for 10 minutes at room temperature 

prior to incubation with CD31  (PECAM) antibody (PharMingen, San Diego, CA) at a 

1:400 dilution overnight at 4 °C.  Detection utilized the Tyramide Signal Amplification 

Biotin System - Peroxidase (PerkinElmer Life Sciences, Boston, MA) with di-

aminobenzidine dihydrochloride development.  For contrast, the sections were lightly 

counterstained with hematoxylin.  Entire tumor sections were scored for CD31 stained 

vessels and adjusted for tumor size, by dividing number of CD31 vessels by length X 

width of tumor tissue mounted on slide.   

Hemoglobin Assay.   Frozen tumor samples were analyzed to determine 

hemoglobin volume in an effort to corroborate blood vessel data obtained by CD31 

staining.  Tumors were carefully cleaned to remove any surface blood vessels and then 

hemoglobin was extracted as described previously (Bandyopadhyay, 2002).  Briefly, 

frozen samples were weighed, frozen in liquid nitrogen, and then pulverized using a 

mortar and pestle.  Extraction was performed with ice-cold buffer containing 10 mM Tris 

(pH 7.5), 0.1 M NaCl, 0.5% Triton-X-100, 1.0 mM ethylene diaminetetraacetic acid, and 

0.1 mM phenylmethylsulfonyl fluoride.  Six milliliters of extraction buffer was used for 

each gram of tissue.  Extracts were centrifuged at 10,000 X g for 15 minutes, and 

hemoglobin was measured via a hemoglobin extraction kit (Sigma) following the 
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manufacturer’s instructions.  Hemoglobin content in systemic blood obtained at sacrifice 

was also measured to obtain blood volume/ unit weight of tumor.        

Statistical Analyses.  Tumor growth was evaluated by transforming volumes 

using a logarithmic transform base 10 and analyzed using a nested two-factor analysis of 

variance with tukey post test using SPSS (SPSS, Inc, Chicago, IL).  Difference in number 

of fluorescent microscopic metastases and Ki-67 stained cells per group were determined 

using the two-tailed Mann-Whitney rank test using Prism software version 3.0 

(Graphpad, San Diego, CA).  A level of p < 0.05 was regarded as statistically significant. 

 

RESULTS 

α-TEA, 9-NC, and Combinations of Both Induce Apoptosis in 66cl-4-GFP 

cells, In Vitro.  66cl-4-GFP cells treated with 5 and 10 µg/ml α-TEA for three days 

exhibited 6- and 22-fold higher amounts of apoptosis than the ethanol control (Fig.4.1).  

Cells treated with 15, 31, 62, or 125 ng/ml 9-NC exhibited 1.5-, 3-, 5-, and 5-fold higher 

apoptosis than the DMSO control.  Combinations of 5 µg/ml α-TEA plus 15, 31, 62, or 

125 ng/ml 9-NC produced 36-, 59-, 98-, and 152-fold increases in apoptosis in 

comparison to the DMSO + ethanol control. (Fig. 4.1A).  Apoptosis induction was 

increased 1, 2, 3, and 4 fold over either drug alone when cells were treated with 

combinations of 5 µg/ml α-TEA and 15, 31, 62, or 125 ng/ml 9-NC.  Combinations of 10 

µg/ml α-TEA and 15, 31, 62, or 125 ng/ml 9-NC induced 157-, 192-, 213-, and 228-fold 

increases in apoptosis over that of the DMSO + ethanol control and induced 1.2-, 1.5-, 

1.7-, and 1.8-fold increases over either drug alone (Fig. 4.1B).   Untreated, EtOH, 
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DMSO, and EtOH + DMSO controls exhibited background levels of apoptosis of 1, 1, 2, 

and <1% apoptosis, respectively; (Fig. 4.1).  

α-TEA, 9-NC, and α-TEA + 9-NC Combinations Inhibited DNA Synthesis in 

66cl-4-GFP Cells, In Vitro.     66cl-4-GFP cells were treated with α−TEA, 9-NC, and α-

TEA + 9-NC to determine the effect of each agent separately, and in combination, on 

DNA synthesis (Table 4.1). Cells treated with 10 µg/ml α−TEA exhibited 35% reduction 

in DNA synthesis when compared to untreated controls.  9-NC at 8, 15, 31, or 62 ng/ml 

inhibited DNA synthesis by 29, 46, 77, and 90%, respectively in comparison to untreated 

control.  Treatment of cells with combinations of 10 µg/ml α−TEA plus 8, 15, 31, or 62 

ng/ml 9-NC inhibited DNA synthesis by 53, 65, 84, and 92%, respectively, in comparison 

to untreated controls (Table 4.1). 

 Liposomal Formulated α-TEA, 9-NC, or Combination Treatments Delivered 

by Aerosolization Decreased 66cl-4-GFP Tumor Burden in Balb/c Mice.  Mean 

tumor volumes of aerosol control treated animals over 21 days of treatment were 

significantly higher then all other groups (p<0.001; Fig. 4.2).  Both 9-NC and α-TEA 

treated groups had mean tumor volumes significantly lower than control animals 

(p<0.001), but the size of the tumors in the α-TEA and 9-NC treatment only groups were 

not significantly different from one another (p<0.2).  Animals receiving both α-TEA + 9-

NC had mean tumor volumes over 21 days of treatment that were significantly lower then 

control as well as α-TEA or 9-NC treated mice (p<0.001; Fig 4.2). 
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There were no significant differences in mean body weights among any of the 

treatment or control groups (data not shown).  No adverse side effects were observed in 

mice receiving α-TEA, 9-NC, or α-TEA + 9-NC. 

Liposomal Formulated α-TEA, 9-NC, or Combination Treatments Delivered 

by Aerosolization Suppressed 66cl-4-GFP Lung and Lymph Node Metastasis in 

Balb/c Mice.  At sacrifice, all five lung lobes and axillary and brachial lymph nodes were 

taken, examined visually for macroscopic metastatic lesions, and frozen for subsequent 

analyses of microscopic metastases by fluorescent microscopy.  Visible macroscopic lung 

metastases were observed in one animal (8%) in each of the α-TEA, 9-NC, and α-TEA + 

9-NC treatment groups, respectively; whereas, 10 mice (83%) in the aerosol control 

group exhibited macroscopic lung metastases (Table 4.2).  No macroscopic metastases 

were observed in the lymph nodes. 

Use of a Nikon fluorescence microscope permitted measurement of green 

fluorescing microscopic metastases in lung tissue into three size groupings (<20 µm, 20-

50 µm, and >50 µm; Fig. 4.3).  Since the tumor cells are approximately 10-20 µm in 

diameter, the <20 µm group most likely represents single cells.  This analysis showed a 

decrease in the number of microscopic lung metastases of all three size groups in all three 

treatment groups in comparison to the control group.  The mean number of microscopic 

metastases in the α-TEA treatment group (28.4 ± 3.3; N= 11), in comparison to aerosol 

control (96.7 ± 12.2; N = 12), was significantly reduced (p <0.0001), as was the mean 

number of microscopic metastases in the 9-NC treatment group (43.5 ± 8.7; N= 11), in 

comparison to aerosol control (p <0.002) and the mean number of microscopic 
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metastases in the combination treatment group (27.6 ± 5.2; N= 12), in comparison to 

aerosol control group was significantly reduced (p <0.0001).  However, the mean number 

of microscopic metastases in the α-TEA + 9-NC combination treatment group in 

comparison to microscopic metastases in the α-TEA only or 9-NC only treatment groups 

was not significantly different. 

The average number of microscopic metastases in the axillary and brachial lymph 

nodes from α-TEA, 9-NC, and α-TEA + 9-NC combination treated groups were reduced, 

in comparison to microscopic metastases in lymph nodes from the control mice (α-TEA: 

p<0.0001, 9-NC: p<0.05, α-TEA + 9-NC:  p<0.0004, Fig. 4.3B).  α-TEA, 9-NC, and α-

TEA + 9-NC treated mice had means ± S.E. of 0.38 ± 0.1, 2.8 ± 0.8, and 0.86 ± 0.2, 

respectively, for microscopic metastases per lymph node examined, as compared to mean 

± S.E of 7.0 ± 1.6 microscopic metastases found in lymph nodes from control animals (α-

TEA: p < 0.0001, 9-NC: p<0.05, α-TEA + 9-NC:  p<0.0004).  It is important to note that  

71, 33, and 52% of lymph nodes from mice treated with α-TEA, 9-NC, or α-TEA + 9-

NC, respectively, had no microscopic metastases; whereas, only 14% of lymph nodes 

from control mice lacked microscopic metastases. 

Inhibition of Cell Proliferation by α-TEA, 9-NC, and Combination Therapy 

in Vivo.  Tumor sections from each of the treatment groups, as well as aerosol control 

group, were examined by immunohistochemistry for proliferation status using the nuclear 

Ki-67 antigen expressed in proliferating cells as a biomarker.  Tumors from mice treated 

with α-TEA had a mean ± S. E. of 106 ± 41.4 Ki-67 positive cells/field; whereas, tumors 

from aerosol control mice had a mean ± S.E. of 241 ± 35.7 Ki-67 positive cells/field (p < 
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0.008; Fig. 4A).  Ki-67 staining of tumors from mice treated with 9-NC (mean ± S. E. of 

218 ± 45.6 Ki-67 positive cells/field), showed no significant decrease in proliferation 

over aerosol control animals (p < 0.7; Fig. 4.4A).  The α-TEA + 9-NC combination 

treatment group had a mean ± S. E. of 77 ± 20.2 Ki-67 positive cells/field, as compared 

to the aerosol control group (p < 0.001; Fig. 4.4A).    The mean number of Ki-67 positive 

cells in tumors from the α-TEA, and α-TEA + 9-NC treatment groups were significantly 

lower than the mean number of Ki-67 positive cells in the 9-NC only treatment group (p< 

0.02, p<0.004).   However, there was no significant difference in the mean number of Ki-

67 positive cells between the α-TEA treated group and the α-TEA + 9-NC combination 

treatment group (p<0.98, Fig. 4.4A).  Examples of the immunohistochemical Ki-67 data 

from the three treatment groups and control mice are depicted in Fig. 4.4B. 

 α-TEA, 9-NC, and α-TEA + 9-NC Combination Treatments did not have a 

Significant Affect on the Amount of Tumor Angiogenesis as Determined by CD31 

Staining or Hemoglobin Content.   CD31 expression and hemoglobin levels in tumors 

were examined in an effort to determine if the anti-metastatic effects of α-TEA, 9-NC, 

and α-TEA + 9-NC treatments might be due to reduced blood vessel formation.   Tumors 

were examined for blood vessels using CD31 (PECAM-1) staining, an endothelial cell 

marker (Fig. 4.5A).  There was no significant difference in the number of blood vessels 

per tumor section analyzed among the treatment and control groups when standardized 

for tumor size (Fig. 4.5A).  As an alternate method for obtaining information on blood 

vessel density, tumor blood volume was analyzed using a hemoglobin content assay (Fig. 
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4.5B). Consistent with CD31 staining results, tumors tested from treatment groups did 

not show a reduction in blood volume when compared to aerosol treated controls.  

 

DISCUSSION 

 Our goal is to advance the development of α-TEA as a tocopherol-based anti-

tumor agent that possesses suitable characteristics for use in humans, alone or in 

combination with other chemotherapeutic cancer agents.  Studies reported here confirm 

earlier studies that showed that α-TEA is an effective anti-cancer agent, as it inhibits 

DNA synthesis arrest, and induces cell death by apoptosis in 66cl-4-GFP cells in vitro, 

and significantly decreases primary tumor burden and reduces both lung and lymph node 

metastasis when 66cl-4-GFP cells are transplanted into Balb/c mice (Lawson, 2003).    

 The goal of these studies was to see if α-TEA, in combination with the 

camptothecin analog, 9-nitro-camptothecin, a drug which is being investigated for 

clinical use in breast cancer, might prove more efficacious then either drug alone.   

 9-NC is a less toxic derivative of camptothecin.  Pre-clinical animal data show 9-

NC to inhibit human breast cancer xenograft growth in athymic nude mice by as much as 

100% (Knight, 1999; Giovanella, 2002).   9-NC, which is currently in clinical trials for 

treatment of ovarian and pancreatic cancer, is also being considered for treatment of 

breast cancer (Personal correspondence with Supergen).  Although the mechanisms of 

action of 9-NC are not completely understood, 9-NC has been shown to inhibit cell 

growth by inhibition of DNA synthesis and induction of cell death by apoptosis and 

necrosis (Chatterjee, 2001; Bernacki, 2000; Pantazis, 1994).  Initial in vitro analysis 
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showed that combinations for two sub-optimal doses of α-TEA (5 and 10 µg/ml) and sub-

optimal doses of 9-NC (31, 62, or 125 ng/ml) induced apoptosis 65, 174, and 327% and 

53, 68, and 79% over either drug administered alone.  Likewise, combinations of α-TEA 

+ 9-NC showed higher levels of DNA synthesis arrest than either drug alone, except for 

the 62 ng/ml doses of 9-NC.  We were encouraged by in vitro data that showed 

combinations of α-TEA and 9-NC exhibited enhanced DNA synthesis arrest and 

apoptosis over treatments with either drug alone, thus investigations of combination 

treatment on tumor growth and metastasis in the syngeneic transplantable mouse 

mammary cancer model were conducted. 

Animals receiving both α-TEA + 9-NC had mean tumor volumes that were 

significantly lower than the control as well as either drug alone.  Based on Ki-67 data 

reported here showing α-TEA and α-TEA + 9-NC inhibit cell proliferation, and published 

data (Lawson, 2003) demonstrating increased apoptosis as measured by TUNEL in tumor 

sections from α-TEA treated mice, we speculate that both decreased cell proliferation and 

increased apoptosis involve reduction of primary tumor burden.  

 The mechanisms whereby α-TEA separately, and in combination with 9-NC, 

reduces both visible and microscopic metastases are not known.   Based on data showing 

no significant differences between treatment and control groups in CD31 expression and 

hemoglobin levels in tumors, it appears that  neither α-TEA nor α-TEA + 9-NC are 

reducing tumor volume or preventing metastases by reduction of the number or size of 

blood vessels in tumors.   
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Data showing that α-TEA, as well as 9-NC, inhibit microscopic metastases in 

lymph nodes is important in that metastases are reduced in a site that is not a target of the 

aerosol treatment.   In addition to the possibility that α-TEA is having a direct killing 

effect on cells that have moved from the site of injection, it is possible that α−TEA and 9-

NC are preventing tumor cells from trafficking from the primary subcutaneous tumor to 

lungs and lymph nodes via the lymphatic system, since a high percentage of lymph nodes 

in the treatment groups did not show any metastases. 

 In summary, data reported here are promising in that they show that a novel 

vitamin E analog, α-TEA, has the ability to decrease primary tumor burden and reduce 

lung and lymph node metastasis in a rather rapid and aggressive syngeneic tumor model 

without any overt toxic effects when formulated and administered by a clinically relevant 

route; namely, liposomal/aerosol delivery, and that combinations of α-

TEA/liposomal/aerosol + 9-NC/liposomal/aerosol show an enhanced effect on reduction 

of tumor burden in this model.  
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Table 4.1  Inhibition of  DNA Synthesis in 66cl-4-GFP Mammary Cancer Cells by α-
TEA, 9-Nitro-Camptothecin, and Combination Treatmentsa 

 
 

% Increase in Inhibition in Comparison to Cells  
                         Treated with: 

         % DNA Synthesis  α-TEA          9-NC 
                           Arrest     Alone                            Alone___                                   
α-TEA (10 µg/ml)       35 ± 5.0 
 
9NC (62 ng/ml)                 90 ± 1.5 
9NC (31 ng/ml)        77 ± 4.4 
9NC (15 ng/ml)       46 ± 4.9 
9NC (8 ng/ml)        29 ± 5.5 
 
α-TEA (10 µg/ml)       92 ± 1.0                            163                   2 
+ 9NC (62 ng/ml) 
  
α-TEA (10 µg/ml)       84 ± 2.5                141                        10 
+ 9NC (31 ng/ml)  
 
α-TEA (10 µg/ml)       65 ± 2.0         86                    42 
+ 9NC (15 ng/ml) 
 
α-TEA (10 µg/ml)       53 ± 2.5       51                     85 
+ 9NC (8 ng/ml) 
 
DMSO + EtOH         6 ± 3.6 
 
 
 

 

 
 
a66cl-4-GFP cells cultured at 2.0 X 104 cells/well in 96 well plates were treated with α-
TEA (10 µg/ml), 9-NC (8, 15, 31, or 62 ng/ml), combinations of α-TEA (10 µg/ml) + 9-
NC (8, 15, 31, or 62 ng/ml), DMSO + EtOH control, or untreated control for 1 day.  
DNA synthesis was monitored by [3H]thymidine uptake.  DNA synthesis arrest was 
calculated by comparing [3H]thymidine uptake by cells receiving treatments with 
[3H]thymidine uptake by cells receiving no treatment.  Values are mean ± SD of 3 
separate experiments. 
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Table 4.2  66cl-4-GFP Mammary Cancer Cell Lung Metastasis in Balb/c Mice Receiving 
Liposomal Formulated α-TEA, 9-Nitro-Camptothecin, or  a-TEA + 9-Nitro-
Camptothecin,  or Liposome Control by Aerosol  
 
________________________________________________________________________ 
Treatments                          # Animals/Group with Visible                  Total # Visible Lung  
Delivered                                          Macroscopic       Macroscopic 
By Aerosol                                    Lung Metastasesa                               Metastatic Focib 

 
Control                                                  10 / 12  36 

9-NC      1 / 12  2 

α-TEA       1 / 12  2 

α-TEA + 9-NC          1 / 12  2  

________________________________________________________________________ 

a
 Macroscopic metastatic lesions in all five lung lobes for each animal in all treatment 

groups were counted visually at the time of sacrifice.  
b
Data are expressed as the total number of visible lung macroscopic metastases observed 

in the 12 mice in each group.  
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Fig. 4.1.  α-TEA and 9-NC separately and in combination induced apoptosis.  A, 66cl-4-GFP 
murine mammary cells were untreated (UT), treated with vehicle control (DMSO, EtOH, DMSO 
+ EtOH), or treated with 5 µg/ml of α-TEA or 15, 31, 62, or 125 ng/ml 9-NC or combinations, 
and cultured for 3 days.  Cells were harvested, nuclei were labeled with the fluorescent DNA-
binding dye DAPI and cells were examined using a Zeiss ICM 405 fluorescent microscope (400 
x), using a 487701 filter.  Nuclei of cells with condensed chromatin or fragmented nuclei were 
scored as apoptotic.  Data are mean ± SD of three separate experiments.  B, 66cl-4-GFP were 
treated as described above in A, with the exception that cells were treated with 10 µg/ml α-TEA. 
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Fig. 4.2.  Liposomal α-TEA, 9-NC, and combination treatment delivery by aerosol 
inhibits tumor burden.  66cl-4-GFP cells at 2 x 105/mouse were injected into the inguinal 
area at a point equal distance between the 4th and 5th nipples.  Nine days after tumor 
injection, mice were assigned to control and α-TEA treatment groups such that the mean 
tumor volume of each group was closely matched (mean tumor volume/group of 1.55 
mm3 (α-TEA), 1.34 mm3 (9-NC), 1.26 mm3 (α-TEA + 9-NC), and 1.60 mm3 (Control).  
Mice (12/group) were treated daily with liposomal α-TEA/aerosol (75 mg/cage/day), 
liposomal 9-NC/aerosol (1 mg/cage/day), liposomal α-TEA/aerosol and liposomal 9-
NC/aerosol (75 and 1 mg/cage/day) or aerosol control only for 21 days.  Tumor 
volume/mouse was determined at two-day intervals.  Liposomal α-TEA/aerosol and 
liposomal 9-NC/aerosol treated groups were significantly lower then control based on the 
nested two-factor analysis of variance (*).  Animals treated with liposomal α-
TEA/aerosol and liposomal 9-NC/aerosol had significantly lower mean tumor volumes 
over 21 days of treatment then that of all other groups based on the nested two-factor 
analysis of variance (**).  Tumor volumes (mm3) are depicted as mean ± S.E.   
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Fig. 4.3, A, With the aid of a Nikon fluorescent microscope, the number of fluorescent 
microscopic metastases on the surface (top and bottom) of flattened left lung lobes from 
α-TEA (11 mice), 9-NC (11 mice), α-TEA and 9-NC (12 mice) or aerosol control only 
(12 mice) were determined.  Data are depicted as mean ± S. E.  B, Axillary and brachial 
lymph nodes were examined for total number of microscopic metastases.  Data are 
depicted as mean ± S. E. 
 



100 

 

Fig. 4.4.   α−TEA, 9-NC, and combination treatments inhibit 66cl-4-GFP cell 
proliferation in vivo.  A, Cell proliferation was determined using 4 µm tumor sections 
derived from tumors from α-TEA, 9-NC, α-TEA + 9-NC and liposome aerosol control 
treatment groups.  Proliferating cells were identified using Ki-67 antibody.  5 separate 
sections of each slide were scored for Ki-67 positive cells.  Data are mean ± S.E. of all 
tumors in each group (n=11 for α-TEA, 9-NC, and combination groups, n=12 for control 
group).   B, Pictures of Ki-67 were taken at 400X magnification using a Zeiss ICM 405 
fluorescent microscope under visual light with a Kodak digital imaging system.   Pictures 
are representative of fields counted, pictures represent ¼ microscopic field.  
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Fig. 4.5.  α-TEA, 9-NC, and combination treatments had no effect on blood vessel expression in 66cl-4-
GFP tumors in vivo.  A, Angiogenesis was determined using 5 µm tumor sections derived from liposomal 
α-TEA/aerosol treatment, liosomal 9-NC/aerosol treatment, liposomal α-TEA/aerosol and liposomal 9-
NC/aerosol treatment and liposome aerosol control group animals (n=3 for α-TEA and 9-NC, n=4 for 
combination and control groups).  Blood vessels were identified using CD31 antibody.  Entire tumor 
sections were scored for CD31 stained and then were adjusted for tumor size, by dividing number of CD31 
vessels by length X width of tumor tissue.  B, Hemoglobin volume was determined to verify CD31 results.  
Hemoglobin volume was determined using frozen tumor sections derived from liposomal α-TEA/aerosol 
treatment, liosomal 9-NC/aerosol treatment, liposomal α-TEA/aerosol and liposomal 9-NC/aerosol 
treatment and liposome aerosol control group animals (n=4) using a hemoglobin extraction kit (Sigma). 
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Chapter 5: 

 

Novel Vitamin E Analog α-TEA:  Increases Survival of Mice Transplanted With 

66cl-4-GFP Mouse Mammary Tumor Cells, Inhibits Primary Tumor Burden and 

Metastasis in MDA-MB-435-GFP-FL Tumor Bearing Nude Mice, and is Effective 

when Administered with Chemotherapeutic Drug, Doxorubicin.   
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INTRODUCTION 
  
 
 Alpha tocopherol ether analog (α-TEA), is a stable, non-hydrolyzable derivative 

of vitamin E (RRR-α-tocopherol) and has recently been shown to be a potent anti-tumor 

agent in vitro and in vivo (Lawson, 2003).   α-TEA was developed and formulated into 

liposomes in an effort to produce a clinically useful vitamin E-based chemotherapeutic 

agent, and to administer it in a clinically-relevant manner by aerosol nebulization or oral 

delivery.  

α-TEA in cell culture has been shown to induce apoptosis and DNA synthesis 

arrest in human breast (MCF-7, MDA-MB-231, MDA-MB-435), ovarian (A2780-CP-

70), cervical (ME-180), endometrial (RL-952), prostate (LnCaP, PC-3, DU-145), colon 

(HT-29, DLD-1), lung (A-549), and lymphoid (Raji, Ramos, Jurkat) cancer cells.   Also 

of importance, α-TEA does not induce apoptosis in normal human mammary epithelial 

cells (HMEC) or immortalized non-tumorigenic MCF-10A human mammary epithelial 

cells (unpublished data).  In pre-clinical syngeneic mouse studies, α-TEA has been shown 

to decrease tumor growth rate, inhibit visual macroscopic metastasis, inhibit microscopic 

metastastis to lungs and lymph nodes, induce apoptosis, and to inhibit tumor cell 

proliferation (Lawson, 2003).  α-TEA does not appear to affect blood vessel density in 

tumors.  In addition, α-TEA, has been shown to be effective in reducing tumor burden 

and metastases when administered in combination with 9-nitro-camptothecin.    

 In this chapter, we report on several findings that corroborate the effectiveness of 

α-TEA as an anti-cancer agent:   (1) α-TEA increases survival rates in mice transplanted 
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with syngeneic mammary cancer cells, (2) α-TEA decreases growth and metastases of 

MDA-MB-435-GFP-FL human breast cancer tumors growing in athymic nude mice, and 

(3) α−TEA in combination with the chemotherapeutic drug, doxorubicin, is effective in 

reducing tumor burden and lung macroscopic metastases.  

Following the general introduction above for the three topics, the format for the 

remainder of this chapter is to present each topic separately, providing rationale, 

materials and methods, results, and discussion/summary section for each topic.   

 

(1) α-TEA Increases Survival Rates in Mice Transplanted With Syngeneic 66cl-

4-GFP mouse mammary cancer cells 

 

Rationale 

Data presented in chapters 2-4 show α−TEA to be effective in reducing primary 

tumor burden and in inhibiting metastases to lungs and lymph nodes.  An important 

parameter for testing the effectiveness of chemotherapeutic treatments, that was not 

addressed in the previous studies, is to determine the effectiveness of α-TEA on survival 

of tumor bearing mice in comparison to survival of untreated control mice.    
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Materials and Methods 

α-TEA.  α−TEA was synthesized, characterized, tested for anti-cancer properties, 

and production scaled up to provide sufficient amounts for preclinical animal studies, as 

previously reported (Lawson, 2003). 

66cl-4-GFP Murine Mammary Tumor Cell Line.  66cl-4 cells were derived 

from a spontaneous mammary tumor in a Balb/cfC3H mouse and later isolated as a 6-

thioguanine-resistant clone (Dexter, 1978; Miller, 1983).  66cl-4 cells were stably 

transfected with the enhanced green fluorescent protein and selected for a high degree of 

fluorescence by Dr. L-Z Sun (UT Health Science Center, San Antonio, TX).  Conditions 

for maintaining the cells in culture and preparation of cells for animal studies have been 

described previously (Lawson, 2003).  

 Balb/c Mice.  Female Balb/cJ mice at 6 weeks of age (20-25 gm body weight) 

were purchased from Jackson Labs (Bar Harbor, ME).  Mice, 5 mice/cage, were housed 

at the Animal Resource Center at the University of Texas at Austin at 74 ± 2˚F with 30-

70% humidity and a 12 hour alternating light-dark cycle.   Mice were given water and 

standard lab chow (Harlan Teklad #2018 Global 18% Protein Rodent Diet; Madison WI) 

ad libitum.  Guidelines for the humane treatment of animals were followed as approved 

by the University of Texas Institutional Animal Care and Use Committee.  

66cl-4-GFP Tumor Cell Inoculation in Balb/c Mice.  66cl-4-GFP cells were 

harvested by trypsinization, collected by centrifugation, and resuspended at a density of 2 

x 105 cells/100 µl in McCoy’s media, containing no supplements.  Mice were injected 

with 2 x 105 cells/100µl in the inguinal area at a point equal distance between the 4th and 
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5th nipples on the right side using a 23 gauge needle, as previously described (Lawson, 

2003). 

 For survival experiment (Fig. 5.1A), 18 mice (9 mice/group) were assigned to 

aerosol α-TEA or aerosol control group so that the average tumor volume per group was 

0.5 mm3 and 0.5 mm3.  Daily treatments (75 mg/cage/day α-TEA) were initiated 6 days 

after tumor inoculation (day 1 of treatment) and continued for 75 days.  For a repeat 

survival experiment (Fig. 1B), 28 mice (14 mice/group) were assigned to aerosol α-TEA 

or aerosol control group so that the average tumor volume per group was 1.28 mm3 and 

1.47 mm3, respectively.  Daily treatments (75 mg/cage/day α-TEA) were initiated 9 days 

after tumor inoculation (day 1 of treatment) and continued for 45 days.  For both 

experiments, tumors were measured using calipers every other day, and volumes were 

calculated using the formula:  volume (mm3) = [width (mm)2 X length (mm)] /2 (Clarke, 

1997).   Body weights were determined weekly.  Animals were sacrificed when tumors 

grew to 23 mm or greater in length or width, tumors were ulcerating through skin, 

animals showed outward signs of distress such as difficulty breathing, or animals refused 

food or water.    

α-TEA/Liposome Formulation and Aerosol Delivery to Balb/c Mice with 

66cl-4-GFP Primary Tumors.  Procedures for α-TEA/liposome formulation, particle 

size determination, aerosol delivery by nebulization, and levels of α-TEA deposited in the 

lungs of mice treated daily have been previously described (Lawson, 2003, Koshkina, 

1999).  
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Statistical Analyses. Survival fraction curves were evaluated by using a Mantel 

Haenszel test using Prism software version 3.0 (Graphpad).   

 

Results 

 
α-TEA Increases Survival Time of Balb/c Mice with 66cl-4-GFP Primary 

Tumors.  Experiments investigating the survival of mice bearing 66cl-4-GFP primary 

tumors, showed that survival curves of mice treated with liposomal α-TEA/ aerosol were 

significantly longer then control mice (p<0.05 for both experiments; Fig. 5.1).  The 

hazard ratio for two independently conducted experiments were 2.1 and 2.0, meaning 

animals treated with control aerosol had a rate of death twice that of animals treated with 

α-TEA (Fig. 5.1) 

 

Discussion/Summary 

Our goal in developing α-TEA is to produce and characterize a tocopherol-based 

anti-tumor agent with favorable characteristics suitable for use in humans.  Data from 

studies conducted and described in chapters 2-4 confirm that the novel vitamin E 

derivative referred to as α−TEA is an effective anti-tumor agent.   Studies described in 

this section of the thesis were designed to determine if α-TEA treatments increases 

survival time.   Studies here confirm that α-TEA increases overall survival time of 

animals bearing 66cl-4-GFP primary tumors.  Experiments show that animals receiving 

aerosolized α-TEA had a death rate two times lower then that of control animals. 
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(2) α-TEA Decreases Growth and Metastases of MDA-MB-435-GFP-FL Human 

Breast Cancer Tumors Growing in Athymic Nude Mice 

 

Rationale 

 All previous studies conducted to determine the ability of α-TEA to reduce tumor 

burden and metastases to lungs and lymph nodes used the Balb/c 66cl-4-GFP murine 

mammary tumor model.  To further develop α-TEA as a chemotherapeutic drug for use in 

humans, studies were conducted using human MDA-MB-435 estrogen negative/estrogen 

non-responsive breast cancer cells transplanted into athymic nude mice.   

 

  Materials and Methods 

MDA-MB-435-GFP-FL Human Breast Tumor Cell Line.  MDA-MB-435 cells 

are estrogen-receptor-negative cells isolated from the pleural effusions of a human with 

breast cancer (Price, 1990).  MDA-MB-435 cells were stably transfected with the 

enhanced green fluorescent protein and selected for a high degree of fluorescence 

(Bandyopadhyay, 2002).  MDA-MB-435-GFP cells were then injected into the flank of 

nude mice and isolated as a highly metastatic colony found in the lung (MDA-MB-435-

GFP-FL).  MDA-MB-435-GFP-FL cells have been shown to be highly metastatic with 

approximately 60% of animals developing visible metastases and 100% of animals 
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developing fluorescent microscopic metastases in the lungs 47 days following s.c. 

injection of 1 X 106 tumor cells into the inguinal area (Sun, personal communication).  

Cells were tested and certified to be pathogen free by the University of Missouri 

Research Animal Diagnostic and Investigative Laboratory (RADIL; Columbia, MO). 

MDA-MB-435-GFP-FL cells were maintained as monolayer cultures in McCoy’s media 

(Invitrogen Life Technologies, Carlsbad, CA) supplemented with 10% fetal bovine serum 

(FBS, Gemini Bio-Products, Woodland, CA), 100 µg/ml streptomycin, 100 IU/ml 

penicillin, 1 X (vol/vol) non-essential amino acids, 1X (vol/vol) MEM vitamins, 1.5 mM 

sodium pyruvate, and 50 µg/ml gentamycin (Sigma Chemical Co., St. Louis, MO).  

Treatments were given using this same McCoy's supplemented media except FBS content 

was reduced to 5%.  Cultures were routinely examined to verify absence of mycoplasma 

contamination. 

 Determination of Apoptosis by Morphological Evaluation of DAPI-Stained 

Nuclei of MDA-MB-435-GFP-FL cells.  Apoptosis was determined using previously 

published procedures (Lawson, 2003; Yu, 1999).  Briefly, 1 x105 cells/well in 12-well 

plates were cultured overnight to permit attachment.  For experiments, MDA-MB-435-

GFP-FL cells were treated with 2.5, 5, 10, or 20 µg/ml α-TEA for 3 days.  Untreated cells 

cultured in experimental media and cells cultured in experimental media containing 

ethanol (0.1% ethanol F.C. vol/vol) for 3 days served as controls.  After treatment, 

floating cells plus scraped-released adherent cells were pelleted by centrifugation for 5 

min at 350 X g, washed one time with phosphate buffered saline (PBS; 137 mM NaCl, 

2.7 mM KCL, 10.4 mM Na2HPO4, 10.5 mM KH2PO4;  pH 7.2), and stained with 2 µg/ml 
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of 4’,6-diamidino-2-phenylindole dihydrochloride (DAPI, Boehringer Mannheim, 

Indianapolis, IN) in 100% methanol for 15 min at 37˚C.  Cells were viewed at 400X 

magnification with a Zeiss ICM 405 fluorescent microscope using a 487701 filter.  Cells 

in which the nucleus contained condensed chromatin or cells exhibiting fragmented 

nuclei were scored as apoptotic.  Data are reported as percentage of apoptotic cells per 

cell population (i.e. number apoptotic cells/total number of cells counted).  Three 

different microscopic fields were examined and 200 cells counted at each location for a 

minimum of 600 cells counted per slide.  Apoptotic data are presented as mean ± S.D. for 

three independently conducted experiments.   

Nu/Nu Mice.  Female Nu/Nu mice at 30-42 days of age (approximate 25 gm in 

weight) were purchased from Charles River Laboratories (Wilmington, MA), and were 

allowed to acclimate for one week.  Animals were housed at the Transgenic Animal 

Facilities at the Animal Resource Center at the University of Texas at Austin at 74 ± 2˚F 

with 30-70% humidity and a 12 hour alternating light-dark cycle.  Animals were housed 

5/cage and given water and standard lab chow (Harlan Teklad #7012 Mouse/Rat 

Sterilizable Diet; Madison, WI) ad libitum.  Guidelines for the humane treatment of 

animals were followed as approved by the University of Texas Institutional Animal Care 

and Use Committee.   

MDA-MB-435-GFP-FL Tumor Cell Inoculation of Nu/Nu mice.  MDA-MB-

435-GFP-FL cells were harvested by trypsinization, centrifuged and resuspended in 

McCoy’s media, containing no supplements, at a density of 1 X 106 /100µl.  Mice were 
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injected in the inguinal area at a point equal distance between the 4th and 5th nipples on 

the right side using a 23 gauge needle. 

 20 mice (10 mice/group) were assigned to gavage α-TEA or gavage control group 

so that the average tumor volume for all groups were closely matched.  Each group had 

an average tumor volume/group of 1.112 mm3 and  0.925 mm3, respectively, at the start 

of treatments (7.5 mg α-TEA/day), which were begun eight days following tumor cell 

inoculation.  Tumors were measured using calipers every other day, and volumes were 

calculated using the formula:  volume (mm3) = [width (mm)2 X length (mm)] /2 (Clarke, 

1997).   Body weights were determined weekly.  

α-TEA/Liposome Formulation Delivered by Gavage to Nu/Nu Mice With 

MDA-MB-435-GFP-FL Primary Tumors.   Procedures for α-TEA/liposome 

formulation were previously described (Lawson, 2003) 

 Prior to gavage treatment, one aliquot of α−TEA/lipid powder (75 mg α−TEA)  

was brought to room temperature then reconstituted by adding 2.0 ml distilled water.   α-

TEA/liposome mixture was vortexed vigorously immediately prior to administration by 

gavage 200 µl/mouse per day (F.C. 7.5 mg α-TEA/mouse/day).  Animals were given 100 

µl at two different time periods during the day, 8 hours apart. 
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Lung and Lymph Node Metastasis in Nu/Nu Mice with MDA-MB-435-GFP-

FL Primary Tumors.  Macroscopic metastases in all five lung lobes were counted 

visually at time of sacrifice.  Fluorescent microscopic metastases were counted using a 

Nikon fluorescence microscope (TE-200; 200 x magnification) using previously 

described procedures (Lawson, 2003).   

Statistical Analyses.  Tumor growth curves were evaluated by transforming 

volumes using a logarithmic transform (base 10) and analyzed using a nested two-factor 

analysis of variance using SPSS (SPSS, Inc, Chicago, IL).  Difference in number of 

fluorescent microscopic metastases per group were determined using the Mann-Whitney 

rank test using Prism software version 3.0 (Graphpad, San Diego, CA).   

 

Results 

α-TEA Induces Apoptosis in MDA-MB-435-GFP-FL cells, In Vitro.   Previous 

studies indicated that α-TEA was a potent apoptotic inducer in a murine mammary cancer 

cell line (Lawson, 2003).  In studies reported here, human MDA-MB-435-GFP-FL breast 

cancer cells were treated with α-TEA, and apoptosis was assessed by morphological 

analyses of DAPI stained cells for condensed nuclei and fragmented DNA.   Nuclei from 

MDA-MB-435-GFP-FL cells treated with 2.5, 5, 10, or 20 µg/ml α-TEA for three days 

exhibited condensed and fragmented DNA, characteristics of apoptosis; whereas, nuclei 

from untreated cells did not exhibit these morphological characteristics.   The level of 

apoptosis of MDA-MB-435-GFP-FL cells treated for three days with 2.5, 5, 10, or 20 
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µg/ml α-TEA, in comparison to untreated and EtOH controls was 1, 3, 17, and 23-fold 

higher (Fig. 5.2).  

Liposomal α-TEA/Gavage Treatment Suppressed MDA-MB-435-GFP-FL 

Tumor Growth in Balb/c Mice and Reduced Lung Macroscopic and Lung and 

Lymph Node Microscopic Metastases.  Mean tumor volumes of the liposomal α-

TEA/gavage treatment group, in comparison to gavage control, was significantly lower 

over 37 days of treatment (p < 0.001; Fig. 5.3).  

 At sacrifice, all five lung lobes from each animal were examined visually for 

macroscopic metastases.  No visible macroscopic metastases were seen in the α-TEA 

treatment group; whereas, 60% of gavage control animals exhibited macroscopic 

metastases with an average of 1.3 visible tumors/animal, respectively (Table 5.1).  Use of 

a Nikon fluorescence microscope permitted measurement of green fluorescing 

microscopic metastases into three size groupings (< 20, 20-50, and > 50 µm).  Since the 

tumor cells are approximately 10-20 µm in diameter, the microscopic metastases scored 

as < 20 µm most likely represent single cells.   This analysis showed a decrease in 

microscopic metastases of all three size groupings in the α-TEA treatment group in 

comparison to either the gavage or untreated controls (Fig. 5.4A).  The mean number of 

microscopic metastases in the α-TEA treatment group (33.3 ± 7.4; N= 9 ), in comparison 

to gavage control (99.4 ± 39; N = 10), was significantly reduced (p < 0.05).   α-TEA 

gavage treated animals had a lower number of microscopic metastases found in the 

axillary and brachial lymph nodes then that of control animals (Fig. 5.4B).  α-TEA 

gavage treated animals had a mean ± S.E. of 4.6 ± 1.3 microscopic metastases per lymph 
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node investigated compared to mean ± S.E of 10.9 ± 2.1 microscopic metastases found in 

lymph nodes from control animals (p < 0.003).  

 

Discussion/Summary 

Studies conducted in our lab have shown α-TEA to be a potent apoptotic inducing 

agent for several human cancer cells in culture, including breast, ovary, endometrial, 

cervical, prostate, lung, and colon cancers.  Data presented in Fig. 5.2 confirm that α-

TEA induces MDA-MB-435 cells in vitro to undergo apoptosis in a dose dependant 

manner. 

Previous experiments, examining α-TEA as a potential chemotherapeutic agent, 

have utilized a murine syngeneic mammary cancer model with high metastatic potential.  

In order to determine if the anti-cancer properties of α-TEA was not limited to the murine 

model, liposomal α-TEA delivered via gavage was investigated in a highly metastatic 

variant of a human breast cancer model in nude mice.  Studies here confirm that α-TEA 

exhibits potent anti-cancer potential, in that, it was effective in reducing human MDA-

MB-435 tumor burden and metastases to lungs and lymphnodes.  
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(3) α−TEA in Combination with Chemotherapeutic Drug, Doxorubicin, is 

Effective in Reducing Tumor Burden and Lung Metastases. 

 

Rationale.   

 Our goal is to use α−TEA separately and in combination with established 

chemotherapeutic drugs in an effort to reduce tumor burden and metastases, and to 

minimize toxicity from chemotherapeutic drugs.   In order to accomplish this goal, we 

utilize α-TEA at a level that has been shown to reduce tumor burden and metastases and 

to not cause toxicities, and utilize chemotherapeutic drugs at greatly reduced levels, 

trying to obtain enhanced tumor cell killing in the combination treatment group while 

minimizing toxicity.   Data in chapter 3 show combinations of α-TEA + 9-nitro-

camptothecin to give enhanced reduction of tumor burden greater than either compound 

administered separately.  Studies described here were designed to determine if 

combination of α-TEA + doxorubicin would give enhanced tumor cell killing. 

 

Material and Methods 

 Determination of Apoptosis by Morphological Evaluation of DAPI-Stained 

Nuclei of 66cl-4-GFP Cells.  66cl-4-GFP cells were treated separately or in combination 

with 5 or 10 µg/ml α-TEA, and 2.5 µg/ml Doxorubicin (Adriamycin, Sigma) for two 

days.  Controls included EtOH (0.1% ethanol F.C. vol/vol) and untreated control in 

experimental media.  After treatment, floating cells plus scraped-released adherent cells 

were DAPI stained as previously described (Lawson, 2003) and cells were viewed at 
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400X magnification with a Zeiss ICM 405 fluorescent microscope using a 487701 filter.  

Cells in which the nucleus contained condensed chromatin or cells exhibiting fragmented 

nuclei were scored as apoptotic.  Data are reported as percentage of apoptotic cells per 

cell population (i.e. number apoptotic cells/total number of cells counted).  Three 

different microscopic fields were examined and 200 cells counted at each location for a 

minimum of 600 cells counted per slide.  Apoptotic data are presented as mean ± S.D. for 

three independently conducted experiments. 

Animal Model and Experimental Design.  66cl-4-GFP murine mammary cancer 

cell preparation, tumor cell culture and inoculation into Balb/c mice, a-TEA/liposome 

formultaion, and delivery by aerosol are as described in the materials and methods 

section in Topic #1 above.    

Preparation and Delivery of Doxorubicin.  Doxorubicin was dissolved, 0.125 

mg/50 µl PBS, and stored in refrigeration until time of use.   Animals were injected with 

50 µl doxorubicin, I.P. (5mg/kg based on 25 gram mouse) on days 4, 7, 11, and 14 of 

treatment regime, with α-TEA daily delivery beginning on day 1 of treatment regime.     

 For experiments examining the anti-cancer properties of α-TEA and doxorubicin 

separately and in combination, 24 mice (6 mice/group) were assigned to aerosol α-TEA, 

I.P. injected doxorubicin, aerosol α−TEA + injected doxorubicin, or untreated control 

group so that the mean tumor volume for all groups were closely matched.  Each group 

had an average tumor volume/group of 14.9 mm3, at the start of treatments (150 

mg/cage/day α-TEA), which were begun sixteen days following tumor cell inoculation.  

Tumors were measured using calipers every other day, and volumes were calculated 
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using the formula:  volume (mm3) = [width (mm)2 X length (mm)] /2 (Clarke, 1997).   

Body weights were determined weekly.     

Statistical Analyses.   Tumor growth curves of mice treated separately or with 

combinations of α-TEA and doxorubicin were evaluated by transforming volumes using a 

logarithmic transform base 10 and analyzed using a nested two-factor analysis of 

variance with tukey post test using SPSS (SPSS, Inc).  

 

RESULTS 
 

α-TEA, Doxorubicin, and Combinations of Both Induce Apoptosis in 66cl-4-

GFP cells, In Vitro.  66cl-4-GFP cells treated with 5 or 10 µg/ml α-TEA for two days 

exhibited 5- and 13-fold higher apoptosis then that of the ethanol control, respectively 

(Fig.5.5).  Cells treated with 2.5 µg/ml doxorubicin exhibited 10.5-fold higher apoptosis 

then that of untreated control.  Combinations of 5 or 10 µg/ml α-TEA with 2.5 µg/ml 

doxorubicin induced 63- and 72-fold increase in apoptosis than that of ethanol or 

untreated control, respectively (Fig. 5.5).  Apoptosis induction was increased 6.0- and 

5.5-fold over either drug alone when combining 5 or 10 µg/ml α−TEA with 2.5 µg/ml 

doxorubicin, respectively.  Untreated and EtOH controls exhibited background levels of 

apoptosis: 1% apoptosis; (Fig. 5.5).  

There were no differences in body weights among the treatment and control 

groups, suggesting that the level of doxorubicin used was not toxic (data not shown). 

At sacrifice, mice were examined for visible lung macroscopic metastases.  Fifty 

percent of mice receiving no treatment or receiving doxorubicin only, had lung 



118 

metastases (3/6); whereas, mice receiving α−TEA only or α-TEA + doxorubicin had no 

lung macroscopic metastases (0/6) (Table 5.2). 

Liposomal α-TEA/Aerosol and α-TEA + Doxorubicin Combination 

Treatments Decreased 66cl-4-GFP Tumor Burden in Balb/c Mice.  The mean tumor 

volumes of aerosol control treated animals over 17 days of treatment were significantly 

higher then that of α-TEA and α-TEA + doxorubicin treated animals  (p<0.001; Fig. 5.6).  

Doxorubicin only treated animals had mean tumor volumes that were not significantly 

lower then control animals (p<0.96), and the size of the tumors in the α-TEA and α-TEA 

+ doxorubicin treatment groups were not significantly different from one another (p<0.4).   

 

Discussion/Summary 

Previous experiments combining α-TEA with the chemotherapeutic 9-nitro-

camptothecin (chapter 3) show enhanced tumor reduction.  Studies reported here show 

that α-TEA has potential to work in combination with other chemotherapeutics, as well.  

Analyses of the ability of α-TEA + doxorubicin to enhance levels of apoptosis, in vitro, is 

promising.  Even though tumor volume of mice receiving combinations of α-TEA + 

doxorubicin were significantly reduced in comparison to control, but were not different 

from α-TEA administered alone, we continue to believe a combination of α-TEA + 

doxorubicin may have promise.   This belief is based on the data showing that 

doxorubicin by itself did not significantly reduce tumor burden nor inhibit lung 

macrometastases.   These data indicate that levels of doxorubicin used in these 



119 

experiments were too low to be effective.   Future experiments will utilize different levels 

of doxorubicin.   
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Table 5.1 66cl-4-GFP Mammary Cancer Cell Macroscopic Lung Metastasis 
 In Nu/Nu Mice Receiving Liposomal α-TEA by Gavage. 
________________________________________________________________________ 

Delivery/Treatments                     # Animals/Group with                   Total # Macroscopic Lung    
                                                Macroscopic Lung Metastasesa                      Tumor Focib                                 

 

Gavage/Liposomal Control                   6 / 10  8 

Gavage/Liposomal α-TEA 0 / 9  0   

________________________________________________________________________ 

 
a
 Macroscopic lesions in all five lung lobes for each animal in all treatment groups were 

counted visually at the time of sacrifice.  
b
Data are expressed as the total number of macroscopic lung tumor foci observed in the 

10 mice in each group.  
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Table 5.2  66cl-4-GFP Mammary Cancer Cell Lung Metastasis 
 in Balb/c Mice Receiving Liposomal α-TEA/Aerosol, Doxorubicin, Liposomal α-
TEA/Aerosol + Doxorubicin ,  or Untreated Control  
________________________________________________________________________ 

Treatment                                   # Animals/Group with Visible              Total # Visible  
                                                            Lung Metastasesa      Focib 
________________________________________________________________________ 

No Treatment        3 / 6      18 

Doxorubicin        3 / 6      14 

Aerosol/ Liposome α-TEA        0 / 6        0 

Liposomal α-TEA + Doxorubicin                 0 / 6        0   

________________________________________________________________________ 

 
a
 Metastatic lesions in all five lung lobes for each animal in all treatment groups were 

counted visually at the time of sacrifice.  
b
Data are expressed as the total number of visible lung tumor foci observed in the 6 mice 

in each group.  
 

  . 
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Fig 5.1 Liposomal α-TEA delivery by aerosol increases survival time of 66cl-4-GFP tumor 
bearing Balb/c mice.  A, 66cl-4-GFP cells at 2 x 105/mouse were injected into the inguinal area at 
a point equal distance between the 4th and 5th nipples.  Nine days after tumor injection, mice 
were assigned to control or α-TEA treatment groups such that the mean tumor volume of each 
group was closely matched.  Mice (9/group) were treated daily with liposomal α-TEA/aerosol (75 
mg/cage/day) or liposome aerosol only for as much as 75 days.  B, Experiments were similar to 
those in section A, with the exception that 14 mice/group were used and groups were treated for 
as much as 45 days. 
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Fig. 5.2.  Documentation of α-TEA induced apoptosis in MDA-MB-435-GFP-FL cells.  MDA-
MD-435-GFP-FL human mammary cells were treated with 2.5, 5, 10, or 20 µg/ml of α-TEA or 
untreated or vehicle control (EtOH) and cultured for 3 days.  Cells were harvested, nuclei were 
labeled with the fluorescent DNA-binding dye DAPI and cells were examined using a Zeiss ICM 
405 fluorescent microscope (400 x), using a 487701 filter.  Analyses of nuclei of DAPI stained 
cells show α-TEA to induce apoptosis in a concentration-dependent manner.  Data are depicted as 
mean ± S. D. of three separate experiments.    
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Fig. 5.3. Liposomal α-TEA delivery by gavage inhibits tumor burden of MDA-MB-435-GFP-FL 
tumor bearing nude mice.  MDA-MB-435-GFP-FL cells at 1 x 106/mouse were injected into the 
inguinal area at a point equal distance between the 4th and 5th nipples.  Eight days after tumor 
injection, mice were assigned to control or α-TEA treatment groups such that the mean tumor 
volume of each group was closely matched.  Mice (10/group) were treated daily with liposomal 
α-TEA/gavage (7.5 mg/day) or liposome gavage only for 37 days.  Tumor volume/mouse was 
determined at two-day intervals.  Tumor volumes (mm3) are depicted as mean ± S.E.   
 
 
 
 
 
 
 
 



125 

 
 
 
 

            
 
 
 
Fig. 5.4, A, With the aid of a Nikon fluorescent microscope, the number of fluorescent 
microscopic metastases on the surface (top and bottom) of flattened left lung lobes from 
liposomal α-TEA/gavage (9 mice) or liposome gavage only (10 mice) were determined.  
Data are depicted as mean ± S. E.  B, With the aid of a Nikon fluorescent microscope, the 
number of fluorescent microscopic metastases on the surface of flattened axillary and 
brachial lymph nodes in liposomal α-TEA/gavage (9 mice) or mice liposome gavage only 
(10 mice) were determined.  Data are depicted as mean ± S. E.   
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Fig. 5.5.  α-TEA and doxorubicin separately and in combination induced apoptosis.  A, 66cl-4-
GFP murine mammary cells were untreated (UT), treated with vehicle control (EtOH), or treated 
with 5 µg/ml of α-TEA or 2.5 µg/ml doxorubicin or combination, and cultured for 2 days.  Cells 
were harvested, nuclei were labeled with the fluorescent DNA-binding dye DAPI and cells were 
examined using a Zeiss ICM 405 fluorescent microscope (400 x), using a 487701 filter.  Nuclei of 
cells with condensed chromatin or fragmented nuclei were scored as apoptotic.  Data are mean ± 
SD of three separate experiments.  B, 66cl-4-GFP were treated as described above in A, with the 
exception that cells were treated with 10 µg/ml α-TEA. 
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Fig. 5.6.  Liposomal α-TEA and combination of liposomal α-TEA + doxorubicin 
treatment inhibits tumor burden.  66cl-4-GFP cells at 2 x 105/mouse were injected into 
the inguinal area at a point equal distance between the 4th and 5th nipples.  Sixteen days 
after tumor injection, mice were assigned to control and α-TEA treatment groups such 
that the mean tumor volume of each group was closely matched (mean tumor 
volume/group of 14.3 mm3).  Mice (6/group) were treated daily with liposomal α-
TEA/aerosol (150 mg/cage/day), on days 4, 7, 11 and 14 with I.P. injected doxorubicin (5 
mg/kg) for 21 days.  Control mice were untreated.  Tumor volume/mouse was determined 
at two-day intervals.  Liposomal α-TEA/aerosol and combination of liposomal α-TEA 
/aerosol + doxorubicin treated groups were significantly lower then control based on the 
nested two-factor analysis of variance.  Animals treated with doxorubicin only had no 
significantly effect on mean tumor volumes over 21 days of treatment.  Tumor volumes 
(mm3) are depicted as mean ± S.E.   
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Chapter 6 

 

Summary and Future Directions 
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SUMMARY 
 

The goal of these studies was to the further development of α-TEA as a 

tocopherol-based anti-tumor agent that possesses suitable characteristics for 

chemoprevention and chemotherapeutic use in humans, alone or in combination with 

other chemotherapeutic cancer agents.  α-TEA was created in an effort to overcome the 

potential problem of cellular esterases hydrolyzing the ester linked succinate moiety of 

VES that renders VES ineffective as an anti-cancer agent.   

α-TEA was investigated for potential as an anti-cancer agent in vitro, and in a 

syngeneic murine model of mammary cancer.  Studies presented here show that α-TEA is 

a potent anti-cancer agent in cell culture, and was consistently effective in reducing 

primary tumor growth as well as macroscopic and microscopic metastases to the lungs 

and lymph nodes, and increasing survival time of these animals when formulated into 

liposomes and delivered by both aerosolization and gavage.  α-TEA proved to be an 

effective anti-cancer agent when delivered via gavage, unlike gavage delivered VES 

which was not effective in reducing primary tumor burden or lymph node metastases in 

this model.  Studies involving the reduction in tumor size and reduction of cancer spread 

after treatment of α-TEA via gavage were confirmed in a separate animal model of 

mammary cancer, namely MDA-MB-435 cells transplanted into athymic nude mice. 

In addition, these studies show that α-TEA reduces tumor burden by way of 

induction of apoptosis and inhibition of cell growth, in vivo, confirming what had been 
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seen in mechanistic studies in vitro.  The anti-metastatic abilities of α-TEA appear to be 

separate of blood vessel growth ability of the primary tumors. 

A second goal of this project was to investigate α-TEA’s ability to lower the 

threshold for cell killing by certain chemotherapy agents.  These studies show that α-TEA 

in combination with 9-nitro-camptothecin, is more effective then either drug alone.  This 

is important, in that 9-nitro-camptothecin, a chemotherapeutic drug with toxic side 

effects, can be lowered in treatment regimes, while getting the same cancer cell killing 

effect as higher dose therapies.   In addition, in vitro data showing enhanced cell kill with 

combinations of α-TEA and doxorubicin, is promising. 

 

Future Directions 
 

Chemotherapy 

 α-TEA shows promise as a chemotherpauetic for breast cancer.  Future studies 

must focus on α-TEA’s ability to inhibit metastases.  Studies to date show that the anti-

metastatic ability of aerosolized α-TEA does not lie in an ability to decrease blood vessel 

growth in primary tumors.  One interesting theory is that tumor cells are being eliminated 

in the lymph and at the lung site itself.  Lung tissue has historically been thought of as an 

immune privileged site, in that high amounts of Fas ligand (FasL) is expressed on lung 

cells (Xerri, 1997; Ferguson, 1997).  Since α-TEA has been shown, in vitro, to increase 

the translocation of functional Fas receptor to the cell surface of cancer cells, it is 

possible that cells at the primary site have increased Fas receptor on their cell surface, 

and upon reaching lung tissue, are killed by lung cells bearing FasL.  Further speculation 
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is that FasL expressed by immune cells in the lymph nodes could trigger tumor cells to 

undergo apoptosis via Fas/FasL signaling pathways.  In all probability, it is most likely a 

combination of events, including the event proposed above, as well as effects on the cells 

ability to detach from the primary tumor and travel to other sites in the body.  Since α-

TEA is a potent apoptotic inducer, it is possible that α-TEA in circulation is taken up by 

migrating tumor cells, resulting in cell death by apoptosis. 

 The ability of α-TEA to work in combination with other chemotherapeutic drugs 

also warrents further investigation.  Several drugs have been tested in our lab, showing 

possibility for combination treatments with α-TEA, including paclitaxel and doxorubicin.  

These drugs should be tested in combination with α-TEA.  Mechanistic studies 

examining the ability of α-TEA separately and in combination with other drugs, to reduce 

tumor burden and metastasis are needed.  One possibility is that α-TEA effects protein 

pumps found in the cell membranes, that function to eliminate cytotoxic drugs from 

inside the cell.  Cells that are resistant to some drugs show high levels of these proteins.  

If α-TEA was to decrease the number or function of these proteins, this could explain α-

TEA’s ability to increase the effectiveness of numerous cytotoxic drugs.      

 

Breast Cancer Chemoprevention 

 Vitamin E, administered usually as dl-α-tocopherol or dl-α-tocopheryl acetate, has 

been investigated for its potential role as a preventative of breast cancer.  Reviews of the 

epidemiological evidence for this association come to the conclusion that observation 

studies analyzing dietary intake of vitamin E show that vitamin E may provide some 
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beneficial chemopreventative effect when consumed in the diet; however, vitamin E 

supplementation shows little if any, beneficial effect (Schwenke, , 2002; Kimmick, 

1997).  Results from pre-clinical animal studies, involving mostly dl-α-tocopherol intake, 

have been inconclusive, showing in some cases to decrease tumor frequency, in other to 

have no effect, and still others show an increase in tumor frequency with synthetic 

vitamin E supplementation (Ip, 1985; Ip, 1987; Ip, 1988; Horvath, 1983; Cognault, 2000; 

Beth, 1987; Hirose, 1986; Gould, 1991; Takada, 1992).  It is difficult to evaluate these 

animal studies due to the fact that in many, the form of vitamin E was not specified.  

Vitamin E’s ability to act as a chemopreventative is still undefined and warrants further 

investigation and increased awareness of forms. 

 We propose that the novel vitamin E derivative, α-TEA, would be an optimal 

candidate for chemoprevention, due to its chemotherapeutic efficacy as well as its lack of 

toxic effects.  This premise will need to be studied in animal models of breast cancer 

prevention, including, but not limited to, models such as the chemically induced (NMU)- 

hormonally responsive mammary cancer model in Sprague Dawley rats (Thompson, 

1998), as well as, the transgenic, C3(1)/SV40 T-antigen transgenic, hormonally non-

responsive mammary cancer mouse model (Green, 2001; Calvo, 2002). 

 The chemically induced Sprague Dawley rat model of mammary cancer is 

commonly used for chemoprevention studies of estrogen receptor positive/estrogen-

responsive mammary cancer.  The model gives good insight into the progression of 

cancer as well as what effect an agent is having on angiogenesis (Thompson, 1998; 

Thompson, 2002)  
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 The transgenic, C3(1)/SV40 T-antigen, model of mammary cancer is promising 

for its similarity to the progression of human breast cancer.  This model possesses a 

progression from early hormone responsiveness to a later hormone independent 

phenotype, and bears a predictable time course of lesion formation that can aid in the 

investigation of a compound’s specific roles in the prevention process (Green, 2001). 

 

Conclusion 

 In conclusion, α-TEA, administered separately and in combination with other 

anti-cancer agents has potential for clinical treatment and prevention of breast cancer.   

Based on in vitro studies, predictions are that α-TEA will be equally effective in reducing 

tumor burden and metastases in other cancer types. 

    

  

  

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 



134 

 
REFERENCES 
 
Andrieu-Abadie N., Jaffrezou J., Hatem S., Laurent G., Levade T., and Mercadier J.  L-
carnitine prevents doxorubicin-induced apoptosis of cardiac myocytes: role of inhibition 
of ceramide generation.  FASEB, 13: 1501-1510, 1999. 
 
Azzi A., and Stocker A.  Vitamin E: non antioxidant roles.  Progress in Lipid Research, 
39: 231-255, 2000. 
 
Bandyopadhyay A., Lopez-Castillas F., Malik S.N., Montiel J.H., Mendoza V., Yang J., 
and Sun L-Z.  Antitumor activity of a recombinant soluble betaglycan in human breast 
cancer xenograft.  Cancer Res., 62: 4690-4695, 2002. 
 
Barnett K.T., Fokum F.D., and Malafa M.P.  Vitamin E Succinate Inhibits Colon Cancer 
Liver Metastases. J. Surg. Res., 106: 292-298, 2002. 
 
Bernacki R.J., Pera P., Gambacorta P., Brun Y., and Greco W.R. In vitro antitumor 
activity of 9-nitro-camptothecin as a single agent and in combination with other 
antitumor drugs. Ann. NY Acad. Sci., 922: 293-297, 2000. 
 
Beth M., Berger M.R., Aksoy M., and Scmahl D.  Effects of vitamin A and E 
supplementation to diets containing two different fat levels on methylnitrosourea-induced 
mammary carcinogenesis in female SD-rats. B.r J. Cancer, 56: 445-9, 1987. 
 
Borel P., Pasquier B., Armand M., Tyssandier V., Grolier P., Alenxandre-Gouabau M.C., 
Andre, M., Senft M., Peyrot J., Jaussan V., Lairon D., and Azais-Braesco V.  Processing 
of vitamin A and E in the human gastrointestinal tract. Am J Physiol Gastrointest Liver 
Physiol., 280: G95-G103, 2001. 
 
Brigelius-Flohe R., Kelly F.J., Salonen J.T., Neuzil J., Zingg J-M., and Azzi A. The 
European perspective on vitamin E: current knowledge and future research.  Am. J. Clin. 
Nutr., 76: 703-16, 2002. 
 
Burton G.W., Traber M.G., Acuff R.V., Wlaters D.N., Kayden H., Hughes L., and Ingold 
K.U.  Human plasma and tissue α-tocopherol concentrations in response to 
supplementation with deuterated natural and synthetic vitamin E.  Am. J. Clin. Nutr., 67: 
669-84, 1998. 
 
Calvo A., Feldman A.L., Libutti S.K., and Green J.E.  Adenovirus-mediated endostatin 
delivery results in inhibition of mammary gland tumor growth in C3(1)/SV40 T-antigen 
transgenic mice.  Cancer Res., 62: 3934-8, 2002, 
 
Carlberg C. Lipid soluble vitamins in gene regulation. Biofactors, 10: 91-7, 1999. 



135 

 
Carpentier A., Groves S., Simmons-Menchaca M., Turley J., Zhao B., Sanders B.G., and 
Kline K.  RRR-alpha-tocopheryl succinate inhibits proliferation and enhances secretion 
of transforming growth factor-beta (TGF-beta) by human breast cancer cells.  Nutr. 
Cancer., 19: 225-39, 1993.  
 
Chan A.C.  Vitamin E and Atherosclerosis.  J. Nutr.,  128: 1593-1596, 1998. 
 
Chatterjee D., Schmitz I., Krueger A., Yeung K., Kirchhoff S., Krammer P.H., Peter 
M.E., Wyche J.H., and Pantazis P.  Induction of apoptosis in 9-nitrocamptothecin-treated 
DU145 human prostate carcinoma cells correlates with de novo synthesis of CD95 and 
CD95 ligand and down-regulation of c-FLIP. Cancer Res., 61: 7148-7154, 2001. 
 
Clarke R.  Issues in experimental design and endpoint analysis in the study of 
experimental cytotoxic agents in vivo in breast cancer and other models.  Breast Cancer 
Res. Treat., 46:  255-278, 1997. 
 
Cognault S., Jourdan M.L., Germain E., Pitavy R., Morel E., Durand G., Bougnoux P., 
and Lhuillery C.  Effect of an α-linolenic acid-rich diet on rat mammary tumor growth 
depends on the dietary oxidative status.  Nutrition and Cancer, 36: 33-41, 2000. 
 
De Beer E.L., Bottone A.E., and Voest E.E. Doxorubidin and mechanical performace of 
cardiac trabeculae after acute and chronic treatment: a review.  Eur. J. Pharm., 415: 1-11, 
2001. 
 
Deluca H.F., and Zierold C.  Mechanism and function of vitamin D.  Nutrition Reviews,  
56: S4-S10, 1998. 
 
Dexter D. L., Kowalski H. M., Blazar B. A., Fligiel Z., Vogel R., and Heppner G. H.  
Heterogeneity of tumor cells from a single mouse mammary tumor.  Cancer Res., 38:  
3174-3181, 1978. 
 
Institute of Medicine, Food and Nutrition Board, Panel on Dietary Antioxidants and 
Related Compounds.  Dietary Reference Intakes for Vitamin C, Vitamin E, Selenium, 
and Carotenoids.  Washington (DC); National Academy Press; 1-486, 2000. 
 
Evans H.M., and Bishop K.S.  On the existence of a hitheroto unrecognized dietary factor 
essential for reproduction.  Science, 56: 650-651, 1922. 
 
Fariss M.W., Fortuna M.B., Everett C.K., Smith J.D., Trent D.F. and Djuric Z.  The 
selective antiproliferative effects of α-tocopheryl hemisuccinate and cholesteryl 
hemisuccinate on murine leukemia cells result from the action of the intact compounds.  
Cancer Res., 54:  3346-3351, 1994.  
 



136 

Ferguson T.A., and Griffith T.s. A vision of cell death: insight into immune privilege.  
Immunological Reviews, 156: 167-184, 1997. 
 
Fulda S., Strauss G., Meyer E., and Debatin K.  Functional CD95 ligand and CD95 death-
inducing signaling complex in activation-induced cell death and doxorubicin-induced 
apoptosis in leukemic T cells.  Blood, 95: 301-308, 2000. 
 
Garcia-Carbonero R., and Supko J.G. Current perspectives on the clinical experience, 
pharmacology, and continued development of the camptothecins. Clin. Cancer Res., 8: 
641-661, 2002. 
 
Gilbert B.E., Seryshev A., Knight V., and Brayton C.  9-nitrocamptothecin liposome 
aerosol: lack of subacute toxicity in dogs.  Inhal. Toxicol., 14: 185-97, 2002. 
 
Giovanella B.C., Stehlin J.S., Hinz H.R., Kozielski A.J., Harris N.J., and Vardeman, 
D.M.  Preclinical evaluation of the anticancer activity and toxicity of 9-nitro-20(s)-
camptothecin (Rubitecan).  Int. J. of Oncology, 20: 81-88, 2002. 
 
Gould M.N., Haag J.D., Kennan W.S., Tanner M.A., and Elson C.E.  A comparison of 
tocopherol and tocotrienol for the chemoprevention of chemically induced rat mammary 
tumors.  Am. J. Clin. Nutr., 53: 1068S-1070S, 1991. 
 
Green J.E., Shibata M-A., Shibata E., Moon R.C., Anver M.R., Kelloff G…….. 2-
difluoromethylornithine and dehydroepiandrosterone inhibit mammary tumor progression 
but not mammary or prostate tumor inititation in C3(1)SV40T/t-antigen transgenic mice.  
Cance Res., 61: 7449-55, 2001. 
 
Greenberg E.J.  The treatment of metastatic breast cancer.  CA Cancer J. Clin., 41: 242-
256, 1991. 
 
Hirose M., Masuda A., Inoue T., Fukushima S., and Ito N.  Modification by antioxidants 
and p,p'-diaminodiphenylmethane of 7,12-dimethylbenz[a]anthracene-induced 
carcinogenesis of the mammary gland and ear duct in CD rats.  Carcinogenesis, 7: 1155-
9, 1986. 
 
Hortobagyi G.N.  Anthracyclines in the treatment of cancer. An overview. Drugs, Suppl. 
4: 1-7, 1997. 
 
Horvath P.M., and Ip C.  Synergistic effect of vitamin E and selenium in the 
chemoprevention of mammary carcinogenesis in rats. Cancer Res., 43: 5335-41, 1983. 
 
Ip C. Feasibility of using lower doses of chemopreventive agents in a combination 
regimen for cancer protection. Cancer Lett., 39: 239-46, 1988. 
 



137 

Ip C., and White G. Mammary cancer chemoprevention by inorganic and organic 
selenium: single agent treatment or in combination with vitamin E and their effects on in 
vitro immune functions. Carcinogenesis, 8: 1763-6, 1987. 
 
Ip C. Attenuation of the anticarcinogenic action of selenium by vitamin E deficiency. 
Cancer Lett., 25: 325-31, 1985. 
 
Israel K., Yu W., Sanders B.G., and Kline, K. Vitamin E succinate induced apoptosis in 
human prostate cancer cells: role for Fas in vitamin E succinate-triggered apoptosis.  Ntr. 
and Cancer, 36: 90-100, 2000. 
 
Jemal A., Murray T., Samuels A., Ghafoor A., Ward E., and Thun M.J.  Cancer Statistics, 
2003.  CA Cancer J. Clin., 53: 5-26, 2003. 
 
Kamal-Eldin A., and Appelqvist L-A.  The chemistry and antioxidant properties of 
tocopherols and tocotrienols.  Lipids, 31:  671-701, 1996. 
 
Kayden H., and Traber M.G. Absorption, lipoprotein transport, and regulation of plasma 
concentrations of vitamin E in humans.  J. of Lipid Res.,  34: 343-358, 1993. 
 
Kerr J., Wyllie A., and Currie A. Apoptosis: a basic biological phenomenon with wide-
ranging implications in tissue kenetics.  Br. J. Cancer, 26: 239-257. 
 
Kimmick G.G., Bell R.A., and Bostick R.M.  Vitamin E and breast cancer: a review.  
Nutr. Cancer, 27: 109-117, 1997. 
 
Koli K.M., and Arteaga C.L. Predominant cytosolic localization of type II transforming 
growth factor beta receptors in human breast carcinoma cells.  Cancer Res., 57: 970-7, 
1997.  
 
Kline K., Yu W., and Sanders B.G.  Vitamin E:  Mechanisms of action as tumor cell 
growth inhibitors.  In: K. N. Prasad and W. C. Cole (eds.),  Proceeding of the 
International Conference on Nutrition and Cancer, pp 37-53.  Amsterdam: IOS Press, 
1998. 
 
Kline K., Yu W., and Sanders B.G.  Vitamin E:  Mechanisms of action as tumor cell 
growth inhibitors.  J. Nutr., 131: 161S-163S, 2001. 
 
Knight V., Koshkina N.V., Waldrep J.C., Giovanella B.C., and Gilbert B.E.  Anticancer 
effect of 9-nitrocamptothecin liposome aerosol on human cancer xenografts in nude mice. 
Cancer Chemother. Pharmacol.,  44: 177-186, 1999.   
 
 
 



138 

Konstadoulakis M.M., Antonakis P.T., Tsibloulis A.G., Stathopoulos G.P., Manouras 
A.P., Mylonaki D.B., and Golematis B.X.  A phase II study of 9-nitrocamptothecin in 
patients with advanced pancreatic adenocarcinoma. Cancer Chemother. Pharmacol.,  48: 
417-420, 2001. 
 
Koshkina N.V., Gilbert B.E., Waldrep J.C., Seryshev A., and Knight V.  Distribution of 
camptothecin after delivery as a liposome aerosol or following intramuscular injection in 
mice.  Cancer Chemother. Pharmacol.,  44: 187-192, 1999. 
 
Koshkina N.V., Kleinerman E.S., Waldrep C., Jia S., Worth L.L., Gilbert B.E., and 
Knight V.  9-Nitrocamptothecin liposome aerosol treatment of melanoma and 
osteosarcoma lung metastasis in mice. Clin. Cancer Res., 6:  2876-2880, 2000. 
 
Kroemer G., Zamzami N., and Susin S.A.  Mitochondrial Control of Apoptosis.  Immun. 
Today, 18: 44-51, 1997. 
 
Lawson K.A., Anderson K., Menchaca M., Atkinson J., Sun L.Z., Knight V., Gilbert B., 
Conti C., Sanders B.S., and Kline K.  Novel Vitamin E Analog Decreases Syngeneic 
Mouse Mammary Tumor Burden and Reduces Lung Metastasis. Molecular Cancer 
Therapeutics (In press) 
 
MacDonald I. C., Groom A. C., and Chambers A. F.  Cancer spread and micrometastasis 
development:  quantitative approaches for in vivo models.  BioEssays, 24: 885-893, 
2002.  
 
Malafa M.P., and Neitzel L.T.  Vitamin E succinate promotes breast cancer tumor 
dormancy.  J. Surg. Res., 93: 163-170, 2000. 
 
Malafa M.P., Fokum F.D., Mowlavi A., Abusief M., and King M.  Vitamin E inhibits 
melanoma growth in mice.  Surgery, 131:  85-91, 2002.  
 
Miller B.E., Roi L.D., Howard L.M., and Miller F.R.  Quantitative selectivity of contact-
mediated intercellular communication in a metastatic mouse mammary tumor line.  
Cancer Res., 43:  4102-4107, 1983.  
 
Mitsiades N., Yu E., Poulaki V., Tsokos M., and Stamenkovic I.  Matrix 
metalloproteinase-7-mediated cleavage of Fas ligand protects tumor cells from 
chemotherpuetic drug cytotoxicity.  Cancer Res., 61: 577-581, 2001. 
 
Mo Y.Y., and Beck W.  DNA damage signals induction of Fas ligand in tumor cells.  
Mol. Pharm., 55: 216-222, 1999. 
 
 
Nagata S.  Fas ligand-induced apoptosis.  Ann. Rev. of Genetics,  33: 29-55, 1999. 



139 

 
Naumov G.N., MacDonald I.C., Weinmeister P.M., Kerkvliet N., Nadkarni K.V., Wilson 
S.M., Morris V.L., Groom A.C. and Chambers A.F.  Persistence of solitary mammary 
carcinoma cells in a secondary site:  A possible contributor to dormancy.  Cancer Res., 
62:  2162-2168, 2002.   
 
Neuzil J., Weber T., Gellert N., and Weber C.  Selective cancer cell killing by alpha-
tocopheryl succinate.  Br. J. of Cancer, 84: 87-89, 2001a. 
 
Neuzil J., Weber T., Schroder A., Lu M., Ostermann G., Gellert N., Mayne G. C., 
Olejnicka B., Negre-Salvayre A., Sticha M., Coffey R. J., and Weber C.  Induction of 
cancer cell apoptosis by α-tocopheryl succinate:  molecular pathways and structural 
requirements.  FASEB, 15: 403-415, 2001b. 
 
Neuzil J., Weber  T., Terman A., Weber C., Brunk U.T.  Vitamin E analogues as inducers 
of apoptosis: implications for their potential antineoplastic role.  Redox Report, 6: 143-
51, 2001c. 
 
Neuzil J., Kagedal K., Andera L., Weber C., and Brunk.  Vitamin E analogs: a new class 
of multiple action agents with anti-neoplastic and anti-atherogenic activity.  Apoptosis, 7: 
179-87, 2002a. 
 
Neuzil J.  Alpha-tocopheryl succinate epitomizes a compound with a shift in biological 
activity due to pro-vitamin-to-vitamin conversion.  Biochem. Biophys. Res. Commun.  
293: 1309-13, 2002b. 
 
Pantazis P., Early J.A., Mendoza J.T., DeJesus A.R., and Giovanella B.C.  Cytotoxic 
efficacy of 9-nitrocamptothecin in the treatment of human malignant melanoma cells in 
vitro.  Cancer Res., 54: 771-6, 1994. 
 
Prasad K. N. and Edwards-Prasad J.  Effects of tocopherol (vitamin E) acid succinate on 
morphological alterations and growth inhibition in melanoma cells in culture.  Cancer 
Res., 42:  550-554, 1982. 
 
Prasad K. N., and Edwards-Prasad J.  Vitamin E and cancer prevention:  Recent advances 
and future potentials.  J. Am. Coll. Nutr.,  11: 487-500, 1992.  
 
Price J.E., Polyzos A., Zhang R.D., and Daniels L.M.  Tumorigenicity and metastasis of 
human breast carcinoma cell lines in nude mice.  Cancer Res.,  50: 717-721, 1990.  
 
Rose A., and McFadden D.  Alpha-tocopherol succinate inhibits growth of gastric cancer 
cells in vitro.  J. of Surgical Res., 95: 19-22, 2001. 
 



140 

Schwartz J., and Shklar G.  The selective cytotoxic effect of carotenoids and α-
tocopherol on human cancer cell lines in vitro.  J. Oral Maxillofac. Surg., 50:  367-373, 
1992. 
 
Schulze-Osthoff K., Ferrari D., Los M., Wesselborg S., and Peter M.  Apoptosis signaling 
by seath receptors.  Eur. J. Biochem., 254: 439-459, 1998. 
 
Schwenke D.C.  Does lack of tocopherols and tocotrienols put women at increased risk of 
breast cancer?  J. Nutr. Biochem., 13:  2-20, 2002. 
 
Shan K., Lincoff M., and Young J.  Anthracycline-induced cardiotoxicity.  Ann. Intern. 
Med., 125: 47-58, 1996. 
 
Shibata N., Arita M., Misaki Y., Dohmae N., Takio K., Ono T……. Superntant protein 
factor, which stimulates the conversion of squalene to lanosterol, is a cytosolic squalene 
transfer protein and enhances cholesterol biosynthesis.  PNAS, 98: 2244-9, 2001. 
 
Singh D.K., Mokahi V., Elmore C.L., and Porter T.D.  Phosphorylation of supernatant 
protein factor enhances its ability to activate microsomal squalene monooxygenase.  J. 
Biol. Chem.    , 2002. 
 
Stocker A., Zimmer S., Spycher S.E., and Azzi A.  Identification of a novel cytosolic 
tocopherol-binding protein: structure, specificity, and tissue distribution.  IUBMB Life, 
48: 4-55, 1999. 
 
Stocker A. and Azzi A. Tocopherol-binding proteins: their function and physiological 
significance.  Antioxidants & Redox Signaling,  3: 397-404, 2000. 
 
Stocker A., Tomizaki T., Schulze-Briese C., and Baumann U.  Crystal structure of the 
human supernatant protein factor.  Structure, 10:1533-40, 2002. 
 
 
Takada H., Hirooka T., Hatano T., Hamanda Y., and Yamamotoa M.  Inhibition of 7,12-
dimethylbenz[a]anthracene-induced lipid peroxidation and mammary tumor development 
in rats by vitamin E in conjunction with selenium.  Nutr. Cancer, 17: 115-22, 1992. 
 
Thompson JH, McGinley JN, Wolfe P, Zsingh M, Steele VE, and Kelloff GJ.  Temporal 
sequence of mammary intrductal proliferations, ductal carcinomas in situ and 
adenocarcinomas induced by 1-methyl-1-nitrosourea.  Carcinogenesis, 19: 2181-2185, 
1998. 
 
Thompson J.H., McGinley J.N., Knott K.K., Spoelstra N.S., and Wolfe P.  Vascular 
density profile of rat mammary carcinomas induced by 1-methyl-1-nitrosourea: 
implications for the investigation of angiogenesis.  Carcinogenesis, 23: 847-854, 2002. 



141 

 
Traber M., Lane J., Lagmay N., and Jayden H.  Studies on the transfer of tocopherol 
between lipoproteins.  Lipids, 27: 657-663, 1992. 
 
Traber M.G., and Packer L.  Vitamin E: beyond antioxidant function.  Am. J. Clin. Nutr., 
62: 1501S-9S, 1995. 
 
Traber M.  Regulation of human plasma vitamin E. In: Sies H., editor. Antioxidants in 
Disease Mechanisms and Therapeutic Strategies. San Diego (CA): Academic Pres;, 49-
63, 1997. 
 
Traber M.G.  Vitamin E. In: Shills M.E., Olson J.A., Shike M., Ross A.C., editors.  
Modern Nutrition in Health and Disease, 9th edition.  Baltimore (MD): Williams & 
Wilkins; 347-362, 1999. 
 
Ulukan H., and Swaan W.  Camptothecins: A review of their chemotherapeutic potential.  
Drugs, 62:2039-2057, 2002. 
 
Verschraegen C.F., Gupta E., Loyer E., Kavanagh J.J., Kudelka A.P., Freedman R.S., 
Edwards C.L., Harris N., Steger M., Steltz V., Giovanella B.C., Stehlin J.S. A phase II 
clinical and pharmacological study of oral 9-nitrocamptothecin in patients with refractory 
epithelial ovarian, tubal or peritoneal cancer. Anticancer Drugs, 10: 375-83, 1999. 
 
Verschraegen C.F., Gilbert B.E., Huaringa A.J., Newman R., Harris N., Leyva F.J., Keus 
L., Campbell K., Nelson-Taylor T., and Knight V.  Feasibility, phase I, and 
pharmacological study of aerosolized liposomal 9-nitro-20(S)-camptothecin in patients 
with advanced malignancies in the lungs.  Ann. N.Y. Acad. Sci., 922: 352-4, 2000. 
 
Waczak H., and Krammer P.  The CD95 (APO-1/Fas) and the TRAIL (APO-2L) 
apoptosis systems.  Exp. Cell Res., 256: 58-66, 2000. 
 
Walrep J.C., Gilbert B.E., Knight C.M., Black M.B., Scherer P.W., Knight V., and 
Eschenbacher W.  Pulmonary delivery of beclomethasone liposome aerosol in volunteers.  
Chest., 111:  316-23, 1997. 
 
Wang X., and Quinn P.  Vitamin E and its function in membranes.  Progress in Lipid 
Research,  38: 309-336, 1999. 
 
Weber T., Lu M., Andera L., Lahm H., Gellert N., Fariss M.W., Korinek V., Sattler W., 
Ucker D. S., Terman A., Schroder A., Erl W., Brunk U.T., Coffey R.J., and Weber C., 
and Neuzil, J.  Vitamin E succinate is a potent novel antineoplastic agent with high 
selectivity and cooperativity with tumor necrosis factor-related apoptosis-inducing ligand 
(Apo2 ligand) in vivo.  Clin. Cancer Res., 8:  863-869, 2002.  
 



142 

Weiser H., and Vecchi M.  Stereoisomers of alpha-tocopheryl acetate.  Characterization 
of the samples by physico-chemical methods and determination of biological activities in 
the rat resorption-gestation test.  Int. J. Vitam. Nutr. Res., 51: 100-13, 1981. 
 
Wu K., Shan Y.J., Zhao Y., Yu J.W., and Liu B.H.  Inhibitory effects of RRR-alpha-
tocopheryl succinate on benzo(a)pyrene (B(a)P)-induced forestomach carcinogenesis in 
female mice.  World J. Gastroenterol.,  7:  60-65, 2001. 
 
Xerri L., Devilard E., Hassoun J., Mawas C., and Birg F.  Fas ligand is not only 
expressed in immune privileged human organs but also coexpressed with Fas in various 
epithelial tissues.  J. Clin. Pathol: Mol Pathol.  50: 87-91, 1997. 
 
Yamaoaka M., Yamaguchi S., Suzuki T., Okuyama M., Nitobi J., Nakamura N., Mitsui 
Y., and Tomoike H.  Apoptosis in rat cardiac myocytes inuced by Fas ligand: priming for 
Fas-mediated apoptosis with doxorubicin. J. Mol. Cell Cardiol., 32: 881-889, 2000. 
 
Yamauchi J., Iwamoto T. Kida S., Masushige S., Yamada K., and Esashi T.  Tocopherol-
associated protein is a ligand-dependent transcriptional activator.  Biochem. Biophys. 
Res. Commun.  285: 295-9, 2001. 
 
You H., Yu W., Sanders B.G., and Kline K.  RRR-α-tocopheryl succinate induces MDA-
MB-435 and MCF-7 human breast cancer cells to undergo differentiation.  Cell Growth 
Differ., 12: 471-480, 2001.  
 
You H., Yu W., Munoz-Medellin D., Brown P.H., Sanders B.G., and Kline K.  Role of 
extracellular signal-regulated kinase pathway in RRR-α-tocopheryl succinate-induced 
differentiation of human MDA-MB-435 breast cancer cells.  Mol. Carcinogenesis,  33:  
228-236, 2002. 
 
Yu W., Simmons-Menchaca M., You H., Brown P., Mirrer M., Sanders B.G., and Kline 
K.  RRR-α-tocopheryl succinate induction of prolonged activation of c-jun amino-
terminal kinase and c-jun during induction of apoptosis in human MDA-MB-435 breast 
cancer cells.  Molecular Carcinogenesis, 22: ……, 1998. 
 
Yu W., Israel K., Liao Q.Y., Aldaz C.M., Sanders B.G., and Kline K.  Vitamin E 
succinate (VES) induces Fas sensitivity in human breast cancer cells:  role for Mr 43,000 
Fas in VES-triggered apoptosis.  Cancer Res., 59: 953-961, 1999. 
 
Yu W., Liao Q.Y., Hantash F.M., Sanders B.G., and Kline K.  Activation of extracellular 
signal-regulated kinase and c-Jun-NH2-terminal kinase but not p38 mitogen-activated 
protein kinases is required for RRR-α-tocopheryl succinate-induced apoptosis of human 
breast cancer cells.  Cancer Res., 61: 6569-6576, 2001. 
 



143 

Yu W., Sanders B.G., and Kline K.  RRR-α-tocopheryl succinate-induction of DNA 
synthesis arrest of human MDA-MB-435 cells involves TGF-β independent activation of 
p21 (Waf1/Cip1).  Nutr. Cancer, 43: 227-36, 2002. 
 
Yu W., Saners B.G., and Kline K.  RRR-α-tocopheryl succinate- induced apoptosis of 
human breast cancer cells involves Bax translocation to mitochondria.  Submitted 
manuscript, 2002. 
 
Zimmer S., Stocker A., Sarbolouki M., Spycher S., Sassoon J. and Azzi A.  A novel 
human tocopherol-associated protein: cloning in vitro expression, and characterization.  J. 
Biol. Chem.,  275: 25672-25680, 2000. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 



144 

 
 
 
 
 
 
 
 
 

VITA 
 

 Karla Ann Lawson was born in Wichita Falls, Texas on April 8, 1974, the 

daughter of Marilyn Sue (Markley) Lawson and Michael Eugene Lawson, the 

granddaughter of Dorothy (Martin) Lawson, Eugene Lawson, Jr, Martha (Demory) 

Markley and Calvin Markley.  After completing her work at Gregory Portland High 

School, Portland, Texas, in 1992, she entered the University of Texas at Austin in Austin 

Texas.  She received a Bachelor of Science in Nutrition from the University of Texas at 

Austin in May 1998 and successfully became a board certified dietitian in 1998.  In 

September of 1998, she entered the Graduate School of the University of Texas. 

 
 
 
Permanent Address:  203 E. 31st #309, Austin, Texas, 78705 
 
 
This dissertation was typed by the author. 
 


